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Preface

This volume is a collection of papers presented at the Sixth International Con-
ference on Ultrafast Phenomena,(ICUP 88) held at Mt. Hiei, Kyoto, Japan, July
12-15, 1988. The conference brought together scientists from a wide range of
disciplines, including physics, chemistry, biology, and electronics, who share a
common interest in discussing ultrafast processes at picosecond and fcmtos"c-
ond time scales. It was attended by approximately 350 participants from 19
countries.

The ICUP 88 conference was held just ten years after the first conference
in the series. The progress of both the technology and applications in the field
during this decade is truly remarkable. In addition to the achievement of short
pulses far below 10 fs, which is almost the inherent limit in the visible region,
extensions in wavelength range, power levels and other performance parame-
ters of ultrashort light pulses are prominent. With these high-performance light
sources, ultrafast phenomena in physical, chemical and biological systems and
in artificial devices are being studied extensively and earnestly. Ultrafast tech-
nology is now becoming one of the basic and common tools and concepts
presently entering a wide variety of scientific fields not only for basic research
in natural science but also for promoting new applications in various engineer-
ing fields. We feel that these proceedings vividly reflect the present status of
the field.

Numerous people contributed to make the conference so successful. We
would like to thank especially the members of the international program com-
mittee and the Japanese organizing committee for their helpful advice and great
effort in organizing the conference. Special thanks are due to Mr. S. Ohtani
and his colleagues at the secretariat of ICUP 88 for their hard work in imple-
menting the meeting arrangements. We are also indebted to the Japan Society
of Applied Physics, the Optical Society of America, the Institute of Electrical
Engineers of Japan, the Institute of Electronics, Information and Comimuni-
cation Engineers, the Laser Society of Japan, and the Optoelectronic Industry
and Technology Development Association for their sponsorship. In addition,
we gratefully acknowledge financial support from the Commemorative Asso-
ciation for the Japan World Exposition 1970, the Optical Society of America,
and a number of industrial companies and firms.
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One of us (C.B.H.) also acknowledges the National Science Foundation.
the Office of Naval Research, and the Air Force Office of Scientific Research
for supporting participants from USA.

Tokyo, Okazaki, T. Yajima, K. Yoshihara
Berkeley, Tokyo C.B. Harris, S. Shionoya
August 1988
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Chirped Pulse Amplification: Present and Future

P. Maine 1, D. Strickland 1, M. Pessot 1, J. Squier 1, P. Bado 1 G. Mourou 1
and D. Harter 2

1 Laboratory for Laser Energetics, University of Rochester,
250 East River Road, Rochester, NY 14623-1299, USA

2 AIiied-Signal, Inc., P.O. Box 1021R,
Morristown, NJ07960, USA

Short pulses with ultrahigh peak powers have been generat,:d in Nd:glavs and Alexandrite
using the Chirped Pulse Amplification (CPA) technique. This technujue has been successful
in producing picosecond terawatt pulses with a table-top haser system. In the near future, CPA
will be applied to large laser systems such as NOVA to produce pCtawait pulses (I kJ in a
I ps pulse) with focused intensities exceeding 10 +21 W/cm 2. These pulses will be ',:;ociated
with electric fields in excess of 100 e/a2 and blackbody energy densities equivalent to
3 x 1010 J/cm 3. This petawatt source will have important applications in x-ray laser
research and will lead to fundamentally new experiments in atomic, nuclear, solid-state.
plasma, and hi-h-energy density physics.

Three fundamental requirements have to be fulfilled for the amplification of short pulses.
First, the bandwidth of the amplifier must be large enough to accommocdate the full spectrum
of the short seed pulse. Second, to efficiently extract the energy stored in the amplifier the
fluence of the input pulse has to be near the saturation fluence of the medium, i.e.. F, = h,/5,
where a is the stimulated emission cross section. Finally, the intensity within the amplifier
must stay below a critical level at which nonlinear effects become significant and begin to
distort the spatial and temporal profiles of the pulse. This critical level is a function of the
integrated nonlinear index along the optical path and is generall, known as the B integral I I I

L

d - n, l(z) dz

The B integral at any position across the beam gives the amount of phase delay
experienced by the laser beam The high spectral frequencies are amplified with a gain tactor
proportional to exp(B). Above a threshold value of B = 3. high spatial frequencies are
amplified to an unacceptable level and must be removed by spatial filtering. This condition
limits the beam intensit" to below a critical value of 10 GW/cm 2 for solid or liquid amplifiers
10 cm in length. The CPA approach lowers the peak power during the amplification and
alleviates this last requirement. Thus it allows the utilization of superior storage energy
amplifiers such as Nd:glass, Alexandrite, and Ti:sapphire.

Solid-state media doped with neodymium, chromium, or titanium have saturation fluences
on the order of 1-20 J/cm 2 and offer excellent energy storage capabilities. They have some
additional features of interest, such as high doping concentration and very large bandwidth.
Chromium-doped media have already shown lasing capabilities from 7( to 1110 nrn with
large bandwidths. One of them, Alexandrite, with a bandwidth covering the 700-800 nm
range, has reached a high average power performance of 100 W 121. Another very promising
medium is titanium-sapphire, which has been reported to lase between 700 and 10W rim. A
well-developed and widely used solid-state medium is neodymium-glass which has a
bandwidth larger than 20 nm and so can support the amplification of s'bpicosecond pulses.

However, if a I ps pulse is amplified in Nd:glass to the saturation level, the power density
will be on the order of 1 TW/cm 2, a value well above the critical non-linear effect threshold.
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Thus the peak intensity limits the amount of energy which can be extracted in solid-state
amplifiers by short pulses to a value much lower than the saturation energy. For this reason,
solid-state lasers until now have been well suited for long (nanosecond) pulse amplification.
but could not be used efficiently for the amplification of picosecond pulses.

A new technique was necessary to amplify short pulses to saturation energies in wide
bandwidth solid-state media while maintaining low power levels in the amplifier. Our CPA
approach, illustrated in Fig. I, reaches this goal [3,41. A short seed optical pulse is
frequency-chirpel and stretched before being amplified. The long pulse is then amplified to
saturation levels, while maintaining a low peak power. After amplification, an opical
compressor is used to restore the original short pulse duration. Thus we are able to generate a
pulse with short duration and high energy.

Our present CPA system uses phosphate Nd:glass amplifiers and a wavelength compatible
cv-pumped mode-locked Nd:YLF oscillator [51 to generate 0.5 TW pulses of I ps duration.
A schematic of the CPA system i, shown in Fig. 2. 1he oscillator pulses are coupled into a
9 pim core, 1.3 km single-mode optical fiber. The combined self-phase-modulation and
group-velocity-dispersion (GVD) produce a 300 ps linearly chirped pulse with a 3.5 nm
handwidth 16]. Because of the low dispersion of silica, a long fiber ( 1.3 kin) is necessary to
Accumulate sufficient GVD and produce a long pulse with a highly linear chirp (see, for
example, 17]). At this point, the pulses could be compressed to I ps using a double-pass
grating compressor [6,81. In the CPA technique, the chirped pulses are first anmlified and
only then compressed. By using this approach, 300 times more energy can be extracted than
by directly amplifying a (compressed) I ps pulse. The chirped pulses are amplified in
phosphate Nd:glass (Kigre Q98). In the absence of gain narrowing, the Nd:glass bandwidth
(21 nm) allows for amplification of pulses as short as 100 fs. Energy in excess of I J is
reached using three flashlamp-pumped amplifiers. The amplification system is described in
detail in 191.

In order to fully exploit the potential of CPA, it is desirable to have the largest chirped
pulse/compressed pulse ratio. The present embodiment rei.s on positive group xelocity
dispersion of the optical fiber and negative group velocity dispersion of the grating pair. The
frequency chirp arising from dispersion within the fiber can be canceled by a gratin- pair only
to the first order. Thus this combination allows for a compression ratio of a few hundred at
most. To achieve higher compression ratios a new approach is necessary.

The group time delay t: from a grating pair in a double pass can be written to the second
order as 1 10]

L n 2  Lm 2  6msmno' ,

TOX +A)=T + 2-L m Ak+ - I+c 2 3 2 (3) H
a cos 3 ca2cos 0 a cos20

= c + + 2 (2)

srcIlcr anlphlicr c .

Fig. I The concept of Chirped Pulse Amplification
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where X, = t + AX is the srt eepulse dura ti the qudra t tr the pulse, c is the speed
of light, L is the distance between the planes containing the gratings, m is the diffraction
order, a is the grating line spacing, and 0 is the diffracted angle.

The ratio between the linear and the quadratic terms is given by

--. .= ( .m sin 0 AX

T I  a cos
2 

0 ?

where "c1 is the stretched pulse duration. The quadratic term. T'2, has to be negligible
compared to the Fourier transformed pulse duration t p, which could be produced by an ideal
compressor. The pulse duration Tp and the pulse spectrum AV are simply related by the
uncertaint y expression AV . "Tp ' 0.5. Due to the quadratic term, " p will be stretched by a

factor 'J when t2 equals p. Because the pulse spectrum Av is limited by gain narrowing and
,o can only be a fraction of the gain bandwidth AVG, it can be calculated from the expression
(3) that for a AV/AVG = 0.2, the maximum compression ratio Tr/rP that can be obtained with a
fiber-grating system is a few hundred.

MARTINEZ 11,121 has described an arrangement which uses a telescope between a
grating pair in order to provide a net positive GVD. This offers the possibility of both
stretching and compressing the pulses with dispersive devices that are perfectly matched to
one another. We have recently demonstrated [ 13] the validity of this technique by stretching
an 80 fs pulse from a dye laser by 1000 times and then recompressing it back to its initial
value using this approach. The experimental layout and results are shown in Figs. 3 and 4,
respectively.
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Alexandrite is a very promising material for high power amplifiers. With a saturation
fluence of -20 J/cm 2 [14J (-4 times higher than Nd:glass), it has great envrgy storage
capabilities. In addition, with a lasing bandwidth stretching from 700-800 nm, Alexandrite
can potentially support pulses as short as a few femtoseconds. These properties make
Alexandrite an excellent choice for amplification of sub-picosecond pulses using
expansion/compression techniques.

We have built a CPA source combining a synchronously pumped dye laser with a flash-
pumped Alexandrite regenerative amplifier. The dye laser is described elsewhere [151. The
oscillator is tuned by a 6 lim thick uncoated pellicle over a 750-770 nm range. The pulse
duration is on the order of 300 fs. The pulse expansion system consists of two 1800 l/mm
gratings in an antiparallel configuration separated by 140 cm. Between the gratings are two
500 mm focal length lenses forming a unit magnification telescope. This grating configuration
has previously been shown to provide a net positive GVD 1121, with an effective grating
separation of 60 cm. A 270 fs (FWHM) 2.9 nm input pulse to the expansion
system results in a positively chirped pulse of 50 ps duration. The Alexandrite regenerative
amplifier has been described elsewhere [161. The output pulse has an energy as high as
3.5 mJ. The amplifier could be operated at repetition rates as high as 30 Hz. A standard
double pass grating compressor is used to compress the pulse to nearly its original duration.
The stretched pulse of about 60 ps is measured with a streak camera, while the compressed
pulse is measured with a single-shot autocorrelator. The compressed width (FWHM) is
300 fs assuming a sech 2 pulse shape (Fig. 5).
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In conclusion, chirped pulse amplification has been used with Nd:glass amplifiers to
produce single picosecond pulses at the terawatt level. The beam divergence is 2.2 times the
diffraction limit, making the brightness of this source greater than 10+18 W/(cm 2 . sr), the
highest brightness ever reported. Presently, the technique of CPA uses a combination of fiber
and grating pair. This approach is limited by the grating pair higher order dispersion term to a
compression ratio of a few hundred. A better embodiment of the chirped pulse amplification
technique uses two grating pairs, one for pulse expansion and the other one for compression.
With this approach, we have already demonstrated an expansion-compression ratio of 1000
snd should be able to obtain a ratio as high as 5000. Although in Nd:glass gain narrowing
presently forces us to amplify pulses of -I ps, shorter pulses could be obtained by artificially
broadening the overall amplifier bandwidth using different types of glass. Even more exciting
is the fact that CPA techniques can and will be implemented on very large Nd:glass amplifiers
such as the NOVA system at Lawrence Livermore National Laboratory. With such a system,
nanosecond pulses with kilojoule energies will be generated before being compressed to a
single picosecond producing powers in the petawatt range. These pulses will produce power
densities in the range of 10- 1 W/cm 2, corresponding to electric fields in excess of 100 e/a2.
and a blackbody energy density equivalent to 3 x 1010 J/cm 3. Such a source will have
important applications in x-ray laser research and lead to fundamentally new classes of
experiments in atomic physics, nuclear, solid-state plasma, and high-energy density physics.
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This paper reports the first high power compression of femtosecond

pulses using bulk materials.
1 

More than 100-pJ of output energy with

pulse duration <22-fsec were achieved, an energy increase of more than
four orders of magnitude over that available from fiber compression.

It also reports an experimental investigation of multiphoton ionization

of xenon and krypton with femtosecond pulses.
2

High power compression is possible because material lengths required

for optimum pulse compression have now become considerably shorter than
the self-focusing length of typical amplified femtosecond pulses. In
that case the beam profile cannot evolve significantly inside the

material. Thus an appropriate portion of the beani can be selected

after it emerges from the nonlinear medium. The approach is general
and can be applied to a number of bandwidth limited ultrashort pulse

lasers, notably CO 2 or excimer lasers.

Because of the relative ease of generating femtosecond pulses with
dye laser we have chosen to demonstrate high power pulse compression at

625-nm. The amplified output of a colliding pulse dye laser
3 
produced

a near transform limited (At Av = 0.5) 90 fsec pulse. This beam was

spatially filtered by focusing the pulse through a 500 pm pinhole
mounted in vacuum. The resulting -300 pJ diffraction limited pulse was

allowed to expand to a full-width at half-maximum (FWHM) beam diameter
of 785 pm. It was then incident on a 1.2 cm thick quartz (CaF 2 was

also used) window. An aperture mounted on an XYZ translator was placed

immediately after the quartz to select a region of nearly constant
intensity from the output beam. Compression was accomplished on a pair

of 600 1/mm gratings.

Autocorrelation traces of the recompressed pulse are displayed in
Fig. 1(a) and 1(b). Figure 1(b) shows the energy in the wings. The

compression ratio of 5 is consistent with the increased bandwidth. The

output energy measured immediately after the 200 pm aperture is 1I J,

three orders of magnitude more than the energy obtained in fiber

comp ression.

For larger apertures one should anticipate a reduction in the

measured spectral width and a degradation in the autocorrelation trace
since the small spectral broadening generated in the low-intensity
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Fig. 1: Autocorrelation traces of a chirped and comapressed pulse
wit~h a 200 4mn aperture. The solid curve shows a sech 2 pulse envelope
wit~h a FWltM of! 19 fSeco The intensity autocorrelation of Lhe
incident pulse (dashed line) is shown for comparison.

regions now contributes to the radiation transmitted through the
pinhole. For a 700 itrr. aperture the spectral width is -25% narrower
than that observea through the 200 pm pinhole. In addition some
spectral modulation is observed. The reduction in the spectral width
is consistent with the slightly longer pulse duration. Pulse widths of
22 f~sec are measured with an energy of 110 L. This represents 37% of
the incident beam energy on {the quartz. (With antireflection-coated
quartz, the transmission could be increased to 42%).
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For the 700 Im and smaller apertures, the beam divergence was

dominated by diffraction from the aperture. A slit was placed in front
of an OMA to sample a cross section of the beam. The far-field
diffraction pattern of the attenuated beam (i.e., with no self-phase
modulation) and the 22 fsec beam were compared under otherwise
identical conditions. The divergence of the two beams are within 15%
of the theoretical Fraunhoffer diffraction value.

With such good beam divergence, it is possible to use 22 fsec pulses
to investigate high power phenomena. We have investigated multiphoton
ionization of xenon and krypton with 22, 90 and 900 fsec pulses. The
90 fsec and 900 fsec pulses were produced by amplifying respectively,
the output of a colliding pulse mode-locked or a synchronously pumped
dye laser. Our aim was to investigate the pulse dependence of
multiphoton ionization since ultrafast continuum experiments had
indicated that atoms could be illuminated by surprisingly high
intensity light (relative to extrapolation of long pulse experiments)
before significant multiphoton ionization occurs.

4

An achromatic lens focused the pulse into a vacuum chamber equipped
with a time of flight ion spectrometer. The laser intensity was varied
by reflecting the beam from a Brewster's angle germanium slab

(polarizer) after it has passed through a X/2 mica waveplate.

Figure 2 is a graph of the number of ions as a function of the laser
intensity for both krpton and xenon (two gases used for continuum
generation at higher pressures 4 ) and for all three pulse durations.
The solid lines were obtained from a modified Keldysh theory.5 The

high intensities that are characteristic of femtosecond multiphoton
ionization in Fig. 2 confirm the conclusions in Ref. 4.

It is not clear why the intensities required for multiphoton
ionization with femtosecond pulses are so high relative to
extrapolations of those observed with 25 psec pulses. 6 Keldysh
theories, which adequately fit the experimental data for the first
ionization state, ignore the bound state internal structure of the
atom. That this approximation is valid with femtosecond pulses should
not be surprising. The bound state energy levels experience large and
rapid AC Stark shifts. Thus dephasing between any transition and a
harmonic of the laser field occurs after only a few optical cycles.
Resonances that last only a few cycles are hardly resonances at all and
they should contribute only marginally to the overall ionization rate
with femtosecond pulses. Approximations that ignore transient
resonances are much more uncertain with relatively long pulses.

There is a second issue that deserves comment. It has been noted 7

that if nonsequential ionization were to occur, it is most probable
with ultrashort pulses. Thus 22 fsec pulses (only 11 optical cycles)
with the associated high saturation intensity (>1014 W/cm 2 ) should
produce the most favorable conditions. A necessary, but not sufficient
condition for nonsequential ionization is the observation at the same
(below saturation) intensity of both the parent and daughter species.
Experimentally we see, for example, the presence of both neutral and
doubly ionized xenon at the same intensity for both 22 fsec and 90 fsec
pulses. However, the modified Keldysh theory (solid curves in Fig. 1)

10
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5 

The left curve on each panel is the singly

ionized species. The arrows indicate the appearance intensity for ion
species that were observed over too small an intensity range to plot.

which assumes sequential ionization, also predicts thle simultaneous
presence of all three species of these intensities. Although on purely
experimental grounds we cannot eliminate the possibility of
nonsequential ionization, we do not see significant enhancement of the
highly ionized species compared with predictions of a sequential
model.
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Generation of Tunable 9-fs Optical Pulses
in the Near Infrared

P.C. Becker, H.L. Fragnito, R.L. Fork, F.A. Beisser, and C.V. Shank

AT&T Bell Laboratories, Crawfords Corner Road,
Holmdel, NJ07733, USA

We report the generation of tunable 9 femtosecond optical pulses
in the near infrared (800-840nm). The pulses are produced by
generating a continuum in a flowing jet of ethylene glycol with a
focused intense 50 femtosecond pulse at 620 nm; selecting and
amplifying a portion of that continuum in the near infrared[1]; then
compressing the pulse in a fiber followed by a grating and prism
compressor to generate 9 femtosecond pulses in the near infrared
at an 8 kHz repetition rate.

The intial amplified 50 femtosecond pulses are produced
by a colliding pulse modelocked laser followed by a dye amplifier
pumped by a copper vapor laser (Plasma Kinetics model 251)
operating at a repetition rate of 8 kHz[2]. The amplified pulses
have energies of a few iJ and are centered at 620 nm. These
pulses are then focused into a flowing stream of ethylene glycol
with a microscope objective to generate a continuum covering the
uv to the infrared[3]. A diagram of the experimental apparatus is
shown in Figure 1. A prism filter is used to select the near
infrared portion of the spectrum and to compensate the linear
dispersion[4]. The input and output beams of the prism filter are
displaced in the vertical plane. The infrared beam is then sent
through a dye amplifier pumped by a copper vapor laser (Plasma
Kinetics model 151) which consists mainly of reflective optical
components, as shown in Figure 1. The dye used in the infrared
amplifier is LDS 821 which amplifies ultrashort pulses in the 800-
840 nm range. The saturable absorber is a 5 im thick piece of
GaAs[5]. The infrared pulses are amplified to 0.5 tJ with less than
a percent of amplified spontaneous emission. Their duration is
measured to be 60 femtoseconds using the second harmonic
upconversion technique.

The amplified infrared pulses were compressed by
passing the pulses through an 8 mm piece of single mode fiber. The
pulse generated in the fiber is then compressed by a grating and
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Fig. 2: Autocorrelation of the 9 femtosecond infrared pulse, with a
center frequency of 820 nm.

prism pair compressor sequence, used previously to generate 6
femtosecond pulses at 620 nm[6]. The autocorrelation of the
pulse, measured by the background free second harmonic
upconversion technique, is shown in Figure 2. The pulse duration is
determined to be 9 femtoseconds assuming a hyperbolic secant
squared intensity profile.
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The tuning range achievable with this scheme can be
extended to cover the visible and infrared region of the spectrum
by selecting the appropriate gain dye. We expect that the
wavelength tunable ultrashort pulses produced with the help of
this amplifier will find many applications in studying the dynamics
of physical systems.

H.L. Fragnito has a postdoctoral fellowship from the Brazilian
agency CNPq.
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Rapid advances have taken place in the compression of optical pulses
using self-phase modulation in optical fibers. Pulses as short as 6 fs have
recently been reported [2] . Unfortunately, the single mode fiber used limits the
compressed pulse energy to a few nanojoules. These pu'ses can only be used as a
probe in spectroscopic experiments in which the temporal resolution is still
limited around 50 fs by the high power pump pulse duration. In this paper, we
report the generation of less than 20 fs pulses with energy in the microjoules
range. The principle is the following : an optical pulse is spectrally broadened by
self-phase modulation in a single mode fiber ; the output pulse is amplified in a
multipass amplifier and then compressed by a sequence of four prisms. The
obtained energy level is sufficient to generate non-linear phenomena such as
spectral continuum.

We will present consecutively two experiments using thi, technique.
The first one was performed at the "Institut d'Optique" and produces 10 p3, 20 fs
pulses at low repetition rate (50 Hz). The other one was performed at the
"Laboratoire d'Optique Appliqu6e" and leads to 16 fs microjoule pulses at high
repetition rate (10 kHz).

The experimental set-up is shown in fig. 1.

Pump Laser

AmplifiedOptical fiber Multipass
O P M oamplifier

Autocorrelator Prisms
single-shot compressor

or interferometric

Fig. I Scheme of the experimental set-up

In the first experiment [2] pulses from a CPM laser are amplified to
400 pJ at 50 Hz repetition rate by a Nd:YAG pumped amplifier. A few tens
of nanojoules are coupled in a 1.5 cm long optical fiber. At the fber output
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the pulse spectrum has been broadened by self phase modulation ; this broad
spectrum (40 nm) is then injected in a multipass amplifier pumped by the
Nd:YAG laser. Many dyes were tried in order to obtain the widest gain
bandwidth centered on the pulse spectrum. Typical amplification bandwidths
were about 30 nm. To increase the width of the gain curve we used several
dyes mixture. The "red" dye must have an absorption band whici, does not
overlap the fluorescence band of the "yellow" dye. We have found
experimentally that DCM is the best candidate for amplification of the red
part of the spectrum. When mixed with Rhodamine B, we have observed gain
bandwidth exceeding 40 nm in our Nd:YAG pumped multipass amplified with
total energy gain of one thousand [2]. The pulse at the output of the
amplifier has an energy of about 10 microjoules and a duration of about 3
ps. We then compress this pulse using high index prisms and measure its
duration with a single shot autocorrelator. The amplifier pulses can be
compressed down to 20 fs. Figure 2 shows the amplified pulses spectrum and
single-shot autocorrelation trace. The pulse peak power (0.25 GW) is
sufficient to generate a spectral continuum in a 200 pm thick glass plate.

The second experiment [3] was carried out using optical pulses
generated in a colliding-pulse mode locked laser and amplified at a 10 kHz

20 fs

Fig. 2

Single shot autocorrelation
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repetition rate in a copper vapor laser-pumped amplifier to energy of about
2 pJ [4]. Group velocity dispersion in the amplifier was compensated using a
four prisms arrangement. The amplified pulses I id durations of 50 fs and a
10 nm wide spectrum centered at 614 nm. A small fraction of the amplified
pulse energy was coupled into a II mm long single mode fiber. The pulse
spectrum was then broadened by self-phase modulation up to a width of 60
nm (FWHM). The pulse energy at the fiber output was typically 3 nJ and due
to the chirp its duration was on the ordcr of .3 ps. The beam was then
injected in a multipass amplifier pumped by 5 W of the green line of the
copper vapor laser. In this experiment, we also used a mixture of DCM and
Rhodamine 610. After 5 passes in the dye jet, the pulse energy has increased

to about I pJ (x 300 gain). The output pulwe spectrum was similar to the
input one and widths of 50 nm were typically obtained (Fig. 3). We notice a
hole in the gain curve near 600 nm. These amplified chirped pulses were
then compressed by a sequence of four high index prisms (SFI0 from Schott).
An interferometric autocorrelator was used in order to measure the pulse
durati- . The shortest pulses that could be obtained using these prisms were
16 Is (Fig. 3). The compressed pulse energy was decreased by losses in the
compressor to about 0.5 pJ. These pulses are sufficiently powerful to create
a spectral continuum when focused IT a I mm thick glass plate with a 50 mm
lens (estimated power density 10 W/cm 2 ).

By replacing the prisms by a two pass grating pair we obtained less
than 12 fs pulses but at the expense of much greater losses.

2Fig. 3
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In both experiments, the amplified beam profile was nearh
diffraction limited. This allowed to obtain power density higher than 10
W/cni 2 .

This work was partially supported by Direction des Recherches,
Etudes et Techniques (Contract #I 86/089 and #I 86/0184), Ministe'rc de la
Recherche Scientifiquc and Centrc National d'Etude des Telecommnun icat ion s
(Contract #I 86/I13/161).
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Generation of High-Repetition-Rate 14-fs
Amplified Pulses Using a Q-Switched CW YAG
Pumping Laser

Y. Ishida, T. Tokizaki, and T. Yajima

Institute for Solid State Physics, University of Tokyo,
Roppongi, Minato-ku, Tokyo 106, Japan

For spectroscopy in the extremely short time region, it is required to have
well-controlled ultrashort light pulses, not only in shortening the pulse
width but also with regard to stability, tunability, peak power and, in
addition, ease in maintenance and handling.

For this purpose, we have developed a relatively simple and practical
ultrashort-pulse dye-laser-based system. The stable basic laser source is a
cavity-dumped, hybridly mode-locked CW dye laser (rhodamine 6G/DQOCI) pumped
by a mode-locked Ar laser coupled with a single-stage fiber compressor,
which can generate transform-limited, tunable femtosecond pulses ( =100 fs)
with no wings and also clean linear chirped pulses [1,23.

In order to obtain extremely short pulses and largely broadened spectrum
with a second optical fiber compressor, the tunable femtosecond pulses were
further amplified with a single-stage dye amplifier (20 mm cell length)
longitudinally pumped by internal SHG pulses from a CW Nd:YAG laser Q-
switched at repetition rates up to 1 kHz. The average power of the SHG
pulses was 400 mW at I kHz and the pulse width was 45 ns.

A gain of 1 x 103 can be obtained in the wavelength range of 595-630 nm
for a rhodamine 640 dye solution (3 x 10- 5 M). The maximum peak power of
the amplified pulses, without broadening by the use of a mixed saturable
absorber (DQOCI and brilliant green), was about 500 kW at 603 nm. The
fluctuation of the amplified pulses was about ±15 %, and was attributed to
the time jitter between the dye laser and pump laser pulses. High coupling
efficiency of over 50 % for the fiber (4 Om core diameter) was attained due
to the good mode pattern of the amplified pulses. The spectrum of the
output pulses from the fiber (15 mm length) was efficiently broadened to 50-
90 nm for the power density of 1-2 TW/cm 2  in the fiber. For 35 mm fiber
length the spectral width became 143 nm.

Figure 1(a) shows a single rapid-scanned SHG autocorrelation trace of the
shortest pulse compressed by using a grating-pair (600 Z/mm). The figure
indicates a trace of only one scanning of the SHG correlator which is
operating at 33 Hz and is triggered by the synchronizing clock pulses at a
repetition rate of 1 kHz. The trace consists of several discrete signals
corresponding to the sampled output of compressed pulses at 1 kHz. The
correct correlation trace of the pulse is given by the envelope (dotted
curve), and is fitted by a sech 2 shape of 14 fs pulse width accompanied by
small wings. This type of rapid scanning is effective for monitoring the
instantaneous behavior of the compressed pulses. It was found that the
fluctuation of the compressed pulse width (± 25 %) occurs due tc the
fluctuation of the input pulse intensity which changes the condition of the
optimum phase compensation of the compressor. The large spectral broadening
of 90 nm shown in Fig. l(b) (corresponding to that for 4 fs transform-
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Fig. 1 (a) Single rapid-scanned SHG autocorrelation trace of the shortest

compressed pulse. (b) Spectrum of the pulse for (a).
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Fig. 2 (a) Slow-scanned SHG autocorrelation trace of the pulse compressed

by using prism-pairs. (b) Spectrum of the pulse for (a).

limited sech 2  pulse) indicates that the measured pulses were not yet

transform-limited even at the shortest width.

As a practical dispersive delay line for pulse compression, we alterna-

tively used two Brewster prism-pairs (SF-1O glass) with a high transmission

rate instead of the grating-pair. A slow-scanned SHG autocorrelation trace

of the pulse compressed by using the prism-pairs under the conditions of 12

mm fiber length and 1 TW/cm 2 power density in the fiber is shown in Fig.

2(a). The pulse width of 16 fs (assuming a sech
2 shape) around 610 nm was

obtained with small wing. The spectral width of the pulse was 48 nm (FWHM)

as shown in Fig. 2(b). In comparison with the grating-pair compressor, the
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prism-pair compressor increases the peak power of the compressed pulse
about two times due to Inw enerqy-loss, and is easy in alignment and in
adjustment.

Our numerical calculations by nonlinear Schrbdinger equation indicate
that the effect of nonlinear chirp in the pulse arising from the cubic-order
dispersion and the shock term in the fiber [3] becomes important under our
experimental conditions, and, as a result, increases largely the side lobes
in the compressed pulse. The asymmetric spectrum as well as the pulse shape
measured in our experiment is also explained with these effects. For
further shorter pulse generation, it is important to consider the nonlinear
chirp in the fiber. However, an SHG autocorrelation trace of the broadened
pulse before compression implied that the chirping is not far from linear.
It could therefore be expected to realize much shorter pulses by careful
phase compensation in consideration of all dispersion effects in the
measurement system.

The features of our laser system using a high repetition-rate CW Nd:YAG
pumping laser are the stable operation for a long time (e.g., maintenance
free), the ease in handling and the compactness in comparison with systems
using other pumping lasers. The present system will serve as a practical
femtosecond light source for ultrafast spectroscopy around 10 fs region.
The broadband linear chirped pulses produced by this system are also useful
for a new type of transient nonlinear spectroscopy E2,4], where the time
resolution is governed by the light coherence time much shorter than the
pulse width.
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10 kHz-Rate Amplification of 40-fs
Optical Pulses at Low Pumping Energy

E.V. Khoroshilov, I.V. Kryukov, P.G. Kryukov, and A.V. Sharkov

P.N. Lebedev Physical Institute, USSR Academy of Sciences,
SU- 117924 Moscow, USSR

One of th niost promising approaches to obtaining amplified
femtosecond pulses is the use of a rultipass jet ainplifier
pumnped by a pulsed coppe~r vapour lacer (CJL) /1/, or Ird-YAGL
laser /2/. The amplification of 2. x 10- /1/, or atout
4 x 10- /2/ was achieved at pump c-nevrg-f of 2 niJ. In t he-
paper by KNOX et al. /I/ such a pus c~ncrgy ccrrespond2 t,3
10 W of the CVL average power at 5 repetitionr ra-le.

To amplify 40 -is pulses at 610 r--, of a colliding-pulse
mode-locked (CPiO) dye laser we Km ve used at''o-r irror ee
scopic optical scheme of an amplifier (Fi--. 1), v'hicn ena'uied
us_ to obtain the ain --ratuer t1-an 10' t C-,±. pturcidnj power
loss tharn 1 W with pulse repetition rute of 1J D dz.

A 20) yzm -thick j -t of dye dissolvcd is. t f yene glycoci
located in the commn fcoal poiit re lw( l t - two mi-rrors
120 and 150 mm radii. An amplifi>,2 puse -, proc.ag-
ting. between the mirrors, iliusoicrate:- a ori-c3 & e of an i
stable cavity. With each n-xt pas-s tuie teaml 4S propagated c--
sar tc the optical axis of the cavi t_,j, and after a certain
nurn~er of passes leaves the amplfier througli the hole in the
mirror.

45Ois " 1KFi/LPmp

0.5CPM-Lasee
Fig. 1. Schmaticudiagas olfierapiir
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In our expcriment we have realized six passes through acti-

ve medium. An amplifying pulse propagates at a small angle to
the pumping pulse. The maximum angle is 12" for the first pass

and for subsequent passes the geometrical matching between the
gain volume and the focal volume of the amplifying beam is

better than for the first one. Utilization of a thin jet is

also optimal for a good g-ometrical matcbing. Such an ontical
scheme allowed us to focus the pump rs2iation into a soot of
0.3 mm diameter by a lens of 25 mmi focal length anid to obtain

high gain at small pumping energy.

The focal diameter of the amplified beam in such a teles-

copic system is 3 times greater at the sixth pass than that at
the first pass (120 and 40 pom, respectively), which seems opti-
mal, provided the amplification saturation takes place.

We have studied amplification in a dye I 160 /3/ absorbing
mainly the pump line at 511 Low and having the gain maximum near
600 rm. The gain of 1.2 x 10> was- achieved, and the energy of
the amplified pulse was 0.7 5 J. Average power of the CYL was0.7 W at 511 nm (70 pj/puise).

Since we used a thin jet and a total pati of 1.5 mm the
amplifying medium at 6 passes, the pulse duration did not ac-

tually change and was equal to 45 ± 5 fs. The beam qualicy
remains close to diffractional. At focusing the amplified cl-

ses to a 2 nm-thick silica plate we have observed the genera-
tion of a femtosecond continuum throughout 330-720 mm. The am-
plification of pulses up to the energy sufficient for a conti-
nuum generation, at pump power 4 1 W, makes it possible to
use the rest of CVL radiation for the amplification in the se-

cond analogous amplifier of the chosen spectral part of the

continuum from green to infrared. We believe the described
method is one of the most simple and effective for the ampli-

fication of femtosecond pulses.
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Lett. 9, 552 (1984).

2. C. Hirlimann, 0. Seddiki, J-F. 1,iorhange, R. ,onune:,
A. Goddi: Opt. Comm. 5J, 52 (ltb6).

3. Yu.A. Matveetz, C.7. Cheeaiin, A.V. Sbarkov: J. Opt.
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Generation of 29-fs Pulses from a Synchronously

Pumped Dye Laser and Its Cavity-Dumping Technique

M. Nakazawa, H. Kubota, and K. Kurokawa

NTT Transmission Systems Laboratories, Tokai,
Ibaraki-ken 319-11, Japan

With a colliding pulse mode-locking (CPM) technique and an intracavity
group velocity dispersion (GVD) control by Brewster-angled prisms, pulse
widths of dye lasers have been reduced well into the femtosecond region.
[1,2] We have reported 65 fs pulse generation from a synchronously-pumped
dye laser with GVD compensation, in which the possibility of generation of
femtosecond pulses below 50 fs was discussed.[3] Here, we newly report the
generation of 29 fs pulses at 615 rm by adopting Kiton Red S (KRS) instead
of Rh6G. We also report the generation of 190 kW, 48 fs pulses with the
use of a cavity dumper and a high repetition, high power femtosecond laser
system which generates 10-20 MW, 15 fs pulses at a repetition rate of 5 kHz.

The cavity configuration of our synchronously pumped femtosecond dye
laser is shown in Fig. 1. The laser has five mirrors, two dye jets, four
Brewster-angled prisms, and an adjustable spatial filter. The output
mirror is mounted on a precision translation stage, so that the cavity
length can be adjusted to a pump repetition rate within 0.1 pm resolution.
The laser is pumped by a frequency-doubled cw Nd:YAG laser with 1.3 W
average power, 80 ps width, and 76 MHz repetition. The dye concentration
in ethylene glycol is about 2x10 - 3 mol/l for KRS, 8x10- 5 mol/l for DODCI,
and 1.6x10-4 mol/l for DQOCI. The dye jet thickness for gain is 400 Pm and
that for the saturable absorber is 100 pm.

In the case of usual combination of Rh6G and DODCI/DQOCI, the typical
oscillation wavelength region is around 580 nm, and this short wavelength
component is interrupted with a spatial filter to achieve oscillation at
615 run. For a combination of KRS and DODCI/DQOCI, however, the laser tends
to oscillate near 630 nm, and therefore the suppression of longer
wavelength component is required.

The shortest pulses thus obtained in a background-free auto-correlation
trace are shown in Fig. 2. The full width at half maximum of the pulse

ADJUSTABLE
SPATIAL FILTER

is SATURABLE
ABSORBER

P3  P2 M 3 JET

GAIN JET
45  P1  4 M

OUTPUT MP PUMP BEAM
MIRROR PRISM SEQUENCE

FOR GVD CONTROL

Laser-cavity configuration incorporating a four-prism sequence and a spatial
filter to change the oscillation wavelength.
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Fig. 2 Autocorrelation Fig. 3 Autocorrelation trace
trace of the laser output. of the cavity dumped dye laser.

width was 44.7 fs, which corresponded to a pulse width of 29.1 fs for a
sech2 pulse shape. The average output power was 60 mW at a repetition rate
of 76 MHz, resulting in a peak power as high as 27 kW. The amplitude
stability was ±10 % and becomes more stable when the pulse is set to 35 fs.

In the next step, we describe a synchronously pumped, cavity dumped dye
laser which can emit high power short pulses with a high repetition rate.
Because of its simple configuration which do not employ a dye amplifier, it
is very advantageous in studying ultrafast phenomena.

The cavity dumped dye laser is achieved by replacing mirror M5 with a
double-pass cavity dumper. Two kinds of dyes, Rh6G and KRS, were used for
the gain medium. A mixture of DODCI and DQOCI was also used for the
saturable absorber. In the case of Rh6G, pulses as short as 240 fs were
generated with a peak power of 55 kW at 3.8 MHz. The center wavelength of
the oscillation was 615 nm. The pulses were compressed to 56 fs with a
peak power of 188 kW by using a pulse compressor, which consisted of an
optical fiber and a pair of Brewster-angled TeO2 prisms. In the case of
Kiton Red S, 48 fs, 190 kW pulses were generated at 619 nn, as shown in
Fig. 3. The pulses were further compressed to 30 fs with a peak power of
130 kW with the same pulse compressor. The duration of 30 fs quite agrees
with the minimum pulse width attainable by compression using TeO2 prisms.

Nonlinear optical phenomena often require large pulse intensities. In a
pulse compression technique, high peak power is essential to generate short
pulses.[4] Here, we describe a femtosecond laser system capable of
emitting 10-100 MJ/pulse with a 5 kHz repetition rate at 620 nm by using
the above mentioned cw dye laser. Pulses as short as 10-20 fs have betii
obtained by a fiber grating-pair compressor.

The femtosecond laser system has three major components which consist of
an oscillator, an amplifier, and a compressor, as snown in Fig. 4. The
oscillator is a synchronously pumped dye laser with a four-prism GVD
controller and a spatial filter as mentioned above. 100 fs, 1 nJ pulses
from this dye laser were introduced into the dye amplifier. The dye medium
for the laser amplifier was KRS in methanol and this was filled into fused
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Fig. 4 Schematic view of the femtosecond laser system.

silica vessels which were connected to 5 liter reservoirs. Usually, a dye
stream with relatively thick jet (>0.5 mm) is adopted as an amplifier.[5]
Here we used dye cells with a high speed flow, i.e. high speed flow cells,
to overcome a heat-up problem due to high power from a copper vapor laser.
The cuvette length of both cells was 2 cm. They were pumped with the
copper vapor laser which produced 30-ns pulses with 5 mJ/pulse at a 5 kHz
repetition rate. A Corning glass plate (color filter number CS2-60) was
installed after the second stage as a solid state saturable absorber so as
to eliminate amplified spontaneous emission. The pulse broadened to 130 fs
after passing through the two stage amplifier. This broadening, however,
was compensated for by a negative group velocity dispersion effected by a
grating pair or a prism pair.

The amplified pulses were focused into a 12 mm long single-mode optical
fiber with a core diameter of 4 Mm. The chirped pulse from the fiber was
collimated with a 20x microscope objective and was introduced into a
grating pair with 600 line/mm gratings, where the distance between the
gratings was set to 20 mm. Thus, pulses as short as 15 fs with 0.25
yJ/pulse have been achieved at a repetition rate of 5 kHz.
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Colliding Pulse Mode-Locked Femtosecond Laser
Using Binary-Energy-Transfer Gain Dye Mixture

M. Mihailidi, Y. Budansky, X.M. Zhao, Y. Takiguchi, and R.R. Alfano

Institute for Ultrafast Spectroscopy and Lasers,
Photonics Application Laboratory,
Departments of Physics and Electrical Engineering,
The City College of New York, NY 10031, USA

We report on femtosecond pulse generation using binary gain dye
mixture of Rhodamine 590 and Kiton Red in an improved cavity design.
The absorption spectrum and the emission spectrum of the dyes overlap
to ensure energy transfer. The overall fluorescence spectrum of the
mixture shifts to the red, thus improving the CPM laser performance
characteristics for short pulse generation. The new cavity design
consists of a quasilinear CPM ring. This results in better intracavity
chirp compensation to routinely generate pulse durations of -30 fs . A
bandwidth of 18.7 nm is achieved which exceeds the best results so
far by 17% and a symmetric shape which indicates good chirp
compensation [1].

In all recent experimental work the number of dielectric n,rrors
has been reduced to six to minimize mirrors' contribution to cavity
dispersion but the incidence angles have remained considerably large.
We solved this problem by a near linear ring cavity configuration for
the CPM laser. The mirror incidence angles have been greatly reduced
resulting in almost normal incidence. Thus, we have avoided astigmatic
distortions introduced by oblique angles of incidence that limit the
performance of the system [2]. For multilayer dielectric mirrors the
dependence of the reflection coefficient on the angle of incidence is
the smallest for normal incidence. Our configuration has minimized
this dependence, which is important since small deviations of the
incidence angles from the optimum for which the mirror has been
coated for, causes chirping of the pulse for frequencies at bandwidth
edge. This effect becomes significant when the bandwidth is large
[3,4].

We recorded the laser pulse autocorrelation functions and the
corresponding spectra as a function of Kiton Red and Rhodamine 590
concentration in the gain medium, while keeping the saturable absorber
concentration constant (Fig. 1.). The corresponding fluorescence
spectra of the binary-energy-transfer gain dye mixture was also
measured (Fig 2.). Routinely achieved operation results, which were
obtained when the DODCI concentration was also optimized, are
presented in Fig. 3. DODCI was used as the standard saturable absorber
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Fig. 3. Autocorrelation funclion of pulses having 30 fs duration (a) and
corresponding spectrum (b) obtained for optimum Kiton Red - Rhodamine 590
solution when DODCl concentration was also optimized (DODCI;1.3x10 4 mcl/I )

dye in Ethylene Glycol. Typical pump power that gave the shortest
output pulses of 27 fs ranged between 2.0 W and 2.3 W
depending on the concentration of the gain medium. The intracavity
pulse energy is 16 nJ.
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It has been shown that an average positive chirp is generated for
pulses at energies higher than 10 nJ and shorter than 70 fs. This
positive chirp is due to the prevailing contribution of the positive chirp
from the nonlinear refractive index of the solvent, over the negative
chirp from the absorber saturation. The negative chirp from the
absorber saturation shifts to the beginning of the pulse as the
saturation parameter g=Eo/E s increases [5]. This, and the fact that
the positive chirp from the solvent increases with pulse energy is
considered to have a special effect in our experiment. Our DODCI
concentration is 20 times smaller than the optimum concentration
used by JACOBOVITZ et al. [6] which increases g and makes the
negative chirp considerably less pronounced by shifting it to the very
beginning of the pulse, thus affecting an even smaller part of it. At the
same time the affect of the positive chirp due to the nonlinear
refractive index of the solvent is the same as in the study by the same
authors [5]. Since the part of the chirp from the DODCI jet is reduced,
this results in a more successful intracavity compensation. This was
possible because high concentrations of DODCI were not necessary to
shift the lasing spectrum to the red.

Both the design and the gain mixture contribute to reducing the
causes of chirp while at the same time considerably broadening the
spectral width. The achieved spectral width of 18.7 nm in principle
permits generation of even shorter pulses (22 fs ). The failure to do
so, is attributed to the amount of glass in the output mirror and to the
excessive intracavity power as a consequence of the Kiton Red
presence. Reducing the amount of glass in the output coupler and
increasing its transmission is expected to result in transform limited
pulses.

This research was supported by Hamamatsu Photonics K. K.
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Saturable Amplification Without Pulse Broadening

J.D. Kafka and J.B. Clark

Spectra-Physics, Inc., 1250 West Middlefield Road,
Mountain View, CA94042, USA

Dye amplifiers are commonly used for amplification of
subpicosecond pulses. Higher efficiency can be obtained from a
saturated amplifier but at the expense of pulse broadening[l].
In this paper we show that chirped pulse amplification (CPA)
can be used to avoid this pulse broadening in a saturated dye
amplifier.

In CPA, a pulse is temporally dispersed before amplification
and subsequent recompression. Recently, CPA has been used to
avoid damage in Nd:Glass amplifiers by reducing the peak power
during amplification (2]. Stretching a subpicosecond pulse to
match the nanosecond pump pulse in a dye amplifier has also
been proposed [3].

When the energy density of the input pulse to a dye
amplifier approaches 1 mJ per square cm, the gain in the
amplifier will become saturated. This causes pulse broadening
because the leading edge of the pulse experiences a larger gain
than the peak of the pulse.

We have numerically modeled CPA in a saturated amplifier.
First, a fourier transform is taken of the hyperbolic secant
squared input pulse. Next, we multiply by a frequency
dependent phase factor and then take a second fourier
transform. This procedure produces the chirped pulse which we
amplify in the saturated amplifier. Finally, we fourier
transform this pulse, apply the inverse of the phase factor
used previously, and transform back to produce the output
pulse. This model does not include spectral hole burning
effects or pulse broadening due to spectral narrowing.

In Fig. 1A we demonstrate the effect of saturable
amplification without CPA. The hyperbolic secant squared input
pulse was amplified just above the saturation level and the
output pulse was then normalized.

An optical fiber can be used to broaden the pulse prior to
amplification and a prism pair to recompress the pulse after
amplification. The input pulse will be stretched by the first
dispersive delay line and the carrier frequency will sweep
linearly from red to blue. The pulse is now amplified in a
saturated amplifier and the leading edge is broadened as
before. The amplified pulse has proportionally more red
components and less blue than the input pulse. The total
bandwidth,however, is slightly larger and shifted to the red.
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Fig. 1 Theoretical comparison of the input pulse (dashed
curve) and the amplified pulse (solid curve) A) without chirped
pulse amplification and B) with chirped pulse amplification.
The units have been normalized so that the input hyperbolic
secant squared pulse has a pulsewidth of 1.

Despite the change in the pulse envelope and spectrum, the
amplified pulse is still described by a linear frequency sweep.
After traversing the final prism pair, the resulting pulse is
slightly shorter in duration than the input pulse. This is
shown in Fig. 1B where we demonstrate saturable amplification
with CPA.

The oscillator for our system consists of a pulse compressed
cw mode-locked Nd:YAG laser which is frequency doubled and used
to pump a dye laser [4]. The output of the dye laser is
further compressed in fiber-prism compressor to produce tunable
pulses of less than 100 fsec [5,6]. Our best result from this
system was a pulsewidth of 65 fsec with 100 mW of average
power. We then amplified these pulses in a three stage dye
amplifier pumped by a frequency doubled Q-switched Nd:YAG
laser. At low pump power we obtained 100 fsec pulses at 330
PJ. When the pump power was increased, we obtained 620 uJ
pulses but the pulsewidth broadened to 150 fsec and the wings
on the pulse became large. The autocorrelation of this pulse
is rhown in Fig. 2A.

We then divided the fiber-prism pulse compressor into two
parts so that the pulse from the fiber was first amplified and
then recompressed in the prism pair. The duration of the pulse
before the prism pair was 0.9 psec. The pump power to the
amplifier was increased as before but no pulse broadening was
observed. Even at an output energy of 850 pJ we observed an
amplified pulsewidth of 87 fsec. The autocorrelation is shown
in Fig. 2B.

In summary, we have proposed and demonstrated the use of CPA
in eliminating pulse broadening due to saturation in dye
amplifiers. Since the staging of dye amplifiers is predicated
on remaining below saturation, the use of CPA may allow some
novel amplifier designs in the future.
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Fig. 2 Amplified pulse autocorrelation measurements for A)
prism pair before the amplifier and B) prism pair after the
amplifier.
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General Analysis of Optical Cavities
for Femtosecond Dye Lasers

S. De Silvestri, Liu Yu-Pu *, V. Magni, and 0. Svelto

Centro di Elettronica Quantistica e Strumentazione Elettronica
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Piazza Leonardo da Vinci 32, 1-20133 Milano, Italy

Light pulses less than 100 fs in duraticn have been recently achieved by
synchronously pumped hybrid dye lasers at different wavelengths. The dura-
tion and stability of the pulses critically depend on the design of the res-
onator, which includes several optical elements such as two pairs of focus-
ing mirrors and dispersion compensating prisms. Simple three mirror linear
resonators with a single focus were first analyzed by KOGELNIK [1], and
more recently cavities containing two foci were numerically studied [2-3].
The stability ranges, as well as the ratio of the spot sizes at the foci,
were calculated as a function of the focusing mirror separation, to opti-
mize saturation in the absorber and gain jets. An important parameter not
yet considered in the literature is the misalignment of the resonator,
which determines the sensitivity of the cavity to perturbations.

In this work, we present a simple and general analysis of resonators
with multiple foci, which includes the characterization of the misalignment
sensitivity. The study is based on a theory recently developed for multi-
-element resonators [4]. Let us first consider one of the focal regions
in a generic linear resonator, whose ray matrix equivalent is shown in Fig.
1. The distance z represents the separation between the two focusing mirrors

of a folding configuration. The matrices describe the propagation towards
the two end mirrors, which are assumed to be flat, and include the folding
mirrors and all the other optical elements contained in the resonator. The
misalignment in the optical components is treated by adding a 2x1 vector tc
that obtained by multiplying the input ray vector by the appropriate ray

Fig. 1 Schematic of a linear resonator with one folding. The matrices and
the misalignment vectors represent any optical system present in the
cavity
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transfer matrix [5]. The elements of the misalignment vectors give the posi-
tion and the slope of the output ray when the input ray coincides with the
reference axis of the system, and therefore the input-output relationship is
no longer homogeneous. The analysis of such a general resonator shows the

existence of two stability zones of equal amplitude, as a function of z. The
spot size of the gaussian TEM., mode at the beam waist inside the folding

vanishes at the stability limits and, as a function of z, reaches a maximum

value woo given by

w1o = (X/2i)Az , (1)

where Az in the width of the stability zone, and X the laser wavelength.
This simple, but rigorous, relationship is of general validity and does not

depend on the particular configuration. Since w., is the same in both zones

the laser can operate in each zone without loss in the output power.

The resonator sensitivity to the misalignment provides a criterion to
choose the stability zones. The displacement and the slope of the mode axis

with respect to that of a perfectly aligned resonator can be determined by
applying the ray matrix technique and solving a self consistency matrix equa-

tion that expresses the fact that the mode axis is the unique ray that re-
traces itself after one round trip around the resonator. The misalignment

sensitivity in the two zones is markedly different: in fact, at one edge of
one stability zone the displacement, x, and the slope, e, of the mode axis
diverge for small misalignment in the optical elements. The stability zone
characterized by this limit is called zone II, the other is called zone I.
Figure 2 shows a typical behavior of the misalignment sensitivity defined

as the ratio between beam displacement (or slope) and the tilting angle of

one of the two end mirrors as a function of the folding mirror separation.
The mode configuration at the limits of the stability zones is also shown
for a simple resonator made by flat end mirrors and a pair of focusing mir-
rors. In this case the misalignment sensitivity diverges near the confocal
arrangement of the two folding mirrors.

The effect of the displacement of the mode axis on the stability of the

system becomes prominent in particular planes in the resonator where limit-
ing apertures or peculiar components are located. Displacement of the mode
from the pumped area in the gain jet can cause output power fluctuations,

as well as that in the section of the resonator containing the prisms deter-
mines fluctuations in pulse duration. In both stability zones, the misalign-

ment sensitivity has also been studied as a function of the jet position in-
side the folding. Experiments have been performed on a Rhodamine 6G laser
made by two flat mirrors and a pair of folding mirrors (10 cm radius) syn-

chronously pumped by a frequency doubled Nd:YAG laser. The theoretical curves

of misalignment sensitivity have been compared with the reciprocal of the
mirror tilting angle that halves the output power. In zone I the misalign-
ment sensitivity is almost independent of the jet position and of the fold-
ing mirror distance, whereas in zone II the divergence of the misaglinment

sensitivity can be eliminated only if the jet is placed exactly in the focus

of one of the two folding mirrors.
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To understand the effects of misalignment in a resonator containing prisms

we have measured the misalignment sensitivity by placing an aperture in the
long arm of the resonator and the gain jet at the focus of one of the fold-
ing mirrors. Figure 3 shows the measured mode axis displacement compared
with the theoretical prediction. The behavior in zone II indicate a more
critical control of the cavity dispersion, which depends on the optical path
inside the prisms, and therefore on the point of incidence of the beam on

the prisms.

The analysis has been also extended to take into account the presence of
a second folding. With the help of a two dimensional diagram, with the two
folding distances as axes, several stability areas can be recognized. The
misalignment sensitivity diverges along a particular line, which determine
the regions that should be avoided for a reliable operation.
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Chirp-Compensation Cavity-Mirrors of Small Third-Order
Dispersion for a Femtosecond Pulse Laser

M. Yamashita 1, S. Kaga 2, K. Torizuka 1, and T. Sato
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Compensation for chirp arising from self-phase moduration and dispersion in
a cavity is essential for the generation of pulses -horter than 100 fs from

a colliding-pulse mode-locked (CPM) CW dye laser. There are presently
three compensation-techniques: 1) the method employing four prisms [1], 2)
the Gires-Tournois interferometers' method [2], and 3) the multilayer di-
electric :avity-mirrors' method [3, 4]. The latter has the advantages of a
simple cavity-configuration and adjustment-free compensation, but the
disadvantage of a large third-order dispersion ) which broadens the
pulse duration with subpulses. In this paper, we show that ,-/4 multilayer
dielectric mirrors providing a small value of (-) (Il , lO1 s ) at an
optimum value of '() (-2 l-:s: [3, 4]) and small variations of "-(-)
and ') around the lasing spectrum for chirp-compensation can be achieved.

Cavity mirrors for chirp compensation should satisfy the following
conditions around d=635 nm for an R6G+DGDCI CPM laser: 1) the values of
the sum of ;'(.) and Zw) of all the cavity mirrors be -2× xl-21's and
l .10-4 2s3 , respectively, 2) the reflectivity R(w) of the mirrors be

99.9 ,, and 3) the value of the fourth-order dispersion ',) be zero so
that the variations of a(D) and','() are small around 635 nm.

Using a well-known matrix formulation [5] for the amplitude reflectance
ris)\ exp[it(-)] (R(-) = jr(w,)1 2 ) of a \,/4 multilayer dielectric mirror,
a phase shift fl.) and its angular-frequency derivatives of a reflected
EM-wave were numerically calculated as a function of the frequency with the
aid of a computer. Refractive indices of a high refractive layer nH =
2.25, a low refractive layer nL = 1.48 and substrate n - 1.52 were
employed for the calculation. After many calculations o ( ) and
at'b) = 0 for different coating structures of double- and triple-stacking
mirrors, we found that one can design simple double-stacking mirrors
satisfying the above conditions. For a double-stacking mirror, the fre-
quency dependences of the dispersion and reflectivity around the resonance
wavelength AEO of the lower-side stack are affected mainly by those of
upper- and lower-side stacks, respectively. In the region of the wave-
length longer than the resonance wavelength AAO of the upper-side stack,
the value of '(w) becomes positive, corresponding to negtive group
velocity-dispersion, while around the wavelength ABO the value of R(io)
becomes about 99.9 %. Therefore, we investigated double-stacking mirrors
for which XAO is in the wavelength-region shorter than kd, Bois near to d
and the layer number L8 of the lower-side stack is 24.

For the practical cavity-configuration as shown in Fig. 1-C, the
following three cases were considered: in case A, the chirp is compensated
for by one cavity-mirror M (o z 00, typically 3.5'); in case B, by two
mirrors M, and M6 (e 

= 450); and in case C, by three mirrors M1, M , =
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Fig.] A) Wavelength dependences of the sum of the second- and third-order
dispersions ( "n (a) and " 'n(b) ) of chirp-compensation mirrors M1 , Mz and
M6 in case C, and those ('*,d (a') and ""*,d(b') ) of compensation-mirror 11
employed in the previous experiment for 50 fs-pulse generation [3]. B)
Doubly stacked layer-structures of new mirrors for case C. C) Cavity
configuration of a CPM laser to be chirp-compensated for by cavity
mirror(s).

Table. 1 Multilayer structures of double-stacking mirrors obtained.

Case A B C

M. N1  M m : N, 1 15 rM,,
II _ _ _ _ _ _ _ _ _ _ _ _

LA 8 6 8 6 6 6

XAO (nm) at 00 489.1 :457.9 550.7 448.8 452.4 522.7

LB  24 24 24 24 24 24

'B0 (nm) at 0' 601.9 598.4 699.4 630.5 632.8 671.3

100) and M6. For all cases, suitable mirrors were obtained, which are
summarized in Table 1. Here all the resonance wavelengths \A0 and B0 were
defined at the incident angle of 0' but not at the actual angle.

In Fig. 1-A, the dispersion curves 7(w) and 7 (w) of the sum of all the
mirrors obtained for case C are shown. In all cases (A, B and C),
both N( ) and "'*(w) similarly increase with the wavelength up to the
643-645 and 635 nm, respectively, and then decrease with the further
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increase of the wavelength. However, the degree of the variations of i$(w)
and'*'(W) are much different, especially *(w). Those variations in case C
are the smallest. In addition, the maximum values of F(w) are the same
(-2X0-28s2), while those of 'T) are different and those in case C are
once again the smallest (1.16 10-4

2s 3 ). Therefore, it is concluded that
the compensation method of case C is the best. From this result we can
deduce that when chirp is compensated for by all (six) cavity-mirrors
except for an output mirror the smaller () and variations of ( )
and (w) will be obtained. It should be noted that, in general, as the
layer number LA of the upper-side stack is small the variations of y(w)
and 'w) and their maximum values become small.

The wavelenoth dependences of -( ) and 7) of the compensation mirrors
employed previously for 50 fs pulse generation [3] are also shown in
Fig. 1-A for the comparison with case C. It is found that the value
of 71) and the variations of T(w) and 7$2) around Ad for the new mirrors
are much smaller than those of the previous mirrors. In addition, the
maximum values of '( )= 2.05 10- 2 8 s 2 and )= 1.16 x 10- 3 aroundd
of the new mirrors are comparable to those of 7(w) = 3.12 x s28S2 and
= I.19 .I0-42s3 which were estimated for compensation by the four prisms
method [1.6]. The latter values were evaluated from the approximate
equations of Ref. 6 with the experimental data of Ref. 1 (where

= 30 cm and = 00), where the practical effect of positive group-
velocity dispersion of prism materials originating from the beam-passing
distance in four prisms was neglected. The calculation [7] of the third-
order dispersion effect of '(.) = 1.161x l0-2s3 on 30 fs pulses shows that
no broadening occurs on reflecton by the new mirrors.
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Theoretical and Experimental Study
of Synchronously Pumped Dispersion Compensated
Femtosecond Fiber Raman Lasers and Amplifiers

EA. Golovchenko, EM. Dianov, P.V. Mamyshev, A.M. Prokhorov,
and D.G. Fursa

General Physics Institute, Academy of Sciences of the USSR,
38 Vavilov Street, Moscow 117942, USSR

Fiber Raman laser with intracavity pulse compression is in-
vestigated both theoretically and experimentally. Smoothly

tuned generation inside two Stokes components with minimum

pulse width 150/fs/is experimentally obtained. Potentialities
of such lasers are discussed. It is shown that they can generate

smoothly tuned pulses in all silica fiber transparency spectral

region. Pump energy conversion into the energy of Raman genera-
tion can reach more than 80 % (30% experimentally obtained) and

the average output power - a few watts. Experiments on forward

and backward Raman amplification of femtosecond pulses up to

the energy of -/pJ/are described.

One of the most promising laser sources are wavelength-tuned

fiber Raman lasers, where fiber acts not only as a Raman active
medium with a broad gain line but also as dispersive medium with
Kerr nonlinearity. In the positive group velocity dispersion
spectral region of fibers (for silica fibers can be 0.2-1.8/m,/)
traditional synchronously-pumped fiber Raman lasers generate
transform unlimited pulses with durations of the order of pump

pulse duration (typically - 100/ps/)[1]. But with intracavity
negative dispersion delay line it is possible to obtain femto-

second pulses. That was realized by KAFKA et al. [2] and DIANOV
et al. [3] who obtained 0.8/ps/and 0.4/ps/pulses corresponding-
ly.

Figure I demonstrates laser schematics. A fiber, a dispersion

delay line (consisting of a diffraction grating and a prism)
and a spectral filter (slit S ) are introduced into the laser

ring cavity. Synchronous pumping through the dichroic mirror MI
is produced by cw mode locked laser. The theoretical model of
pump and SRS radiation propagation through the fiber is based
on a system of two bound Schrodinger type equations describing
the effects of SRS, self-phase modu]ation, cross-phase modula-

tion, group velocity dispersion of fiber and differences between
laser parameters for stable high-quality femtosecond pulse gene-
ration were found. At optimal conditions the width of generated

pulses 'C can be evaluated asTp-idWK/dW2 1L/Zp(L is the fiber

length, is the pump pulse width). The minimum pulse width is

limited b SRS-gain line width (in silica fibers- 100/fs/]. Con-
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version efficiency of pump energy into SRS radiation can be >80%.
On the other hand the optimum value of feed-back (the ratio bet-
ween SRS energy at fiber output and energy coupled back into the
fiber) is -10-3 .This means that practically all energy of SRS
radiation can be taken out from the cavity as a laser output.
Figure 2a shows the dynamics of passage by passage evolution of
laser generation from spontaneous noise level calculated on a
computer. It can be seen that the stable generation regime sets
in already after - 20 cavity round trips. In a steady state ge-
neration te SRS pulse at fiber outpjt has a rectangular shape
with a width of about a pump pulse width and a linear chirp
these pulses are compressed in a dispersive delay line.

CW mode-locked at 125 MHz Nd:YAG laser ('N= 1.06 /pm/,t p -60/ps/)
was used as a pump. Figure 2b demonstrates obtained results on dyna-
mics of passage by passage setting in of laser generation (fiber
length 110 m) after the pump is switched on.In agreement with
theory, trable generation of 440/fs/pedestal free pulses sets in
after first few tens of cavity round trips. Pump energy conver-
-ion into Raman generation was -30% at average pump power -I/W/.
SRS pulse at fiber output has a rectangular shape with 23/ps/
width. The evaluated feed-back index was - 10- 3 . Energy transmis-
sion of the dispersive delay line was -20%, laser output losses
(reflection of the beamsplitter BS) was 17% while the average
output power was 10-15 /mW/. Having transmission of a delay line

- 80-90% and feed-back coupling efficiency > 30% the reflection
of a beamsplitter can be increased up to >90%. Under these con-
ditions the average output power of our laser will increase up to
> 0.2/W/ and at pumping powers 10/W/ the output will be a few watts.
Smooth tuning of generated wavelength inside the first Stokes com-
ponent X=1.07-1-12/pm/ was carried out by tuning the spectral slit
and adjusting the laser cavity length by the mirior M 4 . With an
additional mirror M5 and a slit S2 we had a smoothly- tuned se-
cond Stokes generation in the region of X =L.15-1.18/pm/. Having
a 110/m/ long fiber the pulse width was 400/fs/ and 1.5/ps/ on
the first and second Stokes components respectively. Comparatively
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large pulse width on the second SRS component, in our opinion, can
be explained by an insufficient pump power coupled into the fiber
(<2/W/). Stable 150/fs/ generation was obtained on the first
Stokes component with the 30/m/-long fiber (Figure 3).
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In experiments on forward and backward SRS-amplification a cw
Q-switched Nd:YAG laser (repetition rate <30/KHz/) and a cw Q-
switched and mode-locked Nd:YAG laser were used, respectively.
400/fs/ pulses were preliminarily dispersively broadened in the
100/m/-long fiber up to 20/ps/.After amplification to the energy
of about /pJ/ the pulses were compressed in the dispersive delay
line to 500-600/fs/ [5].

Literature

1. R.H.Stolen: Fiber and Integrated Optics, 3, 21 (1980).
2. J.D.Kafka, O.F.Head, T.Baer: In Ultrafast Phenomena V.(New York:Springer

Verlag,1986) p.51

3. E.M.Dianov, P.V.Mamyshev, A.M.Prokhorov,O.G.Fursa:JETP Lett.,45,599 (1987)
4. E.A.Golovchenko, E.M.Dianov, P.V.Mamyshev, A.M.Prokhorov, D.G.Fursa:

submitted to J.Opt.Soc.Am.B.
5. E.M.Dianov, P.V.Mamyshev, A.M.Prokhorov, D.G.Fursa: Pis'ma Zh.

Eksp.Teor.Fiz. 46, 383 (1987) [JETP Lett.].

43



Compression of the High Energy Pulsed Mode-Locked

Nd:YLF and Nd:YAG Lasers

P.H. Chiu, P. Pax, and R. Aubert

Quantel International, 3150 Central Expressway,
Santa Clara, CA95051, USA

1. Introduction
Optical pulse compression,utilizing fiber/grating pairs and/or intracavity prism pairs is the most
recent advanced technique in generating ultrashort pulses1. The pulse-compression methods
have been demonstrated in a number of experiments using CW mode-locked dye lasers and
Nd:YAG laser in both picosecond and femtosecond regime 'j. However, little work has been done
on compressing the optical pulse from the high energy pulsed mode-locked lasers. In this paper,
we report compressing the pulsed mode-locked Nd:YLF and Nd:YAG lasers by a combination of
compression methods.

2. Compression of Nd:YLF pulses using intracavity Brewster
angle prism pair
We have investigated a number of materials capable of generating ultrashort pulses at higher
repetition rates. By simply replacing the Q-switching dye # 1 (9740) with the fast recovery dye #5
with very little modification of the laser cavity, we have shortened the pulsewidth of the laser by
approximately a factor of 2 (see Table 1). We have also reported previously obtaining 7ps (FWH M)
from a Nd:YLF laser 4. Recently when a prism pair is introduced inside the cavity, a near bandwidth
limited pulse of 2ps from the same laser was observed. This is attributed to the prism pair creat-
ing a negative dispersion inside the cavity to compensate for the positive dispersion due to the
thermal effect of the rod. Figure 1 demonstrates that the pulse duration of the Nd:YLF Iaser
decreases as the amount of quartz introduced inside the cavity increases. The thickness of the
quartz inserted in the cavity varies from approximately 1 mm to 10mm. On the top of Figure 2, the
separation of the two main peaks is measured to be 2.5ps which corresponds to the round trip
time of the 250 micrometer etalon output coupler of the laser. A small amount of dye # 1 was
mixed with dye #5 to achieve a better stability (< ± 3%). A similar effect has also been observed
in a Nd:YAG laser where a bandwidth limited pulse as short as 7ps is obtained.

Table 1

SUMMARY OF RESULTS ON ACTIVE/PASSIVE MODE-LOCKED LASERS

Material Lasing Fluorescence Dye Pulsewidth Stability
length bandwidth (FWHM) (peak-to-peak)

Nd:YAG 1.064l.m 4cm 1  9740 3ops ± 2.0%
5 15ps --2.0%

Nd:YLF 1.053/ 12cm1  9740 12-1 4 ps ± 2.5%
1.0471m 5 + 9740 3-4ps ± 2.5%

Nd:YAP 1.079p.m 10cm1  5 lops ± 3.0%
Nd:Cr:GSGG 1.061 Im 10cm' 5 8-lOps ----
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3. Compression of Second Harmonic
Pulse from a mode-locked Nd:YAG
laser.

FWHM 5.7ps
We also report the compression of 20ps (FWH-M)
second harmonic pulse from a Nd:YAG laser to
5ps (FWHM) using a standard fiber/grating pair
compressor. The experimental set-up is shown in
Figure 2. Approximately 1% of 30mJ, 532nm single

- FWHM 3.Ops pulse is selected for the pulse compression. The
spectral and temporal characteristics of the pulses
before and after the fiber are respectively
monitored by the grating spectrometer (Mcpher-

FWH 2son model 270, resolution 0.3A) and the Hamamat-
FWHM 2ps -5su strea. camera with 2ps time resolution. The

input beam is focused by a 75mm fl. lens into a
approximately 300 micrometers spot. The focused
spot is about 10Omm away from the entrance face
of the fiber in order to avoid damaging it. The input

Streak camera measufements of Nd:YLF beam is spatially filtered and energy to the fiber is
pulse using mixture of Exciton #5 and controlled by a set of neutral density filters. We
Kodak 9740 dye as the saturable absor- selected a high damaged threshold UV stepped
ber. The measurements were taken at

523.5nm. index filter with core diameter of 100 micrometers
in our experiment.

Figure 1 This fiber can accept at least 10 times more ener-
gy than the graded-index fiber (50mm core) and 2 or more orders of magnitude than can a single
mode fiber (5mm core). We have delivered energy as much as 20 tJ through this filter without
damaging it. Since the length of the fiber used in the experiment is roughly one meter, the group
velocity dispersion influence can be neglected. Figure 3 shows the spectrum of the pulse before
and after the fiber at the input energy of 10pJ with the time-bandwidth product 2 to 3 times above
the transform limit. It was found that the width of the chirped pulse follows linearly with the input
energy. Figure 4 shows the input and compressed 532nm pulsewidth under the same condition.
The measured temporal variation of the compressed pulses was not more than :t Ips.

1. Flowing dye cell & back
mirror 6 3 -i -

2. Acoustic mode-locker L.- - -2
3. Delay prisms a_ _

4. Glan-Taylor polarizer 7 Dye

5. Crystal rod 15 chan
6. Output coupler ...... ........
7. Single pulse slicer PoI '
8. Quarter wave plate m - ono. S
9. Amplifier ,Scope ! ----- 2 [Canea r 2

10. Second harmonic 13 14

generator
11. Lens 1.12. Fiber optic ! 15

13. Lens
14. Grating
15. Prism

Figure 2 Experinental Set-up
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4. Results on Dye Laser Pumping

By using the compressed pulsed of 532nm pulses to pump the newly designed electromagneti-
cally-tuned short cavity dye oscillator and the rest of the uncompressed pulse to pump the four-
stage amplifer chain5 we obtained dye laser pulses less than 2ps with energy as high as 5mJ at
600nim region. Energy as high as 1 mJ at 380nm was achieved by mixing the fundamental and the
dye laser pulse through a KDP crystal. We also obtained an 8% energy efficiency conversion with
the blue and green dyes between the 400nm to 560nm region. Doubling efficiency better than
13% was achieved with input single-mode dye laser energy of 0.5mJ at 490nm region when a thin
type I BBO crystal (1.0-1.5mm) was used.
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Active Pulse Compression

B.H. Kolner

Hewlett-Packard Laboratories, P.O. Box 10350, MS 26M16,
Palo Alto, CA94303, USA

Optical pulse compression has become a very important technique in the generation

of picosecond and femtosecond pulses. What has now become the standard approach

involves launching pulses down single mode optical fibers where they are chirped by self-

phase modulation (SPM) and subsequently passing them through a dispersive delay line,
such as a diffraction grating pair, where the compression actually takes place Il]. In

the sense that there is no power released into the pulse from the fiber or any external

source, the process is passive.

In spite of its popularity and effectiveness, passive pulse compression suffers from

several disadvantages. First, owing to the nonlinear origin of self-phase modulation,
fairly high peak powers are required to obtain sufficient spectral broadening for high

compression ratios. This limits its usefulness to high power lasers which tend to be

physically large with commensurate power and cooling requirements. Second, the spec-

tral broadening produced by SPM is intensity dependent and therefore amplitude noise

on the input pulse stream leads to enhanced output amplitude noise and pulsewidth

fluctuations J21. Finally, in spectral regions where group velocity dispersion is negligi-

ble, the induced chirp is linear only over the central part of the pulse and this leads to

the formation of a pedestal when compressed by a quadratic dispersive delay line [1,3j.

In contrast to the passive interaction of SPM, we have taken the approach of ac-

tively chirping the optical pulses with electro-optic phase modulators 1-71. With tie

d'velopment of high efficiency integrated optical phase modulators, substantial chirp

rates call be impre.7sed on optical pulses by using microwaves at modest power levels.

Since the process is independent of the optical power, it lends itself well to low power

solid state lasers. Also, by adjusting the period of the modulating waveform with re-

spect to the input pulsewidth, a linear chirp can be maintained over the whole pulse

envelope. These features, combined with a linear sensitivity to amplitude fluctuations,

make active pulse compression an attractive alternative for generating ultrashort light
pulses.

In an ideal electro-optic phase modulator, an optical pulse will copropagate with

a microwave field in a region where that field varies quadratically. The pulse will

then accumulate a quadratic phase shift or retardation which is proportional to both

tihe strength of the field and the duration of the interaction. The total accumulated

retardation cal be described by an overlap integral that sums the contribution of the

electro-optically induced phase shift along the path of propagation. Using a traveling-

wave coordinate system centered on the optical pulse allows us to observe tile effects on

tile pulse as a function of the propagation distance x. For a sinusoidal modulating field

in one spatial dimension, the integral takes the form
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where A = -AnoX = 7r, A4, wx -c Vr¢ o Yr

w_ is the modulation frequcncy, and 0 is an inital phase offset between the pulse and the
modulating field. A is the peak phase deviation or modulation index, = t-x/vo is the

traveling wave variable ccntcrcd on the optical pulse moving at velocity v,, and AO is the

walkoff due to the mismatch between the optical group velocity vg, and the microwave
phase velocity vm. The effect of velocity walkoff is twofold. First, the amplitude is
reduced in a sin x/x fashion, characteristic of non-phasematched harmonic generation.
Second, the phase of the final retardation is shifted which causes the region of quadratic
phase to no longer be centered on the optical pulse. This effect can be compensated

for by injecting the pulse into the modulator with an initial offset 0=-AO/2. The

amplitude reduction, however, cannot. Equation (1) is plotted in Fig. 1 for the case

of no velocity mismatch (solid cosine) and two cases of mismatch producing walkoffs of

AO = ±ir/2. The Gaussian curve in the ceuter represents the optical pulse.

We can calculate the performance of active pulse compressors by Fourier trans-

forming the chirped pulse and applying the effect of a quadratic dispersive delay line to
cancel the imaginary part of the phase. Assuming no velocity walkoff and a Gaussian

input pulse, we arrive at the following expression for the pulse compression ratio:

Ti -AT
2  (7_-)2) V 7r3/27,2

- / + - 2 (2)

r0 + 2 T V, In 2

where T. and r, are the input and output pulsewidths, respeclively, T is the modulation
period, and fr-1i/T. The right hand side of this expression is the form for large mod-

ulation index. It is interesting to see that the compresion ratio scales as the square of
the modulation frequency for a fixed input pulscwidth. This is a reflection of the de-

,18
2

37r 71/r 7r r

4 2 4 4 N 2 4 N

Fig. 1. Ietardatirn as a function of velocity walkoff. Solid cosine: no walkoff; dashed
cosines: walkoif of ±!7r,/2; solid Gaussian: optical pulse envelope.
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pendence of the chirp rate on the 'curvature' of the driving waveform. We also notice in
(2) the dependence on T/r 1 , the ratio of the microwave period to the input pulsewidth.
Clearly, the best compression ratio is obtained by spreading the pulse over the largest
region of quadratic phase. However, when sinusoids are used as the driving waveform,
one is limited by the higher order terms far away from the center of the cusps. We
have found a practical limit of T/ri ; 6 for producing clean compressed pulses. Input
pulsewidths larger than this have enough energy outside the quadratic portion of the
RF cycle to induce nonlinear chirp and hence are not effectively compressed by a simple

quadratic delay line.

We recently demonstrated this technique by compressing the pulses from a mode-
locked Nd:YAG laser from 100 ps to 45 ps [6]. The RF drive waveform had a frequency
of 3.365 GHz with a peak power of about 0.5 watt. The average power was reduced to
below 10 mW because the higher average power appeared to heat the electrodes and
impair waveguiding. Under these conditions, the modulation index was approximately

5 and was limited by the available peak drive power. The delay line was constructed
from a single 1800 line/mm diffraction grating used in a four-pass arrangement [81 at
grazing incidence. The optimum grating-grating spacing was found to be 1 meter which
is equivalent to 2 meters in a single-pass two grating configuration. Using the gratings
at grazing incidence resulted in a very low throughput efficiency of several percent but
was necessary because of the weak chirp rate. Increasing the modulation index thus

has the double advantage of better compression ratio and higher efficiency since the

gratings could then be used at less acute angles.

Active pulse compression is very attractive for use with low power solid state and
semiconductor diode lasers. It is interesting to consider what is required to generate 1

picosecond pulses using this technique. For the moment let us neglect the problem of
inherent chirp in gain-switched diode lasers and assume we can generate 30 ps pulses
from such a device. We choose T/ri=6 for clean pulses which implies a driving frequency
of 5.6 GHz. To get to 1 ps requires a compression ratio of 30:1 and from (2) this implies
a modulation index of A=76. With 10 watts peak drive power and a 50f0 transmission
line, the modulator needs a half-wave voltage of V,=1.3 volts. This does not seem
unreasonable and we anticipate that such a modulator can be constructed.
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Two Novel Techniques for Femtosecond Pulse Compression:
Utilization of Induced Phase Modulation and
Highly Nonlinear Organic-Fibers

M. Yamashita 1, K. Torizuka 1 , T. Shiota 2, and T. Sato 1
1Laser Research Section, Electrotechnical Laboratory,
Umezono 1-1-4, Tsukuba, Ibaraki 305, Japan

2 Fujikura Optoelectronics Laboratory, Rokusaki 1440,
Sakura, Chiba 285, Japan

1. Femtosecond pulse compression by induced phase-modulation

The technique of pulse compression utilizing self phase-modulation (SPMT)
has the disadvantage that it is impossible to control separately the
modulation characteristics (i.e. the chirping intensity and linearity, the
dispersion's sign and value, and the modulation fluctuation) and the
parameters (i.e. the power, the wavelength and spectral shape, the temporal
duration and shape, the chirping characteristics and the intensity fluctua-
tion) of the input-pulse to be compressed. In practice the SPHT cannot beapplied to compression of an ultrashort pulse at the wavelength where it is
difficult to generate a high peak-power pulse. in addition, the SPMT does
not allow us to adjust finely and independently the chirping intensity and
linearity. Furthermore, the temporal fluctuation of the highly-amplified
input pulse in the SPMT causes severe fluctuation of the compressed pulse
because of the effect of the multiplication of the modulation fluctuation
and the intensity fluctuation of the pulse to be compressed. In order to
overcome the disadvantage, we propose a compression technique utilizing
induced phase-modulation [1], where the I:-pulse with a high peak-power
inducing the phase-modulation and the I. -pulse with a low and stable
peak-power to be compressed are independently propagated in a single-mode
fiber followed, usually but not always, by a grating pair (IPMT). The
results of a computer analysis based on two nonlinear Schr6dinger equations
[2] are presented for typical cases.

In case A (the same 630 nm - wavelength for the I,- and I -pulses), it
is found that the 70.7 fs, 100 W I.-pulse is compressed to 5 fs (or 15 fs"
by the modulation induced by the 100 fs, 1 MW (or 100 kW) 1 -pulse followed
by a grating pair. This means that a compression ratio comparable to the
case of the SPMT is observed. In case B (the wavelengths different in the
normal dispersion region for the I,- and I -pulses), the 70.7 f;, 100 ,,
1,-pulse at 315 (SH pulse), 550 or 800 nm are, respectively, compressed te
15, 12 or 13 fs by the same l,-pulse with the delay time adjustment of IC,
8.5 or -10 fs. The compressed pulse-duration becomes lonqer due to the
walk-off between those pulses in comparison with case A, which is presumab-
ly avoided by using a combination of a phase-matching fiber and two cross-
polarization beams. In case C (the wavelength different in the normal
(I.-pulse at 1.06 .m) and anomalous (I-pulse at 1.5 i) regions), the
20 ps, 1 W I -pulse is compressed to 1.8 ps (or 1.5 ps) by only the fiber
propagatlon with the modulation by the 20 ps, 100 W (or 13 kW) I -pulse in
the case of group-velocity matching (or of the walk-off).

From the above analysis, we find the IPMT has the following advantages:
(1) one can select, as the I modulation pulse, a pulse of a wavelenqth so
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that the high peak-power and ultrashort pulse-duration are easily generated
(e.g. 630 nm or 1.06 l.m), while as the IV-pulse to be compressed a pulse of
low and stable peak-power at any different wavelength can be selected; (2)
when the wavelength of the 12-pulse is in the anomalous-dispersion region,
the weak Is-pulse such as a semiconductor laser pulse is compressed by the
fiber propagation only; (3) while monitoring the rapid-scanning auto-
correlation traces of the compressed 1-pulse on an oscilloscope, the fine
adjustment for the modulation characteristics can be independently done
without changing 12 input-pulse parameters; (4) the severe fluctuation of
the compressed pulse due to the above-mentioned multiplication effect in
the SPMT can be avoided since a very stable 12-pulse of a low peak-power
can be utilized. The latter two points are the most important for the
compression of ultrashort pulses in the femtosecond time-region where the
higher-order dispersion effect and the temporal pulse-fluctuation severely
affect the practical compression ratio.

2. Organic fibers for a femtosecond pulse compresso-r

The compression ratio by the SPMT is determined by the intensity of
incident pulses, the nonlinear refractive index (NRI) of the fiber glass
and the group velocity dispersion (GVD) [3]. Some kinds of organic materi-
als (e.g. benzene derivatives) are attractive candidates for a compressor
of low peak-power ultrashort pulses becauses of its extremely large NRI
contributed by -electrons [4j and moderate GVD. We report an experimental
study on the properties of organic fibers in the femtosecond region.

Our fibers consist of a 1 cm long fused-quartz capillary and a 4 ..m
radius organic-liquid core. Sample (a) is a multimode fiber of pure nitro-
benzene and Sample (b) is a single-mode one of a mixture of 2-methyl-4-
nitroaniline, nitrobenzene and ethanol. In both of (a) and (b), electronic
(fast-response) NRI and GVD are expected tc be about 70 times and - times
of those in a glass fiber, respectively.

Figure 1 shows typical results of the backgrounA-free autocorrelation
measurements. The peak-power of the incident pulse (i : a colliding pulse
mode-locked ring laser) in the fibers is not so strong that self phase-
modulation (SPM) occurs. The output-pulse of Sample(a) is broadened by not
only material GVD but also additional mode-dispersion. That of Sample(b)
is much shorter and is really recompressed (r) by the negative GVD of a
grating-pair.

tp 74.6 fs (sech2 ) tp:60.2fs(sech2 )

-200 0 200

-200 0 200 DELAY(PS) DELAY (f s)
DELAY(fs)

Fig.l Non-collinear SHG autocorrelation traces of the incident pulse i),
the transmitted pulses through the organic fibers (a, b) and the recom-
pressed pulses (r).
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Fig.2 Spectra of the incident pulses (dashed curves) and the modulated
pulses (solid curves). Peak-power of the incident pulses is also shown.

The spectrum-broadening by SPM is measured by amplified and GVD-
compensated 70 fs pulses (the repetition rate: 10 pps), as shown in Fig.2.
Curve (g) is the result of the single-mode glass fiber. In Sample (a), a
large asymmetric broadening to the longer-wavelength s'de occurs. Here,
the mode-dispersion enhances a contribution of the slow-response NRI by
molecular reorientation. In Sample (b), the observed modulation is similar
to that in (g) by the fast-response NRI, where the incident peak-power is
lower about one order of magnitude. The pulse of (g) is compressed to
32 fs by a grating-pair. However, the temporal-characters of modulated-
outputs of organic fibers cannot be measured because of the lower peak-
power. We consider that a high-repetition laser (e.g. a cavity-dumped
laser) is a suitable source for organic-fiber compression.
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Generation of Sub-100-fs Pulses at 532 nm
from Modulation Instability Induced
by Cross-Phase Modulation in Optical Fibers

P.L. Baldeck 1, R.R. Alfano 1, and G.P. Agrawal 2

1The City College of New York, New York, NY 10031, USA
2 AT&T Bell Laboratories, Murray Hill, NJ07974, USA

Modulation instability (MI) refers to the sudden break-up of
waves propagating in nonlinear dispersive media. MI is a
possible method to generate ultrashort pulses with gigahertz
and terahertz repetition rates []. Tai et al. have observed
the generation of 500 fsec pulses at 1.319 um with a 0.3 THz
repetition rate [2,3]. Recently, Agrawal suggested that a new
kind of modulation instability can occur even in the normal-
dispersion regime when two copropagating fields interact with
each other through the nonlinearity-induced cross-phase
modulation [4].

In this paper, we report the first observation of such a
modulation instability initiated by cross-phase modulation in
the normal-dispersion regime of silica optical fibers. MI is
observed at 532 nm by propagating intense mode-locked
picosecond pulses or Q-switched nanosecond pulses in short
lengths of a single-mode optical fiber. Modulation-instability
sidebands appear in the pump spectrum as a result of cross-
phase modulation induced by the simultaneously generated Raman
pulses.

Figure 1 shows spectra of intense 25-ps pulses recorded for
different fiber lengths. Figure 1-a is the reference 2nectrum
of low-intensity pulses. Figures 1-b and 1-c show spectra
measured at about the modulation-instability threshold for
fiber lengths of 3 m and 0.8 m, respectively. The latter two
figures show modulation-instability sidebands on both sides of
the laser wavelength at 532 nm, and the first-order stimulated
Raman scattering (SRS) line at 544.5 nm. Notice that the
frequency shift of sidebands is larger for the shorter fiber.
Secondary sidebands were also observed for pulse energies well
above the modulation instability threshold and longer optical
fiber lengths. According to the theory, modulational
instability at this wavelength is possible only if there is a
cross-phase modulation interaction [4]. As shown in Fig. 1,
modulation-instability sidebands were observed only in presence
of stimulated Raman scattering light. Moreover, it has been
recently demonstrated that cross-phase modulation is intrinsic
to the SRS process [5,73.

To strengthen our conclusion that the sidebands arise from
the modulation instability induced by cross-phase modulation,
we have measured and compared with theory the dependence of
sideband shifts on the fiber length. For this measurement, we
used 10-ns pulses from a Q-switched Nd:YAG laser to ensure the
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Figure 1. XPM-induced modulation
instability sidebands for
different fiber lengths. The
laser line is at 532 nm and the
Raman line at 544.5 nm;
a) reference spectrum;
b) measured spectrum near the MI
threshold for L=3 m; c) L=0.8 m

quasi-CW operation. The spectra were similar to those obtained
with 25-ps pulses (Fig.1). As shown in Fig.2, the sidelobe
separation, defined as the half-distance between sideband
maxima, varied from 1.5 nm to 8.5 nm for fiber lengths ranging
from 4 m to 0.1 m, respectively. The energy of input pulses was
approximately Set at the modulation instability threshold for
each fiber length. The solid line in Fig.2 corresponds to the
theoretical fit. As discussed in [4], the maximum lain of
modulation instability sidebands is given by G-k"l where w is
the sideband frequency shift. Thus, the power of a sideband for
an optical fiber length L is given by

P(w,L) - Pn exp(k"w2 L) (1)

where Pn is the initial spontaneous noise and k" is the group
velocity dispersion at the laser frequency.
For such amplified spontaneous emission, it is common to define
a threshold gain Go by

Po(L) - Pn exp(Go) (2)

where Po is the sideband power near threshold such that each
sideband contains about 10% of the input energy. A typical
value for Go is 16. (2]
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From (1) and (2), the dependence of the sideband shift with the
fiber length near threshold is given by

1 /2
w -(Go/k"L) (3)

At 532 nm, the group velocity dispersion is k"-O.06 ps
2
/m Using

this value and Go-18.1 in (3), we obtain the theoretical fit
shown in Fig.2 (solid line). The good agreement between the
experimental data and the theory of modulation instability
supports our belief that we have observed cross-phase-
modulation-induced modulation instability, as predicted in [4].

The maximum sideband shift shown in Fig.2 is 8.5 nm, which
corresponds to the generation of sub-100-fsec pulses within the
envelope of the 10-ns input pulses with a repetition rate of
about 8.5 THz. Even though autocorrelation measurements were
not possible, because of the low repetition rate (10Hz) needed
to generate pulses with kW peak powers, we believe that we have
generated for the first time modulation instability subpulses
shorter than 100 fs.

The research at CCNY is supported in part by Hamamatsu
Photonics K.K.
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Femtosecond Continuum Generation in Fibers Near 1.6 ILm

M.N. Islam, G. Sucha, J.P. Gordon, 1. Bar-Joseph, and D.S. Chemla

AT&T Bell Laboratories, Room 4D-41 1, Holmdel, NJ07733, USA

We report the generation of continuum with > 100fsec duration

between 1.55 and 1.85pm in a fiber pumped by a color center laser (CCL).
Working in the anomalous group velocity dispersion (GVD) regime of fibers,

several groups have generated short pulses with extremely broad bandwidth
which they attribute to stimulated Raman scattering [1]. However, our

experiments and computer simulations show that the continuum evolves
from multi-soliton collisions resulting from modulation instability (MI)[21

and soliton self-frequency shift (SSFS) effects [3]. We demonstrate the
utility of the continuum for spectroscopy by using the continuum in
pump-probe, absorption saturation experiments in InGaAs/InP multiple
quantum wells.

In the anomalous GVD regime, an intense, broad pulse is unstable to
perturbations, and will try to break tip into a train of solitons. MIl ampli-
fies a weak signal or perturbation through the interplay between anomalous
GVD and the fiber nonlinearity. As Mil starts, both upper and lower side-
bands are generated symmetrically about the pump, and the beat frequen-
cies compress through the addition of more sidebands. However, the Raman
or SSFS effect translates the envelope of the spectrum to longer
wavelengths, while preserving the periodicity of the sidebands 21. As the

solitons compress further, SSFS causes a down shift in the frequency of the
pulses, with a consequent shift in the velocity of the solitons. However, the
shift will be nonuniform: the solitons near the center of the pump are larger
and are generated sooner than the others. As they accelerate toward the
rear of the pump pulse, they catch up with their neighbors, so that after a
time there forms a short region in which a group of the solitons collide.
High peak powers and narrow pulses are generated during these collisions,
generally resulting in one dominant soliton.

In the experiments a modelocked NaCI color center laser provides the
X- 1.5pum pump pulses with /pak; 1OOW (in the fiber) and 7- 12psec at
100Mhz repetition rate. Following an isolator and a telescoping set of
lenses, the light is coupled into a 100m or 50011 length of single mode,
polarization maintaining fiber with a zero dispersion wavelength of 1.4ll/m.

The output from the fiber is sent to a scanning Fabry-Perot, a spectrome-
ter, and an autocorrelator.
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Fig. 1 Continuum spectra versus pump power from (a) loom and (b) 500m fibers

In Fig. la we show the spectra for different pump powers in a 100m

length of fiber. As the power is increased, the spectrum reaches to longer

wavelengths, but the spectral broadening slows down beyond 1.85pim. The

sharp peak at -- 1.51pm corresponds to the residual pump, and the

features between 1.53 and 1.581im correspond to the MlI peaks in the lead-

ing half of the pump (which do not collide). At higher pump powers the

energy in the continuum shifts to longer wavelengths as SSFS slides more

energy to the Stokes side. Note that almost half of the pump energy is in

the continuum.

To understand the temporal behavior of various parts of the contin-

uum, we introduced band pass filters before the autocorrelator. In Fig. 2

we show a typical autocorrelation after a 1.71im filter (band pass of 94nm,

100m fiber, P = 75W). As the pump is varied between 66 W and 100W,

the pulse width from the 100m fiber varies between 145 < r < 160 fsec

after the 1.7pm filter, and between 116 < r < 132 fsec after a 1.635pm

filter (band pass 100nm). However, the level of pedestal increases as we go

to shorter wavelengths. For example, for different filters we find (center

band pass wavelength, peak-to-pedestal ratio): (a)1.57/sm, 13:1 ; (b)1.6pm,
56:1 ; (c)1.635pm, 71:1 ; and, (d) 1.7pm, 153:1. We believe that the ran-

domly timed (since they start from noise) MI solitons in the front half of

the pump (which do not collide) contribute significantly to the pedestal.

Furthermore, for 83W of pump power, the measured peak powers after the

1.635pm (1.7tLm) filters are 1.78kW (1.33kW).

To show the usefulness of the continuum for spectroscopy, we used

the fiber output in pump-probe, absorption saturation experiments in

InGaAs/InP multiple quantum wells. Since we use the continuum (after

appropriate band pass filters) as both the pump and probe, the timing of
the femtosecond pulses relative to the color center laser pulses is unimpor-

tant. In Fig. 3 we show a typical transmission versus delay for counter-
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Fig. 2 Autocorrelation of pulses from loom fiber (P=75W) after 1.7 m filter
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Fig. 3 Transmission versus delay from pump-probe experiments in InGaAs/InP multi-
ple quantum wells (after 1.6pm filter)

propagating pump and probe pulses. We use a 1.6pm filter to pump and
probe near the heavy hole exciton feature in the samples. The rise time is

200fsec, and the decay t;.ne is initially -300 fsec, followed by a much
slower recovery. The first rcovery time results from ionization of exci-
tons, and the second corresponds to the band-to-band recombination time.
Although the levels of pedestal are almost immeasurable in the autocorrela-
tions, they show up distinctly in the pump-probe since they are wide and
have considerable energy.

To see what happens as the continuum propagates further in the
fiber, we studied the output of a 500m length of identical fiber. The spec-
tra (Fig. ib) reach out as far as 1.88pm, which is slightly further than in
the 100m fiber. The threshold for the continuum is lower: even at 25W the
spectrum reaches beyond 1.7pmn. Again, we see the pump and MI peaks,
but the MI peaks are broader. This broadening is attributable to SSFS: a
270fsec pulse at X-- 1.5pm down shifts by -- 18nm in 500in of fiber because
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of SSFS. Unlike the 100m fiber results, the spectra are almost flat at the
long wavelength side before they roll off. However, the spectra show a
second feature between 1.6 and 1.65pm, which may be due to Raman
amplification (- 100nm is peak Raman gain) by the MI solitons.

Unlike the 100m results, in 500m at P- F3W there is considerable
pedestal for X 1.65pin. Although the pedestal is as broad as the pump
(r- 12psec) for the 100m fiber, in 500m the pedestal reaches out to beyond
100 psec. On the other hand, at and above 1.7pm the pulses from the 500m
fiber show less than 200:1 peak-to-pedestal ratio in autocorrelation (this 1k
the flat part of the continuum in Fig. lb). After the 1.7/am filter, the pulse
that is 153 fsec at 100m broadens to - 262 fsec in 500m: this is more than
the broadening expected from linear loss for a fundamental soliton. The
width varies between 262 fsec at 1.7pm and 320 fsec at 1.82 pm.

The short pulse must be a soliton to persist for 500m, but a soliton
should be transform limited (for 100fsec AX. 20nm). We hypothesize that
the broad spectra in Fig.1 represent an ensemble average of narrow

100fsec pulses which have SSFS'd differently. A 100 fsec pulse rapidly
SSFS's to longer wavelengths in a fiber. For example, if the 100 fsec pulse
width does not broaden, then the pulse shifts by AX- 150nm in 30in of

fiber. Since the process starts from noise, each pulse will be formed at a
different distance in the fiber, and will shift by a different amount. After
we ensemble average over many such pulses, we obtain the smooth, contin-
uum spectra of Fig. 1.

SSFS acts like a loss mechanism as the non-soliton part separates

from the main soliton. A fundamental soliton pulse adiabatically broadens
to compensate for the lower pulse power. Consequently, our pulses broaden
as we go to longer fibers, as we increase the pump power, or as we go to
longer wavelengths. Furthermore, the spectral broadening does not con-
tinue indefinitely because SSFS is a self-limiting process. As the pulse

broadens, SSFS slows down since the shift Av 1/r 4 . Also, for X >
1.7pim the fiber losseb increase, preventing broadening much beyond
1.85pm.

In summary, Ne find that MI and SSFS play crucial roles in starting
the continuum generation process: MI initi:ttes the process by providing the
short pulses, and SSFS causes relative velocity shift betx,'een pulses and
amplification when they overlap. The short pulses generated through this
multi-soliton collision then SSFS to give the broad spectral widths. The
high peak powers (> 1kW) and short pulses (r > 100fsec' combined with
the 100MIlz repetition rate make the broad continuum a simple, yet power-
ful, tool for spectroscopy.
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Picosecond Pulse Generation by Two-Photon Induced
Amplified Spontaneous Emission

A. Pettzkofer and P. Qiu*
Naturwissenschaftliche Fakultdt 11 - Physik,
Universitit Regensburg, D-8400 Regensburg, Fed. Rep. of Germany
*On leave from Shanghai Institute of Optics and Fine Mechanics,
Academia Sinica, Shanghai, People's Republic of China

1. Introduction

Two-photon pumped travell1ing-wave dye lasers [ 1,2] and semiconductor lasers
[3,4] generate frequency tunable ultrafast light pulses at the anti-Stokes
side of the pump laser. Here the two-photon induced amplified spontaneous
emission (ASE) in a dye generator cell, the two-photon induced seeding VpUlse
amplification (SPA) of a picosecond light continuum and the signal ampli-
fication (AMP) in a two-photon pumped dye amplifier are studied.

2 . Exerena

The vxperiiiiental setup is depicted in Fig.I. Single picosecond ligqht culses
of a passively mode-locked Nd-phosphate glass laser (pulse duration -t
5 ps) are used for two-photon pumping. The dye rhodamine B dissoled in
hexafluoroisopropanol serves as gain medium in the generator cell and the-
amplifier cell (concentracions 0.01 mvol/dn-', cell lengths ? c!11) In tnr,
case of two-photon pumped seeding pulse amlplification a picosecond light
continuu11 is generated in a 2 cm long cell filled with 3 0 0
tuning of the generated signal is possible by putting ,i tL~rin( & '4 ht e-
hind the generator nell.

3.__Res ulIts

The absorpti on and emi ssion cross-secti or suc ro' ~'rhl ir- rI

fliioroisopropanol is shown in Fig.?. The spectral widths at 7:0'!'L,
(FWHr) and one tenth height of the ASE signal are indicated. Et*icient
two-photon pumped amrplified spontaneous emrission re"Ull'C 1_e[Jtbl evC
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Table I Two-photon pumped light generation. The pump pulse parameters
are 14, = 1.5.10 W/cm 2 , 1,. = 1.054 um, :tL 

= 5 ps. ASE-AMP, amplifica-
tion of ASE signal. SPA-AMP, amplification ot seeding-pulse-amplification
signal.

Parameter ASE SPA ASE-AMP SPA-AMP

E 0.013 0.003 0.018 0.035

Imax InmI 622 617 623 6?0

(FWHM) nm 13 20 19 1

i, (FWHM) Irad] 2-10 -  2.5.10 -  10-  7.10 -

The two-photon pumped amplified spontaneous emission may be extended to
other laser dyes and saturable absorbers 'b]. Other picosecond pump lasers
may be applied in order to enlarge the frequency range. Computer simula-
tions indicate that at high pump pulse intensities the ASE signals become
considerably shorter than the pump pulses, especially for saturable ab-
sorbers with fast absorption recovery time 16].
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Mode-Locked Continuous Wave Titanium Sapphire Laser

J.D. KaJka, AJ. Alfrey, and T. Baer

Spectra-Physics, Inc., 1250 West Middlefie!d Road,
Mountain View, CA94042, USA

We have actively mode-locked a continuous wave (cw) Titanium
doped Sapphire laser and obtained tunable pulses as short as 6
psec. At the peak of the tuning curve (790 nm) we obtained 750
mW of average power. We have also frequency doubled the output
of this laser with 15% efficiency using Potassium Niobate.

Recently, Sanchez et al. [1] reported 1.6 W of output power
from the Titanium doped Sapphire laser pumped by an Argon ion
laser. Several groups have actively mode-locked this laser and
obtained pulses as short as 100 psec and powers of a few
hundred mW [2-4].

We have used a cw Argon laser running all lines (15 W) to
pump the Titanium doped Sapphire laser. Using a 4 mirror
astigmatically compensated cavity and a 20 mm long Brewster cut
crystal we have obtained 3.5 W of average power. The cavity
was then extended to a length of 1.8 meters and we placed a
high Q, high modulation depth, acousto-optic mode-locker close
to one end mirror.

We have generated mode-locked pulses as short as 6 psec and
with 750 mW of average power at 790 nm. An autocorrelation. of
the pulse is shown in Figure 1. The bandwidth of these pulses
was 150 Ghz which was 3 times the transform limit. We used a
three plate birefringent tuner to control the wavelength and
were able to tune the laser from 770 nm to 860 nm with the

Fiq. 1 Autocorrelation
of a pulse from the
mode-locked Titanium

doped Sapphire laser at
790 nm. The FWHM is 6
psec assumirng a
hyperbolic secant
squared pulseshape.
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Fig. 2 A graph of the output power versus wavelength for the
mode-locked Titanium doped Sapphire laser. The tuning range
was limited by intracavity coatings.

pulsewidth remaining below 10 psec. This tuning range was
limited by the intracavity coatings. In Fig. 2 we show the
power as a function of wavelength. We anticipate that it will
be possible to generate pulses of less than 10 psec duration
across the entire tuning range of the laser (630 nm to 1000
nm).

Short pulses were obtained over a 20 micro:- range of cavity
lengths. The shortest pulses were generated when the cavity
was mismatched slightly from the mode-locker driver frequency.
One consequence of this mismatch is a small regular oscillation
in the time domain. The oscillation had a depth of a few
percent and a period of several microseconds.

An excellent frequency doubling crystal for the wavelength
range between 840 nm and 940 nm is temperature tuned Potassium
Niobate. At room temperature, this crystal is 90 degree phase
matched for doubling 860 nm light and we obtained 350 mW of
power at this wavelength. We used a 5X microscope objective to
focus into the 3 x 3 x 5 mm crystal and qenerated 50 mW at 430
nm.

In conclusion, we have actively mode-locked and frequency
doubled the cw Titanium doped Sapphire laser. The fundamental
and second harmonic of this laser cover two regions of the
spectrum where the existing dye lasers have limited lifetime.
As a result, we believe that the Titanium doped Sapphire laser
is a viable solid state alternative to dye lasers as a
picosecond source.
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Non-soliton Modelocking of an F-Centre Laser

with a Nonlinear External Cavity

K.J. Blow, D.S. Forrester, and B.P. Nelson

British Telecom Research Laboratories, Ipswich, IP57RE, UK

The soliton laser 1 was the first example of a nonlinear external cavity
being used to improve the modelocked performance of a laser. The laser
cavity was coupled to an external cavity which contained an optical fibre
with positive group delay dispersion thus supporting solitons. When the
returned pulse is synchronous with the pulse in the fundamental laser
cavity then pulses with a much shorter duration than those produced by
the laser alone are observed. The first explanation of this phenomenon
was in terms of the properties of the N = 2 soliton. However, a theory of
the soliton laser 21 and further experimental studies 131 have both
indicated the existence of many operating points which were not always
related to the N = 2 soliton I11

A more recent theory 141 has considered the coupling of a modelocked
laser to an external cavity containing other nonlinear c'ements. The two
nonlinearities considered were a saturable absorber, giving pulse
compression, and a saturable amplifier, which leads to pulse broadening.
The surprising result was that both nonlinear responses can lead to the
production of shorter pulses. The proposed explanation for this effect ;q
that the nonlinearity in the external cavity causes coupling between the
longitudinal modes of the laser which enables the better communication
of phase information between the modes with a consequent increase in
the modelocked bandwidt. Thus the behaviour of the soliton laser
should be understood as part of a more general class of nonlinear external
cavity modelocked lasers.

Here we report on some experiments which will elucidate the role of
the external cavity. A Burleigh TI:KCI colour centre laser was end-fire
coupled to an optical fibre. The external cavity was formed either by
retro-reflection from a plane mirror or by using an integrated fibre loop
mirror N5J. The crucial difference between our experiment and the soliton
laser is that the fibre had negative group delay dispersion and does not
support (bright) solitons. In this dispersion regime the combined effects
of the nonlinear response of the fibre and its dispersion lead to enhanced
pulse 'Droadening JGJ, 171 as we will later show.
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In figure I we show (normalised) background free autocorrelation
traces of the laser alone (a) and the laser coupled to the external cavity
(b). The reduction in pulse autocorrelation width can clearly be seen,
from 30ps to 5ps, and is quite similar to results obtained with the soliton
laser I'l. This result was obtained with a 20m length of optical fibre at an
average launched power of 5mng which was close to the threshold power
for pulse shortening to be observed. Similar results were also obtained
with shorter fibre lengths with the pulse width generally decreasing with
fibre length. The implication of this result is that it is not essential for the
optical fibre to support solitons merely that it have some nonlinear
response.

The group delay dispersion of this fibre was measured on a lkn
length to be -Ops/nnz/knz. However, in order to be quite sure that the
actual length of fibre used in this experiment had negative dispersion and
was not positive due to some longitudinal inhomogineity in the fibre we
performed the following test. We set up the standard soliton laser
configuration to produce pulses with an autocorrelation FWHM of 2ps.
These pulses were then launched into the same 20m length of fibre used
in the first experiment and figure 2 shows the input (a) and output (b)
autocorrelation traces at a launched power of 5mW. The output pulse is
broader by a factor of about three and the shape is somewhat triangular
which is consistent with the pulse shaping effects normally observed in
the negative group delay dispersion regime. This result is also consistent
with the solution of the Nonlinear Schrodinger Equation for the
experimental parameters used. These two measurements clearly indicate
that the fibre used in the modelocking experiment did not support soliton
solutions.

Figure I Figure 2

igr

a
b

b a

Figure 1. Laser output without optical feedback (a) and with optical
feedback (b).

Figure 2. Input pulse to non-soliton fibrQ (a) and output pulse (b).
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In conclusion we have observed behaviour similar to the soliton laser
using an optical fibre which does not support solitons at 1.5pni.

We acknowledge the director of Research and Technology for
permission to publish.
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Significance of Enhanced Differential Gain
for Short Pulse Generation in Semiconductor Lasers

T. Sogawa 1, Y. Arakawa 1 , and T. Kamiya 2
1 Research Center for Advanced Science and Technology,

University of Tokyo, Komaba, Meguro-ku, Tokyo 155, Japan
2 Faculty of Engineering, University of Tokyo, Hongo,
Bunkyo-ku, Tokyo 113, Japan

1. INTRODUCTION

Picosecond pulse generation technology in semiconductor lasers is important for ultrahigh bit

rate optical communication systems and ultrafast optical infor-niation proccsing T oy,,e'-. T'

this end, mode-locking I 11, Q-switching 121, and gain switching 31 have been inc,t iatcJ.
Among these schemes the gain switching method is the mo.t popular. .ince this s.theme

requires no external mirror and no special laser structure. In this method, the ute of( sh ,rt c.

structures and high peak injected current have been investigated for short pulse generaton.

Recently. we have been discussing the effect of enhanced differential gain on ,hort pule

generation by the gain switching method, where the differential gain g' is defined a,, tie ra tioo

th:e derivative of the bulk gain to the derivative of the carrier concentration n (i.e. L''=d,, 01

Our theoretical calculation predicted that the pulse duration is reduced with the increase of ,
In fact, the generation of a short pulse as narrow as 2ps was successfully observed in a

quantum-well laser in which g' is enhanced compared to double heterostructure lasers due to

twu-dimensional properties of carriers 141. 1towever, more systematic experiment is required in

order to confirm the high ,,' effect. In this paper, we investigate short pulse generation from

distributed feedback (DFB) lasers, in which g'can be enhanced by detuning g\raelength

from the gain peak to a shortcr wavelength [51, demonstrating significance of high t," for the
short pulse generation.

2. EXPERIMENT

In our experiment we used InGaAsP F131I (flat-surface buried hefterostrusture) DFB laiser

(Fujitsu) 151. Two samples were prepared to examine the detuning effect in the gin s\% itchiig

method: ( i ) the Bragg wavelength kB is tuned to the gain peak: and ( ii )ar is dctuncd to a

shorter wavelength by 1OA. The threshold currents under CW operation at 25 ( are .5 ,rid

II mA, respectively. The structures of both lasers are the same except for the B, ragg

vavelength. Gain switching is realized by using current pulse trains 1(1I. l(OpWI II.

100imAp-p,) which are generated by a cotob generator (lI t33005C) A, ith DC hi s. I e te mporal

characteristic of the optical pulses is measured by a srnchronouslv scanning ,treAk camnera

( laniamatsu C1587+M 1955). Fig. 1 shows the measured pulse diuration, plotted against the
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Fig.I Measured pulse duration of tuned and detuned
(-10A) DFB lasers, plotted against the average

60- o input current nomniatized by each threshold cur-rnt.

50-

\ - -0 A

20 )0 i/

10 1.5 2.-- 2.u

NORMALIZED INPJT T

average input current normalized by each threshold current. In this experiment the modulation

amplitude is fixed and the direct current is varied. The circles and triangles represent the

experimental data for the detuned and tuned lasers, respectively. In both lasers the pulse

duration becomes shorter with increasing input current. The shortest pulse is 25ps in the

dettined laser, while 33ps is obtained in the tuned laser. This result demonstrated that

enhancement ofg' through the detuning leads to reduction of the pulse duration. Note that the

increase in the mikte duration at higher injected current level is due to the onset of the second

pulse througb c relaxation effect.

3. DISCUSSION

Figure 2 shows the calculated bulk gain against carrier concentration in InGaAsP lasers at

wavelengths of 1300, 1310, and 1320rnm. When the bulk gain necessary for !asing is supposed

to be 250cn -, the optimum Bragg wavelength )fPt for minimizing the threshold current i,

about 1320nm. On the other hand, g' which corresponds to the slope of the bulk gain curve is

enhanced by detuning AB from ABnP' to 1310nni or 1300nm. This indicates that , can be

controlled in DFB lasers by detuning 2.

Figgure 3 shows the calculated pulse duration of lasers tuned to 1300, 13 10. and 132(In

against the averaged input current normalized by each threshold, using the gaii protile in FlV. 2

The parameter values used in the calculation were as follows: internal loss (t = 3(kmI

confinement factor F= 0.25. spontaneous emission factor /3- 10-4, carrier Iitclimec 7, - ',-

and photon lifetime Tp = 3ps. The injection current pulse is a raised-cosine pulsMe 15()[',

FWI IM, five times as large as the threshold current) added to the direct current As Shon ::i



0'60-

E ~O

3 30 1323' OnJ

3;~~ _______________

Fjis.2 Tile bulk, cain p1nted as a junction of carrier
concentraion at various x aveleniuhs o 01 3)nin,
13, 10rim, and 1,'Onini. tFig.3 Calcutaicit 111lse dir:aiin I iuuhia

l-100A anti .2OiiA laser, iainsi 111r1,111
curren t normal iled by cac h i III clld C itrrent

i.',this calculation u. oplans our experimental reslt. indicating, reduIction Of' thle pulse

dur11ation dule to thle detunling effect ajs s,%ell as the increase in thle plse duration In the regiOn Of

hich bias curtent.

-4. CONCLUSION

[The effect of detuning thle Bragg wavelecngth in picosecond plse geeration101 in Ill(]. VI'

distributed feedback lasers was investiclated USine" thle cainl SwAIitln mthIod. \\C observ7ed i

thle plse duiration is reduced in a detuned DM3 laser, in ss hich tltedfter ainc C I,.

throug.1h detUnlin"_ the Brag-wa, ent fronm the gain peak ito a shorter s slnt sI'

Th is result de mon stra tes thle si C i icance of' thle differential gain for short pul~ke gcuicration-.

We thank Dr.Imai. FujitsuI Co.Ltd.. for supplying excellent samples. and riutI1

discussions, and also thank Prof.YTujii and Prof.l .Satkaki for their enIcoura J Cment.

References

1J. 1'. van dier Ziel. R. A. loaand R. N1. Mikulyak, Aplup. Pbys. Lett. 31). S-,I I st
Y.'i. Araka~a, A. tLarson, J. t',Lstaski. aind A. Yaris. Appt. Hi\,. Lcei. 4S. 5fil I 1ti't
C. J. Aspin. J. F. Carrolt, and R_ Ci. PL'unb, Appl. Ph\N, Ltn. 19, 860 ( lO t I

4. Y. Arakawa. T. Stogaisa. %,I. iuoka. 1,1. tIanaka. and It. Sakaki. AppI. Pit\,, c it,§I i

', K Kaiie, Ht. SubkI. Nt YaTio, 11. l'.likj,ui. and ttL Iiiuiu Wtillt1 LkO iii. sclmi,md L1 ,,!A

7L-



Characteristics of Picosecond Pulse Amplification
by a fTraveling-Wave InGaAsP Optical Amplifier

J.M. Wiesenfeld, G. Eisensiein, R.S. Tucker, G. Raybon, and P.B. Hansen

AT&T Bell Laboratories, Crawford [ll Laboratory,
P.O. Box 400, Holmdel, NJ 07733, USA

An understanding of the propcrtics of semiconductor optical amplifiers whcn used with ultrashort
optical pulscs is important for manv applications, including high-spccd optical time-division
msultiplexing [1], optical switching, and optical logic opcrations. Thc physics underlying thc
rcsponsc of scm-iconductor optical amplifiers is also of fundamental interest, and includes such
proccsscs as hole-burning, carricr thcrmnalization and cooling [2], and gain recovery. Thc time
scale of the pulses used in the expcrimcnt will dctcrminc which proccsscs arc significant- In this
papcr, wc rcport on thc amplification of optical pulscs of duration 3 - 25 pa, dcrived from
scmiconductor lascrs, by i.3-pum InGaAsP traveling-wavc (TW) amplificrs. at pulsc rcpetition ratcs
fromt 200 kllz to 6 GFz. Wc obscrvc gain comprcssion (saturation) in thc amplifier that depenids
on pulsc cnergy and rcpctition ratc. ByV trcating the amnplificr as a lw~o-lcvel, horn'ogcneouslN
broadcncd system, thc gain comprcsion is dcscribed for all pulsc rcpctition ritcs. No tcmporal
distortion of the pui.se shapc is obscrvcd under any conditions.

Two TW optical anmplificrs, madc by dcposition of SiO. anti-reflcction coatings (R < 3x 1. I
on thc two faccts of scmiconductor diodc lascr chips, wcrc uscd in this study. Thc laser chips
used had channclcd substratc buried hictcrostructurc (CS1tll) and scmini- insulating etchcd mesa
buricd hctcrostructurc (SI-EMBII) structurcs, witls peak chip gains of 21 dB and I - dBS zt
wa%,clcngths of 1.25 and 1.30 pmn, respcctivcly. and wcrc 250 pmr long. -1 wo diffcrent sources of
ultrashort optical pulscs, an lnGaAsP film lascr [31, which was optically pumpcd b\ 0.5 ps pulses
from a modclockcd cw dyc lascr, and a gain-switchIcd lnGaAsP diode las'-r, wcrc used to studs
the CSBIl and SI-EMBI-l anmplificrs, rcspcctivcly. Thc film lascr had repetit ion rate of 2-00 k 1 Ic
dur ation of 3 -10 ps. pulsc encrgy input to thc amplifier up to 2-00 f0, and for these expcrimentus
ssas used ovcr !hc was clcngthi range from 1.22 to 1.27 pm. Pulsc shsapcs were mcasurcd with 0.5
ps rcsolution, bcforc and after amnplification, using upconsersion sampling with a1 timc-dclavcd
rcplica of the 0.5 pa dyc lascr pulsc. by sum frcquency gcneration in a LilO 3 cr~stal. The gain-
switchcd diode lascr cmitted a train of' pulscs of -25 ps duration at 1.3 1 pmi waveclcngth, up to I CC,
fJ energy input to thc amplificr, and at repetition rates up to 6 GHz.

Mecasured gain for thc CSII amnplifier (which is 9 d13 luwer than chip gain, due to coriplini,
losscs) for 9 ps pulses at 1.257 p~m is shown as a function of input energy in I-ig. I. Tlo anal\ ic thre
results, we model the amnplifier as an ensemble of strict two-levelI systems [4]. The psulse duration
is assumed short compared to the carrier lifetime r and long con'pared to all carrier intral-'and
relaxation and thcrmnalizat ion tieis wh ich make the g.;in ei~ectively hoiwgcneous. In thiis hce
amplifier gain in dB, G= l~log(E, I'_), can bc A riticn [5]

G G -
4

.
3 4

E,1'F"SAT, I

where

ESAT = h vALN /0.23G, .(

In the above expressions, E,,, E_,, and [;.. 4T are the output, input. and smtation ene eics.
repc -tively, G. is the snmall signal gain, It L is the photon cnergy, I1 and 1. are the cross-sc.in,f

*Permanent address.: Electromnagnetics Institute, Tchlnical Unisersitv of Itnrark, 3K -2SOO,
oyngby, Denmark.
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Figure I: Measured gain vs input puise

10 energy for the CSBH amplifier, using film
% laser pulses at 200 k Hz rate.
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7 Figure 2: Data of Fig. I plottcd vs Eo,.
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area and length of the active region in the amplifier, and N is the carrier dcnsity in the active
region. Eq. (1) is valid when E../ESAT - 1. The data of Fig. I is replotted in the form suggested
by (1) in Fig. 2. The linearity of the plot supports the two-levcl system model. Values of EsA7- are
derived from the slope of the plots, and agree quantitatively with estimates made using Eq. (2. and
device parameters. Equation (2) shows the variation of ESAT with bias (N) and wavelength
(through GO).

For pulses as short as 3 ps no temporal distortion was observed. Figure 3 shows the
superimposed amplified pulse shapes for three conditions. With 52 fJ/pulsc input energy, the
amplifier gain is compressed by -2.5 dB, while at 2.6 fJ/pulse input energy, the gain has its small
signal value. Even under these three disparate conditions, the pulse shapes arc identical to within
experimental uncertainty. The lack of pulse distortion is explained by small group velocity
dispersion in the amplifier [2,6] and sufficiently slow transitions in the pulse shape so that there is
no distortion due to gain compression. [7]

When the period between input optical pulses, T, becomes comparable to or smaller than the
gain recovery time (which is also the carrier lifetime r) the overall gain of the amplifier will be
reduced, because the gain will not recover to its original small signal value between pulses. This
effect can lead to pattern-dependent gain and inter-symbol interference for a randomly modulated
stream of pulses. Using a simple rate equation analysis it can be shown that the gain reco'-ers with
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Figure 3: Pulse shapes after

Ibias Ein amplification in CSBH amplifier of
a 7 ps film laser pulse at 1.249 ,pm,

- 85 mA 52 fJ for conditions as indicated.
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an exponential time constant r between pulses. The repetition rate dependence of the gain can be
derived from the two-lcvcl system model, and is

G = Go - 4.34Et/EsAr(' , (3)

where

ESAT1(4 1) = (I - e-TI)ESAT (4)

Gain was measured as a function of pulse energy for the SI-EMBH amplifier at repetition rates
from I to 6 GHz. Figure 4 shows that the effective saturation energy does decrease with
repetition rate, as predicted by (4). The values of ESAT

(e
ff

) 
are fit by taking ESAT = 6 pJ and r =

400 ps. The gain recovery time for this amplifier has been measured directly in a pump-probe
experiment, and has a value of 360 ± 20 ps. The agreement between data and the predictions of
the two-level system model further supports the model.
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A Few Tens of Picoseconds Light Source of Continuous
Spectrum with Cherenkov Radiation

S. Owaki 1, T. Okada 1, Y. Kimura 2 , S. Nakahara 3, and K. Sugihara 3

1The Institute of Scientific and Industrial Research,
Osaka University, 8-1 Mihogaoka, lbaraki, Osaka 567, Japan

2Dept. of Applied Physics, Konan University, 8-9-1 Okamoto,
Higashinada, Kobe, Hyougo 658, Japan

3Dept. of Mechanical Engineering, Ka- ai University,
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When a high energy electron passes through dielectric materials at a veloc-
ity exceeding that of light in the material, Cherenkov radiation is emitted
into an annular cone about the forward direction of the electron,. If an
electron of energy of a few tens of MeV and a dielectric mater-al of high
refractive index are used for Cherenkov radiation, the number of emitted
photons is only a few hundred within a spectral region from the absorption
edge of the material to visible wavelengths[l]. Cherenkov radiation, how-
ever, produced with a lot of electrons bunched in a short time may be util-
ized for an intense pulsed light source with a continuous spectrum [2,31.

The electron linear accelerator (linac) of Osaka University can bunch
electrons in a single wave of accelerating RF with velocity modulation and
accelerate them to a maximum energy of 38 MeV with a repetition rate of up
to 120 Hz [4]. The width of the single bunch pulse is estimated to be a few
tens of picoseconds and about 1011 electrons can be contained in a single
bunch pulse (maximum charge per pulse is about 50 nC). When the electron
pulses from the linac are used for the excitation of Cherenkov radiation,
considerably intense and short light pulses can be obtained because the
time structure of the Cherenkov radiation is essentially the same as that
of the electrons. Electron pulses of 28 MeV and 15 nC were used in these
experiments.

The Cherenkov angle 0, a half vertical angle of the annular cone, and the
number of photons N produced by an electron within a spectral region defined
by wavelengths X1 and X2 are expressed by the following two equations[l]:

cos 6 = 1/n0 (1)
and

N = (2iTe2 /"lc) x (I/X2 - 1/Xl)(I - l/n2  2 )L (2).

where n is the refractive index of the dielectric material, 8 is the
velocity of the electron relative to that of light in a vacuum, 27e 2

1hc is
the fine structure constant and L is the path length that the electron
travels through the material. The most desirable characteristic as a light
source is that the light emission is intense and directive. It is, however,
obviously impossible from eqs.(1) and (2) to obtain both large N and
small 8 simultaneously. As the Cherenkov light is utilized somewhere away
from the radiator, because of high energy radiation protection, the direc-
tivity of the radiation rather than the intensity may be important for its
transportation. The variables to determine 8 and N are only n and L
while the electron energy of a linac, the value of 8 , cannot change much
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because it is a linac characteristic. Then, selection of a dielectric
material as a Cherenkov radiator could be done by experiment.

Three dielectric materials were examined as Cherenkov radiators and
their optical features were compared. Among high purity fused silica
(Suprasil) whose refractive index is the highest, xenon gas of pressure of
a few atm, and air, the air in free space was found to be most convenient
and easily available as a Cherenkov radiator.

An optical system was installed to take the Cherenkov radiation from the
air near the electron beam window as shown in Fig.l. The light peak
power with a single bunch electron pulse of 15 nC charge was estimated by a
Si-photodiode to be about 10 kW in the spectral region from 200 to 600 nm.

Spectral distributions of the Cherenkov radiation from the air radiator
were investigated with the method of pulse height integration. Experimental
results are shown in Fig.2. The spectrum has a peak at 200 nm and a con-
tinuous band whose intensity decreases towards longer wavelengths. The
trends of both experir"-ntal and calculated spectra (solid lines) are
similar, though there is some discrepancy of the intensity. The dashed
lines show about 1/3 of the calculated intensity in the UV to visible and
1/6 in the visible to IR region. The discrepancy arises from both overes-
timation of the number of electrons effectively used for the Cherenkov
radiation and light collection loss.

The precise pulse shapes of the Cherenkov radiation were observed by a
streak camera system with a time resolution of 10 ps described in a pre-
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Fig.2 Spectral distributions of Cherenkov radiation from air with 30 MeV
electron.
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vious paper [5]. The streak patterns provided by a computer are shown in

Figs. 3 and 4. Recent data of the minimum pulse width of the Cherenkov
radiation with the single bunch electrons were about 40 ps. This value in-
creases 50 % wit the single bunched charge increase after improvemrents of
the linac. A light pulse shape of the Cherenkov radiation with an unbunched
electron pulse of nominal 5ns is shown in Fic. 4.

In order to estimate the practical directivity of the Cherenkov radia-
tion, cross-sectional intensity distributions of the electron beam and the
Cherenkov radiation at a few points along the both beam axis were observed
with a fiber optics technique. Divergences of the electron beam and the
Cherenkov radiation, 20, are evaluated to be about I' and 2' respect-
tively. The calculated value of 0 from eq.(]) in the case of no divergence
of the electron beam is about I' in the visible spectral region.

These experimental results show that practical use of Cherenkov radia-
tion is possible for some kinds of physical, chemical and biological re-
search. In addition, advantages of this light source are as follows:
1) The pulse width can be easily changed from a few tens of pico- to

several nanoseconds with operation mode of the linac.

2) Pulse repetition rate is variable from manual operation to 120 Hz.
3) The region of continuous spectral distribution of the Cherenkov radia-

tion can be selected with an appropriate dielectric material and the
energy of the electron.
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Part II

Generation of Short-Wavelength
Ultrashort Light Pulses



Generation of High Power UV Femtosecond Pulses

S. Szatmdri * and F.P. Schifer
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The bandwidth of most excimer lasers allows the amplification
of subpicosecond pulses. However, the generation of subpico-
second seed pulses at the desired wavelength and their
synchronization to the excimer amplifier needs a highly
complex and expensive apparatus, where several different
lasers and electronics have to work together properly. Using
XeCl as an amplifying medium [1,2], the shortest pulse
duration reported is 160 fs [21, when amplified and frequency-
doubled CPM-laser pulses were used as seed pulses. At 248 nm
-450 fs pulses were obtained [3,4], when frequency-converted
pulses from a Nd-YAG laser-pumped mode-locked dye laser [3],
or from a subpicosecond XeCl laser [4] were amplified in the
KrF amplifier. We have reported earlier an alternative method
which is based on the use of a hybrid excimer-dye laser
arrangement. In that setup a twin tube excimer laser (Lambda
Physik EMG 150) is used as a pump source for a subpicosecond
dye laser setup and as an amplifier [5,6]. With the use of
this technique essentially similar results we-e obtained for
both excimers, if the effect of the auditional pulse
compression reported there is not taken into account. The
pulse duration directly at the output of the excimer amplifier
was measured as 220 fs [5] and 370 fs [6] for XeCl and KrF,
respectively. In the case of KrF further temporal compression
of the amplified pulses resulted in 80 fs pulse duration [6].
A similar pulse compression experiment for XeCl led only to a
slight decrease of the pulse duration from 220 fs to 170 fs
[7]. Recent development of the excimer laser-pumped cascade ps
dye laser setup [8] and the introduction of a new, simple
distributed feedback dye laser (DFDL) [9] made it possible to
simplify the construction of our hybrid excimer/dye laser
system, allowing a much stabler operation, while preserving or
improving the original output characteristics. Since KrF is
found to show much better performance as a subpicosecond
amplifier [10] than XeCl and pulse compression has been far
more successful at this excimer wavelength [6], the new
simplified setup reported here was first tested at the KrF
wavelength.

The experimental arrangement is shown in Fig.l. The EMG 150
Lambda Physik excimer laser is used as a pump laser for
pumping a special subpicosecond dye laser-amplifier arrange-
ment, and as an amplifier for the amplification of the
frequency-doubled output pulses of the dye laser setup. The
oscillator channel of the EMG 150 laser is filled with the
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Fig.l. Experimental arrangement

standard XeC fill, delivering 80 mJ, 15 ns pump pulses at
308 nm. The pump energy is distributed among the various dye
cells as indicated in Fig.l. The pump beam coupled out by the
first two quartz plaies is used for pumping a newly developed,
simple dye laser setup [8]. This makes use of two cascade dye

lasers, two amplifier stages, and a gated saturable absorber
(GSl in between the amplifiers. The purpose of the dye lasers
is to sharpen the leading edge, whie apro GSA plus .hc
saturated amplifiers cut the trailing part of the pulses. The
first dye laser operates with 5 x 10-3 M paraterphenyl in
cyclohexane as an active medium in a 5 mm long cavity,

yielding a pulse at 340 nm, with ~100 ps risetime. The second
dye laser has a cavity length of 0.5 mm and contains a
solution ofT i i0- a M butyl-PBD in methanol. Its output has
h0 ps risetime, and the I al broad eiain n i cnteed at
365 nm. In the following amplifiers 4 x 10- 4 M solution of
butyl-PBD in ethanol is used. The gated saturable absorber
consists of a solution of BBOT and a tilted cavity formed by
two identical dichroic mirrors having approximately IC %
reflectivity at 365 nm and 100 % reflectivity at 430 nm,

acting at the same time as dye cell windows. The combined

and the GSA results in an output pulse duration of -8 ps at
365 nm, with I mm cavity length, with a solution of
1 x 10 - 3 BBOT in ethanol is applied in the GSA. These pulses
have an energy of typically -4 iJ and are then used for
pumping the DFDL master oscillator.

The DFDL used here is a tunable, achromatic arrangement
first described in [9], utilizing a transmission grating, a
microscope objective and a special dye cell with the active
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medium. In this DFDL the interference fringes, which are
necessary for DFDL operation, are created by imaging a coarse
transmission grating onto the inner surface of the dye cell by
the use of a microscope objective (Fig.2). The pump beam is
first expanded by a cylindrical telescope to permit a pencil-
like illumination of the grating and the active medium. Only
the two diffracted first orders are used for the formation of
the interference pattern, while the zeroth order is blocked by
a stop. This arrangement ensures the creation of a small size,
high visibility interference pattern even with a pump beam of
low spatial and temporal coherence. That is why a broadband
dye laser pulse can be directly used for pumping, without any
spectral selection. The other advantage of the arrangement is
its easy tunability by translation of the transmission grating
and proper choice of the refractive index of the active
medium. In this way the whole visible spectrum can be covered
(Fig.3).

The output pulse is then amplified in a two stage amplifier
of standard design. The typical energy of the DFDL pulse is
-1 uJ after the first and -20 4J after the second amplifier.
When the wavelength of the DFDL is set to be twice the
wavelength of the excimer amplifier, the amplified and
frequency doubled DFDL pulses can be used as seed pulses for
amplification in the excimer amplifier. Frequency doubling is
done just before the excimer amplifier by a thin BBO crystal.

cylindricaL transmission microscope
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/ stop

humping

Fig.2. Principle of the new DFDL
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The slightly divergent ultraviolet pulse has an energy of
2-3 "J. This pulse is then amplified in a first pass through
the second channel of the EMG 150, which is filled with KrF.
After the first pass, the beam is magnified by a beam
expanding telescope and spatially filtered by an evacuated
pinhole. Then it is sent through the amplifier in a second
pass. By this double-pass amplification scheme the pulse
energy is boosted up to 13 mJ, with no more than 6 % amplified
spontaneous emission (ASE) background. The cross section of
the output beam is 11 x 25 mm2 .

After amplification, the uv pulses are sent through a
double prism pulse compressor consisting of two 60° quartz
prisms of 20 mm baselength and two dielectric mirrors to use
the two prisms in a double pass pulse compressor arrangement.
For the measurement nf the pulse duration the general
autocorrelation technique based on two photon ionizations of
NO gas is used. The autocorrelator is shown schematically in
Fig.4. This makes use of a 5 mm thick CaF window as a beam-
splitter and two retroreflectors. In this design the two
partial beams see exactly the same conditions in the two arms
of the autocorrelator. By translation of one retroreflector in
the direction perpendicular (and parallel) to the beams,
complete spatial (and temporal) overlap of the two partial
beams can be adjusted at the signal output. Then the ratio of
the ion current of the signal and the reference channel is
recorded as a function of the delay of the movable arm of the
autocorrelator. The pulse duration before pulse compression is
measured to be -500 fs with significant chirp. After compres-
sion we have obtained a set of reproducible autocorrelation
functions indicating a pulse width around 60 fs. The shortest
autocorrelation function is shown in Fig.5. The auto-
correlation width is 70 fs, corresponding to 45 fs pulse
duration, with the generally used sech 2 assumption for the
pulse shape.

T

-, - - - - - - E E E C

_SIGNAL

Fig.4. Schematic of the autocorrelator
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Fig.5. Autocorrelation curve of the shortest compressed uv
pulses at 248 nm

In conclusion we have developed a simple hybrid excimer-dye
laser capable of generating subpicosecond pulses at most of
the excimer wavelengths. In tils paper the generation of
subpicosecond pulses with 13 mJ energy is reported at 248 nm.
Preliminary investigations were made for the optimum pulse
compression, which resulted in -60 fs compressed pulse
duration with very weak temporal wings. The shortest pulse
duration is 45 fs.
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Subpicosecond UV Pulse Generation for Multiterawatt
XeCI and KrF Lasers

M. Watanabe, A. Endoh, N. Sarukura, and S. Watanabe

Institute for Solid State Physics, University of Tokyo,
Roppongi 7-22-1, Minato-ku, Tokyo 106, Japan

A multiterawatt (TW) excimer laser is an attractive light
source for multi-photon processes and XUV lasers. Over the
past few years, many efforts have been devoted to reduce the
pulse from picosecond (ps) to subpicosecond (sub-ps)
region. The development of 8ch a system is now in rapid
progress in our Institute in a ps and sub-ps region. The
schematic of the entire system is shown in Fig.l. The
amplification of sub-ps pulses has been performed in XeCl and
KrF. A peak power of lTW was obtained at XeCl in 310fs with an
amplified spontaneous emis 0on (ASE) less than 2'. in energy
within the discharge stage. A 4-TW peak power was obtained in
390fs with an ASE of 1.8% at KrF by using the entire system. In
this report, sub-ps UV pulse generation for the multiterawatt
XeCl and KrF system is described.

The schematic diagram to generate sub-ps pulses is shown in

Fig.2. In XeCl, the synchronously pumped dye laser generated
sub-ps pulses at 616nm by using Rhodamine 590. As a pump source,
a cw mode locked YAG laser (Spectra Physics series 3000) was
employed. The fiber-grating compressor (Spectra Physics 3690)
was inserted before frequency doubling. Autocorrelation
measurement showed the pulse width at 616nm to be 320fs with some
temporal wings present. A single pulse among the pulse train
was amplified in a four-stage dye amplifier chain, which was
pumped by a 5.5-ns, 75-mJ XeCl laser. Kiton Red 620 and
Sulforhodamine 640 were used alternately along the stages of the
amplifier chain. The growth of ASE was suppressed because the

?hi rep. discharge amp.

ITW iiachsfmeaim.

10 W 23.23.1 Fig. 1 Multi-terawatt excixur
200/ O70s laser system.
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spectral gain peak of Kiton Red 620 is closely positioned to the
absorption peak of Sulforhodamine 640. Malachite Green
saturable absorber dye jet was inserted between the second and
the third stages. The output energy was 130pJ with 3% ASE.
This was frequency doubled in a 1mm-thick BBO crystal with an
efficiency of 18%. The UV pulses were amplified by two high
repetition rate XeCl preamplifiers, which have the same aperture
size of 2cm x 1cm, and active lengths of 30cm and 60cm,
respectively. The autocorrelation trace by using two-photon
ionization in triethylamine vapor showed the pulse width to be
310fs (Fig.3). A typical output energy was 7mJ with a
negligible small content of an ASE background.

In KrF, sub-ps pulses were also obtained by the same schematic
of Fig.2 with replacement of dyes and some modifications. In
this experiment, 745-nm pulses were generated with the pulse
width of 290fs and the spectral width of 2.lnm from the hybrid
synchronously) pumped dye laser with the use of Pyridine 2/1DDI
combination.

. 
In the dye amplifier chain, LD-700 was used in all

stages. To reduce ASE, saturable absorbers were inserted
between every stage. The solid saturable absorber (Schott glass
RG850) was placed between the first and the second stages, and
HITC saturable absorbrer dye jets were used among the later three
stages. The output energy was 480pJ. Explicit difference in
pulse width and spectrum was not observed after the amplifier
chain. But the temporal wings almost disappeared. The amplified
745-nm pulse was frequency doubled in a 1mm-thick KDP crystal and
then sum-frequency mixed with its second harmonic in a 1mm-thick
BBO crystal. The energy of the 248-nm seed pulse was a few
microjoules and then amplified to l0mJ by the preamplifiers.
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fluorescence on laser intensity, single amplified 248-nm pulse.

The fluorescence (172nm) of Xe wa used before for the single
shot pulse width measurement in KrF. We devised a new method
to measure the sub-ps KrF pulses by using a C-A transiti9
(480nm) of XeF produced by three-photon ionization of Xe.
Figure 4 shows cubic dependence of the fluorescence on laser
intensity for subpicosecond KrF pulses. The typical arrangement
with the triangular configuration was employed. The pulses were
focused by a 60-cm focal-length lens and collided precisely at
the focal point in the gas cell. The fluorescence image was
enlarged by a factor of 5 - 10 with a camera lens, and detected
by the SIT camera. The pulse width after the preamplifiers was
measured to be 210fs by using this method. The single shot
autocorrelation trace is shown in Fig.5. The observed contrast
ratio was close to the theoretical value of 10:1. The pulse was
amplified to 1.5J by the entire system including the electron-
beam pumped amplifier. The pulse width of the final output was
measured to be 390fs. The observed increase of the pulse width
is mostly explained by the linear dispersion of the optical
elements. This will be compensated by using an appropriate
element with negative dispersion such as a prism pair in the
early stage.
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Subpicosecond, High-Brightness Excimer Laser Systems

AJ. Taylor, R.B. Gibson, J.P. Roberts, C.S. Lester, T.R. Gosnell, S.E. Harper,
and C.R. Tallman

Los Alamos National Laboratory, Group CLS-5,
Los Alamos, NM87545, USA

Subpicosecond, high-brightness excimer laser systems are being used to
explore the interaction of intense coherent ultraviolet radiation with matter. Appli-
cations of current systems include generation of picosecond x-ray pulses, investi-
gation of possible x-ray laser pumping schemes, studies of multiphoton phe-
nomena in atomic species, and time-resolved photochemistry. These systems
[1,2], based on the amplification of subpicosecond pulses in small aperture (-1
cm 2) XeCl or KrF amplifiers, deliver focal spot intensities of -1017 W/cm 2. Scaling
to higher intensities, however, will require an additional large aperture amplifier
which preserves near-diffraction-limited beam quality and subpicosecond pulse
duration [3]. We describe here both a small aperture KrF system which routinely
provides intensities >1 017 W/cm 2 to several experiments, and a large aperture
XeCl system designed to deliver -1 J subpicosecond pulses and yield intensities
on target in excess of 1019 W/cm 2. We also discuss the effects of two-photon
absorption on large-aperture, high-brightness excimer lasers.

The small aperture KrF system consists of a "front-end" which generates 248-
nm seed pulses, followed by two KrF amplifiers. The seed pulses are initially gen-
erated at 648 nm with a mode-locked dye laser that uses DCM as the gain dye
and DTDCI as the absorber dye. The dye laser is synchronously pumped with the
frequency-doubled output of a cw mode-locked Nd:YAG laser. The pulses are then
amplified at a 3 Hz repetition rate and frequency-doubled in a 2-mm-thick BBO
crystal. The resulting pulses at 324 nm are finally sum-frequency mixed with
amplified 1064-nm pulses in a second 2-mm BBO crystal to produce 5- to 10-PJ
subpicosecond seed pulses at 248 nm. These pulses are then amplified by two
Lambda Physik EMG 200 Series KrF amplifiers, separated by a vacuum spatial
filter to suppress ASE and improve beam quality. The output beam diameter is 17
mm and the final output energy at 248 nm is 25 ± 3 mJ with <5% ASE. The
pulsewidth, measured using two-photon ionization in NO, is 700 fs. The focused
spot size achievable with this system has been determined indirectly by measuring
the confocal parameter of a beam focused by f/3 optics. The inferred focal spot
diameter is 3.6 g~m (twice the diffraction limit), which implies an intensity at the focal
plane of 3.5 x 1017 W/cm2. For all experiments parabolic mirrors are used as the
focusing optics to preserve pulsewidth, minimize aberrations, and avoid nonlinear
absorption and refraction.

This system is routinely operated as a source for several physics experiments
[4]. An x-ray spectroscopy experiment has shown that multiphoton processes in a
solid aluminum target produce an aluminum ion plasma exhibiting line radiation at
energies exceeding 2 keV. Another experiment has shown that highly charged
ion states can be produced by multiphoton ionization. In xenon, for example,
absorption of 213 248-nm photons yields a Xe+11 ion.
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We are currently building a second high-brightness system, based on amplifi-
cation in XeCl, that uses a large aperture (100 cm 2) final amplifier designed to
deliver pulse energies approaching 1 J at a maximum repetition rate of 1 Hz. The
seed pulse generator scheme is sketched in Fig. 1. Pulses of 175 fs duration at
616 nm are initially generated in a linear-cavity, dispersion-compensated dye laser
(Rhodamine 6G/DODCI) that is synchronously pumped by a cw mode-locked
Nd:YAG laser. The Nd:YAG laser also provides 1.06-jm seed pulses to a regener-
ative amplifier, whose frequency-doubled output longitudinally pumps a three-
stage dye amplifier. This synchronous ampfification scheme has the advantages of
low amplified spontaneous emission, good beam quality, and the elimination of a
separate pump laser for the dye amplifier. We observe no temporal broadening of
our 175 fs pulses through this amplifier. The amplified 616-nm pulses are then
frequency doubled to 308 nm in a BBO crystal. Pre-amplification of these 30-lJ uv
pulses to the 3-mJ level is accomplished with a single small aperture commercial
XeCl discharge amplifier. The beam is then expanded in a vacuum spatial filter
before entering the final amplifier. This 10 x 10 cm2 aperture device consists of
two independently pumped discharge gain regions which share a common x-ray
preionizer. The small signal gain, gol, in each discharge region is five. The
discharges are pumped by low-jitter, thyratron-switched pulse modulators with
three-stage magnetic pulse compression. The resultant jitter is less than 5 ns over
a -50 ns gain time. In order to maintain near-diffraction-limited beam quality at a
sustained 1-Hz repetition rate, a transverse gas flow system is used. The wave
front distortion at 632.8 nm is less than V20 over 80% of the aperture and the hot
gas clears within 30 ms after a shot. Barring additional distortion due to nonlinear
refraction in the output window, focal-spot intensities >1019 W/cm2 should be
obtained with this system.

Mode-Locked Dye Laser

11116 ~ 81 nm 17 o

Nd:YAG~~~Dy ReenraivlAplfirier10

1064 nm Beam Splltor 0
Nd:YAQ Laser !:: i,:::i:i!! :,

Fig. 1.Subpicosecond, 1 30-m Se puso gnrao

921064 n n K 532 nm Coll

616 nm
Nd: YA G Regenerative Amplifier -1751Is.

308 nm

Fig. 1. Subpicosecond, 308-nm seed pulse generator

92



1.0- WINDOW THICKNESS 1.27cm

cCaF 2

0 0.5

FUSED SILICA

0
1011 2x10 1 1  3x1011  

4x10 11

lin(W/cm 2 )

Fig. 2. loutlin versus lin for 0.5-inch-thick CaF2 and fused silica samples

An understanding of nonlinear optical phenomena such as two-photon absorp-
tion and nonlinear refraction in ultraviolet window materials at excimer wave-
lengths is essential for the design of large aperture amplifiers. We have measured
the two-photon absorption coefficient 13 at 248 nm for those materials (fused silica
and CaF2) which can be obtained in large apertures. For fused silica P = 4.5 ± 2.2
x 10"11 cm/W, while for CaF2, 13 = 8.3 ± 4.1 x 10-12 cm/W. To evaluate the implica-
tions of these values of 0 for KrF laser systems, we plot, in Fig. 2, Iout/lin versus lin
for 1.27-cm-thick windows of fused silica and CaF2. Both two-photon absorption
and its associated pulsewidth broadening are included in the calculation of lout. At
lin = 3 x 1010 W/cm 2, a typical intensity for current systems, Iout/lin = 0.33 for fused
silica and lout/lin = 0.66 for CaF2. Therefore, for large aperture, KrF-based, high-
brightness lasers, the material for the output window, as well as for any subsequent
windows should be carefully chosen and the total thickness after the gain medium
minimized. In contrast, XeCI-based high-brightness lasers, where the photon
energy is 4 eV, become attractive, since two-photon absorption in CaF2 is not
possible.
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Sub-100-fs Pulse Generation from Continuously Pumped
Coumarin Dye Lasers in the Green-Blue
P.M.W. French and J.R. Taylor

Femtosecond Optics Group, Physics Department, Imperial College,
London SW72BZ, UK

Until recently the generation of tunable subpicosecond optical pulses in the spectral region below
-550 nm has been practically precluded by the lack of suitable pump lasers. The development of
u.v.enhanced argon ion lasers capable of giving up to -6W all lines uv. average power has,
however, extended the potential tuning range of passively mode locked c.w. dye lasers down to
-410 nm. This new spectral region is of particular interest when frequency doubled to yield
femtosecond optical pulses around 248 nm for amplification in high power Krypton Fluoride laser
systems and from -205 nm to 400 nm for time-resolved spectroscopy of organic molecules. In this
work we report on the direct generation of femtosecond pulses from 488 nm to 554 nm using
passively mode locked c.w. Coumarin dye lasers. Table 1. shows the new combinations of the gain
and absorber dye~demonstrated and gives the tuning ranges and minimum pulse-widths achieved
(assuming a sech pulse profile).

Table 1. New passively mode locked c.w. dye lasers

GAIN/ABSORBER SPECTRAL RANGE PULSE DURATIONS

Coumarin 102/DOCI 487-510 nm tp> 93 fs

Coumarin 6H / DOCI. 492-507 nm tp > 110 fs

Coumarin 102/DQTI 492-512 rim tp > 140 fs

Coumarin 102/D9MOCI 488-511 nm tp > 140 fs

Coumarin 102/DPQI 494-511 tnm tp > 150 fs

Coumarin I /DOCI 501-508 nm tp > 130 fs

Coumarin 6/DI 518-554 tim tp> 95 fs

Figure 1. shows the absorption profiles of the saturable absorbers and it should be noted that for a
given wavelength it is possible to generate femtosecond pulses with a wide range of absorption
cross-sections ( and hence "S" parameters [1] ). The cavity configuration is shown in Figure 2. A
colliding-pulse ring laser with the standard prism sequence was employed, after the manner of
Valdmanis et al. 121. The mirrors were all single-stack dielelectric coatings of 100% reflectivity at
normal incidence except mirror M6 which was of 99% reflectivity. Control of the laser wavelength
and bandwidth was achieved using the aperture A located at the midpoint of the prism sequence
where there is a spatial distribution of the laser spectrum. Translation of one of the prisms along its
axis of symmetry was used to vary the intracavity group velocity dispersion. The active folding
mirrors (M2, M3) were of 50 mm radius of curvature and the passive folding mirrors (M4, M5 ) f
25 mm. Mirror M1, of 40mm radius of curvature, focussed the pump radiation into a dye jet of
-400um thickness. This unusually thick jet was necessary to achieve a reasonable absorption of the
pump beam since the absorption cross-sections of the Coumarin dyes are low compar- - I, of
Rhodamine 6G. A standard Coherent Radiation nozzle was used for the absorber jet stream. The
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Figure 1. Absorption profiles of saturable absorbers used
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M1 M4 1 Figure 2. Cavity configuration

pump source was a Coherent 100 UV-E argon ion laser which provided the 488 nm pump radiation
for the Coumarin 6 laser and the all lines u.v. (up to -6W ) for the other systems.

All the other systems reported here exhibited the high stability characteristic of all passively mode
locked dye lasers which are, when available 131, generally preferable to synchronously pumped
schemes because the difficulties and expense of active mode locking and cavity length stabilization are
avoided. In addition, passively mode locked laser systems generate qualitatively better pulses as
evinced by the autocorrelation traces not exhibiting the exponential wings indicative of pulse profile
fluctations.

Figure 3. shows an autocorrelation trace of pulses obtained at 497 nm from the Coumarin 102 /
DOCI system which were within 20% of their transform-limited duration - as were the durations of
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Figure 3. Autocorrelation trace of pulses at 497 nm
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the pulses from the other optimised systems. Average output powers were typically of the order of 5
mW per beam for pump powers around 4W. It is expected that similar lasers will be developed to
operate at yet shorter wavelengths.

The authors gratefully acknowledge the assistance of M.M.Opalinska and J.A.R.Williams and the
support of the Royal Society and the Science and Engineering Research Council. This work was
carried out in association with the Blackett Laboratory Laser Consortium.
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Generation of Intense Tunable Femtosecond Pulses
in the Deep Blue Spectral Region

D.K. Negus, B.C. Couillaud, and R. Brady

Coherent, Inc., Laser Products Division, 3210 Porter Drive,
Palo Alto, CA 94303, USA

The direct generation of tunable ultrafast pulses in the blue region of the
optical spectrum has previously been limited to a few attempts at syn-
chronously pumping a three mirror dye laser cavity by a modelocked ion laser
operating in the near UV [1]. The relatively low power of the Argon laser in
this region requires that one simultaneously modclocks the three closely
spaced lines at 333,351, and 364 nm. The result is an incompletely modclocked
pulse sequence with a 300 ps halfwidth and low output power, which cannot be
effectively used as a dye laser pump source. Frequency doubling of near IR
dye laser output has the disadvantage of being limited to UV powers in the sev-
eral milliwatt range.

Direct generation of femtosecond pulses in more complex dye laser struc-
tures, such as two jet hybridly modelocked dye lasers or more recently devel-
oped dispersion compensated variants of them [2], requires a pump source de-
livering several hundreds of milliwatts average power in a modelocked train
of pulses stable in shape, phase and amplitude.

Recent advances in high power fundamental mode Nd+ 3 :YAG lasers capable
of generating over 22 watts of modelocked average output at 1064 nm [31 cou-
pled with new nonlinear optical material developments [4] have made the
third harmonic of the modelocked YAG a viable alternative for synchronous
pumping of femtosecond dye lasers. We report the first demonstration of high
average third harmonic (355 nm) powers of nearly 2 watts, from a cw mode-
locked YAG laser (76 MHz) and the successful utilization of this new capability
as a pump source for a dispersion compensated two jet Stilbene 3 dye laser.

Third harmonic generation was achieved by sum frequency mixing the
second harmonic of the YAG at 532 nm with the fundamental at 1064nm in a
Type I angle-tuned (critically) phase-matched P B a B 204 crystal. In this
mixing process the third harmonic power, P3 5 5 , is proportional to the product
of the power in the fundamental P 1064 , and the second harmonic P5 32, that is,

P355 = TIP1064P532 (1)

Figure 1 shows the third harmonic output power (without accounting for
Fresnel losses) plotted versus the product of the fundamental and second har-
monic powers for an uncoated 6.9 mm length jlBaB204 crystal. This data was
taken at a constant YAG fundamental output power of 23 watts by varying the
fraction of 1064 converted to 532. The pulsewidth of the fundamental was 80ps.
A least squares fit to this data yields a slope of -q = 0.021W- 1. The total power
density in the 1BaB204 crystal was - 250 MW-cm "2 .

The large Poynting vector walk-off of PBaB 204  (51 mrad at 1064nm) results
in a highly distorted third harmonic beam. Thorough analysis of the beam
propagation after the crystal led to the design of a compensating optic which
transformed the output into a low divergence beam with an aspect ratio close
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Fizr1: CW modclockcd third harmonic output power versus the
product of the fundamental and second harmonic power at constant YAG
1064 output of 23 watts.

to 1.0. A qualitative measure of the magnitude of the low order (gaussian-like)
component in this beam is given by the overall conversion efficiency obtained
when the tripled output is used to synchronously pump a dye laser. Conver-
sion efficiencies as high as 35% have been observed at 435 nm in a single jet
fundamental mode Stilbene 3 dye laser pumped with 1.0 W at 355 nm.

Hybrid modelocking in a 2 jet resonator configuration required identifica-
tion of a material exhibiting saturable absorption in the spectral region 420-
470 nm. Several dyes were investigated for this purpose and Coumarin 535 was
found to have the most desirable properties. The result was an output tunable
from 420-470 nm with output powers of 40-60 mW for a pump power of 600mW
at 355 nm. Synchronous pumping of this uncompensated 2 jet laser however,
resulted in pulses with a large residual chirp. For this laser configuration,
using a noncolinear autocorrelation scheme, it was observed that due to
spectral filtering of the chirped pulse by the autocorrelator SHG crystal, the
pulsewidth varied from 0.5 to 1.2 ps depending upon the incidence angle for
the beams on the P3BaB204 crystal used for autocorrelation. This chirp is sub-
star tially larger for this hybrid 2 jet laser operating in the 420-470nm region
than for the visibie and near infrared lasers commonly used, possibly due to
inherently higher material dispersions for intracavity optical components in
this wavelength region.

To compensate this residual chirp a 2 jet resonator containing 4 brewster
angle fused silica prisms was constructed [5]. The intcrprism separation as de-
fined in reference [5] was 32 cm. Figure 2 shows the variation of output power
and pulsewidth at 452nm versus the pathlength of intracavity glass for the
dispersion compensated Stilbcnc3/C535 laser pumped with 1.8 W at 355nin.

The variation of the autocorrelation trace as a function of intracavity glass
pathlength is shown in Fig.3. Each autocorrelation trace represents the av-
erage of 5 "real time" traces collected over a period of I second and is therefore
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the sum of approximately l.gx 104 pulses. The autocorrelation trace corre-

sponding to the position of optimum glass pathlength (35.6mm) is observed to

have a width of 355fs. Current theoretical and experimental understanding of

the modelocking process in this laser system indicates that a hyperbolic secant

squared pulse shape is expected which would imply a pulse FWHM = 220fs.

The use of the frequency tripled output of modelocked YAG lasers as a pump

source for synchronous dye lasers provides a convenient means of directly

generating tunable ultrafast pulses in the blue end of the optical spectrum.

Ultrafast time domain studies using dyes such as Stilbene 1, Stilbene 3. and

Coumarin 102 become feasible for the first time. 99
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New Developments in Ultraviolet and High Intensity
Femtosecond Sources

M.C. Downer, G. Focht, T.R. Zhang, W.M. Wood, D.H. Reitze, and G.W. Burdick

Physics Department, University of Texas at Austin,
Austin, TX78712, USA

1. Intracavity Frequency Doubling: A New Class of Ultraviolet Femtosecond Sources

Despite extensive development of new femtosecond dye lasers operating from green to near
infrared [1], femtosecond source lasers in the blue and ultraviolet have been lacking. Using the
simple, non-perturbative technique of intracavity frequency doubling, we have developed an
efficient, high repetition rate source of synchronized ultraviolet and red femtosecond pulses [2].
This new UV source. is useful in photoexcitation of molecular absorption bands,
photoionization, photoemission, and tight focusing applications such as electro-optic sampling
of high speed integrated circuits.

Figure la shows the intracavity subresonator which we have added to a colliding pulse
mode-locked (CPM) laser to focus intracavity red pulses into a thin KDP crystal cut for Type I
phase matched second harmonic generation at Brewster angle incidence. Linear dispersion of
the crystal was compensated by an intracavity prism configuration. Red pulse durations of
50-70 fs were preserved, without bandwidth limitation or power reduction, as shown in Figs.
lb and Ic. Using a 1 mm thick KDP crystal an ultraviolet beam of - I mW average power (-
10 pJ /pulse) was extracted through the dichroic mirror as shown in Fig. la. Average UV
powers as high as 20 mW have been obtained with the more efficient BBO doubling crystal
[3]. UV pulse durations range from 40 fs to 170 fs depending on crystal thickness.

In contrast to our observations, previous attempts at intracavity frequency doubling of
actively and synchronously mode-locked lasers [4] resulted in mode-locking instability, pulse
broadening, and bandwidth limitation, even though these lasers operated in the picosecond,
rather than the femtosecond, time domain. Passively mode-locked lasers, on the other hand,
possess a built-in stabilization mechanism which avoids these problems, as depicted in Fig. 2a.
Temporal broadening occurs in the crystal because power dependent loss selectively attenuates

FEMTOSECONO BREWSTER ANGLE

PULSE OUTPU P CRYSTAL

4 /R0C
DICHROI _ __ _

Fig. 1 a) Schematic of the subresonator for intracavity frequency doubling; b) autocorrelation
traces and c) spectral intensity profiles of the fundamental red pulses without the intracavity
doubling crystal (dashed curves) and with the intracavity crystal tuned for maximum output
power (solid curves)
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Fig. 2 a) Changes in intracavity pulse envelope which occur upon passage through the major
components of a passively mode-locked laser with intracavity frequency doubler; b) graphical
representation of the stable mode-locking regime as a function of saturable loss q, saturable gain
g(i), and a dimensionless second harmonic generation parameter yi, based on Haus' passive
mode-locking theory. The points A, B, and C represent stable operating conditions at 0, 1.2%,
and 2.4% conversion efficiency which correspond to equal intracavity pulse duration (70 fs
and energy (5 nJ )

the peak of the pulse. Passage through a saturable absorber, on the other hand, selectively
attenuates and therefore sharpens the leading edge of the pulse. Analogously gain saturation
sharpens the trailing edge. Adjustment of absorber and gain saturation levels can therefore
precisely compensate the pulse broadening caused by the doubling crystal. Intracavity doubled
passively mode-locked lasers therefore constitute a whole new class of blue and ultraviolet
femtosecond sources.

We have quantified these general concepts by modifying Haus' theory of the passively
mode-locked laser to include an intracavity frequency doubler [5]. Fig. 2b graphically illustrates
our model of the stable operating regime as a function of saturable loss (q), saturable gain (g(i)),
and second harmonic conversion efficiency (y). Note that stable operation can always be
recovered by adjusting gain or loss (i.e. adjusting pump power or intracavity focus into
saturable absorber). Similar calculations from our model '5] demonstrate the preservation of
fundamental pulse duration and energy within the stable regime for conversion efficiencies
ranging from 0 to 5%, in accord with experimental observations [2,3].

2. Tight Focusing of Millijoule Femtosecond Pulses: Light Intensity > 1016 W/c 2

Amplification of femtosecond pulses to millijoule and higher energies has opened up the
study of the interaction of matter with radiation fields of unprecedented intensity. The output of
high power femtosecond amplifiers, however, often suffers from poor transverse beam quality
and limited focusability caused by severe phase front distortion during the amplification process.
We have constructed a high power dye amplifier pumped by a Q-switched Nd: YAG laser which
achieves near diffraction-limited focusing of 100 fs millijoule pulses without any spatial
filtering [6]. The peak intensity at our tightest focus (- 2 pm radius) exceeds 101fW/cm2,
where breakdown of air and other gases at pressures of 1-10 atm is easily observed.

Critical to achieving this result was a final stage gain cell of conical axicon geometry [71, as
shown in Fig. 3a. The first three stages (not shown) use standard transversely pumped gain
cells to pre-amplify femtosecond pulses from a CPM to - 0.1 mJ at 10 Hz repetition rate.
These pulses are then expanded to 1 cm diameter and injected into the gain region of the axicon,
an 8 cm long cylindrical flow tube containing Rh640 centered on the axis of a solid glass cone.
Incident to the base of the cone and expanded to match its 8 cm radius, counter-propagating
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Fig. 3 a) Final stage geometry for the femtosecond axicon dye cell amplifier; b) beam waist
profile of unamplified CPM output (bottom curve), pre-amplified output prior to axicon cell
(middle curve), and fully amplified output from axicon cell, all at focus of a 7x microscope
objective; c) Spectra of 100 fs millijoule pulses transmitted through air breakdown spark, with
focal intensity increasing toward the front in increments of 0.1 optical density. Arrow denotes
breakdown threshold; successive curves have been displaced from each other in an exact
vertical direction to emphasize blue shift as intensity increases

220 mJ , 532 nm pump pulses internally reflect from the sides and enter the gain medium at
radial incidence, thereby maximizing pump absorption efficiency, Gaussian beam quality, and
focusability [6,7]. Figure 3b shows measurements of transmission of the beam focused at f/2
through a 3 .tm pinhole translated in 1 4tm steps across the beam waist, and demonstrates the
extremely tight focusability of millijoule femtosecond pulses amplified in such a cell. While a
slight degradation in focusability occurs in the pre-amplification stages, the axicon cell preserves
focusability perfectly.

Figure 3c shows the pronounced blue shift in the spectrum of t00 fs pulses tightly focused
in air. This blue shift is caused by a rapid negative refractive index change as a plasma is
created during the pulse. Below breakdown threshold (back spectrum in Fig. 3c) the spectrum
is centered at 626 nm and is indistinguishable from that of the unfocused pulse. Above
threshold the blue shift increases with focal intensity until saturating at a center wavelength of
615 nm at a focal intensity of 2 x 10 15 W/cm 2 (third spectrum from front) and above. The blue
shift saturates at 11 nm because air within the focal volume has been completely ionized. At
higher gas pressures and with different gases we have observed blue shifts as large as 100 nm,
causing a visible change in beam color. Self-focussing and continuum generation are
suppressed because of the extremely short interaction length (-100 ;.m) with tight focusing.
Such blue shifts can complement other diagnostics (e.g. photoelectron spectroscopy) of the
ionization process in the strong field, above threshold, collisionless regime. They also provide
a simple means of tuning powerful femtosecond pulses with virtually no loss in energy.

103



This research was supported by the Joint Services Electronics Program (Contract
F49620-86-C-0045), the Robert A. Welch Foundation (Grant F-1038), an NSF Presidential
Young Investigator Award (Grant DMTR-8858388), and an IBM Faculty Development Award.

1. P.M.W. French and J.R. Taylor. Ultrafast Phenomena V (Springer-Verlag, Heidelberg 1986), p. 11; M.D.
Dawson, T.F. Boggess, D.W. Garvey, and A. L. Smiri, IEEE J. Quant. El. 22, 290 (1987); J. Dobler. H.H.
Schultz, and W. Zinth, Opt. Commun. 61, 407 (1986); WA-I. Knox, J. Opt. Soc. Am. B34, 1771 (1987).

2. Glenn Focht and M.C. Downer, IEEE .1. Quant. El. 24. 431 (1988).
3. D.C. Edelstein, E.S. Wachman, L.K. Cheng, W.R. Bosenberg, and C.L. Tang, Appi. Pliys. Lett. 52, 22 11

(1988).
4. M. Yamashita, K. Yamada, and T. Sato, IEEE J. QuanL. El. 18, 95 (1982); M. Yamashita, W. Sibbett, D.

Welford, and DJ. Bradley, J. App). Phys. 51, 3559 (1980).
5. T.R. Zhang, Glenn Focht, P.E. Williams, and M.C. Downer, IEEE J. Quant. El., in press (1988); H.A.

Haus, IEEE J. Quant El. 11, 736 (1975).
6. W.M. Wood, Glenn Focht, and M.C. Downer, Opt. Lett., in press (1988).
7. F.P. Schiifer, AppI. Phys. B339, 1 (1986); G. Kuhnle, G. Marowsky, G.A. Reider, AppI. Opt., in press.

104



Part III

Propagation, Control and
Measurement of Ultrashort

Light Pulses



Dispersive Pulse Shaping and Soliton-like Pulses

in a Passively Mode-Locked Dye Ring Laser

D. Kihlke, T. Bonkhofer, U. Herpers, and D. von der Linde

Universitat-GHS-Essen, Institut fUr Laser und Plasmaphysik,
D-4300 Essen 1, Fed. Rep. of Germany

Recent investigations have revealed that in passively mode-lockod dye lasers
two mechanisms are responsible for the formation of femtosecond pulses.
These are saturation of the absorption and gain [1] and the combined action
of self-phase modulation and group velocity dispersion (dispersive pulse
shaping) [2]. However, the actual contribution of each of the two mechanisms
to the ;_lse shaping has not been investigated in detail.

In this paper we report on measurements on a colliding-pulse mode-locked
dye laser which enabled us to estimate the influence of either mechanism to
the relative pulse shortening per round trip in the steady state regime. We
found that the shortest pulses occur when the dispersive pulse shaping domi-
nates. The variation of the absorber concentration and the pump power revea-
led that for low concentrations and low pump powers pulse shaping is mainly
governed by saturation effects whereas for high concentrations and high pump
powers dispersive effects dominate.

We used a standard rhodamine 6G/DODCI CPM dye laser with a four prism se-

quence to control the group velocity dispersion [2]. We measured energy,
duration and spectra of the pulses, beam diameters in the dye jets, dye con-
centrations and the optical path through the four prism sequence.

To evaluate the influence of the two pulse shaping mechanisms we consi-

dered a stationary round trip model. Pulse broadening per round trip due to
the bandwidth limitation of gain and absorption is compensated by pulse
shortening per round trip. We calculated the decrease of the pulse duration
per round trip due to saturation effects from a rate equation model for the
dynamics of a two-level system []. To evaluate the influence of dispersive
effects we assumed that the phase modulation of the pulses is compensated by
the group velocity dispersion. The actual dispersive pulse shortening is
then calculated from the group velocity dispersion of the four prism se-
quence which is neccessary to obtain shortest pulses.

Fig. la shows the estimated relative change of the pulse duration caused
by saturation (open squares) and by dispersive effects (full squares) as a
function of the absorber position relative to the beam waist. The arrows in-
dicate the positions where the shortest pulses (55 fs) occur. The data indi-
cate that at these positions the dispersive pulse shaping is dominant and
that the contributions due to saturation effects are practically neglegible.
The pulse duration is 175 fs when the absorber is placed at the beam waist.
Here the relative change of the pulse duration is distinctly less and satu-
ration pulse shaping is the dominant process.

We also performed measurements for different absorber dye concentrations.
For each concentration the absorber position and pump power was adjusted to
obtain shortest pulses. Fig. lb shows the estimated relative decrease of the
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Relative shortening of the pulse duration per round trip as a function of
the absorber distance from the beam waist (a), and of the absorber concen-
tration and the pump power (b) due to saturation effects (open squares) and
dispersive effects (closed squares). The arrows in la indicate the absorber
positions of shortest pulses.

pulse duration per round trip as function of the absorber concentration and
the pump power. The plot reveals that at low absorber concentrations (<1
mMol/l) and small pump powers (< 2W) the saturation pulse shaping is the
dominant process. The pulse duration is about 200 fs. When the pump power is
increased to 2.5 W the pulse duration decreases to 125 fs and dispersive
pulse shaping becomes the leading mechanism. The reason is that the rise of
the pump power increases the intracavity power and, consequently, the self-
phase modulation produced in the dye solvents. On the other hand, to obtain
shortest pulses the absorber jet is moved away from the beam waist with in-
creasing pump power. The resulting increase of the beam area causes a de-
crease of the absorber saturation. The longer pulses and the less pulse
shortening compared with Fig. la are probably caused by a non-optimal cavity
adjustment.

Dispersive pulse shaping can lead to pulses resembling higher order soli-
tons [3]. N = 3 solitons show periodic changes of the pulse shape, but the
pulse energy is constant [4]. The autocorrelation averaged over the soliton
period consists of a central maximum and two symmetric secondary peaks. To
detect the periodic changes we took advantage of the fact that upon second
harmonic generation changes of the pulse shape of the fundamental are trans-
formed into variations of the pulse energy of the second harmonic. The modu-
lation frequency and the peak intensity variation can then be evaluated from
the power spectrum. We have observed soliton-like pulses in our CPM laser
when the group velocity of the cavity was adjusted to a slightly greater
value than that required for shortest pulses. Figure 2 shows a 2 MHz section
of the power spectrum of the second harmonic pulse train. There is the sharp
central component corresponding to the cavity round trip frequency and side-
band frequencies of 480 kHz which does not appear in the power spectrum of
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the fundamental pulse train. This frequency is attributed to half a soliton
period. From the power ratio of the side and the central peak we estimated

the variation of the peak intensity of the fundamental pulse train to be
64%. This agrees well with the modulation depth of 71% that is evident from

the numerically calculated evolution of a N = 3 soliton [4].

The pulse peak intensity estimated from our laser parameters and the ob-

served soliton frequency also agree ouite well with the values theoretically
expected for a N = 3 soliton [4]. Thus we think that these phenomena can be
attributed to soliton-like behavior.

Finally we note that in some cases autocorrelations with three humps re-
sembling N - 3 soliton behavior were seen but the side bands in the second
harmonic spectra were absent. It appears that in these cases the structure

of the autocorrelation was due to different pulsing modes of the laser, pos-

sibly a temporally stable double pulse structure.

1. H. A. Haus, IEEE J. Quantum Electron. QE-11, 736 (1975)
2. J. A. Valdmanis, R. L. Fork, J. P. Gordon, Opt. Lett. 10, 131 (1985)
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(1986) and Phys. Rev. Lett. 60, 569 (1988)
4. L. F. Mollenhauer, R. 1. Stolen, .'. P. Gordon, Phys Rev. Lett. 45, 1095
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Control and Characterization of Soliton-like Pulses
in a Femtosecond Dye Laser

W.L. Nighan, Jr., T. Gong, and P.M. Fauchet

Princeton Laboratory for Ultrafast Spectroscopy,
Department of Electrical Engineering, Princeton University,
Princeton, NJ08514, USA

The balance of positive self-phase modulation (SPM) and negative group velo-
city dispersion (GVD) that enhances ultrashort pulse formation in a dispersion com-
pensated, colliding pulse modelocked (CPM) dye laser [1,2] has been compared to
the shaping mechanism for the N-I soliton in an optical fiber [3,4]. Periodic pul-
seshaping reminiscent of higher order solitons has also been observed [5-7]. It is
however unclear how far the analogy with solitons in an optical fiber can be
extended. We report here results of our investigation of periodic pulseshaping in a
7 mirror/4 prism CPM laser that delivers pulses as short as 35fs at 100 MHz. The
stability achieved allows for reproducibility and full time-resolved characterization.

We control the order, period and duration of the soliton-like pulses (henceforth
abbreviated as solitons) by adjusting the group velocity dispersion (GVD) and self-
phase modulation (SPM) within the laser cavity. Starting from the shortest pulse
(N=I) configuration, higher order solitons are achieved by (1) increasing the
amount of SPM by translating the absorber jet much closer to the intracavity focus
or using a thicker (+ 10 ptm) region of the jet,(2) increasing the magnitude of the
negative GVD by translating a prism to reduce the amount (- 150 /um) of glass
traversed,(3) optimizing the alignment of the laser cavity. The clockwise and
counterclockwise beams are typically asymmetrized by step (3), indicating that a
precise balance of gain and loss is required to support the higher order solitons.

The single sweep real-time intensity autocorrelations of Fig. 1 are an illustra-
tion of this control. Solitons of order 3, 2 and 1 are seen as the absorber jet is
translated away from the focus. Modulation at the soliton frequency is clearly evi-
dent in these single sweeps. Full and accurate characterization of the solitons is
possible by sampling intensity autocorrelations, interferometric autocorrelations and
spectra during the soliton period. This is achieved by using the deep (- 50%)
modulation in a narrow spectral bandwidth near the central wavelength to generate
a short gate pulse train for a boxcar sampler and for an optical multichannel
analyzer (OMA). Both intensity and interferometric autocorrelations taken at
points in the 2.5 psec period of the N-2 soliton of Fig. 1(b) are shown in Fig. 2(b)
and Fig. 2(c). Figure 2(a) shows spectra sampled from the period of a similar N-2
soliton. The autocorrelation traces show that the pulse is always composed of two
coherent peaks with a separation that increases up to nearly one picosecond. The
signal enhancement achieved by interferometric autocorrelation allows observation
of the weaker peak even where it is no longer seen with intensity autocorrelation.
The spectra indicate the presence of two major components whose peak positions
and relative amplitude vary periodically.

The evolution characterized in Fig. 2 is reminiscent of the results of SALIN et
al. [6], who interpreted their sampled intensity autocorrelations and spectra as evi-
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Fig.i. Single sweep real-time autocorrelation traces for different jet positions.

(a) N 3: Jct at focus (b) N=2: Jet 50 pm from focus (c) N=-4: Jet 250 pm from focus
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(c)
Fig.2. Time-resolved evolution of the N=2 soliton of Fig.l(b).
(a) Spectra (b) Intensity autocorrelations (c) Interferometric autocorrelations

dence for an asymmetric N=2 soliton. Our output pulse energy is modulated by
10% with a period of 2.5 Psec, which corresponds to the soliton period. The two

peaks of this soliton vary in separation (Fig. 3) but are coherent with one another
(unlike the results of Recf. 7 which, however, were obtained under different condi-
tions) and never merge into a single peak. These characteristics may correspond to
a periodic motion of the poles and residues used to describe the N=2 soliton [5,8].
Fig. -I shows the linearity of the soliton dispersion relation as defined in [5]. The
transition from N=2 to N=3 as described in Fig. 1 is analogous to increasing the
input intensity in a fiber. However, the period of the evolution abruptly doubles
upon this transition, unlike what happens in a fiber. The spectral components do,
however, exhibit N-I frequencies of modulation. The sampled autocorrelations for
the N -3 case show that the pulse is narrowed twice in its period, as predicted for
asymmetric solitons of this order in optical fibers. The abrupt change in period
upon the N=2 to N=3 transition may result from the alteration in saturation
effects that accompanies the translation of the jet to a point of higher intracavity
intensity. The average output pulse energies remain nearly constant through the
transition.
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We have demonstrated control of soliton pulseshaping in a femtosecond CPM

laser. Accurate characterization is possible since the pulseshapes are stable and
reproducible. Similarities and differences with solitons in an optical fiber have been
pointed out. The principles are general and could be applied to other short pulse
lasers in different wavelength regimes.

This work is supported by NSF (ECS-8606531), the NSF Presidential Young
Investigator Program (ECS-8657263) and ARO (DAAL03-87-IK-0145).
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Solitons in the Region of the Minimum Group Dispersion
Wavelength of a Single Mode Optical Fibre

A.S. Gouveia-Neto, M.E. Faldon, andJ.R. Taylor

Femtosecond Optics Group, Physics Department, Imperial College,
Prince Consort Road, London SW7 2BZ, UK

The potential application of solitons [ I I in future all-optical, high bit rate, communication
systems has been recognised by many authors. The power to establish a fundamental soliton is
inversely proportional to the square of the pulse duration and directly proportional to the fibre
dispersion [2]. For pure silica fibres, the zero of the second order dispersion occurs at 1.27jtm.
However, due to the contribution of the waveguide dispersion, the overall zero component of
the second order dispersion is shifted to longer wavelengths. For pulses launched in this
wavelength range, the effects of third order dispersion are predominant in determining the
required power levels to establish solitons, while the non-linear Schrodinger Equation (NLSE)
involving second order dispersion, which has been successful in modelling soliton
propagation, is no longer valid. It has recently been shown by Wai et al.131 that solitons or
more precisely solitary waves do evolve from pulses launched at or in the region of the
minimum dispersion where the effects of third order dispersion are considered in the NLSE.
In addition , the power levels required to establish the solitons are substantially reduced from
those required to generate similar solitons further into the anomalously dispersive regime.

We have examined experimentally the spectral and temporal evolution of pulses launched with
their spectral bandwidth spanning the minimum dispersion wavelength. In good qualitative
agreement with theoretical prediction (31 it was observed that as the soliton was formed, the
nonlinearity gave rise to a clear spectral fragmentation with the associated generation of solitary
and dispersive waves.

Figure 1 shows a schematic of the experimental arrangement. The source of pulses was
derived from a c.w. mode locked Nd:YAG laser at 1.32pm. Using a standard fibre-grating pair
compressor arrangement the I OOps pulses were reduced in duration to -1.5ps, with an average
power of 280mW. In order to derive a source of pulses which was tunable in the region of the
minimum dispersion wavelength of several fibre species, use was made of stimulated Raman
conversion of multisoliton pulses [41 or the soliton self ihequen-) if., .:: c' - -1c-vely
known 151. By simply adjusting the power of the 1.5ps compressed pulses at I .32pam launched
into the 140m length of fibre Ft with a dispersion minimum wavelength ko= 1.27 pm the
amount of self frequency shift was controlled to permit the generation of a wavelength
component which spanned the minimum dispersion wavelength of fibre F2.

W M S FIB GRKING 1.5 S2 F, k

NdYAO\ .1.318o COMPR OR 2A 80"
140m )Xsl.Z7jim

To streak camera To autocorretator

L, F L3
SPECTRO(GRAPH• f S B --' .3 ^ sp

To autocorrelator To autocorretator/spectrograph
Figure 1. Experimental arrangement
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Figure 2. (a) Input and (b) output spectra from a fibre with a minimum dispersion wuveleneth
at 1.38pim.

Figure 3. Autocorrelation traces of the components in the (a) normally and (b) anomalously
dispersive regimes. The corresponding spectra are shown.

Figure 2(a) shows the spectrum of the pulses which were launched into F2. It would have
been preferable to filter out the self shifted spectrum around 1.38gnm and launch it alone into
F2, however, such a filter was initially unavailable and the remaining portion of the spectrum
did tend to mask some of the spectral shifting effects. Figure 2(b) is the corresponding output
spectrum from F2 at a launched total power of 25mW. of which approximately 6mW was in the
component at 1.38 prm. This clearly shows a spectral splitting around 1.38 Lul , with the
spectrum of the soliton centering around 1.41 ptm , while in the normally dispersive regime the
peak shifted to around 1.36pm.

The variation of the wavelength shift with the amplitude of the pump pulse revealed the effect
in the normally dispersive regime to be approximately 1.3 times that in the anomalous region.
Theory has predicted that this ratio should be 1.7 [31 . However, it is possible that soliton self"
frequency shift effects would increase the corresponding wavelength shifts and so decrease this
ratio.

Because of the clear spectral separation of spectra in the normal and anomalously dispersiv,:
regimes , spectral filtering permitted the selection of the appropriate component. Figure 3
shows background free autocorrelation traces together with inserts of the corresponding
spectral components in the two regimes. From the measured 330W peak power of the pulses in
the anomalous regime it was calculated that the pulse was propagating as a single solitoi in tile
fibre. In the normally dispersive region , temporal broadening due to dispersion was apparent
(see fig.3(b)).

In conclusion we have shown reasonable agreement with theoretical prediction that pulses
launched into a single mode fibre which span the dispersion mimimum wavelength can generate
solitary waves. These exhibit a frequency down shift and their required power levels are
substantially lower than those necessary for generation further into the anomalously dispersive
region . Such a technique may be applicable to the use of semiconductor lasers as potential
sources of solitons.
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Femtosecond Pulse Tailoring for
Dark Soliton Propagation Studies

A.M. Weiner 1, J.P. Heritage 1, R.J. Hawkins 2, R.N. Thurston1 , E.M. Kirschner I,
D.E. Leaird 1, and W.J. Tomlinson 1

Bell Communications Research, 331 Newman Springs Road,

Red Bank, NJ07701, USA
2 Lawrence Livermore National Laboratory,
Livermore, CA94550, USA

Intense ultrashort pulses propagate in optical fibers under the influence
of group velocity dispersion (GVD) and self-phase-modulation. Balancing
these processes leads to optical solitons which propagate without distor-

tion down long lengths of fiber. Bright soliton propagation in the nega-
tive GVD portion of the spectrum has been investigated in detail. Dark
solitons, which are predicted for positive GVD [1l, have been studied much
less extensively [2,31, in part due to the difficulty of generating the
required dark input pulses. We have developed a technique for synthesizing
arbitrarily shaped femtosecond pulses [4], and we apply this technique to
generate dark pulses for nonlinear propagation studies. In this way we
succeed for the first time in clearly demonstrating fundampntal dark
soliton propagation.

Dark soliton solutions to the nonlinear Schrodinger equation (NLSE)
consist of a rapid dip in the intensity of a CW background. The intensity
of the fundamental dark soliton drops to zero at t=O; we call this a

"black" soliton. Other dark solitons exist with lesser hole depths; we
term these "gray" solitons. The black soliton is an antisymmetric function
of time, with an abrupt r phase shift at t=O. Gray solitons exhibit
smaller and more gradual phase modulations at their center [1].

With our pulse shaping technique it was most efficient to generate

100-200 fsec dark pulses on background pulses 1-4 psec in duration. For
this reason we performed extensive computer simulations to test whether
dark pulses could exhibit stable soliton propagation with finite duration
background pulses. Figure I shows the results of a simulation for an
odd-symmetry dark pulse on a Gaussian background for a peak power equal to
the soliton power. Although the background acquires a chirp and eventually
broadens, the dark pulse propagates almost without distortion. Simulation
results for an even-symmetry dark pulse are shown in Fig. 2. The input is
not a soliton solution to the NLSE, and the dark pulse breaks up into a
pair of gray solitons [51.

The pulse shaping apparatus has been described previously. Briefly,
75-fsec, 620-nm pulses from a CPM dye laser and a copper vapor laser pumped
dye amplifer are shaped within a temporally nondispersive lens and grating
apparatus, consisting of a pair of diffraction gratings placed at the focal
planes of a unit magnification, confocal lens pair [4,61. Spatially pat-
terned amplitude and phase masks are positioned midway between the gratings
where the optical frequency components are spatially dispersed. The shape
of the output pulse is the Fourier transform of the pattern transferred by
the masks onto the spectrum. In the present study, intense shaped pulses
are launched into a 1.4-meter length of single-mode, polarization preserv-
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Fig. 1 Propagation simulation

0for an odd-symmetry dark pulse
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Fig. 2 Propagation simulation for
5 -an even-symmetry dark pulse on a

-50 -30 -10 10 30 50 Gaussian background, with the same
t/tO  peak power as in Fig. 1.

ing fiber (Newport Corp. F-SPV). Both symmetric and antisymmetric dark

pulses are investigated. The intensity profile of the pulses emerging from
the fiber are measured by cross-correlation with 75-fsec pulses directly

from the amplifier.

An example of our data is shown in Fig. 3. The input consists of a
185-fsec, antisymmetric dark pulse on a 1.76 psec Gaussian background (Fig.

3a). Figures 3b-3e depict the waveforms emerging from the fiber at various
power levels. At low power SPM is negligible, and GVD broadens the central

hole to more than 600 fsec. As the power is increased, the hole narrows.
At 300 W the hole is 195 fsec wide, close to the width of the input hole.
The data are in quantitative agreement with numerical solutions to the

NLSE, which are shown as solid lines. At high power a pair of gray soli-
tons is predicted in addition to the central black soliton; one gray soli-

ton can be discerned in the data (Fig. 3e). Our measurements constitute

the first clear observation of the fundamental dark soliton in fibers.
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We also performed experiments using even-symmetry dark pulses; data

for an even dark pulse on a square-like background are shown in Fig. 4.

Similar data were reported by KROKEL et al for effectively infinite dura-

tion background pulses [2]. At low power the dark pulse is completely

obscured by dispersion. At higher power the data shows two shallow holes

superimposed on a smooth background. According to the numerical simula-

tions, these holes may be low contrast gray solitons. At both low and high

powers, the data are in quantitative agreement with numerical solutions to

the NLSE (solid lines).

In summary, our data provides compelling evidence for dark soliton
propagation in optical fibers and confirms the crucial importance of the

dark pulse phase profile, as predicted by theory.
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White Light Interferometric Measurements of Femtosecond
Group Delay in Optical Components with 1-fs Precision

W.H. Knox 1, N.M. Pearson 1, K.D. Li 1, and CA. Hirlimann 2
1AT&T Bell Laboratories, Holmdel, NJ07733, USA
2University P. et M. Curie, Paris, France

In femtosecond spectroscopy one of the most important problems has been the
lack of direct information about the frequency dependence of the group delay
for common optical components such as mirrors, filters, polarizers. For

several years since the invention of the colliding pulse modelocked laser
(CPM) [J a well-known recurring problem has been the occasional "bad

mirror", which prevents formation of high quality pulses of 50 fs or less.

Using fiber-grating pulse compression, pulses of 8 fs duration were

produced [2], however, this result was strictly limited by the cubic phase

error in the gratings [3]. By including a four-prism sequence, the cubic
phase error was effectively cancelled and pulses of 6 fs duration were
obtained [4]. In this regime, many common optical components are useless

because of the variation of the group delay for light over the pulse
bandwidth. Novel phase correctors will be required for error cancellation,
and a direct and simple measurement technique is needed for further progress

in generation and measurement. We present the first direct measurements of
the frequency dependence of the group delay for a number of optical
components which are commonly used in femtosecond spectroscopy [5].

We use a Michelson interferometer with a white light "point source"
(Oriel #6342). A precision translator moves one mirror in 45 nm steps and a
photomultiplier records the intensity transmitted through a tunable
interference filter in the 400-750 nm range. We first obtain white light
fringes and carefully compensate the path lengths [6]. We use a simple
algorithm to find the time center of the fringe packet as we change the
wavelength of observation. We find that the time center of the fringe packet
is constant to within 1 fs over the range of 400-750 nm. Thus, any optical
device which is placed into one arm will cause a time displacement of the
fringe packets if the group delay varies by more than 1 fs over this range.
The time displacement is exactly the relative group delay at that frequency,
as long as the group delay does not vary too rapidly over the filter
bandwidth. We note that this is not the same as FTIR instruments, because
devices are not placed inside the interferometer in an FTIR instrument. In
the present experiment, our filter bandwidth is 10 nis. In the most recent
embodiment, grating tuning is used which permits adjustable bandwidth.
Figure 1 shows the results for laser mirrors from an operational CPM laser
running at 50 fs pulsewidth. The 3% output coupler is quite flat within its
design range, but exhibits oscillations in the blue. The corner mirror at 45
degrees is also quite flat over the bandwidth of a pulse even as short as 27
fs, however, we find that the group delay is even flatter in "S"
polarization. It is now well-known that a single-stack design centered at
610 nm is the best for intracavity applications. In "S" polarization, these
mirrors should be suitable for pulses of less than 10 fs duration as well.
Figure 2 shows results for a common broadband dielectric mirror. These
mirrors are known to distort 16 fs pulses [7]. The time steps due to the
three reflection stacks are clearly observed. Figure 3 shows results for a
pair of flint Brewster prisms which are now commonly used for dispersion
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Figure 1. Results for CPN mirrors Figure 2. Broadband dielectric
(a) 3% output coupler, (b) corner mirror mirror NRC BD.l at normal
in "P" and (c) in "S" polarization. incidence.

correction [8]. The tuning through positive CVD to negative GVD is clearly

observed in the range of 625 nm. Strongly absorbing elements also introduce
errors. Figure 4 shows results for two common laser dyes. A reference cell
has been included in the second arm of the interferometer with solvent
alone, so we reasure the dispersion due to the dye molecules in solution
only. Figure 5 shows results for a Gires-Tournois interferometer which has
its first resonance around 625 nnm. We made two devices 19] consisting of a
single high index layer on different substrates: single stack centered at
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Figure 3. Flint Brewster prisms for Figure 4. Laser dyes R6G and DODCI

two glass path length settings. in methanol at optical density 2.0
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Figure 5. Resonant Gires-Tournois interferometers consisting of 70.1 nis
TiO 2 film on CPM corner mirror substrate and NRC ER.2 substrate. Twelve

bounces are used to obtain these results. The center wavelength can be
angle-tuned.

610 nm and the metal-dielectric stack NRC ER.2 mirror. The choice of
substrates is very important. Both devices provide negative cubic phase
which can be used to cancel grating errors. These devices become part of a
collection of phase correctors which can be added in series to obtain
various shapes for specific applications.

In summary, we have made direct measurements of the frequency dependence
of the group delay of optical elements which are commonly used in
femtosecond spectroscopy. These techniques can be extended to waveplates,
polarizers, interference and absorbing glass filters and combinations of
elements.
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Caution! IR Pulses May Be Distorted

After Propagation in Atmospheric Air

A. Seilmeier, M. Worner, and W. Kaiser

Physik Department Ell, Technische Universit~t Miinchen,
D-8000 MUnchen, Fed. Rep. of Germany

The investigation of pulse propagation effects in the infrared is of
growing interest on account of recent advances in the generation of tunable
picosecond light pulses of wavelengths between 5um and 12om /I/. Of special
importance is pulse deformation in atmospheric air, which is the favorite
medium for time resolved spectroscopy.

There exist numerous strong absorption lines in the infrared spectrum of
atmospheric air corresponding to rovibrational transitions of H120 and C02 .
The transmission of energy of picosecond infrared pulses is not
substantially affected by these absorption lines on account of their very
small line widths of a few 10-1cm-1(spectral width of the pulses AZ=10cm-).
The pulse shape, however, may be changed considerably after passage of
the pulse over the short distance of tens of centimeters in air due to
coherent interaction with resonant absorption lines.

In this paper we present experimental data on coherent pulse distortion
which - to our knowledge - have never been seen previously in laboratory
air. Infrared pulses (tp = 2ps) tunable between 4 and 12 pm are produced
via difference frequency generation in AgGaS2 . After passage of a distance
of 80 cm in air they are upconverted with a visible light pulse. The cross-
correlation curve gives direct information on the pulse shape of the
infrared pulse.

In Fig. la a part of the infrared absorption spectrum of air under
normal conditions is depicted. There exist three wavelength regions with
strong absorption lines. At X-6mm and at X-2.8um the v2 bending mode and
the OH stretching mode of H2O are located, respectively. Around X=4.3mm the
C02 stretching mode is observed. In this paper we focus on the
rovibrational lines between 5.3um and 7.7om. Part of the infrared spectrum
is redrawn on an expanded scale in Fig. lb showing the very complex
rotational structure of the vibrational absorption band. The absolute
absorbance of the lines depends on the humidity of the laboratory air.
Fig. ic shows one single rovibrational line at 1576.2 cm-1 measured with a
spectral resolution of 0.04 cm-'. The spectral width of 0.23 cm-1

corresponds to a dephasing time T2=50 pS.

In the following it is shown that the pulse shape is significantly
distorted by interaction with rovibrational lines. Cross correlation curves
are presented for two infrared frequencies in Fig.2. The first example is
an IR pulse at 2017 cm- 1 where air is highly transparent (see Fig. la) . In
Fig.2a one sees the corresponding sum-frequency signal with steep wings
rising and falling over four orders of magnitude. Passage of the infrared
pulse through air preserves the Gaussian pulse shape.
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Fig,_1 Infrared absorption of air under normal conditions
a) Survey of the absorption between 2 and 8 om, b) rovibrational
lines of the v2 bending mode of H20, c) single rovibrational line
at 1576.2 cm-1 .

Quite different is the situation for an IR pulse at = 1576 cm- 1 which
interacts strongly with a rovibrational transition of water at Z =
1576.2 cm- 1 (see Fig. lc) . The cross-correlation curve depicted in Fig.2b
shows a pronounced distortion. One sees a long tail with a relative signal
value of 10- 3 at a delay time as long as 50 ps.

The observations may be explained as follows. The electric field of the
infrared pulse generates a coherent polarization of the dipole moment of
the rovibrational line which subsequently reemits an electric field with
opposite sign. The interplay of the macroscopic polarization and the
electric field generates the tail of the infrared pulse. In Fig. 2b the
absorption length is large (Ql=13). In this situation the signal decays due
to destructive interference of the electric field components and due to
dephasing with T2=50 ps /2/.
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Fig _2 Cross correlation of an infrared

1 o) pulse with a visible pulse
V 2017 cmi

1  a) at VJR - 2017 cm- 1 in a highly
transparent region,
b) at VIR = 1576 cm

-1 , where a
rovibrational line is located.

| -2
c 10

I I

LL (b)

E - 1576 cri
1

SalI 13

1 *

F

z

0 20 40

Delay Time toEpS3

The solid line in Fig. 2b is the result of a model calculation based on
a two level system. The coherent pulse propagation is treated within the
framework of small area pulse propagation ( e=(p/h)fEdt=O.l ) /2/. The
deviation of the calculated curve from the experimental data around tD=3Ops
is observed when only the line at = 1576.2 cm-1 is taken into account.
Including other weaker neighboring rovibrational lines in the calculations
eliminates the minimum in the calculated curve at tD = 30 ps.

The extended wing due to coherent interaction is strongly reduced by
performing the experiment in a dry nitrogen atmosphere where the H20
concentration and consequently al is lower. A reduction of the tail of the
pulse by two orders of magnitude is easily obtained.

Similar pulse distortion is observed at other frequency positions within
the rovibrational manifolds of H20 and C02. Corresponding experimental data
are discussed elsewhere.

We point to the importance of the pulse distortion for time resolved
infrared spectroscopy. At frequencies, where air exhibits absorption lines,
caution has to be exercised to interpret the observed decay times. When a
transmitted signal is measured over several orders of magnitude for a
detailed study of a relaxation process, one has to be aware of the pulse
distortion in laboratory air. In certain wavelength regions accurate data
require the elimination of H20 and C02 molecules in the optical path of the
IR pulses.
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Pulse Front Distortion in Lens Systems

S. Szatmri * and C. Kahnlc

Max-Planck-Institut fiir Biophysikalische Chemie,
Abteilung Laserphysik, Postfach 2841, D-3400 G6ttingen,
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*Permanent addres,,: Research Group on Laser Physics
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It is known from early publications [1] that dispersion - the
difference between the phase and group transit times - in
prisms introduces a continuously increasing temporal delay
across the beam. The time difference between the phase and
pulse fronts (AT) is given as a function of the length (AL)
and of the dispersiQn !-/dX) of the material as

AT = - L AL dn (
c d

If AL is different across the beam, the shape of the pulse
front will differ from that of the wave front. The simplest
example is a lens which introduces different delays for the
various parts of the beam [2]. Recent developments of large
aperture, femtosecond uv excimer lasers [3-5] necessitate the
study of the above problem, since pulse front distortion
caused already by a single thin lens of these short wavelengths
is comparable to the pulse duration.

The pulse front delay introduced by a single planoconvex
lens can be determined by calculating the spatial dependence
of AL, and substituting into (1), as

AT = I h
2 1 dn

c 2 r dX'

pulsefront
-- haero nt

Fig.1. Schematic of a planoconvex lens for the calculation of
the pulse front delay

124 Springer Series in Chemical Physics, Vol. 48: Ultrafast Phenomena VI
Editors: T. Yajima K. Yoshihara C.B. llarris S. Shionoya
@ Springer-Verlag Berlin Heidelberg 1988



r

where r is the radius of curvature of the lens and h is the
distnce fro. t'- optical axis (Fig.1). For a lens system the
final distortion is the sum of the distortion of each of the
lenses:

T L A Xh
2  1 dni

c 2 i ri dW

For a perfect lens system IT has to be zero, then one gets
the general formula for achromats. This means that by the use
of achromats the spatially dependent pulse front delay can be
avoided. However, in the ultraviolet the transparent optical
materials have similar dispersion, which makes the
construction of uv, high power achromats quite complicated.

One way to avoid distortion is to use reflective optics.
The other is to allow pulse front distortions and to
compensate the distortion later, by a correction device.
Possibly the simplest realization of such a device is shown in
Fig.6 censisting of a lens and a mirror. The pulse front
compensation takes olaoe in the concave lens, where the outer
rays are delayed with respect to the middle one.

For the measurement of the pulse front distortion the newly
developed uv laser system was used (described in Ref. EH),
delivering -15 mJ, -500 fs pulses at 248 nm. These pulses were
compressed to -60-80 fs and measured by a special aut
correlator (Fig.2). In this autocorrelator the position of tne
first partial beam is fixed at the aperture, the other can be
shifted by shifting the retroreflector in the direction
perpendicular t the beam. Therefore different parts of the

aperture

mirror (A)

/ tomporal]' !, oritap

mirrors =

spatiat Fig.2. Schematic of the
overiap autocorrelator
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Fig.3.-6. Measured pulse front of the direct output, after a
Kepler telescope, after an achromatic telescope, and after a
compensating device

input be-m can be combined behind the aperture, where the
autocorrelator measurement is done. When the position of
mirror (A) corresponding to complete temporal overlap is
recorded as a function of the snift of the second partial beam
the curvature of the pulse front can be determined. This is
shown in Figs.3-6. Figure 3 shows the measured pulse front of
the direct output of our high aperture fs excimer laser
system. The pulse front is already distorted by the lenses
used in the system. For Fig.4, the beam was passed through a
Kepler telescope formed by two f = 104 mm cylindrical lenses.
In this case, the pulse front is clearly more distorted by
comparison with Fig.3. Figures 5 and 6 give examples for thr
use of pulse distortion free optics (achromats) and compen-
sating devices, each indicating slight, or more pronounced
overcompensation. We also calculated the curvature of the
pulse front for these four cases and found good quantitative
agreement between the calculated and measured values.

In conclusion we have sLudied the pulse front distortion of
refractive optics. We derived a simple formula describing the
spatial dependence of the pulse front when the pulse has
passed through a lens system. We showed that no pulse front
distortion occurs in achromats. A pulse front compensating
device is also suggested introducing a distortion of opposite
sign. A special autocorrelator was developed for the
measurement of the shape of the pulse front. With this device
we found good agreement between the experimental and the
predicted pulse front distortions for simple lenses
(telescopes), achromats, and also our compensating device.
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Blue Shifting of Intense Femtosecond Pulses
in Gas Breakdown and Solid State Plasmas

M.C. Downer, G. Focht, D.H. Reitze, W.M. Wood, and T.R. Zhang

Physics Department, University of Texas at Austin,
Austin, TX78712, USA

We have shown that millijoule femtosecond pulses can be focused to spot radii as small as 2
microns when amplified in a "conical axicon" cell, thus creating peak intensities of 10 petawatts
(PW)/cm 2 [1]. We now use this source to generate dense gas breakdown plasmas in the strong
field [2], collisionless limit while using the plasma response on the light field in the form of blue
shifts and defocusing as diagnostics to characterize the femtosecond ionization process [3]. Such
diagnostics are compatible with a wide range of gas pressures.

Figure la shows how the blue shift of 90 fs pulses increases with light intensity after
focusing at f/2 through a breakdown spark in 1 atm. neon. Numerous observations support the

dominance of plasma generation, and the weakness of X(3) effects, in producing this shift: the
similarity of the blue shifts in different gases (neon, air [1], helium, argon at 1 atm ) having third
order hyperpolarizabilities which vary by more than a factor of 20 14]; correlation of these blue
shifts with appearance of a breakdown spark; correlation with beam defocusing caused by the
plasma's lower refractive index; the consistent absence of any red-shifted spectral components (in
contrast to spectral broadening observed by others [5,6] in the absence of gas breakdown); the
absence of supercontinuum generation from intense femtosecond excitation of neon up to 40 atm.
in previous studies [6]; the absence of self-focusing or filamentation under breakdown
conditions. The blue shift is caused by the ultrafast negative refractive index change when a
plasma is created during the pulse. The temporal asymmetry of the index change is strong with
femtosecond pulses, since electrons neither recombine nor escape from the focal region during
the pulse, thus eliminating a compensating red shift, seen with longer pulses, when the index
recovers [3]. According to a Drude model the blue shift can be approximated as [31

AX = (X3 e2 / 2itmc 3) d/dt fL N(x) dx (I)

where N(x) is the plasma density along the propagation direction x, and the interaction length L is
approximately the confocal beam parameter. The blue shift in neon increases steadily up to our
highest intensity (10 PW/cm2), rather than saturating because of complete single ionization within
the focal volume at 2 PW/cm 2, as observed in air [1]. This difference may result from the lower
ionization potential of nitrogen and oxygen compared to neon. Figure lb shows a blue shift
caused by 1 ..tJ 90 fs pulses generating a dense (_1020 cm- 3) electron-hole plasma in sapphire
by three-photon absorption when focused at ff10 into a 1 mm sample. In contrast to the gases.
there is an accompanying red-shifted feature. Nevertheless the resulting spectra are accurately fit
by combining plasma effects described by Eq.1 with self-phase modulation resulting from the
third order hyperpolarizability, as shown by the dots in Fig. l b.

Figure 2 shows other characteristics of the blue-shifted pulses. Figure 2a shows the
defocusing which accompanies blue shifting, manifested as an increased beam divergence angle.
This effect is strongest in sapphire because of the high plasma density and long interaction length
used. In other solids this effect has been used for optical limiting [7]. In gases at I atm with f/2
focus, plasma defocusing causes a 30% increase in divergence angle which can be correlated
quantitatively with the blue shift. The blue shifted beam thus maintains slifficiently good beam
quality to be useful spectroscopically. The autocorrelation traces in Fig. 2b demonstrate that the
glass f/2 focusing optics cause 10% temporal broadening of low intensity pulses (no plasma
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Fig. I a) Spectra of 90 fs pulses transmitted
through neon breakdown spark, with focal
intensity increasing toward the front in
increments ot 0.2 optical density.
Successive curves have been displaced
from each other in an exact vertical
direction to emphasize blue shift as
intensity increases. b) Spectra of 90 fs
pulses after generating a dense electron-hole
plasma in sapphire by a three-photon

loll _absorption process. Note blue shift
_____ accompanied by a weaker red-shifted

X 1: feature. Dots represent a theoretical fit
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Fig. 2 a) Defocusing vs. peak focal intensity for sapphire, I atm argon, and 5 atm argon. The
filled square and circle denote the first appearance of a breakdown spark. b) Autocorrelation
traces of unfocused millijoule pulses (lower trace), pulses after focusing at f/2 in air by 7x
microscope objective and recollimation, but attenuated to avoid breakdown spark (middle trace).
and full intensity pulses after focusing at f/2 through intense breakdown spark and recollimation
(upper trace). Cited pulse durations assume sech 2 pulse shape
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formed), and that at high intensity the ionization process causes no further measurable
broadening. As gas pressure increases above I atm we observe only a slight further increase in
blue shift, as shown by the blue shifted neon spectra in Fig. 3a. The saturation of the blue shift
at 2 to 3 atm probably results from increased defocusing caused by the higher plasma density in
the interaction region. Consequently focal spot size is increased and peak intensity reduced.

The behavior of argon at 5 atm contrasts strong!y with other gases we have studied. Just
above threshold the blue shift behaves as in other gases, and is well explained by Eq. 1. At an
intensity near 10 PW/cm 2, however, we observe a sudden spectral broadening, with components
blue shifted well beyond those observed in other gases, as shown in Fig. 3b. The transmitted
light contains yellow, green, and even blue components visible to the naked eye, although still no
components which are red-shifted from the original pulse spectrum. Onset of double ionization,
for which the threshold is lower in the heavy rare gases, may cause an increase in the rate of
change of plasma density dN/dt, and may thus partly explain the sudden spectral change.
However, the absence of increased defocusing (see data for 5 atm argon in Fig. 2b), as expected
from increased plasma density, together with the pressure dependence of the effect, suggest the
role of self phase modulation in the argon plasma.

Highly focusable femtosecond pulses from an axicon amplifier provide a powerful new tool
in ultrahigh intensity spectroscopy. The blue shifts observed here may be related to red shifted
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kr * Fig. 3 a) Blue shifted spectra at 10 PW/cm 2

" focal intensity for 5 pressures of neon,
compared to original pulse spectrum.

- , , b) Original pulse spectrum (dotted curve)
and blue shifted spectra following

', transmission through plasmas generated
in 5 atm neon (solid curve) and argon
(dashed curve). Large dots are a theoretical

540 NN%VELENGTII inml 640 fit based on Drude model (see Eq. 1 of text)
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photoelectron energies observed in recent above threshold ionization (ATI) experiments [81.
Dynamic collisionless absorption in plasmas, important when electron acceleration in strong light
fields becomes relativistic, may be observable with such pulses [9]. Finally this source should
be useful in generating picosecond soft X-ray pulses at noble metal surfaces [101.
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Time Domain Phase Conjugation and Twin Fields
of Picosecond Light Continuum

A. Jankauskas, A. Piskarskas, and A. Stabinis

Vilnius University Laser Research Centre, 232054 Vilnius,
Sauletekio ave 9, Lithuanian SSR, USSR

Results of squeezed states observation in powerful spectral quasicontinuum
emitted by superluminescent optical parametric oscillator (OPO) are
presented. We show that squeezing in OPO at high-intensity field is caused
by phase conjugation.

i. An alternative system capable to. form squeezed states at high-intensity
field may be degenerate OPO /i-4/. squeezed states formation in degenerate
OPO radiation at high gain has a classical analogy, because in OPO due to
phase selectivity only one quadrature component of the input signal is highly
amplified /5-6/. Twin wave packets may be formed also in nondegenerate OPO
/7.8/.

2. The physical mechanism of squeezed states generation in OPO at high
gain is a phase conjugation. Conditions of phase conjugated waves generation
in OPO are investigated /9/. Under such conditions the complex amplitudes
A1, A2 of waves at frequencies wI and W2 (w1 + W =w, where w3- pump
frequency) at high amplification are in relation A2t)=2 t), where
a1, a 2 - nonlinear wave interaction coefficient and t - time. Conjugation
in bPO may be tested, for example, by investigation of sum frequency spectrum.
The conjugated waves generated by OPO we assume as noisy pulses of correlation
time t k. Let us define correlation function Bs of the signal at sum frequen-
c4 (W =wl+w 2 ) with the amplitude A -

AIA  as Bs(t,TaTo)- < As(t)
As(t+T+o)>, where T- time delay between plase conjugated waves. For the
spectral intensity at sum frequency we have

Gs(R,To)-exp(--!- 0) + Ikexp(--_---). (1)

k 4  TO 'FO 4
Thus, the spectrum is defined by the ratio Tn/tk. Fig. 1 shows the
spectral intensity G,(S) for three values T/t k at Ek/tO = 0.1. When
To = O(a) a narrow peak related to noisy pulse envelope appears. The energy
in the spectrum is equally divided between the peak and the background.
The background is the result of amplitude fluctuations of the noisy pulse.
At To= T b) waves are partially conjugated and the peak goes down. If
To=2tk(C) the peak in spectrum is not evident. The narrow peak shows the
presence of conjugated fields at frequencies wl and W 2 in OPO radiation
(twin fields). For the first time the narrow peak in sum frequency spectrum
was observed when nondegenerate a -HI0 3 OPO experimentally have been analysed
[10].

3. In degenerate OPO W1 = 
W
2, A =A and radiation field at high gain may

be cgnsidered as a superposition of phase conjugated waves with an amplitude
AI+Al. Sum frequency wave amplitude has thus the form

A,:- (A, +A*) 2 =A2 +2A A*,+ A*2.(2

132 Springer Series in Chemicl Physics, Vol.48: Ultrafast Phenomena VI
Editors: T. Yajima. K. Yoshihara - C.B. Harris- S. Shionoya
D Springer-Verlag Berlin Heidelberg 1988



G s Fig. 1

JL. 
a

-2 -1 0 1 2 Qr /2

-2 1 0 1 2 Rzj2

C

-2 -1 0 1 2 RZ'K/2

If the signal shows fast phase modulation, spectrum G (Q) consists also
of two parts: the narrow peak caused by the second term AIAj and the wide
background caused by the first and the third terms (A1 and A 2 ). At T0>>

k the spectral intensity of the narrow peak is higher than the spectral
intensity of the wide background. Appearance of narrow peak in second
harmonic spectrum testifies an inequality of the quadrature components in
the field of degenerate OPO radiation and the squeezed states formation.
On the other hand, it means 'at second order coherence in degenerate OPO
radiation takes place. This kind of peak was observed in /7/ and in radio-
waves region in /11/.

4. Recently we investigated the spectral quasicontinuum of superlumines-
cent OPO. The two CDA crystals (1=4 cm, 1-st phase-matching type) in
series were pumped by a single 4-5 ps pulse of a frequecy doubled phosphate
glass laser. A 900 phase matching angle allows us to obtain a1 large spectral
bandwidth of OPO radiation. At degeneracy it exceeds 1000 cm- I, which
corresponds to a correlation time of about 15 fs. The second harmonic was
generated in KDP crystal (1=2 mm). The feature of the second harmonic
spectrum (Fig. 2) is the narrow peak (a), as already mentioned above. It
confirms that OPO generates phase conjugated waves and one of the quadra-
ture components is suppressed. We are led to consider this fact as a mani-
festation of squeezed states in parametric quasicontinuum. Poor contrast
of peak and background shows rather low conjugation quality in quasicontinuum.
Because of the fact that the correlation time of chaotic (noisy) phase modu-
lation is very short, a glass plate of 4 cm thickness in front of KDP crystal
leads to the peak broadening of about 10 times (b). Two times thicker glass
plate leads to the peak disappearance (c).

5. The squeezed states of OPO radiation considered above are caused by

time-domain phase conjugation. On the other hand due to phase conjugation
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in space domain (wave front reversal) squeezing of spatial quadrature com-
ponents is possible. By nonlinear mixing of OPO waves, radiation at sum
frequency with narrow spatial spectrum (highly directed beam) is observed
/13/.
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Picosecond to Femtosecond Optical Synthesizers

T. Kobayashi, A. Morimoto, M. Doi, Bong Young Lee, and T. Sueta

Engineering Science, Osaka University, Toyonaka,
Osaka 560, Japan

The development of an "ultrafast optical synthesizer" which makes it pos-
sible to form arbitrarily shaped optical pulses or optical signals as well
as transform-limited pulses in the picosecond to femtosecond range will ex-
tend the application area of optical electronics.

The typical method of synthesizing ultrafast optical signals is to
produce widely spread optical frequency components and to control their
amplitudes and phases as desired. In this point of view, first a method
using an electrooptic deflector which produces frequency components dis-
tributing spatially according to their frequencies was used for synthesizing
in the ieveial-Lel, picosecond range LiJ. In a similar way, frequency masking
within a grating pair compressor was used for pulse shaping in the pico-
second to femtosecond range [2]. These methods are not convenient for prac-
tical applications because of the difficulty in controlling precisely the
frequency components and the large size of the system.

Here we propose various kinds of new optical synthesizers which have the
possibility of generating arbitrarily shaped signals in the picosecond or
possibly femtosecond range. These seem to be more convenient for practical
use [3].

1. Basic consideration

Figure 1 shows the basic steps of the proposed synthesizing process. The
first step is to provide frequency components distributed in a wide range.
The second is to separate (demultiplex) each frequency component. The third
is to control the amplitude and phase/group delay of each frequency com-
ponent. The final step is to compose (multiplex) the frequency components
and to form desired pulse shape. A grating, a Fabry-Perot filter, or a
Michelson interferometer is employed as a demultiplexer and a multiplexer.
If the power efficiency is out of consideration, a beam-splitter array or a
single slit may be used as the latter.

Realistic examples for the practical construction of the synthesizer are

2 3 4

I sideband generation
(modulation)

2 separation of sidebands

(demultiplexing)
3 control of phase and

amplitude of frequency
components

VV 4 : composing (multiplexing)

Figj Basic procedures of the proposed high-speed optical synthesizer.
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ff
v (( (OPTICAL I

FIBER .. ~ -G
(C) ---- 3

(C --. .......

PHASE COHERENT t S
OFFSET LOCKED v FTL 3
LASER ARRAY

OUTPUT

F Realistic examples for the optical synthesizer in the ps-fs range.

shown in Fig.2. These systems are essentially equivalent to the synthesizer
using the electrooptic deflector [1] and analogous to a phased array antenna

or a frequency-domain multiplexer in the optical communication system. In
Fig.2(C), a frequency- and phase-locked laser array is used. In this case
the phase coherent frequency offset locking is made, i. e. element lasers

are placed with the same distance and with the constant frequency intervals.
For the case of the periodic input with discrete line spectra, every

frequency component can be separated spatially without any overlap and its

amplitude and phase can be controlled individually by a spatial filter, or a
modulator array ( c.f. for single shot pulse input with continuous frequency
spectra, neighboring frequency components overlap each other because of the

finite frequency or spatial resolution of the system and individual control
of the frequency components is impossible). Then the synthesized output is

obtained after multiplexing. We can compose/synthesize arbitrary shape by
phase contol only within 2n (corresponds to one wavelength) without control
of group delay of the frequency components. The shortest pulsewidth or the
shortest temporal structure of the synthesized output is limited by the
width of frequency-component spread.

The electrooptic method (A) has an advantage in controllability. The
method (B) using self-phase modulation caused by input with two frequency

components can provide very high repetition rate as THz and ultrashort pul-
sewidth as a few fs. This method can apply not only to zero dispersion
region but also to normal or anomalous dispersion region [41 of the optical
fiber. Soliton (or dark soliton)-like signals produce the wide sidebands
with their propagation. The method (C) provides a portable synthesizer with
an LD array, and may be useful for practical applications in the future.

2. Results of preliminary experiment and other discussions.

We have done preliminary pulse synthesis experiments using method (A). We

used an Ar laser as a light source. Optical sidebands were produced by a

9.35GHz LiTaO 3 phase modulator [5]. Fig.3 shows spatially separated FM
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FiE.3 Spatially separated optical

9.35Gj zloium sidebands produced by EO modulation.

sidebands after demultiplexing by a grating. It is seen from the' figure that
the spatial separation between adjacent sidebands was llOum and every
frequency component is clearly separated without any overlap (the frequency
intervals are 9.35GHz). Fig.4 shows the examples of the streak traces of
synthesized signals obtained (a) by eliminating central five sidebands and
(b) by giving parabolic phase shift to every sideband. Both results agree
well with theoretical ones. Fig.5 shows the examples of calculated binary
signals formed by controlling the sidebands using a 15 segment modulator ar-
ray. These word patterns are very clear and arbitrarily changeable. Applying
the 640GHz (FWHM) FM sideband recently reported [5] to this method, gener-
ation of 32bit words with 350Gbit/s rate will be possible.

We also tried an experiment of simple synthesis by substituting a Fabry-
Perot frequency filter for the last three steps in Fig.l. As a result, we
succeeded in generating a pulse train with 9-112 gigapulse per second
[6]. We are also studying the method (B) and (C).

(a) (b)
07ps 

N O ps
Fi(.4 Streak traces of synthesized
output.
Obtained (a) by eliminating central
5 sidebands and (b) by putting
parabolic phase shift.

(a) NO FILTER

(b) 10000000

........ An A/
(c) 10110010 E12,5 Typical examples of

synthesizing word pattern
FREQ. SPECTRA TEMPORAL SHAPES (calculation).
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1. Introduction

The capability to artificially tailor the phase and amplitude modulation of a laser pulse has
proven to be valuable in many experiments. Precise control over the radiation field improves
frequency selectivity in molecular spectroscopy and can compensate for such experimental
complications as optical density effects or inhomogeneities[1]. Theoretical work has shown
that phase and amplitude control can enhance pumping of multiphoton and overtone transitions
or improve localized excitation[2]. In addition, pulse shaping is an important aspect in a
variety of nonlinear experiments, for example in optical soliton generation[3,4]. At the last

luafatL confrc-nce, we reported two developments in coherent laser spectroscopy: synthesis
of arbitrarily shaped laser pulses with =lOOps temporal resolution using an integrated
electrooptic device and generation of phase coherent optical pulse sequences with accurate
interpulse phase control[5]. With continued improvements in both the electrooptic modulator
and high speed programmable GaAs drive circuitry, we have extended the resolution to <15ps
on pulses of 100-600ps duration and demonstrated amplification to 10-20kW peak powers
using a copper vapor laser/dye amplifier[6]. In addition to direct generation methods, the
integrated electrooptic device can function as a time domain filter and can be incorporated into
a fiber grating pulse compressor[7]. With this technique, we have demonstrated pulse
synthesis with approximately 90fs resolution on pulses of 0.5-1.5ps in duration. More
complex experimental schemes have also been demonstrated for synthesizing phase and
amplitude modulated optical pulses with <10ps resolution[3]. We present here new
developments in our pulse shaping system, the capability to generate higher peak powers
(-5-1OMW) and to actively compensate for pulse distortion in a pulsed dye amplifier. To
achieve this, we have incorporated a chirped pulse amplifier (CPA) into our experimental
set-up providing amplification of -103-104[8]. This technique allows for the shaped pulse to
be amplified at lower peak powers and reduces pulse distortion in the amplifier. Residual
artifacts can be compensated for by adjusting the temporal modulation on the chirped pulse
before amplification using our EO-modulator apparatus.

2. Experimental Methods and Results

Synthesis of subpicosecond optical pulses is accomplished by integrating a high speed voltage
programmable EO-intensity modulator into a fiber-grating pulse compressor. The integrated
EO-modulator functions as a time domain filter, so that a given pulse may be discretely
modulated to replicate an arbitrary temporal envelope within =15ps resolution. To determine
the correct input pulse shape {E(t')) to the grating compressor necessary to produce a desired
target pulse shape (E(t)), we calculate a transfer function G(co) which describes the gaussian
beam diffraction and quadradic dispersion of the grating pair in a precise geometry[9].
Application of the numerical transfer function to the target shape, followed by Fourier
transformation to the time domain, provides the discrete modulation waveform programmed
into the drive circuitry for the EO intensity modulator.
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The electrooptic time domair filter consists of an EO-waveguide intensity modulator
integrated with a high speed GaAs waveforn generator[6,7]. The -3dB and -6dB electrical
bandwidths of modulator were found to be 14GHz and 19GHz respectively, with an overall
impedance of 39.502 and a transmission loss of - 1.5dB/cm. The GaAs FET drive circuit has
an effective bandwidth of 15.5GHz providing =15ps risetime and 33ps FWHM resolution[6.
Data generated from the pulse autocorrelation and spectral bandwidth are compiled, then a
least squares fit of the crosscorrelation data with the target pulse is computed allowing any
adjustments to be programmed into the GaAs drive circuitry. The compressed pulse can be
optimized by direct voltage programming of the GaAs drive circuit.

Figure I illustrates a synchronously pumped, cavity dumped, dye laser operating at
?.=0.65 im producing pulses of 5. 4ps. The cavity dumper is externally synchronized to
operate at 4kHz, providing 3-4kW of peak power in the pulse train. A silica fiber with a
dispersion figure of 0.107 m-lps 2 and a normalized pulse amplitude are used to calculate an
optimum fiber length and an overall compression factor of 10-20 for our pulse synthesis.
Individual pulses emerging from the fiber are temporally broadened to l10-12 0ps while the
spectral bandwidth is increased to 25-30cm- 1. The pulse train is attenuated to <100aW before
coupling into the EO-modulator. The chirped pulses are temporally restructured by applying a
modulation dictated by the desired pulse shape and the grating transfer function. The reshaped
chirped pulses coupled out of the modulator (<10nJ per pulse) are amplified using a two-
stage, multiple pass, copper vapor laser (CVL)/dye amplifier. The output of a 40W CVL is
spatially filtered, collimated, then used to pump two stages of the amplifier. In each amplifierstage, the chirped pulse traverses the gain mediu,-.- about 4-8 times, yielding an end stage
pulse energy of 5-6pJ with no significant pulse broadening. Compression is achieved in a
double-pass grating compressor with 16001/mm holographic gratings, the energy yield in the
target pulses is typically 3-4pJ at 4kHz repetition rate. The high peak power (5-7MW) in the
output pulses can produce a large fractional population inversion or induce nonlinear excitation
in a variety of spectroscopic applications[101.

An important advantage to the CPA scheme is that the target pulse resolution can be
increased by further stretching the temporal width of the chirped pulse. For example, if the
chirped pulse coupled into the EO-modulator is lengthened to -=600ps the corresponding
resolution in the target pulse is increased to roughly 40fs. An alternative approach would be to
replace the picosecond pulse and fiber in figure 1 with a colliding pulse modelocked (CPM)
laser (tp _<100fs) and an antiparallel grating pair configured to produce positive group velocity
dispersion. The stretched pulse can be restructured, amplified, then recompressed to generate
an arbitrarily shaped pulse. A 1000:1 expansion followed by amplification and subsequent
recompression has been demonstrated with pulses -<O1fs[l11.

Computer Controlled
Dye Laser Pulse GaAs Waveformn

-X=0.65jam, t=5.4ps Synthesizer
MultpasDy

pcal AmplifieEO-Intensity CVL-40W
Fiber mdlt -0modulator Temporally ,3 l04

Fig. 1 Chirped pulses emerging Restructured ^ * Amplification
from the fiber are restructured Chirped Pulse
with an integrated EO-intcnsi~y ,MMM-...
modulator. Amplification (C A) 16001/nun
followed by compression yields Grating Crosscorrcator
peak powers of 5-7MW. The
temporal resolution of target High Power
pulses is 90-10Ofs. Mirror Shaped Output

Pulses. "E r = 90fs
P, = 5-7MW
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a) r = 700fs

b) = 1.3ps

Tr =95fs

-1.0 -0.8 -0.6 -0.4 -0.2 0 +0.2 +0.4 +0.6 +0.8 +1.0

Delay Time (psec)

Fig. 2 Crosscorrelation traces of two optical square pulses of approximately 700fs(a) and
1.3ps(b) duration, both of the ulses have comparable risetimes of =90fs. The data have been
deconvolved of the 180fs sech2 reference pulse artifact.

Figure 2 illustrates two rectangular optical pulses synthesized with our experimental set-up,
the temporal resolution is 90-100fs on pulses of 0.5-1.5ps ir length. We have used variable
length rectangular laser pulses to probe carrier relaxation in GaAs photoconductive switches.
The rectangular pulses preserve risetime resolution needed to make accurate electrical
measurements, but allow the electron-hole plasma to achieve a steady state in the lattice.
Optical square pulses can also be useful in experimental measurements of nonlinear and
dielectric responses in materials.

This work was supported by the National Science Foundation under grant CHE-8719545, and
by DARPA under contract N60921-87-C-0023 monitored by NSWC. MH would like to
thank the Miller Institute for Basic Research in Science at the University of California.

3. References

1. W.S. Warren and M.S. Silver, Adv. Mag. Res. (in press); C.P. Lin, J. Bates, J. Mayer,
and W.S. Warren, J. Chem. Phys., 86, 3750(1987).

2. W.S. Warren and A.H. Zewail, J. Chem. Phys., 78, 3583 (1983); J.C. Diels and S.
Besnainou, J. Chem. Phys., 85, 6347 (1986); H. Rabitz, Atomic and Molecular
Processes with Short Intense Laser Pulses (A.D.Bandrauk, ed., Plenum, NY, 1988).

3. M. Haner and W.S. Warren, CLEO-88, PD20-1, Anaheim, CA(1Q8); Phys. Rev.
Lett. (in press.); M.Haner and W.S. Warren, Phys. Rev. A, to be submitted.

4. A.M. Weiner, J.P.Heritage, R.J. Hawkins, R.N.Thurston, E.M. Kirschner, D.E. Leaird,
and W.J.Tomlinson, CLEO-88, PD24-1, Anaheim, CA (1988).

5. M. Haner, F. Spano, and W.S. Warren, Ultrafast Phenomenon V (G. Fleming
and A. Siegman, eds.; Springer Verlag, 1986); F. Spano, M. Haner, and W.S. Warren,
Chem. Phys. Lett., 135, 97(1987).

6. M. Haner and W.S. Warren, Applied Optics, 26, 3687(1987).
7. M. Haner and W.S. Warren, Appl. Phys. Lett., 52, 1458 (1988); M. Haner and W.S.

Warren, Opt. Lett., 12, 398(1987).
8. P. Maine, D. Strickland, P. Bado, M. Pessot, and G. Mourou, IEEE J. Quantum

Electron., QE-24, 398 (1988).
9. E.B. Treacey, IEEE J. Quantum Electron., QE-5, 454(1969).
10. W.S. Warren and M. Haner, NATO workshop on Interactions of Short Intense Laser

Pulses with Atoms and Molecules, Sherbrooke, Quebec, July, 1987.
11. M. Pessot, P. Maine, and G. Mourou, Opt. Commun., 62, 419 (1987).

141



A New Method for Measuring Ultrashort Optical Pulses
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1. Introduction
Assumption-free pulse reconstruction including chirp from SHG signals is necessary for
detailed light pulse characterization. The methods previously reported are limited to
specific application areas: the heterodyne method [1) requires much shorter sampling
pulses, while the femto-nitpicker [2] serves only in the femtosecond domain where pulse
can be greatly broadened by a glass of reasonable size. In this paper, a new measuring
method is proposed and an experimental demonstration reported.

2. Conditions for Pulse Reconstruction and a Practical Algorithm

The light spectrum (or its Fourier-transformed equivalent G2: interferogram), SH light
spectrum (or F2: SH interferogram), and intensity autocorrelation, G2, are sufficient
data for assumption-free reconstruction of time-limited (i.e. non-zero only in a finite
time domain) pulse, with time inversion the only remaining ambiguity. This propo-
sition is proved by showing that the Taylor coefficients of the pulse electric field at
each domain edge are successively determined from the Taylor coefficients of the given
data.

We present a practical iterative algorithm for the pulse reconstruction, as shown
in Fig. 1. The algorithm retrieves the phase of the Fourier amplitude E using the
fundamental Fourier modulus I k 1, SH Fourier modulus I f I and I i I (obtained
from I i 12= .[G ]). Fig. 2 shows one of the simulation results of the algorithm.
For an assumed pulse intensity and phase (solid line), the above three Fourier moduli
are calculated and input to the iteration loop. The reconstructed pulse intensity and
phase (shown by dots) excellently coincide with the original, which shows that the
algorithm really reconstructs the rather complicated pulseform.

u Fig.1 Iteration scheme (FT: Fourier-
FT IFT IFT transform, IFT: inverse FT). In Fourier

relae relc r1l space, the modulus of the trial func-
tion is replaced by given data while its

T . phase is retained. The differerce be-
FT F T tween the trial function modulus and
f u the given one is used to judge conver-

gence.
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2 TT Fig.2 Iterative algorithm test result.

Asymmetric pulseform with side-lobe
and the phase shift due to fast SPM
are assumed. The reconstructed pulse

con wT W (dots) coincides with the original (solid
. line).

TIME

3. Experimental Results
The measurement setup is shown in Fig. 3. G1 and the fringe-resolved SHG correlation
(FRSHG) are simultaneously measured using a Michelson interferometer. The trigger
generator senses the path difference by observing a He-Ne laser interference signal,
and generates a trigger signal every time the path difference changes by AH,-.,V/2.

I E I is obtained from Gi by a Fourier transform, while I i and I i I are derived
from FRSHG. Such a SH spectrum I ii I2 measurement through FRSHG signal is
superior to measurements with a high resolution spectrometer, especially for the very
weak SH light generated by LD pulses. The iteration is then executed by computer.
We call this procedure IRIS (Iterative pulseform Reconstruction from Jnterferomnetric
Signals).

To demonstrate the method, pulses generated by a gain-switched 1.3 /m DFBLD
were measured. Measured correlations (Fig. 4a) and the reconstructed pulse (Fig. 4b)
are shown for the case of applying a 1.25GHz sinusoidal rf current of 1.6 Ith amplitude
without dc bias. A nearly linear chirp is clearly observed. In Fig. 4b, the time direction

PULSE IN

He-Ne
LASER

A/4 BS
Zplate L MONOCHRO.

LO, 2W PM

fixed PBS W

PRISM PD AMP.

NAMP. Fig.3 Pulse measurement appara-

moving tus (B3S: beam splitter, PBS: polar-
PRISM TRIGGER WM ization beam splitter, PM: photomul-

GENER. tM tiplier, PD: photodiode, WN: wave-

meniory). A photon counter is in-
stalled to detect the weak Si light in

COMPUTER the case of the LD pulse.
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is chosen so that the chirp becomes negative, considering the chirp direction due to
fast carrier density change. For the first time, LD chirp is measured in detail.

Recently, LD pulse compression by an optical fiber [3] was reported, where the
negative chirp was compensated by the positive fiber dispersion. Precise measured
chirp information is useful to optimize the dispersive media parameters on compres-
sion.

o N

- 0
a:>.

-100 -50 0 so 100 -40 0 40

TIME DELAY PS TIME PS

Fig.4 A n example of gain-switched (b) Pulseorn reconstructed from

DFBLD measurement results. the above interferometric signals.
(a) Measured interferometric signal

traces each consisting of 256k points

with 1.0554fs delay time interval; up-
per trace: FReStG, lower trace: inter-

ferogram.
o in

U)X

C4'

z- -ore

I.- -r
z 0n

4 Fig.5 An example of subpicosecond
dye laser pulse measurements. Pulses
were generated by a passively mode-

o I locked dye laser.
-3 -1.5 0 1.5 3

TIME ps
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IRIS also performs successfully with subpicosecond aye laser pulses. A recon-
structed mode-locked dye laser pulse is shown in Fig. 5. To suit the visible light,
interferometric signals are measured with AH,-Ne/8 path difference pitch enough to
satisfy the sampling theorem. In conclusion, this method is highly practical and can
be used many areas of application.
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Single shot autocorrelation methods [1,2,3,4,5] yield, so far,
no useful information about the phase structure of the pulses.
We present here, for the first time, a phase sensitive single
shot technique suitable to study picosecond and femtosecond
pulses.

The pulse to be analyzed is horizontally expanded by a
cylindrical telescope before it enters the modified Michelson
interferometer (Fig. 1). A tilt of the pulse fronts in the
horizontal plane is introduced by two prisms located in front
of the two interferometer mirrors [6]. The beams coming from
the interferometer are set slightly non-parallel with an angle
of only a few milliradians. They are focussed onto the second
harmonic crystal by a cylindrical lens. Its focal plane is
imaged onto the input plane of the detector where the
horizontal intensity distribution of the second harmonic (SH)
is detected by an image intensifier coupled to an optical
multichannel analyzer.

I,
' I

BSC-. .. . .
Tilted Pulse 2 " -/

Fronts Cyl. Lens (./M2

. . SHG
=-. Lens

SImage IntensifierOMA Fig. 1
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The distribution of SH as a function of thc horizontal
spatial coordinate constitutes a special kind of phase
sensitive autocorrelation function (PSA). Its envelope is
defined by the pulse duration and the tilt of the pulse
fronts; the period of the modulation depends on the small
angle between the two interferometer arms, and the modulation
depth on the phase structure of the pulse. The key point of
the method presented is that both the delay axis and the
fringe period may be arbitrarily chosen and can, thus, be
matched to the spatial resolution of the detector.

Assuming a Gaussian pulse shape and type I phase matching
and allowing for linear chirp the expected signals have been
modelled, and the time integrated SH intensity in the focal
plane of the cylindrical lens has been calculated numerically.

Figures 2a and b each show an experimentally obtained
single shot PSA (solid line) together with the result of the
numerical integration of (1) (dashed line). The experimental
trace of Fig. 2a corresponds to a 3.5 ps long pulse which is
fully coherent. In contrast, fitting the experimental 'urve of
Fig. 2b one has to assume chirp. The best agreement (dashed
line on Fig. 2b) was achieved by a pulse duration of 3.5 ps
and a three times 2n phase shift during the pulse duration.
The sign of the chirp cannot be determined from the PSA. As
Fig. 2 shows, the method presented here is well suited to trace
the chirp in single shots. Testing the ultimate limit of the
temporal resolution was not yet possible (the shortest
measured pulse duration was 250 fs) but we estimated it to be
50 fs. This limit is caused by the group velocity dispersion
in the delay prisms. By replacing the prisms with gratings
for pulse front tilt, further improvement of the temporal
resolution may be possible.

d 4.00- LODa0

Delay (ps Del4y (p

Fig.2a Fig.2b
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Amplitude and phase distortions induced by optical non-
linearity are undetectable by the usual means of picosecond
and subpicosecond analysis (streak camera, second harmonic
generation...). Recently Rothenberg and Grischkowsky [1]
introduced a method to measure the phase variation of pico-
second pulses that were chirped by self-phase modulation in
a single mode fiber. Another possible way is based on a less
recent method of spectral interferometry also known as "tem-
poral holography" [2). Until now this measurement technique
has only been applied to the measurement of impulse response
and transfer function of optical linear filters. We present
here the complete determination of phase modulation induced
by nonlinear effects in a single mode fiber on a picosecond
pulse using this method [3].

A pulse is sent into a Mach-Zehnder interferometer. One
arm is free space and serves for the production of a refe-
rence wave. The optical system under test is placed in the
other arm. After recombination the two beams are injected
into a spectroscope. As the phase shift introduced by the
optical system varies with the frequency, the recorded
spectra is modulated by fringes. If there is only a diffe-
rence At in the delay introduced by each arm (i.e. a diffe-
rent slope for the spectral phases At = dcO/dw), one observes
a periodic fringe pattern with a period 6v = 1/6t. If there
is also a difference in group time dispersion (i.e. a curva-
ture of the spectral phase distributions dt/dw = d2 /dW2),
the fringe spacing will var' linearly from one edge of the
spectrum to the other.

We have demonstrated this technique by recording the
self-phase modulation of a 800 fs pulse after passage
through a single mode optical fiber. When a short and inten-
se pulse is sent into an optical fiber it experiences a tem-
poral phase shift that depends on the instantaneous intensi-
ty 0(t) = 2cn I(t) z/X, where n is the nonlinear index of
the fiber, z its length and X the pulse wavelength. This re-
sults in a broadening of the pulse spectrum. In order to en-
sure that the pulse exiting the fiber has a spectral width
smaller than that of the reference pulse, we have added at
the entrance of the interferometer test-arm a filtering sta-
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ge that transforms the input pulse into a longer transform-
limited pulse, with a corresponding narrower spectrum. This
lengthened pulse is then sent into the fiber and propagates
in a self-phase modulation regime leading to a broadening of
its spectrum.

The complete set-up is illustrated in Figure 1. The
source employed is a CPM dye laser whose emission at 615 nm
is amplified by passage through a fcur-stage dye amplifier
giving near-transform-limited 60 femtosecond pulses in the
GW range at a 10 Hz repetition rate. The laser beam is sepa-
rated into two parts by the beam splitter 1, at the input of
the interferometer. The reference arm is free space and its
length, about 18 m, is adjusted by the displacement of a
cub- corner. In the test arm, the input pulse is first
lengthened to about 800 fs by the prism dispersive line and
then sent into a single mode optical fiber in which is suf-
fers the combined effects of self-phase modulation and nor-
mal group velocity dispersion. The fiber length is 5.75 m
and its measured chromatic dispersion is 440 ps/km.nm at 600
nm. The fiber output is recombined with the reference pulse
through the beam splitter 2 and sent into a grating spectro-
graph. The width and the exact shape of the detected spectra
depend on the optical power coupled in the fiber and fluc-
tuate from shot to shot. In order to obtain reliable re-
sults, all measurements are done on single shot recordings.
A typical spectrum is shown in Figure 2 together with the
reference spectrum. The mean fringe spacing can be adjusted
by slightly changing the reference arm length. Starting from
these recordings, we deduce the value of the spectral phase
of the pulse, after its nonlinear propagation across the
fiber, for a discrete set of wavelengths (see Figure 3). The
linear part (which has no meaning since it only depends on
the temporal delay between the two pulses) has been subtrac-
ted. These experimental points fit well a parabolic varia-
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Fig. 2 Experimental modu-
lated spectrum.
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Fig. 3 : Relative phase of the chirped pulse.

tion, also shown in Figure 3 (solid line), indicating the
presence of a nearly linear frequency modulation onthe test
pulse, in agreement with theoretical predictions of the non-
linear Schr6dinger equation.

In conclusion, we have proposed a powerful new tool for
the coherent analysis of distortions introduced by optical
nonlinearities on short pulses (in the subpicosecond range).
The technique described is the first to our knowledge that
is able to analyse a single event. This is an important
point since the reproductibility of femtosecond pulses ob-
tained by pulse compression and/or amplified in dye ampli-
fiers is usually not good. The only competing method in this
field is restricted to phase-shifts larger than 2'M and needs
repetitive events to achieve a measurement [I). Nevertheless
we have to note that the interferometric technique presented

151



here needs near-transform-limited reference pulses or at
least pulses whose phase distortions are much smaller than
the phase modulation of the pulse under test. This research
has received the financial support of the European Community
under grant ST2JO0009 2F, and of the DRET (division
optique).
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1. Introduction

Phase characteristics of optical light pulses, so-called chirp, play an
essential role in femtosecond light pulses. One of the vexing things is
that we can not determine the pulse intensity shape I(t) and the phase
shift 4(t) independently.

Recently, a new method has been developed to measure ultrashort light
pulses [l]. We, also, have developed a similar but different evaluation
method for the chirp. In this paper, we present our evaluation method.

2. Method of evaluation of ultrashort light pulses

The optical electric field E(t) of the steady state is given by E(t)=
/I(t)exp[iP(t)-iW 0 t], where w is the central frequency of the electric
field. When the phase characteristics are determined by self-phase
modulation (SPM), coming from the optical Kerr effect and/or saturable loss
effect of the absorber, 4(t) is described as follows:

t(t =pI exp[(t'-t)/Tr],l(t'),exp[(J(t')-J(t))/S~dt' , ()

woLe /T/r ~) tIt)t 2p ----- (n2Tr- n ) (2)

where n0 and n7 are linear and nonlinear refractive indexes of the
absorber, Tr te recovery time of the optical Kerr effect, S the saturation
fluence and L the effective length of the absorber. In eq.(l), for p>O,
the optical Kerr effect is predominant [21, and for p<O, the saturable loss
effect is predominant [31.

Figure 1 shows an iterative algorithm to reconstruct l(t) and 0(t) from
the experimental data of spectrum 1(w) and second-harmonic (SH) auto-
correlation G (T). The algorithm can determine the phase 4(w) and the
phase ,(w). The phase xI(w) corresponds to the Fourier amplitude V(W)

!F.T. (F.T,: Fourier Transform, I.F.T.: Inverse F.T.) /

Fig. 1 Flow chart of the calculation. To obtain s(w), eq.(l) is used.
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of the pulse intensity I(t), where V(w)
2 is Fourier modulus of G2 (T). For

the iterative calculations, the experimental values of I () and V (w)
are used for I(w) and V(w). Only when p, S and Tr take 6 experime tlly
reasonable values, the iterative calculation converges well.

3. Evaluation of experimental results

We measured the experimental data of I(w) and G2 (T) at the same time. Our
CPM ring dye laser consists of two dye jet streams: one is gain medium (Rh-
6G) and the other is saturable absorber (DODCI).

Figure 2 shows the experimental values of (a)I(X) (X: wavelength) and
(b)G2((T), together with the calculated ones. The agreement between our
calculation and the experimental is very good. The parameters used to
reconstruct the pulses are listed in Table 1. The positive value of p
implies that the optical Kerr effect is predominant rather than the
saturable loss effect. It causes a broad wing to the spectrum at long-
wavelength side [2], as shown in Fig.2(a).

Figure 3 shows the reconstructed pulse together with the frequency
shift Aw(t) (=-d4(t)/dt), being calculated using the values shown in
Table 1. The positive chirp resulting from the optical Kerr effect of fast

: (a) (b)
--.Cac. D ---- Calc

-Exp. -Ex
z
LU

0z 

615 620 625 -3 -2 -1 0 1 2 3
WAVELENGTH (nm) DELAY TIME (ps)

Fig; 2  (a)Spectral intensity and (b)conventional SH autocorrelation.
Solid lines show the experimental results, while broken lines show the
calculated ones using the reconstructed pulse.

Table 1 Parameters used for iterative calculation

Parameters of absorber Estimation from Estimation from
(DODCI) calculation laser condition

Saturation fluence S=6xlO 4 erg/cm 2  S=6.4xlO 4erg/cm2
Recovery time Tr=O.3ps Tr=(0.2 - 2)ps (for CS2 )

Coefficient of SPM pI(O)=22ps -  pl(O)=(-3 - lO)ps -

Laser frequency WO=3.05xlO 15s- Pulse energy J(-)=O.9xlO 4 erg/cm

Linear index n=l - 3)xlO -5  Nonlinear index n2=3x ,-16cm2/W
Effective thic ness Le=(l - lO)cm
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2n Fi. 3 Pulse intensity, phase shift and
frequency shift of the reconstructed pulse.
The parameters used are listed in Table 1.

z I

Q ------------- 0
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recovery time can be observed around the peak of pulse intensity. It
should be noted that the pulse width (tp=O.2ps) is comparable to the
recovery time (T r=.3ps).

4. Discussion

In order to consider the effects of group-velocity dispersion (GVD) on SPM
pulses, the recovery time of the SPM should be considered, when the pulse
width is comparable to the recovery time. We, consequently, have intro-
duced the recovery time into the theory developed by MARTINEZ et al. /4/.

Using our modified calculation, we calculate the GVD (g) dependence of
relative pulse width =t (g)/t (0). For the fast recovery time, i.e.
for T /t (0)<<l, a largePreduciion of can be observed at a large negative
valuerofpg, while for the slow recovery time, i.e. for r/tp (0)>>l, the
reduction of can not be observed at any value of g.

Next, using the reconstructed pulse, we calculate the GVD dependence
of the pulse width. The result shows that the pulse compression is about
32%, when GVD is given to be negative outside the laser oscillator. This
result comes from the large optical Kerr effect with a fast recovery time.
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1. Abstract

A technique for the measurement of femtosecond pulsewidths is presented that
uses the equality-width of the envelope of the interference correlation curve
and computer processing of the curve.

2. Introduction

In the measuring technique for ultrashort pulses with type I phase matching,
all the correlation information of the pulses is expressed (if the delay velocity
of two autocorrelation pulses is slow enough) by the equation

+00

I(r)) J {E 4 (t) + E 4(t + r) + 4E 2 (t)E 2(t+-r)
-00

+ 2E 2 (t)E 2 (t + r) cos 2wr + 4E(t)E(t + r)
X [E 2 (t) + E2 (t + 7)] cos wT) dt (1)

The curve described by (1) is called the interference correlation measurement
(IFCM) curve. The ratio of the peak to background is 8:1, and so it is also
called an 8:1 curve. When the delay velocity is fast enough, just the first three
terms in (1) are recorded and the ratio of peak to background is 3:1; the curve
is called a 3:1 curve, and is written as (11 (r)). This is the intensity correlation
measurement (ISCM) curve which is usually used to measure pulsewidths.

It is of interest to raise the precision of measurement of femtosecond
pulsewidths. The methods of equality-width and of microcomputer processing
are used to attempt this in this paper.

3. Equality-Width

The first method involves finding the equality-width of the up-envelope of
the 8:1 curve that is-equivalent to the FWHM of the 3:1 curve for the same
pulses. The former's size on the iccording sheet is longer than the latter's.
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1. Introduction

In view of the generation and application of laser pulses in the ferntosecond regime it has
become necessary to further impru'z,' the perfomance of linear-response streak cameras. The
approach that we have taken involves several refinements to a previous design of electron-
optical streak tube 11. These include (i) a photocathode having reduced photoelectron energy
distribution, (ii) optimised electron-optical lens configuration, (iii) ultrahigh-sensitivity
travelling-wave deflection arrangement and (iv) high quantum-efficiency phosphor screen.

The purpose of this paper is to detail the pertinent design aspects of the tube and present
experimental data to indicate that the camera, in its present state of development, has a limiting
temporal resolution of approximately 300fs. Design modifications aimed to further improve
this resolution to around 100fs will also be briefly discussed.

2. Tube Design and Construction

The new design of tube (2j is represented schematically in Fig. I and is based on the electrode
configuration of the Photochron IV which has been demonstrated to have a single-shot
temporal resolution of 800fs and a synchroscan resolution -900fs [3,41. Notable
improvements in the new tube design relate to the structure of the photocathode and deflection
system. The photocathode is especially thin to minimise any electron emission time
distribution and its composition, with increased bandgap, gives rise to a calculated initial
electron energy spread of -100meV at 620nm.
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travelling.wave deflector Scr'ten
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The redesign of the deflection system has proved very successful. By adopting a meander-
type travelling-wave configuration which crosses the electron path a total of 23 times, the
deflection sensitivity and hence achievable streak speeds have been significantly enhanced.
The meander line, constructed from 1 mm2 copper bar has a total length of 4cm, with a 5mm
spacing between the two deflector lines. The lines were impedance matched to the SO0 drive
cable via a tapered transmission line inside the image tube and a 50) termination was externally
connected to the deflector system. For this arrangement the bandwidth of the deflector network
exceeded 2.5GHz, yielding an experimentally measured static and dynamic deflection
sensitivity of 8.5cm/kV, with streak speeds of 2xlOtOcm/s.

The operating voltages of the tube photocathode and mesh were -8kV, -3kV respectively
relative to the grounded anode. This gave, for a mesh to cathode spacing of 1.2mm, an electric
field in the vicinity of the photocathode of -40kV/cn and an electron-optical magnification of
2. A static limiting spatial resolution of 50 lp/mm was observed at the output phosphor screen.
The enhanced quantum efficiency of the phosphor implied a reduced photoelectron current
requirement and therefore minimised possible space charge effects.

3. Dynamic Operation

The experimental arrangement that has been employed in the assessment of the single-shot
streak performance of the camera is shown in Fig. 2. The image from the streak tube output
screen was fibre-optically coupled to a microchannel plate intensifier which provided a
luminous gain of 10,000 and a spatial resolution of -50 lp/mm at its photocathode. This was
compatible with the dynamic performance of the streak tube. Ultrashort pulses from a
colliding-pulse, passively mode-locked ring dye laser 151 were employed directly as test optical
signals and the streak images were recorded using an optical multichannel analyser.

A double avalanche transistor chain generated a differential voltage ramp of 3kV in 1.Sns
across the deflector. An initial problem encountered with this circuit was its slow recovery
time (l/e point -800iis) which tended to generate an intense "fly-back" on the streak camera
output. This masked any streaked image, even when the input light signal was mechanically
chopped. By applying an appropriate electronic gating signal to the photocathode it w-as
possible to turn off the camera immediately after streaking. This method effectively provided
single pulse selection and, as a result, no external Pockels cell arrangement was required.

hI ten-mifier I.S "- .'Ia.b-- tM (q-UI

InL i -G Kts,~~a.

GaLiig Sy tem Im,~k
A I-gi. I"1

Fig. 2 Experimental arrangement
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-667psA Fig. 3 Intensity profiles of
recorded streak images for an
input pulse separation of 6.67 ps.

-4.- 1.-270 fs
-1 4-3001sf s

The CPM laser when operated deliberately with excess negative group velocity dispersion in
the cavity produced pulses of 150fs duration with a central wavelength of -63Onm and
energies that were suitable for recording purposes. Typically, the pulse energies .'ere 2(pJ
per pulse at the input slit. In preliminary studies the measured temporal resolutions were
around 500-600fs and were found to be limited by a dynamic defociusing effect from the
deflector network. This was found to result from slight a:;ynchronism in the switching
characteristics of each transistor chain which gave rise to non-svmmetric ramp generation. By
optimising focus voltages during streaking this effect could be eliminated. Under these optimal
operating conditions the temporal resolution was substantially improved to within the range of
300-400fs and the streak result reproduced in Fig. 3 shows intensity profiles %khich indicate a
temporal resolution around 3()Ofs. [The background noise is due to light transmitted through
the photocathode which illuminated the back of the phosphor. I

4. Conclusions

The measured dynamic performance of this femtosecond streak tube compares well wk ith the
theoretical prediction of -250fs for the applied operating voltages. With improved tube
designs it is hoped to operate at higher cathode voltages and generate higher et ec-rie fic'z
the vicinity of the photocathode by transient voltage pulsation of the mesh. The significant
advantages of travelling-wave deflection are obvious: high streak scan speeds have been
achieved with comparatively small ramp voltages without the need to resort to laser pulse
amplification and Auston-type switching elements. The single-shot/gating system reported
here proved highly convenient giving repeatable streak results with a jitter of less than 5(ps. It
is our intention to use this camera system to directly study "solitonic" effe-ts [61 in the CPNI
laser.
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1 Introduction

Optical fiber communications systems are expected to accommodate the
overwhelming information increase that the coming digital information networks
should require. Recently, much effort ;, being applied toward improving lightwave
communication technologies that will lead to high-speed transmission, long
repeater spacing, and efficient use of lightwave frequencies. However, present
state-of-the-art optical technology does not fully" utilize the ability of lightwaves as
an ultrahigh frequency carrier. There is much room for improvement of
information transmission capacity, optical receiver sensitivity, optical signal
processing speed, and so on. In this paper, we report several novel technique0
applicable to future ultrahigh-speed optical communications that utilize ultrashort
optical pulses. They include ultrashort optical pulse generation/compression using
laser diodes, all-optical multi/demultiplexing, chirped pulse transmission and
waveform detection techniques.

2 Optical Pulse Generation/Compression Technique

To develop high-speed optical communications systems, ultrashort optical pulses
with high repetition-rate must be generated. At present, subpicosecond optical
pulses have been obtained with collision-pulse mode-locked (CPM) dye lasers [1 ,or
mode-iocked solid-state laser systems. Both are eniployed with the sophisticated
pulse compression technique which utilizes the self-phase modulation in single-
mode (SM) fibers and the chirping compensation with grating-pairs. However,
these systems are not suitable because of their iow repetition rate of around 10
MHz and their lack of compactness.

Laser diodes (LD) are most promising as the optical source owing to their fast
response, compactness, easy handling, etc. Incidentally, I,)s have an advantage in
that their oscillation wavelengths coincide with a minimum-loss and zero-
dispersion region of conventional optical fibers. To date, ultrashort high repetition
rate optical pulses have been generated from 1I.)s by Q-switching, active passive
mode-locking incorporating an external cavity, and gain-switching using short
electrical/optical pulse pumping or strong RF modulation. Among them, the gain-
switching technique [2-61 is convenient s a high-speed and short optical signal
generator because ofits simplicity, stability and controllability of repetition rate.

Figure 1 illustrates the experimental setup of a pulse generation system using a
gain-switched distributed feedback (I)FB) 1,I). The 1.311m wavelength ID)FI 11) is
driven by a strong sinusoidal RF signal superimposed on a IDC bias current. It is
ciarified that generated optical p,,ises exhibit red-shift frequency ch ir)inug due to
carrier-induced refractive index change associated with intense shirt pulse
generation. Therefore, by merely traveling through SM fihers with normal
dispersion at 1.1pnm, the red-shift chirping of the original pulses can he
comnsated for, ind the pulses aire conprebsed to the neirIv tr:insformn IiI'ed
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4 "Fig. 1 Highly rppetitive short opticali pulse generation from a gain-switched
LD followed by fiber compression tech-
nique. Deconvoluted pulse widths of
original and compressed pulses are 26ps
and 7ps, respectively.

DFB-LD 

- SINGLE-MODE SYNCHROSCAN
FIBER MONOCHRO- STREAK CAMERA

rf 
MATOR SYSTEM

pulses [5]. Pulse waveforms and time-resolved spectrum characteristics measured
with a synchroscan streak camera are also shown in Fig. 1. Left-hand and right-
hand photographs correspond to those before and after the chirping compensation
using dispersion-shifted SM fibers. The 26 ps original optical pulses have been
successfully compressed to 7 ps pulses with a 4.4 GHz repetition rate [5]. in this
manner, 12 GHz[6] ultrashort optical pulses at 1.3 or 1.55 pm have been generated.

For the application to optical communications, repetitive pulses must be
modulated directly or with an external modulator. Recently, randomly modulated
optical signals are also being generated with gain-switched LDs by adopting an
appropriate undershoot in the electrical signal. At present, the maximum bit rate
is limited to a relatively low value, compared with the attainable pulse duration.
This is because not only LDs but also electri- I circuits including an LD driver and
a signal generator have limited bandwidths. To solve this limitation, another
approach such as optical multiplexing techniques are expected to be satisfactory.

3 All-Optical Multi/DemultiplexingTechniques

One way of realizing ultrahigh-bit rate optical communication is to multiplex
several lower bit rate signals to one higher rate signal, and to demultiplex the
transmitted higher bit rate signal when needed, all-optically.

The experimental setup of a multiplexing circuit is shown in Fig. 2. Optical
pulses with 30 ps duration are generated from a gain-switched 1.3 pm DFB-LD at
3.125GHz repetition rate. After being randomly modulated with the external
modulator, the 30 ps pulse stream is compressed to 8.6 ps with the SM fiber. The
modulated and compressed puise signals are then led to the 5-stage multiplexer
composed of 6 pieces of 2x2 fiber couplers and 5 pieces of fiber delay lines. This
multiplexes the original bit rate by 25 (-32) times. The photograph in Fig. 2
demonstrates the 32-time multiplexed signals, that is, a 100 Gb/s pulse pattern
observed with the streak camera [7]. The mark"l" and space"0" bits are clearly
distinguished. By selecting an appropriate delay time, the pseudo-random optical
pattern can also be generated with this configuration. This technique is applicable
to the evaluation of high speed optical transmission and optical logic circuits.

All-optical time-division demultiplexing of an optical pulse train has also been
demonstrated using the Kerr effect in polarization-maintaining SM fibers as
shown in Fig. 3. Control pulses and signal pulses are generated from the 1.06 pm
mode-locked YAG laser at 82MHz and the 1.3 pm gain-switched DFB-LD at 2GH7.
Because only the signal pulses superimposed with the control pulses change their

165



DFB-LD _ ___3m 3m 3dBcoupler

MO compression

o-blas tee, P G7 streak
F ---- ~ cameraI

3.125Gtiz - ' 1S

Fig.2 Experimental setup ofa multiplexing 1oooloo oo 10 000000()
circuit. 100Gb/s modulated pulses from I+"ISps
,he last fiber coupler are also shown. I100Gb/s pulse pattern

slate of polarization Ga .

polarization maintaining SM fiber damultiplexed

A2:82 MHz 24T ,(: 'pus fim

mode-locked _ -IKer eium

NI:-YAG laser contraipulses poraI

A,: 1.168 G nl 1use . - 1 3 24 1 3

IFUB 123 24 123 123 2pt4 a li1 r >

effect in polarization-nmintaining single-mode fibers.

polarization direction by 90 degrees. the signal pulise stroamn can he demlti plexen
with the polarization splitter into two pulse streamns according to the control pulsec
stream. To stabiIi ze the polarization f UCtUaitions Of' the signal poises CaIuse hnV
temnper-atuiremoressuire-induiced hi refringence change, two hi refri ngent Fibers with
the samne length are spliced so that their fast axes; cross at right angles T7 'his
results in overall birefri ngence compensation without sacrificing the polarizationi
maintaining property of the fibers. With the control pulses of34 %V at peak. the 2-
Gllz pulse stream is completely demnultiplexed for the 20 m spliced Fibers [8-97.

The present Kerr-switching duraition of ab~out I C0ps is dfete rmni ned bY the
control pulse width of'80 ps and by the walk-off of 1 O0ps betwveeni signal and e r
pulses. The latter is caused by the ch t-rmatic po~larizaiti)i dispersions, and islso
limits the effective interaction fiber length, which is inversely lpraportiona i tthe
required control power [9]. When much shorter control pulses and no walk -(df
conditions are adopted, less than I ps operation cain be expected with imuch .o
control power. A preliminary expewriment using a1 1.3 pmn YAG laser and 15i3Oi
Fibhers has shown that the r'equired peak c ontrol power is de-creatsed to 3, W~\



4 Optical Pulse Transmission Through Fibers

Ultrashort optical pulses have very wide spectra inversely proportional to their
pulse widths, and relatively high peak intensities. As a result, when they are
transmitted through long fibers, they are apt to broaden due to chromatic
dispersion. They also may be affected by various nonlinear optical effects in fibers,
e.g., self-phase modulation (SPM), Brillouin/Raman scatterings/amplifications. In
connection with the nonlinear effects, optical soliton transmission utilizing both
SPM and anomalous dispersion in fibers has also been studied for application to
long distance transmission [10]. Leaving these nonlinear phenomena to another
paper [11], this paper touches on chirped optical pulse transmission through fibers.

Optical pulses generated from LDs exhibit the frequency chirping due to carrier-
induced refractive index change as cited previously. It is clarified that the chirped
optical signals from directly modulated LDs can be transmitted through long fibers
without receiver sensitivity degradation [12-13][6] due to no waveform broadening
after transmission. Because the gain-switched LD pulses have nearly linear red-
shift chirping, the pulse compression effect due to normal dispersion of fibers can
be fully utilized for long distance transmission. Figure 4 shows the relationship
between the measured pulse width versus the normal dispersion value (ps/nm)
when using the gain-switched DFB-LD and the high-dispersion (-10 ps/nm/km)
fibers [6]. This indicates that by using conventional fibers with -1 ps/nm/km
dispersion, 20 ps chirped pulses corresponding to 50Gb/s signal can be sent through
about 100km distance without waveform broadening.

* o ImnpplIth-16
A0 a lrv"./Ith.1 O0 '

A" Fig.4 Relationship between the measured
A A pulse width versus the normal disper~ion

10 - value. Theoretical values are also
V)"(b) M SIOd indicated by solid lines. Irn P is the peak-

a. to-peak amplitude of drive current
applied to LD.0 50 100

TOTAL DISPERSION (ps/nm)

5 Htigh-Speed Optical Detection Technique

Design and evaluation techniques for wideband optical receivers are important for
developing future ultrahigh-speed optical transmission systems. A heterodyne
detection method [14-15] using two DFB-LDs [161 as the beat signal source is a
powerful technique for measuring the frequency response of wideband optical
receivers because this technique has, in principle, no bandwidth limitation 15-16].
This technique aids the optimum design of ultrahigh-speed optical receivers. The
developed receiver configuration with a 35 pm4 InGaAs-PIN photodiode (0.07 pF
capacitance and 82% quantum efficiency) followed by two stage IEMT amplifiers
[17] is shown in Fig. 5. By optimizing the gate bias condition, wideband optical
receivers with 15GHz bandwidth (3 dB down) and nearly fiat frequency response
are realized as shown in Fig. 5. The noise figures of 3.6 dB and 2.8 dB (average
value of 2-18GHz) are measured at room temperature and low (158K) temperature
operations, respectively. This corresponds to the receiver sensitivity of -18.6 dBm
in the cases of 20 Gb/s transmissions at room temperature.

Optical waveform measurements with high resolution are also required for

ultrahigh-speed optical systems. An optical sampling technique 1 using
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Fig. 5 Frequency response of a PIN-PD +HEMT optical receiver. (a) Circuit
configuration, (b) Measured frequency response by optical heterodyne
detection.

ultrashort optical pulses as the sampling pulses, offers an attractive meth(,d that
avoids problems associated with high-speed detectors'electronics. This sampling
method utilizes the femtosecond response of optical sum-freqaency gcneration
(SFG) in nonlinear optical material. The cross-correlation signal between the
measured and the sampling pulses is obtained through the SFG process. By
adopting a highly efficient LiNbO 3 waveguide, where the SFG light is emitted as
the 'Cherenkov radiation' mode, and using compressed gain-switched I)FB 1.)
pulses as the sampling pulses, the sampled optical waveform of 25 Gb s word
pattern is measured at time-resol otion less than 10 psi 191.

6 Conclusion

Novel techniques utilizing ultrashort optical pulses are reviewed as fut :e
applications of high-speed optical communications. Although some t1f tr.-se
techniques are not sufficiently mature to be actually used, they are expec,( -' to
enhance new conceptual techniques such as all-optical processing, photuuic
switching, optical computers, and others. These new techniques are indispensable
to the coming information society.
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All-optical switching devices are of considerable interest for future
ultrahigh speed transmission systems because of their potential for subpi-
cosecond response and the prospect of eliminating costly optical-electronic
conversions. In the last few years, a number of switching devices have
been demonstrated using glass optical fibers, including the birefringent
fiber polarization switch [1), the optical fiber Kerr gate 12[, and the
dual-core fiber nonlinear directional coupler [3,4]. In this paper we
report substantially complete switching of 100 fsec optical pulses by a
glass fiber nonlinear coupler [5). To our knowledge this is the fastest
switching time ever measured in a guided-wave all-optical device.

Figure 1 shows a schematic diagram of a nonlinear coupler. At low
intensity the device behaves as a conventional directional coupler; light
introduced into waveguide (I) transfers into waveguide (2) in the coupling
length Lc. Higher intensity light induces changes in the refractive index,
detunes the coupler, and hence remains primarily in the input guide. The
transition from low power to high power behavior occurs at the critical
power Pc, at which the power splits evenly between the two waveguides.
Teoretical switching characteristics for a nonlinear coupler of length Lc
are shown in Fig. 2 for CW input light. Low power signals introduced into
guide (1) emerge from guide (2), whereas high power signals (P>>Pc) emerge
from puide (1) [4].

For an input signal in the form of a pulse, the pulse breaks up ac-
cording to its instantaneous intensity )6]. Figure 3 shows calculated
temporal profiles of the output pulses, ignoring group velocity dispersion
effects, for sech

2
(t) input pulses with peak power 

2
Pc . The low intensity

wings of the input pulse emerge from guide (2), whereas the intense central
portion of the pulse remains in guide (1). In an experiment in which pulse
break-up is not temporally resolved, the measured switching curves are the
CW curves integrated over the pulse intensity profile. The dashed line in
Fig. 2 shows the result for a sech

2
(t) pulse shape.

Our nonlinear coupler consists of a 5-mm length of fused quartz dual-
core optical fiber, shown in Fig. 4. The fiber contains two 2.8-pm cores,

Fig. I Schematic of a nonlinear coupler.
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Fi.4Photograph of the dual-core fiber nonlinear

coupler.

with an index difference of 0.003 and a core separation of 8.4 m Each

fiber core is single-mode for wavelengths longer than 500 nm. We charac-

terized the coupler by performing a series of measurements in which we

focused a low power white light source into a single fiber core and
measured the relative output power from each of the two cores as a function

of wavelength. From the data we estimate a coupling length of 4.7 mm at

620 nm. We also verified that the coupling length was independent of
polarization and that the coupler maintained the polarization state of the

input light.

Switching experiments were performed using pulses from a PM dye laser

and a copper vapor laser pumped dye amplifier [7]. The system produced 620

nm, 00 fsec pulses with energies of several hundred nJ at an 8.6 k.Ez

repetition rate. Amplified pulses were attenuated and focused into a
single fiber core, which we denote guide (); the other input core was

carefully blocked by a razor blade. The output from each core was focused

onto a separate power meter, and the average power emerging from ea'h core

was measured as a function of the input power.

170ofvlnt. Fro th data we esimt a copln legt of 4. mim at
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The fraction of the output power emerging from each of the cores is
plotted in Fig. 5 as a function of total power. At low power 86% of the

light emerged from core 2; at the highest power 81% emerged from core 1.
Similar data were obtained for several pieces of dual core fiber, for
various laser pulse widths in the range 100-200 fsec, and for various
polarization angles. The response is in good agreement with the dashed

line in Fig. 2. From the data we estimate P. = 32 kW. within a factor Gf
two of the 60 kW value obtained from the formula Pc A

2
/n2Lc. using the

known nonlinear coefficient for silica n2 = 3.2 x 10-16 cm
2
/W and using 15

pm
2 

as a rough estimate of the effective mode area.

In order to demonstrate break-up of the input pulses, we performed
autocorrelation measurements of the pulses emerging from the two ffber
cores. Figure 6 shows autocorrelation traces of the pulses emerging from

the two cores, for 200 fsec input pulses at a peak power of = 2Pc . Al-
though the trace corresponding to guide I is similar to that of the input
pulse, the trace corresponding to core 2 is triply peaked, indicating a
pulse doublet emerging from this core. Each of the three autocorrelation
peaks is significantly narrower than the input autocorrelation. These data
confirm our picture of pulse fragmentation and demonstrate femtosecond
switch-on as well as switch-off times for our nonlinear coupler.

In addiion to the nonlinear reshaping evident in Fig. 6, output
pulses from the nonlinear coupler are temporally and spectrally broadened
by group velocity dispersion (GVD) and self-phase-modulation (SPM). Figure
7 shows spectra of pulses emerging from guide (1) for various power levels.
At low powers the output spectra from both guides are identical to the
input spectrum, with a 10 nm width. The spectrum from guide (I) broadens
to = 20 run at Fc and to = 40 nm at 

2
Pc . These spectrally broadened pulses

should be especially suitable for high quality pulse compression since the
low intensity wings are suppressed by the nonlinear reshaping mechanisms.
The spectra corresponding to guide (2) (not shown) broaden to a similac
extent but develop features more complicated than those seen in Fig. 7.
Spectral broadening occurs for any fiber switching device based on nonlin-
ear phase shifting and may necessitate pulse regenerators in systems with
cascaded fiber switching elements.

The speed of the nonlinear coupler switch is limited by VD. The
temporal broadening of pulses emerging from guide (i) can easily be
estimated if we neglect nonlinear reshaping and refer -o the literature on
pulse propagation under the combined influence of SPM and GVD. Ve start by

17'
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Fig. 6 Autocorrelation traces of Fig. 7 Spectra of pllsps emerging
pulses emerging from the coupler, for from guide (1), for 100 fscc input
200 fsec input pulses at a peak power pulses.
of 2.2 Pc,

expressing the experimental parameters in dimensionless 'soliton' units

18). The normalized field amplitude A is then given by

A - 2 [(zo/Lc)(P/Pc)1I/
2

where zo  is the dimensionless soliton period. The amount o -dening
increases with the peak input power. For P - Pc, A - 620 rm, a,u 100 fsec
input pulses, we obtain A - 8.5, Lc/zo - 0.055, and approximately 60%
temporal broadening. For P - Pc and 200 fsec input pulses, we predict A -
17, Lc/zo - 0.014, and 25% temporal broadening; this estimate is consistent
with the autocorrelation data for 200 fsec input pulses since the expected
broadening due to GVD closely compensates the anticipated temporal narrow-
ing due to pulse fragmentation. At a wavelegth of 1.3 pm, the GVD is zero;
and other factors, such as the wavelength dependence of the coupling
length, will limit the maximum speed to several tens of femtoseconds.

Further work will be aimed at reducing the switching power and mini-
mizing incomplete energy exchange due to pulse fragmentation. The criti-
cal power could be reduced by fabricating longer couplers from more highly
nonlinear material. For example, a 50 cm device made from SF-59 glass
would switch at 1 10 W. Pulse fragmentation could be circumvented by
performing experiments with ultrashort square pulses. Square pulses have
been generated by masking of spatially dispersed frequency components
within a temporally nondispersive grating apparatus [9]; Fig. 8 shows a
representative cross-correlation measurement of a I psec square pulse with
a 100 fsec rise time. Measurements performed using such ultrashort square
pulses would permit demonstration of very sharp switching transitions
predicted for devices several Lc in length [4].

In summary, we have demonstrated all-optical switching of 100 fsec
pulses by a dual core fiber nonlinear coupler. This is the fastest
switching time measured for any guided-wave switching device.

172



Fig. 8 Cross-correlation measure-

ment of a 1-psec square pulse with a/ lOO-fsec rise time [9].

- -1 0 1 2
TIME (psec)

We gratefully acknowledge D.E. Leaird for expert technical assistance
and E. Snitzer of Polaroid for providing the dual core fiber.

References

1. S. Trillo, S. Wabnitz, R.H. Stolen, G. Assanto, C.T. Seaton, and

G.I. Stegeman, Appi. Phys. Lett 49, 1224 (1986).
2. K. Kitaysma, Y. Kimura, and S. Seikai, Appi. Phys. Lett. 46, 317

(1985); N.J. Halas, D. Krokel, and D. Giischkowsky, Appi. Phys.

Lett. 50, 886 (1987).
3. 0.0. Gusovskii, E.M. Dianov, A.A. Maier, V.B. Neustruev, E.

Shklovskii, and I.A. Shcherbakov, Soy. J. Quantum Electron. 15,

1523 (1985); S.R. Friberg, Y. Silherberg, M.K. Cliver, M.J.

Andrejco, M.A. Saifi, and P.W. Smith, Appi. Phys. Lett. 52, 1135

(1987).
4. S.M. Jensen, IEEE J. Quantum Electron. OE-18, 1580 (1982).
5. S.R. Friberg, A.M. Weiner, Y. Silberberg. B.CG. SfeRz, -rid P.W.

Smith, Opt. Lett. 13 (1988), in press.
6. K. Kitayama and S. Wang, Appl. Phys. Lett. 43, 17 (1983).
7. W.H. Knox, M.C. Downer, R.L. Fork, and C.V. Shank, Opt. Lett. 9,

552 (1984).
3. W.J. Tomlinson, R.H. Stolen, and C.V. Shank, J. Opt. Soc. Am. Bl,

139 (1984).
9. A.M. Weiner, J.P. Heritage and R.N. Thurston, Opt. Lertt 11, 153

(1986); A.M. Weiner, J.P. Heritage and E.M. Kirschner, J. Opt. Soc.

Am. B5, (1988), in press.

173



Picosecond Switching of Surface-Emitting Laser Diodes
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1. Introduction

There has been increasing interest in optical bistable devices for the
applications of optical computing and optical communication. There are
various kinds of optical bistable devices, such as bistable laser diodes
with s~t'rahle absorbers[l-31, laser diode amplifiers[4j, optical thyris-
tors(5], Self Electro-optic Effect Devices (SEED's)[6], and nonlinear
etaions[7]. Among these devices, bistable laser diodes with saturable
absorbers hav- the advantages of high output power, high on/otf ratio.
relatively low switching energy, and insensitivity to input light wave-
length. However, they are not applicable to two-dimensional arrays in
principle, since they use cleaved facets. Moreover, their switching speed
is limited to about 200ps, and further improvement is desired.

We have recently reported surface-emitting multiquantum well (MQW) dis-
tributed Bragg reflector (DBR) lasers using second-order gratings[81. They
have the advantages of single longitudinal mode operation and ve'y narrow
beam divergence (less than 0.2'). When the lasing wavelength was detuned
to shorter wavelength, a bistable operation was also obtained due to the
increased absorption in the unpumped DBR section[9j. Very fast switching
operation was observed due to the increased differential gain (the gain
coefficient differentiated by the carrier density) of the MQW structure.
In the first half of this paper, we describe the bistable operation and
fast switching characteristics of the surface-emitting lasers.

Beam switching or deflecting devices are also expected in various
applications suCn as optical computing. Since grating-coupled surface-
emitting lasers have narrow beam divergence, high performance beam control
operation is expected by changing the lasing wavelength. In the latter
half of this paper, we describe the beam switchinq operation of surface-
emitting MQW-DBR lasers due to the lasing mode control.

2. Bistable switching operation

Figure i shows the schematic of the device structure. A MQW structure
was used botti in the gain section and the DBR section. Since the grating
is second-order, the DBR section also acts as a grating-coupler as well as
a saturable absorber. To increase the absorption, the lasing wavelength
was detuned so that it Is 8nm shorter than the gain peak. The length of
the gain section and the DBR section are 150pm and 300pm, respectively.
Figure 2 shows the c;irrcnt vs pot, characteristic. The threshold current
was 38mA and the output power was 2mW. The on/off ratio was greater than
50:1.

The turn-on characteristic with a current trigger measured by a streak
camera is shown in Fig.3. The rise time was measured to be 12ps when the
current height was eight times the threshold current, although the rise
time was almost independent of the applied current height. The delay time
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Fig.1 Schematic of the surface-emitting Fig.2 Current vs power
MQW-DBR laser characteristic

after the current pulse was applied was about one nanosecond when rno bias

current was applied, and it was reduced to less than lOOps with increasing
the bias current. The fall time was measured to be 60ps when the current
was switched-off from eight times the threshold.

The measured fast response characteristics can be explained as follows.
The delay time mainly depends on the speed of the bleaching of the saLur-
ble absorber, so increasing the bias current, pulse current height and the

differential gain is important. On the other hand, the rise time is deter-
mined by the increase of the population inversion by the saturable absor-
ber, and it can be reduced by increasing the hysteresis width as well as

increasing the differential gain.
One great advantage of this device is that it can be triggered by

optical pulses injected from the surface, since there is no electrode
above the saturable absorber. The turn-on characteristics were measured

by biasing the bistable laser slightly below threshold and injecting light
pulses into the saturable absorber with a cylindrical lens attached to the

device.
A lase- diode (wavelength:830nm) was first used as a trigger light

source. The minimum power and energy required fur switching were ImW and

z

w

z
I 1

2 ps

I ,, L .I ,JI,,.,,) Fig. 3 Turn-on characteristic with

a current trigger
TIME (100 p- div)
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5pJ, respectively. The turn-on delay time and the rise time were ll0ps and
250ps, respectively, when the input power was 20mW.

To measure the ultimate switching speed with short pulses, a dye laser

with R6G was used as a trigger source. The lasing wavelength was 610nm and
the pulse width was 800fs, however, the wavelength difference from the
laser diode is not significant. Figure 4 shows the input and the output
light when the input pulse energy was 2nJ. The total switching time (delay
time + rise time) was measured to be 50ps. The switching time was almost
saturated in this input energy range, and it increased to about lOOps when
the input pulse energy was lOOpJ.

In bistable lasers with saturable absorbers, the lasing usually occurs
about lOnm longer than the gain peak due to the lower absorption coeffi-
cient of the saturable absorber at longer wavelength. However, the diffe-
rential gain is much smaller at this wavelength. In the current device,
the lasing wavelength was detuned to 8nm shorter than the gain peak by so
designing the grating period. By a theoretical calculation the differen-
tial gain of the detuned MQW structure is more than five times larger than
that without wavelength selection mechanism (Fabry-Perot bistable lasers).

Dynamic characteristics were also numerically calculated using rate
equations[3,10]. In the calculation, we assumed that an optical pulse with
an infinitesimal width bleaches the saturable absorber with a 100% effi-
ciency. The result shows that the switching times of 40ps and 20ps are
expected with the input optical pulse energy of lOpJ and 20pJ, respective-
ly, with an undoped MQW structure. Compared with the experimental results,

if we can increase the coupling efficiency of the input light into the
saturable absorber, higher switching speed with less optical energy will
he realized. The calculation also shows that the switching speed becomes
about twice when a p-doped MQW structure with an acceptor concentration of
1XO1 cm 3 is used as an active layer, since the differential gain is
further increased.

3. Beam switching operation

A beam switching operation was also observed in a surface-emitting MQW-
DBR laser with an additional control section. The device structure is
shown in Fig.5. The length of the gain section, DBR section, and the
control section are 270pm, 300pm, and 300pm, respectivelv.
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The operation principle is as follows. When only the gain section is

pumped by an injection current of 
1
1, the laser oscillates in a DBR mode

and the output beam is normal to the surface. With increasing the control

section current 12, the light reflected from the control section facet

becomes larger, and the laser oscillates in a Fabry-Perot (F-P) mode.

Figure 6 shows the beam emission angle vs control section current 12. The

beam was deflected by 3
0
by the wavelength difference of 13nm.

The time-resolved intensity of each beam is shown in Fig.7 when a

current pulse was applied to the gain section with no bias current. The F-
P mode beam intensity increases almost corresponding to the carrier densi-

ty increase in the control section, while the DBR mode beam intcnsity

dccreases since the carriers in the gain section are consumed for the

stimulated emission of the F-P mode. The F-P mode beam switched-on in

60ps, while the DBk mode beam switched-off in 20ps. By shortening the

cavity length, higher switching speed will be possible.

4. Conclusion

The bistable operation and beam switching operation were measured in

surface-emitting MQW-DBR lasers. The bistable operation can be controlled
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by an external trigger light injected from the surface, and extension to
two-dimensional arrays will be possible. The optical switching time was
50ps. The beam switching operation was realized by using the lasing wave-
length change with changing the control current. The beam deflection angle
was 30, and the switching time was 60ps. These devices are expected to
play an important role in future optical computing systems, and further
research work is expected.
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Ultrafast Optical Switching Based on Stimulated Emission
in GaAs/AIGaAs Multiple Quantum Wells

J.L. Oudar 1, C. Tanguy 1,2, j.p. Chambaret 2, aid D. Hulin 2
1Centre National d'Etudes des T6l6communications,

196, Avenue Henri Ravera, F-92220 Bagneux, France
2 Laboratoire d'Optique Appliqure, Ecole Polytechnique-ENSTA,

F-91120 Palaiseau, France

Ati-cptical gates are intrinsically very fast when they involve only virtual light-matter

interactions [11. However this usually requires very high (GW/cm2 ) intensities, which
restricts their use to relatively modest repetition rates, due to the unavailability of adequate
lasers. On the other hand optical gates and bistable devices based on absorption saturation or
carrier-induced nonlinear refraction in semiconductors have much lower intensity require-
ments. As is well known, the switch-off time of such devices is limited by the carrier lifetime,
which led several groups to deliberately increase the nonradiative recombination rate in their
devices. The drawback of this approach is that a lot of heat is generated through these
nonradiative transitions, which puts another restriction on the useful repetition rate of these
optical gates. It would be interesting to develop a practical means to drain the stored energy
very quickly out of the device material. Stimulated emission induced by ultrashort light
pulses seems to be an adequate answer to this problem, provided that it can be achieved
efficiently with reasonable pulse energies.

Very recently it has been found that low temperature Multiple Quantum Well (MQW)
samples could exhibit a surprisingly fast recovery of absorption (within 10 ps at 15 K) after
excitation by intense ultrashort light pulses [2). This has been attributed to the effect of the
high stimulated recombination rate caused by amplified spontaneous luminescence ruided
along the MQW structure, as confirmed by streak camera observations of the edge-emitted
luminescence 121, and measurements of time-resolved luminescence spectra with subpicose-
cond resolution [31.

Our experimental results on the spot size, intensity, and temperature dependences of this
effect point to a strong enhancement of stimulated recombination at low (intermediate)
temperatures. At a given temperature in the range 100-160 K, a faster recovery is observed

for larger spot diameters but similar power densities (about 30 pJ/cm2). This is expected since
the amplification of guided luminescence increases rapidly with the spot diameter d. The
temperature variation of the intrinsic gain coefficient, estimated from the recovery time data,
is particularly strong around 140 K. This is attributed to the excitonic effects which cause a
large gain enhancement due to stronger electron-hole (e-h) correlations at low temperatures
14,51.

As a result it is relatively easy to achieve a substantial gain in such samples, even at
modest e-h pair density. Such a large gain, which leads to lifetime self-shortening in the case
of a large excited region, can be maintained for a longer time if the excited region has smaller
dimensions. Thus it is possible to control the carrier lifetime by an additional beam at an
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Fig. 1: Schematics of the three-pulse
7experiment

Etched hole

appropriate wavelength within the gain spectral region of the material. In order to
demonstrate such an external control of the absorption recovery, a three-pulse experiment
was performed, as schematized on Fig.1. This experiment involves essentially two control
pulses, called pump 1 for switch-on and pump 2 for switch-off respectively, while a third test
pulse is used to read the transmission state of the MQW optical gate. These pulses are
spectrally selected portions of a white light continuum generated by a high intensity, 100 fs
pulse at 620 nm.

The sample consists of 60 GaAs wells of 75A width separated by AIGaAs barriers of
85A, sandwiched between two AI 3GaAs layers of I pm thickness. The switch-on pulse was
focused on a spot size of approximately 100 .im diameter, and its energy was in the 10 nJ
range in the wavelength interval 715-810 nm. The sample temperature was adjusted to 210 K
to avoid the lifetime self-shortening observed at lower temperatures. A substantial amount of
absorption saturation then persists in the interband transition region for a time duration longer
than 100 ps. The switch-off light is the guided amplified luminescence produced by the pump
2 pulse. This pulse is of similar power density as pump 1, but is spatially separated from it,
and extends over a larger diameter (about 1 mm) and spectral width (645-810 nm). A strong
stimulated emission results from the relatively large size of photoexcited region 2, and the
guided amplified luminescence can reach the photoexcited region 1, producing a sudden
decrease of carrier density. The experimental data of Fig. 2 show that recombination in region
I can effectively be controlled by the stimulated light produced in region 2. The switching
contrast achieved here is about a factor of 2. It could be increased by reducing the size of
region 1, which would maintain a higher stabilized carrier density before switch-off. The
delay of about 15 ps between pump 2 and the actual switch-off is partly due to the dynamics
of stimulated emission in region 2, and partly to the light propagation time along the MQW.
Finally we note that a careful waveguiding design should significantly reduce the power
requirements.

In summary we have demonstrated that the recovery time of optical gates based on
absorption saturation can be speeded up through the use of stimulated emission. The large
gain achieved in multiple quantum wells at moderate excitation densities allows a controlled
enhancement of the carrier recombination rate and provides a practical means to quickly
remove the stored energy out of the device material. This principle can be extended to
controlling the switch-off of other optical gates and bistable (nonlinear Fabry-Prot) devices
ba';cd upon camer-induced nonlinear refraction.
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Picosecond Characterization of InGaAs/InAlAs Resonant
TFunneling Barrier Diode by Electro-Optic Sampling

A. Thckcuchi, 1'. Inata. S. Xuto, riLE. Mivaucli

Fujitsu Laboratories, Ltd., 10-1 Morinosato-Wakamiya,
Atsugi. Kanagawa 243-1!, Japan

R ecently, t baus 6 e en sho wn t h at an r'nGa.~s/lnAlAs r es,)n an t
t unnre Ln g badrr ie r (R T B) d io de Ia t t i ce matche-d t o oin IlniP

s ub s rr ate h as Ie Ltter s t at ic c ha ra ct e r ist i cs [1I t h an
-o n v en t onal, G aA - AIGa A s RTB diLodes. This is essentLi all1y be-cau 'e(
the T nAlIAs ba rr ier layer is a d irec t-ga p sem icoid uc t r and ha- -a
lower elect ron effective :i-Iss that, t le AI(;a A s ba i jie r l a yer .

hbi s pa per e sr ib1e s the f ir st dlen a nir c ha ra teri z a t ion to our
knowledg- of t ie In(,;As/lnAlXs RTB diode using the electro-optic-

r M pltng (EO0,) technique [ 2] .

4hen a load resistan,-e is plaiced in series with i RTB3 diode,
t het c irc u it has t wo stable L-Ond itions. This b istabi litv l ends

)e RTB to memory device upplic at Onsri. The important questiLon i s
bow faa' the RFB can switch from one stable point fo Lh)E- other.
ie studiedl the switching time using FOS. FOS was already applied
to a GaAs/AlAs RTB diode by G. Mouron et 1l.[ 3], who showen that
a1 RTB diode can respond in the picosecond region, close to E01
time rea( lotiton. Her e, we used RTP structures . ith switching
times that are supposed to he miuch loniger than the time
resolution lo enable si~nal1 analysis. The simple equivalent
C IrC Ui t rodel anr'lysis wcs performed to roeparate 'lie i nt r i l Si
response time of the ,rB diode from the ob: erved signal.

T he elIe ct rno- o pt icr s aminpIi ng h e ad co ns is t ed o f a
photoconduc'ive swi tch, the In~aAs/InAlAs RTB diode, and 20
micron coplanar transmission lines. These were moniolithically
formed on a semi-in, ulating ( 100) ln P substrate. qA( LiTa0 3'
c ry st alI, coated with a highly reflec tive dielectric mirror, is
pasted on the coplanar lines to detect electric field' cha q e s
near the copianar lines. Optical pulses of 150 fs duoration,
generated by a colliding pulse mode-locked laser, were .. sed to
excite the photoconductive swit ch and da-tect the electrical
signal.

Pwo different RTI3 structuros .ere studied. One with two 5.3
TI M InAlAs barriers and u 4.-i um I n Ga As q uiar:'t um w ell (7 X 7
w m 2) , and the other w ith two . 5 nm bn)a rriiers ind a 4.4 om
quantum well (10 X 10 Pinm). Fig.l sh, ws the I-V cnaracteristicto
of the RTB diode with tire 'j3 tim InAlAs barr ier ' iyers. Dur in g
these measurements, the DC bias was k e pt j us t oit s iAe thle
negative differential resistance (NDR) region. W hen a Fsep-l ike
electrical pulse (typi calI rise It ire: 1 .9 ps ) p ro du ce u b th e
p ho toc on lu ct flyve s wit r h w Ais ap1 )Pd t o t he( RTB dIi od(Ie, t he d io)d e
was switched into thle n idd le of the NDR region. Fig.2 shows the
electro-opt ic sampl in g signal corresponding to the current d rop1

182 Simo.ng- S m~. (I h~n, al ii , Ut-fast Pb'o ,,aVI
(li~S I \aJII ... a oliirs ihars' SI 111,a

Sp,,gr\,'rIag hiOi Ir.l I TSA i~
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Fic, 1 I-V characteristics Fig.2 Response -,ign~i of the RTB
of the RTB diode diode with 5.3 nm barriers

through the RTB diode during switching. A current drop with a

fall time of 50 ps was observed. A fall rime of 210 ps was
observed for the RTB diode with the 6.5 nm barriers.

The observed switching time is strongly affected by a 1-ad
resistance. Tr, separate the extrinsic cffect due to the toaJ
resistance from the observed switching time, we simulated the

switching behavior using the simplest equivalent circuit model

of the RTB diode. Fig.2 includes the RTB diode model, which
consists of the negative differential resistance, R, in parallel
with a capacitance, C, and a series rdsistance, Rs. For this

model, the observed switching time, Tobs, is approximated by

1/ Tobs = 1/IRCI- 1/(2Z+Rs)C. (I)

Here, the intrinsic response time, IRCI, is the minimum response

time realized in the high-impedance 7oad limit. The series
resistance, Rs=15.5 ohms, was obtained from [-V characteristics

of the control diode, which has the same structure as the RTB
diode except that RTB section is repl ced by an n-InGaAs layer.
Th5 capacitance, C=0.2 pF (7 X 7 um ), and C=0.4 pF (10 X 10
Um ) was calculated in consideration of the charge distribution
in and around the RTB. The characteristic impedance, Z, of the
coplanar lines was designed to be 46 ohms. The I-V

characteristics of the RTB diode were simplified as the middle
of the NDR region was infinite. The negative resistance, R,
between the carrent peak and the middle of the NDR region was
used as a fitting parameter. The dashed curves in Fig.2 were

obtained with negative differential resi-tance, R, of -50 ohms
for the RTB diode with the 5.3 nm barriers. A similar a-nalysis

applied to the diode with the 6.9 nm barriers gave a negative

differential resistance of -170 ohms.

The intr nsic response time, IRCI, obtained in this way for
the 5.3 nm barrier diode and the 6.5 nm barrier diode were 10 ps

and 68 ps, respectively. No e that, for both cases, the

intrinsic response times are considerably shorter than the

observed response times of 50 ps and 210 ps. Fig.3 shows the
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Fig.3 Response times of the
RTB diodes
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relation between the response time and the state life time, T(=
h/AEFWHM, where AEFw M is the full energy width at half maximum
of tunneling proba bi ity). The intrinsic response times are
close to the calculated state life times of 7 ps and 43 ps.
Generally, the intrinsic response time seems to be close to the
state life time for the symmetric RTB diode. Therefore we can
assume that the intrinsic response time of the RTB diode can be
reduced to less than 1 ps with a reduced barrier thickness of 4
nm.

In summary, the switching of InGaAs/InAlAs RTB diodes was
observed by electro-optic sampling for the first time to our
knowledge. The intrinsic response time of the RTB diode was
obtained by using a simple equivalent circuit analysis. The
intrinsic response time is found to be approximately equal to
the state life time.

We thank M. Yamashita of the Electrotechnical Laboratory for
advice on colliding pulse mode-locked lasers. We also thank
S. Hiyamizu (now at Osaka University), T. Yamaoka, 0. Ohtsuki,
and K. Dazai for their encouragement and S. Sasa, Y. Sugiyama,
Y. Nakata, T. Fujii, T. Mori, H. Ohnishi, and T. Futatsugi for
their helpful advice.

References

1. Y. Sugiyama, T. Inata, S. Muto, Y. Nakata, and S. Hiyamizu:
Appl. Phys. Lett. 52, 314 (1988)

2. J.A. Valdmanis, G.A. Mourou, and C.W. Gabel: Appl. Phys.
Lett. 41, 211 (1982)

3. G. Mourou, K. Meyer, J. Whitaker, M. Pessot, R. Grongin,
and C. Caruso:Proc. 2nd OSA-IEEE (LEOS), Incline Village,
Nevada,1987 (Springer-Verlag, Berlin, 19 8 7 )p. 40

184



Tunneling-Time Measurements of a Resonant Tunneling Diode

J.F. Whitaker 1, T.B. Norris 1, G. Mourou1, T.C.L.G. Sollner 2, W.D. Goodhue2,
XJ. Song 3, and L.F. Eastman 3
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2Lincoln Laboratory, Massachusetts lns titute of Technology,
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3Department of Electrical Engineering, Cornell University,
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Since the introduction by TSU and ESAKI [11 of the notion of tunneling in a finite
superlattice, the study of transport in single- and double-barrier heterostructures has raised
considerable interest. We have used two different methods to make measurements on
tunneling devices in order to demonstrate bistable operation and to provide insight concerning
tunneling mechanisms. Using the electro-optic sampling technique, a switching time of 1.9 ps
has been resolved for a resonant tunneling diode (RTD) operating in its bistable mode. In
addition, time-resolved photoluminescence (PL) has been used to determine the field
dependance of the tunneling rate of several single-barrier heterostructures.

The RTD used in the switching time measurements was grown by molecular beam epitaxy
to have two barriers of 1.5-nm-thick AlAs separated by a GaAs well 4.5-nm thick. The outer
regions of GaAs contained Si doping to an electron density 2 x 1017 cm-3. This resulted in a
peak current density of about 4 x 1 A/cm 2. The RTD was etched to a 4-lam diameter mesa
on an n+-GaAs substrate, and the capacitance near the current peak was -20 fF. The series
resistance was 15 Q [2].

A schematic diagram of the circuit used to test the time response of the RTD is shown in
Fig. 1. Coplanar electrodes of gold were patterned on a GaAs photoconductive switch and
lithium tantalate sampling crystal. The RTD substrate was mounted so that the mesa faced the
switching element as shown; a small wire, etched to a 1- Lm diameter at its tip, was used to
make contact to the mesa. Synchronized optical pulses from a dye laser of about 80-fs
duration were used to activate the photoconductive switch at the input to the device and to
measure the change in index of refraction of the electro-optic sampling crystal induced by the
electric fields at the output of the device. When the switch was closed, additional current

excitation
beam - " sampling

bea bea

bias LTaO

Gs La '\y -- Fig. I Schematic diagram

of test geometry
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Fig. 2 Bistable-mode operation
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flowed through the RTD, a potential difference developed across the diode, and its operating
point changed. Since the RTD has an I-V characteristic dominated by a negative differential
resistance, an increase in voltage can lead to a decrease in current. (For additional details, see
[3].) Due to the speed with which electrons may tunnel through this double-barrier structure,
the switching time may also be very brief. The rise time of this switching has been
experimentally resolved as 1.9 ps (Fig. 2).

We have also applied the technique of time-resolved photoluminescence (PL) to study the
time dependence of tunneling. This technique has been used by TSUCHIYA et al._ 41, to
study the tunneling escape rate of electrons from a quantum well (QW) in a double-barrier
structure versus the barrier width. In this study, we have been particularly interested in the
dependence of the tunneling escape rate through a single barrier on an applied perpendicular
electric field.

The structure of the samples under study was a single 30 A GaAs QW, bounded on one
side by a thick (0.2 psm) AIxGa1 xAs barrier, and on the other side by a thin AlxGat.xAs
barrier and 0.2-m thick GaAs region, This undoped structure is situated in the intrinsic
region of a p-i-n diode. The diode mesa diameter is 600 .tm, and ohmic contacts were made
on both n+ buffer and p+ cap, except a 200-ltm dia hole in the cap was left for optical access.
The diodes were operated in reverse bias and were held in a cryostat at a temperature of about
6 K. The electric field in the QW region was estimated from C-V measurements. Optical
excitation was provided by a synchronously pumped dye laser, which was tuned so that only
electron-heavy hole pairs were generated. The PL was imaged through a grating
monochromator onto the entrance slit of a synchroscan streak camera. The time-resolved PL
data is shown fcr three samples with Al conc. x = 0.3 and barrier width b = 85, 111, and
121 A as a function of applied field in Fig. 3.

The field dependence of the tunneling follows a simple semiclassical model. The
tunneling time of a bound electron through a barrier may be expressed as

b

tT c exp f.~ J 2m (V-E-F,) dz, (I)

where b is the barrier thickness, F the applied field, and c a constant determining the tunneling
time at zero field. The calculated tunneling time is shown as the solid lines in Fig. 3; this
simple model evidently properly displays the field dependence of the tunneling rate.
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(a) b= 121 A. (b) b = III A, (c) b = 85 A. The solid lines are theoretical
predictions from Eq. (1) in the text
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This measurement, along with that of the switching time of a double-barrier diode,
contributes necessary information to the understanding of the transport mechanism in
heterostructures. The switching-time measurement also demonstrates that appropriately
designed devices may be useful in electronic, high-speed logic applications of the future.
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Electro-Optic Sampling of a Flip-Chip
with a Distributed Feedback Laser Diode
K. Joshin, K. Kamite, T. Mimura, and M. Abe

Fujitsu Laboratories, Ltd., Atsugi, 10-1 Morinosato Wakamiya,
Atsugi 243-01, Japan

1. Introduction

High-speed semiconductor device technology is progressing
rapidly, especially with respect to compound semiconductor
devices such as HEMTs. The signal delays of these devices have
reached less than ten picoseconds in a single gate, and are in
the sub-nanosecond range at the LSI circuit level. As device
switching speeds increase, signal delays within bonding wires
and packages become more important to reduce the total device
delay. The flip-,hip technique is one possible way to eliminate

these excess delays. However, it is difficult for conventional
coaxial probes and electron beam probes to make contact with
flip-chips and to measure fast switching speeds. We used the
E/O sampling technique with a distributed feedback laser diode

to measure the signal delay of metal lines on a GaAs flip-chip.

2. Measurement setup

The E/O sampling procedure used was almost the same as that
described in reference /I/. We used an InGaAsP DFB laser diode
with a 1.3 pm wavelength radiation, which was gain-switched and
driven through a comb generator. The optical pulse width was
between 20 and 25 ps. The reflected light from a GaAs chip was
received by an InGaAs pin photodiode through one-half and one-
quarter wave plates and a polarizing beam splitter. The sampled
waveforms were displayed on an oscilloscope triggered by a
mixer at a rate of offset frequency between the ]aser drive
frequency and the input frequency to a GaAs chip.

3. Results

Figure 1(a) shows a GaAs flip-chip patterned with metal lines
and mounted on a printed circuit board. The metal lines on the
chip and the board were connected through 200 pm-diameter and
70 pm-thi ck metal bumps. Sinusoidal signals traveled
alternately along the lines on the chip and the printed circuit
board. The chip was 10 mm square. Figure 1(b) shows the sampled
waveforms at distances of 0, 3, 7, and 11 mm from an input port
of the chip. The input signal frequency was 990 MHz and the
offset frequency was 20 KHz. The delay was estimated to be 32
ps/mm, a value greater than the GaAs stripline delay. This
seems to be due to parasitic capacitance and inductance of the
bump contacts.
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GaAs substrate., , . ,., .. . .. . .\\\\

Metal Metal
bumps , lines

Printed circuit board

a )(b) 390 ps

Fig. 1 (a) Cross section of a GaAs flip-chip mounted on a
pri nt d circuit board. (b) Delay of 990 MHz sinusoidal signal
in the flip-chip. Waveforms were sampled at the input (top) and
at distances of 3, 7. and 1 1 mm from the input port of the
chip.

To check the accuracy of our measurement system, we measured
the delay of a 1 pm gate-length HEMT inverter chain by backside
probing to 80 pm square pads. Figure 2 shows the logic diagram
and the signal waveforms at output ports A and B, which were
separated by 32 inverters. The input and offset frequency were
the same as above. We compared the delays estimated by the E/0
sampl ing of this inverter sequence and by the electric
frequency measurement of a ring-oscillator on the same wafer.
The delay of a HEMT inverter was 54 ps in the former and 53 ps
in the ring-oscillator. The agreement between the E/O sampling
and the electric measurement was quite satisfactory.

To check the harmonic mixing capability of our E/O sampling
system, we also measured two frequency-different signals in a
frequency divider. The frequency divider was made of a HEMT
flip-flop by connecting the Q port with the D port in Fig.
3(a). The flip-flop was driven by 0.8 V peak-to-peak sinusoidal
signals at a rate of 2 GHz + 10 KHz. The laser diode drive
frequency was 1 GHz. The oscilloscope was triggered at a rate

- - -----IN

IN A32

A B B

( a) (b )390 ps

Fig. 2 (a) HEMT inverter chain circuit diagram. (b) Sampled
waveforms observed at the input (top) and at outputs A (middle)
and B (bottom)
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CLK

Q

CLK(a) (b)

Fig. 3 (a) HEMT flip-chip circuit diagram. (b) Sampled
waveorms observed at the CLK input (top) and at outputs Q
(middle) and Q (bottom)

of 5 KHz by another phase-locked synthesizer instead of the
mixer. Input and 1/2 frequency-divided signals could be sampled
at the CLK input pad, Q and Q output pads and are shown in Fig.
3(b). In our system, the harmonic sampling capability extends
to the 10 GHz frequency range for 0.8 V peak-to-peak sinusoidal
signals on a GaAs stripline.

4. Summary

We measured the signal delay of a GaAs flip-chip, a HEMT
inverter chain, and a HERT flip-flop and demonstrated the
effectiveness of E/O sampling with a DFB laser diode for these
devi ces.
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A New Scheme of Resolution Improved Electrooptic Sampling

T. Kamiya, R. Takahashi, H. Kamiyama, H.F. Liu, and I. Tanaka

Department of Electronic Engineering, University of Tokyo,
7-3-1, Bunkyo-ku, Hongo, Tokyo 113, Japan

I. Introduction

Based on the pioneering works, wider application of electrooptic sampling
in high speed electronics is anticipated. Usually a mode-locked YAG laser
or a dye laser has been employed as the pulse source. Because of their
large physical dimension, high power consumption, and lack of long term
stability, replacement with semiconductor lasers would be particularly
advantageous for industrial applications if both power and resolution
requirements are met by the latter: Optically sampled oscilloscopes with
desk-top size would then be realized. One problem encountered in using
semiconductor lasers may be the limitation in time resolution because only
somewhat wider pulse width is available.

We propose here a new scheme of resolution imnr'r-:cI sampling, by intro-
ducing a kind of deconvolution prooedi.- to the acquired convolution data.
With iterated decoo'cl0Lion procedures, it is predicted that time resolu-
tion uch smaller than the probe pulse width itself should be achieved.

2. Principle of Resolution Tmproved Sampling

Let an unknown waveform be denoted by h(t), probe pulse waveform by g(t),
then the sampled data at delay time T is given by the convolution integral

f(-L = fh(t)g( T - t)dt 4.x)(x d - xldx

where x 2 /21og
2 
t/t is the normalized time variable, with t as FWHM

0 0
value of probe pulse. The resolution of the data is restricted by the
pulse width t . To restore the original waveform, the application of de-

0
convolution procedure should be effective: By Fourier-transforming eq.(1),
we would get the Fourier spectrum of the unknown function H(k)=F(w)/G(L),
where F and G are the Fourier transforms of the convolution and the probe
pulse, respectively. We have only to perform inverse Fourier transform
of H to recover the original waveform in time domain. This simplest proce-
dure, however, is interrupted with the addition of white noise spectrum to
F, because decay of G at high frequency tail (corresponding to finite pulse
width) would amplify the noise spectrum unlimitedly. Therefore truncation
of Fourier spectrum at certain cutoff frequency and extrapolation of
spectrum beyond this cutoff frequency are necessary. There have been many
analysis procedures proposed in such fields as Fourier spectroscopy or
image processing, and our problem is essentially a time domain analog of
these spatial Fourier transform procedures.

General procedure can be summarized as follows: the unknown function
h(x) is to be expanded in a functional space with the set of eigenfunctions
$n(x)

h(x) = EC n (X) (2l
n n n
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where C is the expansion coefficient of h(x). Then the convolution inte-

gral is
n

fi(x d ) = E Cnf xn(x)gxd - x)dx . 3)

Using experimentally obtained set of convolutions f(xd) y, minimization
of mean square error

Q =i l{y - f(xd ))2 (IQ/DCk) 0 (4)

is performed. From the conditions (D Q/C k ) = 0, we have the simultaneous

linear equations for Cn

<yi/ k(x)g(xdi-x)dx> - 2:Cn fn( t)g(xdi-x)dx" 7*-tg x -)dx>. (5)
1 - k di n n di rVk( t di

Here < ...> denotes the average over sampled points. Use of standard
Fourier integral, namely choice of sinusoidal functions as basis functions,
is not always the most adequate, because of the slow convergence in the
Fourier expansion of step function. In the next section, we will show

that the choice of Hermite-Gaussian functions as basis is suitable for
representing pulse waveforms with internal structures.

3. Formulation of Deconvolution Based on Hermite Gaussian Expansion

An optical pulse is approximated by a Gaussian function:

g(x) = exp(-x
2
/2). (6)

We expand the unknown electrical waveform with a set of Hermite-Gaussian

functions:

n(x) = M XI/I exp(-x2/2 02), a = t1 / t0  (7)

where t is the roughly estimated FWHM of the unknown pulse.
1Then the simultaneous equations for expansion coefficient for a particular

case of 0 = 1 yields

<yx k  
1/ 4/ 2 kk! exp[ _x 2 /4 3>

i di

= C C < 12// 2 n+k nk! xn k exp[ -x 2 /2 > (8)
n n di di

where truncation order is determined by the condition that the magnitude
of the integral of the left hand side computed by using experimental data

becomes equal to noise level (S/N = I).
To improve the accuracy further by extrapolations, we employed an iter-

ative procedure: Starting from the approximate unknown function expressed
by the truncated series expansion we compute the extrapolated waveforms
outside of measured data. Using them together with a set of experimental
data we have a set of matrix equation of eq.(8) with a greater matrix dien
sion by one. This pruccdure is repeated several times to yield a converged
approximate waveform.

One typical waveform of asymmetric pulse with internal structure was
tested:

h(x) = 2 cos 2{21T (x + 3/2) / 3 } cos
2

( x/2}

+ (3/5) cos 2{2 (x - 3/21 / 3 }. (9)
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XX X

(a) original waveform and (b) 14th order signal (c) 9 time iteration
Its convolution with recovery with 1, up to 14th order
exp ( -x2/2). noise level. approximation.

Fig. I Signal recovery for an asymmetric pulse with internal structure.

The noise level of 1%, as large as the maximum amplitude of experimental
data, was assumed. The delay time unit is assumed to be 5i of probe pulse
width. A total of 401 convolved data were used for the waveform restoraticon
computation. Figure l(a) is the comparison made between original and con-
volved waveforms. Internal structure is totally smeared out by using a
probe pulse whose pulse widtv is larger than the internal structure uf
the measured pulse. Fig. -:1' sLows the restored waveform in comparison
with the original one, where thte expansion coefficients up to 14th order
was calculated. Without extrapolation procedure we have succeeded in re-
covering the internal structure although some quantitative diffe ence is

remaining. Figure 1(c) is the restored signal by the iterative ca-culation
starting from 6th order up to 14th order. Quantitative agreement is sat-
Isfactory.

4. Conclusion

In conclusion, it was proposed that by a kind of deconvolution procedure,
the electro-optic sampling measurement should gain higher time resolution.
Specifically, even with the presence of 11 noise level to the convolved data
points, improvement of nearly one order better than the probing pulse width
is expected as far as the pulse shape can be approxim.ted by Gaussian func-
tion. Therefore, for the purpose of increasing resolution, precise control
of pulse waveform and litter reduction are as effective as shortening ot
pulse width.
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Metal-Semiconductor-Metal Photodiode
on GaInAs Exhibiting Very Fast Response

0. Wada, H. Nobuhara, H. Hamaguchi, T. Mikawa, A. Tackeuchi, and T. Fujii

Fujitsu Laboratories, Ltd., 10-1, Morinosato-Wakamiya,
Atsugi, 243-01, Japan

1. Introduction

Netal-sericonduto-metal(MSM) photodiodestB~s) formed or. OaAs '] ave

so far exhibited marked advantages of simple, lateral structure ar I' C

performance including ultra fast response cpEed [3 ] for short-wavelenz-. -*

tim) applications. ,n the other hand, the fabrication of MSM-FD on -c A: -
the application In the long-waveleneth region .3 1 .I- irm has '.,,n
retarded by excessive dark c.rrcnt c7aus>J by low -2chottky harie _-Ln'.
eV" in the mta1-3ainAs'1nP, sot.W- 3d'-r'Le in "nis -ra".
fabrication of a %ISM-?: )n iarA: i whict -a arge barrier _* -

by a new strictuire cconsis~ in , a la!'g(--irAnga Al'nAs- ay-r fl- van.
Al~nAs,'GalnAs graded su)Erlat-- -i-s 1M--?- has exhib i*ed Izo'isrK 'r-
low capacitance characteristl_ .a. th- :se.-j measo remern_-rr
elec-tro-optic samriing t h'r K "r. v "y w

a FJIM o f 7. -ma.

2. iode -ftructure ant snr

The structure ofl the presorn' alrAs XVY;"1 _ -w n V. - wate r
used is a nominally uineli -ni-ixia' ~.-7 w.- -rl% nir

epo taxy [41~ on a! serti-inoula, a n-: :1
layer was 1.5. ;m. os r,,ic- the 4a"., ru n ' p". n An
height enhancement na:_n t(71 : -,tCnM
effect of carrier- rmasstlnF ............. t 7,a ar- r-n i1 ba
at the lC- janosrn ~u :I

composed of nar .. n o ni. a ,m~ l' ayers' A~r
layers wher- h'- widtn :-a" vr 'hn '-ioef-ct~v yean. aqi.
linearly in depth as sho'wn. h;y 'Jot te lines in-F. T he sam-

Graded
superlottice~N

AlinAs

Graded Al al~
superloltc A1I A S on~

AilnAs GolnAs SN
AIR coating

S1 - InP subsirote Pig. 1 Crs-et C

GalnAs.- MSM-N).
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carrier gas there. Al contacts had interdigitated patterns (1.1 'um line and
1.4 urn space, approximately 20 urn x 20 i~m area). Shallow mesa was formed at
the periphery of contacts for homogenizing the field in the Ga_1nAs layer. 'inc
photosensitive area was coated by a SIN aiitireflection film.

3. Diode characteristics

The dark current was "ound to be dependent steeply on the bias voltane
but it was still below jpA at 20 V and as low as 100 nA at 10 V. This has
confirmed the effect of barrier beight enhancement, by the introduction of an
A!TnAs layer. The capacitance was found to decrease as the cias voltage
'nreases ano then saturate at approximately 4j fF above 5 -V. .ilnce the

cbserved capacitaiior included an appreciablo, fraction of stray cumponent
caused by the contact, structure for signal extraction, the intrinsic capaci-
tance or the NSM-PD H]1 is expected to be mich lower than this. Pnotocurrrnt
characteristic was measured using a 1.3 pz wavelength CW laser. The sensi-
tivity steeply increaseo in the bias voltage reg~cn where the Galr.As layer Is
depleted and then became more insensitive to the voltage beyond 2 V. The
quantum efficiency determined at 10 V is typically 50% which corresponds to
an internal ouantum efficiency more than 80% when contact shado wine is -ake.
into account.

Response speed characte-ization was performed using standard elec ,ro-optic
sampling technique [C] wit!, a CPM dye laser pulse (,\ 620 nm, '1CC Mpps)
nay r- u 7VIM of' 6 s Device mounting and sampling setup us-ed are ils
trated in- rig. -7 h esult obtained at the bias voltage o)f 10 V is shown

Fin " Th-e respcnse speed is very fas; i the rise time and F'H' are
de-ermin ed t- b p and 1-- 7-:, respec-tively. Th- we~i ringin~g ir the-
ao - pre3um- t u- t) moccatch c-aused hby he toroors w~re. eo

wii'. was 'urdA 'ce t 'dipen3en- -f the bias volt.age(0.' ,to- ))and the
exciatlcr Power9 ) uW 12 KY) i;W a vrage) varis ins, urge:,ln tha- tnere
a r.- no spe _.. miting eff' ,-uccae with the cr-is ,-u-ela- c- str:c-

, re. c h- cb-eu; FoWCM onsi'_-ten' wKti he cnrre b
1>m gq- 7 o _rrosF, ndf to a -- dwd'. co h

-r krn r-le-r-, rh atcsede

Excitation beam
Probe beam

Polorizer MSM photodiode

Coplanar stripline
Bias voltage/

OSC
50 0

500n -

LiToO3 substrate

Detector

c '.Ttup of e ectr )-optic 5 mplirV nreaosurecer.'
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Fig. 3 Temporal response of MSM-FD measured by electro-opt>' samrling
technique at the bias voltage of 10

4. Conclusion

A lateral structure AlInAs/GalnAs MSM-PD has been fahri-a-d. This rho--
diode has exhibited lcw dark current, 1.Dw capacitance ani very fast reso
characteristics, and will be significant for the applicat'in tn not only
discrete ohotodetectors but also optolectronic integrated receivers for
cotical communication, signal pro-essing and measurement a' .ih speei.

References

1. M. Ito and C. Wada, IEEE J. Quantum Electron. QE-22, 177

2. D. Wada,H. Hamaguchi, M. Makiuchi, T. Kumai, M. !to, K. aka . r
and T. Sakurai, TEEE J. Lightwave Technol. LI-I 160 {O5 .

3. B. J. 'Jan Zeghbroeck, Ch. Harder, J-M. HalbcuH, Jacke Mein-r,
W. Patrik, P. Veutiger and P. Wolf, Tech. -ig. -E:M , Washington, .. ,.

p. 27r).
T. Fujii, Y. Nakata, Y. Sugiyama and .. Hi.amiz, .T. A .. Ap'..

L2 4 (186%.
5. J. A. Valdmanis, G. Mourou and C. W. Gabel, App'. Fhys. 

0 
eTv., ,

197



Picosecond HEMT Photodetector:
Improvement of Response Speed at Low Temperatures

T. Urneda 1, Y. Cho 1, H. Tanaka 2, and Nion Sock Chang 2

IThe Institute of Scientific and Industrial Research,
Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567, Japan

2Osaka Electro-Communication University,
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A short anid narrow Egate- CaAs/AlGaiAs HEMT'1 was t 'st'd an5O(S O~1

photod'-tector. Its photoresponse was measurel by the ,ut,)-,rr, 1.e m r.
te chnique and tound to he as ftashpsF .At alet:err-
nf 12! K, tho response speed was improved to 13 ps . Tihr i a mr-. rl r; I I

conside red to be evidenrce for the of feect i ye- cunt r 1 but I on ,f t 1h' 2-
*l.,mensional electron gas to the high-speedl resaponsne of thiLs ,hotad'<-t'< 2' r .

In Iroduct ion

Since the advent of the HEM'T (high electron mobility, tranisistor)

structure in G-aAs MESFET (metalI-semiconductor field efettrans.stor)
devices, its application to a high-speed photodetector has bee-n ittum;
hy severs i authors 11- 31 wi th the expectation of poss iblIe( util 2iatio n a -

2-dimensional high-mobil ity channel (so-cal led 2-tD electron gas ) ai long4
included hetero-interface. Chien et al1. obtained an imp~ulse resimonse sp
of 2-7 ps (FWH-M, full width at half-maximum) with a MODFI-ET (modulation-dop
field-effect transistor, same as HEMT)) of rather large device imlsa

WE? also reported an impulse response of 22 ps )FWHM) on a HDITI 3 .
Meanwhil(e, our investj gationl 4] of the influence of cgat-with 1pao t"
photoresponise speead of GaAs MESFET's indicated that gatc2widths mur' th,-
seve-ral tenis of micrometers may, due, to their includod distril uta-d
capacitance proportioanai to the gat,,widlth, mask ot her anof r-Fp'lo;1.-

,pd limiation.
The- ,ctual contribution of the high mobil ity of th, :'- ctr or qais

those high speed responses obtained by iIIKMT photod',tr'ta rn ma in

a -n)(/1, inside-s the contribution from the narrow q jt,,width us,'ml In tho
IXperimerits, must be, checked. The most direct check of this 'pro'll ias r

temnperature dependence of the response speed of th- H11 h 'M ,h)dort,_1_r
sn"the main factor for determining the ele-ctron moilitv :ib thnw

;a7at totring for the 2-D electrons, whil- it is- th- impsrit', sit t i
( ct rolls in a hulk material.* We report hereae)as 'ps r: r1

,if i HFMT photodetector by cooling.

1-Xp'rmmental Setup

A HEMT photodetector measured hero, has a GaAs-AliaAs IlK1 tsI met o
auminum content of Al~aAs is; 0.*28) , which : t h sam iiI, th~ il- 1i

olit previ ous report[2, 3) with a short -1-lrth and] narrow-wilt,
gat'-width and gate- length are_ 10 pm and 2 Cm, rospoct iv lv

Autocorrelat ion moasuremelit requires two idrt iC I dvi ..
measur-d . In Fig. I1, HPKMT 1 ind HEM)- were p-i tt trn-ala ;-I ra t' I i ' i
distance o11 a single Common substraite. 'Ihe cii~td-i dt1ii ii ,i
volt ique ove-r two 11EM'I's wais V D=4 "'- Gates UOrln'rtii Ill1t (ill '-I
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light Fig.l Test c2rcuit configur3tion

light lsfor the GaAs HET phttMdshtectntr.

pulse D1

G2

THJEMT2 S, '

E5f: VGS VD 0 1

biased with a common bias supply of a voltage V GS _2 V which was
sufficiently deep to keep those two H-EMTs in pinch-off in the dark
condition. A test optical pulse train was generated from a synchronously
Ar-laser-pumped Rhodamine-6G dye mode-locked laser (X=600 nm). The optical

pulsewidth used was around 10 ps. Optical pulse trains thus prepared were

focused accurately on each HEMT over respective source-gate-drain spaces

through a single 20x microscope objective with the help of a microscope

illumination-field TV monitor system[5].

Autocorrelation Measurement and Discussion

The average current Ic flowing through cascade-connected HEMT1 and HEMT2
under the trained light pulse illumination is approximately proportional to

an autocorrelation function, that is, Ic(T)a ff(t)f(t-T)dt, where T is
a mutual delay between two light pulse trains, and f(t) is a response
current waveform, which is to be measured, of each individual HEMT
photodetector.

The observed autocorrelation plot (a Ic(T)) is shown in Fig.2.
The plot shows an excellent fit with a Gaussian (broken curve) and its

correlation width (FWHM) is read to be 25 ps. Assuming a Gaussian
autocorrelation function, the time response f(t) of the measured HEMT
photodetector is concluded to be 25//-[6]

= 
18 ps (also in FWHM).

The measurement described above was done at room temperature (-20'C).
To see the temperature dependence of the device, the same HEMT

photodetector was cooled down to 126 K, where the phonon scattering effect
on the mobility is considered to be considerably suppressed. Cooling was
attained by jetting cooled helium gas using liquid nitrogen over the chip

of the device through a ]et nozzle. The cooled heli m gas served as a
coolant gas as well as a purging gas for air. The r-,served autocorrelation
plot and its fitting curve are shown also in Fig.2. The obtained
autocorrelation width (FWHM) was 19 ps, and assuming a Gaussian from the
fitting curve (solid curve), as in the previous measurement, the

photoresponse of the device is concluded to be 19/V 
= 

13 ps (also FWHM).
The observed improvement in the response speed of the HEMT photodetector

produced by cooling is considered to be evidence proving the effective

contribution of the 2-D electron gas to the high-speed response of this
device, since the conditions under which these experiments were done at
room temperature and at a low temperature were unchanged except for the
temperature. Also, the high speed response of the GaAs HEMT photodetector
even at room temperature can be explained using a model we proposed
earlier[3,4], called the "depletion region direct-deformation mode]" for
the mechanism of the photoresponse of MESFETs.

Although the response speed of 13 ps observed at a low temperature of
126 K is the fastest obtained heretofore by a GaAq MESPET to our knowledge,
the light pulses used had a width of around 10 ps, which was not short
enough to measure the response of around 10 ps. The intrinsic response
speed of this GaAs MESFET must be much faster.
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Conclusion

The response speed of a short and narrow gate GaAs/AlGaAs HEMT
photodetector was measured by the autocorrelation technique and found to be
as fast as 18 ps FWHM at room temperature and 13 ps at a temperature of 126
K. This improvcment is considered to be evidence indicating the effective
contribution of the 2-D electron gas to the high-speed response of this
photodetector. The mechanism of this high speed response of the HEMT
photodetector was discussed using the model of photoresponse of MESFETs we
proposed earlier, and it was pointed out that the high electron mobility of
the 2-D electron gas and the built-in field associated with the hetero-
structure, which can be designed and formed by an adequate combination of
alloy semiconductor materials, play a main role. The intrinsic response
speed of the HEMT photodetector tested is believed to be much faster but
could not be measured because of the rather broad light pulses used.

The authors wish to thank Dr. A. Shibatomi and Dr. K. Kondo of Fujitsu
Laboratories for their discussions and great help in supplying HEMT samples
throughout this work.
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Picosecond Transient Propagation Studies
on Thin-Film Y-Ba-Cu-O Transmission Lines

J.M. Chwalek , D.R. Dykaar 1, J.F. Whitaker 1, T. Y. Hsiang 1, G. Mourou',
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By studying the propagation of ultrafast transients on superconducting transmission lines one
cannot only directly assess the practical limitations of such superconducting structures, but
also gain insight into the nature of the energy gap, quasiparticle excitation effects, and other
loss mechanisms. In the new grai.ular superconductor YBa 2Cu 3O7T, (YBCO), losses due to
flux flow and grain bour.Jary effects are possible [1]. Workers at IBM recently reported
results for aluminum transmission lines over a YBCO groundplane, showing no absorption
for pulses propagating on the normal aluminum lines [2]. This paper reports on preliminary
studies of picosecond electrical transients propagated on thin-film, coplanar transmission lines
made out of the YBCO material.

The cryogenic measurement technique is electro-optic based and is a variation of a
technique reported elsewhere [3]. The experimental setup is shown in Fig. 1(a). A GaAs
photoconductive switch provided the initial step transient for the transmission line under
study. The sampling was performed in a reflection mode using two high-reflection coated
LiTaO 3 crystals placed at either end of the transmission line. The edge of the crystals facing
toward one another defined the input and output sampling points as shown in Fig. I(a).

The transmission line s were 5.4 mm long and consisted of two 30-rim wide lines
separated by 30 tm in the first sample, and 15 lim linewidths and spacing in the second
sample. A 360 nm thick (1.1 gIm in sample 2) layer of YBCO was deposited by a high
pressure reactive evaporation process described in Ref. 4 on a yttria-stabilized ZrO2 substrate.
The lines were patterned by a standard photolithographic process and argon ion beam etching.
The electrical properties of the films used were very similar to that reported in Ref. 4. The
critical temperature for sample I was 60K and 78K for sample 2.

The measurements on sample I started with it immersed in superfluid helium. For a given
switch signal, the input and output transients over a propagation distance of 5 mm was
measured. The result, shown in Fig. 1(b), clearly shows that a YBCO transmission line can
support distortion-free propagation of picosecond electrical pulses over a substantial
propagation distance. Ehe signals had f current densities in excess of 105 A/cm 2. The
limiting factor was the ability to produce larger amplitude input signals. Next, a current
density of about 4 x 104 A/cm 2 was maintained as the temperature was increased. At this
current density, the rise time showed no degradation until a temperature of 17-18K. This
defined a critical temperature for distortion-free propagation for that current density.

In a subsequent experiment (using sample 2), the output transient was measured as a
function of temperature for a fixed input signal. As shown in Fig. 2(a), there is substantial
dispersion measured. The degradation in signal rise time is independent of temperature.
implying the losses are not due to the YBCO film but to other loss mechanisms such as
substrate loss. For current densities of approximately 104 A/cm 2, degradation of the output
waveform did not occur until temperatures >65 were reached. This sample (sample 2) unlike
the first, was covered by a residue which may have contributed to the high losses measured in
the experiment. As can be seen from Fig. 2(a), an increasing phase delay is measured as
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Fig. 1(a) Experimental configuration of the samples; 1(b) Experimentally measured
picosecond electrical transient propagation on the coplanar YBCO transmission line
(sample 1: 30 rtm lines). The deviation at the very end of the output transient is due to a
reflection at the end of the transmission line

temperature is increased. From the Mattis-Bardeen theory, a decrease in phase velocity is
expected as the temperature approaches the critical temperature. The waveforms were
simulated using a previously reported numerical simulation program. which has been used
successfully to model propagation on ordinary superconducting transmission lines [5]. The
percent change in phase delay, as calculated relative to the initial delay at a temperature of 2K,
is plotted against temperature and is shown in Fig. 2(b). The percent change was found to be
very weakly dependent on the substrate parameters and very strongly dependent on the YBCO
parameters [6]. While different methods yield a range of values for the energy gap of YBCO,
the corresponding gap frequency is so much greater than the frequency content of our signal
that there is negligible effect on the simulated results due to a variance in the energy gap.
Good agreement is obtained, however, there is a slight underestimation of the delay in the
simulations at temperatures near Tc. This is likely due to the effect of finite current densities
present in the experiment not accounted for in the simulation.

In conclusion, we have demonstrated the propagation of undistorted signals on thin-film
YBCO transmission lines at current densities in excess of 105 A/cm 2. The results were
successfully simulated using Mattis-Bardeen complex conductivities. Substrate losses were
found to be a limiting factor for the system performance in the high-frequency regime.
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Fig. 2(a) Measured waveforms from sample 2. The left-hand waveform is the input
transient and the sequence of waveforms on the right show the transient response at the output
sampling point as a function of temperature. Note that the output amplitudes have been
normalized to the input amplitude. 2(b) Relative phase delays for the simulated (using Mattis-
Bardeen complex conductivities) tnd measured waveforms
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Greater than 100 GHz Traveling Wave Modulator

J. Nees, S. Williamson, and G. Mourou

Laboratory for Laser Energetics, University of Rochester,
250 East River Road, Rochester, NY 14623, USA

A GaAs traveling wave modulator with a bandwidth greater than 100 GHz has been
demonstrated. The dramatic bandwidth enhancement is due to the elimination of the velocity
mismatch by the addition of a GaAs superstrate in contact with the optical waveguide.

Signal processing, optical communication, and computer technology require a broadband
modulator with low operating power. The optical waveguide, due to the confinement of the
optical beam over a long distance, makes optical modulation with long interaction length
possible [1-6]. The driving power for a traveling wave modulator, of impedence Zo, is given
by the expression

.n3

where n is the index of refraction, , the wavelength in free space, r is the effective electro-
optic coefficient, d is an effective electrode separation, and 9. is the waveguide length.

The modulator bandwidth is determined on one hand by the dispersive properties of the
transmission line due to modal dispersion [7j, and skin effect losses (8], and, on the other
hand, by the phase velocity difference [9] between the optical and electrical waves. It is the
velocity mismatch which is presently limiting the time response of the traveling wave
modulator to 20 GHz [101.

To minimize modal dispersion, it is necessary to use transmission lines with small cross
sectional dimensions. Due to the air-substrate interface, quasi-TEM propagation occurs only
when the cross-sectional dimensions of the transmission lines are small compared to the
wavelength of the driving signal. For coplanar lines, the effective dielectric constant is
frequency dependent as shown in Fig. 1. The cut-off frequency, vc, of the surface wave TE1
mode [10] follows the form

Vc (2)

4d £sub- Esup

where c is the speed of light and the dielectric constant of the substrate, esub, is greater than
the dielectric constant of the superstrate, eup"

Contrary to modal dispersion, skin effect losses demand electrode dimensions to be as
large as possible. Consequently, for high frequency operation, modal dispersion and skin
effect losses are irreconcilable. We will see later, that in order to avoid modal dispersion and
skin effect simultaneously, it is necessary to use superconducting electrodes. Figures 2(a) and
2(b) illustrate the effects of modal dispersion and skin effect losses on the short electrical pulse
propagation. The two figures are the result of computer simulation. Figure 2(a) shows the
broadening of a I ps rise time step function after 10 mm propagation on a gold coplanar
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Fig. 2 Simulated propagation of signals with and without dielectric mismatch

transmission line evaporated onto a GaAs substrate. The width and electrode separation are

both 20 pim. It can be seen after 10 mm, the rise time has degraded from an initial value of

1 ps to 5 ps. In Fig. 2(b), the modal dispersion has been turned off and the observed

decrease in rise time and signal amplitude are due solely to the skin effect attenuation.

As mentioned earlier, the most important mechanism limiting the speed of the electro-

optic modulator is the velocity mismatch between the optical and electrical signals. This effect

limits the rise time Tr of the modulator to a value

,c, = An 
(3)

where An = NJ7-f n and n is the substrate index of refraction.

By placing a GaAs superstrate in contact with a GaAs/GaAIAs waveguide, the condition

4-eff = n can be satisfied. This enables us, for the first time, to suppress the effect of the

velocity mismatch in longer, more efficient modulators.
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Fig. 3 >I00 GHz modulator
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A diagram depicting this modulator is shown in Fig. 3. A waveguide was prepared on a
GaAs substrate. Vertical confinement was provided by a series of MBE grown GaAIAs layers
and horizontal confinement by a ridge etched in the upper layer. The coplanar striplines were
100 pim wide and separated by 20 ]im. The film is gold of 5000 A thickness. A 10 Im
photoconductive switch interrupted one line; 0.5 mm from the modulator's input end. The
resistance of the metalization over the 5 mm modulator length was 7.5 0. The GaAs
superstrate was then placed in contact with the coplanar transmission lines.

After passing through a quarter-wave plate about 10% of the compressed IR light from a
Nd:YAG laser was coupled into a 4 pm core fiber 40 cm in length. This fiber was then butt
coupled to the input of the modulator waveguide. A 20X microscope objective was used at
the output to image the modulated light through a polarizer and onto a reverse biased PIN
photodiode. The remaining 90% of the compressed IR beam was converted to 532 nm at 2%
efficiency in KTP to form the switch pump pulse. The green light was first chopped at the
lock-in reference frequency of 4 MHz by an acousto-optic modulator and passed through an
optical delay line to allow adjustment of pump/probe timing. Finally, the pump pulse was
focused onto the photoconductive switch. A step function electrical pulse was generated and
the rise time measured by the short probe pulses which correspond directly to the response
time of the modulator as it would be used with ew optical input. The result of modulating
with a subpicosecond step function and a I ps probe pulse is shown in Fig. 4. The
10%-90% rise time is found to be 3.2 ps. If a Gaussian rising edge is assumed, this rise time
corresponds to 110 GHz for 3dB roll-off.

A measurement of the half-wave voltage of this modulator at 4 MHz yielded a value of
288 V. This is nearly a factor of 4 above the expected value of 75 V. The loss in sensitivity
was probably due to depolarization of the modulated beam in the input fiber.

As more devices begin to function at frequencies above 100 GHz and as the demand for

test equipment increases, the need for an ultrafast modulator will continue to grow. We have
- I . I I I . I I' I_

0.9 -
Q" r10-90% - 3.2 ps

0.7 -1=5mm

Z 0.5
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0.1
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demonstrated a GaAs modulator with velocities nearly matched. This is simply achieved by
putting a GaAs superstrate in contact of a GaAs waveguide. Further improvement can be
achieved by varying the aluminum mole fraction in a GaAlAs superstrate. This approach
should make the construction of 500 GHz possible with lower half-wave voltage. At these
frequencies, the skin effect losses will become dominant and superconducting electrodes will
have to be used. The superconducting electrodes will have to possess a large energy gap in
excess of 0.5 THz. Superconductors such as Nb with a Tc = 9'K and an energy gap
corresponding to 700 GHz could be used. High Tc superconductors with an energy gap
corresponding to 10 THz could even be a better choice. Recent experiments have shown that
picosecond electrical pulses could propagate over distances of 1 cm on high Tc
superconducting lines without detectable absorption or dispersion. Furthermore, the dielectric
constants of some high Tc substrates nearly match that of GaAs.

The authors wish to thank Chris Chorey and Kul Bhashin of NASA Lewis in Cleveland
for supplying GaAs/GaAIAs waveguides. We also thank Brian Olmsted at the University of
Rochester and Doug Shire at Cornell University for generating the electrode mask and for
depositing electrodes. This work was supported by the Air Force Office of Scientific
Research, University Research Initiative under contract number F49620-87-C-0016 and the
Sponsors of the Laser Fusion Feasibility Project at the Laboratory for Laser Energetics.

1. M. Izutsu, Y. Yamane, and T. Sueta, IEEE J. Ouant. Electron. OE-13, 287 (1977).
2. K. Kubota, J. Noda, and 0. Mikami, IEEE J. Ouant. Electron. OE-16, 754 (1980).
3. F. J. Leonberger, Opt 5Let, 312 (1980).
4. C. M. Gee, G. D. Thurmond, and H. N. Yen, Appl. Phys. Lett, 41, 998 (1983).
5. P. Buchman, H. Kaufmann, H. Melchoir, and G. Guekos, Appl. PhYs. Lett, 46, 462

(1985).
6. D. M. Materna, Case Western Reserve University, Department of Electrical Engineering

and Applied Physics, M.S. Thesis (1986).
7. J. F. Whitaker, T. B. Norris, G. Mourou and T. Y. Hsiang, IEEE Trans. Microwave

Theory Tech M17-35,41 (1987).
8. J. F. Whitaker, R. Sobolewski, D. R. Dykaar, T. Y Hsiang, and G. A. Mourou, IEEE

Trans. Microwave Theory Tech. M'I-36, 277 (1988).
9. See for instance, I. P. Kaminov, An Introduction to Electro-Optic Devices (Academic

Press, New York, 1974), p. 228.
10. See for instance, E. Yamashita, K. Atsuki, and T. Ueda, IEEE Trans. Microwave

Theory Techn. MTT-27, 1036 (1979).

208



Part V

Applications to
Solid-State Physics



Ultrafast Scattering and Energy Relaxation
of Optically Excited Carriers in GaAs and AIGaAs

W.Z. Lin, R.W. Schoenlein, MJ. LaGasse, B. Zysset, E.P. Ippen,
and J.G. Fujimoto

Department of Electrical Engineering and Computer Science,
Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, MA02139, USA

Advances in femtosecond pulse lasers, amplifiers and measurement techniques now
make it possible to study the primary events in semiconductors that determine, and
ultimately limit, the characteristics of ultrahigh speed electronic and opto-electronic
devicesli. Previous investigators have applied a variety of experimental techniques to
study femotsecond carrier dynamics. The initial scattering processes of excited carriers
in GaAs and AIGaAs have been investigated using absorption saturation,2'. Continuum
probe measurements have been applied to observe hole burning and nonthermal carrier
distributions['!. Orientational relaxation of excited carriers has been investigated using
femtosecond four wave mixing [41.

In this paper we describe femtosccond studies of induced absorption saturation in
GaAs and AIGaAs that investigate initial carrier scattering, energy relaxation, and
intervalley scattering processes. To obtain complementary information on carrier dy-
namics, measurements were performed on a variety of sample compositions using three
different laser systems to produce different excitation and probe wavelengths. Transient
absorption saturation measurements were performed using identical pump and probe
pulses from a CPM oscillator to investigate the initial scattering of carriers out of their
optically excited states(5l. Pump and continuum probe measurements were performed
with a copper vapor laser amplifier to observe the evolution and energy relaxation of the
excited carrier distributions6l. Finally, a tunable, synchronously-pumped femtosccond
dye laser was used to study intervalley scattering 1 .

The samples used in our studies were 0.5 psm layers of GaAs or Al.Gal_,As grown
by liquid phase epitaxy and clad with transparent layers of A1.8 5 Ga IsAs. All mea-
surements were performed at room temperature with orthogonally polarized pump and
probe pulses to reduce coherent coupling. Measurements performed using both parallel
and orthogonal polarizations as well as studies by previous investigators"' 1 indicate
that orientational relaxation occurs too rapidly to contribute significantly to our mea-
surements. Figure 1 shows the transient absorption saturation in GaAs obse-ved using
pump and probe pulses from the CPM oscillator (photon energy - 2 eV). The tem-
poral response has two components, an initial ultrafast transient that occurs on the
timescale of the pulse and a longer, picosecond decay. The femotsecond response may
be attributed to the initial scattering of the carriers out of their optically excited states.
The picosecond response results from cooling of the hot carrier distribution through
electron phonon interactions. For excitation densities in the range 1017 

- 10iS/cm 3 the
initial relaxation time is shorter than our pulse duration of 35 fs. Detailed analysis of
the data is complicated by the fact that carriers are excited from the heavy and light
hole bands high into the conduction band where intervalley scattering to both the X
and L valleys can compete with intraband redistribution. Transitions from the split-off
valence band to lower conduction band energies also occur.
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Since the laser source was not tunable, studies were performed by using AlGai_,As
samples with differing composition. Experimental results for x = 0.2 and X z 0.3 are

shown in Figures 2 and 3. The slow behavior in each trace has been fit by a combination

of a 1 ps decay and a long lived background due to band lilling by the cooled carriers.

The initial relaxation time has increased dramatically to 80 fs and 130 fs respectively.

This is a result of several factors. Since the bandgap increases with Al conc w ration,

initially excited distributions are cooler. Energies of the X and T valleys also increase

and the intervalley scattering processes become less likely. At the sam. time transitions

from the split-off valence band are no longer allowed. For x = 0.1 all processes arc still

allowed and the initial relaxation occur3 on a comparable time scale to that in GaAs.

In order to investigate the evolution of the carrier distributions and energy relax-
ation to the lattice we performed experiments using amplified pulses to produce a

femtosecond continuum probe. Figure 4 shows a set of traces obtained for GaAs. Data

obtained at probe photon energies near the 1.99 eV pump energy show rapid scattering

of the carriers out of their initial states consistent with that in Figure 1. The fast
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transient observed at 1.73 and 1.68 eV is independent evidence of the initial excitation
from the split-off band. There is an onset of absorption saturation throughout the
band within tens of femtoseconds. Since this occurs at least as fast as the decay of the
localized distributions, it suggests that hole scattering may contribute significantly to
the observed absorption saturation data. The picosecond time behavior is consistent
with cooling of the carrier distribution and a return of carriers from the satellite valleys
as described by previous researchers[i 1 . The rising wing at intermediate photon energies
is the result the split-off transition which is sensitive to carriers at the bottom of the
conducton band.

In order to eliminate effects of the split-off band transitions, measurements were
performed with x = 0.2 and 0.3 samples. Results for x = 0.2 are shown in Figure 5.
This sample has a bandgap of 1.67 eV and split-off transitions do not occur for our 1.99
eV pump photons. The excess energy of the carriers is sufficient to permit scattering
to the L valley. For carriers near the top of the distribution X valley scattering is also
permitted. The sharper transient observed for the higher energies is in agreement with
this hypothesis. Rapid onset of absorption saturation is again observed throughout the
band. The increasing absorption saturation on the picosecond timescale in the 2.07
cV trace is the result of the split-off transition which detects carriers at the bottom of
the conduction band. Figure 6 shows results obtained with the x = 0.3 sample where
the split-off band transitions and X valley scattering is not allowed. Initial relaxation
observed near the pump energy is consistent with that in Figure 3; probing near the
bottom of the band (and at 2.14 eV via the split-off band) shows the subsequent
increasing absorption saturation attributable to cooling. The time scale of this process
is more rapid than that observed for the x = 0.2 sample, indicating that the cooling
rate in the x = 0.2 sample may be slowed by the return of carriers from the satellite
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valleys. Thus, if X valley scattering is allowed it appears to be substantially more
cffective in removing carriers from the r valley than L valley scattering.

Finally, to explicitly examine the role of intervalley scattering, we performed addi-
tional measurements with 70 fs pulses from a wavelength-tunable fcmtosecond system.
Using the x = 0.3 sample with wavelengths ranging from 580 to 650 nm (2.14 to 1.91
eV) the excitation could be tuned through both r to X and F to L valley scattering
transitions without the occurrence of transitions from the split-off band. Figure 7 shows
representative results. For photon energies of 2.07 eV or greater the carriers have suffi-
cient energ3o scatter to both X and L valleys. The observed relaxation in this range
was less than 50 fs and was limited by the laser pulse duration. As the excitation
energy is decreased to 2.00 eV scattering to the X satellite valley can no longer occur
and the relaxation time increases to 130 fs. At 1.91, eV, where F to L scattering is no
longer allowed, the initial relaxation rate appears to slow further but detailed fitting is
complicated by increased contributions from band filling.

The time constants measured by absorption saturation do not correspond directly
to irtervalley scattering times since the absorption changes are affected by all processes
which remove carriers from their initial excited states. Nevertheless, our results indi-
cate that F to X scattering is very rapid and that a significant number of carriers
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scatter to the X valleys when carrier energies are sufficient to permit this process.
Scattering to the L valleys produces a weaker contribution to the initial carrier relax-
,)tinn process. This finding is commcnsurate with our continuum probe measurements as
well as with recent measurements utilizing temperature variationMl and luminescence
depolarization[lil.
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Time-Resolved Terahertz Conductivity of Photoinjected
Hot Electrons in Gallium Arsenide
M.C. Nuss

AT&T Bell Laboratories, Crawfords Comer Road,
Room 4C-330, P.O. Box 400, Holmdel, NJ07733, USA

Recently, we have directly measured the transient d.c.-mobility a(t) of hot electrons
injected with 500 meV excess energy into the conduction band of GaAs using
femtosecond electrical pulses synchronized to the optical injection pulse as a probe of the
mobility [1]. These experiments have shown that transfer into the L-valleys is extremely
fast and that 300 fs after the electron injection - 80% of all electrons reside in low
mobility satellite valleys. In this article, we describe experiments that use the broad
spectral bandwidth of the femtosecond electrical pulses to investigate the complete
frequency response as well as the time response of the small-signal conductivity o(co,t) in
the range from 0 to 2 THz as a function of time after injection of hot electrons. The THz
frequency range covers both momentum and energy relaxation rates and deviations from a
Drude-like conductivity give valuable information about nonequilibrium transport
processes of hot electrons [2].

Figure 1 shows the experimental setup. A subpicosecond conical shock wave of
electro-magnetic radiation is generated by optical rectification of a 100-fs optical pulse at
625 nm out of a CPM dye laser in a I-mm electro-optic LiTaO3 -crystal [3]. The shock
wave consists of a single cycle electrical pulse with a far-infrared spectrum extending
from almost 0 to 4 THz and peaking at - I THz. This femtosecond electrical transient
propagates towards a GaAs sample which is optically rontacted to the side of the electro-
optic crystal. The sample consists of an undoped 8800A grown GaAs layer capped with a
83A Alo.3Ga 0 7.As-layer grown by MBE on a semi-insulating substrate. A second optical
pulse probes the incident and reflected waveforms via electro-optic sampling, measuring
the amplitude and phase of the electrical field associated with the far-infrared transient.

Synchronized with the two other pulses, a third pulse injects electrons with an excess
energy of -500 meV into the GaAs conduction band. The wavefront of this optical
excitation pulse is tilted using a transmission echelon to provide synchronization with the
conical wavefront of the electrical pulse sweeping across the semiconductor sample.

I Io ,I II
op ic I

CXC at 0to

LiTaO3

generating beam

probing beam

Fig.l: Experimental arrangement
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Unlike in our previous time-domain experiment [11, the generating pulse is scanned
rather than the electro-optic sampling beam to map out the waveform of the incident and
reflected electrical pulses. This way the temporal delay between the optical excitation and
the probe beam remains constant, so that the electron gas always appears stationary during
the scan of the electrical pulse. This allows us to Fourier-transform the entire waveform
to determine the transient frequency response of the cooling nonequilibrium electron gas
at any time after the injection of the hot electrons.

Solving the boundary condition at the interface between LiTaO 3 and GaAs yields

Er = ro Ei - _.- "Js(1

Y

where E, Ei are the reflected and incident electrical fields, Y is the sum of the
admittances in LiTaO 3 and GaAs and Js is the sheet current in the thin photoexcited layer
at the interface. For the small electrical fields of the far-infrared transient (- 50 V/cm),
Ohms law applies:

T..

Js((O'T'x) f dt' Gs((oTex -t') E(O),t') (2)
0

here, as(o)) is the sheet conductivity and T'ex denotes the delay of the optical excitation
beam. E(t) = Ei(t) + Er(t) is the total electric field acting on the electrons at the interface.
When the temporal variation of the electrical field is slower than the momentum scattering
time, then Eq.2 simplifies to: Js(cO,Tex) = as ((o,Tex) E(cO, Tex?. This relation is usually
satisfied, since the momentum scattering times are between - 10-fs for hot electrons and
150-fs for electrons at the lattice temperature, being much shorter than the time over
which the electrical pulse varies (0.5 - 1 ps). However, Eq.2 imposes a limit on the
temporal resolution with which we can determine the frequency-dependent conductivity
as(co) because each waveform has within a time constant on the order of the momentum
scattering time a memory of the past. For the assumption of instantaneous response we
can then solve Eq.l to obtain the conductivity:

r0 - r(wo)as ((0) Y - .(3)
1 + r(co)

The results for the real part of the sheet conductivity as(m) are shown in Fig.2 for
delay times Te, ranging from 300 fs to 14 ps after the injection of hot electrons with 500
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meV excess energy. At very early times, the sheet conductivity is very low, supporting
our earlier findings in the time domain that the electrons scatter within 300 fs very
efficiently into the low-mobility L-valley. Starting at -2 ps, a rising conductivity at
frequencies slightly above 1 THz is observed. The appearance of this peak in the high-
frequency mobility is similar to the a.c.-velocity-overshoot predicted by Monte-Carlo
simulations for the conductivity of a hot-electron gas heated by an electric field [2]. The
exact frequency dependence is different, however, and can probably be assigned to the
non-thermal electron distributions resulting from optical excitation. In particular, the
transient conductivity at _>1 THz actually exceeds the conductivity of the relaxed electron
distributions for times between 1.5 and 3 ps after the injection of i,,., -', itrons. After 4
ps, the conductivity at lower frequencies starts to increase and eventually oecomes similar(but not identical) to the conductivity of a Drude-gas r; nse2 r/[m*(1 + co2r 2)]with t m - 180 fs and ns - 3xl0t 3cm- as best fit to the data after 14 ps.

An increase in injected carrier density to ns=5× 1014 cm- 2 (not shown in this article)
reduces the transient conductivity peak at >1 THz significantly. We believe that this is
mostly due to the increased scattering with the holes that are injected optically at the same
time as the electrons.

In conclusion, we have been able to measure the transient frequency-domain
conductivity a(w) of electrons injected with a 100 fs optical pulse at 500 meV excess
energy with - 300 fs time resolution as they cool down to the lattice temperature.
Significant deviations from a Drude-like conductivity are observed. We have also shown
that the conductivity at > 1 THz of hot electrons injected optically can exceed the
conductivity of the completely cooled distribution between 1.5 and 3 ps after electron
injection. Increased scattering due to electron-hole scattering at higher excitation densities
diminishes the overshoot effect drastically.

We would like to thank D. H. Auston for many stimulating discussions and
suggestions and T. E. Harvey for his expert assistance with the experiment.
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Femtosecond Transients and Dynamic Stark Effect
in Semiconductors
N. Peyghambarian 1, B. Fluegel 1, S. W. Koch 1, J. Sokoloff 1, M. Lindberg ,
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2 Laboratoire d'Optique Appliqude, Ecole Polytechnique, ENSTA,
F-91120 Palaiseau, France

1. Abstract

The optical Stark effect has been studied experimentally and theoretically in thin CdS pla-
telets with femtosecond laser pulse excitation. For early times before the arrival of the
pump pulse peak, we observe oscillatory behavior in the differential transmission spectra in
the vicinity of the exciton resonance. The oscillations evolve into the dispersive feature
which is characteristic for the optical Stark effect. In order to minimize the generation of
real excitations the experiments are performed using low intensities and large laser-exciton
detunings. In addition to the Stark effect of the exciton states, we also observe the Stark
effect of the continuum states. The experimental results are analyzed theoretically solving
the recently derived generalized semiconductor Bloch equations for femtosecond excitation
conditions.

2. Summary

The optical Stark effect is a well-known phenomenon in atomic systems where an atomic
transition shifts by application of an off-resonance light beam COHEN-TANNOUDJI et
al.[]], GALITSKII et al.[2] and LIAO et al.[3]. The effect persists for the duration of the
optical pulse and has been explained using the "dressed atom" picture.

In semiconductors, one deals with a combination of bound electron-hole-pair (exciton)
resonances and unbound continuum states. The optical Stark effect of excitons in multiple
quantum wells and in Cu2O has been observed recently FROHLICH et al.[4]. MYSY-
ROWICZ et al.[5]. VONLEHMEN et al.[6]. TAI et al.[7] and FROHLICH et al.[8]. Since
the effect occurs on the timescale of the excitation pulse and no real carriers are involved,
the exciton Stark effect has been used to construct optical logic gates with sub-picosecond
response times HULIN et al.[9].

When discussing the pure Stark effect in semiconductors, one has to keep in mind that,
quite generally, there is always a competition between effects caused by real carriers and
the electric field effects (Stark effect). The previous experiments have been conducted with
pump pulses tuned relatively close to the exciton transition and, therefore, the unavoidable
generation of real carriers may have influenced the observed behavior MYSYROWICZ et
al.[5]. Even when the light frequency is detuned from the resonance such that one-photon
carrier generation is very small, two-photon absorption may lead to a finite concentration of
real excitations. These carriers modify the transmission spectra through energy renormaliza-
tions, as well as bleaching and broadening of resonances. In order to minimize these long-
lived effects (real excitations decay on the timescale of the interband recombination time)
and to approach the regime of the true optical Stark effect, we have employed large detun-
ings and weak excitation pulse intensities.

The experimental arrangement is a usual pump-probe technique. The output of a collid-
ing pulse mode-locked dye laser is amplified by a copper vapor laser and the output is
divided into two parts. One part goes through an ethylene glycol jet and produces a broad-
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Fig. I a) The measured oscillatory behavior of DTS for negative time delays. The spectra
are 50 fs apart. b) The calculated DTS for negative time delays. Inset: The linear absorp-
tion spectrum of CdS at 150 K for Ep I1 C

band continuum to be used as a probe pulse. The other part is sent through a delay gener-
ator and is used as a pump pulse with 60 fs duration (FWHM of the autocorrelation trace).
A spectrometer and an optical multichannel analyzer detect the probe transmission as a
function of frequency in the absence and presence of the pump and at various time delays
between the pump and probe pulses.

Figure la shows the measured differential transmission spectra. DTS = (T-T0 )/(To), where
T and To are the probe transmission in the presence and absence of the pump pulse, near B-
exciton in CdS. The linear absorption spectrum of CdS is shown in the inset of this figure.
The sample thickness was a few tenths of a micrometer. In CdS, the valence band is split
into one upper and two lower subbands. These bands are called A. B and C. respectively,
and result in three excitonic levels. We used a probe polarization that was parallel to the
crystal c-axis. The A-exciton is then dipole-forbidden and appears only as a shoulder on
the low-energy side of the B-exciton, while the B and C-excitons appear fully in the absorp-
tion spectrum. The bandedge of the B-exciton is also labeled on the inset. In Fig. la the
spectra which were taken in 50-fs intervals, are shown only for negative time delays when
the peak of the pump pulse precedes the peak of the probe pulse. Spectral transmission
oscillations are clearly observed FLUEGEL et al.[10], JOFFRE et al.[l I]. SOKOLOFF et
al.[12] and KOCH et al.[13]. The oscillation period (the interfringe spacing) grows as the
time delay. tp, approaches zero.

In the neighborhood of zero time delay (tp - 0), the oscillatory features disappear and one
is left with a dispersive-looking transmission change which is generally interpreted as the
optical Stark shift. As is emphasized in the theoretical analysis presented below, in general.
one cannot clearly separate the Stark effect from the transmission changes caused by the
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total material-pulse interaction. Strictly speaking one has a pure "Stark shift" only for situ-
ations when the changes in the excitation pulse occur on timescales which are long in com-
parison with the medium coherence time. This situation is not realized under the present
conditions of : 60 Is pulses and 5 ps exciton coherence time. Therefore, we refer to the
complete scenario of the differential transmission changes for the case of non-resonant exci-
tation as the "optical Stark effect". Figure 2 shows the measured DTS in the vicinity of the
B-exciton and C-exciton. The Stark effect of the B-exciton and continuum states (bandedge
and higher exciton states) of the B-band at T - 150 K is observed around zero time delay, as
evidenced by the dispersive DTS feature in the vicinity of the excitonic peaks and a posi-
tive signal in the bandedge region. The effect of real excitations on the DTS is very small.
This can be tested by comparing the measured spectrum at tp - 0 with the DTS obtained
from an artificial shift of the linear absorption. In Fig. 2. we have plotted, in addition to
the measured DTS, the DTS obtained by artificially shifting the linear absorption. The good
agreement between the two curves in Fig. 2 reveals that one may obtain at low intensities
and for large detunings an almost pure Stark shift. In addition, the continuum states have
also shifted to higher energies.

In order to theoretically analyze the observed transmission changes we use the generalized
semiconductor Bloch equations as derived by LINDBERG and KOCH [14]. The coherent

part of these equations can be written as

at r/h (k) -= E + V q*q 1kPk + cc. (I)

- iAcerr(k) P(k) =i E(t)* + I V(q)P(k+q) [I - fh(k) - fe(k)] (2)

where fe.h(k) is the probability to have an electron/hole with wavenumber k, E(t) is the
applied field, V denotes the Coulomb potential, P(k) is the interband polarization of state k.
,a is the interband dipole matrix element, and Aferr denotes the renormalized single-particle

energy, respectively. The term YV(q)P(k+q)][ fh(k) + fe(k)] in Eq. (2) is responsible for
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the so-called phase-space-filling nonlinearities. For the conditions in the discussed experi-
ments, we assume that this term, and consequently also the exchange contribution to the
bandgap renormalization are small and can be neglected. To evaluate Eqs. (1) and (2) under
these conditions, it is advantageous to transform these equations to real space. We can then
use the transformation AX = f dx 0,(x) A(x)/O,(0) where A(x) stands for either fe/h(X) or P(x)
and ViX(x) is the solution of the Wannier equation for the relative motion of the electron-hole
pair. The index X runs over the bound states (exciton states) as well as over the electron-
hole continuum. We have shown in Ref. 14 that the transformed quantities PX and fe/h.,
obey coupled equations which have the same form as the optical Bloch equations for two-
level systems. These equations can be solved for a given input field E(t) and the total mat-
erial polarization is then obtained as Pt.t = ,t 2, I OX(0) I P, + c.c. Knowing Ptot we

compute the field transmitted through the sample and, hence, the differential transmission
spectra using Maxwell's equations.

Using only a single exciton resonance, we obtain the spectra shown in Figure lb for neg-
ative time delays. Comparison with Fig. la reveals the good agreement between theory and
experiment. We see clearly that the transmission oscillations for negative time delays
evolve into the dispersive-looking feature characteristic for the optical Stark shift. However.
it is worthwhile to point out that a close inspection of the computed spectra shows that the
amplitude of the transmission changes reaches its maximum value at negative time delays
(around -50 fs for a 60 fs pulse). In Fig. 3 we show computed DTS for different time
delays where we include not only the exciton resonances, but also the electron-hole contin-
uum states. Around zero time-delay we obtain a differential transmission spectrum which
closely resembles the experimental results shown in Fig. 2.

In summary, we have presented an experimental and theoretical analysis of the optical
Stark effect of exciton and continuum states in semiconductors for different delay times
between pump and probe pulses. In the experiments we have minimized the effects of real
carriers by choosing a large detuning and low intensity of the excitation pulse. The dis-
cussed theory includes the dynamic variations of the applied field and is in this respect an
extension of the results obtained under adiabatic elimination of the polarization dynamics
SCHMITT-RINK and CHEMLA [17], SCHMITT-RINK et al.[18], COMBESCOT and COM-
BESCOT [19]. ZIMMERMAN [201 and ELL et al.[21]. It can be shown that the importance
of the dynamic coherent DTS modifications decreases for increasing temporal pulse widths.
Accordingly, our theory justifies the adiabatic elimination of the polarization dynamics in
this limit. For sufficiently long and strong pulses, where phase space filling and gap renor-
malization become important, the results of SCHMITT-RINK et al.[18], ZIMMERMAN [20]
and ELL et al.[21] are an improvement of our results which neglect these effects.

a.o ots
0 0f

E
Un -50 fs

Fig. 3 Differential transmission spectra calcu-
.-100lated for B-exciton in CdS at different time

delays. Excitation pulse 60 fs . time delays
•- (from bottom to top) -150 fs . -100 fs , -50

fs , 0 fs . The x-axis shows the detuning
-150 fs from the B-exciton bandedge (0) in units of

)meV. The y-axis is in arbitrary units, the
o =curves are shifted with respect to another, but

I t all curves in one plot are scaled the same way.-110 -80 -50 -20 10 The exciton linewidth (HWHM) is taken as 5
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Laser sources have now been pushed into the femtosecond domain raising
therefore the problem of the temporal limits of time resolved absorption
spectroscopy. In the case of absorption a spectrally broadband pulse
probes the sample transmission before, during and after excitation by a
pump pulse. A spectrometer and a slow detector placed after the sample
measures the transmitted spectrum. In this case it is known that the
temporal resolution It of the experiment may not be related to the spectral
resolution Jv as determined by the spectrometer. Therefore Jt can be much
shorter than I/Jv. This looks very intriguing since it seems to get round
the Heisenberg uncertainty relation. This problem is only worth mentioning
when the spectrometer has something to resolve, i.e. in case of narrow
enough absorption lines, that is in a medium with long coherence time T2 .
In fact the uncertainty principle becomes important when T2 gets longer
than the light pulse duration, in which case new methods have to be
,levised for getting the true dynamics of the phenomena under
Svestigation.

Figure 1 represents the spectral response of a gallium arsenide bulk
s.unple excited by a pump pulse tuned far above the band gap. The basic
pfiysics here is the following: carriers created by the pump pulse screen
t.he Coulomb interaction between electrons and holes forbidding the
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Fig. 1: Differential absorption spectra around an exciton line in bulk
GaAs at 15K for different time delays with respect to a 6 70nm excitation
pulse of 100fs duration. The probe pulse is 60fs long. Curves are 40fs
apart.
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creation of excitons and therefore making the excitonic resonance
disappear. Two main striking features are readily apparent: a signal
appears long before the zero (negative delays r mean probe pulse arriving
before the pump pulse) and manifests itself as strong spectral
oscillations. This suggests that the interpretation of these c a as time
dependent absorption could be erroneous.

These paradoxal features result from a polarizatior decay time T2 of the
medium longer than both the time resolution At and the characteristic
evolution time of the medium, here the ultrafast screening of Coulomb
interaction[l]. The polarization of the medium after excitation by the
ultrashort probe pulse reads

P(t)= PW(t)( I-C(t+)) (f)

where P"(1) is the linear polarization, in absence of the pump. G(t)
describes the disappearance of the exciton resonance and varies abruptly
from 0 to 1 around t=O. It is clear on (1) that the polarization induced
by the probe pulse is affected by the pump pulse, even though there is no
temporal overlap between the two pulses, explaining why there is a signal
for negative time delays. The spectra observed in fig. I can be reproduced
through a Fourier transformation of the differential polarization as
deduced from (1).

Oscillatory features also appear in spectra corresponding to the
exciton optical Stark shift[2,31. This is included in the expression of
the polarization:

P(t) = PI)()eP(-f 
(t '+

)1
h

(2)

where JE is the exciton shift induced by the pump, theoretically known to
follow the pump temporal profile. Fig. 2a represents both the amplitude of

D(-r a)

A LExperiment
-Theory t

Fig 2: a) Dynamics of the optical Stark
effect signal, called here D(r) and

-1.0 -0.5 0 defined as shown in the inset. The
triangles are experimental while the

b) full line is a theoretical fit. We have

used a gaussian 300fs FWHM for the pump
and a gaussian 530fs HWHM for the

*Experir ent polarization decay associated to the
-Theory exciton line. Note the maximum signal

occurs slightly before the zero time
0 delay

* b) The squares represent the experimen-
- .tal recovered dynamics, called S(z) and

-1.0 -0.5 0 obtained as explained in the text. The
pump pulse is represented by the fullTime delay - ips] line
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the experimental d-fferential signal and a theoretical fit based on (2).
The signal appears also in this case long before the zero time delay.
However the optical Stark shift being instantaneous the signal goes very
fast back to zero for positive time delays, producing this very striking
"reversed" dynamics.

From the two examples above it follows that monitoring a selected

wavelength as a function of time delay r does not yield the real dynamics
of the medium. A method to ge the true response is therefore needed.

As the problem comes from the wish of simultaneous temporal and

spectral accuracy, it disappears when one gets rid of the spectral
resolution. This can be done by integrating the differential spectra, so
that the oscillations occuring for negative time delays average to zero.
For the same purpose one can also open the slit of the spectrometer until

the resolution is of the order of I 1it, verifying therefore the
uncertainty relation. This is the correct method to obtain the bleaching
kinetics but cannot be used for the exciton shift since in this case the

integrated spectrum is always zero.

The real optical Stark shift dynamics can be recovered by integrating

the product of the differential spectra and of the detuning to the line
center, as will be shown in a forthcoming publication[4]. Such an

operation has been performed on experimental results and is plotted in
fig. 2b. It shows that the eecovered kinetics is indeed very close to the
pump intensity temporal profile.

In summary we have studied phenomena faster than the coherence decay

time of the investigated medium. We show that the observed variations of
the absorption spectrum are slower than the actual physical effect but we
give methods to recover the true dynamics.
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1. Introduction

Picosecond-laser-driven shock waves offer a new technique to investigate
material properties under very high pressure and pressure gradient with high
time resolution, spatial locality and high repetition rate using a table top
laser facility. Recently progress has been made by our group in the
characterization of picosecond-laser-driven shock waves,Ll j shock wave
effects in water,[2] and semiconductors: GaSe,[3,4,5] CdSe,[6] and GaAs.[7j
In this paper, we will present the main results of our investigations.

2. Experimental Technique

The experimental geometry is shown in Fig. 1. A pump-and-probe technique was
used to observe shock effects on the photoluminescence (PL) from
semiconductors.4 j The intense picosecond laser pulses of the pump beam
were focused onto an Al foil. High pressure shock waves were generated by

rapid localized heating and sudden plasma expansion in the Al foil against
the glass cover.[8] The probe pulse was delayed by 35 - 50 ns relative to
arrival of the pump pulse at the Al foil. Samples were polished down to 40
Lim in thickness. The aluminum foil had a thickness of 20 pm. The pump beam
was focused to a 450 wm diameter spot on the Al foil. The probe beam was

focused to a 350 pm diameter spot on the sample. Since the pump beam
damaged the Al foil, - lifferent spot on the Al foil was employed after
each shock. The P', aas dispersed by a l/4 m Jarrell-Ash spectrometer,
detected by a silicon-intensified-target coupled to an optical multichannel
analyzer OMA ill, and stored in a PDPl1/23+ computer. All spectra were
recorded by single shots of the laser.
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3. Results and Discussion

3.1 GaSe

Figure 2 shows shocked and unshocked PL spectra from GaSe for a probe
intensity of 6.8x10

7 
W/cm

2 
at T = 300 K. A sharp stimulated emission line

superimposes on the low energy tail of the broad spontaneous emission line.
Both lines come from the exciton-exciton scattering process,[91 which can be
expressed as (El s  

Els) - (hv, e-h). Under shock loading with a pump pulse
energy 35 mJ and del y time 39 ns, the spontaneous line shifts to red and
broadens. The red-shift of 24 nm (73 mev) displayed in Fig. 2 deduces a
shock pressure of - 15 kbar, which agrees with our independent measurement
using an x-cut quartz transducer. The observed line broadening was found to
be proportional to the shock pressure (see Fig. 3) and attributed to the
shock-wave-induced exciton collisions.[5] The larger red-shift of 36 nm and
intensity decrease of the stimulated emission line under shock were well
explained by the shock-wave-induced band gap shrinkage through the gain
reduction mechanism based on exciton-exciton scattering process.[43

GaSe

0T=300 K
o 0 I0o0

.0.3Soc-nuedln i.* .Teprlpoieo

0

10

broadening shock pressure

The time evolution of the shock pressure could be sketched out by
measuring the red-shifts of the spontaneous emission line from GaSe at
different delay times between the probe and pump beams. The results for a
GaSe sample of 20 jim in thickness are shown in Fig. 4. The apparent pressure
rise time displayed in Fig. 4 is 3 nsec which should be the upper limit of
the real one because of the limited time resolution and unevenness of the
Al-foil and sample thickness. The measured shock duration in GaSe is about
80 nsec.[3]

3.2 CdSe

Figure 5 shows shocked and unshocked PL from CdSe due to p7c electron-frv

hole recombination for a probe intensity of 1.2xb)7 
W/cm

2 at T = 60 K. The
shocked spectrum with a pump pulse energy 25 mJ and delay 35 ns shows a
blue shift which deduces a shock pressure of 11 kbar. The carrier
temperature Te was obtained by fitting the high-energy tail of the data to

1(E) = C (E-Eg)l/2 exp[-(E-Eg)/kBTe].

The fit results are shown by the solid lines in Fig. 5. Significant carrier
heating (126K a 162K) by the shock compression via the lattice was observed

for the first time.[6]
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3.3 GaAs

Figure 6 shows shocked and unshocked PL from GaAs due to F6c electron-r8v
hole recombination for a probe intensity of 1.6x10 7 W/cm 2 at T = 80 K. The
shocked spectrum with a pump pulse energy 25 mJ and delay 46 ns shows a
blue shift due to the hydrostatic component of the pressure. It also splits
into two components corresponding to the light hole transition E0(1) and
heavy hole transition E0(2) due to the reduced symmetry by the uniaxial
nature of the shock pressure.f7] Since the energy gap Ec-Ev2 (heavy hole)
expands linearly with the increasing pressure, the blue shift of the heavy
hole line was chosen to calibrate the shock pressure which was - 10 kbar in
GaAs.
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Hole Burning in the Free Exciton Line in GaSe

F. Minami, A. Hasegawa, K. Azuma, and K. Inoue

Research Institute of Applied Electricity, Hokkaido University,
Sapporo 060, Japan

Exciton localization in semiconductors containing disorder has recently
attracted much interest. Excitons localized by alloy fluctuations have been
studied in various mixed compounds. Exciton confinement effects by stacking
disorder are also predicted in layered materials such as GaSe, and the fine
structure of exciton ground state, observed both in absorption and
reflectivity, is interpreted in terms of anisotropic localization by the
stacking disorder []. However, there has been no direct experimental
evidence for the exciton localization by layer stacking disorder. In the
present study, we performed "hole burning" experiments within the exciton
line and confirmed the existence of the localized exciton states in layered
compound GaSe.

The experiments were performed on platelets (-20 un) of E -CaSe, cleaved
from good quality single crystals perpendicular to the c axis. The
excitation source was a synchronously mode-locked dye (rhodamine 6G) laser,
whose pulse and spectral widths were '-4 ps and %1 meV. The output laser
energy was about 10- Mu Jan- /pulse. We made two different types of hole
burning experiments: pulse propagation delay and pump-probe experiments
[2]. Stress was laid on the propagation delay measurements. The propagation
delay of the pulse through the sample was measured by cross-correlation
technique. Delays in the linear regime were removed by monitoring the
position of the "coherent spike". For pump-probe experiment, we used a
one-laser system in which the pump and the probe pulses have the same
frequency and only the absorption change at the peak of the hole is
monitored. All measurements were made at 120 K.

Figure 1 shows the measured absorption spectrum a (E) of the n=1 free
exciton in GaSe. The optical polarization was perpendicular to crystal c
axis. The exciton absorption is centered at 2.086 eV and has a linewidth
of %10 meV. Since polariton effects are not important for the present
optical polarization, the exciton line is considered to be broadened
inhcmogeneously as a result of stacking disorder. The propagation delay of
the pulse at the exciton resonance is also plotted in Fig. 1 as a function
of photon energy. At energies higher than the peak of the exciton line,
the propagation delay is too small to be observed. The delay increases
quickly around E=2.083 eV and decreases gradually at lower energies. The
maximum delay occurs %3 meV below the exciton absorption peak. When we
decrease the pulse energy, the position of the maximum delay shifts to
lower energy and the delay increases at low-energy side. Further, larger
delays are observed for light pulses with longer durations. This behavior
can be explained by hole burning by the pulse in the inhomogeneously
broadened exciton line. Since the change in absorption coefficient
A<10 3c - I and the hcmoeneous width fh>1 meV in GaSe [3), the observed
delay cannot be interpreted in terms of the model proposed by Hegarty [4],
where the delay is proportional to the ratio Fh/Ac. We here consider the

Springer Series in Chernjcal Physics, Vol.48: Ultrafast Phenomena VI 229
Editors: T. Yajma- K. Yoshihara • C.B. Harris. S. Shionoya
(D Springer-Verlag Berlin Heidelberg 1988



PHOTON ENERGY (eV)
2,09 2.07

_I 3

UU
0 K ' 2

< 0

o "-

GaSe120K

E

t0.5 -

0 1
590 595 600

WAVE LENGTH (nm)
Fig. 1 Absorption coefficient a(lower trace) of the n=1 free exciton line
at 120 X. Upper traces represent the pulse propagation delays for two
different laser energies:tO-5 (dashed line) and 5xio

- 6 (solid line) JcrA- 2 /pulse.
Dot-dash curve represents the change in transmission AT/T for 5 ps dela,.

propagation delay caused by pulse distortion effects due to incoherent
bleaching [5]. The p 'se propagation in this picture is envisaged as
follows. The early part of the pulse burns a hole and is strongly
attenuated, while the remainder of the pulse passes without loss throug-
the sample. This leads to the propagation delay of the pulse.

To confirm the above picture, we compared the experi-mental data wit-
predictions of the theory of saturable absorber transmission [5]. In the
dynamical transmission model described in Ref. 5, the temporal variation of
transmittance T is written as

d(lnT)/dt=21(t)(1-T)/Es- (lnT-InT0 )/T, (1

where I(t) is the input pulse function, E is the saturation energy for
the absorber, T0 is the low-power transmittance, and i is the recover-,-
time of the hole. If we assume that the hole recovery process is negligible

on the time scale of the incident pulse, Eq. (1) can be solved analytically
and T is obtained as

T_-1= +(1-T0 )T0 -
1exp [-V Iptp(1+erf(t/tp))/E s . (2)

Here we assume that the input pulse shape is gaussian:
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Fig. 2 Experimental (circles) and

theoretical (solid line) laser power
1 dependences of the propagation delay

at the energy position of the maximum
delay. The maximum laser energy Ipotp
is 10 - Jam /puise. R p
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I(t)=Itexp(t-t 2/s2), (3

where I is the peak incident intensity and tp is the pulse duration. Since
the tansmitted intensity is T(t)l(t), the delay of the peak
transmittance with respect to the input pulse, At, is given, for t<tp, as

1 t=6tp/(1+T (1-T ) -Iexp(/ 8) , (4)

where =I t /E It is found from Eq. (4) that the maximum delay occurs
around I and the delay decreases for larger and smaller values of " .
Since E so, the observed energy dependence of the delay is explained well
by Eq. (). The delays are slightly overestimated in the model. We consider
that this overestimation arises from neglect of the "spectral diffusion"
effect [6,7], i.e., the second term in the right-hand side of Eq. (1). The
intensity dependence is another check of the validity of the model. A
7'-parison of the experimental and theoretical I dependences is made in
Fig. 2. The agreement between theory and experiment is quite satisfactory
in view of the experimental accuracy. It is thus concluded that the exciton
confinement occurs in the low energy tail of the inhcmogeneously broadened
line, and the propagation delay of the light pulse is explained by pulse-
reshaping effects due to bleaching of the exciton resonance.

The result of one laser pump-probe experiment is presented in Fig. 1.
The change in transmission AT for 5 ps delay is plotted as a function of
photon energy. It can be seen that excitation on low-energ%, side of the
line burns a hole. This can be also used to support the ideas of
localization of excitons by stacking disorder. The high energy extremity of
the region where hole burning occurs (i.e., AT>O), corresponds well to the
peak of propagation delay data. This is other evidence for the fact that
the propagation delay of the pulse is produced by hole burning. The
difference between the peak position of beth data is interpreted as
follows. In propagation delay experiment, large delay is produced, when
saturation occurs at the trailing part of the pulse. On the other hand, in
pump-probe experiment, the saturation at the leading part of the pump pulse
leads to large change in AT/T. This is the reason that the peak of pump-
probe data is situated at lower energy. The contribution of spectral
diffusion would also be important in accounting for this diffcrence.
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In conclusion, we have presented the results of two different hole
burning experiments in the n=1 free exciton line in GaSe. Both results

support arguments for partial exciton localization by stacking disorder.
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High Density Femtosecond Excitation of
Hot Carrier Distributions in InP and InGaAs

W. Kiitt, K. Seibert, and H. Kurz

Institute of Semiconductor Electronics,
Technical University Aachen, Sommerfeldstrale,
D-5 100 Aachen, Fed. Rep. of Germany

Time resolved transmission and reflectivity measurements with fs-pulses have

been performed to investigate the dominant electronic relaxation channels of highly

excited InP and InGaAs on a subpicosecond time scale. While in transmission experi-

ments only the scattering out from optically coupled states can be studied/1,2/.

reflectivity transients are also sensitive to the temporary occupation of the satellite

valleys /3/.

In this short contribution we would like to point out some specific differences

between InP and InGaAs during and after excitation with amplified 50fs-pulses at

2 eV. The change of bulk reflectivity and of transmission through thin films are probed

at the same wavelength with pulses as short as 50 fs The probe beam is strongly

attenuated and focussed to a third of the pump spot diameter to ensure sufficient

spatial resolution Combining boxcar and lock-in techniques optical changes could be

detected with a sensitivity of 10
- 4 Thin InP and InGaAs films grown by MOCVD are

glued on a sapphire substrate The substrate is removed by appropriate etching For

comparison InP bulk samples and thick lnGaAs-epilayers are used in reflectivity

measurements

In Fig. 1 the transmission changes induced during the first picosecond after the

excitation are shown for both samples and orthogonal polarization of pump and probe

beams. At an excitation fluence of 80 VJ/cm2 generating 8 x10 ie carriers /cm
3 InP

80 + ,--Ol.j/cmn
2

AT/1o / r- InP (d
= 4

50nm)

4.0
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Fig1 Transient transmission of thin InP- and GalnAs-films at F=80V.J/cm
2
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shows much more instantaneous bleaching due to absorption saturation than InGaAs

The maxima of transmission are split in time, indicating different relaxation rates

After an ultrafast initial drop which follows closely the trailing edge of the excitation
pulse the transmission of InGaAs merges into a monoexponential decay with a time
constant of Ips. characteristic for the cooling of hot thermalized carrier distributions

This initial fast drop cannot be observed in InP. The major portion of the trans-

mission change can be described by a monoexponential decay with a time constant
of t=0.34ps. These results lead to the conclusion that in InGaAs the absorption sa-

turation is primarily limited by intervalley scattering of electrons with scattering times
comparable to the laser pulseduration (60 fs). In InP, however, this ultrafast relaxa-
tion channel is blocked leaving the depopulation of optically coupled states to inter-
carrier collisions and intraband phonon interactions.

This suggestion is supported by transmission data of InP which we have performed

with different probe energies up to 2.5 eV at an excitation energy of 2 eV. These
data show a rapid onset of absorption saturation. The broad spreading of the distribu-
tion already during the pulse excitation demonstrates that ultrafast intercarrier
scattering has to be taken into account in studies of various relaxation channels.
The striking differences between InP and InGaAs are related to the probability of
ultrafast intervalley scattering. Due to the high electron excess energy in InGaAs

(112 eV) the transfer to the L- and X-valley dominates all other scattering events
The excess energy in InP (0.55 eV) is not sufficient to open the channel into the
L-valley located 0 61 eV above the F-conduction band minimum

Conclusive information on occupation of satellite valleys via intervalley scattering
in lnGaAs is provided by time resolved reflectivity measurements As shown previously
negative reflectivity changes indicate occupation of higher conduction band states /3/

As long as electrons relax within the central valley, only positive changes of the
reflectivity are expected. As soon as a significant portion enter the satellite valleys

the reflectivity is reduced due to the dominance of negative plasma contributions

In Fig 2 the relative changes of reflectivity are plotted for the same absorbed
fluence of 45 J/cm3 . While the reflectivity of InP rises continuously during the ex-

citation pulse and approach a maximum after 3 picoseconds, the reflectivity of
lnGaAs drops during the pulse, passes through a minimum, recovers to the unper-
tubated value within a picosecond and continues to rise to a positive maximum
after 5-10 ps, depending on the density of carriers created.

The negative reflectivity drop in InGaAs proves conclusively the ultrafast accumula-
tion of carriers in the satellite valleys. The reflectivity minimum corresponds to a mo-
ment at which the internal thermalization is completed and the carrier density at the
surface reaches a maximum. The recovery of the reflectivity and the following turn to
positive values is consistent with the cooling of hot carrier distributions refilling the
r-valley. The cooling of thermalized carrier distribution is found to slow down stgnifi-
cantly in both compounds when the carrier density is raised from a 1018 cm - 3 level
to the maximum carrier densities around 1020 cm - 3 The decrease at long time de-

lays is governed by diffusion rather than by Auger recombination processes
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Fig.2: Reflectivity changes for InP and InGaAs for Fxcx = 45J/cm
3

In summary we have presented several specific differences in the relaxaton

behavior of InP and InGaAs. Intervalley scattering is shown to be the dominant initial

relaxation process in InGaAs while in InP the intercarrier scattering competes with

the polar optical phonon emission. Reflectivity measurements provide the final evidence

for intervalley scattering in InGaAs

This work was entirely supported by the "Deutsche Forschungsgemeinschaft"

We would like to thank G Bosch and U Lemmer for model calculations of carrier

relaxation processes
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Single-Shot Reflectivity Study of the Picosecond Melting
of Silicon Using a Streak Camera

Juen-Kai Wang, P. Saeta, M. Buijs, M. Malvezzi 1, and E. Mazur

Division of Applied Sciences and Department of Physics,
Harvard University, Cambridge, MA02138, USA

1. Introduction

Numerous investigations on the phase transition of silicon during picosecond laser
annealing have been performed in recent years. It has been well established that the silicon
surface melts during a picosecond laser pulse. 2 Because liquid silicon is a metal, the reflectivity
increases on melting. This has indeed been observed using optical pump-and-probe
techniques. 2-4 Standard picosecond pump-and-probe measurements, however, have some
serious inherent drawbacks. First, they cannot resolve reflectivity changes that occur on a time
scale of a few picoseconds, because they integrate over the duration of the probe pulse
(typically 20 ps or more). Second, they determine the time profile of the reflectivity for every
pump fluence in a step-wise manner by varying the delay between the pump and the probe
pulse. This introduces a large amount of scatter in the data points, due to shot-to-shot
variations in the pump fluence, and requires a large amount of data to be taken for every time
profile of the reflectivity. Also, they provide no spatial information on the melting process.

To obtain spatial resolution, a better time resolution, and to measure the time profile of
the reflectivity on a single-shot basis, we use a streak camera with a time resolution of 1.8 ps
for the detection of the probe pulse.

2. Experimental setup

The frequency-doubled output (30 ps, 532 nm) of a mode-locked Nd:YAG laser is split
into a probe and a pump pulse. The duration of the probe pulse is stretched by splitting it in
four, delaying the four resulting pulses with respect to each other, and recombining them
spatially to form a longer probe pulse of 120 ps duration. The probe pulse then images an area
around the 100-ltm wide melting area onto the entrance slit of a streak camera (Hamamatsu
Photonics C 1587).

The entrance slit of the camera is split into two parts. The larger part is used to image
the probe pulse, the smaller part to image a fraction of the pump pulse. The latter acts as the
timing reference.

To enhance the sensitivity of our measurements, the probe pulse is p-polarized and the
probe angle of incidence is chosen to be 650, close to Brewster's angle. At this angle the
reflectivity of solid silicon is small (about 10%), leading to an increase in reflectivity on melting
of a factor of 8.
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Fig. 1. Streak camera images of laser melting of silicon. Laser fluence is 470 mJ/cm2 . The
white lines in (a) indicate the region used for analysis of the reflectivity.
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3. Results and Discussion

The streak images of two measurements are sh iwn in Figs. I a and l b. The time axis is
displayed vertically, with time increasing from top to bottom. The full height of the image
corresponds to 190 ps. The horizontal axis reflects the spatial profile. The pulse shown on the
left side, with a width of about 30 ps, is the pump pulse. The stretched probe pulse covers
most of the image. The bright part is where the silicon surface is melting. Spatially it reflects
the Gaussian intensity profile of the pump pulse. The time profile allows one to study the
melting dynamics.

Both measurements were performed at the same laser fluence. In the case shown in
Fig. lb, some surface irregularity leads to the formation of a plasma on the surface in the
region where the absorbed energy is highest. The plasma scatters the incoming probe light,
leading to the dark area in the center of the melting region. This clearly emphasizes the need for
spatial resolution. An integrating detector would give rise to erroneous conclusions about the
reflectivity.

5

Fig. 2 shows the reflectivity profile at the center of the melting region, between the two
white lines, in Fig. Ia. The reflectivity reaches the value for liquid silicon within the 30-ps
duration of the pump pulse. The high time resolution of the streak camera enables us to
confirm that the reflectivity follows the trend predicted by numerical simulations of heating
above the melting temperature in silicon. 3 According to a Drude model one expects a decrease
in reflectivity of molten silicon when it is heated above the melting temperature. The laser
fluence in Figs. la and lb is 470 mJ/cm 2 which is more than twice as large as the melting
threshold for silicon (200 mJ/cm 2). A numerical solution of the one-dimensional heat equation
shows that at this fluence the temperature of the liquid silicon exceeds the melting temperature
by more than 1000 K.

Measurements with longer and more uniform probe pulses are currently in progress.

I I I I I I I

8si
8 -- Rellectivity

R

-'-Pump pulse

0 t 30 60 90 PS 120

Fig 2. Reflectivity of silicon during melting with a picosecond laser pulse. R) is the
reflectivity of solid silicon. The lower trace shows the intensity of the pump pulse.
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Subpicosecond Transient Grating Experiments

in Amorphous Semiconductors

G. Noll, E. Gobel, and U. Siegner

Fachbereich Physik, Phifipps-Universitiit Marburg, Renthof 5,
D-3550 Marburg, Fed. Rep. of Germany

The study of the initial carrier relaxation in disordered and amorphous semiconductors
has gained increasing interest within the last years /1/. In particular, the relaxation of
carriers from extended into localized electronic states across the so-called "iobility
edge" has attracted considerable attention. So far these experiments haw been
performed by excite and probe techniques which examine the photoinduced changes of
the absorption. We report the first subpicosecond transient grating experiments. which
according to our interpretation, provide a very convenient means to study extended 'cte
relaxation and localization in anorphous materials. Furthermore, we have pcrforiled
nondegenerate transient grating experiments with a compressed Nd:YAG pus, f -
1.06 gin) for probing the photoinduced grating in order to eliminate the contribw~on of
interband absorption.

The degenerate transient grating experiments are performed with a hvbridlv mode
locked and cavity dumped linear dye laser system synchronously pumped byv a frequency
doubled (KTP) mode locked Nd:YAG laser. Rh6G was used as the gain medium and
DODCI as the saturable absorber. Two Gires-Tournois interferometer ((;TI) plates are
employed for adjustable grout velocity dispersion. A cavity dumper is used as the output
coupler to reduce the repetition rate and enhance the peak power of the output pulses.
The autocorrelation trace of the output pulses at 620 nm at a repetition rate of 1.5 MHz
amounted typically to about 360 fs (FWHM). Pulse energy typically is about 5 nrO under
these conditions. Pulses with a wavelength of 585 nm with similar characteristics could
be produced as well by changing the GTI assembly conditions. The nondegepnrate
transient grating experiments are performed with visible pulses from a standard
synchronously pumped and cavity dumped dye laser and synchronized 1.06 lim Nd:YA(;
pulses compressed in a 1 km single mode fiber and two 1700 /min gratings used in a
double pass configuration. Compressed pulses with a FWHM of the autocorrelation trace
of 1.9 ps at a repetition rate of 76 MHz are obtained. The time resolution of the
nondegenerate transient grating experiments is determined by a crosscorrelation of the
1.06 im pulses with the visible dye laser pulses to 7 ps,. which proves the good
synchronization of the cavity dumped dye laser and the compressed NdYAG piulsr

Hfydrogenated amorphous silicon (a-Si:HI) films with 0.25 pin to I /in tim Rm :,
deposited by glow discharge on quartz glass substrates. lt transict era:
experinmients are performed at roon temperatuTre. Two parallel polarized pu i e,,I P ,1 tie
focussed on th, sample without time delay to generate the light indim,,d rantcui!
grating. The fist order diffracted light intensity of either an ort hogoitally poiacl. (-(
weaker part of the dye laser output (degenerate transient gratingi or the Ciiul)pe ,'Sd 11
pulses (nondegenerate) was measured as a function of delay tine with respect to ih.
pump pulses.

Fhe time behavior of the transient grating signal ill a degciterate exp ilnite perforile'
with subpicosecond time resolution is shown in 1ig. 1. The laser phlot ot energy is n i treem
than the optical gap E04. Two time regimes ca be clearly identified: [lhe initial last
compotent disappears within a few picoseconds whcreas a slow colnpocit decays wilhi
several nanoseconds for a-Si:H films with low defect densities.
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a-Si.H E04 =1.9eV
Eex 2. 00e

0 20 40
Time [psi

Fig. I Degenerate transient grating signal versus probe pulse delay time at 300K
(E 0 4 ) = E(a = 10 4 cmi)

The diffraction of the probe beam in the transient grating experiments can be caused by
an absorption and/or refractive index grating induced by the photoexcited population
grating. "1he initial fast component has to be attributed to a change of absorption and/or
refractive index during relaxation of the photoexcited carriers, because diffusion and
recombination can be neglected on this time scale in a-Si:H. We conclude that the
diffraction is dominated by a refraction index grating, since the photoinduced absorption
at the same photon energy (Eprobe > E04) does not exhibit a fast componelt /2,3/. In
fact, a fast component in the photoinduced absorption has only been observed for lower
energies (Eirobe < E 04) due to bleaching of the interband transitions by relaxation of the
photoexcited carriers into tail states /1,3/. In order to eliminate the possible effect of
bleaching of the interband transitions in the transient grating signal we have performed
the nondegenerate experiments, because interband absorption at 1.06 jim (1.16 e) is
very weak in a-Si:H. The experimental result of a nondegenerate transient grating
experiment is shown in Fig. 2.

U) a-Sj.H E04=1.9eV
Ee.xc=2.05eV

EP, =416eV

-20 0 20 40 60
Tim e [p s]

Fig. '2 Nondegenerate transient grating signal versus Mt probe pulse dekay at 3001
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We observe again a fast component similar to the degenerate experiment. Thus this fast
component cannot be attributed to bleaching of interband transitions, which confirms
our interpretation that the fast component in the transient grating signal is due to
refractive index changes caused by the inital relaxation of photoexcited carriers across
the mobility edge. The constant background of the signal in the nondegenerate
experiment is due to the high repetition rate of the IR probe pulse compared to the
repetition rate in the degenerate case. The efficiency of the photoinduced diffraction
grating obviously does not decay within 13 ns - apart from the fast changes - indicating
that relaxation within the localized states does not change the diffraction efficiency
opposite to relaxation between extended and localized states. A time constant for this
initial relaxation of about 4 ps can be deduced from the data of Fig. 1 for a-Si:H.

In conclusion, we have demonstrated that subpicosecond transient grating experiments
are a powerful tool to investigate the very fast carrier relaxation processes in amorphous
and disordered semiconductors. By comparing the results of degenerate and
nondegenerate experiments we have been able to show that the relaxation of carriers
from extended into localized states causes a change of the refractive index. The time
constant for this relaxation process is about 4 ps for a-Si:H.
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Femtosecond Dynamics of Optical Nonlinearities
in Wide-Gap 1I-VI Semiconductors

J. Puls 1, W. Rudolf 2 , F. Henneberger 1, D. Lap2 , V. Petrov2 , U. Stamm 2.
and B. Wilhelmi 2

1Humboldt-Universitat, Sektion Physik, Bereich Halbleiteroptik,
Invalidenstr. 110, DDR-1040 Berlin, G.D.R.

2 Sektion Physik der Friedrich-Schil ler-Universitat,
Max-Wien-Platz 1, DDR-6900 Jena, G.D.R.

Previous studies (I] have shown that I-VI semiconducting compounds exhibit very
strong optical nonlinearities in the vicinity of the fundamental absorption edge at
room temperature. They are related to specific many-body effects (sreening. gap-
shrinkage, bandfllilng) in the carrier system excited and make these materials
good candidates for various applications in the visible spectral range. In this paper
we report on measurements of the femtosecond dynamics of these nonlinearities

Using the amplified output of a CPM laser (2] at 618 nm with a pulse duration
of 110 fs.we have studied three different situations in an excite-and- probe
geometry:

i) above-gap excitation of pure CdSe,

(i) below-gap, exciton resonant excitation of CdSxSel-.and, for comparison,

(Nii) excitation of a commercial filter made from CdSxSel x microcrystallites
embedded in glass.

In accord with earlier experiments on the ns- and ps-time scale (1] we have
observed in all three situations a pronounced increase of the probe transmission ,
however, with a different time behaviour . For the filter (Fig. la) the transmission
rise follows the pump and no recovery is seen within 1 ps. The excitation is here
only slightly above the absorption-edge and the nonlinearity is caused by the filling
and associated blocking of the low-energy states in the micro-crystallites. Thus,
the recovery is controlled by the carrier recombination of some ten ps (3].

For exciton-resonant excitation (Fig. 1b) of bulk CdSSe we find a distinct
coherence peak, followed by a plateau and subsequent recovery with a time
constant of about 250 fs. To separate coherent interaction and that originating
from real carriers we have studied the first-order diffraction from the transient
grating produced by pump and probe together .A slight asymmetry of the efficiency
( Fig.2 )with respect to probe ahead or behind pump is found, which we attribute
to the exciton dephasing with a characteristic time of about 50 fs. Substracting
the coherence part In Fig. lb we get a switch-on time for the nonlinearity via
carriers somewhat below 100 fs . Physically, this Is the time necessary for the
ionization of excitons by LO-phonon absorption resulting in free carriers screening
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G 5 Fig. I
Probe beam transmission

,,, ij, versus pump-probe delay

pump: 1 mJ /cm 2 , probe:
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c) 250 meV above-gap exci-
tation of CdSe (d=0.3 pm).
All data are taken at room

temperature

0.15
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out the exciton resonance. Simultaneously the gap shrinks, so that the actual band
edge is below the excitation frequency at larger delays and a complex carrier
dynamics sets in leading to a nearly constant probe transmission. Currently, we
attribute the very fast recovery to the decay of the non-thermal carriers at the
excitation frequency down to the band bottoms (cf.Flg. Ic ). Note, that at room
temperature there is no essential difference between the linear levels of the
belc v-gap exciton and above-gap continuum absorption.

For 250 meV above-gap excitation of CdSe (Fig. 1 c) no clear coherence peak
is seen , since we produce directly carriers with very rapid dephasing: the first-
order efficiency follows instantaneously the pump pulse in this case (see Fig.2).
The pump polarization was chosen parallel to the crystal axis c, so that primarily

only B-holes were excited. We observe essentially the state-filling dynamics of
the carriers studied at low temperature in [31 with a switching contrast much
smaller than for exciton- resonant excitation In Fig. lb. However, we find different
results for probe polarization parallel and perpendicular to c. In the first case
(upper curve in Fig. 1 c ) the absorptlonbleaching due to B-holes is probed and,
accordingly, no delay of the respective transmission Increase is seen. But, using
probe polarization perpendicular c, we monitor the bleachingdue to A-holes,
which, in fact, shows up delayed to that of B-holes. Thus, we have directly
observed the B- to A-hole conversion in CdSe which takes about 80 fs.
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r-Fig.2
First-order diffraction signal
versus pump-probe delay for
b) and c) in FIg.1x 4

Cde
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6

-100 0 100 A (s 200

In conclusion, we have observed a variety of basic processes of the light-matter
interaction in the direct-gap Il-VI's. The data presented in our paper directly
demonstrate that these semiconductors can be used for optical switching and logic
operations in the subpicosecond range, in particular, for the exciton- resonant
nonlinearity of Fig. lb. In this situation, high contrast, fs-recovery, and room
temperature distinguish the wide-gap Il-VI compounds from other materials.
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Nonlinear Process-Induced Higher-Order Components
of a Picosecond Transient Grating in CdS

H. Saito and A. Watanabe

Department of Applied Physics, Okayama University of Science,
Ridai-cho 1-1, Okayama 700, Japan

Transient-induced grating experiments have been widely used to study the dynamics of dif-
fusion, relaxation and recombination of photoexcited carriers in solids./l/ We demonstrate
that the simultaneous observation of the decay of different diffraction orders is required to
provide full information on the dynamics of excited carrier system./2/ Experiments were
performed by monitoring simultaneously the temporal behavior of the first- and second-
order diffraction intensity of transparent probe pulses due to a free-carrier index grating
produced in CdS by interference of two picosecond light pulses. As the excitation light
source, the third-harmonic pulses ( 355nm ) of an active-passive mode-locked Nd:YAG laser
( pulse width of 25ps ) were used. As the probe pulses the second-harmonics ( 532nm ) of
the Nd:YAG laser, which is transparent for CdS, were used. Measurements were made for
three different spacings at the temperatures from 10K up to 140K.

Experimental results for the diffraction intensity versus time delay measured at 140K
are shown in Fig.1. The solid and open circles correspond to the first-order [ Idif(1l) ] and
second-order [ Iif(2) 1 signals, respectively. It is noted that both signals decay exponen-
tially, and that the decay constant of Idif(2) is just half of that of Idif(1).  The ratio of Idif (2)

to dif(1 ) ( squares in Fig.1 ), therefore, decays in the same manner as Idif(l) which is rep-
resented by solid line. In Fg.2 are summarized experimental results measured at 10K. The

= ~ 10--

Ito -3

VC•0 st order 10-

o '0' 540ps

1xS10) Fig.1 Observed diffraction intensity in the
l0 rder first-order, Idif(1) ( filled circles ) and the

z 2nd order second-order, Idif(2l ( open circles ) as a
z 270ps function of time delay for A=2.9 pm mea-
0 sured at Tbath=140K. Solid and dotted lines

T,,, =140K indicate the exponential decay with the time
1lX -0.511 constant of 540 and 270 ps, respectively.

cExcitation energy, lexc of 1 pJ corresponds to
A-2.9 Rm a power density of about 10 MW/cm 2
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fraction intensities. j3=1.2x1010 s -t and D=8 cm2 /s.

intensity scale for I (2) ( open circles ) is shifted with respect to I (1) ( solid circles ),
so that the data for I and those for Iif,( 2 ) nearly coincide in the later time regime. Insothtth at o at0)adtos o df()d cy n n x o
contrast to the results at high temperature ( Fig.1 ), both Idif(1 ) and If( 2 )decay nonexpo-
nentially and shows roughly the same decay time in the later time regime. These decay
characteristics can be clearly seen by the plots shown in Fig.3, where the experimental re-
suits for the rat;o Id f(2)/1dif( M for the same data as shown in Fig.2 are depicted. It is found
that the obtained ratio only for A=2.9 4im decays, but another two ( A=4.0 and 7.9 Pm ) in-
crease with time delay.

The diffraction of the probe beam is due to the spatially periodic change of the refractive
index of the sample induced by free carriers or excitons, which is proportional to the carri-
er or the exciton density. The intensity of the n-th diffraction order due to a sinusoidal
grating with the spacing of A in the Raman-Nath regime, Id f(n)(A), becomes in proportion
to 2n power of the difference of the free carrier density at the peak of the grating and its
minimum./3/ Thus the decay time of Idif( 2 )(A) should become just half of that of
Iif(1)(A). The results shown in Fig.1 are in accordance with this prediction. The results
shown in Figs. 2 and 3, on the contrary, cannot be simply described by the second-order dif-
fraction due to the a sinusoidal grating.

Nonlinear processes, such as bimolecular recombination of electrons and holes and free
carrier-to-exciton Molt transition, result in a deformation of the shape of the grating,
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which leads to the occurrence of higher-order Fourier components, e.g., the doubled period
in the diffraction grating. Calculation of diffraction intensities in the presence of a nonline-
ar process is performed by solving the nonlinear continuity equation which describes the de-
cay of the grating due to the nonlinear relaxation process and the diffusion of carriers. An
approximate solution assumed for the equation is expanded into a Fourier series. The j-th
Fourier component corresponds to the grating with the period of A/j, and yields the diffrac-
tion intensity in the n-th order, i.e., Idif(n)(A/j).

Solid curves in Fig.2 represent Idif(l1 )(A) and dif(1 )(A/2), the first-order intensity for
A ( j=1 ) and A/2 ( j=2 ) components, calculated for 3 ( bimolecular relaxation rate )
=1.2x10 1° s-1  and D ( ambipolar diffusion coefficient )= 8 cm2 /s. [ In this calculation the
contribution of Idif( 2 )(A) to the second-order diffraction intensity is neglected.] Solid and
dashed curves in Fig.3 indicate the calculated ratio, Idif(2 )(A)/Idif(l)(A) for the same P and
D values as in Fig.2. The dashed cucves for A=4.0 and 2.9 gim are also the calculated results
but are shifted so as to fit well to the respective data points. It is noted that agreement be-
tween the experimental and calculated results is good as far as the time-dependence is con-
cerned. Similar results are obtained for the data measured under different excitation inten-
sities and also those measured at 40K.

The obtained rate of 0=(1-1 .5)x10 10 s 1 is much smaller than the bimolecular recombi-
nation rate for the degenerate plasma of about 101 1s 1./4/ At carrier temperatures ap-
proximately below 60K for CdS, exciton moleculc: are thermally stable. For nondegenerate
plasma the recombination of free carriers is of minor importance and very fast recombina-
tion of the exciton molecule determines the decay of the free carrier and the exciton system.
Taking these facts into consideration, we can conclude that the P values obtained above are de-
termined mainly by the free-carrier to exciton Mott transition.

At temperatures above 60K, where the exciton molecule is thermally dissociated, thermal
equilibrium is established between the exciton and the free carrier. Then the exciton density
becomes in proportion to the square of the free carrier density. This nonlinear relation also
brings about the exciton grating with doubled period in the free carrier grating. With fur-
ther increase of the temperature up to about 140K, the exciton density becomes negligibly
small because of thermal dissociation, and no higher-order Fourier components result in.
Thus the observed results in Fig.1 are in perfect agreement with the theoretical predictions
for an ideal sinusoidal grating.

These results demonstrate that the spatial resolution in transient-induced grating experi-
ments can be extended to a microscopic scale by inclusion of higher diffraction orders, thus
opening new areas for the study of carrier dynamics in solids in picosecond and subpicosecond
time scales.

The authors acknowledge E.O. Gabel for helpful discussion. The experimental work was
performed at the Max-Planck-Institut fur Festkorperforschung, Stuttgart, F.R. Germany.
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Dynamics of Exciton-Polariton Luminescence with
High Repetition Tunable UV Picosecond Pulses

T. Kuga 1, M. Kuwata 2, H. Akiyama 2 , T. Hirano 1, and M. Matsuoka1

1The Institute for Solid State Physics, University of Tokyo,

Roppongi Minato-ku, Tokyo 106, Japan
2 Department of Physics, Faculty of Science,
University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan

Recent advances in cw mode-locked picosecond lasers enable us to measure a time-
resolved exciton luminescence under a weak excitation condition, which is desirable
for the study of the dynamics of excitons and exciton-polaritons[l1. However, such
measurements have been difficult in the UV region because of the limitation of
light sources.

The lowest exciton state of CuCI, named Z. exciton, whose resonance energy lies
in the UV region at 3.202 eV, has a simple electronic structure, and its polariton
parameters are well established12]. Thus, this exciton state is quite suitable for the
basic study of the dynamics of exciton-polaritons. For this purpose, we have
developed a high repetition rate tunable UV picosecond light source by means of
sum frequency generation. By virtue of the high repetition rate (82MHz), one can
measure the photo-luminescence under a weak excitation condition with high signal
to noise ratio. In this report, we present our recent results on the time resolved
exciton luminescence of CuCI at liquid helium temperature[3] and liquid nitrogen
temperature.

Figure 1 shows the schematic diagram of the generation of UV pulses. The
output of a cw mode-locked YAG laser is frequency doubled to pump a tunable
dye (Rhodamine GG) laser. The residual YAG laser pulse and the output pulse of

CWML YAG LAS ERonIK
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PBP: Pal Iin Broca Fig.l. Block diagram of the UV
Prism pulse generation system.
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the dye laser are mixed in a 6-BaB20 4 crystal (type I phase matching). The
wavelength of the up-converted UV pulse is tunable from 375 to 395 nm by tuning
the dye laser and the orientation of the crystal. The pulse duration and the
spectral bandwidth of the UV pulse are 8ps and 3A which are determined by the
dye laser. The pulse duration is actually obtained by the autocorrelation
measurement using biexciton two-photon excitation in CuCl. The average output
power is about 5mW when the input power of the YAG laser and that of the dye
laser are 2.5W and 250mW.

We measured the temporal behavior of the free exciton emission from high
purity single crystals of CuCl at 4.2 K. The emission was analyzed with a 50 cm
monochromator and a synchroscan streak camera. In the backward emission from
a thick sample, it is found that the decay of the exciton luminescence has a very
strong excitation frequency dependence. When the excitation frequency is in the
transparent region of the upper branch polariton of Z3 exciton, the free exciton
emission shows a slow decay with a decay time of about 300 ps. When the
excitation frequency is high and at resonance with the Z12 exciton where the
absorption coefficient for the excitation beam is very large, the free exciton
emission decays rapidly with the decay time shorter than the time resolution of our
measurement system, about 80 ps. To clarify the origin of this difference, we
measured the frequency-resolved temporal behavior of the forward and backward
emission from a thin sample k..6um) under the excitation at the Z, exciton
resonance. Figure 2 shows the results[3]. Each curve does not show a type of a
simple exponential decay but a pulse type. The delay times of these pulses

CuCI 4.2K exc. 3.272eV
(a) forward -O'l>E- (b)backward

S1 (eV)

" 3.2070

3.2053

3.2045

3.2037
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U, - 3.2012

CS -'t 3.2004
E

.__9 3.1995

I . = I I I

0 1 0 1
Time (ns)

Fig.2. Temporal responses of the Z3 exciton luminescence under the excitation of
the Z 12 exciton resonance at 4.2K for various photon energies of luminescence
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Fig.3. Time integrated luminescence spectra (a) and the temporal responses (b) of
the Z 3 excitons at 77K in the forward and the backward directions

~correspond to the propagation with the polariton group velocity[41. These results

show the excitation is strongly inhomogeneous along the beam direction, and that
the Zn excitons decay to the Z., exciton-band within a very short time. We also did
the similar experiments at liquid nitrogen temperature. The forward and backward
luminescence spectra show different line shapes as shown in Fig.3(a). Figure 3(b)
shows a typical example of the temporal profile of the forward emission. It has
rather long decay tail of about 200ps. This implies that at liquid nitrogen
temperature the excitons are frequently scattered by phonons, and thus the exciton
polariton concept fails.

In conclusion, under the weak excitation with UV picosecond pulses, the
polariton propagation effects are found to play an essential role in the temporal
profile of the exciton luminescence at 4.2K. It is also fourl- that at 77K the exciton
phonon interaction hecomes important and the polariton picture loses its
significance. The experiments between 4.2K and 77K are in progress.
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Picosecond Dynamics of Exciton Polaritons
in CuC! Single Crystals

T Itoh, Jin Fashan *, Y. lwabuchi, and T. Ikehara

Department of Physics, Faculty of Science, Tohoku University,
Sendai 980, Japan

Evolution and decay kinetics of exciton polaritons photo-generated in sernicon-
ductors at low temperatures are governed by the following various processes:
(i)initial formation of transient population of polaritons in real- and
k-spaces inside a crystal, (2)propagation of polaritons with their group
velocity. (3)intraband scattering by phonons or impurities resulting in the
momentum relaxation along with the polariton dispersion curve, (4)trapping at
impurities and defects inside the crystal and/or at the surface as non-
radiative decay, and (5)escape from the surface as radiative decay.[l-3]
Especially (2) and (5) are important in the polariton concept and together
with (1) they influence the temporal behavior of exciton polariton resonant
luminescence(Ex). On the other hand, its 2LC-phonon replica(Ex-2LC) is not
affected by them since Ex-2L0 is located at the transparent energy region and
directly represents the energy distribution of the corresponding pclaritons
wherever they exist in the crystal.[2,4,5] In this paper picosecond temporal
behaviors of Ex and Ex-2LO are studied for 2 exciton polaritons in pure
single crystals of CuCl at 2K. Tne results Lhow that when the excitation
energy is located at a strongly absorptive region the polariton propagation
has an important influence upon the temporal shape of Ex luminescence spectra
in an early stage[61. but becomes less important in a late stage after the
intraband inelastic scattering by phonons takes place. From the analysis the
intraband relaxation rate is derived in the energy region of the Z exciton.

Picosecond UV light source with average power of 5mW, width of 5ps and
tunability from 550 to 590nm was obtained with use of a LiIG crystal for
doubling the frequencey of Pyridine 2 dye laser synchronousl pumped by the
second harmonic of a CW mode-locked YAG laser. Time-resolved spectra were
analyzed with a double monochromator of subtractive dispersion followed by a
synchroscan streak camera. Overall spectral and temporal resolutions of the
system could be simultaneously set at O.5meV and 15ps. respectively. CuCI
single crystals of platelet shape grown from vapor phase were carefully
selected in order to reduce possible impurity effects.

Figures l(a) and (b) are the time-resolved luminescence spectra of Ex-2LC
and Ex. respectively, at different delay times after the excitation at
5.275eV among the Z 1 exciton resonance for the 121im sample. The uppermost
spectra are the time-integrated ones. In (a) one can notice that the initial
polariton distribution in energy is very broad and nearly proportional to the
polariton density of states. With the lapse of time the intraband relaxation
occurs and without much decrease of the total number of polaritons the piling
up of the population is established around the energy of "bottle neck"[l]
which is located slightly higher than the transverse exciton energy E The
decay time of the total number of the polaritons, that is. their lifeime, is
about 4ns. On the other hand, in spectra (b) the resonant Ex luminescence
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shows completely different behavior from those of (a) in an early stage. Just
after the excitation an intense and broad luminescence band centered at
5.201eV is observed. The line shape seems to be mainly governed by the
combination of the initial polariton distribution and the probability of
polariton transmission through the surface. This broad band is transient and
immediately decreases by more than one order in magnitude. Since Ex-2LC has
no sharp decrease as seen 5n i.), the corresponding polaritons do not decay
abruptly just after the excitation. The penetration depth of the excitation
light at 5.275eV is less than 0.1tim arid, therefore. the initial real-space
distribution of the polaritons is generated very near to the front surface of
excitation through interband scattering by muiti phonons. The generated
polaritons first propagate in all directions and half of them immediately
impinge upon the front surface. However, due to their large refractive
indexes roughly a thousandth of them with wavevectors almost normal to the
surface can escape from the crystal as the initial Ex luminescence and the
rest of them are reflected back. Then, the sharp drop is caused by the
disappearance of the polaritons from the front surface on account ot their
inward Fropagaticn away from the surface. This interpretation is reasonable
since the sharp drop of Ex completely disaFpears under excitation at the
transparent energy region between the Z and :7 , excitcn bands where the
initial distribution of polaritons in r8al spac& is almost uni'orm.

With lapse of time the Ex luminescence becomes narrow, especially on the
higher energy side, associated with the intraband relaxation. At the same
time a sharp peak denoted by a vertical bar appears and shifts to the higher
energy side. Another sharp peak becomes observable around Ins on the higher
energy side and both of them i'erge into one peak a little before 2ns. The
delay time at which this secondary peak is observed is twice as much as the
propagation time of the corresponding polaritons with their group velocity
across the 121m _sample. Therefore, this structure is caused Ly the escape c0
the polaritons having wavevectors almost normal to the surface and once
reflected back from the rear surface without any large deflection of their
wavevectors during the propagation inside the crystal. After 3n oniy one
7ea, remains around 5.2025eV which coincides with the peak energy of the
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time-integrated spectrum. This fact means that the main peak. in the
time-integrated spectrum is caused by the polaritons at the bottle neck
region. If the lifetime of the polaritons were much shorter than 5ns. the E:,:
luminescence would represent only the temporal behavior of Folaritors with
inhomogeneous distribution inside the crystal. It is also verified that the

escape of the polaritons from the surfaces has rriror influence on the total
number of the polaritons since the corresponding sharp drop of Intensity does
not exist in Ex-2LC even when the secondary peak due to the polaritons once
reflected back is observed in Ex.

The intensity ratio of the secondary peak to the initial luminescence at
the same energy gives valuable information about the intraband scattering rate
of polaritons. When one takes the probability of surface transmission. P, Cf
a polariton having wave vector normal to the surface and its trarismissivity.
T. within one-way propagation across the sample, the intensity ratio. P. is
equal to (2-P). (I-P).T-. With use of theoretical value for P. T is obtained
as /IRi(2-P). (I-P) and is plotted in Fig.2 by a closed circle for different
polariton energies. The temporal behavior of the Ex luminescence has been
also observed from the rear surface of the sample and the intensity ratio P'
of initial luminescence in the forward spectrum to that in the backward one at
the saire energy is obtained. Here. R'(2-P)T and T is plotted by an open
circle. The value T is nearly constant below ET and the onset of decrease
occurs at the bottle neck region. The transcissivity. 7. is connected with

the intraband scattering rate -t pclaritrs, 1,'T. with which sigrifnicut
deflection of the polaritcn wavuvector .- cu-s. urd "[ i;- giver Ly o:.:r -d/' , T

Here, Vq is the group velocity of polaritons and d the sample thickness. with
use of theoretical value for Vg. l/T is :lotted by a triarigic. Lolo E_ the
rate is not shown because the decry is considered to be mainly governedity
some extrinsic effect. Theoretical values t(r the accustic-phonon scatt(erirlc
proce-sll are calculated for Z exciton polaritons in CuCl and drawn in Fig.2
by a solid curve, which shows a similar tendency to the experimental one and
gives a right order of magnitude. The scat. 11-11 1 t ilTwo r is ab!ut dt the
bottle neck. This value is reasonable since after this time the anisotropic
propagation and the inhomogeneous distribution of the polaritons inside the
crystal bes ome almost obscured in the time-resolved Ex spoectra. Therefore,
the scattering rate experimentally obtained is sonsider. ..o be mainly
ascribed to the intraband scattering by acoustic-phonons.

E7

_ . .- ig .2 Polariton t-asrr iss iv tY.
"'. and its intraband scatt(cril

7," A T~~~. r tit
+ 
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Dynamics of Free and Momentarily Localized Excitons
in HgI 2 and PbI2

J. Takeda 1, T. Goto 1, and M. Matsuoka 2

'Department of Physics, Faculty of Science, Tohoku University,
Sendai 980, Japan

21nstitute for Solid State Physics, University of Tokyo,
Roppongi, Minato-ku, Tokyo 106, Japan

The lower energy tail of the lowest excilton absorpticn band in various
semiconductors and insulators is known to obey Urbach rule 1I. The exciton
associated with this rule is assigned to be a momentarily localized exciton
at a distorted lattice site by Toyozawa 121. and is called an 1'rbach cxciton.
Recently, we measured the excitation energy dependence of the luminescence
quantum yield at 100 K in ttql, [3] and Pbl., [4], and it has been concluded
that each of the free and UIrbdch exciton5 is thermal ized but they are not in
the same thermal equilibrium. In this paper, we report the time response of
these exciton luminescences in the picosecond region in order to observe the

exciton dynamics "iore directly.

Platelct-like crystals and evaporated films of Hl,) and Pbl2 were used in
this work. 1191, and Pbl,) single crystals were excited by the second and third
harmonics, respectively of the 1.106 gim light from a mode-locked YA6 laser.
The luminescence from the crystal surface was passed through a monochromator
and analyzed by a streak camera and an optical multi-channel analyzer. The-l
time and spectrum resolution of this system were about 70 ps and 5 cm
respect I vel y.

Figure I shows the time response of the free and Urbach cxci-ton lumines-
cences of ttg12 at 100 K together with the shape of the exciting laser pulse in
a logarithmic scale. Notation F means the free exc'ton and U the Lrbach
exciton. The detected photon energy of the luminescence Is indicated for

each spectrum in a unit of kcm-. Broken lines show the calculated curves
where the one-dimensional exciton diffusion, the suface recombination and the
re-ibsorption of the luminescences are taken into account, as treated by
Kurita et al. 15]. In this treatment. the exciton lifetime r and the surfa(c
recomibination velocity S are adjus table parameters for tlie free exci ton
lumin-scence, whi Ie T, S and the diffusion coeffi cient of the exc'×iton ) are
t.,e ones for the Urbach exciton luminescence.

Thp temperature dependence of the free and Urbach exciton lifetime'; denoted
by circl(;5 and squares, respect ively. is shown in Fig. 2 in a logarithmic
scale. Above 10!) K, the lifetime of the free exciton is shorter than that of
the Ilrbach exclton. Wue also f 'nd that the lifetimes of the free and Irbach
excitons are nearly independent of the detected photon energy in the
r' ,o(livye (,'flroy ri()iion. If (o l -,nerated cxcit on' are immediately

Ithermia i/ed , til( cxciton lifetime :,hould be constant in any v'nergY reg ion.
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the lifetimes of the free and
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Therefore, it is concluded t hat each of t he free and Lr bach exc itons is
thermalized, but they are not. in the same thermal ego ill hr i ur. These
conclusions agree well with the previous ones obtained from ref. 13JI.

The lifetime of the free exc iton I ncreas~es exponent ially withI increasiing
the inverse o1 temperature as shown by a strai i ht line in Fig. 2. From t.he
slope of this line the thermal activation energy is esitimated to) be 318±4
meV, which is almost equal to the exci ton hi ndi ng energy of 16i Ili. This
fact means that the decay of the free cxci ton is, dominated by ti e process, of
the dissociation into an electron-hole pair. On the other hand. the lifetime
of the lirbach exci ton is almost constant between 77 andl 1411 K. and abruptly
decreases above 140 K. This fact i nd icat es that the decay procesis of the
lirhach cxci ton is not dominated by the radiative one, which is independent of
temperature. The Urhach cxc it on i,; considered to he dlecomposed to a free
(:1ectron-hol c pair or converted to a free exci tori.

Figlure 3 shows the dif fiision coef fi cientIs of the free and r'haich cxc it ons
as a furct ion of temperature. Oipen ci rckI e show the di f fre ion coeffticien t,; of
the free cxci ton and closed ci rc:l e. those oif the lirhach exci ton. The di ffiis ion
coefficient of the Urbach cxc it on is, obt1a ined hy the above men~t ioned ac: !hod.
white that of the free cxci ton is es tima ted f rom t n, Ii ne-wi dt of i the cxc iton
absorption hand in Hg I ., thin film. -Sotlid lines repres)ent t he calciiat ed
curves for the di ffus ~n coef fi cien ts of the free and I rhacti cxcit ens. I) 1a nd
D as a function of temperature:

Df {expl 0 / kT II .

T 1/2

where 0 is the LIJ-phonon energy. The former equatIion is obt)1a ined from Ithe



Fig. 3. Temperature dependence of the
5aHI diffusion cocfficients of the free and

8 Urbach excitons
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theory of the exciton scattering by the LO-phonons and the latter from that by
acoustical phonons under the deformation potential. The solid curves can fit
well to experimental points above 90 K. This fact suggests that the relaxation
of free exciton5 is caused by the LO-phonon scattering and that of Urbach
excitons by the acoustical Phonons. Moreover, the value of D is smaller thanu
that of Dr, which is reasonable because the Urbach exciton accompanied with
the lattice distortion should be less mobile than the free exciton.

In Pbl the lifetime of the free exciton is also shorter than that of the
Urbach exciton at 100 K. Thus, the sapie conclusion is obtained, that the free
and Urbach excitons are not thermalized with each other.
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Formation and Relaxation of Excitonic Magnetic Polarons
in CdlxMnxTe and Cdl-xMnxSe

Y. Oka, I. Souma, and Y. Kashiwagi

Research Institute for Scientific Measurements, Tohoku University,
Katahira, Sendai 980, Japan

The dynamics of magnetic poiarons is studied in Cd Mn Te and Cd Mn Se
I -x x 1 -x

for x = 0.01 - 0.6 by picosecond time-resolved spectroscopy of the excifon
luminescence. The luminescence shows the formation and relaxation kinetics
of the magnetic polarons in localized exciton states, in the triplet
exciton states as well as in a spin glass phase.

1. INTRODUCTION

Semimagnetic semiconductors show a number of magnetooptical properties
which are induced by the exchange interaction of the band electrons with
magnetic-ion spins.111 Magnetic polaron, a magnetically bound state of the

exciton by the exchange coupling with Mn ions, is such evidence.f2]
In this paper we study the dynamics of excitonic magnetic polarons in
Cd Mno Te and Cd Mn Se by time resolved spectroscopy of thel-x x l-x .x..
luminescence. Under picosecond-puise excitation the excitonic magnetic

polarons show varieties of the fast energy relaxations which are related
to the realignment of magnetic-ion spils.

Experiment was performed on single crystals of Cd _xMn.Te and Cd -XMn S
(x = 0 - 0.6) grown by Bridgeman method. Luminescence measur ment wa> made
on a cleaved surface of a sample which was, placed in a supcrconductino
magnet. The optical excitation was made bv mode locked pulses of an arc.mn
ion laser and also by second harmonics of a mode-locked YAG laser.! ,-'1
Time resolution of the system is 20 ps.

2. EXPERIMENTAL RESULTS AND DISCUSSION

2.1 Magnetic Polaron Formation in Localized Exciton Region

Figure 1 shows the time characteristics of the exciton lurrincsctnct in
Cd 0Mno 2Te at magnetic fields of 0 and 7 T. The arrows at the top of th,
spectra indicate the uppermost exciton energies which are (determined 1,
the reflection spectra of the exciton. As time increases, the enercv of tht
luminescence peak in the time resolved spectrum d:ecreases. Since microsc-
pic variation of the Mn composition is significant in crystals of x 0.1,
the exciton energies are locally fluctuated ii the latticc and localized
states of the exciton are created in these crystals. The energy ot the
exciton is then decreased either by the formation of magne tic polarons ,
by the localization of excitons. Therefore it is significant to discrir i-
nate the magnetic-poleron formation from the localization effect of th,
exci ton. (2!

The lower spectrum in Fig. 1 is the case at 7 T where the large Zeeman
shift of 47 meV in the exciton state arises due to the 4iant c-valu, f tht
exciton which is also induced hy the excchan c effect. At7 T Lt -in spin>
are mostly polarized by the magnetic field as is known fr,m th satirat ion
of the Zeeman sp Iitting. The lowest state of the magnetic polarons aIt
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realized immediately when the exciton is created, since the surrounding Mn
spins are initially polarized by the external field. The remaining shift of
the peak energy to the lower side is then caused by the localization of the
exciton in the fluctuating band edge. To derive the magnetic polaron
formation process from the transient exciton luminescence, we measure, at
time t and at magnetic field H, the energy difference between the uppermost
exciton energy (indicated by the allows) and the luminescence-peak energy,
which we denote as E b(tH). To subtract the localization effect we
calculate Eb (t,7T) - Eb(t,H) which corresponds to the energy for the
magnetic polaron formation.

Figure 2 shows the magnetic polaron formation at 0 T, Eb (t,7T) -
E b(t,OT), where the energy of the exciton decreases about 5 meV within 500
ps after the excitation. The exciton energy further decreases gradually
with a time constant of 1 ns. This is due to subsequent magnetic formation
during the localization process. Observed time dependence of the exciton
luminescence displays the polarization of the Mn-ion spins within 500 ps to
form the magnetic polaron and also shows the following localization.

Relaxation process of the excitonic magnetic polarons can be observed by
the decay time and the rise time of the luminescence at each photon energy.
Figure 3 shows the decay and rise time, Td and T r derived from the
transient luminescence by using the deconvolution calculation. At the
uppermost energy of the exciton state (at 1.876 eV) T d is only 50 ps,
while it increases to I ns at the lower edge of the luminescence (at 1.8.
eV). The large variation of the decay time as a function of the exciton
energy shows the localization of the exciton in the mixed crystals. The

rise time of the luminescence shows the creation rate of the magnetic
polarons at each exciton energy. In case that the excitonic magnetic ola-
rons are well localized at the lower energy region of the luminescence, the
rise time must coincide with the decay time owing to successive hopping to
reach the lowest sites. This condition, -, = T ' is actually realized at
the lower edge of the exciton lumnescence a T. However in Fig 3 around

1.88

Cdo.Mno. 2Te

18 14.2 K0 .,

H=OT Cd 0 .BMn,. 2Te

4.2K

E
C

uLJ
Z 1. w

0Z OH=T 1-10-
0 LCP

S.805

-1 0 1 2 3 4 5 0 1 2
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Fig. 1 Transient characteristics Fig. 2 Plot of E (t,7T) - Fb (t,OT)
of the exciton luminescence in vs t, which shows th( formiation
Cd Mn Te. The magnetic polaron energy of tilL macnetic polarons.
forr lti66_takes place at H = 0 T
during the luminescence( decay
while only the localization effect

arises a 1 = 7 T.
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Fig. 3 The decay time and the rise

time of the exciton luminescence.
1000 Cd08Mn02Te The solid arrow shows the uppermost

4.2K exciton energy while the dashed
H=OT arrow shows the peak energy of the

a time-integrated luminescence.

o 500 
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< c
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1.84 eV T is only 500 ps while T d is I ns. The large differenc between
the two characteristic times indicates the faster creation of the magne-
tic polarons in the localized exciton regime, indicating the additional
formation mechanism such as the tunneling-induced formation.

2.2 Triplet Magnetic Polarons and Magnetic Polarons in Spin Glass

The excitonic magnetic polarons have the singlet and triplet states with
respect to the internal spin configuration of the electron and the hole.
The triplet component can arise in the luminescence spectra if the dipole-
allowed singlet excitons are discriminat using the polarization selection
rule. Experimental results obtained by such conditions show the triplet
magnetic polaron in Cd Mn Te of x = 0.2-0.3, where the binding energy
about 10 meV larger than thXt of the singlet-magnetic polaron. The observed
lifetime is 4 ns which is 2 times longer than the singlet magnetic
polarons. 14]

For x > 0.2 the Mn-ion spins in semimagnetic semiconductors show the
spin glass transition at temperatures below 20 K. Magnetic polaron stnte,
must be significantly affected by the spin glass phabs )f the Mn ions.
Magnetic polarons are not formed in the spin glass phase if the spin-glass
interaction mong the Mn spins is stronger than the exchange interaction
between the excitons and the Mn ions, while in the opposite case the
excitons con destroy the spin glass and polarize the Mn spins tv for:: the
magnetic polarons. The temp-rature dependence of the exciton lu :inescence
at zero magnetic field shows the restriction of the magnctic pelaron
formation below the spin-glass transition temperature. Time r(solv d
spectra of the excitonic luminescence in the spin glass regim show the
broadly-spread spin configuration of Mn ions. Extrnal high magnctic field
is found to destroy the spin glass and assists the excitons to reach th.
ground states of the magnetic polarons.

II J.K. Furdyna, J. Appl. Phys. 53, 7637 (1982).
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Space- and Time-Resolved Spectroscopy
of the Ultrafast Exciton Motion
at a Stacking Fault Interface in Layered BiI3 Crystals

T. Karasawa, T. Kawai, 1. Akai, and Y. Kaifu

Department of Physics, Osaka City University,
Sumiyoshi-ku, Osaka 558, Japan

The exciton translational motion is a basic problem.of energy transport in

solids. However, its direct observation is rather difficult because intrin-

sic excitons usually have large absorption coefficients and short lifetimes
due to various scattering processes. In this report, we present the observa-

tion of exciton motion in the picosecond time range on a specific two-dimen-

sional (20) lattice composed by a stacking fault in a layered crystal Bil 3.

Stacking faults distort the unit cell symmetry resulting in new exciton

states at a 2D lattice. In Bi 3 , characteristic sharp absorption lines,

named R, S and T from the high energy side, appear near the indirect absorp-

tion edge and have been attributed to the exciton transition near the stack-

ing fault (called stacking fault excitons, SFE)[l]. Their internal structure

is well described by the cationic exciton model modified by deformed unit

cells[2]. The SFE shows intense and sharp resonant luminescences without

Stokes shifts[3]. The luminescences are observed to extend along the crystal

plane beyond the exciting laser spot, which makes it possible to examine the

exciton motion by space- and time-resolved spectroscopy.

Figure 1 shows the experimental configuration schematically. A laser bea'

from a mode-locked Ar+ laser exciting the band to band transition region was

focused to a spot of less than 4Oijm in diameter, on the sample surface. The

Cryostot -- Ad juSloble
Mode Locked Ar Laser '-- . Screen

Amp. GlassIM u l t i - C h a n n e l l _' 1 . . b i e

Analyzer Stop F-iber
Time to Arnlitude M"nochr6tor~ l PM.

| ~~~~Converter -:"..... 'C omputer tatrt, -

F,q Experimental Configuration
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luminescence pattern was enlarged with a lens and resolved by a gradient

index-type olass fiber set on an adjustable screen leading to a monochro-

mator. The temporal behavior of luminescences was detected by a time-

correlated single photon counting method. This system attained a spatial

resolution of less than 30jm and a time resolution of less than 25ps by

deconvolution analysis. Space-resolved transmission spectra were also ob-

tained by putting a white light source behind the sample.

The space-resolved luminescence spectra are shown in Fig.2 for various

distances r at 4.2K. Uppermost in Fig.2 is a space-resolved transmission

spectrum at r=O, and the same ones are obtained at any point within more

than r=lmm on the sample plane showing the macroscopically uniform occur-

rence of the stacking fault. The luminescence spectra consist of the in-

direct exciton recombination band LC accompanied by the bulk phonon C, the

resonance lines R, S and T, and an additional peak T. The R, S and T lines

can be detected with exact zero Stokes shifts even at r=40 m. While the

band LC fades out at larger r, the peak T' appears, depending on the sample,

and increases intensity relative to that of T with increasing r. The T' is

considered due to trapped excitons at some defects along the 2D lattice[4].

The stationary distributions of luminescence intensity along the lateral

direction on the sample plane can be well described by the 2D diffusion

equation including relaxation. For the T at 4.2K, an extraordinarily large

diffusion constant of more than 105cm2 /sec i, estimated using the exciton

lifetime if zlnsec[5]. The lateral distribution is seriously reduced below

4.2K, and the diffusion constant changes to 103cm2 /sec at 2K.

a, K T S R
= Bi13

4.2 K

r :400,m

212

a~ 1060 2000 x2

' Eo

C

S'IFig.2 Space-Resolved Spectra
-J 1.985 1.990 t995
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The temporal behavior of luminescence T at 4.2\ is shown in Fiq.3>a. it

various r's with normalized peak intensity. At r=0, the luminescerce Tat a

rising component characterized by the decay time constant of the upper Y-

state S, reflecting a cascade relaxation from S to T[5]. Afte- that. It

shows norexponential rapid decay at an early stage. At rrO, peak delay and a

growing component after the peak can be seen with increasing r. h's be-

havior can be explained qualitatively by diffusion. However, the meat eloc-

ity estimated from the peak delay is rather faster thai that obtainer ro"

decay profiles calculated by the diffusion equation using th parameters of

stationary distribution. Then, the details of time behavior cannot be ex-

plained quantitatively only by the diffusion process. The results suggest

coexistence of rather faster transfer mechanisms of exciton than the diffu-

sion in our system. At 2K, the temporal behavior shows the same rise due to

the cascade process, the early stage nonexponential decay becomes obvious,

and the peak delay is no longer observed at larger r. This change cor-

responds to the reduction of lateral distribution by suppression of diffu-

sion at 2K. At lowpr temperctures, trapping centers inhibit the exciton dif-

fusion, and the translational motion is governed by a faster transport

mechanism such as resonance transfer. It gives ultrafast exciton motion

along the stacking fault interface. The zero Stokes shift luminescence at

large r suggests the existence of such process.

The authors are grateful to Prof. T. lida and T.Komatsu for helpful dis-

cussions. This work is partially supported by the Yamada Science foundation.
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Ultrafast Optical Dephasing
of Two-Dimensional Excitons in Bi 3

A. Nakamura 1, Y. Ishida2 , T. Yajima 2 , T. Karasawa 3 , 1. Akai 3 , and Y. Kaifu3

1Department of Applied Physics, Nagoya University,

Chikusa-ku, Nagoya 464-01, Japan
2 lnstitute for Solid State Physics, University of Tokyo,
Minato-ku, Tokyo 106, Japan

3 Department of Physics, Osaka City University,
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Coherent transient phenomena of localized and delocalized excitonic states
in semiconductors have recently attracted much attention[l]. In a Bil 3
layered semiconductor, there exist two-dimensional excitons trapped by
stacking faults and they give sharp absorption lines depending on
temperatures and samples[2,3]. It is interesting to investigate the
homogeneous line width and quantum beats of these stacking-fault excitons
by transient spectroscopy in the ultrashort time region. Recent
development of transient spectroscopy has allowed us to observe optical
dephasing with ultrahigh resolution which is determined by the correlation
time T instead of time duration of light pulses[4]. Furthermore, it is
suggested that one can derive some information on optical dephasing from
the peak shift of the correlation traces of transient degenerate four-wave
mixing (DFWM), even if the decay behavior is not observed. This paper
reports optical dephasing of stacking-fault excitons in Bi 3 at low
temperatures using DFWM in k-space with two incident beams.

Figure 1 shows typical absorption spectrum of Bi1 3 at 4.2 K. Q, R, S, T
lines are due to two-dimensional exitons trapped by stacking faults. These
excitons originate from the distortion of bulk excitcnic states (-< ,
"2' Y4 ) by stacking faults. The cascade relaxation among these state is
observed by the luminescence experiments. The lifetimes for R, S and T
excitons are about 200, 400 and 800 ps, respectively.

The DFWM experiments were made using a synchronously-pumped hybridly
mode-locked cavity dumped R6G laser which qenerated 3.7 nJ sub-picosecond
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Fig. 1 Fypical absorption spectrum of Bi1 3 near the indirect exciton edge
at 4.2 K.
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pulse§. ne spectral width and the pulse duration are 13 A and 0.9 ps
(sech shape), respectively. Since these pulses are not transform-limited,
the time resolution of the DFWM experiments is governed by the correlation
time To (inverse of the spectral width %0.38 ps in this experiment)
instead of the pulse duration. When two light beams with wavevector k, k2
are incident on tho Bil nlatel-t rv tl, ontput beams are produced in
the new directions 3 - k2' 4 22 - kl"

Figure 2 shows correlation traces for the 3 and r4 directions, which
were measured for the R-line excitation at 10 K. Both the decay behavior
and the peak shift are observed. The decay time T and the peak shift are
0.80 and 0.16 ps, respectively. The dephasing time T is estimated for the
limiting cases of the spectral broadening: T2 is T for the extremely
inhomogeneous broadening and T2 is 2T for the homogeneous broadening.
Assuming 1the extremely inhomogeneous broadening of the absorption line
( %16 cm ), T2 is estimated to be %3.2 ps. Since TI of R-excitons of 200
ps, T is dominantly determined by the pure dephasing process. Since it is
not obvious that the above assumption is fulfilled for the R line of this
sample, we should note that there exists an uncertainty in the estimated

value of T2 by a factor of 2 at maximum.

The peak shift is related to all relaxation processes of the system:
longituinal h(T1), transverse (T ) and cross (T3) relaxation processes.
Moreover, the magnitude of the s ift depends also on the incident pulse
characteristics, for example, a transform-limited pulse and 3 phase
modulated pulse. The model calculations[5] in the limiting cases wher, a
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2-level system without cross relaxation processes and transform-limited
pulses are assumed, provide the T2 value comparable to the directly
determined T2 within the factor of 5.

In what follows, to investigate the mechanism of the optical dephasing
of stacking-fault excitons, we have measured the temperature dependence of
phase relaxation times between 10 and 23 K. We used the sample which
exhibit d a sharper absorption lineshape of the R line (spectral width
" 5 cm at 10 K). The decay time of the correlation trace is r 3.7 ps at
10 K. Since the decay time is comparable to the inverse of the spectral
width, T is rather approximate to 27% 7.4 ps1 Figure 3 shows the inverse
of T2  as a function of temperatures. T2 - increases linearly with
temperatures between 10 and 20 K. Watanabe et al.[3] have reported that
the line width of the R line depends linearly on the temperatures between
6 and 25 K. Although the inhomogeneous broadening remains below 6 K in the
high quality sample, such a temperature dependence is interpreted in terms
of the acoustic phonon scattering with two-dimensional excitons trapped by
stacking faults. Our results of T2 is consistent with the line width
variation and consequently we also conclude that optical dephasing is
mainly induced by the phonon scattering.

The values of T2, however, depend on the samples studied and T is
shorter in the sample which shows the broader absorption specirum.
Considering that stacking faults extend over % 100 pm in xy-plane,
excitons trapped at these stacking faults can diffuse in xy-plane[6]. If
there are small imperfections of stacking-fault plane, exciton may be
scattered by them. Therefore, one of the possible interpretations of the
sample dependence of the optical dephasing is the exciton scattering by
imperfections.

In conclusion we have demonstrated both the decay behavio' the peak
shift in the correlation trace of the DFWM in the sub-pi, _uond time
region. The phase relaxation times of excitons trapped by stacking faults
are determined for the Bil crystal studied here at low temperatures. The
values of T2 at 10 K is 3.K 7.4 ps depending on the samples. The optical
dephasing of stacking-fault excitons is mainly induced by the phonon
scattering at the temperatures 10 to 20 K.
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Ultrafast Relaxation of Localized Excitations in Solids

Y. Kayanuma

Department of Physics, Faculty of Science, Tohoku University,
Sendai 980, Japan

1. Introduction

In phenomenological theories of coherent or incoherent optical processes,
the relaxation in the excited states is often treated by introducing two
parameters, T and T , which represent the population decay time and the
phase relaxation timg, respectively. The (homogeneous) phase relaxation is
caused by the stochastic fluctuations in the electronic energy levels and
is, in many cases, originated from the interaction with elementary exci-
tations such as phonons in condensed media.

It should be remembered that the fluctuation-dissipation theorem tells
us that wherever fluctuation is, dissipation is. In fact, the amplitude of
the energy fluctuation D is generally related to the amount of the energy
rplaxation LE through the Einstein -elation,

D2 = 2kT*LE (1)

where T* = (?/2k)coth(hZ/2kT) is the effective temperature and "w is the
representative enermy of the quanta of the elementary excitations. Therefore,
the phenomenological models or the stochastic models, in which the energy
relaxation is neglected, are justified only in the weak coupling (i E - 0)
and at high temperature (kT* - -) limit.

The purpose of the present work is to survey theoretically some aspects
of the dynamical relaxation of localized centers'in condensed media in the
opposite , namely, the strong coupling 7imit through the optical responses.

2. Model

Let us consider a simple two-level system (l>and 12>) interacting with the
bulk phonon modes of the crystal. The Hamiltonian is given by(h = 1)

H : H1 [1> <l + H212> <21 , (2)

where

HI =E wkbktbk, (3)
k

H2 = H1 + 6 + V , (4)

V E kwk(bk+bkt) . (5)
k

Here, b (bt ) is the annihilation (creation) operator for k-th phonon mode
with enrg wk' ak is the coupling constant and : is the electronic exci-
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tation energy. It is assumed that 11> and 12> are optically connected with
each other by a constant dipole moment.

As for the excitation spectrum of phonons, we assume the following spectral
density at low temperatures:

J() T - F <V(t)V(O)> eiut dt

(2g2/T-2 )(2UWx-w2 )11 2  0 < w < 27,

t 0 , otherwise. (6)

Here, <.. *> is the average over phonon coordinates and g( = T a k )is the
coupling constant by which sE( = half of the Stokes shift) k

a~d =D( width of the absorption spectrum) are given by E = g- and
D = g , respectively. The strong coupling condition g >> 1 leads to the
inequalities,

tE >> D >> . (7)

For typical values, w - 10meV, g . 50, we have three cjracteristic relax-
ation times; th? phase re axatio 3 time 1h 10 sec, the energy
relaxatign time TR _- 10 sec anB the population decay time
T 1 - l O s e c .

3. Spontaneous ard Coherent Optical Responses

By virtue of the assumed linear coupling, we can write down analytical
expressions of any order of optical responses. The spontaneous Raman spectrum
in this model was first investigated by HIZHNYAKOV et al.[l]. In Fig.1, the

calculated spontaneous Raman spectrum is shown for g = 40 and for the
incident frequency w = E vs the normalized Raman shift. The characteristic
structures - the Rayleigh scattering, the lower order Raman scattering,

g 40

Y/D - 5 x i0-5

2

0-
0 20 40 60 80 100 120 140

Fig.1 Spontaneous resonant Raman spegtrum in strong coupling system for

g = 40, w2 = e and y = 1/2T 1 = 5x10 w
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Fig.2 Schematic plot of the relaxation
of strong coupling system(upper) and
the spontaneous emission spectrum(lower)

W,

0

the hot luminescence and the ordinary luminescence- are well resolved in the
frequency domain. The analysis of the time resolved emission spectrum[2]
clearly reveals how these structures are formed successively in accordance
with the above mentioned three time scales, Tph, T LR' and T1 as schematically
shown in Fig.2.

The integrated amplitude of the n-th order Raman scattering In(s) is
approximately given by[3]

In(s) - ID n~n( )/ n12 /n1 8

where C(2) is the complex polarizability for the incident photonw,, the
imaginary part of which is nothing but the broad Gaussian absorptio
spectrum. Thus, we see a duality peculiar to the strong coupling system:
The quantum mechanical phonon structure is modulated by the semiclassical
polarizability. The calculated line shape reproduces the essential features
of that observed in the F-centers in alkali halides[4,5], a typical example
of the strong coupling system.

The signals for coherent four wave mixing are also calculated exactly.
In Fig.3, an example of the stimulated and the-inverse Raman signal is
presented for the pumping frequency w = e -lOw as a function of the probe
frequency w (The gain is plotted upward of the dashed line.) The dominant
contributioA to the Raman gain signal is composed of two parts, the
absorption saturation and the stimulated emission, which have broad Gaussian
spectra widely separated (- 2E - leV) from each other. In Fig.3, only the
fine structures superimposed on the absorption saturation are plotted.
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Fig.3 Stimulated resonant Raman signal -Im X (i) for g = 40 and =

The smooth tail part in the Stokes region (w -wl>8j) should be regarded
as the transient induced emission from the phonbn wave packet sliding down
the adiabatic potential surface as shown in Fig.2. The ultrafast relaxation
dynamics is further clarified by the time domain observation of the stimu-
lated Raman scattering using ultrashort light pulses for wI and w2161.

A peculiar feature in Fig.3 is that the inverse Raman signal (H1 > i2)
changes its sign alternately according to the phonon numbers. This is
explained by the duality, namlj by the fact that the amplitude of n-th
order inverse Raman signal In is given by

In (a) , -{Dnn(.2)/3 2n} 2 /n!. (9)

(Note the difference from (8)1) Equations (8) and (9) are nconsistent with
tke semic assical picture of the Raman scattering since 3 (w)/3w
(D(Q)/DQ where Q is the interaction mode coordinate (see Fig.2). This is

a consequence of the ultrafast homogeneous phase relaxation in this system.
The line shape of the inverse Raman signal depends sensitively on the
pumping frequency w but its dependence is quite different from that of the
weak coupling system[7].

In Fig.4, an example of the parametric mixing type signal is shown for
the signal frequency w3 = 

2w2 - w against w2 - w The difference in the
line shape between the region of CSRS (w > .) ard CARS (. , -2 ) can
also be understood on the basis of duality an is related t the existence
of the energy relaxation in this system.

4. Conclusion

In this article, we have seen how the ultrafast relaxation both in the
phase and in the energy is reflected in the spontaneous and coherent optical
processes. A remarkable feature is that, once excited by a resonant photon,
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Fig.4 Signal of the third order optical response Ix (W 3)i for W3= 2_1
g = 40 and w2 = E

the system undergoes a violent but coherent motion in the interaction mode
coordinate space. This is most clearly exhibited by the hot luminescence
peak appearing in the low energy tail of the ordinary luminescence band in
Fig.l, which is the luminescence from the classical turning point of the
oscillation of the phonon wave packet. This coherent motion sometimes
induces a hot nonradiative transition across the quasicrossing region of
the adiabatic potential surfaces instead of closing a normal optical
cycle[8]. Furthermore, it is noticed that, in some strong coupling centers,
the giant excess energy LE released to the lattice may even give rise to the
defect reactions before dissipating away [9].

So far, the nonlinear optical techniques have mainly been developed in and
applied to the research field of weak coupling systems with great successes.
It will be a challenging target to make clear what is going on during the
ultrafast relaxation processes of strong coupling systems by using sophisti-
cated optical techniques.
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Double Laser Excitation Spectroscopy on Picosecond
Photochemical Reactions in Alkali Halide Crystals

Y. Suzuki, H. Abe, and M. Hirai

Department of Applied Physics, Faculty of Engineering,
Tohoku University, Aramaki Aoba, Sendai 980, Japan

Photo-induced defect formation process in alkali halide crystals is
one of the most extensively investigated photochemical reactions in con-
densed matters. It is established that the Freukel pair consisting of an F
center (a halogen(X) vacancy occupied by an electron) and an H center (an
interstitial halogen atom with a molecular form of X 4 '-) is pri-arily gen-
erated by photo-irradiation through a relaxation process of a self-trapped
exeiton (STE). The STE is a halogen molecular ion )Xz-) binding an extra
electron:X2 -- *. However, the detailSof the branching mechanism from the STEto the pair of the F, center anod the 11 cent.r (F-Il pair, hereafter) have not

teen understood satisfactorily. Although a number of picosecond sp.ctro-
scopic studiesil-B] were made on this process to obtain information on the
branching mechanism, consecutive reaction steps included in this process,
as shown in Fig.1, made the interpretation of the experimental results
somewhat obscure. One group[lI attributed the observed growth time of the F
center to an electron-trapping rate (k 2 ) of the self-trapped hole (X 2 -),
another[2] to an internal relaxation rate (k3) of the self-trapped exciton
at higher excited states (STEM), the other[3] to a branching rate (k 4 ) from
STEu to F-H pair(F+H~n). Recently, we have developed a spectroscopic system
for picosecond laser photolysis to observe a chemical reaction from photo-
excited "intermediates". This system allowed us to observe the branching
step (k 4 ) of the F-H pair from the STE selectively without any inter-
ference from the other preceding steps. Experimental results of NaCI and
RbC1 crystals are presented in this paper.

0X°e k= 2

STEH' k3

Ist EX 2nd EX

STELF Hnn Fig.1

7itumi. Schematic energy diagram for
electron-hole recombinat ion
process to yield F-H pairs

X /(F+H..o) in alkali halide
2 crystals. X-:halogen ion,

X STE's: sel f-trapped excitorn
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The picosecond spectroscopic system of the double laser photolysis is
shown in Fig.2 and will be described in detail elsewhere[4]. Used were two
pulsed laser systems connected to each other with a timing circuit. A
nanosecond U V pulse from a KrF laser (5.00eV,20ns) was employed as the
first exciting source to generate the self-trapped exciton at the lowest
triplet state (STEL:the intermediate). A picosecond red pulse from a mode-
locked ruby laser (1.78eV,40ps) was used as the second excitation source to
pump the STEL to the STER before the STEL decays radiatively (,i lurui, in
Fig.l). Since the decay times of the STEL in NaCI and RICl crystals are
0.34 and 3.Oms, respectively, the delay time of the ruby laser pulse to the
KrF pulse was fixed to 0.10ms. A conventional pump & probe technique with
picosecond ccntinuum was utilized to obtain time-resolved absorption
spectra in picosecond range under the second excitation. Ultrapure-graded
NaCl and PbCl single crystals were grown in Utah University. A llxl6x3.5mm3

block was kept at. 15K in a cryostat.

Shown in the left frame of Fig.3 is a temporal change of absorption
spectra of NaCi crystal at 14K before and after the second excitation. The
time zero corresponds to the time when the peak of the ruby pulse reaches
the crystal. The STE absorption obviously observed around 2.0eV in the
spectrum at -58ps evidences the generation of the STEL by the first excita-
tion. The STE absorption decreases instantaneously with the second excita-
tion as shown by curves from - 2 5ps to 2 0 8 ps, while the F absorption in-
creases as compensation for the STE absorption. As shown in the right frame
of Fig.3, RbCl crystal exhibited a similar absorption change. The STE ab-
sorption of RbCl peaking at 1.9eV was immediately substituted by the F ab-
sorption at 2.0eV under the second excitation. From the convolution
analysis of the temporal changes of the STE and the F absorption, it was
confirmed that the photo-conversion from STEL to F center in both crys-
tals occurs within the response limit (20ps) of the present detecting sys-
tem.
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Fig.3 Time--resolved absorption spectra of NaCl(left frame) and RbC1
(ritght) cry-tRls at 14K un(ncr the s-ncd rxe-iftat.ion with - mr-le-
locked ruby laser O.10ms after the first excitation with KrF laser.

From the pumping power dependence of the secondarily induced F absorp-
tion, the net branching efficiencies from STE" to F center were estimated
to be about 0.08 and 0.05 for NaCI and RbCl, respectively. These small
values of the blanching efficiency imply that the considerable conversion
from STEL to F center as seen in Fig.3 is caused by repetitional excitation
of the STEL restored from the STER during the pulse duration of the ruby
laser. The branching times were also estimated to be 0.4 and 0.7ps for
NaCi and RbCl, respectively. Since the averaged frequency of the vihrntinn
coupling to the STE is expected to be about 2xl0'2 s - 1, the extremely short
branching times suggest that the conversion from STE to F center is com-
pleted within a few periods of lattice vibration. These results may be ex-
plained by the dynamical mechanism of the non-radiative transition from
STEa to F center and/or STEL, as proposed by SONG and LEUNG[5), as far as
alkali chloride crystals are concerned.
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Femtosecond to Microsecond Dynamics

of Photoexcitations in a Polydiacetylene Film

T. Kobayashi, M. Yoshizawa, K. Ichimura, and M. Taiji

Department of Physics, Faculty of Science, University of Tokyo,
Hongo 7-3-1, Bunkyo-ku, Tokyo 113, Japan

Among numerous polymers,polydiacetylenes are of special interest because
of their large optical nonlinearities, ultrashort T [1] and T [2-4], and
phase transitions with dramatic color changes [5]. 6e have performed a
detailed study of time-resolved absorption spectrum of a polydiacetylene
(poly-3BCMU) with the side groups of R=3BCMU (3-butoxycarbonylmethyl-
urethane). In the present study time evolution from femtosecond to
submillisecond was extensively investigated, including temperature (10-
290 K), probe light polarization, and pulse energy dependences.

The experiment was performed using the amplified pulses of the CPM-ring
dye laser (2.0 eV, 100 fs), the second harmonic pulses (2.33 eV) of a

mode-locked Nd:YAG laser (30 ps) and a Q-switched Nd:YAG laser (5 ns),
respectively. Cast film samples with thickness of the order of 100 nm were
used. The temperature dependence was studied using a continuous-gas-flow
cryostat.

Figures 1 and 2 show transient photoinduced absorption spectra when the
polarization of pump pulse and that of probe light are parallel tu each
other. A photoinduced bleaching peak appears at the absorption peak of
singlet excitons (1.93 eV at 10 K and 2.00 eV at 290 K) and broad-bar!
absorption is observed below 1.9 eV both at 10 and at 290 K. This
absorption is most probably caused by self-trapped singlet excitons. At
he delay t ime between -0.1 ps and 0.1 ps, i.e. the probe pulse arrives at
the sample simultaneously with the pump pulse, three minima are observed
at 1.97, 1.78, and 1./0 eV (Fig. 2). The bleaching peak at 1.97 eV is the

0.2 0.1

- ~ l S 0.2ps u 0.0

0.0- - 0.k1 290K
-0.lps0

0 th_____

<-0.2 Fig. -0.1 -Fig. 2

1.7 1.8 1.9 2.0 1.4 1.6 1.8 2.0 2.2
Photon Energy 1eVI Photon Energy [eVI

Fig. 1. Photoinduced absorption spectra at the delay time of 0.1 ps.

Fig. 2. Photoinduced absorption spectra at 10 K.
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hole burned by the 1.97-eV pump pulse and the other two minima can be
explained in terms of Raman gain. The shifts are consistent with the
reported phonon frequency [6].

Measurements carried out with crossed polarization direction of pump
and probe field reproduce in effect the spectra depicted here except that
the three negative peaks are vanished and the absorbance change is about
30% smaller. The corresponding anisotropy of the absorption is observed in
the ground state. The excited states anisotropy remains for more than
several picoseconds.

Figure 3 shows the temporal evolution of the absorbance change at the
three different energies. The bleaching at 1.97 eV has a maximum dt
0.0 ps, because the hole is observed at this photon energy. Both formation
time constants for the absorption at 1.77 eV and the bleaching at 1.92 eV
are less than the resolution time of the present study, 100 fs. Assuming
the absorbance changes decay exponentially, the decay time constant is
estimated to be 2.0+0.2 ps at 10 K and 1.5+0.2 ps at 290 K.

An exciton length in one-dimensional chains can be estimated using the
phase pace filling model [7]. The relative change in the absorption
caused by excitons is given by

,A(Xex,)/A(;'ex) = -,P/,Ps (1)

where 0 is the photogenerated ex 6 ton lensity. The saturated exciton
density 0 is obtained as l.OxlO cm-  at 290 K. Using the value for the
cross-sp rional area for a polymer chain of 100 A2 [8], an exciton length
is estimated to be 66 A.

The intensity of the absorbance change was found to be saturated when
the pump intensity is increied. The saturatio?,photon densities are
obtained to be (1.2+0.3)xlO and (1.6+0.4)xlO photons/cm at 290 and
10 K, respectively. However, the shape as well as the temporal behavior of
the photoinduced absorption are independent of the pump intensity. The
saturation can be explained by the bleaching (saturation absorption) at
the pump wavelength. The absorption of triplet excitons, which was
observed at 1.41 eV in polydiacetylene-PTS by two photon excitation 14],
is not observed in poly-3BCMU films at the peak power up to 0 GA4'cm.

0.1 1.776V

C 0.0 
. . . . . . . .

o-. , ---'"1.92ev ----
-0.2

0 1 2 3 4
Delay Time Ips]

Fig. 3. The time dependences of the photoinduced absorbance changes.
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Bleaching is still observed at 10 As after 5-ns pulse excitation in
1.7-2.3 eV. Hence there is another intermediate with much longer lifetime
than 1.5 ps. No difference in the spectral shape of the absorbance change
between the picosecond and the nanosecond experiments can be observed. T~e
decay kinetics in the nanosecond region can be represented by erf[(t/t) -' ]

with t = 80 ns and d-0.65±0.04. This absorbance change is discussed in
terms of band depletion due to another long-lived intermediate, since the
spectral change can be closely reproduced by the energy derivative of the
absorbance spectrum. This type of decay function (-I- As) was also
observed for anot,,er polydiacetylene, PTS [9]. Triplet exciton absorption
was observed around 1.4 eV with 18.2±0.5)As lifetime at excitation energy
we" above the band gap.

In conclusion, the time-resolved photoinduced absorption spectrum of
poly-3BCMU has been studied from femtoseconds to microseconds. The hole
burning and the absorption of selF-trapped excitons have been observed. An
exciton length has been estimated as 66 A.
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Ultrashort Surface-Plasmon and Phonon Dynamics

M. van Exter and A. Lagendijk

Natuurkundig Laboratorium van de Universiteit van Amsterdam,
Valckenierstraat 65, NL-1018 XE Amsterdam, The Netherlands

Kretschmann [1] was the first to demonstrate that the
reflectivity of a thin metal layer (e.g. silver) evaporated
on a transparent and optically dense substrate (e.g. glass)
as measured by a light source coming from the glass side
depends strongly on the angle of incidence. In the neigh-
borhood of the so-called "plasmon angle", the reflectivity
of the glass-metal-air system can display a sharp minimum.
This decrease in reflectivity is called Attenuated Total
Reflection (ATR) and is a result of surface plasmon (SP)
generation. The electro-magnetic field penetrates into the
metal and excites "leaky" SP at the metal-air interface.

With the use of two mode-locked dye lasers, producing
"yellow" and "red" pulses of 5 ps FWHM we have observed the
generation and decay of surface plasmons. [2] We direct
both beams through a prism of BK7 onto a 45 nm film of
silver evaporated on the prism. The two beams both reach

the silver film at approximately the plasmon angle (e=430

in our case). The yellow pump beam creates SP propagating
along the silver film at almost the speed of light. The
energy dumped by the decaying "yellow" SP temporarily
changes the dielectric constant of silver. After a variable
delay the red probe pulse measures the, slightly changed,
reflectivity of the glass-silver-air system in the same ATR
configuration.

Under typical experimental conditions we focus two laser
beams of 15 mW average power each on the film and the rise
in temperature, corresponding to the energy dumped by one
laser pulse, is about 1 K. The resulting gain/loss in the

intensity of the reflected probe beam is typically 10-410-5.
A special double-modulation technique [2] at 8.8 Mhz allows
us to reach almost the quantum-noise limit and detect

changes in the reflectivity of 10- 7 (RC-time-0.4 s).
Conservation of momentum along the film (phase matching)

restricts the propagation of the SP to one direction. One
thus expects the heat distribution along the film,
resulting from the decay of SP, to have an exponential
tail. Experimentally we observe the spatial distribution of
heat by moving the red probe spot with respect to the
y(l'.ow pump spot over the film meanwhile monitoring the
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signal strength. A perfect exponential "heat" tail (more
than two decades) was observed and a mean-free path of the
optical SP of 12.8(7) pm could be determined. From the
theoretical dispersion relation of the SP we know their
group velocity to be 0.89c so the measured mean-free path
reflects a momentum life time of 48(3) fs.

The previous spatially-resolved data were obtained for a
probe pulse arriving about hundred picoseconds after the
pump pulse. It is also very interesting to observe the
change in reflectivity as a function of time for fixed
angle and exact overlap between the laser foci. As we have
a time resolution of 5 ps there is no possibility to
observe the decay of the SP directly in the time domain,
but we can look at their decay products.

In Fig.1 we have pictured a typical time-resolved
measurement. The long-time decay (ns) of the reflectivity
results from the diffusion of heat. Although the heat
diffusion constant of silver is almost a thousand times
larger than that of BK7 glass, the larger surface and larger
thermal gradient perpendicular to the film make the heat
diffusion into the glass dominant. This can also be
concluded from the observed quasi-one-dimensional behavior
of the heat diffusion; the ns decay is almost insensitive
to the size of the focused laser spots.

In Fig.2 we present a measurement, concentrating on the
short-time decay, that clearly shows an intriguing oscil-
lation in the reflectivity. We will explain these small and
fast (24 ps) oscillations in terms of acoustic phonons
bouncing up and down the film. Similar oscillations have
been recently observed by Thomsen et al. [3] in the absorp-
tion of a-As 2Te 3.

- 6

210

3 100

U
0)

80

c

C 0

0

20 Fig.1 Reflectivity
change of probe induced

0. 0.5 1 . 1.5 by pump pulse

time delay Ins]

281
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The electric field associated with the surface plasmons
has a penetration depth in the silver of only 12 nm, so
most of the energy is released in a thin upper layer at the
silver-air interface. The deposited energy first of all
gives rise to an increase in the temperature but also
creates an expansion of the lattice, part of it being
stationary and part of it in the form of a "strain wave"
travelling at the speed of sound perpendicular to the
surface. From a microscopic point of view acoustic phonons
are generated by multi-phonon decay. The experimental run
of Fig.2 was fitted by an exponentially decaying sinusoidal
curve. The oscillation period could be determined with I %
accuracy to be 23.8(3) ps. Using the 45 nm thickness of the
film we calculate a longitudinal speed of sound of
v=3.78(5) km/s. The decay of the acoustic signal is almost
completely due to transmission of phonons into the glass.
The measured decay (50+5 %) agrees with the calculated
acoustic reflection coefficient at the silver-glass
boundary and losses due to other scattering processes must
therefore be weak.
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Femtosecond Image-Potential Dynamics in Metals

R.W. Schoenlein 1, J.G. Fujimoto 1, G.L. Eesley 2 , and W. Capehart2

1 Department of Electrical Engineering and Computer Science,

Research Laboratory of Electronics,
Massachusetts Institute of Technology, Cambridge, MA02139, USA

2Physics Department, General Motors Research Laboratories,
Warren, M148090, USA

We report the first time-resolved studies of image-potential states in metals. Fem-
tosecond ultraviolet pump and visible probe techniques are combined with two-photon
photoemission energy spectroscopy to perform transient photoemission measurements
with fcmtosecond resolution. The n = I image-potential state in Ag(100) is ob-
served to decay within a few tens of femtoseconds.

The existence of image-potential states has been theoretically predictedt'i and ex-
perimentally investigated using inverse photoemission121 as well as two-photon photoe-
mission techniques3',l. They represent a unique class of surface states created by the
Coulombic attraction between an electron existing outside a material surface and the
electronic image charge in the solid. Electrons in these states are essentially trapped by
the image-potential on one side and a potential barrier at the crystal surface created
by a gap of available electronic states. This results in a two-dimensional electronic
confinement in which the wavefunctions exist primarily outside the solid. The energy
levels form a Rydberg-like series approaching the vacuum potential.

Energy levels of image-potential states may be predicted using a simple hydrogenic
model which yields a binding energy EB - 1/n 2 with a maximum binding energy of
AR, = 0.85 eV 21. Echenique et al.('- l have developed a more detailed theoretical
treatment based on wavefunction phase analysis. They predict binding energies and
estimate the lifetime broadening of the states by considering the wavefunction overlap
with the crystal. Two-photon photoemission measurements in Ag (100) have yielded
binding energies of 0.53 eV and 0.16 eV ± 0.02 eV for the n = 1 and n = 2 states,
respectively[4l.

Our studies are performed on the (100) surface of Ag using a two-photon pump
and probe photoemission technique employing both visible and ultraviolet femtosecond
pulses. The laser system consists of a CPM ring dye laser with an 8 kHz copper vapor
laser amplifierl] which produces 55 fs pulses at 620 nm (2 eV). Ultraviolet pulses of
60 fs duration (at 4 eV) are generated in the pump arm by frequency doubling in a 100
jum KDP crystal. A prism pair is employed to compensate dispersion in the UV due
to optical components.

The UV pulses populate the n = 1 image-potential state via nonresonant transi-
tions from occupied bulk states below the Fermi energy. The transient dynamics of the
image-potential state are probed by a delayed visible (2 eV) pulse which photoemits
electrons to the vacuum. Both visible and UV beams were P-polarized. No photoe-
mission was observed with S-polarized light, commensurate with selection rules. The
two wavelength technique breaks the symmetry of standard two-photon photoemission,
thereby separating effects of the pump from those of the probe. One-photon photoe-
mission from image-potential states with visible photons is more effective than with
UV photons since most of the UV energy is absorbed by d-band transitions. Thus, the
effects of nonequilibrium heating are limited by working at the lowest possible UV flu-
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ences. This approach permits nearly background-free measurements of electron energy
spectra on a femtosecond time scale.

The single crystal Ag sample was cut in a (100) orientation with an accuracy of
±2 ° , polished and sputter ion cleaned in a 10-10 torr vacuum chamber. Surface quality
was verified using standard LEED and Auger spectroscopy. Photoemitted electrons are
detected by a cylindrical mirror analyzer (CMA) with an energy resolution of better
than 200 meV and a collection angle of - 150.

Figure 1 shows a series of two-photon (4 eV and 2 eV) photoemission spectra taken
at various time delays with UV and visible fluences of - 5 X 10 - 2 mJ/cm 2 and - 0.7
mJ/cm2 , respectively. Positive delay corresponds to visible pulses arriving after the UV
pulses, and the zero energy was determined by the onset of the photoemission signal.
The image-potential peak appears at - 1.5 eV which corresponds to the n = I image
state lying - 0.5 eV below the vacuum potential and is consistent with previously
reported results'). Photoemission from the n = 2 state is not observed since the 4 eV
pump energy is not sufficient to populate this state. The 185 meV energy width is
limited by the resolution of the energy analyzer.

The time decay of the observed signal is quite rapid, indicating an excited state
lifetime which is comparable to the pulse duration. Population of the n = 1 state via
nonresonant transitions results in a broad electronic distribution which extends over a
range of energies and momentum states in the k1l direction. Because of the acceptance

angle of the CMA, our measurements are sensitive to electrons with finite transverse
momentum and this may affect the observed lifetime. There is no evidence of electron
dynamics within the n = 1 band since the energy profile and width does not change
substantially over the lifetime of the state.

The background (> 200 fs delay) photoemission spectra (x 100) is shown for refer-
ence. We observe a peak at 1.5 eV resulting from three-(2 eV)photon photoemission via
the n = 1 image-potential state. The peak at 3.5 eV corresponds to two-(4eV)photon
photoemission from the n= 1 state.
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Fig. 1. Photoelectron energy spectra at vari- Fig. 2. Cross-correlation trace and
ous time delays showing the dynamics of the femtosecond transient decay of the
image-potential state, image-potential state.
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Figure 2 shows a time-resolved photoemission measurement taken with the energy

analyzer tuned to the peak of the image-potential signal at 1.5 eV. Also shown is a
UV/visible cross-correlation measurement taken under identical experimental condi-
tions by quenching the image-potential lifetime by adsorbing oxygen onto the sample

surface. This is important in order to accura-cly determine the pulse duration at the
sample as well as the zero delay. The finite lifetime of the image-potential state is cvi-

dcnccd by the asymmetry of the pump-probe trace and the shift toward positive delay.

This clearly indicates that the process is not instantaneous. Theoretical fits performed
by convolving the cross-correlation with single sided exponentials indicate a decay time
in the range of 10 to 30 fs. However, the dynamics of these states may be sensitive to

surface impurities.
In summary, transient dynamics of the n = 1 image-potential state in Ag (100) have

been investigated using femtosecond ultraviolet pump and visible probe techniques com-
bined with two-photon photoemission energy spectroscopy. This novel approach sepa-
rates effects of the pump from those of the probe and permits nearly background-free
measurements of photoelectron spectra with femtosccond resolution. Our results show

the population of the n = 1 image-potential state and the subsequent relaxation of the
electron gas on a time scale comparable to the pulse duration. High resolution pump-
probe measurements indicate an excited state lifetime of a few tens of femtoseconds
which is within the range predicted by theory["' ,]. The observed lifetime is relatively

long for such high-energy electrons (- 4 eV above the Fermi energy) indicating that the
image-potential states are considerably decoupled from the solid. Additional studies
incorporating a variable wavelength femtosecond UV pump should provide information

about the dynamics of higher order states and their coupling to the crystal lattice.

This technique should have applications for performing time-resolved surface studies
in a variety of material systems.

We wish to thank E. P. Ippen for helpful discussions. This work was supported in

part at MIT by the Joint Services Electronics Program Contract DAAL03-86-K-0002,
the Air Force Office of Scientific Research, and a grant from the AT&T Foundation.
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Femtosecond Luminescence Spectroscopy:
Investigation of Semiconductors
and Semiconductor Microstructures

J. Shah, T.C. Damen, and B. Deveaud *

AT&T Bell Laboratories, Crawfords Comer Road,
Holmdel, NJ07733, USA
*Permanent address: LAB/ICM, CNET, Lannion, France

We have developed a luminescence spectroscopy system with 65 fs time
resolution and high sensitvity. Using this technique, we have investigated a
number of phenomena of fundamental and device importance in
semiconductors and their microstructures.

1. INTRODUCTION

Femtosecond spectroscopy is a very powerful technique for investigating properties of
matter. Excite-and-probe techniques with time resolution as short as 6 fs [1] have been
used for such studies. Luminescence spectroscopy provides complemcntary information
but has been limited to a time resolution of about 400 fs [2]. We have recently
demonstrated [3] that it is possible to measre luminescence spectra with 65 fs time
resolution and with good sensitivity. We are therefore able to measure luminescence
spectra with time resolution better than most excite-and-probe studies.

We describe important features of this 65 fs luminescence spectroscopy system and
discuss how we have used ultrafast luminescence spectroscopy to investigate (i) transport
of carriers in semiconductor superlattices, (ii) intervalley scattering in GaAs and (iii)
exciton transfer between monolayer-flat regions in a single quantum well.

2. LUMINESCENCE SPECTROSCOPY WITH 65fs TIME RESOLUTION

The technique we used is based on the principle of sum frequency generation [4]. The
time resolution is determined by the laser pulsewidth and the group velocity dispersion in
the nonlinear crystal used for upconversion [5]. We have discussed earlier [3] that for a
given excitation density, the upconverted luminescence signal is proportional to the
average power incident on the nonlinear crystal under the conditions of our experiments.
It is therefore cssential to have a laser with narrow pulsewidth and a reasonably large ( >
100 mW) average power.

The starting point for the present experiments was a Rh 6G dye laser synchronously
pumped with the second harmonic of a compressed, mode-locked YAG laser [6]. The dye
laser output was typically 300 mW average power at 80 MHz repetition rate, with 300 fs
pulsewidth. We compressed these pulses [3] using a fiber-prism compressor [7,8]. The
fiber length was 12.7 cm and the separation between the 60 degrees fused quartz prisms
was approximately 180 cm. Using 200 mW input power, we obtained 60 fs compressed
pulses with an average power of 120 mW. Increasing the input power to 300 mW
increased the pulsewidth to 65 fs and the average power to 150 mW. It may be possible to
further improve these results by optimizing the fiber length and other parameters of the
compressor. These results were obtained with the dye laser operating at 5900 A . The
tunability of the compressed pulses was not investigated.
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Fig. 1. Schematic of luminescence spectroscopy system for 65 fs time resolution.

Luminescence spectroscopy was performed by splitting this laser into two beams (Fig.
1). One beam e"cited the luminescence which was collected by dispersion free optics and
focussed on a 0.3 mm thick nonlinear crystal of LiIO 3. T1he second compressed laser
beam was passed through a variable delay stage and was also focussed at the same point
in the nonlinear crystal. Sum frequency photons were generated only during the laser
pulse, thus providing the femtosecond time resoultion. The phasemnatching restrictions
and a spectrometer provided the necessary spectral resolution.

The time resolution of the system was determined by measuring the cross- correlation
between the scattered light from the surface of the sample with the delayed laser beam at
the nonlinear crystal. A typical cross- correlation trace is shown in Fig. 2. This
demonstrates a time resolution of 65 fs. The time evolution of luminescence intensity at
1.78 eV from bulk GaAs at 300 K is also shown in Fig. 2. Compared to the earlier result
(21, we can resolve a short delay in the onset of luminescence. Similar results for GaAs at
other energies and for AIGaAs were reported in [3].

3. BLOCH! TRANSPORT/IN SUPERLA 7TICES

The formation of minibands in thin superlattices leads to a number of interesting
transport phenomena, including the possibility of Bloch oscillations. While transport of
carriers over large distances in the direction perpendicular to the superlattice planes
(perpendicular transport) has been established, the nature of such transport is not well
established. Using time resolved luminescence spectroscopy in stepwise graded gap
superlattices (see inset of Fig. 3), we have achieved a better understanding of the nature
of this transport.
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The cw luminescence spectrum of a stepwise graded gap superlattice sample (inset of
Fig. 3) shows a series of peaks, each corresponding to a step in the sample. Therefore,
the peak of the time resolved luminescence spectrum at a given delay after the excitation
pulse directly determined the position of photoexcfted carriers in superlattices [9]. Fig. 3
shows the time resolved spectra for a 20/20 superlattice (i.e. superlattice with 20 A GaAs
well and 20 A AIGaAs (30 % Al) barrier). These spectra clearly establish the motion of
the carriers in the perpendicular direction.

By measuring such luminescence spectra for superlattices of different periodicities, we
established that transport in thin superlattices proceeds via Bloch states (Bloch transport)
and determined the mobility for such transport. We determined the variation of the
mobility for perpendicular transport with superlattice period and showed that localization
effects become important for barrier thicknesses > 30 A . Our technique thus provides
important information about transport in semiconductor superlattices.

4. INTERVALLEY SCATTERING IN GaAs

We have observed [10) that the luminescence intensity in GaAs photoexcited with 300
fs pulses, rises extremely slowly, taking nearly 10 ps to reach its peak value. This long
risetime is in contrast to a much faster risetime observed in InP (Fig. 4). We have shown
that this difference between two very similar semiconductors arises from the fact that, for
our excitation photon energy (2.04 eV), photoexcited electrons are energetically allowed
to make a transition to the L valley in GaAs but not in InP. Therefore, the slow rise in
GaAs is primarily caused by a slow return of the carriers from the L valley to the F valley.
By comparing these data with Monte Carlo simulations, we have determined that the
average F to L transfer time is 100 fs and the average L to r return time is 2.5 ps. These
are important parameters for understanding high field transport in GaAs.
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-IJ

! i f InP

Z

SFig. 4. "lime evolution of

0 I •luminescence from GaAs and InP [1(01.
0 51

DELAY (ps)

5. EXCITON TRANSPORT IN A SINGLE QUANTUM WELL

Interruption of growth at hetero-interfaces leads to formation of large, monolayer-flat
islands in quantum wells We have investigated the transfer of excitons between these
islands by time resolved luminescence spectroscopy.

Fig. 5 shows the time resolved spectra from a single quantum well whose nominal
width is 25 A. Two distinct luminescence features are observed, arising from islands with
average thickness of 10 monolayers (higher energy feature) and 11 monolayers (lower

energy feature). Initially the higher energy luminescence dominates, indicating that the
islands with 10 monolayer thickness dominate within the excitation spot ( = 30 tan
diameter). With increasing time delay, the cxcitons transfer to islands with larger
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I Fig. 5. Luminescence spectra of a

- - 25 A wide GaAs quantum well at three
A different delays [11].
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thickness as shown by the decrease in the high energy feature and an increase in the low
energy feature. We find that the transfer time is about 200 ps.

6. SUMMARY

We have built a system that allows measurement of luminescence spectra with 65 fs
time resolution and with high sensitivity. We have discussed important features of this
system and reviewed our recent work on semiconductors and semiconductor
microstructures using the technique of ultrafast luminescence spectroscopy. This work
sheds new light on many phenomena which are of fundamental interest in semiconductor
physics and which form the basis for understanding many interesting and useful devices.
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Femtosecond Carrier-Carrier Scattering Dynamics
in p-Type and n-Type Modulation-Doped Quantum Wells
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and S.M. Goodnick2

IAT&T Bell Laboratories, Crawfords Comer Road,
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Optical studies of carrier thermalization dynamics in semiconductors [I-3]
suffer from two basic ambiguities which have received very little attention
in experimental and theoretical studies in the past. For each photon which

is absorbed, one electron and one hole are created. Since the electrons and
holes in general have different properties we should expect that their
subsequent relaxation dynamics will be different. In studies of optical
sataration, the experimental observable is the absorption, which is related

indirectly to the sum of the electron and hole occupation functions. Thus,
optical absorption saturation experiments cannot provide information on the
separate contributions of the electrons and holes. Therefore, the separate
contributions of electrons and holes to the thermalization rate and the

separate contributions to the optical absorption saturation signals are
of interest to study.

We discuss a new set of experiments in which the goal is to determine
which scattering process (e-e, c-h or li-h) provides the dominant
contribution to the thermalization rate of a non-thermal carrier
distribution. Monte-Carlo simulations indicate that the electron population
dynamics dominate the saturation signals. We use GaAs multiple quantum wells
(MQW) which are doped at about 3x10

I I 
cm

- 2 
with either excess electrons or

excess holes, thus breaking the symmetry imposed by charge neutrality in

optical excitation of undoped semiconductors. We excite at less than one
phonon excess energy so that carrier-carrier scattering is the only
relaxation mechanism in our experiments.

We use an infrared femtosecond spectroscopic system which has been
recently developed which generates intense 100 fs continuum pulses centered

at 805 nm [4). This provides excitation pulses of 100 fs duration which are

continuously tunable around the GaAs bandedge with about 10-20 ni pulse
energies, obtained by a series of 10 ns bandpass filters. In a previous

experiment [31, undoped 9.6 nm MQW were excited at a carrier density of
about 2x10

0 
cm

- 2
, a limit imposed by the weak infrared continuum. A

thermalization time of about 100 fs wa- ctaincd. Figure la shows the same
sample excited at about 3-5x]0

1 1 
cm

- 2 
carrier density. At this high

density, the nonthermal distribution is twice as broad as the pump pulse
bandwidth and we obtain about 30 fs thermalization time, by comparison with
our relaxation time approximation model. At low densities, elastic
scattering dominates, exchanging small amounts of energy per collision,
At high densities inelastic scattering becomes important, however, screening
reduces the scattering rate, so the net dependence on carrier density is

weak. When we repeat the experiment in n-type QW (Figure lb), we do not
resolve a non-thermal distribution. This indicates that the thermalization
is faster than our system can resolve (less than 10 fs by comparison with
our relaxation time approximation model). Thus, the electron-electron

scattering contribution to femtosecond carrier thermalization is apparently
very important. We then repeat this in p-type QW doped at 2xi0

I 
cm

- 2

(Figure Ic) and obtain a completely different result. In this case a non-
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(a) UNDOPED 0Figure 1. Differential
0-15 transmission spectra for

0 undoped and modulation-

AT 264 doped samples. Excitation
198 densit is about 2xl0

1I

132 / per cm . For tLe undoped

-- 66 case, broad holeburning is

0 . observed with about a 30 fs-66 thermalization time. For the

-132 4 n-type case, no holeburning
-198 5 is obtained, indicating less

1.475 1.5001525 than 10 fs thermalization

ENERGY (eV) - time. P-type samples show
strong holeburning with a
60 fs thermalization time

(b) n-TYPE 0.30 and also a large dynamical

0.15 edge broadening.
AT 033

1.425 1 o -3

ENERGY (eV)

(c TY 0 0

1.450- 132

-198

ENERGY (eV)

thermal distribution is clearly observed around t=0, but a large negative

dip is observed around t=0. This is due to a large instantaneous
renormalization of the Fermi sea. This effect appears to be much larger for
the p-type case than the n-type case. The thernialization time is about 60 fs
for this case, by cornsarisen with our model. lptical excitation densities
are about 2-3xi0 II cm--2 for ND samples.

We obtain thermalization times frosm this data, assuming that there is
no loss of cariers to intervalley scattering, radiative or nonradiative
decay and no phonon emission, using a relaxation time opproximation [5] with

a local equilibrium distribution which conserves carriers, and we set the
initial distribution energy equal to the final Boltzmann distribution energy

so that the relaxation conserves energy. Wc have compared the results of our
relaxation-time approximation model with Monte-Carlo simulations which have
been recently carried out [6J. We show in Figure 2 the electron occupation

function for the conditions of the low density experiments (undoped,
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Electron Distributionrn~n, = 2 x I0'O/c¢me

0iEq - Ec = 20meV

200 fs
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-S fs

-100 fs
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Figure 2. Monte-Carlo simulation of thermalization of electron
distribution for undoped sample at 2x10

10 
cm

- 2
.

excitation at 2x10
I
0 cm

- 2
) The connection between the sum of the electron

and hole occupation functions and the absorption bleaching is

complicated in regions of absorption in which excitonic or continuum
resonances [7] modulate the absorption above the density of states
significantly. In the present case, we excite non-thermal distributions in
the n=l continuum where the absorption is not resonantly enhanced so that we
may make a reasonably direct correlation between bleaching and occupation.

In summary, we find that carrier tbirmalization in n-type doped

samples is much faster than in p-type dope samples, suggesting that e-e
collisions make the dominant contribution to femtosecond carrier
thermalization in near bandedge excitation conditions. Thermalization times
of less than 10 fs are obtained for n-type materials. Our relaxation time
approximation model provides a good qualitative description of our results,

and Monte Carlo simulations indicate that the electron population dominates
the transient optical saturation signals. Further studies will be required
to determine dependence of these relaxation rates on excess energy, doping

and excitation density, well size, and other parameters.
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Cooling of Hot Carriers
in Three- and Two-Dimensional Ga 0 .4 7 1n0 .5 3 As

H. Lobentanzer, W. Stolz, and K. Ploog

Max-Planck-Institut fur Festkbrperforschung,
Heisenbergstr. 1, D-7000 Stuttgart 80, Fed. Rep. of Germany

Cooling of hot carriers in undoped Gao.47 1no.53As has been investigated systema-
tically so far in bulk material with a free surface /1/ and in a thin
Gao.471n0 .53As/Alo. 48 In0 .52As multiple-quantum-well (MQW) structure /2/. We
report here a comparative study of the cooling behavior of hot carriers in a
Alo.4 81no.52As/Gao.4Ino.s3As/InP heterostructure (thickness of the Gao.471no.5 3As-
layer: 0.751Lm) and in Gao.471n o.53As/Alo. 48Ino.52As MQW's of a well thickness of
3.4, 8.0 and 13.8nm.

Our samples are directly excited with picosecond pulses of a synchronously
pumped dye laser ( repetition rate 80MHz, pulse duration 4ps). The laser pulses
with a photon energy of 1.48eV are only absorbed in the Gao.471n o.53As layers.
All experiments are performed at a temperature of 5K. The photoluminescence in
the infrared spectral range between 1.0 and 1.551zm is spectrally dispersed by a
monochromator and temporally resolved by a 2D Hamamatsu synchroscan streak
camera, using a S1 photocathode. The time resolution amounts to 15ps and is
limited by temporal broadening of the spectrometer and the trigger jitter of the
streak camera system.

Transient photoluminescence spectra of the bulk sample are depicted in Fig.
1. Assuming fast thermalisation between electrons and holes, we can perform a
linefit of the luminescence, using a band-band recombination model.

SI 0- Go047 1nos3As -

.6 ,: K 3 Fig.1 Transient photoluminescence. 1 0 L : 5

spectra for bulk Gao.471no.53As at
C 103 _ three different delay times (40, 160,

and 470ps) depicted for an excitation

102 _ _ density of 2.2 * 101'8cm -3 . The spectra
C 40 ps have been normalized and multiplied
u 10 120K 125K by a factor of 10', i04, and 101 for

470ps 160ps delay times of 40, 160, and 470ps,

Z I i '. respectively
0.8 0.9 1.0 1.1

Photon Energy (eV)
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The nonequilibrium carrier temperature and the excitation density as a function
of time delay after the excitation pulse are obtained in that way. These experi-
mental results are compared with cooling curves calculated by a theoretical model
/2/ taking into account energy loss by polar optical scattering , acoustic deforma-
tion potential scattering and carrier heating by Auger processes. We introduce a
factor F, which describes the reduction of polar optical energy loss in comparison
to the theory at high excitation densities because of LO phonon overpopulation
and/or screening of the Coulomb interaction between carriers and lattice atoms.
The other a priori unknown parameters which enter the model are the acoustic
deformation potential constant EAc of holes and Auger coefficient CA.

Figure 2 shows the experimentally obtained cooling curves (symbols) and theo-
retically calculated curves (solid lines). The most important results from this
fitting procedure concerns the Frhlich interaction in Gao.47 1no.53As. We observe
a polar optical energy-loss-rate (ELR) in the heterostructure for low excitation
density (5 * 1016cm--), which is close to theoretical expectations (F=3). Therefore
the strength of the electron (hole)-londitudinal optical (LO) phonon interaction is
well described by the theoretically predicted Fr6hlich interaction. For higher exci-
tation densities the polar optical ELR is strongly reduced in comparison to theory,
for example F=100 for an excitation density of 2.2 * 1018 cm - 3 . This reduction is
mainly caused by a nonthermal population of LO (and transverse optical (TO))
phonons.

A value of EAC = 3eV is obtained for the acoustic deformation potential of holes
and a value of 7 * 10-2 9cm 6sec - 1 for the Auger coefficient.

Next we investigate the problem of carrier cooling in multiple quantum well
(MQW) structures of well thickness 3.4, 8.0, and 13.8nm, thus studying the tran-
sition from bulk to quasi 2D systems and the well thickness dependence of the
different energy loss rates. The above explained experiment and fitting procedure
is performed on these MQW's. Again we concentrate first on polar optical energy
loss of these structures. As depicted in Fig.3, the polar optical energy loss in all
MQW's is close to theoretical expectations, indicating a strength of the Fr6hlich

2 0 1 5K G n047 (cm3As Fig.2 Cooling data for bulk
20- T5 - 101 5 7,o0 Gao.471n 0 .53As for different excitation

o 1.5x1017 densities. Theoretical fits are depic-
4. 0,10 ted (solid curves) using EAC=3eV and

E \  F=100,70,40, and 3 for excitation den-
! TU. \\.. sities of 2.2*1018,5*1017,1.5*1017, and

-, -. 5 * 10 1 cM- 3. The dashed curve showsEQ
U a theoretical curve for the highest ex-

citation density with the same para-
0 100 200 300 400 500 meters, but neglecting Auger recombi-

Time (ps) nation.
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interaction comparable to the 3D case. However, a small increase of the polar
optical ELR in the low excitation limit is found with decreasing well thickness.
This theoretically predicted effect/3/ has also been observed in a cw experi-
ment/4/. For higher excitation density a reduction of the polar optical ELR is
observed in the MQW's comparable to the bulk case. All MQW's show a similar
reduction of polar optical ELR as a function of the 2D excitation density, which
indicates the two-dimensional character of the carrier systems in these structures.

Further results concern the dependence of the ELR by acoustic deformation
potential scattering of holes and the dependence of the Auger processes on quan-
tum well thickness. We observe an increase of the ELR by acoustic deformation
potential scattering of heavy holes with decreasing well thickness. The acoustic
deformation potential scattering depends on the heavy hole effective mass mr and
the acoustic deformation potential EAC via (mj)5/ 2E'c. Therefore the observed
increase of the acoustic deformation potential scattering can be attributed to an
increase of the effective heavy hole mass as well as to an increase of the acoustic
deformation potential. We also observe a decrease of the Auger coefficient with
decreasing well thickness and therefore increasing energy of the first electron-heavy
hole transition. A similar dependence of the Auger coefficient on the energy gap
has been also reported for InGaAsP /5/.

Travel support by the Stifterverband fUr die deutsche Wissenschaft is gratefully
acknowledged.
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Tunneling Processes in AlAs/GaAs Double Quantum Wells

T. Tada 1, A. Yamaguchi 1, T. Ninomiya 1, H. Uchiki 1, T. Kobayashi1

and T. Yao 2

'Department of Physics, University of Tokyo, Bunkyo-ku,
Tokyo 113, Japan

2Electrotechnical Laboratory, Tsukuba-shi,
Ibaraki 305, Japan

1. INTRODUCTION

Quantum transport of photogenerated carriers through a barrier layer with an
indirect band gar was studied. With the use of AlAs/GaAs double quantum well
(DQW) structures in which two wells have different widths, the tunneling of
carriers from one well to the other can be observed directly by measuring the
photoluminescence (PL) from the two wells with different recombination
energies. For the barrier layers, we choose AlAs to avoid possible uncertainty of
barrier-height energy coming from compositional fluctuation when we use a
barrier made of Al Ga As. Two wells of different widths (60 and 80X) are
separated by the AfAs arrier of the thickness of L,. (Fig. 1) Several samples
with different L,(15-120A) were used for the study of the dependence of
tunneling rate on L. The samples were grown on undoped GaAs substrates by
molecular beam epitaxy.

2. EXPERIMENTAL

The 514.5-nm (2.41eV) line from Ar + laser (Spectra Physics Model 171-09) was
used for excitation in the steady-state PL measurements. For the time-resolved
PL measurements, a dye laser synchronously pumped by the second harmonics
of a cw mode-locked Nd+:YAG laser (Spectra Physics, Model 3460) was used.
The pulse width and wavelength of the dye laser were about 5ps and 575nm

la bl .1 b I
Go! 80A

87meV LjA j . 3meV I1

h ,17-1201

b---AlAs

l1niev ,l.~ 10meV fl
Well 1 W 2 Fig.1 The schematic band diagram
well I We of the DQW structure.
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(2.16eV), respectively. The time dependence of the PL intensity was measured by
a time-correlated single-photon counting method.

3. RESULTS AND DISCUSSION

The steady-state FL spectrum at 4.2K for a GaAs/AlAs DQW sample with the
barrier width of 28A is shown in Fig. 2. It has two peaks 1 and 2 with the peak
energies of 1.63eV and 1.59eV, corresponding to Well 1 (L=60A) and
Well 2(L. 80A), respectively. The peak energies are consistent with a simple
envelope-function approximation.

Figure 3 shows the ratio of the spectrally integrated intensity of PL at 4.2K
between Well 1 (1,) and Well 2 (12) as a function of the barrier width. Tunneling
process plays an important role for the barriers narrower than 40A. We analyze
this tunneling process by the following rate equations [1]

dnl/dt=G, - n , / r ,- in, I

dn,/dt=G2-n 2/ 2+ i n, (2)

where n, is the population of the photogenerated carriers, G(2). is the generation
rate, ang) , is the life time of the photogenerated carriers in Well 1(2),
respectively. 711unneling rate j from Well 1 to Well 2 is given by [1]

V= 0" 4kE(V -E)/[4kE(V- E)-H(k - 1)E+V)2 sinh2(L,/ X )J (3)

where A. is the 1/e penetration depth of the wave function into the barrier, and v0
corresponds to the classical period of the electron motion in the well, and k is the
ratio of the electron mass in the barrier to that in the well, and V is the barrier
height energy, and E is the energy of the electron. V is calculated from the
difference in the energy of F-valleys between AlAs and GaAs by using Kroemer's
62:38 rule. [2]

Thus by using the steady state solutions of the rate equations, the ratio I, to I,
"s calculated as

Ii/I2=( r r,/ ri)/[(l+G,/G) r2 +G2 r 2/G 1 1 j, (4)
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EMISSION ENERGY (eV) Fig.3 The ratio of 1, to I2 is plotted
as a functioni of" L . The

Fig.2 The steady state PL spectrum dashed line represeni~s the
for L,,=28A fitted curve.
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Fig.4 The temporal profile of theLn=28A (A) PL intensity.
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where r,(2, is the radiative recombination time for Well 1(2). • r! '/r, 2 is estimated
as 1.1 from a simple quantum mechanical calculation. By fitting the experimental
results to eqs (3) and (4), we estimated A and P, as 6A and 4x1014 s-1,
respectively. The dashed line in fig.3 is the fitted curve.

Figure 4 shows the decays of PL from the sample with L-=28A (Sample A) and
59A (Sample B) at 4.2K and 77K. We estimate the decay time by the convolution
of an exponential decay function and instrument function. The estimated decay
times of 1. and I for L,=28A are 30ps and 5Ops at 4.2K, respectively, and 40ps
and 160ps at 77k , respectively. As for L =59A, those of I and 12 are 50ps and
50 ps at 4.2K, respectively, and lOOps and-130ps at 77K, respectively. The decay
times of 1, are shorter than that of 12 in Sample A, but the difference is small in
Sample B. This is because an electron can tunnel from Well 1 to Well 2 in
Sample A (Ln=28A) but can not in Sample B (Ln==59A). The decay of 1 and 12

can be simply written as:

Il(t)=Ae- (/v+ ') t (5)

1,(t)=]3e-'/'2-C • e- (1/rl+') t

-Be - t / 2 . (6)

Thus we can estimate tunneling rate v from the difference between decay times
for I and I. and get P(L,=28A)=2xlO'Os - '.

According to a simple envelope-function approximation where F-X mixing is
neglected the penetration depth can be written as h/V2m,(V-E) and as
h/(4mL ) [33 . These values are calculated to be 5.8A and 7.6x10 s',
respeclively. The tunneling rate are calculated to be 0.9x1010 by using these values
and eq.(3). These values are in good agreement with the experimental results.

Recently Ando suggested that the mixing of the P valley with X-valley in
GaAs/Al1 Ga 1_,As system has little effect on tunneling property even when the X-



valley is lower than the r-valley. [4] Therefore it is valid to analyze our
experimental results with the simple envelope-function approximation because F-X
mixing has little effects on the DQW system in our study although the energy of
X-valley of AlAs is lower than that of the F-valley.

4. SUMMARY

We observed the tunneling process in AlAs/GaAs DQW structures directly with
time-resolved and steady-state PL measurements, and obtained the tunneling rate
of 2xlO's - 1 for L =28A and penetration depth of the wave function into the AlAs
barrier is 6A. This is consistent with the simple envelope function approximation.
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Picosecond Laser Study of Electron Dynamics
in Resonant Tunneling Structures

M. Tsuchiya, T. Matsusue, and H. Sakaki

Institute of Industrial Science, University of Tokyo,

Roppongi 7-22-1, Minato-ku, Tokyo 106, Japan

Resonant tunneling (RT) phenomenon in double-barrier (DB) heterostructure
[1,2] has a conceptual similarity to a transmission of optical waves in
Fabry-Perot (FP) resonator and involves time delay. Its dynamics should be
investigated since they limit the ultimate speed of RT devices. Such a
study will also clarify both the validity and the limitation of FP analogy
of RT. In this paper, we report our study on the electron dynamics in AlAs-
GaAs-AlAs DB structures by measuring the time resolved photoluminescenc,
(PL). Picosecond pulses of a mode-locked dye laser were used to generate
electron hole pairs in quantum wells (QW) in the structures, and the
subsequent PL from particular QWs was monitored by a streak camera to
determine the time variation of electron density in the QWs, which is lost
by recombination (radiative[3] and nonradiative) and/or tunneling. Since
the heavy hole mass is quite heavy, hole tunneling can be neglected at
least in the initial phase of tunneling.

1. Escape of Electrons from Double-Barrier Resonant Tunnelinq Structures[ 4]
RT in DB structures is a basic and key process which governs the ultimate
speed of RT diodes. Electron build up into QW and escape from QW causes
intrinsic time delay due to multiple reflection. In ideal case, build up
time and escape time are -Ti/AE, where AE is the width of transmissicn peak.
To investigate this process, we prepared a series of AlAs/6.2nm-GaAs/AIAs DB
structures with the barrier width L = 2.8-6.2nm. The tunneling escape
rate I/rT of optically generated e]ectrons in GaAs QW through thin AIA1
barriers was determined by measuring the decay time of QW-PL. The laser
is set to generate electron heavy-hole pairs only in the ground subband.
The measured decay time was -50ps when LB = 2.8nm and increased
systematically as LB was increased, approaching asymptotically that of
multi QW, which is equal to the recombination-limited lifetime TR. TT was
estimated to be /-1/CR, and is plotted in Fig.1 as a function of LB. Note
that tT increases as exp(LB/const). The data for LB< 4 nm fit well with the
theoreTically predicted tunneling lifetime (broken line and chained line)
TT=2?/AE, indicating that the tunneling escape process is well described by
the simple FP-like model. In L>5nm, however, a discrepancy appears. This
seems due to an un-canceled portion of non-radiative recombination process,
which is known to be less in multi QW than in single QW structures.

2. Electron Dynamics in Coupled Resonant Tunneling Structures
Next, we investigated the effect of resonant coupling on tunneling process
in coupled QWs of Fig.2, where LB=3.1nm, Lw1-7.lnm, and Lw2 =5.lnm. We
measured the variation of tunneling rates at different bias voltage Va
applied to the semi-transparent Schottky contact formed at the surface. The
photon energy of laser was chosen to bC 1.771eV to generate carriers in both
wells. Under the flat band condition (Va-M0.6V), the electrons in QW2 have
the highest energy, and therefore, transfer to QW1 or escape rightwards to
outside. When the ground levels of QWl and QW2 are in resonance(Va--0.6V),
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Fig.3 PL decay tie(a) and time-integrated PL intensity(b) as a function of applied
voltage

interwell tunneling is enhanced. When Va is made further negative,
resonance breaks down, and tunneling from QWl to QW2 comes to be allowed.
Measured PL decay time and time-integrated PL intensity I at 15K are shown
in Fig.3 as a function of Va. Their variations with Va indicate large
change in resonant tunneling dynamics as will be described below.

Before resonance(Va>-0.1 V), the ground level El(QWl) of QW1 is far less
than that El (QW2) of QW2. The PL decay time of QW1 (1) in this case is
-400ps, which is nearly equal to radiative recombination lifetime tR* In
contrast, the decay time of QW2 (T 2 ) is -50ps. This decay rate l,/t 2 is
equal to the sum of two escape rates I/E 2 3, I/E 2 1 which correspond to the
tunnel escape from QW2 to outside and to QWl, respectively. The former
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(T23) is estimated Lo be -100ps by the mea-ured data of Fig.1 with the use
of relation IToc Lw 4 . Hence the latter 1l2 is found to be also -100ps. Note
that this tunneling process was clearly o5served also in excitation spectrum
of QW1, where the structure associated with QW2 exciton appeared. With
these time constants, PL efficiency 11 of QW1 and that 112 of QW2 are
expected to be -1 and -0.1, respectively, since l 2 =T2 /TR. The expected
values agree well with the data.

When EI(QWI) and El(QW2) are close to but slightly off the resonance(-
0.4V<Va<-O.1V), QW1 and QW2 get slightly coupled, which allows a slow
electron transfer (injection) from QW1 to QW2. This leads to the increase
in C2 When the two levels are at resonance(-0.7V<Va<-0.4V), interwell
tunneling gets frequent and large variations in decay time and PL intensity
appear. The fact that 11-12 and I1-I2 in this region indicates that the
interwell tunneling time T12 is much faster than 12 3 (-100ps). This is
confirmed by the measured delay time of the PL peak, which shows that 12 is
less than the time resolution(30ps) of the detection system. Indeed, when
barrier height is 1.13eV, Ec3 is calculated to be 100ps for LW=7.lnm and
LB= 3 .lnm, while 2 is predicted to be 0.62ps from the calculated energy
splitting AE(-Ti/1 1 2 ) for coupled QW with LWi Lw2 =6.2nm and LR=3.1nm. Hence,
quasi-equilibrium exists between Ni and N, the electron density of each
well. The total density N(=Nl+N2) is then written as dN/dt= -N2/T23=-
N/(+R)_3 where R is Ni /N2. This indicates that the lifetimes tI and-c
get equ and are (+R)123 , while the PL efficiencies are R"2 3 /2TR for QW
and T23/ 2TR for QW2. crefore, one expects that -1 equals T2, and
T11/'2(-R) decreases as Va decreases, which agrees with the data. Since 123is expected to change with Va less sensitively than R does, 1 , 2 and I1
should decrease, and 11 is nearly constant as Va decreases. Note here also
that xR and N (nonra iative recombination lifetime) have not changed
appreciably wih Va in this region for the following reasons; the measured
sum of PL intensity from QW and QW2 in this region varies with Va in
proportion to tI (-E 2 ), indicating that TR is nearly constant. In addition,
the remarkable increase in PL intensity of QW2 at resonance indicates that
the non-radiative path remained small here.

When Va gets more negative beyond the resonance (Va<-0.7V), the tunneling
rate from QW2 to QW1 gets negligible and that 4P.. Q't- :..2 . s also
somewhat reduced because of the breakdown of resonance. This mechanism
explains the increase in -E and T2, and change in PL intensity. The data
indicate 112 increases to -540ps since El(=(/R+ / T1l2 )-I ) goes up to
-230ps. The value is reasonable considering the dependence of ET on LW .

In summary, the escape rate of electrons from DB-RT structures was
directly measured and well explained by FP-like model. Electron dynamics in
coupled RT structures were also investigated. Under the resonance
condition, large enhancement of interwell tunneling was observed and the
decay process with two QWs under quasi-equilibrium was detected. Tunneling
into the other well was observed under the off-resonant condition, and well
explained by FP-like model.

We thank Dr. H. Onose for his help and the Grant-in-Aid from the Ministry
of Education, Science and Culture.
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The phase relaxation of excitons in a solid, characterized by the phase coherence
time T 2 , which can be determined by time-resolved degenerate four-wave mixing[1],
or the corresponding homogeneous linewidth P1,, is a very sensitive sensor for the
interactions of the excitons with their environment. Measurements of the phase coher-
ence time T 2 of three-dimensional (3D) excitons in GaAs subjccted to collision: with
incoherent excitons or free carriers[21, and acoustic phonons[3 at variable densities
have been successfully applied to study the respective scattering mechanisms and to
determine the dephasing efficiency of the corresponding collision processes. The exper-
imentally found dependence of T2 on the density of the scattering particles revealed
strong exciton-exciton interaction and even ten times more effective exciton-free carrier
scattering. In contrast, much less is known on the phase relaxation of two-dimensional
(2D) excitons in GaAs, and in particular on the influence of the reduced dimensionality
on the interactions of these excitons with other quasi-particles[4].

We report two-pulse selfdiffraction experiments on free 2D excitons in a 12nm
GaAs single quantum well. The phase coherence of excitons, generated by a first
pulse, is probed by a second, delayed pulse via coherent interaction and subsequent
selfdiffraction. The variation of the diffracted intensity versus the delay of the two
pulses reveals the phase relaxation. The phase coherence time T2 is determined by
solving numerically the optical Bloch equations of the two level system in the small
signal regime and fitting the theoretical to the experimental diffraction curves. We fit
the data assuming homogeneous broadening of the exciton transition, therefore, the
determined phase coherence times represent the lower limit of the possible values with
a maximum correction for strong inhomogenous broadening by a factor of 2 longer
times.

We used in the experiments pulses from two synchronously pumped dye lasers with
2.6ps duration, 0.9meV spectral width, and less than 2 ps jitter between the pulse
trains of the two lasers. The pulses of one laser are tuned into the center of the
exciton resonance to determine the phase relaxation of the excitons. The pulses of the
second dye laser can be tuned independently to create either resonant cxcitons or
free carriers within the sample.

The phase coherence time at low excitation densities (N. < 10'cm - 2 ) without
pumping excitons or free carriers with the second dye laser and at a temperature of 2K
is T? = 6 ± 0.5ps corresponding to a homogeneous linewidth of Fr, = 0.22 ± 0.02meV.
These values represent the low density limits for T2 and F, of this sample.
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iments on excitons in a 13.5nim GaAs single quantum well[4]. The comparison with
the value of y', = 17tgeV/K determined for 3D excitons[3] demonstrates a tremendous
weakening of the exciton-acoustic phonou interaction in 2D compared with 3D systems.

The interaction with incoherent excitons and free carriers is studied by measuring
the phase coherence time T.2 at a temperature of 2K in the presence of excitons or free
carriers injected independently by the second dye laser. The excitons are injected 20ps
before the first pulse of the selfdiffraction experiment arrives to ensure that the injected
excitons have lost their phase coherence completely and act only as a background of
incoherent scatterers. The free carriers are created in temporal overlap with the first
pulse of the selfdiffraction experiment to prevent the condensation of the free carriers
to excitons.

The determined homogeneous linewidth 11 as a function of the excitation density
is shown in Figure 1(b). We find a linear broadening with increasing excitation den-
sity, starting at surprisingly low densities. The broadening is described by the function

AF(N) = r(N) - P(o) =aEbN

with a0 the exciton Bohr radius, Et, the exciton bindixg energy, N the excitation
density, and -y a dimensionless broadening parameter. The experimental values are
"tj,x = 3 ± 0.6 and -y,, = 23 ± 4 for exciton-exciton and exciton-free carrier interaction,
respectively. The exciton-frece carrier collisions are more effective than exciton-exciton
collisions by a factor of 8. The exciton-frec carrier interaction is due to the long-ranged
Coulomb interaction while the exciton-exciton interaction is composed of an attractive

part due to screening of the Coulomb interaction and a repulsive part due to the Pauli
exclusion principle for identical fermions, i.e. the electrons and holes which form the
excitons. The long-ranged Coulomb interaction is much more efficient in scattering at
larger particle distances than the exciton-exciton interaction and explains the higher
broadening coefficient for exciton-free carrier collisions.

The comparison with the broadening of 3D exciton transitions[2] yields at compa-
rable particle distances a much stronger interaction of the 2D excitozis with both free
carriers and incoherent excitons. This result is in agreement with the theoretical pre-
diction[5] that screening effects are less important in 2D and therefore, the interaction
of 2D excitons with incoherent excitons and free carriers is enhanced compared with
3D excitons.

The residual homogeneous linewidth at low temperature and low excitation density
of r, = 0.22 ± 0.02meV is attributed to interactions with impurities, the imperfect
interfaces of the quantum well, and additional scattering inside the barrier material
due to the imperfect confinement of the exciton wave function in the quantum well
with finite barrier height.

In conclusion, we studied the phase relaxation of free 2D excitons and their in-
teraction with acoustic phonons, free carriers, and incoherent excitons by means of
two-pulse selfdiffraction. We find weaker interaction of the 2D excitons with acoustic
phonons but stronger interaction with free carriers and incoherent excitons compared
to 3D excitons. As a consequence, the phase relaxation of 2D excitons is extremely
sensitive to the excitation density.
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In this paper we describe experiments, using sub-picosecond pulses, which
exploit the large excitonic refractive non-linearity [1) in quantum wells
in two degenerate four wave mixing configurations. These enable us to
study photo-carrier transport along and across wells in a multiple quantum
well sample. The two arrangements, forward travelling and counter propa-
gating (Fig 1), produce transient phase gratings parallel to and across the
plane of the wells respectively. By measuring the temporal decay of these
gratings, the intra-well and cross-well contributions to carrier diffusion
may be determined. The diffusion is highly anisotropic, and the decay
rates are dependent on the angle between the grating and the wells.

The sample (KLB 269) consisted of 120 periods of 6.5 nm thick GaAs
quantum wells, separated by 21.2 nm AlxGal-xAs (x - 0.4) barriers, and was
grown by molecular beam epitaxy. The substrate was removed by selective
etching, and the sample had anti-reflection coatings deposited front and
back before being mounted on sapphire. We used a tunable, synchronously

MQW

Exite Sample

,.Probe 0 _____________

0 ifated Probe

Excite

(a)

Probe Sample

Excite 0 0. Excite L

Diffracted Probe

(b) (c)

Figure 1. a) Forward travel 1 ing configuration, b) Counter propagating,
c) relative position of wells to grating for a rotation of the sample in (b)
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mode-locked Styryl 9 dye laser with intracavity saturable absorber, giving
cavity dumped pulses - 600 fs long, separated by -65 ns. The output was
split into two excite and one probe beam, the latter being delayed with
respect to the two excite pulses via a stepper motor driven delay stage.
The first order diffracted light from the probe beam was measured using
phase sensitive detection, giving efficiencies and lifetimes.

The forward travelling geometry (Fig la) was used to determine the size
of the nonlinearity and the ambipolar diffusion coefficient for carriers
moving in the plane of the wells. This geometry employs two excite pulse,
incident at ¢, either side of the normal to the sample surface, which are
temporally and spatially coincident on the sample (spot size ,o = 25 jim).
They interfere to produce, within a gaussian envelope, a sinusoidal
intensity pattern of period A, along the wells, determined by :. The
experiments were performed at the peak diffraction efficiency, which was to
the long wavelength side of the 830 nm heavy hole exciton feature, con-
sistent with a refractive grating. The refractive index change per
electron-hole pair per unit volume was determined to be neh 0.4 x
10- 19 

cm3 F2].

For small diffraction efficiencies, the decay rate of the diffracted
signal, r, is twice the relaxation of the carrier density modulation, ie

8 r2  D
r + I

2 .- R

where Dm is the ambipolar diffusion coefficient and ,R is the carrier
recombination time, and we have ignored the diffusion rate out of the
excited area. By measuring the grating decay rates at different angles, we
deduced an in-well ambipolar diffusion coefficient, Dm, of 16.2 cm2/s,
similar to that measured for bulk GaAs 21.

The counterpropagating configuration, Fig 1(b), accessed the short
period grating perpendicular to the wells. This grating was generated by
interference at the two excite pulses entering the sample from opposite
directions at equal angles to the wel ls. The time delayed probe was
counterpropagating to one of the excite beams. The grating period,
'- 120 nm, covered approximately 4 wells. The front excite beam was
polarisation modulated for phase sensitive detection of the diffracted
probe. The diffracted probe signal as a function of time for several
angles of rotation about a horizontal axis is shown in Fig 2. is the
angle of rotation of the sample from the normal (where the grating is
perpendicular to the wells). From geometrical considerations, Fig 1(c), we
would expect intra-well diffusion to contribute to the observed decay rate
when the grating is angled with respect to the wells. For a horizontal
axis of rotation, the separation of carrier density maxima along the wells
is given by L = n./SinO (where n is the average refractive index), up to
the point where L becomes comparable with the spot size (- < I'). We
assume that the diffusion of the carriers parallel and perpendicular to the
wells to be independent, and modify (1) to

9

2 218n TT Sin 2S ) 2 + - + (2)2 2 1

where q is the grating decay time due to cross-well diffusion. The
measured decay rates are plotted in Fig 3 as a function of Sin 2 o/n2 . At or
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near zero angle ('ar < 1), there is little or no carrier density modulation
along the well, and this limiting decay rate gives the cross-well diffusion
time (l ins from Fig 3). Diffusion out of the spot area and carrier
recombi nation, both take place on timescales > 50 ns, and cannot account
fo" this limiting value.

For barriers of 21.2 nm thickness, tunnell1ing should be negligible, and
this timescale arises from the time to eject sufficient carriers out of the
well via thermionic emission to balance the population gradients. We plot
(solid line, Fig 3) the anticipated relaxation rate due to intrawell

diffusion using the measured diffusion coefficient. There is an
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enhancement above the expected rate at small angles, possibly due to a
differential emission rate over the barriers for electrons and holes (the
holes have a lower barrier to overcome). This leads to some degree of
charge separation which is then rapidly neturalised by electron movement
along individual wells, causing an enhancement of the along-well
diffusivity. At larger angles, the "wash-out' along the wells occurs
significantly rapidly that thermionic emission is too slow to contribute to
any enhancement, and the points approach the line given by (2).

In conclusion, we have shown that the highly anisotropic nature of
carrier diffusion affects the time constants measured using a phase
conjugate geometry, and that the grating decay rate may be controlled by
sample rotation. The timescale at very small angles - 1 ns, indicates the
time taken for carriers to be ejected out of the wells, assuming the
movement across the AlGaAs and subsequent trapping is extremely rapid.
This gives the time needed to build up a photocurrent in photoconductive
devices, and as such gives the intrinsic limit to their speed of response.
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Pulse Propagation in GaAs Quantum Wells
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There are many interesting phenomena in the physics of pulse
propagation in the condensed matter. Especially, associated with the
excitons in semiconductors, pulse distortion occurs as a result of the
exciton polariton effect or the hole burning effect. The latter is
considered to be important in excitons in semiconductor quantum wells[l ].
Nowadays, the form of laser pulses is controllable by means of the pulse
handling technique, such as the pulse compression. Therefore the technique
has a possibility to explore new aspects in the physics of pulse propagation
associated with the excitons in semiconductors. In this work, we have
studied the pulse propagation in GaAs quantum wells by comparing the
experimental results with the computational simulation.

The excitation laser pulses are generated by a dye laser synchronously
pumped by a mode-locked Kr ion laser. Temporal and spectral widths of laser
pulses are 9.0 ps and 2.9 meV , respectively. The laser beam was split
in two parts. One beam was focused on the 200 periods of GaAs (43 X )-AIAs
(62 A ) multi-quantum-wells in a cryostat. The transmitted beam and
another beam were mixed in an RDP crystal to generate SHG pulses. Figure 1
shows two SHG correlation traces, bold and fine lines, corresponding to the
cases that the sample is present or absent, respectively. Here, the
excitation photon energy hits the low energy tail part of the lowest exciton
(is heavy exciton) in GaAs quantum wells. The fine correlation trace is
composed of a coherent spike (correlation width 520 fs ) and a
symmetrically broad correlation base (correlation width = 19 ps ). On the
other hand, the bold correlation trace is composed of asymmetric correlation
base around the coherent spike. The leading edge of the pulses was strongly
absorbed, while the trailing edge was absorbed little. The pulsg
defor-ation disappeared when the excitation density is reduced to 10
J/cm •pulse at 2.1 K . The pulse deformation is reduced when the

excitation photon energy increases under the common excitation density. It
completely diappeared when the excitation laser hits the transparent energy
region below exciton resonance. Above mentioned results are clearly
understood in terms of hole-burning of exciton states in GaAs quantum wells,
as described below.

Firstly, we confirmed that the shift of the coherent spike does not
depend on both the excitation photon energy and excitation density and is 30
fs . The fact indicates that there is not any detectable anomalous

dispersion effect due to excitons. The shift of the coherent spike probably
comes from the linear refractive index of the sample 1.05 p m thick.
Therefore, we could accurately decide the peak delay of the base correlation
trace by regarding the coherent spike as the zero time standard. The peak
delay varies with the change of the excitation density and the excitation
photon energy. In Fig. 2, the peak delay is plotted as a function of the
excitation density. With the increase of the excitation density, the peak
delay increases once, afterward it decreases. With the increase of the
excitation photon energy, the maximum peak delay shifts to the higher
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excitation density. Selden has presented an equation which describes the
delay of pulses propagating through saturable absorbers[2]. On the basis of
the equation, we simulated the temporal change of transmittance T(t) with a
parameter, relaxation time T defined as the decay time for the excited
state of the absorber. Then, Sthe correlation traces, f_-f(t+T)T(t)f(t)dt,
are calculated with the Lorentzian-type pulse, f(t). Thus, the peak shift
of the correlation traces is calculated. The calculated peak shift for
1.6766 eV is described as a function of the excitation density in Fig.2,
together with the experimental peak shift of the correlation trace (base)
relative to the coherent spike. The calculation qualitatively describes the
experimental feature. In particular, the calculation describes that the
peak delay attains its maximum at the certain excitation density and is
reduced at both sides. Thus the relaxation time T = 90 ps is now
obtained. With the increase of the excitation photon energy, the relaxation
time T was found to decrease. It is known that the relaxation time of the
excitons in GaAs quantum wells decreases with the increase of the exciton
energy[31. Therefore the result is reasonable. Hegarty explained his
experimental data on the basis of his approximation. Hegarty's
approximation can not explain that the peak delay attains its maximum at the
certain excitation density. In his approximation, the higher the excitation
density is, the larger the peak shift is. Therefore Hegarty's
approximation is not good. The agreement between the experimental delay and
the calculated one based on Selden's model is not good enough. To
improve the agreement, the extension of Selden's model to the
inhomogeneously broadened excited states may be necssary.

The coherent spike shows small change with the change of the excitation
photon energy. In the transparent energy region, the peak amplitude ratio
of the coherent spike to the base correlation trace does not depend on
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whethey the sample is absent or present. It is almost unity, which is a

characteristic feature of the Gaussian random field. In Fig.3, the ratio is

plotted as a function of photon energy. It is reduced as the incident

photon energy hits the exciton energy. It was found to be independent of

the excitation intensity. The phenomena are explained as the coherent

propagation effect of the incoherent pulses observed in Na vapor[4]. The
effect was observed in a semiconductor for the first time. It is considered

that energy dependence of the linear absorption or refractive index works to
change the ratio. To identify which essentially works to change the ratio,

energy dependence of absorption or refractive index, some calculations are
necessary.

In summary, we obsevved the hole burning effect due to excitons in the

pulse propagation in GaAs quantum wells. The observed pulse distortion is

qualitatively explained by Selden's model. However, it is suggested
that the extension of Selden's model is necessary. In addition,

coherent propagation effect of the incoherent pulses was observed in GaAs
quantum wells.
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Excitonic-Polariton Propagation
in a GaAs/AIGaAs Quantum Well
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1. Introduction

Electromagnetic waves in semiconductor crystals are coupled to
excitons and aic transformed into excitonic polaritons in the
spectral region around excitonic resonance [1, 2]. The optical
properties of excitonic polaritons characteristically depend
on the wavevector. Time-of-flight measurements with short
light pulses have revealed a remarkable decrease in light
group velocity in bulk CuCi and GaAs crystals at low
temperatures, which is induced by excitonic polaritons [3-5].

Two-dimensional light propagation caused by surface
excitonic polaritons in ZnO crystal has been observed (6, 7].
In semiconductor quantum wells, however, no experimental
evidence for excitonic polaritons has been obtained. As far as
we know, this is because all low-temperature optical
measurements of quantum wells have been performed with
incident light propagating perpendicular to the quantum-well
layers. Quantum-well excitonic polaritons (QWEPs) will form in
light propagation parallel to the layers [8], since
translational motion of the quantum-well excitons is allowed
along the layers.

2. Ex perimental Procedure

We used a picosecond time-of-flight method to measure the
propagation delay time of the light transmitted along the
quantum-well layer. For optical measurements in the direction
parallel to the quantum well, a waveguide-type sample
containing a GaAs single quantum well was grown by molecular-
beam epitaxy on a semi-insulating GaAs substrate. The sample
formed a so-called leaky waveguide, in which the refractive
index of the core was smaller than that of the cladding (9]. A
50-A GaAs quantum well was sandwiched between 1.8-gm
Al0 3Ga0 7As barrier layers. These layers constituted the core
of the waveguide sample. The cladding was made of GaAs. The
sample wag mounted on Si substrate and set in an optical
cryostat (Air Products LT-3-110). The delay time was measured
as a function of the incident laser.

3. Experimental Data and Discussion

To gain information on excitonic-resonance energy of the
quantum-well waveguide at low temperatures, the optical-
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absorption spectrum was taken. This spectrum is shown in Fig.
1. Several lines are observed in the spectrum. The three lines
at the lower photon energies, 1.602 eV, 1.625 eV and 1.642 eV
are considered to be associated with two-dimensional excitons
in the quantum well. This is because these lines are also
observed in a GaAs quantum-well waveguide containing no
superlatL re layers. The rest of the absorption lines at the
photon energies highr than 1.65 eV are probably caused by
excitonh in the superlattice layers.

Identification of the three absorption line- has been
performed by polarization-sensitive measurements [9] using
transverse-electric (TE) and transverse-magnetic (TM) light
polarization. The absorption lines at 1.602 eV and 1.642 e
are identified as heavy-hole (hh) and light-hole (lh) exciton
lines, respectively. The broad line lying at 1.625 eV between
each line is probably composed of hh- and lh-exciton
absorption lines. It is suggested that both hh and lh excitons
have doublet-line structures in the optical-absorption
spectrum and that the higher-energy part of the hh-exciton
doublet unexpectedly overlaps with the lower-energy part. of
the lh-exciton doublet.

Two tentative explanations for the occurrence of the doublet
structures are proposed. One is that the doublets are caused
by fluctuation of the width of the quantum well. In this
interpretation, the quantum-well width will fluctuate with
binary values. The other tentative explanation is that. the
doublets are produced by the longitudinal-transverse (1,T)
splitting between the lower- and upper-polariton branches [2].
Since the energy spacing between each component. of tie
doublets is nearly 20 meV, we may expect a giant, LT splitting
of QWFPs. Theoretical work has predicted that the LT splitting
is remarkably large for QWEPs on account of the enhancement of
the oscillator strength of quantum-well excitons (8).

In Fig. 2, the propagation delay of the light pulse
obtained by the time-of-flight measurements is plotted against
the incident photon energy. The delay time increases
drastically at almost the same photon energies as those of the
excitonic-absorption lines in Fig. i. This shows that the
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group velocity of the light pulse decreases at around the
photon energy resonant to the exciton lines. In Fig. 2, the
delay time is about 12 ps at the photon energy of the hh-
exciton line, 1. 625 eV. The filling factor of the quantum well
in the waveguide is only 0. 1%. Simply multiplying the actual
length of the waveguide, 650 pm, by the filling factor, we
obtain the effective length of the waveguide, which
contributes to the decrease in group velocity, as 0.9 pm. Thus
the group velocity is given as 7 x 101 m/s at 6. 0 K. This
value is less than 1/1000 of the light velocity. Almost the
same value was reported for bulk GaAs crystal at 1. 3 K [4].
Such a considerable decrease in group velocity, as well as the
coincidence between the photon energies of the absorption and
the delay-time lines, indicates that the QWEPs exist in the
quantum well.

In conclusion, we have presented the first experimental
evidence for quantum-well excitonic polaritons.
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Carrier relaxation is more complex in 2D-heterostructures than in 3D-semicon-
ductor material. The carrier confinement generates two dimensional subbands
and two different relaxation mechanisms have to be considered in the investi-
gation of cRrrier cooling: intrasubband and intersubband transitions. There
exists a substantial amount of data on carrier cooling in bulk semiconductors
and on intrasubband relaxation in GaAs/AlxGal-xAs quantum well structures.
Time constants in the order of several 10-12 s to 10-13 a have been measured
via transient absorption changes or time resolved photoluminescence. In
contrast, our knowledge of intersubband relaxation is very poor. This is due
to the fact that the above mentioned techniques do not give direct information
on intersubband processes.

In this paper, intersubband transitions at 300K are studied by an ultrafast
infrared bleaching technique /I/ which we used for the first time. An intense
tunable picosecond pulse bleaches the intersubband absorption in the infrared.
A second light pulse of the same frequency measures the recovery of the
absorption as a function of time. The infrared light pulses are generated with
a mode-locked Nd:glass laser system. Difference frequency generation between
the fundamental of the laser and the emission of a traveling-wave infrared dye
laser supplies picosecond pulses tunable between 5 um and 12 um. The pulse
duration amounts to 2 ps.

The quantum well samples investigated here are grown by molecular beam
epitaxy on (100) semi-insulating GaAs substrates of 350 Um thickness. They
consist of fifty thin undoped GaAs layers with thicknesses between 47A and
73A, which are embedded in 4001 thick AlxGai-xAs layers with an Al concen-
tration between x = 0.3 and x z 0.35. The central 100 X of the barriers are
doped with Si, which leads to a two-dimensional carrier concentration of about
4 to 5-1011 cM- 3 per GaAs quantum well. The total multi-quantum well
structures are cladded in between of 0.2 tm thick AlxGal-xAs layers to avoid
surface depletion and substrate effects.

It is well-known that intersubband transitions in the infrared exhibit
strong absorption cross-sections for light polarized normal to the layers.
Therefore, we have to prepare our samples in a special prism geowetry (see
inset in Fig.l) in which a large component of the electric field vector is
normal to the layers. In these samples the expected strong infrared absorption
is clearly observed (Fig.l).
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Fig. 1 Infrared absorption of a multi-quantum well sample. The strong
absorption band is due to the intersubband transition. Inset: sample
geometry.
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Fig.2 shows time-resolved data measured on a 73A sample. The frequency of
our infrared pulses is tuned to the center of the absorption line at Z=
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The pump pulse transfers a considerable amount of electrons to the upper
subband. The absorption saturates and the transmission rises. The transmission
signal in Fig.2 is a direct measure of the number of excited electrons. From
the experimental data we deduce a time constant of 6 ps for the absorption
recovery. The broken curve represents the autocorrelation of the infrared
pulses. Experimental results for other well thicknesses are summarized in
Table 1. In thinner quantum wells longer time constants are observed.
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Table I Sample parameters, subband splitting, relaxation time

well thickness Al concentration subband separation absorption recovery
d EXI x AE [cm-'] T [psi

47!3 0.35 1300 14:2
5212 0.35 1225 llt2
59-2 0.33 1140 8!2
59tl 0.29 1015 8!2
73t1 0.31 920 6-2

The mechanism of the intersubband relaxation is of special interest. In our
experiment the excited carriers first have to be transferred with finite k, to
the ground subband. Subsequently, the carriers are cooled via intrasubband
relaxatio. At room temperature polar LO-phonon scattering is believed to be
the most efficient relaxation mechanism in both steps.

There is strong indication that the observed time constants represent the
intersubband relaxation time: (i) The theoretical treatment of polar LO-phonon
interaction shows that intrasubband scattering at 300K is faster than inter-

subband scattering. (ii) Hot carriers in the lower subband exhibit approxi-
mately the same intersubband absorption cross-sections as carriers at 300K.
Excited carriers contribute again to the absorption immediately after their
transfer from the upper state to the ground subband. Intrasubband relaxation
should not be observable by the bleaching technique. (iii) The experimental
data in fable 1 are in favorable agreement with a relation T M dcaAS

- 2
. An in-

crease of the intersubband relaxation time T with decreasing dGaAs is also ex-
pected from theoretical considerations, directly reflecting the characteristic
weakening of the polar interaction with increasing wave vector change /2/.

The observed intersubband time constants are surprisingly long. Theoretical
calculations for infinitely deep wells give values of the order of approxi-
mately 2 ps. However, longer time constants may be expected from more detailed
theories, which take into account finite barrier heights and the phonon modes
of quasi-2D systems /3/. In addition, the time constants may be reduced by the
fact that in our samples with d - 50A the upper subband is close to the band
minimum in the barrier generated by the doped layer. Interactions with barrier
states result in a penetration of the wave function into the barrier. The
overlap integral between the wide-spread wave function of the upper subband
with the strongly confined wave function of the lower subband is reduced and
longer time constants are expected.
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Time-resolved photoluminescence (PL) measurements bring us important
information about the dynamics of elementary excitations in many materials.
From the view point of electronic and opto-electronic semiconductor device
research, measurement in the region of subnanoseconds to several tens of
nanoseconds is especially important for learning the nonradiative carrier
recombination lifetime, which is a good indicator of the quality of semiconductors'-
3). In such measurements, mode-locked gas, solid state, and dye lasers are
generally used to generate excitation picosecond light pulses. To date, these lasers
have been indispensable for generating visible picosecond light pulses which can
efficiently excite the carriers in GaAs, or AlGaAs, although the operation of these
lasers is not so easy.

We have recently demonstrated that the time-resolved PL of GaAs/AlGaAs
quantum wells (QWs) are successfully measured by using 660nm picosecond light
pulses (100mW peak power) generated from an AlGaInP visible diode laser4 . In
this paper, we report the results of time-resolved PL study on the nonradiative
carrier recombination velocity in QWs and double-heterostructures (DHs) with
1W peak picosecond light pulses from a visible diode laser.

The AlGaInP diode laser used is a 70pm wide stripe double-heterostructure
gain-guiding one grown by two step metalorganic vapor phase epitaxy-1. As is
known, short pulse current driven diode lasers can produce light pulses of ten to
hundred picosecond time duration without any modelocking technique6'. In the
present experiment, the diode laser was driven with one to several nanosecond
pulse current at 100kHz repetition rate. The samples measured were undoped
single quantum wells (SQWs), multiple quantum wells (MQWs), and DHs
grown by molecular beam epitaxy. An ultrafast streak camera (Hamamatsu
Photonics, OOS-3085) and an ultrafast photon-counting system (Horiba, NAES
550) were used for time-resolved measurements of laser pulses and PLs.

Figure 1 shows the streak camera traces of red light pulses from the AlGaInP
diode laser. Compensating the trigger jitter (50ps) and the streak camera
resolution (10ps), actual FWHM of light pulses were respectively obtained to be
85ps and 93ps for Fig. 1(a) and (b). The light pulse energy was respectively
measured as 3lpJ and 150pJ for Fig. 1(a) and (b), and the peak light pulse power
was estimated to be 360mW and 1.1W for each case. This rather high peak power
was achieved because of the wide stripe diode laser structure. Lasing spectrum
under a pulsed excitation had about 3nm half width centered at 657nm indicating
multimode operation and spectral chirping. In the PL measurement, the laser
beam illuminates the sample surface of 0.9 X 0.3mm 2 area.
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Fig. 1 Streak camera traces of light pulses generated from an AlGaInP visible
diode laser driven by short pulse current. Electric pulser output; (a): 1.8ns
duration, 25V, (b): 2.4ns duration, 25V.

Figures 2 and 3 show the PL decay traces for QWs and DHs measured
with the ultrafast photon counting system. In this measurement, central 10nm
width spectral area were extracted from whole spectral envelopes. These figures
prove that high S/N timeresolved PL measurement is performed with visible diode
laser picosecond pulses. Although a few picojoule light pulse energy was enoughPdecay detecton, the light pulse energy over 100pJ markedly shortened the

measurement time to practical use (a few minutes per sample). Therefore, a
simple, reliable, and practical Pb decay measurement of GaAs semiconductors
including QWs has been realized by utilizing a wide stripe AlGaInP diode laser, in
place ofmodelocked lasers.
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Fig. 2 PL decay traces for GaAs/Alo. 4 Gao.6 As DHs with different GaAs
thickness. AlGaAs thickness is 300nm. Laser pulse energy density:
-40nJ/cm 2, sampling frequency: -8ktIz, sampling time: 240s.
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Fig. 3 PL decay traces for an SQW and an MQW (60 wells). The SQW has
GaAs/AlAs SL barriers in place of AlGaAs alloy barriers. The well width
is about 10nm for both samples. Measurement conditions are the same as
those for Fig. 2.

Figure 2 shows the PL decay traces for a series of GaAs/Alo. 4 Gao.6 As DHs
with different GaAs thicknesses. In our measurement condition, the carrier
recombination is dominated by the monomolecular nonradiative process in the
exponential PL decay region, then we define overall nonradiative carrier
recombination lifetime ti-by -T,,.=2,, where - represents the PL decay time
constant. It is apparent that the decrease in GaAs thickness resulted in the inr
reduction. This result indicates that the T. of an GaAs/AlGaAs SQW is
dominated by the well/barrier interface recombination. Using a simple expression
for the relation between -cnr and interface recombination", the interface
recombination velocity and the intrinsic nonradiative lifetime of GaAs layers are
respectively estimated to be -300 cms - 1, and -70ns.

On the other hand, the PL decay traces, shown in Fig. 3, for an MQW (10nm
GaAs/10nm A103Gao.AsX60pcriods) and an SQW with short-period
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superlattice (SPSL) barrier layers (10nm GaAs, lnm AlAs/2nmGaAsX 33periods
for each barrier) have decay times which are much longer than that for the SQW
with AiGaAs alloy barriers. This clearly shows that the interface recombination
velocity of QWs, from which we observed the PL, were markedly reduced. This
result may be because of residual impurity trapping by many heterointerfaces
involved in SPSLs or an MQW structure.
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It has been recently shown[1,2,3] that the interaction of semiconduc-
tors with light is not only restricted to the creation of real excitations
(electrons, holes, excitons...) but that photons with energies smaller
than any absorption edge (therefore not absorbed in the semiconductor)
perturb the medium's optical properties during a time limited by the light
pulse duration. This so-called optical Stark effect shows up as a
modification of the optical absorption spectrum, mainly a shift towards
higher energy of the different absorption lines or bands. The magnitude of
this shift is proportional to the light intensity and, for a given
transition, inversely proportional to the detuning between the photon
energy and the absorption line. Such an effect had already been reported
in atomic vapors but in order to be noticeable in semiconductors, it
requires strong light intensities, which can only be provided through the
use of ultrashort and intense pulses.

Beyond its fundamental interest[4,5] and the potential applica-
tions[6,7,8], the optical Stark effect presents a very interesting
property. Since the coupling between the light and an energy level is
proportional to the square of the optical matrix element, the amplitude of
the shift will differ for the various absorption lines involved. This
situation turns out to be particularly fruitful in the case of degenerate
transitions since it allows the separation of the different contributions.
To split a degeneracy, one usually uses magnetic or electric fields,
uniaxial stress, here this is the first case in semiconductors where light
is used to provide such an effect.

M. and R. Combescot[5] have recently shown that the exciton shifts can
be calculated without the Coulomb interaction when the detuning is large
compared with the exciton binding energy. In these conditions the detuning
is almost the same for all transitions (towards bound and unbound
electron-hole states) and one expects rigid shifts of the valence and
conduction bands. This remark is quite useful as it avoids many-body
treatments and allows one to consider simply transitions from one free
valence state to one free conduction state. The situation is then similar
to the two-level system of atomic physics, except that we now have -
multi-level atom. The conduction band being spin degenerate and the
valence band resulting from a p-like spin orbit coupling in III-V
compounds, one expects to find[9] at large detuning the shifts of a
(2 + 2x3) i.e. 8-level dressed atom.

In the case of GaAs MQWS both the heavy and light hole excitons are
fourfold degenerate. The laser beam splits each exciton into four
different levels. However, when the beams propagate along the growth axis,
only two excitons instead of four can be created by probe photons, since
only o transitions are allowed. These two excitons are shifted by
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JEH. = 26U. 1 6L.(I

for the heavy-hole transitions and

JE L. = 2 6 L. ,6,. (2)

for the light-hole transitions. In these equations we have used

6H- (3)

6,. 3L=' (4)

nH and Dl are respectively the detuning of the pump beam to the heavy and
light hole resonances and A. is related to a* field amplitudes. These
equations take into account the fact that both heavy- and light-hole
transitions use the same final state, namely the conduction band. In the
particular case of linearly polarized light, the two shifted exciton
transition energies reduce to only one as AX=A.

The experiments have been performed in GaAs-GaAlAs MQWS. Short tunable
pulses[l0] have been used to get sufficiently high intensity. The pump
beam is arn amplif'e e_' par+ of the wavelengLth continuum generated in water
by 60 fs pulses, leading to intensities as high as loGci/cm' . Pump and
probe are both propagating along the growth axis. The pump is polarized
either linearly or circularly while the probe polarization is analyzed
after the sample. The intensity of the pump is kept as low as possible to
stay in the small signal(perturbative) regime.

Figure 1 exhibits the experimental results obtained in MQWq for
circular polarizations. Because of the small value of the shift at
relatively low pump intensity, it is more instructive to show the
differential transmittance spectra. In this very sensitive method the
magnitude of the signal is proportional to the line shift and a form
factor deduced from the unperturbed lineshape. In Figure 2 we present the

FlANP a+ PUMP a+
PROBE a+ PROBE a,+ -

0.06 a - . 0.05 r
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Fig. 1: Differential absorption Fig. 2: Theoretical spectra for a
spectra recorded at the maximum of (I (solid line) or o+ (dashed
the c+ pump pulse using a (Y- line) probe polarization. These
(solid line) or a o- (dashed line) "theoretical" curves are noisy
probe pulse since they are deduced from the

derivative of the experimental
absorption spectrum.
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corresponding theoretical curves. These curves are obtained by multiplying
the derivative of the experimental curves by the calculated shifts. As can
be seen the agreement is good. The only difference comes from the
associated reduction of absorption during the optical Stark shift in the
experimental curve and also from the band-mixing which was not accounted
for in the theory.

As we stated above, the two exciton shifts are identical in the case of
linear puap polarization. Consequently there can be only one measured
shift, whatever the probe polarization is. This fact has been previously
observed[l]. The question of the non-dependence in MQWS of' the relative
polarizations of the probe and pump beams (linear in plane polarizations)
has been raised recently by Frbhlich et al [11]. They argue that one
should observe an effect only if the probed component of the exciton is
the same as the one which has been perturbed by the pump (parallel
polarizations). They suggest that the existence of a very fast relaxation
process between the orthogonal exciton components can explain this
non-dependence of the relative polarizations. We have shown that within
the framework of our theory the experimental result can be explained
without any relaxation between the virtually excited states.

Part of this work is supported by Direction des Recherches et Etudes
Techniques (grant 86/089). Groupe de Physique des Solides is Laboratoire
Associ6 CNRS LAl7.
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When intense excitation is applied to a semiconductor at energies below
the band gap, AC Stark shifts of the band edge states are obtained. This
effect, which is well-known for the case of atomic systems, has been recently
observed in semiconductors [1,21. At large detunings which are required for
ultrashort (less than 100 fs) excitation, two-photon carrier generation
becomes more important relative to the AC Stark shift, because the AC Stark
shift decreases inversely in proportion to the detuning. We study the effects
of two-photon carrier generation under the conditions of intense virtual
excitation and we find that two-photon absorption is strong and unavoidable
and is a natural consequence of excitation below the band edge with
ultrashort optical pulses. We also find that at very low pump and probe

intensities the exciton shifts with no loss of exciton oscillator strength, a
result which is different than the high-intensity regime.

We use a newly developed laser system which generates 100 fs optical
pulses of microjoule energies at 8 kHz repetition rate with center at 805 nm
[3]. The quantum wells are 7.5 nm thick, yielding an exciton absorption line
at 780 nm. Since tb continuum center is 805 nm, we now have available
extremely intense (up to .063 GW/cm

2
) continuously tunable excitation pulses

below the band gap of GaAs quantum wells. Kilohertz repetition rates allow us
to use differential detection techniques for small signal analysis.

In Figure 1 we show the absorption spectrum of the sample at 35K measured
with 100 fs continuum pulses of intensity 10 kW/cm

2
. The derivative of the

absorption spectrum with respect to frequency is compared with the measured
differential spectrum at zero time delay. In the limit of a pure shift, the
measured differential spectrum should have the same lineshape as the
derivative of the linear absorption. We find that this is indeed the case for
the small signal regime where the transmission change is only a few percent,

obtained at about 30 MW/cm
2
. Recent numerical calculations [5,6] based on the

theory of Ref. [4] show that the low-density regime in semiconductors is

qualitatively different from the atomic system: there is essentially no loss
of oscillator strength with shift. Theoretically, this can only be explained
if the shift of the band edge states is larger than the exciton shift and
compensates the exciton oscillator strength loss due to phase space filling

[6]. Experiments with weak pump but at higher probe intensities indicate a
departure from this pure shift regime, presumably because of an interaction

between the real excitons created by the probe beam (and the virtual excitons
created by the pump beam).

At higher pump intensities we study two-photon carrier generation by

monitoring the photocurrent in a PIN structure (Figure 2). A quadratic
dependence is obtained. We estimate, usinthe known two-photon absorption
coefficient of GaAs [7], that at 10 GW/cm we expect a photocurrent of 6.7
microamps, about 10 times higher than we measure. The photoconduction quantum

efficiency in perpendicular transport at low temperature in quantum wells is
difficult to estimate, howeverour estimates of the expected two-photon

photocurrent are in reasonable agreement with our measured values.
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Figure 1. Absorption spectrum in DC-biased PIN structure at
and derivative of absorption 10 volts DC bias. A quadratic
compared to measured differential behavior indicates two-photon
transmission at delay t=0. carrier generation.

When carriers are excited by two-photon absorption in GaAs in our case
they are excited at 3.0 eV, or 1.5 eV above the bandgap. These carriers
instantaneously create a weak perturbation of the excitonic absorption through
a weak screening and three-photon processes. This effect prevents the full
recovery of the excitonic absorption and becomes stronger in time as the
carriers cascade down to the bandedge by phonon emission and intervalley
scattering. Of course, after the carriers recombine in a few ns the excitonic
absorption fully recovers. Figure 3 shows the full time course of the
differential absorption with 100 fs excitation pulses at 80 meV below the
exciton energy at a pump intensity of a few GW/cm 2

. This plot is obtained by
overlaying a grid on top of our measured differential spectra. We observe a
rapid initial transient at both the heavy-hole and light-hole excitons with an
instrument-limited response. This transient in the high-density regime
contains excitonic shift and bleaching contributions. After the rapid
transient the signals do not recover to zero in the high-density regime. The
heavy-hole exciton differential signal at +264 fs indicates line broadening
with precise area conservation. The relative transmission change at the
heavy-hole exciton at t=0 is about 50% for this case.

We note that the oscillations in the spectra at negative time delays are
clearly observed in this data. These are due to the interaction of the pump
pulse with the polarization which is induced by the probe field [8].
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Figure 3. Measured differential transmission spectra for high pump
intensity conditions at large detunings. The long time transient due to two-
photon carrier generation is clearly observed.

In conclusion, we show that two-photon carrier generation is important
when making intense virtual excitations in the large detuning limit. This
causes power dissipation and long (ns) lifetime transients and is undesirable
in general. Use of a reverse-biased PIN structure provides an independent
measure of the two-photon generated photocarrier density. In the small
detuning limit, large shifts of the excitons can be obtained at lower pump
powers, so that two-photon effects are weaker, howeververy short optical
pulses (less than 100 fs) because of their large bandwidth inherently violate
the small detuning limit. Virtual excitation and two-photon carrier excitation
effects are connected in a fundamental way and a full theoretical analysis of
their inter-relation is required.
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Ultrafast Control of Quantum Interference Currents
by Virtual Charge Polarizations in Biased
Quantum Well Structures

M. Yamanishi 1, M. Kurosaki 1, Y. Osaka 1, and S. Datta 2
1Department of Physical Electronics, Hiroshima University,
Saijyocho, Higashi-Hiroshima 724, Japan

2School of Electrical Engineering, Purdue University,
W. Lafayette, 1N47907, USA

1. Introduction
Recently, ultrafast optical phcnomena based on virtual pair excitations in semiconductor
quantum well (QW) structures have been attracting a great deal of attention. For instance,
ultrafast optical nonlincarity, so called optical Stark effect, in GaAIAs QW structures has been
cxperimentally demonstrated [1 ][21. A new modulation scheme of optical properties by virtual
charge polarization in DC biascd QW structures has bcen theoretically proposed [3],[4]. In both
cases, virtual pair excitation by an off-resonant pump light is essential to realize the ultrafast
switches of the optical properties of the structures. In addition, in the latter case, one may
expect a generation of ultrafast voltage pulse resulting from the virtual charge polarization
caused by an asymmetry of the potential profiles in the biased QWs. In this paper, the
dynamics of the virtual population for a short pump light will be clarified within a frame work
of density matrix formalism. A possibility of ultra fast control of quantum interference currcnts
.through the voltage modulations by the virtual charge polarizations will be discussed, based on

the result of the transient response of the virtual excitations.

2. Dvnimics of virtual excitations
There exist many quantum states involving excitons and subband states in actual QW

structures. In order to avoid inessential complications, we postulated a simple two level
system interacting with a classical radiation field, Ep(t) cos(w p t) . The assumption would be
justified if the detuning energy of the pump light with respect to the lowest excitonic gap.

"A lc-lhh is smaller than or comparable to the binding energy of the exciton. Even if the

detuning energy is larger than the binding energy, the assumption may be still meaningful
because the virtual excitation regarding the lowest exciton associated with the smallest detuning
energy may be a bottle neck of the response of the overall excitations.

For the two level system, density matrix formalism may result in the following normalized
relations, under the rotating wave approximation, ignoring the T1 -relaxation,

d (o I - -11 (JAI- T 2 ))0 2 1+ig( ' ) (- 2p )2
dd4I-t) 2 i 2"

dP 2 2  =2 2 1I. t ) (ad(lI., ) tA m(21 (1)

- i 1A 1I

P021 - (21 e

where Q(IA L t )= E ,(t)/ 2 , A= - (c 2 - 01 ) and T, arc the Rabi
frequency, the detuning frequency and the dephasing time, respectively. Figure I shows the

transient responses of the upper level population P22 for pump pulses described by Gaussian
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functions, 2 (IA I-I ) = 0Q cxp( - IA (1 2 / 2) with full width at half maximum
(FWHM), 4-10 and a normalized peak value Q / I of 1/10, for a fixed normarized
dephasing time, IA I'T 2 = 300.

As a result of the numerical estimations, a criterion for quasi pure virtual excitations is given

as follows, 6 / [4 I s FWHM sT 2 / 1 0 . For detuning energies, If A =5meV and 30meV,

the unity normalized time, I "= 1 gives actual times 125f's and 21f's, respectively.
Therefore, the virtual population can almost follow up the pump pulse with a FWHM of 750f's
(126f's) and a detuning energy of 5meV (30meV) if the dephasing times are ten times longer
than the FWHMs. With experimental data on the dephasing time in GaAs QWs at very low
temperature -10K [51 and absorption tail at 80K [6], it can be confirmed that such a large value
of the dephasing time is realizable for a detuning energy of 5meV (30meV) at 10K (80K),
Faiticuiarly, it should be noted that the dephasing time tends to increase even more with the
increasing detuning energy because of the non-Markovian nature of the relaxation processes.

3. Control of quantum interference currents
In addition to proposed optical nonlinearity, an extremely short voltage pulse would be

generated by the virtual charge polarization in the biased QW structurC [3],[4]. In the device
structure shown in Fig.2 the quantum interference current [7] flowing in the channels A and B
could be controlled through the modulation of voltage drop VAB between the channels due to
virtual charge polarization in the multiple quantum well (MQW) structure inside the channels.
The thickness LZQ of the channels should be smaller than that Lzc of the MQW to realize
selective virtual populations in the MQW The screening field Es may induce a voltage pulse

between the channels A and B in Fig.2, given by

A'V A - (N " E * L ZC )

whiee N is the period of the multiple quantum wells. In general, the modulation depth AV B

of gate voltage required for 100% modulation of quantum interference currents is fairly small
[7], for instance,
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for a channel length, L=2000A and an average electron velocity (Fermi-velocity),
v=1.86x10 7cm/sec, i.e., a transit time, T -1.Ipscc. Such a small modulation of the voltagc

would br realized by a small pump power density, -3MW/cm 2 and a detuning energy of 5meV
in the device with 10 period graded gap quantum wells without external bias voltages. The
internal voltage modulation without bias voltages [31 is extremely important because the
modulation depth of tle quantum interference currents becomes shallow for a large bias gate
voltages 17]. Also, it is extremely important that the switch of the internal voltage due to virtual
charge polarizations is expected to be free from C.R time constant, resulting in a fairly short
switching time, -Ipscc and, consequently, a small power delay product of the device, 30
femtojoule. Many devices stacked on a single chip can be simultaneously driven by a single
pump pulse because the virtual process is at least in principle loss free. This is an important
advantage of this kind of modulation scheme based on virtual excitations over those based on
real ones.

This work was partially supported by a Scientific Research Grant-In-Aid for Specially
Promoted Research (Project No. 61065006) from the Ministry of Education, Science and
Culture of Japan.
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Ultrafast Inter-Subband Relaxation
of Photoexcited Carriers in Semiconductor Quantum Dots

T. Takagahara

NTT Electrical Communications Laboratories,
Musashino-shi, Tokyo 180, Japan

1. Introduction

Ultrafast inter-subband relaxation processes of photoexcited carriers in semiconductor quan-
tum dots are now attracting much attention from the viewpoint of fundamental physics and
also from the interest of applied physics. Recently, ultrafast absorption recovery was ob-
served in semiconductor-doped glasses employing femtosecond pump-probe techniques[1,2]
Along with this, the degenerate four-wave mixing in semiconductor-doped glasses was mea-
sured and the ultrafast dephasing time was estimated[3]. These measurements yielded a
relaxation time of about 200 femtoseconds. The most important mechanism of this ultrafast
relaxation is considered as phonon-mediated inter-subband transition. So in this paper, we
will formulate the electron-phonon interactions in semiconductor quantum dots and esti-
mate the inter-subband relaxation rate. First of all, it is to be noted that in semiconductor
microcrystallites, the translational symmetry is totally lost due to three-dimensional confine-
ment and thus the concept of wavevect3r is not applicable for both electrons and phonons.
Instead the electronic states become discrete due to the quantum confinement effect and
form a series of subband states. Similarly the phonon spectra become discrete due to the
boundary condition at the microcrystallite surface.

2. Electron-Phonon Interactions in Semiconductor Microcrystallites

In this section the electron-phonon interactions in semiconductor microcrystallites will be
derived. First we will discuss the optical phonon mode. The optical phonon modes in a
finite crystal can be classified into longitudinal , transverse and surface modes[4]. As for the
longitudinal optical mode in a spherical semiconductor microcrystallite, the electron-phonon
coupling occurs through the longitudinal depolarization field and the electron-LO phonon
interaction Hamiltonian is given as

47- c h,,:( (1 1
H1,o

where R is the radius of a quantum dot,f o(.-) the static(high frequency) dielectric constant.
j, and Y1,,, are a spherical Bessel function and a spherical harmonics, respectively, A' ,s are
zeros of the ij function and XVj,, 3 is the normalization constant. The coupling strength
is inversely proportional to the square root of the particle radius. This implies that the
confinement of electrons and phonons in a small crystallite enhances their interaction.

The electron-phonon interaction associated with the surface optical phonon mode will
be discussed. The amplitude of surface phonon mode is in general localized in the vicinity
of the crystal surface and on the contrary the electronic wavefunction has a small amplitude
at the crystal surface. Thus the electron-surface phonon coupling is considered to be small
However, the lowest-order surface optical phonon mode which is usually called Frihlich
mode[51 has a uniform lattice polarization in a spherical crystallite and the coupling with
electrons is expected to be large. In this case also, the electron-phonon coupling occurs
through the longitudinal depolarization field and the electron-surface phonon interaction
Hamiltonian is given as

.Si~rinllger Sc.,,e nit ("il,'[l 'illh ,s, ,ol IN ltrafast 14- ... oruj,tua Vi 337
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Hr= 27rhC2w,()( -Yr ,(. , (2)
2 R F o 101

where m is +1 or 0. The coupling strength is inversely proportional to the square root of
the quantum dot radius R.

As for the acoustic phonon modes in a semiconductor microcrystallite, the mode fre-
quencies and mode eigenfunctions are determined by solving the elastic wave equation with
an appropriate boundary condition[6]. As one of these acoustic modes, we will consider
the radial vibration modes. These modes are longitudinal acoustic modes and couple with
electrons through the deformation potential. The explicit form of the electron-LA phonon
interaction Hamiltonian is given as

HDF = Edjo(hr,)
HDF = Ed 4'tPWaLAR 3 f/j(hR) -jo(hR)j 2 (hR) (3

where Ed is the deformation potential and h is a constant determined by the boundary
condition and is proportional to R - 1 . Then the coupling strength is inversely proportional to
R5 /2 . As typical transverse acoustic modes, we can take up rotatory vibration modes. These
acoustic modes have no dilatation and thus do not have deformation potential coupling.
However, the piezoelectric coupling with electrons through the strain field is possible. The
Hamiltonian of piezoelectric coupling between electrons and TA phonons is given as

HpZ 27c [ 3t I

c-Ra/I2 V 8"PpWT., Ij"(R) - jo(,R)j 2(KR)

2 ~ ~ ~ ~ F2,.jj 
9

72 - c c +  
+3)j3 (Kr +

15 7
(4,

where ,. (3: and (:31 are the piezoelectric constants and K is a constant determined by the
boundary condition. The coupling strength is inversely proportional to R'3 12 .

We have formulated three types of the electron-phonon coupling in semiconductor
microcrystallites. The dependences of the coupling strength on the quantum dot radius
are different for the three coupling schemes. The Fr6hlich coupling with LO phonons or
Fri~hlich surface modes has a matrix element of the order of a few meV for a quantum
dot radius of 100.4. On the other hand, the matrix elements of the deformation potential
coupling and the piezoelectric coupling are two orders of magnitude smaller than that of the
Frijhlich coupling for the particle radius of 100.1. However, the dependence on the particle
size is stronger for the acoustic phonon coupling. Thus for smaller size particles, the matrix
elements of the acoustic phonon coupling can be comparable to or larger than those of the
optical phonon coupling.

3. Inter-Subband Relaxation Rate

On the basis of these electron-phonon interaction Hamiltonians, we can estimate
the inter-subband relaxation rate. The inter-subband relaxation can occur between the
energy levels with the same angular momenta and also between the energy levels with
different angular momenta. The inter-subband transition matrix elements are not very
strongly dependent on the angular momenta of energy levels and also on the subband
indices. For a one-phonon emission process in which the inter-subband energy happens
to be equal to the LO phonon energy, the relaxation time is estimated as follows For
CdS, using the parameters - 30511 - 1, ,o = 240cn - i and f, = 5.3, we obtain
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1/U,, = 66.2. V(fq), where R is measured in unit of 100A . Fcr CdSe, with the param-
eters l= 212cm - 1, "'TO = 172cm- 1 and E. = 6.1, a little longer relaxation time is
obtained as 1/Fph = 88.9 . v1_R(fs). However, these values are a few times as short as the
observed relaxation time. The exact matching between the inter-subband energy and integer
times the LO phonon energy is rather fortuitous. In general there is a mismatch between
the two and this energy mismatch is compensated for by acoustic phonons. Participation of
acoustic phonons reduces the inter-subband relaxation rate drastically as can be seen from
the previous argument on the magnitude of matrix elements. In fact, for a two-phonon
process involving one LO phonon and one LA or TA phonon, we found that the relaxation
rate is inversely proportional to R6 . It is estimated that for R = 504, 1/Fph 2.3p.s and
for R = 33:4, I/Fph 200fs. This result may suggest that the radius of microcrystallites
contained in semiconductor-doped glasses is about 30A.

4. Discussion

On the basis of these calculations, we can describe the relaxation processes of photoex-
cited carriers in a semiconductor microcrystallite. When the excess energy of carriers is more
than a few times the LO phonon energy, the relaxation occurs mainly through LO phonon
emission. As the carrier energy decreases, the acoustic phonons begin to participate in the
relaxation process. Furthermore, when the excess energy is less than one LO phonon energy.
the carrier relaxation occurs through emission of acoustic phonons alone and the relaxation
rate slows down drastically. In this region the radiative recombination and the trapping
into shallow traps come into play as another relaxation channels in competition with the
acoustic phonon emission. The radiative recombination lifetime is calculated from the os-
cillator strength of the excitonic transition[7]. The radiative lifetime decreases with increase
in the particle size. When the particle radius is assumed to be about 30:4 which yielded
a reasonable value of about 200 femtoseconds for the inter-subband relaxation time, the
radiative lifetime is estimated to be about 100 picoseconds. This value is also in reasoriahle
agreement with the observed decay time.

In summary, we have developed a theory of electron-phonon coupling in a semiconductor
microcrystallite and clarified the dependence of the coupling strength on the particle radius
for the first time. On the basis of this theory, we have estimated the inter-subband relaxation
time and obtained a reasonable agreement with the experimental values.
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Ultrafast Optical Nonlinearity in Semiconductor-Doped
Glasses Controlled Through the Trapping State
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Recently, semiconductor-doped glasses have attracted

increasing attention to their quantum size effect and large

nonlinear optical susceptibilities. Ultrafast relaxation times

as well as other various properties of these glasses have been

measured [1]. The results reported by many authors are, however
often diversified. In order to understand and resolve these
differences in part, we discuss here a nonlinear dynamical
aspect of these material in relation to nonlinear photolumines-
cence at 77 K.

Photoluminescence spectra of a Toshiba R-63 color glass
filter show a low energy broad band peak at 650 nm for a weak
excitation intensity, and a rather sharp peak at 605 nm for
increased intensities. The low energy peak has a lifetime of
about 2 usec, therefore it is attributed to the emission from a
surface trapping state. The radiative lifetime of 605 nm
emission depends strongly on the excitation power (see Fig.1 ).
Under the weak excitation of 532 nm pulses, the lifetime is
less than 20 psec. Then with increasing intensity the radia-
tive decay becomes slower, and the decay curve approaches a
doubly exponential type with decay times 440 psec and
1250 psec. in accordance with a sufficient decrease of the
photo-darkening effect at this temperature, the nonlinear be-
havior is reversible as a function of the excitation intensity.

Considering a four-level system as shown in Fig.2, the above
experimental results are explained well in terms of a change of
carrier-recombination route due to population saturation of a
trapping state lying at lower energy. With this model, the
photo-excited carriers firstly relax into the low-lying
trapping state with a very fast non-radiative decay rate Ca'
then relax radiatively from this trapping state with the 650 nm
luminescence. When the trapping states of a finite number were
filled up, the carriers now decay directly from the band edge
state with the 605 nm luminescence.

The above interpretation was confirmed by an experiment with
superposed two mode-locked pulse trains, one for a strong
pre-excitation and the other for a weak probe, delayed with
respect to the other (Fig.3). The weak pulses went through the
mechanical chopper, so that only the photoluminescence excited
by the weak pulses could be detected by a lock-in amplifier. It
turns out that, even though the weak probe pulses cannot excite
the 605 nm luminescence by themselves (Fig4.a), they can excite
it, if the pre-excitation pulses enter beforehand within the
lifetime of the trapping state (Fig4.b).

This experimental result suggests that it is possible to
observe the ultrafast nonlinear response of the interband
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transition selectively, by saturating the trapping state within
2 jsec before the signal excitation pulses by the pre-excita-
tion pulses. For example, the response of the transient
grating was examined with the configuration as shown in Fig.5.
The beams k1 , k2 , k3 are from a cw mode-locked dye laser, and
the pre-excitation beam is from the second harmonic light of
the YAG laser which pumped the dye laser. Fig.6 shows the
diffraction signals as a function of the delay time of the k
pulse. The background component of the diffraction siqnaf
corresponding to the slow nonlinear response is reduced by the
pre-excitation pulses (open circle).

Our results consistently explain the experiments on the
optical nonlinear response reported by ROUSSIGNOL et al.12) and
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COTTER[31. For samples with a small amount of the trapping
state, the population saturation easily occurs, and the
population grating with fast response is then formed in the
band edge state. This corresponds to the growth of the high
energy 605 nm luminescence with increased intensity in our
experiment. A 4.4 kHz narrow resonance reported by REMILLARD et
al.[4] would correspond to the decay rate of the trapping state
with the excitation intensity below the saturation point.

Some characteristics of the semiconductor-doped glasses were
revealed. The new method was proposed which may be used to
analyze the size effects in these glasses. This technique may
also be used to control an optical switch or make it operable
by a weak driving power.
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Femtosecond Photon Echoes

C.V. Shank, P.C. Becker, H.L. Fragnito, and R.L. Fork

AT&T Bell Laboratories, Crawfords Comer Road,
Holmdel, NJ07733, USA

Use of the photon echo technique to study dephasing in semiconductors and large
molecules in solution has been frustrated by the very rapid dephasing in such systems.
Recently advances in pulse compression techniques have permitted the generation of
optical pulses as short as 6 femtoseconds [1] making the observation of coherent
transients in such systems possible.

Treacy [2] showed in his original work on pulse compression that a pair of gratings
could be used to compensate a linear frequency chirp or quadratic phase distortion.
He also pointed out that when compressing optical pulses with a large bandwidth, a
grating pair impresses an unwanted cubic phase distortion on the optical pulse. This
has provided a limit to pulse compression using this approach to just under 10
femtoseconds.

A pair of prisms can be used in much the same manner as a grating pair for pulse
compression. A prism pair also induces a cubic phase distortion but amazingly it is of
the opposite sign of that caused by a grating pair. Correction to third order in the
phase can then be accomplished by using a grating pair followed by a prism pair to
cancel out the third order distortions in the phase. Using this approach an optical
pulse of 6 femtoseconds has been generated and used for the experiments described
here.

Recent hole burning experiments in large molecules in solution [3] suggest that it
may be possible to observe photon echoes in these systems. Hole burning experiments
have shown that T2 is on the order of 70 femtoseconds for a single vibronic transition.
With a six femtosecond optical pulse the entire vibronic spectrum is excited so the
echo will be the sum of all the echoes from the manifold of vibronic states.

Several attempts have been made to observe coherent transient processes in
organic dyes including four wave mixing, three pulse echoes, and four wave mixing
with incoherent pulses. In the experiments reported here we attempt to observe
echoes using a two pulse sequence. The two pulses having wave vectors K, and K,
make a small angle and generate an echo in the momentum matched direction 2K
-K.. The echo is then separated spatially from the exciting pulses. The energy of th6
generated echo is measured as a function of relative time delay between the exciting
pulses.

The primary utility of a photon echo is to determine the dephasing time, T_. For a
purely inhomogeneously broadened two level transition the echo energy wil decay
exponentially with the relative time delay, r , between the exciting pulses:
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Eecho = exp(-4 r/T 2) (1)

For the case of a homogeneously broadened two level transition a polarization free
decay will be observed to relax as exp(-2r/T 2 ). These relations show that an optical
pulse much shorter that T2 must be used to time resolve the echo decay.

The experiments were performed using c6mpressed pulses corrected to third order
in a manner described previously. The pulse repetition rate was 10 kHz and the pulse
energy was 20 n. The energy of the pulse was less than that needed for a 7r pulse so
the echoes observed in the experiments described here are in the small signal
perturbation limit. The pulses were split into two parts using a beam splitter in a
modified Michelson configuration to form the two excitation pulses. The two pulses
were focused with a 5 cm focal length lens into a flowing stream containing the
molecule under study. One pulse was delayed with respect to :he other using a
stepper motor controlled delay.

The signal detected in the echo direction was directed into a photomultiplier. The
detection electronics consisted of a boxcar integrator followed by a phase lock
detector. The signal was measured as a function of relative time delay between the
pulses.

The measured echo energy for the oxazine dye Nile Blue is plotted in Figure 1.
Note that a very rapid 4 femtosecond time decay is observed. The dynamic range of
the experiment is limited by the lack of perfect phase compensation for this very short
6 femtosecond optical pulse. The action of imperfect phase compensation is to
produce energy in the trailing edge of the pulse.

How do we reconcile this rapid polarization free decay with the much longer
T2 =70fs reported in the hole burning experiments? To understand this data we need
to consider the photon echo from a system of vibronic levels. Each level in the ground
state is coupled to a manifold of vibronic levels having a Franck-Condon overlap with

NILE BLUE
3.~

' -TDecay 4 fs

Cn2
0

-0 01,0 20 30

Time (Femtoseconds)

Figure 1. Plot of the log of the echo energy versus time delay.
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the ground state. For purposes of our discussion let us assume delta function in time
excitation pulses and strong inhomogeneous broadening. The echo energy as a
function of time delay is given by

S (r) = ii ~i~ojOS(Wiir)]exp(-4r/T2 )

where I i > and Ij > are excited state vibronic levels and wij is the frequency difference
between these levels. In such a multilevel system the exponential term can be
dominated by the term in the brackets which comes about from the dephasing due to
the sum of the echoes coming from the manifold of vibronic levels. Obviously this
consideration precludes the determination of T2 from a manifold of levels using the
photon echo technique.

A number of conclusions can be drawn from this discussion. First it is necessary to
take a system point of view in calculating the echo response. Even though hole
burning indicates that T2 is = 70 femtoseconds the echo from a manifold of vibronic
levels is dephased much more rapidly. The measured dephasing rate of the manifold
of vibronic levels is 4 femtoseconds and is at the limit determined by the spectral
linewidth of the S electronic transition.

A more interesting system to study is the polarization dephasing rate of band to
band transitions in the direct band semiconductor GaAs. The dephasing rate provides
a direct measure of the process of momentum relaxation. At high carrier densities the
carrier momentum loses phase coherence primarily through the screened Coulomb
interaction between carriers. Both elastic and inelastic carrier-carrier collisions
contribute to the momentum dephasing. At low carrier densities electron-phonon
interactions are the dominate dephasing process. The density dependence of the
polariztion rate provides important information concerning the carrier-carrier
interaction.

The experiment was performed in the manner just described for molecules. The
sample was a thin .1 micron thick sample of GaAs grown by molecular beam epitaxy.
Both faces of the sample were antireflection coated. The excitation pulse energy at
the sample ranged from .1-.01 nJ per pulse which corresponds to carrier densities
ranging from 10 7 to 1018 cm 3 . The carrier density was estimated by measuring the
number of photons absorbed in the material. The spot size of the focused beam was
measured to be 30 microns in diameter.

In Figure 2 we have plotted the log of the echo energy versus the relative time
delay between the pulses. At the highest density an exponential decay with a time
constant of 3.5 femtoseconds is measured. This is very close to the system response
limit. As the density is reduced the echo decay time lengthens and is very clearly
resolved.

The echo decay constant, T , is plotted as a function of dnsity in Figure 3. The
points are experimental and the solid curve is a power law fit to the data and is given
by the expression
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Figure 2. Plot of the log of the photon echo energy as a function of
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Figure 3. Echo decay time constant as a function of the carrier density for
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According to expression (1) the polarization dephasing time is given by the relation
T 4T ,The data reveal that the dephasing time T2 ranges from 14 femtosecondsT2 =4cch 21 1to 44 femtoseconds while the density has been changed from 7x10 to 1.5x10 cm-.
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The dependence of the dephasing rate on density clearly suggests that the
deph.',ing nrocess is dominated by carrier-carrier interactions. The momentum
relaxation rate Tm in the limit of large carrier densities is given by

Tm N-1S(N)

where N is the carrier density and S(N) is a density dependent factor representing the
effect of Coulomb screening. In the Thomas-Fermi approximation S(N)=N 2 13 which
is close to the experimentally measured S(N)=N0 7 . However, the Thomas-Fermi
approximation is not valid in this situation because the excited carrier distribution is
nonthermal. Currently a good theory does not exist to describe the process of
screening in this highly nonequilibrium population distribution. These experiments
provide the first information on nonequilibrium screening processes on such a rapid
time scale.

1. R.L. Fork, C.H. Brito Cruz, P.C. Becker, and C.V. Shank Opt. Lctt. 12, 483 (1987).
2. E.P. Trcacy, IEEE J. Quantum Electron. OE-9, 454 (1969).

3. C.H. Brito Cruz, R.L. Fork, W.H. Knox and CV. Shank, Chem Phys. Lctt. 132, 331 (1986).
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Fourier-Transform Spectroscopy in Dye-Doped Polymer Films
Using Femtosecond Accumulated Photon Echo

S. Saikan

Department of Physics, Faculty of Science, Osaka University,
Toyonaka, Osaka 560, Japan

Fourier-transform spectroscopy using femtosecond accumulated photon echo
has been applied to samples of dye-doped polymer. The material dependence
of linear electron-phonon interaction and the origin of the quantum beat
have been investigated.

1. INTRODUCTION

The persistent hole-burning effect in dye-doped polymers has recently attr-
acted considerable attention because of the promising application to the
frequency-domain opticdl stordye. 'i acomplisn this teLihJique at higher
temperature, it needs to find a material which exhibits a weak electron-
phonon coupling. The study of the electron-phonon interaction in dye-doped
material has usually been performed by the persistent hole-burning spect-
roscopy. However, since the hole spectrum varies dependent on the burning
fluence, the detailed investigation on the burning kinetics /1/, in part-
icular, on the time evolution of the hole spectrum, is indispensable to
attain the material parameters such as the homogeneous width of the zero-
phonon line and Debye-Waller factor. As an alternative method to investi-
gate the electron-phonon interaction, we have recently developed Fourier-
transform spectroscopy using femtosecond accumulated photon echo /2,3/.
In this technique, the accumulated photon echo is excited by an extreme-
ly broadband incoherent light, and then the observed echo signal is
Fourier-cosine transformed using computer. Because of the low power densi-
ty per unit frequency of the broadband dye laser, the obtained spectrum
is considered to be rather close to the hole spectrum at relatively short
burning time. In this paper, we review the recent experimental results nn
the Fourier-transform spectroscopy in dye-doped polymers /2-4/.

2. ACCUMULATED PHOTON ECHO

Based on the density matrix incorporating the fluctuation of Lhe electronic
transition frequency, we have recently clarified several characteristic
features of the accumulated photon echo /2,4/. The phase relaxation process
is generally related to the fluctuation of the electronic transition frequ-
ency, and the temporal behaviour of the echo can be described by the
relaxation function /5/ which is derived from the statistical averaging of
the frequency fluctuation. The relaxation function for the accumulated
photon echo can be factorized as a product of the corresponding first-order
relaxation function. This is the most striking difference between the
transient- and accumulated photon echo. In addition, it can be proved that
the Fourier-cosine transform of the heterodyne-detected accumulated photon
echo provides the hole-burning spectrum. Therefore, using a broadband dye
laser, the hole-burning spectrum can be obtained over a wide spectral range.
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Under the excitation of such a broadband laser, many spectral components
including zero-phonon line, phonon sideband and vibronic lines are simul-
taneously excited, and the quantum beats appear in the echo signal. Howe-
ver, it should be noted that the quantum beat in the accumulated photon
echo is not induced by the sublevel coherence which is responsible for
the quantum beat in transint pump-probe experiment /6/, but is induced by
the interference between two single-photon transitions. This is because
the accumulated photon echo originates from the accumulation of the satu-
ration hole in the ground state, and this signal overwhelms the transient
two-photon signal which is associated with the sublevel-coherence.

3. EXPERIMENTAL

The experimental arrangement for the heterodyne-detected accumulated photon
echo is depicted in Fig.1 /7,8/. The synchronously pumped rhodamine-6G dye
laser was used as the excitation light. When the dye laser was operaled
without birefringent filters, the bandwidth results in about 300 cm-
around the centre wavelength of 590 nm. This bandwidth has given the time
resolution of 40 fsec in the present experiment of accumulated photon echo.
An acousto-optical modulator (ISOMET 1205C) was employed to intensity-
modulate the pump-beam at 5 MHz. The signal has been amplified by a tuned
preamplifier and then fed into a high frequency lock-in amplifier (PAR
5202). The samples we have employed are rhodamine, oxazine, cyanine, tri-
phenylmethane and porphine dyes whi..h were doped in several polymers inclu-
ding polyvinyl alcohol (PVOH), polyacrylic acid, polymethyl-methacrylate
(PMMA) and polystyrene. The samples were kept at about 2 K in an immersion
type superfluid helium cryostat. For the measurement of temperature depen-
dence, a flow cryostat was used.

4. RESULTS AND DISCUSSION

As the typical examples, the observed echo signals in rhodamine-640, DODCI
and tetraphenyl-porphine (TPP) are shown in Fig.2(A). In the former two
samples, the low frequency side of the absorption spectrum was excited.

photo-
i M.L.Ar laser -r e c or

dye laser pt ho.

3 AO modula5to0 

5 'NA H7.,J
stppn compenstor

mtorin cryostat photo-

motorr Lock-in
~pressure

controlled sample amp l
t un.dpeM

... optical delay ecomputerl

Fig.1 Experimental set-up for the high-frequency modulated
heterodyne detection of accumulated photon echo.
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Fig.3 (A) Polymer dependence of accumulated photon echo in rhodamine-640.
(B) Accumulated photon echoes in resorufin, DODCI and crystal-violet

doped in PVOH.

/9;. The Fourier-transformed spectra indicate that the electron-phonon int-
eraction strength in the samples of rhodamine-640 decreases in the order of
polystyrene, PMMA, polyacrylic acid and PVOH as the host polymer. Namely,
there is a correlation between the electron-phonon coupling strength and
the size of sidegroups on the polymer chain. This result has been interpre-
ted in terms ol the freedom of molecular motion in the polymer environment
/9/. The relative intensity of the phonon sideband to the zero-phonon line
was also investigated for three different dyes of resorufin, DODCI and
crystal-violet. These dyes were doped in the same polymer of PVOH. As shown
in Fig.3(B), since the echo signal in resorufin has no spike around the
time origin, we can say that the electron-phonon interaction is very weak
in this sample. Further, since this dye has a rigid skeleton in the molecu-
lar structure, we speculate that the electron-phonon interaction is weak in
a non-flexible molecule. The appearance of the strong spike in DOCI is
considered to be consistent with the above speculation because this dye
has a flexible polymethine chain. Furthermore, in crystal-violetwhich is
known to exhibit a comformational charge in the excited state due to the
twisting of the phenyl ring, the sharp spike due to the phonon sideband
predominates as shown in Fig.3(B). This result gives further support to
our speculation. In a flexible dye without a riqid skeleton, bond rearrai-
,jement can occur after photo-excitation. Since the linear .,ectror-phonon
interaution is assoiated with the change in the equlibrium contiiuratior
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between the electronic ground and excited state, it is reasonable that the
electron-phonon coupling strength should be related to the molecular
flexibility.

4.2 Vibronic Quantum Beat and Its Temperature Dpendence

In the above experiments, we have found that the vibronic quantum beat
becomes undetectable above the liquid nitrogen temperature. It makes a
striking contrast with the previous observation of the quantum beat in tran-
sient pump-probe experiment performed at room temperature /10/. To elucidate
the cause of the difference, we have derived the expressions for the signal
strength of the transient- and accumulated-pump-probe experiments in three
level system /4/. The three-level system has been assumed to consist of the
upper two levels i> and 13> with the decay rates yI and" 3 , and the ground
state 12> with the recovery rate y2. The expressions for the pump-probe
signal can be described as

2 2-it 4 -t 4 e--32

S(t21)
= ( 2 + p2) 2e Y2 2I + ,,4 e -' It21 + Ie 3 t2 121 2 3(zI'

+ 2)3 e-¥31 t21 cos .31t2 1  (1)

for the transient case, and

,e , 21- (t)dt>1 2 (,4+ 4+_22 cosS ( t 2 ) =  e -2 -, t 1 1 e 4 + 2 2 221o2 3 2 ,3 co 31t21) 2

for the accumulated case, where the angular brackets denote the average over
the modulation process of the transition frequency and t l is the delay time
between the pump and probe pulses. From eq.1, we noticed that the signal
in the transient case gives no information about the phase relaxation
except the sublevel coherence '31, and the quantum beat originates from
this sublevel coherence. This agrees with the previous result obtained
by MITSUNAGA and TANG /6/. On the contrary, in the accumulated case, the
population relaxation rates in the excited state as well as the sublevel
coherence do not contribute to the signal, and the quantum beat is induced
by the interference between the two single-photon transitions. In this case.
since the envelope of the quantum beat is determined by the relaxation
function, the beat becomes obscure at higher temperature due to the line
broadening of the vibronic state. Therefore, different temperature depen-
dence of the vibronic quantum beat between the transient and accumu)ated
pump-probe experiments is understood, if we can assume that the tempera-
ture dependence of the sublevel coherence is relatively small.
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Ultrafast Dynamics of Excitons and Polarons

in Molecular Aggregates

S. de Boer and D.A. Wiersma

Department of Chemistry and Ultrafast Laser and
Spectroscopy Laboratory, University of Groningen,
Nyenborgh 169747AG, Groningen, The Netherlands

1. Introduction
Aggregates of dye molecules play, as light-absorbing species, all important
role in nature and technology, and are therefore worth a detailed optical
study. In this paper we report results of photon echo and dual-colour
pump-probe experiments on two different types of aggregates. In tlhe first
type. the optically prepared state can be described as the optically
allowed exciton. which carries a large oscillator strength resulting fii a
picosecond radiative lifetime! With increasing temperature the optical
phase of this excitonic wave-packet is disturbed by collisions with phonons.
localized at the aggregate. In the second type of aggregate, initially, a
super-emnissive excitonic state is also formed, but this excitation is not
stable and decays into a polaron state that becomes trapped. The drlving
force for this process is a combination of strong electron--phonoi coupling
arid site inhonogeneity.

2. Theoretical Background
The Hamiltonian for the description of excitations in molecular aggregates
has the well-known form [1]

H =H + H + H (11  + H(
ex ph ex-ph ex-ph

where

Hex=Zi5D()+x aa + }+ J (u)aa. H =1 h-. 0b -1f2; 2.1,e n n l n IIm pih t (1ph 'I 'I 'I

H(I) Fq h,.' (b'++b a+a H'2" = N qh.' (b*-b )aa
ex-ph L in q q -q nIn ox-ph D +b q q -) 4Sqnm tin -

1I1 12) through (5) the Bose operator ad+a) c:.-ates (anihfltes aI
electronic excitation of energy [E + D(o) + A.,] at site ii. where Di. )
represents the van der Waals shift that a monorer tranisition lcdertoe,
throigh iiteraction with the other (rigid) molecules and -,, represents tIw
ilhomiogeneous site shift from the average energy -. J,_, staiid, f"r 1,

itertnolecular coupling term of site n to m. The Bose optaUr,
creales (annihilates) a phonoti of wavevector q aid freqluecv H
the elect rori-phoorti coupling term that is ass,,.ia', ,

A wi 'i
lat tice--vibrational dependence of J,_x-. while H I 1,, vxpresses i
dIepelndetice if the Vail (l \k aals shift oil a local Ia'ti( c d'St tio: If:
nianIV cases oiie of, these electrIonI -ploion teris don;ilates. I t, I.,
Ilamilt ionian 01) is coisidered in more detail olne notes that the dr a i,
terli for delocalization of the excitation is J, III(, iittrnl,,.ida
electronic coupling term. A couniterforce against flelocalizli ion is pr \de,i
by the local inhoniogeneity ,. It is clear however that iII the case J .>
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strength of the coherently coupled monomers and which attains a very shiort
radiative lifetie. We call these states superernissive. When tile lattice
vibrations are considered, the situation becomes more complex. Ini the ( ase
where J >> Z and the coupling of the electronic excitation with thle phorijuis
is weak (case A) the inequality H~l),, >, H 2, is obeyed. In this
situation delocalized excitations (excitons) are created which uriderga;
elastic and inelastic scattering through collisions with phonionis. Ili thle
other limit where H( 2) ph-H and J >> n (case B) we recover the
classical Frdhlich-Holstein (FH) ~aitninjj wih hs bei son t
lead to excitations known as polarons and solitons. For this discussion we
will focus only on the polaron-type solutions of the FH-Hamiltoniarr, which
is achieved by a canonical transformation of the Hamiltonian (I,1 Thie
most important result for our purposes pertains to the fact that the
intermolecular coupling term Jr.. in the transformed Hamiltoniian becomes

Jn-I =n-n d ~ >fG

where the term between brackets denotes a thermal average of the
Franck-Condori factor. between a phonori-dressed arid a phroiror-relaxed state.
which is usually small. One therefore concludes that 'phoinon -dressirng'.
besides lowering the optical excitation energy also results in an effective

reduction of the intermolecular coupling terili. llo-ver. if lieh'

hols, he olaon illbe trapped at site m! This self-trapping will have
a drmatc efectorithe optical dynamics of the aggregate. the roost

important aspect being that tire dynamic behaviour of the trapped lpolar~xL
and its optical spectrum will mimic that of a perturbed nionrorier.

3. Results and Discussion
The aggregates we have under study' derive from tile rioniners of the
pseudo isocyan ine (PlC) and thiapyrvlitim ITPY) d ' es. Figure !show, rile,
optical spectra of these species in monomeric arid aggregated form errihdded
in the polymrer polycarborrate [3]. Ini both cases a stili~taritiale-sif ;ill(
narrowing of the aggregates' spectrun is observed.

T'he( emrissioni spectrumr of tile PIC aggregate is also v*.r\ sipjlc :Ii P)
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a PlC-Br sample held at 1.5 K yields an echo lifetime of 8 ps. In addition
a mild temperature dependence of the echo decay is found [4), indicative of
weck electron-phonon coupling. The conclusion is that optical excitation in
the origin region creates an exciton with a small wavevector, which is
scattered by lattice phonons. The short lifetime is due to a combination of
an ultrafast radiative [4[ and, possibly, a radiationless (internal
conversion) process. When the fluorescence quantum yield is known, the
radiative lifetime of the aggregate can be calculated, from which, in turn,
the number of coherently coupled monomers can be obtained.

The spectroscopy and dynamics of the TPY aggregate are very different.
The emission spectrum is as broad as the absorption one, but red-shifted by
about 1500 cm-1. This observation indicates a case (B) of strong

electron-phonon coupling. In complete agreemeht with this we found a photon
echo signal only near zero probe delay time. This signal is assigned to the
decay of the coherently excited phonon side-band in the TPY aggregate.
Fluorescence lifetime measurements hint at the presence of two components
in the emission: one fast (< 0.5 ns) and the other slow (ca. 2 ns).
Pump-probe experiments at different wavelengths confirmed the presence of
these two components; one decaying with a 45 ps the other with a 2 ns
lifetime. Figure 2 shows two typical pump-probe signal traces. We propose
that the fast decay in the upper trace is due to decay of the optically
prepared excitonic k-state in the TPY aggregate and that the slow decay is
due to a polaron formed by trapping of the exciton. It is clear that this
exciton-polaron-transition model requires the 'slow' polaron emission to
exhibit a rise time concurrent with the decay time of the 'fast* excitonic
one. The lower trace in Fig.2 shows a pump-probe signal that fits this
requirement at an excitation wavelength where the exciton's pump-probe
signal cancels due to the combined effect of absorption loss by the ground
state and a corresponding gain by the excited state.

In conclusion, we suggest that dynamical exciton-polaron transitions in
aggregates will be regularly found in systems where optical excitation
leads to a substantial change of the electron distribution in tho excited
State.

Fiigure 2. Pump-probe response
of TPX -C104 aggregates at
1.5 K; excitation and probe
wavelength is 675 ra (upper)

"- ..... "'" and 660 rim tlun,-r) trace. The
" -smooth lines in both traces

are fits with response times
of 45 ps. The dotted hlne

h - represents the pu's auto-
correlation trace.

-40 0 40 80 120 160

probe delay (ps)
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Femtosecond Relaxation Studies of Semiconductors and

Large Molecules

C.L. Tang, F.W. Wise, LA. Walmsley, D. Edelstein, and E. Wachman

Cornell University, Ithaca, NY 14853, USA

Abstract - Results on the ultrafast relaxation dynamics of large molecules
and nonequilibrium carriers in GaAs and related compounds and structures
obtained using optical correlation spectroscopy and time-resolved hot-
luminescence spectroscopy are reviewed. This is followed by discussions of
recent experiments on wavelength-resolved quantum-beats in dye molecules
and the generation of femtosecond laser pulses in the ultraviolet.

I. INTRODUCTION
There are two basic approaches to the study of ultrafast relaxation

dynamics in condensed matter: polychromatic experiments and monochromatic
experiments. In the monochromatic experiments, pump and probe pulses at
the same wavelength are used. The delayed probe pulse measures the relaxa-
tion dynamics of the carriers out of the initially excited states. In
polychromatic experiments, typically the sample is first excited by a short
femtosecond laser pulse. The final states the system relaxes to are then
studied with a wavelength-shifted probe continuum. These two basic
approaches provide complementary information needed to completely charac-
terize the relaxation dynamics of the system following femtosecond photoex-
citation. The monochromatic experiments provide complete information on
the relaxation dynamics of the initially excited states whereas the
polychromatic experiments provide information on the final states that are
accessible to optical probing. Not all the final states the system relaxes
to initially are accessible to optical probing, however. In GaAs excited
by 2 eV photons, for example, the dominant scattering mechanism from the
initially excited states is deformation-potential scattering into the
satellite valley states that are not directly connected by optical transi-
tion from the valence band states. The dynamics of this relaxation channel
can only be studied optically by probing the initially excited states
through monochromatic experiments.

11. RELAXATION DYNAMICS OF NONEQUILIBRIUM CARRIERS IN SEMICONDUCTORS
In the case of GaAs and related compounds, a fairly consistent and

complete picture of the relaxation dynamics of carriers out of the ini-
tially excited states is now available based upon extensive opfi'al

1-5transmission-correlation spectroscopy and pump-probe studies . Much of
these results have now been substantiated by other independent experiments

and by extensive Monte-Carlo calculations6.
In transmis,;on spectroscopy the measured correlation trace y(t)

beyond the range where a coherent-artifact might be present is expressed as
a sum of damped exponentials with amplitudes a. and time constants T.. The1 1
number of terms and the amplitude and time constant of each term are then

determ'i, d using the linear-prediction least-squarps fitting procedure 7

with no preprocessing of the data reqvired. The results are surm arized in
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Table I - Summary of decay parameters for photoexcited carriers in
semiconductors. Amplitudes are normalized so that y(t=O)=l.

y(t) - ai exp(.trTr)

MAt1il Polarizati a T (fs)

A"COM~A paL OSS 40-450.10 12-150

pwuWW13.02 12.W

0.09 140-260A.ll 1600,,19M0

h1QW PWd1.674-8
416715030

Table I. The relaxation times depend weakly on carrier density. The range
of values given in the table rorresponds to carrier densities between

17 -3 19 -3
7x1017 cm- and 10 cm

There are several notable features. In all the cases studied, there
is a fast relaxation component on the order of 40 fs and a long component
on the order of a picosecond or longer. This fast component is due mainly
to inter-valley scattering to the satellite valleys and to a lesser extent
to carrier-carrier scattering. The ratio is roughly 2:1 based on experi-

3ments involving temperature-tuning the band-gap of AlGaAs . The precise
physical origin of the long component is not yet clear.

In addition, in GaAs or ATxGal xAs bulk materials, there is an inter-

mediate component on the order of 150 to ?00 fs (see Table 1). This is due
to optical-phonon emission in the central valley. There is no such inter
mediate component in the quantum well samples that we have studied. A sug-

gested explanation8 for the absence of this component in quantum wells is
that the corresponding valence band structure is very complicated. The net
result is that the band of optically excited conduction band states is much
wider than the optical phonon energy of 36 meV; in fact it can" be as wide
as 200 meV. Thus, optical phonon emission within the central valley does
not remove the carrier from the optically-coupled conduction bana states.

Finally, in bulk GaAs and GaAs/AlGaAs multiple quantum wells, there is
a component with a negative amplitude corresponding to a "rising-wing" com-
ponent at nigh carrier concentrations. This is due to the dynamic band-
filling effect (or Burstei,.-Moss shift), which leads to a saturation of the

optical transition from the split-off band1. This interpretation was con-
firmed by the fact that the rising wing component is missing in the data
for Al0 .35Gao. 65As for 2 eV photons. In this case, direct optical tran~i-

tion from the split-off band is forbidden. The rate of rise of the wings
is 1.65 to 2 ps corresponding to the return of the carriers from the L and
X valleys. It peaks 3 to 5 picoseconds later, depending on the carrier
density, corresponding to the eventual establishment of a quasi-equilibrium
distribution near the bottom of the central valley. Similar results were
obtained fur quantum wells, but the carrier dependence is stronger.

To confirm some of these conclusions based upon the study of the in i-
tially excited states, we have also studied the time dependence of the hot
luminescence emitted by the carriers in the central valley as they relax
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down to the bottom of the valley. A number of techniques are available for
time-resolved detection of luminescence; among these, sum-frequency genera-
tion, or up-conversion, is best suited for the femtosecond time domain.

9
This method was originally conceived for the study of picosecond dynamics

and was recently adapted to subpicosecond work by Shah et al. 0 . We have
studied the time dependence of hot luminescence with an experimental
arrangement which is conceptually similar to that described in Ref.lO. In
place of a synchronously-pumped dye laser and one or two stages of pulse
compression, we use the CPM dye laser, however. In addition, we employ a 1
mm barium metaborate crystal for the up-conversion, rather than lithium
iodate.

The dye laser routinely produces pulses of duration 35-40 fs at 635 nm,

100 Hz, and 15-20 mW in each arm. Figure I shows some data recorded. Data
shown in Fig. I(A) were obtained from an LPE grown GaAs layer for which
carrier recombination is not quite complete in 11 nsec, the laser period.
A background of thermal carriers is thus present at zero delay, which may
be responsible for the unusually fast rise of luminescence observed at 1.65
eV.

lii. WAVELENGTH-RESOLVED QUANTUM BEATS IN LARGE MOLECULES
Optical correlation spectroscopy has also been used to study the relax-

11-16ation dynamics of photoexcited dye molecules. As previously reported
light pulse induced coherent molecular vibrations in a number of dye
molecules have been seen for the first time directly in the time domain in
the form of femtosecond quantum beats. Table II summarizes the correspond-
ing amplitudes, frequencies, time constants, and phases for the dye
molecules studied.

Coherent vibrations of molecules in the electronic ground state have
also been seen in impulsive stimulated Raman scattering (ISRS) . There are

some major differences between the two effects 15 ,1 7- 19 , however. This is
particularly striking in the case when the quantum-beat and ISRS experi-
ments are wavelength-resolved.

1.0
(A) (8)

0.6

C

'-0,

0 .4

E 0.2
.3

0.0
-1 0 1 2 3 4 1.35 1.40 1.45 1.50 1.55 1.60 1.65

Delay (pS) Energy (eV)

Fig. 1 - (A) Time-evolution of hot-luminescence from LPE GaAs at photon
energies, 1.43 eV (symbols) and 1.56 eV (line). The curves are
scaled so that the peak luminescence has a value 1 at each energy.
The dotted line is the cross-correlation of the scattered laser
light from the sample and the pump beam for the up-conversion
process. (B) Luminescence from MOCVD grown GaAs sample a: 500 fs
delay. Initial carrier density is 7xi01 cm-3 .
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Table II - Summary of decay parameters for photoexcited dye molecules.

The amplitudes are normalized so that y(t=O)=l.

y(t) = ai exp(-t/T ) cos(22tvIt + €)

Molecule a T (is) v(THz) 0(deg)

Niwaclul Green 0.59 75
0.36 4800
0.06 205 6.60 11

Ethyl Violet 0.60 120
0.33 1700
0.07 380 6.45 7

Methyl Violet 0.55 39
0.23 2650
0.19 1M0
0.03 280 6.40 7

v-itc Blue 0.57 30
0.31 1000
0.11 105
0.01 190 6,14 13

Methyle' t Blue 0.91 27
0.01 1470
0.002 380 7.7 2

ID 0.47 185 0.87 5
0.32 1050
0.09 370 6.35 3
0.07 300 2.61 9
0.03 180 8.17 93
0.02 500 5.00 8

Nile Blue 0.72 43
0.20 400
0.04 10 48g6 140
0.02 490 3.06 87
O,06 50 5.00 12
0.003 405 8.39 144
0.005 4300 2.16 2 L
0.007 4700 6.96 73
0.0004 390M 9.12 93
0.0003 11500 10.6 27

In wavelength-resolved transmission spectroscopy, the correlation trace
is taken through a monochromator instead of directly. The key difference
observed is the following. In the ISRS, the molecular vibration is sine-
like and the modulation of the Raman scattered light on the Stokes side is

1800 out of phase from that on the anti-Stokes side. In the case of qan-
tum beats, the modulation on the probe-pulse due to the molecular vibra-
tions is always nearly cosine-like and in phase as shown in Fig~ire 2.
theoretical explanation for this is given in Ref's 1, and 19.

IV. FEMTOSECOND UV PULSE GENERATION
Almost all current results on ultrafast processes are derived from fem-

tosecond lasers in the visible or near infrared. There is a clear need to
extend the wavelength ranqe of high repetition rate femtosecond pulse' iiltn

the ultraviolet. We report here an intra-cavity doubling experiment

using the new nonlinear optical crystal beta-barium metaborate (80) that
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'esults in nearly complete recovery of the normal visible fundamental out-
put power in the form of femtosecond uv puses at the second harmonic.

The basis for our work is a Rh6G-DODCI dispersion-compensated CPM rino

dye laser with the output coupler replaced by a high reflector. A third
intracavity focus is obtained by using two r=10 cm dichroic mirrors in a

"Z" configuration. A 55 u thin BBO crystal was used for intracav'ty

second-harmonic generation and a 85 u BBO crystal was used for cross-
correlation measurement between the generated uv pulse and the 630 nm fun-
damental pulse. Figure 3 shows the measured cross-correlation trace. 43

fs uv pulses at 10 Hz rate with 3 mW per laser armwere obtainedusing 49

fs seth
2 

red pulses. This technique should be applicable to frequency-
doubling of any existing femtosecond dye laser, thus expanding the avail-

able wavelength range of ultrashort pulses.

-400 0 400 Fig. 3 - Cross-correlation trace of a 43 fs

Delay (fs) uv pulse with a 49 fs red pulse.
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Coherent Time- and Frequency-Domain Spectroscopy
with a Picosecond Distributed Feedback Dye Laser

G.M. Gale 1, P. Schanne 1, and P. Ranson 2
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Ecole Polytechnique, F-91128 Palaiseau Cedex, France
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A broadly and continuously tunable p7cosecond distributed feedback dye laser
system (DFDL), specifically designed for coherent time-domain spectroscopy, has
been developed in our laboratory [1]. The dye laser source produces a single,
Fourier-transform limited pulse with an average duration adjustable between 1.6
and 35 ps when pumped by a 20 ps second harmonic pulse produced by a mode-
iucked Nd/YAG laser. DFDL pulse width is determined by the length of the pumped
region. The very low background and duration/frequency agility of this source make
it ideally suited to the investigation of weak or drowned Raman features
inaccessible to classical time-resolved CARS methods Dynamic measurement
ranges (> 1010), unprecedented in picosecond coherent spectroscopy, are
obse'ved for strong Raman lines.

We have applied our new laser system to the study of the coherent behavior of
the carbon - 13 isotopic satellites (L and 1+ at 1252 cm- 1 and 1369 cm 1

respectively) of the two-vibron bound states (Q- and Q+ at 1277 cm -1 and 1384
cm -1 respectively) in crystalline carbon dioxide. The principal transitions of this
Fermi doublet have been extensively investigated [2,3] but until now their isotopic
companions have remained out of reach, due to their proximity to the parent states
(= 20 cm- 1) and their relatively feeble Raman cross-section (1% in the natural
crystal). Figure 1 shows a time-delayed CARS excitation spectrum of the Q+ region
of C02 solid at a temperature of 78K. Excitation frequencies (durations) were 532
nm (20 ps) and = 571 nm tunable (35 ps), and probing was at 545 nm fixed (15 ps)
delayed by 130 ps. Anti-Stokes frequency selection was also employed [1]. This
spectrum shows that the isotopic satellite, I+, of Q,, is clearly isolated from the main
transition in our experiment and that its dephasing times (T2) may hence be
measured without fear of contamination by its intense neighbor, whereas in a CARS
spectrum the isotopic line, with a strength of only 10-4 of its neighbor, would be
drowned in the non-resonant background.

Exploiting the spectral isolation provided by the DFDL has enabled us to
measure coherent relaxation times of both I- and 1, in the 5 - 130K temperature
range. The results for I+ compared to earlier [2] and new measurements for Q+

show that 1+ relaxes more than twice as slowly as -f2+ over the whole temperature
range investigated and that both states possess a large residual linewidth at low
temperature.
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Fig.1 - Time-delayed (130ps) coherent excitation spectrum of 1+ region in CO' solid at 77K
(with anti-Stokes selection)

LK

T -2

.5 2.0

LGC (NP K1

Fig.2 -Log (linewidth) versus log (temperature) for the Q_- (open rectangles) and I- (full
rectan gles) states.

In striking contrast (fig.2), the relaxation times for I- are identical to those of the
parent Q?- transition, exhibiting a remarkable quadratic temperature dependence of
relaxation rate over two orders of magnitude in decay time.

These results for the isotopic satellites provide new insight into the relaxation
mechanisms of two-vibron bound states in crystals. The decay of the states above
the free two-phonon quasi-continuum, which stretches from 1305 to 1360 cm-', can
be simply described in terms of a population relaxation mechanism whereby the Q+
or I+ state emits an acoustic phonon to access the free two-phonon band, leading to
a temperature dependent linewidth F = as (1 + n), where cy is an overlap term and n
is the Bose factor for high density of state phonons of energy -60 cm-1. This
expression describes well the observed temperature dependence, including the
low-temperature intersection, and explains nicely the difference in absolute
linewidth as being due to the overlap (j, which is very sensitive to the energy
position of the state with respect to the two-phonon quasi-continuum.
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A population-change decay channel cannot explain the observed quadratic
temperature dependence for the states below the free two-phonon band and we are
led to consider the pure dephasing mechanism of [2], which gives an n(1 + n) factor
in the linewidth expression. Detailed calculation, in the framework of impurity
relaxation theory using the Debye model for the density of states of acoustic
phonons, gives the full line in fig.2, in excellent agreement with experimental
results. This pure dephasing calculation, which is insensitive to the frequency of a
given state, also explains, qualitatively at least, the identical relaxation times

observed for Q_ and L.

We conclude empirically that bound state and isotopic impurity relaxation in
crystalline carbon dioxide can be treated on the same footing. This can be
understood if one recalls that the a.. and Q+ levels are practically undispersed and
hence the bound state can be represented to a good approximation as a sum over
c 1 and 2co2 molecular states. Otherwise expressed this means that the bound states
in CO 2 are "impurity-like". This approach also allows one to hypothesise that the
dramatic difference in relaxation mechanism between the "plus" and "minus" states
may be due to their different composition.

We further conclude that our DFDL system allows the achievement of
unprecedented sensitivity and selectivity in time and frequency-domain
spectroscopy and anticipate numerous applications and developments of this
technology.

1 - G.M Gale, P. Ranson and M.Denariez-Roberge
App. Phys. B44, 221 (1987)

2 - G.M. Gale, P. Guyot-Sionnest, W.Q. Zheng and C. Flytzanis
Phys. Rev. Lett. 54, 823 (1985)

3 - P. Ranson, R. Ouillon and S. Califano
J. Raman Spectr. 17, 155 (1986).
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Raman Quantum Beats Obtained by Impulsive Stimulated

Raman Scattering Close to an Electronic Resonance

J. Chesnoy and A. Mokhtari

Laboratoire d'Optique Quantique du CNRS,
Ecole Polytechnique, F-91128 Palaiseau Cedex, France

Coherent excitation of a Raman active vibration can be achieved with a single light
pulse when its duration is shorter than the vibrational period of the mode. This so-
called impulsive stimulated Raman scattering (ISRS) and the ensuing Raman
quantum beats were first observed by the transient induced grating technique [1].
More recently, vibrational quantum beats were also observed in dye molecules by
transient induced absorption measurements [2]. Here, we report additional features
of these quantum beats in a similar dye molecule, malachite green in solution,
using different pump-probe techniques.

The experiments were performed with a femtosecond dye laser described
previously [3]. Following a single beam excitation, we have analysed the
polarisation rotation and ellipticity change experienced by a delayed probe beam.
In addition to these measurements of transient induced dichroism and
birefringence, we have developed an experimental configuration to analyse the
frequency modulatiun (spectral shift) of the probe beam as well as its amplitude
modulation (time delay shift). See Fig.l.

In all these experimental configurations, we observe small amplitude
oscillations superimposed on a large background originating from saturated
absorption and dispersion decays (Fig.2). A new technique was developed to
analyse these damped oscillations with improved signal to noise ratio [4].

We can interpret these observations in terms of ISRS on the 220 cm-1 breathing
mode of the thriphenylmethane dye close to an electronic resonance. Our

Fig. 1
INDUCED DICHROISM The probe pulse is focused on the

1'\/2 excited spot after a variable delay with
PrCom p D a polarisation at 45 degrees from the

-' - pump polarisation. The polarisation
sensitive analysis of the probe beam is

INDUCED BIREFRINGENCE performed following the four schemes
. detailed beside. Analysis of the rotation

FREQUENCY MODULATION and ellipticity of the polarisation gives
I access to the induced birefringence

, - - - ,and dichroism (top). Polarisation
. Jo

- c,,pensto , D,/ I analysis of the dispersed beam gives
A/. -I access to the differential frequency

AMP D M O modulation and amplitude modulation
AMPLITUDE MODULATION (bottom)
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Fig.2
Time-re.,c!'.'cd dichroism and birefringence (top) are observed on malachite green
dissolved in water. Ultrafast beats are superposed on the relaxational decays, and
are experimentally extracted for each observation. At the bottom, similar results are
obtained by detecting frequency modulation as well as amplitude modulation of the
probe beam. These four observations follow the detection schemes depicted in Fig.1

observations show the main trends of resonant ISRS such as the joint observation
of an absorptive effect in addition to pure dispersive manifestations. Vibrations in
the ground electronic state are involved to the same extent as vibrations in the
excited state and both are experimentally separated as is seen qualitatively in Fig.2
in view of the different damping constants of the observed oscillations. Identical
behaviours of the observed vibrational decays are observed for malachite green in
different solvents.

The origin of our experimental signal is the modulation of molecular polarisabi-
lity a and absorption cross-section T by the vibrational oscillation with amplitude Q,
in the ground (g) and excited (e) electronic states. [tie variation of the aosorption

coefficient AF and index of refraction An are given by

A()-= g 
Qg (t) + Q, (t)

Sq q

An(t)-_ Qg (t) + - Q,,(t)

where q is the individual vibrational amplitude and Q the macroscopic vibrational
coherence.

Our observations are interpreted in the framework of a time dependent density
matrix expansion to third order in the fields that allows a description of the ISRS
excitation and probing of a simple vibronic system [5,6] : far from resonance, ISRS
can be described in a way analogous to the percussional excitation of a classical
oscillator (Og oscillating in time as sin (ot). In contrast, when the resonant regime is
approached, vibrational oscillations occur both in the ground and excited electronic
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Fig.3
Classical picture of the impulsive stimu-

S11 lated Raman excitation of a vibronic
system at resonance. Following the ul-

Itrafast optical excitation at energy hw(),I an off-equilibrium vibrational amplitude
.Photon is coherently excited in S and begrs
S' o to oscillate in cos(ot) where w is theU-) 'vibrational frequency. Correspondingly

LU a hole is burnt in the vibrational ampli-
tude for So and begins to oscillate in
the same way. A treatment of the
quantum system by density matrix
expansion at third order in the fields
permits the picture of ISRS to be refined

Vibrational Amplitude q

states. When the resonance is approached, Qg (in the ground state) evolves from
sin w~t to cos cot at exact resonance. Qe (in the S1 electronic state) is excited only

close to resonance and evolves with time following cos mot. (Fig. 3)
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Picosecond Pump-Probe Interferometry
of Nonlinear-Refractive Materials

D. Cotter, C.N. Ironside, B.J. Ainslie, and H.P. Girdlestone

British Telecom Research Laboratories, Martlesham Heath,
Ipswich, Suffolk IP5 7RE, UK

Materials with significant refractive nonlinearity and ultrafast response are

receiving intensive investigation currently. This is motivated by the interest in

optical bistability 111 and nonlinear guided-wave optics, 12 both of which are aimed
towards the development of all-optical switching devices. In some materials, such

as semiconductors and organics, the nonlinearity is enhanced by utilising

resonances, and in this case the nonlinear refraction is accompanied by an

absorptive nonlinearity. [1]

Two types of measurements are commonly used to investigate the resonant
optical nonlinearity of materials with ultrafast time resolution: Pump-probe

transmission experiments directly measure the induced absorption change Ac,
wbilst degenerate four-wave mixing yields a signal proportional to the squared
modulus of the third-order susceptibility X(3 ) so that the absorptive and refractive
nonlinearities are indistinguishable. [31 This ambiguity is significant in the case of

resonant nonlinearities because the argument of the complex quantity X(3) is
dependent on the detuning from resonance, [3,4 and moreover the relaxation
dynamics for the real and imaginary parts of the nonlinear response need not be
directly equivalent.

Here we describe a new technique which allows the induced refractive-index
change to be measured unambiguously, with ultrafast time resolution and with
absolute calibration, in both magnitude and sign. The technique can be used with
bulk materials, and is also well suited to monomode waveguide geometries. We

report measurements on semiconductor-doped fibres, which exhibit large
optically-induced phase shifts with relaxation times as fast as -10 ps. Comparison
with pump-probe absorption measurements made under identical conditions
reveal marked differences between the relaxation behaviour for the absorptive

and refractive components of the optical nonlinearity. The phase of the material
response is thus shown to be time-dependent, as well as frequency-dependent.

In the experimental arrangement (shown in Fig.i) the output from a mode-
locked laser is divided into three beams. The probe and reference beams form a

modified Mach-Zehnder interferometer, in the probe arm of which the sample is
located. The optical path lengths of these two beams are equalised and fixed so
that spatial interference fringes are produced at the final beam-splitter. The fringe
positions are detected using bi-cell detectors together with appropriate sum- and

difference-amplifiers and analogue-divider circuitry. The pump beam, which is at
least ten times more intense than the probe, also passes through the sample. The
refractive-index change so induced causes a fringe shift, which is measured as a

function of pump-probe pulse time delay Ar. The pump bpqm is polarized
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orthogonally to the probe and reference beams and makes no direct contribution
to the observed fringe pattern - any residual coherent artifacts at Ar-_0 are
nulled by rapid pump-beam phase modulation produced by vibrating mirror M2.
The interferometer is stabilised actively to compensate for long-term drift and to
suppress low-frequency fluctuations of the fringe pattern. The limit of resolution,
using lock-in detection, is equivalent to an optically-induced fringe shift of
-,/1000. The absolute calibration of the induced refractive-index changes, in
sign and magnitude, is made by direct comparison with the fringe shift produced
by a mechanically-controlled path-length change in the interferometer. The
technique has been tested by observing the induced refractive-index change in
short (-25-50 mm) lengths of monomude silica fibre; the measured nonlinear
refraction coefficient n2 =-2.5 x 10 -20 m2 W- 1  is in good agreement with
previously-reported values. [5]

The lower part of Figure 2 shows the measured refractive-index change 'In in
a 10 mm-lon" monomode fibre doped with CdS.Sel_× semiconductor
rmicrocrystals. 16.1 The measured values are shown as a function of time after
excitation by a 4 ps pulse of energy 120 pJ at a wavelength (610 nm) in the
absorption band-tail. The peak An is -1.5xI0 -5, and the negative sign is
consistent with the model of electronic band-filling. The initial relaxation time is
typically 10-20 ps, and is followed by a slower decay of several hundred
picoseconds.

By a minor rearrangement, the apparatus shown in Fig.1 can be used to
measure the sample transmission change AT as a function of pump-probe time
delay A7. Thus the relaxation behaviour of the absorptive and refractive

nonlinearities of a particular sample can be directly compared under identical
conditions. The upper part of Fig.2 shows AT normalised to the low-intensity
transmission To . A small increase in transmission at Arc-0 (perhaps due to

band-filling) is dominated subsequently by a larger increase in absorption which
exhibits a relatively slow recovery (pulse repetition period 0.26 gs). These
observations suggest that, under the conditions of the measurements, the nonlinear
refractive index (unlike the induced absorption) is dominated by the faster
electron;e rortribution.
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Figure 2: Measured transmission change AT and induced refractive index An in a
10 rm-long semiconductor-doped optical fibre as a function of time delay after
excitation with a 4 ps pulse

Under different conditions we have observed unusual time-dependent effects
which are believed to arise from the interference between the refractive
nonlinearity of the semiconductor microcrystals and the much faster (and opposite
polarity) Kerr nonlinearity of the host glass. In continuing work the pump-probe
interferometric technique is being applied to other nonlinear materials in both
bulk and waveguide form.
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Measurement of Ultrashort Phase Relaxation Time

of Semiconductor-Doped Glasses with Chirped Pulses

T. Tokizaki *, Y. Ishida, and T. Yajima

Institute for Solid State Physics, University of Tokyo,
Roppongi, Minato-ku, Tokyo 106, Japan
*Present address: Dept. of Applied Physics, Nagoya University,
Nagoya 464, Japan

It is known that semiconductor-doped glasses have large nonlinear suscepti-
bility due to the quantum size effect of semiconductor micro-crystals [1].
Energy relaxation time in these materials has already been measured under
various conditions of excess carrier energies, pump intensities and probe
wavelengths, and the associated carrier dynamics are being clarified [2,3].
But the phase relaxation time T2 has not been measured. Because of the
ultrashort nature of T2 in condensed matters, its study could effectively be
made by a new approach of ultrafast spectroscopy with non-transform-limited
broadband light source [4] which provide high time-resolution even with long
pulse widths. Chirped pulses as well as incoherent light have been shown to
provide a time resolution of the order of light correlation time (nearly the
inverse bandwidth) in the T2 measurement by degenerate four-wave mixing
(DFWM) [5]. We report here the first measurement of T2 in semiconductor
(CdxSelx)-dored glasses by DFWM with broadband chirped pulses, and its
dependence on the temperature and the excitation photon energy.

Tunahle broadband chirped pulses were produced by self-phase modulation
in a 6-cm polarization preserving optical fiber from high power transform-
limited input pulses, that were generated by a tunable subpicosecond dye
laser and amplifier system both pumped with a CW mode-locked YAG laser and
YAG regenerative amplifier system [6]. The chirped pulses have typically a
pulse width of 2 ps, but a correlation time of 30 fs corresponding to thE
bandwidth of 20 nm. The pulses divided into two equal-energy beams with
wave vectors kI and k2 were delayed mutually, and focused into the sample by
a f=200 mm lens. Two output signals with wave vectors k3 = 2kl-k 2 and k4
= 2k2-kI were measured simultaneously as functions of the delay time. The
result is called the correlation curve, whose decay and peak shift provide
information on T2 [4,5].

First, the correlation curves of DFWM were compared for two types of
incident light, the chirped pulses of 2 ps width and the nearly transform-
limited pulses of 30 fs width obtained by compressing the former. They have
nearly the same spectrum with a central photon energy of 2.03 eV. A color
filter glass (HOYA R-64) at a temperature of 8 K was used as the sample.
The results shown in Fig. l(a) and (b) show that the correlation curves for
the two types of light sources exhibit the same features with the same peak
shift between two curves for the k3 and k4 output beams and the same decay
constant of 0.2 ps, corresponding to the T2 value of 0.8 ps. It is there-
fore confirmed that chirped pulses provide essentially the same correlation
curves with the same time resolution as those with transform-limited pulses
having the same spectrum. Further, chirped pulses are advantageous compared
with transform-limited pulses, because they are easier to generate, have
much higher power giving better signal to noise ratio, and are not seriously
affected by material dispersion.
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Fig. I Correlation curves of DFWM using (a) chirped pulses (2 ps) and (b)
nearly transform-limited pulses (30 fs) with an excitation photon energy
Ep of 2.03 eV. Solid line: k4 beam; Dotted line: k3 beam

PHOTON ENERGY [eVI

2.4 2.2 2.0

3.0 8

b. 77K
c. 300K

z 2.0
uJ
-'-

o

Fig. 2 Absorption spectra of a semi-550 600 650 conductor-doped glass (HOYAR-64) at
WAVELENGTH [nm] different temperatures.

Then, phase relaxation characters at various temperatures and excitation
photon energies (Ep) were studied. Relative position between Ep and the
absorption edge can be found from the absorption spectra shown in Fig. 2.

Fig. 3 shows the correlation curves for HOYA R-64 glass at different
temperatures with a fixed excitation photon energy of Ep = 2.07 eV. The
peak shift increases as the temperature decreases, being 13 fs at 300 K, 21
fs at 77 K and 34 fs at 30 K. Although the peak shift does not directly
give the T2  value due to appreciable contributions of other relaxation
parameters, it still provides a rough measure of T2. The result of Fig. 3,
therefore, indicates the decrease of T2 with temperature. This dependence
is considered to be attributed to the increasing scattering of excited
electrons with phonons, and also to the temperature dependence of the band
gap particularly above 77 K.

>- a)(b) (C)

z100 fs

z

z

TIME DELAY
Fig. 3 Correlation curves of DFWM using chirped pulses with Ep = .00 OV,
showing the temperature dependence. (a) 300 K, (b) 77 K, and (c) 8 K
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Fig. 4 Correlation curves of DFWM showing excitation photon energy itu,

dependence. (a) Ep 2.14 eV, (b) Ep 2.00 eV

Experimental results with different excitation photon energy (Ep ' .
eV and 2.00 eV) at a fixed temperature of 8 K are shown in Fig. 4. Insap-
pearance of clear exponential decay in Fig. 4(a) suggests that the value of
T2 for E = 2.14 eV is much shorter than that for Ep = 2.00 eV. In the
latter, the value of T2 is determined to be 1.0 ps from the decay. 'ho
result is interpreted as follows. The phase relaxation of high energy
carriers becomes fast due to several kinds of perturbation, such as carrier-
carrier and carrier-phonon interactions and reactions in surface states of
micro-crystals. On the other hand, at low excitation-energies many
electrons seem to be excited to some trap states and to be subjec' to few
perturbations giving much longer T2 . This interpretation will also be
supported by the fact that the energy 2.00 eV corresponds to a luminescence
peak originated probably from the trap states. We also found that two colo,
filters from different manufacturers having the same absorption spectrum
showed much different correlation curves of DFWM 1ccompanied by mLCh
different luminescence properties. This may also be attributed to different
situatiors of the trap states.

In summary, a tunable broadband chirped-pulse source for femtosecond
spectroscopy is developed, and is applied to the measurement of T? in
semiconductor-doped glasses by DFWM. The chirped pulses are confirmed to
give the same information in DFWM as that with transform-limited pulses and
to be more advantageous. The temperature and excitation-photon-enermy
dependences of T2 are clearly found, and their mechanisms are discussed.
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Ultrafast Fluorometry U~sing Temporally Incoherent Light

S. Asaka and K. Watanabe

Research Institute of Applied Electficity rlokkaido University,
Sapporo 060, Japan

I n recent Years techniques of fast transient spectroscopy, r)
usinq temporally incoherent light havc been developed, and they
have been successfully applied to the study of ultrafast Jepha-
sing [11I and populatior. recovery [21 without ultrashort liulit
pulIsesi. As to the tine rerolved luminescence MeaSLjrements,
however, they ore not directly applicohle since the
techniques are '-nied on the four-wave-mixing or sat ration of
absorption primaril irrele.'ant to emission processes. Thus
the possibilitv cr ultrafart fluorometry with an inc,herent
liuht is cuirrently of great interest. Hfere we present a novel
method of fluorometry with a high time resolution usi!no t em oc-
rally incoherent light source.

The experimental set-up is shown in Fig.l. This scheme is,
basically of tne optical sampling method by, f requency mixing of
the sample fluorescence and the "gatinu" pulsi. But here the
exicitation and the gating pul-,as are not conventional sinoale
short pulses but- Lung pulses with a fast intensity, flirtuation.
Then the time resolution is determined by the intensity corre-
lation time of the fluctuation riuch shorter than the oul1se
width, Lot tne intensify autocorrelation of the isiciLcent laser
pulses be expres 3ed by

G( T)=G 0 ( )+R( -),

z:7 Variable Delay Fig. I . Experimental set -up
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where Go(M) is a slowly varying part with a width corresponding
to the laser pulse width T , and R(T) is the so-called "noise
burst" with a width of t~e fluctuation corrpla'-n time c"
Th- peak of R(7) is at -=0. After some calcu.ation, the energy
E of the frequency-mixed pulse emitted frum the nonlinear
cryst' I is found to be written as

E -exp(-T1 2 /Tf) dexp(T/Tf){Go(T)+R(T }, (2)

where Tf is the fluorescence decay time of the sample. and 12
is ie delay tiie of the gating pulse with respect to the
excitation pulse. If we assume that Tc<<Tf<<Tp, (2) is re-
written as

E OTfGo(1 2 )+TcR(0)exp(-r12/Tf). (:12>0) (3)

In (3) the fluorescence dec, y curve directly appears on a broad
background Go . This means that if Tc of the excitation light
is short, we can obtain a hicn time resolution regardless of
the excitation pulse width.

In the experiment we used a second harmonic light (532nm) of
a Q-switched Nd:YAC laser as an excitation source. The reoeti-
tion rate and pulse widths were 20 Hz and 7 nsec, respectively.
The sample was DTC dye (3,3'-diethylthiacarbocyanine iodide)
dissolved in water, whose fluorescence peaks at 580 nm. Fre-
quency mixing was done in a beta barium borate (BBO) crystal.
The signal light was distinguished from the intense second
harmonics of the gating pulse at 266nm by a double monochroma-
tor. Then it was detected by a photomultiplier and fed into a
gated integrator while T12 was slowly scanned.

The autocorrelation G(i) was first measured by replacing the
sample with a plastic diffuser. The result is shown in Fig.2.
From the figure the correlation time is found to he 50 psec,
much shorter than the pulse width. The ratio of G0(0) to R(0)
should be 1:5 if the fundamental wave of the laser obevs the
Gaussian random pro ess. Figure 2 reproduces this ratio well.

A recorded decay curve for the DTC dye is a function of 12
is shown n Fig.3. The decay curve above the nearl; flat bac:-
ground is an exponential form witi. the decay time of 110 psec.
This value is in good agreement with the one determined from a
streak carrera measurement (Tf=100psec) [3]. In Fig.3 the sig-
nal-to-background ratio is nearly equal to R(0):T fG (0),
which is expected according co (3). c

In conclusion we have presented a new method of time resol-
ved fluorescence measurement using temporally incoherent light
pulses. Here th- resolution time is deter-ined by only the
intensity correlation time of the excitation source, and not by
the pilse width. This means that a resolution time much shor-
ter than the excitation pulse width can be obtained also in a
fluorescence decay measurement if we use a temporally incoher-
ent light and frequency mixing technique. This feature was
confirmed in an experiment in a dye solution as a sample mate-
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Femtosecond Kerr Dynamics and Three-Beam Degenerate
Four-Wave Mixing with Incoherent Light

T. Hattori, A. Terasaki, Xusan Cheng, and T. Kobayashi

Department of Physics, Faculty of Science, University of Tokyo,
Hongo, Bunkyo, Tokyo 113, Japan

Molecular dynamics in transparent liquids, such as orientational motion,
intermolecular or intramolecular vibration, can be observed by time-
resolved experiments such as a transient grating or a Kerr gating measure-
ment with femtosecond optical pulses [1,2] as well as by frequency-domain
Rayleigh scattering measurements. We have shown th~t incoherent light, or
light with broad bandwidth, can be used for the measurements of Kerr dy-
namics of transparent liquids by phase conjugation generation by degener-
ate four-wave mixing (DFWM) as well as ultrashort pulses and that the time
resolution in these measurements is determined by the correlation time of
the excitation incoherent light [3]. These methods, i.e., the transient
grating, the Kerr shutter, and the phase conjugation, can be treated in a
single point of view and can be used for the measurement of Kerr dynamics
since each of these techniques is one of the variety of transient DFWM
[4].

As a general case for the observation of the Kerr response of liquids
with incoherent light, we consider a three-beam scheme (folded boxcars
configuration). The three beams are obtained from a single incoherent
light source and have linear polarization with arbitrary directions. Two
of them make a transient phase grating in the transparent liquids and the
third probes it which arrives at the sample with a variable delay td. The
intensity of the emitted light is detected after an analyzer with an arbi-
trary polarization direction. Measurements performed in the Kerr-shutter
configuration, with one pump and one probe beam, can be regarded as a
special case of the triple-beam configuration, where the two pump beams
become the same one.

The third-order polarization which is responsible for the DFWM signal
is expressed as

P(3)(t) S tdt'r(t-t')[ E(t-td )E*(t')E(t') + gE(t)E*(t')E(t'-t d )  ].-I)

Here, r(t-t') is the temporal response function of the Kerr effect. The
second term in the equation describes the coherent coupling of the pump
and the probe beams, and the factor g is determined by the tensor elements
of the response function and the polarization planes of the three excita-
tion beams and the analyzer between the sample and the detector.

When the correlation time of the incoherent light, which determines the
time resolution, is much shorter than the relaxation time of the Kerr
response, the signal intensity, which is the square of the polarization
amplitude, is expressed as a function of the delay time td as
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I(td) = 1 + g(g+2) jf(td) 12 + (2tc/TKerr)exp(-td/TKerr), (2)

with the third term vanishing for negative td. Here f(t) is the autocor-
relation function of the field amplikude normalized at td=O tc is the
correlation time of the light, and T err is the relaxation time of the
Kerr response when it is assumed as exponential. The first term in the
r.h.s. gives a constant background, the second one is a coherence spike,
which only reflect the coherence of the light, and the third term gives
information about the dynamics of the liquid molecules.

*Owing to the large spike which appears due to the coherent coupling,

the fast behavior of the Kerr response may be obscured. We find, however,
the coherence spike can be eliminated or even made negative by controlling
the polarization of the excitation beams. Data obtained with carbon
disulfide are shown in the figure. The spike intensity is largest (g=l
for Fig. a) when the polarization directions are all parallel. On the
other hand, with Kerr shutter configuration the ratio of the spike inten-
sity to the decaying part becomes much smaller than that with parallel
polarization (g=1/6 for Fig. b), and negative spike appears with a certain
combination of the polarization (g=-2/3 for Fig. c).

We also calculated the transient DFWM with three incoherent beams for
the dephasing-time measurement, which has the advantage of flexible opti-
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-1 0Delay 0.5 ps Delay(ps)
Delay time dependence of signal intensity with carbon disulfide. (a) Data
obtained with all parallel polarization of three beams. (b) Data by Kerr-
shutter configuration. (c) Data obtained with the polarization of two pump
beams perpendicular to each other, and the polarization of the probe beam
parallel to one of the pumps and that of the analyzer to the other
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cal arrangement for the detection of signal in a special direction of
phase-matching with k,=kl-k,+k-. In calculation we assume the inhomogene-
ous function is Gaussian wi h a width 6w, and the incoherent beams are in
6-function correlation [5]. In rotation wave coordinate, the three conse-
quent pump fields are given as

E(t.r) E1 (t)exp(ikl-r)+E2 (t+')exp(ik 2 -r)+E 3 (t-T)exp(ik 3 -r). (3)

Here the fixed delay time T is comparatively larger than T2 , This means
the nonlinear diffraction of ER through the DFWM process is produced after
the transverse relaxation of tie transient grating formed by the other two
beams (El and E2 ) with a variable delay time x is completed.

The main calculated results are shown as follows:
(1) The analytical solution shows that the total DFWM signal consists

of five groups as

I(t,T) = JI(,T)+12(tT)+13 (T)+1 4 (T)+1 5. (4)

Here 14 (T) (independent of t) and I (independent of T and T) are back-
ground for T detection, and I2(t.T) is a continuous function oft while
II(t<O,T) an Il(t>O,T) have different forms. When T=O we have
I1(t0<0)=0, the total signal I(t,T=O) is something like the DFWM with two
incoherent beams as discussed in reference 151.

(2) Numerical result shows the peak position for the curve of the total
intensity I(tT) expressed by (4) versus delay time t may be shifted from
the zero delay point. In a practical case the incoherent pump spectrum is
not wide enough and thus the curve I(,T)-6 shows only a coherent spike
and no tail can be used to resolve the dephasing time T2 in DFWM. At this
time the peak shifting can be used to determine T2 (4]. In finite inhomo-
geneous broadening case, the shifted value At of the coherent spike is
found to be related to T2 6w and therefore can be used to estimate the
dephasing time T if the inhomogeneous broadening width 6w is known. The
peak shift will isappear in two extreme cases, the extremels inhomogene-
ous broadening (6w -*a*) and the homogeneous broadening.
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Fluorescence Lifetime Measurement by Optical Kerr Shutter

Gated with Incoherent Light

H. Nakatsuka 1, Y. Katashima 1, K. Inouye 1 , and R. Yano 2

lnstitute of Applied Physics, University of Tsukuba,
Tsukuba Ibaraki 305, Japan

2 Departrnent of Physics, Faculty of Science,
Kyoto University , Kyoto 606, Japan

Although the use of incoherent light in the measurement of
dephasing time T2 has become rather common in recent years £1),
only a few papers have reported on the measurement of the
population relaxation time Ti by using incoherent light (2,3J.
In this paper we report a new method of measuring the
fluorescence lifetime by using an optical Kerr shutter which is
gated with incoherent light. In this experiment the resolution
time is determined by the intensity correlation time rc of the
excitation laser pulse and is not limited by the pulse width.

A schematic diagram of the experiment is shown in Fig.l.
The sample cell which contained an ethanol solution of cresyl
violet was excited by second harmonic light of a Q-switched YAG
laser pulse of 7 nsec duration (Spectra Physics, DCR-11). The
fundamental light of the same pulse was used as the gate pulse
to the Kerr cell which contained CS2, and was plane polarized
at 45* with respect to both the polarizer and the analyzer
whose polarizations were orthogonal with each other. The
intensity of the gate pulse at the Kerr cell of 1 cm pass
length was 100 MW/cm 2 , and it induced 0.4 rad of phase shift to
the signal light passing through the cell. This corresponds to
a signal transmission of about 4 % through the Kerr shutter.

As the first step to examine the resolution time of the
system, we measured the intensity correlation S(C) (
<ls(t+T)10(t) 2 > between the second harmonic light ls(t) and the
fundamental light lo(t) of the laser pulse by simply removing
the sample cell and the red filter in Fig.l. The measured curve
of S(T) is shown in Fig.2 together with a theoretical curve
where the fundamental light was assumed to be a Gaussian random
noise with 0.5 cm- 1 of spectral width. Although the calculated
ratio between the peak height to the background height is 5 to
1, the measured ratio is about 3 to 1. We think this

_ Tz delaylIine

2oBred f ilter polarizer analyzer M
incoherent sa pe Kr cl

light pulse

Fig.1 Schematic diagram of the experiment
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Fig.2 The intensity correlation S(r) C <Is(t+r)lo(t)
2 >

between the fundamental light lo(t) and the second harmonic
light Is(t) of the laser. The dotted curve is the calcilated
trace.
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Fig.3 Fluorescence decay curve of cresyl violet in ethanol.
The dotted curve is the calculated trace with 160 psec for Ti.

discrepancy occurred because the output of the YAG laser Io(t)
might deviate from a Gaussian random statistics. Apart from
this background ratio, Fig.2 clearly shows that we can obtain a
resolution time of about 30 psec even by using a Q-switched
laser pulse of 7 nsec duration.

A decay curve of the fluorescence from the dye cell is shown
in Fig.3 together with a theoretical curve where fluorescence
lifetime T, was assumed to be 160 psec. In this case lasing
occurred from the dye cell upon excitation by the second
harmonic light. The fluorescence lifetime was reduced
considerably by the effect of the induced emission. By
reducing the excitation intensity to the dye cell, we obtained
a fluorescence lifetime of several nanoseconds with an enhanced
background level in the decay curve. Since the ratio between
the peak height to the background height in the decay curve is
proportional to rc/Ti, it is desirable to use a laser whose
intensity correlation time zc is not too small compared with
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the measured fluorescence lifetime Ti, so that a good signal to
noise ratio can be obtained. In general the intensity
correlation time of a laser can be easily controlled by
changing the spectral width of the output.

We have demonstrated that incoherent light can be
successfully used together with an optical Kerr shutter for the
measurement of the fluorescence lifetime. The most important
feature of this method is that we can very easily obtain a high
time resolution by simply broadening the spectral width of the
excitation laser pulse. In contrast to the previous methods of
measuring the population decay time T1 by using incoherent
light, this method is free from the coherent artifact which may
obscure the decay curve, and moreover it facilitates the
simultaneous observation of the fluorescence decay behavior of
the whole spectral region.
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New Method for the Measurement of Dephasing Time
Using Incoherent Light with Reduced Noise and
Its Application to CdS Fine Particles

K. Misawa 1, T. Hattori 1, Y. Ohashi2 , H. Itoh 2, and T. Kobayashi'

!Department of Physics, University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan
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Recently a new spectroscopic technique using incoherent light has been
developed, and it has been applied to measure the dephasing time T2 in
several materials by degenerate four-wave mixing (DFWM) [1-3]. The time
resolution of the method is limited only by the correlation time ( ). This
technique is a type of accumulated photon echo which can be heerodyne-
detected in the same configuration as a pump-probe experiment [4,51. This
configuration has an advantage of easier alignment because the signal and
the probe beams are collinear. Heterodyne-detected accumulated photon
echoes usually require phase-sensitive detection using a mode-locked dye
laser with a high repetition rate, and as a result noise is efficiently
eliminated. However, methods using a nanosecond dye laser with a low
repetition rate in the ordinary forward DFWM configuration tend to suffer
from scattered noise.

Here we propose a simple method to study phase relaxation in the Kerr-
shutter configuration (Fig. 1). A single incoherent light is divided into
two beams. One of them (probe beam) passing through a polarizer is focused
onto the sample and is directed to a detector throigh a crossed analyzer.
The other (pump beam) is polarized 450 with respect to the probe beam and
focused at the same point on the sample. Transmitted signal is detected as
a function of the delay time between two beams. So far the Kerr-shutter
configuration has been applied to investigate the molecular dynamics in
several liquids [6]. For the measurement of T, elimination of the
excitation pulses by polarization was suggested in iorward three-pulse echo
[7]. We calculated the signal intensity profile as a function of the delay
time (E) of the probe beam with respect to the pump beam and demonstrated
that T2 can be obtained from the profile.

Here, the following three assumptions are made for the incoherent light
and the system to be studied:

(i) extremely large inhomogeneous broadening, and
(ii) T1 >> T c' T2, and(iii) Tc << T2"

Pump
11<1

Probe r7- 1-71
Ik _ Fig. 1: DFWM in the Kerr-shutterL - PL2 1k2  configuration
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We implicitly assumed that the temporal pulse duration is long enough not to
vary the population distribution of the material too much. Using ultrashort
pulses, we cannot measure T2 by this method.

On assumptions (i) and (ii), the k2 component of the third-order
polarization is written with the correlation function G(u) as

P(3)(t),, d 'exp[-2(t-t')/T2](E(t'-E)G(t-t') + E(t')G(t-t'-- )). (1)

The signal intensity is the statistical average of Ip(3)121

(3)(t) dt , ,exp[_2(2t t,_s,)/T2]

G(t'-s')G(s'-t)G(t-t') <- background

+ G(t'-s'-T)G(s'-t+t)G(t-t')
<- cross terms

+ G(t'-s'+ )G(t-t'-E)G(s'-t)

+ G(t'-s')G(t-t'-X)G(s'-t+) ). <- decay (2)

On assumption (iii), G(u) can be replaced with 6(u). After some
calculations, we get the normalized signal intensity as follows:

I(t) = 1 (T < 0)

1(t) = [1 + 2exp(-2T/T 2 )j
2  

(C > 0)

The applicability of this method was verified by measuring T2 in cresyl
violet doped in a PMMA film at 2K. Figure 2 shows the experimental setup.
An incoherent light source was a broad-band dye laser around 620 nm pumped
by a ns excimer laser. The dye laser had no tuning elements [3], and Ec was
about 170 fs. A Babinet compensator was used to suppress the background.
By setting a focusing lens and a pinhole we can detect selectively the
signal with high sensitivity. The data in Fig.3 have two decay components.
The slower component corresponds to the zero-phonon line and can be clearly
seen only when the excitation intensity is low enough as expected from the
low saturation level of the zero-phonon line.

Incoherent PM: Photomultiptier
Dye Laser BS: Beam Splitter

FR: Fresnel Rhomb

BC: Babinet CompensatorBS .- R

Z PM

Variable Delay

Fig. 2: Experimental setup for T2 measurement under the Kerr-shutter
configuration
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cresyl violet doped in a polymer from CdS microcrystallites:
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We investigated dephasing in CdS microcrystallites with a mean diameter
of 50A embedded in a polymer film. The excitation was resonant on the
exciton absorption around 420 nm. We successfully obtained the signal with
high S/N shown in Fig. 4, while failing to detect the signal by ordinary two-
beam forward DFWM with similar intensity excitation. Clearly the signal
trace has a decay tail which represents the dephasing process, but
determination of T2 is in progress. Making use of the present method, we
are going to discuss the dependence of the dephasing in CdS micro-
crystallites on the excitation wavelength, temperature, and particle size.
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Estimation of Ultrafast Relaxation Parameters
from Excitation Spectra for Second-Order Optical Processes

S. Kinoshita and T. Kushida

Department of Physics, Osaka University,
Toyonaka, Osaka 560, Japan

Although recent progress in ultrafast laser techniques has enabled us
to obtain much information about very fast relaxation phenomena in various
materials, there still exist problems in determining the relaxation para-
mneters in the ultrashort time range from both experimental and theoretical
points of view. For example, it is difficult to determine a very short
lifetime of an excited state under weak excitation. For direct fluores-
cence decay measurements and also for indirect ground-state population re-
covery measurements, high-density excitation is needed, which often modi-
fies relaxation characteristics. Further, it is necessary to examine the
meaning of the phase relaxation time T 2, when it is very short, because
the non-Markovian effect becomes important.

In the present paper, we show that the conventional resonance Raman and
luminescence spectroscopy, which needs only weak stationary light for the
excitation, provides detailed information about the relaxation parameters
in the pico- and femtosecond time ranges. Namely, it is shown that a very

short population relaxation time is obtainable from the intensity ratio of
the Raman scattering to the total secondary emission (R/T) under resonant
excitation. Further, the amplitude and the correlation time of the pertur-
bation are shown to be determined from the analysis of the excitation pro-

files for the Raman and luminescence spectra. The values thus determined
are compared with the relaxation parameters obtained by the ultrafast las-

er spectroscopy.

Let us consider dye molecules in solution, in which the solute mole-
cules are perturbed by a number of surrounding solvent molecules. A sto-
chastic approach, in which the perturbation is treated as a random energy
modulation, is considered to be well applicable in this case. Then, under
the assumption of a Gaussian-Markovian process for the modulation, the ex-
citation profiles for the sharp Raman line and the broad fluorescence band
can be expressed using four parameters; the lifetime of the excited state
TI, inhomogeneous broadening D, the amplitude D and the correlation time
Tc of the energy modulation [1 .

From the calculation based on this model, it has been found that the
intensity ratio of the first-order Raman line and the sum of the Raman
line and the corresponding luminescence band under resonant excitation is
given by (R/T)rgs = 2S/(EhTI), where AEh is the half-width at half-maxi-
mum (HWHM) of t e absorption spectrum without the inhomogeneous broadening
and S is a numerical factor which varies monotonically from 1.0 in the
fast-modulation limit (DTc << 1) to 1.48 in the slow-modulation limit (DT,
>> 1) [2]. In deriving this relation, the intensity of the Raman compo-
nent has been assumed to be proportional to the square of the average po-
larizability. This assumption is valid so long as DTc is not much larger
than unity, as is usually the case for the dye molecules in solution. The
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above relation can be interpreted in terms that under resonant excitation,
the Raman process Lakes place within the reciprocal homogeneous absorptijc

bandwidth irrespective of the rate and amplitude of the energy modula-
tion concerned. It has also been found from our calculation that the ratio
(R/T)res is rather insensitive to the inhomogeneous broadening D as well
as DT c . Therefore, it is considered to be possible to determine l from

the measured intensity ratio and the homogeneous width of the absorption
band.

In order to confirm this, we have performed experiments in crystal vio-
let and malachite green in water at room temperature and also in 0-caro-
tene in isopentane at 177 K. The Raman intensity has been obtained by in-
tegrating the first-order Raman peaks of the dye molecule and the corre-
sponding fluorescence intensity by decomposing the observed fluorescence
spectrum into the sum of Gaussian vibronic transitions. The homogeneous
width of the absorption band has been estimated by assuming the same
widths for the homogeneous and inhomogeneous broadenings. This assumption
is based on the experimental results that the ratio of the homogeneous and
inhomogeneous widths is almost unity in various dyes in solution [1,31.
The lifetimes estimated from these data of 1.2, 0.8 and 0.15 ps agree well
with those of the values in the literature which were determined by ultra-
fast spectroscopic methods, i.e., 1.1, 0.7-1.2 and 0.1-0.265 ps, respec-
tively [2]. This result shows that a very short population relaxation time
can be estimated from the Raman-to-total emission intensity ratio under
resonant weak-light excitation.

When the excitation frequency is moved away from resonance, the inten-
sity ratio R./T increases remarkably for D[c I 1, though it remains un-
changed for DTc <, I. The fact that R/T varies with the excitation energy
is one of the typical examples of the non-Markovian behavior in the op-

tical response. Our calculation has revealed that the inhomogeneous broad-
ening affects the R/T ratio only weakly even for the off-resonant excita-
tion. rherefore, it will be possible to obtain D and Tc from the intensity
ratio R/T under off-resonant excitation, provided T1 is known.

Generally, the four parameters T,, Tc, D and Ds can be determined from
the analysis of the excitation profiles for the Raman lines and the fluo-
rescence band as well as of the absorption and fluorescence band-shapes.
In fact, we have analyzed the Raman and fluorescence excitation profiles
for s-carotene in isopentane, ard determined the yarameter values as Ti =

170 fs, Tc = 53 fs, D = 300 cm
-  

and Ds = 360 cm
- 

at 177 K [1]. These
values have been found to reproduce the absorption and fluorescence band-

shapes. Since Drc is 3, the energy modulation in this system is relatively

slow. In such a case far from the fast-modulation limit, it is not the
dephasing time T2 , but the amplitude D and the correlation time Tc of the
energy modulation, that characterize the linear and nonlinear spectre-

scopic properties. For example, the homogeneous width (HWHM) of the ab-
sorption band is expressed as l/T 2 = DTc + 1/2TI in the fast-modulation
limit, while it is Dv'

2
1n 2 in the slow-modulation limit when OT, >, I.

Namely, the pure dephasing rate which is given as F = DT, in t e fast-
c

modulation limit should be replaced, in the slow-modulation case, by the
energy fluctuation amplitude D multiplied by some numerical factor that
depends on the experimental method to measure it. In this case, various
transient responses exhibit non-exponential behavior and in addition the
lineshapes of the absorption and emission spectra become Gaussian even
when the inhomogeneous broadening is absent.
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In order to compare the parameters estimated from the excitation spec-
tra for the second-order optical processes with those obtained by ultra-
fast nonlinear spectroscopy, we have calculated the time characteristics
of photon echo and hole burning. A calculation of the Dtc-dependc.,ce of
the time behaviors of the two-pulse photon echo by the use of Aihara's
theory [4] has revealed that the echo intensity decays non-exponentially
for DT c > I as a function of the time separation t between the first and
the second exciting pulses, though it exhibits a single exponential decay
as exp(-4Ft ) for DT, << 1. When T1 is sufficiently long, the tirr.- re-
sponse of te echo signal in thy sIow-moeiation limit is expressed as
exp[-(ts/Te) ], where T e = D -(3DTr/4) . For the case of DTc / I, the
l/e-decay ime of the echo intensity has been found to be approximated by
T , which is estimated to be 18 fs, if we use the parameter values ob-
tained for malachite green in wate at room temperature. This is much
longer than l/4AEh '- 3 fs and 1/4D Tc % 1 fs. Since the absorption spec-
trum of organic dye molecules in solution !sually haj a shoulder due to
the vibronic transitions, it is necessary to take into account the effect
of the quantum beats due to the contribution of a pair of vibr, nic levels
in the excited state, when the light pulses of the duration of 10 fs or
less are employed for the experiment [5]. It has been found that the ts-
dependence of the echo signal calculated for the 1300-cm

- 1 separated vib-

ronic levels shows an apparently fast decay with a l/o-deca, constant of
'- 7 fs ,Iiich is accompanied by a small peak separated by %- 20 fs from the
main peak. On the other hand, the width (HWHM) of the spectral hole and
the rapid recovery time of the burned hole observed in a time-resolved
hole-burning experiment are expected, in the slow-modulation (ase, to be
comparable to the spectral width of the pump pulse and Tc respectively.
In fact, the values of % 100 cm

- 
and '- 50 fs reported recently for solu-

tions of dye molecules such as cresyl violet [6] are comparable to the
HWHM of the exciting light of % 100 cm- and 

T
c = 51 fs estimated for i

carotene, respectively. These results demonstrate that the analysis of th(
excitation profiles of Raman scattering and luminesconce ofiers detailed

information on the ultrafast relaxat ion parameters.
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Rise-Fall Ambiguities and Their Removal
from Frequency-Domain Ultrafast-Measurement Techniques
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In the past decade, nonlinear-optical frequency-domain techniques have provided a useful
alternative to ultrashort-pulse (time-domain) techniques for the measurement of a wide range of
ultrafast events. 1 4 While, in principle, frequency-domain techniques nea.,ure the Fourier
t.ansform of the temporal response of a material, nonlinear-optical techniques often yield only
its magnitude. As a result, the temporal response may not be uniquely determined. Obvious
(and trivial) ambiguities include a constant phase factor, displacement of the time origin. and
simultaneous inversion and complex conjugation. 5 Less obvious, and far less trivial, ambiEi-
ties also exist, even if the possible temporal responses are restricted. 5 7 The study of such am-
biguities, known as the phase retrieval problem, has received much attention in other contexts.7

In this paper, we consider techniques that measure the magnitude of the frequency response
and study a commonly used temporal response, the sum of two exponentials:l-

h(t) = e(t) (A exp(-t/tf) + B exp(-,, :) ) (1)

where tf and "s are fast and slow time scales, A =_ tcf, B (l-)/T5 , Q. is a real-val-,d (possi-
bly negative) relative weight, and e(t) is the unit step function. When -t is between zero and
one, h(t) represents a rapid fall followed by a slower fall, while other values of o: correspond to
a rapid rise and then a slower fall. The measured line shape is the squared magnitude of the
sum of the Fourier transform (with respect to o - ot-ci 2 ) of Eq. (1) and, potentially, sonic
constant coherent background, f3+iy:

= I( + a)( 
s 

+ 13 + iT
(2)+. +

where T,, =- cct5 + (1--o"rf. We point out that knowledge of only the magnitude of the frequen-
cy response of this decay is not sufficient to specify uniquely the parameter c. Specifically.
there exists a nontrivial set of parameters, ac', 3', and y', that satisfies for all co the equation.
I F".y~ ( )12 = I Ic r- )12

l,5Y((L))12:
ac' - 2(p-iy) ST - a (3)

Ts- f T.s- T f

with P'= 3 and y' = -y. Thus, for every line shape, there are two different possible values for
the parameter, a. JFipuation (3) can also be obtained by writing FV5.mCo) as a single quotient
and taking the complex conjugate of the numerator only. This produces a nontrivial change in
h(t), but does not change lI~~oa)l 2 . We refer to this ambiguity as a rise-fall atnbiguity be-

cause it often results in a temporal response involving a rapid fall and then a slower fall havi',g
an identical line shape to that of a very different temporal response, one involving a rapid nse
and then a slower fall. This type ot ambiguity could be particularl\ troublesome, especially
when each of the above responses corresponds to a different physical phenomenon or when
rises and falls both potentially occur in the same phenomenon.9 2
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The introduction of quadrature-phase coherent background, iy, removes the ambiguity be-
cause it forces the value of a off the real line. Since a complex relative weight violates the as-
sumption of a real decay, it is no longer physically acceptable. Even if complex weights are al-
lowed, quadrature phase may remove the ambiguity because the alternate solution for Cf is
necessarily accompanied by ambiguity in -y y' = -y. Thus, if only its sign is known, coherent,
quadrature-phase background removes rise-fall ambiguities for the general case of complex de-
cays. Note that any nonzero amount of quadrature-phase background is sufficient to remove
the ambiguity, although in practice, experimental noise implies a minimum value.

This ambiguity can be seen in experiments on the optical-Kerr effect in carbon disulfide us-
ing an induced-moving-grating technique. This technique involves measuring the dispersion of
the four-wave-mixing process, (o0 = Wo1-(2+(o3, and is described in detail in ref. 1. The optical-
Kerr response in carbon disulfide has been measured 9 - 12 and fit with sum-of-two-exponenti:ds
decays. The parameters obtained from these measurements are: Tf = 100 - 360 fs, t, = 1.3 -
2.2 ps, and at = 0.16 - 0.51. Other time scales (e.g., the electronic component and the recently
observed fsec rise9, 10) are beyond the resolution of our experiment.

Experimental wavelengths are X = 572-8 nm, X, = 575 nm, and X3 
= 570 nm, intensities

are -I GW/cm2 , and polarizations are x, y, and x, respectively. Figure I shows an experimcr-
tal spectrum (in the absence of quadrature-phase background). Fitting these data, we obtain
two solutions, which both comprise the solid line in Fig. 1. All of the parameters of these tsmi
fits are nearly identical, except the relative-weight parameters, which differ by a large amount.
That these two solutions represent the predicted ambiguity is also demonstrated in Fig. 1.
which displays a plot of X2(oC), the value of the normalized sum of the squares of the weiehted
residuals for a given value of a, with all other parameters fixed at their optimum values. Oh
serve that there are two very steep minima, representing the two possible solutions, which sat-
isfy Eq. (3) to within a few percent.

Removal of the above ambiguity is achieved simply by tuning the probe frequency to -25
cm -1 (Co3-0 2 - 5 x 10 t2 s -i) from the fixed-frequency excitation beam. An CO0 =
process, which adds coherently to the Co1-€,.o2 +o3 process, provides the background. The quad-
rature-phase component of this background is significant when the probe frequency, (w3 is ap-
proximately equal to 12±l/f., Figure 2 shows data obtained in the presence of this coherent
background, in which a positive value of a (+0.26) achieves a good fit, and other values do
not. The dashed curve, which does not fit the data well, results from the use of all of these pa-
rameters, except for a, for which we use the negative solution obtained previously (--.91 ).
Allowing all of the parameters to float does not improve the fit for any negative value for a. To
verify that no other solution exists for ax, we plot in Fig. 2 the function X2(a) for these dat:i,
showing that the only minimum occurs at the correct positive-a location. Thus, we confirm
that the introduction of quadrature-phase coherent background removes the ambiguity in a.

NO QUAORATU -E A.
PHASE r I

-100 -50 0 513 1S3

Fig. 1. Experimental results with negligible coherent quadrature-phase b'ckground c,), I,: tDiffrac-
tion efficiency vs. frequency difference, o) -oh- ,. The solid line indicates the e,,i fit, obtained for
two different values of a: 0.31 and -0.91. [Fast and slow lifetimes obtained in thce,. fits are (.19 p.-
and 1.32 ps, respectively. Some in-phase background (PI) exists in this scan: [1 = 0.; 2.1 Right: Plot of
X2 as a function of is. Observe the presence of two minima, indicating the aniigiiitv in the fit for (i.
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Fig. 2. Experimental results with substantial quadraturc-phase coherent background. Left: Diffraction
efficiency vs. frequency difference, ot - to-oa2. The solid line indicates the best fit, obtained for a sin-
gle value for a of +0.26. (Fast and slow lifetimes obtained in this fit are 0. 19 ps and 1.42 ps, in agree-
ment with Fig. I and short-pulse results.

9
-1

2 
Background parameters are 5= 1.40 and -f = -1.04.)

Using the value a =-0.91 yields a visibly poor fit for all possible values of all other parameters.
Right: Plot of X2 as a function of a. Observe the presence of only one minimum, indicating that the
ambiguity in the fit for the parameter, a, has been removed.

We have limited discussion of these ambiguities to processes involving zero-frequency reso-
nances, but our results are applicable to other coherent nonlinear methods, such as coherent
anti-Stokes Raman scattering, where it is clear that ambiguities exist. It is not clear, however,
whether such ambiguities will be as physically interesting as that discussed here.
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Time-Resolved Resonant Light Scattering
of an Electron-Hole System in an Intense Laser Field
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The electron-hole(e-h) system in semiconductors highly excited by an intense

laser-field(OL-field) is described by the Bogolyubov quasiparticlesfl,2]. In

usual cases, the lifetime of the quasiparticle is the order of magnitude of
collision lifetime, typically lO-10

3
fs. In optical processes, a pair of the

quasiparticles plays an important role. The pair state has the induced ener-

gy gap at which the density of states has divergent character. These fea-

tures are expected to be clarified in the time-resolved resonant light scat-

tering of probe light. We derive the general expression of the time-resolved

spectrum of secondary emission in the same sprit of Aihara's theory[31, and

apply the result to a simple two-band model of semiconductor quantum wells;

we assume two-dimensional parabolic conduction (Ec(k)) and valence (Ev(k))

bands with extrema at k=O and the band gap Eg.

We treat the QL-field as a classical monochromatic field with the fre-

quency QL' since the coupling with the e-h system (g) is so strong that the

perturbation theory cannot be used. Then, the Hamiltonian of the system

depends on time explicitly. By the procedure given in [1], we eliminate the

t-dependence by a canonical transformation and diagonalize the Hamiltonian

by the Bogolyubov transformation. Neglectinr the many-body effects, up to

the constant energy shift, the Hamiltonian of e-h-2L-coupled system is given

as H=Yk[eO(k)maak+e (k) * k] where e,(k)+e (k)=L(k); w(k)=2[gL2+ x2(k)]
1 12

and x(k)=[Ec(k)-Ev(k)-QL]/2. The ground state of this system at T=OK is the

vacuum state of the Bogolyubov quasiparticles, IO>[2).

By representing the incident photon wavepacket and the resolution func-

tion of measurement system by F1 and F2 in energy domain, respectively, and

denoting the mean incident(scattered) photon energy by Q1(2)' the time-

resolved spectrum, in the quasiparticle representation, is given as
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S(I; 2;t)= TdE e- iEt <IM(Q2 )G(z)M(QI)+jd> F2 C 2 -L-E+E )

K F1 (s)-PL-E)j 2 )

with

M(= u 2  
2 + + + + (2)

(Q)=lk[Uk S-kk+Q-Vk 0 k 6- (k+Q)-UkVkok C k+Q +Ukkk0_(k+Q)]

apart from a constant factor, where E> is the excited state nf H with energy

E ; G(z)=l/[E+i-y-H], y>O; t is the mean photon emission time being detected.

In (2), the dependence on photon wave vector Q is ignored in uk and vk; uk2=

[(l/2)+x(k)/w(k)], vk2= [(l/2)-x(k')/wkk)] and ukVk=-gL/w(k). Note that, in

(1), the incident and scattered photon energies are shifted by "L' since the

system is driven by the L-field. The secondary emission (1) consists of

three processes depicted in Fig.l; (a) is Rayleigh process with respect to

the quasiparticle, (b) and (c) are the Stokes processes involving the scat-

tering of one- and two-pairs of quasiparticles, respectively. Here, as an

example, we take the (b)-process in the case of PL>Eg. The intermediate

states are OkBklO> with the energy E =w(k) which has the induced energy gap
2gL. The density of states diverges at 2gL. Such a divergent character will

be revealed more clearly in the quantum well due to its two dimensional ra-

ture. We can expect that the secondary emission has two peaks; one is given

by 2-QL+2gL]I-£L associated with the virtual process combining the peaks

of F1 and F2 , and the other is given by 2-2L+2gL'2gL associated with the

process combining the pole of G(z) and the peak of F2 . We carry out the

numerical computations for a typical case of GaAs/AlAs; the band gap is Eg=

1.5eV, the lifetime of pair state is assumed to be constant, y/Eg=0.004.

For the {L-field, we put 2/Eg=1.04 and gL/Eg=0.04. We assume a Lorentzian

shape for F1,2 The computed spectra are shown in Fig.2 where -i/E,=1.14,

the very narrow widths of F1,2 , wl,2/Eg=O.0007, are adopted to see the

spectral structure. Times are measured in units of h/lmeV=660fs.

More characteristic features are seen in the processes involving the LO-

phonon(w O ) scattering. In Fig.3 and 4, we show the spectra in energy and

time domain for the 2LO-scattering in the (a)-process computed at T=OK,

where we put ri/Eg=l.13, wl/Eg=0.OO8,w 2/Eg=0.016 and .O/Eg=O.Ol3. and as-

sume, for simplicity, the imaginary part of the self-energy to be constant,

/Eg =0.004. With increasing time, the peak changes from :2 -2, to 2L+2 L

2wo and to 2X--L+2gL , reflecting the virtual and real processes. The diver-

gent behavior of density of states at 2gL plays an important role to give
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sufficient intensity at 2L2- . Such phenomena cannot be expected in

usual cases as three dimensional exciton-phonon systems. In Fig. 3. the in-

tensity decays with the time constant of system. The oscillatory behavior

with period 27 /2w0 comes from the interference between the two processes

through intermediate states with E. Eg+2gL and E 'wEg+2 gL.2 O
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Microscopic Theory of Ultrafast Nonlinear Optical Phenomena
in an Electron-Phonon System

M. Hama 1, M. Aihara 2 , and M. Yokota 1
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Osaka City University, Osaka 558, Japan

2 Department of Physics, Faculty of Liberal Arts,
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With the development of laser pulse technique, transient
nonlinear optical phenomena have become a subject of much
investigation. YAJIMA and TAIRA [1] investigated the third-
order transient optical parametric effect caused by two-pulse
excitation in the Markovian limit. In ref. [I] it is shown
that correlation trace (output light energy vs incident pulse
separation) provides a general means of obtaining the
transverse relaxation time T2 . The photon echo and the
non-Markovian relaxation phenomena caused by two-short-pulse
excitation in a localized-electron-phonon system were
investigated by AIHARA from a microscopic viewpoint [2J,131.
In order to clarify the dynamics of lattice relaxation both in
the spectral and time regions, we extend the results obtained
in ref. 3 to the case of excitation pulses with finite temporal
width. This enables us to study the dependence of signal
intensity on the excitation photon energy.

Using the formalism of Ref. 3, apart from the unimportant
multiplicative factor, we obtain the formula for off-diagonal
element of" density matrix corresponding to the third-order
optical parametric effect;

t t . t =
<C, Ic It) g:-i dt:fdt fdt

j{:It: -r )E. I I -ro) F t )e-1ill - ) It:=+t -t. - ( It :-t )

+E ( t : F-r -T :F (t r ) - i -) o It :- +t )- ( t -t× e -i~ o (t t )(e iL . t -t + e - L t -t ) ) -i . t }

× t, - 1. L)

In the above equation, F (t)(j=1 ,2) is temporal olive lope
function of j-th pulse which is peaked at t=O. 7- is pulse
separation. fn is mean frequency of incident light, arid s is
Franek-Condon energy. is lifetime of excited state. The
hyper-operator I,. (x,y-g,e) is defined by I, A=lH A-Ali , where
HeH4,) denotes the Hamiltonian associated with the ground
(excited) statp manifold, p_ is density matrix for the thermal
equi I ibrium.
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The induced electric-dipole moment <d(t)> is expressed by

<d(t ) Tr[d<e p - (t)[g>]+c.c., (2)

where Tr denotes the trace operation over the reservoir
variables. The electron-lattice interaction Hamiltonian,

V(HeH,6), is expressed, up to the quadratic interaction, by

Thermal average in Eq. (2) is evaluated by the cumulant
expansion method, and we consider the second cumulant. We
assume the density of state of phonon system to be the Gaussian
profile with the width z .

In the numerical evaluations, we assume that h. and h_ are
constants (S,=h,- and S,=h. :), and neglected the longitudinal

relaxation time because it is usually much longer than
transverse one in condensed matter. At first, we show in

Fig. I the absorption spectrum of this two-level system. The
origin of energy is set at that of the zero-phonon line. The
lattice relaxation rate ",, is 0.4w., where w, is the mean

phonon frequency. The coupling strength S of linear electron-
phonon interact ion is 5. The ratio of electron-phonon coupling
strength of the linear interaction to the quadratic one
(S,/SQ)is 100. The inverse of temperature B=l/kT is -

The dephasing time T is then evaluated as 
8
12/) -. As is

shown in Fig. 1, a sharp zero-phonon line and multiphonon
structure appear in this system with intermediate coupling

strength.
In Fig. 2, we show the logarithmic diplay of time-integrated

intensity 1(r,) for several values of excitation energy QI
which is indicated by arrows in Fig. I. Pulse envelope
functions are assumed to have the same Gaussian profile

(E t):E:(tl(8 /r)
: 

exp[-6-tWJ). The spectral width 6 of

O/ 4 p=.2

o Qi/Jp= (R)O (B)4 (C)9

B -

C no

C/9 C

-2 0 2 4 6 8 10 12 14 16 -3 0 3 6 9 12 15

Fi._. Absorption spectrum Fig.. The logarithmic

of electron-phonon system display of time-integrated

with intermediate coupling intensity as a function of

strength. The arrows pulse separation Tw, for

indicate the mean excitation several values of excitation

energy where I(r) in Fig. 2 energy.

is evaluated.
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excitation pulses is set at 1.2w,. Other parameters are the
same as in Fig. 1. From curve A (a =0) in Fig. 1, we find that
l(z) shows the damped oscillation with period 2n/w which
reflects the dynamical nature of the system in the ultrashort
time region, and that it is followed by the slow exponential
dephasing with T2 for V,>>r,, 1. As is shown in curve B
(Q =4o, and C (.=9,), the initial rapid decay which is
mainly determined by the excitation pulse profile becomes
predominant as the excitation energy becomes high. This is
explained by the fact that damping time of vibronic levels
becomes shorter with increasing energy. That. is, if (n, by.) -

becomes shorter than pulse duration ((n; 2r, )- is the damping
time of n-th vibronic level), dynamical nature of the system
cannot be resolved. The behavior of curve C is related to the
irreversibility of dipole moment discussed by YEH and EBERLY
[4]. We should note that the dynamics of lattice relaxation is
reflected in the r,-dependence of the time-integrated intensity.
This is the distinctive advantage of the transient nonlinear
optical method over the linear one, such as the time-resolved
resonant light scattering.
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Weak Localization of Femtosecond Laser Pulses
by Random Media

R. Vreeker 1, M.P. van Albada 1, R. Sprik 1, and A. Lagendijk 1:2
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One of the interesting aspects of light propagation in
disordered media is the possibility of photon localization in
analogy with localization of electrons in random metallic
systems [1]. A first indication of such behaviour is the

recent observation of weak localization of light [2]. Weak
localization manifests itself as a narrow peak in the
intensity of light scattered from a disordered medium in
backward direction. The effect arises from constructive
interference between light waves scattered by the same
particles, but in reversed sequence, and leaving the sample

in the backscattering direction with the same phase. At an
angle 9 with respect to the backscattering direction the
interference effect is reduced, since a given lightpath and
its time-reversed counterpart now have a phase shift
proportional to Od, where d is the distance between the first
and last scattering center in the light path [3]. At angles 0
larger than A/d, where A is the wavelength of the light, the
interferences average out to zero. It follows that the
coherent contribution of a light path to the backscattering
peak is within an angular range related to the size of the
path, i.e. the cone associated with the light path becomes
narrower as its length, and hence d, becomes larger. We have
performed pulsed light scattering experiments and were able
to show the variation of the lineshape of the backscattering
peak with the path length of the scattering events directly
in the time domain.

The sample used in the time-resolved backscattering
experiments was a concentrated suspension of TiO 2 particles
(mean diameter 0.22 pm) in 2-methylpentane-2,4-diol (mean

free pathlength 2 pm). Laser pulses with a duration of 100 fs

were delivered by a colliding-pulse mode-locked ring laser

operating at 620 nm. Time-resolved detection of the laser

pulses scattered from the sample was performed using a light-

gating technique, based on second-harmonic generation, with a

temporal resolution of 30 fs. In Fig.l experimentally

obtained backscattering peaks at various delay times after
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Fig. 1. Enhanced backscattering peaks measured for a 6.8
vol.% suspension of TiO 2 particles at different delay times
after the laser pulse: (a) 30 fs; (b) 330 fs. Dashed curves

represent results from calculations based on diffusion theory

the laser flash are shown. The backscattering peaks were

detected for light polarized parallel to the polarization of

the incoming laser pulse. We found that the width of the peak

is reduced from approximately 80 mrad at 30 fs delay to
approximately 25 mrad at a delay time of 330 fs. In Fig.2

time-resolved intensity profiles of light pulses scattered

from the TiO 2 sample are shown. The profiles were detected at
fixed angles with respect to the backscattering direction.

The backscattered pulses have a short rise time, determined

by the laser pulse duration and a slower long-time decay. The
decay could be monitored for delay times up to 10 ps. Photons

detected at these long delay times have traveled more than 2

mm in the sample and are elastically scattered over more than

one thousand times.

As is seen from Fig.2, the scattered light intensity is

largest at exact backscattering conditions, as could be
expected. Under exact backscattering conditions all time-

reversed light paths interfere constructively and the
intensity equals almost twice the average intensity. At small

angles with the backscattering direction, the phase

difference between time reversed paths will increase with

pathlength, and a coherent contribution to the scattered

intensity occurs only during a short time after the laser

flash. A quantitative analysis of the results was given on
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Fig. 2. Backscattered light pulses from a 6.8 vol.%
suspension of TiO 2 particles measured for 0 - 0 mrad (open
circles) and 0 - 27 mrad (full circles). Dashed curves
represent results of calculations based on diffusion theory

basis of simple diffusion theory [4]. The results of this
analysis are also given in Fig.l and 2. Both the width of the
coherent backscattering peak and the temporal intensity
profiles are in good quantitative agreement with the
theoretical predictions.
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Measurements of the Electronic Wave Function
in the Time Domain
L.D. Noordam, A. ten Wolde, and H.B. van Linden van den Heuvell
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NL-1098 SJ Amsterdam, The Netherlands

For a one-electron atom, the characteristic time of the electronic wave function is the
classical round trip time of the electron. The classical round-trip time of an electron scales with
n3, and is 0.15 fs for the ground state of a hydrogen atom. This time is about ten times shorter
than an oscillation of visible light. For Rydberg states the characteristic time increases quickly:
for the state with principal quantum number n = 40 the orbit time is already 10 ps. In this
contribution a study of the dynamics of the electronic wave functions of Rydberg states with
picosecond laser pulses is presented.

The effect of an intermediate resonance on multiphoton ionization is studied, in particular
in the situation that the classical orbit time of the intermediate state is of the same order of
magnitude as the time during which the atom is irradiated. Although the wave function of a
Rydberg state is quite extended, only the part close to the core contributes to absorption of
photons in the visible. In addition to this, the production of the Rydberg state also takes place in
a small area, given by the dimensions of the ground state. If an atom is ionized in a two-step
process, in which the involved intermediate states are Rydberg states, the ionization is
resonantly enhanced only if the wave function can return to the core during the laser pulse. If
the classical orbit time of the involved Rydberg states is longer than the duration of the pulse.
the ionization probability will not be enhanced.

This enhancement can be measured experimentally in the following way. An atom is
excited to a Rydberg state or a coherent superposition of states. In the present experiment this is
done by three-photon excitation of xenon. The Rydberg atom is ionized by absorption of a
subsequent photon. By scanning the photon energy the principal quantum number is varied,
and therefore the classical orbit time of the intermediate state. Detection of electrons, resulting
from ionization, as a function of the photon energy should show the transition from non-
resonant direct four-photon ionization, to resonantly enhanced three-plus-one photon ionization.

The pulses of the dye laser (614 nm) are two times bandwidth limited. With a scanning
autocorrelator the duration of the dye laser pulses is measured to be 3.5 ps. The duration of the
UV pulses is estimated to be 3 ps, and the energy was 22 IJ. The light intensity in the focus is
calculated to be 900 GW/cm 2. The excitation/ionization takes place in a metal box to minimize
the electric fields. Outside this box the photoelectrons are decelerated to prevent background
electrons with less than 1.33 eV kinetic energy from reaching a set of channel plates. The
remaining electrons are accelerated in the direction of the channel plates. The signal of the
channel plates is amplified, and integrated with a boxcar. With this experimental set-up, the
ionization signal as a function of the photon energy can be measured.

The result of the experiment is presented in Figure 1. Firstly, a transition from an
enhanced to a non-enhanced ionization signal can be seen. Secondly, this transition is not at the
ionization threshold but at states with a finite principal quantum number. The sudden increase of
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Fig. I. The observed electron signal as a function of the energy of the ionizing light. In addition to the
energy scale, a scale is given of the principal quantum number of the intermediate state, and the
corresponding classical round-trip time of the n-state. The transition from resonant to non-resonant
ionization can be seen at T" 1 1 ps. The pulse duration was of 3.0 ps and the calculated laser intensity 900
GWcm 2

.

ionization probability is observed as n=27 is excited as an intermediate resonance. The classical
orbit time (tn) of this state is 3 ps. This time agrees with the pulse duration of the laser
('tp = 3 ps). For 'tn > "tp no wave function returns to the core during the laser pulse: only direct
four-photon ionization can occur. The ionization probability is independent of n. For tp < t d the
wave function does return to the core within the laser pulse. Besides direct ionization, now
resonantly enhanced three-plus-one photon ionization takes place. Due to the latter, the
ionization probability increases enormously. In Figure I the increase can be seen for Rydberg
states lower than n = 28.

In conclusion, for sufficiently high Rydberg states the wave function does not return to
the core during the laser pulse. In this case several Rydberg states are coherently excited adding
up to a wave packet [21, describing a radially localized moving electron. This wave packet can
be detected by applying a second laser pulse.
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Above-Threshold Ionization Observed
in the Femtosecond Regime
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Above-threshold ionization (AT]) is investigated in xenon using high-intensity light
pulses at 620 nm with a pulse duration shorter than 100 fs, the shortest used to
investigate ATI so far. The investigations extend existing measurements 1 1,2,31 into
the femtosecond regime. The aim was to observe ATI, not pertured by ponderomotive
effects, that. in the case of longer pulse durations, increase the kinetic energy of
the electrons after the ionization.

The laser source was a colliding-pulse mode-locked ring laser working at 620 nm and
four dye amplifiers pumped by a frequency doubled Q-switched Nd:YAG laser. This system
generates 80-fs pulses in the mJ range at a 10-Hz repetition rate. The pressure of
xenon gas was varied in such a way that no more than 20 ionization events per laser
shot took place. Of these 50% were detected since the electron spectra were recorded
with a magnetic-bottle spectrometer 141 with an acceptance angle of 2n sr.

A number of electron-energy spectra at pulse energies varying from I I to 35 11j are
displayed in figure I. The structure of ATI is clearly observable in all spectra 151.
comparable with the situation where longer pulses are used: discrete peaks are spaced
by the photon energy of 2.00 eV. Figure I shows that all peaks are shifted. The
shifts are caused by the difference in AC-Stark shift of the neutral ground state and
the ionic ground state, and the fact that the ionized elections have a 'quiver energy'
in the laser field of E = e I/4mw2 (m and e are the mass and the charge of the
electron. w and I are the frequency and intensity of the laser). Since the shift is
dominated by this quiver energy. the relation between the light intenrity and the shift
of the peaks is linear. Such a linear dependence is in agreement with the observations
in figure I and leads to very accurate measurements of light intensities. In
experiments where longer pulses are used, the shift of the ionization limit is not
detectable directly on the basis of the kinetic energy of the ionized electrons, since
electrons are accelerated by the ponderemotive force. For short pulses the product of
the ponderomotive force and the time that this force acts on the electron is too short
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Figure I Electron-energy spectrum measured after multiphoton ionization of xenon with

620 nm light pulses of 100 fs duration. The energy of the pulses is II 1. for spectrum

(a). 24 jiJ for spectrum (b). 29 wJ for spectrum (c) and 35 J for spectrum (d). The

assumed shifts of the spectra to lower energy are 1.7, 4.0. 4.5 and 5.6 eV,

respectively.

to change the momentum of the electron, and the shift of the ionization limit is

observed directly. An equivalent requirement is that the light is switched off, on a

time scale short compared to the time that an electron moves a distance of the focus

size. According to this interpretation, and neglecting the AC-Stark shifts of the

ground state of the initial atom and the final ion, the spectrum given in figure Id is

measured at a light intensity of 1.7. 10 W/cm2 . When the shift of the ion ground

state is neglected and the shift of the atom ground state is taken into account

explicitly, a light intensity of 1.2. 1014 W/cm2 is found.
By measuring the ion signal it was established that at this laser intensity only a

small fraction (less than 5%) of ionization events leads to Xe2+ production.
Apparently. the used light intensity is less than the saturation intensity for the used
wavelength, pulse duration and target atom. For longer pulses but otherwise similar

conditions it is known 131 that the saturation intensity is lower. A tentative

conclusion, drawn in ref 151 is that the difference is due to the resonance after
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absorption of six photons. In the limit of short light pulses. this resonance will not

increase the ionization rate. in the limit of long pul5s- this resonance is indeed

increasing the ionization rate.
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Two-Photon Absorption Sampling Spectroscopy
for Fast Transient Luminescence Measurements

Y. Takagi and K. Yoshihara
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Recent development of femtosecond lasers has stimulated interest in high
time-resolution spectroscopic methods using nonlinear optical processes. In
order to make sampling of fast transient luminescence, a nonlinear polariza-
tion is induced in a suitable material by an intense optical field giving
rise to modulation of the refractive index or sum (difference)-frequency ge-
neration as in the optical Kerr shutter and up (down)-conversion, respectively.

In this report a new method of sampling spectroscopy based on two-photon
absorption (TPA) is proposed. Two-photon resonant transition takes place in
an atomic vapor using one photon from a pump wave and one photon from the
luminescence to be examined. Detection is by the observation of fluores-
cences from appropriate excited energy levels, or of ionization due to fur-
ther excitation following the two-photon transition. Time resolution is
limited only by the pump duration time and wavelength selection is deter-
mined by the two-photon transition frequency minus pump-wave frequency. Two
advantages of this method are that time resolution is not limited by disper-
sion in the medium and that luminescence in the deep UV can be detected.
Also by scanning the pump-wave frequency the time-resolved luminescence
spectrum is obtained.

Two-photon transition rate is roughly estimated [I] as W=a1 FiT J:F.,
where Ti and Fi are the absorption cross section and photon flux of the in-
cident beams (pump and luminescence), respectively. T is a duration time
in a virtual excited state. Taking ai =I0-Icm2 (square of a typical atomic
dimension), T=w-1=l0-'5 s (intermediate states are assumed to be far from
one-photon resonance), and Fl=l0 2Tphotons cm-2s-1(easily available from a
flashlamp-pumped mode-locked Nd:YAG laser), the transition rate is W=I0-:F 2.
An absorption coefficient for the luminescence under the irradiation of the
pump pulse is then 10- 2cm-1 assuming an alkali vapor of 1 torr. This value
indicates the applicability of this method, if other undesirable linear or
nonlinear processes are negligible.

In order to have some idea of the detectability, TPA spectra were taken
for sodium (3S-5S, 6S, 4D, and 5D transitions), cadmium (51S -51D), and mer-
cury (61S-.61D) vapors using an excimer laser-pumped dye laser. The lowest
pump energy required for fluorescence detection using a photomultiplier
without data manipulation was about 1 pJ for sodium 3S-4D, while for an
excitation very close to a one-photon resonance the signal enhancement was
10'. Ionization detection was also made by inserting a copper-plate elect-
rode (bias voltage 100-300 V) into the atomic vapor oven. In most cases the
photon energy of the pump wave was enough for ionization from the two-photon
excited state. The signal intensity was about one order of magnitude higher
than in the fluorescence detection, but higher pump powers gave a background
signal, which was proportional to the pump power.
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We have investigate Lhe effect of an intermediate State on the time
resolution and signal intensity. Two sets of optical parametric generators
(OPG) with 0.1 mJ energy, 30ps pulse width, and 10 cm- 1 banowidth pumped by
a third harmonic of a mode-locked Nd:YAG laser were operated such that the
sum-frequency of their outputs was resonant with the 3S--6S two-photon transi-
tion in sodium. First, we tuned a single OPG to this transition at 549.5 nm
to check the signal size in the picosecond experiment. A pump energy of l J
was necessary for the fluorescence detection, which is accidentally equal to
the detectability in the nanosecond experiment. This is reasonable because
the effective pump power is 102 times higher in pulse width but 10- 2 times
lower in bandwidth. Figure 1 shows fluorescence intensities at 285 nm (5P--3S)
as a function of relative delay time between the two OPG outputs. OPG wave-
lengths were scanned around the 3S-3P resonance. When one of the incident
beams was tuned to 3S-3P, the intensity increased and a long tail appeared.
However when the detuning (A) was increased the long tail diminished and
ultimately disappeared, so that only the cross correlation was observed.
The time constant of the tail at A=O was about 150 ps, which is two orders of
magnitude shorter than the lifetime of the 3P state. Considering the Dl and
D2 linewidths (Doppler width) of about 0.1 cm-1 , this tail probably gives a
decay of a 3S-3P coherent superposed state. An additional longer decay at
A=O is likely to be due to the population decay in 3P state. We conclude
that for the best time resolution intermediate state should be avoided.

We have applied the TPA sampling method to measurements of the fluores-
cence decay of dye solutions. A second (or fourth) harmonic of a mode-locked
Nd:YAG laser was used for excitation of a dye solution and for TPA through
a variable delay element. The pump and fluorescence beams were mixed by a
dichroic mirror and focused into the vapor. Typical examples of the fluores-
cence decay are shown in Fig.2a and b for the fluorescence and ionization
detections, respectively. In Fig.2a the fast decay probably results from
amplified spontaneous emission at the sampled wavelength (462nm). From the
data in Fig.2b with a nonosecond decay (sampled at 634 nm) we can estimate
the energy of the dye fluorescence sampled by the 10 ps pump pulse to be
less than 1 nJ, assuming the fluorescence spectral width of 100 cm- 1. This
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S u 4D MeOH
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Fig.1 Fluorescence intensities of Fig.2 Fluorescence decays of dye solu-
a sodium vapor as a function of re- tions sampled by TPA. Pump wavelengths
lative delay time between two OPG are (a) 266 nm and (b) 532 nm
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C1 b Fig.3 (a) TPA spectrum in
sodium vapor and (b) auto-
correlation trace using TPA
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result is consistent with the detectability measurement described above be-
cause the product of the effective incident powers, to which the TPA proba-
bility is proportional, are comparable.

We have checked the applicability of our method in spectroscopic measure-
ments using a synchronously pumped mode-locked dye laser. The sync-pump dye
laser generates pulses at 76 MHz but the peak power is typically l0-' times
lower than the required pump energy of 1 1iJ, leading to 10-6 times lower
efficiency. Signal integration over 106 pulses is necessary for a comparable
signal intensity. Wavelength of the sync-pump dye laser was scanned by
moving a slit behind a dispersive prism [2] in thQ cavity. Figure 3a shows
a TPA spectrum for sodium vapor taken by ionization detection. Peaks at 578
and 602 nm correspond to 3S-4D and 3S--SS transitions, respectively. The in-
tense central peak originates from D-line excitation followed by a two
photon ionization. We have measured an autocorrelation profile of the out-
put pulses using an autocorrelator, in which a second harmonic crystal was
replaced by sodium vapor. Figure 3b shows a trace of an autocorrelation
signal at 578 nm. It gave the same shape as that obtained by second harmonic
generation except for a large offset due to TPA coming from an uninteresting
region where the two incident beams are not overlapped. This offset can be
eliminated by using an atomic beam instead of the vapor, or by taking an
autocorrelation at 602 nm using circularly polarized beams with opposite
senses, where TPA with Am=±2 for sublevel selection-rule is not allowed [3].
It is noted that TPA sampling method gives a time resolution as high as the
second harmonic generation. TPA sampling would give a high time-resolution
since TPA is free from group-velocity dispersion effects. The TPA linewidth
(0.1 cm- 1) of atomic vapor is much narrower than our laser bandwidth. Never-
theless, the autocorrelation width in Fig.3b, which is shorter than the
reciprocal of 0.1 cm-', indicates that a fraction in the laser bandwidth
larger than the TPA linewidth can contribute to the transition.

A more sensitive measurement using an electron multiplier detector in the
atomic beam condition is now undertaken. TPA sampling would be a useful
method for high time-resolution spectroscopy particularly in the deep UV
region, where existing nonlinear sampling techniques are not applicable.

1. A. Gold, "Two Photon Spectroscopy" in the course of the Enrico Fermi

School (Varenna 1967).
2. M.D. Dawson, T.F. Boggess, D.W. Garvey and A.L. Smirl, Opt. Commu.60,79(1986).
3. M.D. Levenson and N. Bloembergen, Phys. Rev. Lett. 32, 645 (1974T
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Application of the Time Characteristics
of Synchrotron Radiation to Transient Spectroscopy

T. Mitani 1 , H. Okamoto 1 , Y. Takagi 1 , 1. Yamazaki 1, M. Watanabe1 , K. Fukui1

S. Koshihara 2, and C. Ito 3

Ilnstitute for Molecular Science, Myodaiji, Okazaki 444, Japan
2 Faculty of Science, University of Tokyo,
Bunkyo-ku, Tokyo 113, Japan

3 Faculty of Science, Nagoya University, Chigusa-ku,
Nagoya 464, Japan

Synchrotron Radiation (SR) from an electron storage-ring can be utilized
as a light source of pulses in a wide spectral region from the far-infrared
to the soft X-ray. A high repetition rate of the pulse structure of the SR,
whose frequency is 90 MHz (the multi-bunch mode) or 5.7 MHz (the single-bunch
mode) with a duration time of 460 ps generated at the SR facility of the
Institute for Molecular Science as shown in Fig. 1, is quite suitable for the
time-resolved fluorescence and excitation spectroscopies in the subnanosecond
time domain. In addition, a high stability of the time structure allows us
to synchronize a CW mode-locked Nd:YAG laser (Quantronix 416, lOW) with the
frequency of the SR pulses (90 MHz). A new system of the transient
spectroscopy has been constructed for the first time by using a delay-time
modulation technique. This system opens a unique possibility of expanding a
measurable region of transient spectroscopy to infrared and far-infrared
regions, where fast optical devices for detection have not been developed as
yet.
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The experimental instrumentation, a) for the time-resolved fluorescence
and excitation spectroscopies and b) for the transient absorption
measurements is schematically illustrated on the right and left sides of Fig.
2, respectively. A typical number of monochromatic incident photons of the
SR is 10 - photons/pulse with a spectral resolution of 0.1 %,

a) The time-resolved synchrotron spectroscopy with the aid of a time-
correlated single-photon counting method has been successfully applied to
anthracene crystals in the excitation energy region of 4-35 eVoll] The time
decay of the singlet exciton (S ) fluorescence is significantly dependent on
exciting photon energy, as showi in Fig. 2. Corresponding to the
characteristic behavior of these time decays, the time-resolved S
fluorescence spectra presented in Fig. 3 show a drastic change within a time
period less than 100 ps, particularly in a high energy region, which is
nearly in resonance with the Sl absorption peak. Furthermore, this short-
time fluorescence has a high quantum efficiency when the high exciton bands
are resonantly excited by the polarized light along the b-axis. Possible
interpretations of the time correlation between excitation and fluorescence
observed in the subnanosecond time period have been made on the basis of the
exciton polariton model.[l] These experimental results demonstrate the
capability of time-correlated spectroscopy in providing useful information on
the dynamics of the electronic state in organic crystals.

b) Using the tuning method of the laser pulses as shown in Fig. 1, a delay
time of the laser pulses, t , measured from the peak position of the SR
pulses can be modulated by 9pplying an AC voltage (eog. 200 Hz) with an
amplitude of At as shown in Fig. 4. A change of the transmitted SR light
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Fig° 2 The decay curves of the S] Fig° 3 The time-resolved fluorescence
fluorescence of anthracene excited of anthracene excited at 140nm at 77K,
by the b-polarized light at various The origin of time (0 ps) corresponds
wavelengths at 77K to the time of peak position of the

exciting pulse
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, 1n s_ Fig. 4 The delay-time modulation
technique in the synchronized SR
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induced by the modulated irradiation of the laser beam, which is sensitively
dependent on t , is detected by a phase-sensitive lock-in amplifier as a
modulation siggal of the absorption coefficient.

The resolution of time in this transient spectroscopy is limited by both of
the rise time of the SR pulses and the pulse width of the laser, which was
checked by the single-photon counting system to be within 50 ps. These time
characteristics of this system are in contrast to those obtained by the
transient spectroscopy using a N laser[2], in which the SR was used as a
continuous light source, and by he two-photon absorption spectroscopy using
the Q-switch Nd:YAG laser pulses with the pulse width of 15 ns, which were
synchronized with one of the SR pulses at the frequency of 30 Hz[3]. In this
sense, the present system is considered to have a high sensitivity and to be
suitable for the two-step transient absorption measurements under a
relatively low density of excitations in a short time period (0.05 - 11 ns).
Furthermore, a spurious signal due to a thermal change of the sample by a
shot of intensive laser pulse, which occasionally causes a serious problem in
low frequency modulation spectroscopy in solids, may be removed from the
modulation signals, since it would not follow the high repetition rate of
pulses. As an experimental test of the ability of this system, the transient
absorption spectra of R6G dye in an aqueous solution has been measured in the
visible region. The results were almost in agreement with those obtained by
standard laser spectroscopy. It is possible to expand the measurable energy
region of this system to the infrared or vacuum ultra-violet region, which is
now in progress.

1. T. Mitani, T. Yamanaka, M. Suzui, T. Horigome, K. Hayakawa, and
I. Yamazaki, J. Luminescence 39, 313 (1988).

2. V. Saile, Appl. Opt. 19, 4115-(1980).
3. R. Pizzoferrato, M. Ca-alboni, R. Francini, UoM. Grassano, F. Amtonangeli,

M. Piacentini, N. Zema, and F. Bassani, Europhys. Lett. 2, 571 (1986).

412



Part VIII

Dynamics on Surfaces
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Femtosecond Laser Photoionization Mass Spectrometry
of Molecules on Surfaces

S.V. Chekalin, V.V. Golovlev, A.A. Kozlov, V.S. Letokhov, Y.A. Matveetz,
and A.P. Yartsev

Institute of Specroscopy, USSR Academy of Sciences,
Troitzk, 142092 Moscow Region, USSR

1. Introduction

The exit point of a photoelectron or a photoion is localized with
an indeterminacy much lower than the laser wavelength. Indeed,
the principal localization limit is determined by the Heisenberg
indeterminacy principle, i.e., by the de Broglie wavelength for
the photoelectron (photoion), which at thermal energies comes to
10 - 0.1 X.

This makes it possible to utilize the resonant photoioniza-
tion of molecules for their imaging with a spatial resolution
of a few dngstrdm units in a device the type of a photoion (or
photoelectron) microscope proposed by Letokhov [1,2]. The high-
est spatial resolution should be inherent in a photoion projec-
tor based on the photodetachment of certain chromophores. This
seems to be of special interest in revealing the sequence of ba-
ses in nucleic acids or the sequence of amino acids in proteins.

To develop a photoion microscope, it is necessary to learn
now to detach with a laser pulse a chromophore from a large mo-
lecule adsorbed on the projector tip surface. Apparently ultra-
fast laser excitation is in principle capable of depositing thro-
ugh multiple-photon processes a substantial amount of energy in
the chromophore, which gives reason to expect that it will be
ionized and detached from the molecule. As no such process was
known, we have launched a few years ago investigations into the
photoionization of surface molecules.

When irradiating molecular crystals with nanosecond UV laser
pulses [31 and picosecond visible laser pulses [4] falling with-
in the electronic absorption band of the crystals, the resulting
molecular ions were found to be produced without perceptible frag-
mentation. The mechanism of this phenomenon (thermal desorption
of molecules, followed by their resonant stepwise photoionization
in vacuo) was suggested and verified by experiment in [5] for UV
laser pulses of moderate intensity. The experiments [6] on irra-
diating a complex molecule containing an aromatic chromophore
with UV laser pulses 5 ps in duration revealed a rise of the chro-
mophore peak in the mass spectrum. But to examine the formation
of ions directly on the sample surface, with the desorption of
neutral molecules being excluded, use should be made of subpico-
second laser pulses, for in that case one can guarantee that no
neutral molecule will have enough time to move away from the sur-
face for more than 0.3 nm during the laser pulse [5]. The experi-
ments [7,8] on the femtosecond desorption of ions showed the me-
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chanism of production and detachment of ions in this case to be

substantially different from the one indicated above.
In this paper, we present the results of our recent experi-

ments on the femtosecond photoionization of large molecules, par-
ticularly tryptophan and tryptophan-containing proteins, which
point to the real possibility of detaching a chromophore from a
surface molecule.

2. Experimental Technique

The experiments were conducted with the aid of a standard photo-
ionization time-of-flight mass spectrometer like, for example,
the one described in (3, 5. The vacuum in the instrument's cham-
ber was kept at 10- 7- 10 - Torr. The laser radiation (300-fs pul-

ses 10- 4 J in energy at 30b nm and up to 10- 3j in energy at 615 nm)
was incident upon the sample at a grazing angle of 80' and was

focused upon it with a lens 10 or 20 cm in focal length. In the
experiments, we observed the mass spectra of the ions produced
upon irradiation of the sample and measured the threshold energy
densities at which these spectra appeared. The detection limit
of our time-of-flight mass spectrometer, at which mass spectra
could still be registered reliably, corresponded to the arrival
of some 102 - 103 ions at the detector (a secondary electron mul-
tiplier). The kinetic energy distribution ot the ions was found
from the shape of the respective mass peaks. The data obtained
were compared with the same spectra resulting from irradiation
of the same samples and with the same geometry of experiment with
15-ns pulses at 308 ns from a pulsed XeCl laser or with 10-ns
pulses at 630 nm from a pulsed Q-switched laser.

Figure 1 shows schematic diagrams of irradiation of molecules
in the photoionization mass spectrometer chamber with femtosecond
and nanosecond laser ..les and their combinations.

TOF MASS-DETECTOR TOF MASS-DETECTOR TOF MASS-DETECTOR

AI

a b C

Fig. 1. Schematic diagrams of sample surface irradiation in
the photoionization mass spectrometer chamber: a)Irradiation

with a single femtosecond or nanosecond pulse; b)Desorption
of molecules from the sample surface with a femtosecond or
nanosecond pulse, followed by their photoionization with a se-
cond pulse of nanosecond duration; c)Irradiation with two fem-
tosecond pulses. The second pulse is delayed relative to the
first by a few picoseconds.
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3. Experiments with Try and Try-Containing Tripeptide

The experiments revealed some specific features which are espe-
cially evident from comparison between the mass spectra resulting
from irradiation with femtosecond and nanosecond laser pulses in
the UV (308 nm) and visible (620 nm) regions of the spectrum.

The degree of fragmentation depends on both the laser pulse
duration and wavelength. Figure 2 shows the mass spectra obtained
upon irradiation of a pure tryptophan powder and indicates the
corresponding laser pulse parameters. The UV pulse effects the

multiple-photon ionization of Trp through the resonant SI state,
while the visible pulse, the multiple-photon ionization and two-
photon excitation of the S state. As can be seen from compari-
son between the mass spectra of Figs. 2a and c, the ionization
of the Trp chromophore is predominant in the latter case.

Of particular interest is the pulse-duration dependence of
the threshold energy density Ethr for the appearance of mass
spectra (Fig. 3) in the case of the multiple-photon UV ioniza-
tion of the Trp Gly Ala tripeptide. It is clearly seen that the

308 nm +
30 fsec R+ M

NH

308 nm R +iI R
5 risecM

0.05 J/Cm b) C

__ __ __ __ I, CH

+ 620nm RCOOH NH 2

30Ofatc Fig. 2. Positive ion mass
J/cm

2  spectra obtained upon irra-
c) diation of tryptophan with

IA. , ,,single laser pulses at a

100 200 M/e wavelength of 308 nm and
620 nm. The pulse duration
and irradiation energy den-

E, h  I Trp Alo Gij sity are indicated on the

J/cm I left.

IR

16
z  

o - ~ -

3_ Fig. 3. Threshold energy

L density for the appearance
of the tripeptide mass spe-
ctrum as a function of the

,613 642 ici" i00 id' rsec UV laser pulse duration

416



threshold energy fluence is reduced by a factor of 10 in the case
of irradiation with femtosecond pulses. The same effect is ob-
served with the pure tryptophan powder. The threshold energy
density for the appearance of the 300-fs pulse mass spectrumEfs 0-3 29 2
E t = 10 J/cm 2 (3 x 109 W/cm2 ), is by an order of m-nitude
thr s - Z
lower than that of the 15-ns pulse mass spectrum, th 10 J/cm

(6 x 105 W/cm 2 ).
It should be noted that the observed mass spectra are of pho-

toionization origin and have no relation to the formation of
plasma due to a strong heating of the irradiated surface. The
formation of plasma at high energy densities (observed only upon
irradiation with nanosecond pulses) becomes clearly manifest in
the character of the mass spectrum: it loses its sharply defined
structure. Besides, the surface heating was estimated (10-100 deg).
This value is insufficient for plasma formation.

The kinetic energies of the ions observed upon irradiation
with femtosecond pulses are much higher than in the case of ir-
radiation with nanosecond pulses, the distribution width does not
exceed 1 eV (the spread function of the instrument), while for
300-fs pulses, this width amounts to 25 eV. What is more, t1e
distribution maximum in the case of excitation with the femtose-
cond pulses is shifted a few tens of electron-volts towards the
high-energy side, the shift reaching its maximum for the light-
est mass (R+) and diminishing with increasing mass.

The experimental results listed above suggest that the mecha-
nisms by which ions are produced upon irradiation with nanose-
cond and femtosecond pulses are different. We ran a series of ad-
ditional experiments which allowed us to reveal the role of local
electric fields in the desorption and acceleration of the ions.

First, it was found that the velocity of the neutral fragments
desorbed by the 300-fs laser pulses did not exceed the thermal
value. For this purpose, an excimer laser beam was passed 0.5mm
above and parallel to the sample surface, which ionized the frag-
ments in the gas phase (Fig. Ib). The excimer laser pulse was de-
layed relative to the 300-fs pulse for a time from a few tens of
nanoseconds (delay accuracy) to several tens of microseconds. The
experimental conditions were selected so that no pulse taken se-
parately yielded any ion signal. The width of the ion peaks ob-
served in that case corresponded to ion energies of no more than
I eV.

Second, we observed the change of the kinetic energy distri-
bution of the desorbed chromophore ions upon irradiation (using
the geometry of Fig. Ic) of the sample with two identical femto-
second laser pulses with a spacing of At = 7 ps. To generate
the femtosecond double pulse, one half of the laser beam cross
section was shut off with a plane-parallel quartz plate 4.2 mm
in thickness. In that case the proportion of low-energy peaks in
the kinetic energy distribution of the ions increased. In the ca-
se of double-pulse irradiation, some ions apparently form from
the neutrals that have moved within 7 ps a few tens of angstrbm
units away from the sample surface, these ions acquiring much lo-

wer velocities than those formed on the surface.
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The fields required to accelerate the ions (around E(M) , eR
0.5 V/A) are fairly strong and can substantially facilitate the-
ir desorption from the sample surface by compensating for the ef-
fect of polarization of the medium.

The role of local electric fields in the acceleration of ions
also agrees with the results of the experiments [8] on +he femto-
second laser pulse desorption of ions formed on the surface of
polycrystalline metal-free phthalocyanine crystals. Ln that cas,
the kinetic energies of the ions did not exceed I uV, which could
be explained by the induced photoconductivity in the crystals in
conditions of intense irradiation that prevented the formation or
electric microfields. Further investigations are necessary to re-
veal the mechanism responsible for the formation of so strong
surface electric field microinhomogeneities.

4. Tryptophan-Containing Proteins.Possible Spatial Effects

The above experiments have demonstrated that th fetoscond pul-
ses are capable of detaching the chomophore ion from a molecul-
located directly on the samplte surface. The mass spectra them-
selves micht be used as a sc.,rce of information on the location
and surroundings of chromophores when studying more complex mo-
lecules. For example, if a tryptophan molecule is located on the
surface of a protein glbule, an ion can be desorbed. But if it
is inside the globule, the ion formed will apparently not be able
to escape. Thus, the ion signal may depend not only on the con-
centration of the chromophore being excited, but also on its lo-
cation in the globule.

To investigate these possibilities, we ran preliminary expe-
riments on the photoionization mass spectroscopy of samples con-
taining relatively small amounts of Trp. Taken as the objects of
study were crystalline proteins Ig Bovine, Ig G Rabbit, and Albu-
mine Human. The absorption of the protein in the spectral range
280-310 nm is determined mainly by tryptophan. The photoioniza-
tion mass spectra of all samples featured mass peaks typical of
tryptophan. The intensity distribution of these peaks is appro-
ximately the same as the one obtained for pore tryptophan under
similar conditions. The main difference between the spectra for
the 300-fs UV or visible pulses is that the kinetic energy of
the ions from IgB, for example, does not exceed 3 eV. Also, tne
kinetic energy distribution of the ions is substantially narro-
wer than in tho case of pure tryptophan or tripeptide. This ap-
parently points to the absence of strong electric microfields
at the surface of the IgB sample.

5. Conclusion

The experiments briefly described in the present paper demonst-
rate that femtosecond laser pulses offer new opportunities for
the resonant multiple-photon ionization mass spectrometry of
polyatomic surface miilecules.

First, the fast femtosecond excitation makes it possible to
produce molecular and fragmentation ions directly on the surface

being irradiated. The kinetic energies of the ions can help one
to judge about the electric fields on the surface. Of considera-
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ble interest is the femtosecond double-pulse irradiation techni-
que whereby the first pulse desorbs neutral molecules from the
surface and the second effects their resonant photoionization at
some controllable distance from the surface. This technique extends
the experimental studies started in [10] and opens up new possibi-
lities for investigation into t~ie molecular ion-surface interac-
tion.

Second, two-photon excitation with an intense femtosecond pul-
se makes it possible to improve the selectivity of ionization of
the chromophore (tryptophan in our case) in large molecules. This
is of interest in the photoionization mass spectrometry of bioor-
ganic chain molecules.

And, finally, the femtosecond excitation and ionization of
chromophores in large globular molecules are sensitive to whether
the chromophores are located on the surface or inside the mole-
cules. This allows one to use the femtosecond photoionization
mass spectrometry for studying the three-dimensional structure of
bioorganic molecules.
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1. Introduction

When intense picosecond laser pulses are incident on strongly absorbing
semiconductors the surface is heated up in a time comparable with the pulse
duration. The rapid rise of the surface temperature is accompanied by ul-
trafast sublimation and desorption of atoms and molecules from the surface.
For sufficiently high pulse energy, melting and vaporization of the material
may occur. With picosecond laser heating these processes occur at unpre-
cedented high rates. Interesting phenomena such as highly superheated tran-
sient phases can be observed and new distinct surface phenomena may be ex-
pected. Here, we report measurements of picosecond time-resolved desorption
of atoms and molecular radicals from laser-heated surfaces and measurements
of the ultrafast melting kinetics in Si and GaAs.

2. Picosecond Laser Mass Spectroscopy

We demonstrate the extension of laser photoionization mass spectroscopy to
the picosecond time regime enabling the observation of ultrafast evapora-
tion and desorption. A pump-probe scheme is used in which the surface is
heated up by a pump pulse causing desorptlon of particles. An intense UV
probe pulse following after some delay time photoionizes the desorbed neu-
tral particles via multiphoton processes. The photoions are detected with a
time-of-flight mass spectrometer (TOFMS).

Figure 1 shows a typical TOF mass spectrum obtained from a GaAs (100)
surface after exposure to a single 25 ps heating pulse at 532 nm followed
by a 266 nm photoionization probe pulse after 75 ps. The energy fluence of
the heating pulse in our laser desorption experiments was much less than
the threshold fluence for melting (45 mJ/cm

2
). From the measured flight

times we readily identify 
69

Ga+ and 
7 
Ga

+
, the two common isotopes of gal-

lium, and molecular arsenic, As,
+
, As,

+
, and As,

+
. The atomic As+-slgnal

was very weak. The group of line near 156 amu is attributed to Ga2O+-radi-
cals from desorption of surface oxides. The strong alkali lines presumably
originate from the chemical agents used during wafer surface preparation.

By varying the delay time of the photoionization pulse (probe pulse) the
desorption kinetics of each species can be measured. As an example the mea-
sured Ga 2O+-signal is shown as a function of delay time in Fig. 2. A mono-
tonic step-like increase of the signal to an approximately constant level
is observed. The risetime is about 50 ps. The relatively large scatter of
the data is due to spatial surface Inhomogenietles which cause changes of
the signal when the surface is raster-scanned during the measurement.

The data in Fig. 2 are consistent with simple first order thermal
desorption of neutrals followed by probe pulse photoionization. We have
calculated the surface temperature using a detailed numerical code of laser
surface heating. The dashed curve in Fig. 2 shows the calculated number of
desorbed particles as a function of time convoluted with the probe pulse to
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take into account photoionization. A good fit of the experimental data is

obtained with an activation energy A = 1.2 eV.

3. Optical Reflectivity Measurements

Increase of the pump pulse energy fluence eventually leads to melting of

the surface. In Si and GaAs melting is associated with a strong increase of

the optical reflectivity due to the development of a metallic liquid sur-
face layer. Detailed information about the kinetics of the solid-liquid
phase transformation can be obtained from time-resolved reflectivity meas-

urements. However, the reflectivity increase due to melting often competes

with reflectivity changes caused by other processes. For instance, lattice
heating leads to an increase of the reflectivity of Si and GaAs in the vis-

ible spectrum, whereas the excitation of a dense electron-hole plasma by

the pump pulse causes a decrease of the reflectivity in the infrared [1].

Figure 3 shows two examples of the measured reflectivity change of Si at
532 nm during and after photoexcitation by a 20 ps UV pulse (266 nm): (a)
and (c) correspond to an energy fluence of 45 mJ/cm

2 
slightly above the

melting threshold and to 80 mJ/cm
2
, respectively. The experimental data are

compared with two different melting models [2] (solid curves): (a,c) inter-

face motion limited by the kinetics of atomic rearrangement; (b,d) heat-
flow controlled interface motion. The first allows for dynamic superheat-
ing of the solid, whereas in the second the temperature of the solid never

exceeds the melting point. In the superheating model the reflectivity rise
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is dominated by the increase of the reflectivity of the superheated solid,
and the reflectivity maximum coincides with the maximum of the surface tem-

perature (left arrow), whereas the melt depth maximum (right arrow) occurs
at later times. On the other hand, the reflectivity rise is dominated by

the developing liquid layer when superheating is neglected. In this case
the reflectivity maximum corresponds to the maximum melt depth (b and d).
Note that the two models predict rather different time behavior of the ref-
lectivity. The comparison with the experimental data indicates that a much
better agreement is obtained when superheating effects are included.

The contributions to the pump-induced reflectivity changes from lattice
heating are substantially reduced in the spectral region in the near infra-
red. In fact it can be shown that in Si and GaAs the reflectivity changes

are to a very good approximation determined by the thickness of the molten
layer when p-polarized probe pulses at 1064 nm incident at the principal
angle are used [3]. In this case the instantaneous melt depth and the velo-

city of the liquid-solid interface can be obtained from the time-resolved
reflectivity measurements. Examples of melt depths for GaAs are shown in
Fig.4 for different values of the energy fluence of the 532 nm heating
pulses. At the beginning of melting the thickness of the liquid layer in-

creases very rapidly. The melt depth reaches a maximum 00 to 200 ps after

the heating pulse. The melting velocities are given by the slope of the
curves. We find that the maximum melt-in velocity increases from about
70 m/s near threshold to almost 800 m/s for twice the threshold fluence.

Somewhat higher velocities have been observed in silicon [3].

4. Conciusions

A method of ps-photoionization mass spectroscopy has been introduced and
applied to stuflcc of time-resolved desorption from laser-heated GaAs sur-

422



faces. Optical reflectivity meas,!rements give clear indication of super-

heating of the solid phase and have enabled measurements of melt-in veloci-

ties approaching 1000 m/s.

1. H. Kurz and N. Bloembergen: Mat. Res. Soc. Symp. Proc. 35, 3 (1985)
2. F. Spaepen and D. Turnbull: In Laser Annealing of Semicorductors, ed. by

J.M. Poate and J.W. Mayer, (Academic, New York 1982) p.15

3. B. Danielzik, P. Harten, K. SoKolowski-Tinten and D. von der Linde:
Mat. Res. Soc. Symp. Proc. 100, 471 (1988)
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Picosecond Surface Reaction Dynamics and
Carrier Processes at Semiconductor Interfaces
R.I. Dwayne Miller, J.J. Kasinski, L.A. Gomez-Jahn, and L. Min

Department of Chemistry, University of Rochester,
Rochester, NY 14627, USA

One of the most fundamental steps in many surface reaction processes is that

of interfacial electron transfer. The exact mechanism of electron transfer at
surfaces needs to be established to realize rati ,nal control of the surface

chemistry. To study the dynamics of surface electron transfer processes,
three, highly surface specific, optical probes have been developed in conjunc-

tion with semiconductor liquid junctions. These are surface restricted tran-
sient gratings, optically generated surface acoustic waves, and in-situ

electro-optic sampling of surface space charge fields. These three optical
probes have been employed to measure interfacial carrier population dynamics,

interface structure and carrier thermalization, and surface transport respec-

tively at Ti0 2(O01) and GaAs(100) interfaces.

The laser system used for these studies consisted of fiber optic compressed

3 psec pulses from a W-switched and mode locked YAG laser. Above band gap ex-
citation for the TiO 2 (GaAs) studies was at 355 nm (532 nm) and the below gap
probe at 532 nm (1.064pm). The GaAs studies and surface acoustic studies were

conducted with -100 psec pulses from the uncompressea YAG output. Surfaces
were chemically etched and characterized using standard electrochemical proce-
dures.

Grating studies of TiO 2 (O01) surfaces were conducted both in air and in the
presence of an aqueous liquid junction of PH=13.5. The in air studies serve
as a control to determine the surface induced electron-hole pair recombination

under flat band or zero field conditions. The in-air decays are non-exponen-

tial and are well described by the ambipolar diffusion controlled kinetic mo-
del of HOFFMAN et al./l/ (see insert to Fig. 1). For highly doped samples
(10'

9
/cm

3
) in the presence of 1eV of band oending, 500A wide space cnarge

field, (determined relative to an SCE reference electrode) the decays showed a
40% component with a decay time of 460 psec. In the presence of the space

charge field the electron-hole pairs separate and are prevented from recombi-

nation. At the lowest excitation level (3x10m/cmn), the space charge field
is screened by -30%. Nevertheless the transport of minority hole carriers,
generated within the space charge field, is increased by the electric field.
Transit times for these carriers to the surface are on a 10 psec time scale.
The slow 460 psec decay observed indicates that the holes accumulate at the
surface, and thermalize before interfacial transfer. The observed dynamics in

connection with the hieh quantum yield for interfacial hole transfer (>60%)

are consistent with OH as the initial hole acceptor. However, chemisorbed
OH cannot be conclusive y ruled out as the initial acceptor.

Optical excitation of surface acoustics (SAWs) by non-radiative carrier re-

laxation was also employed to study the TiO 2 interface. Thi SAWs are observa-
ble as oscillations in the diffracted signal that arises from surface corruga-

tion effects accompanying SAW propagation. The increase in the SAW amplitude

and rapid decay in the electron-hole pair phase grating demonstrate that Auger
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Fig. 1. TiO 2 grating studies Curve A: TiO 2 (001) in air, excitation level

1020 pnotocarriers/cm
3
.

Curve b: Tio2 /H20, excitation level 1020 pnotocarriers/cm
3
.

Inset: TiO 2 in air (small SAW modulations subtracted) low

excitation conditions, 3x10'
8
/cm

3
. Theoretical fit is the solid

line using a surface recombination velocity (S) of lO'cm/ sec.

recombination processes start to dominate at excitation levels above 3xl0'
9
/

cm
3
. (TiO. in air, curve A, Fig. 1). A study of the bounded TiO 2/H 20 inter-

face found the appearance of an anomolous high velocity interfacial acoustic
mode travelling in the water half space (Fig. 1 curve 8 - indicated by ar-
rows). The speed of sound of tnis mode (4.4 ± .2 X 10 em/sec) corresponds
more closely to ice than bulk phase water and indicates a phase restructuring
at the TiO,/HO interface. This result demonstrates that H20 is strongly per-
turbed by the polar TiO 2 surface and bulk dielectric properties cannot be used
at the interface in describing the dielectric relaxation processes of electron

transfer.

Similar studies were conducted on Si dopeo GaAs (100) surfaces. In contrast
to Ti0 2 , GaAs (100) in air does not illustrate flat band recombination dyna-
mics except at high carrier injection levels of 101

9
/cm

3 
or greater (Fig. 2

curve A). As the excitation level is decreased, the signal intensity at t>3
nsec is found to be saturated for over two orders of magnitude (Fig. 2 curves
B and C). Proper signal scaling is not observed until excitation conditions
correspond to less than 1012 photons/cm

2 
- which corresponds to typical sur-

face state densities. The observed saturated signal is attributed to long
lived surface state traps. To further confirm that the signal arises from
surface states, the surface was photowashed using 1-2 W/cm

2 
from an Ar

laser.[21 Photowashing the first few atomic layers off the surface eliminated
the signal and flat band dynamics were observed. It is noteworthy, that the
diffraction efficiency from the surface states is significantly higher than
the free carriers. The enhanced phase grating component suggests a highly de-
localized (excitonic) electronic state for the filled surface states of GaAs

rather than a localized one. However, photorefractive effects may be respon-

sible for the surface state detection.[3]
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Fig. 2. Grating studies of GaAs
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Fig. 3. A: Electro-optic sampling studies of n-GaAs (100) in air, excitation
level 3x1O'

9
/cm

3
. The solid line is a theoretical fit with S-3x106 cm/sec

B: excitation level 1x10''/cm
3

T- . . '.- ro-optic sampling (EOS) studies were also conducted of the

space cnarge field. At high carrier levels, the intrinsic space charge field

is completely screened. The field that develops is well described by the pho-
to-Dember effect with surface state recombination included (Fig. 3A). At low
excitation conditions, the signal remains saturated until levels less than
10" photons/cm

2 
as in the grating studies. The space charge field induced

carrier separation dominates the signal at these levels. Minority carrier
transport to the surface, as determined from the signal rise time, occurs in

less than 20 psec as expected. Femtosecond studies are in progress to fully

resolve the space charge transport.

Both the EOS and surface grating methods provide new optical probes of sur-
face state trapping dynamics at GaAs surfaces with 10"--0

-
4 monolayer sensi-

tivity. The grating studies give evidence for surface state trapping on a
picosecond timescale. The intrinsic surface state trapping rate constants
need to be separated from carrier transport dynamics which can be sorted out

with EOS. The results demonstrate the importance of the surface state
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trapping dynamics in understanding surface state mediated chemistry at this
surface.
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Direct Observation of Photodynamics
in Opaque Organic Microcrystals:
A Picosecond Diffuse Reflectance Laser Photolysis Study

N. Ikeda 1,,, M. Koshioka 1, H. Masuhara 1 , N. Nakashima 2,**,
and K. Yoshihara

2

1Department of Polymer Science and Engineering,
Kyoto Institute of Technology, Matsugasaki, Kyoto 606, Japan

21nstitute for Molecular Science, Myodaiji, Okazaki 444, Japan
*Present address: Chemistry Department,
College of General Education, Osaka University, Toyonaka,
Osaka 560, Japan

**Present address: Institute of Laser Engineering,
Osaka University, Suita, Osaka 565, Japan

Laser photolysis method is now recognized as an indispensable technique to
study photoprimary processes in chemistry, physics, biology, and in a
wide field of application. However, this conventional (transmission type)
technique is restricted to transparent samples. In recent years, a diffuse
reflectance laser photolysis method has been developed. [I1 This method is
powerful because it gives absorption spectra of transient species in opaque

and scattering materials such as organic microcrystals, semiconductors as
well as insoluble polymer powders, dyed fabrics, molecules adsorbed on

silica gels, etc. Since photophysical and photochemical processes are very

fast because of strong interchromophoric interactions in these systems, we
have extended this method to picosecond time domain,[2] and studied
transient absorption spectra and its excited state dynamics of opaque
organic microcrystals.

A picosecond diffuse reflectance laser photolysis system with a mode-

locked Nd
3
+:YAG laser was set up, in which a double-beam optical

arrangement was adopted.[2] Samples, contained in a cell with 2 mm

thickness, were excited with a single 355 nm pulse (17 ps, 1 mJ), and
monitored by a picosecond continuum as a wide-band analyzing light. The

picosecond diffuse reflected light from the sample was detected by a
multichannel photodiode array (MCPDI) through a polychrowator. A part of

the continuum bean, was detected by another polychromator with MCPD2, and
was used as the reference for a spectral shape of the analyzing light and
shot-to-shot variations. The spectral data were obtained by averaging over

several measurements. Since the diffuse reflected light is relatively weak,
it is important to correct the contribution of sample emission. All
experiments of the powder sample were performed under aerated conditions at

room temperature.

The transient absorption intensity in diffuse reflectance was displayed

as % absorption.Ill Figure 1 shows transient absorption spectra of
microcrystalline benzophenone and p-terphenyl at 100 ps after excitation.
Those spectra are assigned to be T n-T and S n-S absorptions (in exciton

state), respectivuIy, and are also in agreement with the spectra obtained
by nanosecond transmittance laser photolysis of its single crystal. Figure
2 shows a series of time-resolved absorption spectra of benzil in
microcrystal and in solution. Although the obtained spectra were broader
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Fig. 1
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and red shifted in microcrystal than in solution, a similar spectral change
occurred but with a different time constant. Those fast and slow transients
can be assigned to be S1 and T1 states, respectively. The geometry of the
excited states is reported to be skewed in crystal and trans planar in
solution. As can be seen from Fig. 2, the intersystem crossing rate of
benzil in microcrystal is faster than in solution. However, in the case of
benzophenone there was no appreciable difference of the triplet rise curves
between solid and solution phases.[2]

In molecular crystal phase, a high density laser excitation will usually
bring about the efficient singlet-singlet annihilation. Our success in
measuring the excited singlet absorption seems to be due to a low quantum
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Fig. 2. Transient absorption spectra of benzil in microcrystal (a)
and in cyclohexane solution (b)
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yield of the excited singlet benzil and a small molar extinction
coefficient of p-terphenyl at 355 nm. Both conditions lead to a relative
low exciton density.

For applications in picosecond time scale of diffuse reflectance laser
spectroscopy to opaque and optically thick samples, the following point
should be considered. As both exciting and monitoring pulses undergo
numerous reflections, refractions, and diffractions in the microcrystals,
the time resolution of this method might be lower than that of the
transmittance laser photolysis. Actually, according to our preliminary
measurements using a streak camera, the pulse width of picosecond diffuse
reflected light is found to be ca. 1.5 times longer than that of the
incident one (Fig. 3). In this sense, a response time in the powder system
could be longer than in solution system, and this depends on the scattering
coefficient and both absorption coefficients of the ground state and of
transients. For more quantitative analysis, the following points are being
examined in this group i)precise determination of the response function,
ii)broadening effect upon absorption spectra, iii)multiphoton processes,
iv)effect of defects or surface states of microcrystals.

In conclusion, we have performed for the first time a picosecond
transient absorption spectral and kinetic measurement of singlet excited
states of organic microcrystals by the diffuse reflectance laser photolysis
method. This is especially powerful for the understanding of
photoreactivity in crystalline environments since many of reaction
intermediates might be nonluminescent.
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Sequential Excitation Energy 'fTransport
in Stacking Multilayers: A Comparative Study
Between Photosynthetic Antenna and
Langmuir-Blodgett Multilayers

I. Yamazaki 1, N. Tamai 2, and T. Yamazaki 1

t Faculty of Engineering, Hokkaido University,
Sapporo 060, Japan

2 Institute for Molecular Science, Myodaiji, Okazaki 444, Japan

1. Introduction

The sequential excitation energy transport has been studied with a biological
antenna and artificial Langmuir-Blodgett (LB) multilayers by means of a plco-
second time-resolved fluorescence spectrophotometer.{l] We will start with a
general discussion on the energy relaxation of electronically excited molec-
ules incorporated in organized molecular assemblies. The chromophore distrib-
ution, fractal or fractal-like structure, might play an important role in
relaxation pathways. The kinetic behaviors of the sequential excitatior
transport in stacking multilayered architectures are compared between biol-
ogical and artificial antennas.

2. Excitation Energy Relaxation in Molecular Assemblies

Electronically excited molecules incorporated in molecular assemblies may
undergo energy relaxation in various pathways summarized as follows:

W." -. - + h fluorescence (1

M+ Q -0 M + Q- energy trapping (2)

M" + M - M + M- energy migration between donors (3)

M P M* -- M* --- p energy migration
m n to lower energy sites (4)

h h
m n

M + A - M M + A' energy transfer to adjacent layer (5)

Processes 1-4 occur in a ringle monolayer and are important particularly in
LB films. Process 4 is observed as a red shift of the fluorescence as time
going on in the picosecond region. The fluorescence decay curve cannot fit
the Firster equation based on the assumption of random and uniform distribu-
tion of chromophores, but fit the decay function based on the irregular dis-
tribution of fractal or fractal-like structure.[2,3] Process 5 represents
the interlayer energy transfer between donor and acceptor layers. The inter-
layer energy transfer in artificial systems should compete with the erl
dissipation of processes 2-4 taking place in respective layers.[41 On
other hand, the energy transport in biological antennas takes place su, hat
the interlayer transport is a dominant process, and any other paths of '1(-cy
loss is negligible.[4,5]
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3. Sequential Excitation Transport in Stacking Multilayer Systems

In the phycobilin-chlorophyll system of red and blue-green algae (Fig. la),
the photoexcitation energy is transferred from the outer surface to the inner
core of the reaction centers with the efficiency of near unity. [5] Previous
study [5,61 has demonstrated that, following picosecond laser excitation, thp
fluorescence spectrum changes with time ranging 0-400 ps, indicating that the
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excitation energy is transported successively through respective pigment pro-
teins along the phocobilisome rod: i.e., PE-PC-APC-Chl l.A. in this study, the
LB multilayer as an artificial analogue of the biological antenna was inves-
tigated. The LB films containing carbazole and three types of cyanine dye,, as
energy donor and acceptor (Fig. ib) were prepared.141 The fluorescence bards
of respective pigments are emitted successively during 500 ps. as the exci-
tation energy is transferred from the outer surface to the inner layer.

Phenomenological aspects of the sequential energy transfer are parallel

between the biological and the artificial systems. Commonly to these two
cases, the fluorescence rise and decay curves are characterized by a rapid
rise in the acceptor but much slower decay in the donor. Such a sequential

energy transp~r can be fitted to the equation of exp(-2kt
1
/
2 ) 

type rather
than exp(-3kt / ) type. The kinetic parameter values, e.g., fluorescence rise
and decay times and rate constant of the energy transfer are close with each
other. However, the transfer efficiency is higher in the biological antenna
than in the LB multilayer; the efficiency in each step is 0.9 in phycobilins
whereas it is 0.5 in LB films. The transfer efficiency is determined predom-
inantly by the branching ratio between the energy transfer to adjacent layer
to the energy trapping within a layer. Lower efficiencies in LB multilayers
are a consequence of reldtively large density of traps ii moriolayers due to
dimer and/or higher aggregates of chroniophores. Recent study on LB frlPs
(2,7,81 has demonstrated that the distribution of pigment chromophores is not

uniform nor random in LB monolayers, and form an irregular structure, i.e.,
island structure. Such an irregular distribution yields a large number of
trap sites with their density being much higher than estimated from the actual

concentration of chromophores.181

Contrary to the artificial LB multilayers, the biological antenna system
has a regular architechture of chromophore distribution, in which tetrapyr-

roles are distributed with a specific array in polypeptide networks, in this
study, two kinds of phycobilisomes in which the stacking structure is differ-
ent were investigated. It was found that, in the inner core of phycobilso-e
rod, there exists a special channel for the excitation transport stra7ght-
forward to the reactinn center.
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Fluorescence Lifetime of Dye Molecules
Near a Metal Surface

F.R. Aussenegg, A. Leitner, M.E. Lippitsch, and H. Reinisch

Institut ffir Experimentalphysik, KarI-Franzens-Universitat,
Graz, Austria

1. Introduction
Ten years ago it was shown theoretically by CHANCE, PROCK and SILBEY [1],
that the lifetime of an excited dye molecule is shortened when approaching a metal
surface (CPS theory). This shortening can be explained by coupling of near-field
components of the molecular transition dipole to the electron gas in the metal [2].
The metal then acts as an additional antenna for the emitted radiation, and simul-
taneously as a lossy material in the near-field of the oscillating molecular dipole
and hence a source for damping by dissipation. Both effects cause additional deex-
citation pathways with a rate large compared with that of the free molecule's radia-
tion into the far field. Up to now this phenomenon has been investigated directly
only for luminescence from long-lived states [2, 3], but never for fluorescence from
the first excited singlet state. To fill this gap, we have performed fluorescence
decay studies with picosecond time-resolution on the dye rhodamine 6G near a sil-
ver surface.

2. Experimental
Rhodamine 6G molecules were positioned in a well-defined distance from a ther-
mally evaporated silver film (substrate at room temperature, evaporation rate 0.1
to 0.5 nm s-1). Continuous bulk-like silver films of 200 nm mass thickness were
used in comparison with islands-films of 4 nm mass thickness. The distance be-
tween the silver surface and the dye was controlled by a spacer layer of evaporated
silicon monoxide (SiO,). Sub-monolaycrs of the dye with an average inter-
molecular distance of 4 nm, which is high enough to prevent significant inter-
molecular dipole-dipole interaction, were used. A more detailed account of the
preparation is given in [4].

For excitation, pulses of 6 ps duration with a wavelength of 527 nm from a pas-
sively mode-locked and frequency-doubled Nd-phosphate glass laser system were
applied. Fluorescence emission was detected spectrally integrated and time-
resolved by a streak-camera.

3. Results and discussion
On the solid silver film the observed fluorescence decay curves (Fig. 1 a) could be
readily fitted by a single exponential. Figure 2 shows the resulting lifetimes vs
spacer layer thickness d (circles). A comparison with results from the CPS theory
gives good agreement with respect to the lifetime - distance dependence, when the
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Fig. 1: Fluorescence decay curves for rhodamine 6G, 20 nm above a solid silver
film (a) and a silver islands film (b)

Fig. 2: Fluorescence lifetime of
rhodamine 6G on silver vs spacer

-oo -.. ... - - layer thickness d. Circles, experimental
values for compact silver films.

& Squares, experimental values for island
films. Dashed line, lifetime for the
molecule on the substrate without
metal. Curve a, result from CPS theory

0 1 0for molecular orientation parallel to
10 20 30 40 50 metal surface. Curve b, the same for
Spocer th;6<ness Ennl perpendicular orientation

orientation of the molecular dipole is assumed to be parallel to the surface
(curve a in Fig. 2). This demonstrates that the CPSmodel is applicable also
to fluorescence decays proceeding on a sub-nanosecond time scale and not only for
microsecond luminescence as shown so far [2, 3]. In addition the expectation to
have the molecules lying flat on the surface is verified.

As is well known, submicroscopic metal structures are an appropriate tool for en-
hancing interactions between molecules and light fields [5]. Therefore the in-
fluence of such structures on the lifetime was also studied. In this case (molecules
on silver islands films, as shown in Fig. 3) the observed decay curves (Fig. 1 b)
could no longer be fitted by a single exponential [4]. Hence for comparison an 'ef-
fective' lifetime had to be defined as the mean of the time constants involved
weighted by their respective amplitudes. The dependence of this 'effective' lifetime
on the distance between dye submonolayer and islands film is also shown in Fig. 2
(squares). Now, agreement with the CPS results cannot be obtained, neither for
parallel nor perpendicular orientation of the molecule. Since in an islands film the
surface is not smooth, parallel or perpendicular orientation can barely be defined,
however, as is visualized in Fig. 3. In addition, as is also clear from the figure,
there is no well-defined distance between dye molecules and metal. Already from
these arguments a disagreement with the CPS results seems reasonable and a non-
exponential decay would be expected. In any case, the quantitative knowledge of
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Spacer oyer (SIO) Fig. 3: Schematic sketch of dye
Dymoleculess molecules on a metal islands film

Glass substrate /

lifetime shortening is important for an intended application of submicroscopic
metal structures for enhancing interactions between molecules and electromag-
netic light fields.
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Molecular Aspects of Fast Fluorescence Dynamics

in Amorphous Poly(N-Vinylcarbazole) Films

H. Sakai, A. Itaya, and H. Masuhara

Kyoto Institute of Technology, Department of Polymer
Science and Engineering, Matsugasaki, Kyoto 606, Japan

Poly(N-vinylcarbazole) (abbreviated hereafter as PVCz) film is
a representative system whose photophysics and photo-
conductivity have been studied in detail. It is amorphous,
however, its local geometrical structure is governed by polymer
configuration and conformation [1]. They give two spectrally
distinct intramolecular excimer fluorescence. One excimer with
the maximum at 420 nm is due to the normal sandwich structure
of neighboring carbazolyl groups, while the other around 370 nm
is to a partial overlap structure. The former and the latter
structures are formed in isotactic and syndiotactic sequences,
respectively. This important molecular aspect is considered
here, since several works on this polymer by picosecond kinetic
spectroscopy have never examined them.

PVCz(r) and PVCz(c) are the polymers prepared by radical and
cationic polymerizations, respectively. Both are stereoblock
polymers, and the former and the latter consist of the ratio of
syndiotactic to isotactic sequence, 3-1 and 1-, respectively.
Film sample was prepared by casting benzene solution with slow
evaporation rate under a N 2 atmosphere in dark. The
concentration o their te~rahydrofuran solution was adjusted t-
be around 5xi0- mol dm- where any intprpolymer interactions
are neglected. All the samples were completely degassed.
Fluorescence rise as well as decay curves and time-resolved
spectra were measured with a picosecond time-correlated single-
photon counting system with a nicrochannel-plate
photomultiplier [2]. Since this system does not require an
intense excitation pulse and has both a wide dynamic range and
a high time-resolution, accurate fluorescence spectral and
ki. tic data can be obtained without complicated photophsical
behavior due to S1 -S I annihilation.

Time-resolved fluorescence spectra are shown in Fia. 1. For
all the systems at early delay times, the tluoresctnco maximum
was observed at 370 nm and no appreciable sandwich excimer
fluorescence in the long wavelength region was detected. It
should be noticed that the shoulder was observed at 350 nm and
it was clearly detected in solution. This can be ascrihed to
the carbazole monomer fluorescenco. With time on- aoing from
picosecond and nanosecond time regions, thie monomer
fluorescence disappeared quickly, partial overlap excimer
followed, and the sandwich excimer became the main component.

Namely, excitation energy migration is confirmed to be
sequential.
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Fig. 1. Normalized picosecond time-resolved fluorescencce su(ect-ra.
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The fluorescence rise and decay curves of both PVCz in film
were monitored at 350 nm and 380 nm where the monomer
fluorescence and the partial overlap excimer are respective
main components. The dynamics of the sandwich excimer in both
solution and solid film were monitored at 475 nm, as shown in
Fig. 2. Multi-exponential functions were used for their
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Table 1. Multi-exponential analysis of fluorescence rise and
decay curves.

350 nm 380 nm 475 nm

i ns Ai % sri n S  Ai % i ns Ai

0.012 83.2 0.035 39.1 0.023 -711(50.7%)
PVCz(r) 0.200 11.0 0.354 27.3 0.236 -298 21.3

film 1.16 3.6 1.52 17.1 1.27 -392(28.0
6.05 1.6 7.06 10.9

35 fix 0.5 35 fix 5.7 35 fix 1431

0.012 79.3 0.013 66.0 0.033 -372(61 .1%)
PVCz(c) 0.146 15.0 0.255 17.7 0.276 -112(18.4

film 1.03 3.7 1.43 7.6 1.55 -125(20.5
6.37 1.4 7.14 5.0

35 fix 0.6 35 fix 3.6 35 fix 634

0.012 83.4 0.020 53.2 0.025 -338(45.7%)

PVCz(r) 0.187 7.9 0.454 15.3 0.325 -203(27.5
in THF 1.14 5.1 1.69 16.9 1.95 -198(26.8

5.42 2.0 6.63 7.1
35 fix 1.5 34.7 7.6 35 fix 829

0.017 80.2 0.020 62.0 0.032 -447(64 6%)
PVCz(c) 0.178 12.2 0.292 19.5 0.30 -226 30:6
in THF 0.927 4.5 1.59 8.7 2.44 - 35( .7

5.38 1.6 7.65 3.4
35 fix 1.6 33.9 6.4 35 fix 809

analysis, since at least three molecular species were
identified in the time-resolved spectra. The results are
summarized in Table 1. All rise and decay time constants are
irrespective of observation wavelength and common to PVCz(r)
and PVCz(c), and only amplitude factors are different from each
other.

It is worth noting that the time constants are also common
to film and solution systems. We consider that local
geometrical structures in syndiotactic and isotactic sequences
of the polymer determine fluorescence dynamics of amorphous
polymer films. This suggests an energy relaxation mechanism of
PVCz film, not involving efficient energy migration, which is
being studied in detail.
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Picosecond and Femtosecond Infrared Spectroscopy
with CW Diode Lasers

P. Anfinrud, C. Han, P.A. Hansen, J.N. Moore, and R.M. Hochstrasser

Department of Chemistry, University of Pennsylvania,
Philadelphia, PA 19104, USA

1. Introduction

From a chemical standpoint it is important to find methods of studying
vibrational spectra on extremely short time scales. Many photophysical,
biological, and photochemical processes have very short lived intermediates
whose structures require accurate determination. Vibrational spectra
contain valuable information on molecular structure that is not usually
available from the optical spectrum, particularly for condensed systems.

Raman spectroscopy, which has now been applied to chemical and
biochemical problems on the ps [1-4] and fs [5] time scales has, in addition
to its advantages, some disadvantages compared with IR spectroscopy. For
example, ultrafast Raman scattering experiments have so far required a
resonance effect. This means that only those vibrational transitions can
be studied that can somehow be resonance enhanced. Also, the Raman
response is a tensor of polarizability derivatives that for complex molecules
is difficult to predict theoretically and so the Raman anisotropy is not a
sharp indicator of molecular structure. The IR spectrum on the other
hand is a property of all polyatomic molecules and the anisotropy is
determined by a vector property in the molecular frame so that it relates
directly in many cases to germetric properties of the molecule. This paper
describes recent studies aimed at. studying fast processes in molecular
systems using infrared spectroscopy.

In a recent paper a new method of obtaining IR spectra with ca. 15 ps
resolution was described [6]. The technique was readily adaptable by
using polarized beams to measurements of geometrical properties of
molecules in solutions [7] and in proteins [8]. In this paper new results
on the photophysics and chemistry of metallocarbonyls in solutions as well
as in hemoglobin and myoglobin are presented. Furthermore the earlier
method has now been extended into the feuitosecond regime and new
results on these carbonyl systems were obtained recently.

Considerable progress toward a versatile ultrafast IR spectroscopic
method was made recently [9] using either parametric generators or down
conversion. These methods and the diode laser approach reported here
can be employed with many different types of lasers or dual laser systems
and will soon lead to high sensitivity, high repetition rate and
continuously tunable IR spectroscopic approaches.

2. Experimental

The infrared spectroscopic technique incorporates the output of a tunable
cw diode laser (Spectra Physics, Laser Analytics Division, Bedford, MA) as
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the IR probe. The IR beam is passed through the sample and a change in
the IR absorbance is induced by a pulse of visible or ultraviolet radiation.
Time-resolved detection of the transmitted IR is achieved by
sum-frequency mixing the IR with a second pulse of visible radiation in a
nonlinear crystal which in this case is lithium iodate. This mixing
upconverts the IR into the visible region and allows detection with a
photomultiplier tube. The photolyzing and upconverting pulses may be
variably delayed at a fixed IR frequency to obtain kinetics, the IR
frequency may be scanned at a set delay time between the visible pulses
to obtain time resolved IR spectra, and the relative polarizations of the
photolyzing and upconverting pulses may be varied to observe transient
anisotropy in the IR absorbance.

Picosecond time-resolved IR spectroscopy has been achieved using this
technique in which the pulses of visible radiation are obtained from two
dye lasers, each synchronously pumped by the frequency doubled output
of a single mode-locked and Q-switched Nd:YAG laser [6]. Single pulses
(ca. 560 nm, 20 ps FWHM, 1-10 pJ/pulse) may be selected from these dye
lasers at a repetition rate of up to 1.2 kHz, and used as the photolyzing
and upconverting pulses without amplification. This has allowed infrared
spectra to be obtained with spectral and temporal resolutions of 5 cm - 1

and 15 ps, respectively.

Femtosecond time resolution has been achieved using the apparatus
shown in Fig. 1. The frequency doubled output of a cw mode-locked
Nd:YAG laser is used to synchronously pump a cavity dumped rhodamine
6G dye laser. The output pulses are shortened to 300 fs (autocorrelation
FWIIM) using an optical fiber compressor and subsequently amplified. A
new approach to high repetition rate multipass amplification has been
developed where the frequency doubled output. of a Q-switched cw Nd:YAG
laser (65ns FWHM, 9 0 0 pJ, lkHz) is used to pump rhodamine B in ethylene
glycol in a 1 mm flow cell. Six passes through the gain medium, which is
oriented at Brewster's angle relative to the pump beam, are sufficient to
amplify a 0.7 nJ input pulse to 2.5 pJ at 580 nm with no apparenL pulse
broadening. Significantly, the integrated nanosecond amplified spontaneous
emission is typically less than 3% of the amplified pulse energy, thus

m OFF-AXIS

CW OIOOE LAsERLPARABOLIC REFLECTOR

~~SAMPL I

0 3
p, AUTO -POLARIZR

4__ BEAMLSPLITa.0,
0

MULTI PASS AMPLIFIER

Fig. 1. Experimental apparatus for femtosecond transient IR spectroscopy
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obviating a saturable absorber. The amplified output is variably split in a
Glan Laser prism to derive the photolyzing and upconverting beams.
Off-axis parabolic reflectors bring the cw IR (ca. 10 mW) to a common
focus (ca. 120 pm spot size) with the photolyzing beam which is
synchronously chopped at half the amplifier repetition rate. The
transmitted IR is recollimated and telescoped down to about 3mm before
frequency summing with a variably delayed upconverting pulse in LiAO3.
The polarizer, dispersing prism, and interference filter isolate the
upconverted light from the transmitted upconverting beam. The
differential transmitted IR intensity (photolyzed vs. unphotolyzed) is
recovered by demodulating the PMT response at half the amplifier
repetition rate with a lock-in detector.

3. Femtosecond HbCO photobleaching kinetics

A 15 mM solution of carboxy-hemoglobin (HbCO) in D20 was prepared and
flowed through a 56 pm thick sample cell. The diode laser was tuned to
the peak of the bound CO stretch of ground state HbCO. The time
dependent change in IR transmission due to photolysis at 580 nm is
depicted in Fig. 2 (dots). These data are fitted to an instantaneous
response (dashed line) using the instrument response function (300 fs
FWHM autocorrelation, solid line). As evidenced by the visual quality of
the fit, the photobleaching transient is rapid on the 300 fs time scale with
no observable recovery of the bleach. This shows that geminate
recombination of vibrationally unexcited CO does not occur on this
timescale. Petrich et al. [10] recently reported a 2.5 ps partial recovery
(14%) of the Soret band bleach which was attributed to geminate
recombination. This discrepancy possibly arises from the complicated
dynamics in the excited state hemoglobin optical absorption which is not
detected in the IR experiment.

The transient IR spectrum at 10 ps time delay was obtained by plotting
the normalized differential transmitted IR intensity at various IR
wavelengths (Fig. 3). The absorption linewidth is fairly well approximated
by the convolution of the diode laser bandwidth (ca. 10 cm - 1 due to lasing
on multiple longitudinal modes) with the linewidth for the bound CO
absorption (ca. 8 cm- 1 ). This clearly demonstrates that the spectral
resolution of this technique is determined by the cw diode laser bandwidth

7 +

0

-e -4 0 4 a
TIME OELAY (p.) WAVENUMBER

Fig. 2. Photobleaching transient of Fig. 3. Transient 1R spectrum of
lIfbCO (dots); generated fit (dashed HbCO at 10 ps time delay. The
line); instrument response function wavenumber axis tick marks occur
(solid line) at 5 cm- 1 intervals
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rather than the bandwidth of the femtosecond pulse (nearly transform
limited at ~70 cm- 1 ), in contrast to IR pulse excitation methods.

The spectrum in Fig. 3 is virtually indistinguishable from one obtained
at 0 ps delay. Hence, we have found no evidence (within our time
resolution and S/N) for an excited state HbCO absorption within a 30 cm- 1

region about the peak of the ground state CO absorption. The absence of
a detectable absorption implies that the linewidth of any bound CO
transition in this region is broad, reflecting its transient nature. This
enables us to place an upper limit on its dissociative lifetime of -200 fs,
which is faster than the appearance of a deoxylike species in the optical
spectrum. This is consistent with the conclusions by Petrich et al. [10]
that the CO dissociates in 50 fs.

4. Iron-carbonyl bond geometry determination

Picosecond measurements of the anisotropic changes in IR absorbance upon
photodissociation of CO from the caboxy- derivatives of hemoglobin,
myoglobin and protoheme have allowed the equilibrium iron-carbonyl bond
geometries to be determined for these systems in ambient temperature
solution [7,8]. The results may be presented as either a photoselection
anisotropy, r, or a polarization ratio, R, as given in Table 1. These values
may be used to deduce the FeCO geometries because the measurements are
made with a time resolution which is short compared with the overall
rotational reorientation of the molecules in solution. Two simple models are
those in which the distribution of CO configurations is described either by
a delta function, yielding a single value a for the angle between the CO
bond axis and the heme plane normal, or by a model in which the CO bond
can adopt with equal probability any angle within a cone of semiangle P.
The measurements reveal nothing of the azimuthal orientation of the CO
group in the molecular frame. In the case of the heme proteins, the delta
function is an appropriate model because of the uniform environment and
narrow distribution for the CO location in any given conformation. Each
conformation is characterized by a specific IR band, and if the X-ray

a0z20 a35' Table 1. Polarization ratios and
1944c 19~3 anisotropies used to obtain angles a

S iand cone semi angles fl for heme
proteins and free heme in solution.
The IR band positions are given in
cm- I . The aqueous solvent mixtures
(by volume) were of glycerol (G),

MbCO ethylene glycol (EG) and methanol (M).

V(CO) R r 0

Q~26
°  

38" MbCO 1944 1.74 -O.IG5 200 -

MbCO 1933 1.38 -0.101 350
IbCO 1951 1.78 -0.171 180 -

PCO(90%G) 1962 1.59 -0.141 260 380
PCO(60EG) 1962 1.69 -0.158 220 320
PCO(70%M) 1966 1.80 -0.174 170 250

PCO

Fig. 4. FeCO configurations of
MbCO. Models for PCO(90%G)
structures. -, heme planes
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diffraction data [11] is transferable to solution, the results presented here
allow a sharp definition of the ligand geometries, as illustrated in Fig. 4
for MbCO. The crystallographic data are not necessarily transferrable to
solution: indeed the preferred FeCO bond geometries [11] are not
consistent with the solution structures determined here. For free hemes
in solution the distribution is unlikely to be described well by either of
the simple models. However, both illustrate that the FeCO unit experiences
considerable distortion by the solvent since the unit is known to be linear
,nd perpendicular to the hente plane in crystals [12,13]. The degree of
distortion was found to vary with solvent, the greatest distortion being
observed for PCO in 90%G, as illustrated in Fig. 4.

5. Transition metal carbonyls

IR spectroscopy has been used extensively to study the photochemistry of
transition metal carbonyls through the observation of both matrix isolated
and reacting transient species [141. The technique reported here has
extended the time resolution available for such studies from 100 ns into
the ultrafast regime. Photolysis of [CpFe(CO)?12 in solution has been
found to result in both bleaching of the trans isomer terminal CO stretch
at 1960 cm - 1 and the appearance of new IR absorption bands on the ps
timescale. These preliminary results demonstrate the applicability of the
technique to the study of ultrafast inorganic photoreactions.
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Vibrational Relaxation Measurements
of Carbon Monoxide on Metal Clusters

EJ. Heiweil, R.R. Cavanagh, and J.C. Stephenson

National Bureau of Standards, Center for Chemica! Physics,
Room B-268, Building 221, Gaithersburg, MD20899, USA

Measurements using tunable picosecond infrared pulses of CO(v=l) vibrational
population relaxation for cartin monoxide bound to transition metal cluster
compounds and supported metal particles give the first time-resolved evidence
for vibrational-to-electronic energy damping of adsorbates on metals.

1. Introduction

There exists an ever-increasing need to directly maasure microscopic energy
dynamics of adsorbates on chemically active metal surfaces. It is the
mechanisms and rates of electronic and vibrational excitation migration
within an adsorbate, or from the adsorbate to the substrate, which play key
roles in such fundamental processes as surface diffusion, desorption and
chemical reaction. Until recently, damping rates (TI

-1
) of adsorbate

vibrational modes on surfaces could only be inferred from bandwidth
measurements and theory. However, ultrafast time domain techniques have now
reached a level of sophistication that in situ measurements of energy
transfer on reactive metal surfaces can now be made. Here, we present the
first direct measurements of vibrational energy relaxation for carbon-
monoxide ligands of metal-carbonyl cluster compounds and CO chemisorbed n
colloidal (;30 A diameter) metal particles dispersed on silica.

2. Experirental

The method employed in this work is loased on a tunable picosecond infrared
pump-probe saturation-recovery approach. This technique was previously
developed to obtain TI lifetimes for OH and other strongly IR-allowed modes
of adsorbates on dielectric substrates [II. For the current application,
however, ultrashort tunable infrared pulses in the 5 micron (ca. 2000 cm

-
')

region are required. These pulses are obtained by difference frequency;
generation in a nonlinear Lifo 3 crystal from second harmonic (532 nfn) and
tunable dye laser (=600 nm) pulses derived from a 10 Hz Nd

3 
:YAG laser

system. IR pulses produced in this fashion are routinely characterized as
having a 15 ps FWHM duration, 10-15 iJ energy (±20% shot fluctuation) and
cm

-
1 FWHM bandwidth [21.

In the experiment, a single IR pump pulse (1:50 mJ/cm
2
) directly excites

population to the v=l level of a CO-stretching mode of the sample. This
excitation produces a transient increase in sample transmission T (at the

pump frequency) which -ecovers exponentially in time (with decay time T,) to
the unexcited sample transmission level (T.) A time-delaved weak pulse at

the same frequenc) probes the sample transmission recover,, and for the CO-

containing systems studied here, yields a measure of the vibrational
population relaxation of that fundamental mode.
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The above method has been extended from our previous studies of morn t'e,,

carbonyl compounds [2] to the investigation of vibrational relax,,tion oi (U)

bound to metal clusters of increasing nucleus size 131. These systems
include the stable cluster compounds Rh2 (CO) Cl, Rh (CO)2 ,Co 'O) and

Rh6 (CO)I, in dilute, room temperature CHCI, solution, some of these sam.,-
molecules adsorbed on pressed fumed SiO Z supports, and now CO adsorbed on

much larger Rh and Pt particles (supported o: silica). The main thrust of
this investigation has been to examine the effect of increasing metal nucleus

size on the CO(v ) T, lifetime and thereby determine whether ne'w relaxation
mechanisms become operative when "free electron" behavior for suffi ci entlv
large metal particles sets in.

3. Results

The most pertinent results are summiariced below:

* The CO-stretching 'vibrations for CO in small metal cluster comlpourds Ca
metal atoms) in room temperature CHCI solution giv, * O() !. :
These long lifetimes are attributed to ,he large em,-r-'. gap b-tween I.
txcited CO.v~l) mode ica. 2001' C' : and the Im.X: highest metal 0' and
metal vibrations (201' 600 cm of these "mo!ec. lar" svstems.

* A no'.el bi exponential decav h s been observed " or ,n or. in cHo'.
solution. This respnse is tho' to arise from initial>y rapid r:. 5,1

CO-stretch energ' equilibration followed by a much slower 35Y ') ps,

relaxation into the lower vibrational modes of the system.

* For Rh 2 (GO),Cl 2 , Co (CO)j, and Rh(CC'): 2 supported on silica in vacuuma
at room temperature, a reduction of T, of a factor of four occurs compired
T, in the solution phase (see Fig La).

* Induced transient absorption signls have been detected when tie
frequenc y is tuned to the peak or low enerpy side of an ahsorptlon 

1
'a d

This behavior is concurrent with multiple photon absorption and rust like l
arises from CO(v=2) and higher cvertone excitation.

-1 *.** (a) Rh (CO) "Sio

94' 2 4 2

-2 . e~e.* eT 1 =124 ps
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0%,
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_ $ . CO/Rh Particles 'SiO
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Samples prepared by reduction of metal salts (RhCI3 .3H20 or PtH 2 CI6 ) on
silica exhibit absorption features from CO adsorbed on large (ca. 35 A, I0'

atoms) Rh and Pt metal particles and for rhodium, isolated metal sites e.g..
-Rh(CO),. These absorptions give rise to short (: 25 ps) and long (ca. 125
ps) lifetimes, respectively, in the same inhomogeneously distributed sample.
T1 relaxation decays for one CO/Rh/SiO 2 sample are shown in Fig. 1. The
decreased magnitude of T, for CO on the large particles compared to the

smaller cluster compounds and isolated metal sites suggests the participation

of a fast relaxation channel, presumably damping by electron-hole pair

formation or other electronic properties of the metal.

It is anticipated that further measurements of this type on other

adsorbate-metal systems will help unravel the detailed mechanistic, kinetic

and microscopic structural characteristics of chemically reactive metal

surfaces.
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Vibrational Relaxation Pathways
of the N-H Stretch of Pyrrole in Liquids

J.R. Ambroseo and R.M. Hochstrasser

Department of Chemistry, University of Pennsylvania,
Philadelphia, PA 19104, USA

A series of experiments have been conducted in order to measure the rate
and to elucidate the mechanism of vibrational energy (T, ) relaxation of the
symmetric N-H stretch (Fv-3400cm-

l ) 
in liquid and solution phase pyrrole.

The impetus for these studies lies in the need to expand the
understanding of the dynamics of vibrational relaxation and to provide the
first conclusive investigation of N-.l relaxation.

The work in this field was pioneered by Kaiser and coworkers (1). They,
generated a wealth of T, information particularly on the relaxation of C-It
stretches and coupling of these vibrations to internal motions in both
solute and solvent. Further T, measurements in liquids (1,2) and solids (12)
were made, but little knowledge of specific relaxation pathways was
obtained. Recent studies in solids (4) and liquids (2), including the curren,
work, show that far from being limited to a few picoseconds T, Iif'tim:s
often lie in the 100's ps or even ns 141 regime. Moreover, the nature of
vibrational energy transfer in pyrrole allows for the separation of
contributions from intramolecular and intermolecular pathways. The effects
upon T, rates and mechanisms of various solvents, isotopic substitution,
and temperature have also been examined.

In the experiments reported here, the N-H stretch is resonantly excited
by an ca. 4

ps infrared pulse (Av=!0cm- 1 
FWHM) obtained by difference

frequency mixing (in LilO 3 ) a fundamental pulse (1054nm from a
Nd 3

+:phosphate glass laser and a 
7 7

5nm pulse from an amplified continuum.
The resulting populations in the N-H stretch and other vibrational modes
as well as their time evolution were determineu by spontaneous anti-Stokes
Raman scattering from a 527nm pulse. The signql-to-noise was adequate to
enable studies of dilute solutions of pyrrole in ethers and benzenes.

The vibrational population lifetime of the N-H stretch (Fig. la) at 298K
was 42±3ps for neat pyrrole. It was also found to be temperature
independent to 353K. The relaxation pathway was studied by measuring the
polulation in the four C-H stretches around 3100cm - I 

and the symmetric
C=C stretch at I144cm -

I following pumping of the N-Il stretch. In neat
pyrrole, less than 1% of the initial N-H excitation flows into C-H motion
whereas ca. 32% is transferred to the COC stretch (T,~4ps, Fig. lb). Thus,
the s.1stem demonstrates a remarkable propensity for coupling the N-H and
'=C stretches. Upon deuteration of the C-It bonds, the efficiency of N-Il to

. --C (Fv-l094cm-
l in CDNH) decreases to ca. 18% while the N-H lifetime

ris-, to 6 4
*8ps. This relative insensitivity to isotopic substitution

suggests the C-H modes are not involved in the N-H relaxation. Further,
the lack of sensitivity to the internal mode shifts resultirg from
deuteration would be consistent with an intermolecular mechanism.
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Figure 1. Population evolution Figure 2. Concentrat ion dependerc(e
following N H excitation in (a) of th,. vibral iorrl potulat I rIi .
the N-H stretch, (h) the ring of relaxation of' solvated N H
mode in neat pyrrole, and (c) stretches in ethcr solutions.
the 991 cm 1 mode in benzene.

The intermolecular nature of the relaxation pathway is strongly
supported by experimental observations for solvated samples. In a 50%
solution of pyrrole in protobenzene, ca. 5% of the N-H population
(Ti:79±9ps) of solvated pyrrole molecules was transferred to the 991crm

- 1

C=C stretch (T,12ps) in benzene (Fig. Ic). Deuteratinr -of the solvnt
yielded no change in the quantum efficiency and a negligible change in
the lifetime (T,=90±llps). These results indicate the N-H stretch of a

pyrrole molecule is coupled to the CrC stretch in a neighboring molecule,
either pyrrole or benzene, via the 7-11 hydrogen bond.

Additional evidence of these conclusions is given by the T , studies of
the N-H stretch in ether solutions (Fig. 2). [n these samples, lifetimes

extending to 220t2Ops were observed and no C=C stretch population was
detected. The concentration dependence was found to obey Stern-Volmer

kinetics of the form I/T, = I/Tl(i) + n 0oy,,. Here, T (i) is an intramolecular
relaxation time, no is the population of pyrrole molecules in the v:0 level

of the N-H stretch and -y., is the bimolecular rate constant governing the
relaxation of molecules excited in v=l during collisions with those in v:0.

The values: T,(i) = 240ps; and To, = 8.2 x 108 lmolc-s
- ', the latter being

in the range expected for a diffusion controlled reaction. Thus for neat
pyrrole, the intramolecular relaxation is almost entirely suppressed ii,

favor of an intermolecular process while in the dilute solutions the
opposite situation prevails.

This research was supported hy the NSF and the NIH.
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Picosecond Infrared Spectroscopy of Semiconductors and
Molecules

W. Kaiser, R.J. Biuerle, T. Elsaesser, tH.-J. ttabner, and A. Seilmeier

Physik Department Eli, Technische Universitit Mfinchen,
Arcisstra3e 21, D-8000 Monchen 2, Fed. Rep. 01 Germany

In recent years, the generation of tunable picosecond infrared pulses has made
substantial progress. The wavelength range from 1 pm to 10 wm is covered con-
tinuously combining different generation techniques. Infrared dye lasers
pumped in the traveling-wave geometry give single pulses which are tunable
between 1.1 pm and 1.45 om with a narrow bandwidth of 7 cm-1 /I/. High peak
intensities of up to 50 MW/cm2 and pulse durations between 4 ps and 20 ps may
be generated. Nonlinear frequency converters based on parametric amplifi-
cation and difference frequency mixing produce tunable pulses of narrow band-
width between 1.2 4m und 10 pm /2/.

In this paper we report on two spectroscopic applications of these infrared
pulses: the nonlinear absorption of free carriers in InAs and the vibrational
redistribution in the electronic ground state of large organic dye molecules.

The stationary free-carrier absorption of polar semiconductors has been
studied in a variety of p- and n-doped samples to determine the wavelength de-
pendence and the absolute value of the absorption coefficient /3/. The
experimental results have been analyzed by the simple Drude formula or by more
detailed quantum-mechanical models, which demonstrate the important role of
phonons in the absorption process. There is, however, little information on
the change of the absorption coefficient with the thermal energy of the
carriers, especially for the case when the temperatures of the lattice and the
carrier system are different. Here we report on a picosecond investigation of
the transient absorption of hot carriers which demonstrates the influence of
carrier temperature on the absorption cross-section.

Undoped as well as n-doped InAs samples are used in the present experiments.
The carrier concentration in the undoped crystal is less than 2-101 6 cm-3: the
n-doped sample contains 1.541018 electrons per cm3 . The thickness of both
crystals amounts to approximately 300 om. At room temperature, the absorption
edge of the undoped and n-doped samples is located around 0.345 and 0.390 eV,
respectively. The pump and probe technique is applied in the experiments. The
medium infrared pulses are split in an intense excitation pulse and a probe
pulse of weak intensity. The polarization of the pump pulse is chosen perpen-
dicular to that of the probe pulse to suppress the coherent artifact occurring
around zero delay time for parallel electric field vectors of the two pulses.
The experiments are performed with sample temperatures between 70K and 300K.

In the first experiment, the intrinsic sample is studied at room temperature.
A hot electron-hole (e-h) plasma of a maximum carrier temperature T( - 450K is
created by two-photon absorption of the intense excitation pulse at 0.25 eV
(wavelength 5 om). The probe pulse monitors the absorption change at 5 um,
i.e. below the band gap. The result of this measurement for an excitation

density of approximately lO18 e-h pairs per cm3 is presented in Fig. l. The
normalized change of transmission, AT/To, is plotted versus the delay time
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Fig. 1 Transient free-carrier absorption of a hot electron-hole plasma
generated by two-photon excitation in intrinsic InAs.

between excitation and probe pulses; AT is given by AT = T-To, where To and T
are the sample transmissions prior to and after excitation. We observe a fast
decrease of transmission, which relaxes within 30 ps to a residual value
constant up to delay times of several hundreds of picoseconds.

The fast kinetics disappears completely when electron-hole pairs are
generated with negligible excess energy, i.e. for excitation pulses of a
photon energy of EG/2 (EG: bandgap energy). In this case, only the long-lived,
temporally integrating absorption change is observed. These findings demon-
strate that the enhancement of absorption at early delay times is indicative
of the hot carriers, whereas the second slow contribution represents the ab-
sorption of the thermally relaxed electrons and holes. This second component
is mainly due to holes because of their larger infrared absorption cross-
section as compared to the electron absorption. The long-lived signal dis-
appears by carrier recombination on a time scale of several hundred nanu-
seconds.

In the second experiment, the n-doped sample is excited with pulses at
0.19 eV (6.5 pm), i.e. the energy of two photons is not sufficient to generate
electron-hole pairs. The carrier density is constant and the absorbed photons
heat only the electron gas. The experimental data for a sample temperature of
70K are shown in Fig.2. The density of absorbed photons amounts to approxi-
mately 5.1017 cm-3 heating the electrons to a maximum temperature T: - 550K.
The absorption of the hot electrons rises quickly and decays within 70 ps to
the initial value reflecting the cooling of the carriers. In contrast to Fig.1
a long-lived signal component corresponding to excess electron-hole pairs is
nc observed. At room temperature, a similar behavior is found. However, the
absolute value and the decay time of the absorption change are considerably
smaller.

The quantum-mechanical theory of free carrier absorption depends upon two
factors relevant to our experiments /4/: First, the Fermi distribution
function of the electrons in the conduction band changes with increasing
carrier temperature; second, the absorption cross-section is related to the
density of phonons which couple to the carriers in the absorption process. The
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Fig. 2 Transient absorption of hot free electrons in n-doped InAs at a
wavelength of 6.5 Om.

phonon density increases by the cooling of hot carriers. The quantitative
analysis shows that the electron heating leads to changes of the absorption
coefficient of less than 2 percent in the range of carrier temperatures
occurring in our experiments. According to Fig.2 we observe larger changes of
absorption. This finding suggests a transient nonequilibrium phonon distri-
bution in the sample. More detailed model calculations of the absorption and
phonon kinetics will be presented elsewhere.

As a second application of tunable infrared pulses we discuss the lifetimes
of vibrational modes of large molecules in solution. There exists a consider-
able amount of data for excitation frequencies around 3000 cm-1, i.e. for C-H
stretching modes. Here a systematic study of vibrational states of energies
between 1000 cm- 1 and 2000 cm- 1 is presented for the first time.

In our experiments, different vibrational modes are populated via resonant
absorption of infrared light pulses. The excess population is monitored by a
second visible light pulse promoting the excited molecules to the electronic
Si state. The emitted fluorescence light is a measure of the instantaneous
population of the investigated vibrational state.

Now we work with a Nd:glass laser as a pumping source for the infrared
pulse generators, the IR pulse duration is reduced to a value (f 2 ps.

Experiments are performed with a solution of coumarin 6 in C2 C14 . Fig.3
shows the infrared spectrum of coumarin 6 between 1200 cm-' and 1800 cm 1. A
series of distinct absorption lines, mostly skeletal modes, is observed. The
strongest lines around 1600 cm- 1 are due to C-C stretching modes of the
chromophore. The well separated line at 1728 cm-' represents the C-0 stretching
mode of the molecule. In the following we present time-resolved data measured
at two frequency positions at 1594 cm- 1, the strongest line in Fig.3 C C
stretching mode) and at 1728 cm-' (C=0 stretching mode).

454



Wv e ngth L 1 ']

6 7

088

06j

,2

02 C 0= N'

c-C

0 1800 1600 1400 1J0

Frequency O; ccm
-
'

]

Fig. 3 Part of the infrared spectrum of coumarin 6 in C2C14 (c 2.5-10- 3M,
k 2mm). Inset: Molecular structure of coumarin 6.

)=% 4 cm
- 

. c

FI,

1 .0

L .3 1 crn

i) I'

o= Oos ,

Fig. 0 2 0 2

Fig._4 Fluorescence signal as a function of time after resonant excitation
of (a) a C-C stretching mode and of (b) the C=0 stretching mode. Broken

line: cross-correlation curve; dash-dotted lines: the fluorescence
components.

Information on the vibrational relaxation is obtained by the observation of
the fluorescence as a function of the delay time. In Fig.4 experimental
results are shown after excitation of (a) a C-C stretching mode and of (b) the
C=0 stretching mode. In both cases the fluorescence signal consists of two
components. At short delay times a rapidly rising and decaying signal is found.
In Fig.4a it closely follows the cross-correlation curve (broken line). In
Fig.4b it decays with a time constant of 2.5 pa. This component represents the
population and the depopulation of the initially excited vibrational mode. In
other words, we find a Ti lifetime of 0.8±0.4 ps for the C-C skeletal mode and

of 2.5 pa for the C=0 stretching mode. The skeletal modes around 1600 cmke



exhibit very large Franck-Condon factors. Consequently, the fluorescence
signals are strong and the decay may be observed over three orders of magnitude.

Subsequently, the excitation energy is intramolecularly redistributed within
the vibrational manifold. A new energy distribution is established which is
well described by a thermal distribution with an increased internal temperature.

A rise of the internal temperature of approximately 70K is estimated from the
energy supplied to the molecule and the specific heat of the molecule.

The vibrationally hot molecules give rise to a second fluorescence component
which is clearly observed at longer delay times in Fig.4a and 4b. The decay of
the longer-lived component represents cooling of the vibrationally hot mole-
cules. In Fig.4 we find a time constant of 7 ps for the intermolecular transfer
of vibrational energy to the solvent. This value is independent of the initi-
ally excited mode.

Eight vibrational modes between 1400 cm- i and 1800 cm-1 were investigated.
In most cases the initially excited mode decays with a time constant faster
than the time resolution of the system (similar to Fig.4a). In all cases,
however, the vibrational cooling of the molecules occurs with a time constant
of approximately 7 ps.

More detailed information on the very fast population lifetimes is obtained

by comparison of the absolute signal values with calculations based on a rate
equation model. Our experimental results show that the magnitude of the fluor-
escence signal at longer delay times (t ? 10 ps) is proportional to the amount
of absorbed infrared energy determined by the known infrared dipole moment of
the initially excited mode. This fact indicates that the longer-lived component

represents a heating of the molecule.

The situation is different for the fluorescence signal around delay time
zero. The transient population of the initially excited state depends on the
infrared dipole moment and on the lifetime of the excited vibrational mode. The
fluorescence signal is proportional to the instantaneous population and to the
Franck-Condon factor. The knowledge of the Franck-Condon factors allows an
estimate of the population lifetime based on the absolute peak values of the
fluorescence intensities.

We calculate population lifetimes of the excited vibrational modes taking into
account Franck-Condon factors deduced from Shpolskii spectra of coumarin 6 /5/.

The lifetimes determined according to this procedure depend on the excited mode.
For example, a time constant of 0.8±0.3 ps is calculated for the C-C stretching
mode (Fig 4a).

The two examples discussed here demonstrate the potential of our generator
of tunable infrared pulses. Several additional applications are discussed else-
where, e.g. the investigation of intersubband relaxation in multiple quantum-
well structures /6/, coherent pulse propagation effects in air /7/, and proton
transfer processes in large molecules /8/.
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Time- and Frequency-Resolved Infrared Spectroscopy
with Picosecond Pulses

H. Graener, T.-Q. Ye, R. Dohlus, and A. Laubereau

Physikalisches Institut, Universit-t Bayreuth,
D-8580 Bayreuth, Fed. Rep. of Germany

Recently we demonstrated a new picosecond double resonance tech-
nique for the determination of vibrational relaxation processes
/1/, which is based on nonlinear infrared transmission spuctro-
scopy /2/. A strong pump pulse excites a vibrational statLe and
depletes the ground states with correspondingly rapid transmis-
sion changes at various probe frequencies. A careful analysis
of the time- and frequency-resolved measurements provides u-
tailed insight in the molecular processes. In the followin-, w-
discuss dynamics of hydrogen-bonded molecules, which is st
by our technique for the first time on the :s time scal, .

The strong pump pulse and the weak probe pulse are gnr
by separate multiple-step parametric devices. The two s*nchr<-
nized parametric pulses are derived from single pulses _f .r
active-passively modelocked Nd-YAG laser. The pulse duration is
approximately 12 ps and the bandwidth 11 cm- 1 . Tuninc: ranf:e is
2700 to 4000 cm - I . The probe transmission change n(T/T o ) is Oa-
sured as a function of delay time tD and frequency position .
of the probe pulse. To(%) represents the equilibrium transmis n
value (pump beam blocked).

Two examples of our transient IR-probing spectra are pren-
ted in Fig. 1. Ethanol dissolved in CC 4 (0.42 mol/liter) is in-
vestigated at room temperature. The pump pulse is tuned to 3320
cm- 1 near the center of the broad O-H stretching absorotion band
of the sample. Fig. la shows the picosecond probe spectrum for
tD = 10 ps, which differs distinctly from the conventional IR
spectrum. An increase of transmission (positive :n T/'To ) is ob-
served for 3100 < \ < 3430 cm -1 , in contrast to a transmission
decrease for 3430 < ., < 3640 cm- 1 . Fig. lb displays the probe
spectrum for the same excitation conditions but at tD = 100 P>s
with only little change apart from an amplitude decrease. The
probe spectrum remains nearly constant for later times um to 4
ns.

In Fig. 2 two examples of time-resolved measurements are de-
picted for the same sample and excitation frequency as for Fiei.
1. For the probing frequency of 3320 cm -1 (Fig. 2a) one observ.,s
a rapid increase of transmission at tD 0 C, followed by a de-
crease with a time constant of 20 + 5 ps. For tD ' 100 ps an
almost constant transmission change occurs. Tuning the probe
frequency to 3500 cm -1 yields the strikingly different siqnal
transient of Fig. 2b. At this frequency the transmission dis-
plays a somewhat delayed decrease. A time constant of 5 + 3 -s
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is inferred from the delayed minimum position. The transmission
change then relaxes with time constant 20 + 5 ps to an asymptotic
value.

For the interpretation of these results it is recalled that
t-nh ab'-sorption around O3300 cm - 1 is caused by hydrogen-bonded
ethanol chains (oligomers), whereas the absorption bands of mc-
nomeric and dimeric ethanol molecules are situated at 3630 co -

and 3500 cm -1 , respectively /3/. So the transient bloachin
around 3300 cm -1 may be caused by two mechanisms: either nop la-
tion changes of the O-H stretching vibration or breakinq of hy-
drogen bonds, the binding energy (approximately 3.5 kcalimol of
which corresponds to a frequency of about 2000 cm"' . In< trans-
mission decrease around 3500 cm- 1 , on the other har,, ca-. cnl
be explained by an increase of the number of dimeric or monoeri
ethanol molecules; here, excited state absorption of the pumrped
OH vibration can be excluded since the corresuondinco frequency
position lies on the low-frequency side of the excitation. As a
result, convincine evidence for dissociation of Hf-bonds is nre-
sented. The rapid signal chlinges as compared with the long ncru-
lation lifetime T, - 70 ps /2/ of ethanol monomers uicest the a
the breaking of hydrogen bonds occurs with the measured time
constant of 5 + 3 ps, i.e. is the dominant relaxati i channel
for vibrationally excited oligomers. Shortly after, the ethane
molecules may re-associate; the corresponding time constant is
20 + 5 ps. For longer times (t0 > 100 ps) the hydroien bonds aro,
in a new thermal equilibrium. From the measured tern,-crature d.,-
pendence of conventional IR spectra we estimate a teMlnerature
rise of less than 10 K for the observed asymptotic probe trans-
mission changes, consistent with energy ariTuments.
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In conclusion, it is pointed out that we have obsarved .he
dynamics of hydrogen bridges in ethanol solutions at room tem-
perature using a novel ps spectroscopy in the IR. The dominant
relaxation channel of vibrationally excited oligomers is made
up by ultrafast breaking of H-bonds.
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Femtosecond Dephasing Processes of Molecular Vibrations

W. Zinth, W. Holzapfel, and R. Leonhardt

Physik Department El1, Technische Universit~it Mtinchen,
ArcisstraBe 21, D-8000 Miinchen 2. Fed. Rep.of Germany

Dynamical and static interactions in molecular liquids may be deduced from
Raman and infrared spectra. In a limited number of cases the shape of the
spectral band is understood by a definite line-broadening mechanism. Many
realistic liquids, on the other hand, show complicated structures with non-
Lorentzian asymmetric and partially overlapping bands. In addition, the
spectral bandwidth may be considerably broader than 10 cm-1 corresponding to
molecular time constants of less than I ps. The high time resolution now
available in femstosecond coherent anti-Stokes Raman spectroscopy /1-3/ gives
the possibility to study various line-broadening mechanisms on the time scale
of the molecular interaction.

In the present experiments we applied a femtosecond laser system allowing
tunable excitation of vibrational modes between 300 cm- 1 and 3000 cm-'. The
laser pulses derived from a femtosecond unidirectional ring dye laser (pulse
duration tp = 80 fs) serve as the exciting and probing laser pt.lses at
frequencies WL /4/. A standard synchronized tunable picosecond dye laser
supplies the Stokes pulses at ws. Coherently scattered anti-Stokes light at
WAS = 

2
WL-WS is detected as a function of the time delay between probing and

exciting pulses (of perpendicular polarization). The high time resolution of
the experimental system is readily demonstrated in Fig. I showing the coherent
anti-Stokes signal obtained from the OD-stretching mode ot liquid D20. The
full circles are experimental data taken at a sample tempe-ature of 650 C.
These data points are close to the experimental response function determined
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Fig. I Time-resolved coherent Raman signal from the OD vibration of liquid
D20 at 210 C (open circles) and 65oC (closed circles). The solid
curves are calculated using a decay time T2 ,'2 o' Ofs, 25fs, or 50fs.
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by a cross-correlation experiment. A different signal is obtained when the
sample is held at a lower temperature of 210C (open circles). Now the decay
of the signal is delayed. The solid curves are calculated using the experimen-
tal response function and decay times of T2/2 0 0, 25 fs, and 50 fs. We inter-
pret the experimental data as follows: At low temperatures the coherent
experiment studies the hydrogen bonded D20 molecules. These complexes have a
somewhat lower vibrational frequency than the non-bonded D20. We tentatively
assign the dephasing time T2/2 = 25 fs to these D20 complexes. When the sample
is heated the hydrogen-bonded complexes break up and the experiment probes the
liquid of "monomeric" molecules. A very rapid decay of the signal is observed
which is not resolved in our experiment.

Interesting information is obtained when studying the CH3-stretching modes
of liquid methanol. The spontaneous Raman spectrum of methanol shows two
strong bands at 2835 cm-1 and 2943 cm- . In addition there are large shoulders
around the two major lines. Time-resolved coherent Raman scattering gives the
result presented in Fig.2 (solid points). The signal exhibits a pronounced
beating structure superimposed to an exponential decay. The solid curve of
Fig.2 was calculated using homogeneous dephasing times for the two Raman-
active modes. This curve fits the experimental points quite well. In order to
take into account the possibility of inhomogeneous broadening, the calculation
was repeated with an inhomogeneous contribution of 25% and 50% to the Raman
linewidth (see broken curves of Fig.2). These curves noticeably deviate from
the experimental data points. We conclude that the CH-stretching modes of
methanol are predominantly homogeneously broadened.

Results on the molecular interactions are obtained when measuring the CH-
stretching modes of liquid acetonitrile. In Fig.3a the coherent signal decay
is shown over three orders of magnitudes. At later delay times the signal
follows the exponential decay representing homogeneous dephasing with T2
1.74 ps. At earlier delay times the experimental data deviate from the expo-
nential slope. This fact is apparent from Fig.3b where the signal is multi-
plied by exp(2tD/l.74ps). An overshoot of the signal is seen at early de
times of up to 1.5 ps. Our first attempt was to fit the experimental dec-,
curve by a Kubo line-shape model with an exponential decay of the frequency
correlation function /5/. A ready agreement between theory and experiment was

Methanol

0)

o

LI) -

o C \,\\ /

U

0 5 1 0 15

Delay Time tD EpsJ

Fig. 2 Coherent signal of liquid methanol (points) and calculated curves
assuming homogeneous dephasing (solid curve) and inhomogeneous line-
broadening (broken curves) for 25% and 50% inhomogeneous contri-
butions.
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Fig. 3 Coherent signal from liquid acetonitrile. Intermolecular interactions
show up by the overshoot of the signal at early delay times.

only obtained with a more elab'rate theory, taking into account the close
packing of the molecules in the liquid and the attractive part of the mole-
cular interaction /6/.
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Effects of Coherence Transfer on Time-Resolved Coherent
Anti-Stokes Raman Scattering and Transient Response
of Resonant Light Scattering from Molecules

M. Hayashi 1, Y. Nomura 1, Y. Fujimura 1, and Y. Ohtsuki2

1Department of Chemistry, Faculty of Science,
Tohoku University, Sendai 980, Japan

2 College of General Education, Tohoku University,
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1. Introduction

Many experimental and theoretical studies have been reported on the effects
of vibronic dephasings (population decay and/or pure dephasing) on the time-
resolved coherent anti-Stokes Raman scattering (CARS) and resonant light
scattering from molecules in the heat bath. On the other hand, relatively
little is known about the effects of bath-assisted dynamics such as coher-
ence transfer between two vibrational transitions and feeding processes in
the resonant states. Recently, femto-second quantum beats in time-resolved
CARS spectra of polyatomic molecules in liquids have been reported by LEO11-
HARDT et al. [1]. It is very interesting to analyze quantum beats appearing
in the CARS spectra of molecular liquids in such an ultra-short time domain
because one can obtain information on the dynamical behaviors in liquids.
The first purpose oF this paper is to show that the effects of the coherence
transfer induced by the molecule-heat bath interactions are retlected di-
rectly on the time-resolved CARS spectra. The second purpose is to investi-
gate the feeding effects on the time-resolved resonant light scattering from
multilevel molecules.

2. Coherence transfer between Raman active vibrational transitions

We notice that in ultra-short time domains, two Raman active transitions
a- c and a'- c' of nearby molecules in liquids correlate each other, and the
coherence transfer between two transitions may take place through the bath
modes. An expression for the time-resolved CARS intensity I(T) as a func-
tion of the delay time -z between the pumping pulses and the probing pulse
is derived by using the perturbative density matrix method [2]. The mole-
cule-heat bath interaction effects on I(T) are incorporated with aids of the
Liouville space Feynman diagram in which the time evolution of the coherence
between the Raman active transitions of two molecules can be easily seen.
The coherence transfer matrix element expressing the time evolution of the
coherence between two transitions can be evaluated by introducing coherence
transfer constant T. and by solving the Master equations of the off-diagonal
density matrix elements relevant to two transitions. In the case in which
the frequency difference between t.o transitions is larger than the mag-
nitude of the coherence transfer constant, the nonresonant time-resolved
CARS intensity can be approximated to

2

I(-) 2 C exp[-r ca + rc'a' + i( F - 2J )m] . (2-1)

where C is a constant associated with the transition moments and photon
fields, and -, are the dephasing constants relevant to the Raman transitions.
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Fig. I. Calculated time-resolved uAkS intensities via coherently exciteo
two Raman transitions of molecules in liquids in a four spherical layer
model. The solid line represents he CARS intensity in a long range coher-
ence case in which magnitudes of I' in the first, second, third and fourth
layers are taken to be 0.009, 0.008, 0.007 and 0.006 in units of L),, fre-
quency difference between two Raman transitions. The dashed line represents
tle CARS intensity in a short range coherence case in which the magnitude of
F in the first layer is 0.009. The dephasing constants related to two Raman
transitions are taken to be 0.03 and 0.01 in units of A-in both cases.

Equation(2-1) indicates that the frequency shifts of the quantum beats ap-
pear in the time-resolved CARS spectra of molecules in liquids as a result
of the coherence transfer. In the case in which there is no coherence
transfer, i.e. each molecule interacts with the heat bath independently, the
quantum beats of the time-resolved CARS decay with dephasing constants y.

We consider a multi-spherical layer model to deal with the effects of the
coherence transfer of molecules in liquids. In this model the coherence
transfer constants are characterized by the same magnitude within each lay-
er. In Fig. 1. model calculations of the coherence transfer effects on 1( )
are shown using a four pherical layer model. Temporal separation T is
taken in units of (A)- . The time dependent behaviors of the amplitudes of
the quantum beats in Fig. 1 originate from the coherence transfer effects.

3. Feeding effects on time-resolved resonant light scattering

We present a theoretical result of the feeding effects (bath-induced fluo-
rescence) on the RLS from a displaced harmonic oscillator molecule embedded
in the heat bath consisting of an ensemble of low frequency harmonic oscil-
lators with the Boltzmann distribution. The feeding processes as well as
the ordinary dephasing ones are taken into account in the double (cap and
tilde) space representation [3]. The damping operator -tot is expressed as

tot : + - mix (3-1)

where ( ) refer to the system operators representing the population decays
in the cap (tilde) space. Operators mixing the cap space with the tilde
space, mlx consist of both pure vibronic dephasing and feeding operators.
The feeding operator y is defined by
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Fig. 2. Calculated time-dependent RLS. The excitation is assumed to the
first excited vibrational level in the resonant state by a pulse denoted by
a dotted curve. The solid and dashed curves represent the bath-induced
fluorescence and re onance fluorescence, respectively. The parameter set
used are .= 30U cm-" as the x;ratiional frequenc' with potential displa e-
ment A = 0.5. g((.) 0.9 cm and g(-.,) = 0.2 cm - and YGE:GE = 1.4 cm- as
the magnitude of the electronic pure dephasing constant.

yf = [2g( )bb + 2g(- )b+b+Ic+cc+c (3-2)

where b(b) and c(c) are the boson and fermion annihilation operators in the
cap (tilde) space, respectively, and g denote the fourier components of the
bath correlation functions. In Fig. 2, calculated time-dependent RLS spec-
tra are drawn. We can see from Fig. 2 that the bath induced fluorescence
gives a significant contribution as well as the resonance fluorescence and
Raman scattering from the level just excited. Different time-dependent
behaviors between the feeding and other mechanisms are identified.
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Vibratioinal Dynamics in the S 1 and So States
of Dye Molecules, Studied Separately
by Femtosecond Polarization Spectroscopy

G. Angel, R. Gagel, and A. Laubereau

Physikalisches Institut, Universitit Bayreuth,
D-8580 Bayieuth, Fed. Rep. of Germany

In this summary induced dichroism of femtosecond pulses is dis-
cussed for the study of the subpicosecond population dynamics
of several dye molecules in the S1  A new version of time-re-
solved polarization spectroscopy is also demonstrated which pro-
vides novel information on Franck-Condon states of the So mani-
fold. Apart from rotational relaxation, which is negligible on
the subpicosecond time scale, the information supplied by the
two techniques is closely related to two-pulse transmission mea-
surements and self-diffraction off induced population gratings.

The energy level diagram considered for S1 relaxation dynamics
is depicted in Fig. la. The excitation pulse promotes a small
fraction of molecules to a distribution of Frarick-Condon states
(2) with large density of vibrational states (%vib - 103 cm- 1 ).
Anharmonic coupling leads to rapid energy-redistribution (time
constant Tred) with a subensemble of approximately isoeneretic
vibrational states (3) ("dark states"). Energy transfer to the
other vibrational degrees of freedom (4) is described by the vi-
bronic decay time Tib. A novel technique exploiting oolarization
dependent amplification is depicted in Fig. Ib, which gives in-
formation on vibrational relaxation in the So . The required ini-

IESA 1ESA
fESA t I~s

12),13) S, S1

(4)
T I I

ext. probe prep.: exc. 'probe

- (2),(3) :red
So Tb So

(1) '(4)

Fig. 1
Schematic of the energy levels and pump/probe schemes of tran-
sient polarization spectroscopy a) for vibrational dynamics in
the SI state, b) for vibrational dynamics in the So necessitatina
initial population of the bottom of the S, (dotted arrow). Data
analysis includes population redistribution (Tred), population
decay (rvib) and dephasing (T2 ) of vibrational level distribu-
tions.
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tial population of the upper electronic state is generated by an
intense preparation pulse /l/. Again, rapid IVR among a vibratio-
nal subensemble (3) in the So represented by time constant Tred
is taken into account. A distribution of vibronic transition fre-
quencies (1)-(2) with Gaussian shape and finite dephasing time
T2 of the individual transition is considered.

The measuring set-up is similar to recent ps experiments /2/,
the probe pulse of same frequency being generated by a 10 % beam
splitter. Our special femtosecond dye laser (Rh 6G/DQOCI) with
non-cw operation has been described recently /3/. Single pulses
of 115 fs duration and 10 ,J are generated, the exponential pulse
wings extending over more than 3 orders of magnitude. The emis-
sion wavelength of 572 nm allows to excite higher vibrational
levels. The laser system also generates a synchronized green
(527 nm) preparation pulse of 1.3 ps required for the SO tech-
nique of Fig. lb.

An example of the observed S1 dynamics is depicted in Fig. 2
for DQOCI in ethanol. The measured probe pulse energy transmis-
sion (full circles) behind a crossed polarizer is plotted versus
time delay.

As expected theoretically the signal curve consists of three
parts: ki) a coherence peak around tD=O, (ii) a rapidly decaying
signal overshoot for 0.1 ps < to < 2 ps related to vibrational
population dynamics and (iii) an asymptotic decay for tD > 2 ps.
The decay time Tvib = 390 + 100 fs is directly obtained from the
time-resolved signal decrease (ii). The modest vibrational signal
contribution of 30 % at tD = 300 fs represents strong evidence
for rapid energy redistribution. Fitting the calculated curves

a

10I OQOCI
in Eth nol (572 nm)

l b
= 390 l00 fS

-I 0 1 2 3 4 S 6 7 8 9
Delay Time fps)

Induced dichroism of the fs-probe pulse for the study of vibra-
tional dynamics in the S1 of DQOCI; full points, experimental;
lines, calculated; subtracting the exponential signal asymptote
the vibrational part (open circles) of the signal is calculated.
At tD=O a coherence peak is noted which allows one to determine
the vibronic dephasing time T2 /4/.
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(solid lines) to the data we find Tred = 45 + 5 fs and also
T2 = 90 + 20 fs.

Our results are compiled in Table 1. The data on Tj and Tred
are of semi-quantitative nature since they originate from the
specific theoretical model. The values of rvib are directly ob-
served and mooel-independent.

Table 1 'vib T 2  -red T vib

cm-1  fs fs ps

DQOCI/Eth 1100 90 + 20 45 + 5 0.39 + 0.1
DODCI/Eth 1100 30 + 20 5 Z 20 0.95 + 0.3
Rh 101/Meth 700 60 ; 20 30 + 10 0.95 + 0.35

Rh 6G/HFIP 1570 < 40 < 20 1.5 + I
Rh 6G/CH 2 Cl 2  11) 40 7 20 1.7 + 0.8
Rh 6G/Eth 1030 40 20 2.4 + 0.5
Rh 6G/DMSO 530 50 + 20 30 + 10 3.1 + 0.6

The rapid energy redistribution may be explained by anharmonic
coupling among the vibrational subensemble /5/. The time constant
Tvib represents the effective population decay time of levels (2),
(3); two mechanisms appear to be important: (i) V-V energy trans-
fer to the other vibrational degrees of freedom of the dye mole-
cule; (ii) intermolecular energy transfer to solvent molecules.
Recent investigations of the latter process have indicated time
constants around 5-10 ps /6/. As a consequence process (i) appears
to be dominant. The population decay of levels (2),(3) is believed
to generate vibrationally heated molecules with a subsequent
slower cooling via mechanism (ii). Estimates show that observa-
tion of the solvent interaction (ii) is below the limit of detec-
tibility of our present measurements.

In conclusion we point out that subpicosecond (SI ) to picose-
cond (SO ) vibrational decay times have been observed for several
dyes at 293 K. A single vibrational relaxation time cannot account
for our observations. Clear evidence for rapid energy redistribu-
tion of d vibrational subensemble is obtained from a comparison
with model calculations. Analysis of a coherence peak at tD=0
necessitates the introduction of the finite vibronic dephasing
time T2 . Values in the range , 90 fs are suggested for the in-
vestigated dye molecules, the-major dephasing mechanism being
made up by vibrational redistribution, T2 = 2 "red-
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Feintosecond Time and Frequency Resolved Fluorescence
Spectroscopy of a Dye Molecule

A. Moklitari 1, J, Chesnoy 1, and A. Laubereau 2
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F-91128 Palaiseau, France
2Physikalisches Institut, Universitit Bayreuth,

D-8580 Bayreuth, Fed. Rep. of Germany

The electronic and vibrational relaxation dynamics of a dye molecule following
immediately the absorption process have not yet been fully investigated. An
experimental key to this problem is femtosecond fluorescence spectroscopy, which
is favoured by several advantages (i) only the population dynamics of one
electronic state (Si) are involved , (ii) the molecule relaxes freely without
perturbation by a probing pulse and (iii) spectral information is available without
tuning the laser pulse.

We have improved the sensitivity and time resolution of the parametric up-
conversion method for transient fluorescence spectroscopy of a dye molecule[I) in
the femtosecond domain. For pumping and time gating, a cw modelocked dye laser,
pumped by a frequency doubled YAG laser, is used (pulse duration adjustable
down to 55 fs, average power 30 mwatts, repetition rate 50 MHz) [2].

The fluorescence signal is collected from a dye jet and focused into a short urea
crystal (100 ptm thick) which serves as a femtosecond light gate. The continuous up-
converted signal is frequency analysed by a monochromator placed in front of a
photon counting system. Optimising phase matching conditions, group velocity
disoersion and qeometrical factors lead to an overall time resolution of 130 fs for a
signal level of 1000 counts per second in a cetected bandwidth close to the spectral
width of the laser pulse.

We have studied the fluorescence dynamics of nile blue in methanol (293K),
which displays a weak but simple vibronic structure in the conventional
fluorescence spectrum.with a vibronic modulation at 230 cm-1. The time evolution of
the fluorescence dt different sp'nctral intervals is displayed in Fig. 1.

The rapid rise of the signal curves is limited by the time resolution of the
experiment. After this rapid rise, we observe a slower evolution on a time scale of
several picoseconds (in the range of 5ps) that resembles qualitatively previous
observations [1]. In addition, we note a subpicosecond fluorescence decay
particularly evident in the high frequency wing of the fluorescence band (Fig.la). In
Fig. 2 we show two examples of the transient fluorescence spectra together with the
conventional steady-state spectrum.

Transient spectral red shifting, bandwidth narrowing and displacement of the
vibrational bumps are clearly illustrated. The vibronic line positions give a direct
measurement of the electronic frequency shift, while the band position is an
integrated quantity determined by a summation over Franck-Condon factors. We find
that the time evolution of the lines and of the band center are not simply correlated.
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Time resolved fluorescence signal Fig.2
of nile blue dissolved in methanol, Transient fluorescence spectra of
collected at the "magic angle" nile blue taken for two time delays
(rotation-free). The up-converted after excitation. The laser pulses are
signal is traced at the wavelengths deliberately lengthened to around
indicated in Fig.2. The time 180 fs to resolve the vibrational
resolution is given by the width of structure with a 5nm resolution. The
the intensity cross-correlation crosses show the evolution of a
function obtained by up-convering given line. Arrows a,b.c indicate the
the light scattered by the sample. spectral position correbponding to
The detected spectral bandwidth is the time resolved results in Fig.1
12 nm.
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From the time resolved frequency spectrum, the full bandwidth is obtained and
plotted in Fig. 3. The bandwidth is related to the calculated vibrational temperature of
the active 230 cm1 mode which is given as a secondary scale. We notice an
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approximately 400 fs initial decay close to the value obtained in a different pump-
probe experiment [3] and that can be clearly attributed to vibrational relaxation, and
then a subsequent decay on a - 4 ps tne scale associated with molecular cooling
having the same origin as for the molecular thermometer of Scherer et al.[4].
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Supercontinuum Spectroscopy of Ethyl Violet
Using a Simple Pulse Compression Technique

M.M. Martin, F. Nesa, E. Breheret, and Y.H. Meyer
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II

Time resolved absorption spectroscopy of dyes is not straightforward
because of the overlap of several electronic transitions: transient gain
analysis in a wide spectral range is required. We report here a simple
method of producing short pulses and supercontinuum from UV to IR and its
use for analysis of the relaxation path of a triphenylmethane dye, Ethyl
Violet. A delayed bleaching is observed at a particular wavelength range
and is interpreted as the formation of an absorbing transient state
possibly of charge-transfer nature.

1. Pulse Compression Techniques: from 10 ns to sub-picosecond

Time shape modification of a smooth laser pulse by saturable amplification
was theoretically demonstrated in 1963 [13. We extend this effect to the
case of a spiked pulse in order to selectively amplify the first spike, in
a multipass amplifier, and isolate it by means of a single pass saturable
absorber. A pulse with spikes of short duration is produced at 610nm from a
30im cavity dye oscillator filled with Rhodamine 640 and pumped by a 10Ops,
560nm, 1OpJ pulse. The latter is obtained, with the spectro-temporal
selection method previously reported [2), from a R6G oscillator pumped with
lOns, 532nm, 10Hz, Q-switched Nd:Yag laser pulses. An 8 pass amplifier
(Fig,l) pumped by ImJ of the 532nm pulses leads not only to a high energy
amplification of about 10 (ASE < 10% without saturable absorber) but to a
strong distortion of the spiked 100ps input pulse shape as shown in Fig.2
obtained with a streak camera (ARP). Such an alteration is ensured by the
saturation of the gain by the pulse leading edge. When the fluence within
the pulse reaches, at a given pass, saturation value for the amplifier
medium, the gain for the following spikes is reduced. During the next
passes the saturation will be reached earlier in the pulse. After six

100 Ps

t!C1 ps

-M-

R640

Fig.1 Multipass amplifier compressor C

Fig.2 a: input pulse; b: after saturated
amplification; c: after saturable
absorber (instrument limited)
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passes in our set-up the first spike is largely predominnt. Its measured
fluence is equal to the saturation value F =0.5 mJ/cm estimated from

F1= 1/0 with ('. 2.10-1 6cm for R640 at 610nm. The pump power is adjusted

so that the gain recovery time is greater than the pulse duration. Focusing
the output of the multipass amplifier in a 1mm cell filled with a solution
of saturable absorber (DC12 in ethanol, ground state absorption recovery
time: 2Ops) and adjusting the small signal transmission to -10 , we obtain
a single ps pulse (Fig.2c). Subsequent high power amplifiers separated by
saturable absorbers (DC!2) produce 0.6ps, 0.3mJ, around 610nm pulses. An
intensity modulation (period 340 fs) arises from mode beating due to the
30 m cavity used [2b]. These pulses, when focused in a 1cm cell filled
with water, generate a wide super-continuum from UV to IR from which narrow
bands can be selected with interference filters. Thus sub-ps pulses at any
wavelength are cheaply obtained from a single standard Q-switched Nd:YAG
laser (non mode-locked).

2. Excited State Relaxation of Ethyl Violet (Fig. 3)

Relaxation dynamics in TPM dyes have been extensively studied in both
steady state and time-resolved experiments from ns to fs (see ref. in
[3-6]). The fast deactivation of the excited state was described by a
barrierless torsional relaxation, but the existence of an intermediate
electronic state in the relaxation process is much debated [3-6]. One
difficulty in analysing transients in dyes is due to overlap of
photoinduced absorption, ground state bleaching and gain. Figure 4 shows
the "initial" variation of optical density AD measured at the end of the
pump pulse with a polychromator and an OMA by the usual pump-probe method,
from 350 to 850nm for Ethyl Violet in hexanol, at room temperature. This

spectrum was deduced from measurements of the transmitted probe spectra
before and just after pumping. The contribution of the excited state to the
initial small gain coefficient ( . = 2.3 D/I ) for the probe light
through the excited sample of length I was estimated from A;. and the
plateau value of the quantity Aj/2 o  ( 0: with no pumping). This

contribution (thick line in Fig. 4 in optical density units) is found to be
positive and negative above and below 570 nm, respectively.

Time dependent transmission curves in various solvents were directly
recorded in a two-beam set-up successively tuned at 450, 550 and 670 nm by
filtering the supercontinuum probe beam. In contrast with the sharp rise of
the net gain at 670nm and of the net transient absorption at 450nm, a

P' P I! ,.N-.
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delayed absorption bleaching is observed around 550nm. In Fig.5, a delay of
about 2ps can be seen for Ethyl Violet in tetrahydrofuran at room
temperature. The delayed bleaching can be explained with a molecular
relaxation model involving the formation of an intermediate state S. as

shown on Fig.6. We neglect the stimulated emission from S assuming that it

may be either a distorted form of the excited state with a small Cr or a

distorted form of the ground state. The shape of the observed transmission
curves for the probe beam through the excited sample can be explained with

T(t) = exp [- C No(t) + (7r - CT )N, (t) - uX N (t) ] I

A good fit can be obtained by adjusting the quantities (T. --( and Cr
et u UK"

It shows that both S and S. states contribute to the observed decays at
450, 550nm and 670nm. At 550 nm, where rT, 0, 0 and CT are significant

but smaller than 1Y.. The rapid relaxation from S, to S with r< (u

explains the delayed bleaching.

Fast relaxation involving the formation of a TICT state due to the
electron donor character of the anilino groups was suggested in
fluorescence quenching experiments [6]. We compared the S formation and

relaxation rates in solvents of high and low dielectric constant of
comparable viscosity: ethanol and dioxane, acetonitrile and tetra-
hydrofuran. No specific r6le of the solvent dielectric constant could be
observed which is not a priori in favor of a TICT of the type defined by
GRABOWSKI et al [7]. However formation of TICT states governed by molecular
structure and by molecular subunits electron donor-acceptor properties were
reported in non polar solvents and in gas phase [8]. This may also be the
case for TPM dyes since the rotation of the anilino groups is obviously
concomitant with a positive charge either on the central carbon atom or on
one nitrogen atom: S possibly has a charge transfer nature.
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The Effect of Overlapping Electronic Excited States
on the Subpicosecond Fluorescence Anisotropy
Decay Behavior of Tryptophan in Water

A. Ruggiero, D. Todd, and G.R. Fleming

Department of Chemistry and the James Franck Institute,
The University of Chicago, 5735 S. Ellis Avenue,
Chicago, 1L60637, USA

Introduction. The fluorescence properties of tryptophan and its derivatives
in solution have been the subject of intense study for several years [l].
This research effort has been motivated primarily by its importance as an
intrinsic fluorescent probe of protein structure and conformational dynamics
[2,3]. The use of frequency conversion optical gating in this work results in
an increase in time resolution of two orders of magnitude over previous mea-
surements of the time resolved fluorescence anisotropy of tryptophan. An
important parameter in the evaluation of time resolved fluorescence depolar-
ization data is the experimental value of the anisotropy at zero time, r(O).
It is the intrinsic polarization anisotropy of the chromophore and is a func-
tion only of the orientation of the absorption and emission transition dipole
moments. The theoretical value for a chromophore with parallel absorption
and emission transition dipoles is 0.4. Observations of experimental values
of r(O) less than the theoretically predicted value generally indicate the
existence of relaxation processes occurring on a time scale shorter than the
time resolution of the experiment. These processes can involve actual reor-
ientational or librational motion of the molecule or purely electronic (vi-
bronic) relaxation mechanisms [4,5,6]. Prior to the measurements presented
here, the theoretical limiting value (r(O)=O.4) for tryptophan had never been
observed. The spectroscopy of tryptophan is complicated by the existence of
two overlapping electronic transitions with roughly perpendicular transition
moments, designated the 1La and Lb bands [7,8,9]. Theoretical modeling o'
fluorescence anisotropy decay of tryptophan including the effects of ILa' I

Lb
level kinetics has shown that the form of the decay and the value of the
initial anisotropy can depend strongly on the ratio of excited states pre-
pared and the observation wavelength of the fluorescence [10].

Experimental. The ultraviolet fluorescence upconversion spectrometer
developed for this work is shown in Fig. I. The second harmonic of a mode-
locked Nd:YAG laser is used to synchronously pump a cavity dumped dual jet
hybrid R6G dye laser with chirp compensation. The I nm bandwidth, output
pulses are cavity dumped and amplified at a 12 kHz repetition rate in a
copper vapor laser based 6 pass amplifier. The second harmoric of the ampli-
fied pulse is used to excite the sample. The fluorescence is collected and
upconverted by type I mixing with the fundamental in a beta-barium borate
crystal. The upconverted signal is detected by gated photon counting with a
solar blind PMT. A 500 fs response function for the system generated by the
cross-correlation of a 578 nm dye laser fundamental with its second harmonic
and detected at 192 nm is shown in the inset on the right hand side of Fig. 1.
The system response function varied between 500 fs and I ps depending on the
experimental excitation wavelength. Since the upconversion signal is propor-
tional to the cube of the laser power, small changes in power can have a
dramatic effect on the signal level. To insure the integrity of the data, the
count period is determined by the product of the intensities of the fluores-
cence and the fundamental and thereby compensates for laser power drifts over
the course of data acquisition.
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Fig. . Schematic for ultraviolet fluorescence 
upconversion spectrometer.

Inset: 500 fs cross correlation of the 578 nm dye laser fundamental with its
second harmonic. Sum frequency detection at 192 nm.

Results and Discussion. The raw parallel and perpendicular polarization decay
component for tryptophan in water excited at 300 nm are shown in Fig. 2.
Fluorescence at 330 nm (+/- 5 nm) on the short wavelength edge of the trypto-
phan emission was mixed with the 600 nm fundamental to produce the upconverted
signal near 213 nm. A short decay component with a 2.6 picosecond lifetime is
found in both the parallel polarization component of the emission and the
total intensity decay of the fluorescence. The detection wavelength and time
scale of the decay suggest that it is due to unrelaxed emission from the ILb
state. The raw anisotropy under these experimental conditions has an initial
value of 0.4. The anisotropy decay consists of a 2.6 psec decay component and
a slower decay component corresponding to the overall rotational diffusion of
the molecule. Data simulated using the Cross-Fleming model for fluorescence
depolarization including the effects of level kinetics are shown in the inset.
The parameters used in these preliminary simulations were chosen to approxi-
mate the experimental conditions i.e. long wavelength mostly ILa excitation
and detection of short wavelength mostly 'Lb emission. The rate constants
used in the simulations were crude order of magnitude estimates based on
literature values. The general form of the simulated decays are in good
agreement with the raw experimental data. It is interesting to note that
the unusual shape of the horizontal emission component is reproduced by this
simple model. For purely orientational motion this polarization component
would exhibit a simple risetime correlated with the decay of the parallel
polarization component. Data collected at higher excitation energies (289 nm,
290 nm, 292 nm, 294 nm and 297 nm) under the same emission detection condi-
tions, all have a short I to 4 psec lifetime component in the total fluores-
cence decay. The raw anisotropies constructed at these wavelengths, however,
exhibit different initial anisotropies and short time decay behavior. The
initial anisotropies vary from an r(O)=0.3 at 297 nm excitation to an r(O)=
0.18 at 289 nm. Evaluation of these data within the level kinetics model as
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Fig. 2. Parallel (top curve) and perpendicular polarization components of
the tryptophan emission. [300 nm excitation, 330 nm +/- 5 nm fluorescence,
600 nm gate pulse, upconverted signal detected at 213 nm.] Inset: Simulated

data. See text.

well as acquisition of fluorescence anisotropy data on the long wavelength
edge of the emission band is currently underway. Detailed simulations of the
anisotropy along with refinement of the kinetic model to include the effects
of solvent relaxation, will certainly be necessary to understand the complex

polarization anisotropy of tryptophan at short times. In conclusion, the
initial anisotropy and short time decay behavior of tryptophan are found to be
complicated by non-rotational contributions to the anisotropy decay arising
from the interaction of the two low lying L and ILb excited states on the
one to to picosecond time scale. These inilial results indicate that the
use of time resolved fluorescence depolarization measurements to obtain infor-
mation on short time librational motions of tryptophan sidechains in proteins
may be severely complicated by contributions to the anisotropy from these elec-
tronic (vibronic) relaxation processes.
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Since the first observation of the external magnetic field effect
on the banded emission of CS2 vapor excited by a nitroyen laser

[1] , several studies have been done to elucidate the origin of the
effect[2,3]. In the nitrogen laser wavelength region, we have
already shown that the integrated intensities of the excitation
spectra for the banded emission are reduced by magnetic fields
without changing the emission lifetime in the nanosecond time
scale[4]. This indicates that certain intramolecular process-
es are accelerated by the fields and excludes the applicability
of the Zeeman detuning model [3].

There remains, however, a contradiction in the term of " the
intensity reduction without change of the lifetime". Therefore
we have extended the investigation to the lowest allowed state;
itY ( Kleman's V state ). Here, we have confirmed the general-
ity of the phenomena by measuring the magnetic field effect on
the intensities of fluorescence excitation spectra and the life-
time in the micro- to pico-second time scale.

Figure 1 shows fluorescence excitation spectra observed for
the 6V band region of CS in a supersonic free jet of 2 atm He
by monitoring only bandea emission. As can be seen from this
figure, magnetic fields reduce the integrated intensity, S ,
with little Zeeman broadening. The magnetic quenching shows
no systematic dependence on the rotational quantum number but
the extent changes from line to line within one vibronic band.
The integrated intensity of the whole region was found to de-
crease monotonically with the increase of the field. Up to
8.3 kG, no saturation for the magnetic quenching has been found.
The same behavior could be observed for all other bands ( 9V,
1OV, 13V, 15V ).

The fluorescence decay curves observed in the absence and pre-
sence of magnetic fields are shown in Figure 2. CS2 of 1.7 Torr
was excited at the head of 6V band by using a synchronously pump-
ed cavity-dumped dye laser[5]. Only banded emission was monitor-
ed. The fast decay component in the sub-nanosecond time scale
can be recognized, which is more evident with increasing the
field strength. The least square fit to a function of the form

I(t) = Cfexp( -kft ) + Csexp( -kst )

gives the lifetime of the fast decay component (t.) to be 520 ps
at 0 kG. Magnetic fields make the fast decay component conspic-
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Figure 1. Fluorescence exci- Magnetic field dependence of

tation spectra in the 6V band fluorescence decay of 1.7

region of CS 2 in a supersonic Torr CS 2 excited to 6V band

jet of 2 atm He (a) at 0 kG, head. Only banded emission

(b) at 4.9 kG, (c) at 8.3 kG at 347 nm was monitored

uous and shorten t ( 250 ps at 8.3 kG and 190 ps at 15.1 kG
without changing s~ow decay.

These results indicate that CS, belongs to a so-called inter-
mediate case molecule[ 6 ]. As seeli in Figure 3, the dependence
of pre-exponential facter ratio C /C on the field is almost
linear, which is consistent with theStheory[6,7]. No saturation
however, was found up to 15.1 kG. This fact and that tf is
strongly dependent on the field strength as mentioned above are
somewhat different from the case for usual organic molecule such
as, for example, pyrazinet8] and suggest that some mechanism oth-
er than spin decoupling[7,8] would be operative in the case of
CS2.

Because of the proportional relation between Cf/Cs and the num-
ber of coupled states in the ISC process, the result of Fig. 3
indicates that the magnetic quenching of fluorescence can be ex-
plained in terms of the enhancement of the first dephasing process
into triplet manifold due to the increase in the number of coup-
led states induced by magnetic fields.
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Picosecond Pulse Laser Photoelectron Spectra
of Some Molecular Excited States

K. Kimura, K. Sato, K. Okuyama, and M. Takahashi

Institute for Molecular Science, Okazaki 444, Japan

Excited-state photoelectron spectra have been obtained success-
fully with a picosecond pulse laser at the Rydberg A state (v'=2)
of ammonia and at different vibronic levels of the first singlet
state of benzene in jets at 208.8, 228.7, and 252.7 nm. Some
spectra are possibly assigned to resonant/non-resonant ionization
before and after vibrational relaxation.

1. INTRODUCTION

It is quite attractive to employ a picosecond pulse UV laser
in photoelectron spectroscopy to study the excited-state
dynamics of molecules. Multiphoton resonant ionization makes
it possible to provide a photoelectron spectrum of a specific
excited state [1-5]. In general, the ionization of a resonant
excited state is more or less in competition with deactivation
processes such as electronic and vibrational relaxation [1-4],
as shown schematically in Fig. 1.

Therefore, it is possible to study molecular excited-state
dynamics by photoelectron spectroscopy. Such a photoelectron
spectrum reflects the final ionic states as well as the
resonant excited state, according to ionization selection
rule. The rate of photoionization, ki, is given by ki = Ic,
where I is the laser intensity and a is ionization cross
section. Therefore, if a mJ picosecond laser is used instead
of a mJ nanosecond laser, we may expect that ki increases by
about 2-3 orders of magnitude.

In the present paper, we demonstrate several picosecond
photoelectron spectra for some excited states of ammonia and
benzene at 208.8, 228.7, and 252.7 nm.

kd Fig. 1. Competition of ionization and

deactivation at a resonant state. The
rates of ionization and deactivation
are shown by ki and kd, respectively
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2. EXPERIMENTAL

The picosecond pulse UV lasers of 208.8, 228.7, and 252.7 nm
were produced though a hydrogen Raman shifter (10 atm), using
the second harmonic generation (532 nm) of a mode-locked
picosecond Nd-YAG laser (35 ps, 10 mJ, 10 Hz; Quantel Model
501DP). Photoelectron kinetic-energy spectra were measured
with a molecular beam apparatus with a time-of-flight electron
analyzer [1-3], by accumulating photoelectron signals for
5,000-10,000 times.

3. RESULTS AND DISCUSSION

3.1. Ammonia

At 208.8 nm, ammonia was ionized by two photon through the
one-photon resonant Rydberg A state (v2'=2), at which fast
predissociation takes place. The resulting photoelectron
spectrum is shown in Fig. 2, consisting of a vibrational+ +
progression, which can be explained in terms of vI and 12

The most interesting point is that although the
picosecond spectrum (Fig. 2) is essentially the same as a
nanosecond one in spectral pattern, the former intensity is
much stronger. This means that the picosecond ionization is
much larger than the nanosecond ionization.

3.2 Benzene

Photoelectron spectra obtained by (1+1) resonant ionization
through the S, state of benzene at 252.7, 228.7. and 208.8 nm
are shown by Tp~ctra (a-c) in Fig. 3 . Spectrum (a) originates
from the S 6 1 vibronic level. Several peaks in spectrum (a)
can be assigned to the vibrational levels of the ion, as indi-
cated inla nanoecond photoelectron work [5]. Only ionizatio?
from 6 1 (or 6 1 ) is observed [3,5]. The lifetime of the 6 12

level has been reported to be 47 ns [6].

Spectrum (b) consists of a single peak at 1.5 eV and a
broad band with several peaks in the lower energy region.

At 228.7 nm, benzene is initi~lly excited to the 6114
vibronic level which is 4200 cm- above the S 1 origin. The
1.5-eV peak corresponds to (2hu - la ) , indicating that
nonresonant ionization takes place, where Ia is the adiabatic

Fig. 2. The (1+1) photoelectron spectrum
of ammonia at the Rydberg A state (v2 '=2)

1.5 0.6
Photoelectron Energy (eV)
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Fig. 3. The picosecond photoelec~rgn spectra of the benzene S1
state 1  4 (a) k = 252.7 n the 6 1 level; (b) X = 228.7 nm,
the 6 1 level (4200 cm-); (c) ) = 208.8 nm, a higher
vibronic level (8300 cm-1). Arrows show 2-photon non-resonance

ionization energy (9.25 eV). Such nonresonant ionization was
not detected with an ordinary nanosecond laser. The broad
band in spectrum (b) is probably due to photoionization after
IVR as previously suggested in the nanosecond work [3].
Several small peaks on the broad band may be from the
optically prepared vibrational level.

Spectrum (c) shows a distinct peak at 2.7 eV which again
corresponds to nonresonant ionization and a broad band with
many peaks. Bezene is initially excited probably to a higher
level (8300 cm - above the S, origin). The appearance of the
several small peaks on the broad band suggests that ionization
from vibrational levels takes place even in such high levels.

From the present picosecond laser work, we have found that
the following three kinds of ionizations occur for the benzene
S 1 state: (1) 2-photon nonresonant ionization given by (2hv
- 14); (2) 2-photon resonant ionization which reflects the
optically prepared vibronic level; and (3) 2-photon two-step
ionization in which the second step proceeds after IVR.
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Simultaneous Analysis of the Fluorescence Decay Surface
of Tryptophan as a Function
of Temperature. pH, Quencher and Emission Wavelength

N. Boens, L.D. Janssens, and F.C. De Schrvver

Department of Chemistry, Katholieke Universiteit Leuven,
Celestijienlaan 200 F, B-3030 [everlee-Leuven, Belgium

Time-resolved fluorescence measurements 11,21 are a valuable tool in our
understanding of the often complex photophysical behavior of biological sys-
tems. Tryptophan has been extensively used as intrinsic fluorescent orobe
for Protein structure and dynamics. A detailed understanding o tryotoponl
photophysics is needed for a proper interpretation of the exoerimental
results. For reviews of tryptophyl photophysics, see refs. 131 and 141.
There is convincing evidence that tryptoohan fluorescence decays at DH 7
are biexponential witn a subnanosecond component. Ahove oH 7, the decays a,'-
triple-exponential with the long comoonent due to anionic tryPtohar. 42
tn,)se result,, were obtained by conventional fsinqle curve) data ana .isi. i
wnic the fluorescence deL:vs were described individually in terms of e<oo-
nential decay times and tn)eir associated scalino factors . his anal,4i-
cal approach, although adequate in many cases, fails to take ill advantage
of relations that may exist between 'ndividua1 decays. The simultaneous
qlobal) analysis of multiple curves 15,61 utilizes (and tests' those rela-
tionships by keeping some model parameters in common between different
related experiments. This type of analysis imposes the model directly on the
actual decay data. The advantages of the global analysis method over sincle
cu,ve analysis are the improved model testing canability and hiher accur .C,
of the recovered parameters. In qlobal analysis, the parameters keot com-or
between related decays can be the decay times . However, ir most
instances, values will vary between analogou experiments. The set of

are thus empirical descriptors of the fluorescence decays. -he primar.
p ra~eters of interest in simultaneous analysis are decay rate constants,
activation energy, enthaloy and entropy.

Fluorescence decay curves of tryptoohan were obtained usin- the -

excitation of a mode-locked, cavity-dumped, synchronously pumped. frequenci-
doubled R6G dye laser with single photon timing detection 11,21. Detai-s e'
the fluorescence lifetime apparatus are given in ref. 171. The tr?,otoro.7
decays were measured against monoexponential standards 18,91 as a functi-,
of PH, temperature, acrylamide concentration and emission wavelenqth. The
decays 'with 6000 to 10000 peak counts) collected in 1,'2k channels wrre iiu -
taneously analyzed in terms of various discrete decay rate constants, ati-
vation energies and frequency factors.

oH deoendence

Fluoresnence decays of tryptophan in phosphate buffer oH 6.0, 7.- and 8.1.
and in borate buffer pH 9.8 at 21 C were collected at analysis wavelengtnis
ranging from 310 to 440 nm. Simultaneous analysis of 7 curves indicated tnat
tr/ptophan at pH 6.0 decays biexponentially (Eq,(1), pt2) with decay times

760 + 11 ps and = 2 83 : 0.002 ns. The two decay times were invari-
at (linked) between t~e decay curves. The preexponentials varied with wave-
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length : the short decay time T
1 

contributed more to the total fluorescence
at shorter analysis wavelengths:

p

f (t) = p . expl-t/T.l (1)s j_1 i

In Eq. (1) f (t) is the fluorescence '-response of the sample, p denotes the
number of exponential terms considered in the decay, j is the jth decay
time and t its associated preexponential.

The global analysis of 5 tryptophyl decay curves at pH 7.5 gave a valid
fit when all decays were analyzed simultaneously as a triple exponential
(Eq. (1), p=3 ) with the three decay timps invariant. The estimated decay
times were 704 - 14 ps, T = 2.85 - 0.01 ns and = 7.00 - 0.86 ns.
When the decays were analyzed ne at a time, a biexponntial model could in
all cases specify the data. Global biexponential analysis of the curves,
however, gave an inadequate fit. At pH 8.5 the fluorescence decays of tr Q-
tophan are triple e~ponential (Eq. (1), p=3, - = 700 - 19 os - = 2.98 -
0.03 ns, 3 - 7.84 - 0.13 ns). Simultaneous blexPonential analysis and
single curve analysis also indicated that a third (long lived) decay compo-
nent is present. Global analysis of 12 tryptophan fluorescerce decays in
borate buffer indicated that tryptophan at oH 9. decays triole-expynen-
tially (Eg. (1, P=3 ) with decay times I 628 - 26 ps, -2 2.70 - .0M4 ns
and 3 = 8.38 - 0.05 ns.

Temperature dependence

23 fluorescence decays )f Trp in phosphate buffer pH 6.0 were collected at
320, 360, and 400 nm at temperatures ranging from 25.6 to 60.30C. When thy
decays were analyzed globally according to Eq. (2) (o=3, with k , , Ea ,

k Z, A% and E 2 !inked Yetwien all curv?, an adeyuate fit waso°btained
w h k 1-jA 10 s- , A = 3.5 x 10 s E - 93.3 kJ/mol, k - =
4.3 x A= 8.8 x 10 s-1 and E 2 = 25.3akj/mol. The activaton
energy of the fast decay component is en~rmos. W~en the activation energies
for the two decay comoonents were lioKed (E a) lEa satisfactorv 1it was
obtained with k .1 =. 3  .04 x 109 s- I  - X 107 t 1.6 X -1 ,
ko,7= 9.5 O.99x 10I s-,A 2 =3.0 ± 0.5 1 0

1u x- , and
o. kJ/mol . The frequency factor of the fast decay component is-ver: small
and has an extremely large standard deviation. These two qlobal data analy-
ses indicate that the short decay time tI1 is independent of temperature.

Indeed, the best fit was obtained when was assumed to be independent ol
temperature whie - was temperatu e dypendent. The rec qver~d dqcay parame-
ters were : k ot 2 1.3 ± 0.01 x 10 s -  k t = 9.6 x 10/ s- , A- = 3.2
10'13 s-1, andt E 2 28.9 kJ/mol . The 23 decays were also analyzed individj-
ally as biexoonenials (Eq. (1), p=2). Valid fits were obtained in all
cases. ,9 values could be described by Eq. (3), yieldin 2 0the followinq
values : kot 2  = 1.3 x 108 s- l , A2  - 0.I x 1013 s-I and f w - 30.7 koJ'mol. Th
nonlinear analysis of the short decay times did not conv~rqe. A perfect fit
was obtained when the 23 Trp decays were analyzed globally as Diexponentials(q. (1), p=2 ) with T linked between all decas. The estimated -, value was

717 - 12 ps, equivalent to k~tl 1.4 x 10 -  Describing the ]6nq deca

times F0 by Eq. (3) gave kot = 5.0 1 s- , A? .3a x I 3 s and E
26.3 kJ~mol.

ftl = P . expl-t (k + AJ exR(-E ''

j1 J ot a
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In Eq. (2) kotj, E J and AJ are respectively the temperature independent
decay rate constant, the activation energy and the frequency factor for the
jth exponential.

-i '+A 2  _r2/R3)
-1 = kot2 +  exp(-. /RT)3)

Quenching

14 fluorescence decays of Trp in phosphate buffer pH 6.0 at 22.5-C were
collected at 320, 360, and 400 nm in the presence of acrylamide quencher
concentrations ranging from 0 to 6 x 10-2 M. The deca s were analyzed glob-
ally according to Eq. (4) with k 1 kg I k 2, and k linked between all
curves. A atisfactor fit wis ogtained wiU ko8 - 1.24 ± 0.03 x 109 s- ,
kq- 9.52 - 6.19 x 10 M-is -  k 2 = 3.57 ± 0. 2 x 10' s-I, and kq2 = 4.92
±0.03 x 109 M-Is-1 . The large s~andard deviation of kqI is noticeable. Ana-

lyzing the same data se6 glQbally with k 0 also glve a good fit with
k 1 = 1.28 - 0.41 x 10 s- 1, k 2 = 3 ± 0.01 x 10 s I and kq- 88 -

0.2 x 109 M-Is -I. oq

f s(t) = I j exp[ -t (koqJ + kqj IQI)Ij=i

In Eq. (4) k J and k J denote respectively the decay rate constant in the
absence of quncher Qand the bimolecular quenching rate constant for the
jth exponential term.

The simultaneous analysis of 42 tryptophan fluorescence decays measured
at pH 6.0 as a function of temperature (20-60-C), quencher concentration (0-
0.06 M) and analysis wavelength (31"-440 nm) indicated that the short decay
component is constant under these experimental conditions.

The results obtained by the examination of the fluorescence decay surface
of tryptophan demonstrate the power of this analysis approach in exploring
complex photophysical behavior.
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Picosecond Laser Photolysis of 1.8-Dibromoanthraquinone
in Carbon Tetrachloride at Room Temperature

T. Nakayama, M. Ito, Y. Yuhara, K. Ushida, and K. Hamanoue

Department of Chemistry, Kyoto Institute of Technology,
Matsugasaki, Sakyo-ku, Kyoto 606, Japan

1. Introduction

From the measurements of phosphorescence and triplet-triplet (T'-T 1) absorp-
tion spectra of i-chloro- and A-bromoanthraquinones at 77 K, we have con-
cluded that the lowest triplet (Tj) states of these compounds are of mixed
n7*--,Ti * or i-* character, while the ni* triplet states are the lowest ones
for 2-chloro- and 2-bromoanthraquinones [1,21. Upon the picosecond laser
photolysis of 1,8-dichloroanthraquinone (DCAQ) in solutions at room tempera-
ture, we have observed that the second triplet (T2) state builds up and
decays on the first picosecond time scale [3]. Since the abnormally long
internal conversion time is obtained, this paper deals with the excited
state dynamics of 1,8-dibromoanthraquinone (DBAQ) in carbon tetrachloride
(CC1 4) at room temperature.

2. Experimental

The details of our picosecond transient absorption spectrometer have been
given elsewhere [4]. The second harmonic (347.2 nm) from a mode-locked ruby
laser was used for sample excitation. The mean pulse width (30 ps) and the
time-zero point, t=O, were determined from the overlap of excitation and
probing pulses by measuring the buildup of T'-Tj absorption of benzophenone
(in n-heptane) at 530 nm. A double-beam optical arrangemncnt was adopted,
and absorption spectra in the 200-nm scanning region were recorded with two
multichannel photodiode systems.

3. Results and discussion

Figure 1 shows the transient absorptions of DBAQ, observed by the picosecond
laser photolysis in CC1 4 at room temperature. Clearly, Band A builds up and
decays on the first picosecond time scale, while Bands 81 and B2 build up
continously. Since the spectrum taken at 6 ns is identical with the T'-T 1
absorption spectrum of DBAQ, it may be concluded that Band A is due to a
precursor (the P state) of the T1 state. When absorption bands of two tran-
sient species overlap each other, simple analysis of the time variation of
them is impossible. As shown in Fig. 2, let the observed spectra be E and F
at times t2 and tj (t9 ,tl), respectively, and let the absorbances of spect-
ra E and F be DF(A) and DF(A), respectively. For spectrum E (the pure ab-
sorpion spectrum of the T, state), the ratio of the absorbances at wave-
lengths of a and >b is given by

DE(2) c, (2,)Cr (t2 ) 6,(2 .)

D,(A,) E T(Ab)CT(1 2 ) eT(Ab) ()
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side of eq. (4). By this method, we analyzed the time variation of Band A
in CC14 and the result is given in Fig. 3, where absorbances at ,,=515 nm
and %b=489 nm were chosen. The smooth curve corresponds to the theoretical

best-fit absorbances calculated by a well-known convolution method, on an
assumption of the following scheme: The lowest excited singlet (SI) state
k,:P state Tlstate, The most probable buildup (k-1) and decay (k l)

times were kTI=20'lO ps and k [l10'20 ps, respectively. Similar results
wer? also observed in toluene (k-1=20'10 ps and k-11=100'20 ps) and ethanol
(kI = 30"10 ps and kl":80,20 ps),

The P state is not due to the S1 state, because the time variation of the
absorbance due to the P state can not be reproduced by the convoluted curve
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Fig. 3. Time variance of the rela-
tive concentration of the P state.
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for the Sl state. Based on the discussion for DCAQ in ref. (3), we conclude
that the P state is also due to the T2 state of an n r* character. Thus,
the values of k, and k2 reflect the rate constants for the intersystem cross-
ing from the S1 (n-,T*) to T2 (nTC*) state and the internal conversion from the
T2(n*) to TI(ar,*) states, respectively. The value of kll(2010 ps) for
DBAQ is shorter than that for DCAQ (30-35 ps). This may be due to the inter-
nal heavy-atom effect of the bromine atom. The relatively longer lifetime
of the T2 state reflects that its n, character may be different from a
normal n7r* one. We tentatively propose that the T2(nr * ) state has an intra-
molecular charge-transfer character between the oxygen and halogen atoms.
This is based on the following conjecture: By the interaction of the carbon-
yl group with two halogen atoms, the geometrical molecular structure may be
modified greatly. Since the electronegativity of the oxygen atom is larger
than that of the halogen atoms, the effective electron transfer from the
halogen to oxygen atoms may be possible. Since the electronegativity of the
bromine atom is smaller that that of the chlorine atom, the charge-transfer
character of the T2 state of DBAQ may be larger than that of DCAQ. This may
cause the smaller energy gap between the T2 and T, states of DBAQ than that
of DCAQ. Thus, the smaller value of k2 for DBAQ (100,20 ps) than that for
DCAQ (700-750 ps) is reasonable.
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Double- to Triple-Minima Change in the Adiabatic
Potential Energy Curve and Exciton Relaxation Dynamics
in a-Perylene Crystals

K. Mizuno 1 , M. Furukawa 1, A. Matsui 1, N. Tamai 2 , and I. Yamazaki 2 ,*

IDepartment of Physics, Konan University, Okamoto,
Kobe 658, Japan

2Instiu for Molecular Science, Myodaiji,
Okazaki 444, Japan

I Introduction

Alpha-perylene crystal is one of the most interesting materials
to study exciton-phonon interaction in solids. In alpha-
perylene at room temperature free-exciton luminescence and
excimer luminescence are simultaneously observed./I/ At low
temperatures another luminescence which is referred to as Y
luminescence appears with the photon energy in between free-
exciton and excimer luminescence./2,3,4,5/ We have proposed a
model that Y luminescence is a kind of the self-trapped exciton
luminescence./6,7/ Since the Y-luminescence band is located
between the free-exciton luminescence and excimer luminescence
bands at low temperatures, the Y state which is the initial state
of Y-luminescence is supposedly located in energy between the
free-exciton and excimer states.

We have applied picosecond spectroscopy to study exciton
dynamics in alpha-perylene crystals. We will discuss decaytimes
of free-exciton luminescence in connection with the presence of
the Y state, and then the barrier height between the free-exciton
and self-trapped exciton states.

2 Results

Logarithmic luminescence intensity monitored at the position of
the free-exciton luminescence band is plotted as a function of
time in Fig.1. The bottom curve in the figure depicts time
evolution of the 300.4 nm exciting light. The decaytimes which
were obtained by a convolution technique applied to the
luminescence decay curves in Fig.1 are plotted in Fig.2.

3 Discussions

3.1 Adiabatic Potential Curve at High Temperatures (297,182 K)

It has been known that at high temperatures the free-exciton
state is a metastable state and the excimer state is a stable
state. Those excited states can be described by an adiabatic
potential energy curve with two minima.

* present address:Faculty of Engineering, Hokkaido University,
Kita, Sapporo, 060 JAPAN
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Fig.1 Free-exciton luminescence Fig.2 Decaytimes of the fast
decay at several temperatures and intermediate components

In Fig.1 the luminescence decay curves at 297, 235, and 182 K
are composed of a fast decay component (,-10 ps) and a slow decay
component (75-85 ns). The slow decay component is due to free
excitons which are in thermal equilibrium with excimers, because
the decaytime of the slow component is equal to the decaytime of
excimer luminescence. The fast decay component is due to
radiative annihilation of transient free excitons.

The decaytime T for the transient component is generally
expressed by an exponential function I/T - exp(-EB/kT) where
EB is the self-trapping barrier height, k is the Boltzmann
constant and T is the temperature./8/ In Fig.2 the decaytimes
of the transient free-exciton luminescence are almost constant
(0-10 ps)with temperature in the temperature range between 297
and 182 K. This means that the potential barrier height EB
between the free-exciton and excimer stAtes is probably lower
than the thermal energy at 182 K (126 cm-')./?/

3.2 Adiabatic Potential Curve at Low Temperatures (below 138 K)

Due to the presence of the Y state the excited states at low
temperatures are described by an adiabatic potential energy
curve with three minima which correspond to the free-exciton, Y9
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and excimer states /7/. In Figs.1 and 2 an intermediate decay
component appears in the free-exciton luminescence decay below
138 K. The intermediate decaytime was equal to the decaytime
of Y luminescence. Therefore, it is concluded that the
intermediate decay component is due to free excitons which are in
thermal equilibrium with excitons in the Y state.

In the time-resolved luminescence spectra at 87 K (not shown
here), two characteristic features appeared. (I) Free-exciton
luminescence and Y luminescence were seen immediately after
excitation, and soon after excimer luminescence was seen. (2)
The risetime of excimer luminescence was equal to the decaytime
of Y luminescence. These facts indicate that excitons always
pass through the Y state to relax toward the excimer state and
no direct relaxation of excitons to the excimer state occurs.
Those two facts also suggest that the self-trapping barrier
between the free-exciton and excimer states is high enough so
that at 87 K excitons cannot surmount over the barrier existing
between the free-exciton and excimer states.

The information on the self-trapping barrier height between
the free-exciton and Y states is obtained from the fast decay
component in Fig.2. The decaytimes of the fast components were
constant below 138 K as well as above 138 K. This temperature
independence of the decaytime of free-exciton luminescence means
that barrier height between the free-exciton and Y states is
supposedly as low as the thermal energy at 11 K (8 cm-1 ).

3.3 Stability of the Y-state

In Fig.2 the intermediate decay component appears suddenly
below about 138 K. This sudden uprise of the intermediate
component suggests that a pronounced change in the adiabatic
potential energy curve occurs with temperature. From the
discussion in section 3 it is concluded that the Y state
becomes stable below 138 K. At temperatures above 182 K, the
intermediate decay component which is found to be related to Y
luminescence is not observed. Therefore, the Y state seems to
be located in energy above the free-exciton state, or, if the Y
state is located in energy below the free-exciton state, the Y
state may not form a clear minimum on the adiabatic potential
energy curve.
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Time-Resolved Exciton Self-Trapping in Pyrene Crystals

H. Port and R. Seyfang

3. Physikalisches Institut, Universitat Stuttgart,
Pfaffenwaldring 57, D-7000 Stuttgart 80, Fed. Rep. of Germany

The dynamics of exciton self-trapping in organic molecular crystals
is not well investigated up as yet. It is of interest, however, with
respect to the interaction processes between electronic and phononic
excitations leading to localized electronic states stabilized by
lattice deformation. Pyrene represents a particular system, in which
local self-trapping predominates due to the dimeric crystal
structure and induces excimer formation.

Temperature dependent measurements of transient fluorescence
spectra and fluorescence rise and decay times were performed in the
high temperature phase of pyrene (113K - 300K). These prove the
two-step excimer formation process via the precursor B-state
discovered in our previous investigations [1].

In the present experiments ps-techniques have been applied using
both time correlated Single Ph..ton Counting and Streak camera
detection (time resolution <15ps). In the SPC-experiment the
synchronously pumped dye laser allows to vary the excitation
wavelength in the crystal absorption region providing the system
with variable excess energy.

The time resolved spectra reveal the blue fluorescence component
B at the high energy side of the excimer emission which is not to be
seen in steady state experiments (Fig.la).

The B-fluorescence extends from the absorption origin at 376nm to
about 450nm with its maximum at about 400nm. Its overall shape does
not change with increasing temperature, whereas its intensity
diminishes very fast.

From the Arrhenius plot of the B-fluorescence quantum flux-i
(Fig.lb) a thermal activation energy of E(Q) = (340 ± 30)cm is
deduced.

In Fig.2a examples are given for the fluorescence transients of
B- and excimer fluorescence at 115K measured at the respective
intensity maxima 395nm and 460nm. Figure 2b shows a quantitative
analysis of B-decay and excimer rise times as a function of
temperature. The two time constants correspond to each other and
shorten from 145ps at 115K to 20ps at 210K.

This result proves the precursor role of the B-state in the
Silf-trapping process towards the excimer.
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Fig.la Time resolved fluorescence Fig.ib Temperature dependence of
spectra at 115K. Curve A measured the B-fluorescence integral
at time interval O..500ps; Curve quantum flux Q
B obtained from A subtracting the
excimer fluorescence contribution
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Fig.2a Fluorescence transients Fig.2b Temperature dependence of
at 115K detected at 395nm (B- B-decayrtime rB and excimer rise
state) and at 460nm (excimer) time BE

The activation energy deduced from the time constants E(r) = (365
-1

- 30)cm is in agreement with the value of E(Q) obtained above.

The same quantitative results are obtained for different
excitation wavelength Xex between 328nm and the absorption origin at

376nm. Apparently the excimer dynamics in the high temperature phase
of pyrene is independent of excess energy.

From a merely kinetic point of view the observed features fit
into the scheme previously developed for the two-step excimer
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Fig.3 Short wavelength region of
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sient B-fluorescence

C
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formation process in a-perylene [2). This kinetic scheme based on a
system of rate equations has been adopted to the pyrene case
successfully.

The kinetic model used does not specify the nature of the
B-state. A more detailed analysis of the spectral characteristics of
the B-fluorescence provides as essential features the clearly
resolved zero-phonon line which coincides with the absorption line

position [3,4] and the subsequent more intense broad fluorescence
bands revealing slight substructure (Fig.3).

It seems obvious to explain the B-fluorescence structure as
resulting from vibronic progression built-up on the zero-phonon
lines and the concomitant phonon sidebands.

Based on this characterization we propose a modified scheme for
self-trapping within the excited singlet state of pyrene in its high
temperature phase. For further details see [5].
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Femtosecond Spectroscopy of Transition States
in Reactions

A.H. Zewail

Arthur Amos Noyes Laboratory of Chemical Physics,
California Institute of Technology, Pasadena, CA91125, USA

Transition states of chemical reactions are the central confiqurations for the
description of how reagents complete their trajectories to products. Over the
past three decades both molecular beam scattering and photofragment product
state distributions have been the main source of information for reaction dv-
namics. The information obtained is the ',,-'<v . result of the inter-
action of franments on the potential energy surface, PES. As pointed out by
SMITH [1], this approach concentrates on the "before" and "after" of chemical
events at the molecular level. The making of new bonds (and breakina of old
ones) in elementary chemical reactions occurs in a very short time (picoseconds-
femtoseconds), and to investigate chemical dynamics actually ' : the molecu-
lar processes that lead to chemistry requires new techniques with ultrashort
laser pulses.

Such techniques have been developed in molecular beams to study the ultra-
fast chemistry of uni- and "oriented" bimolecular reactions [2]. These stud-
ies resulted in real-time viewing of energy redistribution, measurements of
state-to-state rates and tests of microscopic statistical theories as pre-
scribed by the PES. More recently, the technique was extended to the femto-
second time domain [3-6] to view the transition states of simple elementary
reactions. The time scale for this femtochemistry [7] is now allowing for
the observation of fragments during the collision or half-collision of a
chemical reaction. Since the recoil speed of fragments is typically 1 km s
the femtosecond time resolution is probing dynamics at fragments separation
of < 0.5 A.

In this report we will highlight some of the recent studies in ultrafast
spectroscopy of chemical reactions and illustrate the applications to diff-
erent classes of reactions. The apparatus for these femto- and picosecond
experiments in molecular beams is described in previous publications from
this group.

1. DIRECT BOND BREAKING

Here, we consider the elementary reaction:

ICN* - [I .... CN] * - I + CN

For this reaction we first used [3] subpicosecond pulses and later E4]
much shorter pulses to probe the process of bond breaking (Fig.1).ICN was
chosen to study because it offers several advantages. The excitation is to
a repulsive state of the C-I coordinate, and the CN product can be detected
using laser-induced fluorescence. There is also a large and ever-growing
literature on the dynamics of the dissociation of ICN, including product
state distributions, measurements of the anisotropy of product recoil,
fragment alignment effects, etc.
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Fig. 1: Left: The fs transients observed for the reaction of ICN, detecting
free fragments (top) and transition states (middle and bottom); Riqht: The
PES involved [from Ref. 4]

From the delay and rise of the CN LIF signal we have measured the time it
takes the CN and I fragments to separate on the repulsive surface (Fig. 2).
To interpret these results, dissociation must be detined more precisely be-
cause the reaction is in continuous transition states from reactant to pro-
ducts. The question is: when in this transition does one consider the reac-
tion to be over? The answer, for the experimental observations reported,is
that the reaction is over when the CN is spectroscopically identifiable as
the '-'.. CN radical, not as a CN radical perturbed by the close proximity
of an I atom. Because the probe can be tuned to the free or perturbed CN
transitions one can answer such questions, and measurements of transition
state temporal behavior, which give direct information on the PES, can be
made. The same technique was extended to studies of alkyl iodides where

and .. :. bond breakin] was observed in reactions of R-I and
I-R-I type systems [8].

2. EXTENSION TO BIMOLECULAR PEACTIONS

The same techniques have been extended to studies of a special class of bi-
molecular reactions where the reagent molecules are oriented in close prox-
imity. The reaction studied, in collaboration with R. B. Bernstein, is

H + OCO [HOCO]f - OH + CO

The collision complex was observed (Fig. 3) as a delay of the OH fragment
for a few picoseconds, indicating a large well involvement in the PES [9].
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Fig. 2: The delay time observed (heavy trace) for the free fragments (C,)
observed in the reaction of ICN. The liqht trace is for calibration of the
zero of time [from Ref. 12]
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Fig. 3: The observation of OH fragment delay time in the reaction H + OCO.
The dotted line is for calibration of the zero of time [from Refs. 9, 13]
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3. RESONANCES IN DISSOCIATION

If, in the process of falling apart, more than one degree of freedol is in-
volved (vibrational or electronic), the system might exhibit a quasi-bound
statc (or resonance). Manifestations of such a resonance in the real-tine
probing of fragment separation should be: 1) a delay in the appearance of
free fragments, and possibly 2) the anpearance of oscillations (reflectinq
the resonance frequency) of the wave packet of the dissociating molecules.

With these ideas in mind, we made attempts to obtain fenitosecond tran-
sients Gf the reactions of alkali halides, where we expected such temporal
features and there exists a wealth of cross-beam experiments. The work by
BERRY and others [10] has provided the foundation for the descriptions of
the surfaces. Because of the crossing between the * r'. ground state and
the -. excited state of these salts, at fragment separation RP, there
are two channels for the reaction (Fig. 4). En route to products, the
[M.. .X]I* transition state molecules decide between these covalent and
ionic channels. There are two limiting possibilities: either the packet is
trapped on the -. , surface without crossing (resonance), or it crosses
on the :. :,'. surface, as was the case for ICN. These two limits give
rise to entirely different temporal behavior. If a resonance exists, the
observed oscillation will provide the detailed nature of the surface and
coupl ing.

Recently, we reported [5,6] on these observations of strong wave packet
oscillations (strong resonance) in the dissociation reaction of Nal, and a
much weaker resonance in the reaction of NaBr. These observations were
made by exciting the salt to the covalent state(s) along the M-> coordin-
ate using a fenitosecond pump pulse. A fs probe pulse was used at differ-
ent delay times and wavelengths (t and >. spectra) to detect the product
free (on resonance with Na D-lines at 589 nm) or perturbed Na (off-reso-
nance) atoms. These results (Fig. 5) are described in detail elsewhere
[5,6].

FSo l NaI" INa"II "  
[Na.'"I] "  

Na I.Ev
probe (t,)I I

35 I IONIC Na++I"
FS

pump (X) 30-

- .COVALENT Na -I
25 -

20

15

10 Fig. 4: A description of thefemtosecond experiments for
R,-6.93A the detection of resonances in

0[ 05 reactions of alkali halides
I . , . I I . I I . . .- . , I , [from Refs. 5,6]0 2 5 10 15

R (A)
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Fig. 5: Observed resonances in the dissociation reactions of Na I and
Na Br [from Refs. 5,6]

Fig. 6: The fs transients
i observed in the reaction of

C31, detect".ng the I atomi
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4. CONCLUSION

In conclusion, femtosecond spectroscopy of reactions promises to provide
real-time viewing of the PES, of packet decay and resonances, and of transi-
tion states. Since the recoil velocity is typically I km s- 1, our fs time
window gives a view of these dynamics with < 0.5 A resolution for fragment
separation. With the state-of-the-art in fs pulse width [11], this distance

can be made < 0.1 4, and many reactions, including R-I systems (Fig. 6),
can be studied.
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Phase-Coherent Molecular Dynamics and
Phase-Coherent Chemistry: Observation and Manipulation
of Elementary Molecular Motion and Chemical Change

A.G. Joly, S. Ruhman *, B. Kohler, and K.A. Nelson +

Department of Chemistry, Massachusetts Institute of Technology,
Cambridge, MA02139, USA

Recent experimental and theoretical results have made it clear that phase
coherent excitation is a very general feature of femtosecond spectroscopy.
When a sufficiently short light pulse strikes any Raman-active or absorbing
medium, i.e. nearly any molecular medium, coherent excitation is likely to
occur. This is useful because, following its initiation, phase-coherent mol-
ecular motion can be monitored in real time by subsequent pulses to yield
information about molecular dynamics and potential energy surfaces. In addi-
tion, some control may be exerted over molecular motion and even chemical
change.

1. Femtosecond Phase-Coherent Excitation

Figure 1 illustrates the two main mechanisms through which phase coherent mole-
cular motion is initated by a femtosecond pulse. Through impulsive stimulated
Raman scattering, (ISRS), the electric field of a pulse exerts a sudden ("im-
pulse") force on Raman-active modes.[1] Stimulated Raman scattering occurs
through mixing among the frequency components of the ultrashort pulse. The
impulse force initiates coherent vibrational oscillations which in general af-
fect both the real and imaginary parts of the refractive index of the sample.
Coherent oscillations can be observed by measurement of time-dependent absorp-
tion, birefringence, diffraction from transient gratings, etc. Time-resolved
observations of coherent acoustic and optic phonons and molecular vibrations
have been presented and reviewed.[1,2]

Figure lb illustrates the results of absorption into an electronic excited
state, e.g. SI . In general, the So and S1 potential energy minima are dis-

placed, e.g. an excited molecule may be "stretched" along vibrational coor-
dinate Q. Following photoexcitation, an excited molecule undergoes vibrational
oscillations about the SI minimum. If the excitation pulse is short in dura-
tion compared to the SI oscillation (i.e. the spectral width of the pulse
exceeds the S1 vibrational frequency), all the excited molecules oscillate in
phase. Time-resolved observations of excited-state molecular vibrational os-
cillations [3], including oscillations in gas-phase Nal and NaBr which undergo
photodissociation [4], have been reported.

Note that optical absorption of an ultrashort pulse also results in vibra-
tional phase-coherence in the ground electronic state.[5] This has been ex-
plained [6] in terms of the "hole" which remains on one side of the So po-
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(a) (b)

S3  f 3

S 2 S 2

So S

Figure I Schematic illustration of coherent wavepacket production with
femtosecond pulses.
(a) Through impulsive stimulated Raman scattering, an ultrashort pulse exerts
a sudden (impulse) driving force which initiates coherent vibrational motion
in the ground electronic state.
(b) Optical absorption of an ultrashort pulse leads to coherent vibrational
motion in the S1 excited-state potential surface. Excitation into S2 or S3
leads to synchronized extension along coordinate Q with no return to the
original geometry. This may correspond to molecular photodissociation or
photoisomerization.
For either coherent excitation method to occur, the excitation pulse must be
short in duration compared to the vibrational oscillation period, or in
general compared to the time required for significant wavepacket propagation.

tential surface. The unexcited molecules are, on average, "compressed", i.e.
on the left side of the So potential. They continue their oscillatory motions
which, although initiated thermally, become phase-coherent due to the selec-
tive removal of "stretched" molecules. Unlike the other effects discussed,
this phenomenon depends on thermal excitation of excited vibrational levels
and vanishes at low temperatures.

Of course, when resonant absorption of an ultrashort pulse occurs as in
Fig. 1b, ISRS excitation of oscillations in So also occurs and is resonantly
enhanced. It has recently been shown that the two processes can be described
in terms of the same nonlinear optical interaction.[61 For our purposes,
resonance enhancement of ISRS excitation is important in that it may yield a
substantial increase in the So vibrational amplitude.

2. Liquid-Phase !Mlecular Dynamics and Reaction Dynamics

Spectroscopic exploitation of femtosecond phase-coherent excitation mechanisms
has produced information about molecular dynamics in solid, liquid, and gas
phases. We show two examples of data from molecular liquids. Figure 2 shows
ISRS data from carbon disulphide liquid at 165K.[2,73 The impulsive torques
exerted by the crossed excitation pulses through impulsive stimulated (rota-
tional) Raman scattering initiate rotational motion which leads to net orien-
tational alignment of the CS2 molecules. This net alignment gives rise to
birefringence and to signal. It is clear from the data that weakly oscillatory
molecular librations occur in the liquid. The librational frequency yields an
approximate value for the configuration-averaged torque due to intermolecular
interactions, i.e. the average restoring force (librational "force constant")
felt by molecules in the liquid. In addition, the rapid dephasing of the li-
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Figure 2. Impulsive
T= 165K /stimulated scattering data

(solid curve) from CS2
liquid at 165 K. The data
were recorded in a
transient grating

4- configuration. The crossed
.,-1 , 65-fs excitation pulses

initiate molecular
- rotational motion at t=O.

LX 4 The data show that
500 750 1000 1250 orientational alignment

increases after t=O and is
- weakly oscillatory. The

dashed-curve fit which lies
under the data in the inset
is based on a model of
inhomogeneous librational
dephasing. The
broken-curve fit shows the

-250 0 250 500 750 1000 1250 inadequacy of a model of

t i me (f s) homogeneous dephasing.

Mn2 (CO) 10 X = 800 nm Figure 3. Transient 800-nm
absorption data for

Mn?(O~j inethanol
so ution following 310-nm

C- excitation. The Mn(CO)5
0 photofragments absorb at
-4 800nm. The oscillations in
--) the data suggest that Mn-Mn
C1 stretching vibrations can
C-- occur, i.e. that the
0 excited state is weakly

.00bound. This is interpreted
in terms of a barrier to
dissociation produced by
interactions with solvent
molecules, which resist

-0.4 0.0 0.4 0.8 1.2 1.6 2.0 separation of the Mn(CO) 5
Tame (ps) fragments.

brational oscillations is due primarily to inhomogeneity in the liquid (i.e.
in the intermolecular torques), the extent of which is also determined approx-
imately. Thus basic information about liquid-state molecular dynamics and
intermolecular interactions is extracted from the data.[8]

Figure 3 shows transient absorption data recorded following pulsed 308-nm
excitation of a solution of dimanganese decacarbonyl, (CO)sMn-Mn(CO)5 , in meth-
anol.[9] The probe wavelength, 800 nm, was selected to monitor formation of
Mn(CO) 5 fragments following photocleavage of the metal-metal (M-M) bond. The
time-dependent absorption strength is oscillatory for t < I ps. Although
further experimentation is necessary to determine unambiguously the source of
the oscillations in the data, they may be due to excited-state M-M stretching
vibrations, as suggested by Fig. lb. This is interesting because the excited
state of Mn2 (CO)IO is believed to be unstable with respect to dissociation, as
in level S3 of Fig. 1. Neighboring solvent molecules may resist separation of

the large photofragments, resulting in a weakly bound excited state in
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solution. Thus the oscillations in Fig. 3 may provide a measure of the
intermolecular forces through which the solvent influences chemical reaction
dynamics and yield.

3. Large-Amplitude ISRS Excitation and Optical Manipulation of Wavepacket
Propagation: Controlled Phase-Coherent Chemistry

In the ISRS experiments carried out to date, typical coherent vibrational
amplitudes have been in the 10

-5 - 10-4 A range. The amplitude is linearly
proportional to the excitation pulse integrated intensity and to the Raman-

scattering differential polarizability. Sufficient laser pulse energy is
available to drive amplitudes well over O.IA.[IO], but at the high inten-
sities needed competing nonlinear optical processes would lead to white-
light continuum generation and sample damage in most materials. It appears
likely, however, that large-amplitude (i.e. > O.1A) molecular and optic
phonon vibrational amplitudes can be driven by ISRS excitation. To achieve
large amplitudes, resonance enhancement (often by factors of over 100) of the
differential polarizabilities can be exploited with appropriate excitation
wavelengths. In addition, a selected vibrational mode can be driven repeti-
tively with a sequence of evenly spaced excitation pulses. This is similar
to repetitively pushing a child on a swing (rather than delivering a single,
excessively hard blow) to reach large amplitudes. The desired sequences

of many excitation pulses can be produced from one pulse with pulse-shaping
techniques.I1]

The possibility of driving chemical or structural change through ISRS excit-
tion in the 0.1 -IA range has been discussed.[10] A different approach to con-
trolled wavepacket propagation involving absorption and stimulated emission of
femtosecond pulses has also been proposed.[12] In Fig. 4, one of the simpler
possibilities is illustrated. Figure 4a shows how a reactive excited-state
potential surface could be elucidated through ISRS excitation of large-

(a) (b)

SSiuaw Nbem Si
EnCifaio, 2: E.CITd.-Sttta

PPlow: V Absorplon Absorpbo or

I so SOSO aoOI ,c, a,ofl I

Figure 4. Schematic illustration of experiments involving large-amplitude ISRS
excitation.
In (a), ISRS excitation followed by measurement of time-dependent absorption
spectra yields a "map" of the reactive excited-state potential as a function

of Q.
In (b), ISRS excitation followed by absorption produces an excited-state
wavepacket whose initial position and momentum in S, can be controlled
experimentally. In this manner sufficient momentum can be imparted such that a
barrier to reaction in S1 may be crossed. By varying the amplitude of ISRS
excitation and the timing of the absorption into S, the dynamics on the SI
potential surface can be manipulated.
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amplitude vibrations in So followed by measurement of absorption spectra of
vibrationally distorted species. Figure 4b shows how large-amplitude ISRS
excitation could be used to assist progress along an excited-state reaction
coordinate. By varying the ISRS excitation amplitude ar2 Lhe relative timing
of the two excitation pulses, the initial position and momentum of the excited-
state wavepacket could be varied independently. In this manner the extent and
effects of dissipation in the excited state due to coupling between the react-
ive mode and other (both) modes could be examined systematically. Investigation
of the effects of different environments (e.g. different solvents) on barrier
crossing dynamics and probabilities, and spectroscopic characterization of spe-
cies at and near potential barriers will also be possible.

Many schemes other than that shown in Fig. 4b for coherent vibrationally
assisted chemistry, including direct driving of some ground-state reactions[tO]
may be possible. Optical manipulation of coherent wavepacket propagation in
reactive (and other) potential energy surfaces should play an important role in
femtosecond molecular spectroscopy, especially with increased access to tunable
high-energy pulses and pulse-shaping techniques.

This work was supported in part by NSF Grant No. DMR-8306701 and by NSF and
contributions from NSF, AT&T Bell Labs, DuPont, Perkin-Elmer, and Chevron to a
Presidential Young Investigator Award.
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Ultrafast Laser Spectroscopy
of Transient Ion Pair States in Solution

N. Mataga, H. Miyasaka, T. Asahi, S. Ojima, and '. Okada

Department of Chemistry, Faculty of Engineering Science,
Osaka University, Toyonaka, Osaka 560, Japan

The photoinduced electron transfer (ET) and behaviors of produced transient
ion pair (IP) states in liquids, rigid matrices, molecular assemblies and
biological systems are the most fundamental and important central problems
in photochemical primary processes in condensed phase [?-31. The
elucidation of factors underlying these processes is of crucial importance
for the p;otochemical and photobiological reaction mechanisms [1-3] and is
being much facilitated by the application of the picosecond-femtosecond
laser photolysis method. We discuss here resulis of our ultrafast laser
photolysis and time-resolved transient absorption spectral studies on the
elementary processes of intra- and intermolecular transient IP formation
due to the photoinduced charge separation (CS) in some typical systems.

Experimental

A 3T icrocomputer contrclled ps laser photolysis system with mode-locked
Nd :YAG laser [41 was used for the transient absorption spectral
measurements in 10 ps-ns region. For the measurements of time-resolved
transient absorption spectra in the shorter time-region, a 3 ubps laser
photolysis system was used. The output of a cw mode-locked Nd :YAG laser
operated at 82MHz rate was compressed by a fiber-grating system and the SHG
of the compressed pulse synchronously pumped a pyridin-I dye laser (300 fs
fwhm, 1 nJ), the output of which was amplified to 0.4 mJ/pulse by 31tage
pyridine-l dye amplifier pumped by a frequency doubled Q-switched Nd :YAG
laser operating at 10 Hz. The amplified pulse with several hundreds fs
width was frequency doubled and used for exciting the sample. The rest of
the 710 nm fundamental pulse was focused into D20 to generate a white light
probe pulse. Two sets of multichannel photodiode detectors were used to
observe wide band transient absorption spectra.

Results and Discussion

(A) Photoinduced CS and CR of IP state in combined donor acceptor systems

We have examined the intramolecular photoinduced CS of p-(CH3 )2 N- + -(CH 2 ) -

(l-pyrenyl)(Pn) (n=1, 2 ,3) and other related systems in acetonitrie
solution. For example, we have measured the rate of photoinduced CS of P1,
P and P3 in acetonitrile by means of subps and ps laser photolysis and
time-resolved transient absorption spectral measurements. The rise times
of the intramolecular IP state have been determined to be ca. 1 ps, 8 ps
and 20 ps for P1 ' P2 and P, respectively. As an example, the spectra of
P and rise curves of IP s ate of P and P are indicated in Fig. 1. On
te other hand, the CR decay times od the intramolecular IP state have been
determined to be ca. 10 ns, 3 ns and I ns for PV, P2 and P3. respectively,
which are much longer than the rise times of the CS state and in the
reverse order with respect to the number n of the methylene chain.
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Fig. 1. Time-resolved transient absorption spectra of P2 in
acetonitrile solution at 22C measured with a subps laser (355 nm,
800 fs) photolysis apparatus (a). Rise curves of the absorbance of
pyrene anion band peak for P,(b) and P2(c). The spectra are not corrected
for the chirping of the monitoring light pulse.

These results can be interpreted on the basis of the dependences of the
ET rate upon the geometries and chain lengths as well as the relevant
energy gap for the CS (-A G') and for the CR (- AG' ). For the
chromophores of Pn, the -AG' va ues in acetonitrile are ca irO.5 eV. Our
theory [5] for the energy gap dependence of the CS rate constant kcs12 13 -l I 1 -I
assuming A=lo1291 2s gives k ¢lO ,lO2 s around -AG CO .5 eV, where
T=2- oli X' If>I /h w> and i k'lf> is the electronic ?%atrix element
responsible for ET. Since our theoretical calculations show a dull energy
gap dependence of kCS around -LG' .5 eV, the large difference of k

between P1 and P2 , P3 cannot be ascribed to the small differences in -A GS
but should be ascribed to the difference in A. The -AG' value or
these chromophores is estimated to be 2.86 eV in acetonitrilel p Results of
our detailed experimental [3,6) and theoretical f5] studie5 on the energy
gap dependences of the CR of geminate IP's of various free donor and
acceptor systems show that at -AG' '-2.86 eV, the CR is in the inverted

'p -71 -1
region and the rate constant kn is ca. 10 s assuming A101 s (see
3)). In t ase of P1, A seems to be larger and by taking AolO1  s we
obtain k =10 s in agreement with the observed recombination time 1 10n.ns. In P3. configurational change to sandwich type can take p ace
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immediately after ET which causes increase of A and the decrease of - AG,
leading to the faster CR with ACDl ns. In P the freedom for sth
configuration change is smaller than in P3 ' w.ich results in a little
larger 'CR value.

B) CR of geminate IP produced at encounter between fluorescer and quencher

The CR dynamics of geminate IP and dependence of its rate constant k upon
-AG' are of crucial importance from various viewpoints such as mechanisms
of l8 rganic photochemistry and biological photosynthesis. Contrary to the
fact that only the result for the normal region but no result for the
inverted region has been available for the CS in the fluorescence quenching
reaction in polar solutions [2,3,7], only the result for the inverted
region but no result for the normal region was available for the CR of IP
produced by the fluorescence quenching reaction. By means of quantitative
picosecond time-resolved absorption spectral measurements on the geminate
IP's of various aromatic hydrocarbon-electron donating or accepting
quencher systems, we have obtained experimental results of k not only for
the inverted region but also for the normal region and have proved the
bell-shaped energy gap dependence of k of the geminate IP produ'ed by
fluorescence quenching reaction for the rirst time [2,3,6]. The result in
F q. 2 is quite different from the dependence of the CS rate constant on
- AG :7], which cannot be interpreted satisfactorily by conventional
theor but we need nPw theoretical interpretation [3,5,6].

(C) Relaxation processes of excited CT complexes

The electronic interaction between donor and acceptor in CT complexes will
be considerably stronger than in the inter- and intramolecular exciplex
type of systems with no direct interchromophore interactions in the ground
state. The comparison of the relaxation processes of excited CT complexes

)012

7

S05
-A 1001

10 03 12

108 - 0,6

106 ,

0 1 2 3
- 4 Gi /eV

Fig. 2. The dependence of k of geminate IP produced by fluorescence
quenching reaction on -,*G0  in acetonitrile solution (see ref. 6).
o: observed values for various aromatic hydrocarbon fluorescer-nitrile,
acid anhydride and amine quenchers. 12 -1
I: calculated by the method of ref. 5d with A=10 s
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from FC to the relaxed IP state with the photoinduced CS processes of those
exciplex type of systems in (A) and (B), and also the comparison between
the CR dynamics of their IP's will be an interesting problem with respect
to the elucidation of photochemical electron transfer mechanisms.

The CT interaction in the 1,2,4,5-tetracyanobenzene (TCNB)-toluene
complex is weak in the ground state, while it becomes stronger in the
excited state causing relaxations to equilibrium IP state, being
accompanied by conformational change and solvent reorientation. Figure 3
shows time-resolved transient absorption spectra of TCNB-toluene system
measured with subps laser photolysis system exciting at 355 nm. The rapid
rise of broad band nearly equal to the time response of apparatus was
observed immediately after excitation. This broad absorption spectra is
different from the sharp TCNB like absorption band observed at long delay
times.

With increase of the delay time, the sharp TCNB- band at 465 nm grows
with the rise time of 33 ps. The time dependent spectral change from the
broad band to the sharp TCNB band seems to indicate the relaxation from a
partial CT state to an almost complete IP state accompanied with
rearrangements in the donor acceptor geometry and environment [8]. We have
also made detailed transient absorption spectral studies of this system in
10 ps-ns regions. The intensity of the sharp band at 465 nm increases with
increase of the delay time in 10 ps time region. In addition, a broad
absorption in wavelength region longer than 650 nm was observed. This
broad absorption also shows rise in 10 ps region and is very similar to the
absorption of toluene dimer cation D. The rise curves of both absorption

Ca) # •Ops (b) °

0 2 4. 6 8

d I

Lon 50 60 O 50 I o0

WuvetefngthInto Time/ps

Fig. 3. Time-resolved transient absorption spectra of TCNB-toluene
system excited with a 355 nm, 800 fs laser pulse (a) and time
profiles of transient absorbance at 465 nm (o,c). The spectra are
not corrected for the chirping of the monitoring light pulse.
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coincije with each other with the same rise time as obtained by subps
photolysis in Fig. 3. Therefore, we can conclude that it takes ca. 30 ps
to produce the equilibrium excited state (A-D) from the excited FC state
in this system. 

2

We have made preliminary time-resolved transient absorption spectral
measurements on this complex in acetonitrile solution. The results
indicate that it takes I0't20 ps for the rise of the sharp TCNB absorption
band even in acetonitrile solution. Tho -AG' value of TCNB-toluene IP in
acetonitrile is a little smaller than that otPPy-DMA in acetonitrile [5d,9J
and the energy difference between the FC state or partial CT state
immediately after excitation and the relaxed IP state may be almost the
same or larger than the -' G S value of the Py-DMA system. Nevertheless,
the photoinduced IP formation of P1  in acetonitrile, where the
interchromophore interaction in the ground state is negligible, is much
faster than that of TCNB-toluene, as discussed in (A). The complete CS to
form the relaxed IP in toluene solution is assisted by the Himer cation
formation, while, even in acetonitrile solution, the solvation does not
make the 1P furmation so fast as in P1. The latter fact might be ascribed
to the much larger rearrangement of donor acceptor geometries and
environments orientations necessary to realize complete CS in the more
strongly interacting pairs. In the case of stronger donor and acceptor
pairs such as TCNB-naphthalene, pyrene-pyromellitic dianhydride [9] etc.,
the IP state formation becomes very rapid.

Another important problem related to the excitation of the CT complex is
the fact that the CR rate of the IP formed by excitation of the CT complex
is different from that of the IP formed y CS at encounter between
fluorescer and quencher. The lifetime of Py -TCNE IP which is formed by
encounter is ca. 200 ps in acetonitrile while the IP of the same pair
formed by excitation of the CT complex undergoes ultrafast decay within 1
ps. Results of our studies on various systems show that the energy gap
dependence of the CR decay of IP formed by excitation of the CT complex is
not bell-shaped but the CR rate increases with decrease of - 1G , which
might mean that the CR decay in this case can be regarded as a noniadiative
transition in the supermolecule of donor and acceptor.

(D) On the mechanism of hydrogen transfer and iP formation in 3 BP-amine
systems

We have made accurate and quantitative laser photolysis studies over ps-ns
regions by means oa time-resolved wide band transient absorption spectral
measuremen s on BP-amine (DH) systems in various solvents. For
example, BP-Diphenylamine in nonpolar solvent shows triplet exciplex
formation in competition with H transfer but no ketyl radical formation
from the exciplex, while the same system in acetonitrile shows IP formation
in competition with H transfer but no ketyl radical formation from the
relaxed IP. We have obtained similar results in many other benzophenoie
amine systems [10]. These results show the possible participation of the
non-relaxed CT state as the transition state of the H transfer where the
relaxed IP or exciplex formation is competing with K transfer.

3 
3 BP. * BPH- -

BP + DH - B .. H+')> B(B. .. 0 o('
SBP-...DH

+ 
or (BP-5DH

+ )
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i. INTRODUCTION

Geminate recombination plays an important role in proton dissociation
reactions [1]. We have recently shown [2] that excited-state acids disso-
ciate via a numbcr of reversible dissociation-geminate recombination
cycles. The dissociation profiles of such excited acids are nonexponen-
tial, having a t- I dependence at long times. These nonexponential tails
are affected by temperature and isotopic (H/D) substitution [3].

As a model molecule we have used [4] 8-hydroxy pyrene 1,3,6-trisulfo-
nate (HPTS). Having a 4-fold negative charge after dissociation, this
molecule recombines readily in the excited singlet state with its
geminate proton. The intrinsic "chemical" dissociatiy8 rite, as determined
from the slope of the decay curve, is initially 10 s in water. After
lnsec it is slowed down due to geminate recombination by an order of
magnitude. As a result, the observed steady-state dissociation rate, namely
the reciprocal area under the dissociation profile, is much slower than the
true "intrinsic" chemical rate.

The reversibility of the excited state proton dissociation can be
further demonstrated by carrying out the experiment in strong acidic media
[4] or in volume limited environments [6]. In both cases a steady-state
amplitude of the undissociated 11PTS is created.

The dissociation profiles can be accurately reproduced by assuming
that the dynamics of the separated ion-pair obeys the Debye-Smoluchowski
equation (DSE) with reversible "back-reaction" boundary conditions. The
two "intrinsic" rate-coefficients (Kd, K r)for dissociation to and recombi-
nation from the contact distance, a, are taken as free parameters. For the
actual numerical solution we have applied an efficient Chebyshev propaga-
tion algorithm which allows for large time-steps. Agreement with experiment
deteriorates for supercooled water. We think that rotational diffusion of
the anion, which becomes comparable to K r at low temperatures, leads to a
"dynamic steric effect". At the higher temperatures, our treatment [51 is
superior over the conventional two-state rate-equation models, such as the
classical Eigen scheme [7), whose asymptotic temporal decay is exponential
rather than a power-law.

Our model correctly predicts [6] the total (excited+ground-states)
dissociation yields of HPTS [1] with no additional free parameters.
From the rate-parameters of the transient measurements we estimate [4] the
steady-state dissociation rate and pK* value, with encouraging agreement to
older fluorimetric (constant illumination) measurements [8).

In the present work we utilize the excited HPTS molecule as a micros-
copic probe for the study of electrolyte solutions in the time-domain, with
a resolution of ca. 100psec. This timescale is short compared to the diffu-
sional times but longer than the characteristic relaxation of the solvent
(water). Therefore the DSE is valid over the entire experimental time-range.
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2. EXPERIMENTAL AND METHOD

Solutions of 5xlO- 5M HPTS in 2:1(v) water-methanol mixtures at 600C were
irradiated by the 3rd harmonic, 25 psec pulse, of a mode-locked Nd:Yag
laser. The psec time resolved fluorescence of the acidic HPTS form was
detected by a streak camera.

The composition of the solution was chosen to maximize the geminate
recombination yield. The pH of the solutions was between 5.5 and 6.0
assuring that homogeneous recombination was insignificant in the experimen-
tal time-range. The temperature of the solution was raised to 600C to
eliminate the abovementioned "dynamic steric effect". Under present condi-
tions the average number of geminate proton rebindings to the HPTS anion,
bpfore ultimate escape to the bulk, is calculated to be 2.7, twice as much
as in pure water [4]. Hence geminate recombination is the main process
which determines the apparent HPTS dissociation rate in this environment.

3. RESULTS AND DISCUSSION

Fig. 1 shows the effect of an added electrolyte (NaNO3 ) on the
transient dissociation profile of HPTS. The averaged streak camera

records clearly show a suppression of the long-time fluorescence tail by
the added salt. This is explained by a nonequilibrium screening effect
which reduces the Coulombic attraction in the ion pair.

The relaxation time of the ionic-atmosphere around a central ion
suddenly formed in solution is [9] 2/D 

2 
where D is the relative diffusion

coefficient between the ions and 1/ is the ionic atmosphere radius. In
water at room temperature a solution of 150mM univalent electrolyte will
have a relaxation time of 350psec. This is roughly an order of magnitude

slower than the time needed for the proton to reach the nearest neighbor
ion. The much faster proton can thus be pictured as moving through a
largely unrelaxed ionic atmosphere which still has much of its predissocia-
tion characteristics. Only when the proton covers the nearest neighbor
distance, Ray, would it be influenced by the screening of the other ions
[10]. This model was found by us to be very simple to use and yet superior
to the conventional Debye-Huckel approach, which fails in our case both
because of the relatively high electrolyte concentrations (0.01-0.6M) and
the nonrelaxed nature of the ionic atmosphere.
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1.0 Fig. 2. A numerical analysis of
the 150mM NaNO3 decay curve
displayed in Fig.l. The analysis

method is described in the text.
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Fig.2 shows the analysis of the HPTS fluorescence decay in the presen-
ce of 150mM NaNO 3. The numerical calculation was carried out assuming that
no screening of the Coulombic potegtial exists until the proton has reached
the nearest neighbor distance Ray - 3000/47r cNA where NA is Avogadro's
number and c is the concentration of the oppositely charged ion in moles-
per-liter. At larger distances the Coulombic potential is assumed to be
totally screened. Although a good fit could be achieved without any
adjustable parameters, we allowed ourselves some freedom in order to
achieve the best fit. In Fig.2 Ray is taken as 16R compared to a calcu-

lated value of 14R.

In conclusion, geminate recombination of protons in excited-state acid
dissociation gives access to the dynamical properties of electrolyte
solutions. Further work is in progress aiming to bring new experimental
and theoretical insights into this much investigated yet largely unresolved
research field.
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Barrierless Isomerization in Solution Studied
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1. INTRODUCTION

A photoisomerization reaction can be classified accordi,.g to
the shape of the potential surface characterizing the
reaction. Two main cases can be distinguished. One case
refers to the situation where initial and final states of the
reaction are separated by a high potential barrier. A

second type of reaction is characterized by a smooth
potential surface without a barrier between the reactant and
the product conformations. The most recent theory related to
this latter situation is the Bagchi, Fleming, Oxtoby (BFO)
theory (1) and extensions thereof (2).

TPM molecules have traditionally been considered to

represent the barrierless case. In this work we have used
picosecond and sub-picosecond pulses to study the
isomerization dynamics of two other barrierless moleculey,
belonging to the cyanine dye family , pinacyanol and 1,1 -

diethyl-4,4 -cyanine. The dynamics has been studied as a
function of viscosity, temperature and excitation and
analyzing wavelength.

2. RESULTS AND DISCUSSION

Figure 1 below summarizes the viscosity dependence observed
in the n-alcohol series methanol-hexanol at constant
temperature. The isomerization time constant is seen to
increase linearly with viscosity within this viscosity
interval. A linear viscosity dependence of the reaction rate
is predicted by the BFO theory for a pinhole sink at the
minimum of the excited-state potential. According to the BFO
theory this sink function should also produce a non-
exponential decay, the shape of which is excitation
wavelength dependent. However, no deviations from single
exponential decay were observed at the wavelengths and
viscosities studied here. As is discussed below we observe a
wavelength dependence of the reaction rate, but this
dependence is related to the variation of the analyzing
wavelength and not to the excitation light. Consequently, we
believe that the effects giving rise to non-exponential decay
and excitation wavelength dependence as discussed by the BFO
theory may very well exist in the molecules studied here, but
they occur on a timescale unaccessible with the presently
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Fig. 1. Viscocity dependence of isomerization time conztanto

used time resolution. The fact that the isomerization time
constant has a linear viscc ity dependence down to the
shortest value measured, 1.5 ps, at 0.5 cP also suggests that
the rate of internal conyerston from the sink is very high
(probably higher than 10 s- ) and that the sink is narrow.

Several of the previously studied TPM molecules have been
shown to have wavelength dependent relaxation times. This
wavelength dependence was shown to be associated with the
variation of the probe wavelength in a pump and probe
experiment (3,4), but there is no agreement as to the origin
of this effect. The two cyanine molecules studied in this
work also exhibit this puzzling wavelength dependence (5). In
a previous publication (5) we tentatively assigned the effect
to the excitation wavelength dependence of the reaction rate
predicted by the BFO theory. However, those experiments were
performed with a one-color pump-and-probe setup in which the
excitation and probe wavelengths vary in tandem. In the
present work we have used a setup allowing independent tuning
of excitation and probing wavelengths. The wavelength,
dependence of the isomerization time constant of 1,1 -4,4 -C
as measured with the two methods is displayed in Fig. 2. It
is evident that the wavelength dependence of the
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Fig.2. Wavelength dependence of
isomerization time constants
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isomerization rate is associated to the variation of the
analyzing wavelength; tuning the excitation wavelength over
most of the absorption spectrum has no effect within
experimental error on the reaction rate.

At present we are considering the following possibilities
to explain the observed wavelength dependence: A. More than
one ground state species with slightly differing relaxation
rates exist; B. An effect suggested by Ben-Amotz and Harris
(4) to explain the wavelength dependence observed in TPM
molecules; C. Ground state vibrational relaxation in a non-
reactive mode coupled to the reactive mode; D. Solvent
reorganization around the excited molecule. Considering all
the experimental facts the possibilities C and D seem to be
the most realistic explanations to the effect, but in order
to distinguish between the two, more detailed experiments
must be performed.
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Isomerization reactions are assumed to be responsible for the non-radiative decays observed in
many dye solutions subject to laser excitation. In many of the systems studied isomerization
has been taken as a single coordinate minimum energy path. Observed kinetics have been fitted
to theoretical models including high and low barriers,random motion of the solvent,the viscosity
of the solvent and recently also frequency dependent barrier crossing (1-3). Early developed
Kramer's theory seems to work either in low-viscosity or in high-viscosity solutions for medium
and high barrier cases.

We have studied the isomerization reaction of a cyanine dye diethyltetramethylindocarbocy-
anine iodide (DiIC2) dissolved in n-alcohols from m-fl-no! to dodecanol. Since the dye is known
to have a long-lived photoisomer, absorbing at about 570 nm, the fluorescence spectra were recor-
ded at several excitations (4). No emission, which could be assigned to the photoisomer, was
detected.

Single photon counting and multichannel plate photomultiplier detection was used to mea-
sure fluorescence lifetimes at several temperatures in each solvent. Solutions were placed in a
pinning cell and signals collected at right angles at magic angle polarization using low repetition

rates of the synchronously pumped picosecond dye laser. Standing cell and high repetition rate
results did not show any cumulative effects one would expect to see from a long-lived photo-
somer.The observed kinetics showed nice single exponential behaviour throughout solvents and
temperatures studied, a strong indication of one emitting species. The observed lifetimes varied
from less than 100 ps at low viscosities to about 2.6 ns, which was used as the radiative lifetime
of DiIC2, at high viscosities. Some decay curves in butanol solution at various temperatures are
shown in Fig. Ia.

In all solvents from methanol to hexanol the observed lifetimes became practically fixed at
the freezing point of the solution. In dodecanol, decanol and octanol solutions a sudden jump of
the observed lifetimes can be observed at freezing temperatures (Fig. lb.). This can be taken
as evidence of hindering of the isomerization reaction assumed to take place in the excited state
(4). The observation can be correlated to the phase transitions of the solvents concerned. With
less potential to self-associate long-chain alcohols crystallize more promptly than glass forming
and strongly self-associating shorter alcohols.

The Arrhenius plots of the kinetic results are shown in Fig. 2a and the results plotted
at constant viscosities are shown in Fig. 2b. The plots at constant viscosities indicate two
important results I) for solutions from methanol to butanol the barrier height E. seems to
depend only slightly on viscosity and an average barrier height of 8.OkJmol1- can be used for
methanol through hexanol solutions 2) for solutions from hexanol to dodecanol the barrier height
decreases from about 17k.Jmo1' at 1 cP to about llkJmol- at 20 cP. In the latter case Eo is
obviously strongly viscosity dependent , a fact, which has to be included in theoretical models
used to fit the data. Qualitatively similar results have been reported for the same dye recently
(4).

We have tested three different theoretical models on photochemical isomerization of l)ilC2
in solution. The observed kinetics of the dye in n-alcohols was fitted first to early Kraliers'
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Fig. 1. a) Observed fluorescence lifetimes of DilC2 in ethanol. b) Arrhenius plot of tihe
non-radiative lifetime in dodecanol at various temperatures

theory, using all experimental points (except those obtained in dodecanol solutions) and viscositY
dependent barrier heights, adequately described by a function

E' =Ec, + A
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Fig. 2. a) Arthenius plots of the DiIC2 dye in n-alcohols
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where E, is the lowest barrier height in the viscosity region concerned and A is a constant deter-
mined from a least, square fit. As seen in Fig. 3a Kramers' theory only slightly underestimates
the observed kinetics at high viscosities. Almost equally good fit is obtained using a viscosity
independent 'average' barrier height of 8.0kJmo1- . The kinetics of hexanol through dodecanol
solutions can be nicely fitted to Kramers' equation provided that the strong viscosity depen-
dence of the barrier height is taken into account using equation (1). Kramers' theory predicts
nicely the reduced non-radiative rates of DilC2 in n-alcohols from C6 to C12 (Fig. 3b). Using
an average barrier height gives poor results in this case.

Grote and lynes have brought up the idea of frequency dependent barrier crossing rate and
derived a simple equation to account for non-Kramers' behaviour of isomerization reactiotis (2).
Qualitatively, slower rates due to 'viscous drag' are obtained as compared to Kramers7 theory
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ahigh viscosities. Application of this theory requires information ahout fre~ucncy dependent
friction-. not easly available. However. in the high viscosity limit, the theory predicts q-1
dependence of the reduced rate constants (5). In the present case q-1 dependence could not

bconfirmned, though the viscosity range, form 1 cP to 3.5 cP, covered in this study should be
rep~resentative. A 'nodified )moiuchowski equation' k-, 1 = D) * j often used to fit isome-
rization kinetics (5) gives good fits for DiIC2 dye in n-alcohols, as well. Including the viscosity
dependence of thc barrier height makes the exponent a approach unity. However. this empirical
equation has not been given a reasonable physical meaning.

Recently. Robinson et al. (6) published an empirical equation to describe non-radiative
kinetics of seven dyes in n-alcanols. lit the present case the latter model, which we call the
'extended Kramers' equation' fails to reproduce the observed kinetics. TFhe 'extended Krmers*
equation' is not, even in theory, capable of predicting strong viscosity dlependlencies of the reduced
rat"s obtained in this st udy.

Finnish Academy of Sciences is gratefully acknowledged for financial Support.
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Introduction

On the occasion of the first of these meetings ten years ago [1], when

ultrafast was still picosecond, molecular dynamics of liquids was clearly
identified as an important target of ultrafast spectroscopy [2]. The shortening of
pulse duration down to the femtosecond time scale, combined with the escalation
of computer simulation studies, was in fact required for such a development.

In this paper, we will center on the implication of the femtosecond
spectroscopy in the monitoring of the fast elementary steps of electron solvation
in aqueous media (homogeneous solutions and organized assemblies) at ambient
temperature and we will describe the theoretical framework in which our results

are discussed.

Experimental set-up

Our experimental set-up has been already described in detail [3]. It
includes a colliding pulse mode locked dye laser with an intracavity four-prism
arrangement which generates 60-80 is duration pulses at a wavelength of 620 nm
and a four stage amplifier pumped by the second harmonic of a 10 Hz repetition
rate Q-switched neodynium-YAG laser. The amplified beam is separated into two
parts. The first one is frequency doubled in a KDP tystal to produce 5-10 lJi-
pulses at 310 nm while the other one is focused into a 2 mm water cell to
produce a white light continuum. This white beam is divided into two parts ; one
(the probe) overlaps the pump in the sample while the other one (the reference)
misses the sample. hoth beams are collected into a monochromator and directed
towards two photodiodes. Due to the large spectral region under investigation
(typically from 0.4 to 1.3 pm) the chirp of the continuum induces an important
shift of the zero (temporal overlap between the pump and the probe). Therefore
careful experiments are simultaneously conducted at each wavelength tc
determine the zero time delay and the time response function of the apparatus
4]. Transient spectra are then reconstructed taking into account the amplitude
of the signal and can then be represented in 3-D plots (Fig. I).

Femtosecond generation of excess epithermic electrons

In the specific case of aqueous solutions at ambient temperature.
apart from the discovery of a short-lived hydrated electron [5], very little is
known about the mechanisms governing the electron-water molecule interactions
during the solvation process. lip to now the great majority of electron solution
studies in aqueous solutions have been realized by injecting electrons using pulse
radiolysis methods, providing at best a 10 ps accuracy [6]. In this case, the
appearance of the hydrated electron was always limited by th,' instrumental
resolution. Flash photolyss permits the direct generation of electrons with low
excess energy. In our case we have used 310 nm pu)ses to generate electrons

through the ionization of ferrocyanide Fe(CN 6 ) ions in water solution

(0.4 5 pM) or to induce charge separation in aromatic hydrocarbon molecules with
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a low ionization threshold, (such as phenothiazine), embedded in the hydrophobi
core of micelles [7]. We found also that direct photoionization of ater
molecules was possible with 310 nm light even though water is transparent up to
190 nm. This excitation is likely due to two-photon absorption but in this case
the global yield is much lower than in the previous ones, making the experiment
quite difficult. However there are several advantages tu photoionizing the neat
solvent, avoiding for instance the perturbation of the microscopic environment
by any solute molecule.

After the initial ionization event, the subsequent energy exchanges
result in the formation of several intermediates states including quasi-tree or
dry electiujs (e- ), thermalized electrons (e-th), localized electrons (e-loc) and
finally solvated Tlectrons (e- ).

Donor(D ) h D -q- ee- tlf- , ee-t e -l e l (I)

Results in bulk liquid water and isotopes

In H20 we find that a high energy tail of an infrared absorption band
extending above 1250 nrm begins to appear within the excitation but is fuly
developed only after a delay of 0.4 ps. This infrared band then disappears in
fraction of picosecond while a structureless absorption band rises. This
asymmetric band which peaks around 1.7 eV (720 nm) with a high energs tail
extending above 3 eV is clearly assigned to the hydrated electron. All this
behavior can be easily followed on the 3D plot which has been reconstituted
from the kinetics at each wavelength.

An analysis of our kinetics data (Figure 1) shows that they are mostli
consistent with a model which assumes the existence of tmo species [S]. The first

Fig. 1. Transient absorption spectra of excess electrons In pure liquid kater
excited at 310 nm. Wavelength is in nin and time in ps. This 313 plot is
reconstttuted from the experimental kinetics taken at dillerent \%a\elengths
from 500 nm up to 1250 nn-.
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one, absorbing in the infrared, does Tinot appear instantaneousli but with a
characteristic time TI (10 1 20 fs) and then relaxes with a constant time T2
(240 + 20 fs) towards the solvated state.

These dynamical investigations dernonstrate that the electron
solvation in pure liquid water proceeds through, at least, one intermediate state
(presolvated state - e loc ) characterized by an infrared band and whose lifetime
is in the femtosecond regime. These studies provide a unique experimental basis
for testing recent theoretical approaches to excess electron coupling i I iquiid
water. The measured initial trapping time of the electrons (1.1 x IC. s) is
longer than the estimates of thermalization time in water [(2.4 - 4) x 10 -s [91.
This would5c suggest that if the early energy loss rate of the electrons in water is
about 10 eV/s, the electrons would get thermalized before being localized [91.
Important theoretical investigations on electron localization and solvation have
been periormed using computer simulation methods. Several groups have deduced
information on the structural aspects of the hydrated electron by developing
molecular dynamic simulations of w .. ui!: Monte Carlo and Feynman path
integral techniques [10-12]. In models based on electron-water pseudopotentials,
the electron is described as a quantum particle and water molecules are treated
classically using SPC, ST2 or MCY models.

Computer simulations show a repartition of favorable sites for the
initial electron localization in liquid water [121. These sites are attributed to
fluctuations of the electronic density and of solvent molecules' orientation, and
correspond to a range of potential well depth extending from 0 to -32.2kcal/mol.
Our femtosecond experiments cannot establish if the electron creates its own
trapping site (self-trapping mechanism) or searches for pre-existing shallow traps
identified as small structural fluctuations or miniclusters. However, in agreement
with a recent plausible picture of electron trapping in water [9.121, our hR data
are compatible with a distribution of pre-existing sites which behases
monotonically in energy down to - 1.4 eV. The efficient role of shallow traps in
the appeara4nce of a presolvated state (i.e. V z-_ 0.58 eV for a (ross section
around 20 A2 ) would correspond to spatiall extiended electron-traps of about
4 angstr6ms.

Turning to the final transition to the fully solvated state (e ol). It is
assumed that the ultrafast relaxation of the inlrared species (240 fsl corresponds
to a contraction of the trap size associated with a modification al the charge
distribution inside the cavity of the hydrated electron. Numerous theoretical
studies iiave led tu the conclusion that once the electron gets localized, a
reorientation of the water molecules in the first solvation shell should intervene.
Theories treating liquid water as a dielectric continuum predict that the shortest
lifetime of a trapped electron is determined by the longitudinal relaxation tirne
of the solvent TL 11 3,141. From the fixed charge approximation. .L is related
to the Debye relaxation time by the expression T cf, /e , in which f and
Eare the static and the high frequency dielectricorrx1cnts respectisels.

dielectric relaxation implies a continuous riiodit cation of the (iidiUn
interacting with the electron. This should appear as a contlnuoss spectral lhil
of the electron absorption band from the infrared towards the i iblo I It.I. Den
though there is an analogy between the time T and the estimate o the
longitudinal one (0.2 - 0.5 ps) the absence of a sigiicant spectral shift betwee
the two transitions of the electron (infrared and %sible) suggests that the
configurational changes of water molecules around the electron are hnuited to
an extremely small number of mo'enients and lakours electronic tralisition af
the electron during the final ihquid relaxation.

The exhaustive identification and comprehension of lo-alzed andI ILII\
relaxed states of electrons in Iiquid water evident!-, need !,!rther e\peri iliiiI
data on coupling of subexcitation electrons wkith water MolecUiles and theCr('ti1al
treatments of electron solvation as a non-adiabatic process.
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Excess electrons in sequestered aqueous microdroplets

Reversed Mrcl or systems (aerosol OT - hydrocarbon - Aater 5 t's
offer the opportuni ty to insestigate electron hydration in Un irpi aqrueous ru
wher e the [lilrostruct ore anid states of sequestered wadter bubbles is, depeidert

on the water pool size defined as the [H C)[I[AC)T] ratio (A) [ 151. AtI low. water
content 1W 20), strong ion-dipole interacions' lead to a spe ific organization of
water molecules around the sodiUmn ion and pros ide fasouralble distribution of
Ionic ci asters I \a(H 20) J with in the inner aoUeOUS COre. Iii this se tion wke v% ill
discuss only soic. 51 vI. ihe ent data on el'ectron sokanion in large aqueous
iricrodroplets OX 50). The re levant resiilt, are Siiriirarized In) f7igure 2. lIn
reversed rmicel les ( R% \l"ithout a wvater pool OX 0), the riset i te 0f the Induced
absorption at 720 ni can be wAcll fitted to a build-up time of "0 -10 ts (cuJrse
b). This tirme. takiiig into account the position of the zero tine delavLiirs e, . is
assigned to the foriiation of a trapped state of elleirrons inr the non-polar phase
01 RMV. The t imie-resolsed spectroscopic data obtained follow.ing the phioto-
ionizajtion of PTH In R\ NW 501 ian be fitted to the cons olation of the pu~ke
profile and the signal rise which is, rmade of a contribution of tso cornoneuts
Icurs e i). The first cotuponien- corresponds to The appearanrie of lot ali/ed
electrons iii the Ii vrroajrlboir phase of IZ\I. The second t ini C onsta nt has, beeti
deterrnined f romi experimnts per orired Iii the infrared (Figure 215). \t Irj 000 rn.
the kinetical model Takes, Into accountI the existerne of a transient state of tire
ee ctrori betfore sols t ion in the w ater biibb le. The best tit of th rcr
kinetics gises ani appeararne tutne T1 of 141 is andi a lifetime of 27r !s 1 1 5[.

These f etutosecond ins estigat ions in) R V deironstrate thatr the so Isat ior ot
photo-elec trons III scatfr in crodroplet s does niot proceed in a 5i gle step. The

rs-iieT of) the intrared tail inkcludes both tihe electron ejection therno,a-
tion and locahl/at iou i riside the aqueous Inriner core of R \I.

O~nce the electron gets trapped. the finial stabilization tow ards, a fuI
solva ted state ocn urs in 270 fs. These data. shossrig the ex istemre ot a prec ursor
o1 solvoted electrons In sequestered aqueous riuirodroplets. denionstrate that the
presence of counterions Na does riot pros ide mrore las ourable spat ial
distribution. of r-xtn deep traps in RM 1 ilr In pure 1liqiiid ss ater. It Is"
iteresting to rnot ice that in large wadter droplets NW 50) the Ii fet lie of this,

presolva ted state is. simila r to the value obtatied iii biilk water. A.ddi tiornalI
fenitosecorid i usestigatiotis are in) progress, to establis h if the mie(luarrisris of
electron loral i/at ion arnd solsat ion iii simall er svater cI iisters are i if I ucrced ns
the properties of the sequiestered iter faciu I water.

.4=720 nm lOn

a: heptane10
IN z50

bW : 0
; W .50

-. 5 0 .5 1 1 .5 2 -1 0 1 2 3 4
TI M E(PS) TIME (PS)

Fig. 2. Ti ne-recovm Ivel u uC-(! bsrptlrl follow inig I erritoser orid I V ex\e tori on of
plicriothiazinte (4 x I0 VJI Ii reversed roriel les (.\T . 5V.i-t'iarl
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Dynamics of Polar Solvation
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The dynamics of polar solvation has become a topic of recent interest because
of its importance in determining how a solvent will affect charge transfer
reactions [1]. The results of experiments performed by us [2] and several
other groups [3] have led to the conclusion that theoretical models that
treat the solvent as a simple continuum fluid are inadequate to describe the
actual dynamics. The experimental results deviate in three significant ways
from the predictions of Debye-Onsager homogeneous continuum models. First,
the average time scales observed are usually larger than rL, the longitudi-
nal relaxation time, and lie somewhere intermediate between the TL and TD
extremes. (Here ST is the measured dielectric response time). Second, in
cases where the so vent relaxation could be followed-over several decay
times with a large signal to noise ratio, the decays were clearly nonexpon-
ential, resembling stretched exponential decays. Finally, at large values
of the dielectric constant the response slows significantly. We have sug-
gested that these three findings result from molecular aspects of the sol-
vent response not included in the continuum description. As has been
pointed out by several authors [4-6] for molecular scale solutes, nearest
neighbor solvent molecules will not enjoy the full cooperativity implied by
TL and will react on a time scale closer to TD . The response from the dis-
tant solvent regions will have the rapid L-type response and so the over-
all response will therefore be slower and more complex than that predicted
by the simple continuum response. Several years ago Calef and Wolynes [4]
using a Smoluchowski-Vlasov equation discussed many o these ideas. More
recently Wolynes [7], followed by Rips et al. [8,9] and Nichols and Calef
[10] have developed the well-known mean spherical approximation (MSA) to
describe the dynamics. The MSA is a treatment of a dipolar hard sphere sol-
vent which obtains an approximation to the radial distribution function from
first principles. It thus constitutes a molecular theory of solvation dynam-
ics. In a parallel study we developed an inhomogeneous continuum model [Il]
in which the finite size of molecules is mimicked by a distance dependent
dielectric function c(r). For particular choices of c(r) the MSA and inho-
mogeneous continuum models give essentially identical behavior. One signi-
ficant aspect of both theories is that ions solvate more rapidly than
dipoles whereas in the homogeneous continuum picture the solvation of both
species has the same time constant. The origin of this behavior lies in the
range of the interaction. Simply put, the ions reach out further and thus
the overall response is more heavily biased by the [L-type contribution. A
third approach is that of molecular dynamics simulation where the individual
molecules are dealt with explicitly. In this paper we discuss our data with
respect to the MSA model , the inhomogeneous continuum model and describe
some of the simulation results.

Experimentally we exploit the time resolved fluorescence Stokes shift to
construct a correlation function C(t) = (,(t) - v(-))/(v(O0 - v)). Theo-
retical correlation functions are given the symbol S(t). Figure I shows
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0 .Fig. 1. Comparison of experi-
mental C(t) response functions

(solid curves) with the corres-
ponding S(t) functions calcu--.................. ated from the MSA model (dashed
curves). The experimental data
are from Ref. 2 and the param-
eters used to calculate the S(t)
curves are listed in Table I in
Ref. 12. The curves shown corre-

C
-" .spond to the following solvents

2 MSA and temperatures. Experimental:
n-propanol at 1=295 K. 2=273 K,

T4
5 -5 3=251 K, 4=232 K, and 5=221 K;

calculated: 1,2,3,4,5 from top
0 0.5 1 1.5 2 to bottom. For reference, the

Time (t/-r0 ) limiting exponentialTD and 1L
decays are shown as dotted lines.
-IL varies slightly with solvent
and temperature; the pair of lines
shown here are the extreme values.

experimental data for Coumarin 153 in n-propanol over the temperature range
221 K-295 K. The time scale is given in units of t/TD . Thus if a simple
continuum model applied all the curves would lie on top of each other and
follow the line marked rL (in fact /TD varies slightly with temperature -
the pair of dotted lines show the extreme values). The MSA model predictiors
are also very similar over the temperature range but clearly contain substan-
tially more curvature than the real data. The MSA calculation in Fig. I is
for an ion. A recent calculation by Rips et al. [9] for a dipole does not
improve the quality of the description. Jn protic solvents Rips et al. [9]
suggest that structure breaking in the vicinity of the solute is responsible
for this failure.

Both the MSA (for dipoles) and the inhomogeneous continuum models do much
better at reproducing the data in aprotic polar solvents. Figure 2 shows the
inhomogeneous continuum calculation for Coumarin 153 in n-methyl proprionan-
ide at 244 K and 273 K. Note that the relaxation is now very much slower
than [L. The calculated curve uses an inverse exponential form for c(r)
with a single length parameter for both temperatures [11]. The same value of
x predicts the correct time dependence over a wide range of dielectric con-
stants (80-300) and temperatures in different solvents. The scale of the
perturbed solvent region for a dipole interaction corresponds to about two
solvent shells.

We now turn to a discussion of the molecular dynamics results [12]. The
systems investigated consisted of monatomic ions immersed in large spherical
clusters of ST2 water. Relaxation of the solvation energy following step
function jumps in the solute's charge, dipole moment and quadrupole moment
were determined from equilibrium molecular dynamics simulations under the
assumption of a linear solvent response. The effect of c~arge (+, 0, -)
and size,(small (S) with Lennard-Jones parameter o = 3.1 A and large (L)
a = 7.0 A) was also investigated. With the exception of the S+ solute the
ordering of the decay rate of the correlation functions is potential
(charge) >field gradient (quadrupole) >field (dipole). In addition to the
faster decay the potential correlation functions show pronounced libration-
al oscillations that are much less pronounced in the other correlation func-
tions. Comparing the simulated correlation functions with the MSA predic-
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Fig. 2. Comparison of experimental C(t) responses (Eq. 1-5, data from Ref.
2) and S(t) curves calculated from the inverse exponential model of ionic
solvation. The experimental data were obtained with Coumarin 153 as the
probe molecule in N-methylpropionamide (244 and 273 K). The calculated
curves are for ionic solvation using values i =c and x = 1.83. The param-
eters used in single Debye form representatio s of e(w) of the experimental
solvents are, in the order EB' ET D (ps) at 244K:299, 6, 1890, and at 273K:
215,6,392 [13].

tions as with the experiments in alcohols leads to slower calculated than
"observed" decays. A simple continuum model more closely approaches the
simulated results but neither theory is able to account for the variations
we see in potential correlation functions for different solutes. The main
reason for the failure of the MSA approach is that the dynamics is dominated
by the first shell as Fig. 3 shows. Also shown in Figure 3 is the single
particle time correlation function for molecules in the first shell. The
contribution of any one molecule to the potential tcf decays on this time
scale. Thus the fast response clearly results from concertec motion of
many molecules. The number of molecules actually required to ach:eve the

I

0. 5
U

lV , ',. 2 3

Tot--------

0 0.5 1
Time (ps)

Fig. 3. Potential time correlation function for a SO solute decomposed
into individual shell contributions. The solid curve is the total response
and the curve marked 1 is the single particle dipole tcf.

534



(A) Fig. 4. Properties of the
trajectory of a single solvent
molprulp in the first shell of
an S+ solute. A. Solute-oxygen

o distance. B. cos(p. r) where
is the dipole direction and r
is the solute-oxygen vector.

-0.4 (B) C. The single molecule contri-

- / bution to the oxygen potential.
,-0.5

U)
0
U -0. 8

-4 C

S-6

a-8

-10

0 0.5

Tame (ps)

full cooperativity is 10-40. The first shell dominates the response, con-
tributing 85% of the zero time amplitude, and producing the large oscilla-
tions which appear to result from a collective librational motion of all
the molecules in the first shell. A further significant point in the first
shell dynamics is that the potential tcf differs from the polarization tcf
indicating that the solute does not view solvent molecules as single point
charges but rather interacts with their extended charge distribution.

The last aspect we discuss is the molecular basis for the differences observed
between charged and uncharged species. Figure 4 shows the behavior of a first
shell molecule for an S+ solute. Panels A and B give information on trans-
lation and rotation, respectively. For an uncharged solute (e.g. SO) the
fluctuations in the electrical potential arise almost entirely From the rota-
tional motion. However, as panel C shows for S+, translational motions play
an important role in potential fluctuations. Waters in the first shell of
S+ point one of their negative charges directly at the solute and are held
rather tightly. This tight binding is manifest in the coherent vibrational
character of the solute-oxygen distance shown in Fig. 4A. Thus while the
spikes in Fig. 4C do come from motion that is rotational in character the
overall contour of the potential trajectory closely matches excursions in
the oxygen to solute distance. Thus the much slower potential tcf response
for S+ as compared to SO results from the importance of slower translational
mechanisms in the former but not the latter solute.

Thus the results of this simulation do not lend support to the MSA
picture of solvation dynamics. Of course water is one of the most highly
structured solvents and its dynamics may well be more complex and solute
specific than other polar solvents. Simulations are clearly needed on
simpler liquids such as acetonilirile.

This work was supported by a grant from the National Science Foundation.
We thank Edward Castner, Jr. and Biman Bagchi for their contributions to this
work.
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Ultrafast Molecular Dynamics in Solvating Liquids

W.T. Lotshaw, D. McMorrow, C. Kalpouzos, and G.A. Kenney-Wallace

Lash Miller Laboratories, Department of Chemistry,
University of Toronto, Toronto M5S lAI, Canada

The concepts underlying molecular motion, and the correlated dynamics
involved in solvation phenomena, have undergone renewed scrutiny in the past
decade as we have witnessed a transition from picosecond to femtosecond laser
spectroscopy [1]. The ability to monitor directly time-ordered events makes
femtosecond spectroscopic techniquies viable for attacking the fundamental
problems of molecular motion in disordered, condensed phase systems which
could be addressed previously only with frequency domain techniques. In this
paper we present new optically heterodyned optical Kerr effect (OIID-OKE)
data on several room temperature molecular liquids and discuss briefly the
implications of these results on models of electron localization and solvation
[2], and on the dynamic solvation of electronically excited states. The laser
system and experimental details have been discussed at length elsewhere and
will not be repeated here [3].

Figure 1 illustrates schematically the scattering of a quasi-free electron
through a disordered medium, in which the fluctuations in free energy as a
function of medium density are reflected in the extended array of potential
energy wells of varying depth and shape. The model for electron localization
proposes that the electron samples the statistical structure of the medium that
is frozen on this time scale, with the distribution of potential wells formed by
the van der Waals or dipole induced clustering of molecules providing a
distribution of preexisting localization sites. All evidence indicates that a

e- scattering (r, t) o 1(514 S
30 e Vacuum

0 continuum states
eqj quosifree E

./ /" P >tcm' V-lS-l

Te T Rx qu osilocolized
localized 9

Sconfigurotionally
p eno\relaxed, lolizedI"Tu; .. es . P f<10- cm

2 V- S
LL iwells

Figure 1. Schematic diagram for the trapping and solvating of a quasi-Jree electron
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minimum depth and cluster size is required in order to localize the electron
below the conduction band of the medium (cf., fig. 1), and that residence time
as a trapped electron must persist into the reorientation time of the molecules
for solvation to occur. Hence, solvation about the initially trapped electron, cT,
can lead to a configurationally relaxed solvated electron, e. In alcohols, for
example, this solvation time is typically 10- 11 to 10- s [5]. It is thus relevant
to ask, what are the dynamical structures present at the earliest times? Iow
does one describe the response of the molecules to a sudden external
perturbation, and how does the inhomogeneity of the liquid's local structure
affect the measured response? Femtosecond spectroscopic techniques provide a
powerful tool to address these issues.

In previous reports we have noted striking similarities in the dynamics of

all liquids composed of anisotropic molecules. In particular, the OIlD-OKE
response of such liquids can be resolved into four dynamically distinct
temporal regions, three of which originate in motions of the nucleii, with the
fourth arising from the instantaneous distortion of the electronic polarizability
to the applied optical field [3,4]. While the qualitative appearence of the data
for different liquids may be quite different owing to different amplitudes of the
different signal contributions, all can be resolved into these four dynamical
regions and described in a qualitative fashion by a single, simple model [3,4].
Furthermore, it has been demonstrated for CS 2 that the exponentially
decaying contribution with a lifetime of >1 ps behaves in a manner that is
consistent with Debeye-Stokes-Einstein diffusive reorientation, while the
subpicosecond nuclear relaxations appear to be intrinsically non-diffusive,
arising from coherently-driven vibrational modes of the local fluid structure
[3,4,6]. In liquids consisting of anisotropic mclucules this intermolecular
vibrational motion is dominated by oscillatory orientational motion (molecular
libration) of the molecules in the local intermolecular potential wells.

Figures 2 gives the OIID-OKE responses for ncat-pyridine and neat-
bromoform at 298 K initiated with 65 fs pulses centered at -'-633 nm. The
bromoform data (fig. 2, lower) is dominated by a large electronic response
centered at r = 0, and the coherent oscillation of the 154 cm - 1 intramolecular
vibrational mode which is driven by different Fourier components of the spec-
trally broad laser pulse [3,7]. Because this molecule is nearly isotropic, the
signal contributions from anisotropic interniolecular motions are small. The
OIID-OKE for pyridine (fig. 2, upper), on the other hand, is dominated by
these intermolecular, anisotropic motions. The initial, rapid decay of the signal
arises from the destructive interference of the different oscillators (molecular
librators), all excited in phase by the ultrashort optical pulse. The rapid de-
phasing is a consequence of the inhomogeneous distribution of molecular envi-
ronments, and hence the distribution of oscillation frequencies in these dis-
ordered liquid systems. The non-zero intercept at long times in both curves is
indicative of a residual anisotropy of molecular orientations (an orientational
anisotropy), the decay of which arises from diffusive reorientational motion.
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Figure 2. OIIDmOIKE data for pyridine (upper) Figure 3. OIID-OKiE data for acetonitrile

and bromoform (lower) liquids at 298 Ki liquid in linear and semi-log .for?_ .s

Because of its importance in studies on dynamic solvation, we focus at this
point on the ultrafast dynamics of acetonitrile. Figure 3 gives the raw OlID-
OKE data for neat-acetonitrile, presented in linear and semi-log formats.
Evident in this data, following the initial (instantaneous) rise of the electronic
response, is the rapid signal decay associated with the inhiomogeneously-
broadened ensemble of cohierently-excited molecular librators, followed by the
slower decay of the orientational anisotropy. From a least-squares fit to the
linear portion of the semi-log data (,r > 1 ps, linear over > four lifetimes) a
time constant of 1.4 ps is obtained for diffusive reorientation of acetonitrile.

The short-time dynamics of acetonitrile are investigated further in fig. 4.
The upper panel presents again the raw OIlD-OKE data. The lower panels
present (in linear and semi-log formats) reduced data in which a tail-matched,
exponentially decaying response generated to reproduce the 1.4 ps decay of the
orientational anisotropy has been subtracted off [3]. The complexity of the
dynamics at short times is evident, with the linear portion of the lower panel
fitted to a straight line with a time constant of -400 fs. This relaxation has
been discussed [4] in terms of local density fluctuations which destroy the local
structure of the liquid on a -400-600 fs timne scale. The observed dynamics in
acetonitrile are consistent with those of numerous anisotropic molecular liquids
investigated to date [3).

The residual OIID-OKE data of ig. 4 (middle and lower) contains contri-
butions from both the instantaneous electronic response and the ensemble of
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Figure 4. (upper) OIID-OKE data for neat

acetonitrile at 298 K; (middle and lower)

reduced data with tail-matched exponcntial-

ly decaying 1.4 ps response subtracted off,

presented in linear and semi-log formats.

The straight line represents a "-400 fs
>. decay

C

- I" t
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Figure 5. The coherently excited distribu-

tion of intermolecular oscillators, D'(w),
0 1 2 obtained from the raw OIID-OIKE data for

Probe delay (ps) acetonitrile as is described in [7]

coherently-excited intermolecular oscillators, with this latter contribution
containing information on the inhomogeneous distribution molecular environ-
ments. Elsewhere in this volume [8] we present a techniquc for obtaining
directly the distribution function associated with this ensemble of oscillators.
The resultant spectrum for acetonitrile is given in fig. 5. For the weakly
polarizable, highly anisotropic acetonitrile molecule this skewed spectrum,
which exhibits a maximum at -50 cm - I and a width of -90 cm -1 FvIIM,
can be associated with the distribution of molecular librators in this liquid.
The vibrational frequencies of the individual molecules reflect the site-to-site
variations in the local intermolecular potentials. Ilence, femtosecond optical
Kerr measurements provide direct information on the inhomogencity of the
local structure in these disordered condensed-phase systems, with the
distribution D'(w) providing a direct experimental link to the models of pre-
existing electron localization sites in liquids. Furthermore, as is evident from
figs. 3-5, liquid acetonitrile exhibits high-frequency, non-diffusive orientational
molecular motions extending well beyond 100 cm - ; (-3 TIIz), in addition to
the slower dynamics of the diffusive reorientation process. These ultrafast
motions, which are evident in all anisotropic liquids thus far investigated,
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should be of significance in thc early time dynamics of the salvation process,
whether it involves an electronically excited species or localized electrons. We
gratefully acknowledge the U.S. Office of Naval Research and NSERC, Canada
for financial support.
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Unified Theory of Solvation Dynamics

in Nonlinear Optical Processes and Electron Transfer

S. Mukamel and Yi Jing Yan

Department of Chemistry, University of Rochester,
Rochester, NY 14627, USA

A novel semiclassical theory which provides a unified description of nonlinear optical lineshapes
and molecular rate processes was developed recendy.[l-4 Consider a molecu!ar system with two
electronic levels (1a> and Ib>) in a solvent, whose Hamiltonian is

H = la> Ha <al + Ib> Hb <bl + Hint (1)
where

Hint = V (la><bl + Ib><al). (2)

Here Ha and Hb represent nuclear degrees of freedom (both intramolecular and solvent). In
nonlinear optical measurements la> is the ground state and Ib> is an electronically excited state and
V = - t E(r,t) is the dipole coupling with an external electromagnetic field. The same Hamiltonian
may represent a rate process (such as electron transfer, or isomerization).[5l In that case V is the
nonadiabatic coupling between the two reacting species. In order to express our results in a
compact form we introduce two auxiliary quantities. The first is

(Tj (X) = <8(x-U) pj>()

where

pj E exp(-Hj/kT)/Tr exp(-Hj/kT). j = a,b (4)

U+EO - Hb - Ha (5)

Here U is the solvation coordinate and EO = WCba is the energy difference of the minima of Ha and
Hb. G.j(x) is the probability distribution of the solvation coordinate U when the system is in the
state j.

The second quantity is the conditional probability for the solvation coordinate to have the value x at
time t, given that it had the value y at t=O and that the system is in the state j, i.e.,

Wj(x,t;y) --[a(y)]- 1 <6[x-Uj(t)] 8(y-U)pa> , j=a,b (6)

Uj(t) = exp(iHjt) U exp(-iHjt) j=a,b. (7)

Note that by definition, Wj(x,O:y) = 5(x-y), and Wj(x,e,;y) = aj(x).

The absorption spectrum is simply given by cra(C0-oba). Similarly, Ob(-COWba) is the emission
(fluorescence) spectrum in a steady state experiment. We next consider two time-resolved
spectroscopic techniques which are commonly used in the studies of solvation: fluorescence and
hole-burning (pump-probe) spectroscopies.1 3.61 Both measurements are related to the nonlinear
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polarization p(3), and start with the application of a short pump pulse centered at tO with
frequency (01. In a time-resolved fluorescence measurement, the solvation dynamics when the
solute i. 'n the excited electronic state Ib> is probed by collecting a spontaneously emitted photon
with frequency o2 at time t. The fluorescence signal is given by

3
SFL((01 ,O)2,t) = (0102 Wb(O2-0.ba,t; .1-oa) (a(Ol-0oba) •(8)

In a time-resolved hole-burning measurement the absorption spectrum is measured with a probe
pulse that is delayed relative to the pump pulse by time t. The hole-burning lineshape
SHB(Ct0,.O2,t) is defined as the difference between the absorption coefficient at o"2 in the absence of
a pump pulse and the absorption coefficient at o2 measured with a probe pulse that follows a pump
pulse, and is given by

SHB(C0l102,t)
= (01W2 [Wb((,-2-(0ba,t; W1-(0ba)+Wa((.O2-Oaa, t; 0)1-(-Oba)]5a((01-C~ba). (9)

The rate of a chemical process (e.g., electron transfer) fror- 'a> tc 'b> is Viven by[4l

K 27t (V 2/M) cra(-E
°)

1 + 2 (V 2 ) a(-E) (ta+ tb)0)

[j [ca(-E°)]-I f _dt [Wj (-E'1t;-E°) - Wj (-E° 0; -E°)l, j=a,b.
(11)

Here Tj is the relaxation time for a fluctuation of the solvation coordinate U at the transition state
U = - Eo, when the system is in the state j. In the adiabatic limit (small V) the rate is proportional
to V2 and is given by the Fermi Golden Rule. In the opposite (adiabatic) limit the rate is given by
the solvent relaxation time ('ta +"b) -1.

Eqs.(8-l 1) show that within the semiclassical approximation, the hole-burning and fluorescence
measurements probe the same solvent quantities oj and Wj which enter into the calculation of rate
processes. These equations provide a unique insight on the dynamics of optical and rate processes.
The present derivation is very general and does not require the introdution of a specific model for
solvation. Apart from considering a two state model and making a semiclassial approximation.
we did not have to specify the model any further. We have derived explicit expressions for j and

Wj for polar solvents, which relate them to the dielectric function of the solvent c((O).13. 41

We have calculated fluorescence and hole-buming lineshapes of a polar solute in ethanol at 247
K. For the dielectric function we assumed a Debye model[ 31 with a longitudinal relaxation
timescale tL = 150 ps. In Figure 1 we display the calculated time-resolved fluorescence spectrum
of the retinal chormophore in bacteriorhodopsin, which has 29 optically active vibrational modes.
The frames show fluorescence spectra measured at successively longer times. Each spectrum is
labeled with the observation times in ps, measured from the time at which the sample interacts with
the peak of the excitation pulse. In Figure 2 we show the hole-burning lineshapes for the same
system.[3,6bl

The general theoretical framework described here provides a unified approach for calculating
reaction rates and nonlinear optical lineshapes of polyatomic molecules in solution. Our theory of
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Time-resolved fluorescence spectra of a Hole-burning lineshapcs for thc same
polyatomic solute in ethanol at 247 K fnlloWingT molecular model as Figure 1.
a 1 Ps excitation pulse.[3 1 Tile pump
frequency (01 is 1528 cm-1 above the
0-0 transition.

rate processes, such as electron transfer and isomerization in condensed phases, generalizes the
Kramers and the Marcus theories and interpolates between the nonadiabatic and the adiabatic limits.
We have demonstrated how solvation dynamics extracted from linear and nonlinear optical
measurements (absorption, fluorescence, hole-burning, and X(3)) may be used to predict electron
transfer rates.
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Coherent Vibrational Motion in Liquids:
The Inhomogeneously Broadened Distribution
of' Intermolecular Oscillators
D. McMorrow, W.T. Lotshaw, T.R. Dickvon, and G.A. Kenneyx-Wallace

Lash Miller Laboratories, Department of Chemistry,
University of Toronto, Toronto M5S IAI1, Canada

W~e present at simple and straighitforward tecliniqite for obt ainrg t he

distribution function ;ssoci; ed wvith the iiilonogeiieousl broatleied enseteille
of oscillators excitedl in timei-doniain experimlents with tilturLsliort laser piss
anid apJpl t ite techiqutte to recetit feilitoscc(iil ottically li(tcrodledl opi cal

1h1err clh'ct (O1iD-OIK ) dat a for two simiple itolctihir liqutids1. '11Ji> s tudy

provides new anid (letalled iti~iglt inito the (listribttio'i of local ilitteriii(Jlecular
potenttials in thlese disordered eoiildeliseI-li~se systeis, atid revtttls tie role oft
this (list ribtit ion in dletermiitg tHie (ltlls of Ilie uillrafast (IvaNtIMcs.

The low frequeincy, interitolecular vibratilonal miot iotns of anlisot topic
molecules previotusly hiave welti anatlyzed Ii teritis of ascxtitttd ftitct ionit foritis-
wvlichl ave betil deve'loped to approxitoalc/y rep~resenit (ifferett phiyslia

modls 1-]. hee aalseshae [trovide(i an adequjtate (!isc riplion of the hat a
in many cases, but are unable t~o rep~roduice thle detaills of thle t etupjoralj profile
for liquiids which exhIiblit ittore comtplex dynamnics. A-,ordltighy. the qutiltlit a
trends observed iii the current study are consist ent with Iithose (if p)revioli,

analyses, hotwever the dlist ribtionis ob~served( are significantly uiior'' complex
than could be lirc,,icted by t lie simplified funtctional formis ltus f~i 'tijiize(l ill

aiialvZitug the( 6ttie-doilaii data. Ii part iciulatr, ,cvvratl liquid.s exhtihit ovideiite

for tw-,o anid cevin three hatnds wit hiti thle ntarikedly asx'ntnietric ~.--10) (i'it

F\VII N sp~ectrumi (figure 2, rid( infra). ueli itiet lid pre.seticd is- quile genevral.
and mia\' be applied to Obt aini tie frequtency slwttt nti Lssociatedl with aiil

t-ciilporal signal that can be recpreseittei as a cotiVoluit nit of aiil effectivedrvt

funtion01 (or itistrumitenit funictioni) withI all iu lse reslotise fintitontit.

equtation 1). If thle drivintg funictioni is a s ytitietric finict ott o' titit.

Fuirthiermtore. lie resuilt ;tres'iilc h .I Ixc Ito withijit 111 li cxperiliintI

lintlitat ions' of t lie (Itita.

Illa )lll1)M Iv exjtei Ciuiii '(e]I( et; cck 2 >i:.. n Itl -. 1-- V] .t t

a conivolittioni of thie laser pulse j;oiiiit \.il lipi'~t i. hw

inmpuilse respotise fmtictioti ot thle idliced hitlt~ct' lt.stwnu~h

separahal itN o f 'l'ct roitilc atod nuclear o'j otiss I .,( I rlt ). ;111 IIiL

the ele('troitc ressce is, iist;inilttouis itt1 tlw tjlilt'scale oft 111c ft.tt I

Ittilses u((I ill t his st tidlie tratistitt td s1gItinl nix~ be rejtrese11tte l as

T( 7 x' t It I I t.



All of the information related to the nuclear response of the liquid to the
applied optical field is contained in the impulse response funiction r(t).
Because all nuclear motion is initiated in phase at t =0, this impulse response
may be represented as

r(t) f 0 sin (wt) D(w) dw. (2)

It is straightforward to demonstrate that D(w) may be obtained by z) anti-
symnmetrizing the raw data, Ta(r) =T(-r) - T( -7-), ii) performning a Fourier
transform of the antisymmetrized response Ta(7), and i) dividing this rcsuilt
by the Fourier transform of the measured laser pulse autocorrelation. Thus,

D(w) o YTaT) (31
9)

where G~{ ... indicates the fuil exponential Fourier transform. Because the
(2)autocorrelation function Go (7) is Symmet1Cric wvith respect to T = 0, 1 te

purely electronic contribution (first terin oil the r.h.s. of (1)) vanlishes in the
antisymmietrization procedure. A similar antisymimetrization procedlu re haLs
been utilized elsewhere in remi-oving the coherent coupling contribution fr'ont
time domain datna [4]. The effects of the finite driving function are removed in
the final operation, and it should be noted that this correction bvecomes less
significant for shorter pulses and at lower frequencies. We note that since
T.(7) and G,2)(r) are antisymmectric and symmetric with respect to 7=0.

respectively, the numerator and denominator of (3) reduce to puire Sine andi
cosine transforms. It is essential to mnaintain precisely the experimental 0t
throughout this procedure [51.

Figure I gives the raw 011 D-OIK IC, data for necat C('H .and r,a
bromiobenzene at 298 K. The signal contributlion associated with11 thl(
implJosition and decay of anl orien tational anisotropy (7r,/, > I p)S) is 1ic? (if

primary interest hen( and may lbe removed from the datat ill a straight forward
fashion [11 prior to the tant isymminetrization p~rocedlure. In this., ca.,(. t he,
resultant distribution, D)'( w), represents the cohecretly I~-exci ted dist rihiiw (und'
oscilators which, inl general, is a function of both H ie eqitilibrititi t ' 1ermicl;
oscillator (listrihbiit ion anl(l the freCquenlcy spectrin1 (if Ille exciting ilc
Figure 2 gives the distrihbutioni I)I(,) for lhe liquids of figure 1.

Previous anal vses halve iassu i nd that I)f(' () Could herpebi iVya
app~roximately Gaussian (list ribution [2,3]. Onl iishiectioli of the datta oifli
2, it is not su rprising that, those analyses provide anl adhequaite c erio t it
the short-tim-e dynamics for the czvse of (-S,,. Oin the other hiand, broiiiobcii/.ene
and several other benizeines exhibit inore coimpllex temi poral lprofi Ics tllhat Can1
niot. lie repirodluced with t lose simptile relpr('siitt ions. %cciirdig1%, M'2

liquid hjroiituhieiizene cx11luts a much mnove coilhx frequencwy ds iit
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Figure 1. OID- ODE data Jor CS 2 (ulppcr) 'igurc '. Distribution function )'".} for

bromobc71zenc (Iowcr) hquzds at 29)s K CS., (ptp(r) ad b,rl),mic'z:, nc h rlr'

than that, of CS 2 . A preliminary interpretation of the bromobt zen' data

involves librational motion about two disinct, molecular axes, giving rise to tic
low frequency maximum at. -25 cm- 1, and (iic higher frequency shouldehr at

-65 cm - 1. The data of figures 1 and 2 indicate clearly the role of the i ihonio-
gencous distributioi of molecular environments in shaping the ultralast

dynamics of these liquids.
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Hydrodynamic and Molecular Contributions
to Rotational Diffusion in Liquids

D. Ben-Amotz, T. W. Scott, and J.M. Drake

Corporate Research Science Laboratories,
Exxon Research and Engineering Company, Clinton Township,
Route 22 East, NJ08801, USA

The large amplitude rotational motion of a solute molecule is a
sensitive probe of local solvent structure and dynamics[l]. The
experimentally measured rotational correlation function can be
used to test microscopic friction models. Such models are of
central importance in theories for chemical reaction dynamics in
liquids(2].

The rotational anisotropy decay functions of several neutral
solutes dissolved in both n-alkane and n-alcohol solvents have
been measured using picosecond stimulated emission gain and
fluorescence photon counting techniques. The results reveal a
breakdown of hydrodynamic models for the rotational motion of
small solute molecules. A turnover to near perfect hydrodynamic
behavior is found for the largest solute studied (see Fig. 1).

6 Figure !. The rotational
diffusion time of BTP in
various n-alkane (trian-
gle) and n-alcohol (cir-
cle) solvents at 23 C as a

function of solvent
viscosity over tempera-

4 ture. The same behavior
o is observed when tempera-

ture dependent measure-
U I ments are performed in

.) n-hexanol and
n-tetradecane. The scii:

0 'ellin-e in the inset is
outline of spheroid us-c

2- / , to model BTBP. Spheroi;s
the size of the small an]

A  large dashed ellipses
would have to be assumeJ

-in order to get perfect
JA agreement with stick ,and

OT8P slip hydrodynamic prod ic-

0 - -_ . tions, respectively.
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The observed solute size dependence can be used to test
various theoretical models for microscopic friction[3-5].
Zwanzig's zero frequency hydrodynamic model for the solute size
effect[3] shows qualitatively the right turnover from stick to
slip like behavior with decreasing solute size. This model does
not, however, show either a sufficiently strong solute size
dependence or the sub-slip friction often observed experimental-
ly. We therefore suggest a simple generalized hydrodynamic model
utilizing empirically derived frequency dependent shear viscosi-
ties of n-alkane solvents[6]. In this heuristic model the
rotational anisotropy decay function is given by

R(t) = 2/5 Exp -3kTt/(3fVq(t)+I/t)} (1)

where the effective time dependent shear viscosity is

n(t) = Ar/(l+Tr/t) + As/(l+rs/t). (2)

The amplitudes Ar, As and time constants 7r, rs depend on the
solvent[5,6], V and I are the solute volume and moment of inertia
respectively and f is a solute shape and bounaary condition
dependent factor[l,4,5]. The limiting behaviors of (1) at short
and long times respectively are R(t) = Expj-kTt2 /I) and
R(t) = Exp(-kTt/fVr0 ). These are the proper inertial (free
rotor) and diffusive (Debye) limits, where q0 = Ar + As is the
solvent's zero frequency shear viscosity. Crossover of the
effective viscosity at intermediate times, as given by (2), is
assumed to roughly represent the integral of the random force
(torque) autocorrelation function experienced by the solute
between time equal 0 and t.

Representative results of this model for the rotational
diffusion of iodine molecules dissolved in n-alkane solvents are
shown in Fig. 2 (solid lines). These results reveal substantial
deviations from macroscopic hydrodynamic predictions (dashed
lines). The triangles in Fig. 2a represent previously reported
rotational diffusion times obtained from Raman line shape stud-
ies[7]. Calculations for larger molecules (e.g. p-terphenyl and
BTBP) reveal relatively smaller deviations from macroscopic
hydrodynamic predictions and very nearly exponential rotational
anisotropy decays - again in qualitative agreement with
experiment.

Three important predictions of our generalized hydrodynamic
model are, i) sub-slip friction on small solute molecules, ii)
non-zero intercepts in the zero viscosity limit, iii) non-expo-
nential behavior (with both positive and negative curvature) in
the rotational anisotropy decays of small solute molecules. Of
these predictions the first two are born out by numerous previous
studies[l,4,5,7]. The third prediction remains to be conclusive-
ly verified, although early time inertial non-exponentiality has
been observed in some anisotropic Raman line shape studies and
more recently in pump-probe time domain experiments[8].

Other molecularly based models[4,9,10] have been proposed to
account for the breakdown of macroscopic hydrodynamics. All of
these models undoubtedly contain features which are important for
the proper description of microscopic frictional forces. The
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Fiqure 2. a) Predicted dependence of iodine's rotational time,
5/2 f R(t)dt, on the zero frequency viscosity of n-alkane
solvents at 20'C. b) Predicted rotational anisotropy decay
function, 5/2 R(t), for iodine in n-tetradecane at 20:C. Dashed
lines are zero frequency slip hydrodynamic predictions, solid

lines are calculated using our generalized hydrodynamic model and.
triangles are experimental points taken from [7].

substantial success of our very simple generalized hydrodynaric
model suggests that the finite dynamic response time of real

liquids represents a key molecular feature which strongly influ-
ences the motion of solute molecules on the picosecond time
scale.
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Influence of Functional Groups and Solvent
on the Photoisomerization of Stilbenes

N.S. Park, N. Sivakumar, E.A. Hoburg, and D.H. Waldeck

Department of Chemistry, University of Pittsburgh,
Pittsburgh, PA 15260, USA

The photoisomerization of t-stilbene is a model system for the invest-
igation of solvent effects on chemical reactions. This study discusses the
isomerization of stilbene and its 4,4'-disubstituted analogues in polar
solvents. The investigation of substituted stilbene allows the influence
of solute properties on the reaction dynamics to be evaluated. For the
stilbenes in this study both the energy barrier height to isomerization and
the reduced moments of inertia art changed by the substitution. The pre-
sence of different functional groups on the stilbene can also change the
interaction with the solvent. Primarily the solute/solvent frictional

coupling is expected to change, because the volume displaced upon Isomeri-
zation changes and the nature of the solute/solvent coupling changes (i.e.
stilbene couples via dispersion forces whereas 4,4'-dihydroxystiibee couples
via dipole-dipole and/or hydrogen bonding interactions). The studies
described here probe isomerlzation in two different homologous series of

polar solvents. In the n-alkyl nitriles, which are non-associating solvents,
it is possible to treat the isomerization as occurring on a solvated poten-
tial energy surface. However, in the n-alkyl alcohols which are associating

solvents, it is not possible to extract a potential energy surface which is
independent of the solvent dynamical response.

1. n-Alkyl Nitrile Studies

As shown previously [1-41, it is possible to exploit the general form of
the expression for the rate constant to extract an activation barrier for
the reaction. This form is

kis o = F( ) exp(-E/RT) (I)

where E Is the activation energy and F( ) is a function of the solute pro-

perties and the solute/solvent friction. By performing Arrhenius type

plots at constant solvent friction it is possible to obtain the energy
barrier. Figure 1 shows such plots for t-stilbene in the n-alkyl ni, 'Icz
where the solvent friction is modeled as being proportional to the solvent

viscosity. Recent studies show that this method of obtaining a barrier
is rather insensitive to the modeling of the solute/solvent friction [1,3].
The slopes of the isoviscosity plots appear to be insensitive to the

changing solvation from propionitrile to decanenitrile [2]. The activation
barriers for the three solutes studied are given in Table i. For the case
of stilbene and dimethoxystilbene it is possible to compare these barriers
with the unperturbed barriers of 3.5 kcal/mol [3] and 5.7 kcal/mol [1],

respectively. The barriers reported in Table 1 should be considered to be

solvated barriers.

Shown in Fig. 2 is a fit of The preexponential factor, F(t), to
various models for the case of t-stilbene (qualitatively similar behavior

is observed for the other f olute probes). The dashed curve shows a best

fit to a hydrodynamic form ot the Kramers model [1-41, namely
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Fig.1 - Isoviscosity plots for Fig.2 - Plot of reduced iso-
t-stilbene in the n-alkyl nitriles. merization rate versus shear
(9--5.0 cP; A--3.0 cP; R--2.O cP; viscosity (see text).

o--1.3 cP; &--0.9 cP; c3--0.5 cP).

Table i: Parameters for n-alkyl nitrile studies (C2 H 5 CN to C 9II1 gCN)

Solute Ekcal/mol) B(1012) a

t-stilbene 2.6 1.09 0.51
4.4'-dlhydroxystilbene 4.' 1.67 0.44
4,4'-dimethoxystilbene 4.2 1.41 0.44

F(r} M " (( (11/02) 1). (2)
F~) B

The failure of (2) to fit the data i , similar to that observed in a wide
variety of isomerization data. The solid line in Fig. 2 is a phenomenolo-
gical form, B/ p

a
, which is known to fit isomerization rate data quite well.

The trend in the parameters is similar to that reported earlier, that is as

the barrier height increases the viscosity dependence becomes weaker. This
trend has been interpret-. in terms of the frequency dependence of the
viscosity [4]. That is, as the timescale of the isomerization increases

the ability of the zero frequency shear viscosity to model the friction
fails. Various approaches to correcting this modeling 9f the friction have

been discussed [1,31. Although the dimethoxystilbene should displace
approximately twice as much volume as stilbene upon isomerization. it has
a weaker viscosity dependence, presumably caused by the increase barrier

curvature.

2. n-Alkyl Alcohols

The isomerization dynamics in the n-alkyl alcohols is considerably more

complicated than in the n-alkyl nitri les. Figure 3 shows isoviscosity
plots for 4,4- dilhydroxystllhene, where the slope of the lines change for
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different viscosities. The separation of the barrier from the solvent
effects has clearly failed. Similar behavior is observed for both t-stilbene
[2] and 4,4'-dimethoxystilbene (I]. The explanation for this failure lies
in the fact that the isomerization dynamics and the excited state solvation
dynamics occur on similar timescales. Figure 4 shows the fluorescence
decay profiles of 4,4'-dihydroxystilbene at two emission wavelengths which
are distinctly nonexponential early time behavior - the long time behavior
is single exponential with a wavelength independent decay constant.

A consistent picture of the isomerization dynamics in alcohols can be
given by a consideration of three timescales. Thn first timescale is the
"laboratory timescale" which is the timescale of the measured fluorescence
decays - I nsec to 50 psecs. The second timescale is the 'solvation
timescalc" which measures the time required for the solvent to respond to a
new dipole size or orientation - 100 psec to I psec in n-alcohols. These
relative timescales indicate that a fit of tile decay curves at long time
(when exponential) selects out of the prepared ensemble those solute mole-
cules which are initially equilibrated with the solvent. The third
timescale is the "reactive timescale" which is the characteristic time for
the motion from reactant to product - as measured by F( ) it is <1 psec.
This last timescale juggests that the solute isomcrizes while the solvent
polarization field is out of equilibrium with the solute dipole. This view
suggests that the reaction coordinate is intimately coupled to the time
dependence of tile solvents' polarization response.

fhese results underscore the importance of dielectric solvent effects,
both static and dynamic, o chemical reactions.
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Dynamics of' Intramolecular Electron Transfer
in Viscous Polar Solvents
T. Okada, K. Nakatani, M. Hagihara, and N. Mataga

Department of Chemistry, Faculty of Engineering Science,
Osaka University, Toyonaka, Osaka 560, Japan

1. Int-cduction

Intramolecular electron transfer ([T) in the excited states of comroou'nds
with electron doui'ir and acceptor groups combined by spacer +iee teen,
studied extensively in, order to elucidate the effect of thie oit~
motion of the surrounding solvent molecules on the ETo- es

compounds listed below, except 3SAT 4tt and ADM'A, have !no dipole mcrie't di e
to intramolecular ET between two groups in the initial state at
reaction, which is the excited state localized in pyrene ora'ree
moiety. W4e measured decay curves of fluorescence from, the )oc y <

(LE) state of pyrene or anthracene moiety of these compouods
polar solvents. The observed decay time may corretpond t,- A

intramolecular ET in solution, The compounds e~amined heres nJui

systems to study the role of polar solvent molecolet it

reaction, since there is no ET interaction bet~seew,) L
in'tial state immediately after excitation anid tine ET c,)r
easily when the solvent orientation is favorable. Act iia my, t,

absorption spectra of these compounds show the change -tki i-%
from the S n SIband localized in pyrene or anthh acere Y
superposition of donor cation and acceptor anion absorrt -o
contrast to the system described above, some coripouinds show
of electronic structure induced by solvation. tor e~daip~ -,
structure o)f the excited State of ANMA, whicth has a ;a r'y
moment in the excited state even in nonpolar solvent, change '
the coarse of solvation through vcinious states with
charge transfer arid, accordingly, with different de, reeo, of o
twisting angle between phenyl drid antloryl moieties .

H -NK
1H 2 X~x 0 C'2  C)~ <C 2

00 C H,

P1PNHI I Al
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2. Experimental

Time-resolved fluorescence spectra and fluorescence decay curves were
measured by 2-dimensional streak camera. The third harmonic of a
picosecond pulse (355 nm, 25-ps duration) generated by a Q-switched mode-
locked Nd:YAG laser was used for excitation of the sample. The
preparations of the compounds are reported elsewhere [2]. All solutions
for the measurements were deoxygenated by freeze-pump-thaw cycles or
irrigating with a nitrogen gas stream.

3. Results and Discussion

Time-resolved fluorescence spectra of AHMA in 1-outanol is shown in Fig. 1.
The LE fluorescence detected at about 410 nm was still observed at 6 ns
after excitation. The LE fluorescence observed at ns time regime was
detected also in the cases of Al and P1. The LE fluorescence of AHMA in 1-
butanol shows nonexponential decay as indicated in Fig. 2. The initial
slope of the LE fluorescence, T E' is listed in table 1. The temperature
dependence of tLE of AHMA in l-utanol has been measured. The observed
activation energy of the decay rate is much smaller than that of viscosity
of the solvent. The observed results were summarized as follows: '1) The
decay time obtained from the initial slope of LE fluorescence is
considerably shorter compared to the longitudinal dielectric relaxatiun
time, - T where D is the Debye relaxation time, and (2) is
characteristic to each compound. (3) Observed decay curve o LE
fluorescence was nonexponential.

A clear-cut interpretation for the above observations appears rather
difficult at the present stage of investigation. it seems to be possible
that small orientational fluctuations of the polar group of surroundmnq
solvent molecules may induce intramolecular electron transfer since the
electronic interaction between donor and acceptor in the excited state is
reasonably strong. In fact, we have observed that ET takes place within
a few ps for P1 in acetonitrile solution (31. Nevertheless, the observed
result suggests that the intramolecular ET dvnamics of these compound- in
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Fig. 2. Semi-logarithmic plot of the LE fluorescence intensity vs. delay

t i no_ in thec case of AHMA in 1 -bu tano I.

Table 1. Initial slope of the LE fluorescence decay curve observed
for the donor-acceptor combined systems.

Sol~fnt .-pentanol )-butanol

Al 60 ps 50 ps
AHMA 140 100
P1 170 110
Prlhi 115 830
PIC 115 100

viscous alcoholic solvents cannot simply be cnaracterized b y For this
result, we suggest here the following possible interpreotions: (-
contribution of solvent relaxations with various Lvalu~es to ET process
[41, (2) existence of preso'vated state characteristic to each comrpound.11
(3lcontribution of intramolecular vibrations to ET process 5) , and (4)
inhomogeneities in surrounding solvent structures which perciit1 in ns 'i'e
scale.

It shoulId be noted here that there are many donor-acceptor comib i ned
systems with strong interactions between two groups for whici the usuril
t eoret ica i treatments are not necessarily valid, tor example, the t ime-
resolved fluorescence spectra of ADNIA obtained by the presert mreasufloments
snowed gradual red shift with increase of the delay time after e~citatior.,
which might be ascribed simply to the stab7)izatOn of a large dIDO'e of
excited ADMA in the course of solvatjion. However. the electroniv charge
dlistribution between donor and acceptor groups in this rmolecui)e depend,,
strongqly upon the deqr~e of solvation as revealed by the ti,,e-reczi-,ved
transi ent absorpt ion spectra M, leading to the qradia I c htn L;(- o' 'he
diPole moment of tne excited state in the Course of solVation.

n Vew oif the above results, it is of crucial importance t o rea su re
bo't h the time-resolved transient absorption spectra a nd t h tivne-
resol) Ived fl uorescence spectra for the elUCi lati on of t h( meChanIiSMS of the
ntramo lecul ar ET or charge transfer processes of the cc posi te systems

with combined electron donor and acceptor groups.
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Picosecond Investigation of Photoinduced Intramolecular
Charge Transfer and Solvent Cage Relaxation Processes:
Laser Dye DCM

J.C. Mialocq I and M. Meyer 1;2

ICEA-IRDI-DESICP-DPC-SCM-UA 331 CNRS, CEN Saclay,
F-91191 Gif-sur-Yvette Cedex, France

2 Quantel S.A., F-91941 Les Ulis, Orsay Cedex, France

1. Introduction

The influence of the solvent on photoinduced intramolecular charge transfer
and isomerization has attracted considerable interest during the last few
years I . The trans-cis photoisomerization efficiency of styrenes depends
largely upon the ability of the substituents to donate or accept an electron
as well as on the solvent polarity '2!. We present recent picosecond fluores-
cence and absorption results which provide a detailed understanding of the
photophysical and photochemical behaviour of the largely used laser dye
4-dicyanomethylene-2-methyl-6-p-dimethyl-amino-styryl-4H-pyran (DCM) 3

2. Results and discussion

Fluorescence lifetimes were measured via the time correlated single photon
counting technique using as exciting light the tunable picosecond laser
pulses from a cavity dumped dye laser synchronously pumped by tile second
harmonic of a cw mode-locked Nd-YAG laser. The picosecond absor-'ion study
was performed using 532 nm excitation by a single laser pulse , ps dura-
tion) and a continuum of white light as analyzing source.

The DCM spectral properties are remarkable as regards to the weak over-
lap between its absorption and emission spectra which both show important
red shifts with increase of the solvent polarity. The Stokes shift (',A-.F)
of the fluorescence spectra with respect to the absorption spectra which is
linearly related to the polar solvents .f value according to the Lippert
and Mataga theories indicates a large dipole moment increase (-'i = 20.2 D)
in the first excited singlet state and an increased intramulecular charge
transfer. In order to evidence this intramolecular charge transfer, the
resulting solvent cage relaxation and the possible formation of a twisted
intramolecular charge transfer state (TICT) the fluorescence profiles of
DCM in various polar solvents (dimethylsulfoxide, methanol, acetonitrile
and chloroform) were analyzed. In dimethylsulfoxide, the fluorescence decay
at 620 nm was very well fitted using a monoexponential law ( =2.25±0.Olns)
(Figure 1a). In methanol, a poor fit was obtained with a single exponential
decay (Figure Ib) but Fitting the decay curve with a sum of two exponential
decays gave good ;2 and Durbin-Watson (DW) parameter values. The long life-
time is =(1.37±0.03)ns, the short lifetime is i=(0.35±0.17)ns (Figure 2)
and the r4 iative amplitudes are 93 and 7 percent espectively. A similar
behaviour was observed in acetonitrile and chloroform.

Excitation of a 2 x 10- 4M DCM solution in dimethylsulfoxide gave a strong
absorbance previously attributed to the first singlet excited state
('max = 450-460 nm) *3d . The time profile of the 460 nm absorbance shows an
initial increase which follows closely the integration of the pulse shape
given by the 460 nm photobleaching and absorption recovery of a methanolic
solution of pseudoisocyanine iodide (PIC) and a slow decay 2.2 ns similar
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Fig. 2 : Fluorescence decay of DCM Fig. 3 : Ground state photobleaching and
in methanol (fit with a sum of two recovery of Dcr4 in dimethylsulfoxide
exponential s)

to the fluorescence decay (Figure 3). The expected solvent relaxation follow-
ing the fast intramolecular charge transfer is certainly much shorter than
50 ps and cannot be evidenced in the present experimental conditions.
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The decay time measured in DMSO belongs therefore to a solvent relaxed pla-
nar fluorescent state. The two decays observed in methanol, acetonitrile and
chloroform are attributed to the fluorescent states of the two DCM trars-cis
isomers. The cis-isomer results from a trans-cis equilibrium in ambient light
and has the shortest decay time as expected from the steric hindrance which
inhibits the planeity and rigidity of the molecule favouring thereby internal
conversion and intramolecular rotation. Our nanosecond laser, NMR and HPLC
studies cbrroborete the existence of a trans-cis conversion more efficient
in chloroform 3,_ . The large dependence of the trans-isomer fluorescence
lifetime in the non viscous polar solvents under study and the observed dif-
ferent photoisomerization efficiencies cannot be described by the Kramer's
theory with A hydrodynamic model for the friction 1 and suggest that the
solvent polarity which strongly affects the S energy surface might induce
an important modification of the barrier. Because the dipole moment of the
trans-isomer is expected to be larger than that of the cis-isomer, due to
the larger distance between the opposite charges, the excited trans-isomer
is more stabilized in polar solvents than the excited cis-isomer. Moreover
in polar solutions, when the torsional motion is accompanied by charge trans-
fer, the potential energy surfaces in the ground and first excited states
Present local minima at the perpendicular geometry 4 which lowers the
barrier between tne fluorescent state and the perpendicular state. Besides
the solvent polarity, specific interactions such as hydrogen bonding may
be responsible for the change of the barrier energy. Indeed H-bonding in
protic solvents is expected to induce some decrease in the aminu ione pair
electron delocalization, decreasing thereby the double bond character of the
ethylenic bond of stilbenes substituted by amino-groups 5 . The absence of

DCM photoisomerization in aprotic dimethylsulfoxide can be explained by a
stronger double bond character inhibiting the torsional motion. Therefore,
the observed lowering of the Sl state in dimethylsulfoxide 3d , and that of
the perpendicular state are not decisive but the height of the energy bar-
rier rel.ated to the double bond character and affected by H-bonding in pro-
tic solvents plays a major role in the trans-cis photoconversion. This
property explains the more efficient laser action of DCI in dimethylsulfoxide.
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Picosecond Ultraviolet Multiphoton Ionization and
Geminate Charge Recombination in Hydrocarbon Solvents

Y. Hirata and N. Mataga

Department of Chemistry, Faculty of Engineering Science,
Osaka University, Toyonaka, Osaka 560, Japan

I INTRODUCTION
Electrons produced by the ionization process in organic liquids usually
form transient charge pairs. Parent molecular ions and their associate,
electrons are highly correlated and move randomly under the influence of
mutual Coulomb attraction. The fate of the geminate ion pairs is considerec
to be determined by the diffusion in the Coulomb field, which is de -ribed
by Smoluchowski equation. Many investigations ha\,a hpen dcre -r rajiatr',n
chemistry but the time rusolution of those studies wa rather poor a'-,
therefore the earliest stage of the charge recombinuion remains .bsc re.
Although the photochemical studies in such field were few[71, they -hchrJ
provide important knowledge for the ultrafast geminate recombinator
phenomena because of their very high time resolution. in this respect, we
have investigated the multiphoton ionization and suosequent charue
recombination process for aminopyrene and pyrene in several hvdrocartn
solvents.

2 AMINOPYRENE
Figure 1 shows the time resolved absorption spectra of aminopyrene in
decalin. At 100 ps after the laser pulse excitation, the absorption ban
peaked at 520 nm was observed, which can be assigned to the S eS,
transition of aminopyrene. Only at quite short delay times was the addit-
ional transient absorption observed around 480 nm, which should be ascribed

to the cation radical of aminopyrene. Reducing the excitation laser
intensity by a factor of 4, the cation band became quite weak as shown by
dot in Fig. 1. Therefore, we can conclude that the cation radical is formed
by multiphoton ionization (probably two-photon ionization). The time
deoendence of transient absorbance measured at 480 nm is displayed in Fig.
2 (open circle). Rapid decrease of the transient absorbance is followed by
a quite slow one. The latter is mainly due to the decay of the S state.
while the former should correspond to the geminate charge recombination. 3y
subtracting the long lived component, the short lived one is shown by
closed circles. Its decay is quite rapid and the lifetime seems to be less
than the pulse width of the excitation laser (25 ps). Assuming that the
distribution of the initial thermalization length of the ejected electron
is given by t-furction at R0, we have simulated the decay curve for several
R 0 s by using the time dependent Smoluchowsk! equation in a Coulonb
potential, the analytical solution uf which was given by Hong and
Noolandi[21. The decay curve strongly depends on the R0 and we have
obtained the value of 30-40 A by simulation.

By adding benzonitrile as an electron scavenger, the d&,, nime of the
cation band increased. The yield of the cation radical increased with
increasing ciw.cntration of benzonitrile. These results suggestcd that the
electron was trapped by scavenger :;,d thi raiied the drastic decrease of
the mobility oT the negative charge. In isooctane the yield of
photoionization seemed high and we can estimate the R0 from the dependence
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Fig. 1. Picosecond time resolved absorption spectra
of aminopyrene in t-decalin. Delay times after the
laser excitation are indicated

of the yield of trapped electron on the concentration of the scavengerl3j.
The R 0 estimated in this manner was 40 50 A which was slightly larger than
that obtained from the decay curve measurements in t-decalin without
electron scavenger. In radiation chemistry larger R0 s are obtained,
although most of them are obtained for the anion-cation geminate pairs
formed by the electron and hole transfer[4]. The shorter separation we
obtained should be explained as follows. Since in the present case the
excitation energy was much less than that of the electron pulse excitatior
used in radiation chemistry, the ejected electron should have less energy
and be thermalized near the parent molecule. The measurements of thp
excitation energy dependence of R, are urgontly desirable, which should
give the detailed elucidation oY the photoionization processes in
solution.

The R0 obtained from the scavenger experiments may be slightly larger
than that from the direct measurements of electron-cation pairs because i-
is difficult to scavenge electrons formed in the proximity to the parent
cation, which should recombine rapidly. The difference between the R0 vaIde
of 30-40 A and 40-50 may be explained in this manner, although thes e
experiments were done in different solvents.

3 P YsEN E
Figure 3 shows the picosecond time resolved absorption spectra of
pyrene/benzonitrile in cyclohexane solution excited at 355 nm, The bands of
the pyrene cation radical and Sn-S l absorption of pyrene were observed. The
measurements of the excitation intensity dependence clearly showed that the
ionization was multiphoton process. Although in the spectra at short dela.
times the cation band was rather clear compared with those at long delay
times, the contribution of the cation band was large even at delay times
longer than 1 ns. The cation band showed rapid decay in hundreds of
picosecond region, while the decay seemed in a few nanosecond.
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100 Fig. 3. Picosecond time resolved absorption

w oocceptor spectra of the pyrene/benzonitrile in cyclohexane
system. Delay times after the laser excitation are

---- 0 .C indicated in the figure

2 ns

C ..

a

500 ps

04 VO ps

() __ - -400 500 60 0
AL (nm)

By using the mobility of typical molecular ions and the initial

separation of 40-50 A, we have estimated that the geminate recombination
should occur in more than 10 ns. Therefore, the decay of the cation band
should not be prominent in our measurements. If we use shorter separation
the decay may occur in less than nanosecond, while the dissociation yield
become quite low and leading to a quite low cation yield at 5 ns. These
results strongly suggest that the photoionization process in solution is
not so simple as it was believed. At least two mechanisms should be
involved there. One may be quite similar to that observed in radiation
chemistry, although the initial separation depends on the excitation
energy. The other is the electron transfer from the highly excited neutral
state to the electron acceptor, which will be observed only for the system
of high concentration of electron scavenger because of very short lifetime
of such excited state. The latter was actually observed by us for the
pyrene/biphenyl/isooctane system[5]. In the present case the former
correspond to the long lived component and the latter to the short lived
one.
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Picosecond Ketyl Radical Spectroscopy

N.A. Borisevich, N.A. Lysak, S.A. Tikhomirov, and G.B. Tolstorozhev

Institute of Physics, BSSR Academy of Sciences, 220602,
Leninsky Prospekt 70, Minsk, USSR

In the present work, by the methods of picosecond spectro-

scopy the influence has been studied of the solvent polarity,
the type of the substituent in the BP molecule and the type of
the hydrogen donor on the dynamics and mechanisms of charge
transfer (CT) and ketyl radical formation. The results are pre-
sented of the investigations of intramolecular and intermole-
cular charge transfer for benzophenone and 4-dimethylaminoben-
zophenone. As hydrogen donors, aromatic (N,N-diethylaniline,

DEA) and aliphatic (trithylamine, TEA) amines have been used.
In experiments an automated laser spectrometer was used

The molecules being investigated were excited by third-
-harmonic single pulses from mode-locked Nd:glass laser (/t =

6 ps, ' exc = 352 m, E = 0.5 mJ). As the probe the wide-
-band picosecond continuum was used.

I. Fig. 1 shows transient absorption spectra for the BP+TEA
system in acetonitrile at different time delays 8 between

the exciting and probing pulses. At 0 = 20 ps the absorption
spectrum of the two-component system involved coincides with
the spectrum of Tj- T n absorption of pure BP. For 0 = 500 ps
the transient absorption spectrum of the system involved coin-
cides with the spectrum of Do- Dj ketyl radical absorption.
With 0 from 20 ps to 500 ps no new absorption bands appear in

the -- 660 - 710 run region where the anion-radicals of BP ab-
sorp. This is direct evidence that in this case the hydrogen

atom is transferred as a unit and the ketyl radical is formed
directly in the encounter complex of triplet-state BP moleculus

and unexcited TEA molecules (one-stage mechanism).
For the BP+DEA system, along with the one-stage mechanism,

new mechanisms of ketyl radical formation manifest themselves.
As seen from Fig.2 the transient absorption spectrum of this
binary system in acetonitrile ( _ = 37) and hexane ( S- 1.4)

at 0 = 20 ps is a superposition of the absorption spectra of
anion-radicals BP- (kmax = 700 rm), cation-radicals DEA+

(A max = 480 nm) and T4TjTn BP absorption. This points to the
fact that for the system involved the photoreduction of BP has
two stages, the electron transfer with the formation of an ion-
-radical pair taking place at the first stage. The characteris-

tic rise-time of the optical density of ion-radical absorption
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in the spectral regions of )max 460 and 720 nm turned out

to be shorter than 5 ps. Such fast formation of CT states is

surprising from the point of view of the commonly accepted

ideas about the participation of triplet-state BP molecules

(the characteristic time of intersystem crossing for BP in

dences that at the DEA (C = 1 N) concentrations used the part

of unexcited BP molecules forms a weak complex with DEA.

Further evolution of the present binary system in a polar

and a nonpolar solvent proceeds differently. In a polar sol-

vent acetonitrile the excited CT complex dissociates into ion-

-radicals. The ketyl radical formation in this case occur- in

a time of about 1600 ps at collision of the anion-radical BP-

and the cation-radical DEA+. By this time the integrated spec-

trum represents a superposition of the absorption bands of the

ion-radicals BP-, DEA+ and the ketyl radical.BP-U. In nonpolar

hexane, a ketyl radical is formed at proton transfer in the

excited CT complex (cxciplex). The proton transfer rate in the

excited complex estimated by the disappearance of the BP- ion-

-radical absorption turned out to be K = 2.9 109 s- 1 .
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II. Earlier it was assumed that the attachment of aminoal-
cyl groups to 4 position of BP molecule must suppress the pho-
toreduction of BP [23. Fig.3. shows transient absorption spec-
tra for 4-dimethylaminobenzophenone (DMABP) in pentane ( &.=
=- 1.4) and acetone (C_ = 20.7). In nonpolar solvent, the

transient absorption spectrum is a superposition of the T*-.T '

absorption of BP (Xax = 530 nm) and the absorption from

the CT state (Amax - N rum).

The transient absorption spectrum of DMABP in acetone is
a relatively narrow band ( Xmax = 460 run) and corresponds to
the absorption spectrum of twisted intramolecular charge tran-
sfer (TICT) states in polar solvents [31e

The differences between the two types of CT states of a
DMABP molecule appear as differences in the formation and de-
activation rates of these forms. The formation time of the
TICT state is shorter than 5 ps, and the time of its deactiva-
tion depends on the solvcnt polarity and is equal to: ' =320
ps for acetonitrile, / 450 ps for acetone, e' = 90 ps for
diethyl ether. In nonpolar solvent, the process of CT state
formation is accomplished for 300 ps. The decrease in the rate
of CT state formation in a noznpolar solution is likely to be
due to the smaller probability of intramolccular detachment of
an electron at VI-4 excitation as against the probability of
TICT state formation at %--*excitation in polar solvents.

References

1. N.A. Lysak, S.V.Melnichuk, S.A.Tikhomirov, G.B.Tolstorozhev:
Zh.Prikl.Spektrosk. 47, 267 (1987)

2. N.J.Turro: Molecular Photochemistry (W.A.Benjamin, Inc.,
New York, Amsterdam 1965)

3. C.Rulliere, Z.R. Grabowski, J. Dodkowski: Chcm. Phys. Lctt.
137, 408 (1987)

567



Electron Transfer Rates in Covalently Linked

Donor-Acceptor Systems
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Bombay, 400005, India

1. Introduction : Covalently linked energy/electron donor-acceptor
systems are important components for directed energy/electron flow in
molecular devices for harvesting solar energy. Several electron donor-

acceptor (D-A) systems containing porphyrin/metalloporphyrin and polv-
nitrobenzene were synthesized in which the D-A distance varies. The
electron transfer rates when the donor is in the singlet excited state
were determined in several solvents.

2. Experimental : The details of the synthesis of the cox'alentlv linked

molecules are given elsewhere/I/. [n all, twelve molecules were synthe-
sized and these are labelled as follows : D-p-A, D-m-A and D-o-A where D
is either tetraphenylporphvrin (TPP) or Zinc tetraphenylporphvrin (ZnTPP)

and A is either 2,4-dinitrobenzene (DNB) or 2,4,o-trinitrobenzene (TNB).
p,m,o refer to the point of attachment of A in the mean phenyl group of
D, and the linkage between D and A is made through an osvgen atom (ether

linkage). The synthesized molecules were purified bv column chromato-
graphy. The solvents (toluene C13CI CH 3OH, C 3CN and propylene3 ' 3 3 :
carbonate (PC)) used were fluorescence-free, analar or spectrograde
quality. Fluorescence decay profiles were obtained by picosecond laser

excited time-correlated single photon counting method. A detailed

description of the experimental set-up is given elsewhere 2 . The

analysis of fluorescence decay data to fit a single or multi-exponential

function was done by the non-linear least-squares method using iterative

reconvolution and "larquardt procedure for the opt imisation of parameters.

3 Results and Discussions : The fluorescence of Z'nTPP (; varying from

1.62 to 2.07 ns in different solvents) is efficiently quenched by 2,4,6-

trinitro toluene (TNT) i.yiinLTrmlerul.ar reactions. 9 ThyI q ynchin4g rate
coefficients are 1 .4x - - s- ( CI ) and 3.6x( >1 a (PC), whic;I

are slightly higher than the diffusion-Limited bimolecular rate constant,0
k D ( 8 RT/3000n ) at 25 C. The fluorescence quenhini of :CnTPP by m-
dlnitrqbenen? is slightly less efficient : 9.IxlO >1 s (CHC1 ) and

3.3x10 1- s (PC). The fluorescence quenching of TPP (c varying from
8.0 ns to 10.9 ns in the different solvents) y rivitrotoluene and

m-dinitrobenzene 9 au eyen less efficient :4.5x10 1 ,s for TPP-TNF in

CHCI 3 and 3.2xi0 M s- for TPP-DNB in CHCI1 . The above results are in

agreement with the variation of free energy cange, (;, ca~culated based

on electron transfer Mechanism using the redox potentials (Vs SCE) for

ZnTPP (0.81 V), TPP (1.06 V), DNB (-0.93 V) and TNT (-0.85 V) measured in

CH CI /3/
2 2'

The fluorescence decay of the covalentlv linked mlecoles were

fitted to one or two-exponential decay functions which are generally

adequate for all cases, except a few. The observation of a short-

lifetime component (in picoseconds) with a significant amplitude is

associated with the existence of conformations of the covalentlv Iinked

molecule which are favourable for electron transfer.
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Fig. I Fluorescence d'cay of

ZnTPP-0- DNB

CH 50H

0-14 1-97ns
0 86 0-O9as
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wb0 C0 'cc C 00 200 o 0 N~~ 00 300 3 CO .CO 0 0 0 500 -G
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The fluorescence decay data of ZnTPP-p,s.,o-DqB svsv ms showed the
presence of the short lifetime component in all the solvents. The
lifetime of the stlort component varied from 90 Ps (CH 3OH) to 150 pa (PC)
for ZnTPP-o-DNB in polar solvents, whereas the lifetime of the long
component (identified with the unreacLud extended form of the molecule)
is in nanoseconds (1.97 ns CH 3OH and 2.02 ns in PC). Figure 1 shows the
fluorescence decay of ZnTPP-o-DNB in CH 3OH, along with thle results of the

fitting. The abort lifetime is as sociated wit~i the efficient electron
transfer reaction and -lie electron transfer rate (k )d was calc,,lated
using eqo. (1): C

k =T -
et 5

where 71is the lifetime of the long component and T is that of the
short c omponent. The v-.iucs Of 'e are given Tahle I ?or ZnTP

0  
svstems

in all the solvents. e

Table -:Electron transfer rate (10- k, sec- ) for ZnTPP-A in -arinus
solvents

Solvent Toluene CHCI 3 CH 3OH CH 3CN PC

Mol eculIe

ZnTPP-p-DNB 0.5 2.7 2.9 1.7 2.4

ZnTPP-m-13N8 0.65 4.1 3.2 2.0 2.0

Zn-0P-o-DNB 3.2 8.5 11 9.5 6.2

ZnTPP-p-TNB 0.42 0.37 1.0 0.63 2.q

ZnTPP-m--TNB 0.27 0.30 n., 4 0.60) 0.56

ZnTPP-o-TNB 0.33 0.15 0.08 0.21 0.18
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Fig. 2 Fluorescence decay curves of ZnTPP-p-A (A = DNB, TNB) in C. 'he

The excited statfo elctron transfer in ZnTFP-piso-TNB systems was

not as efficient as in the corresponding DN6 system in all the solvents

with the possible exception of ZnTPP-n-A in PC. Figure 2 shows the
fluorescence decays of ZniTPP-p-A (A - DM83 and fNB) system in CH-CN. The

k values for TNB systems are in general lower than those of the
e tc orresponding DM8B svstcess (Table 1).

For TPP-p,-n-A systems no short-lifet imo cqmponent ,,as observed inI

all the solvents indicating the absence of effici-nt electron transfer.
However for TPP-o-A systems short-lifeiTe component (the lowest value in
Ci (h is 36( ps) was obserced.

The values of k tabulated in Table I reve i two features. (1) 'Ihe
value of Ik is uneformlv higher for ZnTPP-DNB system than that of the
equivalent B.vsystem in all the solvents. (2) The valv,:es f % are
seen to be in the order of -o> -!n -p for .;nTPP-DN svstem whercas

O,nTPP-TNL system the trend is that -p -!> -o. The trend ohserved 0r

the nTPP-TNB systems is at variance with the general expectat ion a'
k incrcises with dec rea sits; distance between the don t Tid
etaIccepter , an~d (Ui) k increases with tine decrease in I le reod ,io n

potent ial of the acceptor except in the 'invert ' region.

The authors wish to thank the Department of Science and techno",v"v
t e Government of I n ia for fnancal sulpport to set i t he I n t

Chemical Dynamics and Picosecond Spectroscopv.
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Excitation Transfer and Photo-Induced Electron Transfer
in Conformationally Restricted Porphyrin Systems

A. Osuka 1, K. Maruyama 1, 1. Yamazaki 2 , and N. 7amnai2

1 Department of Chemistry, Faculty of Science,
Kyoto University, Kyoto 606, Japan

2 Institute for Molecular Science, Myodaiji, Okazaki 444, Japan

Green-plants and bacterial photosynthetic organisms employ closely associated
tetrapyrrole pigments as carriers of photons and electrons. The recent X-ray
analysis of the photosynthetic reaction center from two photosynthetic bacteria
have shown that photo-active pigments are held in carefully controlled arrange-
ments that optimize the efficiency of photon or electron transfers.(1)
A useful approach to study the primary events of natural photosynthesis is
to synthesize model compounds with known distances and orientations and
elucidate the geometrical dependence of energy or electron transfer process.

Now we wish to report here the synthesis of a series of conformationally
restricted dimeric porphyrins bridged by naphthalene or spiro-biindane spacer.
In these dimeric porphyrins, the two porphyrin rings are rigidly fixed in a
certain geometry by the combined steric restrictions of the spacer and the
flaking ethyl groups. Spiro-biindane spacers were employed with an aim to
mimicking twisted relative orientations of chromophores such 3s henies and
chlorophyl Is in natural systems.

1-NP 2-NP K ' /-/
'

- -  2,7-DNP

Diporphyrin model compounds were synthesized from the corresponding
aryl dialdehydes by the method of Chang.(2) Bis-zinc and mono-zinc complexes
of these diporphyrins were synthesized by the reaction with zinc acetate in
dichloromethane and purified by flash column chromatography. The absorption
spectra of I-NP(Zn) and 2-NP(Znl showed a Soret peak at 405.5 nm and Q-bands
at 532.5 and 570 nm in dichloromethane. All bis-zinc complexes of naphthalene-
bridged dimeric porphyrins (NDP) showed split Soret bands, but the shape and
peak position of these dimers were unchanged relative to I-NP(Zn), except for
1,3-NDP(Zn2) and 1,4-NDP(Zn2), which showed Q-bands at 538 and 573 nm.
While the head-to-tail dimer 2,6-NDP(Zn2) displayed a mainly rpd-shifted
Soret band at 412 nm, the face-to-face dimer 1,8-BDP(Zn2) displayed a blue-
shifted Soret band at 388 nm. Interestingly, the relative intensities of
the split Soret bands changed depending upon the dihedral angle of the two
porphyrin rings. (Fig. 1) A plot of the dipole-dipole3exciton energy ('E)
vs. the geometrical parameter, 2(cos, + 3cos-lcoso2)/r , showed a good
linear correlation between the two quantities. (Fig. 2) From the slope,
". magnitude of the transition dipole moment of the monomer effective for
tne exciton couplinq was determined to be 7.9 D. This is in good agree-

Spriiger Stes iil (Ah id PI 'ys-s, Vol 48 U Itrafast P henomena VI 571
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Fig. 1. Absorption spectra of NP(Zn) and NDP(Zn2) in CH 2Cl

ment with the value (9.7 D) of the transition dipole moment of the monomer,
which is calculated from the absorption spectrum of l-NP(Zn). These results
indicate the appropriateness of the treatment of the simple exciton
theory for this covalently linked system in solution.(3)

As was reoorted in zinc-porphyrins (Zn-P) covalently bound to metal-free
porphyrins (H2-P) with more flexible linkages (4), the intramolecular
singlet excitation energy transfer from Zn-P to H2-P was observed in mono-
zinc complexes of these dimeric porphyrins. The rate of the energy transfer
(ke) were determined by measuring fluorescence decays (Xem 580 nm) of the
Zn-P as well as fluorescence rises (Xem 690 nm) of the H2-P, using the pico-
second time-resolved fluorescence spectroscopy.(5) Notably, all these mono-
zinc complexes exhibited a single decaying component (4.9 - 197 ps), indicating
that the singlet excited states of the Zn-P are quenched by the H2-P through
single conformation. This situation permits us to analyze the geometry-
dependence of the rapid intramolecular energy transfer process. Taking
the radiative lifetime of I-NP(Zn) (1.5 ns, T 0), we can calculate the rate of
energy transfer, ke, from the equation, ke=l/i - l/T0. These rates were
in good agreement with the value calculated from the fluorescence rise of

the H2-P. (Table 1).
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Fig. 2. Plot of exciton
coupling energy .E vs geometrical
parameter, 2(cos4 + 3cosIcos:.2)/
3
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Table 1. Intramolecular Excitation Energy Transfer from Zn-P to H2-P.

porphyrin f(Zn-P)a ke 1 r(H2-P) b ke

(ps) (x 10lo s-]) (ps) (x 10-0S-

1,8-ADP 4.9 20 8.8 11

1,3-NDP 14 7.0 23 4 4

1,4-NDP 19 5.2 29 3.5

1,5-NDP 19 5.2 31 3.2

1,6-NDP 28 3.5 33 3.0

1,6-NDP' 22 4.5 33 3.0

1,7-NDP 14 7.0 28 3.5

2,6-NDP 45 2.2 45 2.2

2,7-NDP 36 2.7 47 2.1

a, Fluorescence lifetimes of Zn-P. b, Fluorescence rise times of H2-P.

c, Measured in air-saturated CH2 C12 at 25°C.

1. J. Deisenhofer et al.,J. Mol. Biol., 180, 385 (1984).
2. C. K. Chang et al., J. Org. Chem., 48,385 (1983).
3. A. Osuka and K. Maruyama, J. Am. Chem. Soc., 110, 4454 (1988).
4. R. L. Brookfield et al., J. Chem. Soc., Farada-y-Trans. 2, 82, 219 (1986),

and references cited therein.
5. I. Yamazaki et al., Rev. Sci. Instrum., 56, 1187 (1985).
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1. Introduction

Ultrafast absorption and Raman spectroscopy are powerful means of obtaining
information concerning protein dynamics. Here we discuss our experiments on
photodissociation and rebinding of ligands to hemeproteins and on the primary
charge separation in bacterial reaction centers. Even though the R to T transition
in hemoglobin occurs in microseconds [I], studies on the ultrafast time scale
provide a significant advantage in understanding such a process. Namely, the
system has not had enough time to respond completely to the perturbation of
ligand photodissociation. Hence the system is simplified as spectral changes can be
mnore easily interpreted in terms of structural features near the chromophore and
involvement of portions of the molecule far-removed from the chromophore need
not necessarily be invoked. Furthermore, even if a protein reaction is very slow,
the events that trigger the reaction may proceed very rapidly. In the reaction
center, the primary electron transfer occurs in 2.8 ps at room temperature and a
major problem is to understand how the protein is involved in rendering this
reaction so efficient 121.

2. Vibrational Relaxation and Dissipation of Strain Energy in Photodissociated
Carbonmonoxy Hemoglobin

The microscopic aspects of reversible ligand binding in hemoglobin (Hb) and
myoglobin (Mb) are not yet understood. In particular, tle cooperative mechanism
by which successive ligands bind more easily to the Hb tetramer than the first
ligand has yet to be unravelled. Time-resolved spectroscopic methods provide an
excellent tool for investigating the rate and the mechanism bv which Information is
transferred from one subunit of the Hb tetramer to another. Our subpicosecond
Raman experiments j31 have yielded two important results bearing upon thils
question (Figs. 1, 2). Upon photodissociation of HbCO, a large downshift of the
totally symmetric porphyrin mode V4 relaxes to a minimum in about 10 ps. This
relaxation is attributed to vibrational cooling of the heme which has absorbed a
photon of approximately 25 kcal/mol in excess of the bond dissociation .nergy.
Such cooling has been predicted by steady-state measurements [41 and by molec-
ular dynamics simulations [5]. After this rapid phase, V4. begins to downshift again
with a time constant of about 30 ps. We have interpreted this second phase as the
appearance of a T-like change at the intersubunit contacts. Due to tight coupling
between the subunit interface and the F helix [3,61, this change accompanies a tilt
of the proximal histidine which perturbs the porphyrin irig and is responsible for
the downshift.
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Figure 1. Time evolution of the V4 mode of the HbCO photoproduct
with respect to its value in equilibrium unligated Hb.
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3. Geminate Recombination of NO as a Probe of the Barrier to Ligand Rebinding

The barrier to ligand rebinding is a combination of electronic [7,81 and transiently
evolving steric factors. Hence, the rate of recombination is sensitive to whether
the ligand is CO, 02, or NO [7]. The dramatic effect of NO observed in Fig. 3 is a
result of the nature and relative population of the excited-state species created
upon photodissociation and the presence of a rapid geminate recombination process
(-10 ps) [7,81. Because NO rebinding is so rapid, the geminate recombination of
NO with hemeproteins provides a very sensitive probe of the heme pocket and parts
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N to Figure 3. Transient bleaching of the
Soret band of ligated PTH. a) PTHCO.
410-nm probe. The maximum absorp-

tion change is 0.17. b) PTHNO, 401-
nm probe. The maximu m absorption
is 0.04. The 7-ps component repre-
sents geminate recombination of NO
with PTH. The similarity among the
bleaching kinetics of HbCO and PTH-

CO and of HbNO and PTHNO are stri-
king [7]. They suggest that purely

A, electronic factors play a significant
role in geminate recombination at
room temperature.
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Figure 4. Geminate rebinding of NO to soybean Lb (left) and to Mb from Aplssia
punctata (right) at room temperature. Even on a picosecond time scale at 300 K.
the rebinding is well described by a power law function [81 indicative of a
distribution of barriers to rebinding [11].

of the protein that are tightly coupled to it [81, thus providing a means of

evaluating the contributions of the proximal and distal sides of the herne in the

rebinding process. A striking result is that we find essentially identical rebinding

kinetics of NO to horse heart Mb and to soybean leghemoglobin (Lb, a monomeric

protein whose spacious hemepocket affords one of the highest known oxygen
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affinities [9]). Although the gross change in size of hemepockets between Mb and
Lb does not alter the rebinding kinetics, it is nevertheless possible that specific
alterations of the hemepocket may produce an effect. That this is the case is
suggested by the rebinding of NO to Mb from Aplysia punctata (Fig. 4). Myoglobins
from Aplysia are unusual in that they lack in general the distal histidine [10].

4. Charge Separation in Photosynthetic Bacterial Reaction Centers

The conversion of light energy into chemical free energy in the reaction center
(RC) of photosynthetic purple bacteria is a highly efficient process that involves
very fast reactions that compete efficiently with radiative lifetimes. The primary
charge separation occurs between a bacteriochlorophyll dimer (P) and a bacterio-
pheophytin molecule (HI) located on the L polypeptide subunit over a center-to-
center distance of 17 A. The structure of the RC, as solved by X-ray crystallo-
graphy, shows that a monomeric bacteriochlorophyll (BL) is located between P and
HL. The role of this molecule in the initial charge separation process is not yet
understood and is the object of much experimental and theoretical *scrutiny [2].

Direct excitation of the primary donor (P) leads to the formation of the radical
pair PtHL - within 2.8 ps at 295 K in RCs from both Rb. sphaeroides and Rps.

13

12 \

11 .

9 I

1\*49.

4--\

0 100 200 30
Temperature K)

Figure 5. The variation of the electron tra sfer rate pver the temperature range
10-300 K for RCs from Rps. viridis. The crosses represent the experimental points
and the mixed line drawn through them serves only to aid the eye. The dashed line
is a fit to the single mode approximation discussed in references 2 and 15. These
data were obtained in collaboration with G.R. Fletning.
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viridis. No evidence for a transient depletion of BL as a result of the formatiofi of
a .BL - or BL species is found. While this observation must be reconciled with the
X-ray data, it is generally believed that BL plays a role in the charge separation
process. Several mechanisms for such a role have been suggested and are
compatible with the absence of spectroscopic evidence for transient bleaching of
the ground state absorption of BL: 1) direct electron transfer trom P* to HL
(P*BLHL -4 P+BLHL-) occurs via the virtual state P*BL-HL in a "superexchange"
mechanism; 2) the existence of BL- or BL + has been postulated, but requires, in
order to be consistent with femtosecond aborption spectroscopy, that the rate of
depletion of this intermediate is much faster than its rate of formation; 3) an
alternative to the two models above has been proposed [12] which uses a set of
strongly coupled vibrational modes and is able to model hole burning and
temperature dependence data [2]. See references 2, 13, and 14 for a summary and
discussion of the possible mechanisms. The primary charge separation process is
characterized by an apparent negative activation energy with an increase in rate
by a factor of four for a decrease in temperature from 300 to 10 K (Fig. 4) and
such behavior is expected for an activationless electron transfer process [14]. If we
assume that the electron transfer is nonadiabatic, then the conventional expression
for the rate can be used, k = (2* ) v 2 F, where V is the electronic interaction
matrix and F is a thermally averaged Franck-Condon factor. Assuming a coupling
of the primary electron transfer to low frequency modes of the protein and using
the single mode approximation [2,15], the electron transfer rate as a function of
temperature for RCs from Rb. sphaeroides can be well fit using a 80 cm- I mode
[15]. The same approximation, however, gives a very poor fit to the data for the
RCs from Rps. v.iridis and a 25 cm-1 mode is required to obtain the proper ratio oi
the rates at 10 and 300 K (Fig. 5). The difference in temperature dependence
between the RCs of the two bacterial Sne'1iC5 may indicate that V decreases more
strongly with decreasing temperature in Rps. viridis than in Rb. sphaeroides. It
also, however, raises the question of whether the primary electron transfer is
accurately described by a nonadiabatic process.

5. References

1. 3. Hofrichter, J.H. Sommer, E.R. Henry, and W.A. Eaton, Proc. Natl. Acad.
Sci. USA 80, 2235 (1983).
2. The Photosynthetic Bacterial Reaction Center, 3. Breton and A. Ver6glio,
Eds. (NATO ASI Series, Plenum, New York).
3. J.W. Petrich, I.L. Martin, D. Houde, C. Povart, and A. Orszag, Biochemistry
26, 7914 (1987).
4. S.A. Asher and 3. Murtaugh, 3. Am. Chem. Soc. 105, 7244 (1983).
5. E.R. Henry, W.A. Eaton, and R.M. Hochstrasser, Proc. Nail. Acad. Sci. LS\
83, 8982 (1986).
6. B.R. Geln, A W.-M. Lee, and M. Karplus, 3. Mol. Biol. 171, 489 (1983).
7. J.W. Petrich, C. Poyart, and J.L. Martin, Biochemistry 27, 4049 (1988).
8. J.W. Petrich, J.C. Lambry, F. Stetzkowski, C. Poyart, and 3.L. Martin.
Submitted for publication.
9. E.G. Arutyunyan, Mol. Biol. 15, 27 (1931); J.B. Aittenberg, C.A. Applebv
and B.A. Wittenberg, 3. Biol. Chem. 247, 527 (1972).
10. L. Tentori, G. Vivaldi, S. Carta, M. Marinucci, A. Massa, E. Antonini. and
M. Brunori, FEBS Lett 12, 181 (1971).
11. R.H. Austin, K.W. Beeson, L. Eisenstein, H. Frauenfelder. and I.C. Gunsalus,
Biochemistry 24, 5355 (1975).
12. Y. Won and R.A. Friesner, Proc. Natl. Acad. Sci. ISA 84, 5511 (1987).
13. A. Warshel, S. Creighton, and ).W. Parson, 3. Phys. Chem., 92, 2696 (1988).
14. M. Bixon and 3. Jortner, 3. Phys. Chem. 90, 3795 (1936).
15. G.R. Fleming, 3. Breton, and J.L. Martin, Nature 333, 190 (1988).

580



Femtosecond Excited-State Reaction Dynamics

of Retinal-Containing Photosystems
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Bacteriorhodopsin (BR) is one of the best studied photoreactive systems. It
functions as a light-driven proton pump building up a proton gradient across
the cell membrane of halobacterium halobium /l/. The reaction scheme of BR may
be understood as follows: In the primary step, light absorption initiates the
isomerization of the retinal chromophore from the all-trans to the 13-cis con-
figuration. This reaction establishes the starting condition for the subse-
quent much slower proton transport process /2-4/. It is the purpose of this
paper to reveal the ultrafast molecular processes which proceed during the
primary reaction. Due to the recent development of femtosecond techniques
these ultrafast phenomena may now be directly studied /5,6,7/.

In our experiments we work with amplified pulses from a CPM dye-laser (Cu
vapor pumped amplifier) for excitation (X = 620 nm) and with probe pulses at
different wavelengths selected from a femtosecond continuum. The change of
transmission of the sample induced by the exciting pulses is measured with
high precision as a function of time delay. The time resolution of the experi-
ment depends on the width At of the cross-correlation function between
exciting and probing pulses. Typical values of At = 90 fs are obtained in our
apparatus permitting the investigation of dynamic processes faster than 50 fs.

The choice of the probing wavelength is of major importance for the inter-
pretation of the observed absorption transients. (i) At short probing wave-
lengths in the region of the 0-0 transition of the molecule the absorption
changes may be related to different processes, e.g. to cross relaxation of an
inhomogeneous ground-state distribution, to excited-state processes, and to the
formation of photoproducts. (ii) Working at longer wavelengths in the fluores-
cent region of the molecule, the ground-state processes may be neglected, i.e.
a more straightforward interpretation of the experiment is possible /5,6/.

Time resolved changes of absorption observed on light-adapted Bacterio-
rhodopsin at room temperature are shown in Fig.1 for three probing wavelengths
in the gain region of BR. At long probing wavelengths (X = 850 nm, Fig.lc) a
pronounced gain is found (the transmitted pulse is larger than the incident
pulse). The gain decays at later time with a time constant of 500 fs. A slight
180 fs contribution is present at very early times. With decreasing probing
wavelength the 500 fs contribution disappears. At 735 nm (Fig. lb) a 180 fs
process dominates the decay of the gain. Fig.la is taken at a still shorter
probing wavelength of 660 m, where the Si-So absorption of BR may still be
neglected. At late times the build-up (with 500 fs) of an induced absorption
of the intermediate J is seen. Around time zero we observe a very short-lived
gain. A detailed analysis of the experimental data with a precise determi-
nation of time zero and of the cross-correlation function reveals that the
gain around time zero is due to an additional intermediate with a lifetime of
approximately 50 fs (50±25 fs).
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4 Fig. 1 Time-resolved changes of
absorption (negative values1 0- correspond to gain) induced by

X 660 nm exciting femtosecond pulses at
/ A = 620 rim. The probing wavelengths

05/ are A = 660 nm (a), A = 735 nm (b),

A 660 nm (c). The solid curves
are calculated using the decay

0 kinetics discussed in the text.
i' The broken curves are calculated

- excluding the 50 fs kinetic.

C 0 '
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The experimental data indicate that there exists an interesting rapid
sequence of events in Si, the excited electronic state, with time values of
n = 50 ps5, T = 180 ps, and T3 = 500 ps.

Taking into account the spectral properties of the transient signal and the
known molecular data of retinal the following microscopic picture of the very
early reactions is suggested (see Fig.2): The incident photons promote the
retinal to the Franck-Condon state Si** on the S1 potential surface, where a
number of vibrational modes are displaced relative to the Si equilibrium
position /8/. Within 50 fs after light absorption an equilibration of vibrati-
onal modes occurs. During this first reaction the molecule remains practically
unchanged along the coordinates of the low-frequency modes. The following
slower reactive motion of the retinal is related to the 180 fs gain kinetics.
In this process, part of the isomerization (presumably a rotation by 60 to 90
degree around the C13-C14 double bond) takes place and the molecules arrive at
the bottom of the Si potential surface. From this energy position the isomeri-
zation continues to form the intermediate product J or the molecule returns
via internal conversion to the original ground state with a time constant of
500 fs. Numerical estimates of the isomerization motion support the present
interpret iat ions.

In conclusion it should be noted that additional experiments on other
retinal containing systems gave evidence for a very similar hierarchy of
events, indicating that the reaction mechanisms found in Bacteriorhodopsin is
of a more general nature.
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Fi_.2 Schematic of the ground-state (So) and excited-state (Si) potential
energy surfaces as a function of the high-frequency vibrational and
the low-frequency reactive coordinates.
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Direct Observation of the Femtosecond Excited-State

cis-trans Isomerization in Bacteriorhodopsin

RA. Mathies 1, W.T. Pollard1 , C.H. Brito Cruz 2 , and C.V. Shank2

1Chemistry Department, University of California,
Berkeley, CA94720, USA

2 AT&T Bell Laboratories, Electronics Research Laboratory,
Holmdel, NJ07733, USA

1. Introduction
Femtosecond optical measurement techniques with a time
resolution of -6 fs [1] provide a means of directly observing
the temporal evolutio. of photochemical reactions. The primary
events in important photobiological systems c-n also be studied
with these techniques. Bacteriorhodopsin (BR), the protein
found in the purple membrane of Halobacterium halobium, is
responsible for light-driven trans-membrane proton pumping. A
variety of experiments have shown that light absorption drives
a trans to cis isomerization of the bound all-trans retinal
protonated Schiff base chromophore [2] . The primary
photoproduct of BR, called J, is formed in -500 fs and relaxes
to K in 3 ps [3-5]. This report describes the use of
femtosecind optical absorption spectroscopy to directly obser:e
the excited state trans -* cis torsiona' isomerization of the
retinal prosthetic group in light-adapted bacteriorhodopsin,
BR 5 6 8 [6]. We also present a new theory for analyzing the
femtosecond dynamic hole-burning spectra of BR 5 68.

2. Experimental Methods
To temporally resolve the excitation and subsequent poo-
isomerization of the BR 5 6 8 chromophoro, it is necessary to
study this transformation with 6-fs optical pulses. Since the
spectral width of a transform limited 6-fs pulse is ex:tremely
broad, these pulses present the unique opportunity to observe
the full spectral response of the system on this rapid time
scale. With this experimental approach, decay processes with
very similar rates or with even a continuous distribution of
rates can be identified by their spectral signatures. Such
processes are very difficult to interpret with conventional
single-wavelength probe data and first-order kinetic analsss.

The femtosecond pump and probe pulses are derived from the

same amplified 60 fs optical pulse having an energy &f 1 p: ani
a center wavelength of 618 nm. The 6-fs probe pulse is forme
by passing a portion of the initial pulse through a '2 =
length of optical fiber followed by a grating-pair ccmupress-r
with prism compensation to accurately adjust the time ,si-on

of the frequency components. Thp shortened prcbc pulse
passes through the excited sample to the spectrometer and diode

array detector. The light-adapted purple membrane suspension
was pumped through a nozzle at a sufficient velocity to ensure
replacement of the sample between each laser shot (8 kHz) . The
integration time for a single spectrum was typically 30 sec.
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Fig. I. Transient absorption spectra of light-adaoted
bacteriorhodopsin (BR5 68 ) from -54 to 998 fs.

3. Experimental Results

Figure 1 presents the differential probe transmittance for
various pump-probe time delays. We note four distinct
contributions to these spectra. The dominant feature is the
broad hole that grows in between 560 and 630 nm and reflectr
the bleaching of the BR 5 6 8 absorption band. Competing with
this at short times are a band of increased , ransmittance to
the red of 650 nm and a strong band of increased absorption to
the blue of 580 nm. The former we attribute to stimulated
emission from the excited electronic state and the latter :
excited state absorption from the same state. The rapid
attenuation of the stimulated emission signal from -3 to 98 fs
is best attributed to the -100 fs torsional distortion of the
molecule on the excited state potential surface which shifts
the emission to higher wavelengths. The 580 - <560 nm blue
shift of the excited state absorption features from -28 to 98
fs also argues that this is the time scale for excited state
torsional isomerization. The amplitude of the bleach as
indicated by the depth of the hole at -580 nm is nearly
constant from 23 to 222 fs, whereas the stimulated emission and
excited state a)sorption signals evolve strongly from 0 to 150
fs. This supports the idea that the optical excitation is
largely complete by the 28 fs spectrum and that the temporal
evolution of the spectra from 28 to 142 fs provides a darec-
observation of the excited state photoisomerization poesa in
R . Finally, the appearance of a red absorption between 222
and 998 is results from the formation of the ground state
photoproduct J.

4. Theory of Femtosecond Dynamic Hole Burning
The dynamic hole-burning spectra can be analyzed in more detail
to investigate excited state dephasing and energy relaxation
processes. At early times the bleach has the width and
approximate position of the pump pulse. At later times this
feature evolves into the troad, featureless band 7e- after 58

585



fs. I'o understand these observations, we have ,oda0 -. o
matrix analysis to simulate the hole-burn ing s.'r a - .

The theory of dynamic hole-burning for 2-levc-l
recently been described by Brito Cruz et a! . 1-7 ae -
generalized this theory for a system with one gon
vibronic level 1i> and a multidin,,nsional manifcold of v~oro~
excited state levels 1k_> [8). Eight contributions to tle nhir,;
order polarization are uncovered: four convent'onal ce
population terms, two 'pump-polarization" t'erms and t.w-
"perturbed free induction decay" (FID) terms. These expression~s
are difficult to evaluate for multilevel systems because each
term contains two sums over the full vibrational subspace of
the molecule. To make the evaluation of these expressions more
tractible, we recognize that they may be recas i 4 n terms of a
multidimensional excited state nuclear t ime correlation
function denoted <-!I i(t) > Here Ii_> Is the init ial aouna'
state nuclear wavefunction and li(t)> = e-iHt/lii(O)> is the
ground state wavefunction propagated on the id
potential surface [9]. The Fourier transform of <~t o
essentially the homogeneous absorption 14reshape. :.e fi L
equation for the polarization to second order in the rumr> fiel-
and first order in the probe field is

p1() 4 ~ d ' t d C, etCT 1 
It'

1 
Ce 'Lt)I -C )j,

Ppr~t jh J Jt' dC -

{Epr(t')EpJ!-)Epu(t ...) (i Ii(t-t'D> i Ii(t-- C-'))

Epr(t')EPu,(C)EPUt ...) <i~ i(r-t'(i ... -') +

EPU(C)Epr(")Epu(t ...) K'i i(t-t')) (i ( '-t) +

EPu(t')Ep,(C')EP,(t .. ) Ki Ii(t-t-)> Ki I i(t'- t'J>

where T, and T2 are the polarizaticn relaxatlion and de-sn.
times, L is the electronic transition moment between anI I
and E(t) denotes the pump or probe field envelope. T- he rot- s
four terms with the pump -* pump -- probe nequoence
to the level population changes. The 1)I uid 6'! -- K:

contribute to the pump-polarization sional wlii.- no lauso
terms give rise to the perturbed FIb) signal . 1hen t-he u_m ui-
probe beams overlap in time, the coherent cucpl incT between h
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two beams that is described by the pump-polarization and
perturbed FID terms will give rise to rapid spectral and
temporal modulation of the transmittance spectra.

The nuclear contribution to the polarization decay is
contained in <ili(t)> which can be obtained through a resonance
Raman intensity analysis [10,11] . The relation between the
resonance Raman cross section for a particular vibrational mode
and Ii(t)> is

R CC IJ<fI i(t) > eiEt/T e-rt dtl 2 (2)

where <f[ is the final vibrational state in the Raman process,
E is the incident laser energy, and F is a damping factor. The
beauty of this relation is that by monitoring the intensity of
a particular Raman transition, <fj acts as a "filter" that
analyzes that particular vibrational dimension of Ii(t)>. By
measuring the intensities of all the allowed Raman transitions,
Ii(t)> may be determined. The excited state is characterized
in terms of a ground-*excited state origin shift or
equivalently in terms of the slope of the excited state
potential surface evaluated with respect to the ground state
normal coordinate. An analysis of the Raman intensities of
BR 5 6 8 has been performed by MYERS et al. [10,111. They
measured complete resonance Raman excitation profiles and
developed a synthesis for li(t)> which accurately described the
intensities of the 29 Raman active modes. The homogeneous
absorption band was found to be very broad (-3600 cm -1 ) and
unresolved due to strong Franck-Condon activity in a large
number of modes and fast excited state relaxation.

5. Analysis of BR Hole-Burning Spectra
We have used this characterization of the S, excited state of
BR 5 6 8 to simulate the early time hole spectra [8]. The
comparison of the experimental and calculated holes is given in
Fig. 2. The calculated and experimental spectra evolve from a
sharp feature at the pump wavelength at 0 fs to a broad band
centered at 580 nm by 60 fs. The deviation of the calculated
and experimental spectra on the extreme blue and red edges is
due to the excited state absorption and -timulated emission
which cannot be described by Eqn. 1. The sharp feature at 618
nm in the 0 fs spectrum is due to the pump-polarization and
perturbed FID terms. These terms are expected to decay rapidly
as time progresses and the pump and probe beams no longer
overlap. Thus the evolution from a sharp spectrum at 0 fs to a
broad hole at 60 fs is not an indication of spectral diffusion
between sites in an inhomogeneously broadened band or excited
state vibrational relaxation. The broad hole observed at 60 fs
is completely consistent with the broad hole predicted from the
resonance Raman intensity analysis. This provides a direct
confirmation that the homogeneous lineshape in BR 5 6 8 is very
broad as a result of extensive Franck-Condon congestion.
Stated alternatively, the excited state wavepacket leaves the
Franck-Condon region rapidly (-20 fs) and permanently along
multiple highly-displaced degrees of freedom. This rapid
departure from the Franck-Condon region is an important element
in producing the high efficiency of the isomerization process
in BR 5 6 8 .
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This interpretation of the femtosecond spectra of BR 5 6 8 was
first presented at the Second European Conference on the
Spectroscopy of Biological Molecules, Freiburg, FRG, September
6-10, 1987. This work was supported by the NSF (CHE 86-15093)
and the NIH (GM 27057).
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Polarized Pump-Probe Spectroscopy of Exciton Transport
in Bacteriochlorophyll a-Protein
from Prosthecochloris aestuarii

T.P. Causgrove, S. Yang, and W.S. Struve

Department of Chemistry and Ames Laboratory-USDOE,
Iowa State U;iversity, \mes, IA 50011, USA

1. Introduction

Electronic excitation transport (EET) is the first process which follows light
absorption by antenna pigments in green photosynthetic bacteria and plants.
Such excitation migration is believed to proceed by an incoherent random-walk
mechanism arising from Forster dipole-dipole coupling between chlorophyll
molecules or aggregates. The EET dynamics are sensitive to the chromophore
organization. This is unknown for any antenna system in green photosynthetic
organisms, except for the BChl a-protein complex from the sulfur bacterium
Prosthecochloris aestuarii. We have therefore studied EET in this BChl a-
protein using polarized pump-probe spectroscopy, and analyzed the time-
resolved depolarization in terms of this antenna system's well-characterized
3-dimensional structure 11).

The basic structural unit in BChl a-protein is a trimer of subunits
containing 7 BChl a molecules each. Nearest-neighbor Mg-Mg separations for
chromophores within a subunit range from 11.3 to 14.4 A; there are no Mg-Mg
separations shorter than 24 A for chromophores belonging to different
subunits. Hence, this system may present an example of Sauer's "pebble
mosaic" model [21, in which EET (whose rate scales as R-6 for chromophores
separated by R) is predicted to be far more rapid inside subunits than between
subunits.

2. Experimental

A BChl a-protein solution in water (which contains BChl a-protein aggregates
with a mean size of at least 30 trimers) was generously provided by R. E.
Fenna. Samples housed in 800 m cells were rotated at 12 Hz to minimize
photooxidation by the laser.

A passively mode-locked rhodamine 590/DQOCI dye laser pumped by a
multiline Ar+ laser with 6W plasma tube provided linearly polarized 1.5 ps
FWHM pulses between 598 and 609 nm with -50 mW power at 125 MHz repetition
rate. These wavelengths overlap the 603 nm BChl a-protein Qx system. The
pump-probe geometry of Ippen et. al. [31 was used with multiple modulation to
evaluate the optical density transients A11 (t), A_(t) for probe pulses
polarized parallel and perpendicular to the pump polarization.

3. Results

Figure I shows typical pump-probe transients A11(t) and A.(t) for the BChl a-
protein at 603 nm. They are dominated by coherent coupling artifacts during
the first -1.5 ps; they can be fitted for later times (continuous curves) with
convolutions of the laser autocorrelation function with the expressions
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A (t) P(t)[l - O.4t(1-a)exp(-t/T) + all.

P(t) is the isotropic decay function, evaluated from transients obtained with
pump and probe polarizations separated by 54.7'. Nonzero a parameters are
generally required to simulate the polarized photobleaching decays: the
average value derived from six pairs of transients obtained at 603 nm (e.g.
Fig. 1) is a = 0.477. This is a consequence of the nonrandom chromophore
organization. The average depolarization timescale T at 603 nm is 4.78 ps.

The BChl a-protein exists in at least two crystal modifications (P63 and
P62), and the packing in aggregates formed in water solution has not been
characterized. To model the EET depolarization, we consider for definiteness
the P63 crystal structure shown in Fig. 2. Our model assumes Forster hopping
between exciton states delocalized inside subunits containing 7 BC0l a
molecules. We arbitrarily restrict EET to migration between neig-boring
subunits, and distinguish two kinds of hopping. The frst kind occurs with
transition rate wA8 between subunits in the same trimer (e.g. A - B or D - E).
The second kind occurs with rate wAD between subunits in different tr'mers
(e.g. A - D or B - H). The ratio wAB/wAD of transition rates is not known,
because the exciton pciarization which controls the dipole-dipole
orientational factors in wAB and wAD has not been reported.

L

Fig.2
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EET was simulated in P63 crystallites containing 27 trimers by solving
the kinetic equations for the subunit excitation probabilities following
initial excitation of subunit A. For a given orientation dA - (", B, y) of
the probed transition moment in subunit A, the corresponding orientations ai
for other subunits i were generated from crystal symmetry. These were
weighted by the subunit excitation probabilities and averaged over the random
crystallite orientations in solution to yield theoretical polarized transients
A11(t), A,(t). These computed transients depend on the assumed transition
rates WAB, WAD and on the projection y of the subinits' probed trans~tion

moment along the crystallite c-axis. Table I lists several combinations of
WAB, WAD which yield theoretical anisotropy functions r(t) - (A,-AI)/(A I+ 2A )
which are indistinguishable within experimental S/N from the phenomenological

anisotropy function r(t) = (I-a)evp(-t/-) + a, where T = 4.78 ps is the mean
depolarization timescale and a = 0.477 is the mean residual anisotropy. (The
latter parameter is related to y through a = (3y 2  ) 2/4). This Table
emphasizes that a continuum of combinations of wAB and WAD can account for the
observed decay, so that depolarization experiments alone cannot determine
these transition rates separately. In our kinetic model (which assumes
migration only occurs between proximate subunits), our data are consistent

with the ranges 0 < wAB, WAD < (15 ps) - in combinations typified by Table T.

TABLE I. Forster transition rates from 27-trimer simulation of EET in BChl
a-protein from P. aestuarii

WA/WAD w, ps W, ps wAB + wAD, Ps
-1

14.3 0.070

3 20.2 60.7 0.066

1 28.5 28.5 0.070

1/3 66.0 22.0 0.061

1. Matthews, B. W., Fenna, R. E., Acc. Chem. Res. 1980, 13, 309.
2. Philipson, K. D., Sauer, K., Biochem. 1972, 11, 1880.
3. Ippen, E. P., Shank, C. V., Bergman, A., Chem. Phys. Lett. 1976, 38, 611.

592



Picosecond Excitation Transport in Photosynthesis:
Factors for Optimization of Light Harvesting

A. Freiberg, T. Pullerits, and K. Timpmann

Institute of Physics, Estonian SSR Academy of Sciences,
202400 Tartu, USSR

The present study has been inspired by the following motivations:

(i) From the theoretical point of view the main principles of
the very efficient conversion of the solar energy into an elec-
trochemical form by photosynthetic organisms are quite ciell un-
derstood (for a recent review, see [1]). However, the extent to
which these principles are realized in one or another natural or-
ganism is still to be established;

(ii) During the past fee years considerable advances have been
made in explaining the composition and the structure of the pho-
tosynthetic unit (PSU) of purple and green bacteria (for a review,
see [2]). Nevertheless, there is still only poor evidence about
the pathviays of the excitation energy migration between different
pigment-protein complexes of PSU and related rate constants;

(iii) All pigments in photosynthetic organisms are bound to
protein environment. Besides, these pigment-protein complexes are
often embedded into the lipid membrane [21. The effect of this
specific environment on the spectral characteristics of pigments
and dynamics of electronic excitation as nell as charge transport
may be essential and needs to be cleared up.

1. Spectral and Structural Heterogeneity of the Light-Harvesting
Antenna

A number of purple photosynthetic bacteria, e.g. Rhodobactet
sphaeko~des and Chrowatium rnutisimum, contain light-harvesting
pigment-proteins of three spectrally well-resolved types: BO0,
B850 an-, 5875 (numbers indicate the bacteriochlorophyll a (BChla)
Qy absorption maxima in nm). The picosecond time-domain fluores-
cence kinetics of these bacteria in dependence on the emission
ojavelength have been studied under physiological conditions as
well as at 77 K . It has been shown that the electronic excita-
tion transport is directed from the short-wavelength light-harves-
ting antenna BChl a forms to the long-wavelength one, and from
the latter to reaction centers (RC). As long ns the RCs of purple
bacteria are surrounded and interconnected by a constant number
of B875 pigment-proteins [3,41 the energetically dowvnhill trans-
port of excitations is accompanied by their spatially directed
transport towards RCs. As a result, most of the excitations are
very quickly localized around RCs where, by means of charge sepa-
ration, the solar energy is stored for further use. The observed
macroscopic excitation trapping time by photoactive RCs, hich
is equal to about 60 ps at 77 K es well as at room temperature
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Fig. 1. A) Experimental fluorescence decay kinetics at the gi-
ven wavelengths of Rb. 6phae'oides chromatophores (dotted line)

and corresponding model curves (continuous line). Excitation
intensity at 796 nm about 0.01 1dI/(cm.cm); B) The calculated am-
plitude spectra for separate lifetimes; C) The calculated time-in-

tegrated fluorescence spetrum

in all the purple bacteria investigated (including Rltodospi,-iic'u'
rub uw, where due to the lack of 0800 and P850 antenna forms the

number of BChl a molecules per RC is several times smaller),

supports this conclusion. A comparison of experimental fluores-
cence kinetics with the results of model calculations based on

coupled rate equations (see Fig. 1), reveals the rates and path-

ways of heterogeneous excitation transport in purple bacteria:

excitations reach from 8800 8Chl a molecules to 8850 ones, both
situated on the same pair of pigment-binding polypeptides [2],
in 1-? ps. The excitation transport from B800-850 pigment-protein

complexes to 8875 complexes takes less than 10 ps for most (about
70%) excitations. The minor part of the 8850 excitations is trans-
ferred to 8875 in about 40-50 ps.

2. Long-Range Molecular Order

The light-harvesting antenna of green bacteria containing BChl C
is by an order of magnitude larger than that of purple bacteria,

wihich presents more rigorous requirements for the structure op-
timization. According to that all the antenna RChi C molecules

are concentrated in extramembraneous bodies - the chlorosomes,

vhereas RCs and the most part of the antenna BChl a are associa-
ted with the cytoplasmic membrane. Selective excitation of BChl c

Qy transition moments by picosecond laser pulses ha. revealed
that the chlorosome excitations are transferred to membrane pig-

ments with a characteristic time of 30-60 ps. Such a high trans-

fer rate is somewhat unexpected for such a big antenna. Figure 2
shows that the BChl C fluorescence polarization is nearly cons-

tant during the excited state lifetime and attains a limiting

high value (p=0.42+0.02). These results demonstrate that the
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I. I I Fig. 2. Room-temperature pola-
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excitation energy transfer in green bacteria is favoured by al-
i most parallel transition moments of the ehlorosome ehromophores
I (or their coupled associates). It has been shown by the linear

dichroism method that these transition moments are oriented alonc

the long axis of the chlorosome [5].

3. Inhomogeneous Spectral Broadening

Optical transitions of molecules in solids are generally inho-
mogeneously broadened by virtue of random strains or by chromo-
phore interactions. There is a strong evidence that pigment-pro-
teir, bands of purple bacteria are inhomogeneously broadened as
well. (A corresponding experiment on R. 4ub'um, see [6].) W-e have
shown by means of computer simulation that in case the inhomo-
geneous bandwidth of BR75 is larger than the homogeneous width,

the conditions for an additional localization of excitations in
R875-RC complexes and, thereby, for the shortening of the ove-
rall trapping time, are provided.

The authors thank Drs. Z.G.Fetisova and V.I.Godik (Labora-

tory of Molecular Biology and Bioorganic Chemistry, Moscow State
University) for the fruitful collaboration.
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Excitation Energy Annihilation in Aggregates
of Chlorophyll a/b Complexes

T. Gillbro 1, A. Sandstrbm 1, M. Spangfort2 , R. van Grondelle 3 ,
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In this work we study the excitation energy transfer in aggregates
of the light-harvesting chlorophyll a/b complex (LHC II) of green
plants. The method we use is based on the excitation annihilation
that can be observed if more than one excitation is created within a
system of connected antenna pigment molecules, a so-called do-
main. By performing time-resolved absorption recovery measure-
ments at different excitation light intensities one can obtain the
annihilation rate, Y2 , and the rate of single excitation decay, y1 .

In general
dn y- n- 7 • n2

dt 22

where n stands for [Chla*]. In fig. 1 we have plotted 1/n(dn/dt) vs n
and for two experiments with the excitation intensities 1.25 1013

and 2.5 • 1013 photons/cm 2 , we obtain 12= 2.8 . 109 and 2.4 109 s - 1 ,

respectively. From the absorption recovery traces at low excitation
intensities, i.e. < 1013 photons/cm 2 , we find that 7, = 3.10 9 s- 1.

There is another more common way to obtain y2 and that is to

measure the fluorescence quantum yield. Paillotin et al. [1] have
developed a theory, where a parameter r = 2 y1/y2 is used as a
measure of excitation annihilation. For large values of r, trapping
and losses dominate, while for small r the annihilation is relatively
strong. In this work we have obtained the quantum yield by
integrating the normalized decay curves and plotted this value as a
function of the number of absorbed photons/cm 2 (see fig 2). We
obtain a good fit to theory (see dotted line in fig.2) if we choose r =

3. Putting y1 = 3.10 9 s -1, we obtain y2 =2 • 109 s - 1, in good aggreement
with the results of fig. 1. Thus the two methods of calculating y2 give

the same result within the experimental error. From fig. 2 it is also
possible to calculate the number of interacting chlorophylls in a
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Fig- 1
This figure shows (dCHL a*/dt)/Chl a*, as calculated from two
different absorption recovery traces at 678 nm, vs number of
excitations/1000 Chl a: 1.25 * 10 13 photons/cm 2 and 2.5 * 10 13

photons/cm 2 . The slopes give y2 as described in the text.

(a.u.)
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Fi g. 2
Calculated normalized time-integrated absorption decays at 678 nm
vs number of absorbed photons/cm 2 . The dashed line represents a
fit to eq. 20 of ref. I using r=3. The point at which there is one exci-
tation/domain is indicated by the arrow.

domain, ND. The arrow in fig. 2 show the intensity at which 1
photon is absorbed per domain. This intensity corresponds to ND=
1000. If the energy transfer occurs on a square lattice the following
equation is valid [11:
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Y2-(4 +y)/(I N InN + 0.195 N
2 1C I D D D

From this the nearest-neighbour hopping rate, kh, can be
estimated to be about 1012s - 1. Since such a large domain size is
obtained this hopping rate represents a very efficient energy
transfer between chlorophyll molecules situated in both the same
and different chlorophyll a/b complexes. In the future it will be ot
interest to see if such an efficient transfer of energy takes place

over large distances between photosystem 2 units in thylakoid
membranes.
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Picosecond Studies of Dynamic Solvent Effects
on a DNA Intercalator by a Synchroscan
Streak Camera System

M. Ishikawa

Tsukuba Research Laboratory, Hamnamatsu Photonics K.K.,
Tokodai 5-9-2, Tsukuba, Ibaraki 300-26, Japan

I . a t risluc L ion

l-uriioiitiar i ns ( psora Ilens) are well kinown not )Inl\ as drugs fo r humain skin
Si sease;(s but aliso Mi, ccilar lire bu in DNA studies. The spec ii i oterca-
lat ion ofC fr au Mma r [ ns be tween p)y r I mI;i dine, ba se pa irs o f dou blIe-s trand ed
DNA , foIlI owed by VV i nd uced covaltent. hond format ion , i s ani essenit ia I aspec t
0of the photobi ol ogy of farocoumar ins. I n ojer t(, obta i nt o r mat i on f rcau.
DNA molecules hy using fluiorescence of furocoumarins, it is indispensalble to
Ci uc idlto eSilvent effects onl the ft uorescen-e properties of farocoamoirius.
As a re presenltat ive oif turoclimnar ins, hergapter ( 5-metLiox~psora len) .'a S
chosen, bet au-e ouar pre tim inar -% results showed that droa it~ chaiip,,es in the

f1uor,recence quant-um vield were observed compared wi th thos e of fior COUMa-
r ins in gains f rom ai non-prot i sol vent (cvi I ohexaie ) to a prcit ic one ( etha-
nol

2. Experimentat

Tune-resolved fl uorescence spectra weec measured with ai synvrchroscaii streak
c amerIa system (Hlamamatsu Cl 387), equipped l ith 8 2 M1t (M11955) and 4. liz
(M12 171 ) synchrosc2: units. P'icosecond L'V pulses (ca .310 ni,) were generated
by frequency-doubled synchronoasl v-pumped and caivi t c-dumped dye Lasers
(Spectra-Physics). Fluoresc ence was detec ted at- the mag ic angle. ( 54. 7") for
the verticall Iy ptl arized exc i tat ioni puls ,es.

'i. Results and Di-scussion

fn a so I ventL of cvc ohexine-efthano lu mites , two t y lis of sol vent ef fec ts
must he taken into consideration: di po Ie-d ipole i aterict ion between ,th inol
and a fl aorophore anid a h -' droseii biond inig effect of ethancl I) on i aolu-
phore . Ad d it i on of ethainol into liergapten solut ion of crc lolcin (a aiused
changes hav ig i soshest ic po intis in ahzisorpt i on spec tra ( Fiig.lI) , Idiict Iing
hydrogen boind I rig bet ween cit hiio I aiid al I I uoroph. i i t1hec oi Id
st a te. Th*e eiiu i i hir a m c onstant iiir the hydr'oen banding wa s I Li t l at
2- >C:; thbit is, onaly 5.8 .7 oif fi inriphors diid not form hydrogen honds teven
Ii 1001 7' ct hii~el in be groiund state. However , the c hanges i n f I uoie t-~

le(;o ic lirves dipe'nded dramat- irca Il I on ethanoil con( ent rait ion a- i - hown i
g ._2.

One poess ii 1) e mechan ism fur the et banal conicentra-t ion et f fc I is the

I)Slall-Mlhii-Tel( 4 ffect I 1 ,12) inIduced by vi broimi i atiact ions iet seen
;)I i 011* ;t a te ;Inid a ii T1 * state an no-railiati vi pr( ss. 1Int r ii t Ii,

I (. il i state Ls iii furiicaumar ins aire i dent i f i cii as: the I o S I ( T , * )

t -it an ;Ii t he ( i i carliv S .,( i , Tri*) stateIL ,I. [i-,aus( t hl ' iy fli hoo in 0 I t
pi omutes t he S , (1, 7*) statie, and the diipolir if 1(i(t ofI utl;I iolI St oiI liiis
t hi .i ' S Ir) te, tiueallergy gall bietweeii these i we st-ates bet oiuis wider

V.W ili~e~silt etlil concenitrat-ion. 1Tius thle rate it lolnra Iilt ii til-
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r a Fig. I Time-resolved fluorescence spectra
aof bergapten at 298 V

a:100% cyclohexane, b:2.57 ethanol
-20 OPS c:100/ ethanol

C

~/ C

0-200, 850-1830ps TM

Fig.2 Fluorescence decayv curves of ber-

gapten in various ethanol concen-
trations at 298 K

400 450 500 a:100O%, b:5.077, c:2.57, d:1.0'
WAVELENGTH/Rm e:01%

sitions from thle Sl (ir irk) state L the grounid SLtt is dimnrished due to) the
r edutio i" i vibronic interactLions.

Next , we stud jed a temperature ef fect e n deac t i vat i on mechai isms of some
I oroc ourrar ins ina alc ohol s. Both f I uoresceic ititens itv and T-T absorption
nceased with dec reas inrg temperature 1 -1 1 , I 1 . We cccnc I uded that a nonra-

d i a t ickc patLhwr y wh ic( h depends on1 tempera to re isano)t S T I1 i ntersvst em
c ross ing but S; - S internal (onversion, because, t~i c ont r i bu t i on of

lil, 1t o( hem i cal reot t i ons to the nonlradiat ye processes was negii il ia
F I arcac ence i nitens i t Y if other furocoamrar Iins was alIso i ncreasedl li aid i fig

et hanoi to c vc I ohexane sol ut ions .2Morenover , the flIuoresc ence in jtins i t Nin
creased under pressure (3000 Kg/cmn I as a mrax .value) at 2()8K.

All lihe above results are consi stent lk expnla ineil lv tir li serl-abi
Te I Icr c.t Ifct . Fi rst ly , the solIvent ef fects alrc C~.p Ia i iied liVC ens idl r ing ti1W

fol lowing so] vat ion enlui I i hr iam:

Sin Ive~nt(echann ) + F] aerophore So vat e-d-Fl uorophore , Kk 1 /k, , 1

where K Sis the en(jo i I i hr i am constantL f or thle solIva t i err proc ess. SecondlyI
the v an 't HotI fs eql. ( 2) can be applIied tci the above system iIi orider t o
explain tempera ture arid] prcussure effects ool S -> So irLn tcrd conversion:

rl(lii k_)/IT =AH/RT
2  anid 19(ln k,)/apIl = AV/R'l,()

whv~rv A 11 i s t he cot hal plv nhinge i n t he son) vat ion princess , and A\V is t hei
bhange inr t he pa rt i al vo I ume fur t he solIvent -I lunrunplore S\ st eni. fu

terr (2) immedliartcl v exp Iairis the exlirimnrtMr rusul ts obt i ei iv chi% rig1161

600



iln,Tr -

*T<O, aP>O OCH3

in cyclohexane in ethanol ""Bergaptenin ethanol

Fig.3 Schematic diagram of two interacting energy levels ' separation

changed by solvent, temperature and pressure

temperature and pressure, because All is negative for the solvat ion process
and AV is negative under pressure. Thus the results that fluorescence
intensity increased with decreasing temperature and increasing pressure were
due to the reduction of the vibronic interactions by the further solvation,
that is, the further separation of the energy gap between interacting states
as illustrated in Fig.3.

Furthermore, in addition to the niT*- TTIT*interaction, we must pay atten-
tion to the differences in dynamical behavior of a hydrogen bonding effect
and a dipolar effect of ethanol tD better understand the results indicated

in Fig.l and Fig.2. The rate of stabilization of the lowest S (n,*) state
by solvent dipolar reorientation is rather slow. On the other hand, a
hydrogen bond is already formed in the ground state. Therefore, hydrogen

bonding allows non-bonding electrons in the fluorophores to be affected
instantaneously after absorption of light by movements of electrons within
the solvent molecules. However, hydrogen bonds newly formed (luring the
lifetime of the excited state probably do not contribute much to the n7T*-

1Ti*interaction, because the lifetime of hydrogen-bond-free species is very
short. Figure 2 shows a time dependent spectral shift observed in 100 '
ethanol, indicating temporal progress of the stabilization by the solvent
dipolar relaxation. fn the middle case (2.5 /' of ethanol), a blue shift is
observed in an early stage of relaxation. This blue-shifted spectrum coin-
cides with the spectrum observed in 100 % of cyclohexane. Thus we can
assign these time-resolved spectra as follows: the blue shifted spectrum is
from hydrogen-bond-free species in the Franck-Condon state, and the red
shifted spectrum is due to hydrogen-bonded fluorophors stabilized further by
the dipolar interaction with ethanol depending on ethanol concentration.

4. Acknowledgment
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decay curve analysis.
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Picosecond Fluorescence and Absorbance Study
of Charge Separation and Charge Stabilization Processes
in Photosystem II Particles

A.R. Holzwarth, G.H. Schatz, H. Brock, and C.G. Colombano

Max-Planck-Institut fur Strahlenchemie, Stiftstr. 34-36,
D-4330 Milheim a.d. Ruhr, Fed. Rep. of Germany

1. Introduction

The primary process of excitation trapping. charge separation and charge stabiliza-
tion in photosystem I (PS I1) are still much less studied than those in bacterial reac-
tion centers (RCs). Agreement has been arrived at on the nature of the primary (in-
termediate) electron acceptor to be pheophytin a. However. it is still poorly un-
derstood whether the radical pair is also formed in RCs in which the first quinone
acceptor (Q) is reduced (closed RC). Early experiments with PS 11 particles have
suggested efficient charge separation and consecutive charge recombination with a
time constant of approx. 2 - 4 ns under such conditions (1). The results of the ana-
lysis of chlorophyll (Chl) fluorescence decay data (2) have led to conclusions which
were in conflict with these studies.

2. Materials and Methods

Oxygen-evolving PS 11 particles with an antenna size of about 80 Chl/P680 have
been isolated from thermophilic .Synechococcus sp.. Picosecond fluorescence was
measured with a single-photon timing apparatus. Picosecond absorbance changes were
probed in the wavelength range from 620 to 700 rm. These measurements were car-
ried out with a dual wavelength picosecond pump-probe spectrometer with high
sensitivity which was developed in our laboratory. It consists of two synchronously
emitting. independently tunable dye lasers as the source of excitation and probe
pulses. An improved modulation technique and the use of advanced data analysis
procedures enabled a signal to noise ratio close to the shot-noise limit, thus allowing
for a drastic reduction of the required excitation densities. The instrument allows
absorption measurements with absorption changes as low as A!/--10 . 4 limited by the
noise in the probe beam.

3. Results and Discussion

A correlated picosecond absorbance and fluorescence study using particles with open
and closed RCs has been carried out (3). With open RCs excited state lifetimes of
about 80 ps and 500 ps are observed in fluorescence. Closing the RCs by reduction of

QA with dithionite (or 20pM DCMU plus light) results in an increase of the lifetimes
by approximately a factor of 2 - 3 and in a decrease of the amplitude ratio O'L/2 in
the fluorescence decays by a factor of 3 - 4. With open PS II the absorbance changes
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were described by a sum of three exponentials. The associated absorbance difference
spectra were attributed to the exciton trapping and electron transfer processes (3.4).
With closed RCs the absorbance changes were biexponential with lifetimes -r =
170-260 ps and "r2 = 1.6-1.75 ns. The resulting lifetimes show a good agreement with
the corresponding fluorescence lifetimes (3).

A kinetic model which accounts for the described observations is proposed in Fig. I
(see also ref. 3.4). It assumes that Chi decay in PS II is trap-limited. For both open
and closed RCs the rapid decay phase reflects the equilibration of energy between the
antenna and the radical pair. while the slow phase is associated with the overall decay
of the resulting equilibrium by deactivation of the antenna and the forward reaction of
the radical pair. The exciton equilibration between antenna Chi and reaction centers is
assumed to occur on a much faster time scale, i.e.. within < 10 ps. The rate constants
k. of Fig. 1 have been calculated from the kinetic data and are given in Table I. The
eectron transfer step IQ , IQ is characterized by a time constant (I/k 2 ) of 450 ps in

open RCs. The latter process vanishes upon reduction of Q. The most striking change
upon closing the RCs consists in a large reduction of the value of kI as compared to
open RCs. From the comparative analysis of the kinetics of PS II with open and closed
RCs we conclude that the reduction of the quinone acceptor QA has the following
effects: i) the rate constant of charge separation is decreased by a factor of 6: ii) the
yield of primary radical pair formation is reduced by a factor of 2 and the mean
lifetime of excitons in the Chi antenna is increased by a factor of 3 to 4: iii) the stan-

Table 1. Rate constants k. (ns 1 ) according to the kinetic scheme in Fig. I calculated as
described in the text using the results of fluorescence kinetics for open and
closed RCs of PS I1

open closed open/closed-ratio

kA  0.9 1.1 0.8
k 9.3 1.5 6.2
k 2 2.4 0.8
k 2
k 0.3

Fig. I: Kinetic model of the primary reactions

in open PS II. In this scheme the rate con-

stants describe: k =k +k . the radiationless
A (I I a d *

/Ch;i
\ 

C khCs , plus the radiative decay ot Chl: k and k t" theChl* kt Chl i k, k, 'Ch I- Ii

B s I _ _ P* ___, C V -i. D 4  process of entering and leaving the trap. k

a Z k, 0 Z k Z 0/' ,Z o- the apparent primary charge separation: k

I charge recombination to the excited state: k,
hv k^ k3 and k,. the process of charge stabilization as-

sociated Aith the relaxation of I and P*
"Chi

\  
Ch;) rereduction. respectively. For closed PS 11 the

A P I E I p i rate constant k, is replaced b'N k, leading to as
\o z/ \Zz; -/ yet unspecified product(s) instead ot D (4)
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P+ -Q- Fig. 2: Potential energy diagram for the primary

[P (Chi)N] * charge separation and charge recombination pro-
cesses in open and closed (Q) PS II reaction
centers with an attached antenna of about 80

AG P-Q 0

reaction coordinate

-

dard free energy of the state P +01 Q_ is raised by about 50 meV as compared to the
+- - 68 ...state P 6801 Q" iv) charge separation mn open RCs is exergonic and associted with a

decrease in Tree energy of 38 meV. and v) in closed RCs charge separation is ender-
gonic affording a free energy increase of 12 meV. In view of these findings we
conclude that the long-lived (ns) chlorophyll fluorescence generally observed from closed
PS 11 is not delayed charge recombination luminescence but prompt emission from the
antenna chlorophylls, in contrast to the interpretation of ref. (1).

The control of P +I- formation by the redox state of Q is a consequence of the

electrical field created by the negative charge on Q-. This can be understood from (he
model shown in Fig. 2. In analogy to bacterial RCs we assume that in the case of open
RCs the potential energy curves of the radical pair state P +I- and of the excited state
P* cross near the potential minimum of the latter state. This implies a basically activa-

tionless charge separation reaction for open RCs. The recombination reaction does re-
quire thermal activation. however. As discussed above. for closed RCs the standard free
energy of the radical pair state is increased due to the interaction of P+I- with Q'. Now
the charge separation process is no longer activationless thus resulting in a large
decrease in the corresponding rate constant k V In contrast, the activation energy for the
recombination process is expected to be changed only to a small extent hence affecting

(he rate constant k 2 only to a small extent.

According to our kinetic scheme (see Fig. ). the state B is a generalized excited state
of ay chlorophyll species including all the antenna Ch* as well as Ps. Hence. kI is

the asnkg t  ate constant of charge separation. It is different from the intrinsic rate

constant. kI by the factor of partitioning of the exciton between P and all Chi mole-

cules in she core antenna (4). This partitioning can be described by the rate constants

k and k of entering and leaving the trape respectively and the degree of degeneracy
of the state (Ch P). We calculate from our data an intrinsic rate constant of about

370 ns -I (according to k int = 9.3 nseg e 80 •  /2) corresponding to a time constant of

about 2.7 ps. Interestingly. his is very close to the value of 2.8 ps which was

measured directly for the primary charge separation in isolated bacterial reaction centers

devoid of any antenna pigments.
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Picosecond Absorption Spectra of a Reaction Center
from a Novel Thermophilic Photosynthetic Bacterium
Chromatium tepidum
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Picosecond transient absorption spectroscopy has been applied to a new
reaction center purified from a novel thermophilic photosynthetic bacte-
rium, Chromatium tepidum. Although the ground state spectrum of the reac-
tion center shows significant differences from that of a mesophilic purple
bacterium (Rhodobacter sphaeroides R-26), the primary charge separation

kinetics in the reaction center of C_ tepidum were essentially the same as
those of R. sphaeroides R-26. The significant differences in the ground

state spectra are reflected in the profile of the transient absorption

spectra. Futhermore electronic transition assignments were discussed.

1. Introduction

Photosynthetic light energy conversion into chemical energy occurs in a
membrane protein called the 'reaction center'. Generally a bacterial reac-
tion center contains four molecules of bacteriochlorophyll (BChl), two of
bacteriopheophytin (BPh), two quinones (Q), and a non-heme iron (Fe) [1].
Recent X-ray crystal analysis revealed that the pigments in the bacterial
reaction center are organized in a transmembrane dye array [2]. In the
periplasm (outside of membrane), a pair of BChl molecules are found in
close contact with one another. They are called the 'special pair' (BChl2
or P), because spectroscopy has shown that they are in contact and that
their oxidation is the primary event in photosynthesis. Two alternative
paths of electronically conducting chromophore extend from this special
pair to the single non-heme iron atom which is positioned on the opposite
(cytoplasmic) side of the membrane: each path consists of the sequence
BChl -BChl(monomeric bacteriochlorophyll)-BPh-Q a or Qb-Fe. Only one of
the two paths is actually utilized. In a photosynthetic reaction center a

very fast forward electron transfer as compared with a backward reaction
has been disclosed as the key to the high efficiency of the primary
photosynthetic reaction (especially in the charge separation reaction)
[3]. The time course of the primary electron transfer step has been stud-
ied [4,51 on several photosynthetic bacteria. A newly prepared reaction
center from a novel thermophilic bacterium Chromatium (C.) tepidum showed

distinct differences in the ground state absorption spectrum from those of
mesophilic bacteria [6]. Since the mechanisms of the electron transfer
process may have close correlation to the electronic structures of the
special pair, we observed the picosecond (ps) transient absorption spectra
to examine whether the differences in the ground state absorption spectra
have any effect on the primary process of photosynthesis, and whether any
information about the electronic transition assignment can be obtained
from the picosecond absorption change in the near infrared region.
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2. Experimental

A reaction center of C. tepidum was prepared as descrihbd bef re [(]. The
final purification by HPLC with a DEAE-analog column c-avo tw, types of

reaction center samples with and without cytochrome c. The reactior,
center with cytochrome c was used in all the experiments unless otherwise
stated. The reaction center of R. sphaeroides R-26 was prepared by the
method reported in the literature [1]. The picosecond absorption spectra
were obtained in 3 mm (or 2 mm) cells with OD800 = 5.5/cm in 700-900 nm,
and OD8 00 - 16.5 in the 530-730 nm region. We used 20 mM Tris buffer with
0.1% dodecy-3,D-maltoside (or 0.1% Triton X-100) and 0.0125% of lauryl-

dimethylamine-N-oxide. The details of the optical system used were de-
scribed previously [8]. A mode-locked Nd-YAG lacer (Quantel, Model 472)
was used for both excitation and probe light. The second harmonic (532
nm, 50ps) attenuated to 100 pJ/pulse was used as excitation light. The
excitation pulse causes photooxidation of about 50% of the reaction center

on each flash. The repetition rate of the data aquisition was I Hz for C.

tepidum, and 0.25 Hz for the R. sphaeroides R-26 reaction center.

3. Results and Discussions

In Fig. I the ground state absorption spectra are compared for reaction

centers from C. tepidum and R. sphaeroides R-26. Reaction centers from

purple photosynthetic bacteria show three distinct absorption bands in the
near infrared region [4]. The longest band (around 860-900 nm) belongs to

the special pair P because it bleaches when P is oxidized. The next
longest band around 800 nm mainly corresponds to the monomeric BChl a,

however, it has been proposed that the higher energy exciton band of P also
exists around 800 nm. The 750 nm band is due to BPh bands. Figure 1 shows
that the position of the special pair absorption band and intensity vary

significantly, while the rest of the bands (i.e., the monomeric bacterio-

chlorophyll band (around 800 nm) and bacteriopheophytin band (around 750
nm) are kept unchanged among the purple photosynthetic bacterial reaction

centers with BChl a. R. sphaeroides, R. capsulata, and R. rubrum have the
o'cial pair absorption band at around 860 nm at room temperature, while
vinosum, and C. tepidum have the band at around 885 nm [4-71. In

,di'icn to the difference in the position of the absorption maximum, the
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intensity of the special pair bands for the latter group of reaction
centers are smaller than those for the former by 60 %. The origins of
this shift are not clear, but the presence of the tightly bound cytochrome
c for the latter group has a critical effect [6]. The origins of the
reduced intensity are still unrevealed.

The flash pulse at the wavelength of 532 nm excites the Qx transition
of BPh, the Q band of cytochrome c and the longest wavelength band of
carotenoid. Thereafter, the excitation energy is transferred to P. In
Fig. 2 the transient absorption spectra are shown for the reaction center
of C. tepidum. The formation of P was indicated from bleaching at the 880
nm absorption band. This process occurred within the instrumental response
time (20 ps). The increase and decrease of absorbance around 790 nm and
810 nm occurred also in the instrumental response time. These processes
were observed in exactly the same way for the reaction centers from both
C. tepidum and R-26 in the limit of the present experimental setup. The
changes around 790 and 810 nm can be explained by merely a band shift of
the 800 nm band caused by the ionization of the special pair, or by the
existence of a special pair band with the same decay constant [41. It
should be noted that the profiles of the transient absorption spectra be-
tween C. tepidum and R-26 are fairly different, especially in the relative
magnitudes of bleaching for the special pair band to that of the 800 nm
band. Detailed studies with polarized light at low temperature using a
shorter excitation pulse will give more definite conclusions about the
correlation between electronic structures and functions of reaction
centers.

Bleaching of the BPh band at 750 nm showed some delay from the special
pair bleaching for both reaction centers. That is, the BPh bleaching
occurred with a delay of less than 20 ps after the bleaching of P. This
indicates that the rate constant of the electron flow from P to BPh is
around 20 ps in the limit of the present instrumental response time. There
was essentially no difference in this process for the reaction centers
between C. tepidum and R-26. The recovery of the 755 nm bleaching to half
its magnitude took place with a time constant of about 180 ps.

In conclusion, the data in the picosecond transient absorption spectra
showed that the primary charge separation steps in reaction centers were
not so sensitive to position and intensity of the special pair band in the
ground state spectrum so as to give significant changes (more than the
instrumental sensitivity (20 ps)) in the time constants. The interactions
which gave these phenomena (the spectral shift and intensity decrease) did
affect the spectral profile in the transient spectra.
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1. Introduction

D-Amino acid oxidase is a flavoenzyme with molecular weight of 40000 per
monomer and contains flavin adenine dinucleotide (FAD) as coenzyme. The
enzyme is in an equilibrium state among monomer, dimer and higher asso-
ciated forms depending on its concentration [1]. A number of works have
revealed that the physico-chemical properties of monomer, including the
enzyme activity, are quite different from dimer or oligomers of the enzyme.
The binding process of FAD has displayed a positive cooperativity [2].
The fluorescence lifetimes of FAD of D-amino acid oxidase in the picosecond
region suggest that the microenvironment surrounding FAD in monomer is
quite different from that in dimer or oligomer [3]. It has been also
shown that the remarkable quenching of fluorescence of FAD in the protein
is due to an electron transfer from tryptophan to the excited FAD [4].

In the present work we demonstrate that the normal fluorescence of FAD
in D-amino acid oxidase appears after a meta-stable fluorescent state
decays.

2. Experimental

D-Amino acid oxidase was purified from hog kidney according to the method
previously reported. FAD was purchased from Nakaral Chemicals, LTD.
(Kyoto) and purified by a column chromatography on DEAE-cellulose. The
fluorescence decay curves and time-resolved fluorescence spectra were mea-
sured with a synchronously pumped, cavity-dumped dye laser and a picosecond
time-correlated, single-photon counting apparatus [5]. Temperature of the
samples was controlled with circulating water. Typical time width of the
instrumental responce function was 30 ps. The observed decay curves were
analyzed with multi-exponential decay functions by a non-linear least-
squares iterative convolution method based on the Marquardt algorithm.

3. Results and Discussion

Fluorescence decay curves of FAD in D-amino acid oxidase were measured at
20 'C and 5 'C at eight different levels of the enzyme from 100 to 0.78 M.
The decay curves monitored at 530 nm were all non-exponential and analyzed
with two-, three- and four-exponential decay functions, the results of
which were compared. The best fit was obtained when the observed decay
curves were analyzed with four-exponential decay functions. Figure 1
shows an observed decay curve obtained at 20 'C (concentration, 0.78 iiM in
0.017 mM pyrophosphate buffer at pH 8.3). The values of the lifetimes
were almost constant within 15 % upon changing the concentration. Ave-
raged val. es of the lifetimes were To = 26.6 + 0.7 ps. Ti = 44.0 + 4.2 ps,
T2 = 177 + 11 ps and T3 = 2.28 + 0.21 ns at 20 'C, and io = 25.2 ± 3.0 ps,
T1 = 50.3 + 8.7 ps, T2 = 228 + 27 ps and T3 = 2.75 + 0.33 ns at 5 1C.
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The component fractions of the shortest lifetime were -0.998 + 0.029 at 20
OC and -0.949 + 0.084 at 5 'C. They were always negative and close to -l
within experimental accuracy. The fact suggests that the normal fluores-
cent state of FAD forms after a meta-stable state of the excited isoalloxa-
zine decays. The rise-up component with negative component fraction was
not observed in free FAD. The fluorescent species with lifetimes of
positive pre-exponential factors, Ti, T2 and T3 are assigned to be the
associated forms of the enzyme including dimer, the monomer and free FAD
dissociated from the enzyme, according to the previous work [3],

Time-resolved fluorescence spectra of FAD of D-amino acid oxidase were
measured at 20 'C and 5 OC at the concentration of 100 .M. The spectra at
20 OC are shown in Fig. 2. The first spectra obtained by accumulating
from -20 ps to 0 ps have the maxima at 584 nm at 20 'C and 557 nm at 5 -C.
Successively, the emission spectra obtained accumulating for every 20 ps
shifted toward shorter wavelength to 520 nm. The spectra became steady a
the gated times later than 100 ps after the pulsed excitation, which is in
good agreement with the spectrum obtained by steady-state excl'ttion. Thk
time-resolved spectra of free FAD were also examined. In free FAD the
spectrum did not shift at all.

The remarkable blue shifts in the fluorescence spectra of the coenzyme
of D-amino acid oxidase are consistent with the appearance of rise-up
component in the decay curves. Since they were not observed in free FAD,
these phenomena are considered to take place only in the protein. Such a-
ultrafast change in the spectra suggests that the electronic state of the
excited flavin changes coupled with the dynamics of the protein structure.
The blue shift in the time-resolved fluorescence spectra is rather Unusual.
The meta-stable fluorescent state may be related with one form of various
types of hydrogen-bondings [6], or proton transferred complexes between
isoalloxazine which contains four proton acceptors and one Proton donor,
and nearby amino acid residues.
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