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PICOSECOND LASER PULSES

Summagx

The effort under this contract during the vast reporting period can be
divided into four general categories:

1. Dynamic Spectroscopy of Picogsecond Pulses: The technical problem
involved nere is the development of techniques for the measurement of th: phase
suructure of pulses produced by mode-locked neodymium glass (or other) lasers.

The work has involved both experimental measurements of the phase structure and
analytical modelling of possible phase structure characteristics that are
consistent with the experimental results. It has been known for some time that
the pulses produced by a rode-locked neodymium glass leser have a time bandwidth
product (6u5t) that is considerably in excess of the minimum value of approximately
2n that is determined by the classical uncertainty principle. This implies that
the pulses Go not consist of a smooth envelope modulating a constant optical
carrier, but possesses instead an amplitude or phase substructure. Previous works
using pulse compression has demonstrated that a considerable portion of the
observed bandwidth is due to a sweep of the optical carrier frejuency, with lower
frequencies preceding the higher frequencies. The information that can be obtained
from pulse compression experiments is limited; it would be desirable to obtain a
more detailed description of the frequency vs time characteristics of the pulses.
The dynamic spectrogram technigque that has been developed is capable of providing
this more detailed description. A dynamic spectrogram depicts the intensity as a
function of frequency and time simultaneously, subject to the uncertainty

Swst ~ 2n. An instrument for me=asuring dynamic spect.ograms has been developed
and demonstrated. This instrumsnt involves the use of an ultrafact spectrometer
in conjunction with a two photon absorption cell to display the freguency sweep
rate as a function of waveiength for picosecond laser pulses. Messurements have
been made that reconfirm the presence of a linear component of the frequency sweep
and also indicate the presence of higher order components. Linear, parabolic and
sinusoidal dynemic spectrograms (frequency vs time characteristics) have been
interpreted theoretically. The change in the dynamic spectrogram of & pulse that
is brought about by linear pulse compression and the resultant change in pulse
envelope shape have been zomputed for a typical picosecond pulse.

This work represents an advatice in the technology available for the msasurement
of the detailed properties of optical pulses on extremely short (picosecond) time
sceles. The techniques developed could be applied to the measurement of the
perturbations imposed upon & short puise by an optical communication channel and
to the determination of the ultimate information haundling capacity of the channel.
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In the eres of basic investigations of the interaction of short pulses and
matter, the technigues developed provide a valuable tool for the determination of
the phase structure changes produced by wmany linear and nonlinear processes.

2. Pulse Propagation in Resonant Media: The technical problem addressed by
the research in this area is that of the nonlinear propagation effects that occur
vhen a short duration pulse propagates in a resonantly =mplifying or &' orbing
media. In this ~ontext, e short pulse is meant to imply a pulse of suificiently
short duration compared to tie reliaxation times of the medium that coherent inter-
action taxes place. Phenomena such as self induced transparency, pulse breakup
and photon echoes are examples of such conerent propagation effects. Most of the
work in this area at other laboratories has involved numerical computation of the
propazation effects; the work under this contract hes been analytical and has
attempted to obtain closed form solutions describing a number of these effects.
This effort has met with a considerable degree of suzcess. Previous work has led
to the analytical description of 2nn pulse propazgation. During this period it
has been found that the description of the pulse propagation in terms of coupled
Maxwell and Bloch equations in the slowly varying envelope approximation shares,
with the Korteweg-deVries equation, the property of possessing conservation laws
in addition to those of field energy and field momentum. Two conservation laws
beyona these have been obtained. They enable one tc¢ Zetermine analytically the
final amplitude of each of the 2rn pulses into which any pulse of area less than
7n will decompose as it propagates through a rescnant attenuator.

An article entitled "Analytical Descriptions of Ultrashort Optical Pulse
Propazation in a Resonant Medium" by G. L. Lamb, Jr. is scheduled for publication
in the April 1971 issue of the Reviews of Modern Physics. This article will
present a comprehensive summary of much of the work on conerent pulse propagation
that has been supported under the present contract.

The research in this area is of a very fundamental nature. It provides
valusble insights into the new typss of effects that can oz2cur when high intensity
optical pulses interact coherently with matter.

3. Stimulated Ramsn Scattering and Vibrational Decay Measurements: The work
in this area has been concerned with the use of high power picosecond pulsas trom
a mode-locked truby laser to investigate several aspects of transient stimulated
Raman scatterins (TSRS) and to make use of TSRS for the investigation of molecular
vibrational velaxatiorn times. The work has been mainly experimental, Stimulated
Raman scattering requires the ouilaup of a material excitation. This process has
a finite response time determined by the recirprocal of the spontansous Raman line
width., Recause of this, Q-switched pulse excitation gererally leads to a steady
state response while mode-locked pulse excitation leads to a transient response.

A number of novel features of T3R5 that have been predicted theoretically by other
workers have heen confirmed experimentally at UARL. It has been verified that:

a) the TSRS gain is proportional to the integrated Raman line cross section and is
independent of the Raman line width, b) the Stokes pulses are narrowed in time
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rather than in frequency as is the case in steady state SRS, c) the Stokes pulses
are delayed with respect to the exciting pulse, snd d) an estimate can be made of
the shape of the exciting laser pulse. Some cther important results of the work on
TSRS are: a) the observation of strong vibrational SRS in a large number of ]
suses for which SRS had not previously been observed, b) the ohservation of

streng rotational SRS in COp, W50 and 02; ¢) the first observation of self

focussing in a gas in a parallel beam; and d) the cbservation of high conversion

eiflciency that leads to the production of an appreciable molecular population in i
the cxcited vibrational state. This makes TSRS important for the investigation
of molecular kinetics.

TSRS produces appreciable V = 1 vibrational population in a variety of gases
such as Ny, Oy, COp, NoO, CO, HC1l, HBr, SFB, CHy, CpHy and others. The decay of
this population car be monitored by a variety of techniques including: a) subse-
quent fluorescence (in gases such as CO, €02, N50, HCI, HBr), b) excited state
anti-Sto%es scattering using & secondary laser (applicable to all gases), and
c) refractive index changes resulting from the thermalization of vibrational
excitation (applicable to all gases). These techniques for the measurement of =
vibrational relaxation times have advantages over other i:chniques in that 3
measurements can be made at any temperature and that the excitation is highly
selective; only the V = 1 state is appreciably populated. Work is currently in
progress using techniques a) and c).

b i

The major implication of this work is that TSRS provides a valuable tool for
tke study of molecular relaxation rates in a number of gasss that are of current
or potential interest for chemical lasers.

L. Ultrafast Flashlamp and High Power Dye Laser Research: The gcal of
this progrem is to develop techniques to obtain reascnably efficient operation
and high average power output from organic dye lasers. The work to date has
been experimental and has been concerned with the development of several types
of flashlamps for use with dye lasers.

An ultrafast capillery tube flashlamp has been developed with a rise time
of 10 nsec and a pulse width cf 35 - 150 nsec (FWHM). One of the objects of this
work was to eliminate the triplet quenching problem that arises when longer
duration pulses are used. This type of lamp has been successfully used to excite
dyes such as rhodamine 6G and B and sodium fluorescein. These dyes lased strongly
and there was no evidence of tripiet quenching. The lamps were used in a linear
close packed pumping cavity and were operated 2t an electrice’ input energy of
2.5 joules. Pulse repetition rates of the order of one per second could be
achieved and tue overall conversicn efficiency (electrical to laser energy) was
about 0.0L4 percent. Maximum optical power cutput was of the order of one milli-
watt. These lamps were used to pump a number of blue-emitting dyes with much
less successful results. A number of the normaelly strongly lasing dyes cculd
not he made to lase. A possible reason for this, and also for the relatively
low overall conversion efficiency is the fact that the color temperature of the

-3
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discharge is very high (~ 100,000°K). As & result of this, only about two
percent of the total emitted energy is in the 2000 - 5000 X band useful for
exciting the visibly emitting dyes. The rich ultraviolet content could lead
to nopulation of absorbing excited states which could explain the poor results
obtained with the blue emitting dyes.

Another program is in progress to develop a flashlaup capable of handling
much higner energies and being operated at higher repetition rates. This lamp
is an open arc crerated between massive electrodes and at pressures of one
atmosphere or above. The rise tim2 of this lamp is longer, of the order of
250 nsec and the total flash duration is of the order of 1200 nsec. The color
temperature is lower and consejuently a greater fraction (7 - 14 percent) of the
energy is emitted in the uceful spectral region between 2000 and 5000 Angstroms.
The main advantage of this type of lamp is its power handling capability. The
energy input per pulse is in the range of 50 - 100 joules and the repetition
rates are of the order of 20 pps. The lamp itgelf has been successfully tested
and will soon be used to excite a dye using a specially designed spherical
pumping cavity. Estimates of efficiencies based on results of other workers

indicate that average laser power outputs in the range of 0.25-L4 W should be
obtainable.

If the performance of this dye laser system meets expectatinnsg, it will
make available a high average power quasi-continuous source of visible radiation
at a very modest cost (compared for instance to a high power, frequency doubled
YAG laser). In addition, the output is tunable by a number of techniques that
heve been used with other dye lasers.

T{ successful operation is achieved this laser will be a valuable ool for
the investization of a variety of phenomena. Future experiments could involve
the producticn of UV radiation by harmonic generation, the investigation of tle
f'requency dependence of harmonic generatinn and other nonlinear effects, the
investigation of resonant Rayleigh scattering (important for pollution detertion)
and resonant Raman scattering and experimesnts on flash photolysis.

Effort supported wholly or in part by the subject contract has led to the
following publications and presentations:

a) M. E. Mack, "Bleachable Dyes", presented as an invited paper at the
1970 General Motors Research Conference on the Fhysies of Opto-

Flectronic Materials, Warren, Michigan.

v} R. L. Carman, M. E. Mack and J. Reintjes, "Self Trapped Filaments in
Gases and Liquids Created from Trains of Picosecond Pulses®.

°)} E. L. Carman, F. Shimizu, J. Reintjes, N. Bloembergen and M. E. Mack,
"Stimulated Raman Scattering in the Picosecond Time Regime".
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d)

E. B. Treacy, "Pulse Compression and Dynamic Spectroscony", (Invited
Paper). This paper and the preceeding two papers were presented at
the 1970 International Quantum Electronics Conference, Kyoto, Japan.

G. L. Lemb, Jr. and M. 0. Scully, "Higher Conservation Laws for
Ultrashort Opticul Pulse Propagation in an Inhomogeneously Broadened
Medium", presented at the New York Meeting of {he Auerican Physical
Society, 1-4 February 1971.

G. L. Lamb, Jr. "Analytical Descriptions of Ultrashort Opticel
Fulse Propagation", accerted for Publication in Reviews of Modern
Physics, scheduled for April 1971 issue.

G. L. Lamb, Jr. "Higher Conservation laws in Ultrashort Optical Pulse
Propagation", Physica Letters 32A, 251-252, 27 July 1970.

E. B. Treacy, "Picosecond Light Pulses", Collojuium presented at the

Physics Department, University of Queensland, Queensland, Australia,
September 25, 1970.
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SECTION I

Measurement and Interpretation of Dynamic ’ ‘z

Spectrograms of Picosecond Light Fulses ’;

This section is a preprint of a paper with the above title bty E. B. Treacy
that has been submitted for publication in the Journal of Applied Fhysics.

Physical optics has been concerned primarily with quasi-continuous wave .
trains, with little effort devoted so far to the study of optical pulses. The
present paper describes an atuempt to study picosecond pulsesl generated by a
mede-locled NHd:zlass laser, using extensions of some well known principles of
rhysical optics for design of instrumentation that can match in time response
th: rapid time develcopment of the pulse itself.

The important structurs measurements made previously on picosecond puliies
have been: (i) time resolved spectra®, which display the spectrum of each member
of a section of the pulse train on film; (ii) intensity correlation of pulses
through second harmonic geJeration3 (SHG) and through two-photon absorption
fluorescence’s1 (TPF); and (iii) combinetion of pulse compression5:6 with TPF.

The information obtained from these techniques is in the following forms.
Time resolved spectra give |z(w)|? where g(w) is the Fourier transform of the
pulse A(t)e13 tg -iwot, A and { denoting the amplitude and phase modulations.
The measurements reveal a spectral content of typically 100 em-l to 209 eml in
the individual pulses, which is suffici~ut to yield pulse durations as short as
0.3 psec to 0.15 psec. The intensity correlation techniques give the symmetric
function "A2(.) A2{t +71) dt, sensitive only to the amplitude structure end not
to the pﬁése modulation. The pulse shape cannot be reconstructed from the inten-
sity correlation, although an estimate of the effective pulse duration is readily
ottained. It is typically 5 psec to 10 psec, the discrepancy with the subpico-
second numbers guoted above indicating the existence of considerable phase modu-
lation. Pulse compression techniques give rBQ(t) B2(t +7)dt and [B2(t) AS(t +7)dt
where B(t) is the amplitude of a Fresnel transform’ of A(t)el? (t), The technique
depends on introducing a frequency dependent time delay into the pulse to trans-
ferm it irto another pulse in which the amplitude B is sensitive to the original
rhase modulation 4. Subpicosecond components are found on the transformed pulses
oroving that the original pulses have a positive frequency sweep over s
considerable portion of their effective duration. The intensity correlation of
the compressed pulse azainst the original pulse reveals an asymmetry in the pulse
envelope, the rise time being longer than the fall time.

£11 the above techniques suffer in being very indirect making it difficult
to deaice tha AM and FM pulse structure, There are no optical osciiloscopes that

-6-
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can display a short light pulse in the way that a conventional oscilloscope dis-
plays an audio or radio frequency pulse. However, there exists for the audio
spectrun a technique that appears to be adaptable to picosecond pulse technology
wherein one measures & dynamic spectrogram839 (also called a sonagram) in which
the intensity and carrier frequency are displayed as functions of time. The
present paper discusses experimental techniques for dynamic spectroscopy of
picosecond pulses and the interpretation of some sinple spesctrograms in terms of
amplitude end phase modulation. Since standard high resolution spectroscopy can
be performed simultaneously with the dynamic spectroscopy, particular emphasis
is placed on measurement of the shape of the spectrogram. A knowledge of the
shape of the spectrogram and the spectral amplitude is sufficient in many cases
for reconstruction of the optical pulse.

There are circumstances in which a dynamic spectrogram is actually a much
simpler representation of pulses than is a description of the AM and FM. The
phase structure curve for a hypothetical pulse shown in Fig. 1 which gives a
functional relationship between carrier frequency ¢ = wo-& and time t, will be
used as an example to illustrate this point. The lower part of the curve depicts
a decrease in carrier frequency fo'lowed by an increase, thus making the time a
double ~ valued f.netion of the frequency. This effcet will lead to a modulation
of the power spectrum, with the local periodicity in spectral intensity I (w)
reflecting the difference between the times at which the carrier frequency passes
through the corresponding value of w. Such effects are well known in optical
spectra of short pulses.10 Qbviously one must also consider the possibility
of © being & multiple-valued function of t &s on the left side of the curve of
Fig. 1.1. During the time interval that w 15 double-valued the upper and lower
branches of the curve interfere giving pulsations in the pulse amplitude. At a
. certain time, ¢ can change fronm double-valued to single-valued go that if one is
to represent the pulse by a single expression like A(t)ei¢(t)e'1w°t, the phase
term ¢(t) will show a jump in its time derivative at that point, agd the pulsa-
tions in envelope due to interference between the two branches of ¢ will disappear.
Even if one could observe an oscillogram of the pulse under discussion, the
underlying simple phase structure would be difficult to deduce. For this and
other reasons, it makes sense to attempt to measure the dynamic spectrogram, the
shape of which resembles the phase structure curve; and then to deduce the
corresponding AM and M.

A chirped pulse wili cause seguential responses in a set of bandpass filters
tuned to different frequencies. In Fig. 1 the responses at times 7, (ws),
To(wy ), Te(w s 73(m1) and 7, (wp) are illustvated for filters w, wp and wy
each with width sw and response time 5t approximately equal to Zrn/5w. Because
of the classical uncertainty between frequency and time m2asurements it may be
convenient to think of the w- 71 space as being divided into cells of area 27 by
a rectangular grid, and a physical measurement of the type under discussion could
at best result in the assignment of a complex number representing the analytic
signal to each cell of the spuce, to yield a kind of matrix as discussed by
Gabor.ssll For picosecond pulses, our aim &t present is less ambitious in

s
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that we seek only the intensities ir the various cells. If only a few cells

are filled it is more convenient to thirk of the .nformation as belng conveyed

in the form of a density in the - * Plene (as on a photographic plate) with a
low resolution, the area of the resolvable spot being roughly the cell size.
Within the constraint §g tt 2, there is still the cell shape to be considered,
and some judicial choice ¢ yuld be made if we knew beforehand the shape of the
phase structure curve; but in general one should attempt perhaps to divide the
total time duration At of the pulse and the total bandwidth Aw into approximately
the sames number of intervals, this number being roughly the square root of the
time-bandwidth product N of the pulse, defined by

N=AtWAw/27) (1.1)

The phase structure curve will then pass through at least /N cells and can thus
be determired with this same number of resolvable points.

Thus, one would like to know the phase structure curve, but in fact, by
making measurements with filter responses would obtain the dynamic specircgram
which gives the intensity and carrier frequency (defined to within sw) versus
time (defined to within 5¢). A high resolution spectrometer uses a §t much
larger than the pulse duration At to present a spectrum lg(w)lz whereas measure-
uent of the pulse AM and FM would require an instrument such as an oscilloscope
with Sw nuch larger than the pulse bandwidth Ag. Denoting the phase of g{w) by
¢(w), that is g(w) = le(w)|ei®(®), it is clear that the spectrometer gives
| 7(w)|2 whereas the dynamic spectrogram sacrifices same information on Ig(w)|2
to provide partial information on o(w).

Interpretation of Simple Spectrograms

If a measured spectrogram has everywhere a width approximately equal to the
theoretically expected minimum as determined bty the w-171 uncertainty, we call it
"simple". Mot all pulses are expected to have a simple spectrogram, fcr example
a short burst of random noise might have as its Spectrcgram an intensity that
changes slowly Irom cell to cell, covering an exte:ded region of the -1 space.

(01 the other hand a simple spectrogram may produce an AM that looks much like
random noise.)

‘rom the simple spectrogram one reads the arrival time 7(w) at a point in
space as a funetion of angular frequency w. As a result of the uncertainty one
does not know the exact details of the curve v versus w, but as a guess might
chosse to draw the curve smoothly through the most intense part of the spectrogram

— Em e e mm e = e e

* The term "dynamic" (rather than "time-resolved”

) spectroscopy is preferred when
the instrumentation comes close to achiev

ing the minimum uncertainty SgSt~ 2n
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This guess will be fairly accurate if the width of the spectrogram is close to
1ts theoretical minimum. If the resulting curve is a vertical straight line,
corresponding to identical arrival times t for all wave groups , there is little
phase modulation and g(w) may be chosen real (9(w) = O) with good approximation.
(The quality of the approximation does not affect the following considerations. )
The corresponding pulse is given by

w -
Gt} = fgv(w) e du (1.2a)
-T; | '
. =1
:_[c lg(w)' e dw (1.2b)

where 8v(w) corresponds to the vertical line snpectrogram and where the second
equality is the approximation.

I1 v(w) is single-valued, tue pulse could in principle be -rncessed by a
linear system (called a puise compressor) that would make 1 (w) i1ndependent of w
and Fg. (1.2) would now describec the compressed pulte. The quality of f\;his
compressed pulse will be discussed below. The actual pulss: Ig(_w)!ew (@) nas a
spectrogram that may be considered as having been generated by a simple trans-
formation on the pulse described by Bg. (1.2) haviang v(w) = O. Any eiement of
the spectrogram at fregquency w has been transformed through & group delay
v(w) from T = O to its present position. This group delay is related to the
phase shift @ (w) by the relation

Twi:d¢iwl/do (1.3)

Integration of Bg. (1.3), therefore, gives the required phase in terms of the
measured T(w):

(8}

lw) =f riw)dow' (1.4)

and the actual time representation of the pulse is given by the Fourier transform:
* w
f Jo,fw)| e Jrww gut 4 : o= [ W16 (- 4y d (1.5)
by the faltung theorem, where G doscrites the corresponding compressed pulse and

w2 w ¢ .
vin s [/ TN gy (2.6)

w
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Here the interval w) to w, has to enclose the range where |g(w)| is non-zero. |
Equation (1.5) gives the actual pulse as a convolution between its ecompressed
counterrart (%) containing the spectral amplitude information (obtained from a
spsctrometer), and the function ¥(t) which contains the phase information
(obtained from the spectrogram). In what follows, we 3hall compute Y (t) for
somz simgfle single-valued forms of the function 'r(w). (If r(w) is not single-
velued, the spectrogram may be divided into segments having single-valued T,
and each segment may be analyzed separately.)

It is at this point that one would prefer to have available Gebor's matrix
of complex numbers rather than just the intensities. The relative phases of
dift'erent filter responses are related simply to the arguments of these complex !
rumbers. (See Fig. 1.9 of Gabor's paper8.) Consijer for example the vertical
spectrogram that has been generated by transforming the t's to have a constant
value as just described. If the different filter signals all peak in phase with
one another at an instant in the int-rval spanning the commou 7 (w), then the pulse
being measured is about as short and its peak amplitude as large as its bandwidth
and energy will sallow, and Fg. (1.2b) will describe the compressed pulse G(t)
accurately. If the phases of the filter excitations do not satisfy this ideal
ccndition, the pulse G(t) will be more complex and may be noise-lixe with total
duration somawhere between that of the ideal compressed pulse of BEq. (1.2b) i
and the width of' the spectrogram, depending on the randomness of the phase,
Fguaction (1.5) still holds: it is just that one cannot easily decide the best
choice for G(t); but the nature of the convoluticn is such that the choice of i
Fg. (1.2b) will be most satisfactory for long pulses, and the error introduced
into the pulse waveform calculation will tend to be worst where 7(w) is stationary.
Near "hese stationary points the pulse envelope will be changing slowly anyway,
and the approximation will be good wherever the pulsations in intensziiv are wide
compared to §t. In summary, if th2 measured spectrozram is simple and single-
valued in 1, the prozedure outlined here for deducing the pulse AM and FM
characteristicc from the measured spectrum and spectrogram shape (using Egs.
(1.2b), (1.6) and {1.5)) will be accurate except when the pulse duration it of
the order of the reciprocal vandwidth. !

sos porvaes

In the following, we calculate as examples the Y function for some simple
srectrogram shapes.

The Linear Chirp

Tha relation between w and T for a linear chirp is shown in Fig. 2.

t(w) =t lw) +0lw-w) (.72}

2

-10-
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Direct integration of Fq. (1.6) between the limits -» and = gives

- W) - d 2
V(1) - (2"/0 )VZE I[M tluy) 7r/4] e-l{{m [t - w1+ ['.-T(w')] /20} (1.8)

The carrier frequency at time t, given by differentiating the phase in Eq. (1.8)

is w3 +[t-7(w)]/a corresnonding to a freguency sweep rate a-l. The amplitude
of ¥ is constant.

The Double~Valued w Cagg

The interesting cases ure whe.. w(r) is a multiple-valued function of 7, which
result in interference effects on the amplitude. 1In this section we consider two
simple cases where w is double~-valued and T(w) has one extremum. The results of

the two cases, for which the spectrograms have the forms shown in Figs. 3 and 4,
are qualitatively similer.

The parabolic characteristic is given by

Tlw) = r°-1-'3(w'_wo)2 (1.9)

Using Eq. (1.6), )

o F - < L3032 Sl - R -1) t-t
yinegiont® e/ giab-tal yo Lo oot @y (70) (1.10)
-

Here Ai denotes the Airy functionlz, vwhich usually arises in turning-pdint
problemsl3. The interference between the upper and lower branches of tﬁe
parabola shows up ac the successive pulsations of the square of the Airy function.
If the parabola of Fig. 3 is rotated through 920, T becomes a double~valued

function of w and a sequence of maxima and minima described by the same Airy
function appear in the pulse spectrumlh.

A similar case is illustrated in Fig. 4 where 7 (w) varies sinusoidally across
the tandwidth (G and is at most double-valued.

Tlwh = 75 + 15 oS [27 (w- wy)/ Q) (1.11a)

¢(w)=w'r° + (QTZ/ZW) S|n[21r(w-w°)/n] (l.llb)
It is assumed that 3 spans the bandwidth of non-zero |g(w)|2, so that in taking
the Fourier transform in Eq. (1.6) we may integrate over the reduced range -n
to n for the veriable 2n(w-wy)/. Bquation (1.6) becomes

P

m
ot ) :
Yt :(n/2m) e'wol ")f L Y (1.12)
-7
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where z = QTE/En is one-half of the tlme bandwidth product, and v = Q(t-ro)/an.
Equation (1.12) can be written

vi1) = g giwolt-Tol Jy(2) (:.13)

where J (z) is the Anger functionl® defined by

-~

™
gy(z)=—1'r—j;cos(vy—z siny) dy

rigure 5 depicts the square of the Anger function for a 100 em=l bandwidth and
{ime-bandwidth produzts of 2, 6 and 20. Again the complexity of the pulse
intensity resulting from a simple phase structure is illustrated. The TFF curve
generated by the third Anger frunction of Fig. 5 is shown in Fig. 6 together with 3
some TP7 data repcrted by Shapiro and Duguay.16 These authors have used other

pulse modelsl? to fit their data. Notice that the convolution of Eg. (1.5) was £
not made prior to the TPF computation. A taper in the spectrum would probably 4
reduce the shoulders in Fig. 6 and thereby improve the fit. Many other spectro- '
cram forms would fit the data ejually well, because the TPF data contain so little
information on the actual pulse structure. ' 3

Double-Valued w With Tw> Turning Points

This case is modeled in Fig. 7, again with a sinusoidal variation as in Fig. 4.
The prase is now

$lw): wr, —(R1,/27) c0s 27 (w-w)/ D
° - o/ (1.14) %

ani with the same substitution as used in the previous section, the pulse is
described by

W) - ne-lwo('-TJ % fo"'cos vye-lz cosy dy (1.15)

This last integral can be expressed in term3 of Lommel's f‘unctions.l5 Figure 8 3
depicts the intensity |Y(t)!2 for the same bandwidth and time bandwidth products
as were used in Fig, 5.

Tt should be clear from the above discussion that the dynamic spectrogram
contains valuable information that is usually expressed otherwise in terms of
vulse duration, bandwidth, amplitude modulation and phase modulation, and it is
4i £ficult to ronceive of a measurement tha’ conveys or obtains more information
on a 8sincle pulse when the time reference is provided by the pulse itself. The
next section of this paper is devoted to discussion of some experimental tech-
niques for constructing the dynamic spectrogram.

=12~




K920479-27

Basic Principles of Measurement

Reference to Fig. 1 shows that the basic elements of the experimental
apparatus should be a set (or continuum) of bandpass filters for the vertical
axis and a clock for the horizontal axis. The realization of the filter system
will be discussed first.

Consider the grating spectrometer18 shown in Fig. 9. The principal
quantities characterizing this instrument are its angular dispersion dg/dA
(or d8/dw) and its resolving power A/sA. In terms of the grating constant d and
order of diffraction m, the resolving power is given by

AA,
d

(1.16)

or m times the number of rulings intercepted by the beam. The number given by
Eq. (1.16) is the smallest number of cycles that can be observed in a wave group
at a point in the foczal plant FF' for any short pulse input to the spectrometer.
The angular dispersion is readily found from elementary grating theory, and it
might amount to typically 10 to 20 R per mm in the focal plane of a lens 50 cm
focal length. A short pulse incident on the grating will become canted at an
angle v after diffraction and at some instant will be clustered around the region
(cc', DD'). It is readily shown that the canting is a fundamental consequence of
the cngular dispersion, in that

cota = w d8/dw ' (1.17)

for any dispersive element. Wavelength A, clustered at some instant arcund CD
passes through A in a minimum time of CE/c while A' passes through A' in a time
{CE/e)(L'/x). The point A thus corresponds to a filter tuned to frejuency

w = 2qnc/A with response time 5t = CE/c and bandwidth $w = 27/§t. The filtering
action at points P; and Pp is different in that the response time still corresponds
to the duration of R.P. cycles, but the bandwidth is now incressed because all
wavelengths in the range A to A' pass through F; and P, with L preceeding A' at

P; and following at Po. It is only in the focal plane that the bandwidth attains
its 2n/6t value.

The wave groups CD and C'D' generated by a 5- function input pulse pass
through A and A' simultanecusly. A snapshot of the pulse (CC'; DD') at some
later time wou'd show the group (JJ'; KK') where obviously KK' precedes JJ'.
Yence if one mistakenly believed that GG' was the focal plane it would appear
taat wavelength components around \' always preceded those around » in the original
pulse. This is an important consideration in the fast spectrometer design discussed

below.

|
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The focal line FF' of the grating spectrometer thus prcvides the continuum
of bandpass filters with enough angular dispersicn, but the response time CE/c
would be typically 100 to 200 psec for a small standard grating. The response
time could be reduced by inserting ancther optical elem2nt that transforms the
canted group (CC': DD') into a group at right angles to the ray directions, like
(bD': RE'). However, if o =99°, d5/dw is zero and the angular dispersion is lost.
One method cf straightening out the canted group without changing o is to place
a steppaed mirrcr between the grating and lens as shown in Fig. 10. Since the
reflection laws are cbeyed at each stepr of the mirror, o is preserved but the
beam P1P;° of Fig. 10 is chopped into me=ny beams in the region P>P2', while the
path lengths PyP»> and P,'Po’ are equai. One might say that the grating has been
imaged by the stepped mirror into & stepped sequence of narrow gratings, where
the considerations of Fig. 9 pertaining to response time §t apply to each narrow
grating element, and where the stepped mirror block is swung to the appropriate
angle to put all the 5t's of the elements into the same time slot of duration 6t.

Experimental Details

A spectrometer like that shown in the lower part of Fig. 10 has been btuilt
using sixty microscope slides of thickness 1.2 mm for the stepped mirror. The
slides were stacked into a rectangular block and the end of the block was ground
filat and polished. The block was then adjusted by placing the slide ends on a
flat surface and tipping the stack through 18.5° and then clamping it. Under
these conditions the response time 5t is calculated to be 1.56 psec and the
bandwidth at A = 1.06 micron is 21.4 cm~l., Mechanical imperfections raise these
values somewhat, but the 5t was verified to be abcut 2 psecls, which is adequate
for studying pulses of a f{rw picoseconds duration,

It is clear that if the angular orientation of the fixed stepped mirror
assembly is chosen to minimize the response time at wavelength A, the response
a* V' is not minimum, but for a range of approximately 100 R or 200 R around
10,000 2 there is not much spread in filter characteristics at the focel plane.
Perhaps & better spectroneter design would eliminate this problem.

Another imperfection of the instrument is that the radiation reaching a
ziven step of the mirror has arrived from a direction that is wavelength depsndent
because of the angular dispersion of the grating. The longer wavelength

componients reaching the step have come from points further downstream on th2 grating

surface and this causes the pulse to be longer a P» than at P2'. It also intro-
duces into the spectrometer a group delay time as measured trom P,P,' to the
focal plane #F' of the lens that increases with wavelength. This effect is
reduced by aperturinge of€ part of the stepped mirror assembly and keeping the
-ratines as close as possible to the stzpped mirror.

Wwhen using the spectrometer an attempt is made to minimize the response

time tor the middle of the spectrum and a correction for the effect mentioned is
calrulated frcm the elementary diffraction grating theory by measuring the distance

-1k-
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along the mean ray direction from the center of the stepped mirror to the grating.
In actual apparatus used the error amounts tc 1.53 psec delay per 200 R. This
type of error can be avolided by designing the spectrometer such that the beam hits
the stepped mirror before the grating.

The fast spactrometer just described is capeble of producing time-resolved
spectra with a 2 psec resolution time.l9 Subpicosecond response time could be
achieved easily if the bandwidth warranted it, simply by using thinner plates in
the stepped mirror.

When a pulse containing phase structure is passed into the spectrometer,
wave groups of different frequencies pass through the focal line at different
times determined by the time sequence of their occurrence in the pulse. If one
could take a picture of the iight in the focal region of the lens at an instant
vhen the wave groups are passing through it, one would have the dynamic spectro-
gram of the pulse. This can be done in effect by photographing the fluorescence
following two-photon absorption (TPF) when the light pulse intersects another
short pulse in a cell of the dye Rhodamine 6G dissolved in ethylene dichloridel.
In this technique the fluorescence is enhanced where the light pulses overlap and
the motion of the second pulse provides the clock ror the first as required for
the horizontal axis of Fig. 1.

The actual experiment ases & variation of the above technique, wherein the
pulse is made to intersect its inverted image in the focal plane. The upper
portion of Fig. 10 shows the TPF apparatus used. The fozal plane FF' lies in the
center of the dye cell. The beam is passed through a beam splitter B.S. and the
spectrum is displayed in voth senses in the plane FF': the wavelength increases
in the direction FF' in one beam and decreases in the other. Each point except
one in the focal plane corresponds to two wavelengths. The wavelength at the
unique point is called A' in Fig. 11. Suppose *hat the pulse to be analyzed has
a monotonically decreasing wavelength (a frequency up-sweep). As this pulse
approaches the focal plane from two sides the wave groups will at some instant
occupy the regions of space indicated by the outer sausage-shaped forms in
Fig. 11. This figure aiso shows the enhanced fluorescence in the region of the
focal plane, and it is this enhanced fluorescence that shows up on the photograph.
Notice that the enhanced region is shown as an antisymmetric display as it always
must be, for we are measuring not the true spectrogram itself, but another
function corresponding to the antisymmetrization about A'. Th2 true spectrogram
ywould gzive the time of arrival 7 (w) of the wavegroups as a function of w. In
the present case, let the frequency corresponding to A ‘ be W, Then the frequency
(mb+Am) intersects (wo-Am) in the dye cell causing two photon absorption at 2wo,
and the enhanced fluorr~~~~~- _c_.on tranes out the antisymmetric function
T, (Aw) =7 (wy + Aw) - 7 (wy, ~ Aw) = -ngf-Aw). In order to reronstruct Tt (w) one would
need to know the antisymmetrized functions above for several values of Wy
Obviously the central slope of the middle sausage of Fig. 1l gives dr/dy 2t
© = Wy, which is the frequency sweep rate. (The 1.53 psec/100 2 correction
discussed earlier has to te added on.)

-15-
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The value of the self-intersecting w, is easily adjusted and measured. A
calibrated interference filter with a 10 A wide passband is placed efter the
Galilean telescope of Fig. 10. The spectral plane FF' will then receive light
at only two spots corresponding say to where the dashed lines intersect FF'.
Knowing the wavelength dispersion in iF' and measuring the distance between the
two spots (using for example burns on carbon paper placed in the plane FF') gives
immediately the wavelength corresponding to the solid ray in FF'. If the lens in
Fig. 10 is moved to the left the dashed rays move apart thus changing the self-
intersecting wavelength. Hence w, is readily adjusted in this instrument.

If the two mirrors M; and Mo in Fig. 10 are replaced by a single mirror, the
wavelength increases in the direction F'F in both beams, and one no longer has
even the antisymmetrized spectrogram. However, this TPF displeys the duration of
the filter responses across the wavelength band, and this duration will equal the
filter response time if the pulse has a sufficiently simple spectrogram. Thre
stepped mirror may now be aligned to give the narrowest TPF, and this will
correspond to the optimum spectrometer adjustment; i.e., minimun value of §t.

Soms Experimental Results with a Mode-Locked Nd:(Glass Iaser

Th2 usual method of examining picosecond pulses by TPF is to intersect the
lizht beam with itself inside the dye cell.ls¥s17 Figure 1.12 compares the
results of three types of TPF measurement. The top picture is the standard TPF
from which one deduces pulse duration. The second picture is made in the way just
discussed, and the fact that it is narrower than the top picture proves that the
pulse has phase modulation. The bottom picture, shown for comparison, was made
in the way indicated by Fig. 1.11, and it shows that the frequency sweep is
positive. The slope of the centrel bright region proves that the pulses are
phase modulated, with frequency increasing with time within each pulse. Were
it not for the instrumentally introduced 1.53 psec/lOO A, the bright region would
ve tilted even further than shown. All three pictures were made using essentially
the entire laser beam cross section and the entire pulse train. Measurements of
phase structure on single pulses will be the subject of a future study.

A set of measurements2? taking data like that in Fig. 1.11 is summarized in
Yig, 1.13. The sweep rate is founrd by measuring the angle of tilt at the center
ot the dicplay, and the results are shewn in Fig. 13. The sweep rate at a given
wavelencth varies considerably from shot to shot, this variation being reflected
in rhe spread indiczted by the vertical bars in Fig. 13. (The particular laser
on which the measurements were made does not exhibit a very reproducible pulse
train on successive shots.)

It is instructive tc attempt to interpret the results of pulse compressior
experiments on the basis of the results shown in Fig. 13. One can draw a smooth
line throush the array of points to obtain a best fit in some sense. (For example,
all the data can be fitted with a regression exceeding 0.75 by a curve of the form:
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R =& +aycosK(A -a3) + 8 cos 3K(\ 'aS)

for sweep rate versus wavelength, although there is no theoretical reason for
choosing this particular form.) We ~onsider a pulse having a frequency sweep rate
given by the above relation as a typical pulse. Simple integration gives the
curve labelled I in Fig. l.lla for the relation between the group arrival time
7(w) and frequency w. Curves II, III, and IV are derived from curve I by adding
linear group delays of 3, 7, and 10 psec per 100 en~l and resetting the time
origin in each case. These curves represent the frequency sweep characteristics
that the pulse would have following pulse compression by a grating pair7 with
various settings of the spacing between the gratings. Obviously the pulse
corresponding to the curve III has the smallest effective time-bandwidth product
of the set, and is, therefore, compressed better than the others. Curves II and
IIT each have two turning points, and are thus qualitatively similar to the case
discussed in connection with Fig. 7.

Instesd of computing Y(t) as defined by Eq. (1.6) for the curves of Fig. 1.7
we assume a simple form for g(w), which will be the sc . for each curve, and conmpute
the pulse shapes. The form of |g(w)|2 chosen is shown in the box in Fig. 1.1kb.
It consists of a pair of half Geussian functions fitted together, the half widths
being in the retio of 2:1 and the total width between the 1/e2 voints being
75 em-l. The spectrur peaks at the w corresponding to A =10580 i. The exact
shape of the spectrum has not been measured, but the form of g°(w) chosen here .3
probably a fairly good approximation. Using the left side of Egq. (1.5) with g,
replaced by |g| ve obtain the pulse shapes {intensity versus time) shown in
Fig. 1.14b. Pulse I is asymmetric with a longer rise time than fall time. This
asymmetry is due to the unsymmetrical spectrum and was first detected in TPr
experiments in which the pulse train was crossed by a train of compressed pulses.
The effect of the curvature at the ends of curve I in Fig. l.iba is to make the
initial rise and the fali at the end of the pulse more sudden than would srise
from a8 purely linear frequency sweep. This same curvature causes turning points
in curve II of Fig. lha and thus leads to a double peaked pulze. Pulse III has a
width at half intensity of O.4 psec. Pulse IV is still of about one picoseccnd
width at half{ intensity beacuse the energy in the wings of the spectrum is spread
over a large time.

Conrlusion

Ve have shown that the method of dynamic spectroscopy is adaptible to optical
pulses in the picosecond regime. The present experimental work has involved the
antisymmetrized spectrogrem. The full spectrogram cculd be obtained in ore shot
by crossing the dispersed pulse with its compressed counterpart. So far, the
mathod is capable of producing only half of the information available in the E
technique because we measure only time of response in any filter and not the phase

-17.
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0f vresponse carrier.
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Application of the technique to the pulses from & mode-locked
-lass lasger yields not only new information on the detulls of the phase structure
cypical pulse, buil also gives results in accord with earlier ineasurements,
such 23 pulse duration, pulse shape asymmetry, and pulse compressibility. The
important appl.cation of this technique will be in the study of the phase structure

of single pulses before and after their propagation through various optical media.

The author thanks several colleagues for valuable assistance during the course
of this investigzatiom. In particular, we acknowledge a stimuiating discussion
with Bruce ¥night o. the thecretical interpretation of spectiograms. Raymond Michaud
made the stepped mirror, and R. Bodurtha provided valuable technical assistance
in the experiments. Dr. R. Burdick computed the Anger and related functions as

well as the TPF curve of iigz. 1.6. M. D. Sohn computed the nulse shepes in
rig. 1,1kb.
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SECTION II

Higher Conservation laws for an

Inhomoger.eously Broadened Medium

The decomposition of intense pulses into & number of separate 2m pulses has
been described by numerical methods for an inhomogeneously broadened medium.21,22
It has been found that the final pulse amplitudes may be fairly accurntely
determined analytically by using higher conservation laws that are satisfied by
the inhomogeneously broadened system. The conservation laws are a generalization
of those for the completely unbroadened system that were reported previously.23’2h

The conservation laws that are obtained by interchanging £ and T in Egs. (2)
and (3) of Ref. 23, Appendix A will express conservation laws obeyed by the electric
field envelope since E=0,. It has been found that the extensicn of these past
results to include inhomogeneous broadening is readily accomplished. If the terms
in the g derivative 2re retairned while those in the T derivative are suitably
nodified by employing the Bloch equations, one obtains the conservation laws

0Pn dFn
—_— tC 5
ot ax (2.1)
where
Pan = Fnt Ty (2.2)
and
) i _2.-'
Fz' '2‘.0— g (2'33)
—a () P g2
Rea” (7 £-£7) (2.3b)
qS(LFo_ 252, 8F3F L ap?
FGQ(GZ 567+ 3¢ 5M+3b n) (2.3c)
T2 = 0l <1+ N>
(2.4a)
\:2 ~ -
T4=[£ <N> +28 <pw2> -2 <lawi® (|+M>] {(2.Lb)
~2 -~ ~
15:QQ[L 4<ﬂ>-%g,<ﬂ>+%85<Aw2>+'%594Awfﬂ> (2.40)
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£ <(aw’2>- 38 <tpwlh>+
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in which & =/@¢"'c o where, in notation used previously, o' = e‘l'Tnou)ol‘JZ/hC and the

L X
angular brackets «> indicete an average over the spectrum of inhomogeneous
broadening.

Intesration of Eq. (2.4) over the entire length of t e host medium, assumed
for convenience to be semi-infinite, and over all time leads to

w0 00]
J!; dx pp ix, ) = C[wd“:n(o»” (2.5)

The functions Fn(o, t} may be calculated for a given pulse shape at x =0 by using

Eqs. (2.3a-b). After the pulse has propagated far enough into the material for
the steady-state pulse shapes to evolve, one may writeal

ta

~ N
£ (x,) = 2 (2/7;) sech {t -t -x/vi)/7i (2.6)
t =}

where the 7; are the pulse widths, the v; are the corresponding pulse velocities

and the tj are merely time delays which separate the various pulses. The value
of 1 is determined by the area under the pulse at x=0. For 7=9,<3m, N=1, for

<0, 57, N=2, ete. For each 2n pulse the response of the two-level systems
in the vicinity of the pulse is given by2

P, =-0i5in & (2.72)
M= 1420 si$i/2) (2.7b)
2i= 2DiAwrisir i/2) (2.7¢)
where
¢.=f_tmdt'g. (2.8)
Ui = [i + (7 Aw)z]_l (2.9)
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There is, of course, a small region at the edge of the medium within which
the pulse evolution into & sequence of 2v pulses takes place. In this region
Eqs. (2.6) and (2.7) are inapplicable. An unknown amount of the population is
left in an inverted state and values of the polarization ® and 9 are similarly
unknown. In performing the spatial integration ir BEg. (2.5), this fact is
neglected and Fgs. (2.6) and (2.7) are used over the entire range of the spatial
inte_ration. The closeness of the results thus obtained to those predicted Ly
the exact numerical calculation shows that, as for the Korteweg-deVries equation25,26
this transient region may indeed be ignored. For weaker initial pulses which
result in only a single 27 pulse, however, this initial region is no longer
negiigible. Hence only pulses which have an initial area greater than 37 are
considered in the foliowing.

For the initial pulse profile
&(0,1) = (6y/71,) sech {1/1,) (2.10)

one finds

©
to.[mthz(o,t) = (90/1r)2

(2.11a)
tf 2111 < (56/45) @/ [ Go/mi® - 36/ +1] (2.11¢)

Also, substitution of Egs. (2.6) and (2.7) into Eq. (2.2) and integration over
the entire length of the medium yields

(e0)]
_L dxpy = 2¢ Y, 0 (2.122)
f"odea: L cTa’ (2.12b)
o]

(e0) €
é dxpg = %cZa,’ (2.12¢)
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where a, =2/1; = (&) ax* A8 noted above, one expects two pulses for 3m<6,< 5.
In this case only the first two conservation laws are needed and one finds

0|+02= 'Iz‘fd'Fz

(2.13)
0,3 +cg = 3fdm,

Fer 57<;eo‘;7n, three pulses will be obtained. Hence one requires the solution of

a;+Qz+Qy= é—fd?Fz

3
of +a} +a3=3/drF, (2.14)

o? +og +o§ =|5fd9F5

One sees from Egqs. (2.3a-b) that the higher conservation laws depend upon
higher derivatives of the initial pulse shape. Hence the decomposition of strong
pulses is expected to be sensitive to the detailed structure of the initial pulse
profile. Such sensitivity has been noted in experimental observations.27

In F... 15 the roots of Eqs. (2.13) and (2.1k) divided by ¥(o, t)g .y are
plotted as a function of 9,. Equation (2.13) possesses solutions for values of
2, for which three pulses are to be expected. The locus of these unphysical
solutions is given by the dashed portion of Fig. 15. The crosses are results
obtained from numerical solutions of the equations which describe optical pulse
propagation and are seen to te in quite good agreement with the approximate values
cbtained from the conservation laws., The numerical results include cases in which
tO/Te* varies from 0.1 to 10. The lack of complete correspondence is due partly
to the improper treatment of the initial region in which the isolated pulses have
not formed and partly to the fact that the correct amplitudes must satisfy all the
higher conservation laws and not merely the lowest two or three that have been used
hera. Further work on this subject is currently being pursued.

-22-

; e o S |
Lttt s b

TR

el bl Sl et atdakeah Ual gl




K920LkT79-27

SECTION III

Transient Stimulated Raman Scattering

In the previous annual techknical report (J920479-21) extensive experimental
data were presented on transient stimulated Raman scattering i~ liquids and gases.
With the exception of the time delay between the generated Stohes pulse and the
incident leser pulse, the experimental work succeeded in verifying all of the
theoretical predictions coancerning transient stimuwlated Raman scattering. In a
recent reexamination of transient Raman scattering with picosecond pulses, carried
out in collaboration with R. L. Carman at Harvard University, we have succeeded
in a more'quantitative comparison of theory and experiment and have observed for
the first time the predicted Stokes puise delay.

The following discussion is based on a paper entitled "Experimental
Investigation of Transient Stimulated Raman Scattering in a Linearly Dispersionless
Mediun" by R. L. Carman and M. E. Mack that his been prepared for submission to
the Physical Review. )

Stimulated Raman scattering (SRS) induced by picosecond duration light pulses
has been discussed by many authors from both an experimental28 and theoretical?9,3C
point of view. Realistic numerical calculations in this transient regime recently
performed took into account practical laser pulse shapes in predicting the Stokes
pulse duration, the SKS gein, and the delay between the peak amplitudes of the
Stokes and laser light pulses.3® Earlier experimental work suggested that in the
case of picosecond duration light pulses generated bty a mode-locked ruby laser,
the Stokes puises were certainly no longer in duration than the pump pulses.3l
Three serious limitations to this earlier work were the presence of strong self
fozusing in the CCly. the lack of control in the gain leading to a high probability
of saturation arnd laser depletion, and thz presence of significant linear dispersion,
the deleterious effects of which were indicated in previous work. lere we present
data on a system with negligible disparsion which verifies many features of the
numsrical results under conditions where self focusing and laser depletion can be
neglected. In addition, the data add further support to the nction that the pulse
should have a time dependence which is close to Gaussian.32

Of vital importance to a careful study of transient SRS is the absence of the
effects of both linear dispersion and self focusing. As a result, much effort was
expended in selecting a meterial which would minimize both. Linear dispersion
tends to cause the Stokes wave packet to either speed ahead (normal dicpersion) or
lag behind (anomalous dispersion) the laser wave packet. Since the transiency
introduces a delay of the Stnkes amplitude peak with respect to the laser ampli-
tude peak, dispersion will either improve or degrade the synchronism of the two
wave packets, or more importantly of their phases. The net result is an alteration
of the param=ters associated with the Stokes pulse, including the magnitude and
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dependence of the gain coefficient, The criteria for determining the importance
of dispersicn was presented in earlier work.30 For dispersive effects to be
negligible, the phase synchronism length determined by dispersion must be much
greater than the length required for the gain to restore the constant phase
difference between the laser and Stokes field. This is the case if

i - > > E_A_—\-i 9
(ﬁ) ) (%) 05 Bssh G.1)
dw/ dw/ g

where 343 is the laser pump line width in the medium, e®ss? is the steady state
SRS #ain for the same intensity, and [ is the molecular vibrational line width all
expressed in units of em-l. Thus, the quantity to be minimized is

3 o) - (&),

Tt is clear from Bg. (3.1) that it is unwise to use a laser whose bandwidth
is mich larger than is required to cause a transient response if dispersive
effects are tc be made small. At this point, it is convenient to define the
ratic of the velccity of light in vacuum and the group velocity of the wave
packet in the medium, Ngs which is basically the analog of the index of
refraction, n, in the case of the phase velocity, or

_ 2k _ on
ng C-a-‘; =n 'st (3'2)

where \ is the wavelength of the light in vacuum. Restating Eq. (3.1), in terms
of the group index difference Ang= [(ng)L- (ng)sl, we find

n2gsT (3.3)
Ang << 2(Ak)2
Tablie I, both n and ng are given for the number of gases at atmos :ric pressure

79C. For purposes of comparison, a few liquids are also included. The values

of yn_ indicated for the gases are those obtained by scaling up linearly to the
typicgl operating pressure at which vibrational SRS would be observed. When the
operating pressure is close to the liquification pressure at room temperature,
one shoult scale with the dens ty as was done for SFg in Table I instead of with
pregsure. In the other materials operzted close to liquification, An_, in the
teble is too low by the ratio ooo/(ol.atnxP)' Even at the very high required pressure
rases are more than an order of magnitude less dispersive than are liquids.
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The gases listed in Table I represent relatively high Raman gain materials
which are available at reasonably high pressure and whose stimulated Raman shifted
components have been observed.33 1In addition to the vibrational SR3 component ,
the rotational analog has aiso been observed with picosecond pulse excitation33
for the cases of lp0, COp, and Op. 1In Table II§ estimates of the transient
vibrational SRS gain and the rotational Raman y“ are given, where y is the aniso-
tropic part of the molecular polarizability tensor. The rotational SRS cross
section is proportional to y2. It is clear from Table IT that both ethylene
and chlorine gas should ~lso have stimulated rotational Raman bands. The
existence of roftational SRS is important because it represents a competing mode
of operation and because it effectively increases the line width AJ of the pump
causing dispersion to be more important for the vibrational SRS. Therefore, all
five gases, N,0, COp, Op, Cly and CoHy must be eliminated as sample candidates.

Of the remaining ten gases in Table I, SFg is the least dispersive by a
factor between two and fourty-five. Although values of 3y/3R and R are not
available for SF,, the very low threshold for transient vibrational SES as well
as the very hlgh conversion efficiencies (up to 70%) observed experlmentally33
indicate a large vibrational Raman cross section. In addition, we have never
observed rotational SRS in SFg under any conditions.

The remaining question of the importance of self-fozusing effects at our
required operating conditions was then investigated for SFg. A mode-locked ruby
laser was used which produced approximately 10 to 15 millijoules per pulse within
a 0.5 x 1.C cm elliptical cross section at a divergence angle of between 0.5 =nd
1 milliradian.3u The output intensity profile was lccally uniform over at least
2 mm. Near field photographs of the collimated beam passing through a 50 cm cell
were indistinguishable with and without gas. Also, investigations were made of
both the laser and Stokes beam spatial profile in the case of focusing the pump
with a 50 cm lens.35 Again no spatial effects were attributable to self focusing.
Finally, using the measured self-focusing threshold in liquid SF6,3‘ and extrapo-
lating tc gas density indicates that much higher field strengths would be requared
for self focusing to be importent than are needed for SRS.

The experiments were performed with the mode-~locked ruby laser described
above ai output energies of between 5 and 10 millijoules per pulse. Th=2 heam was
focused with a one-meter focal length lens into the 50 em long cell of SFg. The
S¥tg operating pressure was 18 atmospheres. The diagnostics are illustrated in
Fig. 17 Both incident and transmitted laser energies per pulse were monitored by
photodiode #1, and data was taken only when both signals were the same height to
within 5% for each pulse. At such a low conversion efficiency, overall laser
depletion is not important. In the absence of self-focusing local laser depletion

effects are avoided as well. A second fast rise time photodiode (#2) monitored
the Stokes energy generated per pulse. Figure 17 shows correspondinz laser and
Stokes pulse trains under strong conversion conditions. Typical laser depletion
oscillograms are shown in Figs. 18a and 18b under acceptable conditions. Figure 1fa
shows the result of either raising the laser output or chancine to 2 50 em foeal
lensth lens &t the cell input.
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The two photon absorption fluorescence setup, illustrated in Fig. 16, was
isolated from the experiment by Filter #3, which had a factor of 100 attenuation
per pass at the laser frequency. Filter #3 also had the property of making the
laser and Stokes intensities comparable under the operating conditions described
above. A cylindrical lens was used to intensify the overlap region and had the
additional advantage of reducing the depth of field requirements of the cemera
lens. Filters #5 and #6 were of equal optical path length, and were used in the
following three modes in conjunction with Filter #4: (1) Filters #5 and #6 were
renoved campletely and Filter #4 was an IR cutoff filter transmitting just the
laser beanm. This resulted in a laser pulse duration measurement. (2) Filters #
and # were removed completely and Filter #4 wus a UV cutoff filter transmitting
Jjust the Stokes beam. This resulted in a Stokes pulse duration measurement.

(3) Filter # was absent, and Filter #5 was a UV cutoff filter while Filter #6 was
an IR cutoff filter. This resulted in running the forward directed laser beam
against the beamsplit Stokes beam. This display should have been undisplaced
from that of conditions (1) and (2) if no delay existed g2nd tr~ pulse duration
measured in {3) should be that of the longer pulse duration. For good contrast
in the two rhoton absorption-fluorescence photographs, the Stokes and laser
intensities in the overlap region must be nearly equal. Because we require
operation, which avoids saturation ard laser depletion, small fluctuations in the
laser output intensity results in large variations in the relative Raman cell
cutput beam intensities. As a result a large number of laser firings were required
to obtain useable data.

In order to avoid errors due to a systematic charge in the operation of the
laser, data was taken in cycles, where each cycle involved going through the above
modes sequentially. Using about 2.5 psec duration laser pulses, the Stokes
duration tg was consistently, about a third shorter than the laser duration ty-
This is in contrast to the CCly work3) where t s>ty as well as t <t; was
encountered. A typical output display for the 2.5 psec duration eXC1tation is
shown in Fig. 19.

Using these short pulses, it would be very difficult to determine quantitatively
the size of any delay between the laser and Stokes pulse peaks since the delay would
be expected to be less than one laser pulse duration.30 Ccnsequently, the laser

pulse duration was lengthened to 71y ~ 15 psec. The time-bandwidth product remained
at unity.ll

in Fig., 20 we show two traces of the spontansous Raman line width, [’y of
the 775 cm~l mode in SF¢, which indicate that the response will still be transient
with the longer pulses. Trace (a) was taken using a Spex doub’> grating mono-
chromator in conjunction with an argon laser operating on the - :45 lin2. The
maasured width was 2.75 cm-l for the Stokes plus slit funrction, while the lassr
lins measured 1.1 em~l (pure slit function), corresponding to an sctual line
width for the SFg 775 cm-l mode or I'> 1.65 em~). Trace (b) was taken using a
piezozlectrically scanned Fabry-Perot interferometer in conjunction witi1 a
multichannel analyzer and the same argon laser. While 90-minute integration times
were rejuired with a one second scan time, the very weak signal was sufficiently
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large after filtering out the lsser line to yield a line width of 1.4 + 0.2 em™1,
The two methods were in good agreement, and & pulse duration of 15 psec was,
therefore, justifiable since the condition for transiency is that '<<GggAv where
eUss is the steady state gain assuming the same incident intensity. Since
oscillation requires Gss>10, this relationship is satisfied.

The results of experiments carried out with the 15 psec duration excitation
are shown in Fig. 21. The relevant quantities are for a laser pulse duration
tr, =15 psec, the Stokes pulse duration ts=9 psec, and the delay between intensity
maxima to==6 psec. This represents the first experimental verification of the
delay as well a3 the first clear demonstration of the pulse shortening.

In Fig. 22, we have reproduced for the sake of completeness some of the
numerical results30 which are relevant to tnese experiments. An important
parameter is the product of I and tL==l/Av, and for the 15 psec duration laser
pulses, I't;~1. The second important piece of information is the laser pulse
shape. Figure 22 is for a Gaussian temporal distribution for the laser, and it
shows that for ts/tL = 0.6 we have a transient gain et where Cg~9. Reading
vertically, we then find that tD/tL=(Lh2 which is in reasonably good agreement
with the experimental value. Finally, the corresponding steady state gain would
be eGss’ where Ggg =25.

Since all the two photon absorption fluorescence data were not taken
simulteneously, one cannot choose with certainty betwzen various models for the
ruby laser pulse shape. However, if the time variation of the laser electric
field envelope is assumed to be of the form Eche'lt/Tln, the multiple shot data
described above indicates that n must be in the range 1.5<n< 3, where n=2 is
the Gaussian.

These experiments confirm enougt of the details of the transient SRS theory
to provide a reasonable confidence in its validity. However, a lack of linear
dispersion is the exception in the historically important Raman active materials,
as well as in long range atmospheric pressure gas paths. Dus to the difficulty
of the numerical calculations which include linear dispersive effects, expsrimental
confirmation of the present theory under exceptionally clean and simple conditions
is very important. These experiments provide that confirmation. In addition,
calculations on self-induced transparency and other coherent effecis associated
with the stimulated Raman process require a complete understanding and description
of the low field effects. Finally, an understanding of the competition between
various nonlinear processes such as rotational SRS with vibratioral 5RS, frequency
broadening with SRS, self focusing with various inelastic stimulated scattering
prozesses, etc., depends on how well we can model the independent processes.

From an experimental point of view, the feasibility of determining approximate
laser pulse shapes using SR3 has been demonstrated for the simple case of & time-
bandwidth product one pulse. In the more complicated cases of the mode-locked
Nd:glass leser or mode-locked organic dye lasers, one may hope to learn scmething
about the reprodueibility of any temporal structure, as well ns the effective rate
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of rise and fall of the envelope of any temporal structure. However, the wider
laser puise bandwidth end large time bandwidth produst t;Av implies that dispersive
effects will play a more important role. In order to do a similar experiment to
the one reported here, higher intensities and shorter cell lengths would have to

be employed. The condition on the intensity can be obtained directly from

Eq. (3.3), namely,

2(3%)%n
Bgs »_(—:r?—_g" (3.3)

Therefore, for the same magnitude of An, anil degree of satisfaction of the
inequality the laser intensity must scale quadratically with the tandwidth. This
implies that for the same transient gain that the interaction length z would scale
inverseiy with approximately the laser bandwidth squared times the laser pulse
duration.

Vibrational Decay Measurements in Gases

Several expariments are presently in progress to exploit transient stimulated
Ramen scattering for vibrational decay measurements in gases. Other techniques
for vibrational decay measurement as for example shock tube analysis, require
elevated temperatures to produce the necessary vibrational excitation. Stimulated
Raman scattering provides s unique method for producing a relatively large non-
equilibrium vibrational population &t room temperature or below if desired. For
gases other than hydrogen or methane picoseconi pulse excitation must be used in
order to avoid detrimental Brillouin competition.

Having produced the necessary vibrational population several techniques
are avaiiable to monitor its decay. For gases having an allowed infrared traasi-
tion from the excited (v=1) vibrational state, normal fluorescence may be used to
determine the decay rate. Such experiments are now in progress in carbon
monoxide. An infrared signal at the proper wavelength has been detected but it
has not yet been determined whether this represents actual fluorescence or s
non-linear parametric down conversion (the 2000 em-1 line in CO is both infrered
and Raman active). For gases lacking an infrared aztive transition from the
vibrationally excited state, there are two other techniques for monitoring-
vibrational decs;. The first involves detecting in a Schlieren system the
index of refraction changes which result from the thermalization of the vibration-
al population. Although simple in principie, this techiiques is subject to other
Jaboratory perturbations and so can be difficult to implement in prectice. The
second technique involves the use of a second laser, producing spontaneous anti-
Stokes scatter.ng from the excited vibrational population. This latter technique
is hishly specific ktut the signal levels can be quite low. Both techniques are
beins tested. Progress will be reported at a later date.

-28-



K920479-27

SECTION IV

]
|

Dye lLasers

Ultrafast Cepillary rlashlamps

In the previous technical report, J920479-23, the basic circuit design for
the wltrafast capillary flashlamp was described and preliminary operating dats
was presented. A 2.8 joule, 38 kV version of this device has been built and
tesind for dye laser pumping. As in the previously described units the energy
is carried in two, 1.2 mm bore, 3 mn 0.D. capillery flashlamps with an arc length
of 26 mm. One valuable feature of these lamps not noted previously is thnt et
tha present energy loading the lamps are self-cleaning. Evaporated quartz and
tungsten electrod matericl is blown out of the arc region past the electrodes by
the force of the discharge. The same situation has been found to ozcur in slower
rise time capillery lamps of similar construction.37

In the present capillery flashlamp uvnit lead indu:tance has heen reduzed to
a minimum. The 10 - 90% flash rise time is approximstely 12 nanoseconds. and the
flash duration (FWIFi) is about 50 nanoseconds. As in tke previous device: the
effective color temparature is very high, on the order of 100,000°%, and as a
resuit, the optical energy conversion efficiency is somewhat low, about 2%
in the range from 2200 & - 5000 R.

Using a polished aluminum foil rerflector, the two capillary flashlarmps are
close coupled to 2 4 mm 0.D., 3 mm I.D., 35 mm long quartz dye cell. Lasing was
easily achieved with a number of the xanthene dyes including sodium fliorescein,
rhcdamine 63, and rhodemine B. With a mirrov reflectivity product of 0.9, lasing
could be produced in ethanol solutions over a iroad range of concentrations, from
10-% M to room temperature saturated solutions (>1072 M). Optimum output occurred
with a concentration of about 10-3 M and e mirror reflectivity product of C.5.
With this arrangement the peak power output was from 1 -5 kilowatts and the energy
output was ~0,1- 0,5 millijoule. At high concentrations (near saturated solutions)
sodium fluorescein and rhodamine 6G produced a superfluorescent emission in a ring
shapad near field pattern.

Despite the strong gain observed in the above dyes, few of the other normally !
strongly lasing dyes could be made to lase with the fast rise time flashlamp., Cf |
the blue emitting dyes only the coumarin, 7-diethylamino-b-methyl coumarin, [
could be lased and then only over a very narrow range of concentirations with a
mirror reflectivity product >0.95. None of the scintillator dves could be made
to lase despite the better match between their primary absorption bands and the
strongly peaked UV emission of the flashlamps. This rich UV emission may be the
source of the difficulty. The intense ultraviolet radiation mey populate excited
states in the dyes which are absorbing at the lasing wavelength. Such a situation
dozs ozcur in other lasers such as, for example, the Wd:YAG laser. This possibility
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will te inveutigated further upon completion ¢f the 10 Joule fast rise time
flashlemp described later on in *his sectiom.

Several interesting transient effects are observed with the fast flashlamp
pumped xanthene dye lasers. Figure 23 shows the resuvl*s obtained using a
2x10°3 M ethanol solution of sodium fluorescein. The cavity mirror reflectivity
product was 0.9. For the four pk-tographs shown in Fig. 23, the oscilloscope was
triggered using the output from a sec-~ni photodiode which was set up to observe
the flashlamp. Suzcessive pvhotographs of the flashlamp output (Fig. 23a) indicate
that the jitter in the oscilloscope triggering is negligible on the time scale of

Fig. 23. Ths laser output {Figs. 23b-13") is seen to be delayed and in Figs. 23b

and 23c¢, at least, is seen to begin with a prominent initial spike. This initial
spiking has also been ouserved in the case c¢f laser pumping.38 It must be noted
that the delay exhibited in Figs. 23b - 23d truly represents a delay and not simply
the tim= needed for the pump light to reach the required pumping threshold.

In 7ig. 23b, forexample, the lasing begins near the peak of the pumping pulse
(Fig. 23a) yet it continu=s until the pumping pulse is nearly over.

Tha origin of the initial spike and the cause for the delay are easily
understcoi. At the beginning of the pumping pulse the rhoton density in the gain
bandwidth of the dye is very low. As time goes on the inversion will build up
due to the continued pumping and the photon density will grow dus to fluorescence.
The inversion will increase until the fluorescence is amplified to such a level
that the loss of inversion through stimulated emission balances the increase due
to the pumping. If the pumping rate increases sufficiently rapidly this maximum
inversion can be several tim2s the normel threshold inversion. The lasger then
emits a giant pulse in much the same way a Q-switched laser uoes. The so callrd
"hair trigger moie"39 of ruby laser operation closely parallels the prerent
sitvation. The delay time observed in Figs. 23b -23d is just the time reguired
for the photon density tc be amplified to a level sufficient to deplete the
inversion by stimulated emissicn. A similar delay also cccurs in Q-switchii.g.
These effects of transient pumping observed here in the ultrafast flashlamp pumped

dve laser have also been noted in the atmospheric pressure COo laserhl end in the
jodine flash photolysis laser.42

The natural time scale for *‘ransient pumping effects as for Q-switching
(see ref 40) is the cavity decay tim:, which is the cavity round triv traunsit
time divided by the fractional photor. loss per round trip. For equal initial
inversions (as measurad in terms of the threshold inversion), the initial spike
rice time and the delay time will scale with the cavity decay time. Sorokin38
has already noted that the spike rise time decreases with increased output
couplinz. In Fig. 73 the cavity decay time has been varied by changing the cavity
length., To the extent that liffraction losses are negligible this leaves the
initial inversiocn wnaffected. Figure 23 shows very cleerly the increase in
r.se time and delay time w':h increas2d cavity decay tim.. The increase is
slizhtly more rapid than a .inear proportionality due to the luss of inversion
by spontanenvs decay during the delay Jeriold, This also accounts for the decreased
p2ak power ir voing from the § om ~avity to the 25 =m cavity.

-30-

PRI T




- T T " i

] K920179-27

Fast Rise Time Unconfined Discharge lLamps

The capillary flashlamps discussed in the previous section suffer from
several important drawbacks. The one millimeter bore, 3 millimeter Q.D.

\ capillaries will safely hendle about 0.5 joule per centimeter of arc length. A
10 joule lamp, then, would have to be 20 cm long. An immense voltage wc ld be
required to bresak down such & lamp unless the gas pressures were lowered helow
atmospheric. Howcver, reducing the pressure has been found to reduce the light
output. In addition, the inductance of such a long narrow arc would be rather

{ high. Some improvement in energy handling cepeability can be gained by increasing
the capillary bore dimmeter or by increasing its wall thickness. Unfortunately,
if the bore diameter is increased much beyond one millimeter the diucharge is
found to meander around the walls down the lamp. Th2 light output is decrcased
and the rise time is increased. Increasing the wall thickness of the capillary
does give some gain in energy handling capability. However, an order of magni-
tude improvement in energy handling would require an inordirately thick lamp.

These difficulties are overcome in the unconfined discharge lamp. This type
of lamp consists very simply of a pressurized spark gap with transparent (fused
quartz) walls. The discharge is unconfined in that the arc size (and position)
are not determined by the walls of the lamp. This fact has several rather
important consequences. There is substantially more volume available for shock
wave dissipation in this type of lamp than in the more usual type of lamp.
Consequently, the la=n has a relatively high energy handling capability. Since
the envelope walls are remosved from the arc and since the gas pressure is high
(>1 atmosphere), wall & vosits are greatly reduced, thus, increasing the useful
lamp lifetime substantially. The open construction of the lamp permits the use
of massive, cool runaing electrodes. Despite the simvle, open construction, low
industance structures (to 2x10-8 H) are easily made.

Initial testing of the fast rise time unconfined discharge lamp was carried
out vsing a lamp consisting of & 2.9 em 0.D., 2.5 cm I.D. by 10.0 cm long piece of
fused quartz with % in. diameter tungsten electrodes inserted through aluminum
plates fastened to the tube ends. The electrode spacing was adjustable. Various
size ringing inductors were used i: the discharge circuit (see technical report
‘ J920:79-23) giving breakdown delay times of from 100 nsec to 400 nsec. The

results for a 200 nsec breakdown delay time are representative and are included
| here. The stored energy at the 35 kV operating voltage was 2.5 joules (4020 pf
| total capacitance).

\ With the present circuit arrangement, if the fill g&s or the gap separation
is changed, the gas pressure niust be adjusted tc give the required breakdown
delay time, in this case 200 nsec. Figure 24 shows the gas pressure needed for a
200 nsec delay as a function of gap separation for four of the fill gases tried,
air, nitrogen, cerbon dioxide, and argon. Tha pressura required is seen to
increase ra,idly as the gap separation is reduced.
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Figure 25 shows the temporal distribution of tra output flash. The 10 - 90%
flash rise time was 10 nsec independent of the fill gas ané arc length except for
the very short arcs where appreciable circuit ringing was encountered. The peak
power of the lamp and the flash duration depended strongly on the gap separation
and the f 11 gas used as indicated in Figs. 26 and 27. The peak power outputs
are rermarkably similar for the different gases. The flash output durations om
the other hand vary considerably from gas to gas. With a 1.2 cm gap separation
tha output duration varies from 35 nsec with nitrogen or air to 14O nsec with xernon
as the filling gas. Since the peak light outputs are about the same, this indicates
that the total erergy output with the xenon is about four times higher than with
nitrogen or air. Th2 electiical to optical conversion efficiency in the range
from 2200 - 5402 & for the xenon was about four percent. The decrease in peak
light output and the increase in flash duration is very likely due to the
inability nf the driving circuit to match the low impedence of the short arc.

With gap spracings in the 0.2 - 0.5 cm range substantial ringing was observed in
the flash output.

Tests similar to those described above have been run at the 5.0 joule input
level (35 kV, 8000 pf total capacitance) using a one centimeter arc length and
nitrogen and xenon as the fill -ases. With either gas the 10 - 90% rise time was
again 10 nsec. Curiously with the higher energy input the peak power outputs and
the flash durations with the two gases were neariy the same. The optical conver-
sion efficiencies were between two and four percent for both gase=x.

\ Preliminary life testing was carried out at the five jJoule input level. The
| gap separation was 1.0 cr and air was used as the filling gas. No particular

‘ care was taker in cleaning the lamp electrodes and the lamp jacket, nor was the

\ air used for filling the lamp in any way cleaned or purified. The lamp was fired
\ at from three to five pulses per second. the lamp lifetime to half power output
l was found to be in excess of 40,000 shots. It is quite likely that this can be

l
|
l

extended substantially by better preassembly cleaning procedures ani possibly by
flowing the cas thkrough the discharge region.

Imder construction now is tha integrated flashlamp-capacitor unit shown in
rie. 28, This unit consists of two mylar insulated 40OOC pf, 5O kV, parallel piate
capacitors with an arc lamp built into the center. The unit would store 10 joules
of enersy at its maximum charge voltage. The parallel plate storage capacitors
offer a much lower inductance than the bariur titanate capacitors used in the

tests described above. The major inductanze in the circuit is that of ¢he lamp,
about 20 nK.

The smz2ll arc volume and the opzn construction of the unconfined discharge
lamps necessitate the use of some type of imaging to couple the flashlamp output
into the dye cell. The coupling cavity shoald be axially symmetric about the arc
for sreatest arc stability. A spherical pumping cavivy of the type shown in
Fig. 29 has been constructed. The arc lamp is located along the axis of the
schere near the bottom. 3Spherical abberation results in an extended image along

+he upver axis of %he sphere. Computer simulation has siiown that the on axis
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intensity is uniform to + 50% over the central 1.5 in. of the image. Other types 3
of imaging cavities, such as an elliptical cavity or a double parabola, were

investigated but these were dropped from consideration beceuse of their higher l
febrication costs and because they offered only a slight improvement at best. 3

The spherical cavity which has been made consistus of two £ in.dia. mating, ]
spun hemispheres, whi h have been polished on the inside and coated with evaporated
aluminum. The dye cell is 2 in. long and protrudes through the top of the upper ]
hemisphere. Four 1/8 in.dia. stainless steel tubes carry the liquid through the i
cavity to the bottom of the dye cell. These very little of the pump light.
Tha dye laser cavity consists of & fused silic roof prism mounted within the
sphere and dielectric mirror mounted directly on top cf the sphere. The overall
lerigth of the optical cavity is only 8 cm.

High Power Flashlamps

The open discharge lamp dis~ussed in the previous section for fast rise time
gpplications is 2lso well suited for slower rise time, high efficiency, high
power operation. When operated in a simple static breakdown circuit th2 rise
tim2 of the output flash degradzs but the optical efficiency improves. .With
209 - 300 nsec rise time opersiion up to 20% electrical to optical conversion
efficiency has been observed. The lamp is ideal for high repetition rate opera-
tion. As noted earlier wall deposits nre minimized and heavy electrodes may be
used. As a result of the high pressure the deionization is rapid. If very high
repetition rates are desired a fast flow of fill gas through the discharge
raegion can be used botu to replenish the gas in the lamp between shots and to
some degree to cool the lamp,

Tw> high power flashlamp units have been built and tested. The first used
a low inductance, 9.6 ;f Maxwell Laboratories capacitor operated at 6 kV (~ 10
joules). This lamp had a gap separation of one centimeter and used argon as the
fill zas. Th2 argon was flowed through the lemp at a rate of 10- 30 liters (STP)
per minute and at a pressure of about 1 atm. Thz2 flash rise time was 250 nsec
and the flash duration (FWHM), 1.2-1.5 ,sec. The 2lectrical to optical
conversion efficierncy was in the range of 7 - 149,

This lamp has been operated at repstition rates of up to 120 pps giving
the lamp an average power dissipation of approximately 1.2 kilowatts. The life
to half power output for this lamp was in the range of 10,000 to 53,000 shots,
limited primarily by evaporation of electrode material onto the quartz envelope.
For the sake of expediency the electrodes had been made of steel,

The sezond high rower discharge lamp utilized a 23 kv, 0.3 ,f (100 joule)
low inductance, high repetition rate coaxial capacitor. The lam) was designed
to be used with the samz spherical pumping cavity as the fast rise tim= discharge
lamp describad in the previous section. The gap separation in this lamp is 2 cm.
The fill gas is an argon-nitrogen mixture which is flowed through the lamp =2+
2-3 atm, and at a {low rate of' 1 liter per second. The lamp has been tested at
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energy inputs of up to 75 joules per pulse and at average power inputs of several
hundred watts (presently limited by the power supply). At 50 Jjoules per pulse the
rise time is 200 nsec, the duration (FWHM) is 1.1 ysec and the e¢lectrical to optical
conversion efficiency is 9- 18%. 1In contrast “o the previous lamp this device

uses tungsten electrodes. Thig lamp should be an ideal punp source for a high
output dye laser. It will be tested for this purpose shortly.
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FIGURE CAPTIONS
(Figs. 1 -1k only)

The phase structure curve depicting relation between carrier frequency and
time. An attempt to measure t'ie curve would involve measuring the times
that filters tuned to different frequencies would respond.

The linear chirp, characterized by & linear relation between carrier
frequency and time.

A double-valued @ versus T can be modeled by a parabolic relationship, which
leads to an Airy function for Y. The pulse intensity is modulated by the
interference between the upper and lower branches of the parabola.

A sinusoidal form of the double-valued w versus T. The quantity Gro/2m is
denoted by z in Fig. 5.

Pulse intensities for a flat 100 cm™! bandwidth depicted for z=1,3, and 10.
The number of cycles of beat depends on the product 2z of bandwidth and
duration.

The TPF curve: II!Kt)|2IQKt+T)|2 dt versus T computed from the Y f?r 2=10
in Fig. 5. Experimental points shown are from Shapiro and Duguay 16).

Double-valued u~T7 re¢lationship with two turning points, modeled on a
sinusoidal variation. Again the quantity (mp/2r is denoted by z.

Pulse intensities for the same z values and bandwidth as for Fig. 5. The
intensities show less fine structure than Fig. 5 because of the smaller
beat frequencies between the different branches.

Part of a diffraction grating spectrometer illustrating scme features of
its response to a short pulse input.

Grating spectrometer modified for picosecond type response time. The
spectrum is displayed in opposite directions in the focal plane FF' for the
two opposing beams. A camera, not shown, photographs from above the
fluorescen.e produced in the cell to provide a measure of frequency sweep
rate.

The sausage shaped form and its inverted image represent the wave group
constituting an optical pulse as it approaches the focal plane. In the
hypothetical pulse illustrated the long wavelength components precede the
shorter wavelengius. The fluorescence enhancement produced in the aye where
the wave groups intersect gives the antisymmetrized spectrogram.
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14

FIGURE CAPTIONS
(cont'd)

Top: TPF produced by a pulse intersecting itself in fluorescent dye cell. 4
The pulse has not been dispersed by a spectrometer., Middle: TFF made from -8
pulse that has been dispersed in the fast spectrometer. The pulse image
has not been inverted as shown in Fig. 11. The spectrometer is adjusted
for minimum response time ucing this configuration. Bottom: TPF made by

the method shown in Fig. 11, The slope of the display gives the frequency
sweep rate directly.

Svummary of a set of irequency cweep rates measured for ultrashort pulses
from a Nd:glass laser, The vertical bars indicate the extent of the var-
iations from shot to shot of the laser.

() Curve I is constructed so that its slope at any point is consistent 3
with the measurements summarized in Fig. 13, Curves II, III and IV represent '
the results of a pulse compression wherein group delays of 4, 7, and 10 psec/

100 em-1l have been introduced. (b) Pulse shapes reconstructed from the E
spectrum shown in the box together with the phase information contained in 4
the upper curves. F
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K920479-27

LINEAR CHIRP CHARACTERISTIC
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K920479-27

PARABOLIC CHARACTERISTIC AND AIRY FUNCTION PULSE

jwl?

PARABOLIC

T ((u)

FIG. 3



K920479-27 FiG. 4

SINUSOIDAL MODEL FOR DOUBLE-VALUED @
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FIG. 5

ANGER FUNCTION PULSES
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K920479-27 FIG. 7

SINUSOIDAL MODEL HAVING TWO TURNING POINTS
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K920479-27

PULSE FORMS FOR THE TWO TURNING POINT MODEL
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K920479-27 F1G. 10

APPARATUS FOR MEASURING CHIRP CHARACTERISTICS
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K920479-27

COMPARISON OF THREE METHODS FOR TPF
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K920479-27 FIG. 14

EFFECT OF PULSE COMPRESSION

9500
Y
=z
v
3 9450 -
>
(9]
z
W
; 3
w
o
W 94001
6
TIME, psec
b
[ 1
|
{
|
T
m i
v 52 Cu-1 @
e
b~ B
n
4
w
-
z
1
2
! | L N
2 6 4 2 0 2 4 6

TIME, gsac




F.3.15

K920479-27

ST

oz SL oL S

-t

(©1,3) woos (% 2,%) = o} J

~

SMV NOILVAYISNOD A8 G3NIWYILIA S3cnLindwv 3sNd

xpw A..SN

X0 A_MJ




esi dacia it cone

FIG. 16
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K920479-27 A

STOKES GENERATION !N SF




K920479-27 FIG. 18

LASER DEPLETION DUE TO STOKES CONVERSION IN SF

50cm F.L.



FIG. 19
K920479 -27

TWQ PHOTON FLUORESCENCE - SFg
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K920479-27

RAMAN STOKES PULSE WIDTH AND DELAY - §F,
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K920479-27 FiG. 22

PREDICTED PROPERTIES OF TRANSIENT STIMULATED STOKES SCATTERING
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K920479-27

TRANSIENT PUMPING IN DYE LASERS

20 nsec cm

OYE LASER - 15 cm CAVITY

UYE LASER - 25 cm CAVITY

FIG. 23




K920479-27 FIG. 24

PRESSURE AND GAP FOR 2® nsec DELAY WITH 30 kV

PRESSURE, atm




K920479-27 FIG. 25

UNCONFINED ARC LAMP

NITROGEN ~ 10 nsec/cm

CARBON D!OXIDE - 100 nsec’‘em




FIG. 26

K920479-27
PEAK LIGHT OUTPUT VS. GAP AND GAS
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DYE LASER PUMPING SCHEME




