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1. Statement of the Problem Studied

Over the past decade, there has been a great deal of interest in tunable solid-
state lasers. The extensive research focused on either finding new host materials for
the trivalent chromium ion (Cr3+), or finding new ions to be used in already known
hosts. We have initiated a research project to investigate, using methods of
conventional optical spectroscopy and picosecond time-resolved spectroscopy, new
potential tunable solid-state laser materials. Very little information is available
about the fundamental physical processes behind vibronic laser operation. With this
in mind we have undertaken studies of the kinetics of population relaxation among
the excited states of lasing ions, as well as investigations of the optical phonon
dynamics using ultrafast pump-and-probe anti-Stokes Raman scattering. Most of the
investigations were performed on chromium-doped forsterite, new and unique

laser crystal discovered by us during the course of this research.
28 Summary of the Most Important Results

Major breakthroughs were achieved in two areas: (1) Time-resolved
nonequilibrium phonon dynamics in tunable solid-state laser crystals, and (2)
Discovery of a new lasing ion, tetravalent chromium (Cr#+) in chromium-doped

forsterite (Cr:Mg;SiO4) and studies of its spectroscopic and laser properties.

2.1 Nonequilibrium Phonon Dynamics in Tunable Solid-State Laser Crystals

Excite-and-probe anti-Stokes Raman scattering apparatus was developed to

study phe:icn dynamics in the excited state in tunable solid-state laser materials.

Using this state-of-the-art experimental setup we have, for the first time,

directly identified the nonequilibrium phonons which participate in the overall



complex nonradiative decay. By measuring the time dependence of the pump-probe
Raman spectra in chromium-doped forsterite we have determined the rise and
decay behavior of different Raman-active phonon modes involved in nonradiative

decay.

The sample of Cr-doped forsterite was photoexcited above the Cr#+ lasing
level by a train of 450-fs, 590-nm pump pulses and probed by a time-delayed, cross-
polarized pulses of same pulse duration and wavelength. We have monitored the
change in the relative intensity of anti-Stokes Raman lines due to scattering of both
the pump and the probe pulses as a function of pump-probe delay. Raman spectra
show that the rise and the decay dynamics are different for different phonon modes,
which in turn contribute to the overall nonradiative relaxation of photoexcited ions

in this crystal.

In the measured anti-Stokes Raman spectra, the 370 cm-1 Raman line is
generated by the pump beam, while the 330 cm-1 and 225 cm-1 lines arise from
Raman scattering of the probe beam. Different Raman spectra corresponding to the
pump and to the probe beam are a consequence of different selection rules for the
cross-polarized pump and probe beams. Measuring the ratio of the intensity of the
anti-Stokes Raman lines corresponding to the probe beam and the intensity of the
Raman line due to Raman scattering of the pump beam, for different pump-probe
delays, a picture of the dynamics of the nonequilibrium phonons is developed. It
was observed that the relative difference between the intensities of the pump and
probe Raman lines in the anti-Stokes Raman spectrum changes considerably when
the pump-probe dela> time changes from 1 ps to 6 ps. There are differences in the
rise and decay of tliese two modes which contribute differently to overall
nonradiative decay. The two phonon modes "seen" by the probe beam exhibit an

increase in the intensity ratio for the first 10 ps and a decay for the following 25 ps.



These results are an important contribution to the understanding of the
underlying physics on which nonequilibrium phonons participate in the excited

state nonradiative decay of photoexcited ions in crystals.

2.2 Spectroscopic and Laser Properties of chromium-doped forsterite

Measurements of the absorption, emission and excitation épectra, as well as the
wavelength dependence of fluorescence lifetime provide convincing evidence that
chromium ion may enter forsterite (MgySiO4) host in more than one valence states.
Trivalent chromium (Cr3+) enters substitutionally for divalent magnesium (Mg?2+)
in two inequivalent octahedrally coordinated sites, while tetravalent chromium
(Cr4+) substitutes for Si4+ at tetrahedrally coordinated sites. Of the two Cr3+ centers,
the one with mirror symmetry (Cs) is optically active due to lack of inversion
symmetry and accounts for a number of features in the absorptionland emission
spectra. The center with inversion symmetry (C;) is characterized with longer
lifetimes that show strong temperature dependence. The absorption and emission
due to transitions within the states of Cr4+ ion overlap with those within the states
of Cr3+ ion. The absorption in the near infrared spectral region between 850 and 1150
nm is primarily due to transitions between the 3A; ground state and the first excited
state 3T, of the Cr4+ ion. The four-level,. vibronic mode of laser operation in Cr-

doped forsterite feeds on 3T»—3A transition.

Pulsed laser operation was obtained with samples rich in Cr4+ in a stable
cavity. Pulsed laser action was observed for both the 1064-nm and 532-nm pumping.
The spectra of the free-runninc laser radiation for both the 1064-nm and 532-nm
pumping peaked at 1235 nm and had linewidth of 30 nm and 27 nm, respectively.
Highest slope efficiency obtained to date is ~23% for 1064-nm pumping with an

output mirror having 13% transmission at 1200 nm.



Continuous-wave laser operation was obtained using 1064-nm radiation from
a cw Nd:YAG laser as a pumping source. The lasing threshold was 1.25 W of
absorbed power. The measured slope efficiency was 6.8%. The spectrum of the free-

running laser output peaks at 1244 nm and has a bandwidth of 12 nm.

Tunable operation of Cr:forsterite laser has been demonstrated over the 1167
- 1345 nm spectral range. A birefringent, single crystal quartz plate at Brewster's
angle was used as the intracavity dispersive element. Three different output
mirrors with transmission in adjacent wavelenth ranges were used to cover the

range.

- Maximum slope efficiency of 38 % was obtained for cw operation using 11 %

transmission output mirror.

Limiting slope efficiency of the chromium-doped forsterite laser in the

absence of passive losses was estimated to be >65 %.

Excited-state absorption is not a major loss mechanism in chromium-doped
forsterite. The peak of the excited-state absorption is predicted at 1670 nm, far out of
the tuning range.
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Laser action in chromium-doped forsterite

V. Petritevi€, S. K. Gayen, and R. R. Alfano

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

Kiyoshi Yamagishi, H. Anzai, and Y. Yamaguchi

Electronic Materials Research Laboratory. Mitsui Mining and Smelting Co.. Ltd., 1333-2 Haraichi,

Ageo-Shi, Saitama 362, Japan

{Received 7 December 1987; accepted for publication 1 February 1988)

Room-temperature vibronic pulsed laser action in trivalent chromium-activated forsterite
(Cr**:Mg,SiO,) is reported for the first time. The free-running laser emission is centered at
1235 nm of the broad * T;>* 4, fluorescence band, and has a bandwidth of ~22 nm.

Prompted by the successful broadly wavelength-tuna-

ble, room-temperature operation of alexandrite' and emer-

ald** lasers, the surge in research activities on tunable solid-
state lasers has been extensive in the 1980s.*'? The thrust of
these research endeavors has been twofold: first to look for
new host materials for the trivalent chromium ion,”"! and

" second, to search for new ions that will lase in commonly

used host crystals.“%'2-!” These efforts have been rewarded

by the successful wavelength-tunable laser operation of
Cr* * inanumber of hosts,” "' by the discovery of new lasing
ions trivalent titanium (Ti* * )*'%"? and divalent rhodium'
(Rh?*), as well as by the “rediscovery” **'*'*!7 of tunable
phonon-terminated lasers based on divalent transition metal
ions Ni? *,Co?*,and V2 *. In this letter, we present the first
room-temperature vibronic pulsed laser operation of Cr* *

in forsterite (Mg, SiO, ).

Forsterite, like alexandrite, is 2 member of the olivine
family of crystals. It is a naturally occurring gem. Single
crystals of forsterite may be grown by the Czochralski meth-
od. A unit cell of forsterite has four formula units in an or-
thorhombic structure of the space group Pbnm.'® The unit
cell dimensions are: a = 4.76 A, b= 10.22 A, and ¢ = 5.99
A.The Cr'* ion substitutes for the Mg? * ion in two distinct
octahedrally coordinated sites: one (M1) with inversion
symmetry (C; ), and the other (M2) with mirror symmetry
{C,). The occupation ratio of the two sites'® by the Cr* + ion
is MI:M2 = 3:2.

The single crystal of Cr* * :Mg, SiO, used for spectro-
scopic and laser action measurements was grown by the
Czochralski method at the Electronic Materials Research
Laboratory of the Mitsui Mining and Smelting Co., Ltd.,
Japan. The crystal is 2 9 mm X 9 mm X 4.5 mm rectangular
parallelepiped with the three mutually orthogonal axes ori-
ented along the b, ¢, and a crystallographic axes of the crys-
tal. The crystal contains 0.04 at. % of Cr* * ions, which is
equivalent to a chromium ion concentration of 6.9 X 10"
ions/cm>.

The room-temperature fluorescence and absorption
spectra of Cr*>*:Mg,SiO, for E|{b crystallographic axis are
shown in Fig. 1. The fluorescence spectrum of Cr* +: Mg,
SiO, was excited by the 488-nm radiation from an argon-ion
laser and recorded by a germanium photodiode detector
lock-in amplifier combination at the end of a 0.25-m mono-
chromator equipped with a 1000-nm blazed grating. The

1040 Appl. Phys. Lett. 52 (13), 28 March 1988
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room-temperature spectrum is a broad band covering the
wavelength range 700-1400 nm. The room-temperature flu-
orescence lifetime is 15 us. ,

The absorption spectrum was taken with a Perkin-
Elmer Lambda-9 spectrophotometer along the 4.5-mm path
length of the sample. It is characterized by two broad bands
centered at 740 and 460 nm attributed to the ‘4, —*T, and
“4, —*T, absorptive transitions, respectively, of the Cr**
ion. The broad, weak absorption band between 850 and 1150
nm is not observed in the excitation spectrum.?® This indi-
cates that the origin of this absorption is not transitions in
Cr’* ion, but in some other impurity ions, e.g., Fe’ * in the
host crystal.?! It is evident from Fig. 1 that this background
absorption overlaps a significant spectral region of Cr**:
Mg,SiO, emission, and inhibits laser action in that region.

The experimental arrangement for investigating the la-
seraction®?in Cr® * :Mg, SiO, is shown schematically in Fig.
2. The sample is placed at the center of a stable resonator
formed by two 30-cm-rad mirrors placed 20 cm apart. The
mirrors were dielectric coated to transmit the 532-nm pump
beam, and to have high reflectivity in the 1150-1250 nm
spectral range. The reflectivity of the back mirror M, is
99.9%, while that of the output mirror M, is ~98% for
normal incidence over the specified wavelength range. It is
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FIG. 1. Absorption and fluorescence spectra of Ce’ * :Mg, SiO, at room
temperature. Both the spectra were taken for E||b axis and excitation along
a axis. The thickness of the sample along a axis is 4.5 mm.
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FIG. 2. Schematic diagram of the experimental arrangement for investigat-
" ing laser action in Cr® * :Mg, SiO, (Key: F, = {060-nm blocking filter, F,

= 532-nm blocking infrared transmitting filter, M, = back mirror, M,

= output mirror, L = lens, S = sample, Ge = germanium photodiode de-
tector, M = monochromator.)

to be noted that this spectral region does not correspond to
the peak of the fluorescence spectrum, but was chosen so
that the background absorption is minimal. The sample was
longitudinally pumped by frequency-doubled 532-nm, 10-ns
full width at half maximum (FWHM) pulses from a Q-
switched Nd:YAG laser (Quanta Ray DCR-1) operating at
a 10-Hz repetition rate. The spatial profile of the pump pulse
was a doughnut, characteristic of an unstable cavity. The
pump beam was linearly polarized along the b axis and pro-
pagated along the a axis of the sample. It was focused 3 cm
before the sample by a 25-cm focal length lens. The radius of
the pump beam at the center of the sample is ~ 600 um. The
output from the laser cavity was analyzed by a2 0.25-m mono-
chromator and monitored by a germanium photodiode de-
tector. The output of the detector was displayed on a fast
oscilloscope. No dispersive element was placed in the cavity
and the laser operated in a free-running pulsed mode.

Pulsed laser operation was readily obtained for pump-
ing at or above the lasing threshold of 2.2 mJ. A single output
laser pulse was obtained, implying a gain-switched operation
whi:h 1 a consequence of pump-puise duration being
sonee o1 thas the taning-level lifetime. The amplitude and du-

rwon of the taser putee varied, a3 expected, with the pulse-
to-pulve energy fluctustion of the pump laser. The output
wt ~viremely sensitive even to 8 small misalignment of the
cavity, or insertion of a glass plate (8% loss) in the cavity.

The temporal profile of the Cr® + :Mg, SiO, laser pulse is
shown in Fig. 3(a), and fluctuations in its amplitude, dura-
tion, and delay with respect to the pump pulse are displayed
in Fig. 3(b). The temporal duration {FWHM) of the output
laser pulse varied from 200 ns at the threshold to 100 ns at
2.4 times the threshold energy. The delay between the peak
of the pump pulse and the peak of the Cr** :Mg, SiO, laser
pulse also varied, as expected, with pump-pulse energy, from
700 ns at the threshold to 200 ns at 2.4 times the threshold
energy. This indicates that the laser cavity is highly lossy,
and several hundred round trips are required to build up the
laser oscillation in the cavity.

The laser threshold and slope efficiency were measured
for the cavity used in this experiment and the data are dis-
played in Fig. 4. The taser oscillation starts to build up at an
absorbed input energy of 2.2 mJ. The measured slope effi-

1041 Appl. Phys. Lett., Vol. 52, No. 13, 28 March 1988

(b)

-FIG. 3. Temporal profile and delay with respect to the pump pulse of the

Cr’ *:Mg, SiO, laser pulse: (a) asingle pulse for pump energy 1.7 times the
threshold energy; and (b) three pulses for pump energies near (right),
twice {middle), and 2.4 times (left) the threshold energy. The nacrow pulse
at the extreme left of both the oscilloscope traces is the leakage of the pump
pulse. For this measurement the monochromator was removed and filters
were adjusted to allow a small leakage of pump pulse. The time and voltage
scales are 100 ns/div and 20 mV/div, respectively.

ciency of 1.4% is rather low, and indicates large losses in the
cavity. These losses include ~ 13% reflection loss from the
uncoated sample surfaces, scattering from inhomogeneities
in the crystal, and a large mismatch between the size of the
pump beam and the Cr**+:Mg,SiO, cavity modes in the
sample.

The spectrum of Cr’ * :Mg, SiO, laser is shown in Fig.
5, for an absorbed pump energy of 3.4 mJ. The spectrum
peaks at 1235 nm and has a bandwidth (FWHM) of 22 nm.
The wide spectrum of the laser output can be used to pro-
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FIG. 4. Output energy of Cr’ + :Mg, SiO, laseras a function of input energy.
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FIG. 5. Spectrum of free-running Cr® * :Mg, SiO, laser.

duce femtosecond pulses. The spectral range is limited at the
high-energy end by the mirror transmission and the impuri-
ty absorption, while at the low-energy end by the mirror
transmission as well as by the decrease in fluorescence inten-
sity. Using different sets of mirrors, laser action in the 1.1-
1.3 um spectral range can be obtained.

In summary, pulsed laser operation has been obtained in
Cr® * :Mg, SiO, at room temperature. The laser emission is
centered at 1235 nm and has a bandwidth of ~22 nm. The
spectral range for laser emission is expected to extend from
850 to 1300 nm if the parasitic impurity absorption may be
minimized by improved crystal growth technique, making it
one of the most widely tunable solid-state lasers in this spec-
tral region. The large finorescence bandwidth of the crystal
promises ultrashort pulse generation through mode-locked
operation. The fluorescence lifetime of 15 us is suitable for
effective energy storage and high-power Q-switched oper-
ation.
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A New Tunable Solid-State Laser

BY V. PETRICRVIC, 3. K. GAYEN
ANDR. R. ALFANO

ment for tunable solid-state lasers' with prog-

ress reaching the point where tunable sotid-
state lasers are making headway in the marketplace
and atutracting the financial community’s interest. In
the area of laser applications. interest int tunable solid-
state lasers stems from their many advantages over
dye lasers. These include wide wavelength tunability.

T he eighties have been a decade of rapid develop-

A new tunable solid-state laser
of chromium-activated forsterite
offers wide tunability
and a variety of applications.

compactness. long operational lifetime. rigidity and
ease of handling — all of which make them highly reli-
abie and extremely suitable for spaceborne remote
sensing., ranging. lidar and optical communication
applications.

Tunable solid-state lasers also have a high potential for
medical applications in eye surgery, cutting tissues.
treating birthmarks and removing kidney stones. In-
dusurial apptications include on-line poliutant-emission
monitoring and fiber optic cornmunicatdons along with
basic scienutic research.

[n this arucie. we will introduce a new tunabie solid-
state laser system: Chromium-activated forsterite (Cr3*:
Mg,Si0,). which has we potential for tunability from
850-1400nm — one of the most widely tunabie laser sys-
tems in this spectral region. Chromium-based crystais
that are known to lase, cover a spectral range of 700-
1100nm. The first laser. ruby. operates only at a well de-
fined wavelength of 694.3nm. Four different hosts are
necessary to cover the 700-1100nm range. The Cri-:
Mg SiO, system extends the range further into the in-
frared and shows promise of covering most of the range
and beyond.

We have cbserved pulsed laser action in Cr3* at room
temperature.’ The emission is centered at 123%nm, and
has a bandwidth (FWHM) of 22nm. [n the following sec-
tions. we will introduce the characteristics of the host
crystal, present the basic spectroscopic properties of the
system. descnibe the laser experiments and measure-
ments. and point out the possibilities of the system.

Forsterite. like alexandrite. is a-member of the olivine
family of crystals and is a naturally occurring gem. The
crystal appears different when looked at from different
direcdons. Along the {100} axis it appears to have a
bluish hue. along [010] it appears violet. while along the
{001] axis it looks greenish.

Single crystals of Cr*-:Mg,SiO, may be grown by the
Czochralski method. The crystal is easy to grow. and
iarge crystals (several centimeters long and about a cen-
nineter in diameter) are readily grown. The single crystai
of Cr*~:Mg,Si0, used for spectroscopic and laser action
measurements presented in this article was grown by
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Figure 1.
Absorption and fluorescence spectra of Cr7* : Mg, SO, at
roomm temperature.

the Czochraiskd method at the Electronic Materials Re-
search Laboratory of the Mitsut Mining and Smeiting Co.
Ltd.. in Japan. The crystal is a Smm x Smm x 4.5mm
rectangular parallelepiped with the three murually or-
thogonal axes oriented along the b. ¢ and a crystatlogra-
phic axes of the crystal. The crystal contains 0.04 atomic
percentage of Cr3* ions, which 13 equivalent to a chro-
mium-ion concentration of 6.9 x 10" ions/cm®.

The room-ternperature fluorescence and absorption
spectra of Cr**:Mg,SIO, for E || b crystallographic axis are
shown in Figure 1. The fluorescence spectrum was ex-
cited by the 488nm radfation from an argon-ion laser
and recorded by a germaniurn photodiode detector-lock-
in-amplifier combination at the end of a 0.25m mono-
chromator equipped with a 1000nm blazed grating. The
room-temperature spectrum is a broad band covenng
700-1400nm. The room-temperature fluorescence ide-
time is 15usec. The absorption spectrum is charactenzed
by two broad bands centered at 740nm and 460nm at-
tibuted at the *A,~T, and *A,~T, absorption uansi-
tions, respectively. of Lﬁe Cr*- ion. The broad weak ab-
sorption band between 850-1150nm is not observed :n
the excitatdon spectrum. This indicates that the ongin of
this absorpdon is not transitions in the Cr3- ion. but .n
some other impunty ions. e.g., Fe3* in the host crvstat.:
[t is evident from Figure 1 that this background absorp-
tion overlaps a significant spectral region of Cr* - Mg 3.0
ermissions and inhibits laser action n that region. 3otn
the ernission and absorption spectra ot such systems Je-
pend suongly on the polarization of the wncident .:gnt
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Fligure 2.
A photograph of the laser cavwy ileft). and a schematic of the expenmental arrangement jor \nvestigaiing ia.ser action i Cr -
Mg Si0 . Key: 7 = iv60nm alockma filter. £ =332nm blocking infrared transmusning filter. M = oack murror. M. =output

nurror. L =iens. S = sampte. Ge
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and :he onentauon of the crystallograpnic axes :n the
sampte.

Laser action

The expenmental arrangement lor ‘nvestgaung the
:aser action :n Cre- Mg, SIO, :s shown n Figure 2fa). and
Jrawn schermnaucally in F'gure 2bl. The sample 1s placed
at the center ol a stable resonator iormed by two 30cem-
radius murrors placed 20cm apart. The mirrors were di-
2tectnic coated to transmit the 332nm pump beam. and
:0 have hueh retlecuviy in the 1130-1230nm spectral
range. it should be noted that this spectral region does

not correspond (0 the peak oi uorescence speciium. dut
Was chosen 1o minimteze background apsorption.

The sampie was iongitudinaily pumped by !requencey:
doubied 332nm. 10ns iFWHM) puises (rom a Q-swii
Nd:YAG iaser Quanua Rayv DCR-1) operaung at a1
repetittion rate. The pump deam 'was iineariv potar..- .
aong the 5 axis and propagated along the a axis ot the
sampie. It was iocused 3cm Delore the sampie Hyv a
23cm-jocal-length lens. The radius of the pump beam at
the center of the sample is ~~800um. The output irom the
.aser cavity was analyzed by a 0.2Z2m monocnromator.
moniwored by a germanium pnotodiode detector and dis-

Picosecond/Gigahertz

> Photodetectors and Diode

Sy Senes PL Diode Lasers generate
e i ultcashort, igh power pulses at
. 3 pnealar wavetengths.
\ Applications include:

M R = Handwidth testing of optical
i 0 o fibers.
= Qptical recever testing.
. . = Optcal osclioscope/strealk camera
testing.

T
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Laser Systems

Series AR and ARX Phatodetectars are used o
detect uitrashort pulees and high-frequency
modutated CW light.
Andu:«xmm inciedes
* Mode-tocked YAG/dye laser puise detection
* Pulee dispersion measurements 1 optical
Sbars.
m High recuency laser diodes/t ED detection.

'f you are looking for high-quality, affordabie
2icosecond/giganenz photodetectors and diode taser
systems. please contact Antel for compiete technical infor-
mation and pnces.
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MORE NEW
PRODUCTS
FROM PULNIX

ASYNCHRONOUS RESET,
VARIABLE SHUTTER AND
INTEGRADABLE CCD

The PULNLX TM-845 camera fea-
tures a high resolution 1800 x
492 pixel} irame transfer CCD
imager. The TM-845 offers both
vanable. asvnchronous shutter-
ing and random image integra-

tion in an extremely smail (1.25"

x 1.753” x 3.30” camera. Svne
is internal/external.

Options include an external
shutter control and a Peltier cool-
ing attachment for optimum im-
iging in the integration mode. A
CCIR version {TM-863) wiil be
available soon.

REMOTE IMAGER
CCD CAMERA

The PULNiX TM-340R remote ima-
ger CCD camera permits mounting
of the lens/imager assembly within a
very confined area. The 310 x 192
pixel imager is attached to the main
era module by a 48~ flexibie ca-
vble -which carries all video and
power. The TM-340R comes stan-
dard with 48" remote (84" maxi-
mum distance): shorter distances
are available by custom order.

To facilitate mounting. different
versions of the imager module are
otfered. The TM-340R uses C-mount
or spectal mimature lenses and ac-
cepts external svnc.
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Choose the Right Camera
PULMIX (s a leader in supplying the highest resolution solld-state
cameras in miniaturized packages. Our new TM-830 CCD camera
features a fuil 800 x 492 frame transfer array in a tiny, lightweight
enciosure. We understand that Zuly cost-effective imaging systems
never pay for unused resolving power. That's wity we offer a full line of
ammwmwmmwmm

S Cameras Built Your Way

Many of our innovative miniature cameras were deveioped in response to
special customer needs. Custom factory adjustnents, interfaces, cables,
a enciosures are part of our cveryday service. Our appiicatons
engineers are eager to assist you in providing the camera best suited for

yOUr sysiem.
R Now American Made

Owr U.S. manufacturing facility has just expanded to better serve our
amwtomers. We now have cven greater flexibility to detiver the camera you
want. whether it's off the shetf or custom engineered.

S Ask For Oux Latest Cataiog
The cameras shown above are just some of our many video cameras and
accessories. We stock dozens of different monochrome and color sotid-
state array and linear array cameras, miniature and standard lenses.
fiters, ciose-up attachments, enciosures, and power suppiies. Cail our
toll-free number today for a comprehensive catalog and further information.
All Cameras Peature A Full Three-Year Warranty
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PULMIX America, Inc.. 770-A Lucerne Drive, Sunnyvale, CA 94086
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si1aved on 2 :ast nscilloscope. Mo dispersive 2iement 'vas
Ztaced :n tne favuy ind the laser operated in a iree-run-
ming puised mode.

Pulsed laser speration was readily nbtained {or pump-
:ng 1t or above ‘he iasing thresnotd energy of 2.2md. A
single output .aser ulse was obtained. implyving a gain-
switched operation. i consequence of pump-puise dura-
-:on being shorter *han the iasing-levet lifeurne.

The specuum peaks at 1235nm and has a bandwidth
FWHM) of 25nim. The measured slope efficiency is ~ 1.5
percent !or the cavity configuration descnbed above.
With an optimized cavity. we expect the stope efficiency
10 wcrease substantially. We have observed laser action

-in this cryseal for E || a and ¢ axes as well. This appears t¢
he a unique property of this system. since most of the
svstems. including alexandrite. lase in only one preterred
direction.

The chromium-activated forsterite system has a high
potential to be a very useful and practical laser system in
opuicai communications and ranging. The spectral range
for iaser emussion is expected 10 extend from 350-
1400nm if the parasitic impurity absorption can be min:-
mized by improving the crystal growth technique. The
output at the low-energy end of this laser is of particular
importance or transmission through optical fibers and
eve-sate ranging. The large f{luorescence bandwidth
oromises uitrashort pulse generation through mode-
locked operation. Since large crystals can be readily
grown. the system may be used as an amplifier medium
'n the near infrared region as weil. =
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ROOM TEMPERATURE VIBRONIC LASER ACTION IN Cr’‘':Mg,Si0,

V. Petridevid, S. K. Gayen and R. 8. Alfano
Institute for Ultrafast Spectroscopy and Lasers
Photonics Application Laboratory
Departments of Physics and Electrical Engineering
The City College of New York
New York, NY 10031
and
Kiyoshi Yamagishi and Kazuo Moriya
Electronic Materials Research Laboratory
Mitsui Mining and Smelting Co. Ltd.

1333-2 Haraichi, Ageo-Shi

Saitama 362, Japan .

Abstract

Room temperature vibronic laser action in trivalent chromium ion-doped forsterite (Cr**:Mg,S10.) is reported
for the first time. The free running pulse laser emission is centered at 1235 nm of the broad "T,-"A,
fluorescence band with a bandwidth of ~ 22 nm. The spectral range for laser emission is expected to cover
the 800-1350 nm range if the parasitic absorption may be minimized, making it one of the most widely tunable
solid state lasers.

In this paper we present the first room temperature vibronic pulsed laser operation of Cr’*-doped
forsterite (Cr’+:Mg,Si0,). Forsterite is a naturally occurring gem's? which can be grown by the Czochralski
method.' The single crystal of Cr'*:Mg,Si0, used for spectroscopic and laser action measurements was grown at
the Electronic Materials Research Laboratory of the Mitsui Mining and Smelting Co., Ltd., Japan. The crystal
i1s a 9 mm x 9 mm x 4.5 mm rectangular parallelepiped with the three mutually orthogonal axes oriented along
the b, ¢ and a crystallographic axes of the crystal. The crystal contains 0.04 at.% of Cr®* ions, which is
equivalent to a chromium ion concentration of 6.9x10'* ions/cm’.

The room-temperature fluorescence and absorption spectra of Cr*:Mg,S10, for E Nob crystallographic axis
are shown in Fig. 1. The fluorescence spectrum of Cr’*:Mg,310, was excited by the 488-nm radiation from an
argon-ion laser and recorded by a germanium photodiode detector-lock-in-amplifier combination at the end of a
0.25-m monochromator equipped with a 1000-nm blazed grating. The room-temperature spectrum is a broad bdand
covering the wavelength range 700~1400 nm. The room-temperature fluorescence lifetime is 15 ps.
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Fig. 1 Absorption and fluorescence spectra of Cr’**:Mg,S810, at room temperature. Both the spectra were taken
for B U b-axis and excitation along a-axis. The thickness of the sample along a-axis {s 4.5 ma.

The absorption spectrum was taken with a Perkin-Elmer Lambda-9 spectrophotometer along the 4.5-mm path
length of the sample. It is characterized by two broad bands centered at 780 nm and 460 nm attributed *» the
“A,+"T, and “A,»"T, absorptive transitions, respectively, of the Cr** ifon. The. broad, weak absorption band
between 850-1150 nm i{s not observed in the excitation spectrum.® This indicates that the origin of this
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absorption is not transitions in Cr'* jon, but in some other impurity ions, e.g., Fe’" in the host crystal.“ I

is evident from Fig. 1 that this background absorption overlaps a significant spectral region® of Cr'':Mg,S10,
emission, and inhibits laser action i{n that region.

The experimental arrangement for investigating the laser action® In Cr’*:Mg,Si0, consisted of a stable
resonator formed by two 30-cm-radius mirrors placed 20 cm apart. The mirrors were dielectric coated to
transmit the 532-nm pump beam, and to have high reflectivity in the 1150-1250 nm spectral range. The
reflectivity of the back mirror is 99.9%, while that of the output mirror is ~ 98% for normal incidence over
the specified wavelength range. It f{s to be noted that this spectral region does not correspond to the peak
of the fluorescence spectrum, but was chosen so that the background absorption is minimal. The sample was
longitudinally pumped by frequency-doudled 532-nm, 10-ns full-width-at-half-maximum (FWHM) pulses from a Q-
switched Nd:YAG laser (Quanta Ray DCR-1} operating at a 10-Hz repetition rate, employing an unstable resonator
configuration. The pump beam was linearly polarized along the b axis and propagated along the a axis of the
sample. It was focused 3 cm before the sample by a 25-cm-focal-length lens. The radius of the pump beam at
the center of the sample is ~ 600 um. The output from the lagser cavity was analyzed by a 0.25-m
monochromator and monitored by a germanium photodiode detector. The output of the detector was displayed on
a fast oscilloscope. No dispersive element was placed in the cavity and the laser operated in a free-running
pulsed mode.

Pulsed laser operation was readily obtained for pumping at or above the lasing threshold of 2.2 mJ. A
single output laser pulse was obtained, implying a gain-switched operation which is a consequence of pump-
pulse duration being shorter than the lasing-level 1lifetime. The amplitude and duratfon of the laser pulse
varied, as expected, with the pulse-to-pulse energy fluctuation of the pump laser. The temporal duration
(FWEM) of the output laser pulse varied from 200 ns at the threshold to 100 ns at 2.4 times the threshold
energy. The delay between the peak of the pump pulse and the peak of the Cr*:Mg,S10, laser pulse also varied
-with pump-pulse energy, from 700 n3 at the threshold to 200 ns at 2.4 times the threshold energy. This
indicates that the laser cavity is highly lossy, and several hundred round trips are required to build up the
laser oscillation in the cavity. )

The laser threshold and slope efficiency were measured for the cavity used in this experiment and the data
is displayed in Fig. 2. The laser oscillation starts to build up at an absorbed input energy of 2.2 mJ. The
measured slope efficiency of 1.4% is rather low, and indicates large losses in the cavity. These 1losses
include ~ 13% reflection loss from the uncoated sample surfaces, scattering from inhomogeneties in the
crystal, and a large mismatch between the size of the pump beam and the Cr3*:Mg,S10, cavity modes in the
sample.
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Fig. 2 The output energy of Cr®':Mg,Si0, laser as a function of input energy.

The spectrum of Cr**:Mg,5i0, laser is shown in Fig. 3, for an absorbed pump energy of 3.1 mJ. The spectrum
peaks at 1235 nm and has a bandwidth (FWHM) of 22 nm. The spectral range is limited at the high energy end
by the mirror transmission and the impurity absorption, while at the low energy end by the mirror transmission
as well as by the decrease in fluorescence intensity.
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Fig. 3 The spectrum of free-running Cr’*:Mg,5i0, laser for the resonator configuration described in the text.

In summary, pulsed laser operation has been obtained in Cr**:Mg,S5i0, at room temperature. The laser
emission i3 centered at 1235 nm and has a bandwidth of ~ 22 nm. The spectral range for laser emission is
expected to extend from 850-1300 nm If the parasitic absorption may be minimized by improved crystal growth
technique, making {t one of the most widely tunable solid state lasers in this spectral region. The large
fluorescence bandwidth of the crystal promises ultrashort pulse generation through mode locked operation.

The research {s supported by National Aeronautics and Space Administration, Army Research Office, Hamamatsu
Photonics KK and CCNY Organized Research.
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Recently, we reported!-? room-temperature pulsed laser
action in chromium-activated forsterite (Cr:Mg;SiO,). The
free-running laser output was centered at 1235 nm with a
spectral bandwidth (full width at half-maximum, FWHM) of
22 nm. The laser emission was stimulated by the 532-nm
excitation of the green-red absorption band of the system.
The crystal is characterized by a shallow absorption band
spanning the 850-1200-nm wavelength range, which over-
laps a significant portion of the emission spectrum and was
previously thought to inhibit laser action in that region. In
this communication, laser action in chromium-doped for-
sterite for 1064-nm excitation of this band is reported. The
near infrared absorption thus turns out to be effective in
populating the initial level of the lasing transition.

The absorption and fluorescence characteristics of Cr:for-
sterite in the near infrared spectral region are shown in Fig. 1.
The room-temperature absorption spectrum is a double-
humped band covering the 850-1200-nm wavelength range.
The room-temperature fluorescence spectrum extends from
1000 to 1400 nm and peaks at 1140 nm. At liquid nitrogen
temperature both the spectra show a sharp zero-phonon line
at 1093 nm followed by elaborately structured vibrational
sidebands. A detailed analysis of the vibrational sidebands
is out of the scope of the present paper and will be presented
in a future publication. The fluorescence lifetime is 15 us at
room temperature and 20 us at liquid nitrogen temperature.

The cavity arrangement used for obtaining laser action in
Cr:Mg,SiO; has been described elsewhere.! An identical
arrangement was used in this measurement, except that the
separation between the front and the back mirrors was 40cm,
and the pump beam was focused 5 cm in front of the sample
by a 50-cm focal-length lens. The fundamental and second
harmonic emissions from a Q-switched Nd:YAG laser
(Quanta Ray DCR-1) operating at a 10-Hz repetition rate
were used for excitation of the near infrared and visible
bands, respectively. Pulsed laser action was readily ob-
served for both the 1064- and 532-nm pumping at or above
the respective thresholds. To switch from one pump wave-
length to the other, one merely had to change a filter in the
beam path to transmit the desired wavelength and block the
other. The amplitude and duration of the Cr:Mg,SiO; laser
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Fig. 1. Near infrared absorption spectrum and fluorescence spec-

trum for 1064-nm excitation of Cr:Mg,Si0, at room temperature

(solid line) and liquid-nitrogen temperature (broken line) for Efb

exis. The crystal contains 0.04 at.% of Cr ions and has a thickness of
4.5 mm along the excitation direction.
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Table l. Prcpcstia > of Laser Emiesion for the Two Excitation Wavelengthe

Value at the excitation
wavele
Property 1064 nm nm
Lasing threshold (absorbed energy) 125 mJ 1.37mJ
Slope efficiency 1.8% 14%
Spectral bandwidth (FWHM) 25 nm 22 nm
Center wavelength 1235 nm 1235 nm
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Fig. 3. Spectra of free running Cr:Mg,SiO, laser for (a) 1064-nm
pumping and {b) 532-nm pumping.

pulse, as well as its delay with respect to the pump pulse,
varied as expected with the pulse-to-pulse energy fluctua-
tion of the pump pulses. However, for a similar level of
excitation and within the time resolution of the experiment,
there was no appreciable difference in the delay between the
pump pulse and the output laser pulse for the two pump
wavelengths. The laser thresholds and slope efficiencies for
the two excitation wavelengths, 1064 and 532 nm, are shown
in Fig. 2. The spectra of the free-running laser for pumping
at 1064 and 532 nm are displayed in Figs. 3(a) and (b),
respectively. Table I summarizes and compares the charac-

teristics of laser emission for the two excitation wavelengths.

The close similarity of laser parameters clearly indicates
that the infrared band is responsible for laser action for both
the 532- and 1064-nm excitations. For 532-nm pumping
there is a fast transfer of excitation from the levels directly
pumped to the lasing level. Chromium-activated forsterite
thus has the useful property that it can be pumped by the
fundamental of Nd:YAG or Nd:glass lasers, and no frequen-
cy doubling is necessary. A detailed understanding of the
spectroscopic properties that lead to this behavior of this
systern is an interesting problem and will be presented in an
upcoming publication.

We thank K. Yamagishi of Mitsui Mining and Smelting
Co. of Japan for providing us the Cr:Mg;SiO, crystals used in
thisstudy. Theresearch is supported by National Aeronau-
tics and Space Administration, Army Research Office, and
City College of New York Organized Research.

Note added ir proof: We obtained cw laser action in chro-
mium-activated forsterite pumping with 1064-nm cw radia-
tion from a Nd:YAG laser. Using a single plate birefringent
filter in pulsed mode, tuning over 1167-1270 nm range has
also been demonstrated.
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Room-temperature puised laser action has been obtained in chromium-activated (v <terite
{Cr:Mg,Si0,) lor excitation of the near-infrared absorption band of the <ystem hyv “he 1064
nm radiation from a Nd:YAG laser. The characteristics of laser emission are simitlaie to those
observed for 32 nm pumping. It is suggested that the laser action is due t0 a “:2nier™ ather
than the trivalent chromium (C2*), presumably the tetravaient chromium (Cr'* ).

Recently, we reported'~' room-temperature puised la-
ser action in chromium-activated forsterite (Cr:Mg,SiO,).
The free-ranning laser output was centered at 1235 nm with
a spectrai bandwidth of 22 nm. The laser emission was
stimuiated by the 532 nm excitation of the green-red absorp-
tion band of the system. This absorption band, together with
the one in the blue spectral region, originates from transi-
tions between crystal-field-split states of the C* ion. The
origin of the shailow absorption band spanning the 850-
1200 nm wavelength range has not been determined with
any certainty, and was tentatively attributed to other impu-
rity ions.® This absorption band overiaps a significant por-
tion of the emission band of the system and inhibits laser
action in that region. Identical absorption band has been
observed in gadolinium scandium gailium gamet crystals
codoped with trivalent chromium and neodymium ions
{GSGG:Nd’*, Cr'*).*” The chromium ion in this crystal
acts as an efficient sensitizer of Nd** emission, resulting in
abaut a factor of two improvement in lasing efficiency rela-
tive to the Nd'“:YAG crystal."® The near-infrared absorp-
tion acts as a significant luss mechanism for Nd** emission
in codoped GSGG crystal and impedes the fuil potential of
the sensitization process, The “center” responsible for this
infrared absorption has been considered to be a nuisance,
and efforts have been made to get rid of this center by im-
proving the crystal growth technique, or annealing the crys-
tal in reducing atmosphere.'" In this letter we report for the
first time on laser action in chromium-doped forsterite
pumped by 1064 nm radiation and present evidence that in
chromium-doped forsterite the near-infrared active “cen.
ler” is responsible for laser action. Absorption. emission,
and lasing properties of this “center’”” are presented. We sug-
gest that the center may be a Cr*™ ion in a tetrahedral site.

Theabsorption and fluorescence spectra of the center in
the near-infrared spectral region are shown in Figs. { and 2,
respectiveiy. The room-temperature absorption spectrum is
2 doubie-humped band covering the 850-1200 nm wave-
leneth range. The room-temperature fluorescence spectrum
extends from 1000 to 1400 nm and peaks at 1140 nm. At
lignid-nitrogen temperature hoth the spectra show a sharp
zero-phonon line at 1093 nm fotlowed by elaborately struc-
tured vibrational sidebanuls, A detailed analysis of the vibra-
tional sidebands is out of the scope of the present letter and
will be presented in a future publication. The Auorescence
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lifetime ig 15 118 at room temperature and 20 us at liquid-
nitrogen temperature. :

The cavity arrangement used for nbtaining laser action
in Cr:Mg,SiO, hns been de<cribed eisewitere.' An identical
arrangement was used in this measurement, sxcept that thie
separation between the front and the back mirrors was 10
cm. and the pump beam was focused 5 cm in front of the
sample by a S0 cm (ocal lergth lens. The fundamental and
the second-harmonic emissions from a2 J-switched Nd:YAG
laser (Quanta Ray DCR.1) aperating at a 10 1z repetition
rate were used for excitation of the near infrared and the
visible bands. respectively. Puised laser action was readily
observed for both the 1064 nm and the 532 nm pumping ator
above the respective thresholds. To switch from one pump
wavelength to the other, ane merely had to change a filter in
the beam path to transmit the desired waveiength and block
the other. The amplitude and duration of the Cs:Mg,SiO,
laser pulse, as well as its delay with respect to the pump
pulse, varied, as expected. with the pulse-to-puise energy
fluctuation of the pump puises. However. for a similar levet
of excitation and within the time resolution of the experi-
ment, there was no appreciable difference in the deiay
between the pump pulse and the output laser pulse for the
two pump wavelengths, Tl laser thresholds and slope effi-
ciencies {or the tvo excitation wavelengths. 1064 and 532
nm. areshown in Fig. 3. The <pectra of the free-running laser
for pumping at [064 and ¥ nm are displayed in Fige. 4(a)
and $(b), respectively. Tai-le | summarizes and compares
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the characteristics of laser emission for the two excitation
wavelengths. )

The data presented so far clearly indicate that the same
center is active in Isser action for both the 532 nm and 1064
nm excitations. For the 332 nm pumping there is a fast (rans-
fer of excitation from the levels directly pumped to the lasing
level. The abrorption at 532 nm and for that matter, the
entire red-green band has heen sttributed to ‘A, —*T- transi-
tions in Cr'* ion."'" If that is the case; then tiie CR** ions
sct as g sensitiver, rapidly and efficiently transferring energy
to the lasing center. However; the lating center itseil may
have a higher lying absorption band that averiaps the Cr>*
absorption in the red-green spectrai region. Similar contri-
butions to absorption in this spectral region have indeed
been suggested for Cr** in GSGG.'* and for isoelectronic

V** in corundum.'? The growth of population.in the lasing:

level for 532 nm pumping will then be due (o vibrational
" nonradiative transitions whiclr are very fast.'’ Probably,
_both the interband nonradiative transitions, and the:
CR’* —Izsing center energy transfer are effective in popu-
{ating the lasing level (or excitation in the visible. However,
for the 1064 nm pumping, the lasing band is directly popu-
lated.

The key question that remains to be answered is, what is
the origin of this lasing center. Trivalent chromium enters
the forsterite crystal in two distinet sites, one with mirror
(M 2) and theother with inversion (M 1) symmetry. Gener-
ally, the ions in the mirror sites are optically active. The
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polarired absorptinn spectrn of chromium-activated forster-
ite have been analyzed'” in t2rms of Tanabe- Sugano formal-
ism,'* and no infrared nbsorption band is predicted for Cr'*
iong in mirror sites. For Cr™ ' jons in inversion sites, even
ligand fleid-induced electric«ipoie transitions are not possi-
ble. Dynamic interaction with lattice vibrations may result
in transitory reduction of invarsion symmetry, making tenn-
sitions possible. However, such transitions are very wenk
and slow, as seen for Cr° * ions in inversion sites in alexan-
drite, where the fluorescence lifetime is ~ 60 ms.'* The men-
sured lifetime of 15 us is oo short for transitions within the
statesof a C* * fon ininversion site. it is highly unlikely that
the infrared absorption is due to the Cs°* ions in inversion:
site:

Impurities other than chiromium couid be another possi-
bility. Trivalent iron (Fe'*) isa commonly occurring impu-
rity in olivines, and exhibits a similar absorption band in the
near infrared. However, the low-temperature spectrum of
iron in olivine does not show the sharp-line structure as ob-
served in chromium-activeted forsterite* Chemical analysis
of the sample did not indicate sufficient iron content to ac-
count for the observed absorption either.

A similac 8501200 nm absorption band observed®’ in
Nd.Cr:GSGG was first assuined® to be due to Cr**, and
finaily has been attributed to Cr** centers.’ This band ap-
pears only in Cr-activated GSGG crystails and never in un-
doped or oniy Nd-doped cryxials. The absorption coefficient
of the band depends on the cry stal growth condition and has
been cbserved® to vary over three orders of magnitude from
high of 2 cm ' down 10 1>:10~% cm™~' at 1061 nm, the

TABLE 1. Properties of 12ser emission for the two excitation wavelengths.

Value ot the excrtation wevelength of

Property 1064 nmy $32nm
Lasing threshoid (sbeorbed energy) 1.25mJ 13T md
Slope cficiency 1.8% 1.4%
Spectrsl bandwidth (FWHM) Gam 27nm
Center waveiengih 1239 nm 12385 am
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vaveiength for Nd inser emission. After a <eries of careful
tests far impurities” and analvticat chemistry studies.” these
authore established a correlation between the strength of this
ah<orption and the levef of divalent calcium impurity in the
sampie. Divaient calcium appears as an impurity i weandi-
um oxide, the starting material for growing GSGG. Also. to
promote the growth of garnet crystais a smaitl amount of
calcium oxide is sometimes added to the melt. The working
hypothesis here is that the C2?* causes Cr'* to change to
Cr'* . and the Cr** ionona tetrahedral site is responsible for
the near-infrared absorption in question. In view of the simi-
Iarities between the nezr-infrared absorption band in GSGG
and forsterite, we tentatively assign the center in forsterite to
Cr'* ion as well. The role of Ca’* is presumably piayed by
Mg** in forsterite.'* Substitution for Si'* in tetrahedrally
coordinated sites is less frequent but possible,'” and may lead
lo tetrahedraily coordinated chromium ions in forsterite.
Another possibie identity of the lasing center may he the
divaient chromium ion (Cr? * ) substituting for Mg?* in the
inversion (M 1) site, It has been indicated that in distorted
coordination sites, like the forsterite M | site. Cr** may oc-
cur and be stable."™"* According to the prediction of the
crystal field theory such a center may account for the ob-
served infrared absorption. The exact identification of the
lasing center in chromium-activaisd forsterite still remains
an interesting problem for further investigation,
Note added in proof. We have obtained cw later action in
chromium-activated lorsterite by pumping the crystal with
1064 nm radistion from a cw Nd:YAG laser. By using a
single-plate birefringent filter in pulsed mode. tuning over
1167-134S nm has also been demonstrated.
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Dr. John Caird of Lawrence Livermore Nationai Laborato-
ry for suggesting that the infrared absorption may be due to
transitions in Cr**, and Dr. Roger Belt for providing a
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for providing us the Cr:Mg,SiO, crystals used in this study.
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Bimodal Q distributions for the intracavity field in sin-
gle-atom intracavity resonance fluorescence. The
strength of the quantum fluctuations is inversely propor-
tional to the size of the system, measured by the number
of cavity photons needed to saturate the atomic transi- .
tion. Figures (a) and (b) are plotted for saturation pho-
ton numbers of one and five, respectively.

MAJOR BREAKTHROUGH IN -
TUNABLE SOLID-STATE LASERS

V. PETRICEVIC, S.K. GAYEN, AND R.R. ALFANO
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THE CrTY COLLEGE OF NEW YORK
NEw YORK, N.Y.

side a cavity. Much attention has been paid to enhanced
and inhibited spontaneous emission rates. Actually, cavity
effects are much more diverse, even for the simplest con-
figuration of a single atom transition. With cavity and
atomic loss included, the quantum dynamics of this cou-
pled system depend on the relative sizes of three parame-
ters: the atomic decay rate, the cavity decay rate, and the
coupling strength between the cavity mode and the atomic
transition. Work at the University of Arkansas seeks to
reach a global understanding of these dynamics.24°¢

Free-space behavior is recovered if the atom-field cou-
pling strength is much smaller than the atomic and cavity
decay rates. When it is not, the quantum statistics can dif-
fer markedly from free-space resonance fluorescence. A
notable example of the possible behavior is the existence,
verified by Craig Savage at the Optical Sciences Center,*
of bimodal states of the intracavity field. This is a single-
atom version of absorptive optical bistability. Intracavity
resonance fluorescence, therefore, provides a quantized
version of a dissipative nonlinear dynamical system. It can
be used to study the relationship between linear micro-
scopic quantum mechanics and macroscopic nonlinearity,
including the important questions that surround the sub-
ject of quantum chaos.
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hromium-doped forsterite (Cr:Mg25i04) is a new

member'* of the expanding family of tunable solid-
state lasers.5"7 Forsterite is a member of the olivine family
of crystals and like alexandrite, and emerald is a naturaily
occurring gem. Laser action in Cr:forsterite has been ob-
tained for excitation by both the fundamental (1064 nm)
and the second harmonic (§32 nm) radiation from a Q-
switched Nd: YAG laser. The laser emission peaks at 1235
nm, and to date has been tuned over the 1167-1270 nm
wavelength range. In this review, a description of the spec-
troscopic and laser properties of forsterite laser crystal is
presented. '
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" Output energy of Cr:Mg25i04 laser as a function of in-
put energy for (a) 1064 nm pumping, and (b) 532 nm
pumping.

The room-temperature absorption spectrum of the crys-
tal is characterized by three bands.! For excitation with
light polarized along the b-axis of the crystal, these bands
span the 360~520 nm, 600-800 nm, and 850-1200 nm
range. The 600 to 800 nm band changes dramatically with
the polarization of the incident light, while the other two
bands exhibit little significant change. The room-tempera-
ture fluorescence spectrum extends from 600-1400 nm.

At liquid nitrogen temperature, the fluorescence spec-
trum breaks up into three components and exhibits sharp
line structures. The behavior of the fluorescence spectrum
gives an indication that more than one center may be in-
volved in the absorption and emission of radiation in this
crystal. This is further substantiated by the wavelength-
dependent fluorescence life-time of the crystal. The room-
temperature fluorescence lifetime for emission around 701
nm is 75 psec while for emission in the lasing region it is
15 psec.

Since the absorption spectrum of the crystal overlaps
with a significant portion of the emission spectrum, laser
action was obtained only in the infrared end, where the
absorption losses are minimum. The sample was placed at
the center of a stable resonator formed by two 30 ¢m radi-
us mirrrors. The mirrors were dielectric coated to transmit
the 532 nm and 1066 iim pump beams, and to have high
reflectivity in the 1150—1250 nm spectral range. Details of
the cavity configuration have been presented elsewhere.!3

The sample was longitudinally pumped both by the
1064 nm fundamental, and the 532 nm second-harmonic
radiation from a Q-switched Nd:YAG laser. Pulsed laser
action was readily obtained for both the 1064 nm and the
532 nm pumping at or above the respective thresholds.
The laser thresholds and slope efficiencies for the two exci-
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tation wave-lengths, 1064 nm and 532 nm, are shown in
the figure. The table summarizes and compares the char-
acteristics of laser emission for the two excitation wave-
lengths.

To date, continuous tuning of the Cr:forsterite laser has
been obtained over the 1167-1270 nm spectral range. A
single-plate birefringent filter is used as a dispersive ele-
ment in the laser cavity. Continuous wave laser operation
was achieved using a chopped cw Nd: YAG radiation.

The forsterite crystals were provided by K. Yamagishi of
Mitsui Mining and Smelting Co. of Japan. The research is
supported by Army Research Office, National Aeronau-
tics and Space Administration, Hamamatsu Photonics
KK, and City College of New York Organized Research.
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ROOM-TEMPERATURE OPERATION
OF THE CO: MGF: LASER

D. WELFORD AND P.F. MOULTON
SCHWARTZ ELECTRO-OPTICS INC.
CONCORD, MASS.

he Co:MgF: laser is a continuously tunable source

for the mid-IR covering, to date, the wavelength re-
gion from 1500 to 2300 nm at cryogenic temperature and
1750 to 2500 nm at room temperature. Laser operation
was first demonstrated by Johnson et al.! using flashlamp
excitation. Later work by Moulton resulted in the devel-
opment of both cw? and pulsed Q-switched? operation
using laser excitation. However, until recently, liquid-ni-
trogen?'? or thermoelectric® cooling were required for effi-
cient operation. This year, we reported the first room-tem-
perature, pulsed, normal-mode operation of the Co:MgF2
using laser excitation.’ At 2 10-Hz pulse-repetition-rate
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Continuous-wave laser operation of chromium-doped forsterite
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Room-temperature continuous-wave laser action in chromium-activated forsterite (Cr:Mg2Si04) has been achieved
for longitudinal pumping in a neatly concentric cavity by the 1064-nm radiation from a cw Nd: YAG laser. The laser
emission is centered at 1244 nm and has a spectral bandwidth of 12 nm. An output-power slope efficiency of 6.8% is
measured. The effective emission cross section is estimated to be ~1.1 X 10-1% ¢m?,

Chromium-doped forsterite (Cr:Mg.SiO;), a new
member of the family of tunable solid-state lasers,! is
emerging as a useful, important, and practical laser
system for operation in the near-infrared spectral re-
gion. Recently we reported room-temperature pulsed
lager action in this crystal for both 532- and 1064-nm
pumping.?% The laser emission peaks at 1235 nm and
is continuously tunable over the 1167-1345-nm spec-
tral range.® Successfully operated tunable solid-state
lasers such as alexandrite,” emerald,® Cr:GSGG,® and
other chromium-based crystals,! together with
Ti3+:Al1,0;,1° span quite a different spectral range of
660-1090 nm. Chromium-activated forsterite is
unique since it extends the spectral range further into
the near infrared to 1345 nm. The most remarkable
feature of the operating wavelength range of Cr:for-
sterite is that it lies near 1276 nm, a wavelength of zero
material dispersion. The practical implication for op-
tical communications is that the material dispersion
will be minimal for a source that emits in the vicinity
of this wavelength and hence would permit the maxi-
mum information capacity of the fiber to be exploited.
This laser’s spectral range also makes it suitable for
eye-safe ranging and remote sensing.

Consequently, the cw operatlon of such a promwmg
source of coherent radiation in the near infrared is of
technological importance. Although a number of
chromium-activated lasers have been operated in the
cw mode, none covers the spectral range spanned by
the Cr:forsterite laser. Successful pulsed operation
does not ensure cw lasing either, as has been found for
Nd:glass lasers. Room-temperature cw opetation of a
laser material, on the other hand, opens up the possi-
bilities of the laser’s being used in various oscillator
and amplifier configurations. In this Letter we i .-
port, for the first time to our knowledge, the room-
temperature cw laser operation of chromium-doped
forsterite in the near-infrared spectral region.

The experimental arrangement used for obtaining
cw laser action in Cr:forsterite is shown schematically
in Fig. 1. The sample was placed at the center of a
nearly concentric cavity formed by two 5-cm-radius
mirrors. The input mirror was dielectric coated to
transmit 70% of the 1064-nm pump beam and to have a
reflectivity of 99.9% over the 1200-1400-nm wave-
length range. The output mirror was similarly coated

01486-9592/89/120612-03$2.00/0

to have a reflectivity of 99% for the 1175-1250-nm
range and to transmit 20% of 1064-nm pump beam.
The single crystal of Cr:forsterite used in this study
was grown by the Czochralski method at the Electron-
ic Materials Research Laboratory of the Mitsui Min-
ing and Smelting Company, Ltd., Japan. The crystal
is26 mm X 6 mm X 30 mm rectangular parallelepiped
with the three mutually orthogonal axes oriented
along the a, b, and ¢ crystallographic axes of the crys-
tal. It contains 2.8 X 10!8 chromium ions per cubic
centimeter. The 6 mm X 6 mm end faces of the crystal
were broadband antireflection coated, such that the
reflectivity over the 1050-1250-nm spectral range was
less than 0.5%. The sample was sandwiched between
two copper blocks to facilitate dissipation of heat.
The 1064-nm radiation from a cw Nd:YAG laser
(Spectra-Physics Model 3460) was focused by a 75-
mm focal-length lens to pump the sample longitudi-
nally along its 30-mm path length. The pump beam
propagated along the ¢ axis and was linearly polarized
along the b axis of the crystal. The beam was chopped
at a duty factor (i.e., the ratio of the interval for which
the beam is blocked to that for which the beam is
open) of 9:1 to reduce heating effects. When the
pump beam was not chopped, the Cr:forsterite laser
operated at a 40% reduced power level, indicating the
effect due to local heating. The measurements re-
ported here were taken with a fixed cavity length cor-
responding to a cavity mode waist of 75 um. The
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Fig. 1. Schematic diagram of the experimental arrange-
ment for investigating cw laser action in Cr:forsterite: C,
light chopper; Fy, variable neutral-density filter; L, focusing
lens; M,, input mirror; M, cutput coupler; S, sample: F»,
1064-nm cutoff, Cr:forsterite laser light-transmitting filter;
M, monochromator; D, germanium or PbS detector.
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Fig. 2. Temporal behavior of the cw Cr:forsterite laser
emission over the entire duration of the pump pulse (scale: 1
msec/cm).
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Fig.3. Spectrum of the free-running cw Cr:forsterite laser.

waist of the pump beam at the center of the sample
was 70 ym.

The transmitted 1064-nm light was blocked by cut-
off filters. The output of the Cr:forsterite laser was
monitored either by a slow PbS detector or by a fast
germanium photodiode. A set of calibrated neutral
density filters was used for output-power slope effi-
ciency measurement. The spectrum of the free-run-
ning laser was recorded by a photodiode-lock-in-am-
plifier combination at the end of a 0.25-m monochro-
mator equipped with a 1000-nm biazed grating.

Quasi-cw laser operation was readily obtained for
pumping above the lasing threshold of 1.25 W of ab-
sorbed power. The laser output is polarized along the
b axis of the crystal. The crystal could be pumped by
a beam polarized along the a axis, but the emission
would still be polarized along the b axis. The time
evolution of laser output is duplayed in the oscillo-
scope trace shown in Fig. 2.

The spectrum of free-running cw Cr:forsterite laser
is shown in Fig. 3 for an absorbed pump power of 3 W.
The spectrum looks similar to that for the pulsed
mode; however, the peak is shifted from 1235 to 1244
nm and the bandwidth reduces to 12 nm compared
with 25 nm for the pulsed case. The shift of the center
wavelength is attributed to the transmission charac-
teristics of the output coupler used in the cw lasing
experiment. The reduction in spectral bandwidth in-
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dicates that a laser medium has to be driven harder for
cw operation than for pulsed operation.

The cw output power of the Cr:forsterite laser as a
function of the absorbed pump power was measured
for the cavity used in this experiment, and the data are
displayed in Fig. 4. The laser oscillation starts to
build up at an absorbed input power of 1.25 W. The
measured slope efficiency is 6.8%.

The experimentally obtained values of the absorbed
pump power at the threshold and the slope efficiency
together with known mirror reflectivities may be used
to estimate a number of key laser parameters. The
slope efficiency 5 is given by!!

1= O,TIALUT + L), (1)

where T is the total transmission of the cavity mirrors
and L is the cavity loss. Using the data in Fig. 4, we
obtain a value of 12.7% for L. This value of L should
be compared with the absorption losses of ~9% mea-
sured with a Perkin-Elmer Lambda 9 spectrophotom-
eter. The disagreement between the two values indi-
cates that additional small loss mechanisms, e.g., ex-
cited-state absorption and nonradiative relaxation,
are operative as well.

The threshold pump power depends on the cavity
losses and the effective emission cross section. An
expression relating these parameters for a longitudi-
nally pumped laser!? has been developed and is readily
applicable to the present system and experimental
conditions:

P = IEPsz(L + T)(02 + 1)
t" " 4or[t - exp(—al)]

(2)

where P; is the incident threshold pump power; ¢ is the
effective emission cross section; E,, is the energy of a
pump photon; w is the radius of the laser cavity mode
in the crystal; g is the ratio wp/w;, where w, is the
pump-beam radius; 7 is the lasing state hfetlme. ais
the pump-beam absorption coefficient; and ! is the
length of the crystal. We estimate a value of 1.1 X
10-!9 cm? for the effective emission cross section, using
the measured threshold pump power (absorbed), P,[1
— exp(—al)] of 1.25 W, the beam waist parameters
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Fig.4. Output power of the cw Cr:forsterite laser as a func-
tion of absorbed pump power.
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Table 1. Properties of cw Emission froma
Cr:Forsterite Laser
Property Value

Lasing wavelength (center) 1244 nm
Spectral bandwidth (FWHM) 12 nm
Lasing threshold (absorbed power) 125 W
Slope efficiency, n 6.8%
Threshoid inversion density, N, 2 X 107 ¢m =3

Effective emission cross section 1.1 X 10~¥c¢m?

quoted above, and a room-temperature fluorescence
lifetime r of ~15 usec. The value of the emission cross
section may also be determined from the radiative
lifetime and the emisston line shape. The radiative
lifetime in this calculation was approximated by the
fluorescence lifetime. However, care must be taken to
choose the fluorescence lifetime and line shape to be
used. This caution is warranted from the realization
that in Cr:forsterite more than one center is optically
active. In our earlier publications?-* we attributed
the entire emission in Cr:forsterite to radiative transi-
tions within the states of the Cr3t ion. However, our
subsequent investigations revealed that the emission
in the 1050-1400-nm range is the Stokes-shifted fluo-
rescence corresponding to the 850-1200-nm absorp-
tion band. It is these absorption and emission bands
that are effective in laser action in Cr:forsterite.5!*
These absorption and emission bands are attributed
to transitions within the states of a second center other
than Cr3*, which has tentatively been identified as
tetravalent-chromium ion (Cr**). The details of the
spectroscopic properties of Cr:forsterite, and the role
played by the two centers, are interesting and intrigu-
ing. However, they are outside the scope of this Let-
ter and will be presented in a forthcoming publication.

Both the emission line shape and the fluorescence
lifetime used in emission cross-section calculation
were measured by exciting the 850-1200-nm absorp-
tion band of the sample by 1064-nm radiation, thus
ensuring that only the emission from Cr** ions is taken
into account. The emission spectrum thus obtained
has been reported elsewhere®!3 and hence is not re-
peated here. The value of the emission cross section
was calculated by approximating the fluorescence -
spectrum mentioned above by a center wavelength
and an emission linewidth, The fluorescence lifetime
for 1064-nm excitation is 15 usec, which is the value
used for the radiative lifetime.

The value of the emission cross section obtained
from the emission lifetime and line shapeis 3.3 X 10~'*
cm?, a factor of 3 larger than that estimated from the
cw lasing threshoid condition, Eq. (2). This large dis-
crepancy may arise from two factors. First, there may
be substantial nonradiative relaxation, which will im-
ply that fluorescence lifetime is not a good approxima-
tion for the radiative lifetime used in the calculation.
Second, excited-state absorption may be operative.
The presence of such loss mechanisms has also been

suggested from the discrepancy in the values of cavity
loss discussed above.

From the emission cross section and threshold
pump power, we estimate the threshold population
inversion density from the threshold condition!!:

2oNl=L+T. &)

A value of 2 X 10" em~3 for the population inversion is
calculated. The key cw laser parameters are summa-
rized in Table 1.

The successful cw lasing of Cr:forsterite together
with its large fluorescence bandwidth promises high-
repetition-rate mode-locked operation (e.g., by syn-
chronous pumping) for generating ultrashort pulses in
the near infrared. Since large crystals may be readily
grown, various types of oscillator and amplifier design
are now possible.

We thank K. Yamagishi, H. Anzai, and Y. Yamagu-
chi of Mitsui Mining and Smelting Company, Japan,
for providing us the crystal used in this measurement.
The research is supported by the U.S. Army Research
Office, the National Aeronautics and Space Adminis-
tration, and City College of New York Organized Re-
search.
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Tunable, room temperature pulsed laser operation of a
chromium-doped forsterite laser for 1064-nm pumping is
reported. Using different sels of mirrors and a single bire-
fringent plate as the intracavity wavelength selecting ele-
ment, tunability over the 1167-1345-nm spectral range has
been demonstrated.

The practical utility of a vibronic solid state laser is deter-
mined, to a great extent. by the wavelength range over which
it can be tuned effectivelv  [Laser emission in the infrared is
of technological importance for eve safe ranging, remote
sensing, and optical communtcation. A number of chromi-
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Fig. 1. Schematic diagram «t the evperimental arrangement used

for wavelength tuning the Ur'torsterite laser: £y = 1064-nm trans-

mitting, visible blocking lilter. £ = pump beam blocking, laser

output transmitting filter: L = fiicusing lens, M, = back mirror; Mo =

output mirror; S = sample: T = hiretringent plate tuning element; M
= monochromator snd {) = detector.
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um-based tunable solid state lasers.! together with a
Ti?*:Al,0; laser.? span a spectral range of 660-1090 nm. A
chromium-activated forsterite laser-* is unique since it ex-
tends the tuning range further into the near infrared to 1345
nm. The most important feature of the tuning range of the
Cr:forsterite laser is that it lies around 1276 nm, a wavelength
referred to in the literature? as the “wavelength of zero
material dispersion.” We recently reported both the pulsed
and the cw laser operation of this crystal at room tempera-
ture.?-7 [In this Letter, we present the continuously tunable
operation of this laser over the 1167-1345-nm spectral range.

The room temperature flucrescence spectrum of Cr:for-
sterite covers the 680-1400-nm wavelength range. Laser
operation has been obtained in the low energy infrared end of
this fluorescence band.3-*> The absorption spectrum over-
laps most of the high energy end including the peak of the
fluorescence spectrum and inhibits laser action in that re-
gion3* The tunable operation to be presented here thus
spans only a fraction of the fluorescence spectrum.

The experimental arrangement used for wavelength tun-
ing the Cr:forsterite laser is shown schematically in Fig. 1.
The sample (S) was placed at the center of a stable cavity
formed by two 30-cm radius mirrors placed 45 cm apart.
The input mirror (M;) was dielectric coated to transmit the
1064-nm pump beam and to have a high reflectivity of 99.9%
in the 1150-1250-nm range, which decreased to 98.5% at 1270
nm. Three different mirrors were used as output couplers
{M3). The first mirror (output coupler A) had a reflectivity
of 98% for the 1200-1300-nm range, the reflectivity of the
second mirror (output coupler B) varied from 99% at 1150 nm
to 87% at 1200 nm, while that of the third (output coupler C}
varied from 99.8% at 1150 nm to 90% at 1200 nm. The left
and center curves presented in Fig. 2 were taken with the first
two of these output couplers. The tuning curve on the right
was obtained with another pair of mirrors: the input mirror
which had high transmission for the 1064-nm pump beam
and reflectivity of 39.9% in the 1275-1375-nm range and the
output mirror {output coupler D), whose reflectivity varied
from 96% at 1275 nm to 94.5% at 1375 nm with a maximum of
97% at 1320 nm.

The dispersive element used for frequency tuiming -ne
Cr:forsterite laser output was asingle birefringent crysialtine
quartz plate provided by Apollo Lasers. Inc. The plate wasa
30- X 31.75-mm rectangle, 513.4 um thick, with the optic axis
in the plane of the plate and parallel to the 30-mm side. The
plate was inserted in the cavity at the Brewster angle with
respect to the cavity axis, which is also the ray axis. The
tuning of the laser output was effected by rotating the tiited
plate about an axis perpendicular to its surface.

The single crystal of Cr:forsterite used in this study was
grown by the Czochralski method at the Electronic Materials
Research Laboratory of the Mitsui Mining & Smelting Co..
Ltd., Japan. The crystal is a 6- X 8- X 30-mm rectangular
parallelepiped with three mutually orthogonal axes oriented
along the a, b, ¢, crystallographic axes of the crystal. The
chromium-ion concentration in the crystalis 2.8 X 1013 cm~*.
The 6- X 6-mm endfaces of the crystal are broadband antire-
flection coated. such that reflectivity over the 1050-1250-nm
spectral range was <0.5%.

The sample was longitudinally pumped by the fundamen-
tal 1064-nm, 10-ns full width at half-maximum (FWHA{)
pulses from a @-switched Nd:YAG laser (Quanta-Ray DCR.
1) operating at a 10-Hz repetitionrate. The spatial profile of
the pump pulse was a Gaussian. The pump beam was linear-
ly polarized along the a-axis and propagated along the c-axis
of the sample. The 1064-nm beam was focused into the
center of the sample by a 50-cm focal length lens. The waist
of the cavity mode at the sample was ~225 um. The position
of the focusing lens was adjusted to optimize the overlap
between the pump beam spot size and the cavity mode waist
monitored by maximizing the laser output. The laser out-
put was analyzed by a 0.25-m monochromator equipped with
a 1000-nm blazed grating and monitored by a fast germani-
um photodiode.

The first proof of wavelength tunability was that for four
different output couplers, A, B, C, and D free-running laser
outputs were centered at 1235, 1200, 1192, and 1250 nm,
respectively.

With the birefringent plate inserted in the cavity, smooth
tuning was obtained and the resuit is displayed in Fig. 2.
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Fig. 2. Ratio of Cr:forsterite laser output (E.) to the absorbed pump energy (E,) as a function of wavelength. The curve in the center was
taken with output coupler A, the one to the left with output coupler 8.and the curve to the right with a set of mirrors coated for the 1273-1373-
nm range. The transmission characteristics of the mirrors and output couplers are described in the text.
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The venter curve taken with output coupler A shows the ratio
of the output laser energy to the absorbed input energy as a
function of wavelength. spanning the 1205-1268-nm spectral
range. At the peak of the tuning curve at 1220 nm, the
output laser pulse energy is ~7 uJ/pulse for an input ab-
sorbed energy of 0.9 mdJ/pulse.

The tuning curve on the left covering 1167-1206 nm was
obtained with output coupler B described earlier in the text.
The laser output peaks at 1200 nm with an energy per pulse
of 125 u.f for an absorbed input pulse energy of 1.9 mJ. This
order of magnitude larger output power for this output cou-
pleris attributed to its higher transmission (13% at 1200 nm)
compared with that for output coupler A (<2% over the
tuning range). The free-running output slope efficiencies
for the two output couplers, 21% for Coupler B compared
with 4% for coupler A, also reflect the same behavior. The
lasing threshold of 317 ad for output coupler B is a factor of
~3.5 higher than that for coupler A which is expected since
the cavity with coupler B is lossier than the one with output
coupler 4. and is consistent with the respective output slope
efficiencies. The tuning curve on the right was obtained
using a pair of mirrors coated for the 1275~1375-nm range.
It covers the 1236-1345-nm range. The output peaks at
1245 nm with an energy per pulse of 85 uJ for an absorbed
pump energy of 2.4 mJ. The free-running output slope
efficiency for this pair of mietrors was 12% with a lasing
threshold of 0.27 md. It should be noted that we have
obtained similar tunable operation for 532-nm and 630-nm
pumping as well.

In summary, we have demonstrated continuously tunable
operation of a Cr:forsterite laser over the 1167-1345-nm
spectral range. At the peak of the tuning curve at 1200 nm
an output of 125 uJ/pulse is obtained, with an output to
absorbed input energy ratio of 6.6%. A maximum output
slope efficiency of ~21% has been obtained so far.

We would like to acknowiedge K. Vamagwi, M Amaan
and Y. Yamaguchi of Mitsui Mining & Smeiting U tar
growing the forsterite crystal. Ralph Page of Apoilo Lasers,
Inc. for providing us with the birefringent plate used as the
tuning element in this study, and Y. Budansky for technical
help. The research is supported by Army Research Office
and National Aeronautics and Space Administration.
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LASER AND SPECTROSCOPIC PROPERTIES OF
CHROMIUM-ACTIVATED FORSTERITE

V. Petridevid, S. K. Gayen* and R. 8. Alfano
Institute for Ultrafast Spectroscopy and Lasers
Departments of Physics and Slectrical Engineering

City College of d¥ew York
New York, NY 10021

Abstract

Room~temperat''re Dpulsed laser action has Dbeen obtained in
chromium-2ctivated forsterite (Cr:Mg,3i0.) for doth 532-nm and (Cfd-nnm
cumping. free running laser emission in D2oth cases is centered i3t
1235 nm and has handwidth of - 30 nm. Slope efficiency zs nrigh as
22% has bdeen nmeasured. Using different sets of output mirrors and a
single Dbirefringent plate as the intracavity wavelengrn-seiecting
slement tunability over the 1167-1258 nm spectral range has been
demonstrated. Continuous~wave laser oper=-ion at room temperature
nas been obtained for 1064-nm pumping from 2 cw Nd:YAG laser. The
sutput power sicpe eofficiency s 5.3%. The gain cross section is
estimated ¢ be 1.1x107'° cm2. Spectiroscopic studies suggest :that the
laser action is due to a 'center' cthier than the trivalent chromiun
‘Cr?"), oresumably the tetravalsnt caromium {Sr*") in a Setranedrally
ccordinatad site.

I. INTRODUCTION

taambn T T DLAm

in chromium-doped forsterite [Cr:iMg,3id.; Tor Lotk 332
2xcitacion. ™" Laser emissicn is continuousiy I
1167~1268 nm spectral range,® with a potential for extending :he
tuning range beyond 1300 - nm. This wavelength range is of great
importance in optical communication and eye-safe ranging. The large
bandwidth of the laser emission promises generation of ultrashort
pulses through mode-locked operation, Large c¢rystals of chromium-
doped forsterite can be grown by C:zochralski method, which means that
this c¢rystal has a potential to be used as an amplifier medium in the
near infrared. Furthermore, the successful cw laser operation® of Cr
forsterite has the practical implication that various types of laser
and amplifier designs are possible.

On the other hand, spectroscopy of chromium-doped forsterite s
very unusual and intriguing. It is the first chromium-activated laser
crystal, to our knowledge, where the tetravalent chromium ion (Cr**)
in a tetrahedral site is presumably responsible for laser action in
the near infrared.’

In this paner we review the lasing and spectroscopic properties
of this new and important tunable solid-state laser crystal.

© 1989 American Institute of Physics
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II. CRYSTAL PROPERTIES AND SPECTROSCOPY

Forsterite is a member of the olivine family of crystals. A unit
cell of forsterite has four formula units in an orthorhombic structure
of the space group Pbnm. The unit cell's dimensions are: a=4.764,
p=10.223%, and c=5.99%. The Cr®* ion substitutes for the Mg?* ion in
two distinct octahedrally coordinated sites: one (M1) with inversion
symmetry (Ci) and the other (M2) with mirror symmetry (Cg). The
occupation ratio of the two sites by the Cr®* ion is M1:M2=3:2.

Both the single crystals of Cr:Mg,Si0. used for spectrcscopic and
laser experiments were grown by the Czochralski method at the
£lectrcnic Materials Research Laboratory of the Mitsui Hining and
Smelting Co., Ltd., Japan. The first crystal, referred to as sampls !
hereafter, is a 9mmx9mmxY4.5mm rectangular parallelepiped with the
three mutually orthogonal axes oriented along the o, ¢, z2nd a
crystallographic axes of the crystal. It contains 0.04 at . % of Cr
ions which is equivalent to a chromium ion concentration of 6.9x10'?
ions/cm?. The second crystal (sample 2) is a 6mmxbmmx3Cmm
rectangular parallelepiped with the three mutually orthogonal axes
oriented along the a, o, ¢, crystallographic axes of the c¢rystal. It
contains 2.8x10'* chromium ions per cm? The 6mmx6émm faces of the

crystal were broad-band anti-reflection coated,. such that the .

reflectivity over the 1050-1250 nm spectral range is less than 0.5%.
The room-temperature fluorescence and absorption spectra of

Cr:Mg,Si0. taken with sample 1 for E||b axis are shown in Fig. 1.
24 8
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00 . o]
300 900 1500
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Fig. 1. Absorption and fluorescence spectra of Cr:Mg,Si0, at rocom
temperature. Both the spectra were taken for E||b axis and excitation
along a axis. The thickness of the sample along a axis is 4.5 mm.

The room~temperature fluorescence is a broad dband covering the
wavelength range from 680-1400 nm. The absorption spectrum is
civicacterized by two broad baidy centered at. T40 nm and 460 nm,
attributed to the “A, » “T, and “A, + T, transitions, respectively, of
the Cr’* ion. The broad, weak :zbsorption band spanning the 850-1200
nm range is similar to the one observed in chromium-doped GSGG* and is
attributed to transitions ©between states in another center?',
presumably the tetravalent Cr*" ion in a tetrahedral site. This
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absorotion tand overlaps a significant portion of Cr:Mg,Si0., emission,
and inhibits laser action in that region.

The absorption and fluorescence spectra of the ‘center' in the
near infrared spectral region are shown in Fig. 2. The room-
temperature absorption spectrum is a double-humped band covering the
350-1200 nm wavelength range. The room-temperature fluorescence
spectrum, excited by 106U-nm radiation from a cw Nd:YAG laser extends

from 1000-1400 nm and peaks at 1140 nm. At liquid ~nitrogen
temperature both the spectra show a sharp zero-phcnon line at 1093 nm
followed by elaborately structured sidebands. The fluorescence

lifetime is 15 us at room-temperature and 20 us 2at liquid nitrogen
temperaturs.
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Fig. 2. Near infrared absorption and fluorescence spectra of Cr:Mg,Si0.
for 1064-nm execitation at rcom temperature {solid line) and liquid-
nitrogen temperature (broken line) for £||b axis.

III. PULSED LASE:? ACTION

The first laser experiments were conducted with sample 1 in a
stable cavity. Details of the cavity arrangement have been described
elsewhere.! The fundamental and the second harmonic emissions from a
Q-switched Nd:YAG laser operating at a 10-Hz repetition rate were used
for excitation of the near~infrared and the visible bands,
respectively. Pulsed laser action was observed for both the 1064-nm
and the 532-nm pumping“s’ at or above the respective thresholds of
1.25 md and 1.37 mJ of absorbed energy. The amplitude and duration of
the Cr:Mg,Si0, laser pulse, as well as its delay with respect to the
pump pulse, varied with the pulse-to-pulse energy fluctuation of the
pump pulses. However, for similar level of excitation and within the
time resolution of the experiment, there was no appreciable difference
in the delay between the pump pulse and the output laser pulse for
the two pump wavelengths. The spectra of the free-running
Cr:forsterite laser for both 1064-nm and 532-nm pumping peaked at
1235 nm and had FWHM of 30 nm and 27 nm, respectively. These facts
clearly indicate that the same 'center' is activg.in laser action for
both the S32-nm and 1064-nm excitations. For 532-nm pumping there is
a fast transfer of excitation from the levels directly pumped to the
lasing 1level. In case of 1064-nm pumping, the lasing level is
directly populated. The output power slope efficiencies were 1.8%
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for 1064-nm pumping and 1.43% for 532~-nm pumping,
losses in the cavity.

To improve the laser performance by reducing the losses anti-
reflection-coated sample 2 was used, and care was taken to overlap
the sump beam 2and cavity @mode accurately. The sample was
longitudinally pumped by the fundamental 1064-nm, 10-ns pulses from a
Q-switched Nd:YAG laser in a cavity similar to that used earlier. An
output power slope efficiency of 22% was obtained using an output
coupler having 87% reflectivity over the lasing region.

indicating high

IV. TUNABLE OPERATION OF FORSTERITE LASER

Tunable operation of Cr:forsterite laser has been obtained over
the 1167-1268 nm spectral range.® A single birefringent crystalline
quartz plate was inserted in the cavity at Brewster's zngle with
respect to the cavity axis as the intracavity wavelength-selective
element. Smooth tuning over the 1187-1268 nm spectral range was
obtained Dy rotating the tilted plate about an axis perpendicular =o
its surface and the result is displayed in fFig. 3.
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Fig. 3. The ratio of Cr:forsterite laser output (Ep) to the absorbed
pump energy (Ep) as a function of wavelength. The curve to the right
was taken with an output coupler having 98% reflectivity for
1200-1300 nm range, and one to the left with an output coupler with
reflectivity that varied from 99% at 1150 nm to 87% at 1200 nm.

At the peak of the tuning curve at 1220 nm, the output laser energy is
- 7 wd/pulse for an absorbed pump energy of 0.9 md/pulse.
tunable operation has been obtained for $32-nm pumping as well.

Iv -

Similar

CW LASER OPERATION

To obtain cw laser action in Cr:forsterite, sample 2 was placed
at the center of a nearly cincentric cavity formed by two S-cm radius
mirrors. The output mirrcr nad ~ 1% transmission for the 1175-1250
nm range. The 1064-nm radiation from a cw Nd:YAG laser was focused
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by a 75~mm focal length lens to longitudinally pump the sample along
the 30-mm path length. The pump beam propagated along the ¢ axis and
Wwas linearly polarized along the b axis of the crystal. The pump
beam was chopped at a duty factor of 9:1 to reduce heating effects.
When the pump beam was not chopped, the Cr:forsterite iaser operated
at 40% reduced power, indicating the effect due to local heating.

Guasi-cw laser operation was readily obtained for pumping above
the lasing threshold of 1.25 W of absorted power. The spectrum of
the free-running cw Cr:forsterite laser peaks at 1244 nm and has a
bandwidth of 12 nm.

25}

OUTPUT LASER POWER {mWw)

0 L —at s
0 ! 2 3 4 S
ABSORBED PUMP POWER (W)

Fig. 4. Output power of the cw Cr:forsterite laser as a function of
absorbed pump power.

The cw output power of the Cr:forsterite laser as a function of
the absorbed pump power is displayed in Fig. 4. The measured slope
efficiency is 6.8%. The experimentally obtained values of the
absorbed pump power at the threshold and the slope efficiency
together with known mirror reflectivities have been used to estimate a
number of key laser parameters. The round-trip cavity loss is
estimated to be 12.7%. The effective emission cross section is -
1.1x10"'%cm?, and threshold inversion density is 2x10'’ecm~%. Important
laser and spectroscopic properties of Cr:forsterite are summarized in
Table 1.




TABLE 1 Spectroscopic and i3ser properties of Cr:forsterite

Progerty. L ———eeo_VYalue e .

Major pump bands 850-1200 nm, 600-350 nm,
and 330-550 nnm

Fluorescence band 580-1300 na

Room temperature fluorescence lifetime 15 us

Cr-ion concentiration ~ 7x10'%ons/cm?
Lasing wavelength (z2enter) 1235 nm {pulseq)

1244 nm (cw)
Spectral bandwidth = 30 nm {(pulsed)

~ 12 nm (cw)
Slooe effiziency

223% {zulsed)

. 5.3% ‘ow)
Tuning rangs 1137-12433 pm
iffective emission sross section 11107 %0m2
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Abstract

Spectroscopic, quantum electronic
and laser characteristics of chromium-
doped forsterite (Cr:Mg2SiOy4) are
presented. Spectroscopic data suggest that
the lasing center in chromium-doped
forsterite is tetravalent chromium ion

(Cr4+), not the common trivalent
chromium (Cr3+).
Introduction
Chromium-doped forsterite

(Cr:Mg3Si0O4) laser has emerged as an
important member of the ever growing
family of tunable solid state lasers based on
chromium ion as the lasing center.1-3 Both
pulsed! and continuous-wave4laser
operation have been obtained for 532-nm,
629-nm, and 1064-nm pumping, and the
tuning range now covers the 1167 - 1345
nm range.5 This wavelength range covers
the region of minimum material
dispersion for optical fibers. Together with
the chromium-based lasers tabulated by
Caird et al.2, and more recently developed
chromium-doped crystals of Ca-
gallogermanate structure,3 lasers based on
chromium ion as the active center now
spar the broad spectral range of 695 - 1345
nm. The most interesting and
distinguishing feature of laser action in
Cr:Mg35i04 is that the lasing ion is not
trivalent chromium (Cr3+), as is the case
with the rest of the chromium-based

lasers. Available experimental data suggest
that the active ion is tetravalent
chromium (Cr4+). In this paper, we present
spectroscopic results which indicate that
the lasing ion is Cr4é+ and review the
properties of laser action in this crystal.

Spectroscopic Properties

Forsterite is a member of the
olivine family of crystals and is a naturally
occurring gem.  Single crystals of
chromium-doped forsterite have been
grown successfully using the Czochralski
method,6 as well as the laser-heated
pedestal growth (LHPG) technique.? The
general features of the absorption and
emission spectra of Cr:forsterite grown by
the two methods are similar. The
spectroscopic properties distinctly depend
on the growth atmosphere. In this work,
we present measurements performed with
Czochralski-grown crystals.

Earlier spectroscopic work8 on
chromium-doped forsterite was based on
the assumption that only trivalent
chromium (Cr3+) substitutes for the
octahedrally coordinated Mg2+ ions in
Mg25i04 host. There are two inequivalent
Mg2+ sites in forsterite, one with mirror
symmetry (Cs) and the other with
inversion symmetry (C;). Trivalent
chromium ion enters the mirror and the
inversion site in a ratio of 3:2. The
existence of Cr3+ ions in the two sites in
the ratio given above has been verified by

1-55752-111-5/89/82.00 © Optical Society of America
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EPR and ENDOR measurements as
well.9.10 OQur recent spectroscopic
measurements indicate that, in addition to
Cr3+ ijons in those sites, tetrahedrally
coordinated Cr4+ ions are also present in
the Czochralski-grown forsterite. Similar
conclusions have been reached for crystals
grown by LHPG method as well.7

The relative concentration of Cr3+
and Cré+ jons in Mg;SiO4 depends on the
growth atmosphere. By growing the crystal
in a reducing atmosphere the relative
concentration of Cr4+ jons can be reduced
and that of Cr3+ increased. We will
compare measurements on crystals grown
under standard conditions with those
grown in reducing atmosphere, and
attempt to identify the contributions from
different centers.

The absorption spectrum of
Cr:Mg,5i04 grown under standard
conditions (referred to as sample 1,
henceforth), for different orientation of
the crystal are shown in Fig. 1.

20 - T T T T T v —

ABSORBANCE
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0.0 %500 1000 1500

WAVELENGTH (nm)

Fig. 1 Room temperature absorption spectrum of
Cr:Mg2SiO4 grown under standard conditions for ail
three crystal orientations.

The spectrum is characterized by three
broad absorption bands sparining the near
ultraviolet to near infrared spectral
regions. At liquid nitrogen temperature,
the near infrared absorption band
spanning the 850 - 1150 nm range shows a
sharp zero-phonon line followed by an
elaborately structured sideband. The
absorption spectra depend strongly on the
polarization of the incident radiation with
respect to the crystallographic axes of the

host. In particular, the peak position of the
strongest band in the red-green spectral
region shifts considerably with the
polarization. Smaller shift has been
observed in the near infrared region as
well.

To distinguish between the
contributions from Cr3+ and Cr4+ ions to
the absorption spectra, we have
complemented the absorption spectrum in
Fig. 1 by the spectrum of sample 2, shown
in Fig. 2.

3.0 —

ABSORBANCE
@

Ellb

0.0

300 600 800 1000 1200
WAVELENGTH (nm)

Fig. 2 Room temperature absorption spectrum of
Cr:Mg2S5iO4 grown ina reducing atmosphere for two
different crystal orientations.

Sample 2 was grown in a reducing
atmosphere and contains mostly Cr3+ ijons
as compared to sample 1 which has both
the Cr3+ and Cr4+ centers. The near
infrared absorption band is almost missing
in the spectrum of sample 2, which
implies that the band is due to transitions
within the states of Cr4+ jon. We attribute
this band to absorptive transitions from
the 3A> ground state of the Crd+ ion to the
3T state.

For the visible and the near
ultraviolet absorption the contributions
from the two valence states cannot be
distinguished so easily. The absorption
due to Cr3+ and Cré+ jons overlap in these
spectral regions. To gain further insight,
we have analyzed both the spectra in
terms of Tanabe-Sugano formalism.11 We
have taken Cr3+ to be in octahedrally
coordinated sites and Cr4+ to be in
tetrahedrally coordinated sites.
Comparison of the predicted values of
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tetrahedral Cré4+ and octahedral Cr3+ in
forsterite with the measured values are
presented in Tables 1 and 2, respectively.
The values of crystal field parameter Dq
and Raccah parameters B and C are also
listed. The transition assignments in Figs.
1 and 2 follow from this analysis.

TABLE 1: Energy Levels of Crd+:Mg>5i04

Energy (cm-1)

Transition Measured Predicted
3A2-3T, 9,150 {9,150)
3A7-3T 15,430 15,150
3A,-I1E 15,875 16,245
3A93T) 26,810 26,800
3A7-1T, 28,735 28,700

8,750 (8,750)

3Ty—3A,

Predicted values are based on Tanabe-
Sugano diagram for tetrahedral Cr4+ with
parameters: B=970 cm-1, C=3,980 cm-1, and
Dg=915 cm-1. For bands whose position
vary with the polarization of the incident
light, average position (the centroid of
three bands marked 3T, in Fig. 1, for
example) is taken for this analysis.

TABLE 2: Energy Levels of Cr3+:Mg35i0O4

Energy (cm-1)
Transition Measured Predicted
4A,-4T> 15,100 (15,100)
4A,—2E 14450 14,600
4A73-2T 15,380 15,300
1A22T, 21,050 21,300
4A2949Ty, 21,500 21,780
4A24Tp 33,780 33,940
4Ty—4A, 11,100 (11,100)
2E —4A; 14,450 14,600
A T

Predicted values are based on the
Tanabe-Sugano diagram for octahedral
Cr3+ with parameters: B=695 cm-1, C=3,130
cm-1, and Dq=1,510 em-1.

The Tanabe-Sugano diagrams, with
transitions indicated, are presented in Figs.
3 and 4.
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Fig. 3 Tanabe-Sugano diagram for Cr4+ in
tetrahedral coordination. The values Dg=915 cm-!
and B=970 em-! were used to assign transitions shown
in Fig. 1 and listed in Table 1.
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Fig. 4 Tanabe-Sugano diagram for Cr3+ in octahedral
coordination. The values Dq=1510 em-! and B=695
cm-! were used to assign transitions shown in Fig. 2
and listed in Table 2.

The polarization dependence of the
absorption spectra may be explained in
terms of lower site symmetry of
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chromium ions invoking the polarization
selection rules. A detailed analysis of
polarization dependence of spectral

properties will be presented in a
forthcoming publication.
The fluorescence spectra of

Cr:forsterite taken for the Cré+-rich sample
(sample 1) are shown in Figs. 5 and 6, ard
that of sample 2 (mostly Cr3+-containing)
in Fig. 7.

2

FLUORESCENCE (arb.units)

1300
WAVELENGTH (nhm)

700 900 1100 1500

Fig. 5 Room temperature (thicker line) and liquid
nitrogen temperature (thin line) fluorescence
spectrum of Cr:Mg25i0O4 grown under standard
conditions for 488-nm cxcitation parallel to b axis.
The spectra were taken with PbS detector which
was not sensitive enough to detect the 692-nm zero-
phonon line and its sideband shown in the inset.
These features were resolved with a
photomultiplier tube with $-20 respounse.

The room temperature spectrum taken
with sample 1, excited by the 488-nm line
of Ar+ laser, is a broad band spanning 680 -
1400 nm range. At liquid nitrogen
temperature the spectrum breaks up into
three structured bands. The fluorescence
covering the 1100 - 1400 nm range is the
Stokes-shifted counterpart of the near
infrared absorption, and is attributed to

3T;—3A, transitions in Cr4+ ion. The
sharp zero-phonon line corresponds to
purely electronic i7ansition between the
3T2 and 3Astatcs and appears as a
prominent featuré in both absorption and
emission spectra. Near infrared room
temperature and liquid nitrogen
temperature absorption and fluorescence
spectra (fluorescence excited by 1064-nm

radiation) for E! | b axis are shown in Fig. 6.
Features displayed in Fig. 6 are completely
absent from the near infrared spectra of
sample 2.
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Fig. 6 Room temperature {(solid line) and liquid
nitrogen temperature (broken line) absorption and
fluorescence spectra (fluorescence excited by 488-nm
radiation) of Cr:Mg2SiO4 grown under standard
conditions for E | 1 baxis.

The sharp line at 692 nm observed at
liquid nitrogen temperature is tentatively
attributed to 2E—4A> transition (R-line) in
Cr3+ jons. This line, followed by a
structured sideband that extends to 750 nm
is also present in the fluorescence
spectrum of sample 2. These features are
shown as insets in Figs. 5 and 7.

2
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S00 1100 1500

Fig. 7 Room temperature (thicker line) and liquid
nitrogen temperature (thin line) fluorescence
spectrum of Cr:Mg>S$iO4 grown in a reducing
atmosphere for 488-nm excitation and E 1! b axis.
The spectra were taken with PbS detector which
was not sensitive enough to detect the 692-nm zero-
phonon line and its sidcband shown in the inset.
These features were resolved with a
photomultiplier tube with 5-20 response.
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The room temperature spectrum of
sample 2 extends only to 1200 nm, and
shows contribution from Cr3+ ions
predominantly.

The emission transitions for both
Cr3+ and Cré4+ ions are indicated in the
Tanabe-Sugano diagrams. Detailed
analysis of the emission spectra will be
presented in a forthcoming paper.

We have measured fluorescence
lifetime as a function of wavelength both
at room and liquid nitrogen temperatures
using streak camera coupled to a
spectrometer. The fluorescence lifetime for
Cré4+ emission in 1100-1400 nm range is 2.7

ys at room temperature, and 25 ps at liquid

nitrogen temperature. The 15 us lifetime
measured at shorter wavelengths,
characteristics of Cr3+ fluorescence, did not
change significantly at liquid nitrogen
temperature. Temperature dependence of
the fluorescence lifetime indicates
presence of strong nonradiative relaxation
for Cr4+ jons, which is not so prominent
for Cr3+ ions in this temperature range.

Laser Operation
L. Pulsed Laser Action

Laser experiments were conducted
with samples rich in Cr4+ in a stable cavity.
Details of the cavity arrangement have
been described elsewhere.l.3 The
fundamental and the second harmonic
emissions from a Q-switched Nd:YAG
laser operating at 10-Hz repetition rate
were used for excitation of the near
infrared and the visible bands,
respectively. Pulsed laser action was
observed for both the 1064-nm and 532-nm
pumping.l The amplitude and duration
of the Cr:Mg,SiOy4 laser pulse, as well as its
delay with respect to the pump pulse,
varied with the pump pulse energy
fluctuation. For similar level of excitation
and within the time resolution of the
experiment, no difference in the delay
between the pump pulse and the output
laser pulse for the two pump wavelengths
was observed.The spectra of the free-
running laser radiation for both the 1064-
nm and 532-nm pumping peaked at 1235
nm and had linewidth of 30 nm and 27

nm, respectively. These facts clearly
indicate that the same center is responsible
for laser action for both the 1064-nm and
532-nm excitations. For 532-nm pumping
there is a fast transfer of excitation from
the states directly pumped to the upper
lasing level. In case of 1064-nm pumping
the lasing level is directly populated.
Similar results were obtained for pumping
with the 629-nm radiation obtained by
stimulated Raman scattering of the 532-
nm radiation in ethanol. '

To improve the laser performance
sample 1 was anti-reflection coated such
that reflectivity over the 1050-1250 nm
range was less than 0.5 %. Attempts were
made to overlap the pump beam and the
cavity mode more accurately. The sample
was longitudinally pumped by 1064-nm,
10-ns pulses from a Q-Switched Nd:YAG
laser in a cavity similar to that used
earlier. Different sets of laser mirrors were
used. Summary of laser performance for
three different laser cavities is presented in
Table 3. Center wavelengths shown in
Table 3 differ for three different output
couplers since those have slightly different
wavelength-dependent transmission
characteristics.

TABLE 3: Summary of Laser Parameters
for Pulsed Laser Operation (1064-nm

pumping)
Output Coupling

Parameter 13% 2% 6%
Lasing 1200 nm 1235 nm 1250 nm
Wavelength
Free-running - 30 nm o
Bandwidth
Threshold 0.38mj 020mj 027 mJ
Abs. Energy
Slope 22.8% 51% 12.1%
Efficiency
Gain Cross 1.40 1.44 1.40
Section
(10-19 ecm2)

Output energy of the forsterite laser
as a function of absorbed pump energy for
three different output couplers is shown
in Fig. 8.
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Fig. 8 Output energy of Cr:Mg35iO4 laser as a
function of absorbed pump energy for 1064-nm
pumping and E | | b axis for three different output
couplers.

Using data from Table 4 we have
estimated the passive loss L of the
forsterite laser and calculated the laser gain
cross section. Passive (internal) loss L can
be estimated by taking the ratio of the
threshold pump energies for two different
output mirrors or taking the ratio of slope
efficiencies,12 assuming that

Emi~L+T; (1)
and .

ni~ Ti/(L+Ty),i=1,2 (2)
where T; is the output mirror
transmission. Loss L is then given by

L =(T2 - RnT1)/(Ren -1) (3)
where

Reh = Em2/Emm, (4)
or

L =(Ra - DT1T2/(T2 - RaT1) (5)
‘where

Ra=m/m. (6)

For various combinations of output " :

mirrors a value of 11% for L was obtained
by using both techniques.

Laser gain cross section shown in
Table 4 for three different output mirrors
was calculated using the expression13

2
ntphv pco,u(L-r~T)(a2+1)

" 41{1~exp(-al)][l-exp(-tp/t)]Epth

M

where 1pis the pump pulsewidth, hvp is

the pump photon energy, wy, is the cavity
mode spot size, L is laser internal loss, T is

the output mirror transmission, a=wp/wr,

where wp is the pump beam spot size, 1 is
the upper lasing level radiative lifetime

taken to be ~25 s, o is the absorption
coefficient for the pump radiation, 1 is the
length of the crystal, and Ep¢h is the
threshold pump energy incident on the

crystal.

II. Continuous-Wave Laser Operation

To obtain cw laser action a sample
of chromium-doped forsterite  (sample 1)
was placed at the center of a nearly
concentric cavity formed by two 5-cm
radius-of-curvature mirrors such that a

cavity mode waist was 75 pm. The output
mirror was dielectric coated to have ~1%
transmission for the 1175 - 1250 nm range,
and to transmit most of the 1064-nm
pump beam. The pump radiation from a
cw Nd:YAG laser was focused by a 75-mm
focal length lens to pump the sample
longitudinally along the 30 mm path
length. The pump beam was linearly
polarized along the b axis and propagated
along the a axis of the crystal . The beam
was chopped at a duty factor of 9:1 to
reduce heating effects. The waist of the
pump beam at the center of the sample

was measured to be 70 pm.

Quasi-cw laser operation was
obtained for pumping above the lasing
threshold of 1.25 W of absorbed power.
The measured slope efficiency was 6.8%.
The cw output power of the Cr:forsterite
laser as a function of absorbed pump
power is displayed in Fig. 9. Laser
operation was possible even when the
pump beam was not chopped, but at 40%
reduced output indicating losses induced
by local heating.

The spectrum of the free-running
laser output peaks at 1244 nm and has a
bandwidth of 12 nm.
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Fig. 9 Cutput power of the cw Cr:Mg28iO4 laser as a
function of absorbed pump power.

Using results obtained from Cw
lasing experiment several important
parameters can be estimated. From an
expression for the slope efficiency13

N =ApT/AL(L+T) (8)
where T is the total transmission of the
cavity mirrors, L is the internal loss, and
Ap and AL are pump and lasing
wavelengths, respectively, a value of
12.7% for L has been estimated. This value
is in reasonable agreement with the value

of 11% obtained from pulsed
measurements.
An expression similar to Eq.  (7)
2
rhv o, (L+T)a +1) o

Pth 4o'c[1~exp(-al)]

where Py, is the incident threshold pump
power, was used to calculate the gain cross
section from the CW measurements. A
value of 1.47x10-19 em2 was obtained, in
excellent agreement with the one obtained
from pulsed laser experiments. Both
values should be compared to the value of
1.98x10-19 c¢m?2 obtained from radiative
lifetime and lineshape measurements.
The discrepancy can arise from another
loss mechanism such as excited state
absorption.

From the gain cross section and
threshold pump power, the threshold
population inversion density was
estimated using the threshold condition:14

20Nl = L4T (10)
A value of 1.6x1017 cm-3 for the population
inversion was calculated.

The key continuous-wave laser
parameters are summarized in Table 5.

TABLE 5: Properties of cw Laser Operation

of Cr:Mg,5iO4 Laser
Property Value
Lasing Wavelength 1244 nm
Spectral Bandwidth 12 nm
(FWHM)
Lasing Threshold 125 W
(Absorbed Power)
Slope Efficiency 6.8%

Threshold Inversion 1.6 x 1017 cm-3
Density

Gain Cross Section 147 x 10-19 cm2

IIL. Tunable Operation of Forsterite Laser

Tunable operation of Cr:forsterite
laser has been obtained over the 1167 -
1345 nm spectral range,> extending the
tuning range of chromium-doped laser
crystals further into near infrared.
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Fig. 10 The ratio of Cr:Mg2SiO4 laser output (EL) to
the absorbed pump energy (Ep) as a function of
wavelength. The three curves correspond to the
three output couplers used in tuning measurements.

Three different cavities, with a
birefringent, single crystal quartz plate at

33



34

Tunable Solid State Lasers

Brewster's angle as the intracavity
dispersive element were used to obtain
smooth continuous tuning. The ratio of
the Cr:forsterite laser output to the
absorbed pump energy as a function of
wavelength is shown in Fig.10. The laser
output peaks at 1200 nm with an energy

per pulse of 125 pJ for an input absorbed
energy of 1.9 mJ. The scale changes for the
three curves arise from the differences in
transmissions of the output coupling
mirrors used in the three cavities.

Conclusion

Measurements of absorption and
emission spectra , as well as the
wavelength dependence of fluorescence
lifetime provides convincing evidence
that chromium ion may enter forsterite
(Mg25i0O4) host in more than one valence
states. Trivalent chromium (Cr3+) enters
substitutionally for divalent magnesium
(Mg2+) in two inequivalent octahedrally-
coordinated sites, while tetravalent
chromium (Cr4+) substitutes presumably
for Si4+ at tetrahedrally coordinated sites.
Of the two Cr3+ centers, the one with
mirror symmetry (Cs) is optically active
and accounts for a number of features in
absorption and emission spectra. The
absorption and emission due to transitions
within the states of Cr4+ ion overlap with
those within the states of Cr3+ ion. The
absorption and emission in the near
infrared spectral region between 850 and
1150 nm is primarily due to transitions
between the 3A3 ground state and the first
excited state 3Ty, of the Cr4+ ion. The four-
level, vibronic mode of laser operation in

Cr-doped forsterite feeds on 3T2—3A,
transition.

Chromium-doped forsterite is an
important laser in the near-infrared
spectral region. It can be operated both in
the pulsed and cw mode of operation and
is tunable over 1167 - 1345 nm range. The
large fluorescence bandwidth promises
ultrashort pulse generation through
mode-locked operation. Since large single
crystals can be easily grown, the crystal has
potential for being used as an amplifier
medium in the near infrared spectral
region.
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Abstract

Spectroscopic, quantum clectronic, and laser properties of chromium-doped forsterite
(Cr:Mg8i04) are reviewed. Spectroscopic data swggest that the lasing center in chromium-doped
forsterite is tetravalent chromium ion (Cr4+), not the common trivalent chromium (Cr3+). Pulsed,
continuous-wave, and tunable operation in the 1167-1345nm rcgion are presented.

Introduction

During the last 10 years tunable solid state lasers have emerged as an alternative to dye lasers. Dye
lasers have the advantage of high gain, low cost, and there are many dyes spanning the visible and near
infrared region. Many disadvantages of dye lasers such as toxicity, poor long term reliability, narrow
wavelength range, make dye lasers unsuitable for hospital, airborn, mobile, or spaceborn use. Tunable
solid state lasers are expensive to build and have lower gain coefficient. On the other hand, tunable
solid state lasers offer broad tunability range, higher reliability, compactness and long term stability.

Chromium-doped forsterite (Cr:MgySiO4) laser is an important member of the ever growing family
of -tunable solid state lasers based on chromium ion as the lasing center.!-3 Pulsed! and continuous-
wave4 laser operation have been achieved for 532-nm and 1064-nm.The tuning range now covers the
1167 - 1345 nm range.5 The most interesting and distinguishing feature of laser action in Cr:Mg,Si04
is that the lasing ton is not trivalent chromium (Cr3+), as is the case with the rest of the
chromium-based lasers, the active ion is tetravalent chromium (Créd+), ’

in this presentation, we review the spectroscopic and laser properties of chromium doped forsterite

S pectroscopic Properties

The spectroscopic properties of forsterite distinctly depend on the growth atmosphere since the
relative concentration of Cr3+ and Cré+ ions in Mg3SiO4 depends on the growth atmosphere. Growing
the crystal in a reducing atmosphere the relative concentration of Cr4+ ions can be reduced and that of
Crd+ increased. We will compare measurements on crystals grown by Czochralski® method under
standard conditions with those grown in reducing atmosphere, and attempt to identify the contributions
from different centers.

Earlier spectroscopic work? on chromium-doped forsterite was based on the assumption that only
trivalent chromium (Cr3+) substitutes for the octahedrally coordinated Mg2+ ions in Mg;SiO4 host.
There are two inequivalent Mg2+ sites in forsterite, one with mirror symmetry (C,) and the other with
inversion symmetry (C;). Trivalent chromium ion enters the inversion and the mirror site in 2 ratio of
3:2. The existence of Cr3+ jons in the two sites in the ratio given above has been verified by EPR and
ENDOR measurements.9.10 Our recent spectroscopic measurements indicate that, in addition to Cr3+
ions in those sites, tetrahedrally coordinated Cré4+ ions are also present in the Czochralski-grown
forsterite. Similar conclusions have been reached for crystals grown by LHPG method as well. 7

The absorption spectrum of Cr:Mg28i04 grown under standard conditions (referred to as sample 1,
henceforth), for different orfentation of the crystal are shown in Fig. 1. The spectra are characterized
by three broad absorption bands spanning the near ultraviolet to near Infrared spectral regions. The
absorption spectra depend strongly on the polarization of the incident radiation with respect to the
crystallographic axes of the host. In particular, the peak position of the strongest band in the red-green
spectral region shifts considerably with the polarization. Smaller shift has been observed in the near
infrared region as well. The polarization dependence of the absorption spectra may be explained in
terms of lower site symmetry of chromium jons invoking the polarization selection rules.

To distinguish between the contributions from Cr3+ and Cré4+ ifons to the absorption spectra, we
have complemented the absorption spectrum in Fig. 1 by the spectrum of sample 2 which was grown in a
teducing atmosphere, shown in Fig. 2. Sample 2 contains mostly Cr3+ jons as compared to sample 1
which has both the Ce3+ and Cr4+ centers. The near infrared absorption band is almost missing in the
spectrum of sample 2, which implies that the band is due to transitions within the states of Cré+ ion.

For the visible and the near ultravioiet absorption regions the contributions from the two valence
states cannot be distinguished so easily since the absorptions due to Cr3+ and Cré4+ jons overlap in
these spectral regions. To gain further insight, we have analyzed both the spectra in terms of Tanabe-
Sugano formalism. 11
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Fig. I Room temperature absorption specirum of
Cr:Mg2Si0O4 grown under standard conditions
for all three crystal orientations
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Fig. 2 Room temperature absorption spectrum
of Cr:Mg9SiO4 grown in a reducing atmosphere

for two different crystal orientations.

We have taken Cr3+ to be in octahedrally coordinated sites and Cr4+ to be in tetrahedraily coordinated
sites. Comparison of the predicted values of tetrahedral Cr4+ and octahedral Cr3+ in forsterite with the
measured values are presented in Tables | and 2, respectively. The transition assignments in Figs. |
and 2 follow from this analysis. ’

TABLE 1: Energy Levels of Cr4+:Mg2Si04 TABLE 2: Energy Levels ofCr3+:Mg2Si04

Energy (cm-1) Energy (cm-1),

Transition Measured Predicted Transition Measured Predicted
JA3T,y 9,150 (9,150) 17,47y 15,100 (15,100)
IA-3TYy 15.430 15,150 4A,2E 14,450 14,600
3A2tE 15,875 16,245 4A992T, 15,380 15,300
3A2-3T, 26,810 26,800 4A292T, 21,050 21,300
3A21TY 28,735 28,700 4A3-34T 1, 21,500 21,780
31T293A, 8,750 (8.750) 4A94T1p 33,780 33,940
4Ty 44, 11,100 (11,100)
C2E -34A, 14,450 14,600
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Fig. 3 Tanabe-Sugano diagram for Cré+ in
tetrahedral coordination.

Fig. 4 Tanabe-Sugano disgram for Cr3+ in
octahedral coordination.
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Predicted values given in Table | are based on Tanabe-Sugano diagram for tetrahedral Cré4+ with
parameters: B=970 cm-!, C=3,980 cm-!, and Dq=915 c¢m-!. For bands whose position vary with the
polarization of the incident light, average position (the centroid of three bands marked 3T, in Fig. I,
for example) is taken for this analysis. Predicted values shown in Table 2 are based on the Tanabe-
Sugano diagram for octahedral Cr3+ with parameters: B=695 cm-!, C=3,130 cm-1, and Dq=1,510 cm-1.
The Tanabe-Sugano diagrams, with transitions indicated, are presented in Figs. 3 and 4.

The fluorescence spectra of Cr:forsterite taken for the Crd+-rich sample (sample 1) are shown in
Figs. 5 and 6. The spectra for sample 2 (containing mostly Cr3+) are shown in Fig. 7. The room
temperature spectrum taken with sample 1, excited by the 488-nm line of Ar+ laser, is a broad band
spanning 680 - 1400 nm range. At liguid nitrogen temperature the spectrum breaks up into three
structured bands. The fluorescence covering the 1100 - 1400 nm range is the Stokes-shifted counterpart
of the near infrared absorption, and is attributed to 3T2 93 A, transitions in Cré+ jon. The sharp zero-
phonon linc corresponds to purely electronic transition between the 3T2 and 3A; states and appears as a
prominent feature in both absorption and emission spectra. Near infrared room temperature and fiquid
nitrogen temperature absorption and fluorescence spectra (fluorescence excited by 1064-nm radiation)
for ENlb axis are shown in Fig. 6. Features displayed in Fig. 6 are completely absent from the near
infrared spectra of sample 2. .
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Fig. 5 Room temperature (thicker line) and liquid Fig. 6 Room temperature (solid line) and liquid
nitrogen temperature (thin line) fluorescence nitrogen temperature (broken line) absorption and
spectrum of Cr:Mg28iO4 grown under standard fluorescence spectra (fluorescence excited by 488

conditions for 438-nm excitation parailel to b axis. nm radiation) of Cr:Mg25i04 grown under standard
° conditioas for E !I b axis.

The sharp line at 692 nm observed at liquid nitrogen temperature is attributed to 2E-4 A5 transition (R-
line) in Ct3+ ions. This line, followed by a structured sideband that extends to 750 nm is also present
in the fluorescence spectrum of sample 2. These features are shown as insets in Figs. S and 7.
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Fig. 7 Room temperature (thicker line) and liquid nitrogen temperature (thin line) fluorescence
spectrum of Cr:Mg28i04 grown in a reducing atmosphere for 488-nm excitation and E 11 b
axis. The spectra were taken with PbS detector which was not sensitive enough to detect the

692-nm zero-phonon line and its sideband shown in the inset. These features were resolved
with a photomultiplies tube with S-20 response.
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The room temperature spectrum of simple 2 extends only to 1200 nm, and shows contribution from
Cr3+ ions predominantly. The emission transitions for both Cr3+ and Cré+ ions are indicated in the
Tanabe-Sugano diagrams.

. We have measured fluorescence lifetime as a function of wavelength both at room and liquid
nitrogen temperatures using streak camera coupled to a spectrometer. The fluorescence .lifetime for Cré+

emission in 1100-1400 nm range is 2.7 us at room temperature, and 25 gs at liguid nitrogen
temperature. The 15 ps lifetime measured at shorter wavelengths, characteristics of Cr3+ fluorescence,

d.id not c.han.ge significantly at liquid nitrogen temperature. Temperature dependence of the fluorescence
lifetime rndlca.lcs presence of strong nonradiative relaxation for Cr4+ ions, which is not so prominent
for Cr3+ jons in this temperature range.

30

20 »

10

LIFETIME (microseconds)

o 100 200 300 400
TEMPERATURE (°K)
Fig. 8 Temperature dependence of the fluorescence lifetime of chromium-doped forsterite for

1064-nm excitation.
Laser Operation

I. Pulsed Laser Action

Laser experiments were conducted with samples rich in Cré4+ in a stable cavity. Details of the cavity
arrangement is shown in figure 9 and have been described elsewhere. 1.5

LASER
CAVITY

e

L Mi S MF

AN 'L} Nd: YAG LASER

F,
Fig. 9. Cavity arrangement for the forsterite laser

The fundamental and the second harmonic beams from 2 Q-switched Nd:YAG laser operating at 10-
Hz repetition rate were used for excitation of the near infrared and the visible bands. Pulsed faser
action was observed for both the 1064-nm and 532-nm pumping.! The amplitude and duration of the
Cr:Mg,8104 laser pulse, as well as its delay with respect to the pump pulse, varied with the pump pulse
energy fluctuation. For similar level of excitation and within the time resolution of the experiment, no
difference in the delay between the pump pulse and the output laser pulse for the two pump wavelengths
was observed. The spectra of the free-running laser radiation for both the 1064.-nm and 532-nm pumping
peaked at 1235 nm and had linewidth of 30 nm and 27 nm, respectively. These facts clearly indicate that
the same center is responsible for laser action for both the 1064-nm and 532-nm excitations. In case of
1064-nm pumping the lasing level is directly populated. Simitar results were obtained for pumping with
the 629-nm radiation obtained by stimulated Raman scattering of the $32-nm radiation in ethanol.
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To improve the laser performance., sample | was anti-reflection coated such that reflectivity over
the 1050-1250 nm range was less than 0.5 %. Attempts were made to overlap the pump beam and the
cavity mode more accurately. The sample was longitudinally pumped by 1064-nm, (0-ns pulses from a
Q-Switched Nd:YAG laser in a cavily similtar to that used earlier. Different sets of laser mirrors were
used. Summary of the laser performance for three different taser cavities is presented in Table 3.

TABLE 3: Summary of Laser Paramclers for Pulsed
Laser Operation (1064-nm pumping)

Output Coupling
Parameter 13% 2% 6%

Lasing 1200 nm 1235 nm 1250 nm
Wavelength :

Free-running - 30 nm -
Bandwidth

Threshold 0.38 mJ 0.20 mJ  0.27 m])
Abs. Energy 2
Slope 22.8% 5.1% 12.1%
Efficiency

Gain Cross 1.40 1.44 1.40
Section

(10-19 ¢m2)

Surface damage-of the Cr:forsterite laser crystal was observed for pumping energies greater than
4mJ, for Sns pulses, at 10Hz repetition rate, focused to 250pm radius spot.This corresponds to damage
threshold energy density greater than 63/cm2, for 5ns pulses. Therefore, a lem diameter laser pumped
forsterite rod can be used to generate high cnergy pulses in the joule range.

Output energy of the forsterite laser as a function of absorbed pump energy for three different
output couplers is shown in Fig. 10.

D

(@]

OUTPUT LASER ENERGY (I0-%)
N

o

0] | 2 S
ABSORBED PUMP
ENERGY (mJ)

Fig. 10 Output energy of Cr:Mg2SiO4 Jaser as a function of absorbed pump energy for
1064-nm pumping and E ' b axis for three different output couplers.

Using data from Table 4 we have estimated the passive loss L of the forsterite laser to be 11%, and
calculated the laser gain cross section.

Laser gain cross section shown in Table 4 for three different output mirrors was calculated using
the expressionl!? '

2
nthv Pn)L(I_,+'I')(a2+ 1)
g =
41:[1-exp(-al)] [l-exp(-tp/t)]E[, th

where 1p is the pump pulsewidth, hvp is the pump photon energy, ©p is the cavity mode spot size, L is
laser internal loss, T is the output mirror transmission, azwp/®y, where wp is the pump beam spot size,

1 is the upper lasing level radiative lifetime taken to be ~25 ps. « is the absorption coefficient for the
pump radiation, 1 is the length of the crystal, and Epp is the threshold pump energy incident on the
crystal.

445



Il. Continuous-Wave Laser Operation

To obtain cw las.er action a sample of chromium-doped forsterite (sample 1) was placed at the center
of a nearly concentric cavity formed by two 5-cm radius-of-curvature mirrors such that a cavity mode

waist was 75 pm. The output mirror was dielectric coated 1o have ~1% transmission for the 1175 - 1250
-nm range, and to transmit most of the 1064-nm pump beam. The pump radiation from a cw Nd:YAG laser
was focused by a 75.mm focal length lens to pump the sample longitudinally along the 30 mm path
length. The pump beam was linearty polarized along the b axis and propagated along the a axis of the
crystal . The beam was chopped at a duty factor of 9:1 to reduce heating effects. The waist of the pump
beam at the center of the sample was measured to be 70 um,

Quasi-cw Iaser operation was obtained for pumping above the lasing threshold of 1.25 W of
absorbed power. The measured slope efficiency was 6.8%. The cw output power of the Cr:forsterite
laser as a function of absorbed pump power is displayed in Fig. t1. Laser operation was possible even
:’hc",‘ the pump beam was not chopped, but at 40% reduced output indicating losses induced by local

eating. .
The spectrum of the free-running laser output peaks at 1244 nm and has a bandwidth of 12 nm.

125 F
00
75 r
50

25+

OUTPUT LASER POWER (mw)

0

0 ] 2 3 4 5
* ABSORBED PUMP POWER (W)
Fig. 11 Qutput power of the cw Cr:Mg28i04 laser as a function of absorbed pump power.

Using results obtained from CW lasing experiment, a value of 12.7% for L the internal loss has
been estimated!2. This value is in reasonable agreement with the value of 11% obtained from pulsed
measurements. The gain cross section was estimated to be 1.47x10°!%m2, in excellent agreement with
the value obtained from pulsed laser experiments. Threshold population inversion density was estimated
to be 1.6x1017cm-3. The key continuous-wave laser parameters are summarized in Table 4.

TABLE 4: Propertie§ of cw Laser Operation
of Cr:Mg1Si04 laser

Property Value
Lasing Wavelength 1244 nm
Spectral Bandwidth 12 nm
(FWHM)
Lasing Threshold 1.25 W
(Absorbed Power)
Slope Efficiency 6.83%
Threshold Inversion 1.6 x 1017 cm-3
- Density
°c Gain Cross Section 1.47 x 10-19 cm2

I1f. Tunable Operation of Forsterite Laser

Tunabte operation of Cr:forsterite laser has been obtained over the 1167 - 1345 nm spectral
range,3 using single crystal quartz birefringent plate, extending the tuning range of chromium-doped
laser crystals further into near infrared. The ratio of the Cr:forsterite laser output to the absorbed pump
energy 2s a function of wavelength is shown in Fig.12
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Fig. 12 The ratio of the Cr:forsterite laser output (Ef) to the absorbed pump energy (Ep)
as a function of wavelength. The three curves correspond to the three output couplers
used in tuning measurements.

Conclusion

Mcasurements of absorption and emission spectra , as well as the wavelength dependence of
fluorescence lifetime indicate that chromium ion may enter forsterite (Mg2SiO4) host in more than one
valence states. Trivalent chromium (Cr3+) enters substitutionally for divalent magnesium (Mg2+) in two
inequivalent octahedrally-coordinated sites, while tetravalent chromium (Cré4+) substitutes presumably
for Si4+ at tetrahedrally coordinated sites. Of the two Cr3+ centers, the one with mirror symmetry (Cy)
is optically active and accounts for 2 number of features in absorption and emission spectra. The
absorption and emission due to transitions within the states of Cr4+ ion overlap with those within the
states of Cr3+ jon. The absorption and emission in the near infrared spectral region between 850 and
1150 nm is primarily due to transitions between the 3A; ground state and the first excited state 3T, of
the Crd4+ ion. The four-level, vibronic mode of laser operation in Cr-doped forsterite feeds on 3Ty3—3A,
transition.

Chromium-doped forsterite is an important laser in the near-infrared spectral region. Table 5§ lists
the thermal and optical properties of forsterite and YAG crystals, which suggests that forsterite may be
developed in a reliable tunable source of radiation for the near infrared region. Forsterite can be
operated both in the pulsed and cw mode of operation and is tunable over 1167 - 1345 nm range. The
large fluorescence bandwidth promises ultrashort pulse generation through mode-locked operation.
Since large single crystals can be casily grown, the crystal has potential for being used as an amplifier
medium in the near infrared spectral region and to produce joule energy pulses .

Table S: Physical. T} 1 { Qptical P jes of F . I YAG C I
. ) Forsterite XAQ
Chemical Formula Cr:MgzsiOA Nd:Y3A150l2

Concentration (cm™?) ~3.6x 10'® 1.38 x 102°

Melting Point (°C) 1890 1970
Density (g/cm’) 3.22 ' 4.56
Moh's Hardness 7 8.5
Therma! Expansion Coeff. 9.5 x 10°¢ 8.0 x 10°°
Thermal Conductivity . 0.08 (@ 300°K) 0.13 (@ 300°K)
{(W/em®°K)

an/aT (°K'l) Not Measured"- 7.3z 10°¢
Emission Band=idth 1350 cm’! 6 cm™!
Stimulated emission 1.44 x 19°1? 6.5x10"'°
Cross Section {cmn-2)

Relaxation time of Terminal <10ps (Estimated) 30ns
Lasing Level

Radiative Lifetime 25us 550pns
Spontaneous Fluorescence 2.7ps ~230ps
Loss Coefficient 0.02 cm”! 0.002 cm™"

Index of Refraction 1.635 1.82 (@1.0pm)
a7 "
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% FEATURE: TUNABLE SOLID-STATE LASERS

Forsterite laser tunes

New laser crystal uses Cr**
as active medium, operates
pulsed or CW, and tunes
over the 1167- to 1345-nm
range.

Bu V. Petricevic. A, Seas.
and R. R, Alfano

Research in tunable solid-state la-

sers has been extensive in the 1980s,
prompted by the successful laser oper-
ation of alexandrite (Cr’ -doped
BeAl-O,) in 1979.1* The thrust of these
endeavors has been twofold: first to
look for new host materials for the
trivalent chromium ion (Cr’”), and
second to search for new ions that will
exhibit laser action in common host
crystals. {See LF World, fune 1990, p.
69. for a review of commercial tunable
solid-state lasers. —Ed.}

These etforts have been rewarded
bv the successful wavelength-tunable
laser operation of C£>~ in a number of
hosts,**3 by the discovery of a new
lasing ion, trivalent titanium (Ti*"),%7
as well as by "rediscovery” of tunable
phonon-terminated lasers based on
the divalent ions Ni*", Co?", and
V- &2

As a consequence of these research
efforts of the past ten years, tunable
solid-state lasers have emerged as an

V. PETRICEVIC is a research scientist, A.
SEAS is a research assistant, and R. R.
ALFANO is director of the Institute for
Ultrafast Spectroscopy and Lasers, Depart-
ments of Physics and Electrical Engineer-
ing, City College of New York, New York,
NY 10031,

INSTITUTE FOR ULTRAFAST SPECTROSCOPY AND LASERS

in hear-IR

Forsterite laser holds promise of suppluing tunable joule-level pulses.

alternative to dve lasers. Dve lasers
have advantages, such as high gain
and low cost. But compared to solid-
state lasers, dve lasers are often un-
suitable for hospital, airborne, mobile,
or spaceborne use because of their
toxicity, long-term unreliability, and
narrow tuning range.

The relative importance of tunable
solid-state lasers —despite their being
more expensive to build and charac-
terized by lower gain coefficients—
stems from their advantages com-
pared to dve lasers. Among these
advantages are broad tuning range,
high reliability, compactness {particu-
larly if they could be pumped by semi-
conductor diode lasers), and longer
operational lifetimes. These properties
make them suitable for' spaceborne
remote sensing, ranginyg, lidar, and
optical communications. ‘Tunable sol-
id-state lasers also have potential for

various medical, industrial, and basic

scientific-research applications.
Several tunable solid-state laser ma-

terials and their corresponding tuning

ranges are shown in Fig. 1. This article

describes the laser and optical proper-
ties of Cr-doped forsterite
(Cr:Mg:Si0,}—a new tunable laser
material that fills the spectral void in
the near-IR (see photo).

Properties of Cr:Mg,5i0,

Cr-doped forsterite has become an im-
portant member of the ever-growing
family of tunable solid-state lasers
based on the chromium ion as the
lasing center.!>?

Both pulsed and continuous-wave
(CW) laser operation have been ob-
tained for Cr-doped forsterite with
532-, 578-, 629-, and 1064-nm pump-
ing. The tuning range covers the spec-
tral range from 1167 to 1345 nm, thus
filling the void in the near-IR spectral
region. This wavelength range is of
technological importance because it
covers the region of minimal disper-
sion in optical fibers. Lasers based on
the chromium ion as the active cen-
ter—these include the chromium-
based lasers tabulated by Pavne and
others,’ the more recently developed
lasers based on Cr-doped crvstals of
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Introducing the HC220.

A complete photodetector
assembly for optical

lab research.

The Hamamatsu HC220 is an
economical tool ready to go to
work on the bench or in the field.
It can be used with light meters,
oscilloscopes and PCs with an
A-D card. A rugged housing con-
tains the silicon photodiode and
a built-in amplifier. The HC220
operates on =15V for output of
0-10V using a standard nine-pin
D-subminiature connector.

O Spectral range 190-1000 nm
QActive area2.4 X 2.4 mm

(J Response at peak .8V/nW

{J Electrical band width 10H2

(O Noise R.M.S. input current 10fa
() Basetine drift (20°-40°C) 3fa/°C
() Sensitivity Coefficient 0.1%/°C
{0 Standard ¥4” threaded mount
*$395 complete when using Visa or
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FIGURE 1. Tuning ranges for common
broad spectrum.

others,’ the more recently developed
lasers based on Cr-doped crystals of
calcium gallogermanate structure,! as
well as those based on the Cr-doped
YAG crystal,’—now span the broad
spectral range of 695 to 145G nm.
The most interesting and distin-
guishing feature of laser action in
Cr:Mg;Si0, is that the lasing ion is not
trivalent chromium (Cr’7), as is the
case with other chromium-based la-
sers. Available experimentat data sug-
gest that the active ion in this crystal is
tetravalent chromium (Cr'*"). There-
R PR pﬂﬁ:“

§

BTN N o

%

- s e e

ERLRAL -, S

~agg

tunable solid-state laser materais cocer a

fore, Cr:MgsSiQ; is the first laser crvs-
tal in which the laser-active center is
identified as Cr'~."*!¥ As of this writ-
ing, Cr:YAG is the onlv other laser
medium in which tetravalent chromi-
um is the ion responsible for laser
action.

Single crystals of Cr-doped forster-
ite used in our spectroscopic and laser
experiments have been grown by the
Czochralski method. The trivalent
chromium ion enters as a substitute
for Mg?~ in two inequivalent sites:
one with inversion (C,) and the other

A —'_. . n
Forsterite Nd:YAG

Chemical formula Cr:Mg,Si0, Nd:Y,Als0,,;
Concentration (cm~3) ~3-6 x 10" 1.38 x 109
Meiting point {°C) 1890 1970
Density (g/cm’) 3.22 4.56
Moh’s hardness 7 8.5
Thermal expansion coefficient 9.5 x 1078 8.0 x 10°¢
Thermal conductivity (W/emK}) .- 0.08 (300 K) 0.13 (300 K)
537 (K" -, ’snot measured . 7.3 x 10°¢
Stimulated emission cross % F

section (em~?) * 144 x 10°" 6.5 x 107"
Relaxation time of terminal

lasing level <10 ps (estimated) 30 ns
Radiative iifetime 25 ps 550 ps
Spontaneous fluorescence 27 us . 230 ps
Loss coefficient 0.02 em™! 0.002 cm ™!
Index of refraction 1.635 1.82 {@1.0 pm)
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FIGURE 2. The eutput energy of the
Criforsterite laser as a function of absorbed
pump energy varies tor three different
output couplers.
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with mirror (C.) symmetry. In addi-
tion to Cr’~ ions in those sites, tetra-
hedrally coordinated Cri~ ions are
also present in Czochralski-grown for-
sterite. The relative concentration of
CrP~ and Cr'~ ions in Mg,SiO; de-
pends on the growing atmosphere.
Growing the crystal in a reducing at-
mosphere allows the relative concen-
tration of Cr'~ ions to be reduced and
that of Cr'~ to be increased.
Spectroscopic measurements per-
formed on Cr:Mg.SiO; crvstals grown
under standard conditions (in an oxi-
dizing atmosphere) and those grown
in a reducing atmosphere include
measurements of absorption spectra,
fluorescence and excitation spectra,
and lifetime measurements asa func-

tion of temperature.' The BeamView Series of laser diagnostics systems makes
The results of these measurements it three times easier to choose the right portable stand-alone

provide convincing evidence that profiler for your specific real-time diagnostic needs.

there are at least three inequivalent . . . .

optically active centers in Cr-doped Big Sky Software is committed to providing the largest selec-

forsterite: trivalent chromium (Cr’~) tion of beam diagnostics systems backed by the best expertise

occupies two octahedrally coordinated and support availabie to meet your cost and performance

sites, while tetravalent chromium requirements. Before you choose a diagnostics system, call us

pas 4= !
(Cr’ hsubstitutes for siicon (51 )W a || a1 (406) 586-0456 or write lo 8ig Sky Software, PO. Box 3220,

Cr*~ that gives Cr-doped forsterite Bozeman, MT 59772-3220.

many unique and important proper-
ties. Lack of inversion symmetry at

the tetrahedral site makes transition B'G SKY SOFTWARE CO%&ORATION

stren§ths of Cr'~ stronger than those

of Cr’~, and spectral features of Cri- INTERNATIONAL REPRESENTATIVES

are dominant in the spectra. FRARCE: Phoionancs DHOLAND: 4G Eiecro-Ooecs. LID My fucau
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E /Ep
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FIGURE 3. The ratio of the Cr:forsterite laser output 1E;) to the absorbed pumnp
evergy (Epi is plotted as a function of watvelength,

hedral Cr'~ has three broad spin-al-
lowed absorption bands that can be
pumped efficiently for laser operation.
This property is particularly important
for flashlamp-pumped operation. The
Cr'” ion in a tetrahedral position is
chemically stable because of high co-
valency with the surrounding oxvgen
ions.

The physical properties of Cr-doped
forsterite also appear to be promising.
Table 1 compares physical, thermal,
and optical properties of forsterite and
Nd:YAG crystals. The broad emission
bandwidth suggests that Cr-doped

forsterite may be developed as a reli-
able tunable source for the near-IR
spectral region.

Modes of laser operation

Pulsed laser operation was obtained
with samples rich in Cr*~ in a stable
cavity. Details of the cavity arrange-
ment have been described else-
where.?? Pulsed laser action was ob-
served for both 1064- and 532-nm
pumping. The spectra of the free-

running laser radiation for both the -

1064- and 532-nm pumping peaked at
1235 nm and had linewidths of 30 and

Lasing wavelength (center)
Spectral bandwidth
Slope efficiency

Tuning range

Gain cross section

Table 2. Spectroscopic wiwi! Risd- 3
Cr:Mg,SIi0, ¢ b irfneumWt al BT fntiven 3
Property Value
Major pump bands 850-1200 nm

600-850 nm

350-550 nm
Fluorescence band €80-1400 nm
Room-tempersture fluorescence lifetime =3 ps

1235 nm {puised)
-1244 nm (W)

30 nm (pulsed)
12 nm (CW}

23% (pulsed)
38% (CW)

1167-1345 nm

~145 x 10~ "em?
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8 TUNABLE SOLID-STATE LASERS

27 nm. respectively. Highest slope ef-
ficiency obtained to date is 23% for
[Ad-nm pumping, with an output
nurror” having 139 transmission  at
1200 nm. Output energy of the forster-
ite laser as a function of absorbed
pump epergy for three different out-
put couglers is shown in Fig. 2.

Surface damage of the Cr:Mg:SiO,
crvstal was observed for pumping en-
ergres greater than 4 mj of energy
incident on the crvstal. for 3-ns
rulses. at 10-Hz repetition rate, fo-
cused to a 230-mm radius spot. This
corresponds to damage-threshold en-
ergy density greater than 6 |.cm- tor 3-
ns pulses. which means that a [-cm-
diameter laser-pumped forsterite rod
can be used to generate pulses of
energy in the joule range.

CW laser operation was obtained
using 1064-nm radiation from a CW
Nd:YAG laser as the pumping
source.’” The lasing threshold was
1.25 W of absorbed power. The mea-
sured slope efficiency was 6.8%. The
spectrum of the free-running laser
output peaks at 1244 nm and has a

1
3
]
0.8F 1
8 o5}
-]
£
Q
304}
L
0.2F
0 R
700 900 1100 1300
Wavelength (nm)
FIGURE 4. Abserption spectrum of

water 11-om pathlengty changes sigmfi-
cantly over the tunable regen of the
Cr:forsterite laser.

bandwidth of 12 nm. Recently, we
have measured slope efficiency as
high as 38% for CW operation, and
limiting slope efficiency that may be
obtained if all passive losses are elimi-

nated is estimated to be greater than
63%.71

Tunable operation of the Cr-forster-
ite laser has been demonstrated over
the 1167~ to 1343-nm spectral range.™
A birefringent single-crystal quartz
plate at Brewster’s angle was used as
the intracavity dispersive element.
Three different output mirrors with
transmission in adjacent wavelength
ranges were used to cover the tuning
range. The ratio of the laser vutput
energy to the absorbed pump energy
as a tunction of wavelength is shown
in Fig. 3. Some of the important spec-
troscopic and laser parameters of
Cr:\Mg:5i0, are listed in Table 2.

Cr-doped forsterite is the fasis of a
new solid-state laser tunable in the
near-[R spectral range.”” and other
Cr!~-doped crvstals are under devel-
opment.™ The tuning range ot Cr-
doped forsterite covers the 1cid spec-
tral region. which is not bv anyv other
tunable solid-state laser (excluding
color-center lasers).

Potential medical applications are.
interesting because the absorption

FORSTERITE

New Crystal For Solid-State Lasers
Fills Spectral Void In Near-Infrared

Discover the special properties unique to chromium-doped Forsterite (Mg25104), an important new
crystal for tunable solid-state lasers.

*  Forsterite’s tuning range covers the 1167 to 1345 nm spectral range, filling a serious void that

"~ bad existed in the near-infrared spectral region. The significance of this wavelength range is
underscored by the fact that it covers the region of minimal dispersion in optical fibers, and 1s
important for semiconductor characterization, eye-safe ranging, optical communications,
medical, industrial and scientific research.

Forsterite’s Tetrahedral Cr** characteristic, with three broad spin-allowed absorption bands
sp g ;)vcr vistble- and near-infrared, makes for efficient pumping by many commercially
available lasers.

Mediscience Techaology Corporation
Forstenite Division

14 East 60th Street, Suite 407

New York, NY 10022

Tel: 2[2; 980-8899

Fax: %212 980-9552

For further information, please contact:

Mediscience Technology Corporation is the sole agent in North America for the Forsterite laser crystals
manufactured by Mitsus Mining & Smeiting Co. Lid. of Tokyo, Japan.
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spectrum of water changes significant-  Cr:forsterite laser may find use in has the potential for generating ultra-
lv within the tuning range of the medical applications. short pulses through mode-locked op-
Cr:forsterite laser (see Fig. 1). By When used in conjunction with a eration. Because large crystals can be
changing the wavelength of the laser titanium-doped sapphire laser. the Cr-  easily grown, Cr-doped forsterite
radiation, the penetration depth of doped laser may cover nearly the crystal has the potential to be used as
radiation into an absorbing sample whole visible range (using second- anamplifier medium to produce joule-
can be controlled. Because water is harmonic generation) and the near-[R  energy pulses. _
one of the major components of bodv  region up to 1350 nm. The large fluo-
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The nonradiative transition dynamics between the excited "T: state and the metastable *E storage state of the trivalent
chromium ion in emerald is investigated using the picosecond excite-and-probe absorption technique. An intra-*T, state
vibrational relaxation time of 23 ps. and a ‘Tz ~ E electronic relaxation time of 20 ps are obtained. The thermal repopulation
rate of the "Tz state from the metastable E level is ~9.0x10° s~

1. Introduction

Emerald [Cr®*: Be,Al,(SiO;)¢]. a trivalent
chromium-activated beryl, is one of the first
room-temperature, frequency tunable laser crystals
[1-4] which stimulated the recent surge in vibronic
solid state laser research. Emerald, like alexandrite
{1) operates in a four level, phonon terminated
mode and exhibits gain over a 695-835 nm wave-
length range. Its broad fluorescence bandwidth,
together with a high gain cross section [2] and a 65
ps room temperature fluorescence lifetime [5] make
emerald an excellent candidate for high power,
Q-switched or mode-locked operation. Recently,
highly efficient quasi-cw laser operation has been
achieved in emerald over the 720-842 nm tuning
range, with 2 maximum output of 1.6 W at a
pump power of 3.6 W at 647.1 nm [6]. Although
the spectroscopic {5-8} and laser properties [2,3]

of the chromium ton in emerald are well docu- .

mented, there is a lack of time-resolved experi-
mental investigations of the nonradiative relaxa-
tion processes among the states involved in laser
action in this system. Theoretical effort has in-
volved analysis of emerald absorption, emission

and thermal quenching of lifetime data using a
single configuration coordinate model to investi-
gate the temperature dependences of nonradiative
transitions [9]. Knowledge about various loss
mechanisms is crucial for better understanding the
vibronic laser action, as well as for the fabrication
of future generations of tunable laser cryslals.
Recently, we have investigated [10-13] by picosec-
ond time-resolved spectroscopy the kinetics of
nonradiative transitions among the excited pump
states and metastable storage levels in a number
of transition-metal ion-doped crystals: alexandrite,
ruby and Ti** : A1,0. In this paper, a picosecond
excite-and-probe absorption study of nonradiative
transition dynamics in emerald is presented.
Emerald is an intermediate field Cr3*-based
crystal characterized by broad band *T, — ‘A,
fluorescence. Its absorption spectrum consists of
two broad bands at 640 and 420 nm attributed to
the A, > 4T, and ‘A, - *T, transitions of the
Cr'* ion, respectively. These broad bands serve as
pump bands for optical excitation. Optically ex-
cited T, and *T, states relax fredominamly via
nonradiative transitions to the “E stale. Since the
?E — ‘A, transitions are both first-order spin- and

0022-2313,/91,/%$03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)
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parity forbidden, the ’E level has a longer lifetime
and is metastable. The ’E — *T, energy gap in
emerald [5] is only 400 cm™' compared to 2300
cm™! in ruby and 800 cm™! in alexandrite. This
smaller energy gap allows significant thermal re-
population of the “T, state from the ’E at room
temperature. The metastable 2E state thus acts as
a storage level for vibronic transitions from the
“T, state to the vibrational levels of the ‘A, ground
state.

The kinetics of intra-*T, vibrational transitions,
the *T, — 2E electronic transition, and the “E —
“T, thermal repopulation have been investigated in
our study. Higher-lying vibrational levels of the
“T,-state are excited by a picosecond pump pulse,
and the subsequent nonradiative transition dy-
namics is investigated by monitoring the time
evolution of the optical absorption of an infrared
picosecond probe pulse from the excited states. In
section 2, we present a brief description of the
experimental scheme, followed by an overview of
the experimental results. A model for induced
absorption in emerald and similar crystals is out-
lined in section 3. The model uses a simplified
energy-level diagram for Cr>* ions in beryl, where
the states directly involved in laser action are
considered. The metastable storage level is as-
sumed to be constituted of both the *E and the
T, level, a justified assumption since the two
states are strongly coupled [5]. Under this assump-
tion, the model ascribes the induced absorption to
transitions from both the pump and the storage
levels, and estimates the instantaneous population
in the excited states from rate equations governing
the population kinetics. The key nonradiative re-
laxation parameters for emerald obtained from a
fit of the experimental data to this model are
presented. The relaxation rates and decay times
for emerald are then compared to those for similar
tunable laser crystals. .

2. Experimental arrangement and result

The experimental arrangement uses a frequency
doubled 5 ps 527 nm pump pulse derived from a
passively mode-locked Nd : glass laser to excite the
higher-lying vibrational (HLV) levels of the *T,

state. Nonradiative relaxation of HLV levels re-
sults in a growth of the population in the zero
vibrational level (ZVL) and lower-lying vibra-
tional (LLV) levels of the *T, state, as well as in
the metastable “E state. This time evolution of the
population is monitored by an infrared picosec-
ond probe pulse which may be wavelength tuned
from 2 to 5 pm. The probe pulse is generated by
parametric amplification in a pair of LiNbO,
crystals using a fraction of the same 1054 nm
pulse that generates the pump puise. Infrared
transmission measurements are used to select the
probe wavelength in such a way that the host and
ground-state probe absorption is a minimum.

The experimentally measured quantity is the
change in the optical density (OD) of the probe
pulse, which for a given pump-probe delay time 1.
is given by

AOD(¢) = log[(1,/1)u/(1./1.)p], (1)

where I /I, is the transmitted probe-pulse inten-
sity normalized with respect to the intensity of the
probe pulse, and u and p stand for the unpumped
and pumped conditions of the sample, respec-
tively. The normalization of the probe-pulse inten-
sity (I,) with respect to the probe-pulse intensity
before the sample (I,), measured by picking up a
fraction of the probe pulse with a beam-splitter—
detector combination, is necessary to account for
the pulse-to-pulse energy fluctuation. To improve
the signal-to-noise ratio, the normalized probe in-
tensity is averaged over ten laser pulses for each
value of the delay time. The kinetics of excited
state transitions is studied by measuring AOD(¢)
as a function of pump-probe delay time. Details
of the experimental arrangement, detection
scheme, signal averaging and processing technique
have been reported elsewhere [10]. )

The hydrothermally grown emerald crystal used
in this experiment was obtained from Vacuum
Ventures, Inc. It contains 0.29 wt% Cr3* which is
equivalent {7] to a chromium-ion concentration of
8.9 X 10" cm™>. The value for the €r** ion con-
centration is comparable to the valuerof 9.2 x 10"
cm”? in emerald samples used in- flashlamp-
pumped laser experiments [2]. The sample is a
rectangular parallelepiped, 9mm X 8mm X 5.5mm
in dimension. Induced absorption measurements
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Fig. 1. Time evolution of the optical density (a) at 3.9 pm. and
{b) at 2.16 um in the metastable (2E+3T,) state and the ZVL
and LLV levels of the *T, state of emerald at room tempera-
ture. The radii of the pump and the probe pulses at the sample
position are hoth .35 mm. Both the pump and the probe
pulses are linearly polarized parallel to the ¢, axis of the
crystal. Insets show the relevant energy-level diagrams of
emerald, and the pump. probe and relaxation transitions. The
zero lime is accurate within 5 ps. Size of a typical error bar is
shown. The solid curve in (a) is a computer (it to the experi-
mental data using the rate equations and relaxation rates
described in the text.

were taken along the 5.5 mm path length of the
sample.

The result of the present picosecond ‘excite-
and-probe absorption measurements in emerald at
room temperature showing the time evolution of
induced absorption at a probe wavelength of 3.9
pm is displayed in fig. 1(a). The probe wavelength
of 3.9 um was chosen carefully so that transitions
from the *E state ¢:;the vibrational levels of the
‘T, state are energelically possible, but the prob-
ability of transition from any HLV leve! of the 4T2
state to the 4T, state or any other higher-lying
state is vanishingly small. There is considerable
ground state and host absorption at this probe
wavelength which is accounted for using the
scheme detailed in section 3. The positions and

widths of the excited energy levels involved in the
probe-pulse absorption are determined from the
detailed excited-state absorption (ESA) spectra of
emerald investigated by Fairbank. Klauminzer and
Schawlow {8]. This accounts for the fact that the
ion may relax in the excited state. and so the
positions and widths determined from the ground
state absorption spectrum may be different from
those determined from the excited state absorp-
tion spectrum,

The terminal levels for probe transition which
originates in the 4Tl-state zero or lower-lying
vibrational levels have been taken to be the
higher-lying * T,-vibrational levels. The probability
for such multiphonon transitions within the vibra-
tional levels of the same electronic state is ex-
pected to be fow. However. the “T,-state (in gen-
eral. the excited states of Cr®* ion) contains per-
turbative admixtures of other states due to
crystal-field, spin-orbit and vibronic interactions.
Because of this mixing of wave functions the strict
selection rules are relaxed making transitions more
probable. In emerald. the static odd-parity crystal
field T,,xo and T,, odd vibrations are effective in
the mixing of states. The role of 'these two interac-
tions has been elucidated in the analysis of emerald
excited state absorption spectra by Fairbank et al.
[8]. These authors also calculated the contribution
of the spin-orbit interaction to the 2E—>2A2'
transition oscillator strength in ruby, found it to
be substantial. and predicted similar contributions
in emerald as well. The admixtures between par-
ticipating excited states in our study due to the
interaction is mentioned above, are expected to be
substantially higher. since, the energy denomina-
tors which appear in perturbation calculations are
smaller than those in the ESA study of Fairbank
et al. [8]. This is due to the fact that in our study,
the participating excited states are within energy
separations of a few hundred to a few thousand
wave numbers (cm™!), whereas ESA transitions
studied by Fairbank et al. are in the visible. hence,
the energy separations are more than ten thousand
wave numbers. Odd-parity crystal field and odd
vibrations relaxed the parity selection rule, and
the spin-orbit interaction relaxed the spin selec-
tion rule enabling transitions between excited
states involved in this case. In any reference to an
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exciled state, this small admixture of other states
will he implicit.

The AOD versus pump-probe time delay curve
is characterized by a 25 + 5 ps rise time (time for
the OD to grow from 10% to 90%) followed by a
multicomponent decay. The faster component has
a decay time (time for the OD to fall from 90% to
10% of the peak value above the flat region) of
65 + 10 ps. whereas the longer lifetime component
exhibits no appreciable change within the time
scale of this measurement.

The longer lifetime component of the decay
curve indicates that a quasnherma] equthbnum
has been reached between the “E and T, states.
Further depopulation of the excited state is ex-
pected to be predominantly due to radiative tran-
sition. Since. the room temperature fluorescence
lifetime of emerald is ~ 65 ps, no appreciable
change in the population is expected within a few
hundred picoseconds, consistent with the experi-
mental observation. The rise time and the decay
time for the faster component are dictated by the
intra-*T,-state vibrational relaxation ume. the T2

— 2E electronic relaxation time, and the *E — ‘T,
thermal repopulation rate.

Supporting evidence for our assignment of the
risetime primarily to the intra-*T,-state vibra-
tional retaxation has been obtained by extending
the measurement to a probe wavelength of 2.16
pm. The use of a second probe wavelength was
guided by the following considerations. First, a
2.16 pm photon is energetic enough to initiate a
transition from the pumped HLV levels of the *T,
state to the *T, state, which was not energetically
possible for a 3.9 pm photon. Second, the
Franck-Condon factor (FCF) for transition be-
tween the ZVL of the *E-state and HLV levels of
the 4T2-slate attainable by this probe photon is
expected to be vanishingly small. This follows
from the fact that the Franck-Eondon factor,
- [¢0}n)|? between the ZVL of one state and the
nth vibrational level of the other state has its
maximum value near n =A4%/2, where 4 is the
horizontal separation (in units of (A/Mw)'/?) be-
tween the potential energy curves of the two states,
and falls off rapidly as n changes from that value
[14]. An examination of the energy level structure
and spectra of emerald reveals that the maxima of

the excited state probe absorption will be expected
at around 3.9 pm. and that the absorption will be
negligible at a probe wavelength of 2.16 pm. Simi-
lar considerations apply for transitions from the
ZVL and LLV levels of the *T, state. Also. there
is no significant ground state or host absorption at
2.16 pm. All these factors lead to the expectation
that any change in optical density at this probe
wavelength wili be attributable primarily to transi-
tions from the populaled HLYV levels of the “'T: .
state to the levels of the T‘ state.

The room temperature time evolution of in-
duced absorption at 2.16 pm is shown in fig. 1(h).
The salient features of the curve are a resolution
limited sharp rise time followed by a 35 £ 10 ps
decay. The resolution limited rise time indicates
the increase of population in the pumped HLV
levels as long as the pump pulse is on. The 35 + 10
ps decay time reflects the vibrational relaxation
time of the pumped HLV levels. This relaxation
leads to the growth of the population in the ZVL
and I_LV levels of the “T; state, and subsequently
to the ’E state. The decay time of 35+ 10 ps
agrees with the 25 + 6 ps rise time of OD at 3.9
pm, and lends qualitative support to the assign-
ment of rise time to the vibrational relaxation of
pumped HLYV levels.

3. Induced absorption model

In order to obtain a more detailed understand-
ing of experimental results. as well as to extract
key nonradiative relaxation rates we introduce a
rate-equation model for excited state transition
dynamics. A simplified energy level structure for
the chromium ion in emerald is used. The state
that is optically excited is the *T, state with possi-
ble perturbative admixtures of other states as
mentioned earlier. The metastable storage level.
referred to as the ’E state, consists in fact of the
coupled “E and 2T, states [S]. The time evolution
of the optical absorption from the excited meta-
stable and *T, states following the excitation of
some HLV levels of the T, state is described by
the excited state absorption coefficient:

a.(1)=N(t)a, + Ny(1)o,, (2)
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4 A,

Fig. 2. Schematic dingram showing relevant transitions and

transition rates. for 3.9 pm probe absorption. The metastable

level is the coupled “E and " T, state. The rates and populations
are explained in the text.

where N, and N, are instantaneous population
densities (ions/cm') and o, and o, are cross sec-
ttons for probe absorption in the metastable state
and the “T, state, respectively. The transitions and
transition rates are shown schematically in fig. 2.
The population kinetics of the “T, and the E
states are governed by the following rate equations
dN
dr
d N,

T=kllNl_klZNl_kloNl' (4)

and

AN,
_a}- =kN+k|21V|_k21N2‘k20N2t (5)

where N(r) is the instantaneous population den-
sity in the *Ty-state HLV levels which are directly
excited by the pump pulse, P(z) is the pump
photon flux density (photons/cm’s), k is the in-
tra-T, vibrational relaxation rate, k,, is the ‘T,
— 2E electronic relaxation rate, k,, is the thermal
refilling rate of T, from ’E. ky and ky are
radiative transition rates from the E and 4T3
states, respectively. 8 =1 — exp(—al) is the frac-
tion of the pump photons absorbed by the*pi.np
volume of the sample, a is the ground-staiz ab-
sorption coefficient for pump pulse, and L is the
length of the sample.

Because the radiative lifetimes are of the order
of milliseconds to microseconds. the radiative
transition rates k,, and k,, are extremely small
compared to nonradiative rates. and may be ne-

= —kN+ BP(1). (3)

glected in the kinetics study of the first few
hundred picoseconds. The rate equations were
solved numerically using the fourth-order Runge-
Kutta method [15]. The temperal profile of the
pump pulse was taken as a Gaussian [16] of 5 ps
FWHM. The arbitrary constants in the solution of
the differential equations were determined from
the condition that initially populations in the ex-
cited states are zero. and the final condition that
at sufficiently large times the populations in the
*E and 4T1 states obey the Boltzmann distribution
law:

‘N.E h’l

= —é—l—exp(—AE/kBT). {6)

where g, and g, are the degeneracies of the meta-
stable and “T, states. respectively, AE is the
metastable level — *T,-state energy gap and kg is
the Boltzmann constant. As pointed out earlier in
this work, we have assumed after ref. {5} that the
*E and T, states are strongly coupled and that
they form the metastable storage level. Accord-
ingly. the degeneracy of the pump state. g, is
taken to be 12 and that of the metastable level. g,
to be (4 4+ 6)=10. The energy gap between the
pump band and the storage level is taken to be
400 cm ™! [5).

Experimentally. the change in the optical ab-
sorption of the probe pulse between the pumped
and unpumped conditions of the sample is mea-
sured as a function of delay time. This change for
delay time ¢, is given by,

AOD(14) = 0D, (14) — OD(14).

where the subscripts p and u stand for pumped
and unpumped conditions of the sample. In terms
of a population in different states,

AOD(1y) = [0,M,(14) + 0, N (14) + 0, N, (14)] L
~ Ny, L. (7)

where M, is the instaritaneous chromium ion den-
sity in the ground state, ¢, is the ground state
absorption cross section at probe wavelength by a
chromium ion, and N, is the total density of Cr**

ions in the sample. Now.

Ng(:d)=,vn—3f_'" P(1) dr. (8)
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Substituting (R) in (7) gives:
AOD( ¢ty ) =0y N (1) L + 0 Na(ty) L

- o, LB[" Ple)dr. (9)

Equation {9) would be the exact expression for
AOD. if the probe pulse were a deita function.
However. the duration of the probe pulse is com-
parable to that of the pump pulse and is of the
same order of magnitude as the relaxation times
under consideration. Hence, the expression in eq.
(9) has to be replaced by a corresponding expres-
sion involving the convolution of the probe pulse
with the system response, and will be of the form:

AOD(14) = A\ (1) + A3 (15) + B(1,4). (10)

where

fjc I(z—145) exp(—N,o, L) dt

-0

A,(zd)=-log =
f I(r) dt

bl ¢}

i=1.2, (11)

—x

fw I(l-ld)exp[BoSLj"’ P(!)dr] dt
S€3

B(1y)=—log poy
f I(t)de

(12)

and I(r) is the intensity of the probe pulse. The
background absorption due to the host alone, is
the same for both the pumped and unpumped
cases. Since, experimentally the change in optical
absorption is obtained from the ratio of trans-
mitted intensities for the pumped and unpumped
conditions of the sample, this contribution cancels
out. However. this will be true only if the probe
absorption due to the host is not bleached by the
pump pulse. Measurements of the probe transmis-
sion as a function of the pump pulse intensity
indicate no bleaching at the intensity levels used
in this experiment.

A fit to the experimental data to egs. (10)-(12)
assuming a Gaussian probe pulse [17] of estimated
3.5 £ 0.5 ps FWHM. and using the transition rates
k. k. and k, as well as the ratio o,/0, as
variable parameters is displayed by the solid line

in fig. 1{a). The transition rates k,, and k., are
not independently variable. but are related by the
Boltzmann condition:

kyy = (i_:)kll CXP(_%:]-

The values of the parameters obtained from the fit
are: k=4.4x10" 57"k, =51x10" s 'k,
=90x10°s ' and 0,/0, = 95. It was observed
that the fit is more sensitive to the sum k. + &,
than to k,. and k., independently. The individual
rates are estimated from the thermal equilibrium
Boltzmann condition.

4. Discussion

The present picosecond excite-and-probe ab-
sorption measurement together with the modet fit
yields a number of key relaxation times. The
vibrational relaxation rate & is estimated to he
4.4 % 10" s, which implies a vibrational relaxa-
tion time of ~ 23 ps for the transition from the
pumped HLV levels to the bottom of the °T,
adiabatic potential energy parahola. The value of
5.1 10" s~ for the nonradiative relaxation rate
k., for the electronic transition between the *T,

-state and the metastable level leads to a relaxation

time of ~ 20 ps. The metastable state > *T,-state
thermal repopulation rate is found to be 8.0 x 10°

s ~'. The uncertainty in the values of these param-

eters may stem from group dispersion effects.
fluctuations in the duration of the pump and the
prebe pulses, and the sensitivity of the {it to the
experimental data with respect to variations in the
values of parameters used. We estimate an overall
uncertainty of 20% in the values -of relaxation
times quoted above from those factors. The intra-
*T, vibrational relaxation rate in emerald turns
out tc be comparable to the 4Tz — 2E electronic
nonradiative relaxation rate. This is unusual but
not surprising, since a larger energy degradation
(~4750 cm ', difference in energy between the
HLYV levels reached by the pump pulse and the
ZVL) is involved in vibrational relaxation than in
electronic relaxation (400 cm™') for the 527 nm
excitation of the *T, band.
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The ratio of o./0, obtained from the fit was

used with the experimentally measured value of

the optical densityv. and experimental parameters
such as pump pulse energy. spot sizes of the pump
and probe pulses. and chromium ion density in
the <ample to estimate the absorption cross sec-
tion at 3.9 um from the excited states. The excited
state absorption (ESA) cross section at 3.9 pm

2 . . -0 +
from the “E state is estimated to be 2 X 107" cm~,
and from the *T, state 1o be 1.9 x 10 " cm’, In
view of the size of the error bars in the induced

absorption data and the uncertainties in determin- .

ing the various experimental parameters that enter
the estimation of these cross sections, we assign an
uncertainty of a factor of five in the absolute
values for ESA cross sections. The order of magni-
tude larger ESA cross section from the 4T3 state at
3.9 pnm compared to that from the ’E state is
consistent with the behavior observed in
alexandrite at similar wavelengths. This smaller
value of the ESA cross section from the *E state
may be attributed to the fact that °E — *T, transi-
tions are both first-order spin- and parity forbi-
dden. The absolute magnitude of the ESA cross
section from the “E state in the infrared is, how-
ever. comparable to that in the visible region of
the electromagnetic spectrum.

The nonradiative relaxation rates for intra-*T,
vibrational transitions, ‘T, — metastable level
eléctronic transitions. and the metastable level —»
“T, thermal repopulation rate of the chromium ion
in emerald are comparable to the corresponding
transition rates in alexandrite [12]. In ruby the
relaxation times were shorter than the resolution
limit of the experiment. which led to an upper
limit of 5 ps for the *T,-state nonradiative lifetime
[10]. The intra-*T,-state vibrational relaxation time
of the chromium ion in ruby is expected to be
considerably smaller than the 5 ps upper limit,
which includes the *T, — *E electronic relaxation
time as well. The vibrational relaxation time of 17
ps in alexandrite is smaller than the 23 ps ob-
tained in emerald. These values suggest a relation-
ship between the intra-*T, vibrational relaxation
rate and the strength of the crystal field surround-
ing the chromium ion. The crystal field parameters
Dg for ruby, alexandrite and emerald are 1820
cm ' 1680 cm ™' and 1620 cm ™, respectively. So.

the intra-*T, vibrational relaxation rate appears to
decrease as the crystal field strength decreases.
However, to establish the exact nature of this
dependence a theoretical study with more experi-
mental data for chromium ions in different crystal
fields is necessary.

In summary. the picosecond excite-and-probe
absarption measurement. together with the simple
model for induced absorption. provide first time-
resolved estimates of some key excited state non-
radiative relaxation parameters. A detailed theo-
retical model. that takes into consideration the
complex nature of {asing-ion excited states and all
relevant interactions, is necessary for a more
quantitative understanding of the nonradiative
transition dynamics between excited states of
vibronic laser crystals.
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ABSTRACT

Effective gain cross-section in tetravalent
chromium-doped forsterite laser crystal was
measured over the 1180-1330 nm spectral range.
The experiment was performed using two
collinear laser beams in a pump-and-probe
arrangement. The peak gain cross section from
this measurement is estimated to be 1.9 x 10-1% cm?
at 1215 nm which is comparable to the value of ~2
x 1019 em? predicted by fluorescence linewidth

- and lifetime measurements. These results

indicate that excited-state absorption is not a

major loss mechanism in tetravalent chromium-
doped forsterite.

L INTRODUCTION

Chromium-doped forsterite (Cr:Mg,SiOy) is an
important tunable solid-state laser system for the
near infrared spectral range. it operates in both
pulsed {1]-{3} and continuous-wave {4] mode of
operation. Its output can be tuned over the 1167-
1345 nm range [5]. The most interesting feature
that distinguishes this laser system from other
chromium-based lasers is that the lasing ion is
tetravalent chromium (Cr4+) in a tetrahedrally
coordinated site [2],(3],[6]-[8]. While the
spectroscopic properties of chromium-doped
forsterite have been studied in some detail {6]-[9},
the evaluation of the potentials of this crystal
for application as a practical laser system are far
from being compiete. In this work, we present
pump-and-probe measurements of the effective
gain cross-section in chromium-doped forsterite.
Results of these measurements show the effect of
the excited-state absorption (ESA) on the

performance of chromium-doped forsterite as a
laser crystal.

The most important parameter that
characterizes a laser system is the gain cross-
section. The gain cross section can be estimated
using the Einstein relation which gives gain as a
function of the radiative lifetime and
fluorescence lineshape. However, very often
there is a discrepancy between the values
predicted by this relation and the values
observed in laser experiments. Lower values of
the gain cross section measured in laser
experiments are in many cases explained by the
cxistence of loss mechanisms such as excited-state
absorption. The net or effective gain cross section
is then given by

OEFF = OF ~OESA ~9G m

where o is the gain cross section, which can be
calculated using the Einstein relation, oggp is the
cxcited-state absorption cross section, and og is
the ground-state absorption cross section which is
negligible in most cases.

ESA is a loss mechanism which impedes or,
in some cases, completely inhibits laser action in
tunable solid-state laser materials. It has been
shown that it severely affects laser performance
of V2*.doped crystals [101,[11], prevents laser
action in Mn2*-doped crystals [12], and limits the
slope efficiency of Cr3+:MgsGa,LisF;, laser {13].
It is also present, although without such a
detrimental effect, in well developed tunable
solid-state lasers such as alexandrite [14].
Abscnce of ESA is one of the most important
advantages of Ti:Al,Oj laser [15]).

In this paper, we present measurements of the
cffective gain cross-section in Cr:Mg,SiO4 over



the part of its tuning range. These mcasurements
were undertaken as an attempt to estimate the
cffect of ESA on laser performance of chromium-
doped forsterite laser.

II. EXPERIMENTAL

The Cr:Mg,Si0,4 sample used in this study is a 38
mm long and 4 mm in diameter single-crystal
laser rod with end facets anti-reflection coated
for the 1.1-1.4 pm spectral range. The crystal was
grown by Czochralski technique at the Electronic
Materials Research Laboratory of the Mitsui
Mining and Smelting Co., Ltd., Japan. The total
chromium ion concentration in the crystal is 3-4 x
1018 cm3. The crystal contains both Cr3* and Cr*
ions with the relative concentration of Cr3* and
Cr#* ions unknown. The Crd* concentration was
increased by growing the crystal in more
oxidizing atmosphere (~1 % oxygen partial
pressure). The ground-state absorption spectrum
of Cr:MgSiOy4 for El Ib axis is shown in Fig. 1.
The spectrum shows contributions from both the
active ions, Cr3* and Cr%*. The transition
assignments in Fig. 1 were made {6),[9] using
Tanabe-Sugano diagrams for Cr3* ions in
octahedral coordination and Cr#* in tetrahedral
coordination.

ABSORBANCE
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Figure 1. Room temperature absorption spectrum of
Cr:Mg,S5iO4 for E| | b axis.

The effective gain measurements were
performed using standard pump-and-probe
arrangement. As a pump source the fundamental

1064-nm radiation from a pulsed Nd:YAQC lascr
was uscd to selectively populate only the 3T,

state of the Cr4* jon, the upper lasing level of
the chromium-doped forsterite laser. The choice
of a probe beam source depends on the wavelength
range that is being investigated. In the
wavelength region where the emission is too
intense, i.e. in the tuning range of the laser
crystal under investigation, tungsten or xenon
lamps cannot be used, since the fluorescence from
the sample overwhelms the probe beam [10],{11].
Therefore, we decided to use laser as a probe
source. A tunable Cr:forsterite laser appeared to
be an ideal probe beam source for this
measurcment.

The experimental setup used to measure the
cffective gain cross-section is shown
schematically in Fig. 2. The 3T, state of the Cri+

jon was populated by 1064-nm pump beam
obtained from a Q-switched Nd:YAG laser
opcrating at 10 Hz repetition rate. The pump
beam was weakly focused to a 400-pum radius spot
on the sample by a 1-m focal length lens. Typical
pump beam energy incident on the sample was ~1
m] per pulse, of which 79 % was absorbed in the
sample. The excited state was probed by a
collincarly propagating probe beam. The weak
probe beam (typically ~25 p] per puise) was
obtained from a tunable Cr:forsterite laser
pumped by the same Nd:YAG laser used to pump
the sample. Wavelength tuning of the probe
beam was accomplished by using a birefringent
plate at Brewster's angle as an intracavity
dispersive element and by changing the output
mirror [5]. The delay between the pump pulse and
the probe pulse was smaller than 100 ns. Since the
room temperature lifetime of the 3T, state in

chromium-doped forsterite is 2.7 us, no
appreciable depopulation of the excited state
takes place before the arrival of the probe pulsc.
Probe beam was focused on the sample by 30-cm
focal iength lens to a 150-pm radius spot. The
pump and probe beams were carefully
overlapped  in the sample using two 0.8-mm
apertures so that the probe beam was fully
concentric within the pump-beam. The overlap of
the two becams was checked by scanning a razor
blade mounted on a translation stage across the
beam in both vertical and horizontal directions,
before and behind the sample.

The cffective gain cross section was estimated
from the ratio of the transmitted probe intensity
for the pumped and unpumped conditions of the
sample, respectively. The transmitted probe

*
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Figure 2. Experimental setup used to measure the effective gain cross-section in Chromium-doped forsterite.

intensity was normalized with respect to probe
intensity before the sample to account for the
pulse-to-pulse energy fluctuations. The probe
beam intensity before the sample was monitored
with a beam splitter and a fast germanium
photodiode Dj. The transmitted probe beam was
analyzed by a 1/4-meter spectrometer and its
intensity was monitored by an identical

germanium photodiode D,. A gated boxcar

integrator was used to obtain the average ratio
S7/51, where S, is the signal proportional to the
intensity of the transmitted probe beam measured
by a germanium detector Dj at the end of the

spectrometer, and Sy is proportional to the

intensity of the probe beam before the sample
measured by a germanium detector Dy. The
average was taken over 100 laser shots to enhance
the signal-to-noise ratio.
Excited-state population density (Ng) was
_estimated by measuring the pumped volume of
the sample and the energy of the pump pulse
absorbed in the crystal, assuming -that each
absorbed pump photon creates one excited ion.
The pumped volume of the crystal was estimated
by measuring the size of the pump beam at the
position of the sample. Since the pump beam was
weakly focused with a long focal-length lens and
a 0.8 mm aperture was used in front of the sample,
the transverse beam intensity distribution was
measured to be approximately uniform, with the
beam radius of 0.4 mm throughout the crystal.

1064 nm

REFERENCE 5t

1064 nm *y

Cr-Forsterite laser

Ge DETECTOR

II. RESULTS

The normalized probe transmission S;/S; was
used to determine the value of the effective gain
cross-section in chromium-doped forsterite. It has
been shown {18},[19] that the effective gain cross
section ogpp can be calculated using the
expression

OEFF = Of - OgsA - 0G = - (1/NE)InR, (2)

where of is the gain cross section, oggp is the
excited-state absorption cross section, G is the

ground state absorption cross section at probe
wavelength, Ngis the excited-state population

density of , [ is the length of the crystal and R is
defined by

R = (55/51)u/(S2/S1)p- 3)

The subscripts u and p refer to unpumped and
pumped cases, respectively.

The measured effective (net) gain cross section
as a function of wavelength in the 1180-1330 nm
wavelength region is presented in Fig. 3 by
triangles superimposed on the fluorescence
spectrum. The near-infrared portion the
absorption spectrum is also displayed for
comparison.
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Figure 3 The Fluorescence sp:trum for 1064-nm excitation ant the infrared absorption spectrum of chromium-doped

forsterite (solid line) and the effective gain cross-section (triangles and broken line). Dot-dash curve shows the

expected gain in case there is no ESA.

IV. DISCUSSION

In Cr-doped forsterite the laser-active ion is
tetrahedrally coordinated tetravalent
chromium, Cr4* and therefore the possible
transitions that may affect laser operation occur
between different states of the Cr#+ ion.
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Figure 4 Tanabe-Sugano diagram for Cr** in
tetrahedral coordination. Crystal field parameter

Dq=915 cm"! and Raccah parametr B=970 cm"!. The
possible 3T 2—>3T1excited-state absorption is indicated
by an arrow.

For near-infrared pumping (e.g. 1064-nm
radiation from Nd:YAG laser) only the 3A,—3T,
transition between the ground state and the first
excited state of the Cr#* ion takes place, that is
only Cr#* ions are being excited. The ESA
transitions are then expected to originate from
the relaxed 3T, state of the Crd* ion.

From the Tanabe-Sugano diagram for
tetravalent chromium in Cr:Mg,SiO4, shown in
Fig. 4, it is possible to predict the wavelength of
the peak of the ESA. Using Dq=915 cm'and
B=970 cm'! a maximum of ESA due to 3Ty—3T;

. transition may be expected at ~1500 nm.

It has been suggested [16], [17] that the same
3T9— 3T, transition may be responsible for
limited tuning range of the Cr:YAG laser, besides
Cr:forsterite the only other successful Cr+-based
laser system, to date. The same process may be
the reason that laser experiments in Cr+-doped
garnets such as GSGG, GSAG and YSGG were
unsuccessful so far.

The salient features of the gain curve obtained
from the pump-and-probe measurements shown in
Fig. 3 are the peak value of 1.9 x 10'1% cm? at 1215
nm and the shape of the curve. The shift of the
peak of the gain curve with respect to the peak of
the fluorescence curve in Fig. 3 is a consequence of
the overlap of the fluorescence band with the low
encrgy tail of the absorption band. The shape of

N
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the gain curve, which is expected to follow the
fluorescence curve, deviates slightly from it in
the wavelength range beyond 1300 nm as shown
by dot-dash curve. The higher than expected
decrease of the gain in this range most likely
arises from the onset of the ESA. This is in
agreement with the predicted wavelength of
ESA approaching. 1500 nm. This is also in
accordance with the suggested ESA in Cr:YAG
and Cr: GSGG.

The results of the pump-and-probe
experiment show that in the case of chromium-
doped forsterite the role of ESA is not so
prominent in the bigger portion of the tuning
range. The measured values of the nect gain cross
section are in good agreement with the value of
~2 x 10-19 cm2 for the peak gain cross section
obtained from radiative lifetime and fluorescence
lineshape measurements. These values are also
in excellent agreement with the gain cross-
sections obtained from both pulsed and
continuous-wave laser experiments. The gain cross
sections estimated from different measurements
are summarized in Table 1.

V. CONCLUSIONS

The effective gain cross-section in chromium-
doped forsterite laser crystal has been measured
over the 1180-1330 nm spectral range. The close
agreement between the measured effective gain
cross section and the peak gain cross-section
predicted using radiative lifetime and
fluorescence linewidth indicates that ESA cross
section is considerably smaller than the gain cross
section. This agreement implies that ESA is not
a major loss mechanism in chromium-doped
forsterite for wavelengths shorter than 1300 nm.
There is a possibility of the onset of a weak ESA
occuring beyond 1300 nm.
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Table 1: ESTIMATY'S OF GAIN CROSS SECTION FROM DIFFERENT

MEASUREMENTS

Experiment A (nm) 6 (cm?)
Linewidth and 1140 2x10°19
Lifetime {calculated)
Measurements

CW Laser 1244 147 x 10719
Operation

Pulsed Laser 1235 144 x 10719
Operation

Pump-and-probe 1200 1.8x 10719

Experiment
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Abstract

The slope efficiency of the continuous-wave chromium-doped forsterite
(Cr:Mgy5i0y) laser has been measured using four different output mirrors. The
maximum slope efficiency of 38% was achieved using 11% output coupler. The
extrapolated limiting slope efficiency in the absence of passive losses is estimated to
be 65%. This value corresponds to an intrinsic quantum efficiency of 77%, which is

similar to the efficiencies determined for mature tunable solid state laser systems.
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Chromium-doped forsterite (Cr:Mg»SiO4) is an important tunable solid state
laser which fills the void in the spectral region between 1100 - 1350 nm. Pulsed1-4
and continuous-wave® laser action was obtained and tunability over the 1130 - 1367
nm was demonstrated.6.” The unique property of chromium-doped forsterite is that
the lasing center was identified as tetravalent chromium (Cr4+) substituting for
tetrahedrally coordinated Si4+.89 Tetrahedral Si4+ site occupied by Cr4+ ions lacks
inversion symmetry and prbvides odd-parity field necessary to relax the parity
selection rule, making electric dipole transitions possible. This results in high
transition strengths observed in the absorption spectra where Cr4+ features are
dominant, and in relatively short radiative lifetime tg of 25 pus, as well as in high
stimulated emission cross section of the order of 2 x 10-19 cm2.810 Room-
temperature quantum yield m was estimated from the ratio between the room-
temperature fluorescence lifetime tand the radiative lifetime (n = 1/1g) to be ~10%.
The highest slope efficiency of the Cr:forsterite laser previously reported8 was 23%.
When the inverse slope efficiency is plotted as a function of the inverse output
coupling factor, (when different output mirrors are used), the limiting slope
efficiency m,, which can be achie&ed in the absence of passive losses, can be
determined. In this paper, we follow the approach of Caird et al.1l to determine the
limiting slope efficiency and estimate the role of various loss mechanisms on laser

performance of the Cr: forsterite laser.
The equation for the output power slope efficiency
Ns = Ap/A(T/L+T) =i 4y

which gives the slope efficiency as a function of the output coupling parameter T

and loss L, was originally derived by Danielmeyer,12 and later modified by Caird et

%]




al.1l to make allowance for a possibility of nonunity pumping efficiency and to

include a loss factor due to excited-state absorption (ESA).

The inverse output power slope efficiency 1/ns and the inverse of the

limiting slope efficiency 1/7, are connected by a linear relationship:11
Ns! =1, 1A+LTD), 2

where
Mo = Np(Ap/ AL (Ogpr/ Op). 3)

In equations (2) and (3) np is the pumping efficency, Ap is the pump wavelength, AL

is the lasing wavelength, og is the gain cross section, and oggr is given by
OgFF = OF - OsA @)
where Oggy is the excited state absorption cross section.

It is obvious from the equation (3) that in order to achieve the quantum
defect limited value of the slope efficiency Ap/AL the excited state absorption cross

section oggy must be negligible and the pumping efficiency must be close to unity.

The value of the limiting slope efficiency 1, can be obtained by extrapolating
the inverse slope efficiency 15! as a function of the inverse output coupling T-! to T!
= 0. Mo can be used to estimate the excited state absorption cross section, i.e. the
deviation of the effective gain cross section from the stimulated emission cross

section predicted by the lineshape and the lifetime measurements.

The sample used in these laser experiments is a 45 mm x 9 mm x 9 mm
rectangular parallelepiped with the three mutually orthogonal axes oriented along
the b, ¢, and @ crystallographic axes of the crystal. The a axis is parallel to the 4.5 mm

s



side of the crystal and perpendicular to the 9 mm x 9 mm face. The crystal contains
0.04 at. % of Cr ions, which is equivalent to a total chromium ion concentration of

1.1 x 1019 ions/cm3. The relative concentrations of Cr3+ and Cr4+* ions is not known.

The limiting slope efficiency of the Cr:Mgs5iO4 laser was measured using a
standard 3-mirror astigmatically compensated ca-vity.13 The three-mirror cavity was
chosen not because the Brewster-cut crystal was used, but rather because of its
flexibility and usefulness for other applications, such as mode locked operation,
when a possibility of changing the length has to be combined with small mode size
and when tighter focusing is needed. The experimental setup is shown in Fig. 1. The
5-cm-radius back mirror and the 10-cm-radius folding mirror have 99.99%
reflectivity over the 1200 - 1300 nm range and high transmission (>80%) for the
pump 1064-nm radiation. Output coupling factor T was varied by changing the flat
output mirror. Four different output couplers with transmission of 0.65%, 3.4%, 7.8
%, and 11 % over the 1200 - 1300 nm spectral range and transmission >85% for 1064-
nm radiation were used. Since transmission is high for pump radiation wavelength
of 1064 nm for all three mirrors of the cavity, no corrections were made to account
for the second pass absorption of the portion of the pump beam that is reflected back

from the output coupler.

The chromium-doped forsterite crystal was placed at the center of the short
arm of the three-mirror cavity and was pumped longitudinally with 1064-nm
radiation from a cw Nd:YAG laser. The pump beam was linearly polarized along the
b axis and propagated along the a axis of the crystal. The position of the 7.5-cm-
focal-length lens was adjusted for the best overlap of the pump ti.m and the cavity
mode by monitoring the output power. The pump beam was chopped at a duty cycle

of 15:1 to reduce thermal effects.

Ju



The experimental results are summarized in Table 1. The inverse slope
efficiency as a function of output coupling is shown in Fig. 2. The inverse slope
efficiency extrapolates to a limiting power slope efficiency of 1, = ~65 %. If this value
is multiplied by the ratio of the laserl and pump  wavelengths (AL /Ap), an
exstrapolated quantum slope efficiency or intrinsic quantum efficiency ng, as defined
by Chase et al.14, of 77% is obtained. Although considerably smaller than unity, this

is still one of the highest values ever measured for a tunable solid-state laser.l

The slope of the line in Fig. 2 represents the passive loss of ~10% which is due
to a combination of effects such as reflection loss, less than perfectly parallel faces of
the crystal, incomplete overlap of the pumped volume and cavity mode volume, as
well as residual absorption and scattering loss. Parallelism of the sample is not
known. The absorption and scattering loss is estimated from the transmission
spectrum of the crystal corrected for Fresnel loss to be <0.5% for the 4.5-cm path

length and therefore does not play a major role.

The deviation of the measured intrinsic quantum efficiency from unity can

be explained either by the presence of the ESA or by pumping efficiency np< 1.

To estimate the role of ESA, the effective gain (6gpr ) was measured using
standard pump-and-probe arrangement. The details of the experiment will be
published elsewhere.10 The measured effective (net) gain cross section as a function
of wavelength in the 1180-1330 nm wavelength region is presented in Fig. 3 by
triangles superimposed on the fluorescence spectrum. The near-infrared poftion of

the absorption spectrum is also displayed for comparise:».

The salient features of the gain curve obtained from the pﬁmp—and—probe

measurements shown in Fig. 3 are the peak value of 1.9 x 10-19 cm2 at 1215 nm and



the shape of the curve. The shift of the peak of the gain curve with respect to the
peak of the fluorescence curve in Fig. 3 is a consequence of the overlap of the
fluorescence band with the low energy tail of the absorption band. The shape of the
gain curve, which is ‘expected to follow the fluorescence curve deviates slightly
from it in the wavelength range beyond 1300 nm as shown by a dot-dash curve. The
higher than expected decrease of the gain in this range most likely arises from the
onset of the ESA. This is in agreement with the predicted wavelength of ESA

approaching 1700 nm.10

The results of the pump-and-probe experiment show that in the case of
chromium-doped forsterite the role of ESA is not so prominent in the larger portion
of the tuning range. The measured values of the net gain cross section are in good
agreement with the value of ~2.11 x 10-19 cm?2 for the peak gain cross section
calculated using results of the lineshape and radiative lifetime measurements.10
These values are also in excellent agreement with the gain cross-sections obtained
from both pulsed and continuous-wave laser experiments.>.8 The gain cross sections

estimated from different measurements are summarized in Table 2.

Since the measurements of the effective gain did not show presence of
significant excited state absorption, the only remaining possibility is np<1. One
possible loss mechanism that may give rise to smaller-than-unity pumping
efficiency is excited state absorption of the pump radiation, as suggested by Verdun
et al.15 The possibility of a process involviﬁg absorption or inelastic scattering from
the excited state is also confirmed by the presence of a faint visible radiation which
- was observed when the forsterite is pumped by a continuous-wave 1064-nm

‘radiation.



In conclusion, the limiting slope efficiency and the intrinsic quantum efficiency
of the chromium-doped forsterite laser has been measured. The measured intrinsic
quantum efficiency is one of the highest ever reported for a tunable solid-state laser.
To account for the discrepancy between the quantum defect limited efficiency and
the measured limited slope efficiency (i. e. the deviation of the measured intrinsic
quantum efficiency from unity), effect of ESA was investigated by measuring the
effective gain cross section using pump-and-probe technique. The effective gain
cross-section in chromium-doped forsterite laser crystal has been measured over the
1180-1330 nm spectral range. The close agreement between the measured effective
gain cross section and the peak gain cross-section predicted using radiative lifetime
and fluorescence linewidth indicates that ESA cross section is considerably smaller
than the gain cross section. This agreement implies that ESA is not a major loss
mechanism in chromium-doped forsterite for wavelengths shorter than 1300 nm.
There is a possibility of the onset of a weak ESA occuring beyond 1300 nm. As a
possible loss mechanism that may be responsible for the observed discrepancy an

excited state absorption in the pump wavelength region is suggeéted.

This work is supported in part by Army Research Office and National Science

Foundation.
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Figure Captions:

Figure 1 Schematic diagram of the experimental arrangement for measuring the
limiting slope efficiéncy of Cr:forsterite laser: C, light chopper; F;, variable neutral
density filter; L, focusing lens; My, 5-cm radius back mirror; M, 10-cm radius folding

mirror; Mg, output mirror; S, sample; T, birefingent tuning plate; F,, 1064-nm cutoff

filter, Cr:forsterite laser emission-transmitting filter; PM, power meter.

Figure 2 Inverse slope efficiency 1/nsas a function of inverse output coupling 1/T
for cw Nd:YAG-pumped continuous-wave Cr:Mg,SiOqlaser. 10% uncertainty in the
measured slope efficiencies was assumed. Extrapolating the data limiting slope

efficiency of 1, >65 % is obtained.

Figure 3 The Fluorescence spectrum for 1064-nm excitation and the infrared
absorption spectrum of chromium-doped forsterite (solid line) and the effective
gain cross-section (triangles and broken line). Dot-dash curve shows the expected

gain in case there is no ESA.




TABLE 1: Slope Efficiency and Threshold of cw Cr:Mgp5iO4

Laser for Various Output Couplers

Output Mirror Slope Threshold Output
Transmission  Efficiency Absorbed Power  Wavelength
(%] (%] (mW] (nm]
0.65 5.69 500 1260
34 24.65 1200 1258
7.8 3176 1600 1265

11 37.85 1800 , 1242




TABLE 2: Estimates of Gain Cross Section From Different Measurements

Experiment A (nm) 6 (cm?) Reference
Linewidth and 1140 2.11x 1019 10
Lifetime Measurements (calculated)

CW Laser Operation 1244  147x10°09 8
Pulsed Laser Operation 1235 1.44 x 10°19 8
Pump-and-probe 1200 1.8 x 10719 10

Experiment




CW Nd:YAG LASER
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Abstracts & Presentations




1. §. K. Gayen, V. Petricevi¢, R. R. Alfano, K. Yamagishi, and K. Moriya,
"Spectroscopic Properties of Cr3+:Mg2SiO4: A New Tunable Solid State Laser

Crystal”, Bull. Am. Phys. Soc. 33, 810 (1988). Presented at the March Meeting of
the American Physical Society, 21-25 March, 1988, New Orleans, Louisiana.

2. V. Petritevi¢, S. K. Gayen, R. R. Alfano, K. Yamagishi, and K. Moriya, "Room-
Temperature Pulsed Laser Action in Cr3+:Mg28iO4", Bull. Am. Phys. Soc. 33,
811 (1988). Presented at the March Meeting of the American Physical Society,
21-25 March, 1988, New Orleans, Louisiana.
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SESSION SN0 OPHCAL PROPERTIES:
LONS INSOTIDS 1T

Friday afternoon. 25 March 1988

[.a Galerie 3 at 14:30

Y. Chen, presiding

14:20
Sint A New Third Qrder Contribution to Spin-Feorhidden
Rare Earth Optical Transition latensities. M. C. DOWNER" and
G. W. BURDICK, Univetsity of Texas at Austin; * D. K.
SARDAR. University of Texas at San_Antwonio.-- We show by
quantitative calculauon that numerous spin-forbidden linear optical
transitions in trivalent rare earth ions acquire a major fraction of
their intensity from hitherto neglected conwibutions involving
spin-orbit linkages in excited configurations. The strong eflect of
analogous linkages has been demenstrated in two-phownn
absorption!-2, We present a revised analysis of observed lircar
absorption intensities for Eu3* and Gd**, which shows that the rew
contmbution is often comparabie to, and sometimes larger th2n,
standard conmbutions. We thereby demonsuate an improved fir 12
observed intensities. In addition previously fiied
phenomenological parameters® must be modified substanzially,
suggesting that re-analysis of linear intensity data for all mvaient
rare earths is warranted.

* Partially supported by an IBM Faculty Development Award

* Supported by the Robert A. Welch Foundation

1. B. R. Judd and D. R. Pooler, J. Phys. C 15, 591 (1982},

2. M. C. Downer and A. Bivas, Phys. Rev, B 28, 3677 (193

3. W. T. Carnall, P. R, Fields, and K. Rajnak, J. Chem. Fbus.
49, 4412 (1968).

1442

$102 Laser-Induced Gratings in Eu3' Doped
Glassges. E.G BEHRENS and R.C. POWELL,
Oklahoma State Uniy.x*--Holographic gratings
were produced in Eu3*-doped phosphate and

silicate glasses using crossed laser beams
tuned to resonance with the absorption transi-
tion to the 502 level of the Eu®® ion. These
are 3table at room temperature and ara as-
soclated with local structural changes in the
glass due to radiationless relaxation of the
Eudt lons. The use of these gratings 1in de-
multiplexing multifrequency laser beams 1is
demonstrated. The scattering efficiencies fnr
different glass compositions and Eu concentra-
tions are reported. The scattering efflciency
of the grating is shown to decrease as the
size of the network modifier ions 1is i(n-
creased. Measurements of the Bragg scattering
angle for different wavelengths show that the
wavelength of the induced refractive index
gratings is twice the wavelength of the 1light
intensity pattern used to write the gratings.
*Supported by the U.S. Army Research O0ffice

14:54

5103 Spectroscopic Properties of Cr3*:
Ma-Si04: A New Tunable Solid-State Laser < :.s-
tall §. K. GAYEN, V. PETRICEVIC, R. R. ALF %),
City College of New York;* KIYOSHI YAMAGISHI,
KAZUO MORIYA, Mitsui Mining and Smeltina ">
Ltd. -- Recently, we have observed near :n:r71-
red room-temperature vibronic laser acticn :n
Cr3+:Mg,5i04. Characteristics of the abscrce-
ion and fluorescence spectra, fluorescence ::-
fetime, energy-level structure, and other scec
troscopic properties relevant to laser act::n
in this system are reported. The absorpt:=n
spectrum is characterized by broadband trans:i-
tions from the 4Az state to the 4Ty and 47,
states of the Cr3+ jon. The low-temperature
fluorescence spectrum exhibits broadband 7
to 4A, emission, as well as 2E—»4Ay zero-chon-
on line accompanied by its vibrational sileca-

810




lifetine 1s i
the system i1s I7°n0

*Supprorted by NASL: XK.
15:06

Sto 4 Prom-Temperature Pulsed laser Action in
Cri3*:Ma,5i0y0 . PETRILEVIC,5. K. GAYEN, P. R.
ALTANO, City College of Mew York:* KIYOSHI YAMA-
GISHI, XAZUO MORIYA, Mi

L4
Co. Ltd,-- Recm-remrer
cnic pulsed laser action in trivalent chromium
activated forsterite 1c:3+:qusio4) is recorted.
The stable laser resonator is formed by two 30-
cm-radius mirrors placed 20 cm apart. The mir-
rors have high transmission at the pump wavele-
ngth of 532 nm, and hiah reflectivitynover rthe
lasing srectral reocion. The single crystal of
Cr3*:N?ZSiO4 placed at the center of the cawvity
is longitudinally pumred by the second harmonic
of a Q-switched Nd:YAG laser operating at a 10-
Hz repetition rate. Emission cross section,
spectral range, slooe efficiency, and other re-
levant laser parameters will be presented.

* Supported by NASA, ARO and Hamamatsu Photo-
nics KK..

. . o T

3arns, o2
7.3 Folicwing sussequent n2at traitTents, aftacag
absaration measurements have deen us2d i t2entify tne
stretcning frequencies associated with OH™ and 07
ions. 00" ions were added to ithe crystals dy 2
further heat treatment in D0 vapor.

-

N0 myegral rey - - e ey .

UOULNE Rt g o° Daviod S

*Research sponsored by DARPA under Interagency Agree-
ment 30-1511-85 with Martin Marietta Energy Systems,
Inc., contract CE-AC0S5-840R21300 with USDOE.

15:53

S1038 Diffusion of Deuterons in LiTa0., Crystals,~
R. HANTEHZADEH, L.E. HALLIBURTOH, Oklahcma State
University, C.Y. CHEN, North Carolina State Yniversity,
R. GONZALEZ and Y. CHEN, Oak Ridge “ational Laboratory.
-- Diffusion coefficients of deuterons in LifaQ, sirgle
crystals have been measured by monitoring the g9rowtn of
0D~ infrared absorption bands in samples heated in 0.3
vapor, Electric-field enhanced diffysion of deyterons
was aiso demonstrated. Electron-nyciear-doudle-
resonance experiments on the deuterated crystals have
shown that the structure previously reported in the
electron paramagnetic resonance spectrum of a radiaticn-
induced trapped-hope center in LiTa0y is not due to a
hyperfine interaction with protons,

15:18

S10s Photoluminescence Studies of the Alkalide
Na+rC222Ma- Probed with a Picosecond Laser.' R.S.
BARNWART, M. DeBACKER, F.N. TIENTECA, J.L. DYE, and S.A.
SOLIN.,M{chigan State U.--Alkalides are novel compounds
containing alkall metal anf{ons. The counterion in these
compounds Is an alkall metal cation complexed by an
organic cage molecule, such as cryptand C222, Time-
correlated single photon counting measurements have been
made {n the temperature range 2K to 80K in order to study
the photoluminescence and photoluminescence 1lifetimes of
the electronic states., The light source used was a
Nd: YAG-R6G mode-locked cavity-dumped synchronously pumped
dye laser with a pulse width of 6 psec. An emission at
670 nm, presumably due to the band gap, was found which
has a lifetime of 4.5 = 0.2 ns. A near edge state with a
lifetime of 1.5 ¢+ 0.2 n3 was also found. The dependence
of the photoluminescence on excitation intensity has been
studied, and evidence for intensity dependent
{rreversible decomposition at 4.2 K has been found. This
work has been extended to additicnal alkalides.

* Supported by the NSF under grant DMR 84-0349% and by
the MSU Center for Fundamental Materials Research.

15:30

sS106 - Energg Level Diagra- for ¥n?* Ions in Villeamite.
~C, HISHRA, J.K. (3] ,» B.G. s b.A. DALE,

GIE Electrical Products: and K.B. JOHNSON, MIT.-- The
electronic energy levels associated vith “manganese
fmpurity in villemite have been obtained using the SCF-
NHS-Xe cluster procedure. The calculations have been
performed assusing substitutional szites for Mn in zinc
orthosilicate crystals. Different oxidation states have
been considered. Using the molecular ocbital !nergles.
an energy level diagram is presented for Mn®* and is
compared vith experiment. Optical absorption peaks
obtained on the basis of the calculated molecular orbital
energivs con; te very vell wvith experiment for divalent
manganese ions.

15:42

Sio7? Transmutation Induced Tritium in LiNbO,
Single Crystals.* R. GONZALEZ, Unfversity of Madrid,
« CHEN and M. M, ABRAHAM, Qak Ridge National Labora-
tory.--Irradtation of LiNbQ, single crystals with

thermal neutrons has produced tritium fons by trans-
rutation of .1 atoms via the nuclear reaction

Vol. 33, No. 3 (1988)

“Supported by contract AFQOSR-85-0270, and by DARPA unger
{nteragency agreement 40-1611-85 with Martin Martetta
Eneryy Systems, Inc., contract DE-ACO5-840R2140C with
USDOE.

Supplementary Program

Sin9 First Principles Determination of the Electronic
Structure of Aluminum Impucities in Villemate.

K.C. HISHRA, B.G. DEBOER, J.K. BERKQWITZ, E.A. DALE,

GTE Electrical Products; K. H. -JOHNSON, HIT.-- Electronie
vavelfunctions and energies associated with Al fons {n
villemite have been obtained using the SCF-MS-Xa
molecular orbital proceduce. A novel procedure is
proposed to obtain the excited state configuration of the

Ilmpurity ions from the variation of the intersphere
charges associated with the states of the transition.
The physical significance of the procedure vill be
discussed. Using this approach, the absorption and

emission peaks are predicted to be 235 nm and 415 nm,
respectively, in very good agreement vith the
experimental values of 235 nm and 412 na’.

1 H. Hess, A. Helm and M. Scala, J. Electrochem. Soc.,
130, 2443 (1983).

SESSION S11; RARE EARTH: TRANSITION
METAL MAGNETIC ALLOYS

Friday afternoon, 25 March 1988

Mardi Gras F at 14:30

N. C. Koon, presiding

1430

St Are There Any Trends in the Haggetic Behavioc of
Permanent Hagnets? G.C. HADJIPANAYIS W. » Kansas
State University-—The hard magnetic properties of several
permanent magnet materials have been investigated to
determine any trends in their magnetic characteristics.
The materials studied were Jfe.,B , sxCo,,

Sa, (Co,Fe,Cu,2c),,, ferrites and hi-to magnets. The
magnetic propertkes measured include initial magnetiza-
tion curves, hysteresis loops, field and temperature
dependence of coercivity, temanence curves amd zagnetic

811




3. V. Petricevi¢, S. K. Gayen, and R. R. Alfano, "Lasing and Spectroscopic
properties of Chromium-Activated Forsterite", Bull. Am. Phys. Soc. 33, 1626
(1988). Invited paper presented at the Fourth International Laser Science
Conference (ILS-IV), October 2-6, 1988, Atlanta, Georgia.
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lases polarizazion was lezeczed :sing a polarined cve
laser hy rotation Af =he dye laser polarization velacive
to cthe excimer laser polarlzation. Observing
rotationally regsolved fluorescence excltation spectrg
alloved determination of the alignment of HS fn the ‘n}/z
eleccrontc zround state for rotational states J = 1.5 -
6.5 nslng horth the '0_,; and che Ry absorption branches.

The raanire f-nm part. Lrapnch weve campaird
11:30
MD7  Laser Double-Resonance Measurerents of

HF_(J=13) Rotational Relaxation with Rare Gases.
[, and U, CRAIG A. TAATJES and STEITEN R. LECNE,
Uﬁibe—rs_iig of Colorado_and Joint Institute for
Lahoratory Astrophysics -- 1he relaxation rates
of TF (J=13) with rare gases (He, Ne, Ar, Kr, Xe),
Hz, and D, have been measured by use of a two-
laser dougle-resonance technique. The rates of
relaxation by rare gas collision partners fall
sharply through the series le-Ne-Ar, then rise
again through Ar-Kr-Xe. This shows the effective-
ness of both highly impulsive and highly attrac-
tive collisions in rotational relaxation of IfF.
The' rates with H, and D; are ten times higher than
those with rare gases, pointing out the importance
of rotation-to-rotation transfer in rotational
relaxation. Because these measurements give new
information about the intermolecular potentials at
close range, they are tikely to be important in
theoretical modeling of the rotation-to-translation
transfer in such systems as the HF chemical laser.

SESSION ME: NEW DEVELOPMENTS
IN SOLID STATE LASERS

Monday morning, 3 October 1988
Trinidad/Madrid Rooms at 9:30

Qlifford R. Pollock, organizer

W. F. Krupka, presiding

Invited paper

9:30
ME | Advances in Diode Lasers for Soltd State

Laser Pumps, DAVID F. WELCH, Spectra Diode Labs--The
advances in high pover dlode laser srrays has greatly
impacted the application base of solid state lasers.
Highly efficient, compact, stable and highly rellable
solid state lasers are a result {n part to the advances
fn diode laser research. Diode laser arrays have been
shown to eait greater than 6 W cv from a L00 um aperture
end over 38 W cw from a 1 ¢m aperture vith only 20Z% of
the aperture active. Total efficiencies of 57X percent
have been achieved. These devices have also shown to be
highly treiiahle with Lifetimes >30,000 hrs:at L W cv
from a 200 um aperture source, and >5,000 hrs for a 5

LR Tt ce aa e e e

e M4 eTAT red w1 L avosme aF TS ad e
rump to laser cavity photnn effictenrs ~f 3
aitely 59 percent. In additioa, 3 rad of ¢
pumped {n the same resgonator =ith <zmparible
performance. Results for hoth hacsta at zhe
fundamental and also the doubied waveloaprh w{ll “a
presented. To our knowledge these are the highesr cu
ead-pumped power and efficiencies reported far Ndg:7aAs
and Nd:BEL to date.

10:15

ME3 A Diode End-pumped Nd:YA103 Laser,” PADETHA TIN
and L. D, SCHEARER, tUniversity of Missouri{-Rolla--
Following our earlier vork on lamp-pumped N4 rned
YAL03 crystals!, we have successfully end-pumped a
smsll "a-axis' crystal of this material with a S07=W,
cw diode laser. The Spectra-Diodes 500xmW pump lsser
emitting at 800nm yielded more than 55o0W of laser
emiseion at 1079nm. The cavity conaisted of the 0. mm
long crvatal, one end coated for high reflscetvizy at
1080na and high transmission {>80%) at 800nm, a
apherical, coated lens (f=30mm), and a plane 95%
reflecting ocutput mirror. Thresholds vere below SOmW
and as low es 8mW with a high reflectivity mirror.
Laser emission was obtained at 1064.5, 1072.9, 1979.5,
1091, and 1084nm with the addition of a Lyot filzer to
the cavity. Each of these bands could be tuned through
geveral nm with an uncoated, 0.25wm thick etalon in the
cavity. GCain and tuning curves for the system will be
presencted. ’

*
Research supported by Polatomic, Inc.

1.. L. D, Schearer and M. Ledue, J. Quant. Electr.
QE-22, 756 (1986).

Invited papers
10:30
ME 4 Progress in the Development of Hew Laser

Materials, R.C. Morris, Allied-signal, Inc.--ine
evelopment of solid-state laser gain media has pro-
ceeded in fits and starts since the discovery of the
ruby laser in 1360. While lasing action has since
been observed in numerous substances, surprisingly
few have completed the rigorous and costly transitian
from interesting substance to engineering material.
During the past several years, there has been an
acceleration in the rate of deveiopment of solid-state
lasers, driven in part by new laser device applica-
tions, and several! single crystal laser hosts have
emerged which offer promise as true engineering
materials. The number of "interesting substances *as
also expanded. These developments will be reviewed in
the context of the interplay between materials
sclence, laser engineering, and crystal growth pracess
development.

¢v 1 cm aperture srray.

Contributed papers

10:00

ME 2 Lager diode pumped lian Nd:YAG &nd Nd:BEL lasers,
RICHARD SCHEPS, PETER POIRIER and JOSEPH MYERS,

NAVAL OCEAN SYSTEMS CENTER, and DON HELLER, ALLIED
SICNAL CORP.-—Performance data for laser diode-pumped
cw Nd:YAG and Nd:BEL lasers are presented. Twvo single
stripe emitters are used as the pump source, each

emitting up to 1 watt in the pump band. The heat
sinks for the laser dicdes are temperature coantrolled

to allow for wavelength tunability. The cesonator
1s a hemispherical design. Output and pump threshold

Vol. 33, No. 8 (1938)
BUwL. AM. Prys. Soc

.
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11:00

MES  Lasing snd Spectroscopic Properties of Chromium:-Acuvated
forsterite.* V. PETRICEVIC,S. K. GAYEN, aad R R ALFANO {nstituie
for Ultrafast Spectroscooy and Lasers, City Colfege of New York--
Near-iofrared vibroaic laser action in chromium-doped [orsterite
(Cc Mg2SiN;) far both visible and near-infrared pumping and
different crystal orientations vit be presented. The [ree-runaing
taser outpul peaksat 1235 nm and hass baadwidth of 23 am ! Usinga
quartz birefrigent filter at Brewster's angle in the cavity the laser
output has been tuned over the 1175-1270 nm spectrat range The
room-temperature absorption and emission spectra are characterized
by brosdband transitions between the statesof the chromum 100 At
law temperatures. the fluorescence spectrum eghibits sharp zero-
phonoo lines accompanied by structured vibrationat sidetands
Characteristics of the absorption and emission spectrs [iuoresceace
lifetime. energy-level structurs, 30d laser parameters such as slope




efficiency spaciraland temporat rrofiiet amussinn croes sClns
will be reported

‘Supported by NASA AROQ. Mitsui Mining and Smelting Co .
Himsmatsu Photonics KK. a0d CCNY Organwzed Research

I V Patricevic S K flayen R R Aifapo.X Yamagishi H
Anzas. and Y Yamaguchi. Appl Fhys Lett 52,1040 (19%8)

Contributed papers
1430
ME 6 Birefringence of Solid:-Stare Laser Media: Broadbaad

, 1.8,
Krasinski, Y.B. Band*, D.F.Heller, and P.A. Papanestor,
Allied-Signal Inc. -- The natural birefringence of opticaily anisomopic
broadly tunable solid-state laser media can be exploited to provide
substantial spectral narrowing of the laser output. Lasers employing
such media frequendy tune discontinuously, due to birefringence
effects. Once these effects are understood and controlled, continuously
runable, spectrally narrow laser output results. When the the
polasizagon axis of the medium is slightly misaligned with respect to
tntracavity polarizing elements, or when the laser operates well above
threshold, the laser tunes continuously but exhibits a periodic
modulation of the output power as a function of frequency. For large
misalignment, or near threshold operation. the laser generates narrow
bandwidth output and the laser frequency hops during tuning. Narrow
bandwidth operation with continuous tunability is obtained using an
inracavity birefringent compensator. Experimental fesults using
akexandrite as the birefringent gain medium are presented.
* Permanent Address, Ben-Gurion University, Beer-Sheva, Israel

11:45

ME? Tunable cw laser actjion of BrJ’
doudble sensitized fluoroamluminaste glass at
room temperature, B. HEUMANN, M., LEDIG, D.
EHRT, and W. SEBHER, Priedrich-Schiller Univer—
81ty Jena, E.W. DUCZYNSKI, H.J.v.d.HEIDE, and
G. HUBEBR, University Hamburg-~Spectroscopic¢
seasuremants indicate an efficient energy
transfer from Cr via Yb to Er in fluoroalumi-
nate glass. As a2 result cw lasing was obtained
for the firet time in this glass at room tempe-
rature. Double step pumping via Cr and Tb with
a krypton laser yilelds a threshold pump pewer
of less than 100 mW for the glass laser at

1.56 pm. Using mirrors of different spectral
reflection characteristic the tunability of

the Br-fluoroaluminate glase laser 1s demon-
strated.

ifficitent fiashlamp pumping of this glass via
Cr and Yd or pumping with LED~arraye via Yb

csn be expected. )

in

SESSION MF: PLENARY 11
Monday afternoon, 3 October 1988
Imperial Ballroom, Salon B at 13:30
A.C. Tam, presiding

1

13:30

MF |

Spin Polarisation of Atoms snd Nuclei by Laser Pumping. *
W. Happer, Princeton University ~The nuclear spins of hioble

guses can have relaxation times as long as several houtrs. By spiz-

exchange laser pumping, nuclear spin polarizations approaching
100% can be generated in mixtures of alkali vapors with noble
gases at densitites of several amagats. Such gases are interesting
targets for nuclear scattering experiments. In the heavier noble
guses the polarization transfer rates are greatly enhanced by the
formation of alkali-noble gas van der Waals molecules. The long
relaxation times lead to magnetic resonance linewidths on the
order of 10~* Herte, so that it is possible to measure extremely

Vol. 33, No. 8 (1988)

Tt epen fntaeactians, ariding cenprear qandrenanie eeys

tinns with the eantainer ®ails The nurlei of radioactive ncbis

gases can b= pnlanzed by the same methods.

* Supported by AFOSR grant 81-0104.C.

SESSION MG: APPLICATIONS OF
LASER,SURFACE INTERACTIONS
Monday afternoon, 3 October 1988
Imperial Ballroom, Salon B at 14:30

A. C. Tam, organizer

A. C. Tam and S. D. Allen, presiding

Invited papers

14-30

MG 1 ess a n o Surfac
ence; ste Conference, E. Ward Plummer, University

of Pepnsylvania--abstract not avallable.

15:M

MG 2  Bridging Concepts Hetween Single Atom Ejection and Gross
Surface Explosions Upon Laser Ablation, R. W. DREYFUS, IBM Res.
Thomas J. Watson Research Center, Yorktown Heights, NY 10598.-
Single atoms, radicals and polyatomic clusters are ejected from various
tolids following {rradiation with pulsed excimer laser light. Our ex-
periments utilize laser-induced fluorescence measurements and plasma
probes to study the ejection process. Al low excimer fluences {ie.
removing < <monolsyers/putve )} ejection is similar to molecular
photodissociation in that photochemical and/or thermal pathways
appear to produce the dissoclation. At the other fluence extreme,
gross surface ablation (removiog ~3am to 1pm) introduces many
complicated Interactions, e g. free electron plasmas, gas phase colli-
sions, surface morphological, optical and chemical changes. The pres-
ent discussion centers on evaluating these higher order effects by
looking st the transition region {(~monolayer removed ) and comparing
these results with both higher and lower fluence regions. While oo one
concept cavers sll wavelengths, fluences or materials, two generzlly
valid concepts are: at £1J/cm? the luminous plasma effects the plume
but not the surface, and Lthe chemical and physical perfection of the
surface controls the near threshold etching behavior. At fluences sig-
nificantly above threshold, the comparison between photochemical

-ablation and (thermal) vaporization requires sa evaluation in lerms

of many parameters and lateractions.

15:30
MG} a - as
Irposformacion in Thin Flims, Martin Chen, IBM Almaden

Research Cengtey~-abstract not available.

Contributed papers

16 00

MG 4 Laser Induced Refractive [ndex Change in
Polymers, D. S. DUNN and A, J. OUDERKIRK, 3M Corporate
Research.-Pulsed UV laser irradtation of polymers has
been shown to produce a thin, approximately 50 nm thick,
tayer with reduced refractive index on the polymer
surface. This refractive index change decreases the
polymer reflectivity. The reflectivity decrease is
broadband, covering the spectral range 400-800 nm,
suggesting the existence of a graded refractive. index
profile from the polymer surface to the bulk. This
laser-based process does not texture the polymer so the
antireflective structures produced are very durable and
resistant to fingerprints. Possible reaction mechanisms
and applications of this technology will be

discussed.

1627




4. V. Petritevié, S. K. Gayen, and R. R. Alfano, "Continuous-Wave and Tunable
Laser Operation of Chromium-Activated Forsterite Laser", Bull. Am. Phys. Soc.
34, 965 (1989). Presented at the March Meeting of the American Physical

Society, 20-24 March, 1989, St. Louis, Missouri.
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of Ci3™ at disorcered sites within 4 muilite ceramic aost. Tke
results indicate that the exstence of these iow feid ions. which
are likely concected with sites on the micracrysiailine surfaces,
accounts for most of the spectroscopic anomalies previously noted
in these mater:ais. Furthermare. energy transier {rom ordered
high field t0 cisorcered low (ieid ious is ooserved. The resuiting
complex spectra are deconvoluted by means of the receatly
developed technique of Saturation Resolved Fluorescence {SRF)

Spectroscopy. | _
*Supported by US DOE under coatract DE~FG-09—37TER45291

Supplementary Papers

Q1610 FTIR in-situ_Annealing Studv of Hvdrogen-Bonded
OH Groups in an_Amorphous Silicon Dioxide Film*, Z. YIN 4
,D. V.TSU %, G’ LUCOVSKY °, and F. W. SMITH 2. 2 Citv
College of New York and ° North Carolina State Univ. —
The annealing behavior of the IR absorption in an amorphous’
silicon dioxide &lm deposited by Remote PECVD has been stu-
died via insitu FTIR spectroscopy up to 350°C, with
emphasis on the thermal response of the hydrogen-bonded
OH groups. Both irreversible and reversible effects of anneal-
ing have been observed, with the former efects associated
with the loss from the film of hydrogen contained in OH
groups. Dramatic reversible changes in the O-H(s) absorpuon
band (3100-3700 cm™! ) associated with thermally- induced
weakening (and possibly breaking) of the O-He--O hydrogen-
bonded groups have been observed for the first time in this
film. These results and additional reversible changes observed
for the main Si-O(s) band will be discussed in detail.

¥ Research supported at CONY by US DOE grant DE-FGO2-
87ER45317 and at NCSU by ONR contract NOQQ14-C-79-
0133

Q611 [j fm—: i
Oxide Glagzes apd Halide Glasses. J. SCHROEDER, L.G. HWA,
AND X.S. ZHAO, Department of Physics and Center for Glass

Science and Technology, C.T. MOYNIHAN, Department of
Materijals Emmd Center for Glass Science and
Techoology, Polytechnic Institute, Troy, NY

12180-3590 — Rayleigh—Brillouin scattering measurements on
various Calcium—Aluminate based oxide glasses and halide giasses
as a function of temperature and composition have been
performed. The Landau—Placzek ratio and Brillouir shifts are
calculated from the Rayleigh—Brillouin scastering spectrum of
both glass systems. The total intriusic loes, consisting of the
Rayleigh Scattering, multiphonon contributions and
impurity absorption are obtained for these Fozenzial low—loss
optical waveguide materials. The technique of high temperature
light scattering ailows us to determine the temperature and time
dependence of the Landau—Placzek ratio of the ZBLAN glass up
to and through the glass transition terperature. Thereby, any
extrinsic loss mechanisms are probed in this low loss halide glass.

The authors gatefu.lly acknowledge the support of this work
tbrough NRL-N0G0014—88—K~2033 and NSF—DMR-88-01004.

SESSION Q17: IONS IN SOLIDS
Friday mocning, 24 March
Room 273 at 8:00 :

J. C. Thompsos, presiding a

$:00
Q17 1 Continugus-waye a
i i V. PETRICEVI

R R. ALFANO, The Gity College of New York:® S. K. GAYEN,

Vol. 34, No. 3 (1989)

et R

AT BT e o SIS SR

The Tiry Codegs 3 New York, 238 sigvens o
Tecanoiogy. -+ Th€ CORLAUOUS Wave .aser icton A
acrivated forstente {Cr:MgaSi0y) at room-temperature s rmoorted.
The experirmental arrangement uses iongrucinal pumping oy 1064-
nm radianon from a cw Nd:YAG laser in a nearly-concenme cawity.
The laser emission is centered at 1244 am. and has a spectral
bandwidth of 12 nm. Continuous tunability over the 1167-1335 nm
spectral range has also been demonstrated for the puised mode of
operation with a single-plate biretringent filter as the :nzacavity
dispersive element. Relevant laser and quantum ciectronic properues

of the Cr:forsterite system will be presented.
* Supported by ARQ, NASA, and CCNY Organized Research.

8:12
Q172 i Optical Tmj

Adsorbe o Qtass] Jalides at ~8°X,
E.T. ARAKAWA and M. KAMADA*, Oak Ridge Nationa

oryt-~Electron-excited optical emissions
from H;0 adsorbed on KCl and KBr crystals at
78°X have been investigated. A vibronic
structure with constant energy intervals of
about 0.12 eV was observed in the wavelength
region of 440~740 nm, indicating that it
originates from O,  ior. Exposure of the
crystal surfaces to water vapor increased the
emission intensity, but exposure to oxygen
suppressed it. The temperature dependenca of
the O,  emission intensity showed an anti-
correlation with that of the OH enmission
intensity. These results indicate that the 0,
ions may be produced through dissociation
of adsorbed H,;0 by electron excitation.

'Present address: U. Osaka Prefecture, Sakai

591, Osaka, Japan

tOper:ated by Martin Marjietta Energy Systems,
Inc., for the USDOE under contract DE-ACI5~
840R21400. o

8:24

Q173 Bi3+~Eu2+ Energy Transfer {n Ca$.

4.D. HILL#*, K. CHAKRABARTI** 6 V.K. MATHUR. R.J.
ABBUNDI -- Naval Surface Warfare chgar.zj-'-_hita Oak,
Silver Spring, MD 20903-5000..- BL  =2u” energy
transfer i3 observed in both the phetoluminescance and
the optically stimulated luainescence spectrum of

cas:BE3* Eul* sadt. The 311 ~1A1 estssion of B13*
u “1g

excites che 8su/2(at‘) - 21'2&(5‘1) transition of che

2+ 8
Eu®”, cherefore, a broad 1'28 Su/2 eanission band

of Eu?* 1a observed when a 3L+ absorpcion band (s
excited. Optically stimulaced luminescenca (OSL),
ob.nrvsg subsequant to ixposu.rc to 480nm light, shows
the Eu®” eaissfon only. OSL obusv.d after sxposure
to lonizing radiation sgg\vl :h!+Eu * emission
predoainantly dus to BL™ < Eu” enargy transfer.

! K. Chakrabarti, V.K. Mathur, and R.J. Abbundi, FPhys.
Rev B (in press)
* Virginia Polytechnic Inscitute and Stace
University, Blacksburg, VA 24061
** On leave from Southwestern Oklahoma State
Univers‘~y, Weatherford, OK 73096

836

Q174 A New Conmibusi Spin-Forbidden Rare Earth Opti
Tmnsiagons [ntensities. G.W. BURDICK and M.C. DOWNERT, U],
Tezas at Auspn®; D.K. SARDAR®, 1L, Texas at San Antonzo. We
cxpand upon recent quantitative calculations! which show that
numerous parity- and spin-forbidden linear optical transitions
observed in trivalent rare earth ions acquire 4 major fraction of their
intensity from hitherto neglected contbutions involving spin-orbit
linkages within excited configurations. Extending our revised
analysis of observed linear absorption intensities for Gd* and Eu+ to

965




5. S. K. Gayen, V. Petritevi¢, and R. R. Alfano, "Spectroscopic and Quantum
Electronic Properties of Chromium-Activated Forsterite”, in Quantum
Electronics and Laser Science Conference, 1989 Technical Digest Series, Vol 12,
(Optical Society of America, Washington D.C. 1989) pp. 172-173, presented at the
Quantum Electronics and Laser Science (QELS) Conference, Baltimore,
Maryland,April 24-28, 1989.
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wicknasses Tha zontbe 21 '2 253 o he
Interlaces is thus Jivided out, and ha npyk ‘sss
value I3 oblained. An example ol such a measure-
ment for fused silica. from 10 to 125 GHz. is shown
InFig, 2. Ouwr resuits are consistant with previous
data. The rasolution in the relractive Index mea-
surament is determined by the temporal resolution
of the sxperiment, sample thickness, and Its uni-
formity. With the samples used, and owr present
time resolution jor delay (0.5 ps). this accuracy is
+1%. The experimental resolution in the deter-
mination of loss Is given by the fluctuations in the
laser power and Is estimated to be 5%.

The quasioptical nature of this measwement
technique can be exploited to characterize sam-
plas In other configurations, tor example, Inrefiec-
tion. Another consequence Is that by placing
lanses in front of both antennas we Increased the
received signal sirength permitting much wider
(> 15-cm) separation between the antennas. An
added benefit Is that the beam can be collimated.
thus eliminating the need to correct for the refrac-
tion that occwrs In the samples. This Is easlily
checked by using fused silica which has a negligi-
ble loss at microwave frequencles. Results using
this configuration are also presented. (12 min)

1. D. H. Auston, In Picosecond Optoelectronic De-
vicas, C. H. Lee, Ed. {Academic, Orlando,
1984), pp. 73-117 and relerences therein,

2. See, for axample, A_H. Harvey, Ed., Microwave
Engineering (Academic, London, 1963).

3. K. S. Yngvesson, D. H. Schaubert, T.L. Korzen-
lowskl, E. L. Koltberg, T. Thungren, and J. F.
Johansson, IEEE Trans. Antennas Propag. AP-
33, 1392 (1985).

4. A P.DeFonzo, and C.Lutz, Appl. Phys. Leit. $1,
212 (1987).

5. Y. Pastol, G. Arjavalingam, J.-M. Halbout, and
G. V. Kopcsay, to be published in Electron. Lett.
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THKK1 Properties of Cr** In new fluoride hoet
crystsls

STEPHEN A, PAYNE, L L. CHASE, L K. SMITH, H.
W. H. LEE, Lawrence Livermore National Laborato-
ry, P. O. Box 5508, Uvermore, £.". 94550.

We recently discovered a new class of Cr3*
soiid-state laser based on the fluz/ide host materl-
als having the coiquiritte structure LICsAF, (U-
CAF)* and LISrAF (LISAF). We found that these
materisls exhibit elficient lassr performance, &s
determined with & Kr laser-pumped experimental
configuration. By taking the passive losses of the
iaser crystals into acoou, we lind that the extrap-
‘olated slope efficiencies of CrLICAF and Cr:LISAF
we 87 and 53%, respectively, white the quentum
delect-limited efficiency is 80%. On the other
hand, most other Cr lasers typically have efficien-
cles that are <30%.2 The question arises as to
what favorable properties of these hosts are re-
sponadie lor the efficient laser performance of
Cr:LICAF and CrLISAF,

JELF 23 THLESZA a-TIINIIN CTD

Tha pooe atficiency 51 Mast O asers nas Travie
susly heen arTiduted 10 tha ovartap ol the excied-
state absneptlon (ESA) band with the smission
band.! Arguments were presented which show
that the peak positions of the ESA and emission
bands are strongly Influenced by the nature of the
Jahn-Tailer sitect (JTE) In the ‘T, axcited state.
Direct measwements of the ESA spectrum of
Cr:LICAF Indicate that this host material resists the
JT distortion sufficlently so as to minimize the
overlap between the ESA and emission features.
The ESA Is found, however. 10 provide a non-
negligible detriment to the laser parformance for
Cr:LISAF.

The JTE of the ‘T, stats Is due 10 dynamic
nuclear displacements in the e, mode. [n this
work, we provide two independent measiras of the
JT energy of CriLICAF. One method is based on
the shift of the ESA peak from the position which Is
predicted on the basis of crystal lieid theory: the
other involvas the Interpratation of the spiittings of
the zero-phonon lines of the T, state (known as
the Ham sffect’). We attempt 1o reconcile the two
caicuiations.

The reducad infiuence of the ESA band at the
lasing wavelengths Is also In part due to the natwe
of the statistically Induced tansition moment. The
substitutional Al site Is predominantly octahedrsi In
character, and, therelore, the Cr* lon s surround-
ad by six flucrines. There exists, however, a small
static distortion of t;, symwnetry, which is responsi-
ble for Inducing significamt osclilator strength into
the spectral features. We use group theory to
relate the statistically induced ransition strengths
for ail the ralavant transitions. Including the ground
and excited-state absorptions, and the smission
band. It is shown that the 1, lleid increases the
transition moment for the r -polarized emission but
not for the ESA that occurs near the emission
band, thus accounting for the reduced influence of
the £ESA at the lasing wavelengths,

(Wnvited paper, 25 min)

1. S. A Payne, L. L. Chase, H. W. Newkirk, L. K.
Smith, and W. F. Krupks, I[EEE J. Quantum Elec-
on., 1o be published.

2. J. A. Caird, S. A Payne. P. R. Staver, A. J.

* Ramponi, L.L. Chase, and W. F. Krupke, [EEE J.
Quantum Electron. QE-24, 1077 (1988).

3. F. S.Ham, Phys. Rev. A_§, 1727.

THKK2 Spectroscopic and quantum electronic
properties of 8 chromiurmn sciivated forsterite Lo~
L

S. K. GAYEN, Stevens Instinte of Technology,
Dept. Physics & Engineering Physics, Hoboken, NJ
07030; V. PETRICEVIC, R. R. ALFANO, CUNY-Clty
Coflege, institute for Ultratast Spectroscopy & La-
sars, Now York, NY 10031.

Ctyomium-ectivated forsterie (Cr:Mg.SIO,) is e
new brosdly frequency-tunable vibronke sotid-state
laser In the near-RR region.'? Room-temperatwe
puised and cw laser action has been obtained In
this system for both 532- and 1084-nm exchation
fromaNd:YAGlaser. However, the identity of the
tasing center in Cr:forsterite has not yet been es-
tablished with certainty. AMNhough tivalent chro-
mium {Cr7*) is the active ion In ait the chromium-
based s0iid-state lasers reported to date, Indica-
tions are hat his system Is an exception. The
lasing center in Cr:forsterite mey be snother va-
fence state of chyomium, presumably the tetrava-
lont state Cr'*. We present a set of spectroscop-
ic measwements to charscterize this important
laser system and attempt to shed light on the ne-
tare of the lasing center.

The polarized absorption spectrs of Cr:forsterite
doth at room and liquid—nitrogen temperatues for
differsnt orientations of the crystailographic axes
are shown In Fig. 1. The spectre are character-

lad Ty Twee TANI§ Tertarar i I s

480 nm, respect ety for E 2 avstyiaa -;:
position of the 750-1m band changas « T seias ¢4,
tion. At ltquid nitrogen temperaturs sharp Lras
appear in the spactra.  The (oom-temparatire Ny,
Orescence spectrum is a broad band spanning 'he
700-1400-nm range. At liquid nitrogen tempera.
ture the (luorescance spectrum breaks up Intp
three structrad bands as displayed in Fig. 2.

A careful analysis of the amission and absorp-
tion spectra reveals that there ars two opticaty
active centers In chromium-activated [orsterite,
and both centers contribute o the observed amis-
sion and absorption spectra. The strong polariza-.
tion dependence of the 750-nm absorption band iy
consistent with transitions batween stalas of Cr*
lon In 8 sita of low symmetry. The llucrescence
band spanning the 1100-1400-nm range is ‘he
Stokes-shifted counterpart of the 850~ 1100-am
absorptlon band. Laser actlon Is observed over
part of this fluorescence band. We atribute this
IR absorption and emission to ransttions betwesn
states of another center other than C°* prasum-
ably Cr** in a tetraheral site. The wavelength
dependence of fluorescence lifatime provides fur.
ther indication that the smission Inthe 1100~ 1400
nm range and that in the 700-1100nm angs arise
from two dilferent canters. Complementary spec-
troscopic measwements and their analysis in
terms of standard theory for opticat transiions la
impurity-lon-doped crystals are presented 1o gain
insight into laser emission In chromlum-acuvaled
forsterite. (12 min)

1. V. Petricevic, S. K. Gayen, R. R. Alfano, K,
Yamagishi, H. An2al. and Y. Yamaguchi, Appl.
Phys. Lett. $2, 1040 (1988).

2. V. Patricevic, S. K. Gayen, and R R Alfano.
Appl. Opt. 27, 4182 (1988).

THKK3 Energy transfer studles belween Cri*
and Tm?* In scandtum and siuminum gamets

G. J. QUARLES, LEON ESTEROWITZ. U.S Naval
Resaarch Laboratory, Washington. DC 20375
5000; A. ROSENBAUM. G. ROSENBLATT, Sachs/
Freeman Assoclates, inc.. Landover. MD 20785-
5398.

Recent papers have reported on the properties
of scandium and aluminum gamets doped with
trivalent chromium, Swikan, and holmium for 2-um
faser operation.’-? However, thers have been no
systematic investigations of the tansfer efficlen-
cles batween Cr¥* and Tm®* In various hosts and
how hese efficiencies change with activator and
sensitizer concentration. The present work In-
cludes both sxperimental and theoretical studles of
the tansfer eHiclencles in YAQ, YSAG. ang YSGQ.
Preiiminary results indicate that the ener gy ransier
mechanism I3 due to a dipole-dipole Interaction.
The resuits provide a basis lor he optimization of
the Cr¥* and Tm** conceatrations in flash-pumped
2-um laser material. This requires simuitaneous
maximization of the energy Tansfer and minimiza-
ton of the thermal Joeding Zssociated with high
Cr3* concentsations. :

Several samples with wicsly varying Cr>* and
Tt concentrations wers studisd e1perimentally.
The transter efficiencies were oblained by measur-
Ing the decay rate of the Cr¥* lons from te mixed
ST,/E states a3 & hnction of Tm>® ton concentra-
tion. The ‘T, bend was excited with 10-ns puises
at 568 am from 8 YAG-pumped dye teser using
rhodamine 590 dye. The Cr3* emission was se-
lected by 8 monocivomator, detected with & photo-
multiplier tube, signal averaged. and stored by &
ransient digitizer. Decay rates were monitored st
soversl wavelengthe ecross the ‘T/’E emission
band, and no ditferences wers observed The
time resohstion of the detection system was better
than 1t us. Crmntum efficioncies of te Cr — Tm
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10:30 AM  Tunable Lasers: 2

James Harrison, Schwartz Electro-Optics,
Inc., Presider

MH1  Multistage T:ALLO, amplltier system

K. F. WALL, P. LACOVARA. R. L. AGGARWAL, P.
A. SCHIRZ, A. SANCHEZ, MIT Lincoin Laporatory.
Lexington, MA 02173.

We have designed and assembled a longitudi-
nally pumped multistage Ti:Al,O; amplifier system
intended 10 producs pulsed tunabie single trequen-
Cy radiation from 750 to 850 nm with an output
energy of 1 J/pulse at 10 Mz. This system is
compossad of three major subsystems:. (1} a cw
T1:Al;05 master oscillator: {2) a Ti:AL,Oy amplifier;
and (3) a frequency doubled Nd:YAG pumnp laser.

,The master oscillator i1s a cw Ti:AlLQ, singte
frequency nng laser' pumped by a cw Ar-ion laser
and is tunabile from ~750 to 850 nm. At the peak
of the gam profile this oscillator proviaes a signal
of ~0.5 W. A broadband isolator consistng of a
Faragay rotator and a compensaung polarnzation
rotator provises 30 dB of isolation over the tuning
range of the master oscillator. Pocketls celis are
used 10 gate the cw beam as well as to shape
temoorally the puise intensity.

The Ti:Al,O, amplitier consists of four stages:
& four-pass preamplifier: a two-pass amplifier: and
two single-pass amplifiers, as shown schematical-
ty in Fig. 1. Each stage consists of a Ti:Al,0,
crystal cut at the Brewster angie to minimize re-
floction losses. The signal and pump beams prop-
agate aimost collinearly {~1°) and are polarized
along the ¢ axis of the crystai (x polanzation) 10
maximize the gain. The fength of sach crystal,
ranging from 1.2 to 3.2 cm, is chosen so that
essentially all the pump beamn Is absorbed
{>95%).

The N&:YAG pumnp laser consists of a O
switched mode~iocked oscillator, a common three-
stage amplifier Chain, and four paralle! two-stage
power ampiifier chains resulting in four output
beams at 1.06 um, as shown in Fig. 2. This pump
taser provides a macropuise 180 ns in duration
consisting of 100-ps mode-iocked puises spaced
10 ns spart.  The macropuise repatition rate is 10
Hz. The average power of each output beam st
1.06 um is 20 W. Frequency doubling 1o 532 nm
Is accomplished using S-crm iong KD*P crystals
with type II phasse matching. Typically, we
achiove 25% doudling sfficiency resulting in 5 W
of 532-0wn radiation in each output beem.

We measured a gain of 2 X 10* for the lowr-pass
preamplifier and a gain of 1 X 107 for the two-pass
amplitier. Gain measurements for the two single-
pass amplifier stages are in progress. Pump
beam inhomogeneities (hot Spots) give nse to am-
plitied spontanecus emission noise in the signal.
We are investigating the use of rancom phase
plates? 10 eliminate the hot spots by smoothing out
he spatial proflie of the pump beams.

(12 min)

1. P. A. Schuiz, IEEE J. Quantum Electron. Q€-24,
1039 (1988).

2. Y. Kewo, K. Mima, N. Miyanega, S. Arinage. Y.
Kitagawa, M. Nakattuka, and C. Yamanaks,
Phys. Rev. Lett. 11, 1057 (1984).

MH2 A:axancrno "2%30r w17 = I7 32€CiIr3: cass-

lution and hign sower capadiimes

E. ARMANDILLS Zurcpean Scace Aesearch 3
Tecnrology Center, ! Xepieriaan. hocrowix, Tne
Nethertanas: £. NAVA. G. MOMBRINL. C:SE Tecno-
1ogie nnovative S.p.A., 2 O. Box 1208:. 20134
Mitan. raly; C. MALVICIN!. Quanta System. 18 Via
Venszia Giuka, 20157 Milan. aily

Alexandrite is e best ceveloped NIR wnabte
solid state laser crystal. Jts wide wnability range
and good pnystcal oroperties, including the poss-
bility ot atficient flashlamp opticat pumoing, make
it the nght source tor lidar/DIAL measuremants of
important ¢chemicat-physical parameters of the at-
mosphere. We built and tested a Q-switched alex-
andeite laser cesigned to {ulfill the requirements of
single-longitudinal-moode near-diffraction-imited
tunabie &mISSION IN high energy oulses (0.5-1 J.

A ring regenerative slave amplifier simiar 1o
that cescribed in Ref. 1 was injected with a low
power master oscillator.

The alexandrite master oscillator consists of a
174 X 4-4n. Alexandrite rod pumoed (N a goudle-
siliptical champer ang a stapie resonator (Fig. 1)
For singie-moaoe operation a muittpiate direfringent
filter and sapphire resonant output refiector acting
as a temperature tunable frequency filter are usec.
An inracavity aperture conuvols the single-rans-
verse-moce oscillation.

From this oscillator we obtained 600-MHZ bang-
width, 5-mJ energy Q-swilcneg puises to inject the
slave cavity.

The siave regenerative ring amolifter consists of
a three~miurTor cavity, 1/4- X 4.in, alexanonte rod
In a oouble eilipucai pump cnamper. dbirefringent
tuner, and Brewster angie KD *P Pocxeis ceil. The
Pockels cait is miggerad dy the master pulse via a
photodiode. From e injected amplifier we on-
tamned narow banawidth (600-MH2) emission In
pulses of 1-J output anergy.

Tests are in prograss to detine frequency jitter
and stability. temporal wistn, anc amplhitudge stabii-
ity.

The system will e mounted In a ground-Dased
lidar/DIAL facility for measuremants ot atmospnes-
iC water vapor concentration, pressure. ang tem-
perature. Preliminary resulls are presented.

(12 min)

1. V. Micheau. F. de Rougemont. and R. Fray,
App). Phys. B 39, 219 (1986)

MH3  Applications of new 3olid state lasers to
the production of tunadble YUY and XUV coherent
radiation

C. H. MULLER Ill. DEAN P GUYER. C. E. HAMKL-
TON. D. D. LOWENTHAL. Specra Tecnhnology.
inc.. 2755 Northup Way Benevue, WA 98004: T.
D. RAYMOND. A \ SMITH Sandia National Lab-
oratories. Albuquerque. NM 87185

We have recently gemonsrated’ a 7.5% effi-
cient near-giffraction-nmitea conerent VUV source
operaung at ~130nm  Tne VUV wavelengths are
OdIAINGd by two-pHOtoN resoNnant 'vu -wave mixing
inHg vapor. The nigh energy conversion eficiens
Cy results from mixing very mign guanty cotimated
singie~mode laser Deams over 1-m interaction
lengths. The collimated geomerry 15 very impor-
tant DOCause 1t allows tractadie moodeling. area
scaling of the process 10 higner energies. and high
optical quality of the outbut wave Qutout VUV
energies exceeding 125 mJ/puise i 8-mm diam
beasns have Deen cotaines  The VUV waveiengtn
is tunable from 120 10 140 nm by adiusting the
PUMpP waveiengths for proper INCex Matching Cone
ghtions.

The pump wavelengms tor 130.2-nm generation
are 777, 405, ang 255 nm  The 405-nm wave-

ST a3y TN 5T Cen T niwmg
sreser: Lme ne 755. n wGele
:enging are gererated Dy Mree nrg Ive ‘aser mas-
ter osciiators  Thess cw waverengns ars han
amplifies to the millijouie javei 'n zommercial
pulsed dye amplifiers. A final stage ampiitication
occurs In ianum:sapphure (Ti:S).

Wilh the recent gemonstration® of a staote hign
energy singte-tongitudinal-mode Ti:S oscillator. the
nng dve lasers and all sudbsequant siages of cye
amplifiers can now be replaced dv a single TiS
osCHiator and amplifier tor eacn tfungamental
wavelength. The simplification 15 enormous in
tnat eightesn ave oscillatorssamplifiers can oe re-~
placed witn three compact Ti:S osciltators and
three Ti:S amphfiers. The result of hase simotifi-
cations would be an all solid state tabietop coner-
ent VUV source. o

The high energv and high optical quality of he
VUV output wave suggest that this source couid be
used for subseguent nonlinear mixing o the XUV
region of the spectrum. As shown n Fig. *, a
43.6-hm XUV source can be constructed by fre-
quency wiohng 130.7-nm VUV radiation in neon.
In acdition. a tunabie 60.4-nm XUV source® would
rasult trom frequency mixing 130.7 nm witn 800
nm. also 1n nean. as illustrated In Fig. 1. Generat-
ing XUV from VUV with mgn efticiency and at
s1zabie energy iavels has not previously Deen pos-
sible: the only VUV sources available ware of very
low energy and wmefficient. However, geveiop-
ment of an etficient high energy and energy scaw
able source at STl now provides the oriver tor an
efticient XUV source. Furtnermore. thus XUV
source can be driven with an all sohd state taser
system.

We discuss the characteristics of our 130-nm
source. recently 0eveioped single~-moae Ti:S osci-
lators (Fig. 2), and their use with tabtetop VUV ang
XUV sources. (Invhed paper. 25 min)

1. C. H. Mulier INl, D. D. Lowantnai, M. A. DeFac-
c10. and A. V. Smih, “Hign-Efhiciency. Energy-
Scaiavte, Coherent 130-nm Source py Four-
Wave Mixing tn g Vapor,” Opt. Ler 13, 651
(1988).

2. K. W. Kangas. D.D. Lowenthal. and C. H. Mutler
{1, “Single~Longiudinai-Mode, Tunabie. Puised.
Ti:Sapphire Laser Oscillator,” Opt. Let:. 14, 21
(1989).

3. A. V. Smith, "“A Proposed Light Sowrce tor
Vacuum Ultraviolet Phaotolithography.” Sanaia
Report SAND 88-1316+UC-13 (June 19881,

MH4 Broadiy tunsble room temperature chro-
mium sclivated forstertte laser

V. PETRICEVIC, S. K. GAYEN. R. R. ALFANO.
CUNY-City College, Institute tor Uhratast Spec-
troscopy & Lasers, New York, NY 10031,

Theres 13 a neec for near IR coherent radiation in
the technologicatlly important areas ot ranging. ra-
mote sensing. and optical communications. Chro-
mium activatea torsterite (Cr:Mg,Si0.) 1s emerg-
ing'< as a practical tunable near IR taser suitabie
for such needs. We present the characteristics of
laser amission in Criforsterite.

The room temperature absorption and emission
spectra of chromum-soped forsterite are snown In
Fig. 1 The adsorption specTum is characterized
DY three Droad absorphion bands cantered at 1050,
750. and 480 nm, respectively. The emission
spectrum spans the 700-1400-nm range with ns
peax at 1100 nm. Both the absorption ang amis-
SI0N spectra exhibit Sharp line sTuUCtres at iquid
nlirogen temperatures. Careful stway of the ap.
SOrPHON ANd eMISSION SPECTA revaqls Mmat the tas-
ing ion Mmay not De the usual Tivalent 1oniC state of
chromium but presumably the teravatent siate.
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Schematic ot the Ti:Al,0, amplifi-

MH1 Fig. 1.
er system. The master oscillator is a cw Ti:Al,0;
single frequency nng lassr.  The Ti:Al,O4 ampifier
consists of four stages: a four-pass preamplifier.
a two-pass amplilier. and two singte-pass amolifi-
ers. The pump scwrce 1s a frequency doubled
Nd:YAG laser.
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MH1 Fig. 2. Schematic of the Nd:YAG pump
taser. The Nd:YAG pump laser cons:sts of a O-
switched mode-iocked 0sCiliator, 3 COmmon three-
stage amplifier cham, and four paraliel two-stage
power amplifier chains resulting In tour outpwt
beems at 1.06 um. This pump laser provioes a
rmecropulss 180 ns in duration consisting of 100-ps
mode-iocked pulses spaced 10 ns apart. The
Macropuise repetition rate is 10 Hz.
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version schemes tor the generation of XUV coner-
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MH3  Fig. 2. Schematic of ali solid state Ti:sap-

phire laser-pumped XUV coherant source.

Spectroscoplc and Lasing Properties of Cr:Forsterite

MH4 Tabie l.
Property Values
Absorption bands 350-520 nm, 600850 nm,
and 870-1180 nm

Fluorescence band 700-1400 nm
Fluorescence lifetime 15usat 300K
Pulsed laser action:

Center wavelength and bandwidth 1235 nm.~25 nm

Output power slope efficiency 21%

Tuning range 1167-1268 nm

Continuous wave laser action:

Center wavelength and bandwidth 1244 nm, ~12 nm
Output power slope efficiency ~7%
~1 X ~10~1% cm?

Effective emission cross section
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o X
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WAVELENGT re tam
m Fig. 2. Ratio of Crforsterte laser outout
£, 10 the adsorbed pump energy £, as a tuncton of
wavelength. The fwoO Curves &re o0tamed for two

different output Couplers. .
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The a0sorpuon anc emiss:on $H2CY3 SPown A =15
1 comain conmIcutlIons oM SO the T ang
Cr'* ions.

Puised laser action was obtained for both the
1064- and 532-am excrations trom a Q-switched
Nd:YAG laser. The Cr:forsterite sample was lon-
gitudinally pumped at the center of a stabie cavity
{ormed dy two 30-cm radius murors placed 20 cm
apart. The free-running laser ocutout was centared
at 1235 nm and had a spectral FWHM ot ~25 nm.

-The maximum output power stope efficiancy mea-

swred (o date 1s 21% and may be improved further.

The composite tuning curve obtained with two
ditterent output couplers tor 1064-nm pulsed exci-
tation is displayed in Fig. 2. With a birefringent
single=crystal quartz plate at the Brewster angie as
the intracavity dispersive element. continuous tun-
ing over me 1167-1268-nm spectral range has
been achieved.

Continuous-wave laser action of Cr:torsterrte
has aiso been achieved for longitudinat pumping by
1064-nm radiation from a cw NJ:YAG laser in a
neasrty concentnic cavity formed by two S-cm radi-
us mirrors.  The cw laser emission Is cantered at
1244 nm and has a spectral banawidth of 12 nm.
The effective emission cross section IS estimated
tobe ~1.1 X 10~ cm2.  Key spectroscopic and
lasing properties of Cr:forsterite are summarized
in Tabte I. (12 min)

1. V. Petricevic. S. K. Gayen, R. R. Altanc, K.
Yamagishi. H. Anzai. and Y. Yamaguchi. Appl.
Phys. Lett. 52, 1040 {1988).

2. V. Petricevic, S. K. Gayen, and R. R. Alfano,
Appl. Opt, 27, 4162 (1988).

MHMS  Solid state Iasers on the basis of chromi-
um-doped rare-aarth scandium gamets

A. M. PROKHOROV, I. A. SHCHERBAKOQV, Acade-
my of Sciences of he U.S.5.R., institute of Generali
Prysics, 38 Vavilov Si.. Moscow, U.S.S.R.

In cerain crystal growing conditions for Cri™-
and Na*T-goped gamets a portion of the trivalent
CIrOMIUM i0nS ¢an be transterred INto a tetravalent
sute. In the active medium they torm phatoTapic
cenmers with sarurable absorplion at the NG laser
wavelengtn. By doping with such phototropic
centers. the active medium provides a O-switched
regime where each pump puise has a fine struc-
fure COMtainNNg a reguiar sequence of puises. sach
with a curation of a few hundred nanoseconas.
The peak repetition rate inside the pulses vanes
from tens 10 hundreds ot kilohertz depending on the
initial phototropic absorption. Peak generation
power can reach 5 X 10° W. 1t is possibie ©o
obtain both high average and high pesk power
simultaneousty in the same lagser. This regime

. allows one t0 construct a small sized solid state

laser capabie of treating materials which camwnot
be cut in other PUImp regimes, i.c.. in & Cw mode.

Such a laser has been dullt in GSAG with chro-
mium and neodymium concentrations of 2 X 102°
cm™3, The laser roct was 6 mm in dismeter and 75
mm i ongth.  The initial phototropic absorption at
he-pum;) waveiength was 20%. Puise pump v
raton was 0.8 ms with laser efficiency of 3.5%.
The phototropic active siement pumg puise had 3
peek stucture with 100% ocepth of modutation.
The duty factor of the pulse sories was ~10 at 8
peak duration of 250 ns, which corresponds to a
peak power of 10° W. This laser has aiso been
studied in 8 high average power regime at puise
repetition rates of 100 ‘and 20 Hz. The puise
duration tor the first regime was 0.2 ms and for the
second 0.8 ms. Average power was ~100 W.
The thermooptical properties of the GSAG crystals
are ~ 1.5 times better than those for YSGG. The
Ivniting heat oad tor GSAG crystals is approxi-
mately twice as high as tor GSGG crystals.

The iasing wavelengts of YSGG Cr™ N&P™ is

spermer tran gt for c A5 s JO3 3rD nere o3
C00Q agreameri win e amantLausn arntus o
neodvmIium LROSCRAte ¢lass. 't Nas ceen snown
shat the condition for amoltihication of puises ct e
YSGG CP* NG?™ oscillator 1s very close 10 the
condition tor amplification of the YLF N¢?* oscilla-
1oc andg neodymium phosphate glass oscillator i-
self.

It has been observed that the YSGG Cr* Ne3~
rod has very littie influenca on the YSGG Cri™ He**
Tm3* rod when they are placed In the same reso-
nator. Thus, we nave built a laser which operates
simultaneously at 2.08 and 1.06 um.

In conclusion we point out that this 1aser 1S very
successful tor matenal processing and meaical
apphications. {12 min)
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10:30 AM  Stimuiated Brlliouin Scattering
Phase Conjugation

George C. Valley, Hughes Research Lab-
oratories. Presiger

M1 Phase conjugate fidelity of an SBS osclila-
tor/ampiifier at the 1-J/pulse level

METIN S. MANGIR. DAVID A. ROCKWELL. Hugnes
Ressarch Lavporatories. Opucal Pnysics Dept.. Mar
ibu, CA 90265.

Phase conjugation {PC) via strmulateqa Brilioun

scattering (SBS) 15 a widely used techmque. Until-

now most successful PC experniments have been
aone with pump energies of ~100 mo. For higner
energies, the conjugate ficelity gegrades. While
the axact cause Of this fidelity degradation remains
to be determined, it appears 1o represent a funda-
memal limit of the SBS PC process. From pasic
considerations it can be concluaed that good fidel-
ty requres that the SBS gain length be several
times the ditfraction length. therady Eromotng
thorough mixing ot ditferent parts of the beam and
acimeving high selectivity for the phase conjugate
mode. inoeed, experimaents in our laboratory have
shown that above ~10 times the SBS threshoid
energy. the PC fidelity 15 recuced. Competing
nontinearities or specifics of the geomeny em-
ployed can also sftect the hidelity. This fidelity
degradation presents a prodlem In high anergy
aser applications which require PC at snergies > 1
J.

A possible way to scate SBS phass conjucate
merors 10 higher energy employs an oscillator/
amplifier combination, as shown schemaucally in
Fig. 1. The essenual sdea 15 that the oscillator
employs SBS at an energy level consistent with
good PC fidelity 10 create a Brilloun shifted seed
that is the conjugate of the INCICONT purnd Desm.
The backward propagating seed Intensity in-
creasess in the Brillouin amplitier at the sxpense of
e INCOMING PUMp.  Altenuators pIAcsd between
the two calls ensurs that the ceplated pump Deam
18 of sufficiently low intensity as it enters the SBS
osclilator.  Anatys:s shows that the seed intensity
nesas to be 1-10% of the pump ntensity 10
achieve high reflsctivity  In thus configuration the
osciilator actweves the required conugation fidelity
while the ampliher proguces the high refiection
efficiency. 10 recent papers * = good figetity with
~70 %.rellocmnw was reported  The present al-

TI7 3TCresses e STSS ST
3.$100% tne rassumed: 0eell 128 e I tTa saar

N our experiments wa used Me Tezuendy oL
bieq output of a pnase ¢onugae NC'glass aser
progucing up 10 2.5 J at 527 nm. The tar ‘e
peam quality 15 1.5-2 times ditfracticn umnec: he
near held has a slightly nonuritorm intensity oro-
fue. Qur exoerimental sotup INCluding diagnosic
equipment s shown it Fig. 2. The amohifier cell
lengtn can be changed berween 30 ang 120 cmin
30-cm steps. We have monitored the energies
and puise snapes (<1-ns hime resolution’ at *he
nput and output of both the osciliator and amopliti-
er. Also, the near and far field beam shapes were
monrored at the output of ampiifter and osculator
using a CCD TV camera coupled 10 a viaeo rame
grapper ano computer. We presant ouwr exper-
mental measurements of the energies. outse
shapes, and near and tar heia PC Hoeur as a
function ot severai expernmental parameaters. sucn
as the amplifier smali signal SBS gain. me seed-tc-
pump energy ratio. the degree ol aberration. anc
the acoustic gecay ime of the medium {12 min)

L N.F. Anareev, V. |. Bespalov. M. A Dvoreisxe.
and G. A. Pasmanix, “Nonstationarv Stimy:ated
Mandeistanm-Brillouin Scattering ¢f Focussed
Lignt Beams unaer Saturation Conditions. * 3ov.
Phys. JETP 58, 688 {1983).

2. V. N. Aleksesv er al.. Investigation of Wave-
tront Reversal in a Phospnats Glass Laser am-
olifier with a 12-cm Qutput Apenture.  Sov. ..
Quantum Electron. 17, 455 {1987}

MI2 Phase conjugstion of astigmatic adberra-
tions by stimulated Brilloutn scattering

C. HOEFER, H. INJEYAN., B. ZUKOWSX' M
NGUYEN-VO, TRW Space & Tecnnoiogy Groug, !
Space Park. Recondo Beacn. CA 9C278

Astigmatic beams were phase conjuGaied anc
corrected using stumutated Brillouin scatiering
(SBS). Experiments have shown at conjugation
fidelity 1s presarved tor asugmatic aderrations up
10 Six 10 eigh! waves even ™Mougn Mresnoic 1s
increased. Both the input and output beam guainty
was measured interferometrically wnie nput and
CUtpUt &NergIas were also monitorec.

Figure 1 shows a schematc layout of the appa-
ratus. A NA:YAG iaser with outout energees ol up
to 100 my. pulse width of 20 ns, and requency
bancwidth of 3 GHz was collimated and propagated
through an aberrator Hetore tocusing INtO 3 Meth-
ane SBS ceall. Intrared Mach-Zennoer snterterom-
aters wers used to 0Ok at the aberraleq ang cor-
rected wavefronts. The interterograms were $i-
multansousty observed on a CCD camera and
recorged on tape. The aberrators used were -
ther a cylindrical lens o a helium (st ana ranged
from a fraction ot 8 wave 10 8i1ght waves over a 1-
cm besam. The beam energy was vaned from 10,
which was the SBS threshold, 10 100 mu  Joule-
meters were used 0 Monitor e SBS refiectrvay.
and all MeaSUrements were Mace on a $ing1e-snot
basis. Figure 2 18 a typical set of interferograms
Showing the input and corrected autput  Sxcelient
fidelity was cbtained Twoughot the range ot aber-
rations used.

The SBS retieClivily was decrsasec. anc Te
SBS tweshoid increased with Increasing aveera-
tion alfthough fidelity was preserved  Thus eftect

© was modeled using the 2-D (one longituainas one

rAnsSverse) wave oplic BAIWON CO08 which Teals
e S8CONT TANIVErss BIMeNsIoN L3NG gocmMeTic
opticsi TO accommOdate astigmatiam the £oce
was modified by aecoupling focusing atong e rwo
transverse axes. The model oredicted good
phase conjugation fidelity, contrrung e exper -
mental results, ani changes in reflectivity ana SBS
Tweshoki were in QOOd agresment with Mose 00~
served expenmentally (Fig. 31. {12 man)




7. V. Petritevié, S. K. Gayen, and R. R. Alfano, "Chromium-Activated Forsterite
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A Chromium-Activated Forsterite Laser

V. Petrievi¢, S. K. Gayen.” and R. R. Alfano

Institute for Ultrafast Spectroscopy and Lasers, Departments of Physics and
Electrical Engineering, City College of New York, New York, NY 10031

*Department'of- Physics and Engineering Physics, Stevens Institute of
Technology, Hoboken, New Jersey 07030.

Summary

. l
The chromium-doped forstci‘itci (Cr:Mg4Si104) laser, 2 new member in the

family of chromium-based, room-temperature, ncar-infrared vibronic lasers.! is
emerging as a practical and usefu} source of coherent radiation in the near-
infrared spectral region.2.3 Thex Cr:forsterite _system is unique both for its
desirable laser properties, as wéll as for its interesting and intriguing
spectroscopic properties.  While succcssfulty operated Cr-based tunable solid-state
lasers like alexandrite, emerald, Cr: GSGG togelher with Ti:Al;04 span quitc a

different spectral range of 660-1090 nm, Cr:forsterite emits in the 1167-1345 nm
range, centered on 1268 nm, the so-called “"wavelength of zero material
dispersion”. The material dispersion: will be minimal in this spectral range,
mraking Cr:forsterite an extremely valuable source for optical communications.
The most interesting spectroscopic feature of the Cr:forsterite crystal is that it is
the first Cr-based system known to date where the ‘lasing center' is other than the

Cr3+ ion, presumably the tetravalent chromium (Cr4*). In this paper, the unique
spectroscopic, and laser properties of Criforsterite will be described.

The room-temperature absorption and emission spectra of Cr:forsteritc are
shown in Fig. 1(a). The absorption spectrum is characterized by three broad
absorption bands centered at 1050 nm, 750 nm, and 480 nm, respectively. The
emission spectrum spans the 680-1400 nm spectral range with peak at 1100 nm.
The 750-nm and 480-nm absorption bands are attributed to transitions within the
_states of Cr3* jon. A careful study reveals that the near-infrared absorption band
centered at 1050 nm, and its Stokes-shifted fluorescence, presented in Fig. 1(b), are
responsible for laser action in Cr:forsterite. These absorption and emission
originate in transitions between the states of a center other than Cr3*. The
spectroscopic and theoretical evidences leading :o this conclusion and the
identification of this new lasing center will be presented.

Various laser-pumped laser experiments on Cr:forsterite system have been
completed and will be reviewed:

* Pulsed lascr action has been obtaincd for longitudinal pumping in a stable

cavity by both the 1064-nm and 532-nm radiation.

Continuous-wave operation has been demonstrated for longitudinal pumping

by cw 1064-nm radiation in a nearly concentric cavity.

*  Continuous tuning over the 1167-1345 nm spectral range, dxsplayed in Fig. 2.
has been obtained by wusing three different output couplers, - and a
birefringent. single-crystal quartz plate at Brcwstcrs angle as the intra-
cavity dispersive element.
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Fig. 1  Absorption; ‘and fluorescence spectra of Cr:forsterite: (a) room-temperature
composite spectra showing contributions from both the optically-active centers
present in the crystal (fluorescence cxcited by 488-nm  radiation): (b) ncar-
infrared spectra (fluorescence excited by 1064-nm radiation) attributed 10
transitions within the states of the ‘lasing center’ alone, presumed o be
tctravalent chromium. i All the spectra were taken for Ellb axis of the crystal. and
for excitation along the a axis. The dotted curves in (b) arc taken at 77 K, while the

solid curves are taken at 300 K. .
[ l X
L N I,, \'\\ N — (x2)
a IR ¥ \ N\
i r J . f f \ \
Soosof /(N
Ll L H \ \\
fod v
; . e
.}' | \\A -‘.\'\
e’ 0" 1 1 ’ 1 T
e {150 - 1200 1250 1300 1350

WAVELENGTH (nm)

Fig. 2 The ratio of Cr:forsterite—tascr output (E{) to the absorbed pump energy (Ep)
as a function of wavclength. The threc curves correspond to the. three output
couplers used in tuning measurement.
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The successful cw operation and large fluorescence bandwidth of this
system promise ultrashort pulse gencration through mode-locked operation.  Since
large crystals may be readily grown, the system has the potential to be an
amplifier medium in the infrared spectral region. Key spectroscopic and laser
properties of Cr:forsterite are summarized in Table 1.

TABLE 1. Spectroscopic and laser properties of Cr-doped forsterite

Property Value
lMa'rior pump bands 850-1200 nm, 600-850 nm,
. and 350-550 nm.
Fluorescence band ' 680-1400 nm
oom-temperature fluorescence lifetime ° us
gr-ion concentration -1x1018 jons/cm3
Lising wavelength (center) ' 35 nm (pulsed)
d < 1.44 nm (¢cw)
Spq‘clral bandwidth ~ 30 nm (pulsed)
‘ ~ 12 nm (¢cw)
Slope efficiency 22% (pulsed)
v 6.8% (cw)
Tuning range 1167-1345 nm
Effective emission cross section 1.1x10°19 c¢m?
We would like to acknowledge K. Yamagishi, H. Anzai, and Y ~hi of Mitsui
Mining and Smelting Co., Japan for providing the crystals usc 'udy, and

NASA and ARO for financial support.
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Tetravalent Chromium-Doped Forsterite Laser

V. Petricevic, S. K. Gayen*, and R. R. Alfano
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*Department of Physics and Engineering Physics, Stevens Institute of Technology
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Abstract

Chromium-activated forsterite (Cr:Mg3SiO4) laser is continuously tunable
over the 1167 - 1345 nm spectral range. The characteristics of laser operation and

relevant spectroscopic and quantum electronic properties of the system will be
reviewed. '




Tetravalent Chromium-Doped Forsterite Laser

. Petricevie, S. K. Gayen,” and R. R. Alfano

Institute for Ultrafast Spectrescopy and Lasers, Departments of Physics and Electrical Engincering
City Coilege of New York, New York, NY 10031, U. S. A.
* Department of Physics and Engincering Physics, Stevens Institute of Technology
Hoboken, New jersey 070030, U. S. A.

Summary

Chromium-activated forsterite (Cr:Mg3SiO4) is a new vibronic laser!.2 with unique
spectroscopic and laser properties. A number of chromium-based tunable solid state lasers3, together
withTi:Al03 laserd span a spectral range of 660-1240 nm. Cr:Mg3Si0y4 laser extends the tuning range
further into the near-infrared to 1345 nm.5 The most important feature of the tuning range of
Cr:forsterite laser is that it lies in the wavelength region of zero material dispersion. This property
makes Cr:forsterite very useful source for optical communications. The most interesting spectroscopic
property of the Cr:forsterite crystal is that it is the first Cr-based system where the lasing center is
tetravalent chromium (Cré+). .

The room-temperature absorption and emission spectra of Cr:forsterite are shown in Fig.
1(a). The absorption spectrum is characterized by three broad absorption bands centered at 1050 nm,
750 nm, and 480 nm, respectively. The emission spectrum spans the 680-1400 nm spectral range. The
750-nm and 480-nm absorption bands are attributed to transitions within the states of CP* ion. A
carcful study reveals that the near-infrared absorption band centered at 1050 nm, and the
corresponding Stokes-shifted fluorescence, presented in Fig. 1(b), are responsible for lascr action in
Cr:forsterite. These absorption and emission are attributed to transitions in Cri+ ion in a
tetrahedraily coordinated site. The spectroscopic and theoretical evidences leading to this
conclusion and the identification of this ncw lasing center will be presented.
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Fig. 1 Absorption and fluorescence spectra of Cr:forsterite: (a) room-temperature composite
spectra showing contributions from both the optically-active centers present in the crystal
{fluorescence excited by 488-nm radiation); (b) near-infrared spectra {fluorescence excited by
1064-nm radiation) attributed to transitions within the states of the Cr4+ ion. The dotted
curves in (b) are taken at 77 K, while the solid curves are taken at room temperature.

Various modes of operation of the Cr:forsterite laser have been achieved. Room temperature
pulsed laser operation for 532-nm, 630-nm, and 1064-nm pumping has been obtained!.2 with maximum
output slope efficiency of 22%. Continuous-wave operation has been demonstrated® for longitudinal
pumping by cw 1064-nm radiation. Continuous tuning over the 1167 -1345 nm spectral range, shown in
Fig. 2 has been obtainedS by using three different output couplers and a birefringent, single crystal
quartz plate at Brewster's angle as the intracavity dispersive element.
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Fig. 2 The ratio of Cr:forsterite laser output (Ey ) to the absorbed pump energy (Ep} as a function

of wavelength. The three curves correspond to the three output couplers used in luning
measurement.

The most important spectroscopic and laser properties of chromium-activated forsterite are

summarized in Table 1.

TABLE 1. Spectroscopic and laser properties of Cr-doped forsterite

Property ‘ Value
Major pump bands 850-1200 nm, 600-850 nm,
and 350-550 nm.
Fluorescence band 680-1400 nm
Room-temperature fluorescence lifetime 15 us
Cr-ion concentration ~ 7x10'8ions/an3
Lasing wavelength (center) 1235 nm (pulsed)
1244 nm {cw)
Spectral bandwidth ~ 30 nm (pulsed)
- ~12nm(cw)
Slope efficiency 22% (pulsed)
6.8% (cw)
Tuning range 1167-1345 nm
Effective emission cross section 1.1x10°19 em?

We would like to acknowledge K. Yamagishi, H. Anzai, and Y. Yamaguchi of Mitsui Mining

and Smelting Co., Japan for providing the crystais used in this study, and NASA and ARO for
financial support.
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THE FORSTERITE LASER

R. R. Alfano

Institute for Ultrafast Spectroscopy and Lasers
Departments of Physics and Electrical Engineering
City College of New York
New York, NY 10031

Chromiume-activated forsterite (Cr:Mg;5i04) is a new chromium-based
vibronic laser with unique spectroscopic and laser properties. Pulsed room
temperature laser operation for 532-nm, 630-nm, and 1064-nm pumping has
been obtained with output slope efficiency as high as 22 %. Free-running laser
output is centered at 1235 nm and has spectral bandwidth of 30 nm. The large
bandwidth promises generation of ultrashort pulses in the femtosecond range
through mode-locked operation. With a single crystal quartz birefringent
plate inserted in the laser cavity at Brewster's angle, and using different laser
mirrors, smooth continuous tuning over the 1167-1345 nm spectral range has
been achieved. This tuning range is of great technological importance for
-ranging, remote sensing and optical communications. Continuous-wave laser
operation for longitudinal pumping by 1064-nm radiation from CW Nd:YAG
laser has also been obtained. Spectroscopy of chromium-doped forsterite will
be reviewed. These studies indicate that in Cr:forsterite a center other than
Cr3+, presumably tetravalent Cr4*in a tetrahedrally coordinated site, is
responsible for laser action.

This work was performed in collaboration with V. Petricevic and S. K.
Gayen. The research is supported by NASA, ARO, Hamamatsu Photonics KK,
and CCNY Organized Research.

Plenary talk, presented at the International Conference on Lasers '89,
December 1989, New Orleans, Louisiana.
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Effective Gain Measurements in Chromium-Doped Forsterite

V. Petritevié, A. Seas, S. K. Gayen* and R. R. Alfano

Institute for Ultrafast Spectroscopy and Lasers
Departments of Physics and Electrical Engineering
City College of New York, New York, NY10031
Telephone: (212) 690-6960, Fax: (212) 690-8185

*Department of Physics and Engineering Physics .
Stevens Institute of Technology, Hoboken, New Jersey 07030

Summary

Chromium-doped forsterite is an important laser system for the near
infrared spectral range. It operates in both pulsed!-3 and continuous-wave4
mode of operation. Its output can be tuned over the 1167-1345 nm range.5The
most interesting feature that distinguishes this laser system from other
chromium-based lasers is that the lasing ion is tetravalent chromium (Cr++)
in a tetrahedrally coordinated site.2.3.6

In this work we present pump-and-probe measurements of the
effective gain cross-section in chromium-doped forsterite. Results of these
measurements show the effect of excited-state absorption (ESA) on laser
performance of chromium-doped forsterite laser.

ESA is a critical process which impedes operation of tunable solid state
lasers. It has been shown that it affects laser performance of V2+-doped
crystals,’. 8 inhibits laser action in Mn2+-doped crystals,? and limits the slope
efficiency of Cr3+:Mg3GasLi3Fi2 laser.10 It is also present in alexandrite.1l
Absence of ESA is one of the most important advantages of Ti:Al,O3 laser.12

The experimental setup used to measure the effective gain cross section
is shown in Fig. 1. The upper lasing level assigned to 3T, state of Cr¢+ ion is
populated by 1064-nm pump beam from the Q-switched Nd:YAG laser. The
excited state is probed by a collinearly propagating probe beam. Probe beams
were obtained from a tunable forsterite laser pumped by a Nd:YAG laser.
Pump and probe beams were carefully overlapped and focused in the sample.
The sample is a 38-mm long and 4-mm diameter rod with end faces anti-

reflection coated for the 1.1-1.4 pm range. A gated boxcar integrator was used
to measure the average ratio S3/S1, where Sz is the signal proportional to the
intensity of the transmitted probe beam and S, is proportional to the intensity
of the probe beam before the sample.




Q-SWITCHED Nd.YAG M&STEEm NG

[.ASFR > |_J ~
1064 nm
p) - BS
064 nm ¢
Ge DETECTOR
—{]  seex ..E_,L{:].ﬂ__( }._/
MONO -

D2| cHrROMATOR

Cr-Forstente laser

REFERENCE S1
GATED BOXCAR Ot
INTEGRATOR
SIGNAL 52 l Ge DETECTOR
52751

Figure 1. Experimental setup used to measure the effective gain cross-section in Chromium-
doped forsterite.

The effective gain cross section is given by
OEFF = OF ~ OfsA - 0G = - (1/NgDInR, ey

where o is the gain cross section, ogsa is the excited-state absorption cross

section, og is ground state absorption cross section at probe wavelength, Ng is
population density of the excited state, | is length of the crystal and R is
defined by '

R = (S2/S1u/(S2/SDp. @

The subscripts u and p refer to unpumped and pumped cases, respectively.
Excited-state population density (Ng) was estimated by measuring the
pumped volume of the sample and the energy of the pump pulse absorbed,
assuming that each pump photon absorbed creates one excited ion.

The measured effective (net) gain cross section as a function of
wavelength in the 1180-1330 nm wavelength region is presented in Fig. 2 by
triangles superimposed on the fluorescence spectrum. The measured values
of the net gain cro=« section should be compared to the value of ~2 x 10-19 cm2
for the peak gain cross section obtained from radiative lifetime and
fluorescence lineshape measurements.ll The close agreement between the
measured effective gain cross section and the peak gain cross-section predicted
using radiative lifetime and fluorescence linewidth indicates that ESA cross
section is at least an order of magnitude smaller than the gain cross section.




This agreement implies that ESA is not a major loss mechanism i
chromium-doped forsterite.
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Figure 2. Fluorescence spectrum of chromium-doped forsterite for 1064-nm excitation (solid line)
and effective gain cross-section (triangles and broken line).

Research is supported in part by ARO and NASA.
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Tuesday AFTERNOON
TUXX November 6, 1990
+:45pm BALLROOM 8

Symposium on Instrumentation
James C. Wyant, Wyko Corporation,
Presider

4:45pm (Invited)
TuXX1 Acousto-optical spectrometers

V. 1. Pustovoit

USSR State Cormunittee for Product Quality
Control and Standards, 9 Leninsky Prospect,
Aloscow 117049, LISSR

We describe an acousto-optical spectrom.
eter consisting of a Bragg cell made of single-
crystat quartz. Spectral range of 120-780 nm
and resolution of 0.2 nm is achicved. Appti-
<ations in the monitoring of plasma-assisted
material treatment are described.

' 5:15pm

TuXX2 Power-spectrum
measurements using radial
shearing interferometry

" Ronald J. Sudol and Robert K. Jungquist
AMS Division, B-65 Reseurch Laburatory,
Eastinan Kodak, Rochester, New York
14650-1813

A common-path radial-shearing intecfce-
ometer is examined for its ability to measuce
the power spectrum of an object’s intensity
transmittance. For an object illuminated with
spatially incoherent light, itis shown that the
contrast of the intensity distribution ob-
served at the interferometer’s output con-
tains a cosine transform of the object’s
intensity tcansmittance. From a cohercnce
theory point of view, this manifestation is
shown o be the result of a dircct mapping
between the object’s frequency spectrumand
the coherence properties of the interfering
beams. Alternatively, when one considers the
system impulse response, each point in the
objuct is found to produce a sct of cos-
inusoidal {ringes whose frequency is directly
rclated to that object point. The subsequent
incoherent summation over the object results
inan interfcrence pattern that contains a bias
teem plus the transform of the object’s inten-
sity transmittance. Experimental results ob-
tained for standard objects such as ciccular
apertures and Ronchi rulings compare favor-
ably with theoretical predictions.

SEdom

TuXX3 A Fourier-transtorm
spectrometer for the visible
and UV region based on
laser-diode interferometric
control

Geeet Wyntjes, James Engel, David Carlson,
and Rick Dorval

OPTRA, 66 Cherry Hill Drive, Beverly,
Massachusetts 01915

We describe the design and preliminary
performance of a Fourier transform spec-
trometer (FTS) built to operate in both the
visible and UV regions. Conventional FTS
instcuments have generally been restricted to
use in the IR because of the difficulties in
providing sufficiently precise control of the
micror velocity and alignment. We ace build-
ing an FTS, which uses a laser-diode source,
in which both mirtor motion and alignment
are dynamically controlled on the basis of
interferomelric signals. By using a multi-
phase Jctection technique, we are able to
make interfccometric measurements with
/768 precision at a 5 Mz update rate. These
data are used to servocontrol the mirror ve-
locity and alignment to better than 0.01% and
1 radian respectively. This degree of control,
combined with optics that are good to /40 in
the visible-light spectrum, make it possible to
atlain spectral resolution in the visible and
near-UV regions that is limited only by
radiometric noise considerations.

5:45pm

TuxX4 Complex homodyne laser-diode
velocimeter

Geert Wyntles and Michael Heccher

OPTRA, 66 Cherry Hill Drive, Beverly,
Massachusetts 01915

We describe a laser Doppler velocimeter
based on a single illuminaling beam from a
laser diode and employing a complex
homodyne detection system. Conventional
laser Doppler velocimeters are based on the
detection of light scaltered by particles that
traverse a region illuminated by intersecting
lascr beams. Performance is generally im-
proved, particularly in low-velocity applica-
tions, by means of heterodyne detection (the
intersecting beams differ in optical frequency
by the heterodyne frequency). The system we
describe is compact and achieves precise and
unambiguous measurements through the
use ofa complex homodyne tlechnigue In this
technique we make simultaneous measure-
ments, updated at 5 Mtlz, of three interiero-
metric signals whose phases diffce by 120.
These data are processed in real tme to pro-
vide a lincar output of unwrapped phase,
whose derivative is proportional to velocity.
The sample volume is illuminated by a single
beam, and a complex spatial (ilter 1s used to
generate the three, differently phased inter-
ferometric signals. We descnbe the theoreti.
cal basis for the measurement, the sensor
design, and a vadety of data obtained from
both fluids and diffusely scattenng surfaces.

Tuesday AFTERNOON
TUYY Nuvember 6, 1990
5:00pm BALLROOM A

Ultrafast Spectroscopy

R. R. Aifano, City College of New York,
Presider

L

5:00pm

TuYY1l Transient gain measurements
of nonradiative dynamics in
chromium doped forsterite
(Cr**:Mg2Si04)

A. Seas, V. Petricevic, and R. R. Alfano

Institute for Ultrafast Spectroscopy and Lasers,
Departinents of Physics and Electrical
Eugineering, City College of New York, New
York 10031

The gain dynamics of photoexcited chro-
mium-doped forsterite (Crt *:Mg25i04) were
measured by means of a pulsed excite-and-
probe technique. The nonradiative relaxation
time within the 3T2 vibronic state was deter-
mined by measuring the change in the in-
duced gain of the probe pulse as a function of
the pumpprobe delay. A 30 ps, 1.064 m pulse
from a mode-locked Nd:YAG laser was split
into lwo beams. The first beam provided the
pump puise to populate the 3T2 manifold. The
other beam was focused in a calcite crystal to
generate a 1.2 m probe pulse by means of
stimulated Raman scattering. The transient
gain was determined from the measured ratio
of the transmitled probe intensity for unpum-
ped and pumped cases as a function of the
pumpprobe delay, The cise time (time for
growth of the gain from 10% to %0%) was
calculated to be 50 ps. A rate-equation analy-
sis of population in the various states was
used to extract a value for the vibrational
relaxation time from the experimental data
under the assumption of Gaussian pump and
probe pulses. The best fit to the experimental
dataof gain as a function of time yields a vatue
of 10 5 ps for the intra-3T2-state vibrational
relaxation time. 0

This reseacch is supported by the Army
Rescaech Office.
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TuYY2 Picosecond infrared
spectroscopy using a
regenerative amplifier

T. M. Jedju, I. Rothberg, and M. Roberson
ATET Bell Luburatortes, 600 Mountain
Avenne, Murray Hill, New Jersey 07974

An apparatus for doing picosecond, nar-
rowband infrared spectroscopy is presented.
The procedure, based on a 540 Hz regenera-
tive amplifier, uses a gated up-conversion
technique. Spectral resolution of 1 cm! is
achieved by difference-frequency mixing the
output of a narrowband, sync-pumped, grat-
ing dye lascr, which is pumped by residual
light from the regenerative amplifier, with
532 nm laser light in Lil03. The output is nar-




12. S. G. Demos, J. Buchert, and R. R. Alfano, "Nonequilibrium Phonon Dynamics
in Forsterite”, presented at the Optical Society of America 1990 Annual
Meeting, Boston, Massachusetts, November 4-9, 1990.
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lincar optical effects, which can depend on
the density of free carriers. At low carrier
density, there is an effect of the piczoclectric
fields on the nonlinear susceptibilitics due to
parity mixing of the levels: {x(%], and due to
piezoelectric tield-driven changes in the cac-
rier dispersion relations: ™. In an SLS,
grown on a buffer layer intermediate in con-
cenlration between the two active epilayers,
we use a transfer malrix techniqued to obtain
dispersion relations for the superlattice and
an exact superlattice wavefunction. This is
done within a single band model with mo-
mentum mixing of the bands due to zone-
folding considered. Using these results we
calculate @ and ¢ for a CdTeZnTe SLS.
We find 3 ~ 10 X bulk GaAs. A large y
tesults because of electric ficld modulated
band nonparaboliticity in the SLS. We find
x3) ~ 60 X bulk GaAs. The level broadening
in the minibands demonstrates a strain-in-
duced Franz-Keldysh effect in this system,
whose explicit form varies with electric field.
Finally, we considerthe effect of screening on
¥ as a function of cacrier density.
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WJ6 Second-order optical
susceptibilities in asymmetric
quantum wells

S.]. B. Yoo, M. M. Fejer, R. L. Byer, and
]. S. Harmis, Jc.’

Edward L. Ginzton Laboratory, Stanford
Uuniversity, Stanford, California 94305

Recently, there have been extensive stud-
ics of intersubband transitions. The large os-
cillator strengths of transilions between
subbands of quantum wells! have led 10 in-
vesligations of theic application to lasers, de-
tectors and nonlinear optical devices. In this
paper, we discuss the extremely large second
order optical susceptibility [x(?} predicied
and observed? in structures with inversion
symmetry broken through external electric
ficlds or composilional asymmetry. Sccond
order susceptibility of the quantum well sys-
tem is obtained by solving effective mass
Hamiltonian in the conduction band. The
lacge oscillator strengths and celatively nar-
row linewidths [ead one to expect large . Ex-
pecimental measurements of x(? have been
obtained for second harmonic generation
over the tuning range of CO; laser in bdt
electric field biased and compositionally
asymmetric modulation doped structures, re-
sulting in 28 nevV and 100 novV near reso-
nance, respectively. These are extremely
large comparcd to xi® of bulk GaAs, for exam-
ple, which is 0.38 amvV at similac wave-
lengths. In actual frequency conversion
devices, the strong absorption at resonance
adversely affects efficiency, which ultimately
depends on the ratio of x(2) to absorption. We
discuss the design of quantum well devices
for large conversion efficiency.

M . B
S Te lelinoids cavenalar Maniocd

Crinemay.
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WJ7  Optically induced and
charge-transport-assisted
electreabsorptive and
electro-optic nonlinearity in
cadmium telluride

Mehrdad Ziaa and William H. Steier

Center for Photonic Technology, Department of
Electrical Engineering,

University of Southern California,

Los Angeles, Californin 90089-0433

We have observed the optically triggered
formation of a high electric field region un.
derneath the negative electrode. The optical
control of the magnitude and the position of
this field build-up, typically 10 to 20 times the
applied field, combined with the electro-optic
ot the Franz-Keldysh effect, provides a novel
lacge optical nonlineanty. The high field ce-
gion (0.1-0.2 mm wide) forms in few micro-
seconds upon itlumination by below bandgap
light (860900 nm) and persist in the dark
with a latch time of 2-5 5. This effect is highly
sensitive, requiring approximately 10 n}/cm?
absorbed fluence, and exhibits an intensity
and applied voltage dependent response time.
Furthermore, this high field can be erased by
illuminating the region through [TO elec-
trodes with near bandgap light (835-nm GaAs
lasec diode). This field buildup and erasuce
can be used in a variety of device configura-
tions (one- or two- dimensional arrays, self
switching or two wavelength schemes) for
opto-optical switching and spatial light mod-
ulation applications. These devices can bene-
fit from the large electro-optic coefficient of
CdTe (5-6 pV/m) for high contrast polariza-
tion switching, or taking advantage of the
high electric fields, use the observed Franz-
Keldysh electro-absorption which provides
large absorption and the associated refractive
index changes.
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Ultrafast Optical Phenomena: 1
Arthur Smirl, University of lowa, Presider
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WK1  UHrafast opto-optic switching

Sushrut Mehta, Philippe Fauchet, and
Kais Gzara

Departinent of Electrical Engineering,
Princeton Unrversity,
Princeton, New Jersey 08544

We present a design for an ultrafast opti-
cally driven optical switch capable of sub-
picosecond switching and recovery times.
The swilch essentially consists of a phased
array in which the phase of the light emitted
by each element of the array is optically con-
trolled. The distcibution of the far field dif-
fraction pattern from such an array can be
varied considerably by altering the phase dis-
tribution of the array. The extremely short
swilching times are obtained by utilizing the
optical Stark effect, which involves only vir-
tual transitions, and there are no real carriers
to restrict recovery times. The switch is also
found to be extremely robust against noise as
well as partial failure.

1:45pm
WK2 Nonequilibrium phonon
dynamics in forsterite

S. G. Demos, J. M. Buchert, and R. R. Alfano

Institute for Ultrafast Spectrascopy and Lisers,
City College of New York, Convent Avenue at
138 Street, New York, New York 10031

Phonon dynamics in photoexcited For-
sterite—a new tunable salid state laser—has
been studied by time resolved spontancous
Raman scattering following absorption in 3T
elcctronic state. High rate of photoexcitation
by 400 fs pulses are responsible for creation
of nonequilibrium phonon population in the
excited state. Phonons are generated by relax-
ation of the photoexcited clectrons in the ex-
cited state. The finite relaxation lime of
phonons and strength of electron-phononin-
tecactions produces the obsecved high non-
equilibrium distribution during the shoct
time after excitation. The short pulse mea-
sures the hot phonons while the longer
pulses measure overall phonon population
These measurements give direct information
on which nonradiative process and which
phonons are involved in the relaxation of
photoexcited ions in electronic state. For
shortest pulse of 400 fs the 220-cm™! mode
appcars 1o be coupled with photoexcitued tet-
ravalent chromium CeA* showing the non-
equilibrium distribution.

This work is supparted by the Army Re-
search Office.
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