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Transient effectg and pump depletion in stimulated Reman scattering
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Chemistry Divi6ion
Los AlamoE, New Mexico a7545

K. Drl.ihl

Institute for Modern Optics
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Abstract

Stimulated rotatio,~al Raman scattering in a 300-K multipacs cell filled with para-H2
with a single-mode C02-pumped laser is studied using a frequency-nar-owed optical parametric
oscillator (OPO) as a probe laser at the Stokes frequency for the SO(0) transition. Ampli-
fication and pump depletion are ●xamined as a function of incident pump ●nergy. The pump
depletion shows clear ●violence of transient behavior.

A
both
t]on
Ical

theoretical treatment of transient stimulated Reman scattering, including effects of
pump depletion and medium saturation is presented. In a first approxlmatlon, dlffrac-
●ffects ~re neglected, and only plane-wave interactions are considered. The tlleoret-
results are compared to the ●xperimental pulse shapes.

Introduction

Stimulated Raman scattering (SRS) can be a very ●fficient means of Converting the fre-
quency of laser radlatlon into desired spectral regions. Since lts discovery and first
comprehensive studies In the mid-1960’s’ various ●spect- of thi~ nonllnear process have
been studied experimentally and theoretically. In purtlcular, there have been atud~es of
pump depletion both In the steady-state regime (1”= ~)2$3 and the hypertranslent regime
(r = o)~~b. Also there have been Ltudles of the transient regime (arLltrary I ) whel-e pump
depletlon has been neglected.6~’ Nevertheless, it aPPeilrs that to this time there hab been
no detailed comparison of a realistic theoretical model lncludlng preccure broadening to ●

set of experiments probing different degrees of pump depletion ●nd medium saturation Ln the
transient Ieglme, Such comparison lS important to demonstrate the valldlty of the mem]-
CIGESICAI theory af SRS and Its various ●pproximate versions, ●nd to a~se~s their potential
as analytical tools In the o~~tlmal de@]gn of Raman converters ●nd oBclllators.

The S (0) ro~.ational trann]tion in para-H2 providen ● n ideal my-tern for titudylng otlmu-
lated ro~ational Raman scattering.afe’io For scattering of ● C02 laser near 10 pm, the
usual compl~catlon of ●econd Stokes generation im ●llavaat. 1 due to the large drop in gain
With Stoken frequency. Competltaon from anti-Stokes gonerat~on IS ●voided by the urne of
clrculal polarlzat~on for the pump.11 Superfluorencence, oftoll ● complicat~on for ntlmu-
lated Raman acatterlnq in the visible, 1- ●mmIly avulded in the Infrared olnce there la a
large re~~on over which one can maaeuxe ●ubntantial gaan~ with ● probe lamer without compe-
tition from the growth of ●pontaneoum Raman mcatterlnq, Thie i- becauen the croem eectlor)
fol spontaneous Ramallemlsnion falle ● n UIa● while the Rammn gain falle only aB wm.

1:1 ●ddition to ●voiding mmny of the complication of ~aman ●attering ●eerl on oth~l
■y~temm ●nd in other ●p-etral region~,
known.

the molecular paranlete~m fol para-H- ● rc also well
The Raman lll)ewidth in para-H2 barn boon ●ccurately measured’z and the polar]zabll-

lty for the S (0) transition in hydrogen ham beerl accurately calculated, ” Thus one ham
an ideal “two~level” molecule with which to ●tudy thoop effects of R~m6n mcatt,erlng wh~ch
ale lndcpenderlt of the partic~llar molecule, ●uch au pump depletlon in the rlonsteady-state
(t~ans~ent) reg~me and the ●ffecte of lcner ba:jdwidth.

The main difficulty in obtaining ●timulatetd rotational Raman scattering in H: in the
Jn!iared i- the relatively low Raman gain in t.h~m region of the mpectrum, desplt~ the ve~”Y
IIAI1OW lll~e!’ldthof the Raman tranolt)on. Since H2 lm a homonuclea~ molecule, thexe @te nt~
dipole-allowed rotat~onal or v~bratlonal tlannjtionn, Ttiun, the Raman nusceptib~llty ~~
detelmlnnd Eolely by the ●lectronic trana~tiunu, which lip ir) the region g:eatel thmll
90,00(-)cm-l ●bove the glound rotate. It is therefule not ●ulplislng that the Rama!) •uac@}~t-
lb]l~ty ●nd hence the Iiamai)gain ~rnq~)te low fol’●catte[lhg of ● C():tlasel ●t -1000 l-m-’,
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However, the Raman gain can be increaged in several ways. In particular for the J = O
toJ= 2 rotational Raman transition, the use of para-H2, derived from the Llcw-off of
li~}id H2,14 ●laminates the odd rotational levels. At room temperature this increases the
gain by 4.0 over normal H2 for the SO(0) transition. One can also cool the para-H2 to
liquid N2 temperature to decrease the J = 2 level population, increase the J ❑ O popula-
tion and thu6 further enhance the gain by 2.4. But an even larger increase in gain can
come from the u6e of a multipass cell (MPC),O#eflO~lb which by consecutive focu6ing can
lead to increases in gain by 30 or more. These ●nhancements of the gain allow one ●asily
to study the growth of the Stokes beam and the depletion of the pump beam with C02 lasers
of modest ●nergle6 (1 - 2 J).

We report a study of stimulated rotational Raman scattering from para-Hz at room temper-
ature in a MPC, in which the 1OR(12) line (10.3 pm, 970.55 cm ‘) of a single-mode CO% laser
i6 downshifted to 616 cm-’ (Gee Fig. 1). The Stokes probe was a narrow-band (t50 MHz) CdSe
OPO , Because this 6ource could easily be observed after passage through the MPC in the al
sence cf Raman gain, it was possible to study the temporal behavior of the Stokes field ari.
the energy conversion from the small signal region to near-complete pump depletlon.

Apparatus

The ●xperimental layout is shown schematically in Fig. 2. The basic ●lements are a CO,
pump laser, an OPO Stokes 6ource, and a 3.47 m multipass R&man cell containing para-Hz . The
system IS de6crlbed In detail In Ref. [16].
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The CdSe 16-pm source has previously been describe d.1’~ ‘8 For this ●xperiment it was
modified to provide better frequency control and more precise tuning to the Stokes frequen-
cy , The stabillty is estimated to be *5O MHz from shot to shot with ]onger :erm drifts of
t150 laz. The Stokes energy averaged about 9 pJ of the proper (circular) polarization at
the input to the WC.

The pump and Stokes beams were mode-matched19 to the MPC confocal parameter of 1.36 m.
The cell geometry was reentrant after 42 passes but the radiation was coupled out after 39
paBses. The transmission of the pump through the cell indicated that the mirror reflec-
tivities were 98.9% at 10 pm. The MPC wac filled with 760 torr of para-H2 from the boil-
off of a L-N2 dewar. Higher pressures of para-H2 led to collisonnl-induced absorpLlon,8’20
of the infrared beams. At 760 torr of para-H2 at 300 K we estimate the colllsional-induced
absorption to be -1%.

The input 16-pm Stokes beam was monitored with a liquid He-cooled Ge:Cu detector. The
Stokes beam ●xiting from the MPC was separated from the 10-pm pump beam by a dlchrolc
mirror and directed to a photon drag detector. The input and output COz pulses were also
observed on photon drag detectors.

Experiment

To study the C02 pump depletion, the temporal pulse shapes of the inpi!t C02 beam, the
input Stokes beam, the output C02 beam, and thr Outpllt Stokes beam were all
monitored. The timing of the input Stokes was monitored on & liquid N2 cooled Hg:Cd”Te
detector. The other three beams were intense enough to be detected on Ge pt.oton drag
detectors. The pu16e shapes were recorded on 400-MHz storage oscilloscopes and then digl-
tlzed, with the resulting data being stored on magaetlc disc to allow manipulation and
plottlng of the data. Figure 3 shows plots of this data for CCJZ pump ●nergies of l.0~ J,
().76J, and 0.55 J. The input Stokes pulse shape was monitored prior to taking the ddta
shown In Fig. 3 and a t~lc~l oscilloscope trace is shown In Fig. 4. However we dld not
have ●nough osc~lloscopes to obrnerve the Input Stokes pulse while taking the ddta of
Fig. 3.

All three photon drag detectors were calibrated by sirr,ultaneouslymonitoring a s]ngle
cl~ot of the CO1 pulse in the abFence of any depletlon by blocking the 16-pm Input to Lhe
multlpass cell. In th]s way the relative amplltude and tlmlng of dll t)lreepulses could be
ad]ugted. By this technique the nhot-to-shot amplit~de a>;curacy was reduced to 10?Oand tl?e
shot-to-shot tempolal accuracy to 2 na. Thl~ calibration also allowed us to fold out all
the optical losse.; not ascoclatcd with the pump depletlon so that In the absence of pump
dep~etlon the Input and output, putfippulce shapes are nearly ~dentical.

At an lncldent energy of ~,55 J the pump depletlon is ju8t sLartlr:g to occur ani as the
pump ●nergy IB Increased to LJ.’rtI J the pump depletlon becomefi mole ❑ubstantlal. It is
somewhat unexpected that fit a pump energy of one Joule, the pump depletion uhould be so
complete ove~- the centr6J 50 ne of the pump pulse. The pulne shapes of Fig. 3 were taken
with the ●ntire spatial alstrlbut~on of the beam, ●ttenuated by CaF:, platen, focumed ont~
the photurl draq detector. ‘1’hcreforethe compJete depletjon lndicqte~ that the rpatlal
wl!)gs of t)lepump, tl,ough of lowrr intensity, are ●lso converting ●ff]clcntly. The reasut]
ICJI this lB not cleax but lt may be xelated tu the mult~ple focus geometry. Studle~ U1
pump depletion fol single focu~ ernpcximents should h( lp lesolve th~s question.

Poxslblc gain saturation due to depletion of the number of scattering moleculeti lrl the
pumped volumr of the ncatte~lrlg medium must bt! cons]dercd in allalyslfiof the pulse shapes
of F’~g. 3. We assume that sign~flcant pump dcplet]on wJll OCCuk oue! 5-10 pabsek kiI tlIe
cell. We est~mate that the numb”i of molecu]na jn t!leJ L O ;eve~ of p-H~ a!. l-atm pleH-
taul~ and ~oom tempeiatu:e ~rl the focal volume of the CO: pump laser over 5 pansc~ Lt.he
-lO;’) rn~!lecules. SLIICF t)le numhal of photonB involved ~rl a 50% depletlon of a 1,5-J c~).
beam lU -4 ● lol~, we find Lllat depletlon of ttle nurnbel of fica~terlng molecule~ lb 1101
~ignlflcant.

Theo=——
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Figure 3, Experimental data compared with theory at input pum~l cneIglen of (a) 015!JJ,
(b) 0,76 J and (c) 1,06 J, In ljoth columns the upper” solld llnea are the UII-
depleted pump pulaeu nbnerved cxperlrnantally and the annoc]ated daahed arid
dotted lines ●le analytical ●xprrna~ons for the input pump pulme~ used In the
calculatlonn. on the left the lower solid llnen ale th~ experimentally ob-
merved depleted pump pulses. The dotted lln~n are from calculations ur.lncj
■teady ntate thenry ●nd the darnh~,dllnea correspond to trari6~ent theory Orl
the rlqht the lower solid linem ●re the ●xperirnentally observed outpl:t Stokep
pulmes. The ●mmuclated dashed lineE reoult iron) the t.laI~m~ent.theory,
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Figure 4. Solid line: a typical input Stokes pulsed observed ●xperimentally. Dashed
line: the input Stokes pulse 6hape used in the calculat~ons,

E= z~=p,6 Erel*r Or = krz - wrt

P ‘ (P*) a,h = 1,2

B = Pll - P22

The coupled equations of motion for the density matrix and Maxwell equations for the
fields are::”z’

k B = -4 Re (~*EpEsaA)

(_+~\5b
42 )c ?% E6

= 2nkBN (~hBEs + KAEP)

(h lb
G+ CE )Ep= 2rrkpN (iABE - K*A*ES)

P

(1)

(2)

(3)

(4)

The flrat term in Eq. (1) represents collisional decay of coherence (homogeneous broad-
●ning) with I equal to the preusured broadened linewidth (HWHN Lorent~ian). The second
tel’m in Eq. (1) represents the two-photon Stark ●hift. K is the Ramnn ●catterlng tenso~
(which redur[.s to a ocalar in our ca~e), and 2A in the difference in polarizablllty between
ground state and ●xcited ●tate. Fur the SO(0) tranaltlun in hydrogen we have21

(5)

where Y io the ●nlaotropy of the pol~rizsbility, At the intensities typical for *.heoe
experlme!lta the Stark shift term is about two orderm of magnltudc smaller In aboolute value
than the broadening term, ●nd will be neglected,
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Also the temporal change of ~he Rarnan inversion B is at least one order of magnitude

smaller than its initial value. Hence the first term in Eqs. (3) and (4) can be eliminated
by assuming that the index of refraction is constant and redefining the velocity of light c
In the medium. N is the number density of molecules in the Raman cell.

For focused Gaussian beams an effective intensity 1 and effective cavity length Qeff
can be defined in terms of the powex P, confocal para.me~&{ b and cavity length 1:1S3

leff = 4P~(Ap + A6)

f = b tan
●ff

-1 (l/b) .

For comparison with experiment (b) the following numerical
model using an enhancement of 31.8 for Ieff due to the muliiple

F = 0.3204 rad/ns

1 = 52.09 m
eff

P ‘ 5.43 Mw

leff
= 5.98 x 107 W/cm2 ,

values were used in for the
passes:]6

wk.ere we note that the effective intensity I is WC1l below the typical geomet.rlcal
mean lntenslty for Rabl flopplng which lS 1,46 $%9 W/cm2 ,

If the Stark shift and the index of refraction terms in Eqs, (l)-(4) are neglected, ;t
IS a self-consistent condition to require that all ~uant~tles are real. This 1s a valld
approximation provided the phases do not change too rapidly. The dephaslng time 15
r-’ = 3.12 ns, while the pump and seed pulses hzve tj’pical risetlmes of about 50 IIS. In
this sltuatlon the off-diagonal matrix element A can be ●xpected to follow the driving term
in Eq. (1) closely with a time lag At = 3 ns. Furthermore the effec,t of detunlng can be
modeled to a good approximation by replacing F in Eq. (1) by [T2 + (AW)~]l’2 where AU 1s the
average detunlng.

Dlmenslonless forms cf Eqs. (l), (2), (3) and (4) were solved numerically by a two-
dimenslonal lrnplementatlon of the trapezoidal rule with fixed step rise. In each of the
calculations presented here 200 integ~ation steps for each dimension were found to be
sufflclentl Calculations wert= repeated with double number of steps, and no slgr,lflcant
Improvement of result.fiwas found, A single run took abouL 12 sec of time on a CDC 7600
Input pump and Stokes seed pulses were fitted t? an analyt~cal ●xpreEs~on. Figures 3 and 4
show exper~mental pulse shapes for pump and seed pulse and the analytical f]ts.

Figures 3(a), (b), and (c) show ●xperimc~:al and theoretical d~pletlGn ploflles together
with the ccrlespondl,~g steady state result and the al~alytlccl purrIppulse profile. A CGIl-

siant detunlng parameter ALU = 0.33 1“ ga~’e best overall fit of the depletion profiles.
Fig. 4 shows the timing for the input Stokes beam used In the calculation for experiment
(c). For (a) and (b) the pulse was delayed by 25 ns and 10 ns, respectively. The agree-
ment IS ~u~-prlslnqly good, given the fact that our model neglects relative phases and
treats detunlng In a very approximate fashioh. A discrepancy occu~s in the tralllng edge
for experiments (a) dnd (b), where the laIge local detuning is probably not modelled well
enough,

The results show a marked retardation of the depletion profile a6 compared to the steady
state case. The thresholds for t}lebeginning and end of the deplet~on process are shifted
about 10 n6 relatlve to thclr steady state values, which 16 about fcur times the ●ffective
dephasing time (r + Aw) ‘, Thifi gives clear evidence of the lrr,portanccof tran,slent ef[ectfi
in sJis# even when the depnasing times are an order of mapnlt.ude smaller than the typical
t~mes of variation for the puloea, as in our case.

u61ng the digitized data, the height of the output Stoker+pulse was adjusted to make Its
total area equal tv that of the ●xperimental pump depletlon fnr each 6hot. in (a) arid (b)
guocl agl-cement 16 obtained w~th calcuJatcd pulse snapev. in (c) however, the observed
stokes pulse shape is narrower than the calculated shape and, as a result, hart a hlghel
peak power than the pump. We belleve this lE a result of the beam clu~Bing lns]de Lhe
multlpasa cell seen previously.w Theoe croRfiinqs occur between dlff’elent tempolal
sections of the pulse allowing the generated Stokes pul~e to interact with an ealllel OJ
laler temporal sect.lon of the pump pu~~e. ThJS can then lCIOG to furtl]er pump depletlo!~ 111
legion~ othel. than that near the peak of the pump pul~e,
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summary

We have formulated a theory of transient Reman scattering allowing foA’ a finite decay
time of the off-diagonal matrix element. A simplified version of the theory was used to
analyze experiments on SRS from para-H. In this version the relative phase between pump and
stokes field was assumed to be zero and Stark shift effects were neglected. Effects of
detuning were modelled by a plane wave gain formula with effective gain length and beam
Intensity. The model gave good agreement between the theoretical and ●xperimental pulse
shapes, which show marked deviations from the steady state results.

Acknowledgments

The authors wish to acknowledge many valuable conversations with G. P. Arnold and N. A.
Kurnit ai well as the expert technical assistance of S. Reading, L. Haynes, and w. Watson.
Also N. A. Kurnit gave of his time to read and criticize this manuscript.

References

1. Y. R. Shen and N. Bloembergen, “Theory of Stimulated Brillouin and Raman Scatter-
ing,” Phys. Rev., Vol. 137, No. 6A, pp. 1787-1805, 1965.

2. R. T. V. Kung, “Multiple Pass Stimulated Raman Cor”$ersion with Pump Depletion,” IEEE
J. Quantum Electron. , Vol. QE-17, pp. 509-513, 1981.

3. A. Z. Grasyuk, l~Ra,manLasers (Review)” SOv. J. Quant. Electron. , Vcl. 4, pp. 269-
262, 19i’4.

4. N. Tan-no, T. Shirahata, K. Yokot( , and H. In*a, IIcob.erentTransient Effects in
Raman Pulse Propagation, ” Phys. Rev. A, Vol. 12, Pp. 159-167, 1975.

5. J. N. Elgln and T. B, O’Hare, llSaturatlon Effects in Transient stimulated Raman

Scattering, ” J. Phys. B., Vol. 12, pp. 159-168, 1979.
6. R. L, Carman, F. Shimizu, C. S. Wang, and N. Bloember9en, “Theory of Stokes pulse

shapes in Transient Stim’~lated Raman Scattering,” PhYs. Rev. At VO1., 2, PP. 60-72t 1970.
7. M. G. Raymer, J, Mostowski, and J. L. Carlsten, llT.heory of Stimulated Raman Scatter-

ing with Broad-Band Lasers,” Phys. Rev. A., vol. 19, PP. 2304-2316, 1979.
8. R. L. Byer and d. R. Trutna, “16-pm Generation by COz-pumped Rotational Raman Scat-

tering in Hz, “ Optics Lett. , vol. 3, PP. 144-146, Oct. 1978; w. R. Trutna and R. L. Byer,
llMultiple-Fas~ Raman Gain Cell,!l Appl. Optics, VO]. ig, pp. 301-~lZI Jan. 1980.

9. P. Rabinowltz, A. Stein, R. Br2ckman, and A. Kaldor, “stimul~ted Rotational Raman
SCatteYlng from para-Hz Pumped by a C02 TEA Laser,” Optics Lett., vol. 2, pp. 147-148, Oct.
1978, and “Efflc~ent Tunable Hz Raman Laser,” APP1. PhYs. Lett.# vol. 351 PP. 739-7411 Nov.
1979; B. Pelry , R. O. Brlckman, A. Stein, E. B. TreacY, and p. Rabinowltz, “controllable
PUISE Compression in a MUltlple-pasS-Cell Raman Laser,” OPtlcs Let.t., Vol . 5, pp.
.Juiy, 19ao,

22k-290,

10. V. A. Kurr,it, G. P. Arnold, L. W. Sherman, V. H. Watson, and R. G. Wenzelr “c~2-

I’umped P-HZ Rotational Ra~an Ampllflcation In a Hollow Dlelectrlc Wavegulde, ” Conference on
L&Ser and Electro-Optic Systems, San Diego, CA, FebruarY 1980; J. +. carlste~ and N. ‘I
KurnlL, “Raman Amplification In COz-Pumped para-HZ, ” Eleventh Internatlona. Want. Electron.
Confl , Boston, MA, June 1980; “stimul~ted Raman Scattering and Four-Wave Mlxlng in C02-
Pumped para-Hz,” Topical Conf. in Infrared LaEers, Los Angeles, CA, December 1980.

11. k. W. Minck, E. 5. Haaenlocker# and w, G. Radot IIstlmulated pure Rotational Raman

scattering in Deuter”ium,” Phys.- Rev. Lett., VO1. 17, PP. 229-231, 1966.
12. R. A. J. Keljser, J. R. Lomb ardi, K. D. Van den Hout, B. C. Sanctuary, and H. F. F.

hnaap, “The Pressure Broadening of the Rotational Raman Lines of Hydrogen Isotopes, ”

T* VOIK’017:;::d S;s-::;;i:’;;z,
w. “Folarizability of the Hydrogen Molecule, ” J. Chem.

Phys., VO1. 46, pp. 1426’-1432, February 1967.
14,P, P. Sorokin, M. M. T. LoY, and J. R Lankard, 11A16.pm Radiation SOUrCe UtlllZlng

Four-Wave Mixing In Cooled Parahydrogen Gfis,” IEEE J. Quant. Electron. , Vol. QE-13, PP,
871-875, 1977.

—.

15. D, HerrioLt, H. Koaelnik and R. Kompfner, “Off-axiB Paths in Spherical Mlrrol- Inter-
ferometers, “

16. J. L.%%%%v:’: :: 6:nz%L526’ 1964wstlmulat-ed Rotational Raman Scatterin9 in C“:I-

f-’umpedParfl-H2,” ~E.EE J. Quaflt. Electron. , to be publiohed in SePt, 19B3.
17. R. C. Wenzel and G. P. Arl~, “}’~rametric Oscillator: HF Oocjllatur-Ampll fiel

Pumped CdSe Parametr~c Oscillator Tunable From 14.1 pm to 16.4 pm,” APP1, Opt~cfa, vol. lb,
PP , 1322-1326, 1976.

18. R. G. Wenzel and G. F. Arnold, “Parametric amplification at 16 pm,” SPIE, vol. 19~11
Los Alamos Sclelltiflc Laboratory opticc Confol pp. 2130-N35 (1979),

H. Kogelnick, ~’Matching of Optical Modes,” Bell Syst. Tech. Jour., PP, 334-33-1,
1516:9 “

20. Z. J. Kinu, H. P. Gush, &nd II L. Welsh, “Thr P?ecsure-induced Rotntlonal Abfiorptlotl
spectrum of Hydrogen, ” ~a~. J, PhYB. , V~JJ. 37, PP. 302-376, 1959.

21, K, DrlJlil, J. ‘...Ca~ten altc!R. G. Wenzel (Lo be publ~uhed).


