PHYSICAL REVIEW A VOLUME 55, NUMBER 4 APRIL 1997
Power dependence of transient degenerate four-wave mixing in molecular systems
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The object of this study is to quantitatively elucidate the laser-power dependence in transient degenerate
four-wave mixing(DFWM) with an emphasis on the high laser-pump intensity region. We discuss our inves-
tigation on the power dependence of transient DFWM by taking gas-phase iogimadlecules as a testing
example. The distinct physical feature is that in the high-power laser pump, where both laser-pulse duration
and the inverse of pump rate are much shorter than the molecular population relaxation time, the steady-state
DFWM theory of Abrams and LindOptical Phase Conjugatigredited by R. A. FishefAcademic, New
York, 1983, Chap. 8, pp. 211-284; Opt. Left, 94 (1978; 3, 205(1978] is not appropriate. The prediction
by the steady-state theory has shown the DFWM to decrease with increasing laser-pump intensity as a function
of 1/l 5ser, Which disagrees with theaturationbehavior observed in the experiment. To elucidate the depen-
dence of DFWM on the laser pump intensity, a non-steady-state extension of the nonperturbative theory of
Abrams and Lind is required. The non-steady-state theoretical result will be shown to be in good agreement
with the experimental power dependence at resonance transient DFWM especially in the high-power pump
region.[S1050-294{@7)08703-9

PACS numbdps): 42.65—k

I. INTRODUCTION The existing experimental and theoretical works on
DFWM are so far mostly concerned widitherthe “steady-

The degenerate four-wave mixitBFWM) technique has state” regime where the laser-pulse duration is longer than
been widely used in atomic, molecular, and solid-state spedhe electronic relaxation time of the medium, or the “short-
troscopy[1-3]. It has been demonstrated by a number ofpulse” case where the pulse duration is too short to create a
authors that the implementation of various kinds of DFWM substantial change in the population of electronic state. The
results in the striking improvement in spectral resolution andheoretical treatments of DFWM can be categorized into per-
signal-to-noise rati¢g4—17]. To date, the DFWM technique turbative and nonperturbative models. In the perturbative ap-
has been applied in many areas, such as coherent imagingfoach, the DFWM amplitude is calculated from the iterative
transient grating spectroscopy, and stimulated emissiogolution of Liouville equation with a density-matrix method
pumping spectroscopy. In recent years, DFWM has furthef5,19-23. This approach proved to be very important in
emerged as a powerful optical diagnostic tool for the detecunderstanding the dependence of the DFWM signal on mo-
tion of trace species in combustion environméal. The lecular electronic, vibrational, and rotational quantum num-
technique involves the interaction of three input laser beambers, the effect of atomic or molecular motion and
with a medium to produce a coherent, directional, and specdegenerate-level coherence. It fails, however, in the case of a
trally bright signal beam via an induced nonlinear polariza-high-power laser pump, where the strong saturation in
tion associated with the third-order susceptibilif®) (as  molecular-excited electronic states becomes essential. A
shown in Fig. 1. nonperturbative theoretical treatment is required for this case

The DFWM signal can be described as a Bragg diffrac-of the high-power laser pump. The most successful nonper-
tion of one of the three incoming laser beams by the gratingurbative approach is the steady-state two-level saturated ab-
created by the other two interfering beams in the nonlineagorber model derived by Abrams and Lihd,23,24. To
medium. The word “degenerate” denotes the same fredate, the model has been shown to be in broad agreement
quency for all of the three input laser beams and the difwith a large number of experimental data.
fracted signal radiation. In a resonant condition between the In the experiments with high-power pulsed lasers, where
incoming laser beams and the nonlinear medium, a populdhe pulse duration is too short to establish a steady-state con-
tion grating that corresponds to a periodic spatial distributiorflition, a nonperturbativenon-steady-stateheoretical ap-
of the excited-state population in the medium is created. Th@roach is needed. In a previous publicatj@3], we applied
high collimation of the phase-conjugated DFWM signal per-
mits interfering-radiation rejection, temporal and spatial sen-
sitivity, and remote probing, which result in a unique
background-free spectroscopic merit. The phase matching
has also made it possible for the spectral resolution of
DFWM to be sub-Dopplef18]. E,

Eyp

Nonlinear
Medium

FIG. 1. Diagram of degenerate four-wave mixirigy. and E,
* Author to whom correspondence should be addressed. pumps;E,, probe;Es, signal.
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FIG. 2. Experimental setup. BOXCAR, gated integrator and Wavenumber (cm *!)

boxcar averager; BS, beam splitt€®; |, sample cell; CR, chart
recorder;H, pinhole; L, lens; M, mirror; OSC, oscilloscopeP, FIG. 3. Observed DFWM spectrum of With a pressure of
linear polarizer; PC, personal computer; PD, photodiode; PMT,~30 m Torr and a laser spectral resolution ©D.04 cm *. The
photomultiplier tube. upper trace represents a direct absorption spectrum and the lower a

DFWM. The average half-widths at half maximum are
Vpwhm~ 0.10 cm * and A vy ~0.07 cmi'* for the upper and

a nonperturbative non-steady-state theory to treat the nonst !
e lower spectra, respectively.

tionary evolution of the excited-state population in transient
DFWM, where the optical pump rate is comparable to or | ] o )
faster than the excited-state decay rate. The object of thiddjusted to be time coincident in the sample cell. The three
study is to elucidate quantitatively the laser-power depenl@ser beams were thus collimated to a size~d3 mm in
dence in transient DFWM with an emphasis on the highdlameter, and polarized parallel to each other in present ex-
pump intensity region. We will discuss our investigation of P€riment. _ o _
transient DFWM by taking gas-phase ioding)(molecules The phase-conjugatesignal beam € in Fig. 2), dif--
as a testing example. It will be shown that in high-powerfra‘:ted from the nonlinear medium, was singled ou.t parually
laser pump region, where both laser-pulse duration and th@Y & beam splitteBS4) and traveled~6 m before striking a
inverse of pump rate are much shorter than the molecula#hort focal lens {=50 mm) that focused the beam through a
population relaxation time, theteady-stat®FWM theory of ~ Pinhole (50um in diamete). With spatial filtering by the
Abrams and Lind is not adequate. pinhole, _scattered _Ilght was sufficiently ellmlngte_d. The
In Sec. Il of this paper, experimental details are described®FWM signal was finally detected by a photomultiplier tube
In the experiment, we have measured the dependence @flamamatsu, Model 1P28and processed in a gated integra-
DFWM intensities of 4 (represented ag,yy in the follow-  tor and boxcar averagegtanford, Model SR250
ing) on the interacting laser-pulse energy. A nonperturbative N the  DFWM experiment, a temperature-controlled
non-steady-state theory of DFWM derived with a density-S@mple cell was designed to adjust the vapor pressurg of |
matrix method is briefly described in Sec. Ill. Comparisons'he sample cell20 mm in diameter and 30 cm lohdilled
between the experimental and theoreti¢aicluding the with solid '|od|ne and its equilibrium vapor pressure, was
steady-state and non-steady-statesults are discussed in covered with a water jacket, _Where an aqueous solution of
Sec. IV. Concluding remarks about the nonperturbative non€thyleneglycolthe volume ratio is 1:jlwas circulated. The
steady-state theory of this work as compared to other thedémperature of the aqueous solution was maintained at 0 °C
retical treatments are presented in Sec. V. throughout the measurements, controlled by a refrigerated
circulating bath(Neslab, Model RBC-B The corresponding
I, vapor pressure is-30 m Torr at 0 °C. The temperature of
[l EXPERIMENTAL DETAILS the aqueous solution was read from a temperature probe

The apparatus used in the present experiment for DFWMKe'thley' Model 1301

spectroscopy oflis depicted in Fig. 2, and is identical to the To calibrate the transition frequency and to select a single

. : ibronic transition of J for the measurement of power de-
one previously describd@5]. A tunable dye laseflLambda- rovi . . X
Physl?k, Mode)I/LPDSOO(;[ZWi%h ~O.O4-cm)1/ spectral resolu- pendenge in DFWM, a lllnear absorp'Flon spectrum,oivas .
tion, ~18-ns pulse width and 10-Hz repetition rate, pumpeulaken simultaneously in_our exp(_arlment. The absorption
by a pulsed excimer laser(Lambda-Physik, Model spectrum of J was measured with an optical path of

; ; ~30 cm, as shown in the dashed panel in Fig. 2. The ob-
LPX205i), was employed in the experiment. The output of ’ . .
the dye)laser waspbgam split intoptvmjmps(labeled Ef served DFWM and linear absorption spectra.péite shown

I . : in Fig. 3. The wave number in the $pectrum was calibrated
?Bqll(z)?lmo:: ?62% ?: dtv\?g r::p?a(ri?()a Vr\:égsal?r:rﬂzrngé r?-tr;% ogum:gith an |, atlas[26]. The rotational and vibrational quantum
laser beams were counterpropagating, and the probe las anEers io{ . the  rovibrational  transitions in
beam was aligned at a very small crossing angle 9.5°) 12 B "Ilor —X "% were followed from the spectral assign-
against the pump beams. The pump and probe beams wengent by Simmons and Houg¢Ra7].
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In the experiment, we tuned the laser in resonance with P12=p3%. (6)
the single rovibronic transition 1(=188 99.84 cm?) of
I, P(61) B °Ilo+(v' =34)—X 3§ (v"=0) to determine We denote byAp=p;—p,, the population difference be-
the dependence of DFWM on the interacting laser-pulse eriween the groundrepresented by)land excited?) states of
ergy. The laser energy from the pulsed dye laser was medhe nonlinear gas-phase medium, Byo=Ap(t=0) the
sured with a joule metefLambda-Physik, Model LPA 100  equilibrium population difference, b§= v — w1 (wy; is the
transition frequencythe detuning from the resonance fre-
IIl. THEORY quency, and by" and T the molecular total dephasing rate
and longitudinal relaxation time, respectively. Similar to that
The conventional DFWM theory developed by Abramstreated by Sargent, Scully, and Larfft9], we consider laser
and Lind is based on the steady-state solution of two-levefrequency fluctuations as an additional contribution to the
density-matrix equation$l,23,24. In the DFWM experi- dephasing rate beside the collision-induced dephasing in
ments with short pulsed lasers and long molecular relaxatiomolecules. This approach is also consistent with ghase
time, it is desirable to take into account the non-steady-statdiffusion modebf Georgeqd30] and Andersoret al. [31] in
effect. In order to compare our non-steady-state result withlescribing broadband lasers. For simplicity of comparison,
the steady-state prediction obtained from the Abrams-Lindhe effect of translational motion of molecules has been ig-
model, we restricted our approach to a two-level system amored but can easily be includé¢as.
well in this study. The theoretical treatment of DFWM in-  As treated by Abrams and Lind,23,24, we regard the
volving the magnetic sub-levels of molecular rovibronic probing fieldE,(w) as a perturbation, i.e., we set
guantum states is described in our previous wa%. We
will demonstrate the difference between Abrams and Lind’s EQ(w)=E{(w)+Epy(w) (7)
steady-state and our non-steady-state results in the power
dependence especially for the high-power laser-pump regiomand
We consider a system interacting with the three laser ra-
diation fields. The Liouville equation of the system is given EY(w)=Ey(w). )
by
The solution for the system can be significantly simplified by
taking into account the characteristic values of the system.
First, the laser linewidth in the present experiment is
Avjaeer~0.04 cni 2, which is larger than the Doppler broad-
wherep, Lo, L', andT" represent the density matrix, zeroth- €ning of ~0.01 cm . The molecular-velocity dependence
order Liouville operator, interacting Liouville operator, and therefore can be neglecteBecondin an application of the
damping operator, respectivelg8]. Notice that(see Fig. 1 ~ Phase-diffusion model, the dephasing time estimated from

ap T PN
5t~ Lop~iL'(Wp—Tp, (N

the interacting Hamiltonian is the laser linewidthyq= (Tjased "'~ (TAVjase) 1 ~0.2 1S, is
much shorter than the laser-pulse durationref18 ns. Be-
ing interested in a time scale larger than we can replace

V(y= _i:%’p pEi(t) 2 Eq. (5) by a “coarse-grain” relation, and obtain the solution

to the zeroth order of the probe field,
and i EO ()
I M2 ®
. (0) - — " " Ap®
Ei()=3[Ei(w)e'“'+c.c], (3 P12 (@)=~ ST i) AP ©

wherey is the dipole operator for the nonlinear medium, andg hqtituting this relation into Eq4) yields an equation for
E; are the electric fields of the interacting laser beams. The, o evolution of the population grating

subscriptsf, b, and p represent forward pump, backward

pump, and probe laser beams, respectively. In the following, dAp® Ap@—Ap,
we will consider the case that the linear polarizations of all . —WAp®— — T (10
incoming beams are parallel to each other in accord with the J
present experimental condition. For a two-level model within h
the rotating-wave approximation, we have where
dAp [ - L LE(0)]2
ot g{[ll«lz' E(@)]* p12—[ M2 E(w)]p2a} W(w)= h2(T2+ 52)|M12 E®| (11)
Ap—Apg @ is the pumping rate. Solving E@10) yields
T A 1
Po
, Ap®= 1+WTexp{—t W+ = 12
p12 . i[p12 E(w)] P rwT T 12
- TH9)pr ————Ap, )

Similarly, the equations to the first order of the probe field
and are



i
D)= — ———— .E© (1)
piz (o) 2ﬁ(F+i5)[”12 EM(w)Ap

+p1o EP(0)Ap ] (13
and
aApV 1 ApOT
__ - (1) _ CEO))*
7t W |80 gy gy (2 BT

X (pr2 EM)+ (i EM)* (i EONY . (14)

Substituting the solution of Eq14) into Eq.(13) and calcu-
lating the nonlinear susceptibility

P=Tr(up)=mppi+c.c., (15)

we obtain the contribution of phase-conjugated DFWM to

the polarization,
P, 1) =K (@) AjA AL et IMR(t). (16)

In Eq. (16), A;(i=f, b, andp) are the complex amplitudes
of electromagnetic wave represented as
Ei:eAie_ikirl (17)

with e being the unit polarization vector,

FTApO
=1 . 2 . *
K(w)=ip p12-€)“(p12- €) 23T 2+ (T i)

(18)

1].

and

W+ =

1- exp T

o

Wt exp{ —t

* 1+WT

RO=—1+wn?

(19

It is very important to note thawe recover the steady-state
result of Abrams and Linl1,23,24 by letting t—cc.

For optically thin media under the slow-varying ampli-
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c
| pump= e |E@? (23
is the pump intensity and
ch?T
I (29

is the saturation intensity, the contribution from the first term
(steady stateof Eq. (19) to the integral in Eq(21) is small
comparing with that from the second ofitspike” ) of Eq.
(19). The resulting expression for the DFWM signal can thus
be reduced to

.
SDFWM”'SJ0 t? exp[ -

wheren=1,,my7 is the total pump pulse energy per unit area,
and

2l pumd
lsall

7l 7,
] dtoc f oxze‘z’(dx,
0
(25

chT

—. (26)
877#%2

70=lsal =

IV. RESULTS AND DISCUSSION

The experimental measurements for the dependence of
the DFWM signal intensity gewwm) ON interacting laser-
pulse energy are plotted in Fig. 4, where the abscissa repre-
sents the laser-pulse energy of the forward pump beam. The
energy ratios for the forward, backward, and probe beams
are 10:10:1 and 7:6:3, respectively, in Fig&)4and 4b). As
shown in the figures,pkywv becomes saturated as the laser
energy increases. When the forward pulse energy is beyond
~100uJ, the observed DFWM does not grow pronouncedly
any longer.

To explain the saturation of DFWM in the present experi-
mentqualitatively, we note that the last integral in EQ5) is
convergent and monotonically reaches an upper limit, which
reveals the saturation behavior @f-fyy in the high-power
laser-pump region. For guantitative comparison between

tude approximation, the amplitude of the phase-conjugatethe non-steady-state theoretical and experimental results, we

DFWM signal is equal to

2miw

As=——LIK(0)|A/AASR(1), (20)

wherel is the interaction length between the lasers and th?al
nonlinear medium. The observed DFWM signal is to be time

averaged for the square of this amplitude,

Sorum~ jOTIASIZdt~I3 foﬂR(t)lzdt, 21)

wherel? is the total input beam intensity.e., including the

Et, Ep, andE, beams, and 7 is the laser-pulse duration.
For the high-power pump experimental condition

T Ipump2
T(_ >1, (22

I sat

where

need to perform some numerical calculations. The dephasing
rate, according to the laser linewidth OfA v e
~0.04 cm' %, corresponds td'~ A vjueer~4X 10° s 1. The
collisional dephasing rate of thé, molecules is about
10° s~ 1 estimated from Ref.32] for the present experimen-
condition. The longitudinal relaxation time of

[ B %Iy+, ~1 us, is much longer than the laser-pulse du-
u

ration of 18 ns. The rovibronic transition moment was cal-
culated from the relation

1 J//

,U«2:§ w—+1l<v”|v’>lzuﬁ, (27)
whereJ” is the rotational quantum number of the lower state
in the transition,|(v"|v" )| is the Franck-Condon factor,
and u. is the electronic transition dipole moment. Using
the experimental data of Refd32-34, we estimated
the square of electronic matrix elemepf~0.9 I’ and
the Franck-Condon factor(v”=0|v’=34)[?’~0.03 for
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- L L A e a— addition to the simple two-level model, could also improve

500 3 § ] the deviation in the low-power pump region between the

1 = * + ] non-steady-state theory and experimental results.
= 40 ] The theoretical DFWM curvegdashed ling predicted
E i [} J from the Abrams-Lind model are also presented in Fig. 4 for
g 300§ g ] comparison. The inadequacy of the Abrams-Lind theory for
2 +4 . the present experimental DFWM conditions is apparently
Z 200 [} seen. In low-power pump region, the Abrams-Lind’s result is
z : 1 close to the cubic dependence of laser energy predicted from
_‘5 10082 1 the perturbative theory. In the high-power pump region, both

LN T perturbative theory and Abrams-Lind model deviate seri-

ok ously from the experimental measurements.

0 100 200 300 400 500
(a) Laser pulse energy (uJ ) V. CONCLUDING REMARKS

: — — . The basic feature of transient DFWM considered in this
paper is that the power dependence of DFWM gains satura-
tion under high-power laser pump as depicted in Fig. 4. This
saturation phenomenon is essentially different from the the-
oretical predictions of the steady-state theory by Abrams and
] Lind [1,23,24, where hrwy decreases with increasing laser

. pump intensity |kseraS a function of 1{}s.,. The inadequacy

] of the Abrams and Lind model is due to the fact when the
4 optical pump rate is comparable to or faster than the molecu-
lar excited-state decay rate, the steady-state treatment is no
. longer appropriate. As demonstrated in this paper, a non-
steady-state effect should be introduced to deal with the non-
0 160 220 200 P =30 stationary evolution of the excited-state population in tran-
(b) Laser pulse energy (1 ) sient DFWM. In this work, we showed that the theoretical
power dependence of DFWM, i.e., the integral in E2H),

FIG. 4. Dependence of the DFWM signal on the interacting"®aches an upper limit in the high-power laser-pump region.
laser-pulse energy®, experimental data; —, theoretical result from Mathematically, the steady-state outcome obtained by
this work; and - - -, theoretical result of Abrams and Lind. The Abrams and Lind is resulted from settidgh p/t in Eq. (4)
vapor pressure of,l molecules was maintained at30 m Torr  Of this paper equal to zero. This has been proved in Egs.
throughout the measurements. The experiments were carried6)—(19), where the result of steady-state theory can be re-
out with a laser spectral resolution ef0.04 cmil. The laser covered from our non-steady-state formula by lettirgoo.
was tuned in resonance with the single rovibronic  The saturation in DFWM, resulting from the saturation of
transition (@=18899.84 cm?) of 1, P (61)B 3110u+(u’=34) transient population in the molecular excited state, has been
—X '3 ! (v"=0). The abscissa represents the energy of the foremphasized by a number of authg@5-37. However, a
ward pump beamH,). The energy ratio for the forward pump, Phenomenological approach has been used in those papers,
backward pump, and probe laser beams has been maintained Wéere the nonlinear polarization was taken as being simply
(a) 10:10:1 andb) 7:6:3, respectively, in the two separate measure-proportional to the transient population
ments.

ol

g

ol
ol

I ypwy (arbitrary unit )

t
_ _ P(t)=Pq exp( - f W(t’)dt’] . (28
1,B 3HOJ(U’:34)<—X 34 (v"=0). For the rovibronic -

transition  moment of JP(61)B 3HOJ(U/:34) As compared with our result, this phenomenological ap-
—X '3 (v"=0), we obtainu®~0.004 7. proach cannot explain the saturation behavior of DFWM in
In the calculation, we computed the power dependence dhe high-power pump at the present experimental condition.
the DFWM signal intensity using the above parameters and\nother approach studied by Meachet al. [38] with
Egs. (16)—(26). The comparison between the non-steady-Steady-state statistical theory has also shown the decrease of
state theoreticalsolid line) and experimenta(solid circle  |prwm With increasing laser pump intensity. In the laser-
results is shown in Fig. 4. The agreement between the thedgulse energy scale ol T~10%, which is comparable to our
retical and experimental values can be regarded as fairlgxperimental condition, Meachegt al. predicted the de-
good, noting especially that we have assumed the 100%rease of DFWM as a function of /L, The steady-state
overlap of all incoming laser beams in the calculation. Astatistical theory also disagrees with the experimental result.
correction to this assumption should lead to the decrement of A recent paper by Syed, Crofts, and Dam#88] for the
the effective pump rate, and therefore to slower rising of thestudy of DFWM in saturable Ti:sapphire gain media with
theoretical curve in the low laser-pump energy region. Othefinite probe is worth noting. In their paper, they reported a
corrections, such as the effect of grating washout by molecufall-off DFWM efficiency with an increasing pump energy,
lar motion and the involvement of the magnetic sublevels inwhich is different from our observation of the saturation of
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DFWM in |, molecules. The DFWM experimental condition fast relaxations usually take place. In an opposite extreme,
reported in Ref[39] is for saturable media with finite probe for instance at very high gas pressure or in condensed matter,
beam, whereas the probe intensity in our experiment inthe steady-state term of EGL9) becomes dominant and the
creases with the increasing pump energy at a fixed propoower dependence of DFWM can be described by the
tion. The fall-off of DFWM efficiency in the study of Ref. Abrams-Lind model in a satisfying way. Although in this
[39] can actually be qualitatively explained by our theory paper we focus our attention on the power dependence of
with slight modification. By multiplying a factor of DFWM, the non-steady-state theory of DFWM can be used
| probe/ | pumpiN EQ. (25) of this paper, wheréypeis constant, to study the pressure dependence, polarization effect and
the fall-off of the DFWM power-dependence curve with in- band shape of DFWM.
creasing pump energy is apparently seen.

Finally, we would like _to poin_t out that the non—st(_aady-_ ACKNOWLEDGMENTS
state DFWM theory considered in the present paper is valid
in the case where both laser-pulse duration and the inverse of We wish to thank Shwu-Chyi Lin and Chung-Hung
the pump rate (W) are much shorter than the molecular Chang for their experimental contributions in the early study.
relaxation time. To fulfill the fast pump and slow relaxation This work was supported, in part, by the National Science
condition, the non-steady-state DFWM theory is more suit-Council of Republic of China under Grant Nos. NSC-86-
able for gas-phase systems than the condensed phase, wh2id.3-M-001-030 and NSC-86-2113-M-001-043 CT.
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