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An experiment on time-domain coherent anti-Stokes Raman spectroscopy (time-domain CARS) 
of molecular hydrogen was performed in the pressure range 10-2-10 atm. The ,:xperimental 
setup had a dynamic measurement range lo5 and could reliably record the signal in the gas- 
pressure range to lop2 Torr. A theory of time-domain CARS is developed for an inhomogeneous- 
ly broadened transition with allowance for two mechanisms that dephase the molecular vibra- 
tions, viz. collisions and the Doppler effect. The waveform of the pulsed response of a gaseous 
medium to an external field is calculated at arbitrary pressures. It is shown that under definite 
conditions the time-domain CARS technique can be used to determine the real and imaginary 
components of the nonlinear susceptibility of the medium, x '3'(w), in contrast to the frequency- 
domain CARS, in which I X  '"(w)I2 is measured. The results of the theory agree with the obtained 
experimental data. 

PACS numbers: 33.20.Fb, 33.70.Jg, 5 1.70. + f 

INTRODUCTION 

One of the principal problems of molecular spectrosco- 
py is the determination and detailed analysis of the mecha- 
nism whereby molecular vibrations are dephased. Most in- 
teresting in this respect are monatomic molecules, as well as 
molecules in excited vibrational states, for which the mecha- 
nism of the relaxation due to intermode intramolecular in- 
teraction has been little investigated so far. For simpler sys- 
tems, however, particularly for diatomic molecules, there 
are a number of unsolved problems concerning the time evo- 
lution of the state of a coherently excited molecule ensemble. 

Both frequency-domain and time-domain spectroscopy 
variants were used to investigate dephasing in molecular 
gases. In particular, dephasing of Raman-active vibrations 
of molecules was investigated by the methods of spontane- 
ous spectroscopy,'~2 stationary active spectroscopy with 
pulsed3 and continuous p ~ m ~ i n g , ~ . ~  and by the method of 
SRS amplification.6 The dephasing of IR-active vibrations 
was investigated by infrared absorption spectroscopy.7 Pulse 
methods were used to investigate one-photon IR-active vi- 
brational and rotational transitions in molecular gases.8-" 
The investigations revealed coherent nonstationary effects 
such as damping of the free polarization, optical nutation, or 
photon echo, while the characteristic relaxation times were 
in the microsecond range. 

New means of investigating dephasing processes are un- 
covered by the method of stationary (time-domain) active 
spectroscopy, which permits direct observation of vibration 
dephasing in an ensemble of atoms or molecules.'2-19 The 
physical information is extracted in this case from the shape 
of the pulsed response, which may turn out to be more ame- 
nable to measurements than the line shape and width in spec- 
tral methods. This applies in particular to narrow Raman 
resonances in molecular gases. 

We use in this study the method of time-domain (non- 
stationary) coherent spectroscopy (time-domain CARS) to 

investigate the simplest system-molecular hydrogen. The 
shape of the pulsed response is measured in detail at pres- 
sures from 5 Torr to 10 atm. The theoretical analysis is 
aimed at a quantitative interpretation of the experimental 
data. To this end it is necessary to calculate the shape and 
duration of the pulsed response measured in the time-do- 
main CARS in the entire gas-pressure range, from the 
Doppler limit to the homogeneous broadening region, in- 
cluding the Dicke-narrowing region. 

EXPERIMENTAL TECHNIQUE 

The molecular vibrations are excited in CARS by bihar- 
monic pumping at frequencies w, and w,, whose difference is 
close to the frequency of the investigated Raman resonance: 
o, - o , ~ o , .  The quantum and time diagrams of the excita- 
tion and sounding of the line Qo,(l)(vo = 4155 cm-') of mo- 
lecular hydrogen by the time-domain CARS method are 
shown in Fig. 1. The vibrations are excited by an amplified 
single picosecond pulse separated from a train of pulses from 
a neodymium-garnet laser operating in the passive mode- 
locking regime. The excitation wavelength is A = 1.06 p m  
and the duration of a single pulse is 40 psec. The second 
exciting pulse is produced by a picosecond parametric light 

FIG. 1. Quantum and time diagrams of time-domain active Raman spec- 
troscopy (CARS). 
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generator (PLG) with wavelength tunable in the range 
A, = 1.3 - 4.5 pm, with two LiNbO, crystals (pump wave- 
length 1.06 pm, pulse duration 40 psec). The width of the 
PLG emission spectrum was approximately 100 cm- '. The 
vibrations were probed by recording a second-harmonic 
pulse of a neodymium laser (A, = 0.53pm) scattered into the 
anti-Stokes region. The pulse of this laser could be made to 
lag the exciting pulses by a variable delay line. All the light 
waves had identical linear polarization. The radiation enter- 
ing the gas-filled cell was focused onto its center by a lens of 
focal length 155 mm. The energies of the exciting and sound- 
ing pulses were respectively W, = 5, W, = 0.3, and W, = 3 
mJ. This made possible reliable registration of the anti- 
Stokes scattering signal in the hydrogen pressure range 
down to Torr. At a hydrogen pressure 10 Torr and zero 
delay of the probing pulse, the anti-Stokes pulse contained 
10' photons. The delay range was O(T< 1.2 nsec and ensured 
observation of the anti-Stokes pulse in its entire damping 
range. The use of pulses of approximate duration 40 psec 
guarantees that the pulsed-response shape are independent 
of the parameters of the exciting and sounding pulses. 

The energypf the anti-Stokes pulse was subject to con- 
siderable fluctuations, mainly because of the instability of 
the spectrum of the picosecond PLG. When measuring the 
pulsed response, i.e., the dependence of the anti-Stokes radi- 
ation energy on the probing pulse delay, we used an average 
of 100 pulses. A more detailed description of the experimen- 
tal procedure is given in Refs. 17 and 18. 

In the employed range of hydrogen pressures and prob- 
ing pulse delay times, the anti-Stokes radiation energy 
changed by approximately 5-6 decades. This, as well as the 
fact that the signal fluctuated considerably, made it desir- 
able to expand the dynamic range o t  the recording system. 
To this end, the signal from the FEU-39 photomultiplier 
used to register the anti-Stokes radiation energy was fed to 
two amplifiers, with gains 97 and 1, respectively. Each am- 
plifier was connected to its own analog-digital converter 
(ADC), from which the information was fed through a 
matching device into a minicomputer. The latter was pro- 
grammed for further calculations, depending on the magni- 
tude of the signal, and of the output of either of the ADC, 
with allowance for the gains of the amplifiers preceding the 
ADC. A schematic block diagram of the setup is shown in 
Fig. 2. 

The signal-energy measurement channel was calibrated 
using a set of calibrated neutral light filters. The small non- 
linearity due at maximum signals to the photomultiplier sat- 
uration at large currents was eliminated by the computer 

FIG. 2. Block diagram of experimental setup. System elements: SHG- 
second-harmonic generator, DL-delay line, F-filter, PU-printer unit. 
The remaining symbols are explained in the text. 

r. nsec 

FIG. 3. Time-domain CARS of hydrogen. The points show the experi- 
mental data, the continuous curves are plots of Eqs. (16) and (21)-(23), 
dashed-Eqs. (17) and (21)-(23). The gas pressure ranges from 5 to 800 
Torr. 

program. The dynamic range of the signal measurement 
channel spanned thus approximately five decades. In a num- 
ber of cases, however, this dynamic range was insufficient to 
cover the entire signal range. In such cases the signal was 
recorded at two voltages on the photomultiplier, with 
allowance for the change in the photomultiplier gain. 

EXPERIMENTAL RESULTS 

We measured in the experiments the dependence of the 
energy of the anti-Stokes pulse W, (7) on the time T that the 
probing pulse lagged the exciting pulses. This dependence is 
shown in logarithmic scale in Figs. 3 and 4. Each set of points 
corresponds to a definite hydrogen pressure, which was var- 
ied from 5 Torr to 10 atm. 

The results show that when the hydrogen pressure is 
increased the contour of the response pulse changes from 
Gaussian to exponential. The dephasing time T,, , defined as 
the time required for the response pulse to fall to a certain 
level, first increases with increasing pressure, and then de- 
creases. The dephasing time has a maximum at a pressure 3 
atm. 

A more detailed examination makes it possible to dis- 
tinguish on the experimental curves three characteristic sec- 

J 4 ijl t. nsec 

FIG. 4. The same as Fig. 3, pressure from 1 to 10 atm. 
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tions: quadratic, where log Wa(r) a - r2 (region of small de- 
lays), linear where log Wa (r) a - r (region of large delays), 
and intermediate. When the pressure is increased the first of 
these sections becomes narrower and the second broader. 
The logW,(r) curve obtained at 5 Torr contains only the 
quadratic section, and that obtained at pressures higher than 
2 atm only a linear section. 

THEORY OF TIME-DOMAIN ACTIVE SPECTROSCOPY FOR 
AN INHOMOGENEOUSLY BROADENED TRANSITION 

For a qualitative and quantitative interpretation of the 
experimental data it is necessary to calculate the time-do- 
main CARS signal of a solitary Raman resonance in a large 
range of pressures of the molecular gas, from the Doppler 
limit to the homogeneous-broadening region, including the 
Dicke-narrowing region. 

The contour of the pulsed response in the limiting cases 
of high and low pressures was investigated earlier (see, e.g., 
Ref. 19). It is well known thus that in high-pressure gases 
(homogeneous broadening region)".19 and in l i q ~ i d s ' ~ , ' ~  the 
pulsed response is exponential. In low-pressure g a ~ e s ' ~ . ' ~ . ' ~  
the pulsed response is Gaussian. As for the contour of the 
response pulse at arbitrary gas pressure, the question re- 
mains open to this day. 

In our theoretical description of coherent Raman scat- 
tering of light in a gas we shall take into account two mecha- 
nisms of the dephasing of molecular vibrations, collisions 
and the Doppler effect. The problem was considered in this 
formulation in many papers devoted to the theory of spec- 
tral-line broadening in gases (see, e.g., Refs. 1,3,8,9, 11, and 
20-28). The collisions between the molecules are usually tak- 
en into account by introducing a collision integral into the 
kinetic equation for the distribution f ~ n ~ t i o n . ~ ~ ~ ~ ~ - ~ ~ * ~ ~ ~ ~  In 
another approach20.2'*3 use is made of the results of the the- 
ory of Brownian motion.29 

In our opinion, the Doppler dephasing of molecular vi- 
brations, with allowance for the change in the change of the 
molecule velocities by the collisions, is simplest to describe 
within the framework of the frequency-modulation model 
developed in statistical physics (see, e.g., Ref. 30, Chap. 2). 
The mathematical problem reduces then to an analysis of a 
known linear differential equation with a randomly varying 
~oefficient.~'-~~ 

To calculate the CARS signal we use the equations 

Here q, is the polarization of an individual gas molecule hav- 
ing a velocity v,(8 ) in the light-wave propagation direction z; 
N is the number of particles per unit volume; Ai(i = 1,2,p,a) 
are the amplitudes of the exciting light pulses (i = 1,2), of the 
probing wave (i = p) and of the anti-Stokes scattering com- 
ponent (i = a); 8 = t - z/c, T, is the time of molecular-vi- 
bration dephasing as a result of the collisions (the statistical 
meaning of the time Tc is discussed later on), k, = w,/c; y, 

ya are the nonlinear-coupling coefficients, and w, is the Ra- 
man-resonance frequency. The only difference between 
these equations and the usual equations for condensed me- 
dial9 lies in the presence of a Doppler term ikov,(8 )q, in the 
first equation. In the presence of collisions, v, = v,(8) is a 
Gaussian stationary random process. 

Writing the solution of (1) in the form of a Duhamel 
integral (see, e.g., Ref. 30, p. 217) and averaging q, over the 
ensemble of the molecules, we obtain 

Since the molecule distribution in velocity vj is Gaussian, the 
quantity p, defined by Eq. (4) has also a normal distribu- 
t i ~ n . ~ '  Consequently 

and the variance of the phase shift can in turn be expressed in 
terms of the velocity correlation function: 

0 ,  0 ,  '3, 

(9: (0, €4) )=k.' J J B (t2-t i )  dt2 dt.=2k02 J ( 0 , - r )  B ( r )  d ~ ,  
0 0 0 (6)  

An important role is played in what follows by the function 
0 

L ( 0 )  = k t  J ( 0 - r )  B ( r )  dr .  (8) 
0 

Regardless of the concrete form ofB (r), this function has the 
following properties (see Ref. 30, p. 152): 

Herer, is thevelocity correlation time, 6 = B (0) = kT /m is 
the variance of the velocity, k is Boltzmann's constant, T is 
the absolute temperature, m is the molecule mass, 

OD OD 

D= J B ( r )  dr=o.'r., T , = D - , ~  r B  ( r )  d ~ ,  (10) 

where D is the correlation constant of the diffusion coeffi- 
~ i e n t , ~ ~  and r, is a time interval of the order of r,. The first 
equation in (10) can be regarded as a definition of the correla- 
tion time r,. We thus ~ b t a i n ~ ' . ~ '  

Let us dwell briefly on the statistical interpretation of 
the collisional dephasing time Tc. The dephasing due to the 
collisions of the molecules is described in Eq. (1) by the phen- 
omenological constant T, . The equation for the polarization 
q, of an individual molecule should more rigorously be writ- 
ten in the f ~ r m ~ ' , ' ~  
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where the parameter a, characterizes the velocity of the in- 
tramolecular relaxation (we neglect hereafter this dephasing 
mechanism), (v,(id ) = v, (0 ) + vjd (id ) are the fluctuations of 
the frequency of the molecular oscillator and are due to colli- 
sions and to the Doppler effect, (vj(t)vl(t + r)) = BO(r)Sjl, 
and S,, is the Kronecker symbol. We assume that the fluctu- 
ations vjc (id ) and vjd (id ) = - kouj(id ) are statistically inde- 
pendent Gaussian stationary random processes, and further- 
more that the following condition is satisfied: 

where is the variance and 7, is the correlation time of the 
fluctuations vjC(id ). The expression for the total polarization 
Q of the medium can then be represented in the form (3), 
where 

T,-'=nG, (0) =a,2~, ,  (15) 

Gc(w) is the spectrum of the frequency fluctuations vjC(id) 
due to the collisions. The collisional dephasing time Tc, in- 
troduced earlier phenomenologically, is thus expressed in 
terms of the spectrum of the fluctuations v,,(O) at zero fre- 
quency." 

If it is assumed that rc z r , ,  the condition (14) can be 
rewritten in the form r,/Tc(l. Since r,/Tc = 0.019 for hy- 
drogen (see below), the condition (14) can be assumed satis- 
fied. 

We have carried out concrete calculations based on 
Eqs. (1 1) and (12) for two models of the velocity correlation 
function B (7) = dR (7): 

R ,- - e - ~ ~ t  , L , = ~ ( y - l + e - Y )  

and 

Rz=(l+yZ)-",  L2=i3[(l+y2)"-11. (17) 

The functions L,  and L2 were calculated here from Eq. (8) 
and the notation y = r/r,, p = (koa,r,)2 was used. In both 
cases 

f B ( y ) d y = l .  
0 

Plots of the correlation coefficients R (y )  and of the 
functions L ( y) are shown in Fig. 5. As can be seen from the 
figure, in the region y( 1 the functions L,  and L, are equal 
with a value L ( y) = py2/2, in accord with Eq. (9). At larger 
values of the argument ( y> 1) the functions L ,  and L, like- 
wise tend to acommon limit L ( y) = ( y - 1). Thedifference 
between L,  and L2 reaches a maximum in the region 1 < y < 5 
and amounts to approximately 10%. Nonetheless, an analy- 
sis of the experimental data on time-domain CARS of hydro- 
gen (see below and Fig. 3) makes the exponential model (16) 
preferable. A substantial role is played here by the large 
range of variation of the CARS signal (5 decades). 

The derived equations (1 I), (12), (8), (16), and (17) to- 
gether with Eq. (2) for the amplitudes A, of the anti-Stokes 
component permit us to describe both the frequency and the 
pulsed variants of CARS of an inhomogeneously broadened 

FIG. 5. Models of correlation function of thermal velocities R ( y) and the 
functions L ( y) corresponding to them. 

transition with arbitrary pumping: continuous, steplike, 
pulsed, noise, etc. We proceed now to calculate the time- 
domain CARS signal. 

Since the duration of the light pulses used in the experi- 
ments (rp,, = 40 psec) is much shorter than the dephasing 
time of the molecular vibrations (rph z 1 nsec), the exciting 
and probing pulses can be regarded as 6-pulses: 
A (0 ) or ( W, ~ , ) " ~ 6  (0 ),Ip (id ) a WpS (8 - r), where W,, W2 
and Wp are the energies of the exciting and probing pulses, 
and r is the delay of the probing pulse relative to the exciting 
ones. By virtue of (1 1) we then obtain at id > 0 

QrO)a(W,Wz)"h(0) .  (18) 

From (2) 
radiation 
I a  & I p l Q  

we have A, = yaAp Q (id )z. We have then for the 
intensity at the anti-Stokes frequency 

I2z2. The energy of the anti-Stokes pulse is 
ca 

W . ( r ) a  ~ z . ( ~ ) ~ ~ ~ w , I Q ( T )  12z2, (19) 

or, taking (18) into account 

where W,(O) a Wl W, Wpz2 is the energy of the pulsed re- 
sponse at zero delay and h (r) is a real function defined by (12). 
We obtain thus 

In [I.tB(.t.)lW,(O)] =In h 2 ( 7 ) = - 2 [ . t l T , + L ( ~ ) l ,  (21) 

where the function L (r) is defined by (16) or (17). 

COMPARISON OF THE THEORETICAL AND EXPERIMENTAL 
DATA 

The derived equations (2 1 ), ( 16), and (1 7) permit a quan- 
titative interpretation of the experimental data on time-do- 
main CARS of hydrogen, shown in Figs. 3 and 4. The time of 
collisional dephasing and the time r, of the correlation of the 
thermal velocities of the hydrogen molecules will be deter- 
mined by inspection by starting from the experimental data. 
Both quantities are proportional to the mean free path time 
of the molecules; therefore 
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where a and b are independent of pressure and are param- 
eters of the material, andp is the gas density in amagats. Our 
estimates for hydrogen yield 

a=6.9*0.5 nsec, b=0.13*0.02 nsec . (23) 

At these values, the theoretical plots based on Eqs. (21), (16), 
(17), and (22) lie closest to the experimental points (see Figs. 3 
and 4). 

These estimates of the constants a and b agree well with 
the available published data. Thus, the spontaneous Raman- 
scattering pressure coefficient of spontaneous Raman scat- 
tering measured in Ref. 1 is Av/p = 0.0015 + 0.0001 cm-'/ 
amagat. In the high-pressure limit, Av = (n-cT,)-'. Hence 
a = 7.1 f 0.5 nsec. The velocity correlation time is connect- 
ed with the gas-diffusion coefficient D = dr, = D d p  [see 
(lo)]. From the data of Refs. 1 and 6, the constant Do for 
hydrogen lies in the range Do = 1.40 + 0.05 cm2.amagat/ 
sec. Consequently b = 0.11 5 f 0.005 nsec. 

Analysis of the experimental data, carried out for two 
different models (16) and ( 17) of the velocity correlation 
function, leads to the following conclusions (see Fig. 3). At 
pressures higher than 1 atm and lower than 5 Torr both mod- 
els yield the same result. In the pressure range from 50 to 400 
Torr the data of the two models differ, with model (16) de- 
scribing the experimental data more accurately (error less 
than 10%) than those of model (17) (error 15-20%). 

Using the general expression (8) for the function L (8 ), it 
is easy to show that 

da Wa(0) d2L( t )  
-In - =2 ----- =2k02B ( t )  . 
dzZ W a ( z )  dz2 

It  follows hence that the form of the velocity correlation 
function can in principle be To calculate 
B (T) from this equation, however, Wa (7) must be measured 
with sufficiently high accuracy, since the relative signal fluc- 
tuations increase steeply after differentiating twice. 

From (9), (12), (20), and (22) it follows that the contour 
of the response pulse is independent of the form of B (T) in the 
limits of low (Doppler limit) and high (Lorentz limit) pres- 
sures. In the low-pressure limit 

wa ( t )  IWa ( 0 )  =exp [- (koa,z) '1, (25) 

i.e., the energy of the anti-Stokes radiation decreases in 
Gaussian fashion with increasing delay. In the high-pressure 
limit the pulsed response attenuates exponentially: 

Since both Tc and T, decrease with increasing pressure, at a 
certain pressure the slope of the straight line 
In [ Wa (T)/ W, (0)] is a minimum (Dicke narrowing). By in- 
troducing the ratio r,/TC = a ,  which is independent of pres- 
sure and is a parameter of the investigated molecules, it is 
easy to determine the position of the minimum slope: 
po =akou,fi. For hydrogen we have a = 6.9 nsec, 
ko= 2.61X lo4 cm-', a, = 1 . 1 ~  lo5 cm/sec, a = 0.019, 
T = 293, and an estimate using the derived formula shows 

that the minimum linewidth is reached at a pressure 2.9 atm, 
which agrees with the spectral-measurement data. ',4,6 

MOLECULAR-VIBRATION DEPHASING TIME 

We define the molecular-vibration dephasing time T,, 

as the time during which the energy of the pulsed response, 
measured in the time-domain CARS, decreases by a factor 
exp(2m) (Ref. 32): 

Here m is some positive number. The dephasing time charac- 
terizes the relaxation rate of the coherent response of the 
medium and is useful because, on the one hand, it is directly 
measurable and on the other, it is easy to calculate. In fact, it 
follows from (21) that rph is the solution of the equation 

whence we obtain for the exponential model of B (T) (16) 

Here a = r,/TC = b /a, a= (k ,a ,~ , )~ ,  and y = T,,/T,. We 
introduce the variable u = p/p,, wherep, is the gas density 
at which the Dicke narrowing has a maximum. Then 
B =  a/u2, rph = yfi/ukoa,, and consequently the depen- 
dence of the dephasing time on the normalized gas density u 
is a function of only one parameter of the investigated mole- 
cules, a. Figure 6 shows the dependence of the dephasing 
time on the hydrogen density, obtained by solving Eq. (29) 
with a = 0.019. The figure shows also the experimental 
points of this dependence. It can be seen that the observed 
and theoretical values agree. 

Using the properties of the function L (8 ) [see (9)], we 
represent the solution of (28) at large values of the parameter 
m in the form 

It follows therefore that at large values of m the dependence 
of T,, on the gas density always has a maximum (at u = 1). 
At the same time, the narrowing of the spectral lines as a 

FIG. 6. Dephasing time of molecular vibrations in hydrogen vs gas den- 
sity. Continuous curves---dephasing time, dashed-reciprocal dephasing 
time, the analog of the linewidth. 
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result of the Dicke effect can be observed not always, but 
only when the parameter a is small enough: a ~ 0 . 3 5  (Ref. 
32). 

SPECTROSCOPIC INFORMATION IN STEADY-STATE AND 
TIME-DOMAIN CARS 

In steady-state CARS one measures the radiation inten- 
sity at the anti-Stokes frequency as a function of the frequen- 
cy detuning w = w, - o2 - w, relative to the line center. 
Such measurements yield information on the frequency dis- 
persion of the modulus of ,y '" of the cubic susceptibility of 
the material.19 We shall show here that in the case of a soli- 
tary line and the Doppler mechanism of the inhomogeneous 
dephasing of the molecular vibrations the time-domain 
CARS method makes it possible, in principle, to determine 
not only the modulus but also the phase of x '3'.31,32 

The amplitude of the polarization at the anti-Stokes fre- 
quency can be written in the form19 

where a' is the derivative of the electronic polarizability of 
the molecule with respect to coordinate. From this and from 
(1 1) we obtain at A (8 ) =Al  A : = Aoexpiw8, A, = const 

where 

is the polarization susceptibility of the medium. From this 
we have by virtue of (20) 

where W,(T) is the energy of the pulsed response: Since 
W, (7 < 0) = 0, the lower limit in the integral of (34) can be 
replaced by - a. The pulsed-response function measured 
in the time-domain CARS is thus connected by a Fourier 
transformation with the complex nonlinear susceptibility. 
We note, however, that the indicated connection between 
W,(T) and x '3)(w) exists only in the case of a symmetrical 
distribution w ( ~ )  of the random phase shift p, due to the 
inhomogeneous dephasing. If, however, the distribution 
w(%) is not symmetric (e.g., in rotational dephasing), the 
Green's funciton h (8 ) = exp( - 8 /T,)(exp(iq,)) becomes 
complex and measurement of the pulsed response 
W,(T) a lh ( ? ) I 2  does not make it possible to determine h (7) 

and to calculate x '3'(w) from Eqs. (32) and (33). 
The signal intensity in steady-state CARS is 

Forx '3'(w) defined by Eqs. (32), (33), (12), and (16), an analo- 
gous expression was obtained earlier in Ref. 3. Let us dwell 
briefly on the case of extremely low energies (the Doppler 
limit). In this case 

The integral in (36) is expressed in terms of the error function 
of complex argument: I, (w) a ( w ( s ) ( ~ ,  where s = o/(fikoo, ), 

This result was obtained in Refs. 40 and 41, devoted to a 
calculation of the spectrum in steady-state CARS in the 
Doppler limit. As shown in these papers, the line Iw(s)12 is 
Gaussian in shape at the center and Lorentzian on the wings. 
Thus, first, the rather pulsed response recorded in the 
Doppler limit in time-domain CARS corresponds to a rather 
complicated spectrum in the steady-state CARS. Second, 
the information obtained by measuring the pulsed response 
and by taking its Fourier transform is more complete, since 
it permits calculation of the modulus of the susceptibility 
x '3'(0) as well as its phase. 

In conclusion, we formulate our main results. 
1. Ex~erimental data were obtained on time-domain 

CARS of hydrogen in a wide range of pressures, from the 
Doppler limit to the homogeneous broadening limit, includ- 
ing-t-he Dicke narrowing region. 

2. The shape of the pulsed response in time-domain 
CARS was calcalated for arbitrary gas pressure. 

3. The experimental data and calculations were used to 
estimate the time of collisional dephasing and the correla- 
tion time of the thermal velocities in hydrogen. 

4. It was shown that the time-domain CARS method 
yields the real and imaginary components of the nonlinear 
susceptibility x '3'(w) of the medium, in contrast to the fre- 
quency-domain variant of CARS, in which IX '3'(w)12 is mea- 
sured. 

5. The time-domain CARS signal was calculated for 
two models of the correlation coefficient of the thermal ve- 
locities of the molecules: R ,  = exp( - lyl) and 
R, = (1 + y2)-3'2, where y = T/T, and I-, is the correlation 
time. If we established that the model R1(r) describes more 
accurately the experimental data on hydrogen (error less 
than 10%) than the model R2(r) (error 15-20%). 

The authors are deeply grateful to S. A. Akhmanov for 
constant interest in the work and for helpful discussions. 
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