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The role of energy-level degeneracy in the cooperative Raman scattering (CRS) of light is investi-
gated experimentally and theoretically. A radical difference is observed between the pulse shapes
of rotational CRS in para- and orthohydrogen. Pulsations of the scattering intensity are observed
in the model with two-level scattering in parahydrogen (transition J, = 1, M, = 0—J, = 2,

M, = 2). The CRS pulse has a smooth envelope in the case of scattering in orthohydrogen, when
three pairs of magnetic sublevels combine (/, = 1, M, = 1,0, — 1—-J,=3, M, =3,2,1). A
theoretical analysis has shown that the observed difference in the pulse shapes is due to nonsynch-
ronous transitions of the molecules in different sublevel pairs in the case of orthohydrogen. The
results of the numerical calculation agree qualitatively with the experimental data.

1. INTRODUCTION

In cooperative radiative processes, the molecules inter-
act effectively via the radiation field and induce one another
to emit energy more rapidly than in the case of an individual
emitter. This produces in the medium a coherent light pulse
having a duration much shorter than the time of the sponta-
neous radiation of an individual emitter. The theory of such
processes is simplest in the case when the size of the volume
occupied by the molecules is much smaller than the wave-
length. Experiments in the optical region, however, involve
volumes much larger than the wavelength. It became there-
fore clear even after the first experimental study' that propa-
gation effects play an important role. In the simplest one-
dimensional model allowance for propagation leads to a
temporal substructure of the emission pulse.? This conclu-
sion of the theory was in qualitative but not quantitative
agreement with the experimental results. In particular, ac-
cording to the one-dimensional theory the intensity drops to
zero between the individual spikes, whereas only a weak mo-
dulation was observed in experiment and could vanish when
the experimental conditions were changed.® This discrepan-
cy between theory and experiment was observed both in
emission'” and in scattering.*

The finite transverse dimensions of the medium were
taken into account in a number of recent experiments.®’ The
transverse inhomogeneity caused a partial blurring of the
temporal structure. A theory that claims quantitative agree-
ment with experiment must therefore make allowance for
the tranverse inhomogeneity of the medium and for diffrac-
tion effects. Investigations of cooperative radiative processes
have thus become highly detailed.

The role played by degeneracy of the energy levels in the
formation of the cooperative-radiation pulse has so far hard-
ly been investigated. It was stated in Ref. 2 that level degen-
eracy does not alter qualitatively the character of a cooperat-
ive process. In Ref. 8, however, was reported observation of
substantially different waveforms of the cooperative rota-
tional Raman scattering pulses in para- and orthohydrogen.
Whereas in the former case the scattering pulse shape had
the characteristic temporal structure of cooperative scatter-
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ing in a nondegenerate system, there was no temporal struc-
ture for scattering by orthohydrogen. This difference was
attributed to level degeneracy. In the case of parahydrogen
the combining levels are characterized by angular momenta
J, = 0and J, = 2. If the exciting field is circularly polarized
the transition is only between two magnetic sublevels J, = 0,
M, =0and J, =2, J,=2 (Fig. 1a). In scattering by ortho-
hydrogen, transitions occurred between three pairs of sub-
levelsJ, =1,M,= —1,0,1and J, =3, M, = 1, 2, 3 (Fig.
1b). The characteristic times of the molecule transitions
between the corresponding sublevels depend on the values of
the matrix elements of the interaction operator; they are dif-
ferent for the indicated sublevel pairs, so that the kinetics of
the transitions between these sublevel pairs should be differ-
ent. This desynchronization of the transitions can influence
substantially the shape of the cooperative emission and scat-
tering pulse.

The present paper is devoted to an experimental and
theoretical investigation of the role of level degeneracy in
cooperative Raman scattering (CRS). We investigate, in par-
ticular, scattering in para- and orthohydrogen and compare
the results with the theory. It is remarkable that in rotational
CRS in parahydrogen there is realized a model situation of
scattering with sublevels combining into only one spectral
component. The point is that in rotational forward RS the
scattering cross section is a maximum when the circular po-
larizations of the exciting and Stokes fields are oppositely
directed,’ so that no parametric onset of an anti-Stokes com-
ponent is possible.!°

=3

Jy=1
a b

FIG. 1. Transitions between magnetic sublevels for CRS in parahydrogen,
where Aw = 354 cm ™' (a), and in orthohydrogen, where Aw = 587 cm~!
(b).
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We note also that the purely vibrational CRS in hydro-
gen, reported in Ref. 5, is due to the anisotropic part of the
polarizability,”!! and therefore degeneracy in the projection
of the total angular momentum is immaterial in this case.

2. THEORETICAL ANALYSIS .

Consider rotational CRS excited by a step pulse. We
express the exciting field (w, K = w/c) and the scattered field
(wy,ks = w,/c) in the form

1 . ,
- Z e, {8., exp[—iwt+ikz]

Omm—1 1
+&,* exp[—iwittik.z]}+ c.c., (1)

where e, is the vector of the field. In the course of the scatter-
ing the molecules undergo transitions between states with
total angular momenta J, and J, and their projections M,
and M,. We shall omit hereafter the labels J, and J, and
retain only the angular-momentum-projection labels M, and
M,. The equations for the amplitudes are
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The matrix elements of the scattering tensor are given by the
relation
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where d, are the spherical components of the dipole mo-
ment.

Confining ourselves to the one-dimensional case in the
given-exciting-field approximation, we supplement the sys-
tem of equations (2) by an equation for the envelope of the
scattering field

0
— &S+ 1-13;=2mk,13;, 3)
c 0t

0z
where the polarization P, is given by
Pa! = Z (aodn) MthaMnaMz'gvl- (4)
03, M(,M3

Before proceeding to the analysis of the nonlinear phase
of the problem, we must determine the predominant polar-
ization. This can be done within the framework of the linear
approximation by comparing the growth rates of the differ-
ent polarizations. The polarization with the faster growth
will determine the nonlinear stage of the scattering.

In the nonlinear approximation the polarization P is

given by
P = 2 (aoan) MzM|gm

X[ a0, () iZ“ S 4t Y, (oo s o'825 |, (5)
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where
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pMan (O) =am, (O) aMz* (O), n0=|aM1 (O) Iz_'laM, (O) lz.

The initial conditions, which reflect the specific features of
the spontaneous triggering, are of the form

i1 (Qtoo) seaars

pM:Mx (0) = 2A e01
where
Au:. = ZI (aam) M.M:P' (6)
MM,

The value of 6, must be chosen such that the scattering in-
tensity be equal to the intensity of incoherent Raman scatter-
ing from the excited volume. If the Fresnel number for the
scattering volume is equal to unity, an estimate yields*

B0~ N-", (7)

where N is the number of molecules in the excited volume.
Relation (5) becomes particularly simple for linear and circu-
lar polarizations, for if the quantization axis is suitably cho-
sen the subscripts o, ; and o, become identical. We intro-
duce the notation

A z
a0y 7 . da =t_.._. 8
5 jdté’mé’ , T p (8)
0
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In the linear case we have then for the function € the equa-
tion

0°0/0z 91=p0, B=mnk,(2h) "' Acenol &Eol% 9)

For a rotator, such as the hydrogen molecule, there is a
known explicit expression for the dependence of the scatter-
ing-tensor matrix elements on the rotational quantum
numbers’; for the matrix element A,, we have (see the Ap-
pendix)

Ag= 715(2!&1) (2J:H+1) 02| <10:1—0 | 20,—0><J,07,0120> |,
(10)
where 7, is the anisotropic polarizability.

Corresponding to the CRS problem are the following
initial and boundary conditions:

P
0 (z, 7=0)=0,, —are (=0, t)=0. (11)

The first corresponds to specifying on the exciting-pulse
front an initial polarization that imitates spontaneous Ra-
man scattering, while the second means that at the entry
boundary of the medium there is no field having the scatter-
ing frequency.

Conditions (11) are satisfied by the solution 4

0=0,I,(n), mn=2(Bz1)",

where I, is a modified Bessel function of the first kind and of
zero order. At large values of the argument

I, (n) = (2mm) ~"en. (12)

The growth rates of the function 6 in time and in space are
proportional to the parameter . Using relations (9) and (10)
we can determine the predominant polarization in the scat-
tering. Thus, in the case of circular polarization of the excit-
ing field the ratio of the growth rates for coinciding and op-
posing circular polarizations of the scattering field is 1:6. In
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the case of linear polarization of the exciting field, the ratio
of the growth rates for coinciding and orthogonal polariza-
tions is 4:3.

We turn now to the essentially nonlinear problem. Let
the exciting field have a circular polarization o, = 1. In ac-
cord with the foregoing, the scattering field will then have
the opposite circular polarization o = — 1, and the coincid-
ing polarization can be neglected since it is exponentially
small. The system of equations (2) breaks up theninto 2J + 1
two-level subsystems (see Fig. 1), where J is the smaller of the
values J, and J,. The solution takes in this case the form

ax, =0, (0) cos [w(Mi, M.;)8/2];
ar,=an, (0) sin [p(M,, M.)6/2], (13)
P«(Mn M2)=(al—i)M1Mz/Al,—1-

From (3), (4), and (13) follows an equation for the envelope of
the scattering field:

50 =8 Y w1, M)sinlu (1, 2)01.

(14)
0zt
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Using the explicit expression (A.1) and (A.2) for the matrix
elements of the polarizability tensoratJ, = 1 and J, = 3, we
get

p(1, 3)=Ch)"  p(0,2)=Cly)" w(=1,1)=(")",

B=3/25ﬂksnoﬁ_l“{oz |gl I .

The linearized equation (14) reduces to Eq. (9). On the basis
of the solution (12) we can estimate the characteristic times
of the avalanche-like transitions between the sublevels.
Clearly, an avalanche-like transition of particles between
sublevels M, and M, occurs at the instant of maximum po-
larization at this transition, i.e., at

“'(Mh M2)9=ﬂ/2.

(15)

(16)

Using the linear solution (12) and the condition (16), we esti-
mate the delay times and the characteristic durations of the
avalanches

to(Mi, Mz)z‘/ATO(Mj, xwz) In [eou(M“ Mz)] _‘,

. (17)
To(My, M,) = b?ln[eoll(MuMz) 1~

It follows from (15) and (17) that the avalanche durations
differ little, and the difference between the delay times is of
the order of the avalanche durations. This can smooth out
the temporal intensity pulsations that are features of the
CRS in an extended medium.

Equation (14) was solved for the nonlinear case numeri-
cally. The solution of (14) for the coefficients given by (15) is
shown in Fig. 2. At the parameter values indicated in Fig. 2
we get from (17) the relation ¢, = 57, between the delay time
and the duration of the first spike, in good agreement with
the results of the numerical solution. By way of comparison,
Fig. 3 shows the numerical solution of (14) in the absence of
degeneracy. It can be seen from Figs. 2a and 3 that the di-
mensionless delay times are close to one another. Since the 7,
time scale in Fig. 2 is inversely proportional to the field
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FIG. 2. a—Calculated shape of CRS pulse in orthohydrogen b—time
dependence of the population difference between the magnetic sublevels.
1-M,=1-M,=3, 2—-M,=0-M,=2, 3—M,= —1-M,=1,
A, =1.128 um, 7,=2.9 nsec, n,=045 cm= % [=10 cm,
To= (82" 'In6,~".

~

growth rate, to which all the transitions contribute, equality
of the delays means that the level degeneracy does not affect
the temporal properties of the CRS within times up to the
maximum of the first spike. At times longer than the delay
times, the differences between the pulse shapes are quite sub-
stantial.

As seen from Fig. 2b, avalanche-like transitions of mol-
ecules for different sublevel pairs are shifted in time, and the
oscillations have different frequencies, as is manifest by the
smoothening of the scattering-intensity pulsations com-
pared with a purely two-level transition. The intensity pulsa-
tions in a degenerate system have a noticeably shorter period
then in a two-level system. The times of the maxima of the
scattering intensity are close to those of the minima of the
population difference of the strongest transition
M, = 1-M, = 3 (curve 1 of Fig. 2b). This is a distinguishing
feature of a two-level system.?

The decrease of the period of the intensity pulsation and
the corresponding increase of the population oscillation fre-
quency can be apparently attributed to the smearing of the
temporal structure of the scattering pulse. It can be seen
from Figs. 2a and 2b that in the interval ¢ /7, < 10, where the
field does not drop to zero, the sublevel populations move
faster than on the interval z /7, > 10, when the nonlinear syn-
chronization of the transition causes the field to drop to zero.
The population motion is noticeably showed down in the
latter case.

It should be note that equations similar to (14) were
considered in a number of papers devoted to the theory of
selfinduced transparency in degenerate systems (a bibliogra-
phy can be fond in the review 12). It was established that
stationary 277n pulses exist only at integer ratios of the coeffi-

5 0t/

FIG. 3. Calculated shape of CRS pulse in orthohydrogen. n, = 1.1x 10'°
cm™3 /= 10cm, 4, = 1.097 um, 7, = 1.9 nsec, 7o = (Bz) " 'In 6,~ ..
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cients u(M,, M,). In the general case, however, the desynch-
ronization of the different transitions makes existence of sta-
tionary pulses impossible. This difference in the
manifestation of the level degeneracy in self-induced trans-
parency phenomena and in cooperative radiative processes
isin full analogy with the onset of transverse spatial inhomo-
geneity of the field. In the latter case, desynchronization of
the transitions of atoms located at different distances from
the beam axis also leads not to be presence of stationary
pulses in self-induced-transparency phenomena, but only to
a smoothing of the temporal structure of the radiation in
cooperative radiative processes.

3. EXPERIMENTAL SETUP

We used in the experiments a phosphate glass + neo-
dymium laser system operating at a wavelength 4 = 1.056
pm. A diagram of the setup is shown in Fig. 4. The emission
spectrum of laser 1 consisted of one TEM,, mode, and the
spectrum width did not exceed 2 X 1073 cm ™. The leading
front of the laser pulse was shortened to 1-4 nsec by the
electronic shutter 2. The shutter was actuated by a laser-
ignited discharge at an instant corresponding to the maxi-
mum laser-pulse intensity. After passage through the ampli-
fiers 3 and 6 the laser pulse had an energy W, =0.75J ata
duration ¢, = 100 nsec or W, <0.5J at ¢, = 30 nsec. The
Fresnel biprism 5, placed between the amplifier stages,
transformed the laser-emission polarization from linear to
circular and served, together with the Glan prism 4, to de-
couple optically the laser, on the one hand, from the amplifi-
er and the cell 8 with hydrogen, on the other.

The laser radiation was focused into the hydrogen-filled
cell by a lens whose focal length F ranged from 40 to 85 cm.
Three cells 8.5, 30, and 90 cm long were used. The cell win-
dows were tilted 5° to prevent feedback. Variation of the cell
length in the course of the experiment has made it possible to
establish that the effective length / of the scattering volume
coresponds to two confocal parameters of the focused beam
| = 2b = 2kr?, where r, is the radius of the beam neck at the
1/e level. The main experiments were performed with an
F =61 cm lens and a 90-cm cell. In this case the area of the
spot in the focal plane, at the 1/e level, was 3X 10™* cm?,
and the effective length was /~ 10 cm.

.y & 6 7 8 4 10 1If

FIG. 4. Diagram of experimental setup: 1— neodymium laser; 2—elec-
tronic shutter; 3, 6—amoplifier system; 4, 1 1—Glan prisms; 5, 10—Fresnel
biprisims; 7, 9, 12—lenses; 8—cell with hydrogen; 13—monochromator;
14—coaxial photocells, 15—oscilloscopes.
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The polarization of the radiation emerging from the hy-
drogen cell was analyzed with the Fresnel biprism 10 and the
Glan prism 11. The scattered radiation was separated by
monochromator 13 having a dispersion 20 A/mm. The
waveforms of the laser and scattered-radiation pulses were
recorded with FEK-15 coaxial photocells and I2-7 oscillo-
scope. The temporal resolution of the recording system was
1 nsec (at half maximum), and the triggering stability, which
determines the accuracy of the time-delay measurement,
was also close to 1 nsec.

4. EXPERIMENTAL RESULTS AND THEIR DISCUSSION

Natural hydrogen is a mixture of 25% parahydrogen
and 75% orthohydrogen. In this mixture the CRS observed
at room temperature is from the orthohydrogen (the S, (1)
line). To obtain CRS from parahydrogen (the S; (0) line) its
content was increased to more than 90%. The enrichment
was by adsorption of hydrogen on the surface of activated
carbon cooled with liquid helium.!?

Figure 5 shows oscillograms of the pulses of rotational
CRS in para- and orthohydrogen. The oscillograms were
obtained under near-threshold conditions, at a scattering
power less than 10% of the laser power, i.e., the given-excit-
ing-field approximation was valid. The scattering pulses in
parahydrogen (Figs. 5b—f) are characterized by a delay and
by temporal pulsations, common features of cooperative
processes in an extended medium. The CRS pulses in ortho-
hydrogen are also shifted in time, but their envelope is
smooth and shows no pulsations (Fig. 5g).

Let us discuss certain additional experimental facts of
importance for the interpretation of the oscillograms of Fig.
5. Under all experimental conditions the CRS polarization
was circular and directed opposite to the polarization of the
exciting radiation, in agreement with the discussion in Sec.
2. Scattering by both ortho- and parahydrogen was only in
laser-pulse propagation direction. No radiation in the oppo-
site direction was observed at a recording-system sensitivity
2% 10~ *J. Photography of the intensity distributions of the
laser and scattered radiation near the focal plane of the

T~
AN
DA
DANE]

N

n 70 40 t;nsec

FIG. 5. Oscillograms of laser pulse (a) and CRS pulses in parahydrogen
(b—f) and orthohydrogen (g), W, — 0.26 J, T =300 K, p = 1.1 atm (b—d);
T=170K,p=0.36atm (e, f); T= 300K, p = 0.7 atm (g).

Zabolotskil et al. 699



F = 61 cm lens showed that no self-focusing of the radiation
in the hydrogen occurs under the conditions of our experi-
ment. The scattered radiation was concentrated into a single
spot. The CRS divergence was close to that of the laser emis-
sion.

In the investigated pressure region p< 6 atm the scatter-
ing spectrum consisted of only the first Stokes line of the
rotational CRS. At a recording sensitivity 3 X 1072 J, we
observed no anti-Stokes rotational scattering, nor vibration-
al CRS, nor high-power pulses for Stokes lines of higher or-
der. The experimental regime thus satisfied the main condi-
tions assumed in the theoretical analysis in Sec. 2. Namely,
the scattering was unidirectional; its spectrum contained
only one component; the CRS polarization was circular and
opposite; there was no attenuation of the exciting field. The
observed pulsations can therefore not be due to the causes
previously discussed in the literature, viz., interaction of
Stokes and anti-Stokes waves’ and attenuation of the excit-
ing field."*

We discuss first the shape of the CRS pulse in parahy-
drogen. Oscillograms 5b—5d were obtained at a pressure
p = 1.1 atm and at room temperature (population difference
ny, = 1.1 10" cm™3). Under these conditions the measured
delay time of the first pulse is #, = 10 + 3 nsec, and the pul-
sation period is from 3 to 6 nsec. The CRS pulses with longer
pulsation periods had a longer delay, Let us compare the
measured values with the theory. The time scale for Fig. 3
can be calculated from Egs. (17). Using relations (7), (8), and
(17), assuming 7, = 0.31 X 102 cm® (Ref. 11), and putting
uM,, M,) =1 we get

To=(*1smk i *neyo*1| &4 |*) ~* 1n (1/6,).

Under the conditions corresponding to the oscillograms 5b—
5d (I, = 10" W/cm? [ = 10 cm, no = 1.1X 10" cm ™) we
get 7, = 1.9 X 10~ ? sec. Bearing the given time scale in mind,
we conclude from Fig. 3 that the calculated pulsation per-
iods 4.5 nsec and the delay time ¢, = 9.5 nsec agree well with
the measured values. The depth of the CRS intensity pulsa-
tions observed in experiment, however, is much smaller than
that calculated in the one-dimensional model of Fig. 3. Ap-
proximately half the CRS pulses had no pronounced tempo-
ral structure.

The smearing of the structure may be due to relaxation
of the polarization.'® It follows from the measured spontane-
ous RS line width!® that the polarization relaxation time for
the S,(0) line at p = 1.1 atm is 7, * 3 nsec. It is possible to
increase 7T, within certain limits by cooling the gas. With
decreasing temperature the parahydrogen molecules go over
from the level J, = 2 to the ground level J, = 0, i.e., a speci-
fied population difference can be achieved at a lower total
density of the gas. Corresponding to the lower density is a
longer relaxation time. Figures Se and 5f show oscillograms
obtained when the cell with the hydrogen was cooled to 170
K. The gas pressure in this case was p = 0.36 atm and the
population difference was n, = 110" cm™>. It can be seen
that the pulsation depth did not decrease.

It appears that the main reason why the CRS intensity
does not decrease to zero between spikes is that the scatter-
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ing volume constitutes in our case the neck of a focused
Gaussian beam. As shown in Refs. 6 and 7, a transverse in-
homogeneity of this type led to partial smoothing of the tem-
poral structure.

The CRS pulse shape in parahydrogen varies apprecia-
bly from flash to flash. In particular, in a number of flashes
we observed CRS pulses in which the first spike had the
largest amplitude (Figs. Sc, d). At the same time, we record-
ed pulses in which the first spike was not the largest (Figs. 5b,
e, f).

It must be noted that within the framework of the one-
dimensional theory the first spike in a cooperative-emission
pulse is always the largest. In a number of cases, however,
the transverse inhomogeneity leads to a redistribution of the
radiation energy among the spikes.®’ The fluctuations of the
different triggerings cause the pulse shape to be substantially
nonuniform in the three-dimensional case.® The numerical
calculations of Ref. 6, in which these factors were taken into
account, have shown that the variations of the cooperative-
emission pulse shape to be as large and of the same character
as those shown in Figs. 5b—f.

We proceed now to a discussion of scattering in ortho-
hydrogen. The pulse oscillogram shown in Fig. 5g was ob-
tained for the same laser-pulse parameters, focusing condi-
tions, and approximately the same relaxation time 7T, = 4
nsec as in the case of parahydrogen (Figs. 5b—d). Under the
conditions indicated in Fig. 5, the parameter 3, which deter-
mines the characteristic times of the CRS pulses, is one and
one-half times larger for ortho- than for parahydrogen. Un-
der the conditions indicated, the power of the CRS pulses in
orthohydrogen fluctuates considerably, the duration at half
maximum ranges from 10 to 15 nsec, but no pulsations are
observed in any of the recorded pulses. The pulse shape re-
mained smooth up to p = 0.4 atm (7" = 300 K) when the re-
laxation time was increased to T, = 5 nsec. Since the geo-
metric factors that the determine the role of the transverse
effects are also the same for scattering in ortho- and parahy-
drogen, there is every reason to attribute the differences
between the CRS pulse shapes in these cases to the difference
in the degree of energy-level degeneracy.

Calculation of the CRS pulse shape in orthohydrogen
for the one-dimensional model and T, = « (Fig. 2a) shows
that level degeneracy leads to a noticeable decrease of the
pulsation depth. The joint action of degeneracy effects and
transverse effects leads to the complete CRS-pulsation
smoothing observed in the experiments. The time scale cal-
culated from Egs. (15) and (17) for Fig. 2is 7, = 2.9 nsec. The
calculated delay time ¢, = 14.5 nsec (see Fig. 2) is thus in
satisfactory agreement with the measured value 19 + 5 nsec.

The results described were obtained in the subthreshold
regime, when the coefficient of conversion into the Stokes
component is small. When the hydrogen pressure is raised
above threshold, the power and duration of the CRS pulse
increase considerably, and the energy of the Stokes scatter-
ing reaches 70% of the laser-pulse energy. In the laser-field
damping regime, the CRS pulse in orthohydrogen remained
smooth, while for parahydrogen pulsations were observed in
the intensities of both the CRS and of the exciting radiation
passing through the hydrogen.
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FIG. 6. Rotational CRS delay time in orthohydrogen vs gas pressure and
laser pulse energy, #, = 100 nsec; ®—W, =0.45)J,O—W, =0.75]J.

Irradiation of a mixture with approximately equal
ortho- and parahydrogen contents produced CRS from both
modifications, with pulsations on the pulses of both the CRS
and the passing laser radiation. The CRS pulsations in orth-
ohydrogen are due in this case to the laser-emission pulsa-
tions caused by the interaction with the parahydrogen.

We note in conclusion a number of facts that are of
importance in the interpretation of the experimental results.
The delay time ¢z, is inversely proportional to the hydrogen
pressure and to the laser-emission intensity. Figure 6 shows
plots of the delay time of the CRS from the Sy(1) line on the
hydrogen pressure of two laser-pulse energies and at equal
duration ¢, . The plot shows a maximum scatter of ¢, in five—
six pulses at W, =0.75 J and three-four pulses at W,

=045 J. The experimentally obtained relation
to~p~ W, ~! agrees with the CRS theory [see Egs. (15) and
(17).

The delay time decreases with increasing duration of
the leading front and of the width of the exciting-radiation
spectrum. This is evidence that the delay is due to the coher-
ent character of the interaction between the radiation and
the medium.

The experiments have shown that at the cited hydrogen
pressures and laser power the delay time remains constant
when the focal length F of the lens ranges from 40 to 85 cm.
The reason is that the CRS delay time depends on the pro-
duct of the exciting-field intensity by the length of the scat-
tering volume [see (15) and (17)]. For a Gaussian beam the
length is [« 7} « F? and the intensity is I, «ry 2cc F 72,
meaning that #, should not depend on F.

It follows from the CRS energy measurements that a
significant redistribution of the populations of the H, levels
is produced by the scattering. This is also a distinguishing
feature of a cooperative process. Thus, near the CRS thresh-
old the number of photons in the scattering pulse is
N, = W,/#iw, = 10", and the number of orthohydrogen
molecules in the state J, = 1 in the volume bounded by the
laser-beam neck is N = nymrryl~6.10'.

CONCLUSION

The experiments have shown that in the case of coher-
ent nonstationary excitation a rotational Raman scattering
pulse in parahydrogen has all the characteristic features of a
cooperative process, viz., delay relative to the excitation
front, pulsations of the intensity, and a delay time inversely
proportional to the gas density and to the laser intensity. The
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pulse is accompanied by an appreciable change of the popu-
lations of the combining levels.

The measured delay times and pulsation period of CRS
in parahydrogen are in good agreement with the calculated
ones. The shape of the CRS pulse in parahydrogen fluctuates
considerably; this may be due to the joint effect of the finite
excitation aperture, and hence of the transverse inhomoge-
neity of the scattering field, on the one hand, and the fluctu-
ations of the spontaneous triggerings, on the other.

A comparative experimental investigation of the rota-
tional CRS pulse shape has shown that, in contrast to scat-
tering in parahydrogen, the envelope of the CRS pulse in
orthohydrogen is smooth. We attribute this difference to the
fact that the CRS in orthohydrogen is due to transitions
between three pairs of magnetic sublevels. A theoretical
analysis and numerical calculations within the framework of
the one-dimensional model have revealed the following fea-
tures of the cooperative process in a degenerate system: Ava-
lanche-like transitions in different sublevel pairs are not in
synchronism, and this manifests itself in a substantial de-
crease of the depth of the radiation-intensity pulsations. The
period of the intensity pulsations is smaller in a degenerate
system than in a two-level system.

The degeneracy of the energy levels is thus a significant
physical factor that must be taken into consideration in the
analysis of cooperative processes, particularly of the cooper-
ative scattering and emission pulse shape.

APPENDIX

The matrix elements of the scattering tensor of a rotator
have an explicit dependence on the rotational quantum
numbers®:

() arane, ="/ [ (2], 1) (215+1) ] "0 p08ai” 72 (—1) 72

X<J,—M,J.M,|2—q><J,0/,0|207, (A.1)

where ., is a component of the irreducible tensor in a coor-
dinate frame rigidly connected with the molecule. This com-
ponent can be expressed in terms of the anisotropic polariza-
bility 7, in the form a,, = ()",

We use the following representation for the irreducible
tensor operators'’

(Ctoos) eanes = 2 10, 1—061%q> (Gtug) sesaree (A.2)
*q

Substituting (A.2)and (A.1)in (6) and taking into account the
orthogonality of the Clebsch-Gordan coefficients, we obtain
Eq. (10).
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