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Quantitative measurements were made of the energy characteristics of the axial and conical emission of
the anti-Stokes component of stimulated Raman scattering in compressed He,. A significant difference is
observed between the dependences of the energies W,® and W,") of these components on the pump
energy W,, namely, a nonmonotonic W,*(W,) dependence and a monotonic W,*°(W,) dependence. An
anomalous decrease of W,® is observed with decreasing thickness of the material layer. It is shown that
this as well as a number of other singularities of the behavior of the anti-Stokes component (whether axial
or conical) can be attributed to the limited space in which phase locking of the interacting waves (i.e,
nonlinear synchronism) takes place. This limitation on the space is due to the reactions of the Stokes and

anti-Stokes components on the pump.

PACS numbers: 42.65.Dr, 67.40.Wt

1. INTRODUCTION

Anti-Stokes stimulated Raman scattering (ASRS) in
non-inverted media is the result of parametric interac-
tion of the pump wave and the Stokes component of the
SRS. The ASRS was the first experimentally-ob-
served'!! four-wave interaction of light waves, and its
theoretical investigation has been the subject of a large
number of papers (see, e.g.'?=*])., Nonetheless, nu-
merous experiments have revealed a number of pecu-
liarities of ASRS, which have not been explained by the
theory, (5=

A. Besides the conical scattering that satisfies the
conditions for nonlinear wave synchronism, an axial
component was observed, propagating in the direction
of the pump beam. In many experiments, this compo-
nent, for which the wave detuning is appreciable, ap-
pears ahead of the conical component. ‘®? The first ex-
planation of this fact as being due exclusively to the in-
fluence of self-focusing*! was refuted by observation
of axial ASRS in gases and liquids, where there was no
self-focusing, £ 111

B. The energy behavior of the anti-Stokes component
as a function of the thickness of the scattering layer
and of the pump energy differs greatly from the be-
havior of the Stokes component, although the growth
rates for both components, calculated under the as-
sumption of a given pumping, are the same. 21

C. There is a difference also in the energy behavior
of the conical and axial components, as observed by
Prokhorov and Sushchinskii. !’ This difference was
large enough for them to advance the hypothesis that
the axial and conical ASRS are of different origin.

In our brief communicationt?’ we have shown theoret-

ically and experimentally that the singularities of the
axial ASRS can be attributed to effects due to the phase
difference of the interacting waves, which is altered by
the reaction of the Stokes and anti-Stokes components
on the pump. Of decisive significance here is the fact
that locking of the generated field phases takes place
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‘scribed in

over a length greatly exceeding the linear synchronism
length (in other words, nonlinear synchronism occurs).
The present article is devoted to a detailed exposition
of the results of an investigation of both the axial and
conical ASRS components, undertaken to explain why
these components differ in their behavior from each
other and from the Stokes component. We shall see
that all the foregoing properties of the ASRS can also be
attributed to phase locking of the interacting waves,
with allowance for the lengths of their interaction under
the concrete experimental conditions.

2. POLARIZATION AND INITIAL EQUATIONS

Assume that three waves, the pump and its Stokes
and anti-Stokes components, propagate in a Raman-
active medium (with frequencies w,, wg, and w,, re-
spectively). The resonance conditions for the frequen-
cies of the fields and the medium are

W =0~ 0=~ Wp. (1)

In the derivation of the equations for the amplitudes and
phases of the interacting fields and for the polarization
of the medium, we make the following assumptions:

1) Each electromagnetic wave
E;=eA;expiloit—krtq;(r)]+cec.

is linearly polarized, and all three polarization vectors
e;(j=p, S, a) lie in one plane (these conditions are
satisfied in our experiments);

2) The interaction is quasi-stationary, corresponding
to the conditions of experiments with lasers operating
without mode locking;

3) The nonresonant part of the linear polarization
can be neglected (in gasses it is smaller by four or five
orders of magnitude than the resonant part™?),

Under these assumptions, using the procedure de-
[16-18] " we can obtain expressions for the pro-
jections of the components of the polarization on the
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field directions:

TnN
(ePs, )=—i—£ﬂ— [FRA3—F A4, expi(g,—kpr),

(eP. )—z [rsAS+§£,Aae—f°]Apzexpi(¢s—ksr), (2)

(e,,Pu,a)=——i D [F,,’A,,-%—i‘s_r,Ase““]Ap’expi(q>,,— o).

Here 6=¢g +¢, - 29, +(A-7); A=2k, -ks -k ; N is the
number of molecules per cublc centimeter; T is the
reciprocal half-width of the resonant-transition line

(dusep) (danes) ) .
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(dmes) (dzuep)
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7, is obtained from »g by the subscript interchange
S—~p and p—~a; a bar over 7, or g denotes averaging
over the molecule orientation. The time variation of
the difference n between the populations of the levels
1 and 2 is described by the equations®

—n T — ,
‘Z’: _”T—”H—i(;sAs LA 2 2rgr, A cos 8) Ay,

where 7 is the lifetime in the excited state, and », is
the equilibrium difference of the populations in the ab-
sence of fields.

We shall henceforth neglect the population saturation,

inasmuch as n~#n, in experiments with pulse duration
~10"® sec and intensity less than 10 GW. The wave
equation for the field component at the frequency w; in
an isotropic weakly-nonlinear medium can be written
in the form®®!

:t(n,

—4,;(k; grad ¢;) +i (k; grad 4,) = (ePs,). ®3)
Using (2) and (3), we write down a system of equations
for the dimensionless real amplitudes of the fields and
for the phase difference

7
da: = (raz—ag)apcos(ap,—a,), (4a)
dag s : 4b)
== gglagtrazcos 8)a,’ cos (ag—oy), (
0(1,1 2 4 )
7 = —q,(ragtriagcos 0)ay, (4c
a0 .
—= rz[ qaﬂ - qsa—'1 cos (@g—0ta) ] a,sin 0+9. (4d)
23 aq ag

Here a;=A;/A,, (where A,g=A,|,.);
gles between k, s , and the z axis;

a, s, are the an-

anp’TnNrs 2 b=A /anp TnN Fid
poy

S ittet Subiutiel %y |
h’c*k, cos a, o rck,

where A, is the projection of A onk,;

qs,,,=m;akp/mp’ks,a; r=F2/7g% r,=gr-,,/7sz.
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We note that Eqs. (4) describe both the conical and
the axial components of the ASRS; the difference lies
only inA, and in the angles @,, a5, and o,. The main pa-
rameter whose variation leads to qualitative differences
in the behaviors of these components is the quantity 0.

3. SPATIAL DISTRlBUTION OF THE ANTI-STOKES
COMPONENT

The solution of Egs. (4) for a given pump field (a,
=const) was investigated in detail in Bloembergen’s
book. 21 His approach, however, does not correspond
to the conditions of experiments in which an appreci-
able energy transfer takes place at least to one of the
scattering components—the Stokes component. Let us
obtain the solution of (4) with allowance for the influ-
ence of this component on the pump under the condition
that the detuning & is large enough and the power of the
anti-Stokes component is low, so that its reaction on
the pump can be neglected. The behavior of the pump
and of the Stokes component of the SRS is described
approximately by the solution of the first two equations
of (4), in which a, =02

1+M

L L (I es
4P M e

a;=0aq ————
578 g+ Mer

)

where

M =ag*/ qgap°, # =2qg1p0° (1+31),
(’pl‘:ap( =04 ﬂso:asl 2e=0e

Substituting this into the equation for the complex am-
plitude (a, exp[i ¢,]), we obtain

d(a e~™s)

B

=—q,a, {r (a,e~%) +r.age™}.

Solving the obtained expression, we find that the be-
havior of the amplitude of the anti-Stokes component is
described by the Gauss hypergeometric function ,F;:

ra (LHM) =0 (i +e=) " {( 1+M )*—7°F ( 1
2

age” " =ug,H — ——R
re (=) e \\ggpges 2
—i8, 4—i8; 2—i8; ———— )—F A R_§1-5; -5 —1—)}
) 3 1+1W A"y ( 5 ) 105 103 M )

5)

where

~ 6 qa
= , R=
8= 5 245

It follows therefore that at distances in which an ap-
preciable part of the pump energy goes over into the
Stokes component a,(£) is a nonmonotonic function (see,
e.g., the §==3 curve on Fig. 1). The reaction of the
Stokes component on the pump greatly influences the
behavior of the anti-Stokes component of the SRS; ulti-
mately it leads to a loss of the phase locking

lim 6=(Ar).

2+

As a result, a constant intensity of the anti-Stokes com-
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FIG. 1. Plots of g, (solid curve), a, (dash-dot), and ag
(dashed), and 6 against ¢ at 6=-7, -3, -2, -1, and -0.5,
obtained for the ratio wy;/w,=0.22 and for the initial values
agle0=107%, agl,9=10", ayl,00=1, and O,.o=7. Itis as-
sumed that »;=7;=1.

ponent is established:

lim a/'=a,’ dars w2 T { &

-1
+ = const.
w4 gt F2R)T sh(no2) L1 (1+23+2m)2} const

(6)

In expression we have neglected the ratio of the number
of photons of the Stokes component and of the pump at
the input in comparison with unity (M <1).

With increasing input pump energy, the limiting value

of the amplitude (6) becomes comparable with the am-
plitudes of the pump and of the Stokes component, so
that solution (5) cannot be used if

h3c*kpA,

o<1, ie ol B
4wp"TnNig

) e, at  Ay*>
To describe the behavior of the anti-Stokes component
in this case it is necessary to take into account its re-
action on the pump and on the Stokes component. It is
impossible to obtain an analytic solution of the system
(4). It is easy to see from (4), however, that the qual-

itative picture of the behavior of a,(£) remains the same
also for large pumps (small 6). Indeed, it is seen from

(4d) that at the start of the interaction, inasmuch as
asai/a,> 1, the phase difference is

an+arcsin[6 /rz(qa&—qs&)%'] (7)
aq ag

(at large pumps we have 6= ). The anti-Stokes com-
ponent increases, since the parametric energy transfer
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from the Stokes wave and from the pump into the anti-
Stokes wave (ag +a,—~a,; see the second term of (4c))
exceeds the pure Raman conversion of the anti-Stokes
component into the pump (a,~a,). Further, as a result
of the decrease of a,, the phase decreases in such a
way that the rate of growth of @, decreases. This ac-
celerates the conversiona,—~ag and leads to an even
faster deviation of the phase from . When 6 deviates
from 7 to such an extent that the processes ag +a,—a,
and a,~a, are balanced, a, reaches a maximum and
then decreases. Since ag continues to increase, the
pump ultimately decreases to a very low value and the
wave interaction practically ceases; a constant value
of a, is established and 6= (A-r).

A computer solution of Eqs. (4) confirms the de-
scribed qualitative picture. Figure 1 shows plots of
a,(t) for different values of A, at a constant pump I,,. %

We note one consequence of the plots of Fig. 1.
From calculations of the growth rate of the anti-Stokes
wave in the given-pump approximation it follows that
at a certain 6 =6, the initial growth of a,(¢) is maximal,
It is seen from Fig. 1, however, that as | 6| decreases
(that is, as the pump increases or as the detuning | A ]
decreases) the value of lim,. . a, increases, Therefore,
for a fixed interaction length L, the pump at which the
power of the anti-Stokes component is maximal can
correspond to a value [6]1<[§,,|.

4. ENERGY CHARACTERISTICS OF ASRS

With the aid of the solution for a, (Fig. 1) we can
find the dependence of the output energy of the anti-
Stokes component on the input pump energy for a fixed
wave-interaction length L. It is obvious that this de-
pendence is nonmonotonic (see Fig. 2). First, with
increasing I,,, a burst of intensity of the anti-Stokes
component I, appears and is due to the passage of the
maximum of the corresponding a,(£, 6) curve through
the exit from the chamber (z =L) (see Fig. 1). Then
I,(I0)1 -1 again begins to grow. Ultimately the output
intensity I, will again decrease with increasing I, in-
asmuch as at |6/<[6,,| the rate of growth of a,(£) de-
creases; the rate of growth of the Stokes component
also decreases. The last fact can explain, in partic-
ular, the experimentally observed asymmetry of the
energies of the Stokes SRS components propagating in
the forward and backward directions in the case of
strong pumping'®"? (for example, when the pump is
focused into the working medium). For backward
waves we have |A[~|k|, as a result of which phase
locking is not feasible at realistic powers I, and no
anti-Stokes wave is produced.

FIG. 2. Plots of I,{,)). 1) A,
=042 A,=A5 8) A=A5. |4
>1a,l>14;].
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We consider now the difference between the plots of
I,(I,0) for the axial and conical ASRS. We note that cal-
culation of the angular distribution requires in the gen-
eral case a simultaneous solution of the equations for
the interacting waves with allowance for the spatial
spectrum of the Stokes and anti-Stokes components,
an exceedingly complicated problem even for a numeri-
cal computer analysis. At pump energies, however, at
which a clear-cut separation of the axial and the conical
ASRS is ensured, certain qualitative behavior features
that distinguish the conical component from the axial
one can be established. We use for this purpose the
results of the calculation of the function I (I,,) for dif-
ferent values of A,, shown in Fig. 2.

In region II, the faster saturation and the subsequent
decrease of the intensity of the conical ASRS in com-
parison with the axial one is due to the fact that the di-
mensionless detuning 6 =46, for this component is
reached at lower pumps. In the initial section (in re-
gion I), however, the first maximum of I, shifts into the
region of large pumps with decreasing A, ; the “dip”
on the section of the I, (I,,) curve then decreases and
practically vanishes for the component propagating in
the direction for which [6}<[6,!. It is this fact which
determines the qualitative differences in the behavior
of I,(I,,) for the conical and axial ASRS.

These properties of the ASRS are due to the following
causes: Nonmonotonicity of I,(I,,) in region I (Fig. 2)
can be observed when the loss of the phase locking
occurs at z <L (see the plot of a,(£) in Fig. 1). With
decreasing |A,l, the loss of the phase locking over the
interaction length occurs at I,; larger than for the axial
direction,

As a result, the decrease of I, after passing through
IV will also be small, since the difference between
the maximum and asymptotic values of the a,(£) curves
decreases with decreasing A,.

Thus, the nonmonotonic behavior of I, on the initial
section is most strongly pronounced for the axial com-
ponent of the ASRS.

Similar reasoning in the case of a given value of the
detuning A, shows that the value of I}). decreases with
increasing interaction length L (see Fig. 2 of!2}), At
the same time, at sufficiently small L the difference
between I}, and I%), decreases. As a result there
should exist a length L that is optimal for the observa-

tion of the nonmonotonicity of I,(I,,).

Thus, we can formulate the following qualitative fea-
tures of the behavior of the axial and conical compo-
nents of the ASRS: a) the behavior of the intensity of
the axial anti-Stokes component with increasing pump
is nonmonotonic; b) as the direction of exact synchro-
nism is approached, the nonmonotonicity of I,(I,,) be-
comes less and less pronounced; c¢) an increase of the
interaction length should lead to a decrease of the maxi-
mum 78 ., and to its shift to weaker pumps; d) the in-
tensity ,(L) at the output (after passing through I{'),,)
does not depend on the length L at constant A, and at
sufficiently strong pumping; e) the intensity of the
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Stokes component I¢(I,,) changes monotonically at all
values of A,.

All the foregoing results were obtained from Egs. (4),
which describe the interaction of plane waves. It must
be recognized that under real conditions, even in a
plane pump wave, a complicated angular distribution
of the scattering components occurs. 227 The situation
becomes even more complicated if it is recognized that
the transverse section of the pump beam is bounded and
its pulse is not rectangular in time or space. All this
makes it difficult to observe the above-mentioned singu-
larities. Thus, if one measures the integrated energy
W, of the anti-Stokes component, then the deviation
from rectangularity of the space-time distribution of
the pump leads to a smoothing of the W,(W,;) dependence
in comparison with the intensity dependence shown in
Fig. 2. A computer calculation shows that at a Gauss-
ian pump-beam cross section and a Gaussian temporal
distribution the dips on the W,(W,,) can give way to
“plateaus” whose heights decrease with increasing L.

Further, with increasing pump the intensity of the
Stokes component of scattering to the pump-beam axis
increases. As result of the phase locking, the contri-
bution to the intensity I, in a certain fixed direction
gives an ever-increasing number of waves with different
values of A, and this leads to a “smearing” of the
angular spectrum of the ASRS.

5. EXPERIMENTAL PART

The main purpose of the experiment was to observe
the ASRS singularities noted above. As the Raman-
active medium we used hydrogen. The pump was the
second harmonic of a one-mode neodymium-glass laser
(the experimental setup is shown in Fig. 3). Pump
radiation of duration ~3 -10-® sec and energy up t0 0.3 J
had a nearly Gaussian intensity distribution over the
beam cross section.

Experiments were performed with different lengths
of chambers, hydrogen pressures, and different focal
lengths of the lens L,. Characteristic plots of the de-
pendence of the energies of the axial, conical, and in-

M, D, D, PI

FIG. 3. Experimental setup. C-—chamber with compressed
hydrogen; G—active element of driving generator —neodymium
glass 10 mm diameter X 130 mm; M;, M, —mirrors reflecting
100% of the radiation of wavelength 1. 06 p ; Pl—plane-parallel
glass plates, which form together with mirror M; the reso-
nator of the master generator; Q—passive Q-switch—solution
of dye No. 3955 in dimethyl sulfoxide; Pr—rotating prism;
D;-Ds;—diaphragms; Amp—4-stage amplifier for the radia-
tion of the single-mode driving generator. F;-F;—light
filters; Cr;—KDP frequency-doubling crystals; Ly, Ly—
lenses, O—photoreceiver and oscilloscope with memory.
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FIG. 4. Dependence of the energy of the axial (1), conical (2),
and intermediate (3) ASRS components on the pump energy.
Hydrogen pressure 75 atm. The focal length of lens L, is

50 cm. Diaphragm D, at the focus of the lens L,—round
aperture, 2 mm-diameter (curve 1); round shutter, 6 mm
diameter (curve 2); annular opening with inside diameter

3 mm and outside diameter 6 mm (curve 3). Focal length of
the lens L;—100 cm (4a) and 200 cm (4b). Length of chamber
C—13 c¢m (4a) and 6.5 cm (4b).

termediate parts of the ASRS on the pump energy as
shown in Fig. 4. It is seen that the behavior of the
axial and conical components agrees qualitatively with
the theoretical predictions. The conical component in-
creases monotonically and is saturated before the axial
component. The pump intensity at which this satura-
tion is nqticeable (~ 3,0 GW/cm?) agrees in order of
magnitude with the calculated one (Fig. 2).

A dip is clearly seen on the plot of the axial part of
the ASRS (Fig. 4a). The pump intensity at which the
axial component has an intensity extremum is 1.5-2.0
GW/cm? and is close to the calculated value. We note
that the results shown in Fig., 4a of the present paper
and in Fig. 3 of our earlier paper™?’ agree, in spite of
some differences in the experimental conditions, The
maxima in both cases are observed at close values of
the pump intensities. In*'?? the chamber length (5 cm)
was significantly smaller than the length of the focal
region; in the present study the length of the focal re-
gion produced by the lens L, was 4 ¢cm and was smaller
than the chamber length (13 cm). The agreement of
the results for these two cases indicates that the inter-
action region can be identified quite accurately with the
length of the focal region.

Let us discuss briefly the behavior of the anti-Stokes
. component energy in the region between the axis and

-3
We. 10791

FIG. 5. Dependence of the SRS
Stokes-component energy on the
pump energy. 1) “Axial”’ part of

2 the SRS Stokes component, cor-
responding to curve 1 of Fig. 4a.

4 2) “Conical” part of the Stokes
component of the SRS correspond-

2 ing to curve 2 of Fig. 4a.

0
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a b c E

FIG. 6. Angular distribution of the anti-Stokes SRS compo-
nent at three values of the pump energy: a) 0.028 J; b) 0,049
J; ¢) 0.11 J. Hydrogen pressure 80 atm; length of chamber
C—13 cm; focal length of lens L;—200 cm; of lens Ly—50 cm.
The photographic film was placed at the focus of lens L.

The diameter of the “ring” of the conical component of the
ASRS is # 8 mm under these conditions (Fig. 6b).

the synchronism cone (curve 3 of Fig. 4). The ASRS
intensity in this region (in the pump range used in the
present experiment) is much lower than the intensity of
the axial and conical components. Curve 3 of Fig, 4a
is similar to curve 1, but the dip on it is less pro-
nounced. This can be explained by making the natural
assumption that the main contribution to the ASRS in-
tensity in this region is made by plane waves with a
wave mismatch [A | larger than for the conical ASRS,
but smaller than for the axial one (see Fig. 2).

Figure 4b shows results obtained for a focal region
of 12-cm length (see also Fig. 3 of'?'). In accord with
the results of the preceding section, the energy of the
anti-Stokes component turned out to be smaller for the
larger interaction length,

We investigated also the pump dependence of the in-
tensity of the SRS Stokes component emitted into the
same solid angles in which the ASRS was investigated.
The results obtained under the same conditions as the
curves of Fig, 4a are shown in Fig. 5. Both the axial
and conical Stokes components increase monotonically
in the range of variation of the pump energy from 0.01
to 0.06 J, in which curve 1 of Fig. 4a has a dip. The
saturation and the decrease of the intensity of the axial
Stokes component are due to the onset of a second-or-
der Stokes component at pump energies exceeding 0.07
J, that is, beyond the limits of the pump-energy in-
terval in which the characteristic singularities in the
behavior of the axial ASRS component were observed.

Figure 6 shows a photograph of the angular distribu-
tion of the ASRS, obtained at a pump beam diameter in
the chamber 0.08 cm. It is seen that the threshold is
reached earlier than for the axial ASRS, and a conical
component appears; with further increase of the pump,
all the directions inside the cone corresponding to the
synchronism angle become filled.

At a pump beam of 0. 3-mm diameter, the conical
ASRS is primarily produced. Thus, the differences in
the ratio of the thresholds of the axial and conical ASRS
can be attributed to the dependence of these thresholds
on the pump-beam diameter. The increase of the latter
increases the interaction length for the conical SRS
component, and this lowers the value of the pump at
which the conical ASRS reaches a value that can be
registered.
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We note that no focusing effects were observed in our
experiments; moreover, estimates of the focal length
of the lens formed by the SRS conversion‘?! show that
even for the longest of the chambers employed by us the
increase of the power density in the beam can be ne-
glected. Other causes of self-action, such as the opti-
cal Kerr effect, electrostriction, and thermal self-
focusing are known to be even less significant for
hydrogen.

6. CONCLUSION

ASRS, as all other four-wave interactions that can
occur effectively in the absence of linear synchronism
conditions, are referred to in the literature as belong-
ing to “class IL. ”'*1%21 e have shown here that all
the regularities of the behavior of the ASRS, including
the axial one, are due to phase locking and to the limit
length over which this phenomenon takes place. The
phase-locking length in ASRS is determined by the char-
acteristic length of the conversion of the pump wave
into the Stokes component; this length is usually much
larger than the linear-synchronism length, and this
ensures the possibility of an intense growth of the anti-
Stokes component. It can be assumed that the phase
locking is the same phenomenon which (with allowance
for the limitation on the space in which the phase lock-
ing takes place) explains all the sm«rularltLes of “class
II” scattering.

D phase locking of interacting fields is well known from radio
engineering. U3l The possibility of its realization in non-
linear optics was first demonstrated by Akhmanov and co-
workers™¥! using as an example the subharmonic generation
in a nonresonant dissipative medium. Phase locking in ASRS
was not discussed prior to our paper, U121 a1though it is con-
tained explicitly in the solutions obtained in the given-pump
approximation. =41 These solutions do not describe the loss
of phase stability, for which allowance must be made for a
correct explanation of the ASRS behavior.

D1t is assumed that  is the same for all sublevels of states
1 and 2 with different angular momenta.

Y See also Fig. 1 oft'¥, which shows the behavior of a, s 5(2)
at constant A, and different values of the pump Iy.
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