Waveguide SRS due to vibrational excitation of molecules
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Bright conical radiation has been experimentally observed in the angular spectrum of the first
Stokes component of vibrational SRS in molecular hydrogen. It is shown that the apex angle of
the conical radiation exceeds substantially the divergence of the focused laser pump, depends on
the laser power, the gas pressure and the experimental geometry, and is determined by the
conditions for excitation of the waveguide SRS that is possible in vibrational excitation of the

molecules.

INTRODUCTION

Stimulated Raman scattering of light (SRS) is accom-
panied by a substantial redistribution of the particle in ener-
gy states, which occurs in many experiments and is used to
solve some spectroscopic problems.' The population of the
upper level of the Raman transition is so effective that dur-
ing the scattering time there are observed emission lines cor-
responding to SRS with already excited vibrational states
(v=1,2,...). As aresult of all this, the refractive index n, of
the medium increases by some amount An (Ref. 2), since the
polarizability of the vibrationally excited molecules exceeds
that of the unexcited ones. This can lead to SRS self-focusing
and to the onset of an “SRS lens” and an “SRS prism” (Ref.
3), which, depending on the experimental conditions, alter
the divergence of the interacting waves as well as the propa-
gation direction of the Stokes scattering component, by a
certain angle relative to the initial beam.

On the other hand, an elongated region of the medium
containing a sufficient number of excited molecules, can
form a lightguide with core and sheath refractive indices
ny + An and n,, respectively. In this case, Stokes rays for
which the waveguide-propagation condition is satisfied* can
become amplified in the field of the directed pump in addi-
tion to the Stokes wave propagating in the axial direction. As
a result, the angle spectrum of the scattered radiation at the
Stokes frequency will include conical radiation with an apex
angle determined by the mode-excitation conditions in the
induced waveguide.

Note that conical radiation at the frequency of the SRS
first Stokes component has also been observed® under hard
focusing of laser radiation into a cell with compressed hy-
drogen. The phenomena observed were attributed there to
manifestations of effects of propagation at a definite devi-
ation of the Stokes frequency from that corresponding to the
resonance condition. In the analysis of this effect in Ref. 5 no
account was taken of the motion of the level population of
the Raman transition, shown by numerous experiments to
influence substantially the SRS process as a whole, especial-
ly in the case of hard focusing of the pump radiation.

Waveguide conical radiation at the frequency of the
first Stokes component differs fundamentally from the coni-
cal radiation at the frequency of the first anti-Stokes compo-
nent and of the higher Stokes and anti-Stokes scattering
components that result from four-photon parametric pro-
cesses. For these processes, the apex angles of the scattered-
light cones at the corresponding wavelengths are determined
by the conditions of linear waveguide synchronism,® and
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also by the angle spectrum of the pump and by the geometry
of the experiment,” but are independent of the power of the
laser exciting the SRS. It is therefore of interest to investigate
in greater detail the SRS induced in a waveguide by vibra-
tionally excited molecules and reported briefly in Ref. 4. In
the present paper we describe a more detailed investigation
of this phenomenon.

CONDITIONS FOR OBSERVING WAVEGUIDE SRS

Let us estimate the maximum scattering angle of the
conical component of the first SRS Stokes component result-
ing from waveguide generation. Assuming that the refrac-
tive indices of the core and sheath of the induced waveguide
are ny, + An and n,, respectively, the maximum total reflec-
tion angle for such a light guide is given by

B~ (2An)™. (1)

The change An of the refractive index of the medium by the
vibrational excitation of the medium, if all the particles are
only in the ground and first-excited levels, is defined as?
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nAa, (2)

where ¢, is the dielectric constant; An = n(n) — n(n =0)
is the refractive-index change due to the redistribution of
the particles among the levels; N, N,, and N, are the total
number of molecules and the number of molecules in the
vibrational states v = 0 and v = 1 per unit volume, respec-
tively; 7= N,/(N, + N,), Aa = (a(l)) — (a(0)), and
(a(0)) and {a(1)) are the polarizabilities of one particle in
the vibrational states O and 1, respectively. It follows from
(1) and (2) that

pz(é—NnAa)Ih. (3)

Consequently the maximum total-reflection angle 3 for one
and the same population of the upper level of the Raman
transition will be larger in the gas whose molecules have the
largest polarizability difference Aa. According to Ref. 2, the
largest Aa is that of the hydrogen molecule
(Aa = 15.5-10~* A-s-m?/V), which furthermore has the
largest SRS gain in the vibrational transition Q,,(1). This
means that molecular hydrogen is the most suitable object
for the observation and investigation of waveguide SRS. If
complete saturation of the Raman-active transition
Qo:1(1) (1 = 0.5) has been reached in the region of the effec-
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tive interaction of laser radiation with hydrogen gas under
atmospheric pressure Py, we get An(n = 0.5) = 1.17-107 3,
In this case, according to Eq. (3), the maximum total reflec-
tion angle in the induced waveguide is B(7 =0.5)
=4.84-10° rad. At other gas pressures P the scattering
angle is given by

P 'l
8(n=0.5) z4,8-10'“(1—3—) . (4)

Obviously, to observe SRS in a waveguide of excited
molecules it is necessary that the angle spectrum of the fo-
cused pump be smaller than 23(%n = 0.5), i.e., that the fol-
lowing relation hold:

a/F<2B(n=0,5),

where a is the laser-beam diameter in the plane of the lens
and F, focal length of focusing lens. This relation can be
satisfied in the usual SRS excitation geometry. In fact, for
example at P = 5 atm and ¢ = 2 mm the linear focusing an-
gle a/F, is significantly larger than 2/3 even at F, = 50 cm.
On the other hand, to achieve a noticeable motion of the

‘populations in the SRS process one must ensure a sufficient-
ly hard focusing of the pump radiation into the investigated
medium, for in the case of a Gaussian beam with diffractive
divergence the effective volume of the nonlinear interaction
is proportional to

(Fi/a)*r’,

where A is the wavelength of the light. In addition, a fault-
free experiment can be performed only at sufficiently low gas
pressures, P& 10 atm, when the scattering angles of the high-
er Stokes and anti-Stokes components of the SRS, which
satisfy the linear wave synchronism conditions,® are negligi-
bly small compared with the laser-pump divergence at the
exit from the Raman-active medium. In this case, even for
single-frequency pumping, the increase of the linewidth of
the backward spontaneous Raman scattering® will be sup-
pressed by the back SRS which carries away a significant
part of the laser energy and makes the interpretation of the
experiment more complicated. It must also be recognized
that for a given laser-pulse energy a lower gas density corre-
sponds to a larger fraction of excited molecules over a
greater length of the nonlinear interaction of the coherent
radiation with the gaseous matter. All this means that the
effect of an induced waveguide in hydrogen by SRS will be
substantial at higher gas pressures.

DESCRIPTION OF EXPERIMENT

The linearly polarized single-mode second harmonic of
a YAG:Nd’>* laser with passive Q switching by an
LiF (F; ) crystal was used in the experiment to excite SRS
in compressed hydrogen gas on the vibrational transition
Qo1(1). The laser parameters were: wavelength A = 532 nm,
pulse duration at half-maximum 7 = 7 ns, pulse energy &,
%30 mlJ, and beam diameter ¢ = 1.5 mm. A lens with focal
length F, = (14-100) cm focused the laser beam into a cell
L = (20-110) cm long filled with hydrogen compressed to
P = (1-25) atm. To avoid ambiguity, the focusing lens was
placed to position the “neck” of the exciting beam in the
middle of the molecular-hydrogen cell. The gas pressure was
measured with a manometer accurate to 2.5%. The angle
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spectrum of the scattered components was analyzed, after
preliminary selection by suitable filters, in the focal plane of
a second lens (F, = 40, 33 cm) located at the exit from the
hydrogen chamber, and was defined as

0=—— (5)

where D denotes the diameters of the rings in the focal plane
of an analyzing lens placed directly at the exit from the gas-
filled cell. The energies of the pump and of the scattered SRS
components were measured with a precisely calibrated mul-
tichannel laser-pulse energy recorder based on FD-24K
photodiodes. An LFD-2 avalanche photodiode and an S7-
10B oscilloscope were used to record the waveforms of the
laser-pump light pulses at the entrance and exit of the cell
with hydrogen, the first axial and conical Stokes compo-
nents, and the waveform of the radiation pulses at the first
anti-Stokes and the second Stokes components. The use of an
optical delay line permitted simultaneous recording of light
pulses of two different scattering components in different
combinations, so that it was possible to determine the rela-
tive times of different light pulses.

EXPERIMENTAL RESULTS AND DISCUSSION

The experiments have shown that at PS7 atm a first
Stokes component is generated both along the laser beam
axis and along the generators of a cone with an apex angle 26
substantially larger than the divergence of the focused pump
(see Fig. 1). Given the gas pressure, the scattering angle of
the conical part of the first Stokes component increases dras-
tically and to a certain maximum scattering angle 6,
which remains constant at high laser powers. At a lower gas
pressure, the character of the (& ;) dependence remains
unchanged, but the corresponding scattering angle 6, de-
creases and the pump-energy level at which ( &, ) saturates
increases (see Fig. 2).

When the pulse energy is lower than a certain critical
value, only axial SRS is observed in the experiment. The
increase of the experimentally observed conical radiation
angles of the first SRS Stokes component with increase of
& . is attributed to the increase of the fraction 7 of the excit-
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FIG. 1. Angular distributions of the intensities /(@) of the first Stokes
component (a) and I, (¢) of the focused laser pump at the entrance to the
cell (b), obtained at F; = 50cm, L = 64cm, P=3atm,and &, = 15mlJ.
These distributions [ 75 (@) and I, (@) ] were obtained by scanning a pin-
hole-input photodiode in the focal plane of an analyzer lens, with multiple
averaging of the signal.
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FIG. 2. Experimental dependence of the scattering angle 6 of conical
radiation at the frequency of the first Stokes component on the pump
energy &, at F;, =57 cm, L =110cm, P= 5(®), 4(0), 3(A), and 2.5
(A) atm.

ed molecules in the volume where the laser pump interacts
with the molecular medium. In fact, according to (2) a
growth of the fraction 7 of the excited molecule is accompa-
nied by a growth of the refractive index of the core of the
induced waveguide. This increases the calculated maximum
total-reflection angle 3 in the light guide, as is actually ob-
served on the initial section of the experimental 8( & , ) plot.
The displacement of the (&, ) curve corresponding to a
lower gas density towards higher pump energies is due to the
well-known increase of the SRS threshold at low gas densi-
ties.

The stabilization of the scattering angle 6 at high ener-
gies of the SRS-exciting laser can be explained as due to satu-
ration of the combination-active transition at which the re-
fractive index of the induced-lightguide core, and with it the
maximum total-reflection angle S, ceases to grow. Upon sat-
uration of the Raman-active transition, when about 50% of
the molecules are excited, the maximum total-reflection an-
gle B is determined only by the gas density and decreases
with decrease of Pin accordance with Eq. (4). The same s in
fact manifested in the experimental 8( &, ) plots obtained at
different gas pressures (see Fig. 2) as a decrease of the maxi-
mum scattering angle 6,,,, with decrease of the molecular-
hydrogen density.

The measured scattering angles 4., of the conical radi-
ation (L =286 cm, F, =50 cm) in the pressure range
P = (2-2.5) atm is in good agreement with the plot of Eq.
(4). This is attested to by Fig. 3a. However, as shown by
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experiments at different F, and L, the maximum scattering
angle 6,,,,, corresponding to a specified gas pressure depends
on the focal length F, of the focusing lens, which in turn
governs the diameter of the “neck” of the exciting-radiation
beam. Indeed, it follows from Fig. 3b that as F, decreases
(meaning with decrease of the beam diameter at the lens
focus) the maximum conical-radiation angle 6,,,, increases.
This shows that it will be more correct to regard conical
radiation at the frequency of the first Stokes component as
the result of excitation of higher spatial modes of the wave-
guide induced in the medium by the SRS.

The observed phenomena can be better understood
after determining the radiation-intensity angular distribu-
tion corresponding to the first-order modes of the induced
waveguide. One can use for this purpose the known wave
equation

o 27 ”
AE(e oy — L IE@ Y20 (6)
* at*
where E(x,y,z,t) is the electric field, which is a function of
the Cartesian coordinates x, y, z and the time ¢, and ¢ is the
dielectric constant. Let the induced waveguide be a cylinder
of radius R,. Assuming that the refractive index n(R),
which depends on the radius R, can be expressed in the form

n(R)=n,+An—An(R/R,)?, (7
and also representing the electric field by
E(z,y,z, t)=E(z, y)expli(kz—wt)]

(k is the wave vector, o is the radiation frequency, and the z
axis is aligned with the waveguide axis), we can reduce Eq.
(6) to the harmonic-oscillator equation. Using the known
solutions of the latter in terms of Hermite polynomials, we
obtain the angle spectrum of the radiation intensity of the
first-order modes of the induced waveguide:

’01 ((Px» CPU)=110((PM %)= Tk-ro @ OXP[—"n'k'szlv (8)

where ¢, =k, /k, ¢, =k, /k, k,, k, are the components
of the wave vector k along the x and y axes, and

ome
r,=

12
. 2= x:+ .2.
(w/c) (2n,An)* ] PPy

It follows from (8) that I, (¢,,p,) has a maximum at

The angle spectrum of the radiation intensity of a first-order
mode in the induced waveguide has thus a conical structure.
The magnitude and character of the function @,,(An,R,)

FIG. 3. (a) Experimental points (@) of maximum scattering
angle 6,,,, obtained at F; = 50 cm, L = 86 cm, and various gas
pressures P, and also the calculated S(7 = 0.5, P) plot (solid
curve) of Eq. (4). (b) Maximum scattering angle 6,,,, vs the
focal length F, at P=4 atm and &, = 27 mJ.

max
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defined by Eq. (9) is thus in qualitative agreement with the
experimental results given above. It can be shown that the
angle spectrum of a higher waveguide mode also has a coni-
cal component on top of the axial one. In a real experiment
the refractive-index distribution in the cross section of the
waveguide can be significantly different from a quadrupole.
In addition, the modes of various degree could be excited
simultaneously but with different efficiency. All this can
cause the actual conical distribution of the resultant SRS
radiation to differ from the distribution described by Eq.
(8). However, the interpretation of the conical SRS radi-
ation as the result of excitation of an induced-waveguide
modes accounts for the preferred scattering of mode emis-
sion at a definite angle to the laser-beam axis.

Generation of conical SRS influences substantially the
energy characteristics of the scattering process. Thus, for
example, there is no stimulated scattering at fixed gas pres-
sure (see Fig. 4) and at a pump energy &, below a certain
critical &, | . An increase of the laser power at the input to
the chamber with hydrogen produces first an axial first
Stokes component of the SRS, whose energy growth gradu-
ally gives way to saturation. Conical radiation appears only
at%, >&,,, whentheenergy & ., of the axial Stokes com-
ponent is high enough and is close to the saturation level.
The increasing section of the &, (£, ) curve corresponds
to almost complete cessation of the growth of the energy of
the axial component of the SRS. As a result the total scatter-
ing energy at the frequency of the first Stokes component
continues to increase with further increase of & , , the energy
of the conical component becomes comparable with the en-
ergy of the axial component and the ratio r =% _,,/% .,
approaches unity (see Fig. 4). Experiments have shown that
the character of the plots in Fig. 4 remains the same also at
other hydrogen pressures. Changes do take place, however,
in&,,, &,,,intheir difference, and also in other character-
istic values of the time, in full agreement with the waveguide
mechanism of the conical SRS radiation.

Generation of a waveguide term in the first Stokes com-
ponent is noticeable also in the relation indicative of the effi-
ciency of the SRS process as a function of the gas pressure.
Given the pump energy (see Fig. 5, curve 1), a decrease of
the hydrogen pressure in the range P = (10-25) atm wea-
kens the accompanying SRS as a result of four-photon para-
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FIG. 4. Energies of the axial & ., (A ) and conical &, (@) Stokes radi-
ation, and also (O) theratio 7 = &, /& ..., vs the energy of the exciting

laser pulse at F, = 50 cm, L = 64 cm, and P = 4 atm.
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FIG. 5. Total energy &, of the first Stokes component of SRS vs the gas
pressure P at &, =18 (1) and 10 (2) mJ, and plot of the ratio
T=8 con/& cen V8 P (3) in the case &, = 18 mJ.

metric Stokes—anti-Stokes processes that decrease the
growth rate of the Stokes wave when the initial wave mis-
match is decreased. No conical anti-Stokes wave is emitted
in this pressure range.

Further decrease of the hydrogen pressure stabilizes
and even raises somewhat the total Stokes-component ener-
gy level at the exit from the cell. This is due to the onset of a
conical SRS component which is decoupled from the anti-
Stokes radiation.

At pressures PS8 atm the energy of the axial compo-
nent continues to decrease, whereas the energy of the conical
radiation increases. This is attested to by curve 3 of Fig. 5,
which illustrates the ratio of the conical radiation energy
& .on tothe energy & .., of the axial component. The conical
SRS radiation pulse energy exceeds the axial SRS energy at
pressures close to 4 atm. Further decrease of the gas pressure
in the chamber decreases drastically the number of Stokes
photons, owing to the decrease of the density of the scattered
particles as well as to the increase of the line width of the
spontaneous Raman scattering of light on going from homo-
geneous to Doppler broadening.® At low laser-pump intensi-
ty the fraction of the vibrationally excited molecules in the
medium decreases, thus weakening the onset of the induced
waveguide. Thus, for example, no conical SRS appears at
&, = 10 mJ in the entire investigated pressure range, as
manifested by the character of the &, (P) dependence (see
curve 2 of Fig. 5), which shows no rising section at pressures
close to 4 atm.

It is of particular interest to determine the instant when
a pulse of conical radiation is produced at the frequency of
the first Stokes component relative to the pulse of the axial
Stokes and higher Stokes and anti-Stokes scattering compo-
nents which increase simultaneously with the SRS as a result
of four-photon parametric interactions. At the instant when
stimulated scattering sets in the number of excited molecules
is zero, so that there is no waveguide amplification. As the
SRS develops, an increase is observed in the number of in-
verted molecules in the focal volume of the focusing lens,
with lifetimes much longer than the laser-pulse duration.’
As a result, a waveguide is produced in the medium only
after some definite time interval following the onset of the
SRS, and conditions for waveguide generation of the Stokes
component are realized. Indeed, as shown by experiments
performed at F; = 50 cm, L = 64 cm, P=4 atm, and &,
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FIG. 6. Relative timing of laser-pump pulses at the entry to the cell (a), at
the exit from the cell (b), and of the axial (c) and conical (d) scattered-
component pulses of the first Stokes components (e), the first anti-Stokes
emission (e), and second Stokes emission (f).

~20mJ (see Fig. 6), the first Stokes component (41, = 683
nm), the anti-Stokes radiation (1, = 436 nm), and a pulse
at the second Stokes frequency (A,, = 954 nm) are all pro-
duced at the same instant. The time dependences of the anti-
Stokes and of the axial-Stokes components are quite similar,
owing to the parametric relation between the light waves of
these components.

It follows also from Fig. 6 that axial radiation at the
frequency of the first Stokes component is produced on the
initial section of the pump pulse and has a rather short lead-
ing front. It reaches its maximum earlier than the pump radi-
ation. The reason is that the Raman-active transition satu-
rates and as a result the energy transfer from pump to
first-Stokes radiation ceases. At that instant, the excitation
of SRS in the induced waveguide produces a conical radi-
ation pulse (see Fig. 6) which is not parametrically connect-
ed with the anti-Stokes component and for which the higher-
mode antinodes lie on the periphery of the waveguide, where
the population saturation is weak. This pulse has therefore a
larger gain compared with the axial Stokes one and increases
quite effectively. The time delay At between the peaks of the
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axial and conical Stokes components is thus about 3.5 ns.
Experiments have shown that at a given gas pressure the
delay time At increases when the laser pulse energy is de-
creased and decreases when the energy is increased. All this
agrees with the notion of waveguide generation of conical
emission of the first SRS Stokes component.

CONCLUSIONS

An understanding of the physical nature of the onset of
an initial spatial part of the first SRS Stokes component in
the form of conical radiation makes it possible to control the
angle spectrum of the scattering. Since the effect described is
primarily connected with saturation of the populations of
the Raman-active transition by stimulated scattering, its oc-
currence will be minimal in experiments where no noticeable
motion of the populations is reached in the region of effective
interaction of the laser beam with the medium. It follows
hence that at sufficiently higher pump energies (powers)
and at a fixed experimental geometry the manifestation of
the induced pump will be smaller the higher the molecular-
hydrogen density, and at a fixed gas density the conical SRS
will vanish in experiments with longer cells if the radiation is
focused into small solid angles, as confirmed by experiment.
For example, at L = 100cm, F; = 100 cm, and &, = 35mJ
conical emission at the first Stokes frequency was observed
only for P52 atm.

Our present results show that population motion can be
manifested in SRS also in the case of rather soft focusing of
the laser radiation. For an adequate theoretical analysis of
stimulated Raman scattering of light, especially of the influ-
ence of cooperative effects on the scattering, which appear at
low gas densities,” account must be taken of the saturation of
the upper level of the Raman transition, and of the difference
between the molecule-level polarizabilities which produce a
waveguide that influences substantially the scattering re-
sults.
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