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DISTORTIONS OF A LASER PULSE IN A RAMAN-SCATTERING MEDIUM
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The effect of stimulated Raman scattering (SRS) on the propagation of a laser ’pulse
on horizontal atmospheric paths was studied numerically in the quasioptical
approximation. It is shown that SRS strongly affects the redistribution of the energy in
a powerful laser pulse between the incident radiation and the Stokes component. It was
found that the profile of the Stokes beam changes along the path and spreads rapidly in
space. The effect of SRS increases as the wavelength of the incident radiation decreases
and it becomes only insignificantly weaker on high-altitude paths (up to 20 km).

Stimulated Raman scattering is of fundamental
importance in the analysis of the transfer of
high-power laser radiation through the atmosphere as
well as in problems of laser sounding and monitoring
of the atmosphere.'? Stimulated Raman scattering has
been studied in many works on laser frequency
conversion in cells and has virtually not been studied
under the conditions of propagation of laser beams
along extended paths in the real atmosphere.
Stimulated Raman scattering of laser beams in the
constituent gases of the atmosphere is studied
theoretically in Refs. 3 and 4, but not for the actual
atmospheric parameters. In addition, the attenuation
of radiation along the direction of propagation is not
taken into account. The attenuation of the components
of the radiation must be taken into account on
extended paths in the atmosphere since the attenuation
coefficient for the Stokes component determines the
threshold for SRS. In Ref. 1 it is shown that under the
conditions of propagation of an intense laser beam
along a path near the ground SRS strongly affects the
redistribution of the energy in the pulse between the
components of the radiation. In this paper the effect of
SRS on the propagation of high-power laser beams on
extended horizontal paths at altitudes H equal to 5 and
20 km above the earth’s surface is studied.

The propagation of the radiation along the path is
described by the equations for the complex amplitudes
of the waves of the incident radiation (IR) ¢, and the
Stokes component (SC) &,. The equations describe the
diffraction of waves in space, their interaction in the
process of SRS, and losses in the medium:
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where the z axis is oriented along the direction of
propagation of the beam; A, is the transverse
Laplacian; o, and k, s are the frequencies and wave
numbers of the incident radiation and the Stokes
component (in the case of SRS @, — w; = w, where
oy is the frequency of the vibrational (or rotational)
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number density of molecules along the path; Awy is
the line width of the vibrational transition; n, s and
Ap,s are the Index of refraction and the wavelength at
the frequencies o, ; do/dQ is the differential cross
section for spontaneous Raman scattering, a, and as
are the attenuation coefficients for the incident
radiation and the Stokes component, respectively;
and, % is Planck’s constant.

The equations are written In a coordinate system
moving  together  with  the  pulse. The
saturation-induced change observed in the populations
of the Raman-active transition at very high radiation
intensities (I > 10° GW/cm?) is not taken into
account in these equations. It is assumed that the
vibrations of the molecules follow the change in the
amplitudes of the fields and that owing to the
dispersion of their group velocities the incident
radiation pulse and the Stokes component do not
separate along the path. These assumptions are valid
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the length of the path.

The effect of SRS on the energy characteristics
of a square laser pulse of width #, = 10°s
propagating in the atmosphere was studied based on
the numerical method.!” Stimulated Raman
scattering on vibrational transitions of nitrogen
molecules (v = o/2nc = 2330 cm™!) was studied.
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At the start of the path (z = 0) the profile of the
collimated incident beam is gaussian (the effective
radius of the beam 7y = 10 cm). The initial pulse
energy E,, = n#;t,J,, where Jy is the initial intensity
on the axis of the beam. The seed for the Stokes
component in the medium and its Boundary is the
spontaneous Raman scattering noise’ in the diffraction

divergence cone with initial intensity
haza

lew|” = %"k?k The number density of the molecules
70 s

and the temperature in the medium, which determine
the linewidth A, are functions of H.%” In the
calculations the width of the Voigt line profile was
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used for Aw,. The quantity do/dQ was determined

do Av!
from  the formula® , where
do (v1 2)2
A =3.02-10"2 ecm®/sr,v; = 8.95 - 10~ cm™!, and
Vps = ¢/ 2nc. The attenuation coefficients for the

components of the radiation in the atmosphere were
determined in Ref. 9. Table I gives the parameters for
solving numerically the system of equations (1)—(2),
describing the propagation of a laser pulse along
horizontal paths of length 140 km at an altitude H
above the earth’s surface.

TABLE 1. The parameters for the numerical solution of Egs. (1) and (2)

AL | A g-107° le_ |%-107%%, « -107%, | «_-107°
P sO P s
2 3 -1 -1

Hm km cm /erg erg/cm cm cm

5 1.185 0.828 4.7 4.27
1.06

20 0.966 0.126 0.225 0.248

5 3.436 2.61 16 10.8
0.53

20 2.802 0.397 1.78 1.137

The computational results for the case of the
propagation  of neodymium laser radiation
(A, = 1.06 pm) on a path at an altitude of 5 km are
presented in Fig. 1, where the redistribution of the
pulse energy
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where 7 is the transverse coordinate, between the
components of the radiation is shown. One can see that
if at the start of the path the energy of the incident
radiation Eyy < 250 J, SRS does not occur and the
change in the energy of the incident radiation on the
path is determined virtually completely by the losses.
As E, increases SRS appears and strongly affects the
redistribution of energy between the components of
the radiation. For Epy = 500 J the energy of the
incident radiation is practically completely exhausted
already on the first half of the path; aside from the
losses in the medium part of the energy, proportional
to wy/ o, is extended on the excitation of molecules in
the process of SRS, and the rest of the energy,
proportional to o, /w, is converted into the Stokes
component, which then propagates with its own
attenuation coefficient. The difference between the
energies of the incident pulse (curve 1) and the Stokes
pulse (curves 4 and 5) on this section of the path is

approximately equal to the energy expended on the
excitation of molecules in the process of SRS.
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FIG. 1. The redistribution of the energy E,;
between the radiation components on the
propagation path for ro = 10 cm, t, = 107° s, and

different initial pulse energies Eyy = 250 (1), 330
(2), 377 (3), 500 (4), and 660(5) J. The solid lines
are for the incident vradiation E, with

o = 1.06 um; the dashed lines are for the Stokes
radiation Eg, Ay = 1.408 um.

The effect of SRS is strongest on sections of the
path where the energy in the Stokes component is
equal to the energy of the incident radiation. On these
sections SRS is the dominant process determining the
change in the energy of the incident radiation. Here
the nonlinear character of this process is clearly
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manifested. It should be kept in mind that the
dependences presented in Fig. 1 represent averages
over time and over the cross section of the beam. The
efficiency of SRS depends on the intensities of the
incident radiation and the Stokes component, the
change in which is affected by, aside from the SRS,
both the attenuation of radiation on the path and
diffraction spreading of the beam.
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FIG. 2. The intensity of the incident radiation I,
and the Stokes component I on the axis of the beam
along a path for ro =10 cm, t, = 1075 s, and
different initial intensities of the incident radiation
Io=08(1),1.05(2), 1.2 (3), 1.6 (4), and 2.1
(5) MW /cm?. The solid lines are for the incident
radiation I, with ,, = 1.06 um; the dashed lines
are for the Stokes radiation I with s = 1.408 pm.

Figure 2 shows the change in the intensity of the
incident radiation and the Stokes component

I,s = ¢ [" on the axis of the beam along the path.
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One can see that the decrease in I, on the starting
section of the path is caused by the attenuation of
radiation in the atmosphere; this is followed by a rapid
decrease in the intensity caused by diffraction of the
beam. The Stokes beam formed on the starting section
of the path and ir. the zone of efficient SRS, where the
Stokes component rapidly grows up to the maximum,
is also affected by the decrease in the intensity Iy owing
to losses in the atmosphere and diffraction. The higher
the initial intensity 7, is the more rapidly the intensity
I of the Stokes beam formed decreases. Therefore, a
”sharper” Stokes beam forms in a stronger pulse of
incident radiation; in other words, the effective radius
of the Stokes beam decreases as I} increases.

On the starting section of the path, where the
diffraction of the beam and the effect of the Stokes
component on the incident radiation can be neglected,
the following expression can be derived for I(r, z)
from Egs. (1) and (2):
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where r = r/ry and I is the intensity of the noise at
the Stokes frequency ;. From this formula it follows
that the intensity of the Stokes component will
increase if the threshold condition I, > Iy, = cas/8ng
is satisfied. This threshold condition for SRS also
follows from Eq. (2). In the case of a gaussian incident
beam SRS develops only in the beam channel bounded

by the radius » < [-In €% | If for the Stokes
8mngl

beam the effective radius 7 is defined in the same
manner as for a gaussian beam at the e™! level, then
from Eg. (4) we obtain

r=v/—ln[1— i ]

2g|epot2[1 - e_msz

(5)
At the start of the path o,z <« 1, so that

7, ~ |-In 1—% , here Zg‘spo‘zz > 1.
2g‘ap0‘ z

From this formula it follows that on the starting
section of the path the Stokes beam peaks all the more

rapidly the larger the value of ‘SPO 2, i.e., the higher

the intensity I,,. We note that the Stokes beam (4)
formed is not gaussian. Evidently the beam profile will
change along the path as a result of diffraction of this
beam and the incident beam and primarily owing to a
decrease of the gain in the central part, where the
incident radiation is primarily depleted. These results
are confirmed by the calculations.

0 1 2 3 41
a

FIG. 3. The distribution in the intensity of the
radiation components I, s in the cross section of the
beam located at distances of 51 km (a) and
64.5 km (b) for different starting intensities of
the incident radiation on the beam axis I,y = 0.8
(1), 1.05 (2), 1.2 (3), 1.6 (4), and 2.1 (5)
MW /cm?. The solid lines are for the incident
radiation I, with A, = 1.06 pm; the dashed lines
are for the Stokes radiation I with . = 1.408 pm.
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Figure 3 shows for the cases studied above the
distribution I, in the cross sections of the beam
located at different distances. At a distance of 51 km
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for starting pulse energies Eyy = 250, 330, and 377 J
(curves 1, 2, and 3) the effect of SRS is weak; it
increases in the central part of the beam as Ej
increases. For E, = 500 J (curves 4) the Stokes
beam formed on the starting section of the path has
already spread and is significantly different from a
gaussian beam — this is the result of intensification of
the Stokes component in the channel of the incident
beam, which has an annular profile here. In the case
E, = 660 J the incident radiation has been virtually
completely exhausted, and the Stokes beam (curves 5)
has a planar intensity distribution in the central part,
right up to 7 = 2, and it is significantly wider than
the incident beam for the cases 1, 2, and 3.

In Fig. 3b the incident radiation is completely
exhausted for the case E, = 500 J also (curve 4),
and the profiles of the Stokes beams (curves 4 and 5)
have a wide flat top. For Eyy = 377 J an appreciable
Stokes beam has formed, and a dip has appeared at the
center of the profile of the incident beam. In the cases
E, = 250 and 330 J the decrease in the intensity I,
owing to attenuation of radiation in the atmosphere
and diffraction broadening is appreciable (compare
with Fig. 3a).

Analysis of the results presented in Fig. 3 shows
that the profile of the Stokes beam is formed primarily
owing to the nonuniform distribution of the gain of the
Stokes component over the cross section of the beam;
this gain changes along the path and is related with the
change in the profile of the incident beam.

Another factor affecting the Stokes component is
the diffraction spreading of the beam. At the start of
the path for the incident beam the diffraction length
Ly = 57.6 km, while the value of Ly for the Stokes
beam formed can be several times shorter. Thus for
E,y = 660 J the diffraction length of the Stokes beam
at the distance z = 23 km (L, = 11.5 km), where the
intensity I near the axis is equal to 1% of the intensity
I, is five times shorter than for the incident beam.
For this reason at a distance z = 51 km the Stokes
beam spreads out substantially (curve 5, Fig. 3a).

The attenuation of the radiation components
along the path also effects the Stokes beam. Thus the
attenuation coefficient oy of the Stokes component
determines the radius of the channel in which the
Stokes component is intensified, while the attenuation
coefficient a, of the incident radiation from Eq. (5)
determines the radius of the Stokes beam.

The intensification of the Stokes component is
determined the parameter g, whose value depends on
Ap. Simplifying the wavelength dependence of the

cross section making the assumption that :2’% L

and replacing 1/A; = 1/%, — /A by A = 1/ v, we
Gy 1))
2N,
decreases g and gives rise to SRS at lower intensities
I and closer to the starting section. Thus using the
second harmonic radiation A, = 0.53 pm of a

obtain g ~ . Decreasing the wavelength 2,
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neodymium laser gives a 2.9 — fold increase in g (see
Table I). A calculation for the starting parameters of
the incident radiation used above (¢, = 10°° s and
ro = 10 cm) with A, = 0.53 pm showed that the
region of effective SRS with E,y = 250 J was located
at a distance z ranging from 20 to 40 km, while for
A, = 1.06 pm in this case SRS did not appear on the
path (compare curves 1 in Fig. 1 and Fig. 4).

The results of the calculation of the change in the
pulse energy of the radiation components E;, ; on paths
at different altitudes with the same incident beam at
the start of the path (£, = 10°sand r, = 10 cm) are
presented for comparison in Fig. 4. As the altitude
increases N and Awy decrease. However at altitudes
~ 15 km the ratio N/Aw, and therefore also the
quantity g/NAwy do not change much. At an altitude
of 20 km the parameter g is 1.23 times smaller than at
an altitude of 5 km. This causes the region of effective
manifestation of SRS to shift (along the path) toward
larger values of z compared with the case H = 5 km.
On high-altitude paths the energy losses in the
atmosphere likewise decrease significantly owing to
the decrease in ay, (H).

20 60 80Zkm

FIG. 4. The change in the energy of the radiation
components Es on paths lying at different altitudes:
1)H =5km, Ey=250] 2)H=20 km,
Ey =250 J; 3) H=20km, Ey=150]. The
solid lines are for the incident radiation I, with
Ap = 0.53 pm; the dashed lines are for the Stokes
radiation Eg with A, = 0.605 pm.

Thus SRS significantly affects the redistribution of
the energy in high-power laser pulses between the Stokes
component and the incident radiation. For radiation
intensities of the neodymium laser (&, = 1.06 pm)
I0 > 0.8 MW /cm? SRS is the dominant process on
definite sections of the path and determines the rapid
decrease in the intensity of the incident beam and the
increase in the intensity of the Stokes component. The
Stokes beam forms on the starting sections of the path
and in the region of efficient SRS. After the energy of
the incident beam is exhausted the Stokes beam diverges
in space significantly more rapidly than the incident
beam is diffracted. SRS becomes stronger as the
wavelength of the incident radiation decreases.
Stimulated Raman scattering is also appreciable on long
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high-altitude paths. In many problems in atmospheric
optics SRS can be regarded as mechanism for nonlinear
losses that determines the significant change in the
shape of high-power laser pulses and the distribution
in the intensity in the transverse cross section of the
beam on long paths.
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