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matched by either curve, to within the accura-
cy of the cosmic normalization; however, the
steep slope of the data, particularly as shown

in the spectrum of Metzger et al., strongly sug-
gests that the blackbody radiation is present

and has steepened the cosmic electron spectrum.
The solid curve is then the relevant one.

We have seen that this steepening of the x-
ray spectrum follows naturally from the assump-
tions that the universal blackbody radiation is
present and that the fast electrons are interga-
lactic. Whether this steepening could occur for
radiation originating in the galactic halo, under
the very different conditions prevailing there,
is uncertain. This question, together with furth-
er details of the research reported here, will
be discussed in forthcoming papers.

P. Morrison provided valuable advice at the
inception of this work and suggested at an early
date the possible importance of cosmic black-
body radiation to the problem. I have enjoyed
informative conversations with G. B. Field and
R. J. Gould.
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The possibility has been noted of the self-
trapping of optical-frequency electromagnetic
beams due to a nonlinear increase in index
of refraction, and various physical mechan-
isms which could give rise to the nonlinearity
have been discussed.!”® Trapped modes have
been found.3®

In this note we study a situation not examined
previously: the situation where the self-focus-
ing effect due to the nonlinear index increase
is not compensated for by diffraction. In this
case there will be a build-up in intensity of
part of the beam as a function of distance in
the direction of propagation. We will define
a self-focusing length, and show that this de-
finition is reasonable by numerically solving
the nonlinear wave equation. This self-focus-
ing length is the distance in which the intensity

of the self-focused region tends to become
anomalously large. Other optical nonlinear-
ities are likely to limit the focusing process
in intense beams and may stabilize the intense
region into filaments.

The importance of the effect in stimulated
Raman emission as well as in other nonlinear
effects should be considerable.® In a self-fo-
cused region the Raman gain should be anoma-
lously large. The anomalous Raman gain has
been the subject of some controversy and a
number of communications have appeared.®
One of the important observed features is that
the anomalous gain in liquids occurs only af-
ter the beam has traveled some distance through
the liquid. It is proposed here that this dis-
tance is the self-focusing length described in
the present note and that the calculation report-
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ed here will help shed some light on the anom-
alous-gain controversy. Recent experimental
results seem to confirm this.”

We take as our starting equation Eq. (3) of
Ref. 3,

—7 =0, 1)

where €, and €, are real, and €,E*<<1. We
assume a linearly polarized wave of frequen-
cy w and propagating along the z axis, so that

é

% :_(E,ei(kz—wt)

+c.c.), (2)
where k =¢,'?w/c, the factor exp(ikz—iwt) rep-
resents the propagating part of the wave, and
E'’ is the slowly varying part. Substituting (2)
into (1) and neglecting the third-harmonic term,
we obtain

2ik2E , gapr &2 g g Lo, (3)
8z €
where €,’ = 3¢,/4. Note, on=n,’E'®=¢,’E"*/2n,
is the dc change in index as defined by Maker
and Terhune.® We drop the term in the second
z derivative of E’, assuming it to be small:

2ik§-€—’+(v iy 2)E'+E&gIE’IZE’=O. (4)
9z x y €9

This is a familiar approximation in optics and
has been used by Vainshtein® in solving the
resonator problem. It is valid when the dis-
tance characteristic of the change of E’ in the
z direction is much larger than a wavelength.
The equation is of a parabolic type and can
be solved with an open boundary. Transver-
sality is assumed to have a negligible effect.

We note that (4) has a simple solution when
there is no transverse variation of the beam:

E’'=E, exp(in,'k |E, [z /n,); (5)

in other words, the nonlinearity introduces a
phase change proportional to the intensity.
The phase velocity decreases with increasing
intensity. Thus the equiphase surfaces are
depressed where the beam is most intense.
From Huygen’s principle, therefore, the rays
should move toward the region of highest in-
tensity and the intensity of the center should
increase. We use this solution to obtain a char-
acteristic focusing distance. We assume that
the transverse second derivative of E’ in (4)
depends on axial distance through the trans-
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verse variation of the intensity in the exponent
of (5). This in turn gives rise to an appreci-
able change in field along the axis when

2=z, o= 2alg/n, N E/E (6)
where a is a characteristic transverse radius
of curvature of the input intensity and E,,,’ is
the peak field value. The focusing distance
is defined assuming an equiphase input beam.
It is not expected that the solution for the beam
center will be strictly correct for distances
within a few wavelengths of the focusing dis-
tance because of the neglect of the second de-
rivative in (4).

Using the data compiled in Ref. 8, we esti-
mate that n,’ = (0.2-1.5)x 10! esu for CS,.

For a 1-MW beam of 2-mm diameter, we there-
fore have a focusing length of 40-100 cm in

CS,. It is likely that the n,’ at the ruby-laser
frequency in many liquids is due to a near two-
photon resonance with vibronic states.

Equating zg50yg to the diffraction length we
obtain an approximate threshold power for
cylindrical beam trapping (equating a to the
radius of beam),

— 2 ’
Pcy-(1.22)‘) c/512n2 . (7)

Since n,’ =n,/2, this power is } of the thresh-
old power found in Ref. 3. The net focusing
distance after correcting for diffraction is

a

= r)i/2 I -1
2 et 2(”0”2) (Em Ecr) , (8)

where E ., =1.22x/8a(ng'ng)* /2.

To verify these considerations, Eq. (4) is
solved numerically for a cylindrically symme-
trical beam. To facilitate this (4) is rewrit-
ten in the following dimensionless form:

QE* 8%E* 1 3E*

Foz% Yoy tyw gpw *IETFET=0, ©)

where v*=v/a, 2*=2/2ka®, and E*=(g,/€,)*"?
kaE'. The starred notation for the dimension-
less quantities is similar to that of Ref. 3; it
does not indicate complex conjugation. In this
dimensionless form zfycys* = (2V2E,, *)~! and
Znet* =[(2V2E,, *)(1-1.35/E,, *)]~%.

We have solved (9) by a finite-difference or
mesh technique discussed by Harmuth'® and
modified to include the nonlinearity. An equi-
phase Gaussian intensity profile was assumed
for the input beam. Examples of the numeri-
cal results obtained on an SDS 930 computer
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FIG. 1. Calculated intensity of beam I* versus ra-
dial distance 7* for z* =0.353/E,,*. For comparison
the Gaussian initial profile (z* =0) is shown dashed.

are given in Figs. 1 and 2. E,,* was chosen
large enough to give a fairly small focusing
distance. It was found that the beam power
remained independent of z * to at least the fifth
decimal place. The width at half-maximum
appears to be decreasing roughly as the inverse
of the central intensity.

We note that the curve given in Fig. 2 is
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FIG. 2. Calculated intensity of beam center I,,* vs
z* (in units of 1/E,,*).

given to a high accuracy by
Im*(z*)/lm*(o)=zo*(z0*’—z *2)—=1/2 (10)

where I, = |E,, [>. We find that zg* =0.368/
E,,*(0), while from (6) and (8) zfgcus* =0.353/
E;;*(0) and zpet =0.368/E,,*(0), respectively.
Talanov!! has recently obtained a result equi-
valent to (4), of the form
3E?

v -V, (Es2V, ) (11a)

and

9p = €’
2k_a_z_+(v-l_(p)2 z—ész02+(vJ_2E°)/E°’ (llb)

where E’=E,exp(i¢), and 1 indicates transverse
derivatives. For present purposes we use these
equations to derive equations for the growth

of the beam center (»=0). Neglecting the phase
change due to diffraction (i.e., zpet~2fgocus)

the equations for the beam center can be writ-
ten as

aIm €'k rz
— =] v,2 = . 12
k pys Im 1%¢, and ¢ 260[ Imdz (12)
If we make the approximations ¢ =~ €g'k?l,,2/2¢q
and v,%I,, ~-41,,%/a’, (0) (i.e., the radius of
curvature squared is assumed inversely pro-
portional to the intensity, a reasonable assump-
tion based on power conservation), then

aIm Im3 z
5z T 20z, ® (13)
m focus

which in dimensionless form has the solution
(10) when zg* =2fgcus-

The above considerations are for a smooth
beam (i.e., by this we mean a beam whose
transverse radius of curvature near the maxi-
mum is of the order of transverse radius).
Beams whose curvature is greater than the
curvature for a smooth beam will exhibit focus-
ing in distances shorter than one would expect
from a smooth beam of the same radius. Mul-
timode effects discussed by Bloembergen and
Shen® should also reduce the focusing distance.

The author would like to thank H. A. Haus,
R. Y. Chiao, M. M. Litvak, and H. J. Zeiger
for helpful discussions. He also would like
to thank P. Trent and R. S. Sorbello for help
with the numerical computations.
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The most important fundamental discrepan-
cy between theory and experiments in the stim-
ulated Raman effect is that the observed Raman
gain is one to two orders of magnitude larger
than the theoretical value.! The latter is given
by?

= 2 2 1 2
g-(21rws /kSzC )Ixs HElI ,

where wg is the Stokes frequency, kg the Stokes
wave vector, Ej the laser field amplitude, and
Xg'’ the resonant Raman susceptibility whose
magnitude can be obtained from the spontane-
ous Raman-scattering data. It was suggested
that the observed anomalous gain might be the
result of the multimode structure (or hot fila-
ments) of the laser (pumping) beam,® but Mc-
Clung, Wagner, and Weiner, using a nearly
single-mode laser beam in the experiments,
still found the presence of such an anomalous
gain.! This, however, does not eliminate the
possibility of deterioration of the laser beam
into multimodes as the beam interacts with the
medium. In this paper, experimental evidence
is presented to suggest that scattering mecha-
nisms in a medium can produce inhomogene-
ities or filamentary structure in an initially
homogeneous beam. We believe that these hot
filaments are responsible for the many anom-
alous effects previously observed.

A laser beam, @ switched by cryptocyanine
solution and limited in cross section by an aper-
ture in the cavity, was used to generate Stokes
radiation in a 20-cm toluene cell (cell A). The
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laser intensity was varied by a Polaroid prism
outside the laser cavity. Another cell (cell B)
of variable length, filled with water, benzene,
acetophenone, or nitrobenzene, was inserted
between the laser and the toluene cell. The
threshold of the stimulated Raman scattering
was then measured as a function of the length
of cell B. The results are shown in Fig. 1.
The curves clearly show that the medium in
cell B can distort the laser beam in such a
way as to help significantly the Raman genera-
tion in toluene. Here, the Raman threshold

of toluene first increases and then decreases
sharply as the length of cell B is increased.
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FIG. 1. Raman threshold in toluene versus the cell
length of a scattering cell in front of the toluene cell.
The scattering cell was filled with water, benzene,
acetophenone, or nitrobenzene.



