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Raman-limited beam diameters in the self-focusing of laser light

O. Rahn and M. Maier
Phys~A-Department der Techniscken Universitat MMnt."hen, Mencken, Germany

(Received 18 June 1973; revised manuscript received 24 October 1973)

Numerical calculations show that high conversion of laser light into stimulated Raman
light in the foneard direction limits the beam diameter of the self-focused light. The de-
pendence of the limiting diameter on material parameters and experimental conditions is
calculated. In the experiments we used single-frequency laser pulses of -10 8-sec dura-
tion. Our measured minimum diameters in liquid benzene, mixtures of benzene and CS&,
and toluene are in fair agreement with values calculated from our steady-state theory. The
rapid movement of the focus at the end of the liquid cell gives rise to transient stimulated
Raman scattering or transient self-focusing in liquids with long relaxation times. In CS2,
nitrobenzene, and bromobenzene these transient effects have to be taken into account in the
comparison between calculated and measured l,imiting diameters.

I. INTRODUCTION

Self-focusing of laser pulses in liquids has re-
ceived considerable attention. " Many aspects of
this phenomenon appear to be well understood.
However, one of the interesting problems, the
origin and size of the limiting diameters, is still
under discussion. Several mechanisms have been
suggested for the explanation of the limiting diam-
eters. Saturation of the orientational Kerr effect"
has been found to be inadequate to explain the ex-
perimental results. Therefore, sterie effects
have been included in the calculations of the Kerr
constant. ' Multiphoton absorption of the laser
light has been discussed as a possible limiting
mechanism. ~' It is difficult to estimate the beam
diameter limited by multiphoton absorption, since
numbers for the nonl. inear absorption coefficients
are not known for most liquids. Avalanche ioniza-
tion was also suggested to stabilize the size of the
self-focused light beam. The estimated limiting
diameters are in the range of the experimentally
observed values in liquids. More recently, the
dep1.etion of the laser pulse near the focal region
by backumd stimulated Raman scattering has
been proposed to cause a llmltatlon of the diam-
eter of the self-focused light. The correct order
of magnitude of the limiting diameters in liquids
was obtained from these calculations.

Although these model. s suggest the existence of
limiting diameters, calculations considering the
details of the limiting mechanisms and the self-
focusing action are still lacking.

In this paper experimental and theoretical evi-
dence is presented by the authors that forward
stimulated Raman scattering (888) limits the beam
diameter of the self-focused light in several 1iq-
uids. In contrast to the models above, computer

calculations were carried out taking into account
the details of the self-focusing action and of stim-
ulated Raman scattering for the steady-state ease.
Quantitative comparison with our experimental re-
sults is made.

In Sec. II the steady-state theory of Raman-l. im-
ited minimum diameters is outlined and numerical
results of computer calculations are given. The
effect of the moving focus on the limiting diame-
ters in liquids with long vibrational and reorienta-
tional relaxation times is discussed qualitatively.
In Sec. III the experimental results on several
pure and mixed liquids are described. Compari-
son is made with the theoretical predictions. A
short summary of the results of this paper is
given in Sec. IV.

ll. THEORY

The usual treatment of self-focusing of light
starts with the wave equation for the light field

Q 2E Q g $2pwr
g2E e' dt' c' Bt'

Here c is the velocity of light in vacuum and &,
the intensity-independent part of the dielectric
constant. The nonlinear polarization is given by

The first term on the right-hand side contains the
intensity-dependent part && of the dielectric con-
stant, which leads to the self-focusing action.
Usually, only this term is included in the calcu-
lations. Since we are interested in the effect of
stimulated Raman scattering on the self-focusing
of light, "we added the second term, which de-
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scribes the change of polarizability e with vibra-
tional coordinate q. N is the number of molecules
per cms.

The molecular vibrations (damping constant I'„
and resonance frequency &u, ) a,re driven by the
light field,

8 Q Ag 2 1 BC~2
2m ay

E

Here m is the mass associated with the g vibra-
tion.

In the liquids investigated in this paper the
optical Kerr effect gives the major contribution
to the nonlinear dielectric constant. ha is de-
scribed by a relaxation equation of the following
form:

s(ae) 1
+ —Ae= ~E'.

8 I, 7'~ 7'g

For light pulses long compared to the relaxation
time 7& of the orientational Kerr effect, the
steady- state value

~~ = e2E'

is obtained from Eq. (4). e, is the nonlinear part
of the dielectric constant. Using the relation
~ =n' between the dielectric constant and the re-
fractive index, we get 62 2fEO+ Tip and S2 are
the linear and nonlinear part of the refractive
index, respectively.

For the solution of the coupled equations (l)-(4)
the light fields are assumed to be linearly polar-
ized waves with slowly varying amplitudes. %e
consider only the laser field EL and the first
Stokes line E~. kL, ks, (dL, and ~s are the magni-
tudes of the wave vectors and frequencies of the
laser and Stokes light. This leads to the following
equations for the light fields:

8 EL 1 BEL . BEL g 0 BEL 2 gg m&apL gaL+- L+ 2'By2 ~ Br L BZ C Bt L
~p

L- L~1/2C Bq S

+ + fks +

for the amplitude of the molecular vibrations,

—+-,'F q= —E E*
Bt ' " 4mcup Bq

and for se„

(8)

(9)

and transient Kerr effect on the limiting diam-
eters of the self-focused light will be discussed.

A. Steady-state self-focusing and Rarnan scattering

2. Differential equations

%'hen the molecular vibrations are heavily
damped and the relaxation time TE is very short,
i.e.~

It has been taken into account that b, ~ cannot fol-
low terms varying on a time scale very short
compared to 7 .

First, Eqs. (6)-(9) will be solved for the steady-
state case; then, the influence of transient SRS

sq n, e s (ae)
—,'FRq» —and

8 t v'E

Eqs. (8) and (9) are readily solved for q and Ae.
Inserting the results into (6) and (7), we obtain
the coupled steady-state equations for EL and E~":

~ 1/2y

0

82E I BE j.I2

0

The important terms are on the right-hand side of
Eqs. (10) and (11). The first terms lead to the
self-focusing of the Stokes and laser light. Note
that both the laser and the Stokes intensity con-
tribute to the increase of the dielectric constant.
The second term in Eq. (10) describes the at-

tenuation of the laser light by SRS with a loss fac-
tor

8m cuLN Ba 2 8ncN&L do
gL=

0C2nl FR&0 Bq A~4S605VR dQ

Here the linewidth 57R and the scattering cross
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section do/dQ of spontaneous Raman scattering
have been introduced. The second term in Eq.
(11)corresponds to the generation of Ranan light
with a gain factor

The loss of the laser light is larger than the gain
of the Stokes light. The difference in energy is
used for the excitation of molecular vibrations.

For the numerical solution of Eqs. (10) and (11)
the following normalized quantities are introduced:
radial distance F=r/a~, axial distance F =z/2k~sf,
electric field Z~ s =(e,/2a, )"k~a~E~ » gain fac-
tor g —ggcco /4wkgt2 and Ic —kg/kg. Here Qg ls
the 1/e radius of the Gaussian intensity distribu-
tion of the incoming laser beam and kz, a~' is the
diffraction length of the light beam. With these
dimensionless quantities, Eqs. (10) and (11) have
the foQowing form:

+tglZ, I'Z, =0, (14)

In Fig. 1 typical results of our computer calcu-
lations are shown. " The normalized diameters
of the laser and Stokes beams are plotted as a
function of normalized distance Z' near the end of
the medium [solid and broken line in Fig. 1(a),
respectively] . They decrease continuously with
increasing z and reach their minimum values ap-
proximately at the same distance Z= E. The dotted
line corresponds to the case when stimulated
Raman scattering is neglected in the calculations.
The figure shows quite vividly that the diameter of
the laser beam continues to decrease without SRS.

In Fig. 1(b) the normalized intensities of the
laser and Stokes light in the center of the beam
are shown (solid and broken line, respectively).
First, the laser intensity increases due to the
self-focusing action and the Stokes light is ampli-
fied by stimulated lk:Lman scattering. %hen the
conversion efficiency of laser into Raman light
exceeds approximately 15%, the laser intensity
begins to decrease due to the generation of Stokes
light. It should be emphasized that the minimum
diameter of the laser light [see Fig. 1(a)] occurs
close to the position where the laser intensity has
its maximum [Fig. 1(b)]. When we neglect SRS

—tgg'iZ i'Z =0. (15)

04
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Z. Calculation of limiting diameter

Equations (14) and (15) are transformed into
difference equations and solved numerically on a
computer for practical values of the Haman gain
factor (g) and the Raman frequency shift (R'). In
the calculations the following initial conditions
are used: Gaussian intensity distribution of the
laser and Stokes light; the diameter and diver-
gence of both beams were assumed to be equal;
the ratio of Raman and laser intensity was esti-
mated from spontaneous scattering data. The
beam divergence D~ at the entrance of the medium
(z = 0) was taken into account in the calculations
in the same way as in Ref. 12; we define D„=tia/I,
with the normalized value D„=Dr(&kz, az, ). I is the
length of the medium and b,a the difference of the
1/e radii of the laser light at distance z =0 and
z = E in a medium without self-focusing. From the
calculations we obtain the intensity distribution,
the peak intensity, and the diameter of the laser
and Stokes beam as a function of distance z.

In the following figures the normalized quantities
defined above are used at the lower scale and the
left-hand scale, The numbers at the upper scale,
the right-hand scale, and in brackets correspond
to a light beam of wavelength a~ = 6942 A with a
1/e radius aL, =261 p, m incident on CS, .
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FIG. 1. (a) Normalized beam diameter of laser and
Stokes light (solid and broken line, respectively) versus
normalized propagation distance Z in the medium. Dot-
ted line: beam diameter of laser light vnthout stimu-
lated Raman scattering. (b) Normalized on-axis inten-
sities of laser and Stokes light: g =3.0; ZJ {0,0) = 5.3
(Ps 100 k Zs~0 0) =2„3x10-6 +s —2 "10
=0.95; D„=1.0 (~=5x10 4 rad in CS2).
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in our calculations the laser intensity continues
to rise with distance (dotted line) because of the
self-focusing action. '"

For an explanation of the minimum diameters,
three different effects have to be considered: (i)
the loss of light energy due to the excitation of
molecular vibrations; (ii) the strong diffraction
of Stokes light out of the center of the 1ight beam;
(iii) the depletion of the laser intensity in the
center of the beam due to the conversion into
Baman light, The minimum diameters of the
laser and Stokes light will be discussed separately.

a. Laser /ight. The main cause for the limiting
diameter of the laser light is point (iii). Because
of the high conversion efficiency, the depletion of
the laser intensity in the center of the beam is
larger than its increase due to the self-focusing
action. In order to illustrate this point the calcu-
lated intensity distributions of the light beams
versus normalized radial coordinate r are plotted
in Fig. 2 (near the minimum diameter, i.e. , at
z = T} "When. SRS is taken into account in the
calculations (solid line), the peak intensity in the
center of the laser beam (F= 0) is smaller than
without SRS (dotted line). Since the conversion ef-
ficiency depends strongly on the laser intensity,
almost no SRS occurs in the wings of the beam.
It is seen from Fig. 2 that the depletion of the
laser intensity in the center of the beam leads to
an increased beam diameter. With rising con-
version efficiency the laser intensity is substan-
tially reduced and finally decreases with propa-
gation distance F [see maximum in Fig. 1(b}]
leading to the minimum value of the beam diam-
eter [see Fig. 1(a)].

RADIUS r Cp~3
20 40

~ 10

) «asar

IL

RADIUS r

FIG. 2. Laser intensity with and without Baman scat-
tering (solid and dotted line, respectively) and Stokes
intensity broken line) versus radial distance r near
minimum diameter (p =t ). Parameters of the calcula-
tions; see Pig. 1.

It should be noted that the final size of the
limiting diameter is also influenced by points (i)
and (ii). The loss of light intensity by the excita-
tion of molecular vibrations and the diffraction of
Stokes light (note the small diameter in Fig. 2)
reduce the nonlinear part of the dielectric constant
and, therefore, the self-focusing action.

b. .S'Pokes light, The diameter of the Stokes beam
decreases with propagation distance z for two
reasons. First, it is focused by the nonlinear
dielectric constant. Second„ the gain is highest
in the center of the laser beam; therefore, the
diameter of the Raman light beam is smaller than
that of the laser light and decreases with z." For
high conversion efficiency the nonlinear dielectric
constant decreases [see above, points (i) and (ii)]
and the Raman gain in the center of the beam be-
gins to saturate [point (iii)] leading to a reduction
of the focusing action. The strong diffraction of
the Stokes light overcomes the focusing and a
minimum diameter is observed for the Stokes
light.

Note that we considered only the first Stokes
line in the calculations assuming that higher-order
Stokes lines are of minor importance. This is
justified since the limiting diameters occur 3t a
conversion efficiency of -15/q (laser to first
Stokes line) where the second Stokes intensity is
small compared to the first Stokes intensity. "

3. DePendence of limiting diameter on nsgterial
Parameters and exPerimental conditions

We discuss now the dependence of the limiting
diameter on material parameters, e.g. , non-
linear dielectric constant ~„Raman gain factor
g~, and experimental conditions, e.g. , incident
laser power P~, length / of the medium, initial
intensity I~(0, 0) of the Raman bght, divergence
D~ of the laser beam.

a. Raman g&in. For an explanation of the re-
sults it should be recalled that the limiting diam-
eter occurs at high conversion of laser into Raman
light. The conversion efficiency depends critically
on the Baman gain

~0 =gal~(0~ 0}~=us&~f ~&'z, &i

where II, (0, 0) is the incident laser intensity in
the center of the beam. In normalized quantities
we get

Go = 27g Ez'(0, 0)l .
%'hen the Raman gain G, is low, we expect small
values of the limiting diameter. For a larger
value of G, the Stokes light reaches its high con-
version efficiency at a shorter distance in the
liquid, where the beam diameter is still larger.
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Therefore, the limiting diameter increases with
Raman gain Go. In fact, it will be seen below
(Fig. I) from the results of the numerical calcu-
lations that the limiting diameter rises strongly
with the normalized gain factor g, which is pro-
portional to 6, [see Eq. (17)j.

b. Initial Stokes intensi/y. %e investigated the
influence of the initial conditions of the Stokes
light on the limiting diameter. " The limiting
diameters of the laser and Stokes light, d~ and

d8, respectively, rise slowly when the Stokes
intensity Iz(0, 0) at the entrance of the medium
increases over several orders of magnitude (see
Fig. 8). For larger values of the initial Stokes
intensity a shorter distance in the medium is
necessary to obtain high conversion efficiency.
The shorter distance corresponds to a larger
beam diameter.

c. Laser-beam divergence. In Fig. 4 the
limiting diameters of the laser and Stokes light
are plotted versus normalized divergence B~ of
the laser beam at the entrance of the medium. ""
The incident laser power was chosen in such a
way that the limiting diameter occurred at the
same distance E independent of D~. For a di-
vergent light beam a higher threshold power is
needed than for a parallel beam to obtain self-
focusing at the same length. ' A higher laser
power corresponds to a larger Raunan gain [see
Eq. (16)] and, therefore, to a larger value of the
limiting diameter. The limiting diameter in-
creases with divergence D„(see Fig. 4).

d. Length of medium or laser poorer. In Fig. 5

the calculated laser beam diameter" is shown as
a function of propagation distance g for different
values of the incident laser power P~ (curves 1,
2, and 8). With increasing power the minimum
diameter occurs at shorter length 1. In the insert
of Fig. 5 the limiting diameter d~ of the laser
light is plotted versus length I . It decreases

9. Transient self-focusing and Raman scattering

The time duration of our laser pulses (-15 nsec)
is long compared to the dephasing time 7„=I/I'~
of the molecular vibrations and the orientational
relaxation time rE of the Kerr effect (several
psec; see Table II). Nevertheless, SRS and self-
focusing are transient phenomena in several liq-
uids. The reason is that for a time-dependent
incident laser power Pz(t) the focus moves quite
rapidly through the medium during the self-
focusing process. "

%'e calculate the velocity v& of the focus by
solving Eq. (18) for the self-focusing length /~

and differentiating with respect to time. Ne get

col y 1 1 (gP~' ~1-0.868(P /P )'" P, df
'
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rapidly with increasing length l and rises slowly
after a minimum value. A qualitative expl, anation
is obtained as follows. Since the limiting diameter
is small, it occurs at a length I which is approxi-
mately equal to the self-focusing length lz."
From previous calculations4 the relation between
the laser power I'I. and l& is known,

P, /P„=(0.868+0.868a,a, /I, ) .

Here I'„ is the critical power for self-focusing.
For short length l (=I&) we have P~ ~ 1/I'; ac-
cording to Eq. (16) we get G, ~ I/I, i.e., we ex-
pect a large Haman gain and a large limiting
diameter. If the length of the medium is large,
P~ is approximately constant [See Eq. (18)j and the

gain GO~X: l is again large. For intermediate val-
ues of l the Raman gain has a minimum, ex-
plaining the minimum of the limiting diameter.
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I IG. 3. Limiting diameters 2 of laser and Stokes light
(solid and broken line, respectively) versus normalized
Stokes intensity I&(0, 0)/Iz(0, 0) at the entrance of the
medium. Parameters of the calculations; see Fig. 1.

FIG. 4. Limiting diameters d of laser and Stokes light
(solid and broken line, respectively) versus beam di-
vergence D~: g=3.0; Z&(0, 0) =5.3 for X)&=1; Zz(0, 0)
=3.86 for 5&=0 Z (0 0) =2.3 X10 6 ff:=0.95.



O. RAHN AND

Using typical numbers for our experimental situa-
tion l&=30 cm, P~/Z„=5, and

~0.2 nsec ',

LENGTH C Ccm3
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0.2

I"IG. 5. Normalized beam diameter of the laser light
versus distance Z. Curve 1: Zz (0, 0) =11.8 (P& =496
kW); curve 2: 6.5 (141 kW); curve 3: 4.8 (82 k. In-
sert: Limiting diameter B~ of the laser light versus
length $ ~ Parameters of the calculations; see Fig. 1.

a value of u&= 5 && 10' cm/sec is obtained.
When hl~ is the length of the focal region, "a

material element experiences the high intensity
of the self-focused light for a time duration of
nfz = r fz/v&. This time will be called transit
time of the focus through a volume element. For
the quasi-steady-state situation, Al~ is obtained
from our computer calculations discussed in the
preceding sections. We found that the length of
the focal region depends strongly on the size of
the limiting diameter. hl& increases from 2 & 10 '
to 3.9 x 10 ' (Al~ = 0.072 to 1.4 cm) when the
limiting diameter varies from d~ = 0.017 to 0.123
(dr, =6 to 43 gm). Here, nl z and dL, are obtained
from their normalized quantities using the mea-
sured 1/e radius a~ =350 p, m (see Sec. IIIC 1).
Since hl~ is small and the focal spot moves with

high velocity v&, the transit time n, t& is very
short, 14 and 280 psec for our examples, respec-
tively. When the relaxation time is of the order
of these transit times a transient behavior of SRS
and the optical Kerr effect is expected in the focal
region.

We discuss now the effect of A'ansiergt $+S on
the limiting diameter for quasistationary self-
focusing of light. One of the important charac-
teristics of transient stimulated scattering of
light is the reduced gain compared to the steady
state. " For a smaller Raman gain higher light
intensity and, therefore, a smaller beam diameter
is necessary to obtain high-conversion efficiency
of laser into Raman light. As a result a smaller
limiting diameter is predicted for txansient Raman

scattering. It is difficult to calculate quantitatively
the reduction of the limiting diameter since in our
experimental situation the transient behavior is
confined to the end of the medium where the focal
spot moves with high velocity. In the major part
of the medium the intensity varies on a nanosecond
time scale justifying a quasi-steady-state descrip-
tion. Quantitative results of the transient ca,se may
be obtained by simultaneous solution of Eqs. (5}
-(6), which requires an enormous amount of com-
puter time.

The situation is similar for bansienf self fo-
cusing. ' " Here Eqs. (6)-(9) have to be solved
(on a computer}, assuming a steady-state be-
havior of SRS. Qualitatively it is clear from Eq.
(9) that in the transient situation the intensity-
dependent increase ~e of the dielectric constant
is less than in the steady-state case. This is
equivalent to a smaller nonlinearity c, and a larger
value of g. We predict, therefore, an increase
of the Raman-limited beam diameter when the
Kerr effect is transient. Preliminary calculations
based on the paraxial-ray theory indicate that the
limiting diameters for transient self-focusing are
indeed larger than the steady-state values. " When
both SRS and self-focusing are in the transient
regime' it is difficult to estimate the limiting
diameter without solving the corresponding differ-
ential equations.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Experimental setup

In the experiments we used a giant-pulse ruby
laser described in Ref. 12. The laser emitted a
light beam with a single frequency (width &10 '
cm ') and a Qaussian intensity distribution over
the cross section. The peak power was 500 kW
and the time duration 15 nsec.

In Fig. 6 the experimental setup for measuring
the limiting diameters of the self-focused light
is shown. The diameter of the incident laser bea, m
is reduced by a telescope (Lil and Li2} to approxi-
mately d, =0.6 mm at the entrance window of the
liquid cell C. The length of the cell was l = 30 cm.
Part of the laser light is coupled out by a glass
plate Q1 and measured with photocell Phl. Photo-
cell Ph2 measured the backscattered stimulated
Raman power.

Two different methods were used to determine
the limiting diameter at the exit window of the
liquid cell:

(a) A microscope Mi (resolution 1.5 p, m) pro-
duced magnified images of the exit window on
photographic plates R and L [see Fig. 6(a)J. Fil-
ters Fil and Fi2 transmit only the Stokes and
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laser light, respectively. The intensity distribu-
tions and beam diameters of the Raman and laser
light were obtained from microdensitometer traces
of the photographic plates R and L. Special care
was taken to calibrate the plates properly;

(b) No microscope was used in the experiments.
A photographic plate P was immersed in the liq-
uid (for a short time) and exposed directly by the
self-focused light near the end of the cell [see Fig.
6(b)J. The limiting diameter was obtained by ana-
lyzing the plate with a microscope under high
magnification.

The photographic plates P ("high-resolution
plates" from Kodak) were chosen for the following
important properties: high spatial resolution
(-2000 lines/mm); low sensitivity at the laser
frequency, because the light intensity in the focus
is high. %e found a linear density curve of the
plates for short times of development. The sensi-
tivity at the Stokes frequency was measured to be
several orders of magnitudes lower than that at
the laser frequency.

The advantages of method (b) are evident: high
resolution, no problems with adjustment, record-
ing of the total beam cross section. The following
drawbacks should be mentioned. A quantitative
determination of the beam diameters was not pos-
sible in our case, because no microdensitometer
was available for measuring the small diameters
(several gm). No filters can be used for attenua-
tion or frequency selection without disturbing the
self-focusing action. Considering these facts,
method (b) was used for a quick survey, while quan-
titative measurements of the limiting diameters
were made with method (a).

B. Limiting diameters

In our investigations the limiting diameter was
determined in the following way: %e measured the
diameter of the laser beam at the end of the cell

as a function of laser power (for different laser
shots). First, the beam diameter decreases with
increasing laser power. " If a definite laser power,
the threshold power for self-focusing, is exceeded,
the diameter remains approximately constant. The
corresponding value is called the minimum or
limiting diameter. It is important to note that
strong stimulated Baman scattering is observed
only when the limiting diameter is reached.

The measured minimum diameters for the laser
light are listed in Table I for benzene, mixtures
of benzene and CS„nitrobenzene, bromobenzene,
toluene, and CS,. Mixtuxes of benzene and CS,
were investigated because the limiting diameter
depends strongly on the concentration of CS,. It
should be noted that the addition of only 7% and
14 j~ CS,"to benzene reduced the limiting diam-
eter of benzene to 24 and 16 p. m, respectively.

With the experimental setup shown in Fig. 6(a)
we observed the limiting diameters both in the
laser and Raman light when appropriate filters
Fil and Fi2 were used. Usually the diameters of
the Raman light were somewhat smaller than the
limiting diameters of the laser light. It should be
emphasized that the conversion of laser light into
forward Raman light was high (&10@). This result
was obtained by comparing the densities of the
photographic plates [R and L in Fig. 6(a) J and

taking into account the filters and different sensi-
tivities of the plates at the Stokes and laser fre-
quency. The measured high conversion efficiency
is very important for the comparison with the
computer calculations (see below).

C. Discussion

Before a comparison is made between our ex-
perimental results and our calculations the fol-
lowing points should be noted. In the calculations
the intensity distribution of the light waves is
obtained and the diameter is taken at the half-
maximum points. In the experiments the energy

Phl

V U'»'
Lil Li2 Ph2

'~ &62

Mi Fi2 L

TABLE I. Measured limiting diameters dL of the
laser light. The numbers are average values of several
laser shots. The diameters have not been corrected for
the resolution of the microscope (-1.5 p, m).

dl (pm)

Phl

I

0) I

Lil Lij Ph2

FIG. 6. Schematic of experimental system. For de-
tails see text.

Benzene
Benzene-CS&
93%-7%
869o-14%
Nitrobenzene
8romobenzene
Toluene
CS2

24
16
15
15
10

6



density distribution and its diameter is measured,
because the photographic plate is a time-integra-
ting device. %e have shown" that the deviations
between the diameters of the intensity and energy
density distributions are usually small. In the
following discussion the measured diameters will
be compared directly with those taken from the
computer calculations.

Steady state

First, the limiting diameters of benzene, mix-
tures of benzene and CS,„and toluene will be dis-
cussed. The steady-state theory is believed to be
a good approximation in these investigations, be-
cause the relaxation times r~ and T~ are very
short (several psec; see Table II), The deter
mining quantity in our calculations is the dimen-
sionless gain factor g, which is proportional to
the Raman gain factor g~ and to I/n„ the nonlinear
refractive index. For a comparison of our experi-
ments with the calculations the values of g~ and

n, must be known. %e determined n, from mea-
surements of the threshold power P~ for self-
focusing (using the known relation' between n,
and P~ ). It was found that the experimental values
of n, in toluene, nitrobenzene, bromobenzene,
and CS, are in good agreement with values calcu-
lated from the optical Kerr constants (see Table

G). In pure and mixed benzene the measured
numbers of n, are somewhat larger than those
predicted from the Kerr constants, indicating that
in this substance the Kerr effect is probably not
the only mechanism responsible for the intensity-
dependent refractive index.

Using the known values of the Raman gain factors
g ~ and the measured values of n, we calculated the
dimensionless gain factors g for the liquids (see
Table H). In the mixtures of benzene and CS„
SRS occurred with the frequency shift of the ben-
zene vibration (here, frequency is measured in
wave-number units 992 cm ') because of the small
amount of CS, (~14%).

In Fig. 7 the experimental values of the limiting
diameters of the laser light are plotted versus
g for benzene &~), 93/o benzene-7% CS," (~),
86% benzene-14/o CS& (v), and toluene (0). The
solid line has been calculated (see Sec. II A) using
our model of forward SRS. In the calculations a
1/e radius at the entrance window of 350 p, m was
used, which was typical for these experiments.
The agreement between the measured points and
the calculated curve is satisfactory allowing for
the limited accuracy of g ~ and n, and the varia-
tions of d~ for different laser shots (vertical error
bars). The experimental findings are readily
explained by our model. Benzene () has a con-

TABLE II. Nonlinear refractive index n2 obtained from Kerr constants {E)and from mea-
sured threshoM power values (th), Raman gain factor g&, normalized gain factor g, and re-
laxation times of the molecular vibrations and the Kerr effect„7& and v&, respectively.

10"~, ' (cm'/«g)
K th

Benzene

Benzene-C82
93%-7%
86%-14'
Nitrobenzene
Bromobenzene

Toluene

2.1 '
27

10.4 &

g

11.9 '

2 5

2.9
3.6
9.6
4.6

2.5

13

3 Oc

2.9'
2.7'
1 8h

qC

2.1
1.6
0.4
0.7

2.9

0.8
2.8

1.6
3.8

48
15
11
1.8

2, 0

The nonlinear refractive index e2 was calculated from the Kerr constant B and the wave-
length A. of the light by n& =3 AB. &he nonlinear dielectric constant is given by e2 —-2mp52.

b Calculated from the Raman linewidth 6 q, given in Ref, 26; 7z ——1/2nc6l z.
c Reference 27.
d Reference 28.
'Re ference 29.

The variations of the Raman cross section with concentration are taken from Ref. 30. The
Raman linewidth is assumed to be the same as in pure Benzene.

I' Reference 31.
"The values of g& are calculated from the spontaneous scattering cross section given in

Ref. 32 and the iinewidth given in Ref. 26.
' Reference 33.
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siderably larger diameter than toluene because
of its higher Raman gain factor g s. The drastic
decrease of d~ in the mixtures of benzene and CS,
(&,v ) is mainly due to the increase of n, by the
admixture of CS, to benzene C,see Table II). It
should be mentioned that the limiting diameters
of nitrobenzene, bromobenzene, and pure CS,
cannot be explained with the steady-state theory
and require a discussion of the transient case.

2. Txansi enI, si tuo, tioe

Using the value of g =2.9 for CS, (see Table ii)
we calculate a limiting diameter of d~ =73 gm
from the steady-state theory which disagrees vgith

the measured value of 8 pm. Agreement between
theory and experiments is obtained for a smaller
effective Raman gain factor of 4's~ =8.7&10 s

cm/MW, corresponding tog =1.5. For an explana-
tion it should be recalled that in our experiments
one focal spot moves with high velocity through the
end of the liquid ceQ. The transit time was cal-
culated in Sec. IIB to be of the order of several
tens of picoseconds. The dephasing time of the
molecular vibrations in CS, is of the same order
of magnitude (v~=10 psec; see Table II). There-
fore, transient Raman. scattering occurs in the
focal region with a reduced gain factor leading to
a small value of the limiting diameter.

The following rough estimate showers that a re-
duction of the steady-state Raman gain coefficient
by a factor of 2 is reasonable. The cell length
is divided into two regions: the focal region vnth
a length &E& =0.07 cm and the remaining part of
the cell (l = 20 cm) with intensities I~ = 24 GW/cm'
and I~ = 52 MW/cm', respectively. These numbers

2".

-X Oi
Zl

O

are taken from the results of the computer calc~-
lations for CS,. The transit time ~t& of the focal
spot in CS, is approximately 14 psec (see Sec.
IIB) which is of the order of the vibrational de-
phasing time. The transient Raman gain factor
g&~ in the focal region is at least smaller by a
factor of 3 than the steady-state value g ." As-
suming that in the remaining part of the cell sta-
tionary stimulated Raman scattering occurs, we
estimate an effective gain factor g's" from the re-
lation

g'~ (l~l +I~n. ly) =g~Iql+g~~fyc. lq.

Using the numbers given above, vie obtain gs"
= ll xIO ' cm/MW or less. This value should be
compared with g'z" = 8.7 x 10 ' cm/MW used in
the computer calculations.

The assumption of transient stimulated Raman
scattering in CS, in the focal region is further
substantiated by experiments with laser pulses
having a longer time duration. %hen the duration
of the laser pulses was changed from 15 to 23
nsec, the limiting diameter in CS, increased from
6 to 20 pm. This is readily explained by the fact
that for longer pulses SRS i,s near the quasi-
steady-state with a large value of the minimum
diameter.

In bromobenzene and nitrobenzene the nonlinear
refractive index n, is larger than in, most of the
oQer liquids leading to small values of the nor-
malized gain factor g =O.V and 0.4, respectively
(see Table 11). For these values of g, a Raman-
limited beam diameter of &1 gm is expected from
the steady-state theory (see Fig. 7), while in
our experiments approximately 15 p, m have been
measured (corresponding to g =1.9). We try again
to explain the results qualitatively by the rapid
movement of the focus at the end of the liquid
cell. In contrast to CS, the Haman effect should be
nearly quasistationary while the orientational Kerr
effect exhibits a transient behavior due to its long
relaxation time (see Table D). In the short time
the focal spot moves through a small volume ele-
ment the nonlinear xefractive index cannot reach
its full steady-state value. A larger value of the
limiting diameter occurs in this case, as dis-
cussed in Sec. IIB. In this way better agreement
between the calculated and measured minimum
diameter is obtained.

I IG. 7. Limiting diameter 4L of the laser light versus
normalized gain factor g, The symbols represent the
experimental points: closed circle, benzene; open
triangle, 93% benzene-7% CS2 (Ref. 24); cIosed triangle,
86 benzene-14% CS2, open circle, toluene. The solid
line is calculated using the follovring parameters:
EL {0,0) =7.19; Zs(0, 0) =3 &10; 7t=0.93; By =1.0; al
=350 pm.

IV. SUMMARY

The origin of the limiting diameters of the self-
focusing of laser light has been discussed in this
paper under the following experimental conditions:
The light beam of a single-transverse- and longi-
tudinal-mode giant pulse laser with a pulse dura-
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tion of the order of 10 ' sec is incident on a liq-
uid in which the Kerr effect gives the main contri-
bution to the nonlinear refractive index; the focal
spot is moving with high velocity through the end
of the liquid cell.

Computer solutions of the coupled differential
equations for the laser light and the first Stokes
line of fonoa~d stimulated Raman scattering
showed that high conversion of laser light into
forward Raman light limits the self-focused beam
diameter. The dependence of the limiting diam-
eter on nonlinear refractive index n„Raman gain
factor g ~, incident laser power P~, length /

of the medium, beam divergence D„, and initial
conditions of the Raman light was calculated and
discussed.

%'e measured the limiting diameters of several
pure and mixed liquids. In benzene, mixtures of
benzene and CS„and in toluene fair agreement
was found between the experimental value of the
limiting diameter and the size of the focal spot
as estimated from the steady-state theory. In
liquids where the relaxation time of the molecular
vibrations or the molecular reorientation is long,
the transient behavior of stimulated Raman scat-
tering or self-focusing has to be taken into account

because of the rapid movement of the focal spot
through the far end of the liquid cell. In CS, the
measured limiting diameter is smaller, in bromo-
benzene and nitrobenzene it is larger than that
calculated from the steady-state theory. The ex-
perimental results in CS, have been qualitatively
explained by the occurrence of transient stimulated
Rarnan scattering due to the long relaxation time
of the molecular vibrations in this liquid. In
nitrobenzene and bromobenzene the long orienta-
tional relaxation time causes a transient behavior
of the Kerr effect in the focal spot and is believed
to be the reason for the large measured limiting
dia eters.

In conclusion, we believe that in experimental
situations where high conversion of laser into
forward Raman light occurs, the mechanism de-
scribed in this paper plays an important role in
limiting the self-focused beam diameters.
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