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The spatial and temporal development of self-focusing of light pulses is investigated. The beam 
diameter in CS2 and molten para-di-chlorobenzene decreases with increasing incident laser power 
to small values in good agreement with theory. The strong influence of beam divergence, non-
linearity of refractive index, and absorption on self-focusing action is found to agree well with 
numerical calculations. It is shown that both backward stimulated Brillouin and Raman scattering 
terminate the self-focusing process. 

I. Introduction 

If light of high intensity propagates through a 
medium with an intensity-dependent refractive index, 
self-focusing occurs 1 - 3 . The diameter of the light 
beam shrinks to a small limiting value. Depending 
on the experimental conditions either a moving 
focus 4 is observed, or the light is found to propagate 
in filaments of small diameter5. Most of the ex-
perimental investigations are concerned with these 
intense self-trapped light filaments 6. Only recently 
experimental results on the self-focusing process 
have been reported. M C A L L I S T E R et al. 7 found pulse 
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shaping during the self-focusing process of the laser 
beam; L O Y and S H E N 4 showed that, with increasing 
laser power, the focused beam diameter shrank 
from 50 / / to the limiting size (5 /.i in CS2). 

High light intensities produced by self-focusing 8 

give rise to stimulated scattering processes 9 _ 1 1 . The 
scattered light can be amplified to a high power 
level which then reduces the laser intensity in the 
medium 1 2 '1 3 . Since the self-focusing action depends 
critically on the laser light intensity, it is influenced 
strongly by stimulated scattering processes 12. 
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No information on the spatial development 
of the self-focusing process was given. In 
these papers the onset of stimulated Raman 
scattering was taken as an indication for the occur-
rence of self-focusing action. The self-focusing length 
was measured as a function of incident laser power 
for different substances, and good agreement with 
theory was found 14. Measurements of the threshold 
power as a function of the nonlinearity of the re-
fractive index in liquids were also in accordance 
with theoretical calculations 15. 

This paper presents detailed investigations of the 
spatial and temporal development of the self-focus-
ing process. Experiments are performed in trans-
parent and absorbing liquids and compared quanti-
tatively with theory. In Sec. II, numerical solutions 
of the wave equation are given for the case of self-
focusing of divergent light beams. Problems con-
cerning the comparison between experiments and 
theory are discussed in Sec. I l l , followed by a 
description of the experimental apparatus in Sec. 
IV. The experimental results are treated in Sec. V 
and summarized in Sec. VI. 

II. Theory of Self-Focusing of Light 

The propagation of light in a medium is described 
by Maxwells equations, which lead to the wave equa-
tion 2 for the electric field E 

V 7 2 F VÜ* «. o m 

V t j ~ c2 3 ; 2 — 3 1 c2 3t 2 U j 

Here a is the absorption coefficient and c the 
velocity of light in vacuum. In Eq. ( 1 ) , the dielectric 
constant £ was assumed to depend on the electric 
field as 

£ = £0 + e2 E2 . (2) 

Since, in the present paper, self-focusing action is 
investigated only in the region of relatively large 
diameters and correspondingly low intensities, it is 
justified to neglect higher terms in the expansion of 
£. The measurements are made in CS« and molten 

para-di-chlorobenzene, both liquids having molecules 
with highly anisotropic polarizability. In these 
liquids the major contribution to the nonlinearity 
of the dielectric constant comes from the optical 
Kerr effect. £2 can be calculated from the Kerr 
constant17. The following numbers are used 1 8 ' 1 9 : 
CS2 , £2 = 4.2 X 10 _ 1 1 cm 3 / erg ; para-di-chlorobenzene 
(T = 70 ° C ) , £2 = 2.9 x 10" 1 1 cm3/erg. 

In solving the wave equation (1) linearly po-
larized plane waves with slowly varying amplitudes 
are considered. In the experiments we use light 
pulses which are long 500 cm) compared to the 
length of the nonlinear medium ( ~ 3 0 c m ) . In ad-
dition, these pulses are long compared to the 
relaxation time of the Kerr effect20. The assumption 
of a quasi steady-state in the self-focusing action is 
a good approximation. By introducing normalized 
cylindrical coordinates with radial distance r = r/a, 
axial distance z = z/2 k^a2, absorption coefficient 
a = 2 ki a2 a, and electric field E^ = (£2/2 ^o)'2 « ^L 
= 2 kL (PL £ 2 / C £ 0 5 / I ) \ we obtain 21- 22 

. 3El , 3 2 £ L , 1 

oz Or r 
(3) 

Here a is the l / e radius of the Gaussian intensity 
distribution of the incoming beam (see below), E^ 
and FL are the amplitude of the laser field and the 
laser power, respectively, and kL = l / co ®L / c is the 
wave vector. Equation (3) is transformed into a dif-
ference equation2 1 , 2 2 , which is solved numerically 
with a computer for the following experimental 
situation: 

A light beam characterized by a power, by an 
intensity distribution over the cross section, by a 
beam diameter and a divergence is incident on a 
medium of length I (see Fig. 1) . The initial condi-
tions of the calculations are given by the properties 
of the light beam at the entrance of the medium 
(z = 0 ) . We are interested in the intensity distribu-
tion at the end of the medium (z — l). So far parallel 
incident light beams have been treated in the litera-
ture 2 1 - 2 5 in most cases. In our calculations the 

^ + ^ E L + \ E L \ 2 E L = 0. 
dr 2. 
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effect of beam divergence is fully taken into account a drastic reduction of beam diameter and a strong 
because of its strong influence on the self-focusing increase of on-axis intensity (see Fig. 2 ) . This type 
process. The laser beam is represented by a spherical of self-focusing is sometimes called catastrophic-
wave diverging from point z= — R (see Fig. 1) . focusing. 

a a+Aa 

-R 0 I 

Fig. 1. The divergent laser beam is approximated by a spheri-
cal wave originating from point z=—R. a and a-\-Aa are 

the 1/e radii at z = 0 and z = Z, respectively. 

This is a good approximation in our experiments 
since the distance between the laser and the liquid 
cell is large. Assuming a Gaussian intensity distri-
bution over the cross section (as was measured in 
the experiments), we introduce the complex ampli-
tude of a spherical wave 

P _ E M I _ r- . , r'2 ] 
1+Z/R e X p | 2 a 2 ( l + z/7?)2 1 2 ( « + R) 

(4) 

If no self-focusing occurs, the quantity R is deter-
mined from the 1/e radius at the entrace (a) and 
at the end ( a + A a ) of the medium (see Fig. 1) . 
R is given by a l/Aa. Equation (4) yields the com-
plex amplitude at z = 0 

EL (z = 0) = EU e-r'l2a\cos(kL r2 D V/2 a) 
+ i sin r2 D V/2 a) } . (5) 

The beam divergence is defined as D V = Aa/l, with 
the normalized value D V = D V(kLa/2) = Aa/4l. 
For a convergent, parallel, or divergent light beam 
Aa is negative, zero, or positive, respectively. 

Using the initial conditions of our experiments, 
Eq. (3) has been solved numerically for self-focusing 
in transparent as well as absorbing media. A com-
parison with experimental results will be made in 
Sec. V. 

1. Transparent Media 

As a typical example for self-focusing in transpar-
ent media Fig. 2 shows the calculated intensity 
distributions at different distances z in CS 2 . The 
incident light beam is assumed to have a Gaussian 
intensity distribution with a diameter of 435 /u, a 
power of P^ = 1 0 0 kW and a divergence of DV = 
5 X 1 0 - 4 rad (in the medium). The absorption of 
pure CS2 is neglected because it is very small 
(a ^ 1 0 - 3 c m - 1 ) . In transparent media self-focusing 
has the following characteristic properties: there is 

Fig. 2. Propagation of an intense light beam through CS2 

(cell length Z = 3 0 c m ) . Gaussian intensity distribution at 
z = 0 with a diameter d 0 = 435 u, laser power PL = 100 kW. 
beam divergence D V = 5 x 1 0 - 4 rad (in CS 2 ) . The dotted 

line shows the dependence of the beam diameter on z. 

In the following figures the normalized quantities 
introduced above are used at the lower scale. The 
numbers at the upper scale and in brackets cor-
respond to a light beam of wavelength /L = 6943 Ä 
with a 1/e radius a = 261 f-i incident on CS2 . 

In Fig. 3 the intensity distributions at different 
distances z are redrawn from Fig. 2 to show that 
strong variations are found. It is important to notice 

to 
z 
UJ 

Fig.3. Intensity I(r, z) / / (0, 0) versus radial distance r at dif-
ferent distances in CS2 (taken from Fig. 2 ) . 

that drastic intensity changes occur in the center of 
the beam, while the outer portions of the beam ex-
perience smaller changes. The result is compared 
with the experiments in Sec. V, 1 a. 

The examples shown in Fig. 4 demonstrate the 
strong influence of beam divergence on self-focusing 

RADIUS r tn3 



action. In Figs. 4 a and b the normalized on-axis 
intensity / M ( Z ) / / J I ( 0 ) and the corresponding nor-
malized diameter d are plotted as a function of 
distance z. Curves 1 show the self-focusing of a 
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Fig. 4. a) Normalized on-axis intensity / M ( 5 ) / / M ( 0 ) and 
b) normalized beam diameter d versus normalized dis-
tance Z-. 1) Normalized field £ ^ = 3^8 (PL = 51 k W ) , 
normalized divergence D V — 0 ; 2) £L — 5.0 (PL = 89 
k W ) , (D F = 5 x 1 0 - 4 rad) ; 3) £ L = 3.8 (PL = 51 
k W ) , D V — l (D V—5 x 1 0 - 4 rad) . The numbers in ordinary 
units correspond to a light beam of wavelength AL = 6943 Ä 

and 1/e radius a = 261 [A. in CS2 . 

parallel light beam (DV = 0) with = 3.8 (PL = 
51 kW) . Curves 2 and 3 correspond to divergent 
light beams ~DV = l(DV = 5x 10~4 rad) with# L = 
5.0 and 3.8, respectively (PL = 89 and 51 kW) . A 
comparison between curves 1 and 3 demonstrates 
clearly the striking influence of the beam divergence 
on the self-focusing action. With increasing diver-
gence self-focusing is reduced. For a divergent beam 
more power is needed (curve 2) than for a parallel 
beam (curve 1) in order to get a strong increase of 
intensity and reduction of beam diameter. 

2. Absorbing Media 

Because of the strong intensity dependence of 
self-focusing a reduction of this effect is expected 
in lossy substances where part of the laser power is 
absorbed. Figure 5 shows a typical example of our 

numerical calculations. The normalized on-axis 
intensity is plotted as a function of normalized 
distance z for relatively high absorption ( a / = 4) 
and a laser field E L = 9.2 (PL = 300 kW) with a 
divergence DV = 1.0 (D V = 5 x 1 0 - 4 rad in the 
medium). The solid line represents a nonlinear 
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Fig. 5. On-axis intensity /M (^ ) / /M (0 ) versus distance z in an 
absorbing medium (a I — 4, £L = 9.2, D F = 1.0) . The insert 
shows the intensity distribution at the end of the medium 
(Z = 0.1518) . The solid and broken lines correspond to a non-

linear (f2 4= 0) and linear ( f 2 = 0) medium, respectively. 

medium, the broken line a linear medium, where no 
self-focusing occurs. A comparison between these 
curves shows clearly the increase of on-axis intensity 
due to self-focusing. The intensity distribution at 
the end of the medium 1= 0.1518 (Z = 3 0 c m ) is 
given in the inset. It is evident that even in strongly 
absorbing media the beam diameter is reduced 
drastically by self-focusing. This type of self-focus-
ing where, even for decreasing on-axis intensity, a 
reduced beam diameter is observed will be called 
weak focusing. 

Figure 6 shows self-focusing in absorbing media 
for different incident laser powers. The divergence 
of the laser beam is DV= 1, the absorption is 
a I = 4. In Fig. 6 a the normalized intensity in the 
center of the beam /m(^) / /m(0) is plotted as a func-
tion of distance z. At small laser power (1) E L = 5.3 
( P L = 1 0 0 kW) /M(£) decreases monotonously. At 
higher power values (2) Eh = 10.6 (PL = 400 kW) 
a maximum is obtained where the self-focusing 
action is balanced by the absorption. It is seen from 
Fig. 6 b that even for decreasing on-axis intensity a 
reduction of beam diameter is observed due to self-
focusing. A catastrophic focus is found only for 



high incident laser powers (3) E L = 11.23 (Pi = 
450 kW) . Here, the on-axis intensity increases 
drastically, similar to the case of transparent media. 
These results compare well with those of Refs. 22 
and 25 which were obtained for different initial 
conditions. 
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Fig. 6. a) On-axis intensity /M(^)//M(0) versus distance z, 
b) diameter d versus z in an absorbing medium {a 1 = 4, D V 
= 1 ) . 1) £ L = 5 . 3 (PL = 1 0 0 k W ) ; 2 ) E L = 1 0 . 6 ( P L = 4 0 0 

k W ) ; 3) £L = 11.23 (PL = 4 5 0 k W ) . 

The numerical calculations described above show 
that even in strongly absorbing liquids self-focusing 
of light plays an important role if the incident laser 
power is high enough. 

III. Comparison between Theory 
and Experiments 

As shown in the preceding section, on-axis 
intensities and intensity distributions over the cross 
section are readily calculated from theory. However, 
experimentally power and energy values are mea-
sured instead of intensities. Photocells determine the 
integral of the intensity over the beam area, i.e. the 
power; photographic plates measure the integral of 
the intensity over the time, i.e. the energy per cm2. 
For a quantitative comparison with experiments the 
theoretical results have to be integrated over time 
or beam area. 

The integration over time was done by approxi-
mating the laser pulse with rectangles of width At; 
(see Fig. 7 ) . Assuming a quasi steady-state behav-
ior 20 of the self-focusing process, the intensity 
distribution /*(r) at the end of the medium was cal-
culated for each rectangle. The total energy density 
is obtained as the sum over the individual contri-
butions D(r)^ 2 Ii(r) At(. This value will be com-

i 
pared directly with the measured curves in Sec. V , l . 

Fig. 7. Approximation of the laser pulse by rectangles for the 
numerical integration of the intensity distribution over time t. 

Time-resolved measurements of self-focusing are 
described in detail in Sec. V,2 (see also Fig. 14). 
Part of the transmitted light in the center of the 
beam is coupled out by a mirror. Its power Pc is 
measured with a fast photocell and an oscilloscope. 
For a comparison between theory and experiments 
the intensity distribution at the end of the medium 
is calculated for different incident laser powers and 
integrated over the area of the mirror (radius r c ) . 
The result is shown in Fig. 8. The light beam has a 
divergence of DV = 1.0 (DV = 5 x 10~ 4 rad) , the 
length of the medium is 7=0.1518 (/ = 3 0 c m ) , the 
radius of the mirror is fc = 0.368 (rc = 95 ju). The 

POWER P L C k W ] 
50 

Fig. 8. Normalized power E c 2 in the center of the beam versus 
normalized incident laser power E\} for a nonlinear (solid 
curve) and a linear (broken curve) medium. Beam divergence 

DV = 1 (D V= 5 x 10~ 4 rad), length of the medium 
7 = 0 . 1 5 1 8 (/ = 30 cm). 



normalized power in the center of the beam 
increases nonlinearly with the laser power E L 2 ~ P L . 
In a non self-focusing medium E 2 rises linearly 
(see broken line in Fig. 8 ) . 

Using Fig. 8 it is possible to predict P c as a func-
tion of time, if the time dependence of the laser 
power P l is known and a quasi steady-state behav-
ior is assumed. In Sec. V,2 the theoretical results 
are compared with the experiments. 

IV. Experimental 

For the experimental investigations a giant-pulse 
ruby laser with a plane resonator was employed. 
Transverse and longitudinal mode selection was 
obtained by using a diaphragm in the resonator 
and a Fabry-Perot etalon as the front mirror. The 
laser emitted light of a single frequency with a 
spectral width of less than 0.01 c m - 1 . The intensity 
distribution over the cross section was nearly Gaus-
sian. The peak power was 500 kW and the pulse 
duration was 15 — 20 nsec. The laser light was 
linearly polarized and had a divergence D V = 
3 X 10~4 rad. 

The light power was measured with fast photo-
cells and oscilloscopes (risetime ^ 0 . 3 nsec). The 
photocells were calibrated with a laser calorimeter 26. 
The accuracy of the measurements of the absolute 
power values was approximately 20%. 

V. Experimental Results and Discussion 

Most of the papers on self-focusing are concerned 
with the region of limiting diameters 6 ' 27. Because 
of the high intensity ( > 1 0 G W / c m 2 ) in this region 
stimulated scattering processes occur. The inter-
action between self-focusing and stimulated scat-
tering processes is quite complicated. It is difficult 
to get quantitative information on this region. On 
the other hand, a quantitative comparison between 
theory and experiment is obtained more readily in 
the region of relatively large diameters. Our experi-

ments are confined to this region. They were per-
formed in transparent and absorbing liquids under 
widely varying experimental conditions. 

1. Photographic Investigations of Self-Focusing 

The experimental set up is shown schematically in 
Fig. 9. The distance between the giant pulse ruby 
laser and the liquid cell is large in order to avoid 
multiple stimulated Brillouin scattering 28. The beam 
diameter (full width at half maximum intensity) is 
reduced by an inverted telescope to d0 = 435 /u, at 
the entrance window of the liquid cell. The beam 

Fig. 9. Schematic of experimental system for measuring the 
intensity distribution of the light beam at the exit window of 
the liquid cell. Microscope Mi produces a magnified image of 
the exit window of the liquid cell on the photographic plate 

PP. G l , G2 glass plates; P h i , Ph2, Ph3 fast photocells. 

divergence after the telescope was Z )F = 8 x l O - 4 

rad (in air). The measurements were made with 
liquid CS2 (length 30 cm) and molten para-di-
chlorobenzene ( r = 7 0 ° C ; cell length 40 cm) . A 
microscope Mi produced a magnified image of the 
exit window on the photographic plate PP (Kodak 
I-N). Glass plates G 1 and G 2 served to couple out 
a small amount of the incident laser light PL (Phi), 
the backward scattered light (Ph3 ) and the total 
transmitted laser light PT ( P h 2 ) . All signals were 
measured with fast photocells and oscilloscopes. 
The incident laser power was variied from shot to 
shot by a short absorption cell (CoCl2 in ethanol). 
At the maximum laser power used in the experiments 
no thermal blooming2 9 or stimulated thermal Ray-
leigh scattering 30 occured in this cell. Diameter and 
divergence of the beam remained unchanged after 
passage through the cell. 

26 We would like to thank Dr. HILLENKAMP for lending us his 
laser calorimeter. 
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a) I n t e n s i t y D i s t r i b u t i o n o f t h e 
S e l f - F o c u s e d L i g h t 

We determined the time-integrated intensity 
distribution of the laser beam at the exit window of 
the liquid cell. Near-field photographs were taken 
for different incident laser powers PL • After cali-
brating the photographic plate with laser light, the 
time-integrated intensity distributions (or energy 
density distributions) were determined from micro-
densitometer traces. 

In Fig. 10 a and b two examples are shown for 
CS, . For a maximum transmitted laser power of 
P5?ax= 51 kW self-focusing is very weak. In striking 
contrast a drastic reduction of beam diameter and 
an increase of on-axis intensity occurs for P™ax = 
89 kW. The solid lines represent the microdensito-
meter curves (they are in the linear range of the 
density curve of the photographic plate), the broken 
lines are determined by numerical calculations. Both 
curves are adjusted at the maximum. Since the 
photographic plate integrates over time, comparison 
is made with the calculated time-integrated curves as 
obtained in Sec. III. There is good agreement bet-
ween both curves. 

i/> 
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Fig. 10. Distribution of the energy density at the exit window 
of the liquid cell filled with CS 2 ; microdensitometer traces 
(solid lines) and calculated curves (broken l ines) . a) Maxi-
mum transmitted power PTmax = 5 i k W ; b) PTmax = 89 k W . 

Note that different ordinates were used in a) and b ) . 

The experimental distributions at the exit window 
strongly deviate from a Gaussian, in agreement with 
theory. It should be noticed that focusing occurs 
mainly in the center of the beam, while the outer 
part is affected to a less extent. 

b) D e p e n d e n c e o f B e a m D i a m e t e r 
o n L a s e r P o w e r 

With the intensity distribution over the cross 
section of the beam obtained in the preceding 
section the beam diameter dcxv at the exit window 
was determined with an accuracy of approximately 

20% (see Fig. 10) . The intensity distribution, the 
incident (PL) and transmitted (PT) laser power, 
the backward scattered Raman (PP) and Brillouin 
(Pß) power were measured simultaneously for each 
laser pulse. In Figs. 11a and b the beam diameter d 
(open circles) is plotted as a function of the maxi-
mum transmitted laser power P ™ A X for CS2 and mol-
ten para-di-chlorobenzene. It will be apparent in 
Sec. V,2 that the maximum transmitted laser power 
P X A X not the maximum incident laser power P ™ * is 
the determining parameter for the occurrence of 
self-focusing. The solid line dca\ was calculated with 
a computer (see Sec. II. 1) considering the initial 
conditions (beam diameter d0 = 435 fx and diver-
gence D V — 5 X 10~4 rad in CS2 ) . At small power 
values (no self-focusing) the beam diameter at the 
end of the cell is ~ 700 f-i because of the finite beam 
divergence. The experimental points represent time-
integrated values. The broken lines show the beam 
diameters d\nt obtained from the time integration 
discussed in Sec. III. In the following sections we 
compare experimental results with calculated curves 
which were not integrated over time, since there is 
only a small difference between t/cai and in 
Fig. 11. 

Fig. 11. Beam diameter d at the exit window as a function of 
the maximum transmitted laser power P x m a x - The experimen-
tal points correspond to a parallel ( • ) and divergent ( o ) light 
beam, a) CS 2 ; b) molten para-di-chlorobenzene ( r = 7 0 ° C ) . 
The three curves for dpian > c?cal, and d;nt are calculated; 

for details see text. 
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Next, the effect of a reduction of beam divergence 
on self-focusing will be discussed. The distance bet-
ween lenses Li 1 and Li 2 of the telescope in Fig. 9 
was equal to the sum of their focusing lengths. 
When this distance is slightly increased the beam 
divergence is reduced. It is possible to have the 
beam diameter approximately constant along the 
length of the (empty) cell. Self-focusing was in-
vestigated with this "parallel" beam. The diameter 
at the exit window was measured as a function of 
laser power. The experimental points ( • ) are shown 
in Fig. 11 together with the calculated curves c?Pian 

(dotted lines) where plane waves were used as initial 
conditions (d0 = 435 ju, D V = 0). 

The agreement between the experimental points 
and the calculated curves is good in CS2 and para-
di-chlorobenzene both for divergent and "parallel" 
incident light. It should be noted that no fitting 
parameters were used in Fig. 11. Each experimental 
point corresponds to a single laser pulse; there was 
no averaging over many laser pulses. In agreement 
with theory, the experimental results show clearly 
that self-focusing of light is very sensitive to changes 
of beam divergence as well as to the nonlinearity of 
refractive index. For a parallel beam the laser 
power necessary to obtain the minimum diameter of 
5 ju is smaller by a factor of approximately 2 com-
pared to that of a divergent beam (D V = 5 x 10~4 

rad in CS2). This power level is lower in CS2 than 
in para-di-chlorobenzene because of the higher non-
linearity of refractive index in CS2 (see Sec. II)3 1 . 

For each laser pulse stimulated Brillouin scat-
tering (SBS) and stimulated Raman scattering 
(SRS) in the backward direction were measured 
simultaneously with the beam diameter. Three dif-
ferent regions A, B, and C can be distinguished in 
Fig. 11a for CS2 . We discuss here the divergent 
beam, but similar results are obtained for the paral-
lel beam. 

A) At moderate laser power levels, ? T a x < 8 0 kW, 
no stimulated scattering processes are observed, i.e. 
their power values are below the sensitivity of the 
fast detection system. 

B) At an intermediate power range, only SBS is 
seen. From additional experiments11 (where a 
photomultiplier was used) we know that SRS occurs. 

31 From a comparison with our computer calculations it is 
seen that the dependence of self-focusing action on beam 
divergence and nonlinearity of refractive index is described 
qualitatively by the approximate analytical solutions given 
e. g. in Ref . 3. 

The power values are too low for detection with the 
fast photocells used in the present investigations. 

C) At high laser power, ? r x > 1 0 0 k W , SRS in 
the forward and backward direction and subsequent-
ly SBS is observed. The onset of these processes is 
discussed in detail in Ref.1 1 . Our computer cal-
culations of the self-focusing action are not ap-
plicable in that power range since the processes 
limiting the beam diameter are not known. In ad-
dition, the interaction of laser light with the scat-
tered light was not considered in our calculations. 

In para-di-chlorobenzene SRS and SBS were 
seen only in the region of limiting diameter 5 /x 
( / f a x > 1 4 0 k W for divergent laser light, ? r x > 7 0 
kW for a parallel beam, see Fig. l i b ) . 

c) B e a m D i a m e t e r i n A b s o r b i n g C S 2 

The experimental set up for the investigation of 
the beam diameter in absorbing CS2 is the same as 
in Fig. 9. The intensity distributions and beam 
diameters are determined from microdensitometer 
traces of the photographic plates. We investigated 
solutions of iodine in CS2 with different absorption 
coefficient a. The length of the liquid cell was 
Z = 30cm, the beam divergence D V = 5 x 1 0 - 4 rad 
(in CS2) and the diameter d0 = 435 /u. 

In Fig. 12 the beam diameter d at the exit window 
is plotted as a function of maximum transmitted 
laser power P™x el1 for transparent CS2 ( O ) and 
C S 2 : I 2 ( ® ) . The absorption was relatively large 
a / = 4, i.e. the power transmission of the cell was 
only 2%. The solid curves were calculated according 

Fig. 12. Beam diameter d as a function of laser power 
p T m a x eil i n transparent ( o ) and absorbing ( • ) CS2 . The 

solid curves are calculated. 



agreement between theory and experiments is quite 
good both for transparent and absorbing CS2 . It 
should be noted that experimentally a reduction of 
beam diameter up to a factor of 4 is observed inspite 
of the high absorption al = 4. This behavior is 
expected from theory as was discussed in Sec. 11,2. 
SBS was observed only at the highest laser power 
( > 450 kW) ; SRS was not detected with fast photo-
cells. 

The reduction of the self-focusing action expected 
for increasing absorption was checked by measuring 
the beam diameter as a function of absorption a I at 
constant incident laser power. A laser power of 
100 kW was used, since no stimulated scattering 
processes occured in the entire absorption range at 
this power value. It should be noted that the incident 
beam diameter (d0 = 590 fx) in this measurement 
was larger than usual (d0 = 435 fx) while the diver-
gence was smaller, D V = 3.6 x 1 0 - 4 rad in CS2 . 
Stimulated scattering processes could only be ob-
served at laser powers in excess of 100 kW. 

Within the experimental accuracy of approxi-
mately 20% the measured points ( O ) shown in 
Fig. 13 are in good agreement with the numerical 
calculations (solid curve). It is clearly evident that 
the beam diameter increases from 300 fx to 600 fi 
when the absorption is increased to a I = 7 32. 
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Fig. 13. Beam diameter d versus absorption a I in CS2 at con-
stant incident laser power PL (see text) . The solid curve is 

calculated numerically. 

32 W e investigated the beam diameter at the exit window of 
a cell filled with CC14 coloured by small amounts of iodine, 
where self-focusing is of minor importance at the laser 
power used. No increase of beam diameter due to thermal 
b looming 29 or stimulated thermal Rayleigh scattering 3 0 

was observed for an absorption a l = 4 at our highest laser 
power. Since the material parameters relevant for these 
processes have similar values in CC14 and CS2 we conclude 
that both effects are not important in absorbing CS2 . This 
conclusion is supported by the agreement between theory 
and experiments on self-focusing in absorbing CS2 . At 
higher laser power thermal blooming and stimulated ther-
mal Rayleigh scattering are known to be present in absorb-
ing CC14 ( W . ROTHER and K . DAREE, pr ivate c o m m u n i c a -
tion) . 

2. Time-Resolved Investigations of Self-Focusing 

No information on the time dependence of self-
focusing is obtained from photographic investiga-
tions, since the photographic plate is a time-inte-
grating device. It has been suggested4 '13 that 
stimulated scattering processes influence strongly 
self-focusing of the laser beam. Our time-resolved 
measurements demonstrate the important role of 
SRS and SBS in a very direct way. 

The experimental set up for measuring the time 
dependence of self-focusing is shown in Fig. 14. 
It is similar to the apparatus of Fig. 9, with the 
photographic plate PP replaced by a mirror S with 
a diameter of 2.5 mm. A microscope Mi produces a 
magnified image of the exit window at mirror S. At 
a magnification of 13, the diameter of the mirror 

Fig. 14. Schematic of the experimental system for measuring 
the time evolution of self-focusing action. The exit window of 
the liquid cell is imaged through a microscope Mi to mirror S. 

G2 glass plate ; Ph2, Ph4 fast photocel ls ; C camera. 

corresponds to 190 fx at the exit window. The mirror 
only reflects the power in the center of the beam to 
photocell 4. The relative position of the laser beam 
and mirror S is controlled at each laser pulse by 
taking pictures with camera C. Photocell 4 mea-
sures the transmitted laser power P c within a dia-
meter of 190 fx. With increasing laser power self-
focusing increases, i.e. more light is concentrated 
into the center of the beam (see Fig. 10). Signal 
P c is, therefore, a measure of self-focusing action; 
it increases nonlinearly with laser power. The total 
time resolution of Ph 4 and oscilloscope was 0.5 
nsec. The beam diameter at the entrance window was 
rf0 = 435 / / , the divergence was D V = 5 X 1 0 - 4 rad 
in CS 2 . 

a) T r a n s p a r e n t C S 2 

In Fig. 15 three typical examples of the time 
dependence of self-focusing in CS2 are shown for 
three different laser powers. Fig. 15 a shows oscil-
loscope traces of the incident laser power PL » the 
total transmitted power P«p a n d the signal P c from 
photocell 4. In Fig. 15 b the Brillouin power Pß 
and the Raman power PR in the backward direction 
are depicted. All signals were measured simultane-



ously at one laser pulse. The three examples cor-
respond to regions A, B and C in Fig. 11a. 
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Fig. 15. a) Oscil loscope traces (redrawn) of the incident ( P l ) 
and transmitted (PT) laser power, and the central part of the 
transmitted power ( P c ) » a measure of self - focusing action in 
transparent CS2 . The broken lines are calculated, b ) Back-
ward stimulated Raman and Brillouin power PR and PB , re-
spectively. A, B, and C correspond to three different laser 

powers. 

A) No stimulated scattering processes were ob-
served. Signal P c depends nonlinearly on laser 
power, indicating a strong variation of beam dia-
meter around the maximum of the laser pulse. Pulse 
sharpening in the center of the beam is ob-
served 7' 33. 

B) Stimulated Brillouin scattering occurred. In 
this region signal Pc increases in analogy to region 
A ; a sudden decrease occurs when SBS is observed. 
Since Pc is a measure of the self-focusing action, 
the rapid decrease indicates a strong suppression of 
self-focusing by SBS. 

C) Stimulated Raman and Brillouin scattering in 
the backward direction were observed. Signal Pc 

exhibits an abrupt break whenever SRS in the back-
ward direction appears. SBS follows SRS inhibiting 
further self-focusing action. 

The experimental results are compared with 
numerical calculations. Using the measured laser 
power, beam diameter and divergence at the en-
trance window, we made machine calculations to 
obtain the power Pc reflected via mirror S as a func-
tion of instantaneous incident laser power (see Sect. 
III) . The theoretical curves (broken lines) are in 
good agreement with the measured power values P c 

3 3 J . H . MARBURGER a n d W . G . W A G N E R , I E E E J . Q u a n t u m 
Electr. 3, 415 [ 1 9 6 7 ] . — G. L. MCALLISTER and L. G. DE 
SHAZER, IEEE J. Quantum Electr. 5, 357 [ 1 9 6 9 ] . 

(solid lines) as long as no stimulated scattering pro-
cesses occur. It should be emphasized that no fitting 
parameters were used. 

The experimental and theoretical data yield the 
following result: As the incident laser power rises 
self-focusing is found to increase, i.e. the beam 
diameter is reduced and light is concentrated into 
the center of the beam. With subsequent reduction 
of laser power the beam diameter widens again and 
the on-axis intensity decreases. 

When strong SBS or SRS is observed, the laser 
power decreases along the length of the cell. In this 
case the transmitted laser power was used for the 
calculations instead of the incident laser power, 
since for strong stimulated backward scattering the 
conversion into scattered light occurs within the 
first few cm of the cell (7 = 30 cm)2 8 . We believe 
this to be a good approximation, because the laser 
power over the greater part of the cell is close to the 
small power level transmitted through the exit. It is 
seen from Fig. 15 that the transmitted laser power 
PT > determining the self-focusing action is sub-
stantially below the incident laser power PL when 
stimulated scattering processes occur; PT does not 
reach the maximum incident power level. The onset 
of stimulated Raman and Brillouin scattering is 
determined both by the transient behavior of SBS 
in that power range and the influence of self-focus-
ing action; it will be discussed in detail in Ref .1 1 . 
The deviations of the calculated from the measured 
values of P c can be attributed to the fact that sti-
mulated scattering processes were not considered in 
detail in our calculations. In addition to the varia-
tion along the length of the cell, the intensity distri-
bution over the cross section is changed by these 
processes. The conversion of laser light into scat-
tered light takes place mainly in the center of the 
beam where the intensity is high. The curvature of 
the laser intensity distribution is reduced here caus-
ing a smaller self-focusing effect. Therefore, signal 
P c which measures the power in the center of the 
beam decreases more rapidly than the calculated 
curve. It is difficult to evaluate these two factors 
quantitatively since this would require a solution of 
the coupled differential equations for self-focusing 
and stimulated scattering processes. 

It is somewhat arbitrary to define a time duration 
of the self-focusing action, since self-focusing starts 
at a low laser power, increases and decreases again 
at the end of the pulse. An "experimental" time 



duration may be defined as the interval of time 
when the beam diameter at the exit window is smal-
ler than a definite, measurable fraction of its value 
without self-focusing. It is seen from Fig. 15 that 
the self-focusing action lasts for several nsec, even 
for high laser power (C) . Signal P c is the transmit-
ted power integrated over a diameter of 190 /u. 
Variations of the beam diameter d are readily seen 
as long as d is not small compared to 190 ju. Rapid 
changes of small beam diameters, however, are not 
observed with this method. The duration of the 
limiting diameter was found in additional experi-
ments, where only the highly divergent light emitted 
from this region was measured with a fast photocell, 
to be < 0.5 nsec, in agreement with previous mea-
surements 4 ' 1 3 . 

b) A b s o r b i n g C S 2 

We have carried out time-resolved measurements 
in absorbing CS2 for a / = 2. The results are similar 
to those described in the preceding section for 
transparent CS2 . Again three different regions can 
be distinguished: A) No stimulated scattering pro-
cesses ( P L < 1 5 0 k W ) , B) only SBS, and C) SRS 
and SBS occur ( P L > 2 1 0 k W ) . 

Fig. 16 shows oscilloscope traces of the incident 
(PL) and transmitted (PT e3') laser power, signal 
PC ewhich is a measure of self-focusing action, 
and backward stimulated Raman and Brillouin 
power (PR + PB). No oscilloscope pictures are given 
for regions A and B since the results are very 
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Fig. 16. Oscilloscope traces (redrawn) of the incident (PL) 
and transmitted (PT eal) laser power, the central part of the 
transmitted power (PC eal), a measure of self-focusing action, 
and the backward stimulated Raman and Brillouin power (PR 
and PB) in absorbing CS2 {a 1=2). The broken line is cal-

culated. 

similar to transparent CS2 (Fig. 15 A and B) . It is 
clearly seen from Fig. 16 that signal P c exhibits a 
break when SRS and SBS are observed indicating a 
suppression of self-focusing action by these processes. 
A comparison between transparent and absorbing 
CS2 (Fig. 15 C and 16) shows only minor differ-
ences. Since the conversion into scattered light is 
smaller in absorbing CS 2 , self-focusing is not sup-
pressed completely. A comparison between the mea-
sured (solid line) and calculated (broken line) 
curves of signal P(. indicates again satisfactory 
agreement (see Fig. 16) . 

Our time-resolved measurements in transparent 
and absorbing CS2 demonstrate that self-focusing of 
light beams at high intensities is strongly influenced 
by stimulated Raman and Brillouin scattering. Both 
processes reduce the laser power in the liquid cell 
and limit the time-duration of the self-focusing 
action. 

VI. Summary 

Numerical solutions of the wave equation were 
obtained for different initial conditions (divergence, 
diameter, and power of the light beam). The results 
were compared with experimental investigations of 
self-focusing in transparent and absorbing CS2 and 
molten para-di-chlorobenzene. Both the spatial and 
temporal development of the self-focusing process 
was determined. 

With increasing laser power self-focusing leads to 
a strong increase of the intensity in the center of the 
beam while its outer portions are less affected. Mea-
sured and calculated intensity distributions over the 
beam cross section are in quantitative agreement. 
Due to the self-focusing action the beam diameter 
at the end of the medium decreases with increasing 
laser power to the limiting value of 5 The ex-
perimental results in CS2 and para-di-chlorobenzene 
are in good agreement with numerical calculations 
both for a parallel and a divergent incident laser 
beam. The drastic influence of beam divergence and 
nonlinearity of refractive index was demonstrated 
clearly by our measurements. In strongly absorbing 
liquids (power transmission of the medium only a 
few percent) the strong reduction of beam diameter 
due to self-focusing action was found to agree well 
with theory. 

The time-resolved investigations of the self-focus-
ing process in CS2 showed good agreement between 



theory and experiments; they allowed the following 
conclusions. If a laser giant pulse is sent through the 
liquid the beam diameter is reduced during its path 
through the cell due to self-focusing. The diameter 
at the exit window, which decreases with increasing 
laser power, follows quasistationarily the instantane-
ous laser power. For low incident laser power, the dia-
meter increases again after the power has passed its 
peak value. At high laser power, stimulated Raman 
scattering in the forward and backward direction 

and stimulated Brillouin scattering occur, since the 
self-focused beam diameter is strongly reduced 
leading to a drastic increase of intensity. These scat-
tering processes in the backward direction attenuate 
rapidly the laser power and limit the time duration 
of the self-focusing action. 

The authors wish to thank Professor W . K A I S E R for 
his continuous interest in this work and for many 
valuable discussions and Dr. G. K. B O R N for a reading 
of the manuscript. 
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In this article an apparatus is presented which gives a precisely known multiplication of the 
elementary effect in thermal diffusion experiments, avoiding the drawbacks of the swing-separator 
(Trennschaukel) . This is achieved by using a different method of concentration nivellation than 
customary with the swing-separator, viz. thermosyphon action. 

Introduction 

Of the three types of apparatus, in regular use in 
thermal diffusion experiments, only two, the two-
bulb apparatus and the swing-separator, designed by 
C L U S I U S and H U B E R 1 are fitted for a precise deter-
mination of the thermal diffusion factor, whereas the 
thermal diffusion column, invented by C L U S I U S and 
D I C K E L 2 is more or less a production apparatus, 
very useful for the attainment of high separations 
between the components of a gaseous mixture, but 
too complicated in its functioning to permit a precise 
determination of the thermal diffusion factor from 
these separations. The need for a second apparatus 
beside the basic and well understood two-bulb ap-
paratus arises from the fact that thermal diffusion 
is a second order effect and as such can be very 
small, making the separation obtained in a two-bulb 
apparatus too small for the evaluation of the thermal 
diffusion factor with a reasonable accuracy. 

The swing-separator, on the other hand, has its 
own drawbacks. It produces a separation which is 
meant to be an exactly determined power of the 
elementary separation as measured in a two-bulb 
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Watergraafsmeer, Niederlande. 
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apparatus. This is done by coupling a number of 
two-bulb apparatuses (tubes) by means of pieces of 
capillary tubing, which connect the cold side of tube 
number n to the hot side of tube n + l and pumping 
the gas to and fro through these capillaries, so that 
a concentration nivellation takes place at both ends 
of each capillary. In this way an exactly known 
multiplication of the elementary separation takes 
place. However, as V A N D E R W A E R D E N 3 has shown, 
several disturbing factors make this type of ap-
paratus less ideal than it looks at first sight. Under 
optimal conditions the finite pumping speed leaves 
a concentration difference at both ends of each capil-
lary, due to back diffusion in the capillary. Raising 
the pumping speed would diminish this error, but 
introduces an other one: the gas masses flowing in 
and out each separation tube disturb the thermal 
and concentration equilibrium in these tubes. This 
can be seen in the following way: hot gas from the 
upper side of one tube is introduced into the cold 
side of the next one and vice versa and the entering 
gas causes turbulence in the (supposedly) stationary 
state of the mixture. 

1 K . CLUSIUS a n d M . HUBER , Z . N a t u r f o r s c h . 1 0 a , 2 3 0 [ 1 9 5 5 ] . 
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