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Temporal and spatial re8ectivity of focused beams in stimulated
Brillouin scattering for phase conjugation

Ralf Menzel and Hans J. Eichler
Optisches Institut, Technische Universitat Berlin, Strasse des 17, Juni 135, 1000Berlin 12, Germany

{Received 22 November 1991;revised manuscript received 29 July 1992)

The buildup and decay of the sound-wave gratings in stimulated-Brillouin-scattering cells were calcu-
lated taking into account the spatial dependence in the propagation direction of the focused laser beams.
The incident intensities were varied up to the saturation values. The influence of the different parame-
ters such as focal length, cell length, pulse duration, and phonon lifetime is discussed.

PACS number(s): 42.65.Hw, 42.65.Es

I. INTRODUCTION

Stimulated Brillouin scattering (SBS) of laser radiation
in liquids or gases is progressively applied for building
phase-conjugating mirrors in laser systems [1—27]. These
self-pumped mirrors are simple and handy devices for
designing double and multipass amplifiers (MOPA's)
(e.g., [3—16]) or oscillators [17—27] if the incident intensi-
ties (or powers, respectively) are high enough to provide
sufficient reflectivity from the SBS process. The phase-
conjugating properties of these mirrors were successfully
used for compensating phase distortions in high-power
laser systems, especially the thermal lens of strongly
pumped solid-state laser rods. They are also useful for
high-quality beam combining after separate amplification
[28—31] or for Q switching [24—27]. Techniques for
pulse compression [32], picosecond-pulse generation [33],
and reflection of ps pulses [34] based on SBS have also
been described.

The reflectivities of SBS mirrors depend on the excita-
tion conditions and the material properties. Several ap-
proaches for calculating the scattering process were dis-
cussed [35—42). The basic equations have been given in
several forms [35—39]. But the complete solution of
these coupled partial differential equations for the in-
cident and reflected light waves and the sound-wave grat-
ing requires a great numerical effort and has not been
done yet. Different approximations were therefore inves-
tigated. Especially, the steady-state case was explored in
detail (e.g., [39,42]). A universal formula for the
reflectivity as a function of the incident light power and
the threshold value of the material was given under these
assumptions [42].

A self-pumped SBS mirror often simply consists of a
lens focusing the incident beam into the nonlinear materi-
al. Frequently it is assumed that the reflecting sound
wave builds up near the focus of the lens. If a Gaussian
laser beam is incident one could expect the sound wave to
have a longitudinal extension of about the confocal pa-
rameter of the Rayleigh length of the beam. However,
detailed calculations relating the distribution of the in-
cident focused beam power and the extension of the
sound wave produced by stimulated scattering are not
available.

The extension of the sound wave is especially impor-
tant when laser fields with large bandwidth and small
coherence length are applied. To obtain low SBS thresh-
old and high reflectivity in this case, the coherence length
should exceed the longitudinal sound-wave extension
[43—47] so that an efficient coherent wave interaction is
possible. (Although the SBS process has no threshold of
the reflectivity as a function of the incident light power
or energy which will define exactly the reflection onset, a
strong increase of many orders of magnitude of the
reflectivity takes place in a very small power or energy
range of a few percent. Therefore a threshold power or
energy may be defined above which reflectivities larger
than, e.g. , 2% are obtained [39].)

For designing laser systems with SBS mirrors a de-
tailed knowledge of the buildup and decay of the sound-
wave grating in the SBS medium and thus the temporal
and spatial distribution of the induced reflectivity is
essential. The quality and fidelity of the phase conjuga-
tion depend strongly on these details as investigated, e.g. ,
in Refs. [48—51].

Only in cases where the reflection takes place in a
sufficiently small area are the phases of different parts of
the scattered beam expected to be correlated resulting in
perfect phase conjugation. Otherwise, piston errors may
occur between these parts and therefore no accurate
reconstruction of the original signal takes place. In this
case large statistical fluctuations were observed in the
fidelity [51],especially at high input powers. On the oth-
er side, the power (energy) has to be well above the
"threshold" of the nonlinear reflectivity curve. Other-
wise the fidelity of the reflected signal becomes small, be-
cause the wing parts of the incident (Gaussian) beam with
energies below this threshold value are not reflected [51].
A decrease of the diameter then could be observable in
the phase-conjugated beam.

The useful power (energy) range of the incident radia-
tion is limited by the SBS threshold at the lower limit and
by optical breakdown (OBD) at maximum values (e.g. ,
[42]). Therefore choice of optimal focusing lenses for ap-
plications should be done considering the distribution of
the reflectivity in the focal range in the medium as a func-
tion of the applied pulse energy at a given pulse length.

In the same manner the influence of the length of the
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SBS cells used will be discussed. The situation in the
medium appears different if the whole range between the
lens and the beam waist is filled with the SBS medium or
if the SBS medium covers only a small length around the
Rayleigh range. Further, the change of the reflectivity as
a function of the pulse duration has to be considered.

For a better understanding of the influence of the ex-
perimental parameters discussed, the development of the
amplitude, and thus the reflectivity, of the sound-wave
grating is computed here under conditions used for prac-
tical applications. This allows a theoretical discussion of
the influence of the different parameters such as the focal
length of the lenses used, the length of the SBS cells, the
duration of the laser pulses used, and the choice of the
applied material.

II. MODEL

Our system of coupled differential equations is based
on approximations described in Refs. [36,39]. The
description of the incident and reflected light waves and
their coupling with the sound wave is simplified by the
assumptions of slowly varying amplitudes (SVA) of the
electric fields and the acoustic wave. This condition is
well fulfilled for the light waves but the pump pulse dura-
tion (e.g., 20 ns) is only five times longer than the period
of the sound wave (e.g., 4 ns) in practical cases. Never-
theless, it is assumed that the SVA approximation gives
at least qualitatively good results. In addition the
influence of the pump frequency bandwidth or coherence
time should be discussed [36] if the calculations are com-
pared with experiments. The exact transversal shape of
the light is neglected in the differential equations but the
intensity variation along the beam axis due to the focus-
ing is considered.

The differential equations for the electric fields, as
given in [36], can be transformed to equations for the in-

tensities of the light beams using the following further ap-
proximations [39]. The frequencies of the pump and
reflected light are set equal and phase locking between
the pump wave, the reflected (Stokes) wave, and the
sound wave is assumed. This phase locking will be
fulfilled for monochromatic light by the nonlinear prop-
erties of the SBS process itself, because of the much
higher gain coefficient of light with the right phase com-
pared to a statistical phase. If broadband light were used,
phase locking would be expected only within the coher-
ence length and the following theoretical description
would also be restricted to this region. Further, negligi-
ble absorption of the light in the SBS medium is assumed
in agreement with the practical case.

Using these assumptions the process of buildup and de-

cay of the sound-wave grating amplitude S by the in-
cident intensity I;„,and the intensity of the reflected light

I,„,is described by

aI,„,(z, r)
S(z, r ) [I,„,(z, r )I,„,(—z, t) ]'

az

BI „,(z, t)
S(z, r) [I,„,(z, —t)I,„,(z, t) ]'",

Bz

[g[I,„,(z, r)I,„,(z, r)]'~' —[S(z,r) —S, ]j,at 2v

(3)

with g denoting the stationary Brillouin gain, ~~ the pho-
non lifetime, and So the initial (spontaneous) sound-wave
amplitude. The gain may be calculated from the light
frequency co, the electrostrictive coefficient y„the veloci-
ties of light and sound c and v, the refractive index n, the
density po, of the material:

CO fe Tg
2 2

g=
c Unpo

(4)

The focusing and the resulting change in the intensity
of the pump and SBS light will be approximately con-
sidered in the following way (see Fig. 1). If Gaussian
beams are assumed, the radius (1/e value for the intensi-
ty) of the focused light m(z) is given by the following
function of the coordinate z (see Fig. 1):

NQ1T +(z —zo) A,

w(z)= (5)
W O'IT

where wo is the waist radius of the Gaussian beam at the
position zo and A, the light wavelength. The beam area
A (z) is then obtained as

N01T +(z zc ) A,

A (z)=

WON'T

(6)

Introducing the power P;„«,„,~(z, t)=I;„,~,„,~(z, t)A (z) the
system of partial differential equations (1)—(3) then can be
written as

dP,„,(z, r)
S(z, r )[P,„,(z, t)—P,„,(z, r ) ]'",

az

I„„,(z) I„„.(x)

FIG. l. Intensities I;„,and I,„,and beam area A are func-

tions of the longitudinal coordinate z.

The intensities of the incident and reflected light beams
are assumed to vary by this changing area in addition to
the interaction with the SBS material. The differential
quotients in Eqs. (1) and (2) have therefore to be complet-
ed by

aI,„„.„„(z,r) aI,„„.„„(z,r)

az az A (z) az
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aP.„,(z, t)
S—(z, t) [P,„,(z, t)P,„,(z, t) ]'",

Bz

gS(z t) 1 [P;„,(z, t)P,„,(z, t)]'
at 2 A (z)

(9)

—[S(z,t) —So]
' . (10)

The variation of the area does not affect Eqs. (1) and (2) if
the power of the light beams is used. The additional
differential quotient of A (z) in Eq. (7) is compensated by
a term resulting from the substitution of the intensities by
the powers so that Eqs. (8) and (9) have the same form as
Eqs. (1) and (2). However, Eq. (3) changes into Eq. (10)
describing the focusing of the incident beam.

The initial scattering of the incident light is considered
by the spontaneous sound-wave amplitude So. It de-
scribes the phonon fluctuations in the medium, but may
also contain other kinds of appropriate scattering for
starting the SBS process. As will be shown later, the size
of So determines the threshold of the SBS process and is
used to fit the numerical calculations to the experimental
results.

III. NUMERICAL SOLUTION

The system of differential equations (8)—(10) was solved
numerically with a simple Euler method combined with a
self-consistent iteration procedure for the beam powers.

A. Numerical procedure

The powers P;„,~,„,~(z, t) (and intensities) were calculat-
ed for the given amplitudes of the sound-wave grating
S (z, t„)at each time step n by a self-consistent iteration
of their distribution in space starting from the noise level.
This iteration was stopped as soon as the power of the
reflected light did not change more than a given limit.
The variation of the amplitude of the sound-wave grating
from the nth to the (n + 1)st time step was calculated us-
ing the calculated light power distribution of the nth step.
With this procedure the transfer of possible numerical er-
rors in the calculated light powers from time step to time
step, caused by the limited accuracy of the computer,
could be excluded. The use of the results for the powers
from the nth step as starting value for the iteration of the
(n +1)st step was not investigated systematically. In the
cases checked the computing time could be reduced by a
factor 2 and the deviation of the results was very small.

First trials using more sophisticated routines for solv-
ing the system of partial differential equations did not im-
prove the quality of the calculation significantly, but in-
creased the computation time. This may result from the
nonlocal influence of the light powers. The power de-
crease of, e.g. , the incident light at the front of the cell is
dependent on the power of the reflected light at the same
position. But this power is the result of the summation of
all contributions to the reflection over the whole cell.
Therefore sufficient numbers of space steps and iterations
were necessary.

B. Step widths and accuracy

The correct choice of the step widths in space and time
was checked by considering the stability of the calculated
values of the reflectivities and the maximum amplitude
and position of the sound wave. The stability of the pulse
energy reflectivity and the maximum amplitude of the
sound wave was better than 10 if 3000 space steps were
used and the truncation value was less than 10 . The
same accuracy was reached in the temporal evolution if
1000 time steps or more were used. Further decrease of
the truncation value down to 10 improved the stability
up to 10 and doubled the computation time, roughly.
As sufficient compromise we used 3000 spatial steps and
1000 time steps in combination with a truncation value of
10 for all calculations. For plotting the data, only 50
time intervals and 200 space intervals were used to keep
the size of the three-dimensional representations read-
able.

C. Computing time

The program was implemented in QUICKBASIC4. 5 with
double-accuracy floating-point number calculation and
used in the compiled version. In most cases about 8—12
iterations of the intensity calculation were needed in each
time step. Using a personal computer with 486 processor
(including a math coprocessor) running at 33 MHz it
takes about 1 s for each of these iterations over 3.000
space steps. The overall computing time for one com-
plete solution in time and space is therefore on the order
of 4 h on this type of computer.

D. Experimental parameters

As mentioned above, the calculated results can be
fitted to experimental data by choosing the appropriate
spontaneous sound-wave amplitude So, describing the
spontaneous reflectivity. Its influence on the shape of the
reflection curve as a function of the energy will be de-
scribed in detail in Sec. IV D.

For calibration of the model the experimental thresh-
old energy of 6.9 mJ in SF6 at 20 bars as given in [52] was
used. The experimental cell length was 6.4 cm and the
half-width [full width at half maximum (FWHM)] of the
pump pulse 10 ns. It is pointed out that the measured
threshold energy is much below the value given in [39].
This may be due to the good coherence and beam profile
of the laser used in [52].

The material parameters were chosen as g =0.014
cm/MW for the gain and ~z =17 ns for the phonon life-
time. The phonon lifetime was calculated for the wave-
length A, of the Nd:YAG (neodymium-doped yttrium
aluminum garnet) laser of 1064 nm based on the results
given in [53] and the gain was taken from this reference,
too. The best fit was obtained with S0=2X10 " cm
which has therefore been used in all further calculations.

The So value of 2X10 cm ' resulted in the calcula-
tions in an initial energy or power or intensity reflectivity
of 10 for a cell of L =10 cm length. This result can be
checked by the analytical integration of Eq. (9) under the
assumption of constant P;„,and So. From
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amplitude So (see Fig. 11).
The linear regression gives an excellent correlation. If

the curves of Fig. 10 are normalized for the threshold en-

ergy they show almost the same shape within the compu-
tation error. Therefore, within the usual measuring error
the shape of the normalized energy reflection curves, as
functions of the energies may be assumed to be nearly in-
dependent of So. A similar behavior was proposed in
Ref. [42] for the stationary solution with no focusing of
the beams.

E. Influence of the phonon lifetime ~~

As an important material property the influence of the
phonon lifetime on the reflection of the SBS cell will be
discussed. In liquids this decay time is smaller than in

gases by more than one order of magnitude. Therefore
the case of a ten times smaller phonon lifetime was inves-
tigated. According to Eqs. (3) and (4) the gain should be
reduced by a factor of 10, also, to keep g/7. rr constant.
The result of the computation is shown in Fig. 12.

Reduced phonon lifetime results in an increase of the
threshold energy and a reduced slope of the energy
reflectivity as a function of the incident pulse energy.
However, the shape of the reflectivity curve for the two
different phonon lifetimes is very similar. To demon-
strate the similarity the reflectivity is given also for
~z =1.7 ns and g=0.003 cm/MW. The change of the
gain coefBcient corresponds only to a power scaling and
reduces the threshold within the ratio of the gain
coefBcients.

The curves with rs = 17 ns and g =0.014 cm/MW and

~~ =1.7 ns and g =0.003 cm/MW should be compared
to estimate the influence of the phonon lifetime on the

FIG. 10. Energy reflectivity as a function of the energy of the
incident light pulse calculated with the standard parameters but
different Sp.

slope of the reflectivity curve. Some small influence of
the phonon lifetime on the reflectivity curve is evident
whereas a change of the gain coeScient does not affect
the shape of this curve, if they are normalized for the
same threshold energy (see Sec. IV F)

In Figs. 13 and 14 the time dependencies of the
reflected power and the temporal reflectivities are shown
for the artificial material with a phonon lifetime of 1.7 ns
and a gain of 0.0014 cm/MW.

Figure 13 should be compared to Fig. 6. Again a delay
of the reflected pulse can be observed but the trailing part
of the reflected pulse does not approach the incident
pulse as much as in Fig. 6. Although the phonon lifetime
is smaller than lp of the pulse width this nonstationary

behavior is observable in Fig. 14. This result may be due
to the high nonlinearity of the SBS process again. The
decay of the sound wave has to be evaluated by compar-
ing the SBS with the share of the spontaneous reflected
light, which may be six orders of magnitude smaller. The
corresponding temporal reflectivity is shown in Fig. 14.

The spatial and temporal distribution of the sound
wave is given in Fig. 15 for the artificial material with a
phonon lifetime of 1.7 ns, a gain of 0.0014 cm/MW, and
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FIG. 11. Threshold energies from Fig. 11 vs the spontaneous

scattering Sp.
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FIG. 12. Energy reflectivity as a function of the energy of the

incident light pulse calculated with the standard parameters and

for different phonon lifetimes and gain values.

FIG. 14. Temporal reflectivity as a function of time at the
position of the entrance window of the cuvette (z =0); solid line
marks the time profile of the incident light pulse; besides the
given energies, a phonon lifetime of 1.7 ns, and a gain of 0.0014
cm/MW, the standard parameters were used.

an excitation energy of 25 mJ for comparison with Fig. 5.
As can be seen, the sound wave decays almost com-

pletely within the duration of the pump pulse but the spa-
tial distribution is quite comparable to the case of Fig. 5.

F. Influence of the gain g

As can be seen from Eqs. (8)—(10) the gain g occurs in
the product with the powers P;„,and P,„,only. There-
fore a change in the gain is exactly equivalent with a re-
scaling of the powers. The result for the energy
reflectivity as a function of the pump energy for the stan-
dard conditions but different gains is depicted in Fig. 16.

All these curves are identical if normalized to the same
threshold energy or power. Therefore materials with
lower gain show a higher threshold and a slower increase
of the reflectivity with increased pumping. The satura-
tion demands much higher pump energies.
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FIG. 15. Distribution of the sound wave in time and space
for the standard condition but a phonon lifetime of 17 ns, a gain
of 0.0014 cm/MW, and an excitation energy of 25 mJ (compare
with Fig. 5).
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FIG. 13. Powers of the incident and the reflected light as
functions of time at the position of the entrance window of the
cuvette (z =0); besides the given energies, a phonon lifetime of
1.7 ns, and a gain of 0.0014 cm/MW, the standard parameters
were used.
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FIG. 16. Energy reflectivity as a function of the energy of the
incident light pulse calculated with the standard parameters but
different gains g (values in cm/MW).
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G. ReAectivity as a function of the pulse width

In Fig. 17 the energy reflectivity as a function of the
pulse half-width (FWHM) for pump pulses with a fixed
peak power of 1.2 MW and therefore variable energy or a
fixed energy of 25 mJ and thus variable power, respec-
tively is shown.

As could be expected from the discussion of the
influence of the phonon lifetime the increase of the pulse
width coupled with a proportional increase of the excita-
tion energy will increase the reflectivity to values above
90%. On the other side, short pulses of the same peak
power are below threshold, e.g., the 2-ns pulse in Fig. 17.

If pump pulses of constant energy (of, e.g. , 25 mJ as in
Fig. 18) are used the refiectivity is almost constant over a
range of variable pulse widths (from 0.6 to 10 ns in the
example). For pulse widths larger than the phonon life-
time a decrease of the reflectivity occurs. In the given ex-
ample of Fig. 17 pump pulses of 25 mJ and 600 ns half-
width do not reach the SBS threshold.

An example for the distribution of the sound wave ex-
cited by a short pump pulse of 25 mJ and 6 ns width is
given in Fig. 18.

Although our SVA calculation does not fulfill the con-
dition of a short sound-wave period (4 ns for SF6) com-
pared to the pulse width, the qualitative result seems to
be correct. The sound wave decays with the phonon life-
time of 17 ns which is larger than the incident pulse
width in this case. The spatial shape of the distribution is
quite similar to the standard case as shown in Fig. 5.

H. Reflectivity as a function of the focal length

The focal length of the lens used can be changed easily
when setting up SBS experiments. For laser systems us-

ing a SBS cell as phase-conjugating mirror the focal
length can be optimized for best reflectivity and reliabili-
ty. Some results of our model on the influence of the fo-
cal length on the SBS process are shown in Figs. 19 and
20.

In a first approximation a decrease of the Rayleigh
length should be compensated by an increasing intensity

E

0

CL

E

c
0

e
E
0
E
I-

0 1 2 3 4 5 6 7

Length 'cml

FIG. 18. Distribution of the sound wave in time and space
for excitation with 25 mJ, pulse width of 6 ns, and standard con-
ditions otherwise (Compare Fig. 5).

(decreasing area) and therefore the reflectivity should
remain constant as a function of the focal length. Within
a variation of 4% this result could be confirmed by the
calculations with a constant So. For the comparison of
these results with experimental data the coherence length
of the laser used, the infiuence of the cell length (see Sec.
IVI), and the possible variation of So (see Sec. III D)
have to be considered. The distribution of the sound
wave is shown for two focal lengths of 5 and 200 cm in
Figs. 19 and 20 in addition to the result for the focal
length of 10 cm in Fig. 5.

In the case of strong focusing the sound wave is local-
ized strongly in the waist region. It starts very steeply in
front of the waist position and reaches its maximum in
time at about the peak of the pump pulse. The sound
amplitude at the cell front can be neglected.

The sound-wave distribution in Fig. 20 representing
the use of a 200-cm lens appears completely different
from Fig. 19, although the energy reflectivities of 72%
and 68Fo for the two focal lengths 5 and 200 cm are very
close. The sound wave in Fig. 20 is distributed over the
whole cuvette and the amplitude is about two orders of
magnitude smaller.

The results of these calculations can be used for the op-
timization of the focal length. Choosing short focal
lengths will lead to very compact sound-wave distribu-
tions with the advantage of low demands on the coher-
ence of the laser light and probably good phase-
conjugating properties. Because of this small distribution
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FIG. 17. Energy reflectivity as a function of the pulse width
for pump pulses with a fixed peak power of 1.2 MW or a fixed

energy of 25 mJ; all other parameters are the standard set.

FIG. 19. Distribution of the sound wave in time and space
for focusing with an f =50 mm lens and a waist position 47.5
mm behind the cuvette entrance window; standard conditions
otherwise.
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FIG. 20. Distribution of the sound wave in time and space
for focusing with an f=200 mm lens and a waist position 190
mm behind the cell entrance window; standard conditions oth-
erwise.

FIG. 22. Distribution of the sound wave in time and space
for a waist position 2.5 cm behind the cell entrance window

(standard conditions otherwise).

piston errors may be minimized. The main disadvantage
of very short focal lengths is the high intensities and
therefore the occurrence of optical break down. Thus the
focal lengths should be optimized for both effects for a
given power and energy of the pump pulse. In certain
cases no really satisfying focal length may be possible. In
these cases an oscillator amplifier configuration with two
SBS cells may be adequate I40].

I. Re8ectivity as a function of the length of the cuvette

As mentioned above, the length of the cuvette used and
the corresponding distance of the beam waist from the
entrance window of the cuvette may influence the energy
reflectivity and even more the distribution of the sound
wave in the cell. In Fig. 21 the results of calculations
with variable cell 1engths are shown. As long as this
length is not too short compared to the Rayleigh range of
the focused beams the reflectivity increases quite slowly
with cell length. For very short lengths a decrease of
refiectivity of more than 5%o occurs. This decrease is ex-
plained by different distributions of the sound waves for
the different lengths. In Figs. 22 and 23 the sound-wave
distribution for beam waist positions 25 and 0.625 mm
behind the cell window are shown.

Again it can be seen clearly that the sound wave is

70

65

built in front of the waist position. In Fig. 23 the ampli-

tude of the sound wave has its maximum at the position

of the cell entrance. Compared to the situation in Fig. 5

a stronger sound wave occurs in the first part of the cell

in both Figs. 22 and 23. This result should be considered

in addition to the limited damage threshold of the en-

trance window of the SBS cells in choosing the right posi-

tion of the beam waist in the cell. In general it seems

reasonable to set the waist as far as possible from the cell

entrance window.

U. CONCLUSIONS

To calculate the axial distributions of the sound and
light in the SBS cells we started from a plane-wave equa-
tion extended to include the peak intensity variation of
the Gaussian beam due to focusing. Of course, our one-
dimensional approximations should be checked by two-
or three-dimensional calculations. However, our ap-
proach already indicated some interesting features of SBS
by focused laser beams:

(l) Depending on the focal length of the entrance lens
the sound wave may be sharply concentrated in the cell
or distributed over the whole cell length.

(2) The sound-wave extension may considerably exceed
the Rayleigh length of the incident laser beam.

(3) The sound wave is built up mainly in front of the in-
cident beam waist.

(4) At higher incident intensities the sound wave is first
built up near to the beam waist but may later have its
maximum at the front of the SBS cell. Further oscillation
of the sound maximum back to the beam waist is possi-
ble.
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FIG. 21. Energy refiectivity as a function of the cell length in
front of the beam waist (standard conditions otherwise).

FIG. 23. Distribution of the sound wave in time and space
for a waist position 0.625 mm behind the cell entrance window
(standard conditions otherwise).
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The given model and the calculated results may be
used for a more detailed understanding of the influences
of the difFerent parameters in the SBS process using fo-
cused laser beams. The model may help to choose op-
timal materials, considering their threshold energy and
po~er, phonon lifetime ~sos, and amplification g. For the
applied energies and powers of the laser beams the focal
length and the length of the cuvette may be optimized.
For the given experimental setup the possible reflectivity
may be calculated and the intensities of the incident and
the reflected light, causing damage and optical break-

down, can be estimated. The necessary minimal coher-
ence length of the laser light can be estimated from the
spatial distribution of the second wave in the cuvette.
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