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Abstract

A laser pulse compressor based on stimulated Brillouin scattering has been
developed and evaluated. It has been used to compress 7.5 ns pulses with a
wavelength of 532 nm from one of the Nd:YAG lasers in the VUV laboratory
at Lund high power laser facility. The compressed pulses have been led into a
dye laser and after that into a KDP frequency doubling crystal. Pulse lengths of

950 ps directly after the SBS compressor, and of less than 300 ps after the KDP
crystal have been measured.
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1 Introduction

The Physics department of the Lund Institute of Technology has a laboratory
for generation of laser pulses in the vacuum ultraviolet region of the spectrum
(VUV-radiation). These pulses have a width of 5-7 ns and energy in the pJ
region. The system needed to be upgraded to produce shorter pulses without
lowering the power of the pulse.

The VUV pulses are obtained by mixing laser pulses from two “laser
chains”, both of which are working with pulses of 6-9 ns duration. To obtain
shorter pulses in the VUV, one should reduce the pulse duration of at least one
of the two laser chains.

To do this, a method based on Stimulated Brillouin Scattering (SBS) has
been used. In principle, the pulse is led into a pipe with water. When half the
pulse is in the pipe, the front of it is focused to initiate SBS and the pulse is
reflected. A phenomenon called phase conjugation ensures that the pulse is re-
flected exactly the same way as it came. When the pulse travels back, the
compression starts. The Brillouin scattering will turn the front of the returning
wave into a mirror, which will gather the energy in the entire pulse into a short
peak.

In this paper, the theory behind stimulated Brillouin scattering will be
examined. The difficulties and advantages of the method will be discussed. The
design of a practical compression unit will be described and the result from
measurements with the compressor will be evaluated.



2 The Problem

To find a solution, we need a well-defined problem. In this chapter, we will
examine the equipment present in the laboratory before the present upgrade.
Some elementary laser physics needed to understand the problem will also be
discussed.

2.1 Why do we want shorter pulses?

In spectroscopy, one examines the emission lines of different atoms and
molecules, to find the proportions of the elements in the object we study. One
tool of spectroscopy is lifetime measurements, or rather the determination of
the transition probabilities. It is often quite easy to find the relations between
the transition probabilities from a single level in an atom, although it is difficult
to get absolute values. The lifetime of a level is the inverse of the sum of all the
probabilities, and can thus be used to find the relative strengths (figure 2-1).
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Figure 2-1 Relations between transition probabilities and lifetimes.

There are many reasons for studying the lifetimes of energy levels. The re-
solution limit of any spectroscopic study is limited by the lifetime according to

1
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In astrophysics, one uses the relative strength of different emission frequencies,
to examine the relative abundance of the elements in e.g. stars and nebulae. For
this to be done, the relative strengths of the spectral lines must be known. Until
recently there has been no possibility to perform astronomical observations in



the far ultraviolet region, since air (or rather oxygen, carbon dioxide and water
vapours) absorbs strongly and is thus opaque at wavelengths below 200 nm.
The launching of various orbital telescopes and spectrometers (especially the
Hubble Space Telescope in 1990) has opened this window [1].

These VUV frequencies mainly originate from transitions in ions, as the
electron cloud of an ion is more tightly bound to the nucleus than that of a
neutral atom. Cosmic ion concentrations are of course of interest in astro-
physics, but since the oscillator strengths of ions have been of only limited
interest before, few laboratory studies are available for comparison. A new
need of laboratory measurements has suddenly arisen.

If the lifetime of a certain level in an atom is to be measured, we populate
the level with a short pulse of corresponding energy and study the emission
when it returns to lower energy levels. The time evaluation of this emission
will be a convolution of the decay after an infinitely short pulse and the
exciting pulse (figure 2-2). To calculate the true pulse shape of the spontaneous
decay, one needs to de-convolute the observed emission. This can be done with
small errors only if the fall time of the exciting pulse is shorter (or at least not
much longer) than the lifetime studied. To measure the lifetimes of excited
states when shorter than a few nano-seconds, the standard setup in the VUV
laser laboratory is inadequate. The generated pulses’ duration of 6-9ns must be
reduced.

Exciting pulse Observed decay
I 1 The observed decay is a
fau] [au] convolution of the true pulse
shape (shown below) and the
shape of the exciting pulse.
= p gp
T T R R I T True pulse shape of
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Figure 2-2 Observed decay after excitation, compared with the true decay-curve. In the top
raw, the duration of the exciting pulse is shorter than the lifetime of the excited state. In the
lower raw, it is longer.



2.2 Spectral Shape of a Pulse

A pulse can be fully characterised in either the time or the frequency plane.
These are tightly connected, and are mathematically each others Fourier trans-
forms.

2.2.1 Bandwidth-Lifetime

Since the accuracy of a lifetime measurement depends of the pulse length,
there seems to be no apparent reason not to make the pulses as short as
possible. However, if a pulse is made shorter, the bandwidth of it will be larger,
due to ordinary Fourier transformation. Suppose we have an ideal Gaussian
pulse with a maximum intensity Imax and a pulsewidth of 1 (FWHM)
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The field will oscillate as
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In the frequency plane, the pulse will be

2 (w+o,)? ?(0-0y )
E(o)= l{e $n2 e 82 :' (2.4)
For the positive peak, the intensity is
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As we can see, an 8 ns pulse has a minimum bandwidth of 56 MHz. If we use a
shorter pulse with a duration of 80ps, the minimum bandwidth is 5.6 GHz. The
problem arises when we want to examine a certain energy level. The band-
width of the pulse must then be sharp enough in order to efficiently excite the
level of interest, and the duration short enough to resolve the spontaneous
decay. This is indeed an act of balance.



2.2.2 Longitudinal Laser Modes

The frequency of a laser is determined mainly by two things. The width of the
transition used to obtain the laser radiation, and the geometry of the cavity. A
cavity can radiate on all frequencies allowing a standing wave with the nodes
on the end mirrors to be formed. The spacing between two such frequencies is

C
AVmocle = 2_TI (28)

there nL is the optical length of the cavity and c the speed of light in vacuum. If
a lasing medium is placed in the cavity, certain modes will be amplified,
leading to the mode-structure of figure 2-3. In the figure, numerical values for
the Nd:YAG laser has been used [2].
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Figure 2-3 Mode structure of the Nd: YAG laser. A lot of cavity modes will fit in the line
profile of the active lasing medium.

If the laser radiation contains several frequency components, the temporal
shape will differ from that of a single mode. In figure 2-4, twelve similar pulses
of different frequencies are added. If the phase of the different component can
be kept under control, very short pulses can be created, but if the phase varies
randomly, the temporal profile will be distorted.

2.3 Equipment

In the VUV (Vacuum Ultra Violet) laboratory a system of lasers are used to
generate vacuum ultraviolet laser radiation. Two Nd:YAG lasers are used to
produce light at 532 nm. The radiation from one of them feeds a dye laser,
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Figure 2-4 If a pulse contains several frequency-components of random phase, the temporal
shape of the pulse will be distorted.

which is used to generate red light at 637.65 nm. This red light is first put into
a frequency doubling crystal, and thereafter mixed with the original light. The
effect is ultraviolet radiation at 212.55 nm. The other Nd:YAG laser feeds
either a tuneable Ti:Sapphire laser or another dye laser. The output is mixed
with the 212 nm-radiation in a Kr-gas cell, to produce the tuneable VUV radi-
ation. Below the different parts of the process will be examined closer.

2.3.1 The Nd:YAG Laser

The abbreviation Nd:YAG means Neodym:Yttrium-Aluminium-Garnet, and
describes a solid state four level laser. The energy levels are shown in figure
2-5. The laser is pumped by flash lamps to excite the Nd>*-ions imbedded in
the YalOj-crystal. Several high energy levels are then populated, but the ions
soon “falls” to a quasi-stable level of lower energy (*F35). The Q-value of the
laser (the “laser-efficiency”) is kept low to prevent lasing, until a large enough
population is built up in this level. Then the Q-value is switched, the laser starts
to radiate and the population falls to level “I;;;, which is rapidly depopulated
as the ions return to the ground state. As a result, the laser emits a high-energy
pulse in a very short time. The original pulse is at 1064 nm, and this light is
frequency doubled in a nonlinear crystal to produce the output of 532 nm [2].
The laser used is a Continuum NY82-10 injection-seeded Nd:Y AG-laser (see
figure 2-6 for layout). Its main parts are the seeder, the active Q-switch, the
oscillator, the preamplifier, the main amplifier, and the doubling crystal.

The seeder is a monolithic, laser diode pumped, unidirectional ring reso-
nator. Since it is a ring laser, the resonator is a travelling instead of a standing
wave. As such it does not suffer from spatial hole burning, and will lase with a
single frequency. When the radiation from the seeder is led into the oscillator,
it initiates oscillation on that frequency.
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Figure 2-5 Energy levels in a Nd:YAG laser.

The Q-switch consists of a quarter wave plate, a pockels cell and a polarizer.
Its function is to block one of the mirrors of the oscillator cavity. Shortly after
the Nd:YAG rod has been excited by the flash lamps, the Q-switch opens and
laser radiation can build up in the cavity. In case of no seeding, the laser radia-
tion will build up from spontaneous noise. If seed emission on a frequency near
a longitudinal mode of the oscillator is led into the cavity, it will dominate over
the noise, and that mode will contain more than 1000 times the energy of any
other mode.

After the oscillator, the pulse is led into the preamplifier and the main
amplifier. After that, it will have duration of 7-10 ns and energy of up to 1400
mJ at 1064nm. Since we are interested in 532 nm radiation, we insert a
doubling crystal into the beam. (The function of the crystal will be discussed
below). After that, we have a 750 mJ pulse of 6-9 ns duration [3].

2.3.2 The Dye Laser

A dye laser uses a broadband dye as active medium. To get a certain frequency
as output, a suitable dye is selected. The fine adjustment is achieved by turning
a grating in the oscillator cavity.

The laser being used is a Continuum ND60 dye laser. The pump beam is
divided into three beams, which pump the oscillator, the pre-amplifier and the
main amplifier. In VUV-generation, the dye DCM with a peak wavelength of
635.5 nm is used solved in methanol. The grating is turned by a computer to
produce radiation at 638 nm.
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Figure 2-6 Layout of the Nd:YAG Laser.

2.3.3 The Doubling Crystal

A doubling crystal is made of a nonlinear optic material. The polarization of
the crystal exposed to an intense field becomes:

P=g,((VE+x®E* +xVE + ) 2.9)

In a homogenous crystal the even terms vanishes due to symmetry [4].

In the Nd:YAG laser a KD*P-crystal (KD,PO,) is used, and after the dye
laser a KDP-crystal (KH,PO,). Apart from doubling the frequency of the light,
the pulsewidth is shortened. A pulse with a Gaussian time-profile of

5
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will have a field amplitude of
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After the doubling crystal, the field amplitude would have the temporal form of

5
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and the intensity of the frequency-doubled light would then be
s —81n(2)i
[doubled = k?. ;naxe © (2 13)

As we can see, the pulsewidth is now a factor \2 shorter (see figure 2-7).
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Figure 2-7 Compression as an effect of frequency doubling.

Unfortunately the described process only works for very weak signals. In
our case the crystal is saturated and therefore the pulse shortening will not be
that efficient. However, the duration will still be shortened by between 10 and
15 percent.

2.3.4 VUV Radiation

The radiation from the second Nd:YAG laser is used to pump a broadband
tuneable Ti:Sapphire laser, or a second dye laser. As output, we have radiation
of variable wavelength. The beam from this laser is mixed with the 212 nm
beams in a cell with krypton gas, resulting in VUV-radiation. As we can see in
the energy-level-diagram of figure 2-8, we can by changing the wavelength of
the second laser tune the VUV-radiation to an arbitrary wavelength. The 212
nm radiation is tuned to be two-photon resonant with the upper energy level,
which is populated by two-photon absorption. The second laser will depopulate
the level into a virtual level, from where the atom relaxes to the ground state,
emitting VUV radiation. The process is called “resonant 4-wave sum
difference mixing”. '

A Resonant level
‘Tuneable

A =212.55nm “‘T"“ Virtual level

==~~~ Virtual level
Avuy

A =212.55nm

A\ 4 Ground level

Figure 2-8 Energy levels of VUV-generation
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3 Solutions to the Problem

The problem, as we have seen, is that the present pulse is too long to resolve
the lifetimes we want to measure. In the room next to the VUV-laboratory,
there is a system generating picosecond pulses. The shortness of these pulses is
sufficient, but their mathematically unavoidable broad bandwidth, makes them
less suitable. The best pulse width should be of about 1 ns, but unfortunately,
laser systems producing pulses of this length are rare.

We have two options. Either to cut the existing pulse by some means, or to
compress it.

3.1 Compression of Fourier-Limited Pulses

As we have seen before, there is a close connection between the bandwidth and
the duration of the pulse. This can cause problems when we want to compress
the pulses, since it gives us a theoretical lower limit of the pulse duration. The
Nd:YAG laser has a bandwidth of 850 MHz [3], which, according to eq. (2.7),
gives a minimum duration of 3.3 ns. If the compression shall work, we need to
create new frequency components.

3.2 Active Cutting of Pulses

An easy way to get around the bandwidth problem is to simply cut the pulse.
The cutting will always take some short period of time, and the transient itself
will contain the frequencies necessary.

The actual cutting can be done with a pockels cell and some triggering
device, but the redundant energy will be absorbed, which is a “waste” of
photons. The triggering may cause problems, since we need some kind of delay
before the pockels cell. The Nd:YAG laser has a jitter of approximately 1 ns,
which would cause the energy of the cut pulse to fluctuate if the cell would be
trigged by the electronics of the laser. Instead, one could build a delay line, but
then the spatial profile of the beam would be distorted.

3.3 Passive Methods

A big advantage of compression methods are that they are passive; there are no
need for triggering. The problem of limited bandwidth can be solved if we find
a compression method which can create new frequency components. As we
shall see in the next chapter, Stimulated Brillouin Scattering offers a simple
solution to the problem.
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4 Stimulated Brillouin Scattering

When a beam of light is scattered by an acoustic wave, we have Brillouin
scattering. When the acoustic wave itself is formed by the same (very intense)
light, we have Stimulated Brillouin Scattering (SBS). It has been shown that
stimulated Brillouin scattering can be useful for pulse compression in our
energy region [5-7]. The basic principles of the process are easy. The original
beam is focused into some kind of medium. The spontaneously scattered light
will then interfere with the original beam, and a pattern of standing waves is
formed. If the intensity is high enough, the pressure in the medium will change
due to electrostriction. The pressure causes density changes corresponding to
the standing light waves in the medium. As the density varies, so does the
refractive index, and an interference mirror is formed. If the light is reflected
from this mirror in the opposite direction of the original beam, the pressure
waves (acoustic waves) and the scattered light will amplify each other.

Once the mirror is formed, it moves with the front of the back-scattered
light. At first sight, one might find it strange with acoustic waves travelling
with the speed of light, but it must be kept in mind that it is only the envelope
of the wave that is moving. The actual waves are moving in the opposite
direction with a considerably lower speed. In fact, they hardly move at all
during the short period of time it takes for the optical pulses (first the original
and then the scattered) to pass.

4.1 A Brief History

Although Brillouin scattering has been known for a long time, the first article
concerning SBS was published in 1964 [8]. The authors, R. Y. Chiao, C. H.
Townes and B. P. Stoicheff detected SBS in quartz and sapphire from a maser
beam. They noted that the scattered radiation was very intense. In fact, the in-
tensity of the scattered wave was of the same order of magnitude as in the
incident beam, and the crystals often ruptured due to the high local stresses
produced by the acoustic waves.

The first time the possibility of SBS as a pulse compressor method was
published, was when one noted strange damages in optical fibres [5]. Since
then the research on the topic has accelerated, and SBS compressors dealing
with pulse energies of up to 25 J have been developed [9].

There are many articles published on the subject by researchers from the
former Soviet Union. When looking for them, it is a great help to know that
Brillouin scattering in Russian papers is named Mandel’shtam scattering.

4.2 Theory

The SBS process can be described by a system of three nonlinear differential
equations. Two of which determines the behaviour of the original and the
scattered light fields, and one that describes the acoustic wave. Unfortunately,
this system does not have an analytic solution for an arbitrary pulse, but it is

13



possible to find some interesting properties of the process. We will derive the
largest allowed bandwidth for the incident beam. Thereafter we will examine
the acoustic waves, and discuss how the phonon lifetime limits the com-
pression ratio. Finally, we will look at the threshold value, i.e. the minimum
intensity of original light needed for the process to start, and compare this with
measurements.

In order to do this, we must first have expressions for the three waves and
we must know how they couple to each other. The presentation follows the
same steps as in ref. [4], but with the SI-system instead of the Gaussian. The
emphasis will be on the parts that tells us how to construct the SBS
compressor, or that can be directly compared with measurements.

4.3 Magnitude of the Stokes Shift

The original and the stoke shifted fields can be written

E, (z,t)=1E,(z t)e " 4 cc. (4.1a)
E,(z,t)=1E,(z, thete=ot) o, (4.1b)

The tildes are used to describe a rapidly oscillating variable, while the same
variable without the tilde are used when we treats the more slowly changing
amplitude. :

The acoustic (density) wave can be written in a similar way

B(z,t)=1p(z, t)e! ™ +cc. (4.2)

with p(z,t) as the deviation from the mean density.

To find the relations between the frequencies and the wave vectors, we use
the laws of conservation of energy and momentum. In the SBS process, an
incoming photon with energy Ao, and momentum 7k, is scattered. After the

scattering, we have a photon moving in the opposite direction (energy Ao, and
momentum ko, ), and an acoustic phonon (energy 7{) and momentum #q),
moving in the same direction as the original photon (figure 4-1). We will see

later why the scattering occurs for these directions only.
The conservation of energy gives us
ho, = ho, +hQ (4.3)

while the conservation of momentum yields

hq = hk, + Rk, (4.4)

14
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Figure 4-1 Elastic photon-phonon scattering.

Momentum is formally a vector, but since all movements are in one dimension,
we write it as a scalar instead. When doing this it is important to keep track of

the signs of the different k’s. Note that k, ~ k,but k, ~ -k,

. n® Q . .
Since k; = — and q = — we can rewrite the last equation as
c v

Q:n%(ml +0,)

where v is the speed of sound and n is the refractive index of the media.

By combining eq. (4.3) and eq. (4.5) we form

o 2nv o,
c+nv
and
q= 2k,
1+
c

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

The velocity of sound is well known for most liquids and gases, so we can now
(if the frequency of the original light is known) describe the interacting waves.
Typical values of the stoke shift O are between 4 and 11 GHz for liquids. Since
the shift is proportional to the velocity of sound in the medium, it is higher in

most solids and lower in most gases.

For water at room temperature and with an original beam of wavelength 532

nm, the shift is 7440 MHz (= 0.007nm).
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4.3.1 Electrostriction

The whole phenomena of stimulated Brillouin scattering depends on the fact
that electric fields induce pressure in dielectrics. We will see later that the
origin on the acoustic wave is this pressure, and we must thus know how it
depends on the applied field. The electrostatic energy density in a material
subjected to an electric field can be found in most textbooks treating
electromagnetics [11,12]. We have

1
ug = ek’ (4.10)

where € is the dielectric permittivity of the medium. The unit of ug is energy
per unit volume, which might be confusing since we can not localize the
energy within the field. The reason that the term is used is that it gives the
correct value of the total energy, when it is integrated over the volume. For
small differences in the permittivity we have

1 2
AUE :EASE (411)

The change in permittivity can be expressed

oe
Ap+—
P oT

AT~ E Ap (4.12)

o Op

ASZ@
op

T

The last approximation can be made since the permittivity is only weakly
dependent on the temperature of the material.

If we assume that no heat enters or leaves the volume, a decrease in energy
must equal the work done by the volume upon its surroundings and vice versa.
The volume will then change according to

AuE:AW:p—AX:— Ap (4.13)
\4 p

By combining (4.12) and (4.13) we can see that the pressure in the material
depends on the applied field according to

166 _,

=——ZpE
P=0 5" (4.14)

Now we introduce the electrostrictive constant. It describes how the pressure in
a material is changed by the electric field. In the literature, the constant is
defined most often as

Ye=p— (4.15)

meaning that we can write the change in pressure as

16



p=-—v.E’ (4.16)

4.3.2 The Wave Equations
We start with Maxwell’s familiar equations

vxE--8 (4.17a)
Ot.__

VxH=T+ 2 (4.17b)
ot

V-D=p (4.17c)

V-B=0 (4.17d)

We also assume that there are no currents present, J = 0, and that the material
is non-magnetic, with B = pH . It can, however, be polarized with

D=¢,E+P=¢gE+e,(E+xPE* +%xYE*+ . )=€¢E+P, (4.18)

A rather straightforward calculation then gives the wave equation.
We start by taking the rotation of eq. (4.17a) and then change order of
derivation.

_ OB 0 -
VXVXE:VX[——a—t—j:—a(VXB) (4.19)

After that we replace B with p,H and insert eq. (4.17b)

—%(VXE):—LL%(VX_E)Z—HGZEZ— iz(sE+'FNL) (4.20)

If we use the vector identity
VxVxE=V-(V-E)-V’E (4.21)

we obtain the equation
V- (V-E)-VE=-p2 (E+P) (4.22)

Now we make our first approximation. Since we are primarily interested in
highly parallel laser radiation, we assume E to be an infinite plane wave. The
divergence of the field is then zero, and the leftmost term of eq. (4.22) vanishes
identically. We also write eq. (4.22) in one dimension. If we collect all terms

with the E -field on one side, we have the final equation:

17



822 E(z t)— usa-E(z t) u (z t) (4.23)

Note that the polarization acts as a driving term for the wave equation, and that
all kinds of polarization in the materiel must be accounted for. The question is
how the polarization is affected by the fields in the material. We have

P, =AcE (4.24)
By using eq. (4.12) we can write
Ae=Epp=y 2P (4.25)
op Po

From now on pg will be used for the mean density of the medium.
The nonlinear polarization, which acts as the driving term of the wave
equation, can be written

P, == (5E) (4.26)
Po

This polarization has many terms with different frequencies and wave vectors,
and to determine which parts of it that affects a certain field, the components
must be studied.

PE=1 [pe‘(qZ‘Q‘) + c.c.IElei(k‘H‘"” +E,e/ ot 4 c.c.]:
= 1[oE, el @) | o qileami ), g i) |

kp J—(-Qra, )

+p'E,ele ]+ ce.=

:%[pEe (latiel@ean)t) | g gilkan) | op gilizon) 4 o*p eil-(ark)e-(oa-0) ]+CC
(4.27)

As we can see above, the pE,term is driving for the field E], and the

pE, term for the field ]:f2 . If the fields in the form of eq. (4.1) is inserted in eq.

(4.23) and evaluated, the result becomes a complicated equation with 12
different terms. It can however be simplified if we apply the slowly-varying-
amplitude approximation, and drop the second derivatives. This can be done if
the envelope of the field varies much slower than the field oscillates. At 532
nm, the period of the oscillating field is 2.4 fm, which is 10° times shorter than
the duration of the pulse from the Nd:YAG laser discussed.
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The approximation leads to the following equations

0 no._ _ipcoy, 2i 0

o —E + ca —E = 4np, (pEz + o, ot (PEz )J (4.28a)
and

0 n o 1HCcw, Y, i0

oz’ cot ° 4np, ( (p )j

Since ®; and w; are very large numbers, we can do another approximation by
omitting the second terms to the right. After this, we have reached the final
form of the wave equations.

0 n o ipcw,y

—E, +——E, =—1°pE, 4.29
oz cot | 4np, “anp, | (4.29)
_Og, 4R 0p _lHeost. .p (4.290)

0z cot °  4np,

We now need to describe how the density wave is driven by the field
amplitudes. The behaviour of acoustic waves is well known, and we begin by
writing down the acoustic wave equation in one dimension [10]

ot _8_2_~_r o
P 5zzﬁtp

_ -0 430
e —P o (4.30)

where the damping parameter I' can be expressed as

114 1 1
I'=—| —m_+n +x| ——— 431
p°[3ns b (CP C, D ( :

Nns and M, are the shear and bulk viscosity coefficients, k is the thermal
conductivity, C, and Cy are specific heat of constant pressure and volume
respectively. To understand the physical meaning of the damping parameter,
we consider a acoustic field of the form

B(z,t)=p, (0, t)e™ (432)

Py

at steady state conditions, i.e. =0. If this expression is inserted in the

acoustic wave equation, we get the relation

— Qz + quz - iqul“ =0 (4.33)
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Then, if q is approximated with

)
Q+1qF

ol (4.34)
v 2v
the intensity of the acoustic wave will be expressible as
.2 2
) 2 i[gz+l;—rz—0t] 5 _ﬁz 435
,5(2, t)i = lp(O, t)] e = |p(0, tx e v (4.35)

This is how the acoustic wave will be attenuated as it propagates in the
medium. We define the phonon lifetime according to

1, = (4.36)

L =Y (4.37)

This is of crucial importance, since the minimum laser-pulse duration due to
SBS will be of the same order of magnitude as

nL, nv
T ... = =

™o ¢ qTc

(4.38)

In table 4-1, this quantity is shown for different liquids at 532nm.

Liquid Tmin [7]
[ps]
Water 295
Methanol 374
CCly 144
Table 4-1

To obtain waves in the medium, we add a source term to eq (4.30). As such,
we have the divergence of the force per unit volume.

£=Vp (4.39)

there p is the pressure from eq. (4.16).

The electric field in eq. (4.16) is the sum of the incident and the reflected
wave. In the squared expression there is a term that can act as source of the
acoustic wave. The force per unit volume is then (in one dimension)
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1 0 -
f=-—y Z(BEe@™®)tcc 4.40
> Ye P ( 12, ) ( )

The source term is the divergence of this. We get

—a{——;—ye ; (E Eleil® Qt))+cc:| v.EE.q% @™ e (4.41)

Now we insert eq. (4.2) in the acoustic wave equation, and apply the slowly
varying amplitude approximation. If we also insert the source term, we have

1 .0 S~ 2 . 5 0
5(—2nﬂ-§p—19q I'p—2iqv gp) 1.EEq* (4.42)

which we rewrite as
2 2 a a . * 2
QqTp+2qv gz—p + ZQap =21y E,E,q (4.43)

4.3.3 Threshold Intensity
The three equations ruling the SBS-process are

_8_E1 Ln no Ok - 1ucoalye HeOYe g (4.44)
oz c ot 4np,
0 no 1HC®,Y, «
-—E,+——E, =——%2%p'E, (4.45)

Oz cot 4np,
) , 0 0 . . 2
QqTp+2qv a—p + ZQap =2iy E,Eq (4.46)
/4

By neglecting the motion of the acoustic wave while the light passes, we can
reduce the equations to

0 —E, + n f E, = —L—L%E]E E. (4.472)

oz c Ct 2np,QI°

'iEz +E_6_E2 “C(DZYC EEE, (4.47b)
oz c ot 2np Q"

To find the equations for the intensities instead of the fields, we first multiply
with E| ineq. (4.47a) and E] in eq. (4.47b). Thereafter we add the equations
with their complex conjugates. Then we have

21



OE, OE; OE, OE; L A ——
el Rl E + g |= BT g prp g
oz ' oz c(@t ot ) npQr e (448)

and

OE, BE; n( 0B, .. O HCw, Y.
(azE oz EZ]“LE(& : GtEj np QrEEEE2(448b)

The intensity of a field written on the form of eq. (4.1) is

I :——E E (4.49)
2n

If we write ®; = 0, = 0, the final equations become

ol L n al,
—21 = ol 1 4.50a)
82 c ot &t (
and
ady _nolh_ g, (4.50