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Preface

The present Thesis is devoted to precision spectroscopy in the extreme ultraviolet (XUV)
region of the electromagnetic spectrum aided by the use of two nonlinear processes:
stimulated Brillouin scattering (SBS) and harmonic generation. The former is used to
efficiently compress laser pulses in order to achieve high peak intensities, necessary for
enhancing the yield from a nonlinear process such as harmonic generation. The process
of pulse compression by SBS is discussed in detail in the first part of the Thesis, both
from theoretical and experimental perspective. The use of successive second and third
harmonic generation for precision frequency measurements in the XUV is demonstrated
as well. A laser system is being developed (the latest results are presented in Chapter 7)
that combines both SBS pulse compression and harmonic generation techniques, and
is expected to deliver narrowband (δν/ν ≈ 3 × 10−6) wavelength tunable pulses in the
XUV.

This Thesis comprises 7 chapters which include 58 figures and 14 tables, and is
organized as follows.

Chapter 1 is an introduction to stimulated Brillouin scattering and high-order har-
monic generation. Both these essentially nonlinear phenomena are important elements in
this Thesis and bear relevance to different chapters that follow. In the first two sections
of Chapter 1 the basic theory of the Brillouin scattering process is discussed along with
its applications. The steady-state theory of SBS is developed with emphasis on the two
important configurations (SBS amplifier and SBS generator) essential for understanding
SBS pulse compression. From a historical perspective the pioneering experiments on
SBS are briefly discussed with the aim to follow the development of the ideas leading to
SBS pulse compression throughout the 1960s, 70s, and 80s. Some of the many practical
applications of SBS with strong relevance to the content of this Thesis are introduced
as well. In the last section of Chapter 1 the basics of high-order harmonic generation
are introduced both in focused and guided geometry.

Different schemes for experimental realization of SBS pulse compression are discussed
in Chapter 2. Second and third harmonics of a pulsed Nd:YAG laser are efficiently com-
pressed in different liquid media in a new, single-cell generator-amplifier setup. Pulses
as short as 200 ps are generated from the 5 ns output of a commercial injection-seeded
Q-switched Nd:YAG system with an exceptionally high efficiency. The transverse effects
in the pulse compression process are investigated as well. We provide a recipe for con-
tinuously tuning the compressed pulse duration from 2 ns to 200 ps, thus turning the
commercially available Nd:YAG lasers into more versatile laboratory tools for dynamical
and nonlinear optical studies.
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The possibility for SBS pulse compression below the phonon lifetime limit is the
subject of Chapter 3. A new approach to the theory of transient SBS is presented
which reveals the true physical limitations to the output pulse duration in the SBS
compressor setup. A numerical method for modeling the evolution of the process in
fully transient regime is developed and the different stages of the process are discussed in
detail. Under proper conditions pulses as short as a half acoustic cycle can be generated.
An experimental study of the process in the transient regime confirms the theoretical
predictions.

A fundamental experimental study of the SBS process pumped by a non-diffracting
(Bessel) beam is presented in Chapter 4. Higher-order Stokes components have been
observed for the first time as a result of pure multiple scattering in a bulk medium. The
spatial, spectral and temporal properties of the interacting waves are discussed.

A contribution to precision metrology is presented in Chapter 5. Using Doppler-free
saturation spectroscopy in molecular iodine in the range of 571 – 596 nm more than 100
hyperfine components in the B-X system are calibrated with average absolute accuracy
of 2 MHz. In combination with a theoretical study of the hyperfine splittings the absolute
frequencies of 1584 hyperfine components in six (v′-1) bands (v′=13..18) are predicted
with overall accuracy of 2 MHz for 9 ≤ J ≤ 140. These frequencies form a dense grid of
reference lines for precision spectroscopic studies. It is more than an order of magnitude
more accurate than the widely used iodine atlas, based on Doppler-broadened lines, and
its density (a line in nearly each wavenumber) makes it an easy to use spectroscopic tool
for absolute wavelength calibration.

This new reference standard along with its extension towards longer wavelengths is
used for precision frequency calibration in the extreme ultraviolet region as discussed
in Chapter 6. A narrow-band laser source based on successive second and third har-
monic generation of powerful Fourier-transform limited pulses is applied for precision
spectroscopic studies of argon, xenon and nitrogen at wavelengths below 105 nm. High
absolute accuracy of the measurements is achieved by simultaneous detection of both
saturated absorption spectrum of I2 and transmission fringes of an actively stabilized
Fabry-Perot cavity in the visible along with the XUV spectrum. This scheme yields an
absolute accuracy of less than 100 MHz for measurements in the XUV.

In Chapter 7 a new project is discussed. It combines the scientific results presented
in the preceding chapters into a new design for a narrowband tunable XUV laser source.
The latest development on this undertaking is presented. The design aims at high-
order harmonic generation of powerful infrared pulses of 300 ps pulse duration. A
narrow-band CW Ti:sapphire ring-laser is used for injection seeding of a dye amplifier
chain, pumped by SBS compressed pulses of Nd:YAG laser. Fourier-transform limited
wavelength tunable pulses of 300 ps duration are amplified in a multipass Ti:sapphire
amplifier to achieve highly energetic pulses that subsequently can be used for harmonic
generation.



Chapter 1

Introduction to stimulated Brillouin

scattering and high-order harmonic

generation.

In the first two Sections of this Chapter the basic concepts underlying the Brillouin scattering

process are discussed. The steady-state theory of stimulated Brillouin scattering (SBS) is

developed with an emphasis on the two cases of SBS amplification and SBS generation. A

historical review of the pioneering experiments is given and many of the practical applications

of SBS are discussed. In the last section the basics of high-order harmonic generation are

introduced both in focused and guided geometry.

1.1 Theory of SBS

1.1.1 Spontaneous light scattering from thermal fluctuations

Spontaneous light scattering occurs when light interacts with fluctuations in the optical
properties of a material medium. Any inhomogeneity in the medium (due to fluctuations
from a variety of sources, discussed in the following) creates a rich angular and frequency
spectrum [1]. There are three quantities which characterize the individual scattering
process: the frequency shift ΩX , the line-width ΓX and the scattering cross section σX .

ω0ω0 ΩB– ω0 ΩB+
ω0 ΩR+ω0 ΩR–

Is

ω

Figure 1.1: Spontaneous light scattering.

Consider a light scattering experiment in which monochromatic light with frequency
ω0 propagates through an inhomogeneous medium. The scattered light is detected and
a typical spectrum is shown in Fig. 1.1. In general it consists of six peaks: Stokes



4 Chapter 1

and anti-Stokes Raman, Stokes and anti-Stokes Brillouin, Rayleigh and Rayleigh-wing
features are seen.

The large shift of the order of 1000 cm−1 is due to scattering from vibrational modes
of the molecules constituting the medium and is known as Raman scattering. In Fig. 1.1
only one pair of lines (Stokes and anti-Stokes) is depicted for simplicity, but in polyatomic
molecular systems, or crystals with several atoms in the unit cell, there are many such
vibrational frequencies, each creating a pair of Stokes (ω0−ΩR) and anti-Stokes (ω0+ΩR)
components. Since the populations of the excited vibrational modes are very low at
room temperature, the anti-Stokes intensities are small compared with the corresponding
Stokes components. Measurement of the width of the Raman line, typically a few cm−1,
yields a excited state lifetime of the order of several pico-seconds.

The broad peak centered around ω0 corresponds to Rayleigh-wing scattering from
fluctuations in the orientation of anisotropic molecules. Its characteristic time τRW =
4πa3ηs/3kT0 (a - average molecular radius, ηs - viscosity [2]) at room temperature
is of the order of several pico-seconds, while the scattered light extends over many
wavenumbers.

The central triplet (ω0;ω0 ± ΩB) in Fig. 1.1 is due to scattering from two classes
of thermally excited fluctuations. The unshifted line at ω0 is the spontaneous Rayleigh
scattering from entropy fluctuations at constant pressure, while the two satellites are
the Stokes and anti-Stokes components of the spontaneous Brillouin scattering from
adiabatic fluctuations of density propagating with the velocity of sound in the medium.
Both processes can be theoretically treated simultaneously. The works of Einstein [3]
and Landau and Placzek [4] led to an expression for the total scattering coefficient
(differential cross-section per unit volume) for scattering from thermal fluctuations:

Rtot =
ω4

0

16π2c4

(
ρ
∂ε

∂ρ

)2

CT kBT sin2 φ, (1.1)

where ω0 is the incident light frequency, CT = − 1
V

(
∂V
∂ρ

)
T

the isothermal compressibility,
kB - the constant of Boltzmann, and φ - the angle between the polarization vector of the
light wave and the direction of observation. Using Eq.(1.1) the total intensity, scattered
from volume V in direction φ at distance L is given by:

Itot = I0
ω4

0V

16π2L2c4

(
ρ
∂ε

∂ρ

)2

CT kBT sin2 φ. (1.2)

In order to determine the spectrum of the scattered light, the dynamical behavior of
the fluctuations has to be taken into account [5]. We represent the fluctuation of the
dielectric constant as:

∆ε̃ =
∂ε

∂ρ
∆ρ̃. (1.3)

By choosing entropy S and pressure p as independent thermodynamical variables,
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we can express the density variation ∆ρ̃ in Eq.(1.3) as:

∆ρ̃ =
(
∂ρ

∂p

)
S

∆p̃+
(
∂ρ

∂S

)
p

∆S̃. (1.4)

Here the first term on the right-hand side describes adiabatic density fluctuations (acous-
tic waves) and leads to Brillouin scattering, whereas the second term describes isobaric
entropy fluctuations and leads to Rayleigh scattering. The two contributions are quite
different in character, since the evolution of a pressure wave is governed by a wave
equation with damping [6]:

∂2∆p̃
∂t2

− Γ∇2

(
∂∆p̃
∂t

)
− v2∇2∆p̃ = 0, (1.5)

while the entropy fluctuations are described by a diffusion equation:

ρcp
∂∆S̃
∂t
− κ∇2∆S̃ = 0. (1.6)

In Eqs.(1.5, 1.6) cp is the specific heat at constant pressure, κ - the thermal conductivity,
Γ the sound wave damping parameter, and v the velocity of sound.

Spontaneous Brillouin scattering

Consider Brillouin scattering from a sound wave of the form: ∆p̃ = ∆p ei(qz−Ωt) + c.c.,
which substituted into the acoustic equation (1.5) leads to a dispersion relation of the
form Ω2 = q2(v2 − iΩΓ). It can be transformed in:

q ' Ω
v

+ i
ΓB
2v
, (1.7)

where ΓB = Γq2 is the phonon decay rate, which is the quantity used to define phonon
lifetime τp = 1/ΓB and sound absorption coefficient αs = ΓB/v.

Let us write the incident optical field in the form:

Ẽ0(r, t) = E0e
i(kL.r−ω0t) + c.c.,

and assume that the scattered field obeys the driven wave equation:

∇2Ẽ − n2

c2
∂2Ẽ

∂t2
=

4π
c2
∂2P̃

∂t2
. (1.8)

We consider the additional polarization in the medium (due to the fluctuation ∆ε) with
the form P̃ = ∆ε

4π Ẽ0. Taking into account Eqs.(1.3,1.4) one can write:

P̃ (r, t) =
1

4π
∂ε

∂ρ

(
∂ρ

∂p

)
S

∆p̃(r, t)Ẽ0(r, t) =
1

4π
γeCS ∆p̃(r, t)Ẽ0(r, t), (1.9)
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where γe = (ρ∂ε/∂ρ)|ρ=ρ0 is the electrostrictive constant and CS = ρ−1(∂ρ/∂p)S - the
adiabatic compressibility. By substituting in Eq.(1.8) a pressure disturbance of the form
∆p̃(r, t) = ∆p ei(q.r−Ωt)+ c.c. we get:

∇2Ẽ − n2

c2
∂2Ẽ

∂t2
= −γeCS

c2

[
(ω0 − Ω)2E0∆p∗ei[(kL−q).r−(ω0−Ω)t]+

(ω0 + Ω)2E0∆pei[(kL+q).r−(ω0+Ω)t] + c.c.
]

(1.10)

The first term on the right-hand side leads to Stokes scattering, while the second one to
anti-Stokes scattering. The two situations are graphically presented in Fig. 1.2a,b.

θ

a)

θ

b)

kL kL

qq

kS kAS
kS = kL - q kAS = kL + q

Figure 1.2: Spontaneous Brillouin scattering from propagating density fluctuations;
a) - spontaneous Stokes scattering at angle θ; b) - spontaneous anti-Stokes scattering.

From Eq.(1.10) it follows that the additional polarization has a component with a
wave vector kS/AS = kL∓q and a shifted frequency ωS/AS = ω∓Ω. In order to satisfy
both the energy and momentum conservation during the scattering process, assuming
ωS/AS ≈ ω0 and |kS/AS| ≈ |kL|, the wave vector and frequency of the phonon involved
must obey the following relations:

|q| = 2|kL| sin
θ

2
, (1.11 a)

Ω = 2nω0
v

c
sin

θ

2
, (1.11 b)

where θ is the scattering angle measured with respect to kL. The relations (1.11 a,
1.11 b) were first derived by Brillouin in his pioneering work [7]. In the case of forward
scattering (θ = 0) it is clear, that the Brillouin shift is equal to zero, whereas for
backward scattering it is largest and its value is Ωmax = Ω(θ = 180◦) = 2nω0v/c.

For the Brillouin linewidth ΓB = Γ|q|2 we obtain:

ΓB =
1
τp

= 4n2Γ
ω2

0

c2
sin2 θ

2
. (1.12)
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When the second harmonic of Nd:YAG laser (λ0 = 532 nm) is scattered in water (v =
1480 m/s, n = 1.33), the Brillouin shift for backscattering is ΩB/2π = 7.4 GHz and the
Brillouin linewidth is ΓB/2π = 540 MHz. A phonon lifetime τp = 295 ps, and a sound
wave absorption coefficient αs = ΓB/v = 2.3 × 104 cm−1 can be calculated as well.
The propagation distance of the phonons Ls = α−1

s = 435 nm is shorter than the light
wavelength and for all practical modeling applications the phonons can be considered
essentially non-moving.

1.1.2 Stimulated Brillouin Scattering

In the preceding section, the light intensity was assumed to be low enough that it does
not alter the optical properties of the medium. In that case only spontaneous scattering
due to thermal fluctuations can occur. In the presence of a strong optical field, due to
a variety of processes (electrostriction, absorption), the fluctuations can be amplified
and scatter the light even stronger. This positive feedback leads to a whole new class of
nonlinear phenomena, known as stimulated scattering processes.

Here we discuss the stimulated Brillouin scattering process (SBS), which takes place
when the optical field drives acoustic waves in the medium. The general scheme for
observing SBS involves a laser field with frequency ωL which interacts with a co-
propagating pressure wave of frequency Ω. The light, which is scattered backwards,
according to the energy conservation is down-shifted and its frequency is ωS = ωL − Ω.
The interference between the incident and the scattered optical fields contains an acous-
tic frequency term at Ω = ωL − ωS , which if powerful enough can itself create an
acoustic wave. The resulting amplified acoustic wave can scatter more efficiently the
incident field, thus amplifying the scattered light at Stokes frequency (ωL). This inter-
action can lead to an exponential growth of the Stokes intensity if both the pump and
the Stokes waves overlap over an extended propagation distance. In focused geometry
this is the case of backward scattering only; in forward direction according to Eq.(1.11 b)
the acoustic wave frequency vanishes. In a cavity SBS under 90◦ can be realized as well.

The physical mechanism by which the two optical fields can generate a pressure
wave is either electrostrictiona or absorption. The former is always present and is dom-
inant in lossless media, which makes it the most interesting from a practical point of
view. The latter occurs in lossy substances only and we shall not discuss it here. The
electrostrictively induced pressure, created by a static electric field is given by [5]:

pst = −ρ ∂ε
∂ρ

E2

8π
≡ −γe

E2

8π
, (1.13)

where γe is the electrostrictive constant and E is the static electric field strength. The
minus sign in Eq.(1.13) reflects the fact that the pressure is reduced in regions of high
field strength, hence the fluid is drawn into these regions and the density ρ is increasing.

aElectrostriction is the tendency of the materials to become compressed in the presence of electric
field.
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Basic equations

Initiated from backward spontaneous Brillouin scattering the stimulated process involves
interaction of three waves: two optical (laser and Stokes) and one acoustic. Let us
consider them as scalar plane-waves in the form:

E1(z, t) = A1(z, t)ei(k1z−ω1t) + c.c., (1.14 a)
E2(z, t) = A2(z, t)ei(−k2z−ω2t) + c.c., (1.14 b)
ρ̄(z, t) = ρ0 + ρ(z, t)ei(qBz−ΩBt) + c.c., (1.14 c)

propagating along the z-axis. In Eqs.(1.14 a - 1.14 c) the frequencies and the wave-
vectors satisfy energy (ω1 = ω2 + ΩB) and momentum (k1 = qB − k2) conservation
laws. Under the assumption of small Stokes shift (ω = ω1 ≈ ω2) the acoustic frequency
is given by Eq.(1.11 b) for backscattering (θ = 180◦): ΩB = 2nωv/c. The two optical
fields are governed by the Maxwell’s equations, whereas the acoustic field is described
by the Navier-Stokes equation with electrostrictive driving term:

∂2Ei
∂z2

− n2

c2
∂2Ei
∂t2

=
4π
c2
∂2Pi
∂t2

, i = 1, 2 (1.15 a)

∂2ρ̄

∂t2
− Γ∇2

(
∂ρ̄

∂t

)
− v2∇2ρ̄ = ∇ · f , (1.15 b)

where f is the force per unit volume, defined by f = −∇pst. Substituting Eq.(1.13) into
the right-hand side of Eq.(1.15 b) and taking into account that the total optical field is
E(z, t) = E1(z, t) + E2(z, t) we obtain an equation for the acoustic field:

∂2ρ

∂t2
+ (ΓB − i2ΩB)

∂ρ

∂t
− iΓBΩBρ =

γeqB
2

4π
A1A2

∗. (1.16)

In Eq.(1.15 a) the polarization due to the density change ∆ρ̄ = ρ̄ − ρ0 is P = ∆χE =
∆ε
4πE = γe

4πρ0
∆ρ̄E. Then under slowly varying amplitude approximation and taking into

account the phase-matched terms in the polarization

P1(k1, ω1) = ρA2e
i(k1z−ω1t) + c.c.,

P2(−k2, ω2) = ρ∗A1e
i(−k2z−ω2t) + c.c.

the Maxwell’s equations for the optical fields are:

n

c

∂A1

∂t
+
∂A1

∂z
= i

γeω

2ncρ0
ρA2, (1.17 a)

n

c

∂A2

∂t
− ∂A2

∂z
= i

γeω

2ncρ0
ρ∗A1. (1.17 b)

Together Eq.(1.16) and Eqs.(1.17 a, 1.17 b) constitute the set of equations describing
the electrostrictive SBS process. This set of three coupled nonlinear partial differential
equations is difficult to solve in analytical form. In the following several approximations
will be made in order to find solutions in the specific case of steady-state. The most
interesting case of SBS under transient conditions is the subject of Chapter 3 of this
Thesis and will not be discussed in this introductory Chapter.
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Table 1.1: Properties of stimulated Brillouin scattering for a variety of materials∗

after Ref. [5].

Substance ΩB/2π ΓB/2π gB gaB(max)/α
(GHz) (MHz) (cm/MW) (cm2/MW)

Liquids

CS2 5.85 52.3 0.15 0.020
Acetone 4.60 224 0.02 0.022
Toluene 5.91 579 0.013
CCl4 4.39 520 0.006 0.013
Methanol 4.25 250 0.013 0.013
Ethanol 4.55 353 0.012 0.010
Benzene 6.47 289 0.018 0.024
H2O 5.69 317 0.0048 0.0008
Cyclohexane 5.55 774 0.0068

Gases

CH4 (140 atm) 0.15 10 0.1
Solid-state materials

Optical glasses 11.0 - 16.0 10 - 106 0.004 - 0.025
SiO2

∗∗ 23.00 26 0.0045
∗Values are quoted for a wavelength of 694 nm. The last column gives a parameter used
to describe the process of absorptive SBS. To convert to other laser frequencies ω, recall
that ΩB ∼ ω, ΓB ∼ ω2, gB is independent of ω, and gaB is proportional to ω−3.
∗∗Values from [8], recalculated for 694 nm.

Steady-state solution (SBS amplifier)

The assumption of steady-state implies no time dependences of the fields (i.e. ∂Ai/∂t ≡
0, i = 1, 2). It is valid only when the temporal variations of the optical fields are on a
time-scale much larger than the phonon lifetime τp. Hence, in case of CW interaction this
approximation is fully justified. Using the relation Ii = ncAiA

∗
i /2π Eqs.(1.17 a,1.17 b)

are transformed into a set of propagation equations for the intensities:

dI1
dz

= −gBI2I1, (1.18 a)

dI2
dz

= −gBI1I2, (1.18 b)

where gB = (γe2ω2)/(nc3vρ0ΓB) is the steady-state Brillouin gain due to electrostriction.
Typical values for the Brillouin shift ΩB , linewidth ΓB , and steady-state gain gB are
shown in Table 1.1 for a variety of substances.

The set of ordinary differential equations (1.18 a, 1.18 b) can be easily solved in case
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of constant pump intensity (i.e. weak conversion). The solution is an exponential growth
(in −z direction) of the Stokes wave injected in the medium at z = 0:

I2(z) = I2(0)e−gBI1z. (1.19)

In case of anti-Stokes scattering the discussion above can be repeated and leads to the
same analytical result, but for a forward-propagating anti-Stokes wave. Hence the anti-
Stokes signal experiences attenuation due to the SBS process.
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L, m
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I1(L)

Brillouin medium

10-4

10-8

10-12

I1
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L

a) b)

Figure 1.3: SBS amplifier; a) - general scheme: I◦1 and IL2 are the boundary condi-
tions, whereas C21(0) = I2(0)/I1(0) and I1(L) are the solutions; b) - the dependence
of the conversion ratio C0

21 on the length of a silica fiber (4 µm diameter) for different
seeding levels and constant (500 mW) pump power.

The assumption of constant pump breaks down in case of strong energy conversion
into the Stokes wave [9]. Due to the exponential growth, predicted by Eq.(1.19), the
Stokes intensity can become comparable to the pump intensity and pump depletion
must be taken into account. Hence, the equations (1.18 a, 1.18 b) have to be solved
simultaneously. The solutions with boundary conditions I1(0) = I◦1 and I2(0) = I◦2
are:

I2(z) =
I◦2 (I◦1 − I◦2 )

I◦1 exp [gB(I◦1 − I◦2 )z]− I◦2
, (1.20 a)

I1(z) = I2(z) + I◦1 − I◦2 . (1.20 b)

These solutions, although mathematically correct, are devoid of physical meaning; the
Stokes intensity I◦2 we have chosen as a boundary condition is not known a priori. A real
physical situation with proper boundary conditions is an SBS amplification experiment
(see Fig. 1.3a), where a weak Stokes wave is injected at the rear end of a Brillouin
medium of fixed length L and its amplification is measured. Hence, the boundary
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conditions are I1(0) = I◦1 for the pump wave and I2(L) = IL2 for the Stokes seed intensity.
The unknown variables are the output Stokes intensity I2(0) (or the conversion ratio
C21(0) = I2(0)/I1(0)) and the output pump intensity I1(L). From Eqs.(1.20 a, 1.20 b)
it follows:

IL2 =
I◦1C21(0)[1− C21(0)]

exp [gBI◦1L(1− C21(0))]− C21(0)
, (1.21 a)

I1(L) = IL2 + I◦1 [1− C21(0)]. (1.21 b)

Eq.(1.21 a) is a transcendental equation for C21(0). Its numerical solution in case of
silica fiber (gB ≈ 5 × 10−3 cm/MW) with diameter of 4 µm and 500 mW CW pump
power is presented in Fig. 1.3b for different seeding levels IL2 /I

◦
1 .

SBS generator

z = 0 z = L

I1
o

I2
L = ε I1(L)I2(0) = R I1

o

I1(L)
Brillouin medium

a) b)
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Figure 1.4: SBS generator; a) - general scheme; b) - the dependence of the SBS
reflectivity on the length of a silica fiber (4 µm diameter) and on the weak-signal gain
G/Gth at constant pump power of 500 mW.

When the Stokes signal at the rear end of the medium is not injected from outside,
we speak of an SBS generator scheme (see Fig. 1.4a). In this case the spontaneous
Brillouin scattering from the thermal noise near z = L is the source of photons initiating
the SBS process. In such experiment we are interested in measuring the reflectivity
R ≡ I2(0)/I1(0), previously defined as the conversion ratio C21(0). The equations
(1.21 a, 1.21 b) can now be written as:

IL2
I◦1

=
R[1−R]

exp [G(1−R)]−R
, (1.22 a)

I1(L)− IL2 = I◦1 [1−R], (1.22 b)
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where G = gBI
◦
1L is the gain experienced by the Stokes signal generated at z = L.

Since IL2 is essentially a spontaneous scattering signal, Eq.(1.2) can be used in the
form IL2 = εI1(L), where ε is a factor related to the scattering coefficient (1.1) and its
value is of the order of 10−12−10−11. Under the assumption of low pump depletion (just
below threshold) one can use Eq.(1.19) to calculate the amplified spontaneous scattering
I2(0) = εI◦1 exp [G]. Then the reflectivity is R = ε exp [G]. In order to reach threshold
for SBS (R ≈ 1) the pump intensity (when L is fixed) has to be increased such that the
gain G approaches the value Gth = − ln ε ≈ 25. By solving Eqs.(1.21 a, 1.21 b) for R
and taking into account the smallness of ε we deduce:

G

Gth
=
G−1
th lnR+ 1

1−R
. (1.23)

Eq.(1.23) is a transcendental equation for R and its solution is shown in Fig. 1.4b in
case of 500 mW of CW power entering a single mode silica fiber (4 µm diameter).
This example shows that in optical fibers, due to the long interaction length (hundreds
of meters and even kilometers), moderate CW powers are sufficient for reaching high
reflectivity in steady state SBS generation. The analysis of Eq.(1.23) shows a threshold
behavior for the reflectivity R at G/Gth = 1. For G/Gth � 1 the reflectivity is R = εeG,
due to amplified spontaneous scattering only. For G/Gth � 1 (1.23) can be solved for
R yielding:

R = 1− 1
G/Gth

. (1.24)

It is clear from (1.24) that in case of high weak-signal gain (long medium, or high input
intensity) the reflectivity can become almost unity.

Experimental investigation of SBS

Stimulated Brillouin scattering was first observed in 1964 in solid-state media (quartz,
sapphire) [10], due to the relatively large Brillouin shift compared to liquids or gases (see
Table 1.1). The experimental setup used by Chiao, Townes, and Stoicheff [10] is shown
in Fig. 1.5a, where intense 694 nm radiation from a giant-pulse (Q-switched) ruby laser
with a power output of ∼50 MW during 30 ns was focused inside a crystalline sample.
At the focus, assuming no optical distortions, the peak intensity was of the order of
106 MW/cm2. Measurement of the frequency shift of the backscattered signal was done
by simultaneous recording the interferograms from two Fabry-Perot interferometers.
The lens L1 collimated the backscattered SBS light. Different laser intensities were
sampled by the interferometers using glass-plate beam-splitters and mirrors M1, M2

having reflectivities 1 and 0.1, respectively. Thus comparing the two interferograms,
photographed simultaneously, the radiation coming from the laser and the light scattered
from the sample can be clearly distinguished.

A comparison of the two interferograms in Fig. 1.5b, taken with a single laser pulse,
made it evident that the inner rings originated from stimulated Brillouin scattering,
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Figure 1.5: First experimental observation of stimulated Brillouin scattering [10]; a)
- schematic of the experimental arrangement, b) - Fabry-Perot interferograms of the
laser radiation (rings labeled L) and of the Brillouin scattered radiation (rings labeled
B).

hence identified by B, whereas the rings created by the laser frequency were labeled L.
It could also be seen that the Brillouin scattering was very intense, being comparable in
intensity with the incident light; a clear signature of a stimulated process. The frequency
shift measured on a 3.15 cm−1 inter-order separation interferometer was approximately
30 GHz. In this first experimental study of SBS quartz and sapphire samples were
investigated and the results from the Brillouin shift measurements were compared with
theoretical predictions as well as experimental results on spontaneous Brillouin scattering
found in Ref. [11].

Apart from the first observation of SBS, the experiment discussed above showed
the inapplicability of bulk solid-state materials for reliable long-term operation as SBS
generators. Each laser pulse caused extensive internal fracture in the crystal, attributed
to the high local stress produced by the intense acoustic wave, in combination with
heating resulting from damping of the acoustic oscillations. The latter type of heating
is appreciably larger than that due to optical absorption.

The undesirable effect of crystal fracture due to the intense acoustic waves directed
the attention towards liquids and gases. In the same year 1964 Garmire and Townes [12]
published the results of SBS experiment in liquids. Due to the specifics of their ex-
perimental setup, (see Fig. 1.6a), they could observe multiple Stokes frequencies. The
incident light was provided by a giant-pulse (Q-switched) ruby laser with a mode-selector
plate, ensuring narrow-band (0.04 cm−1) operation. Liquids were placed in a cell at or
near the focal plane of a lens, and the frequencies near 694.3 nm were studied with a
Fabry-Perot interferometer, placed at sites A, B, or C. Fig. 1.6b shows a typical interfer-
ometer pattern, which was generally the same at sites A and C. The multiple Brillouin
components seen in Fig. 1.6b were amplified in the same ruby laser crystal. The light
follows the path indicated with arrows in Fig. 1.6a and the width of the dashes represents
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Figure 1.6: Higher order SBS experiment in liquids [12]; a) - experimental setup;
b) - Fabry-Perot interferograms from site A with water in the liquid cell. Left: below
threshold for SBS. Right: above threshold with three Brillouin components in addition
to the original laser frequency.

the intensity of the light. The intensity at site B was too weak to be detected. Since the
Brillouin shift for most liquids is around 0.2 cm−1, a number of orders were covered by
the gain curve of the ruby and were amplified. If the observed effect would have been
multiple scattering, one would have expected alternating orders in opposite directions
(see Chapter 4 of this Thesis), which does not occur under sharp focusing because of
the short interaction length. The threshold for the SBS process investigated in this
experiment using a 17 cm lens was 30 MW/cm2 for carbon-disulfide, while for benzene
and other liquids it was approximately 1200 MW/cm2 (see Table. 1.1 for respective
gain values). Competition with stimulated Raman scattering (SRS) was also observed
in liquids with high Raman gain (CS2, nitrobenzene, toluene, benzene, and acetone),
whereas at the same powers no SRS was detected in water, CCl4, and methanol.

In the same investigation [12] the authors calculated accurate values for the acoustic
wave velocities in a number of liquids on the basis of the frequency-shift measurements.
Their results were in agreement with the values, calculated from spontaneous Brillouin
spectra, found in Ref. [13]. It was suggested by Wiggins et al. [14] that the high gain in
the laser could shift the frequencies of the Stokes orders being amplified, thus introducing
an error in the frequency measurements. Despite this uncertainty, there was a great
interest in the possibility to generate many Stokes components. In further works [15,16],
using high resolution grating spectrograph it was discovered, that at high pump energies
there were greater number of Stokes-shifted components than can be accounted for on the
basis of successive amplification in the laser; a number of anti-Stokes shifted frequencies
were observed as well. 15 anti-Stokes and 30 Stokes components were recorded in these
experiments. Four-wave-mixing in the focal region was considered as the most probable
explanation for the effect observed. A full account on all possible processes, which
could lead to anti-Stokes scattering was made by Goldblatt and Hercher [17]. Apart
from four-wave-mixing involving forward propagating Stokes orders with comparable
intensity, they discussed processes involving window reflection of the first Stokes or of
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the laser frequency, and even Rayleigh scattering as a source of backward propagating
fundamental frequency, which interacting with the forward-propagating phonons could
lead to anti-Stokes scattering. Kyzylasov and Starunov [18] suggested that the interplay
between SBS and stimulated Rayleigh-wing scattering (SRwS) could generate high order
side-bands as well. In their experiment the SBS was excited in quartz. The output
radiation, containing both the fundamental and one Stokes frequency (characteristic for
quartz) was focused into a cell, containing CS2. Behind the cell the spectrum was
analyzed using either a Fabry-Perot interferometer or a grating spectrograph. The
authors observed 3 anti-Stokes and up to 9 Stokes components and attributed this result
to amplification through SRwS.
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Figure 1.7: SBS experiment in the time domain [24]; a) - experimental setup, b)
- oscilloscope traces of the laser power PL, the SBS power PB, and the transmitted
laser power Pout in ethyl ether; c) - instantaneous Brillouin power PB versus rising (◦)
and falling (•) instantaneous laser power PL in a cell of 50 cm length filled with ethyl
ether. The solid line is a calculation, while the dashed line represents 100% conversion
efficiency.

After these first experiments focusing on the spectral properties of the SBS signal
many more experiments were performed in other solids, liquids [19–24] and gases [25,
26]. One of the first measurements of the temporal and spatial distribution of the
scattered signal and Brillouin gain within a cell filled with liquid was presented in 1968
by Maier [24]. In the experimental setup shown in Fig. 1.7a, the laser pulses were
provided by a giant-pulse (Q-switched) ruby laser delivering maximum output power of
1 MW, in a nearly Gaussian beam with diameter of 2 mm, and divergence of 1 mrad.
A telescope was used to increase the intensity by a factor of 9. After a small (0.5 mm
diameter) diaphragm an intense collimated beam was obtained, which entered a cell
filled either with ethyl ether, n-hexane, or CS2. A glass plate was used to couple out
light from the laser (1 in Fig. 1.7a) and from the backscattered signal (2). The light
transmitted through the Brillouin cell (3) was also detected. A movable glass plate
immersed in the liquid coupled out the backscattered light at different positions in space
(4). The temporal resolution of the detection system was limited by the oscilloscope
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rise-time of 300 ps. A large distance between the laser and the liquid cell eliminates
multiple scattering amplified in the laser rod.

The experimental setup described above allowed the author to create experimental
conditions very close to the theoretically assumed ones for steady-state SBS generator.
The results from quantitative time resolved measurements of the laser power PL, Bril-
louin power PB, and the transmitted laser power Pout are presented in Fig. 1.7b. It is
clearly seen that the instantaneous Brillouin power PB after initial exponential growth
reaches steady-state and follows closely the pump pulse power distribution PL with high
conversion efficiency. The transmitted power Pout was strongly attenuated at the onset
of SBS. The points obtained from the continuous curves of Fig. 1.7b at different times
are shown in Fig. 1.7c. The open circles (◦) represent the rising part of the laser pulse,
whereas the full ones (•) are measured in the falling part of the pump. The application
of the steady-state theory Eqs.(1.22 a, 1.22 b) explains well the data (the solid curve in
Fig. 1.7c).

Measurement of the z-dependence of the instantaneous Brillouin power PB(z) yielded
experimental values for the weak-signal gain G ' 30 for both n-hexane and ethyl ether.
Only in the case of CS2 the values obtained were somewhat lower G = 15 − 25, a
discrepancy attributed to the self-focusing taking place before the onset of SBS, thus
initiating the process at lower value of the weak-signal gain.
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Figure 1.8: SBS in optical fibers [28]; a) - experimental setup, b) - transmitted (◦)
and reflected (•) powers as a function of the input power launched into a 13.6 km long
single-mode fiber.

It was not before the development of optical fibers in the early 1970s when SBS
was studied for the first time in guided geometry. Pulsed lasers were employed in the
beginning, when the production technology was not mature enough and the maximum
interaction length was limited by the extremely large losses, typically ≈1300 dB/km.
Ippen and Stolen [27] used a pulsed xenon laser at 535.5 nm as a pump source and fibers
of 5.8 m and 20 m length and 13.5 µm2 cross-section, measuring threshold powers of
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2.3 W and 1 W, respectively. The results of this experiment were in excellent agreement
with the steady-state theory of SBS generator, discussed above. The threshold power in
case of optical fibers can be calculated according to:

Pth =
GthAeff
gBLeff

, (1.25)

where Aeff is the effective fiber cross-section and Leff = α−1[1 − exp (−αL)] is the
effective interaction length of fiber with length L and losses α. The Brillouin shift
ΩB = 32.2 GHz, measured in Ref. [27] also agreed with the value known for bulk silica.

As fiber technology improved in the 1980s, losses as low as 4 dB/km were achieved in
single-mode fibers in the visible. The threshold powers, according to Eq.(1.25) decreased
and SBS became accessible for CW lasers. An example of such experiment is shown in
Fig. 1.8a where a CW Nd:YAG laser at 1.32 µm, a wavelength of interest for optical fiber
communications, was used to produce powers up to 30 mW with 1.6 MHz linewidth [28].
The fiber was 13.6 km long with 0.41 dB/km loss, resulting in an effective length Leff =
7.66 km. The optical isolator prevented the backscattered light from entering the laser.
Both transmitted and reflected powers were measured simultaneously at different pump
levels. The results are presented in Fig. 1.8b where transmitted power is depicted by
open circles (◦), while the reflected power by full ones (•). At low input powers the
reflected light was simply the 4% reflection from the fiber tip. The Brillouin threshold
was reached at an input power of about 5 mW as manifested through the substantial
increase in the reflected power, dominated by the backward Stokes generated through
SBS. The transmitted power was then depleted and reached saturation level of 2 mW
for input power in excess of 10 mW. The SBS reflectivity approached 65%.

As clearly demonstrated, the narrow-band power transmission through optical fibers
can be undermined by the SBS process at power levels of the order of tens of milli-Watts
for several kilometers long connections. In case of usual laboratory connection of ≈20 m
length the threshold is as low as 500 mW for narrow-band input light.

1.2 Applications of SBS

1.2.1 Phase conjugation by SBS

Optical phase conjugation is one of the most interesting topics in nonlinear optics [29–31]
and probably the most widely used application of SBS. From a mathematical point of
view it is the process of creating from an incident optical field

Ẽ0(r, t) = E0ε0e
i(k0·r−ω0t) + c.c. (1.26)

the wave, complex conjugate of Ẽ0 in the spatial properties:

Ẽc(r, t) = E∗0ε
∗
0e
i(−k0·r−ω0t) + c.c. (1.27)

In Eqs.(1.26,1.27) k0 is the wave-vector of the incident wave, ω0 is its carrier frequency,
and ε0 is the polarization vector. It is seen, that the spatial phase conjugation (1.27) is
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Figure 1.9: Optical phase conjugation; a) - comparison between the reflection on
a conventional (solid line) and a phase-conjugate mirror (dashed line) of the light
emitted from a point source S; b) - wave-front correction by phase-conjugate mirror
(PCM).

in fact equivalent to time reversal Ẽc(r, t) = Ẽ0(r,−t), i.e. the conjugate wave travels
exactly as if it were seen on a backward motion picture.

In order to clarify the action of a phase conjugation device let us consider a mirror,
reflecting the light emitted from a point source (Fig. 1.9a). If the reflection were from
a conventional mirror the rays would follow the path, depicted by the solid arrows in
Fig. 1.9a. In case of a phase conjugate mirror (PCM), upon reflection the rays follow
the dashed arrows (kc = −k0), converging at the source S. The action of a perfect phase
conjugate mirror is in fact threefold [5]:
i - E0 is replaced by E∗0 , hence the wavefront is reversed;
ii - kc = −k0, hence the direction of propagation is reversed;
iii - the polarization vector of the outgoing wave is the complex conjugate of ε0. The
physical consequence of this mathematical representation along with ii is that right-
hand circularly polarized light remains right-hand circularly polarized upon reflection
from a PCM, unlike the reflection from a conventional mirror. The linear polarization
state is conserved.

One prominent application of PCM is in correcting wavefront distortions as shown in
Fig. 1.9b. The wavefront of a plane wave after passing through an aberrating mediumb is
distorted. Upon reflection from a PCM the reversed wavefront, depicted with a dashed
line in Fig. 1.9b, passes again through the same medium. The initial flat wavefront is
restored, due to the canceling effect of the aberration acting on the phase conjugate
wavefront [32].

There are two processes widely used for generation of phase-conjugate waves: degen-
erate four-wave mixing and stimulated Brillouin scattering. The degenerate four-wave
mixing (DFWM) is often used for its nearly perfect phase conjugation fidelity and the
possibility of phase conjugating weak signals [33–35]. The scheme of phase conjugation
by DFWM is shown in Fig. 1.10a. The four interacting waves all have the same fre-
quency. If the two pump waves (Ẽ1 and Ẽ2) are phase conjugate of one another (for

bThe thermal lensing effect in powerful amplifier systems is a typical example of aberrating medium,
where PCM is used for wavefront correction.
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Figure 1.10: Phase conjugation; a) - by degenerate four-wave mixing, b) - by SBS.

instance plane waves), the outgoing wave Ẽ4 is phase conjugate to the signal wave Ẽ3.
The phase-matching of the process requires k1 = −k1 and k3 = −k4, thus satisfy-
ing condition ii for phase conjugation. It can be shown [36] that the evolution of the
slowly-varying amplitude A4 of the output wave Ẽ4 is governed by dA4/dz = −iκA∗3,
where κ = 12πωA1A2/(nc). Hence, conditions i and iii are fulfilled as well. The first
experimental realization of phase conjugation by DFWM was reported in 1977 [35]. The
authors used CS2 as χ(3) nonlinear medium and a conventional mirror to create the two
plane counter-propagating pump waves Ẽ1 and Ẽ2.

In Fig. 1.10b the scheme of PCM, based on stimulated Brillouin scattering is pre-
sented. However, from the equations governing the process of SBS and described in the
preceding section it is not clear why the scattered signal Ẽ2 should be phase conjugate
of the incident wave Ẽ1.

The observations in the early experiments on SBS showed that the backscattered
light followed very closely the path of the pump beam, an effect initially attributed to
the geometry of the interaction. It was not before 1972 when it was realized for the first
time that under proper conditions the Stokes wave in SBS was indeed phase conjugate.
Zel’dovich et al. [37] performed the experiment, shown in Fig. 1.11a where the beam
from a Q-switched ruby laser was aberrated by means of an etched glass plate (A) and
subsequently focused into a methane filled cell. Both the Stokes and the laser beams were
monitored on photo cameras. The results are presented in Fig. 1.11b. Photo 1 was the
laser beam profile of divergence 0.14×1.3 mrad, whereas 2 was the backscattered beam.
The perfect wavefront reconstruction is evident. However, if the beam was not initially
aberrated, camera 1 recorded the beam profile 3, which did not reproduce the pump
beam. When the methane cell was replaced by a conventional mirror with aberrator
inserted, camera 1 recorded a large spot of the aberrated laser beam. On the basis
of these observations the authors came to the conclusion that the aberrated beam was
better phase conjugated than the unaberrated one; a conclusion which reflects the fact
that phase conjugation is not an inherent property of the SBS process.
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Figure 1.11: Phase conjugation with SBS [37]; a) - experimental setup, b) - beam
profiles recorded in the experiment (see the text).

In the focal region of a lens the aberrated beam creates highly inhomogeneous in-
tensity distribution (volume speckle pattern). Since the local gain of the SBS process
is huge and depends on the local intensity, the volume gain distribution will follow the
nonuniform pump distribution and will transfer into the Stokes field only this part of the
spontaneous noise whose wavefront matches exactly the incident wavefront (condition
i). The condition ii is automatically fulfilled for SBS, due to its backscattering gain.
Only condition iii cannot be satisfied in all cases.

The polarization properties of SBS become clear analyzing Eqs.(1.16, 1.17 a, and
1.17 b). The driving term in the Navier-Stokes equation (1.16) is A1A∗2. It is the inter-
ference between A1 and A∗2 which through electrostriction creates the acoustics field.
Since the disturbance of the density ∆ρ̄ is a scalar, then the change in the dielectric con-
stant is of scalar nature and the response of the medium at the Stokes-shifted frequency
is:

dA2

dz
=

1
2
GA1(A∗1 ·A2). (1.28)

Let us consider two orthogonal polarizations e1 and e2. If the laser is linearly polarized
along e1 (A1(z) = e1A1(z)) and the Stokes has in general arbitrary polarization A2(z) =
s1(z)e1 + s2(z)e2, Eq.(1.28) has the solution:

A2(z) = s2(0)e2 + s1(0)egz/2e1, g = G|A1|2. (1.29)

This means that the component s2e2 orthogonal to the laser polarization is not amplified,
whereas the component s1e1 experiences all the gain. Therefore, SBS being scattering
from a scalar field, does not alter the polarization state of the wave and acts as a
conventional mirror for polarization. Right-hand circularly polarized pump beam is
converted into left-hand circularly polarized Stokes beam, thus violating condition iii
and resulting in an imperfect phase conjugation for any other polarization than linear.
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This fact makes it possible to fully separate circularly polarized laser beam from the
phase conjugate Stokes one on the basis of their different polarizations (see Chapter 2).

1.2.2 Pulse compression by SBS

The idea of compressing laser pulses in the course of stimulated backscattering dates
from the late 1960s when experiments on pulse compression in traveling-wave Raman
amplifiers were conducted by Maier et al. [38] and many others [39–41]. It was noted
that backward Raman scattering could efficiently compress (50 - 70%) a seeded weak
Stokes pulse, thus producing an intense short pulse with duration limited by the de-
cay time of the vibrational excitation in the medium (of the order of pico-seconds).
This efficiency, combined with powerful excimer lasers (typically KrF at 248 nm), was
used in attempts to create high-peak intensity short ultraviolet pulses for laser assist-
ed nuclear fusion experiments [42, 43]. After nearly a decade of development the idea
was abandoned due to complications arising from competing nonlinearities (two-photon
absorption, optical breakdown, and self-focusing) and most notably the generation of
super-fluorescent second Stokes radiation during the compression process.

The possibility to compress pulses by means of stimulated backscattering is not
restricted to Raman scattering only. It was theoretically predicted for SBS as well,
but it was not before 1980 when the first experimental demonstration was reported by
Hon [44]. The use of SBS offers several potential advantages [45] over compressor systems
based upon stimulated Raman scattering (SRS). Firstly, the production of second Stokes
is not a serious problem, because SBS occurs only in backward direction, unlike SRS
where the forward gain is usually stronger than backward [42]. Tapered waveguide
geometry was used in the first experiments in order to keep the peak intensity of both
the pump and Stokes pulses below threshold for second backward Stokes generation.
Secondly, the quantum efficiency of the SBS process is almost 100% since the Stokes
frequency ωs is approximately equal to the laser frequency ωL. Thirdly, the fact that
he SBS is initiated from spontaneous scattering avoids the necessity of injection of weak
Stokes pulse as required in SRS based compressors. Fourthly, since the Stokes beam
under proper conditions is the phase conjugate of the input beam, compensation for
inhomogeneities automatically takes place.

In Hon’s experiment [44] a 20 ns pulse with 200 mJ pulse energy from a single-
longitudinal mode Nd:YAG laser was directed into a 1.3 m long tapered glass-tube placed
inside a methane cell, pressurized at 120 atm. The pulses, detected on a fast photo-diode
and 500 MHz oscilloscope are shown in Fig. 1.12a. The “Input 1” and “Throughput”
stand for the laser pulse of 20 ns duration and the transmitted part of the pump after
the wave-guide, respectively. The sudden drop of the throughput is a signature of the
onset of SBS. Up to 70% conversion was achieved in this experiment. The compressed
phase conjugate pulse (denoted by “SBS 1” in Fig. 1.12a) consists of a spike of 2±0.5 ns
duration (approximately 10 times as short as the pump pulse) followed by a tail, closely
reproducing the laser-pulse profile. After allowing the backscattered pulse to enter the
laser and to be amplified (“Input 2”) it was again directed into the wave-guide for second
compression. The compressed pulse (“SBS 2”) was a single pulse of ∼2 ns duration; a
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Figure 1.12: Pulse compression by SBS [44]; a) - Input, throughput, and SBS signals
in two-step pulse compression; b) - Time sequence of SBS compression of a square
incident pulse in a tapered wave-guide.

compression ratio of 10 was achieved. The odd shape of the amplified compressed pulse
(“Input 2”) was attributed to the fact that the Brillouin-shifted frequency of “SBS1”
did not match any of the longitudinal modes of the laser. It was the short coherence
length of “Input 2” which was probably responsible for the low conversion efficiency in
the second compression.

For better understanding the evolution of the interaction leading to pulse compres-
sion, the time sequences containing the three interacting fields (laser, Stokes, and acous-
tic) are presented in Fig. 1.12b. Here we quote the original paper [44], containing the
following explanation: “As the SBS pulse, created by the leading edge of the pump pulse
sweeps backward, it beats with the remainder of the incident wave to create a strong
acoustic wave (with qB ∼ 2kL and ΩB ∼ 2nωLv/c), which in turn acts as a bulk grat-
ing to reflect the incident wave further to strengthen the SBS wave coherently . . . It is
postulated that the leading edge of the phonon envelope forms the mirror that reflects
and, owing to its growing reflectivity, compresses the pulse”.

There are two important characteristics in the pulse compression process: the com-
pression ratio τin/τout and the energy conversion efficiency Ein/Eout, where τ and E
stand for pulse duration and energy in the pulse, respectively, whereas the sub-script
in/out refers to laser/Stokes. In a tapered waveguide, both the compression ratio and
the reflectivity can be controlled by either changing the degree of the taper or by gain
saturation that tends to sharpen the leading edge of the pulse as it is amplified [45].
The energy conversion efficiency is generally somewhat less than 100%, principally due
to the initial build-up of the Stokes pulse from noise, during which time the laser pulse
passes out of the guide with low depletion. To increase the conversion efficiency at high
input powers a sharp focusing in a cell (generator) is usually used, preceded by a long
cell (amplifier), where the actual compression takes place (see Fig. 1.13a). In the focal
region of the lens L the very leading part of the front edge of the pump pulse generates
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the Stokes pulse which, being phase conjugate of the pump, sweeps backwards through
the amplifier cell depleting the laser pulse. Using a two-cell generator-amplifier setup [46]
both high conversion efficiency and high compression ratios have been achieved [47–49]
(see also Chapter 2 of this Thesis).

Competing nonlinear processes in the generator cell inevitably limit the scalability
of the two-cell SBS pulse compressor to higher powers. To avoid this constraint a
modification has been suggested in Ref. [47] where a small portion of the pump beam is
directed into the generator cell, while the remainder of the laser pulse is used to pump
the amplifier cell. Up to 25 J energy in 15 ns was compressed to 600 ps applying such
modification.

0 62 84 0 62 84
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Amplifier cell

Generator cell

Lens
Attenuator
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a) b)

Figure 1.13: Two-stage generator-amplifier setup; a) - Experimental arrangement:
PBS - polarization beam-splitter, QWP - quarter-wave plate; b) - A time sequence of
the modeled pulse compression by SBS in focusing geometry. The evolution stages of
the compression follow the Arabic numerals.

Modeling of the SBS compression, involving transient effects [50] (see also Chapter 3
of this Thesis), results in the evolution, presented in Fig. 1.13b. The input pulse is of 5 ns
duration and 300 mJ energy (typical output of a commercially available injection seeded
Q-switched Nd:YAG laser), propagating through water as a Brillouin medium is focused
by a lens (f = 10 cm). The lens’s position in space is depicted by a dashed line. The
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laser pulse is drawn in black, whereas the Stokes pulse is in gray throughout all stages
in Fig. 1.13b. In stage 1 the leading edge of the laser pulse has already entered the focal
region, which results in very high peak intensity at the focal plane of the lens. A narrow,
intense Stokes signal is therefore generated. Being phase conjugate it follows the path of
the pump-pulse and in stage 3 it has passed the lens and has entered the amplifier region.
Its peak intensity at that moment is higher than the intensity of the pump pulse and, as
seen in stage 4, after the peak of the Stokes pulse the pump pulse is fully depleted, thus
providing no gain for the trailing edge of the Stokes. As a consequence, only the leading
edge of the Stokes pulse is amplified and at the end of the interaction it is effectively
compressed. The output pulse duration in this case is ∼300 ps (compression ratio of 17)
and the energy conversion efficiency is ∼98%. If we recall that the phonon life-time in
water at 532 nm is τp = 295 ps a conclusion can be drawn, that the pulse compression
is limited by the phonon lifetime itself. In most of the experimental realizations of pulse
compression this is indeed true. By changing the pump energy or by modifying the
geometry of the experiment, one can tailor the compressed pulse duration over a wide
range [51]. The possibility for SBS pulse compression below the phonon lifetime limit is
discussed in Chapter 3 of this Thesis.

1.2.3 Other applications

Brillouin-enhanced-four-wave mixing

One of the main advantages of phase conjugation by degenerate four-wave mixing
(DFWM) over SBS phase conjugation is the possibility of conjugating weak beams;
the possibility to produce in principle infinitely large reflectivity. In practice the exper-
imental realizations rarely reach 100. This is because the conditions required to achieve
high reflectivities are extremely precise; in experiments involving real Gaussian beams
it is not possible to achieve these conditions with sufficient precision [52].

The Brillouin-enhanced four-wave mixing (BEFWM) is a form of nearly-degenerate
four-wave mixing in which the four beams are coupled by the Brillouin nonlinearity [53].
The incoming signal beam has a Brillouin frequency-shift with respect to one of the
pump beams in a geometry, similar to the one drawn in Fig. 1.10a, so that the interfer-
ence pattern they produce moves at acoustic velocity and drives an acoustic wave. This
scatters the second pump beam to form the conjugate beam. High reflectivity (∼ 106)
can experimentally be achieved by BEFWM phase conjugation. This is because the re-
flectivity results from an instability in which the conjugate intensity grows exponentially
in time until pump beam depletion prevents further growth. Providing that the pump
beams exceed a certain critical intensity, it is found that whatever the strength of the
input signal the conjugate intensity will grow until the pump beams are significantly
depleted. It can be shown, that maximum conjugate power is obtained if an anti-Stokes
signal creates a Stoke conjugate, while the minimum signal requirement is achieved if a
Stokes-shifted signal is used.

The first experimental realization of BEFWM using two pumps of the same frequency
and a suitable Brillouin-shifted signal beam was reported in 1980 by Bespalov et al. [54]
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who achieved reflectivity of the order of 20. High reflectivity BEFWM conjugation was
reported soon after by Andreev et al. [55] with a value of 7× 105 measured.

BEFWM has got many applications ranging from phase conjugating and amplifying
very weak signals (≈ 4× 10−17 J) [56] to phase locking of laser beams [57]. The latter is
used for vector phase conjugation [58, 59] and beam combination [60, 61]. As discussed
above, the phase conjugation by SBS is a scalar phase conjugation, for it does not
conjugate the polarization state. In addition, conventional SBS has a random overall
phase that can fluctuate in time. It is possible to split a beam into two orthogonal
polarizations, conjugate each using scalar phase conjugation, and recombine them such
that they emulate vector phase conjugator. This can only be achieved if the phases
of both beams are locked together [58]. BEFWM can be successfully used as a phase
controlled scalar conjugator, since in this scheme the conjugate signal does not build up
from noise, thus retaining a control over its phase via the characteristics of the pump
beams.

Brillouin fiber-lasers and mode-locking

The Brillouin gain can be used to make Brillouin lasers by placing the Brillouin medium
inside a cavity [62]. The gain of the order of 5× 10−3 cm/MW requires long interaction
length in order to achieve oscillation. This can be easily done in optical fibers, where the
pump and the Stokes can propagate together for a long distance. Both ring-cavity and
linear configurations have been demonstrated so far. Linear cavity fiber-lasers exhibit
features qualitatively different from those in ring configuration, because of the simulta-
neous propagation of pump and Stokes waves in both directions. Through cascade SBS
multiple Stokes orders are generated, whereas four-wave mixing is responsible for anti-
Stokes generation. The output of such a laser consists om many Stokes and anti-Stokes
frequencies, whose number depends on the pump power. In one experiment [63] up to
14 spectral lines were observed, 10 of which on the Stokes side, in a 20 m long fiber
inside a Fabry-Perot cavity pumped by a CW argon-ion laser at 514.5 nm.

The simultaneous presence of many spectral lines in the output of the Brillouin
fiber-laser offers the possibility to obtain ultrashort pulses, provided the laser can be
mode-locked. This idea was investigated in the 1970s, but unfortunately the outcome
was not encouraging. Partial mode-locking was observed by Kawasaki et al. [64], but
the process turned out to be not very stable. This can be understood if we recall
the frequency dependence of the Stokes shift ΩB = 2ω0nv/c, which implies that higher-
order Stokes frequencies, being pumped by waves at different wavelengths will be shifted
differently. As a result the cascaded SBS will not produce equidistant modes and the
SBS mode-locking will not be stable. For more qualitative analysis let us calculate the
set of frequencies, generated in a cascaded SBS and compare them to an equidistant
comb of frequencies ω̄m = ω0−mΩB which would be produced by an ideal mode-locked
laser. Since the Stokes shifts are not identical for each order, the set of frequencies is:

ωm = ω0 −
m−1∑
j=0

Ωj ,
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where Ωj = 2ωjnv/c is the Stokes shift when pumping with frequency ωj . Taking into
account the relations:

Ωj = 2(ωj−1 − Ωj−1)nv/c = Ωj−1

(
1− 2nv

c

)
= ΩB

(
1− 2nv

c

)j
.

The Stokes shifts form a geometrical progression, while the Stokes orders are partial
sums over the elements of this progression. The shift of the m-th Stokes frequency ωm
from its ultimate position for mode-locking ω̄m then is:

∆ωm = ωm − ω̄m = ΩB

m− m−1∑
j=0

(
1− 2nv

c

)j ≈ m(m− 1)ΩB
nv

c
+O2

(
2nv
c

)
.

If m is large enough, ∆ωm can become greater than the Brillouin linewidth ΓB , hence
no mode-locking can occur for order numbers higher than m. Calculating the number of
orders which can be efficiently mode-locked in case of silica fiber with ΩB/2π = 31.6 GHz,
ΓB/2π = 42 MHz, n = 1.45, and sound velocity v = 5.96 km/s [62] we find:

m(m− 1) =
ΓBc
nvΩB

; m ≈ 7.

The small number of Stokes orders suitable for mode-locking is the factor limiting the
proper operation of the mode-locked Brillouin fiber-lasers. In case of water at 532 nm,
due the order of magnitude larger Brillouin linewidth ΓB/2π = 540 MHz, characteristic
for liquids, the number of Stokes orders, which can in principle be mode-locked is 105.
If those modes could be mode-locked in practice the output of such device would consist
of a train of pico-second pulses. Unfortunately the focused geometry for observing SBS
in liquids does not allow for long interaction lengths. The idea of pumping with non-
diffracting beams, which is the subject of Chapter 4 of this Thesis may be suitable for
experimental realization of Brillouin mode-locking in the future.

1.3 High-order harmonic generation

When an atom is exposed to an intense laser field, it develops a time-dependent dipole
moment and radiates odd harmonics of the incident laser frequency. At low and mod-
erate intensities (1013 to 1014 W/cm2) this process has been studied extensively in the
past using pico-second pulses [65–67]. Nowadays, the femto-second laser systems are
capable of producing intensities up to 1018 W/cm2. At such excitation level the atom
can radiate harmonics with energies even above its ionization limit [68–70]. The process
is accompanied and competes with ionization, but the conversion efficiency is still at
a useful level. In the majority of the experiments high-order harmonic generation is
achieved by focusing high peak intensity pulses into an expanding gas jet in vacuum. In
this case the phase matching is dominated by the phase shift of the laser field passing
through the focus (i.e. Guoy phase shift) [71,72]. Some enhancement comes from posi-
tioning the focus slightly before the gas jet [73], but in general the divergence determines
the interaction length.
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Figure 1.14: a) - Calculated ionization rates for He at 248 nm (�), at 527 nm (�),
and at 1053 nm (•); and for He+ at 248 nm (�), and at 527 nm (◦); b) - Single-electron
harmonic spectra |d(ω)|2 for He at 1× 1014 W/cm2 (•), at 3× 1014 W/cm2 (N), and
at 6× 1014 W/cm2 (�). After Ref. [74].

Rare gases are preferentially used in these experiments for their high ionization lim-
it, compared to other atoms. Helium, being the neutral atom with largest ionization
potential (Ip = 24.6 eV) along with its only two electrons is a good test medium for
studying high-harmonic generation [74]. Because the Ip of an ion is much larger, one
can expect that much higher-order harmonics will be generated from ions. However,
the ion has a lower polarizability, hence the conversion efficiency will be lower. When
interacting with an intense laser field, both neutral atoms and their ions can contribute
to the yield. The bound electrons tunnel through or flow over the suppressed Coulomb
barrier, thus making direct transition to the continuum. The photoemission requires a
transition from the continuum back to the ground state when the electron is near the
nucleus [75], therefore the harmonic signal observable in an experiment is limited to
the single-atom response. In Fig. 1.14a the calculated ionization rates in He and He+

for different wavelengths as a function of the laser intensity are presented [74]. It is
clearly seen that at a given intensity the ionization rate for He is considerably higher
than that in He+. In case of He+, being one-electron system, the result is achieved by
direct integration of the time-dependent Schrödinger equation, where in neutral He the
single-active-electron approximation is applied. The resulting time-dependent induced
dipole moment d(t) after Fourier transform yields the single atom photoemission rate
|d(ω)|2. Fig. 1.14b shows the calculated harmonic intensities for He at 527 nm and
intensities of 1 × 1014 W/cm2 (•), at 3 × 1014 W/cm2 (N), and at 6 × 1014 W/cm2

(�). From those graphs three important features of the harmonic spectra are seen: a
rapid decrease of the intensity of the 5th and 7th harmonics, followed by a plateau of
relatively constant intensity, and then a sharp cutoff at a specific harmonic order. At
6× 1014 W/cm2, for instance, the cutoff begins at the 33rd harmonic. The same calcu-
lation for He+ at 527 nm and intensity of 5× 1015 W/cm2 produces the same ionization
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rate (∼ 2× 1012 s−1) as for He at 6× 1014 W/cm2, but the extent of the plateau is up
to 500 eV.

There are two regularities seen in Fig. 1.14b. Both the extent of the plateau and
its average intensity are bigger for higher laser intensities. The former is explained
assuming that the maximum energy which can be emitted by an atom during the process
of harmonic generation is equal to the energy difference between the ground state of the
atom (−Ip) and the maximum kinetic energy which the released into the continuum
electron can acquire during the process of acceleration in the laser electric field (3Up =
3I/(4ω2)) [76]:

Emax ≈ Ip + 3Up, (1.30)

where Up = I/(4ω2) is the ponderomotive shift of the ionization potential. The cutoff
energy scales linearly with the applied laser intensity and is proportional to λ2. The
latter dependence makes infrared pulses favorable for high-order harmonic generation.

Concerning the second regularity seen in Fig. 1.14b, a comparison between the over-
all plateau intensity and the ionization rate as a function of the laser intensity (see
Fig. 1.14a) yields similar behavior for both quantities, i.e. the intensity of the plateau is
proportional to the ionization rate. Hence, the processes responsible for harmonic emis-
sion and ionization are coupled. This rather qualitative picture of high-order harmonic
generation describes very well most of the experimental observations and Eq.(1.30) is
widely used for calculating the extent of the plateau.

In the microscopic theory presented so far the geometry of the interaction was not
taken into account. In order to investigate phase-matched harmonic generation one has
to consider parameters as material dispersion of the medium and beam geometry. As
mentioned above, the Guoy phase shift in focused Gaussian beam is the predominant
factor causing phase mismatch. In order to avoid this limitation the beam is focused
just before the gas jet in most of the experiments. Working somewhat outside the
confocal region requires even higher peak intensity. Alternative approach involves the
use of a hollow waveguide filled with gas [77]. The plane wave nature of the mode
makes it possible to ballance, over an extended interaction length, the positive dispersion
of the neutral gas with the negative dispersion of both the waveguide and the free
electrons [78,79]. The propagation constant k of the fundamental wave traveling through
a hollow waveguide of radius a filled with a gas is k2 = n2k2

0 − (u11/a)2 [80], where n
is the refractive index of the medium, k0 is the propagation constant in vacuum, and
u11 = 2.405 is the first zero of the Bessel function J0(r). In case of partially ionized gas
the index of refraction is n = 1 + P [(1− η)κ(λ)− ηNreλ2/2π] + (1− η)n2I [79], where
P is the pressure in atmospheres, η ∈ (0, 1) - the ionization fraction, N - the number
density at one atmosphere, κ(λ) is the neutral gas dispersion, re = 2.82 × 10−13 cm -
the classical electron radius, n2 - the nonlinear refractive index, and I is the local laser
intensity. Consequently, the propagation constant can be written in the form:

k ≈ 2π
λ

+
2πP (1− η)κ(λ)

λ
+

2π(1− η)n2I

λ
− PηNreλ−

u2
11λ

4πa2
, (1.31)
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where the right-hand side terms correspond to vacuum, neutral gas dispersion, nonlinear
refractive index, plasma dispersion, and waveguide dispersion, respectively. The phase
mismatch for the qth harmonic generation then is ∆k = kq − qk = qk0[n(λq) − n(λ0)],
or

∆k ≈ q u
2
11λ0

4πa2
+Nere(qλ0 − λq)− q

2πNa
λ0

[κ(λ0)− κ(λq)], (1.32)

where Na and Ne are the number density of the neutral atoms and the electrons, respec-
tively. The growth of the harmonic intensity during the propagation through a hollow
fiber with length L, taking into account absorption α is [79]:

|E|2 ≈ N2
a |χ

(q)
eff E

s
0 |2
(

1 + e−2αL − 2e−αL cos ∆kL
α2 + ∆k2

)
, (1.33)

where the effective power of the nonlinearity s = 5 is usually used in for single-atom
response above 1013 W/cm2 [72, 81, 82]. Eq.(1.33) shows that the harmonic intensity
is determined by the shorter of the coherence length (1/∆k) and the absorption depth
(1/2α). Hence, the strong absorption of gases for photon energies above their ionization
potential limits the yield that can be obtained [79,83].

Recent experiments [77,79] have shown that good phase matching can be achieved for
harmonic generation in a hollow waveguide, where the ionization fraction is kept below
10%. Under proper conditions of phase matching the harmonic yield was proven to be
only limited by the absorption depth for a fiber of 3 cm length and Argon as a nonlinear
medium [79]. By varying the gas pressure, the harmonic signal for orders 19 - 47 (from
< 4.5 mJ, 20 fs, 800 nm) can be increased by 2 - 3 orders of magnitude, compared to
that of a gas jet. In our future experiments with powerful 300 ps Fourier-transform
limited pulses, tunable within the Ti:Sapphire amplification range (see Chapter 7), we
will implement both schemes for harmonic generation and determine which one will suit
better our regime of expected greater ionization. In the case of hollow waveguide when
high ionization fraction (η > 80%) is expected, quasi-phase matching technique can be
applied as well [84].
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(1979).



Introduction to SBS and high-order harmonic generation. 31

[43] J. J. Ewing, R. H. Haas, J. C. Swingle, E. V. George, and W. F. Krupke, IEEE J. Quantum
Electron. 15, 368 (1979).

[44] D. T. Hon, Opt. Lett. 5, 516 (1980).
[45] M. J. Damzen and H. Hutchinson IEEE J. Quantum Electron. 19, 7 (1983).
[46] G. J. Crofts, M. J. Damzen, and R. A. Lamb, J. Opt. Soc. Am. B 8, 2282 (1991).
[47] C. Brent Dane, W. A. Neuman, and L. A. Hackel, IEEE J. Quantum Electron. 30, 1907

(1994).
[48] S. Schiemann, W. Ubachs, and W. Hogervorst, IEEE J. Quantum Electron. 33, 358 (1997).
[49] D. Neshev, I. Velchev, W. A. Majewski, W. Hogervorst, and W. Ubachs, Appl. Phys. B

68, 671 (1999).
[50] I. Velchev, D. Neshev, W. Hogervorst, and W. Ubachs, IEEE J. Quantum Electron. 35,

1812 (1999).
[51] S. Schiemann, W. Hogervorst, and W. Ubachs, IEEE J. Quantum Electron. 34, 407 (1998).
[52] G. Grynberg, B. Kleinmann, M. Pinard, and P. Verkerk, Opt. Lett. 8, 614 (1983).
[53] A. M. Scott and K. D. Ridley, IEEE J. Quantum Electron. 25, 438 (1989).
[54] V. I. Bespalov and G. A. Pasmanik, Bull. Acad. Sci. USSR Phys. Ser. A 17 (1980); [In

Russian: Izvesti� Akademii Nauk SSSR, seri� Fiziqeska� 44 1572 (1980)].
[55] N. F. Andreev, V. I. Bespalov, A. M. Kiselev, A. Z. Matveev, G. A. Pasmanik, and A. A.

Shilov, JETP Lett. 32, 625 (1981); [In Russian: Pis~ma v ��TF 32, 639 (1980)].
[56] N. F. Andreev, V. I. Bespalov, M. A. Dvoretsky, and G. A. Pasmanik, IEEE J. Quantum

Electron. 25, 346 (1989).
[57] M. W. Bowers and R. W. Boyd, IEEE J. Quantum Electron. 34, 634 (1998).
[58] N. G. Basov, V. F. Efimkov, I. G. Zubarev, A. V. Kotov, S. I. Mikhailov, and M. G.

Smirnov, JETP Lett. 28, 197 (1978).
[59] M. W. Bowers, R. W. Boyd, and A. K. Hankla, Opt. Lett. 22, 360 (1997).
[60] M. Valley, G. Lombardi, and R. Aprahamian, J. Opt. Soc. Am. B 3, 1492 (1986).
[61] D. L. Carroll, R. Johnson, S. J. Pfeifer, and R. H. Moyer, J. Opt. Soc. Am. B 9, 2214

(1992).
[62] G. P. Agrawal, “Nonlinear Fiber Optics”, (Academic, 1995).
[63] O. Hill, D. C. Johnson, and B. S. Kawasaki, Appl. Phys. Lett. 29, 185 (1976).
[64] B. S. Kawasaki, D. C. Johnson, Y. Fujii, and O. Hill, Appl. Phys. Lett. 32, 429 (1978).
[65] A. McPherson, G. Gibson, H. Jara, U. Johann, T. S. Luk, I. A. McIntyre, K. Boyer, and

C. K. Rhodes, J. Opt. Soc. Am. B 4, 595 (1987).
[66] A. L’Huillier, K. J. Schafer, and K. C. Kulander, J. Phys. B 24, 3165 (1991).
[67] A. L’Huillier, K. J. Schafer, and K. C. Kulander, J. Phys. B 24, 3315 (1991).
[68] J. J. Macklin, J. D. Kmetec, and C. L. Gordon III, Phys. Rev. Lett. 70, 766 (1993).
[69] J. Zhou, J. Peatross, M. M. Murnane, H. C. Kapteyn, and I. P. Christov, Phys. Rev. Lett.

76, 752 (1996).
[70] C. Speilmann, H. Burnett, R. Sartania, R. Koppitsch, M. Schnurer, C. Kan, M. Lenzner,

P. Wobrauschek, and F. Krausz, Science 278, 661 (1997).
[71] A. L’Huillier, X. F. Li, L. A. Lompre, J. Opt. Soc. Am. B 7, 527 (1990).
[72] A. L’Huillier, K. J. Schafer, and K. C. Kulander, Phys. Rev. Lett. 66, 2200 (1991).
[73] A. L’Huillier and P. Balcou, Phys. Rev. Lett. 70, 774 (1993).
[74] J. L. Krause, K. J. Schafer, and K. C. Kulander, Phys. Rev. Lett. 68, 3535 (1992).
[75] J. L. Krause, K. J. Schafer, and K. C. Kulander, Phys. Rev. A 45, 4998 (1992).
[76] T. F. Gallagher, Phys. Rev. Lett. 61, 2304 (1988).
[77] A. R. Rundquist, C. G. Durfee, Z. H. Chang, C. Herne, S. Backus, M. M. Murnane, and

H. C. Kapteyn, Science 280, 1412 (1998).



32 Chapter 1

[78] C. G. Durfee, S. Backus, M. M. Murnane, and H. C. Kapteyn, Opt. Lett. 22, 1565 (1997).
[79] C. G. Durfee, A. R. Rundquist, S. Backus, C. Herne, M. M. Murnane, and H. C. Kapteyn,

Phys. Rev. Lett. 83, 2187 (1999).
[80] E. A. J. Marcatili and R. A. Schmeltzer, Bell Syst. Tech. J. 43, 1783 (1964).
[81] K. C. Kulander and B. W. Shore, Phys. Rev. Lett. 62, 524 (1989).
[82] K. C. Kulander and B. W. Shore, J. Opt. Soc. Am. B 7, 502 (1990).
[83] E. Constant, D. Garzella, P. Breger, E. Mvel, Ch. Dorrer, C. Le Blanc, F. Salin, and P.

Agostini, Phys. Rev. Lett. 82, 1668 (1999).
[84] I. Christov, H. C. Kapteyn, and M. M. Murnane, Optics Express 3, 360 (1998).



Chapter 2

SBS pulse compression to 200 ps in a

compact single-cell setup.∗

Temporal compression of nanosecond pulses from a commercial Q-switched Nd:YAG laser at 2nd

and 3rd harmonic into the sub-nanosecond regime is demonstrated. In a geometry consisting of

a single cell only, compression in several liquid media is investigated. For both 532 and 355 nm

smooth and reliable operation is obtained with output pulses as short as 200 ps. A new concept

is proposed to separate SBS-pulses from the pump beam at low optical losses.

2.1 Introduction

Stimulated Brillouin scattering (SBS) is a nonlinear optical process, discovered already
in the first decade of laser physics, i.e. in the 1960s. For an introduction to the physics
underlying SBS we refer to the book of Boyd [1]. Since its invention the main application
of SBS has been in optical phase conjugation. In the past two decades the use of SBS
for the compression of laser pulses has been investigated theoretically and experimen-
tally [2–6] for various types of lasers and active media. Dane et al. [7] demonstrated
pulse compression at very high energies, while Fedosjevs and Offenberger [8] achieved
compressibility by a factor of 60. As a third application of SBS we mention its use to
filter spontaneous emission from a laser beam [9].

Various geometries of SBS laser-pulse compressors have been proposed, usually show-
ing the features of a generator for a SBS-backscattered wave followed by amplification
in one or more stages. Damzen and Hutchinson [10] investigated the special design of
a tapered waveguide. Recently Schiemann et al. [11] reported on a compact generator-
amplifier setup (CGAS) in which efficient compression of 532 nm pulses from a Nd:YAG
laser was achieved. Following up on the CGAS-design we present a simplified SBS-
scheme consisting of a single cell and using a limited number of optical components on-
ly. In this setup we demonstrate efficient compression of pulses of 4-5 ns duration from
an injection-seeded Nd:YAG-laser at its 2nd and 3rd harmonics. The SBS-behaviour in
water, methanol, ethanol and CCl4 is investigated. Particularly the relation between the
phonon lifetime, i.e. the relaxation damping time of hypersound in the liquid, and op-
timum compressibility has been studied. This phonon lifetime τp is a material property
of the medium, which scales with wavelength as [1, 5]:

τp = τ ′p(ν
′/ν)2. (2.1)

Hence at shorter wavelengths as well as in CCl4 with the shortest phonon lifetime among
the media investigated in this stydy, the highest compression is expected.
∗Applied Physics B68 (4) 671-675 (1999).
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At both wavelengths, 532 and 355 nm, we provide a prescription to achieve pulse
durations of 200 ps, which may turn Nd:YAG-lasers, available in many laboratories,
into more versatile tools for dynamical and nonlinear optics studies. Also we propose an
alternative method for separating the compressed Stokes pulses from the incident pump
beam. Usually the beams are separated by polarization; we suggest to take advantage
of the frequency shift of the SBS-output.

PBS FR

cell 1 cell 2

PBS

cell

T

L

T

M

FR

(a)

(b)

Figure 2.1: Geometrical configurations for SBS compressors. a) two-cell compact
generator-amplifier setup (CGAS) as used previously by our group [11] with circularly
polarized light; b) single-cell geometry used in the present study (T - telescope, PBS
- polarizing beam splitter, FR - Fresnel rhomb, L - lens, M - mirror).

2.2 Experimental setup and measurement methods

The geometries of relevance for the present experiments are schematically depicted in
Fig. 2.1. In our previous work [11] SBS-pulse compression was demonstrated in a com-
pact generator-amplifier setup (CGAS), depicted in Fig. 2.1a. The CGAS consists of
two separate cells filled with liquid: one for the generation of the SBS-Stokes pulse and
the other for amplification, without use of attenuators. The underlying concept of this
approach is that the necessary attenuation of the pump beam propagating towards the
oscillator results from pump depletion induced by the SBS-amplification. In Fig. 2.1b
we introduce a simplified geometry based on a single cell involving a concave mirror,
coated for high reflectivity at 532 or 355 nm, that redirects the generated SBS-pulse
through the same cell for amplification. Again, as discussed in [11] two basic ideas
determine the choice of focal length of the reflecting mirror and the cell length. The
focussing in the oscillator part may be chosen as tight as possible, such that the very
leading edge of the pump beam reaches SBS-threshold in the focus. A lower limit to
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the focal length is, however, determined by the restriction that optical breakdown in the
medium must be prevented. With available cleaning methods to filter solid particulates
from the liquid (poresize 200 nm) focal lengths of 10 cm can be combined with pulse
energies of up to 300 mJ, while avoiding optical breakdown for more than 99% of the
pulses. The cell length is chosen such that the phase-conjugate SBS-pulse folds on to the
entire counter-propagating pump beam for amplification. At the same time scattering
losses, of both pump and Stokes beams, are minimized by keeping the cell as short as
possible. Since SBS-oscillation starts from the leading edge of the propagating pulse an
optimum is expected for a spatial length of the pulse of (c/n)τ , where τ is the pulse
duration at full-width-half-maximum (FWHM) and n the index of refraction of the liq-
uid medium. For a pulse duration of 5 ns (FWHM) and a typical index of refraction of
n = 1.3− 1.5 the cell length was taken at 1.1 m. The linearly polarized beam from the
laser passes through a Fresnel rhomb to transform the beam pumping the SBS-process
into a circular polarization state. The generated SBS-beam can be separated from the
pump beam using a thin-film polarizing beam splitter, under optimized angles (60◦ for
532 nm and 50◦ for 355 nm). To preserve the circular polarization the beams pass the
window surfaces of the cell under normal incidence.

A telescope is used to resize the laser beam diameter. In this way the optimal energy
density is adjusted to achieve maximum compression of the input pulse as discussed
in [11]. The peak intensity of the pump pulse in the collimated arm should be kept below
the SBS-threshold to avoid diffuse SBS, which perturbes proper pulse compression. A
further improvement in the setup involves ten diaphragms inserted in the cell preventing
Rayleigh scattered light to be guided from the cell walls into the interaction region. This
resulted in a considerable decrease of scattered photons from the cell, hampering the
data acquisition.

Pulse compression was investigated for two different wavelengths. Both the second
and third harmonics of an injection-seeded, Q-switched Nd:YAG laser (Spectra-Physics,
Quanta-Ray GSR 330-10) were used to pump the SBS-process. Injection seeded oper-
ation of the Nd:YAG laser is necessary to prohibit mode-beating, which gives rise to
competing nonlinearities and optical breakdown. The experiments were performed at a
repetition rate of 10 Hz. Measurements of the spatial beam profile were performed using
photo-sensitive paper, while a CCD camera (Hitachi VK-M98E) with a large active area
window was used for online monitoring. An investigation of SBS pulse compression as a
function of spatial position in the transverse profile was performed by extracting part of
the beam using a short, multimode optical fiber of ∼100 µm core-diameter. It was ver-
ified, by monitoring femtosecond pulses at various input intensities, that the dispersion
and nonlinear effects in this fiber are negligible.

Temporal characteristics of the pulses were measured with three different techniques.
Firstly, a fast oscilloscope (Tektronix TDS 680B - 1GHZ, 5Gs) combined with a fast
photodiode (Hamamatsu G4176 - 100 ps) was employed for online registration of pulse
durations. The temporal resolution of this system was evaluated by monitoring pulses
(100 fs) from a femtosecond laser to be 430 ps. It was also used to measure pump-
pulse durations. Secondly, a sampling oscilloscope (Tektronix 7904 equipped with 7S11
sampler and S6 sampling head) was used in combination with a 100 ps photodiode.



36 Chapter 2

Table 2.1: Indices of refraction n, at temperatures of 25 ◦C, and values for the
phonon lifetimes τp (in ps) at the two relevant wavelengths. Values of τp are obtained
from Ref. [1] after wavelength scaling.

liquid n τp (532 nm) τp (355 nm)
water 1.333 295 131

ethanol 1.359 265 118
methanol 1.326 374 166

CCl4 1.460 180 80

Because of the low repetition rate of the laser source and the time jitter of the trigger
this measurement gives a relatively low signal-to-noise ratio; moreover the sampling
oscilloscope does not provide single-shot pulse information. An advantage of this device
is the absolute accuracy of its time base.

The actual data on SBS-compression delivering the shortest pulses were taken with
a streak camera (Hadland IMACON 500 - 20 ps). The two-dimensional streak-images
on the phosphor were monitored with a CCD-camera and fed, via a frame-grabber, into
a PC for data analysis. Temporal calibration of the streak camera was performed by
comparing measurements with those of the sampling oscilloscope. The intensity scale
of the streak camera was calibrated by simultaneously measuring long laser pulses with
the 1 GHz oscilloscope.

Prior to the measurements of SBS pulse compression some spatial and temporal
characteristics of the pump beam were determined. The spatial profile at the entrance
of the amplifier cell corresponds to a Super-Gaussian shape (third power) with FWHM of
6.6 mm for the second harmonic (532 nm), while the third harmonic is closer to Gaussian.
The pulse has a Gaussian temporal profile with a FWHM ∼5.0 ns for the green and
slightly shorter (∼4.6 ns) for the UV. Due to the injection-seeding the Nd:YAG laser
runs in a single longitudinal mode with a frequency spectrum close to Fourier-fransform
limited.

2.3 Results and discussion

Experiments on SBS pulse compression were performed for four different liquid media:
water, methanol, ethanol and carbon-tetrachloride (CCl4) and for two wavelengths (532
and 355 nm). Refractive indices for these substances and values for the phonon lifetimes,
extracted from Ref. [1] and corrected for the wavelength dependence following Eq. (2.1),
are presented in Table 2.1.
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Figure 2.2: Compression of the laser pulse vs. transverse coordinate; data taken
for water as SBS-medium and pump pulse at 532 nm with 6 ns duration. (a) a fit
through the measured pump beam profile; (b) experimental data on pulse durations of
compressed pulses. Temporal resolution of the detection system for this measurement
is 430 ps; therefore the energy density in the compressor was adjusted for a Stokes
pulse duration not shorter than 1 ns.

2.3.1 Tranverse beam profile effect in SBS

In the theoretical investigation of SBS-compression usually a plane-wave approximation
is considered. This simplification of the problem to a single dimension implies a uni-
form compression over the transverse profile of the laser beam. We studied the effect of
the varying intensity over the spatial beam profile experimentally, using a short multi-
mode optical fiber to extract light from a specific point in the beam and a photodiode
combined with the 1 GHz oscilloscope (time resolution 430 ps) for registration. In this
way we measured the local compression factor for green pulses (532 nm) of FWHM =
6.6 mm using water as SBS-medium; only for this specific measurement pump pulses of
6 ns duration were used. We reduced the laser intensity to a level where compression
yields pulses not shorter than 1 ns. The results of measurements on the transverse beam
profile dependence are presented in Fig. 2.2. It is clearly seen that the beam is highly
compressed in the vicinity of the center, while in the wings the compression is much
less. Fig. 2.2 shows that the central part, defined by the inner 4 mm of the diameter,
is compressed close to the minimum pulse duration. When we operate the laser closer
to the optimum compression energy (see below) the region of shortest pulse duration
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Table 2.2: Results of the SBS-processes studied; Eth is the threshold energy for the
formation of a phase-conjugated SBS-Stokes pulse; Eopt is the pulse energy for which
SBS-compression is optimal (both Eth and Eopt given for spatial beam of FWHM =
6.6 mm); Reflectivity R holds for energy Eopt (including 35% optical losses); τt refers
to a typical (i.e. average) observation of Stokes pulse durations.

liquid Eth (mJ) Eopt (mJ) R (%) τt (ps)
SBS at 532 nm

water 1.75 180 (10) 57.9 325
methanol 0.62 84 (5) 54.0 366
ethanol 0.63 67 (5) 56.7 -
CCl4 1.0 65 (5) 56.9 200

SBS at 355 nm
water 1.9 87 (5) 43.5 200

methanol 0.5 39 (3) 41.9 -

is even broader than 4 mm. In previous work [12] we have investigated the depen-
dence of compressibility on averaged beam intensity. The theoretical prediction that at
pump intensities below an optimum value compression is less efficient was experimen-
tally verified. With the model of Refs. [11, 12] the present results on the dependence of
compressibility on local intensity can be understood in a quantitative sense.

Spatial beam profiles of the incident pump beam as well as the SBS-reflected beam
were measured in the form of single-shot imprints in photosensitive paper. These im-
prints show, in a qualitative sense, that the beam quality is preserved by the compression
process. In the following we present only data pertaining to the central part of the beam.

2.3.2 Pulse compression at 532 nm for various liquids

In Fig. 2.3 some typical results on pulse compression at 532 nm are presented; the pictures
correspond to single shot measurements taken with the streak camera. Measurements of
SBS threshold, optimal energy, energy of the SBS compressed beam and the reflectivity
of the setup for four different liquids are presented in Table 2.2. Energies and intensities
of the pulses can be related by accounting for the beam diameter of FWHM=6.6 mm. As
shown previously [11, 12] optimum compressibility is obtained at a certain pump beam
intensity. For a fixed beam diameter (as in the present study) this corresponds to a cer-
tain optimal energy (Eopt); in practical applications the beam diameter can be adjusted
such that Eopt matches the pump intensity for optimum compression. A combination of
maximum energy and optimal compression (for the fixed beam of FWHM=6.6 mm) is
achieved in water, while the shortest pulses were obtained in CCl4. In the experiments
on pulse compression in water and ethanol the process of Stimulated Raman Scatter-
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Figure 2.3: Streak camera recordings of typical SBS-Stokes pulses measured for a
pump wavelength at 532 nm using three different media.

ing (SRS) competes with SBS. In the case of water at optimal incident energy SRS is
weak and does not influence SBS pulse compression. However in the case of ethanol
intense red SRS-flashes were observed, accompanied by temporal fragmentation of the
SBS backscattered pulse. This makes ethanol an unreliable SBS-medium, in contrast
to water and methanol. The optimum reflectivities, of about 57%, seem to be small.
However, the optical losses in the setup, where no anti-reflection coated optics was used,
were estimated to be 35%, so that the intrinsic SBS-reflectivity is evaluated to be more
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than 90%.
An important finding in the pulse duration measurements is the spread in the output

pulse durations. The results presented in Fig. 2.3 and the values for the pulse duration
(FWHM) listed in Table 2.2 are typical, i.e. averaged over a large number of mea-
surements. While in methanol the most probable pulse duration obtained was 366 ps
(Fig. 2.3b), we did observe pulses as short as 330 ps. The same holds for the other liq-
uids. An exceptionally short pulse (of 110 ps) was observed in CCl4, where the average
value is 200 ps (Fig. 2.3c). Apparantly there is a statistical spread in pulses emanating
from a SBS-compressor. This spread is likely to be related to the origin of the pulses, a
build-up from noise. This issue, first addressed by Buzelis et al. [13], remains a subject
for future experimental and theoretical studies.

Although the issue is debated in literature [2–4,6,10,11] the phonon lifetime is often
considered as a lower limit to pulse compression in SBS. Here we find experimentally
SBS-compressed pulses with duration notably shorter than the phonon lifetime. The
typical averaged values for the pulse duration as experimentally observed indeed are
limited by the phonon lifetime. When comparing the results of minimum Stokes pulse
duration in the various liquids (see Table 2.2) the trend indeed follows the phonon
lifetimes (see Table 2.1).

2.3.3 Pulse compression at 355 nm

In the UV region at 355 nm shorter pulses are expected from the SBS-compressor due
to the shorter phonon lifetime at higher frequencies (see Eq. (2.1)). Some practical re-
strictions may be expected from enhanced Rayleigh scattering and from photochemistry
induced by the high intensity UV laser beam. A practical problem encountered during
the measurements was the low transmittivity for UV of the streak-camera optics, which
gave rise to an increased noise in the data.

The experiments were performed in water and methanol and the results for the SBS-
threshold, optimal energy and reflectivity are included in Table 2.2. The values of the
optimal energy were derived from measurements using the 1 GHz oscilloscope. Streak
camera pictures could only be measured for compression in water where the output
energy is just sufficiently high to extract a curve form the noise. A typical example is
shown in Fig. 2.4. In methanol smooth operation of the SBS-compressor was verified
with measurements using the photodiode; however, due to the lower value of Eopt the
output energy was insufficient to determine a value for the optimum compression with
the streak camera. While in water the average pulse duration was 200 ps, pulses as short
as 180 ps were observed, again indicating a spread in the Stokes pulse durations. The
expectation that in the UV region shorter pulses may be generated is confirmed in this
experiment.

While the experiments in water and methanol produced smooth SBS-pulses with
reasonable pulse-to-pulse fluctuations no reliable measurements could be performed on
CCl4 in combination with 355 nm pulses. In the latter case the liquid turned yellow
after irradiation with UV giving rise to strong absorption and hence prohibiting proper
SBS-compression measurements. Whether this is caused by UV-induced photochemistry
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Figure 2.4: Streak camera recording of a typical pulse measured in water for a pump
wavelength at 355 nm.

in the CCl4 liquid, or by the effects of the intense Rayleigh scattered light on to the
viton O-rings sealing the cell could not be unambiguously decided.

2.3.4 Proposal for a simplified low-loss SBS-geometry

In Fig. 2.1b a compact single-cell configuration was presented, which is demonstrated to
be a useful tool for SBS-compression. In Fig. 2.5 we propose another single-cell setup
for SBS, which has not been tested yet, but that may have some advantages over the
design presently used. The optical losses in the present setup can be further reduced by
mounting the concave retroreflecting mirror, which in fact separates the oscillator from
the amplifier, inside the liquid, therewith reducing the number of optical elements. We
have not attempted this in the setup of Fig. 2.1b, since we do not have access to a highly
reflecting concave mirror fulfilling the more rigourous demands with respect to damage
threshold for operation inside a liquid.

To our knowledge, in all setups reported in literature for SBS pulse compression the
Stokes beam is separated from the pump beam by its polarization; hence a number of
polarization components is usually required. Now, for a new separation method, we
propose to take advantage of the frequency shift over several GHz (depending on the
medium) of the Stokes beam. An etalon may be inserted under a specific angle (again
depending on the Stokes shift) in the beam to fully transmit the pump wave and reflect
the Stokes wave. Demands on the damage threshold and optical quality of the etalon
coating are high; in an attempt to demonstrate this method with a commercial etalon it



42 Chapter 2

cellE MT

Figure 2.5: Proposal for a simplified single-cell SBS-configuration to be used with
linearly polarized light and low optical losses; T-telescope; M-mirror; E-etalon.

was severely damaged. In principle this scheme possesses intrinsically low optical losses
and could be succesfully applied where high reflectivity is required. An advantage is
that the polarization of incident and Stokes pulse may remain linear; this will allow
for the use of a Brewster cut window at the entrance of the compressor. An additional
feature is that the SBS-process occurs on a single transverse mode giving rise to a higher
SBS-gain than for circularly polarized light.

2.4 Conclusion

A new setup for SBS pulse compression has been demonstrated, providing pulses as short
as 200 ps at two different wavelengths. The pulse compression in different liquids was
investigated. Laser pulses at 532 and 355 nm of 4-5 ns duration may be compressed to
200 ps for a reliable and smooth operation at 10 Hz repetition rate. We have shown that
optimum SBS-compression occurs in a flat-topped inner region of the transverse beam
profile; for applications of compressed pulses the outer wings of the beam may be filtered
away. For the 3rd harmonic at 355 nm water appears to be the appropriate medium,
while at the 2nd harmonic at 532 nm CCl4 may be favorably used. In previous work [12]
we have demonstrated the possibility of continously tuning the pulse duration between
the duration of the lower limit (now 200 ps) and the duration of the incident pump
beam, by varying the diameter of the pump beam. These experiments on SBS pluse
compression provide a recipe for equipping commercially available Q-switched injection-
seeded Nd:YAG lasers, in use in many laboratories around the world, with an extension
of a short-pulse option. Such an option, consisting of a single cell filled with liquid
and some polarization optics, transforms common lasers into more versatile tools for
dynamical and nonlinear optics studies.

Acknowledgments

This work was carried out with a research grant from the Netherlands Foundation for Research

of Matter (FOM). D.N. thanks the Atomic Physics research group at the Vrije Universiteit

Amsterdam for the warm hospitality during his research stay and the Netherlands Organization

for International Cooperation in Higher Education (NUFFIC) for financial support.



SBS pulse compression to 200 ps in a compact single-cell setup. 43

References

[1] R. W. Boyd, “Nonlinear Optics”, (Academic press, 1993).
[2] D. T. Hon, Opt. Lett. 5, 516 (1980).
[3] V. A. Gorbunov, S. B. Papernyi, V. F. Petrov, V. R. Startsev, Sov. J. Quantum Electron.

13, 900 (1983).
[4] A. A. Offenberger, D. C. Thompson, R. Fedosejevs, B. Harwood, J. Santiago, H.R. Man-

junath, IEEE J. Quantum Electron. 29, 207 (1993).
[5] A. I. Erokhin, V. I. Kovalev, F. S. Faizullov, Sov. J. Quantum Electron. 16, 872 (1986).
[6] M. A. Davydov, F. K. Shipilov, T. A. Shmaonov, Sov. J. Quantum Electron. 30, 1907

(1994).
[7] C. B. Dane, W. Neuman, L. Hackel, IEEE J. Quantum Electron. 30, 1907 (1994).
[8] R. Fedosjevs, A. A. Offenberger, IEEE J. Quantum Electron. 21, 1558 (1985).
[9] C. K. Ni, A. H. Kung, Opt. Lett. 21, 1673 (1996).

[10] M. J. Damzen, H. Hutchinson, IEEE J. Quantum Electron. 19, 7 (1983).
[11] S. Schiemann, W. Ubachs, W. Hogervorst, IEEE J. Quantum Electron. 33, 358 (1997).
[12] S. Schiemann, W. Hogervorst, W. Ubachs, IEEE J. Quantum Electron. 34, 407 (1998).
[13] R. Buzelis, A.S. Dementev, E.K. Kosenko, E. Muraskas, Sov. J. Quantum Electron. 25,

540 (1995) [in Russian: Kvantova� �lektronika 22, 567 (1995)].



44



Chapter 3

Pulse compression to the sub-phonon

lifetime region by half-cycle gain in transient

stimulated Brillouin scattering.∗

A new approach to the transient pulse compression by stimulated Brillouin scattering (SBS) is

presented. The theoretical analysis involving the time-dependent SBS gain in explicit form leads

to a nonlinear system of partial differential equations, solved numerically by a generalization of

the split-step method. It is shown theoretically and confirmed experimentally that the phonon

lifetime is not always an appropriate parameter that determines the lower limit to the pulse

duration in SBS compressors. A half-cycle gain regime is found for pulses shorter than the

phonon lifetime. Hence, under proper conditions, pulses as short as half the acoustic period

can be produced.

3.1 Introduction

The phenomenon of stimulated Brillouin scattering (SBS) in liquid or gaseous media is
nowadays widely used as a tool to compress nanosecond laser pulses down to the sub-
nanosecond region with remarkable conversion efficiency, theoretically reaching 100%.
The first experimental result, some 20 years ago [1], inspired many attempts to develop a
theory explaining the physical background of the process of pulse compression. Although
most of the theories available are in good agreement with experimental results, they fail
in treating the problem in the fully transient regime, where the compressed pulse is found
to be shorter than the phonon lifetime of the medium. In this Chapter we present a new
analysis of the equations as well as a numerical method for modeling the compression
in transient regime. A double compressor experiment is conducted in order to confirm
the theoretical and numerical results.

3.2 Theory of transient SBS

We consider the SBS process involving two classical optical fields E1 (laser) and E2

(Stokes) governed by Maxwell’s equations, coupled through the process of electrostriction
with an acoustic field ρ̄, obeying the Navier-Stokes equation. Since our model is 1 + 1
dimensional, these three fields are represented as scalar plane waves, possessing time
∗abridged version of this Chapter is published in IEEE Journal of Quantum Electronics 35

(12) 1812-1816 (1999).



46 Chapter 3

and propagation co-ordinates only:

E1(z, t) = A1(z, t)ei(k1z−ω1t) + c.c., (3.1 a)
E2(z, t) = A2(z, t)ei(−k2z−ω2t) + c.c., (3.1 b)
ρ̄(z, t) = ρ0 + ρ(z, t)ei(qBz−ΩBt) + c.c.. (3.1 c)

In Eqs.(3.1 a-3.1 c) the frequencies and the wave-vectors satisfy energy (ω1 = ω2 + ΩB)
and momentum (k1 = qB−k2) conservation laws. Under the assumption of small Stokes
shift (ω = ω1 ≈ ω2) the acoustic frequency is given by ΩB = 2nωv/c, where v is the
speed of hyper-sound in the medium. The slowly varying amplitude approximation is
applied for both laser and Stokes fields. For the acoustic field this approximation is not
valid as long as its spectral width is usually only an order of magnitude smaller than the
main frequency ΩB . Following these remarks we write the equations in the form:

n

c

∂A1

∂t
+
∂A1

∂z
= i

γeω

2ncρ0
ρA2, (3.2 a)

n

c

∂A2

∂t
− ∂A2

∂z
= i

γeω

2ncρ0
ρ∗A1, (3.2 b)

∂2ρ

∂t2
+ (ΓB − i2ΩB)

∂ρ

∂t
− iΓBΩBρ =

γeqB
2

4π
A1A2

∗, (3.2 c)

retaining the second order time derivative in the Navier-Stokes equation (3.2 c). The on-
ly restriction imposed on the acoustic field is the approximation of non-moving phonons,
which is well justified on a time scale of several hundred picoseconds [2]. In Eqs.(3.2 a-
3.2 c) n is the refractive index of the medium, c - the speed of light, γe - the electrostrictive
constant, ρ0 - the unperturbed density and ΓB the Brillouin line-width [2]. This set of
coupled nonlinear differential equations is difficult to solve generally and analytical solu-
tions have been found in specific situations only. The steady state solution, for example,
has been extensively investigated [2, 3]. A solution in the case of undepleted pump has
also been found [4]. Despite all these attempts no general approach to the problem has
been proposed so far. In the following we present an analysis of the system (3.2 a-3.2 c)
under no additional approximations, revealing the physical background underlying the
process of transient pulse compression by SBS.

Eq.(3.2 c) we solve in the frequency domain, thus obtaining the spectrum ρ̃(z,Ω) of
the acoustic field as a function of detuning (Ω) from the Stokes resonance:

ρ̃(z,Ω) = −γeqB
2

4πΩB
g̃(Ω) · ˜A1A2

∗, (3.3 a)

g̃(Ω) =
ΩB

(Ω− ΩB)2 − ΩB2 − iΓB(Ω− ΩB)
, (3.3 b)

The function g̃(Ω) is the spectral gain profile of the SBS process possessing two reso-
nances of widths ∆ΩFWHM = ΓB at Ω = 0 and Ω = 2ΩB corresponding to Stokes and
anti-Stokes scattering respectively (see Fig. 3.1).
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Figure 3.1: Real (thin line) and imaginary (thick line) parts of the SBS gain calcu-
lated for water at λ = 532 nm. The Stokes shift is ΩB/2π = 7.42 GHz. The Brillouin
line-width is ΓB = 539 MHz

Inverse Fourier transformation of (3.3 a) and (3.3 b), performed analytically (see Ap-
pendix 3.I), gives the exact solution of the Navier-Stokes equation:

ρ(z, t) = −γeqB
2

4πΩB
g(t)⊗ (A1A2

∗) , (3.4 a)

g(t) =


0 , t < 0

−
√

2πΩB√
Ω2
B−

Γ2
B
4

e−
ΓB
2 teiΩBt sin

(√
Ω2
B −

Γ2
B

4 t

)
, t ≥ 0 (3.4 b)

where ⊗ denotes convolution. The fact that the gain function (3.4 b) is zero for t < 0
removes the integration over the future (τ > t) of the optical fields in (3.4 a):

ρ(z, t) = −γeqB
2

4πΩB
1√
2π

∫ t

−∞
g(t− τ)A1(z, τ)A2

∗(z, τ)dτ. (3.5)

This expression is a direct consequence from both the locality (phonon is generated at
a fixed coordinate z only if at a certain moment t0 both Stokes and laser fields are
present) and inertia of the phonons (the acoustic field exists even after the optical fields
have been removed and vanishes exponentially in time (3.4 b)). The latter determines the
time scale of the acousto-optical interaction known as phonon lifetime (τp = 1/ΓB). It is
usually regarded as a limiting factor to the pulse duration in SBS pulse compressors [6,7].
It is important to note that Eqs.(3.4 a-3.4 b) give general solution of the Navier-Stokes
equation without any restriction to the time scale used. In the particular case of CW
interaction (3.4 a) is transformed into the well known steady state solution where the
convolution integral (3.5) is easy to solve. This results in an expression for the acoustic
wave no longer depending on time:

ρ(z) = −γeqB
2

4πΩB
A1A2

∗
(
− i

ΓB

)
. (3.6)
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Then the system (3.2 a,3.2 b) for the optical fields, written in terms of intensities (Ii =
nc
2πAiAi

∗) describes a pure gain(loss) process:

dI1
dz

= −gBI2I1,
dI2
dz

= −gBI1I2, (3.7)

where gB = (γe2ω2)/(nc3vρ0ΓB) is the steady state Brillouin gain. The system (3.7) is
discussed widely in the literature taking into account the depletion of the pump wave.
It is found to describe the SBS process for CW interaction in optical fibers [5] as well
as in the pulsed regime on a time scale much larger than the phonon lifetime τp in the
medium.

t τp⁄
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∆
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Figure 3.2: Imaginary part of the gain function g(t) (solid line) and the acoustic
field ∆ρ(t) (dashed line) generated by a short δ-like pulse in water for λ = 532 nm.
Note that the ratio τp/τa is a material property.

Another important feature of the steady state solution appears in Eq.(3.6). The fact
that the convolution integral (−i/ΓB) is both imaginary and negative leads to the pure
gain(loss) system (3.7). In the opposite case when a short δ-like pulse is propagating
through a Brillouin medium, the convolution integral is proportional to the gain function
g(t) itself. The analysis of its imaginary part shows (Fig. 3.2) that it is always negative,
reaching maximum absolute values when the density deviation from ρ0 has a maximum
and vanishes exponentially in time. This result is important in showing two time scales
for the interaction of light pulses with a Brillouin active medium: first the decay-time
of the acoustic field τp = 1/ΓB , and second the duration of one oscillation of the gain
function equal to τa = π/(2ΩB). For pulses longer than τp the interaction is limited by
the decay time of the acoustic field. This effect was observed in all attempts to compress
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pulses with a duration of several nano-seconds in liquid media (with phonon lifetimes in
the order of several hundred pico-seconds) [6,7]. However, if the incident pulse is shorter
and its duration is on the order of τa, it cannot experience gain due to lack of time to
build up an acoustic field. Consequently, the real physical limit to the pulse duration in
a compressor setup is not the phonon lifetime τp, but the acoustical half-cycle duration
τa. A conclusion along these lines was first drawn by Hon [1] without any mathematical
derivation. Later this problem was addressed in Refs. [8–10] on a qualitative level as
well.

The system (3.2 a - 3.2 c) can be rewritten in the form:

∂

∂t
A1(z, t) +

c

n

∂

∂z
A1(z, t) = −iα c

n
%(z, t)A2(z, t), (3.8 a)

∂

∂t
A2(z, t)− c

n

∂

∂z
A2(z, t) = −iα c

n
%∗(z, t)A1(z, t), (3.8 b)

%(z, t) =
1√
2π

∫ t

−∞
g(t− τ)A1(z, τ)A2

∗(z, τ)dτ, (3.8 c)

where α = 1
2gBΓB is the coupling constant and % = vc2

γeω
ρ. It was discussed in detail

in [8] that under transient conditions the physically important parameter is the product
gBΓB instead of the steady state gain coefficient gB alone. In a transient regime, the
integral (3.8 c) plays an important role in the model described. It can be considered as
a memory of the system, stored into the acoustic field %(z, t) which depends strongly
on the past values of the product A1(z, τ)A2

∗(z, τ) for times τ ∈ (t − τp, t). In the
non-transient regime τp is much shorter than the pulse durations and the acoustic field
depends on the present values of the product A1(z, t)A2

∗(z, t) only, thus simplifying the
problem to a system which is easy to model without computing the integral (3.8 c) [7].

3.3 Numerical model

The system (3.8 a-3.8 c) we solve numerically by a generalization of the split-step method
[5] usually used for modeling pulse propagation in optical fibers. We extended the
applicability of this method to our case of two nonlinearly coupled (through the integral
(3.8 c)) partial differential equations. As long as the phonons do not propagate and
their lifetime cannot be neglected with respect to the pulse durations, it is obvious
that the fields evolve in time only, whereas in systems with short response time (Kerr
nonlinearity) the evolution in time can be replaced by evolution in space (along the z
co-ordinate). Consequently, the system (3.8 a,3.8 b) describes the evolution of the spatial
distribution (along z axis) of the fields in time.

By introducing a propagation operator P̂ = c
n
∂
∂z and a nonlinearity operator N̂ =

−iα c
n%·, Eqs.(3.8 a,3.8 b) can be rewritten in vector form:

∂

∂t

(
A1

A2

)
=
([

0 N̂

−N̂∗ 0

]
+
[
−P̂ 0
0 P̂

])(
A1

A2

)
. (3.9)

The split-step method gives an approximate solution of the Eq.(3.9) by assuming that
for a small time increment ∆t the propagation and the nonlinearity act independently
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(see Fig. 3.3 a). Under this assumption the evolution of the optical fields in time is given
by: (

A1(z, t+ ∆t)
A2(z, t+ ∆t)

)
= exp

{[
0 N̂

−N̂∗ 0

]
∆t
}
· exp

{[
−P̂ 0
0 P̂

]
∆t
}
×

×
(
A1(z, t)
A2(z, t)

)
. (3.10)

Evolution

Nonlinearity

Propagation

z

t0

∆t ∆t ∆t ∆t

Ai z 0,( ) Ai z t,( )

1 2 3 . . . N1 2 3 . . . N

A1 A2
t

t ∆t+

t

t ∆t+

a)

b)

Figure 3.3: The split-step method; a) - the action of the propagation and the
nonlinearity operators is split in time; b) - the action of the propagation operator is
simply a shift in the discretization bins of the the two fields (A1-laser, A2-Stokes) if
∆z = c∆t/n.

In Eq.(3.10) the propagation exponent operator acts first, followed by the nonlinear-
ity exponent operator as shown in Fig. 3.3 a. The fact that the operators P̂ and N̂ are
non-commuting is the predominant error source in the split-step method limiting the
accuracy to second order in step size ∆t [5]. It is easy to prove that the propagation
exponent operator causes a shift z ± c∆t/n in the spatial part of the fields, where “+”
is for the Stokes field and “−” for the laser field (see Appendix 3.II). The nonlinearity
exponent operator can be presented in explicit form using trigonometric functions (see
Appendix 3.II). Inserted in (3.10) this results in:(

A1(z, t+ ∆t)
A2(z, t+ ∆t)

)
=

[
cos(θ) −i %|%| sin(θ)

−i %
∗

|%| sin(θ) cos(θ)

]
·
(
A1(z − c

n∆t, t)
A2(z + c

n∆t, t)

)
, (3.11)

where θ = α|%| cn∆t. The implementation of Eq.(3.11) gives the time evolution of both
pump and Stokes fields in each step. The method is applicable only if the spatial grid
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spacing ∆z is equal to c∆t/n, allowing for the introduction the spatial shifts z ± c∆t/n
without additional calculations (see Fig. 3.3 b). Reducing the step size the memory
consumption increases, thus limiting the speed and accuracy of the calculation. This
constraint could be eliminated by using fast Fourier transformations [5] for calculation
of the action of the propagation exponent operator in (3.10). In our case the computer
memory available was enough to obtain good accuracy by lowering the step size. We
used directly Eq.(3.11) to model the process of SBS-pulse compression. On each step the
accuracy was monitored by the conservation of the number of photons. Another accuracy
check necessary when using the split-step method is recalculation with two-fold reduced
step size. Both checks showed good accuracy with moderate memory consumption and
speed of calculation.
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Figure 3.4: Calculated compressed pulse duration vs. energy in the incident pulse
for a 10 mm beam diameter; circles - input pulse of 5 ns; diamonds - input pulse of
600 ps duration.

3.4 Results and Discussion

The experimental situation modeled is a generator-amplifier setup [7], where the laser
beam is focused by a lens in water as a Brillouin active medium. The Stokes signal
generated in the focal region propagates backwards, depleting the remainder of the
pump pulse on its way [1, 7, 8]. As a result of this interaction the front edge of the
Stokes pulse is amplified only, leading to pulse compression. In our model a Gaussian
beam/pulse at 532 nm of 5 ns (FWHM) duration with up to 300 mJ/pulse is focused
by a 10 cm lens in water. The Brillouin shift is ΩB/2π = 7.42 GHz and the Brillouin
line-width is ΓB/2π = 539 MHz extracted from Ref. [2] after wavelength correction
for λ = 532 nm. In Fig. 3.4 a graph of the calculated compressed pulse duration vs.
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energy in the input pulse is presented. Circles and diamonds correspond to input pulse
duration of 5 ns and 600 ps, respectively. It is clearly seen, that in case of 5 ns input
pulse the limit to the pulse compression is set by the phonon lifetime τp. This result
is in agreement with all available experimental results on compression of long (τ � τp)
pulses [6, 7]. The situation is different for a 600 ps input pulse, which enters directly
the transient regime. In this case our model predicts compressed pulses much shorter
than τp. As discussed above, the duration τa of one oscillation of the gain function g(t)
is assumed to be the limit to transient pulse compression. It can be seen from Fig. 3.4
that increasing the energy in the input pulse, the compressed pulse duration is indeed
limited by τa.

The behavior of the conversion efficiency in fully transient regime is difficult to predict
on a time scale shorter than τp. The Eqs.(3.4 a,3.4 b) suggest that pulses shorter than τa
experience reduced gain, and therefore, the conversion efficiency is considerably lower.
Between the two limits our numerical experiment showed no significant deviation from
98% maximum efficiency.

QWP1SHG PBS1

Nd:YAG

QWP2

C1

C2PBS2SCPC

A

Figure 3.5: Experimental setup of double compressor. SHG - second harmonic
generation stage, PBS - polarizing beam splitter, QWP - quarter-wave plate, A -
attenuator, C - Brillouin compressor, SC - streak camera, PC - personal computer.

3.5 Experiment

To compress a pulse shorter than the phonon lifetime, we performed a double compres-
sion experiment. The setup is shown in Fig. 3.5. The output of injection seeded Nd:YAG
laser was frequency doubled (λ = 532 nm) and compressed to 600 ps (FWHM) with 5 mJ
energy in the pulse. Water was used as Brillouin medium in a second compressor stage
(C2), where the pulse was further compressed. The output pulse duration was measured
with a streak camera read by computer. The uncertainty in this single-shot measure-
ment is determined by the statistical error in the fitting procedure. In Fig. 3.6 a streak
camera trace of the two-fold compressed pulse is presented, measured to be 160(10) ps
(FWHM). This value is much shorter than the phonon lifetime in water τp = 295 ps [2],
thus experimentally proving our prediction that the limit to the pulse compression in
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Figure 3.6: Streak camera trace of the secondary compressed pulse in water. The
measured pulse duration (FWHM) is 160(10) ps much shorter than the phonon lifetime
τp.

this case is not set by the phonon lifetime. Even shorter pulses could in principle be
achieved at higher pulse energies down to the theoretical limit τa = 34 ps for water at
532 nm. The true experimental limit, however is determined by the competition with
Raman scattering and optical breakdown. The first one could be eliminated by choosing
a low Raman gain liquid or an atomic gas as a Brillouin medium. The optical break-
down limitation we overcome by filtering the liquid down to 200 nm particle size, using
pulses with smooth temporal profile and limiting (by the attenuator A) the energy in
the second compressor stage (C2) to 5 mJ/pulse.

3.6 Conclusions

In conclusion we have theoretically analyzed and numerically modeled the pulse com-
pression by stimulated Brillouin scattering in the fully transient regime. By introducing
a time-dependent gain, explicitly presented by Eq.(3.4 b), we found a regime where the
pulses are compressed in a half-cycle time τa. In a double compression experiment we
demonstrated the accessibility of the time region below τp when the initial pulse duration
is on the order of the phonon lifetime.

Appendix 3.I

In this Appendix we analytically derive Eq.(3.4 b) as a Fourier-image of its spectral rep-
resentation (3.3 b). In the beginning, in order to avoid any possible ambiguity regarding
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the sign of the frequencies in the Fourier domain, we shall define direct and inverse
Fourier transformations as follows:

direct Fourier transform Ψ̃(Ω) = F(Ψ(t)) = 1√
2π

∫∞
−∞Ψ(t)e−iΩtdt, (3.12 a)

inverse Fourier transform Ψ(t) = F−1(Ψ̃(Ω)) = 1√
2π

∫∞
−∞ Ψ̃(Ω)eiΩtdΩ. (3.12 b)

Then, according to this definition, we can write an expression for Dirac’s δ-function:

δ(t) =
1

2π

∫ ∞
−∞

eiΩtdΩ, (3.13 a)

δ̃(Ω) =
1√
2π
, (3.13 b)

and convolution:

Ψ1(t)⊗Ψ2(t) =
1√
2π

∫ ∞
−∞

Ψ1(t− τ)Ψ2(τ)dτ. (3.14)

First and second derivative operators in the frequency domain are simply multipli-
cation by iΩ and −Ω2, respectively, which applied to the Navier-Stokes equation (3.2 c)
lead to the expression (3.3 a). The inverse Fourier transform of the spectral gain profile
(3.3 b) can be performed analytically, involving (according to Eq. (3.12 b)) the solution
of the integral:

g(t) =
1√
2π

∫ ∞
−∞

ΩBeiΩt

(Ω− ΩB)2 − ΩB2 − iΓB(Ω− ΩB)
dΩ =

1√
2π

∮
L

f(Ω̂)dΩ̂. (3.15)
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Figure 3.7: Integration contour for calculation of the inverse Fourier transform of (3.3 b)

The integrand in (3.15) is the complex function:

f(Ω̂) =
ΩBeiΩ̂t

(Ω̂− Ω̂1)(Ω̂− Ω̂2)
, (3.16)



Pulse compression to the sub-phonon lifetime region by . . . 55

which has two poles:

Ω̂1 = ΩB −

√
Ω2
B −

ΓB2

4
+ i

ΓB
2
,

Ω̂2 = ΩB +

√
Ω2
B −

ΓB2

4
+ i

ΓB
2
,

shown as dots in Fig. 3.7. The integration we perform along the contour L depicted in
Fig. 3.7 as well. Since f(Ω̂) is analytical in the upper semi-plane (Im(Ω̂) > 0) if t ≥ 0,
for t < 0 the whole integral is zero. After the integration using the Theorem of residua,
Eq.(3.15) transformes into:

g(t) =
1√
2π

∮
L

f(Ω̂)dΩ̂ =

{
0 , t < 0√

2πi
(

Resf(Ω̂)|Ω̂=Ω̂1
+ Resf(Ω̂)|Ω̂=Ω̂2

)
, t ≥ 0 . (3.17)

The sum of the two residua is:

2∑
j=1

Resf(Ω̂)|Ω̂=Ω̂j
=

ΩB
Ω̂2 − Ω̂1

(eiΩ̂2t − eiΩ̂1t) =

=
iΩB√

Ω2
B −

ΓB2

4

e−
ΓB
2 teiΩBt sin

√Ω2
B −

ΓB2

4
t

 ,

which inserted into (3.17) leads to:

g(t) =


0 , t < 0

−
√

2πΩB√
Ω2
B−

Γ2
B
4

e−
ΓB
2 teiΩBt sin

(√
Ω2
B −

Γ2
B

4 t

)
, t ≥ 0

Appendix 3.II

This Appendix is devoted to the derivation of the evolution equation (3.11) from the
vectorial differential equation (3.9). It is in the heart of the split-step method to separate
the action of the free propagation

[P̃] =
[
−P̂ 0
0 P̂

]
, P̂ =

c

n

∂

∂z
(3.18)

and the nonlinearity

[Ñ ] =
[

0 N̂

−N̂∗ 0

]
, N̂ = −iα c

n
% · (3.19)
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within each step ∆t. Then our differential equation (3.9) has the form:

∂

∂t

(
A1(z, t)
A2(z, t)

)
=
(

[Ñ ] + [P̃]
)
·
(
A1(z, t)
A2(z, t)

)
with a solution:(

A1(z, t+ ∆t)
A2(z, t+ ∆t)

)
= exp

(
[Ñ ]∆t+ [P̃]∆t

)
·
(
A1(z, t)
A2(z, t)

)
=

= exp
(

[Ñ ]∆t
)
· exp

(
[P̃]∆t

)
·
(
A1(z, t)
A2(z, t)

)
, (3.20)

which is eqivalent to Eq. (3.10). The action of the propagation exponent operator
exp

(
[P̃]∆t

)
can be performed in the Fourier space, where diferentiation is simply mul-

tiplication by iΩz.

exp
(

[P̃]∆t
)( A1(z, t)

A2(z, t)

)
= F−1

(z)

[
e−iΩz

c
n∆t 0

0 eiΩz
c
n∆t

]
F(Ωz)

(
A1(z, t)
A2(z, t)

)
=

= F−1
(z)

[
e−iΩz

c
n∆tÃ1(Ωz, t) 0

0 eiΩz
c
n∆tÃ2(Ωz, t)

]
=

=
1√
2π

[ ∫∞
−∞ Ã1(Ωz, t)eiΩz(z− c

n∆t)dΩz 0
0

∫∞
−∞ Ã2(Ωz, t)eiΩz(z+ c

n∆t)dΩz

]
=

=
(
A1(z − c

n∆t, t)
A2(z + c

n∆t, t)

)
. (3.21)

The latter shows that the free propagation due to the operator P̂ = c
n
∂
∂z causes a shift

of c
n∆t in the spatial part of the field.

The nonliearity exponent operator exp
(

[Ñ ]∆t
)

, which appears on the right-hand
side of Eq. (3.20), can be expressed in a terms of a single matrix, using the following
relations for the odd and even powers of [Ñ ]∆t:(

[Ñ ]∆t
)2n

= (−1)n|N̂ |2n∆t2n[1̃], [1̃] =
[

1 0
0 1

]
;(

[Ñ ]∆t
)2n+1

= (−1)n|N̂ |2n+1∆t2n+1 [Ñ ]
|N̂ |

, |N̂ | = α
c

n
|%|.
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The Taylor’s expansion for the exponent gives:

exp
(

[Ñ ]∆t
)

=
∞∑
n=0

(
[Ñ ]∆t

)n
n!

=

=

( ∞∑
n=0

(−1)n|N̂ |2n∆t2n

(2n)!

)
[1̃] +

( ∞∑
n=0

(−1)n|N̂ |2n+1∆t2n+1

(2n+ 1)!

)
[Ñ ]
|N̂ |

=

= cos(|N̂ |∆t)[1̃] +
sin(|N̂ |∆t)
|N̂ |

[Ñ ] =

[
cos(α|%| cn∆t) −i%

|%| sin(α|%| cn∆t)
−i%∗
|%| sin(α|%| cn∆t) cos(α|%| cn∆t)

]
. (3.22)

Substitution of (3.21) and (3.22) into Eq. (3.20) yields the evolution equation (3.11).
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Chapter 4

Higher-order stimulated Brillouin scattering

with Bessel beams.∗

We report on an experimental investigation of stimulated Brillouin scattering pumped with a

Bessel beam. Due to the extended interaction length along the diffraction-free propagation,

higher-order Stokes components are generated in a bulk Brillouin-active medium with odd and

even orders propagating in opposite directions. The spatial, spectral and temporal properties

of the interacting waves are discussed.

4.1 Introduction

Stimulated Brillouin scattering (SBS) first attracted the attention of the laser-physics
community by its phase conjugation properties, an effect widely used for wavefront cor-
rection in powerful amplifier systems. In the 1970s SBS was studied in optical fibers,
where long interaction lengths can be achieved, lowering significantly the SBS thresh-
old. Effects as higher-order Stokes and anti-Stokes generation [1], four-wave-mixing and
self-phase modulation were investigated [2]; the concepts of a Brillouin fiber-laser and
Brillouin mode-locking were also introduced [3]. In the 1980s the first experimental
observation of pulse compression by SBS was published [4], which triggered a great in-
terest with the prospect of achieving high peak intensities with nearly 100% conversion
efficiency. During the two decades that followed, pulse energies of more then 1 J were
compressed [5], sub-phonon lifetime pulses were achieved [6], and compression ratios
greater than 20 realized using Gaussian beams.

In the late 1980s the concept of diffraction-free beams was introduced by Durnin et
al. [7]. They pointed out that the Helmholtz equation, apart from its trivial plane-wave
solution, possesses a whole class of diffraction-free solutions, the simplest of them being
a monochromatic wave propagating along the z axis with amplitude:

Φ(ρ, θ, z; k) = exp(iβz)J0(αρ), (4.1)

where ρ2 = x2 + y2, α2 + β2 = k2 and J0 is the zero-order Bessel function. This
wave has a central maximum with half-width ∼ α−1 surrounded by concentric ring-
shaped maxima with amplitudes decaying as ρ−1/2. The total energy of such beam is
infinite, since each lobe carries approximately the same energy as the preceding one [8].
Alternatively, in the Fourier-space, a beam defined by Eq. (4.1), can be considered as
a superposition of infinite number of plane waves (each carrying infinite energy) with
∗Opt. Lett. 26 (8), 530-532 (2001).
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wave-vectors lying on the surface of a cone. This fact makes it practically impossible to
generate a non-diffracting beam over an infinite propagation distance.

If the Bessel beam is modulated by a Gaussian function exp(−ρ2/w2), the total
energy in the beam is finite. This makes Bessel-Gauss beams [9] experimentally fea-
sible and limits the diffraction-free propagation to distances L = w/γ, where γ is the
angular half-aperture of the cone of the Bessel beam (α = k sin(γ)). A Bessel-Gauss
beam with w = 5 mm and cone angle of 2γ = 2.5o is nearly non-diffracting over a
distance L ≈ 25 cm, creating an intense line-focus with constant diameter of few mi-
crometers. The application of such a beam in nonlinear processes offers a number of
unique possibilities [10–17]. Important advantages of Bessel pump beams over Gaussian
ones are: i the scattering products in the far field can be spatially separated from the
pump beam; ii the pump beam experiences no self-phase-modulation, due to the fact
that it traverses the long line-focus at an angle, resulting in high peak power interaction
length on the order of the line-focus diameter (i.e. few microns), whereas for the on-axis
scattered beam the interaction length is ∼ L. In the case of third-harmonic genera-
tion the non-colinear phase-matching within the conical beam showed the novel effect of
self-phase-matching [10, 11], which led to high (∼ 1.5%) tripling efficiencies achieved in
experiments [10,12]. Stimulated Raman scattering has been investigated as well [13–16]
and higher-order Stokes and anti-Stokes components have been observed on axis and
on cones of different apex angles. The spatial separation in the far field proved im-
portant in the case of stimulated Rayleigh-wing scattering, where the frequency-shifted
forward-scattered signal was observed on axis and its spatial and spectral properties
investigated [17]. In this Chapter we present experimental results on the properties of
SBS, pumped with a Bessel beam.

Nd:YAG 2ω

QWP

monochromator screen

screen

CCD

CCD

PBS

A

F

F

Brillouin cell

Figure 4.1: Scheme of the experimental setup: PBS - polarization beam-splitter;
QWP - quarter wave-plate; A - 2.5o quartz axicon; CCD - CCD-camera for beam
profile recording; F - bare-tip single-mode fiber. A double fiber-input monochromator
is used for frequency measurements.
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4.2 Experimental setup

The experimental setup is shown in Fig. 4.1. A frequency doubled, Q-switched and
injection seeded Nd:YAG laser (Quanta Ray GCR-330) provides Fourier-transform lim-
ited pulses of 6 ns duration at 532 nm. The Gaussian beam of 8 mm diameter passing
through a quartz axicon (conical lens) with an apex angle of 175o is converted into a
nearly Bessel-Gauss beam of w = 5 mm and γ ≈ 1.25o. The entire region of diffraction-
free propagation is covered by a 30 cm Brillouin cell filled with distilled and filtered
(200 nm particle size) water. In our experiment water was preferentially used for its
moderate Brillouin gain gB = 0.0048 cm/MW, low phonon lifetime τ ≈300 ps, relatively
large Brillouin shift ΩB = 7.4 GHz [18] and low Raman gain. Liquids like acetone,
methanol and ethanol exhibit an order of magnitude higher Brillouin gain [18], but
the competition with Raman scattering at very low powers makes them not suitable
for Brillouin scattering experiments. The backscattered beam is extracted by its po-
larization. The beam profiles of both the forward and backward scattered beams are
recorded with a CCD camera. Light from localized regions within both forward and
backward scattered beams is extracted by bare-tip single-mode fibers and transported
into a grating monochromator equipped with CCD camera at the exit for spectral analy-
sis. Multi-mode fibers were used in order to send light for pulse duration measurements
on a fast photodiode (Hamamatsu G4176 - 100 ps) read by a fast digitizing oscilloscope
(Tektronix TD680B - 1 GHz, 5 Gs).

4.3 Results and discussion

First, the phase-conjugation property of the Stokes signal was investigated. As shown
in Fig. 4.2a the backscattered beam has a ring shape unlike the Gaussian pump beam,
reflection of which is placed on the right-hand side of the SBS beam. No phase conjuga-
tion was observed just above the SBS threshold. This can be explained in the following
way: due to the non-colinear phase-matching in the Brillouin cell, a backscattered signal
is generated on axis, hence a strong Gaussian-like backward scattered Stokes beam is
created and after passing again through the axicon is transformed into a Bessel-Gauss
beam, which in the far-field has a ring shape (Fig. 4.2a) and divergence ≈ 10 mrad. It is
somewhat less than the pump-beam divergence of ≈ 17 mrad (Fig. 4.2c), due to the in-
trinsic initial divergence of the SBS beam emerging from the narrow line-focus in the cell.
After increasing the pump-pulse energy the backward propagating first Stokes reaches
threshold for second-order Stokes generation in forward direction - a highly-directional
Gaussian-like beam seen in the center of Fig. 4.2d. The spectrum of the forward on-axis
beam is shown in Fig. 4.3a, where a single line, shifted by −2ΩB from the laser fre-
quency ωL, is seen. Further increase of the input pulse energy leads to reaching a third
threshold when the second-order Stokes pulse due to its extended propagation distance
in the line-focus can generate a third-order Stokes pulse in the backward direction. A
spectrum of the backscattered beam is shown in Fig. 4.3b, where the presence of two
frequencies ωL − ΩB and ωL − 3ΩB is evident. In order to visualize better the position
of the odd-order Stokes frequencies we focused the backscattered beam, containing the



62 Chapter 4

a)

d)c)

b)

Figure 4.2: Far-field images of the output beams: a) backward SBS at low peak
power above the threshold (no phase conjugation); b) backward SBS at high energy
in the pulse; c) pump beam; d) pump beam (ring) and second SBS (central spot)
above the second threshold.

first and third-order Stokes, into the single-mode fiber used as input for the monochro-
mator. Due to forward four-wave-mixing in the fiber [2] many equidistant frequencies,
separated by 2ΩB are generated, forming the frequency ‘ruler’ shown in Fig. 4.3c.

By increasing the pump pulse energy the backscattered output beam changes its
intensity distribution featuring an intense central maximum surrounded by a halo (Fig.
4.2b), again far from phase-conjugation as compared to the input beam. By increasing
the peak intensity not only the central lobe, but also adjacent secondary rings reach
SBS threshold in the colinear phase-matching geometry, thus providing conditions for
better phase-conjugation. This effect was more clearly observed, when the ring beam,
created by the axicon was sharply focused into the Brillouin cell. The line-focus in that
case was very short (equal to the Rayleigh range of the envelope Gaussian beam), thus
none of the higher-order interactions, described above could take place. The output
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2ΩB–3ΩB– ΩB–
cal.

3ΩB– ΩB– ΩB+5ΩB–

a)

b)

c)

Figure 4.3: Spectra, recorded by the grating monochromator: a) - central spot in
forward direction where second Stokes frequency is visible; b) - backward scattered
beam with third and first Stokes frequencies; c) - four-wave-mixing inside the fiber
used as a ‘ruler’ for the relative frequency measurements. The line, denoted by cal. is
a reference frequency.

SBS beam observed was phase-conjugated to the input beam. In this study, however,
we are interested in the SBS with diffraction-free beams while the latter case, although
leading to improved phase-conjugation, is a Gauss-dominated Bessel-Gauss beam, which
is similar to most experimental realizations of phase conjugation with phase-distorted
Gaussian beams.

Temporal profile measurements of typical pulses recorded in backward (Fig. 4.4a)
and forward (Fig. 4.4b,c) direction reveal similarities with SBS in optical fibers. In
Fig. 4.4a and Fig. 4.4b regular sub-pulses are clearly seen, separated by ≈ 1.3 ns, which
is exactly the line-focus length L in the Brillouin cell. The formation of sub-structure
can be considered as an onset of Brillouin mode-locking, analogous to the same effect
observed in optical fibers [3]. The advantage of using a Bessel beam in a bulk medium is,
however, that high energy pulses can be studied without self-phase-modulation or optical
damage in a gain-guided geometry [15]. In Fig. 4.4c the pulse shapes, recorded in the
inner (dashed line) and the outer (solid line) part of the forward ring are shown (see
also Fig. 4.2d). The inner part of the ring, being an image of the wings of the Gaussian
pump beam, does not reach SBS threshold (due to its low intensity) and, therefore, the
pulse-shape reproduces exactly the pump pulse. The outer part of the ring is an image
of the central part of the pump beam, and is therefore affected by the interaction - the
sharp cut-off observed reflects the onset of the SBS process. In contrast to SBS with
Gaussian beams, where practically all the pump energy is transferred into the backward
Stokes beam, in our case, due to the second-order Stokes generation, the forward output
efficiency remains high.
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Figure 4.4: Typical temporal pulse shapes: a) backward scattered pulse; b) forward
scattered second Stokes; c) pulse shape in the forward ring - the outer part (solid line)
takes part in the stimulated scattering, whereas the inner part (dashed line) is not
affected by the interaction.

4.4 Conclusions

In conclusion, we have investigated the spatial, spectral and temporal properties of
the process of stimulated Brillouin scattering pumped by a Bessel-Gauss beam. The
poor phase-conjugation fidelity of the backscattered signal is attributed to the non-
colinear nature of the scattering process, involving a conical beam. Due to the extended
(≈ 30 cm) interaction region, along the diffraction-free propagation of the pump beam,
a unique possibility to observe higher-order SBS is created, which in case of focused
Gaussian beam is not feasible in pure form. Stokes orders as high as third were recorded.
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Chapter 5

A Dense Grid of Reference Iodine Lines for

Optical Frequency Calibration in the Range

571-596 nm.∗

A high precision dense grid of reference lines in the hyperfine structure of the B-X system of

molecular iodine (127I2) is presented. A simple parameterization has been derived, predicting

the hyperfine line positions of the “t” components for vibrational bands (13-1) up to (18-1) and

rotational quantum numbers J=(9-140). The analysis in this Chapter is based on Doppler-free

saturation spectroscopy spectra used for calibration of more than 100 new components in the

hyperfine structure of 127I2. The data presented contains a prediction (with 2 MHz accuracy)

for the positions of 1584 “t” components in the rotational structure of iodine, covering the

wavelength interval 571-596 nm.

5.1 Introduction

In a large part of the optical spectrum, extending from the green to the near infrared
(500-900 nm) the absorption spectrum of molecular iodine [1–3] has become a convenient
reference standard for calibration purposes and is widely used in laser spectroscopic stu-
dies. Throughout the entire range this Doppler broadened absorption spectrum (with an
absolute accuracy of 60 MHz [4]) provides a suitable accuracy for studies in which pulsed
dye lasers are employed. Particularly the fact that iodine has several lines per cm−1

makes this molecule such a useful standard. However, for precision measurements with
CW-lasers that have typical bandwidths of 1 MHz the accuracy provided by the Doppler
broadened lines is insufficient. Even in precision experiments where pulsed-dye amplified
lasers of 100 MHz bandwidth are used [5–8] the I2-reference lines are the limiting factor
to the accuracy.

For higher precision experiments the iodine molecule remains a good candidate for
a wavelength standard. Individual hyperfine components of rotational lines measured
by saturation spectroscopy provide a reliable and reproducible standard that is even
used in the mise en pratique of the definition of the Metre [9]. Over the years several
of such lines were calibrated with sub-MHz accuracy, usually for specific purposes in
precision experiments [10–19]. Recently Sansonetti [20] reported the calibration of 102
I2-hyperfine components in the yellow-red range of the spectrum with sub-MHz accuracy,
thus providing a useful tool for calibration. Still this collection is insufficient for on-line
calibration in many laser spectroscopic studies, mainly due to the large (up to 50 cm−1

in Ref. [20]) gaps between the lines. Most CW-lasers allow for continuous scans of only
∗Journal of Molecular Spectroscopy 187 (1) 21-27 (1998).
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one or few cm−1; moreover the accuracy is lost when multiply overlapping scans are
necessary to reach a calibrated line.

In the present study we present a grid of reference iodine (127I2) lines, which is
accurate (2 MHz absolute accuracy) and dense (at least one reference line in each cm−1).
The accuracy of this standard is dependent on previous absolute calibrations as well as
on the unperturbed molecular structure of the B-X system of the 127I2-molecule. The
rotational structure and the hyperfine structure in the (13-1), (14-1), (15-1), (16-1), (17-
1) and (18-1) bands of the B-X system is analyzed for P(J) and R(J) lines up to J = 140.
Molecular parameters are derived that predict line positions of individual hyperfine
components to within 2 MHz. If only a single hyperfine component per rotational line is
counted, this procedure yields more than 1500 useful reference lines in a range of about
700 cm−1, covering the wavelength range 571-596 nm. This standard represents more
than an order of magnitude improvement over the accuracy of the I2-atlas and should
be useful in many studies where high precision is required.

5.2 Experimental

The experimental setup is schematically shown in Fig. 5.1. A stabilized CW ring-
dye-laser (Spectra-Physics 380D) running on Rhodamine 6G and continuously tunable
over 1 cm−1 supplies the narrow bandwidth (∼1 MHz) radiation. The laser beam
is split, as shown in Fig. 5.1, and about 10 mW is used for recording I2-saturation
spectra. Differential absorption is monitored on two photodiodes, where one of the
probe beams is overlapped in the I2-cell (∼10 cm length) with a mechanically chopped
(800 Hz) saturating beam. The differential signal is electronically filtered and stored in
a computer. The sealed I2-cell is used at room temperature vapour pressure. From the
kHz-precision studies of Bordé et al. [21] we conclude that at our measuring conditions
aiming at an accuracy of 2 MHz no pressure-induced or intensity-induced effects play a
role.

Apart from the purpose of a coarse tuning needed to identify the resonances, no
absolute wavelength measurements were performed in our experiment. The concept
of the present method involves only relative frequency measurements with a stabilized
(75 cm length) etalon with respect to calibrated absolute frequency points derived from
the literature [18, 20]. The etalon is pressure and temperature stabilized and further
actively locked to the output of a He-Nelaser (Fig 5.1). A 3He-22Ne laser is actively
locked to the“B”-component of 129I2 following the procedures of Schweitzer et al. [22].
Before each measurement session the Free Spectral Range (FSR) of the etalon is deter-
mined, resulting in values of 148.9560(5) MHz, with small day-to-day variations. For
this purpose accurately calibrated I2-lines Refs. [13, 18, 20] were used. It is essential for
a derivation of absolute frequencies that both the He-Ne laser and the etalon are kept
in lock during an entire measurement session.

Subsequently computer-controlled scans of I2-lines were recorded in saturated ab-
sorption, with simultaneous detection of marker fringes of the etalon. In some cases
overlapping scans were used to record the desired spectral line. After linearization of
the scan by fitting a spline function through the marker positions, the relative position
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Figure 5.1: Scheme of the experimental setup.

(between two markers) of a fixed component of each I2-line is determined by means of a
computerized fitting and interpolation procedure. In this way well-calibrated hyperfine
components (“reference” lines) and new lines were recorded. While the integer number
of fringes separating these lines from reference lines is determined with the aid of the
I2-atlas the fractional values (to within 1% of FSR) give an improved calibration. Only
when the separation exceeds several cm−1 the error in the FSR contributes to the final
uncertainty. In two cases long overlapping scans of 10 cm−1 were performed with the
goal of calibrating an I2-component close to a frequency of special interest. First, the
frequency of a component at 1/10 of the 11S-21P resonance line of helium [6, 7] was
recorded in overlapping scans starting at the R99“i”(15-1) line accurately calibrated by
Grieser et al. [18]. Secondly, the I2-component R100“t”(14-0) at 1/6 the frequency of the
Q-branch of the L-X(0,0) band of CO [8] was recorded with respect to the P98“t”(14-0)
line provided by Sansonetti [20]. Data from these procedures are included in the present
analysis.

An example is shown in Fig. 5.2 displaying a single scan over two rotational lines -
R(17) of (16-1) band and one of the reference lines - P12(16-1), measured by Sansonet-
ti [20] with accuracy of 1 MHz (the “t” components are denoted by *). The scan axis
is calibrated to the reference line using the FSR of the etalon. In this way the absolute
frequency of R17“t”(16-1) is determined with an accuracy of about 2 MHz.

Through frequency separation measurements hyperfine components of selected P(J)
and R(J) lines in the (13-1) to (18-1) bands were recorded and calibrated (Table 5.1).
The estimated absolute accuracy varies in the range 1-5 MHz. Except for the two
wavelength ranges mentioned above always lines were recorded close to calibrated lines
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Frequency, MHz

R17(16-1) P12(16-1)
Sansonetti

*

*

Figure 5.2: Simultaneous scan over two lines (R17 and P12) in the B-X (16-1) band
of I2 (lower trace) and the fringes of a stabilized etalon (upper trace). The“t” compo-
nents are denoted by *. Note that for the R(17) line all 21 transitions corresponding
to ∆F = ∆J = +1 are resolved.

presented in literature [11, 13, 18, 20]. In all cases the“t”-component was selected for
calibration. For convenience and to avoid any confusion, two typical hyperfine spectral
structures, for odd and even J , are displayed in Fig. 5.3, with the identification of
hyperfine components (“a”-“u”) adopted from Sansonetti [20]. For low J (J < 20) these
typical shapes of the rotational lines undergo changes and more hyperfine components
become resolved (see Fig. 5.2, where all 21 hyperfine components of R17(16-1) can be
seen).

Table 5.1: Measured transition frequencies in this study.

Transition “t” component, MHz Transition “t” component, MHz
P(9) 13-1 509601977.9(1.6) P(65) 16-1 517185695.6(1.3)
R(9) 13-1 509632429.0(1.9) R(69) 16-1 517217059.9(1.2)
R(13) 13-1 509609972.0(2.0) P(93) 16-1 515659358.7(1.5)
P(15) 13-1 509545298.7(2.3) R(116)16-1 514370607.9(1.1)
R(15) 13-1 509594978.1(1.6) R(121)16-1 513979201.2(1.2)
P(18) 13-1 509508487.7(1.6) P(124)16-1 513350047.8(1.1)
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Table 5.1: Measured transition frequencies in this study. (continued)

Transition “t” component, MHz Transition “t” component, MHz
P(20) 13-1 509480808.2(1.9) P(132)16-1 512647155.5(1.0)
R(20) 13-1 509546506.3(2.5) R(136)16-1 512701376.6(1.1)
R(23) 13-1 509509886.3(1.7) R(137)16-1 512610634.7(1.3)
R(25) 13-1 509482330.8(1.9) P(8) 17-1 521586497.4(4.4)
P(27) 13-1 509364143.8(2.7) R(14) 17-1 521575692.3(4.5)
R(32) 13-1 509366084.1(2.5) R(15) 17-1 521567120.5(4.5)
R(38) 13-1 509241911.8(2.5) P(22) 17-1 521418244.1(2.2)
P(39) 13-1 509092511.4(2.4) P(42) 17-1 520948096.8(1.1)
R(44) 13-1 509095072.1(2.6) R(54) 17-1 520705108.8(1.7)
P(44) 13-1 508952596.1(3.0) P(64) 17-1 520117714.3(3.9)
P(46) 13-1 508892223.1(3.0) R(68) 17-1 520143711.2(3.9)
R(49) 13-1 508955369.9(2.7) R(6) 18-1 524475481.8(4.3)
R(51) 13-1 508895076.1(2.9) R(8) 18-1 524468252.9(4.2)
P(65) 13-1 508192805.3(1.6) R(18) 18-1 524390857.2(4.0)
R(75) 13-1 507974147.3(2.0) P(19) 18-1 524319179.5(3.9)
R(79) 13-1 507785131.1(2.2) R(24) 18-1 524311394.2(3.0)
R(83) 13-1 507585929.2(1.8) P(27) 18-1 524177555.9(3.4)
R(87) 13-1 507376523.8(1.4) R(31) 18-1 524187351.0(2.5)
R(91) 13-1 507156900.2(1.8) P(31) 18-1 524090221.6(3.3)
P(99) 13-1 506369955.4(1.2) R(40) 18-1 523978221.5(2.0)
R(104)13-1 506372344.2(1.3) P(42) 18-1 523793188.2(1.8)
R(107)13-1 506175873.2(1.6) R(46) 18-1 523807726.7(1.8)
R(111)13-1 505904887.9(1.6) P(47) 18-1 523630566.8(1.3)
P(111)13-1 505550262.0(1.8) R(50) 18-1 523680231.5(1.5)
R(116)13-1 505551619.9(1.9) R(54) 18-1 523541657.9(1.2)
P(119)13-1 504952280.2(3.3) R(56) 18-1 523468212.5(1.3)
P(123)13-1 504637769.6(1.1) R(60) 18-1 523312993.5(1.8)
R(128)13-1 504637640.5(1.2) P(61) 18-1 523083220.3(1.1)
R(130)13-1 504476197.9(1.6) R(63) 18-1 523189287.3(1.6)
P(67) 14-1 511156922.0(1.1) R(64) 18-1 523146661.6(1.1)
P(68) 14-1 511111745.3(1.1) R(71) 18-1 522828790.3(1.5)
P(69) 14-1 511065923.3(1.1) R(76) 18-1 522580821.6(2.0)
P(70) 14-1 511019455.2(1.4) P(81) 18-1 522065155.8(3.3)
R(72) 14-1 511154541.7(1.2) R(82) 18-1 522260185.6(2.5)
R(73) 14-1 511109285.1(1.3) P(86) 18-1 521767018.7(2.0)
R(74) 14-1 511063381.3(1.1) R(88) 18-1 521914325.2(1.5)
P(92) 14-1 509833399.7(1.1) P(98) 18-1 520979920.4(3.2)
P(15) 15-1 515641846.2(2.4) R(98) 18-1 521281620.3(1.4)
P(16) 15-1 515629854.0(1.2) R(100)18-1 521146613.6(1.2)
R(19) 15-1 515651560.1(1.4) P(101)18-1 520767302.1(1.4)
R(20) 15-1 515640121.4(1.3) R(104)18-1 520868103.6(1.3)
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Table 5.1: Measured transition frequencies in this study. (continued)

Transition “t” component, MHz Transition “t” component, MHz
R(21) 15-1 515628031.0(1.3) P(104)18-1 520548328.3(2.2)
P(117)15-1 511044175.2(1.1) P(105)18-1 520473922.7(2.2)
R(121)15-1 511103398.7(1.5) R(110)18-1 520429053.2(1.3)
R(136)15-1 509850059.7(1.3) R(113)18-1 520199924.4(1.5)
P(11) 16-1 518650204.9(1.3) R(114)18-1 520122122.2(1.8)
R(17) 16-1 518637995.9(1.7) R(116)18-1 519964376.7(1.7)
R(18) 16-1 518627631.3(1.5) R(119)18-1 519722396.0(2.1)
P(21) 16-1 518525170.7(1.9) P(123)18-1 519013099.8(3.6)
R(26) 16-1 518520828.6(1.3) R(124)18-1 519304761.9(2.4)
P(30) 16-1 518355932.5(1.8) R(132)18-1 518599137.6(1.4)
R(35) 16-1 518349878.8(1.8)

5.3 Data analysis

In the analysis of their spectra Gerstenkorn and Luc [1] performed a fit to the rovibronic
structure of the B-X system of I2 with energy representations:

EXν′′ = Eν′′ +Bν′′J(J + 1)−Dν′′J
2(J + 1)2 + Hν′′J

3(J + 1)3, (5.1 a)
EBν′ = Eν′ +Bν′J(J + 1)− Dν′J

2(J + 1)2 +Hν′J
3(J + 1)3 +

+Lν′J4(J + 1)4 +Mν′J
5(J + 1)5, (5.1 b)

for ground and excited states respectively. The molecular parameters derived in [1]
give an accurate description of transition frequencies up to J ∼ 160 within the stated
uncertainty of 60 MHz. The representation of Eqs. (5.1 a,5.1 b) will be used in the present
study to denote the “centre-of-gravity”, i.e. the energy level structure and transition
frequencies with all hyperfine effects set to zero.

The hyperfine structure of I2 has been studied previously for a large number of
individual rotational lines scattered in the visible wavelength range. For the purpose of
our analysis only the two most important terms in the hyperfine Hamiltonian [23] are
included:

Hhf = eQq ·HEQ + C ·HSR, (5.2)

where eQq ·HEQ is the electric quadrupole term and C ·HSR is the spin-rotation term
(eQq and C are the conventional symbols, representing the constants for the respective
interactions). These terms are sufficient to represent the separations of F = J hyperfine
components with respect to the “centre-of-gravity” at the 0.2 MHz acuracy level if
∆J = ±2 contributions are included in the diagonalization of the hyperfine matrix.
Following the discussion of Bordé et al. [21] we adopt for the X 1Σ+

g , ν′ = 1 ground
state the hyperfine constants eQq′′ = −2452.6 MHz and C ′′ = 3 kHz. For the excited
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Figure 5.3: Typical pattern of hyperfine structures in I2. The upper trace is a
recording of the R69(16-1) line and shows the typical structure for an odd-J line with
21 ∆F = ∆J main transitions. The lower trace shows the R98(16-1) line with the
typical 15 ∆F = ∆J main transitions in an even-J line. In the present study we have
adopted the identification of “a”-“u” components of Sansonetti [20].

vibrational levels the hyperfine constants (eQq and C) have been reported for ν′ = 15 [24]
and ν′ = 17 [25] only. In this work we adopted the hyperfine constants eQqν′ and Cν′
using the empirical formulae given by Razet and Picard [26], including the J-dependence
in C ′. The uncertainty in the eQqν′ is estimated at 0.3 MHz, which yields an uncertainty
of less than 0.1 MHz in the position of the “t” component with respect to the “centre-
of-gravity”. Since the spin-rotation contribution to the eigenvalues for F = J hyperfine
components can be neglected at our level of accuracy, one of them - the “t” component
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is preferably used in this study.
For all lines calibrated in the present study the “centre-of-gravity” of the rotational

structure was determined by correcting the measured hyperfine components (Table 5.1)
for the calculated hyperfine shift. All “t”-components are red-shifted by approximately
483 MHz, with slight variations over the six bands measured and over the rotational lines.
The accurately calibrated lines cited in the literature [9, 11, 18, 20] were included in the
analysis, but not presented on Table 5.1. For each line an estimated uncertainty is listed
as well, which depends on the measurement error and the uncertainty of the reference
line used. For the collection of lines taken from Sansonetti the resulting uncertainty
is less than 1.0 MHz, including a contribution of the hyperfine shift correction. For a
number of previously reported lines calibrated by our group [7, 8] (not listed here), the
accuracy varies from 3.0-5.0 MHz. The lines specifically calibrated in the present work
have an accuracy of 1.5-4.5 MHz depending on the measuring conditions.

For each band all available data on the “centre-of-gravity” transition frequencies
(calculated from Table 5.1 and from Refs. [7, 8, 18, 20]) were included in a weighted
least squares fit in order to obtain a parameterization over the rotational structure in
B-X (ν′ − 1) bands (ν′ = 13− 18). It turned out to be sufficient to vary only the band
origin E0 = Eν′ −E1, the rotational constant B1 and the rotational constants Bν′ , Dν′

and Hν′ of the excited state to find convergence with a resulting χ2 of less than 1.0 per
data point. The higher order molecular constants for the ground state (ν′′ = 1) were
kept fixed at the values of Gerstenkorn and Luc [1]: D1 = 4.5722085× 10−9 cm−1 and
H1 = −5.3403223 × 10−16 cm−1. The higher order centrifugal distortion coefficients
for the exited state (Lν′ and Mν′) were also kept fixed at the values of Ref. [1]. Since
the goal of the present study is to find a parameterization of the energy levels only
rather than deriving new details on the molecular structure, no further attempts in this
latter direction were made. The resulting parameters for the transitions with upper level
ν′ = (13 − 18) (see Table 5.2) were inserted in Eqs. (5.1 a, 5.1 b) for calculation of the
“centre-of-gravity” frequencies.

Table 5.2: The derived values for the constants appearing in Eqs. (5.1 a,5.1 b), cor-
responding to ν′ − 1transitions. All the values are in wavenumbers.

ν′ Eν′ − E1 B1 × 102 Bν′ × 102 Dν′ × 108 −Hν′ × 1014 −Lν′ × 1019 −Mν′ × 1025

13 16999.931315 3.71968789 2.67324769 0.83217395 0.66855643 0.142729375 0.82943669
14 17102.554990 3.71970147 2.65407989 0.85592155 0.70580093 0.161026496 0.97512745
15 17203.371621 3.71969569 2.63449183 0.87997748 0.80130524 0.181804330 1.14494794
16 17302.358760 3.71969318 2.61450317 0.90621126 0.87175280 0.205409358 1.34313350
17 17399.494325 3.71964275 2.59404320 0.93415830 0.94165694 0.232226556 1.57482286
18 17494.756134 3.71967270 2.57323368 0.96427269 1.00923370 0.262682841 1.84624651

The consistency of the fits is such that for all bands the resulting χ2 is much lower
than the number of data points. In all cases 5 parameters (described above) were
optimized in the fitting routines. From the resulting χ2 values we estimate that the final
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uncertainties of all “centre-of-gravity” rotational frequencies are accurate within 2 MHz.
This can be seen from Fig. 5.4, where the offsets of the calibrated lines in (18-1) band
from the fit are presented. Most of the measured values lay in the interval (-2,+2) MHz
and the fit passes through all error margins. Consequently, the fit for the “centre-of-
gravity” frequencies can be used to predict the positions of the “t” hyperfine components
for all lines with 2 MHz accuracy. This procedure will be discussed in section 5.4.
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Figure 5.4: The offset of the “centre-of-gravity” frequencies, measured in the (18-1)
band (the data points) from the fitted values (dashed line).

An important assumption for the validity of the present procedure is the unperturbed
nature of the B-X system of I2. The excited B -state is known to be perturbed by a
repulsive state of 1Πu symmetry, causing pre-dissociation in the B -state [27]. This holds
for the region ν′ = (13 − 18) in the B -state. At much higher ν-states also other states
interact and even u-g symmetry breaking has been observed [21,27]. The coupling with
the state may in principle cause energy shifts to the B -state energy levels. However,
the coupling to the repulsive state gives only rise to global effects, slowly varying over
the J-quantum number, while no local effects such as accidental shifts are expected.
Indeed such phenomena were not observed, while care was taken that P(J) and R(J)
transitions were included in the fit in a wide range of J-values with gaps as small
as possible. Possible perturbative effects by the 1Πu state are therefore included in
the present parameterization of the B -state energy levels by the effective molecular
parameters as derived in the fits (Table 5.2).
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5.4 The reference standard

The molecular parameters derived from the present measurements and fitting proce-
dures give a representation of “centre-of-gravity” transition frequencies of R(J) and
P(J) lines in the (13-1) to (18-1) bands for J up to 140 at an accuracy level of 2 MHz
(Table 5.2). By invoking the theoretically known hyperfine structure, the frequency of
the “t”-component of each line can be calculated at the same accuracy level. A list of
these calculated transition frequencies of “t”-components is given in the Appendices 5.I
and 5.II, corresponding to R and P branches respectively∗. The tables start at J = 9
because of the strong mutual overlapping of the rotational lines with lower J , which
makes them unsuited for spectroscopic calibration. These frequencies form a secondary
reference standard in the range 571-596 nm. It is a factor of 30 more accurate than the
Doppler-broadened I2-reference standard [1]. Since a calibrated component is found in
nearly all intervals of 1 cm−1 this dense grid of reference lines should become a useful
tool in laser spectroscopic studies.

5.5 Conclusions

In this Chapter we have shown that a simple parameterization (involving 5 molecular pa-
rameters) of the positions of the “t” hyperfine components in the rotational structure of
127I2 is possible giving an accuracy of 2 MHz, suitable for precise spectroscopic measure-
ments. Using this procedure we present a table, containing 1584 accurate wavenumbers
(see Appendices 5.I and 5.II)∗, which predicts the line-positions of the “t” components
in the B-X system of 127I2 for vibrational bands (13-1) up to (18-1) and rotational quan-
tum numbers J from 9 up to 140 (both for R and P branches). This dense grid of high
precision data covers the wavelength range 571-596 nm, corresponding to a frequency
span of 715 cm−1. In a wavelength range near 790 nm a similar reference standard based
on I2 hyperfine components is being developed by Knöckel et al. [28].
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Chapter 6

Precision frequency calibration in XUV.

6.1 Precision spectroscopy of argon at 105 nm∗

The results of a precision measurement of the 3p6 − 3p54s′[1/2]1 (1s2 in Paschen notation)

transition in argon by resonance enhanced 1VUV + 1UV photo-ionization spectroscopy at

105 nm are presented. Tunable narrow-band VUV radiation is generated by frequency up-

conversion of the powerful output of a pulsed dye amplifier system. A transition frequency of

95399.833(3) cm−1 in 40Ar is measured, in agreement with but an order of magnitude more accu-

rate than the existing value for this transition. Transition isotope shifts δν40−38 = 550(10) MHz

and δν40−36 = 1036(7) MHz are obtained, from which specific mass shifts are deduced. An im-

proved value for the ionization potential in argon (IP=127109.842(4) cm−1) is also given.

6.1.1 Introduction

In the past decade, with the development of powerful dye amplifiers and harmonic-
generation techniques, the vacuum ultraviolet (VUV) spectral region became accessible
with narrow-band tunable laser sources, thus making possible spectroscopic studies of
transitions involving ground states of noble gas atoms with unsurpassed accuracy. The
energy level structure of the noble gases is such, that the entire manifold of electronically
excited states is separated from the electronic ground state by a large energy gap. A
laser at 58 nm was used [1] to bridge this gap in helium resulting in accurate values for
the ionization potential (IP), the ground state Lamb shift and the 3He-4He isotope shift.
Similar studies of heavier rare gases such as Ne and Kr in the VUV [2,3] gave valuable
information on the level structure of these more complex systems and at present an
accuracy of 0.005 cm−1 is reached for some VUV transitions. However, in Ar accurate
values for the VUV transition frequencies are missing; hence the ionization potential is
not accurately known for this atom. Recently [4] a multichannel quantum defect analysis
of the Rydberg series of 40Ar was reported, determining accurate values (±0.003 cm−1)
for the two ionization potentials (jc = 1/2, 3/2) with respect to the metastable 3P2 level
(1s5 in Paschen notation), populated in a discharge.

In this Section we report on a precision calibration of the 3p6(1S0)−3p54s′[1/2]1(1s2)
transition in argon by 1VUV+1UV photo-ionization using a narrow-band laser source
at 105 nm. The accuracy of 0.003 cm−1 is a factor 15 better than the best known value
of 0.05 cm−1 [5] dating from the early 70’s. Furthermore an analysis of the isotope shifts
in the 1S0 − 1s2 transition for the three stable argon isotopes (36, 38, 40) is made. In
general, these shifts are due to differences in the nuclear mass (mass shifts) and nuclear
charge distribution (field shifts). To a good approximation [6] the isotope shift can be
∗Journal of Physics B: Atomic, Molecular and Optical Physics 32 (17), L511-L516 (1999).
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presented as a sum of the mass and field shift. The latter is negligible for light elements
such as argon, but it can dominate the isotope shift in heavy elements. The mass shift
can be described as consisting of two parts: normal mass shift (NMS), also called Bohr
shift, due to the change of the reduced mass µ, and specific mass shift (SMS), resulting
from the correlation between the momenta of all electrons in the atom. While the NMS
is easy to calculate, difficult many-body calculations are needed in order to estimate the
SMS [7]. In the following we give experimental values for the SMS in 1S0−1s2 transition
for the three stable argon isotopes.

6.1.2 Experimental setup

In Fig. 6.1 a scheme of the experimental setup is presented. Tunable visible wavelengths
at 630 nm are generated with an Ar-ion laser pumped continuous wave (CW) ring-
dye-laser operating on DCM dye and delivering 400 mW of single mode narrow-band
radiation. A sealed and temperature stabilized etalon, which is actively locked to a
frequency-stabilized He-Ne laser, provides accurate frequency markers. Its free spec-
tral range of 148.9565(4) MHz was calibrated by measuring the frequency separation
between two accurately known hyperfine components of P61(7-3) and R96(9-4) lines in
molecular iodine [8]. Absolute calibration in the visible is based on the “t” hyperfine
component of R67(9-4) in the saturation spectrum of iodine measured for the purpose
of this experiment [9].

The output of the dye laser is coupled into a polarization maintaining single-mode
fiber (3M, FS-PM-3-21) for beam transportation to the pulsed part of the experiment as
well as for spatial filtering. The fiber output (200 mW) is seeding a three-stage pulsed dye
amplifier (PDA) operating on DCM dye as well, which is pumped by a frequency-doubled
(532 nm), injection-seeded Nd:YAG (Quanta Ray, GCR 5) laser at 10 Hz repetition rate.
Wavelength-tunable pulses of 5 ns duration and 80 mJ/pulse energy, generated in the
PDA, are frequency doubled in a KD∗P crystal. The UV (315 nm) is separated from the
visible and focused (inside a vacuum chamber) in an expanding pulsed gas jet of Xe for
frequency tripling down to 105 nm. The overlapping VUV and UV beams are intersected
at 90◦ by an atomic beam of natural argon (99.6% 40Ar; 0.063% 38Ar; 0.337% 36Ar).
The ions created by 1VUV + 1UV photo-ionization are collected and mass-separated by
a time-of-flight (TOF) mass-spectrometer. Three boxcar integrators are used to detect
simultaneously each one of the three isotopes. With only 10 mJ/pulse UV energy the
VUV production is sufficient to detect even the least abundant 38Ar isotope from a
natural sample. During a single scan of the CW dye laser frequency, the spectra from
the three isotopes are recorded along with the I2 saturation spectrum and the etalon
markers.

6.1.3 Results and discussion

A single scan over 50 GHz in the VUV is shown in Fig. 6.2. The first three spectra
represent the 3p6 − 3p54s′[1/2]1 transition in 40Ar, 38Ar, and 36Ar, respectively. The
line-width of the Ar resonance width is ∼450 MHz, predominantly governed by the band-
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Figure 6.1: Scheme of the experimental setup.

width of the VUV-source and some contribution from the residual Doppler broadening
in the crossed-beam configuration. The etalon trace gives the relative frequency scale of
893.739(3) MHz per marker spacing. The scan is extended towards the nearest iodine line
R67(9-4). Its “t” component (denoted in Fig. 6.2 by an asterisk) is calibrated in the vis-
ible with respect to the “t” hyperfine component of P61(7-3) known with 0.00002 cm−1
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Figure 6.2: A scan of the 1S0 − 1s2 resonance for the three isotopes, the etalon
markers and the iodine saturation spectrum of R67(9-4). Asterisk (*) points at the
“t” hyperfine component calibrated previously and used as frequency standard at
105 nm.

accuracy [8]. Our measurement yields 15900.19013(7) cm−1 for the “t” component of
R67(9-4), thus setting an accurate frequency standard of 95401.14078(42) cm−1 in the
VUV near 105 nm. The transition frequencies of the three argon isotopes observed are
then determined via a procedure, involving computerized fitting of the line profiles and
interpolation on the frequency scale provided by the etalon markers.

Although the absolute calibration using I2 saturation spectroscopy in the CW part of
the experiment and the relation νV UV = 6νvis gives very good accuracy, there are several
systematic error sources to be taken into account. As the geometry of the experiment
allows for a slight deviation from 90◦ beam crossing, a Doppler shift may be present and
must be evaluated. Increasing the velocity of the atoms by seeding Ar (10%) in He beam
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at constant geometry allows us to determine the Doppler shift under the experimental
conditions to be +20(7) MHz. No indication of AC Stark shift is observed for UV powers
of 10 mJ/pulse (see also Ref. [1]). However, the chirp induced in the PDA has to be
estimated since its contribution can be significant after the frequency up-conversion [1].
We rely on existing measurements of chirp in dye amplifiers operating on DCM [10],
which set an upper limit of about 100 MHz in this wavelength region. In Table 6.1 we
summarize all contributions to the error in the measurement of the 1S0− 1s2 transition
of 40Ar. It can be seen that the chirp generated during the amplification process is
the dominating error source. A detailed quantitative evaluation of the chirp effect, as
previously done for the case of helium [1], would potentially reduce the uncertainty in
the measurement by a factor of three.

Table 6.1: Error budget for the 1S0 − 1s2 transition frequency in 40Ar.

Source Error [MHz]
Statistical 1σ 20
I2 calibration 12
Doppler shift 7

Chirp ≤ 100

Total error rms 103

Taking into account the above mentioned remarks, the transition frequencies for the
three isotopes are determined as follows: ν40 = 95399.833(3) cm−1; ν38 = 95399.815(3)
cm−1; ν36 = 95399.798(3) cm−1. To our knowledge these are the most accurate values
for any transition involving the ground state of Ar so far. The best measurement for 1s2

line is the classical spectroscopic value reported by Minnhagen [5] with 15 times lower
accuracy.

The presently measured transition frequency can be used to determine an improved
value for the first ionization potential I3/2 of Argon I. In a recent study of the J=4
Rydberg series the group of Hotop [4] reported on a value I3/2=21647.076(2) cm−1

with respect to the 3p54p[5/2]3 level (2p9 in Paschen notation). The difference between
this even parity 2p9 level and the odd parity 1s2 level (the upper level in the present
experiment), follows from the work of Minnhagen [5]. We take the average of the value
of Minnhagen [5] and Norlén [11] for 2p9, differing by only 0.0011 cm−1. Hence we
deduce 10062.9325(10) cm−1 for the separation 2p9 − 1s2. Combining this value with
the 1S0 − 1s2 transition frequency and the I3/2(2p9) from [4] we deduce a value for the
first ionization potential I3/2=127109.842(4) cm−1. For the spin-orbit excited ionization
limit I1/2 we use the fine structure splitting of 1431.5831(7) cm−1 for Ar+(2P3/2−2P1/2)
measured by IR spectroscopy [12], resulting in I1/2=128541.425(4) cm−1.

In Fig. 6.3 a simultaneous scan over the 1s2 resonance in the three argon isotopes
is presented along with the etalon markers spanning 8 GHz in the VUV. While in the
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Figure 6.3: A scan over the 1S0 − 1s2 resonance for the three isotopes.

measurement of the absolute transition frequencies the uncertainty is largely determined
by systematic effects, this is not the case in a relative measurement yielding values for
the isotope shifts. Hence, the uncertainty is only determined by statistical errors in the
fitting procedure. The resulting isotope shifts with respect to the most abundant 40Ar
are listed in the second column of Table 6.2.

According to [6] the NMS of an atomic level can be calculated by the formula:

∆EH,L = me
(MH −ML)

MH(ML +me)
EH , (6.1)

where MH and ML are the masses of the heavy and light isotopes, respectively; me is
the mass of the electron and EH is the level energy of the heavier isotope (in our case
40Ar). For the transition of interest the shift in the transition frequency due to the NMS
is:

NMS(40, A) = ∆Eg40,A −∆Ee40,A (6.2)

where g and e denote ground and excited state respectively. The masses of the isotopes
we take from [13]; the calculated values, according to Eq. (6.2) for the NMS are included
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Table 6.2: Isotope shift analysis with respect to 40Ar.

A δν40−A NMS(40,A) SMS=δν40−A-NMS(40,A)
MHz MHz MHz

38 550(10) 2068 -1518(10)
36 1036(7) 4360 -3324(7)

in the third column of Table 6.2. In combination with the experimentally measured iso-
tope shifts, values for the SMS in 3p6−3p54s′[1/2]1 transition are deduced and reported
in the fourth column of Table 6.2 with an accuracy that allows for future comparison with
theoretical many-body calculations. As in case of Ne [2], our measurement shows that
the SMS tends to compensate for the normal mass shift in the np6 − np5(n+ 1)s′[1/2]1
transition.

6.1.4 Conclusion

In conclusion, precision spectroscopic measurement of the 1S0 − 1s2 transition in argon
at 105 nm is reported along with accurate isotope shift measurements for the three stable
isotopes (36Ar, 38Ar, 40Ar). The data provided is valuable in connecting all accurately
known levels in the argon atom with the ground state and in this way an order of
magnitude improvement in the ionization potentials is achieved. From the isotope shift
measurements, accurate values for the SMS are deduced for this VUV transition.
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6.2 Precision VUV spectroscopy of xenon∗

The results from a high-resolution VUV spectroscopic study of Xenon in four transitions from

the 5p6 (1S0) ground state to the 5d′[3/2]1, 8d[1/2]1, 8d[3/2]1 and 7s′[1/2]1 excited states

is presented. Employing a narrowband VUV laser source based on successive second and

third harmonic generation, the spectra of all nine stable isotopes are resolved making possible

hyperfine splitting and isotope shift measurements. Using existing data for the change of the

mean-square nuclear charge radii, mass shift and field shift contributions to the isotope shifts are

separated. Precision transition frequency calibration yields an accurate value for the ionization

energy of 136Xe (E136
3/2 = 97833.805(11) cm−1).

∗an excerpt from a paper submitted for publication.
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6.2.1 Introduction

VUV/XUV laser sources, based on harmonic generation of powerful UV laser pulses
and utilizing the technique of 1VUV+1UV photoionization, have already been applied
to spectroscopic studies of the noble gases He, Ne, Ar, and Kr [1–3,14], in which isotope
shifts (IS) and hyperfine splittings (HFS) have been measured. In both He and Ar new
accurate values of the ionization energy have been deduced from these measurements.
For the heaviest stable noble gas, Xenon, accurate values for the VUV transitions from
the ground state are missing, hence the ionization energy is less accurately known.

The investigation of the IS of a heavy element provides an insight into the electronic
density at the nucleus as well. Previous IS measurements in a two-photon transition from
the xenon ground state [15] have indicated a large screening effect by the p-electrons in
the closed shell.

In this Section we present the results from a high-resolution 1VUV+1UV photoion-
ization spectroscopy in Xe. We investigate the transitions from the ground state 5p6 to
four excited states: 5d′[3/2]1, 8d[1/2]1, 8d[3/2]1 and 7s′[1/2]1 at 106.8, 106.1, 105.6 and
104.4 nm, respectively. A natural Xenon sample consists of nine stable isotopes with
abundances: 124Xe (0.0096%), 126Xe (0.009%), 128Xe (1.92%), 129Xe (26.4%), 130Xe
(4.1%) , 131Xe (21.1%), 132Xe (26.9%), 134Xe (10.4%) and 136Xe (8.9%). Our setup al-
lows to spectrally resolve all isotopes and to measure the isotope shift in the investigated
transitions.

Absolute transition frequencies are measured using a calibration procedure based on
saturation spectroscopy of molecular iodine (see Chapter 5) and the use of actively sta-
bilized Fabry-Perot interferometer. Our work connects, by means of accurate frequency
measurements, the energy of the ground state to the entire manifold of electronically ex-
cited states; the transitions between those excited states and their position with respect
to the ionization limit are known with high accuracy from precision laser spectroscopy
in the visible and infrared.

6.2.2 Experimental

The experimental scheme for generation of wavelength-tunable VUV pulses has been ex-
plained in detail in Section 6.1.2 and Refs. [1,2,14]; here only a brief description is given.
CW light from a tunable ring-dye-laser (Spectra-Physics, 380D), operating on DCM dye
and pumped with the second harmonic of a CW Nd:YAG laser (Spectra-Physics, Mil-
lennia V), is amplified in a three-stage pulse-dye-amplifier (PDA). The PDA, which also
operates on the DCM dye and is pumped by the second harmonic of an injection-seeded
Q-switched Nd:YAG laser, delivers pulses with a repetition rate of 10 Hz, 5 ns pulse
duration, and energy up to 60 mJ/pulse. These pulses are then frequency doubled in a
KD∗P crystal, producing 8 mJ pulses in the UV, and subsequently focused in a Xenon gas
jet for third harmonic generation. The overlapping UV and VUV light beams intersect
at 90◦ a collimated Xenon atomic beam in the interaction region, where a 1VUV+1UV
photoionization process takes place. A time-of-flight mass spectrometer collects the ions
to be detected on an electron multiplier. The signals from the isotopes are recorded
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with a number of boxcar integrators with gates, set at appropriate time windows. The
signal-to-noise ratio is sufficiently high and allows to record the less abundant 124Xe and
126Xe isotopes as well; the only exception is the weak transition to the 8d[1/2]1 excited
state.

The absolute frequency of the CW light is calibrated by simultaneous recording of
a saturated absorption spectrum of molecular iodine. The “t” hyperfine components of
the I2 lines, recently calibrated with 1 MHz accuracy (1σ) in the 595-655nm wavelength
range [16], are used as a reference. Calibration of the VUV light is accomplished by
taking into account the factor of 6 due to the frequency doubling and tripling. The
center frequency of the pulsed output of the PDA may undergo, because of chirp, a small
net shift with respect to the seeding CW light, used for calibration. This issue, including
its effect in the harmonic frequencies, has been extensively discussed elsewhere [1, 10].
From such studies it is estimated that the uncertainty in the absolute VUV frequency is
less than 0.003 cm−1. The chirp phenomenon, assuming weak wavelength dependence,
does not affect the results of the relative frequency measurements, such as isotope shifts.

In addition, the transmission peaks of Fabry-Perot interferometer (FPI) are al-
so recorded, in order to obtain accurate frequency markers for the CW light. The
FPI is locked to a frequency-stabilized He-Ne laser, and its free spectral range of
148.9563(3)MHz is calibrated against the known “t” hyperfine component of two I2 lines
(P65(7-4) and P95(7-4) [16]). The FPI fringes are then translated into VUV frequency
markers with a spacing of 893.7378(18)MHz. Spectra of the Xenon resonances, the I2

reference spectrum and the FPI markers are recorded simultaneously and stored in a
computer for further analysis. The width of the Xe lines is typically 400MHz (FWHM)
in a Gaussian profile, mainly due to the bandwidth of the VUV light along with a small
Doppler contribution in the crossed-beam configuration.

6.2.3 Data analysis and discussion

The four transitions investigated are indicated by their excited state configurations,
namely 5d′[3/2]1, 8d[1/2]1, 8d[3/2]1 and 7s′[1/2]1. Isotopically and hyperfine resolved
spectra of these states in excitation from the ground state are recorded. An example
of the experimental results is given in Fig. 6.4, where the spectra recorded for all nine
isotopes in the 7s′[1/2]1 transition are shown. The different noise levels in the spectra
reflect the relative natural abundance of the isotopes. Since only four boxcars are used,
not all the isotopic lines have been measured simultaneously; hence one isotopic signal
is chosen as a reference and recorded in each scan to facilitate the data analysis. Fig. 6.4
contains the results of three different scans, which are put together on the same frequency
scale making use of the signal from the reference isotope. The FPI markers are also
shown and the frequency scale is given in VUV frequency. It has to be noted that the
weak peak present in the 130Xe spectrum is an artefact, associated with the resonance
of the highly abundant lighter 129Xe isotope, which arrives earlier at the detector. To
perform the absolute frequency calibration a long scan is usually needed to bridge the
gap between the Xe line and the nearest I2 line (recorded in the visible). In the case of
the 7s′[1/2]1 the gap toward the R95(10-4) line is ∼20 GHz, as seen in Fig. 6.4. In the
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Figure 6.4: Spectra of the (5p6 − 7s′[1/2]1) transition, for all natural isotopes of
Xenon. FPI transmission peaks, from which the frequency scale is deduced are also
shown. The zero frequency is the “t” hyperfine component of R95 (10-4) I2 line (*)
used for absolute frequency calibration.

following the results of the measurements are presented and discussed.

Isotope shift measurements

The IS of an atomic transition consists of two different contributions. One is related
to the finite mass of the nucleus and is commonly referred to as the mass shift (MS),
while the other is due to the non-zero size of the nucleus and is called the field shift
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(FS) [6]. The latter is dominant in heavy elements (Z>60), while the former prevails
in light elements (Z<30). For a medium-weight element like Xenon both effects give a
significant contribution.

The mass shift in a transition a can again be expressed as the sum of two con-
tributions, MSA

′,A
a = NMSA

′,A
a + SMSA

′,A
a , where A′ and A, are the isotope mass

numbers. The first contribution is the normal mass shift (NMS, also called Bohr Shift)
It is given, to a good approximation, by NMSA

′,A
a = MA′,A me

mu
νa where me, mu are

the electron mass and atomic mass unit respectively, νa is the transition frequency and
MA′,A = A′−A

A′A . Hence the NMS of a transition can be easily evaluated provided that
the transition frequency is accurately known. The second contribution is the specific
mass shift (SMS), that arises from the correlated electron momenta. Although there
exists no simple expression for the SMS, its dependence on the isotopic masses is the
same as that for the NMS, thus it is possible to express the MS as the product of two
factors, MSA

′,A
a = Ka · MA′,A, where the Ka factor depends only on the electronic

transition [6].
In a similar fashion the field shift can be factorized as FSA

′,A
a = Fa · CA

′,A, where
the Fa factor is proportional to the change in the non-relativistic electronic density at
the nucleus when the atom undergoes the transition a, while the quantity CA

′,A is, to
a good approximation, the change in the mean square nuclear charge radius between
isotopes with atomic mass A′ and A, i.e. CA

′,A ≈ δ〈r2〉A
′,A [17].

Table 6.3: Results of isotope shift measurements, IS136,A = ν136 − νA (in MHz).
Reported uncertainties are 1σ.

A 5d′[3/2]1 8d[1/2]1 8d[3/2]1 7s′[1/2]1
134 203(10) 207(12) 219(15) 213(12)
132 351(18) 384(18) 354(20) 365(18)
131 470(11) 531(23) 545(17) 492(20)
130 509(13) 557(11) 529(30) 523(24)
129 591(19) 675(14) 684(27) 678(24)
128 667(12) 747(19) 726(20) 692(22)
126 821(14) 912(20) 869(25)
124 1008(20) 1116(20) 1069(22)

The measured IS are presented in Table 6.3. The heaviest 136Xe isotope is chosen
as a reference to express the isotope shifts, given as IS136,A = ν136 − νA, where νA

is the frequency of the transition measured for the isotope with atomic mass A. The
reported values are averaged over 4 to 18 measurements depending on the number of
scans recorded for each isotope; the errors are 1σ. In the weaker 8d[1/2]1 transition the
two less abundant 126Xe and 124Xe isotopes are not observed.

For the two odd isotopes the IS are evaluated from the center of gravity of the
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Figure 6.5: Measured isotope shift as function of the atomic mass number, for the
8d[3/2]1 and 7s′[1/2]1 transitions. The experimental uncertainty is about 20 MHz.

measured HFS. According to the “odd-even staggering” phenomenon they do not lie
midway between the two neighboring even isotopes, but lie closer to the lighter one [18].
This is graphically shown in Fig. 6.5, where the measured IS136,A of the 8d[3/2]1 and
7s′[1/2]1 transitions are plotted against the atomic mass number A. Fig. 6.5 shows
also the anomaly for 136Xe, related to the neutron shell closing at N = 82. These
effects reflect the change of the mean square nuclear charge radius between isotopes.
In our analysis the attention is focused on an interpretation of the IS with the aim
to extract information on the electronic structure of the atom. This implies that all
the information on the nuclear charge distribution, contained in the C-factors, will be
divided out, leaving only the effect of the electronic structure, contained in the Ka and
Fa factors.

In order to extract physical information from the measured IS the two contributions
must be separated. For that purpose, the modified IS is introduced, defined as ISA

′,A

divided by the factor MA′,A, and for which the following equation applies:

ISA
′,A

a /MA′,A = Ka + Fa · CA
′,A/MA′,A. (6.3)

Here CA
′,A/MA′,A are the so-called modified C-factors. When the modified C factors

are known they can be plotted against the modified IS and a straight line is obtained, the
slope and intercept of which give Fa and Ka respectively (King plot). The Ka factor,
which is related to the SMS, has no straightforward interpretation since its theoreti-
cal evaluation requires complicated many-body atomic structure calculations. The Fa
factor, on the contrary, gives direct insight into the electronic density at the nucleus.

To perform the IS analysis a set of C values has to be assumed. Two different sets
for Xe are reported in the literature [19,20], that differ by about a factor of 2. Both sets
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have been extracted from IS measurements involving excited states, of which one has an
s-electron configuration. In such a transition the Fa factor can be evaluated since the
change in the electronic density at the nucleus is mainly determined by the s-electron
plus a small screening contribution from the non s-electron. The difference in the two
sets reflects in fact that a different estimation for the SMS contribution is used to extract
the FS from the measured IS. More refined explanations on nuclear structure effects in
IS can be found in [6, 19,20].

Table 6.4: Values of the IS factors deduced using the C factors reported by Schneider [19].

5d′[3/2]1 8d[1/2]1 8d[3/2]1 7s′[1/2]1
Fa (GHz fm−2) 2.31(33) 1.95(24) 3.04(28) 2.70(30)
Ka (GHz) 1130(52) 1363(39) 1165(43) 1151(46)

The results of the data analysis are summarized in Table 6.4, where the IS factors,
Fa and Ka, for the four investigated transitions are shown. The Fa factors obtained
using the C values from Aufmuth et al. [20] are consistent, within the error margins,
with those reported in Table 6.4. Discrepancies appear in the Ka factors only, being
systematically smaller. This fact reflects the different SMS values assumed to derive the
two sets of C-factors. Our measurements yield a high value for the Fa factors even in the
transitions in which no s-electron is involved. These values can be compared for example
with the value of -2.3 GHz fm−2 reported by Geisen et al. [17] for the (6s[3/2]2−5d[3/2]3)
transition. The present results are consistent with what reported by Plimmer et al. [15],
who measured the IS in the two-photon transition between the ground state and the
6p[1/2]0 excited state, from which a value of 2.49 GHz fm−2 follows. Since the Fa factor
is proportional to the change in the electronic density at the nucleus, the results of the
present measurements clearly show a large contribution of the removal of the 5p-electron
from the closed shell, which strongly decreases the screening of the inner s-electrons.

Absolute frequency calibration

The results from absolute calibration of the resonance frequencies, performed on three
transitions (8d[1/2]1, 8d[3/2]1, 7s′[1/2]1) are reported in Table 6.5. The frequencies of
the “t” hyperfine component of the I2 lines, ν(I2), are taken from the new atlas of refer-
ence lines [16]. The measured values for the frequency difference between the Xe isotope
line and the “t”-component of the I2 calibration line, ∆ν(Aref , I2), are given in cm−1

(see Table. 6.5). These are averaged values from 5 to 8 measurements, depending on the
number of spectra recorded; the uncertainties represent 1σ. The absolute frequency for
the reference Xe isotope line is obtained as ν(Aref ) = ∆ν(Aref , I2) + 6 × ν(I2), where
the factor 6 reflects the fact that the I2 saturated absorption lines are measured with the
fundamental frequency. The uncertainty in ν(Aref ) is due to the experimental errors
in ∆ν(Aref , I2) plus a possible contribution due to frequency chirp arising in the PDA.
This is estimated to be less then 0.003 cm−1 [1, 10] and is the main source of error in
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the absolute calibration. Previous results from classical absorption spectroscopy [21]
are reported for comparison in the last row of Table 6.5. However, here no isotope is
specified since the individual isotope lines have not been resolved. The present results
are fully consistent with previous data but improve the accuracy by almost two orders
of magnitude.

Table 6.5: Absolute calibration of transition frequencies from the ground state (val-
ues in cm−1). The first and second rows denote the Xe isotope and the I2 reference
line. ν(I2) is the frequency of the “t” hyperfine component of this I2 line, ∆ν(A, I2)
the measured frequency difference between the reference Xenon isotope line and this
“t”-component in the VUV frequency scale, ν(A) is the absolute frequency of the
Xenon line for the reference isotope. In the last row the value from Yoshino and
Freeman [21] is given for comparison.

8d[1/2]1 8d[3/2]1 7s′[1/2]1
A 136 136 132
I2 P30(7-4) P68(8-4) R95(10-4)
ν(I2) 15704.88007(3) 15780.92844(3) 15966.65174(3)
∆ν(A, I2) -1.2617(12) -0.08839(57) 0.67629(61)
ν(A) 94228.0187(32) 94685.4822(30) 95800.5867(30)
From [21] 94228.02(20) 94685.47(20) 95800.70(20)

From the absolute calibration of the 8d[1/2]1 transition it is possible to derive a
new and more accurate value of the ionization energy of 136Xe. Knight and Wang [22]
performed laser spectroscopy of the nf [3/2]1 (n > 24) Rydberg series in Xe, resulting
in an ionization limit of 21637.02(1) cm−1 above the 6s′[1/2]0 level. A value of the
ionization energy of E3/2 = 97833.81(10) cm−1 was reported as well, based on the
value of the energy of the 6s′[1/2]0 level of 76196.79(10) cm−1. However, from the
high precision interferometric measurements on enriched 136Xe sample by Humphreys
and Paul [23], energy separation between 6s′[1/2]0 and 8d[1/2]1 levels of 18031.2339(14)
cm−1 can be deduced. This value, combined with the absolute calibration of the energy
of the 8d[1/2]1 level in 136Xe, gives an energy of the 6s′[1/2]0 level of 76196.7848(35)
cm−1. Finally, a value for the ionization energy for 136Xe of E136

3/2 = 97833.805(11) cm−1

is deduced.
It has to be pointed out that in the experiment of Knight and Wang [22] isotopes

have not been resolved, hence, in order to validate the present result, an estimate has
to be given of the IS in the transitions measured. Using the results reported by Jackson
and Coulombe [24] (IS136,130

(6s′[1/2]0−5f [3/2]1) = −84(9) MHz), an upper limit of 0.003 cm−1

for the IS136,130 in the transitions studied in [22] can be estimated. This shift does not
affect the present result.
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6.2.4 Conclusions

In this Section the results of high-resolution VUV-laser spectroscopy of Xenon are pre-
sented. Tunable narrow-band VUV pulses near 105 nm wavelength are used to investi-
gate transitions from the ground state to four excited states, 5d′[3/2]1, 8d[1/2]1, 8d[3/2]1
and 7s′[1/2]1 by two-photon ionization spectroscopy. A time-of-flight mass spectrometer
allows to resolve the transitions of all nine stable isotopes. Using values reported in the
literature for the change in mean-square nuclear charge radii, isotope shift factors are
evaluated, and field shift and mass shift contributions are separated. The field factor
turns out to be high, even when no s-electron is involved in the transition. This leads
to the conclusion that the removal of a p-electron from the ground state’s closed shell
strongly increases the electronic density at the nucleus. This result may stimulate ab
initio many-body calculations that can reveal the screening effect of p-electrons in a
closed shell configuration.

For three of the transitions absolute frequency calibration is also performed. This
results in an improved by two orders of magnitude accuracy for the absolute energies
of the investigated levels compared with previous measurements. A new value for the
ionization energy of 136Xe is derived with an accuracy of about one order of magnitude
higher than the previous value.

6.3 Precision XUV spectroscopy of N2 around 98 nm∗

In a high-resolution laser spectroscopic study, using a tunable Fourier-transform limited light

source in the extreme ultraviolet, the b 1Πu v=1 excited valence state of molecular nitrogen is

investigated.

6.3.1 Introduction

Transition frequencies for several rotational lines in the b 1Πu − X 1Σ+
g (1, 0) band of

molecular nitrogen are determined at very high accuracy, yielding improved rotational
constants for the b 1Πu, v=1 state.

6.3.2 Experimental

The experimental setup is similar to the one used previously for the study of the 1Σ+
u

states of N2 [25], while details of the experimental methods are explained in Ref. [26] and
Section 6.1.2 of this Thesis. Tunable XUV-radiation is produced with a laser system con-
sisting of a chain of a stabilized CW-ring dye laser in the range 570-600 nm (Rhodamine
6G), a pulsed-dye-amplifier pumped by a powerful Nd:YAG laser, frequency-doubling in
a KDP-crystal and third-harmonic generation in a pulsed jet of xenon gas. This chain
delivers coherent XUV-light with a bandwidth in the range 250-350 MHz, dependent on
specific conditions in the dye amplifier. The value for the instrument width involves for
the major part the bandwidth of the XUV-source and an additional effect of residual
∗an excerpt from Journal of Chemical Physics 112 5711-5716 (2000).
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Doppler broadening in the crossed beam configuration. The latter depends on the spe-
cific geometry chosen, the diameters of the nozzle opening and skimmer as well as the
divergence of the XUV beam.

Spectroscopy of N2 is performed via 1 XUV + 1 UV photo-ionization in a setup
where the XUV-beam is perpendicularly crossed with a collimated beam of pure nitrogen
gas obtained from a pulsed valve. In the collision-free expanding jet of N2 only the
lowest rotational states were accessible for investigation. Simultaneously with the N2

spectra in the XUV-domain the visible output from the CW-ring dye laser is used to
record markers of a stabilized etalon (Free Spectral Range 148.9560(5) MHz) and a
saturated absorption spectrum of molecular iodine for absolute frequency calibration.
The accurately calibrated reference lines were obtained either from Ref. [27] (see also
Chapter 5) or specifically calibrated in our laboratory during the measurements.

101455.5 101456.0

R(3) R(1)

*

cm-1

(a)

(b)

(c)

∆νobs=475 MHz

Figure 6.6: (a) Spectrum of the R(1) and R(3) lines in the b 1Πu−X 1Σ+
g (1, 0) band

of N2 at λ=98.56 nm recorded with the pulsed tunable XUV-source; (b) simultane-
ously recorded I2-saturation spectrum for absolute calibration with the CW-output of
the ring dye laser at the fundamental wavelength λ=591.39 nm; the line marked by (*)
is the “t” hyperfine component of the B-X (13-1)R95 line of I2 at 16909.26600 cm−1;
(c) simultaneously recorded etalon markers with FSR=149.9560 MHz.
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6.3.3 Results

Table 6.6: Accurately calibrated lines in the b 1Πu − X 1Σ+
g (1, 0) band of N2 and

deviations from a least squares fit. Note that in the listed frequencies a possible
systematic overall shift of 0.003 cm−1, due to the chirp effect, is not accounted for.

Line Frequency, cm−1 Obs.-calc.
R(0) 101 454.411±0.001 0.001
R(1) 101 456.062±0.001 -0.001
R(2) 101 456.551±0.001 0.000
R(3) 101 455.873±0.001 -0.002
R(4) 101 454.031±0.001 -0.001
Q(2) 101 448.105±0.001 0.000
Q(3) 101 444.615±0.001 0.000
Q(4) 101 439.960±0.001 0.000
P(2) 101 442.474±0.001 0.001
P(3) 101 436.168±0.001 0.000
P(4) 101 428.700±0.001 0.001
P(5) 101 420.066±0.001 -0.001

Table 6.7: Frequency separations between sets of lines in the b 1Πu − X 1Σ+
g (1, 0)

band of N2.

Lines Frequency separation, MHz Obs.-Calc.
R(1)-R(3) 5663±27 -25.5
R(0)-R(4) 11374±25 -39.5
R(1)-R(2) 14578±50 64.6
Q(1)-R(5) 17687±50 23.0

In Fig. 6.6 a spectral recording of the R(1) and R(3) lines of the b 1Πu−X 1Σ+
g (1, 0)

band is shown with simultaneously recorded etalon and I2-reference spectra. The supe-
rior characteristics of the tunable XUV-source allow for the first time to fully resolve
these lines in this bandhead region. The line marked with (*) in the I2-reference spec-
trum is the “t” hyperfine component of the R95 transition in the B-X (13-1) band of I2

at 16909.26600(7) cm−1 [27]. The absolute frequency position of the N2-lines is related,
via the etalon markers, to this reference line. From a series of measurements a value
for the transition frequency is obtained with a (2σ) accuracy of 0.001 cm−1 or 30 MHz.
As outlined previously [26,28] some systematic effects should be accounted for in evalu-
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ating absolute transition frequencies. Similar as in previous work the residual Doppler
shift was addressed by varying the flow speed of the nitrogen molecules in the molecular
beam expansion. The effect of a net shift of the resonance frequency by frequency chirp
generated in the dye-amplifier [28] was not addressed in the present study. Since the
measured N2-resonances are in a small wavelength interval it is a valid assumption that
the frequency separations between lines are not affected by this chirp; in the absolute
frequencies chirp may result in a maximum uncertainty of 100 MHz or 0.0033 cm−1. In
Table 6.6 the measured frequency positions of N2-resonances are listed (neglecting this
chirp-induced uncertainty), while in Table 6.7 the measured frequency separations are
given. The absolute frequencies could in some cases be directly related to the “t” com-
ponents of lines in the B-X (v′,1) bands of molecular iodine for v′=13-18, as presented
in the work of Velchev et al. [27]. However some N2-resonances were calibrated with
respect to other I2-lines. These other reference lines, listed in Table 6.8, were for the
purpose of this study calibrated in our laboratory, following the procedures of Ref. [27].

Table 6.8: Frequencies of newly calibrated reference lines of I2. In all cases we refer
to the “t” hyperfine component [27]

Assignment Frequency, cm−1

B-X (15,2)P85 16908.11161± 0.00007
B-X (15,2)R91 16905.91406± 0.00007
B-X (16,2)P126 16907.56713± 0.00007
B-X (16,2)P127 16904.70045± 0.00007
B-X (16,2)R131 16906.58866± 0.00007

Table 6.9: Molecular constants for the b 1Πu, v=1 state of N2 derived from absolute
line positions (Table 6.6), frequency separations (Table 6.7), and values from Ref. [29].
All values in cm−1.

ν0 101453.0022± 0.0006a

B 1.40805± 0.00006
D 1.589× 10−5 ± 7× 10−8

q −4× 10−5 ± 4× 10−5

aThis value follows from the least squares fit; due
to the chirp effect a possible systematic error of
0.003 cm−1 should be taken as the true value.

The present absolute frequency positions and frequency separations between lines of
the b 1Πu−X 1Σ+

g (1, 0) band are included in a combined least-squares fit with the lower
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resolution data of Ref. [29] using the energy expression:

E(J) = ν10 +B[J(J + 1)− 1]−D[J(J + 1)− 1]2 + q[J(J + 1)− 1], (6.4)

where the last term proportional to the Λ-doubling parameter q only holds for the lev-
els of (f ) symmetry probed in the Q-branch. The data points were weighted in the
fit according to the uncertainties to derive a weighted χ2-value. The present absolute
frequencies are included with the uncertainty of 0.001 cm−1, while the frequency separa-
tions were given the uncertainties as listed in Table 6.7. For the older data from Ref. [29]
uncertainties of 0.03 cm−1 (for the lower J) and 0.06 cm−1 (for J > 18) were taken;
blended lines were given an uncertainty of 0.15 cm−1. We found that the R(2) line in
Ref. [29] contained a typing error and should read 101456.602 cm−1. For the electronic
ground state improved parameters have become available in recent years. We adopt the
constants derived from a simultaneous reanalysis of several bands by Tricklet al. [30];
B0=1.9895776(1) cm−1, D0=5.74137(100)×10−6 cm−1, H0=4.843(1.000)×10−12 cm−1.
These ground state constants were kept fixed in the fit.

The weighted fit resulted in a summed χ2 of 104 for the set of 84 data points. This
implies that the uncertainties are somewhat underestimated. However this underesti-
mation is not in the presently obtained highly accurate data; for the 12 data points a
summed χ2 of 7 is obtained. Because of this internal consistency these data were not
assigned with an uncertainty related to the possible overall shift of 0.003 cm−1 due to
the frequency chirp in the laser. The resulting molecular constants for the b 1Πu, v=1
excited state are presented in Table 6.9. The stated uncertainties represent 1σ. The
rotational constants B and D are in agreement with previous findings within 2σ. The
Λ-doubling parameter q, previously not included, does not significantly differ from zero
even with the high precision measurements. The band origin ν0 is lower by 0.05 cm−1

with respect to the previous lower resolution study [29]. This systematic shift is reflected
in the data sets of the present and previous experiments; the presently obtained frequn-
cies are on average lower by 0.05 cm−1. We have no explanation for this discrepancy.
In view of the much higher resolution in the present study and the improved absolute
calibration method the present data are more reliable. This implies that the values of
Ref. [29] might have to be shifted by 0.05 cm−1.

6.3.4 Conclusion

Ultra-high resolution XUV-excitation spectra of the b 1Πu−X 1Σ+
g (1, 0) band have been

recorded. Techniques of pulsed-dye amplification and harmonic generation, in combina-
tion with on-line saturation spectroscopy of I2 have been applied to determine absolute
frequencies of N2 transitions in the XUV-domain with unprecedented accuracy. These
techniques could also be employed for other bands, but in the corresponding wavelength
ranges no I2 frequency standards are available yet. Future calibrations could easily de-
liver absolute transition frequencies in the (5,0) and (6,0) bands with almost the same
accuracy.
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Chapter 7

Table-top narrow-band XUV laser source.

The design of a new coherent narrow-band XUV laser source, based on high-harmonic gen-

eration of powerful infrared (IR) pulses is introduced. Wavelength-tunable, Fourier-transform

limited laser pulses of 300 ps duration are produced by injection-seeded pulse-dye-amplifier

(PDA) pumped by stimulated Brillouin scattering (SBS) compressed output of a single longitu-

dinal mode, Q-switched Nd:YAG laser. The pulses with 10 Hz repetition rate are subsequently

amplified in a Ti:Sapphire crystal in multi-pass configuration. High-harmonic generation in

both expanding gas-jet and hollow fiber are discussed.

7.1 Introduction

Tunable radiation in the extreme ultra-violet (XUV) range (50 - 100 nm) can be gen-
erated by frequency up-conversion of the output of powerful nano-second pulsed laser
sources. In the set-up, described in Chapter 6.1.2 (Fig. 6.1), vacuum ultraviolet light
at 105 nm is generated in two consecutive steps: efficient (≈ 25%) second harmonic
generation in KD∗P crystal, followed by relatively inefficient third-harmonic generation
in a free expanding Xe gas jet. The accessible wavelength range with this system is lim-
ited to ≈70 nm, due to the transparency cut-off of the SHG crystals at about 200 nm.
When 5th harmonic is used as a second step, the deep extreme ultraviolet (XUV) re-
gion becomes accessible, although, the conversion efficiency is much lower. The latter
scheme was used by Eikema et al. [1] in their measurement of the Lamb-shift in the
helium ground state. Visible pulses, tunable around 584 nm were frequency doubled and
subsequently quintupled to reach 58.4 nm region with a bandwidth of δν/ν ≈ 5× 10−8.

Amplifier

SBS pulse-compressor

1J, 6ns

150mJ, 6ns

130mJ, 300ps

300mJ 300ps

tunable@780nm

Vacuum setup

for high-harmonic generation
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Figure 7.1: Table-top narrow-band XUV laser source based on high-harmonic gen-
eration of powerful IR pulses.
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Alternatively, with high-peak intensity femto-second laser pulses the water window
at 2-4 nm can be reached via high-harmonic generation; the spectral resolution, however,
is very poor. We aim at reaching wavelengths as short as 30 nm, with tunability and
spectral purity orders of magnitude better than the synchrotron sources usually used for
spectroscopy in this wavelength region.

In this Chapter we present a new design of a laser system, which generates powerful
Fourier-transform limited 300 ps pulses tunable in wavelength within the Ti:Sapphire
range with a bandwidth δν/ν ≈ 3 × 10−6. In Fig. 7.1 a scheme of the set-up is
shown. The frequency clock for the experiment is a CW Ti:Sapphire ring-laser, pumped
by a frequency-doubled (532 nm) solid-state CW laser (Section 7.2). This narrow-
band (∼1 MHz) tunable radiation, transmitted through a short polarization-maintaining
single-mode fiber (Section 7.3), is used for injection seeding of a three-stage pulse-dye-
amplifier (PDA) pumped by 300 ps Fourier-transform limited pulses from the compressed
secondary output of an injection seeded, Q-switched and frequency-doubled Nd:YAG
laser (Section 7.4). The pulse compression from 6 ns down to 300 ps (factor of 20) is
achieved by stimulated Brillouin scattering in a water cell [2] (see also Chapter 2 of this
Thesis). After the dye amplification pulses of 300 ps and energy ∼2 mJ/pulse are ob-
tained and further amplified in a multi-pass Ti:Sapphire amplifier pumped by the main
frequency-doubled output (6 ns, 1 J @ 532nm) of Nd:YAG laser (Section 7.5). Pulses of
∼300 mJ and 300 ps duration can in principle be achieved after the amplification stage.
Such powerful, narrow-band, tunable over a broad wavelength range pulses, can gener-
ate high-harmonics (see Section 1.3), reaching wavelengths of 30 nm (25th harmonic of
780 nm), either in a pulsed gas jet (focusing geometry), or in a gas-filled hollow fiber
(guided geometry).

7.2 Continuous-wave part of the setup

The fundamental frequency is provided by a Ti:Sapphire ring-laser (Coherent 899-21),
pumped by a 5 W frequency-doubled diode-pumped Nd:YVO4 laser (Spectra Physics
Millennia V). Wavelengths within the Ti:Sapphire amplification range are generated
with 550 mW maximum output power and 1 MHz bandwidth (Fig. 7.2). The narrow-
band, single longitudinal mode operation of the laser is ensured by a set of intra cavity
passive frequency-selective elements, unidirectional device (optical diode), and an active
frequency control. A Brewster-angle birefringent Lyot filter allows broadband operation
(2 GHz) and coarse frequency selection. Two low-finesse etalons of different thickness
reduce the bandwidth to 10 MHz. The active frequency stabilization is realized by
locking the laser resonator to a temperature-stabilized reference cavity, further reducing
the line-width to ∼1 MHz. Continuous single-mode scanning ranges up to 30 GHz.

By using a wedge (Fig. 7.2), two reflected beams are created from the main laser
beam: one is sent to a high-finesse etalon used for relative frequency measurements,
while the other is sent to a wavelength-meter for absolute wavelength measurement. The
signal from the two-beam interference on a plane parallel-plate (P) in the etalon beam is
used for laser-frequency tracking and eventual mode-hop detection; its reflection signal
is detected by a photo-diode (PD). After the wedge the laser beam passes through an
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Figure 7.2: Scheme of the continuous-wave part of the setup. P - plane-parallel
plate used as low-finesse etalon; PD - photodiode.

optical isolator and is launched into a short polarization-maintaining single-mode optical
fiber. The optical isolator ensures that light, reflected from the tip of the fiber, is not
sent back into the ring-laser.
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7.3 The fiber connection

In order to transport the CW light to the pulsed part of the set-up we use single-mode
polarization-maintaining fiber. In this Section we elaborate on the use of optical fibers
for laser light transmission. The positive and negative aspects of CW fiber-connections
are discussed.

jacket cladding core

n

r

Figure 7.3: Schematic illustration of the structure of step-index fiber and the
refractive-index profile.

The principle of total internal reflection, known from the nineteenth century [3], is
responsible for guiding light through an optical fiber. In Fig. 7.3 a longitudinal section
of a simple (step-index) fiber is presented along with a graph of the refractive-index vs.
radial distance. The light is guided in the central core, which has the highest index
of refraction (ncore). The core is surrounded by a thick region (cladding) with slightly
lower index of refraction (ncladding = (1−∆)ncore; ∆ ≈ 3×10−3) [4]. The core-cladding
structure is surrounded by a plastic jacket (see Fig. 7.3). It makes the stiff and fragile
silica fiber flexible and mechanically resistant to bending and strain.

An important parameter when choosing an optical fiber is its optical losses. Mate-
rial absorption and spontaneous Rayleigh scattering are the main sources of low-signal
losses, which are usually of the order of 1-10 dB/km in the visible and near-IR. From
a practical point of view, the most significant material absorption is caused by OH at
2.73 µm, 1.37 µm and 1.23 µm. The Rayleigh scattering, due to its ω4 frequency de-
pendence, dominates the optical losses in the visible. Bending and boundary losses are
less prominent, but should be considered as well.

Single-mode fibers can support two degenerate modes, polarized in two orthogonal
directions. In the ideal case of perfect cylindrical geometry and isotropic material, a
mode excited with polarization in the x direction would not couple to the orthogonal
y-polarized mode. However, in practice, even small deviations from cylindrical geometry
or small material anisotropy result in a mixing of the two polarization states by breaking
the mode degeneracy. This effect is referred to as modal birefringence and, in a conven-
tional single-mode fiber, leads to scrambling of the polarization state of initially linearly
polarized light. For many applications it is crucial that the fiber transmits the light
preserving its polarization state. When a large amount of birefringence is introduced
in the fiber during the fabrication process, small random birefringence fluctuations do
not affect the polarization state of the guided light. Such fibers are called polarization-
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maintaining fibers. Linearly polarized light with polarization axis coinciding with one of
the axes of the induced birefringence, remains linear during propagation. Since we are
interested in transmission of CW light used for injection seeding, both minimal optical
losses and polarization stability are crucial. The use of polarization-maintaining fiber
is the most convenient solution, combining the low optical losses of the contemporary
single-mode fibers with exceptionally good polarization stability.

Other important loss sources in optical fibers are the nonlinear processes, taking
place at high power levels. They are in fact dominant when short powerful pulses are
propagating through a fiber. In our case of CW fiber connection, only stimulated Bril-
louin and Raman scattering are relevant. In a laboratory single-mode fiber-connection
of ∼20 m length in the visible, the threshold for SBS can be as low as 400 mW, where-
as in few kilometers long single-mode fiber the stimulated Brillouin scattering limits
the transmission at ∼10 mW level. The SBS threshold is calculated according to the
relation Pth = 21Aeff/gBLeff , where Aeff and Leff are the effective core area and
fiber length, respectively; gB = (γe2ω2)/(nc3υρ0ΓB) is the Brillouin gain (see Chap-
ter 1 and Eq.(1.25)). Once the threshold is reached, a large part of the pump power
is reflected back, thus reducing the transmission. The only way to overcome the stim-
ulated scattering limitations is reducing either the fiber-length or the input power. In
the experimental setup for precision frequency measurements in the XUV presented in
Chapter 6 (see Fig. 6.1), the transmission through the fiber was indeed limited by the
onset of SBS at an input power level of 500 mW.

a) c)b)

Figure 7.4: Microscope images of polarization-maintaining fiber; a) - stripped jacket,
no cleaning; b) - after cleaning and cleaving; c) - the fiber cross section - the elliptically
shaped stress-zone is clearly seen. Some light is coupled in for better visualization of
the core.

In our set-up, the fiber connection is used in order to separate the CW and pulsed
part of the set-up and to aid the alignment. A short 50 cm polarization-maintaining
single-mode fiber ensures no stimulated scattering losses as well as excellent polarization
and pointing stability at power levels of ≈ 300 mW. The fiber we use is 3M FS-PM-4611;
mode-field diameter 5.42 µm; cladding diameter 80 µm; attenuation α = 2.92 dB/km
@ 820 nm. It is designed for use at 820 nm with second mode cut-off at 715 nm.
Microscope images of the fiber are shown in Fig. 7.4 in order to visualize better the
cleaning and cleaving process. In Fig. 7.4a the jacket is stripped by dissolving it in
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methylene-chloride. The image in Fig. 7.4b shows the cleaned and cleaved fiber-end.
The cleaved tip is shown in Fig. 7.4c using magnification 40×. For better visualization
of the core, some light is coupled in. The elliptical stress-zone around the core is seen
as well.

3

21

Figure 7.5: The in-coupling unit; 1 - 10×microscope objective; 2 - guiding aluminum
fitting; 3 - fiber.

In Fig. 7.5 a schematic drawing of the in-coupling unit is shown as a demonstration
of an easy and efficient way of launching light into a single-mode fiber. A microscope
objective (10×) is used to focus the laser beam. The cleaned and cleaved fiber, glued
to an aluminum fitting, is guided on the optical axis for fixing the proper distance z
between the fiber-tip and the objective. Having fixed one of the five degrees of freedom
(x, y, z, θ, φ), the alignment involves maximizing the transmission by two pairs of angular
degrees of freedom (one pair for the in-coupling unit and one pair for the last steering
mirror). The procedure is straightforward and can be easily computerized if necessary.

7.4 Pulse-dye-amplifier

The light transmitted through the fiber, is used for seeding a three-stage pulse-dye-
amplifier (PDA) operating on LDS 765 dye (see Fig. 7.6). The pump pulses are generated
in an SBS pulse compressor and have 300 ps duration. The inset in Fig. 7.6 shows the
compressor set-up where the remainder of the infrared beam after the first second-
harmonic generation (SHG) stage is doubled again and pulses with energy ≈130 mJ
and 6 ns pulse duration are achieved. These pulses pass through a thin-film polarizer
used as polarizing beam-splitter (PBS) for the horizontal polarization. After a Fresnel
rhomb the beam is transferred into a circular polarization state and enters a Brillouin
cell filled with water. A concave mirror of 20 cm focal length situated behind the cell
refocuses the light back into the water. In the focal plane a phase-conjugate Stokes pulse
is generated, which propagating through the pump pulse is compressed (for more details
on the SBS pulse compression see Chapter 2). We separate the Stokes pulses taking
advantage of their polarization. The SBS process does not conjugate the polarization
state of the light, hence the left-hand circular polarization is reflected as right-hand one
and, after passing again through the Fresnel rhomb, the polarization is orthogonal to
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the input one. At the output of the compressor pulses with energy ≈100 mJ/pulse and
300 ps duration are obtained.
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Figure 7.6: Pulse-dye-amplification set-up. The inset shows the SBS pulse compres-
sor, generating 300 ps pulses for pumping of the PDA.

The PDA setup, shown in Fig. 7.6, consists of three tilted dye-cells. The first cell
(139 mg/l LDS 765 in methanol) of the amplifier chain is transversely pumped by 4%
of the pump power. Two cylindrical lenses are used to create a line-focus, concentrating
the pump energy into a narrow region overlapped with the seed beam just behind the
side wall of the cuvette. The weak pulses created in the first cell are spatially filtered and
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amplified in two consecutive amplification stages (39 mg/l) both pumped longitudinally
in direction opposite to the seed beam. The first one is pumped by 4% of the pump
power, while the remaining≈90 mJ pumps the third cell. Since the excited state lifetimes
of the infrared dyes are of the order of 300 ps (see Fig. 7.7), the pump pulses in both
second and third amplification stage must be properly delayed such that they arrive
simultaneously with the infrared pulses. The output pulses of the PDA have ≈300 ps
pulse duration with an energy in the pulse of ≈2 mJ.

0 500 1000 1500

t (ps)

Pyridine 2 (411 ps)

LDS 925 (146 ps)

Solvent: Methanol ~20 mg/l

Styryl 9 (365 ps)

LDS 765 (308 ps)

LDS 698 (210 ps)

LDS 751 (169 ps)

0 250 500 750 1000

t (ps)

Ethanol 20 mg/l

Propylene Carbonate 30 mg/l

Methanol 20 mg/l

LDS 751

a) b)

Figure 7.7: Fluorescence decay of different dyes measured with a pico-second streak-
camera after a femto-second pulse excitation; a) - different dyes in methanol; b) - LDS
751 in different solvents. These measurements were performed with the equipment of
the Biophysics laboratory, for which we are grateful to Prof. R. v. Grondelle and B.
Gobets.

7.4.1 Spectral and temporal characterization of the PDA output

The spectral characteristics of the PDA output are examined using the experimental
setup shown in Fig. 7.8a where the infrared pulses are focused onto a diffuser in front
of a Fabry-Perot interferometer (FPI). The transmission through a pin-hole is detected
by a fast photodiode and the signal is gated in the presence of a PDA pulse by a boxcar
integrator. The transmission peaks when scanning the frequency of the seed beama,
are shown in Fig. 7.8b. The CW seeding tranmission is the inverted upper trace used
for instrumental linewidth measurement (∆νCW = 197(3) MHz at half-maximum level).

aNote that the scan is towards higher frequencies and, therefore the spectra recorded have the red
frequencies on the right-hand side of the FPI transmission peak. In Fig. 7.9 this inconvenience is
eliminated.
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Figure 7.8: Spectral characterization of the PDA output. a) - Scheme of the experi-
ment; b) - transmission peaks of the CW seeding (upper trace inverted) and the PDA
output (lower trace) through a 0.25 cm−1 Fabry-Perot interferometer.

The PDA transmission is the lower trace. In Fig. 7.8b the contribution of the seed light
can be seen on the red side of each transmission peak as well. Although the CW power
level after the PDA is ∼ 100 mW and the pulsed peak-power is orders of magnitude
higher, due to the CW spectral purity (∆ν ∼ 1 MHz) one can still observe it along with
the three orders of magnitude broader pulsed spectrum.

An average over 20 transmission peaks is shown in Fig. 7.9a,c for two different output
powers achieved by misalignment of the pump beam in the second amplifier cell. The
curve through the points is a fit consisting of two peaks: a Lorentzian of fixed width
∼ 197 MHz (deduced from the CW transmission peaks in Fig. 7.8) and a Gaussian (for
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Figure 7.9: Spectral characterization of the PDA output; a) - an average over 20
transmission peaks (the data points) and a fit (see the text for details); b) - the CW
contribution (the gray line) and the PDA transmission peak, fitted with a Gaussian
function.

the PDA spectrum) with an unknown offset. By fitting such a curve the spectral width
of the PDA output is obtained, as well as the chirp-induced frequency shift during the
amplification process. In Fig. 7.9a the output power is reduced such that the spectral
peak intensity of the output pulses is comparable with the peak intensity of the CW
spectrum. This way the two contributions can be clearly distinguished. In Fig. 7.9b
the CW contribution (the gray curve) has been subtracted from the data presented in
Fig. 7.9a and the resulting PDA transmission peak was fitted with a Gaussian function.
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A full-width at half-maximum of 1580(20) MHz is thus derived along with a blue shift
of 198(6) MHz. The measured shift of ≈200 MHz is rather big and is most probably
due to the combined effect of the lack of gain in the second cell, due to the pump
misalignment, and the considerable gain experienced in the last cell. In Fig. 7.9c the
averaged over 20 transmission peaks spectrum of the pulses when operating at maximum
output power is presented. The Lorentz-Gaussian fit shows a reduced contribution of
the CW transmission, along with a reduced chirp-induced frequency shift (see Fig. 7.9d).
The measured blue shift in this case is 58(7) MHz; a three-fold reduction as compared
to the one measured at lower power. The measured spectral width is 1590(30) MHz,
not differing from the previously obtained value of 1580(20) MHz. This width is a
convolution of the PDA spectral width and the instrument linewidth of 197 MHz. Hence,
the PDA linewidth at half-maximum of 1570(20) MHz can be deduced.

-1 0 1
time, ns

-1 0 1
time, ns

a) b)

Figure 7.10: Pulse duration measurements with a streak camera; a) - the pump
pulse from the SBS pulse compressor τSBS = 337 ps; b) - the output pulse of the
PDA τPDA = 358 ps. The widths are measured at 1/e level.

The pulse duration measurements are performed using a streak camera (Hadland
IMACON 500 - 20 ps). In Fig. 7.10a the pump pulse from the SBS pulse compressor
is shown, while in Fig. 7.10b the PDA output pulse is presented. The PDA pulse is
consistently longer compared to the SBS one by ≈20 ps on average and its duration is
measured to be ≈ 358 ps at 1/e level. This corresponds (if Gaussian shape is assumed)
to ≈ 298 ps at half-maximum.

In case of a Gaussian intensity distribution the Fourier-transform limited pulse du-
ration τFWHM measured at half-maximum level corresponds to a spectral full-width at
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half-maximum νFWHM satisfying the relation:

τFWHM · νFWHM =
2 ln 2
π
≈ 0.441. (7.1)

The product of the two widths for any Gaussian pulse would be greater or equal to
0.441. In our case the product is:

298× 10−12 s · 1570× 106 Hz = 0.468. (7.2)

A comparison with (7.1) shows that the output of the PDA is a nearly Fourier-transform
limited pulse, hence the bandwidth of the output radiation is close to the lower limit for
the given pulse duration.

7.5 Ti:Sapphire amplifier

The Ti:sapphire amplifier setup consists of two stages: a single-pass pre-amplifier fol-
lowed by a multi-pass power amplifier. In this section the design and implementation of
this scheme is discussed.

7.5.1 Ti:Sapphire pre-amplifier

Ti:sapphire crystal

from the PDA

to the multi-pass amplifier

100 mJ pump

800 mJ pump

Ti:sapphire
crystal

brass holder

Figure 7.11: Ti:sapphire pre-amplifier setup. The inset shows a photo of the crys-
tal holder. The framed photos show the beam profiles, measured at the respective
positions and are in scale.

The 2 mJ narrowband pulses generated in the PDA are amplified in a single-pass
Ti:sapphire pre-amplifier, pumped by a 5 ns 100 mJ/pulse at 532 nm from the powerful
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GCR-330 Nd:YAG laser (see Chapter 7.1). The general scheme of the pre-amplification
stage is depicted in Fig. 7.11. The Ti:sapphire crystal is Brewster-cut in order to avoid
reflection losses at the facets, and is mounted in a brass holder as shown in the inset in
Fig. 7.11. The rectangular cross-section of the crystal allows for a direct-contact cooling
from four sides. The pump beam from the Nd:YAG laser is split into two parts by a
90/10 beam-splitter, thus providing two pump channels of approximately 800 mJ for the
multi-pass amplifier, and 100 mJ for the single-pass pre-amplifier. The beam is properly
reshaped and focused by using the telescope shown in Fig. 7.11. It is subsequently
directed towards the Ti:sapphire crystal under a proper angle, such that the pump light
is counter-propagating to the seed light inside the crystal. The beam profiles, recorded
as imprints on a photographic paper, are shown in Fig. 7.11 as well. A gray frame
corresponds to a beam profile of the pump-beam, whereas a black frame is used to
distinguish the infrared beam-profile photos.
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Figure 7.12: Fluorescence decay from the CW seeded pre-amplifier.

In order to study how critical the timings of the pump-pulse and the seed-pulse are
we performed the experiment shown in Fig. 7.12a, where the pre-amplifier crystal is
pumped by 100 mJ from the Nd:YAG laser and is seeded by the remainder (≈100 mW)
of the CW light only. A photodiode placed at the output of the pre-amplifier records
the decay of the fluorescence (i.e. the population inversion) from the crystal. The result
of such measurements (averaged over 32 shots) is presented in Fig. 7.12b, where the
open circles represent the data points, the solid line is an exponential fit, and the bar-
diagram below shows the residuals of the fit. The even distribution of the residuals is a
proof for a single-exponential decay. The lifetime of the excited state is thus measured
to be 3.09(2) µs - more than 60 times shorter than the unseeded Ti:sapphire, but still
providing enough room for time delay between the seed-pulse from the PDA and the
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5 ns pump-pulse on a time-scale of few tens of nano-seconds.
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Figure 7.13: The timing of the pulses in the pre-amplifier; a) - the 5 ns pump pulse;
b) - the pulse generated from the PDA. The gray curve in both graphs is the SBS
pulse used as a reference point in time.

In the experimental realization of the pre-amplifier the pump pulse arrives 13.6 ns
before the seed-pulse as measured on a fast photodiode. The results from this measure-
ment are presented in Fig. 7.13a,b. The SBS pulse which pumps the PDA is depicted
in gray in Fig. 7.13a,b and is used as a reference point in time for both measurements.

The optimization of the pre-amplifier involves fine alignment of the pump beam both
in direction and size (see Fig. 7.14a) in order to achieve maximum amplification. The
pulses after the pre-amplifier are monitored by a fast photodiode and a 1 GHz oscillo-
scope after considerable attenuation by using neutral-density filters. The amplification
achieved is measured by comparing the height of the pulses from the PDA (the gray
curve in Fig. 7.14b) with the pulses when the pump of the pre-amplifier is on (the black
curve in Fig. 7.14b). Maximum amplification of 12 times can be deduced from such
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Figure 7.14: Pre-amplifier optimization. a) - experimental setup; b) - amplification
measurement.

measurement, but it is important to note that this is not the energy amplification, since
this measurement yields intensity ratio only. Due to thermal lensing induced in the
Ti:sapphire crystal, the beam is focused thus increasing the peak intensity and resulting
in a higher intensity ratio than the actual amplification. The effect of thermal lensing
is also evident when examining the beam profiles before and after the pre-amplifier (see
Fig. 7.11). A direct energy measurement yields ≈6 mJ/pulse after the pre-amplifier,
which corresponds to amplification of ≈3. The usually undesirable effect of thermal
lensing can be efficiently used to separate the remainder of the seed beam from the
pulses by merely inserting a diaphragm (see Fig. 7.14a) with a proper size in the focal
spot, generated by the thermal lens.

7.5.2 Ti:sapphire multi-pass amplifier

The Ti:sapphire crystal is a high damage threshold high quality laser rod manufactured
by Crystal Systems. It has cylindrical shape (see Fig. 7.15a); the path length through
the crystal is L = 10 mm; the crystal diameter is d = 10 mm. The absorption coefficient
at the pump wavelength 532 nm is α = 2.3 cm−1, which is equivalent to a low-power
single pass (LPSP) absorption of 89.9% (A = 1 − exp(−αL)). The figure of merit,
defined as FOM = (α532 nm,P−pol/α800 nm,P−pol), is specified to be greater than 250,
corresponding to less than 1% LPSP absorption at 800 nm. The crystal is with plane
parallel facets, both broad-band anti-reflection coated to minimize the reflection losses.
This is important since at least 4 passes are needed in order to achieve the high peak-
power necessary for high-harmonic generation.

The design of the crystal holder is presented in Fig. 7.15b. A massive brass cylinder
with the crystal nested in the middle is used to implement passive air cooling, while a
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Ti:sapphire
crystal Indium foil

ring

water in water out

brass holder

φ1010

a) b)

Figure 7.15: The Ti:sapphire multi-pass amplifier crystal; a) - crystal dimensions;
b) - the crystal holder design.

water cooling option is also provided if necessary. For thermal contact with the cooler
a 1 mm thick ring made from indium is used taking advantage of both its malleability
and high thermal conductivity (see Fig. 7.15b).

The multi-pass amplification stage was still under construction when this Thesis was
in preparation. Therefore no performance characteristics could be presented here. Our
expectations based on amplification ≈ 3 per pass are that after 4 passes the output
power would be of the order of 350 mJ per pulse.

7.6 Outlook

We are in the process of building a multi-pass amplifier in either mono-planar or a bi-
planar geometry depending on the single-pass amplification. A schematic drawing of
a mono-planar four-pass amplifier setup is presented in Fig. 7.16. The 800 mJ pulses
from the GCR-300 Nd:YAG laser are split in two by means of a 50/50 beam-splitter
(BS) and the two parts are used for longitudinal pumping of the Ti:sapphire crystal
from both sides. In order to avoid interference between the two pump pulses inside the
crystal one is delayed by 4 ns (see Fig. 7.16). The infrared seed 300 ps pulses pass four
times through the crystal and are amplified following the mono-planar path depicted in
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800 mJ, 5 ns @ 532 nm

6 mJ, 300ps @ 780 nm

BS 50/50

Ti:sapphire
crystal

Figure 7.16: The Ti:sapphire four-pass mono-planar amplifier setup.
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Figure 7.17: The expected peak intensities at different stages of the amplification
and different harmonic generation geometries.

dark-gray in Fig. 7.16. Four passes are expected to deliver the desired output power of
≈300 mJ per pulse, but in case the amplification is less a complementary two or four
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passes will be added in a plane tilted by a few degrees (bi-planar geometry).
In Fig. 7.17 a diagram is presented reflecting the peak intensities achieved/predicted

at different stages of the amplification and different harmonic generation geometries.
The PDA discussed in Section 7.4 delivers ≈2 mJ energy per pulse in ≈5 mm wide
beam. This corresponds to a peak intensity of few times 106 W/cm2. After the pre-
amplifier stage (see Section 7.5), assuming 5 mm beam diameter, the peak intensity
is ∼ 2 × 107 W/cm2. The expected 300 mJ per pulse after the multi-pass amplifier
in ≈8 mm beam corresponds to ∼ 1 × 109 W/cm2 peak intensity. As discussed in
Section 1.3, the peak intensity necessary for high-order harmonic generation is of the
order of 1013 W/cm2 - a gap of at least four orders of magnitude that can be bridged by
means of focusing to a typical beam diameter of 20 µm or in a waveguide (hollow-fiber)
with a typical diameter of 60 µm (see Fig. 7.17). The use of a Bessel beam for harmonic
generation may prove beneficial since the peak intensity can be an order of magnitude
higher than in the case of focusing by a lens and the harmonic orders are generated
on cones with different apex angles, thus facilitating their separation. The long line-
focus (see Chapter 4) provides increased interaction length. All three geometries are in
principle applicable in a high-order harmonic generation scheme, but the most efficient
one is going to be experimentally chosen.

Slit

Gas jet

D Grating

vacuum

300 mJ, 300ps
infrared pulses

Figure 7.18: The harmonic order separation and detection setup.

In Fig. 7.18 the already built vacuum setup for harmonic order separation and de-
tection is presented. It utilizes a concave grating under near normal incidence and focal
length of 1 m as a dispersive element. The grating is optimized for 70 nm wavelength,
hence the 11th harmonic will be most efficiently diffracted. It images the source (gas-jet
or hollow fiber) onto a spot where a movable slit is placed for harmonic-order separation.
The XUV photon intensity will be detected by an electron multiplier situated behind the
slit. A scan through the harmonic orders is made possible by a motorized fine rotation of
the grating. With this set-up we are planning to investigate the most efficient geometry
for harmonic generation. The same setup will be used for spectroscopic studies in the
XUV by adding another vacuum chamber where the XUV beam will interact with the
species under investigation.
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Pulscompressie met gestimuleerde
Brillouinverstrooiing

en harmonische conversie - Toepassingen op
precisie extreem-ultraviolet laserspectroscopie

Samenvatting

Dit proefschrift handelt over precisiespectroscopie in het extreem ultraviolette (XUV)
deel van het elektromagnetische spectrum, waarbij gebruik wordt gemaakt van twee
niet-lineaire optische processen: gestimuleerde Brillouinverstrooiing (SBS) en harmoni-
sche conversie. Het eerste dient om laserpulsen efficiënt in tijdsduur te comprimeren
om zodoende de hoge piekintensiteiten te bereiken, die nodig zijn om de opbrengst
in het daaropvolgende harmonische conversieproces te verhogen. Het proces van SBS-
pulscompressie wordt in het eerste deel van het proefschrift in detail behandeld, van-
uit zowel een theoretisch als een experimenteel perspectief. Het gebruik van opeen-
volgende tweede en derde harmonischen voor precisiespectroscopie in het XUV-domein
wordt toegelicht. Een lasersysteem is in ontwikkeling, waarvan de meest recente re-
sultaten worden beschreven in Hoofdstuk 7, dat de technieken van SBS-pulscompressie
combineert met harmonische conversie; naar verwachting zullen daarmee smalbandige
(δν/ν ≈ 3× 10−6) en golflengte-verstembare pulsen in het XUV geproduceerd worden.

Dit proefschrift bestaat uit 7 hoofdstukken met 58 figuren en 14 tabellen, en is als
volgt samengesteld.

Hoofdstuk 1 geeft een inleiding op gestimuleerde Brillouinverstrooiing en hogere-
orde harmonische conversie. Deze beide essentieel niet-lineaire optische processen zijn
belangrijke ingrediënten voor de volgende hoofdstukken. Eerst worden de basistheorie
van het SBS-proces en een aantal toepassingen besproken. De stationaire SBS-theorie
wordt ontwikkeld met nadruk op twee belangrijke configuraties (SBS-versterker en SBS-
generator), die essentieel zijn voor het begrip van het SBS-pulscompressieproces. De
eerste experimenten aan SBS worden besproken vanuit een historisch perspectief, met als
doel de ideeënontwikkeling te volgen die leidde tot SBS-pulscompressie in de jaren zestig,
zeventig en tachtig van de afgelopen eeuw. Enkele van de vele praktische toepassingen
van SBS worden ook behandeld. Aan het slot van Hoofdstuk 1 worden de fundamentele
begrippen aangaande harmonische conversie gëıntroduceerd, zowel voor de geometrie
met een focus als voor bundels in lichtgeleiders.

Verschillende methoden voor de experimentele realisatie van SBS-pulscompressie
worden besproken in Hoofdstuk 2. De tweede en derde harmonischen van een Nd:YAG



122 Samenvatting

laser worden efficiënt gecomprimeerd in verschillende vloeistoffen in een nieuw ontwikkel-
de experimentele opstelling met slechts één cel die tegelijkertijd dient als versterker en
generator. Laserpulsen van 5 ns tijdsduur, zoals geproduceerd in commerciële Nd:YAG
lasers (die wel een z.g. “injection-seeder” bevatten), kunnen op zeer efficiënte wijze
worden gecomprimeerd tot pulsen van 200 ps lengte; op deze manier worden commer-
cieel beschikbare lasers veelzijdig inzetbare instrumenten, ook in dynamische studies en
niet-lineaire optische studies.

Hoofdstuk 3 behandelt de mogelijkheid om laserpulsen te comprimeren, zodanig dat
ze korter worden dan de levensduur van de fononen in de vloeistof. Een nieuwe theo-
retische benadering van SBS wordt gepresenteerd, waarin ook ultrasnelle tijdsvariaties
worden meegenomen; deze theorie laat zien wat de werkelijke fysische beperkingen zijn
voor het produceren van korte pulsen via SBS. Een numerieke methode is ontwikkeld
die de evolutie van het SBS-proces beschrijft, ook op de zeer korte tijdschaal. Onder
geoptimaliseerde condities kunnen pulsen worden geproduceerd met een pulsduur zo kort
als een halve akoestische trilling in de vloeistof. Deze theoretische voorspelling is ook
experimenteel bevestigd.

In Hoofdstuk 4 is een fundamentele experimentele studie verricht aan het SBS-proces
uitgaande van een optische bundel met een Bessel-geometrie. In dat geval zijn voor
het eerst hogere-orde Stokes-componenten waargenomen, die ontstaan via stapsgewijze
verstrooiing in de vloeistof. De ruimtelijke, spectrale en temporele eigenschappen van
de wisselwerkende lichtgolven worden besproken.

Hoofdstuk 5 is een bijdrage aan de metrologie. Gebruik makend van dopplervrije
verzadigingsspectroscopie in jodiumdamp werden in het golflengtegebied 571 – 596 nm
meer dan 100 hyperfijncomponenten absoluut gecalibreerd met een nauwkeurigheid van
2 MHz. In combinatie met een theoretische studie van de hyperfijnstructuur werd
de absolute frequentie van 1584 hyperfijncomponenten in 6 banden voorspeld met een
nauwkeurigheid van 2 MHz voor vibratiequantumgetallen 13 ≤ v′ ≤ 18 en rotatiequan-
tumgetallen 9 ≤ J ≤ 140. Deze frequenties vormen een dicht rooster van referen-
tielijnen (één in elk interval van 1 cm−1) en zijn bovendien meer dan een orde van
grootte nauwkeuriger dan de lijnen in de veel gebruikte jodiumatlas, die gebaseerd is op
dopplerverbrede lijnen. Hiermee is de nieuwe jodiumatlas een handzame referentie voor
golflengtekalibratie en prcisiestudies in de spectroscopie.

In Hoofdstuk 6 wordt beschreven hoe deze nieuwe referentiestandaard gebruikt wordt
in precieze frequentiekalibratie in het domein van het extreme ultraviolet. Een smal-
bandige laserbron, gebaseerd op opeenvolgende tweede en derde harmonische conver-
sie van intense Fourier-gelimiteerde pulsen, wordt toegepast in spectroscopische stu-
dies aan argon, krypton en stikstof bij golflengten korter dan 105 nm. Een hoge abso-
lute nauwkeurigheid van 100 MHz wordt behaald via gelijktijdige meting van het ver-
zadigingsabsorptiespectrum van I2 en de transmissiepieken van een actief gestabiliseerd
etalon in het zichtbare golflengtegebied.

In Hoofdstuk 7 wordt een nieuw project beschreven. De wetenschappelijke resulta-
ten uit voorgaande hoofdstukken worden gecombineerd in een ontwerp voor een nieuwe
smalbandige en verstembare XUV-laserbron. Recente resultaten worden gepresenteerd.
Het ontwerp is gebaseerd op hogere-orde harmonische conversie van intense infrarood-
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pulsen van 300 ps tijdsduur. Licht uit een smalbandige continue titaan-saffier laser
wordt pulsversterkt in een keten van kleurstofversterkers, die gepompt worden met SBS-
gecomprimeerde pulsen uit een Nd:YAG laser. Resulterende infraroodpulsen van 300 ps
tijdsduur met Fourier-gelimiteerde bandbreedte zullen daarna verder versterkt worden
in een titaan-saffier versterker met meerdere doorgangen, om zodoende hoogenergetische
pulsen te produceren die gebruikt kunnen worden voor XUV-productie.
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Kompresirane na impulsi qrez stimulirano
Briluenovo razseĭvane i generaci� na
harmoniqni - prilo�eni� za precizna
spektroskopi� v d�lboki� ultraviolet

Obobwenie
Nasto�wata Disertaci� e posvetena na precizna spektroskopi� v d�lboki�
ultraviolet (DUV) s pomowta na dva tipa nelineĭni procesi: stimulira-
no Briluenovo razseĭvane (SBR) i generaci� na harmoniqni. Kompresira-
ne na optiqni impulsi qrez SBR e izpolzvano za postigane na visok pikov
intenzitet neobhodim za povixavane efektivnostta pri generaci�ta na har-
moniqni. V p�rvata qast na Disertaci�ta proces�t na visoko-efektivno
kompresirane na impulsi qrez SBR e izsledvan detaĭlno kakto teoretiq-
no, taka i eksperimentalno. V dop�lnenie, izpolzvaneto na posledovatelno
generirane na vtora i treta harmoniqni za precizni qestotni izmervani� v
DUV e uspexno demonstrirano. V proces na razrabotka e i nova lazerna
sistema (poslednite rezultati sa predstaveni v Glava 7), v ko�to kompresi-
rane na impulsi qrez SBR i generaci� na visoki harmoniqni sa s�qetani za
postigane na qestotno prenastroĭvaemi impulsi v DUV s visoka stepen na
monohromatiqnost (δν/ν ≈ 3× 10−6).

Disertaci�ta se s�stoi ot 7 glavi i vkl�qva 58 figuri, 14 tablici i e
organizirana kakto sledva.

Glava 1 e v�vedenie v procesite na stimulirano Briluenovo razseĭvane
i generaci� na visoki harmoniqni. Tezi dva nelineĭni fenomena sa va�-
ni elementi v nasto�wata Disertaci� i imat t�sna vr�zka s materiala,
predstaven v sledvawite glavi. V p�rvite dve qasti na Glava 1 obwata
teori� na Briluenovoto razseĭvane e razgledana zaedno s n�koi ot mnogo-
broĭnite mu prilo�eni�. Stacionarnata teori� na SBR e razvita, kato
udarenieto e postaveno v�rhu dvete va�ni konfiguracii (SBR usilvatel i
SBR generator) neobhodimi za d�lbokoto razbirane na kompresi�ta na im-
pulsi qrez SBR. Ot istoriqeska gledna toqka, p�rvite eksperimenti s�s
SBR sa diskutirani nakratko s osnovna cel da se prosledi evol�ci�ta na
idei prez 60-te 70-te i 80-te godini na XX vek, dovela do realizaci�ta na
efektivno kompresirane na impulsi qrez SBR. N�koi ot mnogobroĭnite prak-
tiqeski prilo�eni� na SBR t�sno sv�rzani s�s s�d�r�anieto na nasto�wata
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disertaci� sa podrobno razgledani. V poslednata qast na Glava 1 obwite
idei le�awi v osnovata na generaci�ta na visoki harmoniqni e predstavena,
kato dvete va�ni geometriqni konfiguracii (v�lnovodna i fokusirana) sa
s�postaveni.

Razliqni eksperimentalni realizacii na kompresi� na optiqni impulsi
qrez SBR sa razgledani v Glava 2. Vtora i treta harmoniqni na Nd:YAG
lazer sa efektivno kompresirani v razniqni teqnosti, izpolzvaĭki nova she-
ma, s�qetavawa generator i usilvatel v edna k�veta. Prod�l�itelnost
na kompresiranite impulsi do 200 ps e postignata s izkl�qitelno visoka
efektivnost ot p�rvonaqalnite 5 ns impulsi, generirani ot komersialen
Nd:YAG lazer s Q-modulaci�. Kompresi�ta po napreqnoto seqenie na la-
zerni� snop e s�wo izsledvana. Predlo�ena e recepta za kontrol v�rhu
prod�l�itelnostta na izhodni� impuls v intervala 2 ns - 200 ps, kato po
tozi naqin xiroko razprostranenite Nd:YAG lazeri, naliqni na pazara, se
prevr�wat v mnogofunkcionalni laboratorni sredstva za dinamiqni i ne-
lineĭni optiqni izsledvani�.

V�zmo�nostta za kompresirane na impulsi qrez SBR pod granicata opre-
delena ot vremeto na �ivot na fononite e osnovna tema na Glava 3. Nov
teoretiqen podhod k�m nestacionarni� SBR-proces e predstaven, razkrivaw
realnite fiziqeski ograniqeni� k�m prod�l�itelnostta na izhodni� impuls
v SBR kompresor. Razraboten e qislen metod za modelirane evol�ci�ta na
procesa v nap�lno nestacionaren re�im, kato razliqnite etapi sa detaĭlno
diskutirani. Pri podhod�wi uslovi�, impulsi s prod�l�itelnost ravna
na polovin akustiqen period se generirat. Eksperimentalno izsledvane na
procesa v nestacionaren re�im potv�r�dava teoretiqnite rezultati.

Fundamentalno izsledvane na SBR s napompvane ot nedifraktiraw (Be-
selov) snop e predstaveno v Glava 4. Stoksovi komponenti ot visok por�d�k
sa nabl�davani za p�rvi p�t, v rezultat na mnogokratno razseĭvane v obemna
nelineĭna sreda. Prostranstvenite, vremevi i spektralni harakteristiki na
v�lnite, uqastvawi v procesa sa diskutirani.

Glava 5 predstavl�va prinos k�m preciznata metrologi�. S pomowta na
sub-Doplerova spektroskopi� na nasiwaneto v molekulen ĭod v intervala 571
– 596 nm, nad 100 komponenti ot svr�hfinata struktura na B-X sistemata
sa kalibrirani s�s sredna absol�tna toqnost ot 2 MHz. V kombinaci� s
teoretiqno izsledvane na svr�hfinoto razcepvane v razgle�danite prehodi,
absol�tnite qestoti na 1584 komponenti v xest (v′-1) ivici (v′ = 13..18)
sa predvideni s�s sredna toqnost ot 2 MHz za 9 ≤ J ≤ 140. Tozi nabor
ot kalibrirani komponenti formira mre�a ot otpravni qestoti za precizni
spektroskopski izsledvani�, s poveqe ot por�d�k po-dobra toqnost ot xiroko
izpolzvani� atlas, baziran v�rhu Doplerovo-uxireni prehodi v�v vidimi�
spekt�r na ĭod. Naĭ-malko edna kalibrirana qestota v�v vseki obraten san-
timet�r osigur�va lesnota na izpolzvane i p�lnota na novov�vedeni� nabor
ot standartni qestoti, koeto go pravi polezeno sredstvi za precizni qestotni
izmervani�.
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Tozi precizen spektralen atlas, zaedno s razxirenta mu versi� k�m d�l-
gov�lnovata qast na spekt�ra e izpolzvan za qestotno kalibrirane na atomni
i molekulni prehodi v DUV. Rezultatite ot tezi izsledvani� sa predstaveni
v Glava 6. Lazeren iztoqnik s visoka stepen na monohromatiqnost, osnovan
na posledovatelna generaci� na vtora i treta harmoniqni ot mowni Furie-
ograniqeni impulsi e prilo�en za precizni spektroskopski izsledvani� na
argon, ksenon i azot v okolnost na 105 nm. Visokata absol�tna toqnost
na izmervani�ta e postignata qrez ednovremenna registraci� na nasiteni�
spekt�r na ĭod i ivicite na propuskane na Fabri-Pero etalon v�v vidimata
oblast, zaedno s�s spekt�ra v DUV. S nasto�xtoto izsledvane dokazvame, qe
predlo�enata eksperimentalna shema vodi do nenadminata abol�tna toqnost
ot por�d�ka na 100 MHz pri qestotnite izmervani� v DUV.

V Glava 7 razvitieto na edin nov proekt e razgledano. Toĭ obedin�va
nauqnite rezultati izlo�eni v predhodnite glavi v nov prenstroĭvaem la-
zeren iztoqnik s visoka stepen na monohromatiqnost v DUV. Osnovnata ide�
se bazira na generaci� na visoki harmoniqni ot mowni infraqerveni 300 ps
impulsi. T�snoiviqen neprek�snat Ti:Sapphire lazer s kr�gov rezonator e
izpolzvan za zara�dane na l�qenietoa v�v veriga ot bagrilni usilvateli,
napompvani ot SBR kompresirani impulsi generirani ot Nd:YAG lazer. Po
tozi naqin prenastroĭvaemi, Furie-ograniqeni impulsi s prod�l�itelnost
ot 300 ps sa usileni v mnogoprohoden Ti:Sapphire usilvatel za postigane na
visoko energetiqni impulsi, izpolzvani v posledstvie pri generaci�ta na
visoki harmoniqni.

aangl. “injection seeding”
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aEnglish translation: I would like to thank Alexander Dreischuh for the example of a scientist he
stands up for, and whose experience and patience were helping me during the past eight years. I am
gratefull to Stoyan Dinev for the support he gave me in the beginning of my scientific career. To
Dragomir Neshev for the friendship and for the fruitfull discussions during his stays in Amsterdam.



Dankwoord 130

Na s�prugata mi Hristina i na sina mi Aleksand�r za obiqta i wastlivite
migove s koito te me dar�vat i bez qi�to podkrepa ne bih mog�l da preodole�
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