
Chapter 8

Beam Shaping and Suppression of Self-focusing

in High-Peak-Power Nd:Glass Laser Systems

Svetlana G. Lukishova, Yury V. Senatsky, Nikolai E. Bykovsky,

and Alexander S. Scheulin

Abstract Laser-beam shaping and suppression of beam self-focusing in
high-peak-power Nd:glass laser systems are discussed. The role of Fresnel
diffraction at apertures at the laser facility as the source of dangerous spatial
scales for small-scale self-focusing is illustrated. Methods of the formation of
super-Gaussian laser beams for suppressing diffraction ripples on the beam
profile and their self-focusing are presented. A brief outline of self-focusing as
the primary nonlinear optical process limiting the brightness of Nd:glass laser
installations is given. Methods for self-focusing suppression are presented.

8.1 Introduction

In 1964, Basov and Krokhin published the concept of using lasers for
thermonuclear fusion [1]. After the first fusion neutrons from laser irradia-
tion of targets containing deuterium had been detected in 1968 by Basov
et al. [2] and were confirmed by Floux et al. in 1970 [3], several laser-fusion
centers with high-peak-power Nd:glass laser systems (NGLS) have been
established in different countries (USSR, USA, France, UK, Japan, and
China). These laser systems operated with light pulses of 10�8 to 10�11 s
durations with output powers for a typical laser-amplifier channel from
several gigawatts to the terawatt range [4–9]. Modern multi-channel NGLS
for fusion applications, e.g., upgraded OMEGA Laser at the University of
Rochester’s Laboratory for Laser Energetics (LLE), has 30 kJ at the third
harmonic in 60 beamlines [10]; the National Ignition Facility at Lawrence
Livermore National Laboratory (LLNL) will have at the same wavelength
(351 nm) �1.8 MJ, 500 TW in 192 beamlines [11].

Laser-beam self-focusing is the primary nonlinear optical process that affects
the performance of powerful NGLS and limits the output power [4–7].
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Suppression of beam self-focusingmay be regarded as one of themain problems
in the design of high-peak-power NGLS. On the other hand, NGLS, with the
length of nonlinear medium (glass) of up to several meters, served as excellent
test-beds to study laser beam self-focusing. The first observations of a colli-
mated laser beam self-focusing directly in the laser media itself were made
beginning in the 1960s. Self-focusing was found to be a process that restricts
the laser power and causes the filamentary damage of the laser medium [12, 13].

It is significant that power levels of laser beams for high-temperature plasma
heating and laser–fusion exceed the critical power Pcr for the whole-beam self-
focusing ‘‘at infinity’’ by a factor of more than 103–105 (Pcr � 3.5 � 106 W for
laser glass at the wavelength �=1.06 mm [14]). As a rule, long before the
distance where a whole beam is self-focused in the laser medium, the beam
decays into multiple filaments. Bespalov and Talanov were the first to consider
this beam instability [15]. Minor transverse amplitude and phase perturbations
of a light beam of a certain size are unstable and can grow in a nonlinear
medium, giving rise to the light-beam collapse. This effect is called small-scale
self-focusing and occurs in high-power NGLS at powers exceeding approxi-
mately 1 GW/cm2 [4, 5]. Perturbations of a different nature may take place in a
real laser facility. Small obstacles of an accidental nature (such as inclusions in
the neodymium glass or in other optical elements of the laser, dust particles,
etc.) can, in this way, seriously perturb the intensity distribution of the laser
beam, producing amplitude and/or phase perturbations on the laser beam
profile, which grow in the nonlinear medium, giving a characteristic ‘‘mosaic’’
structure at the powerful NGLS beam cross section (Fig. 8.1) [16]).

Fresnel diffraction on different apertures in a laser installation [17], including
the hard-edges of Nd:glass active elements, plays a prominent role in the origin
of intensity perturbations [17–21]. Analysis reveals [17, 19, 20] that the spatial
scale of nonuniformities attributable to Fresnel diffraction on the laser-rod
edges is within an order of magnitude of the spatial scale most easily focused
due to small-scale self-focusing (10–500 mm). An isolated diffraction ring may,
in this case, be unstable with respect to the azimuthal angle and will decay into
spatial cells [20, 22, 23].

Both axial and concentric-ring damage of laser rods with thin filaments
extended into the rod bulk [18–20] were observed at intensities substantially
below the glass damage threshold (Fig. 8.2). In addition to multiple filamentary
damages in the bulk of active elements as well as on the surfaces, small-scale
self-focusing also produces an energy redistribution in the laser-beam cross
section and scatters up to 80% of the energy into large angles [13, 24, 25], so
that the beam cross section may be surrounded by a halo of scattered radiation
at the output of amplifiers.

To suppress hard-edge Fresnel diffraction ripples, but at the same time use
an amplifier cross section more efficiently, a super-Gaussian intensity profile

IðrÞ=I0 � exp �ðr=r0ÞN
h i

(8.1)
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is one of the solutions. Here I0 is intensity in the beam center, r is the distance

from the beam center along the beam radius, r0 is the distance at which I ¼ I0=e;
and N is the numeric coefficient, N > 2. In this profile with a flat top, intensity

diminishes monotonically from the beam center to the edges. The use of these

profiles in NGLS was initially suggested at LLNL, and devices producing

profiles with smoothed edges were called apodized [26], or soft apertures, in

LLNL terminology [16, 27].
This chapter is structured as follows: Fresnel diffraction on hard-edge and

soft apertures in linear media will be discussed in Section 8.2, as well as methods

of preparation of soft apertures. The whole-beam self-focusing in NGLS

including super-Gaussian beam collapse will be briefly outlined in Section 8.3.

The small-scale self-focusing in NGLS will be discussed in Section 8.4.

Section 8.5 is devoted to the methods of suppression of self-focusing in

NGLS. Section 8.6 is a summary of the chapter.
It should be noted that this chapter is not a comprehensive review of self-

focusing effects in NGLS; e.g., spectral broadening of the amplified pulse [25]

Fig. 8.1 A mosaic structure
of a beam cross-section
at the output of a
high-peak-power Nd:glass
laser amplifier system. From
Ref. [16]

Fig. 8.2 Damage at the exit ends of Nd:glass rods: (a) 45 mm in diameter and 680 mm long
and (b) 30 mm in diameter and 680 mm long, which were used in the 1- to 2-ns pulse amplifier.
From Ref. [20]
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and altering the temporal-pulse profile [13, 14, 28] will not be considered here.
Nor will we discuss self-focusing in unfocused beams in air [12, 29] (this has
already been observed in the 1960s at the output of NGLS [12]) or other
nonlinear effects in collimated beams in air on the path of �100 m (e.g.,
stimulated rotational Raman scattering) in these systems; see, e.g., Ref. [30].
In addition, the restricted length of this chapter does not permit us to include
more details in Sections 8.2–8.5 as well. More detailed reviews of some topics
covered here can be found in books by Brown [4], Mak et al. [5], an issue of
selected reprints (edited by Soures) [6], and a review by Lukishova et al. [16].

8.2 Fresnel Diffraction on Apertures in Linear Media

8.2.1 Fresnel Diffraction on Hard-Edge Apertures

Interest in Fresnel diffraction of laser beams arose from a connection to non-
linear effects in high-peak-power NGLS for high-temperature heating of
plasma and in particular, in connection with the studies of the role of beam
small-scale self-focusing in these systems [17–20].

We assume that electric field " (x, y, z, t) is a wave of the type

1

2
Uðx; y; zÞ expð�i!tÞ þ c:c:½ � ¼ 1

2
E x; y; zð Þ exp �i!tþ ikzð Þ þ c:c:½ �; (8.2)

whereE (x, y, z) is the slowly varying complex-field amplitude, k= !/c, and c.c.
denotes the complex conjugate.

The problem of electromagnetic-radiation diffraction by a certain aperture
of a monochromatic wave reduces to a strictly determined mathematical pro-
blem: finding the solutions of the time-independent Helmholtz equation

r2Uþ k2U ¼ 0 (8.3)

with the appropriate boundary conditions [31].
Ordinarily in laser physics the Fresnel diffraction for type (8.2) waves is

described in a parabolic approximation by the equation [32]

2ik
@E

@z
þ @

2E

@x2
þ @

2E

@y2
¼ 0: (8.4)

The solution of the parabolic Eq. (8.4) for a plane wave takes the form of the
Huygens integral in Fresnel approximation [20, 32]

Eðx; y; zÞ ¼ k

2piz

ZZ

dx0dy0Eðx0; y0; 0Þ exp ik

2z
ðx� x0Þ2 þ ðy� y0Þ2
h i

� �

; (8.5)
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where

jx� x0j=z� 1; jy� y0j=z� 1 (8.6)

is the small angle approximation; x 0 and y 0 are the present coordinates in the
aperture plane.

We recall that the diffraction phenomena represent Fresnel diffraction when

�z=a2 � 1; (8.7)

where a is the aperture radius.
For an axially symmetric case the Huygens integral is written [33] as

Eðr; zÞ ¼ k

2piz

Z

a

0

r0Eðr0; 0Þ exp ikr02

2z

� �

Z

p

�p

�ðikr0r cos �Þ 1
z

� �

d�

8

<

:

9

=

;

dr0: (8.8)

Using the integral representation in the form of zeroth-order Bessel func-
tions we obtain from (8.8)

Eðr; zÞ ¼ k

iz
exp

ikr2

2z

� �

Z

a

0

r0Eðr0; 0ÞJ0
kr0r

z

� �

exp
ikr02

2z

� �

dr0: (8.9)

For the case of incidence of a Gaussian beam on a circular aperture

EðrÞ ¼ E0 exp �ðr=r0Þ2
h i

; (8.10)

Eðr; zÞ ¼ kE0

iz
exp

ikr2

2z

� �

Z

a

0

r0J0
kr0r

a

� �

exp
ik

2z
� 1

r20

� �

r02
� �

dr0: (8.11)

An exact expression of the integral (8.11) [20, 31] exists for the case of
incidence on the circular aperture of a plane wave with a constant field E0

along the cross section:

Eðr; zÞ ¼ E0 1� exp
ik

2z
ða2 þ r2Þ

� ��

�
X

1

s¼0
ð�1Þs r

a

� 	2s

J2s
kra

z

� �

þ i
X

1

s¼0
ð�1Þs r

a

� 	2sþ1
J2sþ1

kra

z

� �

" #)

:

(8.12)
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The wave amplitude along the axis of a beam limited by the circular aperture
will be

EðzÞ ¼ E0 1� expðika2=2zÞ

 �

: (8.13)

Numerical integration of (8.11) was carried out in Ref. [33]. Some studies on
Fresnel diffraction in laser systems provide a direct numerical solution of
Eq. (8.4) for different Fresnel numbers [17, 19, 34–36]

F ¼ a2=�z: (8.14)

Some LLNL simulation codes and approaches of solving Eq. (8.4) were
outlined in Ref. [7].

For a spherical wave the Fresnel diffraction problem can be reduced to a
Fresnel diffraction problem in a plane wave. The initial parabolic equation for a
spherical wave can, by substitution of the variables

~z ¼ zf

fþ z
� z

MðzÞ ; ð~x; ~yÞ �
~r? ¼

r?f

zþ f
� r?

MðzÞ (8.15)

be reduced to a form identical to that of Eq. (8.4). Here

z ¼ ~zf

f� ~z
; ðx; yÞ � r? ¼

~r?f

f� ~z
: (8.15a)

In relations (8.15) and (8.15a) f > 0 for a positive lens and f < 0 for a
negative lens.

Invariance of Eq. (8.4) to the transformation of coordinates (8.15) means
that the diffraction of a wave with spherical divergence in the range 0< z<1 is
equivalent to the diffraction of a corresponding plane wave in the limited range
0 < z < f [20].

Therefore we will focus solely on the plane-wave case. Interestingly, the
number of intensity maxima in the beam cross section along the aperture
diameter is equal to the Fresnel number. For Fresnel diffraction, the number
of maxima grows at close proximity to the aperture, while it diminishes with
increasing distance z. The central maximum stands out sharply in the case of
odd Fresnel numbers, while the relative levels of the remaining maxima differ
little. In the case of even Fresnel numbers there are an even number of maxima
and the center intensity is equal to zero. If a beam with a Gaussian intensity
distribution along the cross section diffracts on the aperture, the fundamental
mechanisms of Fresnel diffraction remain the same as in the case of incidence of
a beam with a uniform cross-sectional intensity distribution.

It is important to note that the level of the diffraction peak at the beam center
I 0, for the case of cutting the beam by a circular aperture at a level �I0 (where I0
is the center intensity of the beam incident on the aperture) is [20]

I 0 ¼ ð1þ ffiffiffiffi

�
p Þ2I0 ¼ ð1þ 2

ffiffiffiffi

�
p þ �ÞI0: (8.16)
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For �=1 we have I 0=4 I0; for �= e –1, I 0=2.5 I0; for �=0.1, I 0=1.73 I0.

For �� 1 the center intensity grows by 2
ffiffiffiffi

�
p

I0: For example, cutting the beam

to 1% of I0 will cause center intensity growth by 20% of I0 [20].
The effect of the shape of the hard-edge aperture on the diffraction peaks in

the Fresnel diffraction region was examined in Ref. [20]. The intensity in the

diffraction peak is greatest when a circular aperture is used. Sharp peaks can be

substantially suppressed by replacing the curvilinear aperture edge with a recti-

linear edge.
Experimental results of hard-edge Fresnel diffraction on a circular aperture

in the optical range and their comparison with the theory have been reported in

Ref. [17].

8.2.2 Fresnel Diffraction by Soft Apertures and Propagation
of Super-Gaussian Beams

It is generally well-known that in order for the diffraction pattern at the

aperture output with the radius a to be smoothed out at a certain distance z 0,
it is necessary for the changes in the Fresnel number F induced by edge

irregularities or blurring to be of the order of 1, e.g.,

�F ¼ 2a�a=�z0 ¼ ð2�a=aÞF � 1: (8.17)

It is then possible to find the necessary dimensions of the edge irregularities

or the level of blurring of the soft aperture �a � a/2F=�z 0/2a.
Apodization by means of edge irregularities is very limited in nature and can

be used solely for Fresnel numbers determined by formula (8.17). Diffraction by

each separate irregularity will appear for short distances (and large Fresnel

numbers), while for long distances the dimensions �a will already be too small

to avoid diffraction ripples. In spite of such restrictions, the so-called serrated-

tooth metal apertures are very popular in high-power laser design because of

their simplicity, see, e.g., Refs. [37, 38]. Using photolithography, the shape of

the serrations can be made for the production of a super-Gaussian spatial

profile of determined N. Our experiments showed that a serrated aperture

with a=1 cm and �a=1 mm operated effectively at F � 5.
Apodized apertures with gradually variable transmission profiles and with

the appearance of Fresnel diffraction ripples at much larger distances than

conventional hard-edge apertures will be outlined in Section 8.2.3. Hadley

[35] made a comparative analysis of Fresnel diffraction ripples from the apo-

dized apertures with different degrees of apodization. Optimal profile for beam

propagation in NGLS was discussed in Ref. [39]. This profile satisfies both the

criteria of propagation without ripples on the length of the laser system and

maximum uniformity to obtain higher total gain from the amplifiers. The
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so-called ‘‘fill-factor’’ Ffill of the beam profile was introduced.We are using here
a definition of Ref. [40]:

Ffill ¼

R

r0

0

2prIðrÞdr

I0pr02
: (8.18)

Here radius r 0 is usually selected so that I(r 0)=10�3 to 10�2 I0. The opti-
mum transmission profile of a soft aperture is then selected accounting for two
facts: (1) a good fill factor and (2) diffraction peaks below a particular value
(e.g., 2%). Calculations made at LLNL provided the optimal values of N for
super-Gaussian beams: 5 	 Nopt 	 10.

Propagation of super-Gaussian beams with N=10 at different distances
from a hard-edge circular aperture with a 2-cm diameter at �=1.06 mm and
with a 10�3 I0 level of cutting the beam by the hard-edges was considered in
Ref. [39]. The evolution of the beam profile with different N for the case of a
circular hard-edge aperture for various cutting levels � (0, 10�2, 10�3) was
modeled in Ref. [36] (for Fresnel numbers of F=5 and 20, see Fig. 8.3).

Figure 8.4 shows the experimental results of the comparison of beam pro-
pagation at the output of induced-absorption soft aperture in Refs. [16, 41, 42],
made of doped fluorite (calcium fluoride) crystal with a super-Gaussian trans-
mission profile with N=4.62 and r0=2.2 mm (left set of images), and a hard-
edge aperture (right set of images). No Fresnel diffraction ripples were observed
with this soft aperture even at a distance of 4 m from the aperture. At the same
time it is easy to see these ripples already at 20 cm at the output of the hard-edge
aperture.

Fig. 8.3 Spatial intensity distribution for super-Gaussian beams withN=5 (left) andN=20
(right) with different levels �= �c of aperturing at z=0, at the distances corresponding to
Fresnel numbers F=5 and 10. From Dubik and Sarzyński [36]
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Figure 8.5 shows the beam profiles at 60 cm from the output of 45-mm-diam
induced-absorption doped fluorite crystal apodizers [43] with different trans-
mission at the edges (�=10�2, 10�1, 0.5). Ripples appear as a result of
diffraction of the uniform input beam on the crystal edges in a low-absorption
case.

8.2.3 Preparation of Super-Gaussian Beams

In addition to serrated apertures considered in Section 8.2.2, there are a large
number of devices used to achieve continuous apodization (gradually variable
transmission from the center to edges): (1) photographic plates or films with a
controllable blackening level [44–46]; (2) monolayer dielectric coatings of

Fig. 8.4 Photographs of beam cross-sections at the output of a color-center CaF2:Pr soft
aperture [42] (left) with a super-Gaussian transmission profile of N=4.62 and r0=2.2 mm,
and a hard-edge aperture with a 5-mm diameter (right) at different distances from the
apertures: (top) at the soft-aperture output plane and at 20 cm from a hard-edge aperture;
(center) at 1.5 m; (bottom) at 4 m from both apertures (�=0.633 mm)

Fig. 8.5 Beam profiles at
60 cm from the output of a
45-mm-diam color-center
CaF2:Pr apodizer with
induced absorption at the
edges [43] and with different
transmission at the edges
[�=10–2 (a), 10–1 (b), 0.5 (c)]
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variable thickness [27]; (3) multilayer dielectric coatings with variable thickness

(graded reflectance mirrors) [27, 47–51]; (4) deposited metallic layers of variable

thickness [26, 52, 53] or pixellated metal apodizers fabricated by photolitho-

graphy [54]; (5) liquids doped with dyes or other dispersed absorbers in cuvettes

of variable thickness [27, 55–60]; (6) solid absorbers of variable thickness (speci-

fically a high-temperature sintered design combining an optical absorbing glass

filter and a transparent glass substrate [61, 62]; (7) a Pockels cell in an inhomo-

geneous electric field [63, 64]; (8) a Faraday rotator in an inhomogeneous

magnetic field [27, 64]; (9) a design employing the optical activity of a quartz

crystal [65]; (10) a design employing crystal birefringence [66]; (11) a design

employing the total internal reflection on a lens surface [67]; (12) a design

employing two aspherical lenses [68, 69]; (13) a design based on the diffusion of

light-absorbing ions in glass [70]; (14) cross-sectional profiling of the population

inversion in the active elements of the amplifier [71]; (15) introduction of phase

inhomogeneity at the aperture edges [21, 72, 73]; (16) fabrication of a diffusely

scattering layer in the aperture, in particular using a sand-blasting technique or

laser treatment of a glass plate [60, 74–79]; (17) induced absorption on the edges

of glasses and crystals by the ionizing radiation [16, 41–43, 80–83]—see Figs. 8.4

and 8.5; (18) photooxidation of divalent rare-earth ions in fluorite crystal or

bleaching color centers in glasses and crystals under optical irradiation [84, 85];

(19) additive coloration at the edges of doped fluoride crystals as a result of

annealing in a reducing atmosphere [86–88]; (20) photochemical reactions of

color centers and colloids in additively colored doped fluoride crystals under

ultraviolet-light irradiation [89–91]; (21) frustrated total internal reflection [87,

92–94]; (22) cholesteric liquid crystals [95–97]; (23) dye bleaching in doped poly-

mers [98]; (24) microlenses [99]; and (25) spatial light modulators. Detailed

reviews of these techniques are carried out in Refs. [16, 27]. See also the book

by Mills et al. [100] with selected papers on apodization.

8.3 Whole-Beam Self-focusing

A standardNGLS of the 1970s and 1980s for plasma-heating experiments had a

pulse duration of � � 10�11 to 10�8 s [4–6, 101–103] and consisted of a master

oscillator and a preamplifier with an output intensity Iout 	 1 GW/cm2 (beam

diameter �5–10 mm), multiple amplifier stages with a large active medium

volume (30–60 mm in diameter for rod active elements and 40 � 240 mm

rectangle for slabs, or 460–740 mm in diameter in the case of disk amplifiers),

and I out 	 �10 GW/cm2 [4].
Such intensities give rise to an intensity-dependent change of the local

refractive index. The existence of a nonlinear index n2 in glass is responsible

for effects of whole-beam self-focusing, small-scale self-focusing, focal zoom-

ing, self-phase modulation, and some other nonlinear effects routinely observed
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in large laser systems [4, 5]. The intensity I is related to the time average "2
 �

in
electrostatic units by

I ¼ cn0
4p

"2
 �

¼ cn0
8p
jEj2; (8.19)

where n0 is the refractive index of the medium, E (x, y, z) is the slowly varying
complex amplitude of the quasimonochromatic field. At intensities of I � 1
GW/cm2, e can reach �106 V/cm. For isotropic glass and centrosymmetric
crystals the refractive index n is written as

n ¼ n0 þ n2 "
2

 �

¼ n0 þ ðn2=2ÞjEj2 ¼ n0 þ �I: (8.20)

In different papers n2 is introduced differently by a factor of 2 or n0; see, e.g.,
Table 1 of the Marburger review [104], or n2 is denoted as � in relation (8.20);
see, e.g., Boyd’s book [105]. We have employed the terminology used in
Ref. [104] and in experimental studies devoted to measurements of n2 in laser
glass [4, 5, 14, 106, 107]. Because the value of n2 is usually given in electrostatic
units (esu), � is given by [4]

� ¼ 4pn2
n0c

107 ¼
4:19� 10�3
� �

n2

n0

cm2

W

� �

: (8.21)

The following dimensional relation is easily obtained from (8.20):

�n ¼ 4:19� 106
n2
n0
ðesuÞI GW=cm2

� �

: (8.22)

The experimental values of n2 for standard silicate and phosphate laser
glasses are �(1–1.5) � 10�13 esu [4, 5]; here n0 is �1.5–1.6 [4, 5]. At intensities
I � 1–10 GW/cm2, �n � 5 � 10�7 to 5 � 10�6 for glasses. However, since the
total glass length of the optical path of the amplifiers may reach several meters,
such an insignificant variation of the refractive index of the medium may
substantially distort both the amplitude and phase profiles of a light beam.

The most significant formation mechanism of n2 in laser glasses for pulse
durations less than nanoseconds (�70–85% [106, 107]) is the electron Kerr
effect associated with the deformation of the electron clouds around the nucleus
(the characteristic nonlinear polarization time is �10�15–10�16 s). Another
formational mechanism of n2 at such pulse durations in glass—nuclear polariz-
ability—has a buildup time of 10�12 s and its contribution to n2 is substantially
lower [106, 107].

Before treating whole-beam self-focusing in laser amplifiers, we refer the
general whole-beam self-focusing results. In 1962, Askaryan [108] first suggested
the possibility of self-focusing due to the gradient of a strong electromagnetic
field. Hercher [109] and Pilipetsky and Rustamov [110] first showed photographs
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of self-focusing filaments. Comprehensive reviews of self-focusing in different
media were offered by researchers significantly contributing to the understanding
of self-focusing: experiments—by Shen [111, 112], Svelto [113], Akhmanov et al.
[114, 115]; theory—by Marburger [104], Lugovoi and Prokhorov [116], Vlasov
and Talanov [117]. See also the books by Sodha et al. [118] and Boyd [105].

Talanov [119] (see also this book) and Chiao et al. [120] first calculated radial
distribution of the electric field in a self-trapped electromagnetic field. For cubic
media it has a soliton-type behavior, and for beam with cylindrical symmetry
the so-called ‘‘Townes profile’’ has the form of a bell-shaped curve.

The critical power Pcr at which self-focusing of the beam as a whole is
initiated (self-trapping) was introduced by Chiao et al. [120]. It is determined
in the following manner [5]:

Pcr � c=ð2n2k2vacÞ ¼ c�2=ð8p2n2Þ; (8.23)

where kvac=!/c is the wave vector in the absence of the medium. For laser
glasses and wavelength in vacuum �=1.06 mm, Pcr � 3.5 MW [14].

The self-focusing length (distance) Lself was introduced by Kelley [121] and
for a laser beam of radius a and divergence b is [122]

Lself ¼
ka2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðP=PcrÞ � 1
p

� kab
: (8.24)

As power P! Pcr for the case of diffraction divergence only from formula
(8.24), we have Lself!1. In real media, whole-beam (large-scale) self-focusing
may be observed at a threshold power Pth � (10–100) Pcr [123] over a finite
optical path length. Danileiko et al. [123] provide the values of Pth for different
lengths of the nonlinear medium over which self-focusing is manifested for
different N of super-Gaussian profiles. Pcr is independent of N.

For a stationary case, beam propagation in the amplifier medium can be
described in quasioptical approximation [117]. The slowly varying complex
amplitude E (x, y, z) of an electrical field propagating on the z-axis of the
wave will satisfy the parabolic (nonlinear Schrödinger) equation

�?Eþ 2ik
@E

@z

� �

þ k2n2
n0
jEj2Eþ igkE ¼ 0;

�? ¼
@2

@x2
þ @2

@y2
:

(8.25)

Here k=(!/c) n0 is the wave number in the medium and g is the amplifier gain
per unit length.

For a stationary case where g=0 for P much higher than Pcr, numerical
calculation of self-focusing by Luguvoi and Prokhorov [116], Dyshko and
colleagues [124, 125], Danileiko et al. [123], Lebedeva [126], and Amosov et al.
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[127] for the case of Gaussian [123–126] and super-Gaussian [123, 126, 127]
beams, have revealed that an axially symmetric beam in a nonlinear medium
acquires a multifocus structure (in the direction of beam propagation). Each
focus contains power equal to Pcr. The number of foci is equal to P/Pcr.

Feit and Fleck obtained a similar multifocus structure for nonparaxial
approximation [128] without invoking nonlinear absorption or saturation
mechanisms to avoid a singularity.

In a nonstationary case, when a laser pulse is changing in time, filaments are
observed instead of stationary focal points [109, 110, 129–134] as a result of
moving foci. The moving-focus model for the explanation of filaments was
introduced by Lugovoi and Prokhorov [131]. Marburger independently sug-
gested the rapid change in the focusing length during the laser pulse [135]. Loy
and Shen have shown experimental evidence of the moving-focus model [133].
Multiple foci have been observed experimentally in Lipatov et al. [129] and
Korobkin et al. [130].

It should be emphasized that, different from the Gaussian beam profile
which collapses in a nonlinear medium into a self-similar Townes profile
[136, 137] in each nonlinear focus, the super-Gaussian profiles can collapse
into a ring structure [123, 138–140]. Already in a near-field its behavior is
different from a Gaussian profile: it may evolve into a spatial distribution
with fringes [27, 62].

Figure 8.6 [27] shows the near-field evolution of the super-Gaussian profile
in a nonlinear medium of high-peak power NGLS into a ring-shape structure

Fig. 8.6 Nonlinear propagation of spatially shaped laser beams. Input beam profile
(a) develops self-focusing spike (b) after propagation about 8 m. Appropriate adjustment of
input shape (c) eliminates the effect (d). From Costich and Johnson [27]
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(‘‘horns’’ [4]) which is very dangerous because small-scale self-focusing can
occur [4, 62]. (See also Sections 8.5.1 and 8.5.2.) Observation of a ring-shape
profile and its filamentation for self-focusing of femtosecond pulses as a result
of self-focusing of a super-Gaussian beam was reported recently in Ref. [139]
for Fresnel numbers � 1. Recent numerical simulations of Fibich et al. [140]
showed that for P 
 Pcr a noiseless super-Gaussian profiles collapse in a
nonlinear medium with self-similar ring profile, rather than with the Townes
profile. A super-Gaussian beam with power a few times the critical power will
collapse toward a Townes profile similar to a Gaussian profile [139, 140]. With
the addition of noise, the ring breaks apart into filaments [139, 140]. It should be
noted, that in the presence of noise, the super-Gaussian beams undergomultiple
filamentation at much lower powers (P� 10 Pcr) [139] than the Gaussian beams
(P �100 Pcr) [23, 139].

Talanov [141] has noted the equivalence of self-focusing of plane and sphe-
rical waves in media with Kerr nonlinearity. An important relation is

1=Lspher
self ¼ 1=fþ 1=Lself; (8.26)

where Lspher
self is the large-scale self-focusing length in the spherical wave case.

References [4, 5, 7, 24, 25, 27, 142, 143] have described large-scale self-
focusing in high-power neodymium glass laser installations, although the
main self-focusing effects in such installations, whose power level exceed Pcr

by a factor of 103 to 104, are ordinarily manifested as small-scale self-focusing at
distances substantially shorter than the collapse point of the entire beam. The
length of development of the small-scale instability [15] lself is proportional to
ka2ðP=PcrÞ�1. Recalling relation (8.24), we obtain

lself=Lself �
ffiffiffiffiffiffiffiffiffiffiffiffi

Pcr=P
p

: (8.27)

In high-power NGLS with imaging optics, Lself is outside the laser system,
but a whole-beam self-focusing introduces far-field aberrations [138, 143–145].
After passing through a nonlinear medium and being brought to focus by
means of a lens, beam focal position will be changed, depending on the magni-
tude of the nonlinearity and the intensity. Because the intensity is time depen-
dent, at various times during the pulse duration, rays will focus at different
locations, and thus the best focus will ‘‘zoom,’’ giving rise to the phenomenon
of ‘‘focal zooming’’ in spatial filters and on the target. Such intensity-dependent,
focal-beam diameter changes were recorded using the streak camera (see Refs.
[145, 146]). It is obvious that the beam shape has a profound influence on the
magnitude of zooming as well as on the intensity distribution. Reference [4]
provides the results of numerical modeling of focal zoom for a super-Gaussian
beam with N=5, which shows complex intensity and phase variations in the
region of the focus of the lens. The so-called ‘‘modified quadratic profile’’ [4] is
better for focusing by the lens, although it has a low fill factor.
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8.4 Small-Scale Self-focusing Effects in High-Peak-Power

Nd:Glass Laser Systems

Under actual experimental conditions of high-peak-power neodymium laser

systems, small-scale self-focusing is often manifested as a halo of scattered

radiation with a divergence exceeding that of the main beam [13, 24, 25].

A detailed analysis of such a halo was carried out in Ref. [24]. The amplified

beam with a 100-ps pulse duration and a 45-mm output diameter remained

homogeneous through intensities of 3–5 GW/cm2 at which minor ripples

appear in the cross-sectional intensity distribution; upon further amplification,

the ripples developed into a mosaic structure. Such a structure is shown in

Fig. 8.7 (see also Fig. 8.1). The beam brightness in Ref. [24] diminishes rapidly

with increasing intensity above 10 GW/cm2, so any further increase of gain was

not advantageous (Fig. 8.8). These phenomena have not been accompanied by

damage of the active medium.
The onset of damage of the medium at such intensities depends in this case on

pulse duration. Damage to the exit face of a circular 45-mm-diam neodymium

glass rod used in a high-power laser amplifier is shown in Fig. 8.2. Both axial

and ring damage are caused by small-scale self-focusing of diffraction perturba-

tions [19–21]. Small-scale self-focusing of the interference fringes from the

optical elements of the laser system [20, 21] may also produce such damage,

but only in the form of stripes. Thin small rings (Fig. 8.2) are the result of self-

focusing induced by perturbations from minor inclusions in the neodymium

glass (small bubbles, stones, face dust, etc.). Filamentary damage normally

Fig. 8.7 Images of the beam cross-section at a distance of 1 m from the Nd:YAG amplifier
output: (a) pulse energy 3.62 J, pulse duration 100 ps, output intensity �10 GW/cm2;
(b) magnified central part of the spot in Fig. 8.7(a). From Zherikhin et al. [24]
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extends from the surface damage deep into the rod bulk in nanosecond and
picosecond laser amplifier systems.

The instability of a light wave in a nonlinear medium was first considered by
Bespalov and Talanov [15]. It causes minor transverse amplitude and phase
perturbations of a light beam of a certain scale in a nonlinear medium to grow
exponentially with the increment � (see also Refs. [4, 5, 19–25, 101, 105,
111–118, 147–161], and Campillo’s chapter in this book).

A parabolic equation for the stationary case has been examined with g = 0
for a slow complex amplitude E (x, y, z):

�?Eþ 2ik
@E

@z
þ k2

n2
n0
jE2jE ¼ 0: (8.28)

We will closely follow the Bol’shov linearized analysis [153]. For a plane
wave an exact solution of this equation exists:

Eðr?; zÞ � EðzÞ ¼ E0 exp
i!n2
2c
jE0j2z

� �

: (8.29)

We will search the solution of Eq. (8.28) as

Eðr?; zÞ � E0 exp
i!n2
2c
jE0j2z

� �

½1þ uðr?; zÞ�; (8.30)

where u is the minor perturbation u� 1.
For a perturbation of the type u=(E1 + iE2) cos(kr?+ ’), linearization of

Eq. (8.28) results in the following equation set:

E1ðzÞ
E2ðzÞ

� �

¼
cosh�z

j�?j2 sinh�z

2k�
2k�

j�?j2
sinh�z cosh�z

0

B

B

B

@

1

C

C

C

A

E1ð0Þ
E2ð0Þ

� �

: (8.31)

Fig. 8.8 Dependence of the
relative energy in the halo
(dotted curve) and of the
energy in the directional
beam (solid curve) on the
total energy in the pulse.
From Zherikhin et al. [24]
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Here E1(0) and E2(0) are perturbations of the real E1(z) and imaginary E2(z)
part of electrical field E (z) at the entrance to the nonlinear medium.

The instability increment is equal to

� ¼ j�?j
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2n2
n0
jE0j2 �

j�?j2

k2

s

: (8.32)

Perturbation growth takes place only for a transverse perturbation wave
number

05�?5�?cr; (8.33)

where

�?cr ¼ k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2n2
n0
jE0j2

s

: (8.34)

In addition to the transverse perturbation wave number �? it is possible to
introduce a perturbation propagation angle with respect to a pumping beam:

�? ¼ �?=k: (8.35)

Maximum growth is attained with the instability increment

�max ¼
k

2

n2
n0
jE0j2 ¼

8p2n2I
�cn0

(8.36)

at the transverse perturbation wave number

�?max ¼ k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2jE0j2

n0

s

¼ �?cr=
ffiffiffi

2
p

: (8.37)

The range of unstable vectors is within the circle

j�?j 	 �?max

ffiffiffi

2
p

: (8.38)

The wavelength of the transverse intensity perturbation corresponding to
�?max is

�max ¼
p

�?max
¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c

32pn2I

r

; (8.39)
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where � is the wavelength of laser radiation in a vacuum. Calculating power
carried by each of the filaments shows that each filament carries power of the
order of Pcr.

The small-scale self-focusing length is

lself � 1=�max ¼
�cn0
8p2n2I

: (8.40)

For �=1.06 mm we obtain

�M ¼ 0:58
ffiffiffiffiffiffiffi

n2I
p

; lself ¼ 0:4n0=ðn2I Þ;�max ¼ 2:48n2I=n0: (8.41)

In relations (8.41) n2 is in units of 10�13 esu, I is in GW/cm2, �max is in m�1,
lself is in meters, and �M is in millimeters.

We will perform the estimates for I=10 GW/cm2, n0=1.5, and n2=1.5 �
10�13 esu. From relations (8.41) we obtain �max=24.8 m�1, �M=150 mm, and
lself= 4 cm.

Analyzing beam instability in actual amplifier conditions requires account-
ing for changes in beam intensity along the optical path as well as variations in
the properties of the optical medium (the glass amplifiers, air gaps, etc.).

In actual high-power laser systems the small-scale self-focusing is ordinarily
not characterized by the quantity of �max l but rather the break-up integral [4, 5]

B ¼ 8p2

c�

Z

l

0

n2
n0

IðzÞdz: (8.42)

Here the level of the spatial frequency with the greatest increment grows as

I ¼ I0e
2B: (8.43)

The value for � � 1 mm is often encountered in the literature using the same
units as in relations (8.41)

B ¼ 2:62

Z

l

0

n2
n0

IðzÞdz: (8.44)

Experiment and numerical modeling suggest that in conditions typical for a
high-power neodymium-glass-laser installation (I � 1–10 GW/cm2) spatial
irregularities on a scale of 10–500 mm represent the most dangerous irregula-
rities from the viewpoint of the development of self-focusing [20, 21]. Experi-
mental analyses have revealed that values of B 	 2–3 [4, 5] are permissible in
laser amplifier beams (B=0.5–4 in Ref. [157]).
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It is, however, important to remember that the equal B -factor for two
different configurations of a nonlinear medium does not infer that their non-
linear losses are equal and, although their characterization by the integral B is
quite popular in the literature, it remains an estimate.

One of the ways to minimize small-scale self-focusing effects is maximizing
amplifier gain G=exp (gz) [4, 5]. Numerical modeling showed that amplifiers
that have G greater than 6.434 have �?max (or �?max) independent of the gain
and �?max=�cr � 0:394 in this case [4, 5]. For amplifiers with gain less than that
value, �?max increases to the passive value at G=1 given by (8.37). Figure 8.9
shows these results where the B-integral is shown as a function of �? for
different values ofG for a 30-cm-long rod of ED-2 glass with an output intensity
of 20 GW/cm2 [4, 5].

Mak et al. [5] suggested the use of long pulses to avoid self-focusing effects in
NGLS with the subsequent pulse compression at the output using stimulated
scattering. The current state-of-the-art of self-focusing suppression, which
almost all of the highest peak-power lasers in the world are using, is increasing
the pulse duration and, after amplification, it is compressing using chirped-
pulse amplification (CPA) first introduced by Strickland and Mourou [162].
Some examples of NGLS using pulse stretching and compressing gratings are
the Vulcan Petawatt Upgrade (Rutherford Appleton Laboratory) [163], the
Gekko Petawatt Laser (Institute of Laser Engineering at Osaka University)
[164], the OMEGA EP Laser (University of Rochester) [165], and the now
dismantled petawatt line on the former Nova Laser (LLNL) [166].

8.5 Methods of Suppression of Self-focusing

In addition to CPA andmaximizing the amplifier gainmentioned in Section 8.4,
there are several other methods for suppressing self-focusing effects in the
amplifiers of high-peak-power NGLS. Common techniques include: (1) using
spatial filters and relay imaging devices; (2) eliminating the effect of Fresnel
diffraction on the uniformity of the light beams by means of apodization;
(3) using diverging beams; (4) insertion of air-spaces into nonlinear medium;
(5) using circular polarization; and (6) limiting the degree of coherence of the

Fig. 8.9 Break-up
integral B as a function of
inverse ripple size �? for
30-cm ED-2 glass
ðn2=n0 ¼ 0:9� 10�13esuÞ at
the output intensity 20
GW/cm2 under different
gain G. From Mak et al. [5].
See also Ref. [4]
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laser radiation. There are also several other methods of suppressing self-focus-
ing. These include: diminishing n2 (for fluoroberyllium glass n2 � 0.4 � 10�13

esu [167]); improving the uniformity of the laser glass; using self-defocusing
media with n2 < 0 to compensate self-focusing in the optical elements of the
installation [168, 169]; using nonlinear dissipative interaction of a high-power
laser beam with an optical medium in which self-focusing is not the primary
energy-dissipation mechanism but rather some other nonlinear process plays
this role (such as second-harmonic conversion [170, 171]); and using a plasma
spatial filter [172]. Phase-conjugation methods also exist (see, e.g., Refs.
[173–176]) to achieve self-compensation of distortions attributable to amplifier
nonuniformities [176].

Mak et al. [5, 177] used a small-scale phase aberrator with a phase inhomo-
geneity prepared from an etched plate. The divergence introduced by such an
aberrator �aber should be greater than �?max. The small-scale self-focusing
threshold with such an aberrator was four times greater than in the case of
uniform beams [177].

Mailotte et al. [178] proposed to suppress small-scale self-focusing using
structured beams. If two beams intersect in a nonlinear medium at an angle
�inc� �max, small-scale self-focusing ripples can be suppressed. Propagation will
be dominated by diffraction off the nonlinear index grating with period d
written within the material. In this case, the small-scale self-focusing threshold
will be raised by a factor of

�inc
�=d

� �2

: (8.45)

Population trapping can eliminate self-focusing as well. Jain et al. [179]
experimentally demonstrated the elimination of the self-focusing filaments for
a copropagating pair of intense laser beams whose frequencies differ by a
Raman resonance. In this case the atoms are forced into a population-trapped
state and their contribution to n2 is eliminated.

We will consider the common methods for suppressing self-focusing in high-
peak-power NGLS in more detail.

8.5.1 Application of Spatial Filters and Relay Imaging Optics

Spatial filters represent a necessary element in modern high-power NGLS even
with CPA (see, e.g., Refs. [4, 5, 143, 157, 161, 180, 181]). The spatial filter is
fabricated as a Kepler telescopic system consisting of two positive lenses with a
pinhole placed at the common focus. The pinhole rejects high spatial frequen-
cies in the focal plane of the lens. As a rule, the pinhole is fabricated from ruby
or sapphire, Teflon, or metal. The spatial filter is normally constructed as an
evacuated chamber below 10�5 to 10�6 Torr pressure in order to eliminate

210 S.G. Lukishova et al.



breakdown of the medium [4]. Calculation of an optimum pinhole diameter is

difficult. Usually, the best procedure is to experimentally determine the dia-

meter for each system. Typical values of the pinhole diameter are in the range of

0.5–1.5 mm [4].
The spatial filter also serves as a relay imaging system by imaging the

entrance aperture through the entire amplifier chain [4, 5]. When several relay

imaging systems are used through the amplifier chain the effective length of the

amplifier system for diffraction and self-focusing ripple growth can be reduced

to zero. This method leads to the achievement of a much more constant beam

profile and a larger fill factor than that obtainable without spatial filters.
Figure 8.10 (lower part [180]) shows diminishing diffraction and small-

scale self-focusing ripples in the amplifier system using relay imaging. The

beam-profile fill-factor is preserved. Figure 8.10 (upper part) shows beam

profiles in the same system without relay imaging. In this case an intensity-

dependent index of refraction leads to steepening of gradients of an initially

smooth beam profile, leading to the development of ‘‘horns’’ [4] (rings) on the

beam.

Fig. 8.10 The combination of diffraction and nonlinear phase distortions produces large
intensity gradients. With further propagation in a nonlinear medium, self-focusing enhances
these gradients, reducing the effective filling factor and, ultimately, focusable power. The use
of a two-lens combination reduces diffraction effects as shown in the lower figures, thereby
minimizing the growth of intensity gradients due to nonlinear phase distortions. The effective
filling factor is maintained for component placement through a post-relay distance of 2f.
From Ref. [180]
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The following relation must be satisfied in this case for each relay imaging
system [5]:

L1 f2
f1
þ L2 f1

f2
� f1 � f2 ¼ 0; (8.46)

where f1 and f2 are the focal lengths of the lenses, L1 is the distance from the
aperture or its image plane to the first lens, and L2 is the distance from the
second lens to the image plane. If Eq. (8.46) is satisfied for each relay imaging
system, the beam will be imaged, or relayed, through the entire amplifier
system; e.g., an apodized or hard aperture will be imaged through the entire
system to near or at the location of the target.

8.5.2 Elimination of Fresnel Diffraction Effects and Small-Scale
Self-focusing Using Apodizing Devices

The simplest method of eliminating diffraction effects on light beam propaga-
tion is to underfill the cross section of the amplifier active element with the
beam. To further increase the output intensity it is necessary to fill the amplifier
aperture completely. In this case Fresnel diffraction rings appear in the beam’s
cross section. To avoid it, apodized or soft apertures are used. Figure 8.6 from
Ref. [27] shows beam profile transformation for two super-Gaussian profiles
with different fill factors.

Analytical expression was derived in Ref. [182] of the dependence of the
small-scale self-focusing length in NGLS on the super-Gaussian beam profile,
system geometry (air gap length), and incident intensity.

In Ref. [62], the experimental investigations were carried out of two schemes
for shaping the spatial structure of beams with a 0.3-ns pulse duration and a
30-mm diameter. One of them contained a spatial filter with relay imaging and
an apodized aperture. The second scheme contained a hard-edge aperture.

An apodized aperture with a high-damage threshold was fabricated by
sintering a light-absorbing filter and transparent glass. The diameter of the
apodized aperture at 10�2 Imax was 10.5 mm with a transmission function
� exp �6:91ðr=r1Þ10

h i

; where I (r1)=10�3 I0. The hard aperture of an equiva-
lent size had the form of a circular hole in a metal disk. The apertures were
mounted at 47 and 255 cm from the input of a 63-cm-long amplifier. The
corresponding Fresnel numbers were 61 and 11. Figure 8.11 shows near-field
photographic images at �=1.064 mm of the output of apodized and hard-edge
apertures at an output fluence of 0.4, 1.2, and 1.6 J/cm2 at a pulse duration of
0.3 ns in the case of a 255-cm aperture distance from the amplifier input.

At high power, the beam cross section acquires a mosaic structure resulting
from the growth of small-scale intensity perturbations from Fresnel diffraction
along the edges of the hard aperture. The spatial scale of the mosaic structure
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depends on the spatial beam profile at the entrance to the nonlinear medium. At

the fluence�1 J/cm2, large-angle laser-radiation scattering occurs for the hard-

edge aperture. Such scattering is not observed for an apodized beam, although

the extent of its decay into the mosaic structure also increases with increasing

intensity. In the case of a 255-cm-aperture distance using the apodizer, the value

of transmitted energy in the angle close to the diffraction limit (�0.3 mrad)

increased up to three times in comparison with the hard-edge aperture. No

damage was identified in this experiment at any intensity levels.
Based on the experiments described above, it is suggested in Ref. [62] that

hard apertures can be used over shorter paths than can apodized apertures;

several relay-imaging systems are required for long paths and hard apertures.

Apodized apertures allow greater flexibility in designing multi-element ampli-

fier systems. The best solution for enhancement of laser-beam uniformity is

using apodized apertures with relay imaging [4, 62].
Super-Gaussian-transmission soft apertures have been investigated in the

1.06-mm Delfin laser installation of the P.N. Lebedev Physical Institute [91].

Smaller-diameter color-center/colloid apodizer in a SrF2:Na crystal [89–91]

provided N=20 with a r0=5.3-mm transmission profile. A larger-diameter

induced-absorption CaF2:Pr apodizer [42, 81] with crystal diameter of 45 mm

produced a beam profile with N=10 and r0=12.5 mm.
Figure 8.12 shows a schematic of the Delfin laser preamplifier system with

30-J, 3-ns output and transmission profiles of soft apertures. The figure illus-

trates the results of using these soft apertures in different parts of the Delfin

laser. Beam cross sections in Fig. 8.12(a) are compared at a distance of 8 m from

Fig. 8.11 Photographs of the beam cross-sections in the near-field zone for an apodized beam
(lower series of photographs) and at the output of a hard-edge aperture (upper series) at the
output of the amplifier in the case of output-energy densities (a) 0.4 J/cm2; (b) 1.2 J/cm2, and
(c) 1.6 J/cm2. The distance from the amplifier was 255 cm. Pulse duration was 0.3 ns. The
sintered glass apodizer [61, 62] had a super-Gaussian transmission profile with N=10 and
r=5.25 mm at the level of 10–2 Imax. From Kryzhanovskii et al. [62]
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the smaller diameter soft aperture (top spot) and a similar-diameter hard-edge

aperture (bottom spot) after beam passage through two amplifiers with

30 mm � 630 mm rods. Apertures were placed after the Faraday rotator.

Figure 8.12(b) shows beam cross sections at 16 m from the output of the same

soft aperture (top spot) after beam passage through four amplifiers: two with

20 mm � 630 mm rods and two 30 mm � 630 mm rods. In this case the soft

aperture was placed between the Pockells cell and the first spatial filter.
For comparison, the bottom spot in Fig. 8.12(b) shows beam cross sections

in the same system, but with the soft aperture removed. Figure 8.12(c) shows

beam cross sections at 16 m from the larger-diameter soft aperture (top image),

and in the same place without any additional apertures (bottom image). After

the soft aperture, the beam passed through three amplifiers with rod dimensions

of 45 mm � 630 mm. The larger-diameter soft aperture was placed near the

input of the first 45 mm� 630 mm amplifier. We observed significant improve-

ment in beam homogeneity with the soft apertures of Fig. 8.12.
Figure 8.13 shows no ripples in the beam cross section at 2 m from

the induced-absorption apodized aperture made of CaF2:Pr crystals with a

30-mm-beam diameter [42, 81], which is different from a 30-mm-diam, hard-

edge aperture at an intensity of �0.5 GW/cm2 (�=1.06 mm).
We emphasize that apodized apertures do not hinder the formation of small-

scale inhomogeneities resulting from laser-radiation scattering by random

inclusions in the glass nor by dust on the face surfaces of the optical elements.

Spatial filters, which today represent the primary optical elements in laser

systems for small-scale self-focusing suppression, are employed to eliminate

such laser-beam inhomogeneities.

Fig. 8.12 Schematics of a preamplifier system of the Delfin laser; soft apertures’ transmission
profiles and beam cross sections at different distances from soft apertures (top spots) and hard-
edge apertures (bottom spots). From Ref. [91]. See explanations in text
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8.5.3 Application of Divergent Beams

The application of divergent beams in laser systems is analyzed in Refs. [183]
and [184]. The equivalence of plane and spherical beams [104, 141] will cause the
small-scale self-focusing length l sphereself and the increment �sphere in the spherical-
beam case to be expressed by the same formulas as l self and � in the plane-beam
case, which use ~E2 instead of E2. Because the intensity ratio at conjugate
points is

~E2=E2 ¼ ð fþ zÞ2f �2 � ð f� ~zÞ�2f 2 �M2; (8.47)

while the modulus of the wave number of the transverse perturbation in the case
of a spherical wave is j� spherej ¼ 2p=j~r?j ¼ j�jMðzÞ; it follows

l sphereself ¼ ½MðzÞ��2lself; (8.48)

�sphere ¼ ½MðzÞ�2�: (8.49)

In the case of a divergent beam ( f < 0), l sphereself
4lself; while �sphere < �, is due

to the diminishing beam intensity. The easiest focused transverse scale in the
spherical-beam case is determined by the distance between the same beams as in
a plane-wave beam, although it varies as ½MðzÞ��1 with increasing z.

The most effective experimental technique is to employ a divergent beam for
large-scale self-focusing suppression [24]. In the case of small-scale self-focusing
the filamentary damage threshold grew when amplifying beams with a 10�2 rad
divergence compared to the case when a beam with a 10�4 rad divergence is
amplified [25].

Siegman considered small-scale self-focusing suppression using tapered
(strongly converging or diverging) beams [159] using a model involving a
combination of Newton’s rings and nonlinearly induced Fresnel zone plates.

Fig. 8.13 The burn patterns on a photosensitive paper of the beam’s cross section at 2 m from
the output of CaF2: Pr-induced absorption apodizer with a super-Gaussian transmission
profile with N=5 and r0=11 mm (left) and a hard-edge aperture of 25 mm in diameter.
Incident intensity �0.5 GW/cm2
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No exponential growth is predicted because of the lack of any Talbot effects in
strongly tapered optical beams [159].

8.5.4 Partitioning of the Active Medium

The idea to split a nonlinear optical medium into segments separated by air gaps
in order to suppress self-focusing was already discussed in the 1970s [21, 185]. For
the NGLS it is possible to partition the glass amplifying medium into disks of
2–4 cm thickness [4, 5]. Small-scale self-focusing in a piecewise-continuous med-
ium with air gaps was investigated experimentally in Refs. [21, 101]. It was
demonstrated that nonlinear losses attributable to self-focusing are lower in
disk elements than in rods for an identical total glass thickness due to the
defocusing action of the air gaps (due to diffraction) on small-scale perturbations.

Recently an experiment with the propagation of femtosecond light pulses
with powers of 2–6 Pcr through the layered glass medium had demonstrated the
suppression of the whole-beam self-focusing [186]. A number of theoretical
studies devoted to the analysis of self-focusing in a piecewise-continuous med-
ium exist [5, 185–189]. It is, however, important to remember that a set of spatial
frequencies having substantial gains through the system exists for disks with
equidistant air gaps. The total small-scale self-focusing loss level will diminish
for a nonequidistant configuration of the disks [189]. This is because the none-
quidistant configuration will smooth out the frequency response of the spatial
filter formed by the equidistant air gaps [189]. Changing the thickness and
related positions of disk or short rod fragments along the powerful laser beam-
line can bring an up to 10 times decrease of power losses due to self-focusing
[189]. This offers a flexible instrument for configuration optimization of the
optical elements in a powerful laser channel.

There is another aspect to a physical picture of the nonlinear interaction of
the powerful laser beam propagated in a medium with sliced optical elements.
A phenomenon of formation of ‘‘hot images’’ (and related laser damage) in the
sequence of disks was observed experimentally [21, 190]. This effect was
explained as a nonlinear formation of holographic images of obscurations in
laser beams inside the downstream disks [190, 191].

8.5.5 Using Circular Polarization

Isotropic nonlinear media, e.g., glass, become anisotropic under high-power
laser radiation, and the axis of elliptical polarization of a beam rotates by an
angle � that is proportional to the beam intensity. This means that n2 depends
on a polarization state of high-power laser beams. In addition, if some intensity
perturbations present in the beam, � will depend on a beam-cross-sectional
position. A depolarization of radiation may be observed in high-power neody-
mium laser systems [5].
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Circular polarization results in a lower n2 than the linear polarization case. In
Ref. [5] (see also [192]) the break-up integral value was calculated for the
elliptically polarized beam. When the value of the ellipticity coefficient [192]
increases from 0 (linear polarization) to 1 (circular polarization), the value of
B diminishes by 1.5 times [5].

Figure 8.14 from book by Brown [4] and Ref. [193] shows both theoretical
calculations using the RAINBOW code and experimental results obtained on
the GDL system (University of Rochester) [8] of focusable output power at the
terawatt level as a function of beamline input power for linear and circular
polarization and a pulse duration of 50 ps. This GDL beamline consisted of
seven rod amplifiers. Similar results were described in book by Mak et al. [5],
where twice-higher than average brightness for circular polarization was
reported, in comparison with linear polarization [192]. See also Ref. [194] and
recent theoretical paper of Fibich et al. [195].

8.5.6 Coherence Limiting of Laser Radiation

An interest in coherence limiting of powerful NGLS radiation arose in connec-
tion with the requirements of the most homogeneous laser-intensity distribu-
tion on the target for achieving a large target compression ratio in inertial
confinement fusion experiments. Combining spatial and temporal incoherence
of laser radiation permits a reduction of the irradiation nonuniformity at the

Fig. 8.14 Focusable output power as a function of the beamline input power for the GDL
laser system of the University of Rochester [7] using linear and circularly polarized pulses of a
50-ps duration. From Seka et al. [193]
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focal plane of the laser and on the target [196]. The requirement of decreasing
the radiation coherence has prominent consequences for the optical scheme and
properties of the powerful laser itself and in regard to suppression of self-
focusing in the laser medium. The possibility of reducing the rate of growth of
small-scale perturbations in the laser medium has been shown theoretically in
Ref. [197] by diminishing the degree of coherence of the laser radiation. Accord-
ing to these calculations, the break-up integral is approximately proportional to
the degree of the coherence [197].

Intensive research on beam smoothing on the target provided several differ-
ent techniques and a better understanding of the role of radiation coherence on
self-focusing suppression in the laser facility. The beam-smoothingmethods use
laser temporal incoherence itself, or induced spatial incoherence, or both. For
instance, at incident intensities �1 GW/cm2 the focused energy was increased
by 50% when temporal coherence was reduced, by increasing a spectral width
from 7 nm to 10.6 nm [198] because of small-scale self-focusing suppression.
A method of induced spatial incoherence with echelons using temporal inco-
herence [199, 200] was provided, e.g., 30% exceeding focused energy level on the
target in comparison with a coherent case over a broad energy range [201].
Beam smoothing by a multimode optical fiber was accomplished at the Phebus
Nd:Glass Laser (Centre d’Études de Limeil-Valenton) [202]. Another active
method for temporal and spatial incoherence in a laser system is smoothing by
spectral dispersion (SSD) [203]. This method of producing spectrally dispersed
broad-bandwidth light uses phase-modulators, gratings, and distributed phase
plates.

Recently, the concept of developing partially coherent lasers has received a
new experimental embodiment. The Nd:glass laser with a controllable function
of mutual coherence of radiation was built in the P.N. Lebedev Physical
Institute [204]. The design of theQ-switchedmultimodemaster oscillator allows
one to control the degree of the spatial and temporal coherence and to change
the divergence of the output radiation within the range 2� 10�2 to 3� 10�3 rad
[204]. The amplifier cascades use long glass rods (680-mm length) and no spatial
filters in the scheme. The absence of spatial filters between cascades, as well as
the absence of complex optical devices for beam-wavefront corrections with a
small number of active elements, allows for a simplified laser scheme decreasing
the total number of optical elements [204–206].

The output-radiation parameters are: beam diameter, 45 mm; pulse energy,
150 J; pulse duration, 2.5 ns. The degree of spatial coherence is 0.05–0.015, the
degree of temporal coherence is 3� 10�3 to 10�4. The average laser intensity on
target is up to 5� 1014W/cm2 [204–206]. The fluence of 10 J/cm2 attained at the
laser output is related to a substantial suppression of the beam small-scale self-
focusing in the optical medium of this laser with coherence-limited radiation
[204–206]. The risk of dangerous ripples of intensity at the laser-beam spatial
profile due to Fresnel diffraction of the radiation on apertures or small obsta-
cles is decreased greatly in the low-coherence laser. Apertures with both hard
and soft profiles may be used for beam shaping in such a type of laser. The
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formation of radiation-intensity distribution with different profiles in the
amplified channel, at the laser output, and in the focal plane at the target, was
demonstrated in the low-coherence powerful Nd:glass laser using a relay-imaging
technique [204].

It should be noted, however, that some of the induced-incoherence techni-
ques involve intensity space–time modulations in the amplifiers [207]. For
instance, an anomalous, unexpected intensity-saturation effect in the amplifica-
tion of intense incoherent pulses at 2.5 GW/cm2, �1.5-ns pulse duration was
observed on the Phebus laser [202, 208]. With an optical fiber for coherence
reduction, the output power was limited to 4 TW, which is about half of the
laser’s capability, by a saturation-like effect in the large amplifier section. These
temporally and spatially incoherent laser pulses showed a strong limitation in
output power probably because of the near-field instantaneous nonuniform
patterns, which seed self-focusing effects in the glass amplifiers [208, 209].

On the other hand, the SSD method apparently does not increase nonlinear
effects. It was shown in this case, that amplitude perturbations due to phase-
modulated propagation of such beams do not appreciably suffer self-focusing
when injected into a properly relay-imaged nonlinear medium. Angular disper-
sion and frequency dispersion in the medium prevent nonlinear effects from
contributing at the same location on all wavefronts along the direction of
propagation [210].

Most research on self-focusing is based on the assumption of coherent
radiation interaction with matter. The specific character of self-focusing, laser
damage, stimulated scatterings, and other aspects of the nonlinear interaction
of the intensive radiation of low coherence with laser glass and other optical
media must be the subject for new research.

8.6 Summary

The problems of beam shaping and self-focusing in high-peak-power Nd:glass
laser systems are considered. The authors discuss self-focusing as the primary
nonlinear optical process limiting the brightness of such laser installations.
Fresnel diffraction effects, whole-beam, and small-scale self-focusing, as well
as methods of suppression of self-focusing, have been outlined. The super-
Gaussian beam as an optimal beam profile with a relatively high fill factor
and the lower self-focusing ripples are considered. Methods of preparation of
super-Gausian beams are listed. Coherence limiting of laser radiation as a
method to suppress self-focusing and to control the laser beam profile and the
intensity distribution on target is briefly described.
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36. A. Dubik, A. Sarzyński: A study of the problem of propagation and focusing of laser

radiation in an apertured super-Gaussian form, J. Techn. Phys. Polish Acad. Sci. 25 (3–4),
441–445 (1984).

37. J.M. Auerbach, V.P. Karpenko: Serrated-aperture apodizers for high-energy laser sys-
tems, Appl. Opt. 33, 3179–3183 (1994).

38. B.M. Van Wonterghem, J.R. Murray, J.H. Campbell et al.: Performance of a prototype
for a large-aperture multipass Nd:glass laser for inertial confinement fusion, Appl. Opt.
36, 4932–4853 (1997).

39. J.Weaver: Initial beam shaping for a fusion laser,LLNL, Semiannual Report, January–June,
UCRL–50021–73–1, 48–52 (1973).

40. V.N. Alekseev, A.D. Starikov, V.N. Chernov: Optimization of the spatial profile of a
high-power optical beam in the amplifier channel of a neodymium–glass laser system,
Sov. J. Quant. Electron. 9 1398–1402 (1979).

41. I.K. Krasyuk, S.G. Lukishova, D.M. Margolin et al.: Induced absorption soft apertures,
Sov. Tech. Phys. Lett. 2, 577–581, Leningrad (1976).

8 Beam Shaping and Suppression of Self-focusing 221



42. S.G. Lukishova: Apodized apertures for visible and near-infrared band powerful lasers,
SPIE Milestone Series, Selected Papers on Apodization: Coherent Optical Systems,
J.P. Mills and B.J. Thomson, (Eds.), MS 119, 334–341 (1996).

43. S.G. Lukishova, N.R. Minhuey Mendez, V.V. Ter-Mikirtychev, T.V. Tulajkova:
Improving the beam quality of solid-state laser systems using both outside and inside
cavity devices with variable optical characteristics along the cross section, SPIEMilestone
Series, Selected Papers on Apodization: Coherent Optical Systems, J.P. Mills and
B.J. Thomson, (Eds.), MS 119, 362–374 (1996).

44. A.J. Campillo, B. Carpenter, B.E. Newman et al.: Soft apertures for reducing damage in
high-power laser amplifier systems, Opt. Commun. 10 (4), 313–315 (1974).

45. A.J. Campillo, B.E. Newman, S.L. Shapiro et al.: Method and apparatus for reducing
diffraction–induced damage in high-power laser amplifier systems, U.S. Patent No.
3,935,545, January 27, 1976.

46. E.W.S. Hee: Fabrication of apodized apertures for laser beam attenuation, Opt. Laser
Technol. 7 (2), 75–79 (1975).

47. Five-gigawatt coating reduces self-focusing in laser glass, Laser Focus 9 (9), 46 (1973).
48. G. Emiliani, A. Piegari, S. de Silvestri, P et al.: Optical coatings with variable reflectance

for laser mirrors, Appl. Opt. 28, 2832–2837 (1989).
49. G. Duplain, P.G. Verly, J.A. Dobrowolski et al.: Graded-reflectance mirrors for beam

quality control in laser resonators, Appl. Opt. 32, 1145–1153 (1993).
50. S.G. Lukishova, S.A. Chetkin, N.V. Mettus et al.: Techniques for fabrication of multi-

layer dielectric graded–reflectivity mirrors and their use for enhancement of the bright-
ness of the radiation from a multimode Nd3+:YAG laser with a stable cavity, Quant.
Electron. 26, 1014–1017 (1996).

51. PureAppl Opt, Special Issue, 3 (4), 417–599, Papers presented at the workshop on laser
resonators with graded reflectance mirrors, 8–9 September 1993 (1994).

52. S.B. Arifzhanov, R.A. Ganeev, A.A. Gulamov et al.: Formation of a beam of high optical
quality in a multistage neodymium laser, Sov. J. Quant. Electron. 11, 745–749 (1981).

53. P. Giacomo, B. Roizen-Dossier, S. Roizen: Préparation, par evaporation sous vide,
d’apodiseaurs circulaires, J. Phys. (France) 25 (1–2), 285–290 (1964).

54. C. Dorrer, J.D. Zuegel: Design and analysis of beam apodizers using error diffusion,
Optical Society of America, Technical Digest Series, Conf. on Lasers and Electro Optics
CLEO 2006, paper JWD1 (2006).

55. E.S. Bliss, D.R. Speck: Apodized aperture assembly for high-power lasers, U.S. Patent
No. 3,867,017, February 18, 1975.

56. R.L. Nolen, Jr., L.D. Siebert: High-power laser apodizer, U.S. Patent No. 4,017,164,
April 12, 1977.

57. S. Jorna, L.D. Siebert, K.A. Bruekner: Apodizer aperture for lasers, U.S. Patent No.
3,990,786, November 9, 1976.

58. L.M. Vinogradsky, V.A. Kargin, S.K. Sobolev et al.: Soft diaphragms for apodization of
powerful laser beams, Proceed. SPIE 3889, 849–860 (2000).

59. Yu.V. Senatsky, N.E. Bykovsky, L.M. Vinogradsky et al.: Apodizers for single-mode
lasing, Bull. Russ. Acad. Sci. Phys 66, 1008–1012 (2002).

60. L.M. Vinogradsky, S.K. Sobolev, I.G. Zubarev et al.: Development of the nonlinear
optical element for light beam apodization and large-aperture laser amplifier decoupling,
Proc. SPIE 3683, 186–193 (1998).

61. A.D. Tsvetkov, N.I. Potapova, O.S. Shchavelev et al.: Apodized glass aperture with a
super-Gaussian transmission function, Zh. Prikl. Spektrosk (Sov J Appl Spectrosc)
45, 1022–1025, Minsk (1986).

62. V.I. Kryzhanovskı̆, B.M. Sedov, V.A. Serebryakov et al.: Formation of the spatial
structure of radiation in solid-state laser systems by apodizing and hard apertures, Sov.
J. Quant. Electron. 13, 194–198 (1983).

222 S.G. Lukishova et al.



63. W. Simmons, B.C. Johnson, A. Glass: Design and potential uses of nonuniform Pockels
cells, Laser Program, Annual Report: 1974, 138–142, UCRL-50021-74, LLNL (1975).

64. W.W. Simmons, G.W. Leppelmier, B.C. Johnson: Optical beam shaping devices using
polarization effects, Appl. Opt. 13, 1629–1632 (1974).

65. S.B. Papernyı̆, V.A. Serebryakov, V.E. Yashin: Formation of a smooth transverse dis-
tribution of intensity in a light beam by a phase-rotating plate, Sov. J. Quant. Electron. 8,
1165–1166 (1978).

66. G.Giuliani, Y.K. Park, R.L. Byer: Radial birefringent element and its application to laser
resonator design, Opt. Lett. 5, 491–493 (1980).

67. G. Dube: Total internal reflection apodizers, Opt. Commun. 12, 344–347 (1974).
68. J.A. Hoffnagle, C.M. Jefferson: Beam shaping with a plano–aspheric lens pair,Opt. Eng.

42, 3090–3099 (2003).
69. J.A. Hoffnagle, C.M. Jefferson: Refractive optical system that converts a laser beam to a

collimated flat-top beam, U.S. Patent No. 6,295,168, September 25, 2001.
70. Y. Asahara, T. Izumitani: Process of producing soft aperture filter, U.S. Patent,

No. 4,108,621, August 22, 1978.
71. M.E. Brodov, F.F. Kamenets, V.V. Korobkin et al.: Controlled-inversion-profile ampli-

fier as soft aperture, Sov. J. Quant. Electron. 9 224–225 (1979).
72. B.J. Feldman, S.J. Gitomer: Annular lens soft aperture for high-power laser systems,

Appl. Opt. 15, 1379–1380 (1976).
73. N.I. Potapova, A.D. Tsvetkov: Apodization of laser radiation by phase apertures, Sov.

J. Quant. Electron. 22, 419–422 (1992).
74. M.A. Summers, W.F. Hagen, R.D. Boyd: Scattering apodizer for laser beams, U.S.

Patent No. 4,537,475 (1985).
75. N. Rizvi, D. Rodkiss, C. Panson: Apodizer development, Rutherford Appleton Lab.,

Annual Rep., The Central Laser Facility CLF-87-041, 113–114 (1987).
76. M.V. Pyatakhin, Yu.V. Senatsky: Formation of the intensity distribution in laser beams

due to diffraction on structures of small size optical inhomogeneities, J. Russian Laser
Res. 23 (4), 332–346 (2002).

77. Yu.V. Senatsky: Laser beam apodization by light scattering, Optical Society of America,
Technical Digest Series, Conf. on Lasers and Electro Optics CLEO 2001, Paper CTuM8,
p. 160, May 6–11, Baltimore (2001).

78. Yu. Senatsky: Soft diaphragm for lasers, Russian Patent No. 2,163,386, March 19, 1999.
79. I. Zubarev, M. Pyatakhin, Yu. Senatsky: Method of soft diaphragm formation, Russian

Patent, No. 2,140,695, April 23, 1998.
80. V.N. Belyaev, N.E. Bykovskı̆, Yu V Senatskı̆ et al.: Formation, by penetrating radiation,

of absorbing layers in the optical medium of a neodymium laser , Sov. J. Quant. Electron.
6, 1246–1247 (1976).

81. B.G. Gorshkov, V.K. Ivanchenko, V.K. Karpovich et al.: Apodizing induced-absorption
apertures with a large optical beam diameter and their application in high-power 1.06 mm
laser systems, Sov. J. Quant. Electron. 15, 959–962 (1985).

82. V.K. Ivanchenko, S.G. Lukishova, D.M. Margolin et al.: The method of fabrication of
apodized apertures, The Soviet Invention Certificate, No. 1,098,409 (1984).

83. I.K. Krasyuk, S.G. Lukishova, B.M. Terentiev et al.: The method of fabrication of
apodized apertures, The Soviet Invention Certificate, No. 1,019,583 (1985).

84. S.G. Lukishova, N.R.MinhueyMendez, T.V. Tulaikova: Investigation of a soft aperture
formed by photooxidation of a rare-earth impurity in fluorite and used as an intracavity
component in a YAG : Er3+ laser, Quant. Electron. 24, 117–119 (1994).

85. S.G. Lukishova, A.Z. Obidin, S.Kh. Vartapetov et al.: Photochemical changes of rare-
earth valent state in gamma-irradiated CaF2:Pr crystals by the eximer laser radiation:
investigation and application, Proceed. SPIE 1503, 338–345 (1991).

86. S.G. Lukishova: Some problems of spatial and temporal profile formation of laser
radiation, Ph.D Thesis, Moscow Inst. of Phys. & Technology (1977).

8 Beam Shaping and Suppression of Self-focusing 223



87. S.G. Lukishova, P.P. Pashinin, S.Kh. Batygov et al.: High-power laser beam shaping
using apodized apertures, Laser Part. Beams 8 (1–2), 349–360 (1990).

88. V.A. Arkhangelskaya, S.Kh. Batygov, S.G. Lukishova et al.: The method of making
of amplitude filters, The Soviet Invention Certificate, No. 1,647,044A1 (1990). See also
A.S. Shcheulin, T.S. Semenova, L.F. Koryakina et al.: Additive coloration of crystals of
calcium and cadmium fluorides, Opt. and Spectrosc. 103, 660–664 (2007).

89. A.E. Poletimov, A.S. Shcheulin, I.L. Yanovskaya: Apodizing apertures for visible and
IR lasers, Sov. J. Quant. Electron. 22, 927–930 (1993).

90. V.A. Arkhangelskaya, S.G. Lukishova, A.E. Poletimov et al.: Apodized aperture for
high–peak power near infrared and visible lasers without phase shift at the edges, Optical
Society of America, Technical Digest Series, Conf. on Lasers and Electro Optics CLEO
92, paper CThQ6 (1992).

91. S.G. Lukishova, N.E. Bykovsky, A.E. Poletimov, A.S. Scheulin: Apodization by color
centres apertures on the Delfin laser, Optical Society of America, Technical Digest
Series, Conf. on Lasers and Electro Optics CLEO 94, 8, 135–136 (1994).

92. J.C. Diels: Apodized aperture using frustrated total reflection, Appl. Opt. 14, 2810–2811
(1975).

93. I.K. Krasyuk, S.G. Lukishova, P.P. Pashinin et al.: Formation of the radial distribution
of intensity in a laser beam by ‘‘soft’’ apertures, Sov J. Quant. Electron. 6, 725–727 (1976).

94. S.G. Lukishova, S.A. Kovtonuk, A.A. Ermakov et al.: Dielectric film deposition with
cross-section variable thickness for amplitude filters on the basis of frustrated total
internal reflection, SPIE Milestone Series, Selected Papers on Apodization: Coherent
Optical Systems, J.P. Mills and B.J. Thomson, (Eds.), MS 119, 447–458 (1996).

95. J.-C. Lee, S.D. Jacobs, K.J. Skerrett: Laser beam apodizer utilizing gradient–index
optical effects in cholesteric liquid crystals, Opt. Eng. 30, 330–336 (1991).

96. S.D. Jacobs, L.A. Cerqua: Optical apparatus using liquid crystals for shaping the spatial
intensity of optical beams having designated wavelengths, U.S. Patent, No. 4,679,911,
July 14, 1987.

97. J.-C. Lee, S. Jacobs: Gradient index liquid crystal devices and method of fabrication
there of, U.S. Patent, No. 5,061,046, October 29, 1991.

98. A. Penzkofer, W. Frohlich: Apodizing of intense laser beams with saturable dyes, Opt.
Commun. 28, 197–201 (1979).

99. D.R. Neil, J.D. Mansell: Apodized micro-lenses for Hartmann wavefront sensing and
method for fabricating desired profiles, U.S. Patent No. 6,864,043 (2003).

100. J.P. Mills, B.J. Thomson, (Eds.): Selected Papers on Apodization: Coherent Optical
Systems, SPIE Milestone Series of Selected Reprints MS 119 (1996).

101. N.B. Baranova, N.E. Bykovsky, Yu.V. Senatsky et al.: Nonlinear processes in the
optical medium of a high-power neodymium laser, J. Sov. Laser Res. 1, 53–88 (1980).

102. N.G. Basov, V.S. Zuev, P.G. Kryukov et al.: Generation and amplification of high-
intensity light pulses in neodymium glass, Sov. Phys. JETP 27, 410–414 (1968).

103. J.L. Emmet, W.F. Krupke, J.B. Trenholme: Future development of high-power solid-
state laser systems, Sov. J. Quant. Electron. 13, 1–23 (1983).

104. J.H. Marburger: Self–focusing: theory, Prog. Quant. Electr. 4 35–110 (1975). See also
this volume, Chapter 2 for this reprint

105. R.W. Boyd: Nonlinear Optics. Chapter 7: Processes resulting from the intensity-depen-
dent refractive index, pp. 311–370, Academic Press, San Diego (2003).

106. R. Hellwarth, J. Cherlow, T.-T. Yang: Origin and frequency dependence of nonlinear
optical susceptibilities of glasses, Phys. Rev. B 11, 964–967 (1975).

107. R. Hellwarth: Third-order optical susceptibilities of liquids and solids, Prog. Quant.
Electron. 5, 1–68 (1977).

108. G.A. Askar’yan: Effects of the gradient of a strong electromagnetic beam on electrons
and atoms, Sov. Phys. JETP 15, 1088–1090 (1962). See also this volume, Chapter 11.1
for this reprint.

224 S.G. Lukishova et al.



109. M. Hercher: Laser-induced damage in transparent media, J. Opt. Soc. Am. 54, 563
(1964). See also this volume, Chapter 11.3 for this reprint.

110. N.F. Pilipetskii, A.R. Rustamov: Observation of self–focusing of light in liquids, JETP
Lett. 2, 55–56 (1965). See also Chapter 15, Figure 15.1 for this volume.

111. Y.R. Shen: Self-focusing: experimental, Prog. Quant. Electr. 4, 1–34 (1975).
112. Y.R. Shen: The Principles of Nonlinear Optics. Chapter 17: Self-focusing, pp. 303–333 ,

John Wiley & Sons, New York (1984).
113. O. Svelto: Self-focusing, self-trapping, and self-phase modulation of laser beams. In:

Progress in Optics XII, E. Wolf (ED.), 3–51, North–Holland, Amsterdam (1974).
114. S.A. Akhmanov, A.P. Sukhorukov, R.V. Khokhlov: Self-focusing and diffraction of

light in a nonlinear medium, Sov. Phys. Uspekhi 10, 609–636 (1968).
115. S.A. Akhmanov, R.V. Khokhlov, A.P. Sukhorukov: Self-focusing, self-defocusing

and self-modulation of laser beams. In: Laser Handbook, vol. 2, E3, 1151–1228,
F.T. Arecchi, E.O. Schulz-Dubois (Eds.), North-Holland, Amsterdam (1972).

116. V.N. Lugovoi, A.M. Prokhorov: Theory of the propagation of high-power laser radia-
tion in a nonlinear medium, Sov. Phys. Uspekhi 16, 658–679 (1974).

117. S.N. Vlasov, V.I. Talanov: Wave Self-focusing, Institute of Applied Physics of the
Russian Academy of Science, Nizhny Novgorod, 220 pp. (1997).

118. M.S. Sodha, A.K. Ghatak, V.K. Tripathi: Self-focusing of Laser Beams in Dielectrics,
Plasma, and Semiconductors, Tata McGraw-Hill, New Delhi (1974).

119. V.I. Talanov: Self-focusing of electromagnetic waves in nonlinear media. Izv Vuzov
Radiophysica, 7, 564 –565 (1964). See also this volume, Chapter 11.2 for the first English
translation of this paper.

120. R.Y. Chiao, E. Garmire, C.H. Townes: Self-trapping of optical beams,Phys Rev Lett 13,
479–482 (1964).

121. P.L. Kelley: Self-focusing of optical beams, Phys. Rev. Lett. 15, 1005–1008 (1965).
122. W.G. Wagner, H.A. Haus, J.H. Marburger: Large-scale self-trapping of optical beams

in the paraxial approximation, Phys. Rev. 175, 256–266 (1968).
123. Yu.K. Danilejko, T.P. Lebedeva, A.A. Manenkov et al.: Self-focusing of laser

beams with various spatial profiles of incident radiation, Sov. Phys. JETP 53, 247–252
(1981).

124. A.L. Dyshko, V.N. Lugovoi, A.M. Prokhorov: Self-focusing of intense light beams,
JETP Lett. 6, 146–148 (1967).

125. A.L. Dyshko, V.N. Lugovoi, A.M. Prokhorov: Multifocus structure of a light beam in a
nonlinear medium, Sov. Phys. JETP 34, 1235–1241 (1972).

126. T.P. Lebedeva: The effect of the amplitude and phase profile of a laser beam on self-
action processes, Ph.D. Thesis, General Physics Institute, Moscow (1984).

127. A.A. Amosov, N.S. Bakhvalov, Ya.M. Zhileikin et al.: Self-focusing of wave beams with
a plateau-shaped intensity distribution, JETP Lett. 30, 108–111 (1979).

128. M.D. Feit, J.A. Fleck, Jr.: Beam nonparaxiality, filament formation, and beam breakup
in the self-focusing of optical beams, J. Opt. Soc. Am. B 5, 633–640 (1988).

129. N.I. Lipatov, A.A. Manenkov, A.M. Prokhorov: Standing pattern of self-focusing
points of laser radiation in glass, JETP Lett. 11, 300–302 (1970).

130. V.V. Korobkin, A.M. Prokhorov, R.V. Serov et al.: Self-focusing filaments as a result of
the motion of focal points, JETP Lett. 11, 94 –96 (1970).

131. V.N. Lugovoi, A.M. Prokhorov: A possible explanation of the small-scale self-focusing
filaments, JETP Lett. 7, 117–119 (1968).

132. V.V. Korobkin, A.J. Alcock: Self-focusing effects associated with laser-induced air
breakdown, Phys. Rev. Lett. 21, 1433–1436 (1968).

133. M.M. Loy, Y.R. Shen: Small-scale filaments in liquids and tracks of moving foci, Phys.
Rev. Lett. 22, 994–997 (1969).

134. G.M. Zverev, E.K. Maldutis, V.A. Pashkov: Development of self-focusing filaments in
solid dielectrics, JETP Lett. 9, 61–63 (1969).

8 Beam Shaping and Suppression of Self-focusing 225



135. J.H. Marburger: Self-focusing as a pulse sharpening mechanism, IEEE J. Quantum
Electron. QE–3, 415–416 (1967).

136. G.M. Fraiman: Asymptotic stability of manifold of self-similar solutions in self-focusing,
Sov Phys JETP 61, 228–233 (1985).

137. K.D.Moll, A.L. Gaeta and G. Fibich: Self–similar optical wave collapse: observation of
the Townes profile, Phys. Rev. Lett. 90, 203902 (2003).
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