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To my parents

His thinking does not result in smoke after the flashing fire, but

in light emerging from the smoke.

Horace 65-68 BC



(1)
UNIVERSITY OF SOUTHAMPTON
ABSTRACT

Faculty of Science
Physics

Doctor of Philosophy
An experimental study of phase conjugation via
stimulated Brillouin scattering applied to a high power
Nd:YAG oscillator/amplifier Taser system

by Ian David Carr

In the thesis we investigate the use of phase conjugation techniques
for the correction of amplifier aberrations in a Nd:YAG oscillator/
amplifier system. The phase conjugation process examined was
stimulated Brillouin scattering in methane gas.

In the first part of the thesis a TEMoo, single 1longitudinal mode,
pre-lase Q-switched oscillator is described, which gave a high-
quality output beam. We discuss the properties of Nd:YAG TJaser
amplifiers of the type used to amplify this output, and the ensuing
beam distortions. The processes of phase conjugation and stimulated
Brillouin scattering are then explained. In the latter part of the
thesis experimental investigations of these processes are described.
These include the effects of depolarisation due to thermally induced
birefringence in the laser amplifier and the extent to which the
phase conjugation process can tolerate this depolarisation. The
effect of the process upon the laser Tinewidth, and vice versa , are
also discussed. When a single amplifier stage was used 1in a
two-pass arrangement incorporating either a conventional mirror or a
phase conjugate mirror, the latter gave a factor of four improvement
in beam brightness over the former. This factor was increased to
sixteen when the phase conjugate mirror was used in a four-pass
configuration.



CHAPTER 1
CHAPTER 2

CHAPTER 3

3.1.

3.2.
3.2.1.
3.2.2.
3.3.

CHAPTER 4

4.1.
4.2.
4.2.1.
4.2.2.
4.2.3.
4.3.

CONTENTS

Introduction

High power single mode Nd:YAG oscillator

development
Theory of the telescopic resonator
Stable TEMoo mode operation

Transverse mode selection

Experimental work on high power TEMoo mode

telescopic resonators

A prism reflector of high damage threshold

Narrow Tinewidth and single Tongitudinal
mode operation

The application of mode selection

Spatial hole burning and its prevention

Experimental work on the single longitudinal

mode oscillator
Laser amplification

Theory of pulse propagation in a laser
amplifier

Thermal effects in pumped Tlaser rods
Thermal lensing

Stress birefringence

Further signal distortions in amplifiers

Phase conjugation and stimulated
Brillouin scattering

What is phase conjugation?

Nonlinear optics

Four-wave mixing

Stimulated scattering

Stimulated Brillouin scattering (SBS)

Why is stimulated Brillouin scattering a
useful mechanism for phase conjugation?

16

29

41

45

51

51

59

61

B

65

67

67

75

77

79

81

(i)



4.5,
4.6.
CHAPTER 5

Theory of stimulated Brillouin scattering

The effect of input pulse parameters on
stimulated Brillouin scattering:

Power

Linewidth

Transverse spatial profile

An aside:- four-wave Brillouin mixing
Polarization

Media for stimulated Brillouin scattering

Experimental work on phase conjugation
using a Nd:YAG oscillator/amplifier

Two-pass amplifier scheme
The basic experiment

The oscillator

The methane gas cell

Setting up the experiment

Measurements made using the two-pass amplifier

arrangement

Energy and power

Beam divergence

Beam quality

Depolarization loss

Linewidth measurement

Results for the two-pass amplifier
Comments on the methane cell as a reflector
Performance of the two-pass amplifier
Depolarization loss

Four-pass amplifier scheme

The basic experimental arrangement

Setting up the experiment

86

86

g1

92

85

96

98

101

101

101

103

104

107

130

140

143

Ty

145

(diid



5.4.3. Measurements made on the four-pass
amplifier arrangement

5.4.4, Performance of the four-pass amplifier

5.5. Two-pass amplifier scheme incorporating
four-wave Brillouin mixing

(&

5.5.2. Results

.5.1.  The experimental arrangement

and discussion

CHAPTER 6 : Conclusions

APPENDICES
APPENDIX I

APPENDIX II

APPENDIX III

APPENDIX IV

APPENDIX V

REFERENCES
ACKNOWLEDGEMENTS

Published paper entitled : "A prism
reflector of anti-resonant ring
configuration™

Losses and intensity-length products
for waveguides versus tight focussing

Depolarization loss when double passing
an amplifier using a plane mirror and a
quarter-wave plate

Laser pulse compression in a saturated
amplifier

Published paper entitled "Performance
of a Nd:YAG oscillator/amplifier with
phase-conjugation via stimulated
Brillouin scattering"

156
157
157

168

170

174

176

183

186

136

200

(iv)



CHAPTER 1
Introduction

Since the invention of the laser two and a half decades ago, much
research effort has been devoted to improving the properties of the
output beam. Brightness, spatial and temporal coherence and mono-
chromaticity are of particular dimportance. In many applications,
(noteworthy examples being most non-linear optical processes and
holography), high values of all these parameters are required.

High spatial and temporal coherence and monochromaticity can be
obtained from a Tlaser by suitable design of the osciliator. The
output power, and therefore brightness, however, are 1limited by the
volume of the active material and the pumping efficiency. One way
to achieve higher powers, widely used with solid state lasers, is to
follow the Taser oscillator with an amplifier or a chain of
amplifiers.  The extreme is reached in the large neodymium-in-glass
lasers wused in fusion experiments, where the output of an oscillator,
of a few millijoules, is raised to energies measured in hundreds of
kilojoules in long amplifier chains.

One of the most widely employed of all lasers 1is the pulsed solid
state neodymium:YAG (Nd:YAG) Taser, which has a usual operating
wavelength of 1.06 um and applications which vary from satellite-
ranging to surgery. This type of laser has been used in the studies
described in the thesis. Unfortunately, and in common with other
solid state Tasers such as ruby and Nd:glass, it can suffer from poor
beam quality when used in oscillator/amplifier configurations. This
arises because the amplifier rods, even if they do not possess
intrinsic optical distortions, acquire thermally-induced distortions
when pumped. Thus, even though the oscillator may have an output
beam of high spatial coherence, the amplified beam is aberrated. In
severe cases the 1initially Gaussian beam breaks up into several
parts.



One application of phase conjugation 1is the correction of Tinear
optical distortions of the type -encountered 1in solid state
amplifiers. Beam aberrations can be corrected and the spatial
quality of the oscillator beam recovered, by double-passing the
distorting medium (the amplifier) using a phase conjugate mirror.

One process in which phase conjugation occurs and which 1is also
readily applied to high power pulsed lasers is stimulated Brillouin
scattering (SBS). Many investigations and studies of phase
conjugation wusing SBS have been made, and it has been applied
successfully to lasers having severe aberrations. Indeed, a feature
of many experiments has been the deliberate introduction of highly
distorting elements in order to demonstrate the remarkable correction
that phase conjugation can provide. However, what is not apparent
from the literature is whether it is a worthwhile exercise applying
phase conjugation to a typical Tlaboratory laser, such as a Nd:YAG
oscillator/amplifier, in which the amplifier has modest, but still
troublesome, distortions. Some of the published work suggests that
unless a beam is severely aberrated, it cannot be phase conjugated
with high efficiency. Nevertheless, phase conjugation may still
give significant benefits over the use of a conventional mirror.

A further question, which arises in applications where narrow
linewidth and high temporal coherence are important, is whether the
process of phase conjugation via SBS degrades the monochromaticity of
the beam, either by 1line broadening or by introduction of new
frequency components. It is also important to know the upper Timits
on laser 1linewidth that still allow successful phase conjugation.
The work described in this thesis was therefore aimed at
investigating the value of phase conjugation via stimulated Brillouin
scattering when applied to a typical laboratory Nd:YAG
oscillator/amplifier.

The initial work, described in Chapter 2, concerned the development
of a Nd:YAG oscillator, incorporating a telescopic resonator and
giving the maximum possible TEMoo mode energy. The theory of



single Tongitudinal mode (SLM) selection is given, and the conversion
of the oscillator to SLM operation then explained. This oscillator
thus provided an output of high spatial and temporal coherence for
subsequent amplification.

The theory of pulse amplification 1in a Tlaser amplifier and the
possible temporal changes in envelope shape are presented in Chapter
3. More importantly, the static and thermally induced optical
distortions which occur in a pumped laser rod, such as thermal
lensing and stress birefringence, are discussed. It is in part due
to these that the beam becomes aberrated.

The process of phase conjugation and the way it can be wused to
compensate unwanted optical distortions is elucidated in Chapter 4.
The non-linear optical interactions that give rise to phase
conjugation are outlined briefly, followed by a more detailed account
of stimulated Brillouin scattering. This includes the basic theory
required to predict threshold powers and a review of some of the
relevant work on the subject published to date. The latter provides
both an 1insight into the 1importance of certain pulse parameters
(duration or polarization for example) on the SBS phase conjugation
process and indicates where there are shortcomings in current under-
standing.

Chapter 5 comprises accounts of the three basic experimental
arrangements tested, the measurements made on these and the results
obtained. Details are given of the high-pressure methane cell used
as the phase conjugate mirror. Firstly, a two-pass amplifier scheme
was examined, both when a conventional mirror and the phase conjugate
mirror were employed, so that a comparison could be made of the
performance with and without phase conjugation. Secondly, a
four-pass configuration was assessed in a similar manner. Thirdly,
a two-pass system incorporating 'four-wave Brillouin mixing' for
improved conjugation of a depolarized beam was evaluated. The
observations and measurements made during the course of the
experiments are compared with the theory set out in Chapter 4 and



both theoretical and experimental results obtained by other workers.
These observations enable very positive conclusions to be drawn and
these are given in Chapter 6.



2.1.

CHAPTER 2

High Power Single Mode Nd:YAG Oscillator Development
Theory of the telescopic resonator
2.1.1. Stable TEMoo mode operation

As mentioned previously, two important aims in the design
of a Taser are that it should have high output energy and
low beam divergence. The Tlatter 1is equivalent to
ensuring that the resonator oscillates only on the TEMoo
mode of the cavity. The simplest resonator consists of
two curved mirrors, and the spot-sizes on them are given
by (Kogelnik and Li, 1966):

s

T = 2. G 2.1,
A L [9'.4« ( 1*3'.%)]
where g = 1—L_ 2.2.
R

and Ry , Ry are the mirror radii and L is the cavity length.
This cavity has two disadvantages: firstly, one requires
that to fill a Taser rod of diameter D, the spot-size
should be w=D/3, which leads to a typical cavity Tlength
of 10m for D= 6mm and a wavelength of 1f1m, which is
excessive.  Secondly, the laser rod acts as a (positive)
lens whose focal Tlength depends upon the flashlamp pump
energy and repetition rate, and whose focal length can
vary from shot to shot. This variation arises from
fluctuations in flashlamp pump power and coolant flow and
temperature. The variation 1in resonator parameter
causes changes in both the output beam divergence and in
the output energy, because the spot size in the gain
medium changes.  In 1972 Steffen, Lortscher and Herziger
suggested  incorporating a telescope in a cavity to
simultaneously compensate for thermal lensing of the rod



and to minimise the fluctuations of this focal length, in
the configuration of Fig. 2.1. This resonator can be
analysed in terms of ray transfer matrices (Hanna et al,
1981) and the TEMoo spot sizes expressed (Baues, 1969) as
follows, where the approximation has been made that the
rod is a thin Tlens adjacent to mirror 2, (11 = 0) and
is also in the focal plane of the telescope objective

(]2 = fz). The dimensions 11 and 12 are
indicated on figure 2.1. The results are:
) i
W, = [”W«’J”’: M G ]4 2.3,
AL LG (1-6.G,)
2 1Y LS Y/
Wizl“.’iz:[M & N 2.4

' Tw> ./"_ Wg{
Wa:hfﬂ—[m ] , 2.5

where A is the laser wavelength, M is the telescope
magnification, L' = L-fl:'k (fl being the focal Tength
of the negative telescope lens); G, = M l:t - L

G, =M [? “.L;_] . R,
Ra

L in the formula for G, is given by:

.
’

Ra
1 f f 1
- = Tt =+t 2.6.
Rl R TR
where frz_ﬁ
6

¥ Note that L is no longer the cavity length,see fig.2.1.
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and & is the defocussing of the telescope from the
infinity setting ( § is positive when the telescope lens
separation is greater than f, + f; ). It should be noted
that the Teast variation of w with fR occurs when
66, = 1/2, when dMoﬂij% = 0, this condition is
satisfied by choosing appropriate values of M, L',

Rl’ R2 and 8. There is no advantage 1in using curved

mirrors, so putting Rl = R2 = 00 and setting GlG2
= 1/2 with G, =M and G, = 1 simplifies the above
equations to: 2
V4
W, = (—’\L) 2.7
1
1 2 VZ
W, = ()\L.ZM ) -
m
2 AL\
W3 — (-—Tr — \/TW, Zq

which are the basic design equations for the telescopic
resonators used in the work described in this thesis.
In practice L' and M must be chosen so that W is
large enough to fill the Taser rod, but Wy is not so

small that damage occurs at mirror 1.

Although certain approximations are made in deriving the
formulae above, it has been shown by Hanna, Sawyers and
Yuratich (1981) that only negligible changes occur when
these approximations are taken into account.

2.1.2.  Transverse mode selection
The theoretical results above predict the TEMoo spot

sizes for the telescopic resonator. Since a Tlaser
oscillating on this mode has the highest brightness, it



is desirable that it oscillates on the TEMoo mode only.
Higher order modes have a larger transverse dimension, so
selection of the TEMoo mode consists of simply inserting
a circular aperture into the cavity, so that the loss per
round trip is significantly higher for the higher order
modes than for the TEMoo mode. Li in 1965 showed that
the maximum discrimination between the TEMoo mode and the
next  highest mode, TEMot , occurs in the confocal
resonator, and Sawyers (1981) showed that the telescopic
resonator 1is equivalent to a symmetric confocal resonator
provided that the aperture is at one end mirror. By
choosing 3w = D, where D is the diameter of the aperture,
one finds that for typical numbers of round trips in a
Q-switched Taser there 1is adequate discrimination in
favour of the TEMoo mode, without this mode being
significantly truncated. This condition 1is therefore

used for our telescopic resonators.

2.2. Experimental work on high power TEMoo mode telescopic
resonators

When designing a high power laser there are several factors which
need to be taken into account. Firstly, as will be shown Tater, it
is helpful to keep the Tength of the resonator to a minimum, because
this maximises the adjacent Tlongitudinal mode frequency spacing,
which facilitates single longitudinal mode selection. Secondly, as
was shown earlier (equation 2.7.), the spot size on one mirror may
become so small, especially if L is kept short, that damage occurs
here because the Tlaser intensity becomes too high. This mirror is
often used as the output coupler of the resonator and consists of a
plane parallel uncoated glass or fused silica resonant reflector.
This is chosen for its high damage threshold, which for these
materials is ~5 GW cm % for 10 ns pulses under ideal conditions.
Now for a resonator 1lm long, L is approximately 0.5m, leading to a
spot size of ~0.4mm on this mirror (equation 2.7).  Thus for a 30 ns
pulse duration, the 'ideal' damage threshold is reached at an output
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energy of ~250 mJ.  In practice it is found that due to the effects
of dust and intensity modulation of the pulse when more than one
longitudinal mode is oscillating, the maximum safe output energy is
limited to the 100 md level. The Nd:YAG rod used in the oscillator
under development had dimensions of 1/4" x 3", and could be pumped
with a maximum flashlamp energy of 50 J in a standard single
flashlamp pumping chamber manufactured by JK Tlasers. At this
pumping Tlevel it was found that the telescopic resonator produced
approximately 300 mJ of non-Q-switched output. Hence it  was
anticipated that if the problems of damage at the narrow beam end of
the resonator could be overcome, an increase of possibly as much as
200 mJ in Q-switched output energy could be achieved. As a first
step in this direction it was noted that the energy incident on the
output mirror 1inside a cavity consisting of a total (100%) reflector
and a Tow reflectivity output coupler (as is the case in a Q-switched
Nd:YAG Tlaser where the gain is very high) is much greater than that
incident on the total reflector. The ratio of these two energies is
of the order of the single pass gain in the cavity, which is
typically a factor of four in a Q-switched Nd:YAG laser. Thus , for
an output energy of 100 mJ, 25 mJ is incident on the 100% mirror.
This suggested placing a 100% reflector at the narrow beam end of the
resonator. By wusing such a reflector with a damage threshold
greater than 25 mJ in a 30 ns pulse on a spot of radius 0.4mm, it was
hoped to increase the output energy of the telescopic resonator.
Taking the Taser output from the large beam end of the resonator has
the additional advantages that the beam divergence angle &, given
by:

2\
T Wo

o = 2.10.

is smaller; and the larger beam radius reduces the danger of damage
to optical components used outside the resonator (for beam steering
for example).



Several types of 100% reflector were incorporated into telescopic
resonators and the vresults of their use are described below.
Initially, however, a resonator with the output from a resonant
reflector at the small beam end was tested to provide a comparison
for the other schemes. This is shown in Figure 2.2.

An aperture of diameter 5mm was used with the 6mm diameter rod, the
telescope had a magnification of three, and the spot sizes in the rod
and at the resonant reflector were 1.67mm and 0.39mm vrespectively.
With these spot sizes it was found that the maximum safe operating
Tevel was at an output energy of 100 mJ in a TEMoo mode. Running at
energies of up to 150 mJ was possible, but damage then occurred after
a number of shots, if not on the first shot.

The oscillator of Figure 2.2. was now modified by simply exchanging
the positions of the two mirrors, so that the output was taken from
the large beam end of the resonator. In this arrangement the coated
100% mirror damaged when the output energy was 70 mJ. As a first
step towards increasing the available output, a Tlower reflectivity
(higher transmission) output coupler was chosen. The Tower the
output mirror reflectivity, the Tower the intra-cavity intensity for
a given output energy. As shown by Koechner (1976), the output
power under steady-state conditions is given by:

P = AI (1—R) R™ 211,

o

where A is the area of the beam at the output mirror; I is the
geometric mean power density inside the optical resonator, given by
I = (Ill4fﬁ, where I1 and 14- are the intensities of the beams
travelling in opposite directions in the laser resonator; and R is
the output mirror reflectivity. The power vreflectivity of a
resonant reflector is given by:

2
n*— 1
= |— 12,
R [n‘ + 1] z
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where n is the refractive index, for n = 1.5, R = 15%, and Pout /1 =
2.19 A, For a single glass surface, R * 4%, and P;,, /I = 4.8 A.
It can be shown that the intensity at the 100% mirror is proportional
to 1. Thus one anticipates that approximately twice as much steady
state power may be extracted from a resonator by changing the output
coupler from resonant reflector to single surface reflector when the
output is limited by damage to the 100% reflector. In fact,
equation 2.11., being derived in the steady-state, is not directly
applicable to a pulsed laser. However, we can use it as a rough
guide as 1long as we also take account of the effect on pulse
duration, and therefore on power and damage, of a Tlower reflectivity
output coupler. For a given pumping rate, the pulse duration At

depends on the cavity photon 1ifetime T.» and the initial, final and
threshold  inversions Nis Ny Ny (Koechner 1976), being given
by:

= ni— Ny 213,
AT, = T =g [ 1+ tn (] ne)]

where T, 1is given by

21 2. 14
T. = :
c(L— [n‘R]

in which 1' 1sfﬁecavity optical path Tlength, ¢ the velocity of
Ty’o('{x'm\n [

light, and L theXround trip loss;

1
L 2.15,
=75 T,
in which 0 is the emission cross-section;
n‘ — EStoer . >\ 2‘6
Vhce

where V is the rod's volume; and ne is found graphically.



N

Given L = 30%, we calculate that:

Ato(R=4%)

~ 06
At, (R=15%)

for the typical operating conditions of our oscillator. Taking both
the above factors into account leads to an expected energy increase
of ~1.3 in going to the lower reflectivity mirror, i.e. ~90 mJ
instead of 70 md.

As a low reflectivity mirror one surface of a 30° prism was aligned
in  the cavity. This wedge angle was chosen to prevent the
reflection from the second surface from returning into the laser rod.
The output energy now increased to 105 mJ before the 100% mirror
damaged, an increase by a factor of 1.5, and the pulse duration was
shortened to ~ 25 ns.

A parameter of interest was the energy incident on the 100% mirror.
This was found by measuring the amount of light reflected off one
surface of the negative telescope lens, as shown in Figure 2.3. The
lenses in a high power laser resonator must generally be tilted by a
small angle, so that there is no danger of a reflection from a curved
surface being focussed to a small spot in another optical component
and causing damage. For this reason the vreflection from the
negative telescope 1lens is accessible and has an energy of ~ 4% of
the intracavity intensity, this being the reflection coefficient for
an uncoated glass surface. This way the damage threshold of the
coated 100% mirror was found to be 26 mJ in a 25 ns pulse.

By expanding the beam onto the 100% mirror, it was hoped that this
problem of damage could be overcome. Two methods of doing this were
attempted, using either a second telescope or a series of beam
expanding prisms (Figure 2.4.).
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Unfortunately it proved impossible to obtain a good TEMoo beam with
the telescopic arrangement, because the alignment of and the spacing
between the two lenses of the expanding telescope was critical.

Prisms with internal angles of 300, 60° and 90° were used as
beam expanders. The external angle of incidence on face a (see
Figure 2.5.) for a 90° angle of incidence on face b s 48° if the
refractive index 1is 1.5, which gives the maximum expansion. In the
plane of expansion the beam increases in dimension by a factor of
1.29, and this 1is also the factor by which the area increases. It
was found that with two prisms, giving an increase 1in beam area of
(1.29)*
to 140 mJ before the mirror damaged. The energy incident on it was

= 1.66, the output energy from the Taser could be increased

40 md, monitored by wusing one of the reflections from the prism
faces. The power reflection from the face a for light polarized in
the incident plane can be calculated to be 0.5%, the value is low
because 48° is close to the Brewster angle of 56°. For the face
b the reflectivity is ~ 4%, so the round trip loss introduced by
each prism is ~ 9%.  When three or four beam expanding prisms were
used, the output energy could not be increased beyond 145 md, because
the increased pumping required to overcome the higher losses was such
that  superradiance depleted the inversion 1in the rod before
Q-switching took place. It is anticipated that the performance of
the Tlaser incorporating beam expanding prisms could be significantly
improved if the prisms were constructed in such a way that the
incident beam was at Brewsters angle on face a, and by having face b
anti-reflection-coated (on at least some of the prisms) to reduce the
losses.

2.2.1. A prism reflector of high damage threshold

The next approach to the problem of damage 1in the
contracted beam end of the resonator was the design and
construction of a prism reflector giving total reflection
without the use of coatings or roof edges. This is
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Figure 2.5 A beam expanding prism.
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described in Appendix I and some of the details are
discussed below. The reflector consists of an anti-
resonant ring (Fiqure 2.6.), 1in which a beam-splitter
divides the incident beam 1into two counter-propagating
beams, which then re-combine at the beam-splitter. The
transmitted beam 1is the superposition of the clockwise
circulating beam, which undergoes two reflections at the
beam-splitter, and the anti-clockwise circulating beam,
which undergoes two transmissions through the  beam-
splitter. For the device to work it is necessary that
the intensity in the transmitted beam be zero, then the
reflected beam carries all the power. Two conditions
must be satisfied for this to be the case: the two beams
must be in exact antiphase, and they must be of equal
intensity. In 1970 McGeoch wused frustrated total
internal reflection (FTIR) to form the beam splitter and
in 1981 Vanherzeele et al employed the same technique.
We, however, chose to use an air spaced Fabry-Perot
interferometer, formed by the two surfaces of adjacent
identical prisms, which also perform the task of
circulating the beams. This  arrangement has the
advantage that all the reflecting surfaces can be
accurately aligned relative to each other during
manufacture; and also the Fabry-Perot beam-splitter is
more convenient than one utilizing FTIR, which requires a
very narrow liquid or air space of typically a quarter of
a wavelength thickness.

What is not obvious at first sight is that the two beams
which constitute the transmitted beam do indeed cancel
each other to give zero intensity, when the angle of
incidence upon the Fabry-Perot and its spacing are such
that the incident beam is split 1into two equal parts.
This we will now show.

18



Consider an anti-resonant ring as shown in Figure 2.7.a.
Figure 2.7.b. shows the Fabry-Perot surfaces in more
detail. We will consider a single ray dncident on the
interface as shown. The refractive index of the gap is
Ny and that of the medium either side (in this case
glass) is ng. The amplitude vreflectivity in going

from N to n, is r , while that going from n, ton
1

1
is r', and the transmission in either direction is t. We
want to find the amplitude of the transmitted light beam.
We Tlet the optical path length round the ring from
point A to point D (AD) (which is equal to that from C to
F, or G to H etc.) becc. First we consider rays that

reflect twice from the etalon, like this:

<)

The transmitted field resulting from a reflection at A,
circulating round the vring to D and the subsequent
multiple reflections, is:

Y y
E, = E eiwt |: r (1= "‘_is):| e ¥ 2.17
(]

I — r*e

In this expression, the term in brackets 1is the usual
result of multiple reflections from a single ray incident
(in this case at point D) on an etalon. The phase shift
e“icc results from the optical path length round the
ring, and r is the amplitude vreflection coefficient at

point A. & is the usual Fabry-Perot phase shift

§

_2}\_11' 2hn,d cos ©

where d is the etalon spacing and O the angle of
incidence on the internal face.

138
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Figure 2.7(b)  Ray diagram for the Fabry-Perot interface.



There is another term resulting from the ray path AFGH:

E,, = EeM [%} e e 2.18
and AFGKLM:
Et1= Ee;wb[%;;z_)] P2 i giee oo 2 14,
and so on.

The sum of all these terms is:

By = Bgg * B P Epp v e
which simplifies, remembering that r = -v', to
-5 2
_ wt - | P{1—e7?)
Ey = Eemter | Tt 2.20

This 1is the product of two Fabry-Perot reflection

expressions as one would expect.

The second contribution to the transmitted intensity
results from two transmissions through the Fabry-Perot,

Tike this:

The first term is due to the ray path AFCD:

+ 1 . .
Eéc = EeMt [T:%gj] L 2.21.



This time the term in brackets is the wusual expression
for multiple ray transmission from a single ray incident
on a Fabry-Perot. The next terms are AFGKJH:

2’ ’ « .

El — Eeiwt t — e-noce--s [.:1 r.’- 6—15 222

t §

t I — r\le’ ]
and

! ;Wt' tl -l '15 '4- -'1.15
E,,=Ee [Tjjjjzrg e Er 213
and so on.

1 _ !

The sum of these terms Et = Eto + t1‘+ £} 2

simplifies to:

7 2 .
Elt _ E w}t e—loL [_t—“s] c-|$ 224’

| — r-e

which, as expected, is the product of two Fabry—Perot
transmission expressions. The  total transmitted
amplitude is the sum Ex = E, + E,:

A similar analysis gives an expression for the reflected
field amplitude:

. p-i® 2
E = 2Eefe e [r“ ¢ )] [ : zﬂ] 2.26.

| — pre® | — rve
i 144 ‘!’-—-ETE:_
and the intensities are found to be: £z = =7 =T =
4'(6—8c055+2c0525)-{-4—r2t+(c05$-—l)+t8 227

B
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IR___EREf: 8t“"r“(|—was} - R

2.28.
E* g2 B
where B = (1 - 2r2 cos§ + r4)2 2.219.
21’{" d_ tcm(e,—'@,.)
= = cos®, : r=
and 8 A Z 1, R tan (0,-]— 91)

for 1ight polarized in the plane of incidence, O,andé&
are the internal and external angles at the Fabry-Perot
surfaces.

Now, given A and n,, if any combination of ®, and d
are chosen so that the power reflectivity (and trans-
missivity) of the Fabry-Perot beam splitter is 0.5, it
turns out that R = 1 (and T = 0) which is precisely
what is required for the anti-resonant ring to work.

Having shown that an anti-resonant ring incorporating a
Fabry-Perot should work, a practical device was designed
and this is shown in Figure 2.8. The parameters Oz, d,
and the prisms' dimensions and angles were decided upon
as follows. Firstly, we notice that at one point the
circulating beams cross the Fabry—Perot interface at
normal incidence and at this point the reflectivity can
be arranged to be zero by setting d as a multiple of A/2
We chose d = A= 1.06 um.  Then O, was fixed at 40.56°
to give 50% vreflectivity, the prism material being BK7
glass with a refractive index of 1.507 at 1.06 M. A
Brewster angle entrance was required and this determined
the angle o¢ = 6.98°, and in turn A = 110.28°,
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Geometrical considerations show that the maximum TEMoo
spot size w that can be accommodated by the prisms is
limited by the length of the face A according to:

A = 9.87 w 2.30.
and that the lengths A and X are related by:
X = 2.37 A 2.3l

Here it is assumed that, if the effective aperture
presented by the prisms is greater than 3w, negligible
truncation of the beam occurs. The reflector was
designed to cater for spot sizes of up tow = 1.5mm.
Allowing O.5mm at each end of the face A led to
dimensions of: A = 15.8mm, X = 37.5mm.

Two identical prisms were manufactured by I.C. Optical
Systems by cutting a single prism in half. The angles
ocandpwere accurate to =+ 1 minute of arc whiie the
bases were perpendicular to the reflecting surfaces to

+2 seconds of arc. The gap of A between the two prisms
was created by evaporating two dielectric coatings along
each edge of the longest face of one prism (the Tlongest
faces being the Fabry-Perot surfaces) to leave the centre
of the face clear and then firmly clamping the two prisms
together. The prisms were mounted together on an
optical flat to ensure that all the reflecting surfaces
were perpendicular to the same plane. They were then
clamped into a holder giving access to the transmitted
beam and this 1in turn was mounted in a conventional
mirror mount having micrometer angular adjustments.



The reflector was tested firstly for accuracy of
construction and the vreflectivity was also measured
before it was used in a Taser oscillator. The most
critical dimension of the reflector is the Fabry-Perot
spacing, since this determines the reflectivity of the
interface and the reflectivity of the device. The
reflectivity as a function of ﬁ} can be estimated using
equation 2.28., remembering that this equation was
derived assuming zero reflection at the normal incidence
traversal of the beam splitter. However, if ﬁ% varies
from 0.8 to 1.2, the reflection at this point 1is Tess

than 5%, and R, as given by 2.28, is always greater than
99%.

The parallelism between the prisms and between the prisms
and their base was checked by visually observing any
interference fringes created between these surfaces.
The beam-splitter faces had no fringe across the length
of the face, indicating an excellent parallelism to less
than approximately 1 second of arc. The parallelism
between the prism bases and the optical flat was
estimated to be as much as 5 seconds out, nevertheless
this did not appear to significantly degrade the
reflector performance.

The device reflectivity was measured in two ways, firstly
by wusing as the incident beam the horizontally polarized
TEMoo output from a Nd:YAG laser. A  beam-splitter was
used to monitor the incident and reflected beams and
measurement indicated a reflectivity of greater than 95%,
although this was of 1limited accuracy ( == 5%). The
transmitted beam contained approximately 1% of the
incident energy and consisted mainly of light polarized
orthogonally to the incident beam. This suggests that
some strain-induced birefringence was present. In a
second more accurate reflectivity measurement, the
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reflector was used as one mirror of a Nd:YAG laser. The
lasing threshold was compared with that obtained when one
mirror was a conventional 100% multilayer mirror, and the
two threshold energies were equal to within < 0.5%,
indicating a reflectivity of > 99%.

Having demonstrated that the prism pair had the desired
reflectivity, it was incorporated into the Q-switched
oscillator described above, to test its power handling
capability and to try and increase the output energy of
this Taser. A Q-switched TEMoo output of 185 md was
obtained before damage occurred, which was ~ 45 mJ
greater than previously possible. At this Tlevel the
energy incident on the vreflector was measured to be 47
md, 1i.e. about twice that which a multilayer total
reflector could sustain. Reliable  damage-free
performance was possible if the output was maintained at
or below 150 mJ.  The damage occurred at the Fabry-Perot
beam splitting surface at the point where the incident
beam hits it. At this point there are two sets of
overlapping standing waves arising from the incident and
reflected waves and from the beams circulating in
opposite directions around the ring (Boling et al, 1973).
Thus , the maximum intensity at this point is considerably
higher than the incident intensity.

An interesting possible further development of the
reflector s shown in Figure 2.9. By making the spacing
d variable and controlled, for example, by piezo-
electricity, the reflector could be made tunable over a
wide range of  wavelengths, limited only by the
transmission range of the material, and in addition the
reflectivity could be varied continuously from 0 to 100%
at any particular wavelength.

27
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To conclude this section we summarise the three
telescopic oscillator configurations that give good high
power TEMoo mode performance. Taking the output from
the contracted beam end of the resonator through a
resonant reflector gives up to 100 mJ in a 30 ns pulse.
Taking the output from the expanded beam end of the
resonator through a single air/glass surface output
coupler again gives up to approximately 100 mJ in a
slightly shorter 25 ns pulse when a conventional 100%
mirror is used in conjunction with beam expanding prisms
in the contracted beam end. If the 100% mirror with
beam expanders are replaced with the prism reflector, the
output Tevel is increased to 150 mJ in a 25 ns pulse.

Which of the three designs is the most appropriate for a
particular application depends upon the chief require-
ment. If high power 1is of primary importance, then
clearly the third design incorporating the prism
reflector would be the choice. However, the first
design 1is simpler and cheaper and Jlends itself more
readily to modification by introduction of line narrowing
components. Thus, 1in applications where a narrow line-
width is desirable, this design may be the most sensible
choice. We discuss narrow linewidth operation of high
power Q-switched lasers in the next section.

2.3
Narrow linewidth and single longitudinal mode operation

The principle of single longitudinal mode operation of a
laser is similar to that of single transverse mode
operation mentioned briefly above - it 1is necessary to
increase the round trip Tlosses for all the unwanted
modes, so that during the 1lasing period none of them
attains an intensity which is significant compared to the
dominant mode intensity. The amount of round trip loss
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necessary depends upon the number of round trips during
the Tasing period, a small number of round trips demands
a high round trip loss for the unwanted modes; while
many vround trips means that less loss need be introduced.
Because the longitudinal modes of a laser cavity differ
from each other in frequency, the Tosses for the unwanted
modes are introduced by using frequency selective
components such as etalons or resonant reflectors.

A high gain laser such as Nd:YAG 1is generally "“fast"
Q-switched. By this we mean that a switchable intra-
cavity loss mechanism prevents any lasing until a Tlarge
population inversion has built up at the end of the
flashlamp pump pulse. The loss 1is  then suddenly
sw{tched off allowing the build up of a giant high power
pulse in a duration of a few tens of round trip times.
The problem is that, because there is such a small number
of round trips, the amount of 1loss that must be
introduced for the unwanted modes 1is greater than is
conveniently  possible using etalons or resonant
reflectors. These components can provide only a small
amount of discrimination between adjacent cavity modes,
because  the mode frequency spacing s small. The
adjacent mode frequency spacing is:

AVL = 2.32.

<
2L

which, for a 1lm 1long cavity, 1is only 150 MHz (0.005
cm'1 ) The solution to this problem lies in increasing
the number of round trips taken for the Q-switched pulse
to build up, so that even with moderate discrimination
between modes, one mode will dominate all the others.
This  technique 1is described as pre-lase Q-switching

(Hanna et al, 1972, two papers).
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Theory of pre-Tase Q-switching

In pre-lase Q-switching, the intracavity losses are not
kept at such a high Jevel that all lasing is prevented
until the moment of Q-switching, as in fast Q-switching.
Instead, they are kept at a Tevel such that there comes a
time during the flashlamp pump pulse when the population
inversion, and therefore the gain, have increased to the
point where the gain just exceeds the loss and Tlasing is
able to take place at a very lTow intensity. This Tow
intensity lasing continues for hundreds of round trips,
during which time a single longitudinal mode can become
dominant if a moderate amount of mode selection is
present. The cavity loss is then switched off
completely, and the oscillating single mode is amplified
into a giant Q-switched pulse. Thus 1in pre-lase
Q-switching the Q-switched pulse builds up from an
established single mode, whereas in fast Q-switching it
builds up from multimode noise.

To calculate the amount of mode selection necessary in a
pre-lase Q-switched Taser, it is useful to know how many
round trips take place and what the powers in different
modes are at the end of this period. It was shown by
Sawyers (1981) that if a mode n reaches threshold at time
tn and then continues to grow over aq, round trips
cach of time T, then the power Pn in that mode 1is given

by:

-

n 9
Ph(tn""{nﬂ = Ro (R Rz)q” exp |:20*,\[.Z N(t,,—i—(crp)’]’):l 2.33,

Here Pno is the noise power in mode n, o is the
stimulated emission cross section for the n'th mode, 1 is
the Tlength of the 1lasing medium and N(t) dis the

population inversion at time t. R1n and R2 are the
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resonator mirror reflectivities. The effect of
frequency selective elements in  the resonator is
accounted for by writing them as equivalent frequency -
dependent (and therefore mode number dependent) mirror
reflectivity Rln; R2 is frequency independent.

For fast Q-switching the inversion 1is almost constant
during the few tens of round trips it takes to build up
an appreciable laser intensity from noise (see for
example Koechner, 1976), so equation 2.33 simplifies to:

P (t)= K, (R. R,_)in exp [20‘,, LN(Es) q_n:| 1.34.

n

where tS is the time at which Q-switching occurs. Now
the Tinewidth r; of Nd:YAG s 120 GHz (4 cm'l) which
is about 800 cavity mode spacings for a lm Taser cavity,
so 0, is approximately constant for adjacent cavity
modes near the centre of the gain curve. Therefore, if
we compare 2.34 with a similar expression for the
adjacent mode m, the exponential terms (which describe
gain narrowing) will be much Tess significant than the
terms (RlnRZ)qn and (leRz)qm which describe
the narrowing due to frequency selective elements. We

notice that these terms depend strongly on gq_. and Uiy

and they therefore become very important 12 pre-lase
Q-switching when dq, and Oy become Tlarge. However,
2.34 1is not wvalid in pre-lase Q-switching because the
inversion is not constant during the build up time. We
assume it can be approximated by a linear relationship of

the form:

N(t) = ¥t + constant 2 .35,

where % = dN(t) is the pumping rate. By using 2.35
b
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in 2.33 it can be shown that the ratio of powers in two
adjacent modes n and m is given by:

fn%_?) — [Rm]?ﬁ' 2.36,

—_—

le

_ €
= 9T To (e 8LT

where GLef—f, = I ; i

_[ln (P./P0s) 4 €
L—(wo)‘él.’l" }" 40 (wo)¥LT 237

Here it has been assumed that mode n reaches threshold
first; that ¢, = 0, = o (W,) and that R,n/R,m can be
written in the form 1 + €. 2.36 and 2.37 are the main
results of the theory. For SLM operation a certain
power ratio Pn/Pm is  required. Rln’ le are
decided by the mode selectors chosen, and Qoff is
influenced by them also, via the number € in 2.37.

2.3.1.
Application of mode selection

We now discuss how the application of mode selecting
elements influences the Tlinewidth of the laser output.
In general the spectrum of the 1laser will contain a
number of Tlongitudinal modes (as 1in Figure 2.10) each
with frequency spacing zﬁyi . The Tinewidth [M is defined
as the FWHM of the envelope, in other words:

P(w,,:tf—) = Pl

2 2

For SLM operation one can demand that:

[T < 2 Ay, 2.39.

—_— 2.38.
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but then the adjacent mode may still contain a
significantl amount of power. A more useful criterion is
that the ratio of powers N between dominant and adjacent
modes:

N = 2.40,

be smaller than some arbitrary value. In our work this
corresponds to less than 1% modulation on the temporal
profile of the Q-switched pulse. It can be shown (Hanna
et al 1981) that:

N = -%%%7 241,

where K is the fractional modulation 1in the temporal
power output. Thus for 1% modulation K = 0.01 and N =
105. Using this in 2.36 gives the condition necessary
for SLM operation

qeff-
g

To calculate laser linewidths all we need to know now are
values  for Rln' Frequency selective Tlosses are
introduced into Taser cavities using either etalons with
their  frequency selective transmission, or resonant
reflectors with frequency selective refiection. They
are specified by the free spectral range A g the
finesse FE and the contrast CE:

_ 1
Ae = 7 243,
Fe (1_‘ R) 244,

L
c. =(‘+R) 245,
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where R = ‘/RlRZ (Rl and R2 are the face reflec-
tivities), n is the refractive index and t the thickness.
It can be shown (Sawyers, 1981) that for an etalon:

le\

~ |4+ €. 2.46.

247

2
Where €r = 2 (—Z&)

Ae

is the fractional discrimination per round trip, in which A
is the frequency difference between modes n and m;
and for a resonant reflector:

R
— N~ 1 & 1.48
G
2
where € = (TLA)—:—:— 2.419.
s S

Substituting 2.46, 2.48 and 2.38 1into equations of the
form of 2.33 or 2.34 leads, after some manipulation, to
expressions for the Tlaser Tlinewidths under various
conditions of fast or pre-lase Q-switched with or without
mode selection.  These we summarize below:

1. Fast Q-switched without mode selection:

ln 2 K
QQ—'Q (zwwnLAmg)1> 250

Using typical values for N(t.) = 3 x 1017 em™3 and

g = 30 we find T“FQ ~ 0.3 cm .
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2. Fast Q-switched with mode selection:

With a resonant refilector:

l/,L
noo (Ce “’Z) 24 2.51.
FQRR % T
A typical resonant reflector might have parameters R =
4%, t = 6m, n = 1.5, so C = 1.17, Z}E = 0.555
cm'l, and then [‘}QRR = 0.058 cm'l.

With an etalon:

I"'l

FQE

(Lh 2 )Vz‘ . AE. 2.52.
q Fe

A typical etalon with R = 65%, t = 1lcm, n = 1.5cm, FE =
7.6, Ag = 0.333 enl leads  to a Tinewidth of
1

F}QE = 0.007 cm "

3. Pre-lase Q-switched with or without mode selection:

[t turns out that the three relevant equations are once
again 2.50, 2.51 and 2.52, but of course q is now much
greater, being of the order of 600. We find that
without mode selection F“PLQ = 0.067 cm-l, and with
mode selection using the same examples as above [

] 3 PLQRR
= 0.013 cm * and [ = 0.0016 cm™".

PLQE ~
In practice, if one wants narrow Tlinewidth or  SLM
operation, it 1is necessary to use both an etalon and a
resonant vreflector. This is  because to ensure
sufficient discrimination between adjacent modes, the
transmission (or reflection) bandwidth A e/Fg has to
be narrow, which implies a small free spectral range ZXE.



(The finesse of an etalon 1is Tlimited because as R is
increased, so the etalon has to be tilted further to
prevent lasing off its surfaces, so increasing insertion
and walk-off Tlosses; also the intensity inside the
etalon increases leading to possibility of damage.) If
Z&Eis small then 1lasing may occur on a longitudinal
mode one free spectral range of the etalon away, as in
Figure 2.11, although not on the adjacent mode. In this
situation a resonant reflector with a broad reflection
bandwidth centred on Wi
will prevent the lasing of the modes with frequency

shown dotted in figure 2.11,

wO:t A £ Alternatively, a thick resonant reflector
for adjacent mode selection can be used with a thin Tow
finesse etalon. Another alternative, though more costly
approach, is to use a thick etalon of high finesse with
X/4- plates either side, separated from the Taser rod by a
polarizer (Hanna, Koo, Pratt, 1983). In this way the
etalon can be used at or near normal incidence minimising
walk-of f losses.

In the theory above it is assumed that the Tongitudinal
mode of interest (in the case of SLM operation) lies on
the centre of the laser gain curve and also at the centre
of the pass or vreflection-band of the mode selecting
elements. Of course, in a real laser this 1is not
automatically the case, the modes drift about due to
thermal variations in the optical length of the cavity.
Hence even if the criterion for SLM operation (equation
2.42) is satisfied, a certain proportion of shots will be
2-mode. The ratiot of SLM shots to shots containing an
unacceptable amount of mode beating 1is (Hanna and Koo,
1982):

. X A 2.53.
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Clearly, however much mode selection is used, there will
always be occasions when two Tongitudinal modes fall
symmetrically either side of an etalon passband peak,
resulting 1in 2-mode oscillation. It would appear that
only by stabilizing the cavity optical Tlength to a
fraction of a wavelength can SLM operation be guaranteed
on every laser shot. The principal cause of variation
in  the cavity length is heating and consequent expansion
of the laser rod as it absorbs energy from the flashlamps
during the pumping pulse. The cavity length tends to
sweep during the pump pulse because of this and Hanna and
Koo (1982) have exploited this phenomenon to actually
improve SLM operation. Enough mode selection is used to
ensure  that, at most, two Tlongitudinal modes can
oscillate at one time. The mode selection is chosen so
that if two modes do oscillate together, they are
adjacent modes. The pre-Tlase period of lasing consists
of a sequence of relaxation oscillations, which are about
0.5 fLS Tong at intervals of ~ 5§ /AS, each of which s
then either single or two-mode. These are monitored
using a photodiode and the signal is amplified and
filtered electronically before being used to trigger the
pockels cell Q-switch. The filter 1is tuned to the
adjacent mode beat frequency AY, which is around 130
MHz, and if beating is detected no trigger signal is fed
to trigger the pockels cell open. However, if no
beating is detected the pockels cell is triggered open.
This way the laser is Q-switched only when a SLM prelase
pulse is available for amplification. Since the 1laser
cavity length is sweeping during the pump pulse, then
there will always come a time when one TJongitudinal mode
has been swept to the centre of an etalon or resonant
reflector band peak, giving a SLM pre-Tase pulse.
Hence, every laser shot is SLM.

In the next section we describe how spatial hole burning
in SLM lasers can be overcome.
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2.3.2. Spatial hole burning and its prevention

An effect encountered when a laser is run on an SLM is
that of spatial hole burning 1in the laser rod. The
radiation inside the cavity would normaily consist of a
plane-polarized standing wave, which depletes the
inversion at the antinodes, but not at the nodes, Tleaving
planes of wundepleted inversion separated by A/Z . A
second Tongitudinal mode of a different frequency whose
nodes fall at the antinodes of the first mode may then
feed on this unused inversion. This second mode appears
as a second smaller pulse emerging from the laser after
the main Q-switched pulse (with a delay of typically
200 ns) although sometimes the two overlap causing
beating. Spatial hole burning may be eliminated by
placing quarter wave plates round the rod, which produce
a helical nodeless standing wave which utilizes all the
inversion.  This arrangement is shown in Figure 2.12.

The fast (or slow) axis of the plate A nearest the
polarizer must be at 45° to the polarization axis.
The fast axis of the second plate B must be either
parallel or perpendicular to that of.A, though it doesn't
matter which, as we will now see. Consider axes as 1in
Figure 2.12, with a beam plane polarized at 45° to the
x and y axes and incident wupon A travelling along the
positive z direction. If we write the electric field in
region 1 in the form:

Exy = X sin(kz-wt) 2.54,
Ey; = ¥ sin(kz-wt) 2.55
where Y, y are unit vectors in the x and y directions

then the field 1in 2 after passing through A (with fast
axis parallel to X) is:
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Ex, X sin(kz-wt) 2.56

EY, Y sin(kz-wt + r ) = ¥ cos(kz-wt) 2.57
Suppose, firstly, that plate B has its fast axis parallel
to X, that s, parallel to A's fast axis (as in figure
2.12), then in 3 the field is:

Ex sin(kz-wt) 2.58

3 X

¥ sin(kz-wt + ) = -§ sin(kz-wt) 2.59

Ey3

After reflection the fields have the form:

Exy = X sin (kztwt) 2.60
Ey3 = =¥ sin(kz+wt) 2.61
E&z =X sin(kztwt) 2.62
£y, =¥ sin(kztut-1) = Jeos(kz+ut) 2.63

(Note that in 2.63 E&z has a phasé relative to E&Z

of-%% (not + %{ ) since the waves are now travelling in
the negative z direction )and

i

Ex; = R sin(kz+wt) 2.64

E&l -9 sin(kztwt -T) = 5 sin(kz+wt) 2.65
The total field in 2, where the laser rod is situated, is
therefore:

Ex2T =X sin(kz-wt) +X sin(kz+wt)
2% sin(kz)cos(wt) 2.66

]

43



E

it

¥ cos(kz-wt) + § cos(kz+wt)

y2T
2¥ cos(kz) cos(wt) 2.67

il

This represents a helical standing wave with no nodes or
antinodes, therefore no spatial hole burning occurs.

Now suppose plate B has its fast axis parallel to y, that
is, perpendicular to that of A, the outward wave in 3 now
becomes:

Exy = X sin(kz-wt +L) = X cos(kz-wt) 2.68

Ey3 =y sin(kz-wt +;% ) = Y cos(kz-wt) 2.69
and the reflected wave in 3 is:

Exg = X cos(kz + wt) 2.70

E&3 = Yy cos(kz + wt) 2.71
and in 2 it is:

Eiz = X cos(kz + wt -%) = X sin(kz + wt) 2.72

E&Z = ¥ cos(kz + wt) 2.73
and in 1 for completeness:

Ex; = X sin(kz + wt) 2.74

Ey; = ¥ cos (kz + wt -I) = X sin(kz + wt) 2.75

Hence the field in 2 1is exactly as for the case of
parallel fast axes, and once again no spatial hole

burning occurs.
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This result, i.e. no spatial hole burning for either
orientation of plate B, was verified experimentally.

2.4. Experimental work on the single mode oscillator

The first experiments devised with the ultimate aim of a reliable
single longitudinal mode oscillator examined the possible use of a
three surface resonant reflector. Subsequently a  pre-lase
Q-switched Tlaser was built incorporating an etalon and resonant
reflector, and later the single mode detector <circuit was added to
this.

As discussed above, sufficient discrimination between adjacent modes
can be achieved by using a resonant reflector of narrow reflection
bandwidth, which implies that it must be thick. However, in this
case, the reflection maxima are so close together that they too must
be discriminated against, either by a thin low finesse etalon or a
thin resonant reflector. The Tlatter was attempted using a three
surface resonant reflector (Figure 2.73) consisting of a 6mm glass
resonant reflector aligned with one face of a wedged glass plate,
these two components being separated by air to provide the large
spacing, which could therefore be varied.

The arrangement was used in a fast Q-switched telescopic resonator,
with the output from the small beam end. When the plate was
misaligned every laser pulse was very strongly modulated in
accordance with multimode operation. (Notice this is the situation
used in the example on page 37, in which the linewidth was calculated
as 0.058 cm'l, equivalent to 12 TJongitudinal modes).  When the
plate was aligned 13 cm from the solid resonant reflector, (about one
eighth of the cavity optical length), 10% of pulses exhibited
modulation with a period of 7 ns corresponding to adjacent mode
beating. In this  situation one finds from equation 2.51 that
F*FQRR = 0.004 cmnl, implying single mode operation. When the

air space was increased to 25 cm, (I’ = 0.002 cm_l) no adjacent

FQRR
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Figure 2.14  Schematic diagram of pre—lase Q-switching electronics.
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mode beating was seen, but slight ripples of shorter period could be
observed on 10% of shots. Now the FSR of a 25 cm resonant reflector
is 0.02 cm'l

suspected that the Taser was oscillating on two modes at this

, which is only 4 adjacent mode spacings, and it was

frequency spacing and that the beating, being instrument-limited, was
not observable. To check this the laser output was frequency
doubled to the visible 532 nm, in the green, transmitted through a
Fabry-Perot etalon and focussed onto a screen. The resulting ring
pattern confirmed that the laser was indeed running for some of the
time on two modes with this frequency spacing. Out of interest a
thin tilted intracavity etalon was inserted to prevent this, although
admittedly it defeated the object of the three-surface resonant
reflector. This eliminated the problem temporarily, but after
several minutes variation of air pressure and temperature detuned the
resonant reflector relative to the etalon. In fact an inherent
defect of the three surface resonant reflector is that the thick air
spaced part needs to be kept in tune with the thin glass resonant
reflector and this can only be done using temperature and pressure
controllers. Consequently, this scheme for a single mode fast
Q-switched Tlaser was abandoned 1in favour of more modest mode
selection used with pre-lase Q-switching.

Because of 1its simplicity and ease of 'a1ignment the telescopic
resonator with the output from the narrow beam end was used as the
basis for a pre-lase Q-switched laser. A schematic diagram of the
electronics 1is shown in Figure 2.14. Firstly, the pulse generator
triggers the Pockels cell driver to close the cavity (high voitage on
the Pockels cell) and at the same time triggers the flashlamps so
that the inversion builds up in the rod. Pre-lasing 1is detected
with a PIN photodiode using the light ejected from the cavity off the
polarizer.  When the power reaches a certain level (of the order of
a few Watts, typically) the signal from the photodiode is enough ( fV
across 10002 ) to trigger the Marx bank, which in turn triggers the
Pockels «cell open. For mode selection a 6mm resonant reflector was
used, together with a 10mm tilted etalon with face reflectivity of
72% placed between the 100% mirror and the laser rod. From
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equation 2.52 we find that [ PLAE ~ 0.0012 cmwl with this etalon,

which is comparable to the linewidth of a single longitudinal mode,
so this should be quite adequate for SLM operation. Notice,
however, that we have ignored the effects of walk-off (Arnaud et al,
1974).  This laser produced SLM output on about 80% of shots. The
other 20% showed varying amounts of adjacent mode beating. Equation
2.53 predicts that 85% of shots will be SLM. To increase this
percentage to 100% the beat detection circuit was built with the
guidance of J. Koo and D.J. Pratt and added to the 1laser. The
circuit is shown schematically in Figure 2.15. The system worked in
that every pulse from the Taser was single mode. Observations of
the pre-lase signal revealed that the laser was usually Q-switching
on the first pre-lase pulse, sometimes on the second and occasionally
on the third or fourth pulse. Moreover, there were shots when the
laser did not Q-switch at all, meaning that no SLM pre-lase pulses
with intensity great enough to trigger the Marx bank occured during
the pre-lase period. The number of pre-lase pulses could be
increased by Towering the Pockels cell hold-of f voltage, but then the
energy lost during pre-lasing is increased - measured at ~ 2% of the
total energy in each pre-lase pulse. The obvious remedy is to
increase the optical mode selection by, for example, wusing a thick
(say 7.5 cm) vresonant reflector with a thin tilted intracavity
etalon.  Although this, in theory, does not give a significantly
narrower linewidth, ( r1PLQRR = (0.,0011 cm'1 from equation 2.51), a
resonant reflector does not suffer from walk-off Tloss so its mode
selectivity is higher.

The effect of spatial hole burning was observed on the Taser when it
was pre-lase Q-switched and oscillated on a single mode - a second
pulse emerged about 200 ns after the first, containing perhaps 20% of
the energy. This was eliminated when suitably orientated quarter
wave plates were placed around the laser rod, when the energy 1in the
Q-switched pulse increased by an amount corresponding to that in the
second pulse when the plates were absent. The energy available from
this Tlaser was still Timited to 100 mJ by damage to the resonant
reflector.
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Having arrived at and built an efficient high power single transverse
and longitudinal mode oscillator, the next step was to increase the
energy and power by amplifying its output. In the next chapter we
examine and discuss the properties and problems of amplifiers.



CHAPTER 3
Laser amplification

In its simplest form a laser amplifier consists of a length of pumped
gain medium through which the oscillator output passes once. Its
purpose is to increase the beam brightness B = P/AN,where P is the
power of the output from area A, with beam solid-angle divergence f1.
Clearly then, gain and energy extraction are the main considerations
when designing or choosing an amplifier. In an ideal amplifier
these would be the only considerations, but in a real system it s
also necessary to take into account distortions of wavefront, pulse
shape and polarization state, as well as superradiance or pre-lasing
caused by feedback.

We first consider pulse amplification in which saturation effects
cause temporal changes and then go on to examine thermally induced
wavefront and polarization distortions.

3.1. Theory of pulse propagation in a laser amplifier

We refer to the paper by Frantz and Nodvik (1963) in which the growth
of a radiation pulse traversing a medium with an inverted population
is described by non-linear time dependent photon transport equations,
which are solved for an arbitary input pulse and initial population
inversion distribution. We modify the theory for a four-level
system.

A beam of monochromatic light is incident on the surface of the gain
medium, which occupies the space O<x < L. The number density of
active atoms in the excited state is N(x,t), while the density of
ground state atoms may be taken as zero. The photon density is
n(x,t). If c is the velocity of 1light 1in the medium and o the
emission cross section, then the photon transport equation is:

ox

ﬂ+c(5"> — ogcn N 3.1,
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We assume the laser line is homogeneously broadened and that there is
negligible absorption.

Spontaneous emission is neglected because the radiative T1ifetime of
the excited state 1is Tlong compared to the duration of Q-switched
pulses. The rate of increase of photons given by the right hand
side of 3.1 1is equal to the rate of decrease of excited state atoms
$0:

an

= oc¢cnN 3.7,
ot

The boundary conditions are the initial upper level population N, (x)
before the beam enters the medium:

N (x,~o0) = No(x) O<x<sbL ; 3.3.
and the photon density arriving at the x = o boundary of the medium:
n(o,t) = n,(t) 3.4

We will not enter into the details of the solution of the equations
3.1 and 3.2 but simply state the general solutions which are:

] ne.(t-x/c) 5
ﬂ(x,t)—j_(]_ &XP["U'L“N‘»(I') clx']).exP[-crcj_t"x/“n,(t')d.t‘] 3
N(x f)’ No (). exp (-o*f:N‘, (x') ch’)

’ _eqﬁaqf*kndde)+ wp&vijdxjdx)—1 3.6.

in the region 0 € x < L.

Further analytical results are obtainable from 3.5 and 3.6 for the
simplest case of a square pulse and this is a useful approximation to
a Q-switched pulse when information 1is required about energy and
gain, but  knowledge of the temporal shape 1is less important.
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However, if knowledge of the temporal evolution of input pulses of
more complex Gaussian or exponential shapes is needed, then 3.1 and
3.2 can be solved numerically (R.V. Ambartsumyan et al, 1966).
Taking a square input pulse of duration T and magnitude Nys

0 0

n (t)y = n 0stsT 3.7
0 otherwise

and a uniform initial population inversion
NO(X) = No = const, 0 x<L 3.8,

3.5. can be evaluated as:

N
n(=x,t)= — ogtb-x<7,
( ) 1_[1_exF("U'ND)<)]_e,xF[—-o‘7(t—x,/c)/"rJ J C >
= 0 y otherwise ,

Here Q = nocﬂ'is the total number of photons per unit area 1in the
pulse.

Light which enters the amplifier at time t leaves it at time t = L,
so for an input pulse no(t) the output pulse is: ¢
n(t) = n (L, t+L/c) 3.10.
or

n(t) = Mo 3.1,

1= [t1—exp(-oN,L)] exp (—O‘Y]t/'T)

To make use of this equation we need to estimate NO and 7 from
experimentally known parameters. To estimate N, we need to know the
stored energy per unit volume in the amplifier rod. To do this
(Koechner 1976) we proceed from 3.11 and obtain an expression
relating the single pass gain G, the saturation energy density Es’
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the input energy density Ein and the small signal single pass gain

GO, all of which are experimentally observable. The Tlast of
these, GO, cah be wused to calculate the stored energy Est and
thence No‘ This value of N, can then be re-inserted into 3.11 and

the temporal change of the square pulse can be calculated.

Now the energy gain for a light beam passing through an amplifier of
length L is defined by:

1
noT

& = J V],_(L')C“T 3.12.

Using 3.11 in 3.12 and integrating we find:

G = 0:\ - ln {1+[exp(o-no’r)—’l:l exp (No o L)} 3.13.

We rewrite this in terms of measurable parameters. The input energy

per unit area is:

E,= nThvy 3 14
and the saturation energy density is defined by:
£, = DY 315,
o

The small signal gain coefficient 9 is related to the single pass
gain GO by GO = exp (gOL) and is given by g, = NOO‘.

Now 3.13 can be rewritten as:

6= E:’n Ln{1+|:exp(-%:—)—1] G;,} 3.18.

The stored energy is given by:

E P hVNO = SOES 317

$
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Equation 3.16 1is a wunique relationship between G, E E_ and

GO = exp(gOL), and is valid for square input pu]ség ovzr the
entire régime from small signal input to complete saturation and is
significant because once one data point is known for an amplifier,
the performance at any other operating point can be calculated.
Thus, for example, the small signal gain can be found from large

signal measurements.

The amplifier used for the experiments described later in this thesis
consisted of a Nd:YAG rod with dimensions of 7.5 cm and a diameter of
9 mm. [t was pumped by twin flashlamps with a pump energy of up to
100 J per shot. The performance of the amplifier as far as energy
gain was concerned was evaluated by measuring the single pass energy
gain at wvarious pumping levels for two input energies, one of which
was close to the small signal régime, defined by GOE(-n/E5<<1.
The results were inserted in 3.16 to give an estimate for Go, and
via 3.17, for No' From 3.15 the saturation energy density of
Nd:YAG (v = 2.83 x 10 Hz, o (effective) = 3.5 x 10719 cmd
(Svelto, 1982)) is 0.536 J cn”°.

are shown in Figure 3.1. The input beam had a spot size of w = 3mm,
and Q-switched inputs of 3.5 mJ (=12.4 mJ cn™®) and 50 md (= 177
2) were used. (At this point we note that we are stretching

The vresults of the measurements

md cm
a calculation which assumes a uniform transverse intensity
distribution to the case of a Gaussian intensity profile). For the
smaller input the maximum gain was 16, so GEEM/ES = 0.37, and 3.16
can be approximated to G~ Gosa exp(gOL). If we re-arrange 3.16,

GO can be calculated exactly:

G = P (GEm/Es)— 1 3.18,

o e'XP ( EM/EE:) —_— 1
At the maximum pumping level, the smaller input gives GO = 19, the
larger gives GO = 23. The stored energy 1is related to GO by

(3.17) ESt = gOES or:
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n G
L.

Eg = - Eq 3.19.

and the corresponding results are 210 and 220 md cm'3. Thus the

total stored energy in the rod volume of 4.77 cm3 is ~1J. The
inversion NO is:
Est -3

- =11 % 1O|8 cm
>

N, =

Having found NO we also need to know 7 in order to deal with
equation 3.11. This is simply:

- _Ein
O—hv

Evaluation of 3.11 for various values of N0 and n, reveals that a

square pulse generally experiences different gains at different

3.20.

positions within the pulse, so that the 1leading edge 1is amplified
more than the trailing edge. This occurs for the simple reason that
the leading edge acquires photons by stimulated emission, which
depletes the population inversion, this depleted inversion being that
seen subsequently by the trailing edge of the pulse. Hence Tless
energy 1is added to the later part of the pulse than to the earlier
part.  The degree of distortion occuring through this effect depends
upon the energy of the incident pulse compared to the initial
population inversion. If the pulse energy 1is small compared with
the energy stored in the gain medium, then relatively few atoms will
be stimulated into emission by the leading edge of the pulse and the
trailing edge will still see a substantial inversion. If, on the
other hand, the pulse energy is comparable to the stored energy, the
leading edge heavily depletes the inversion and the trailing edge
receives much less amplification. These situations are illustrated
in Figure 3.2. In Appendix IV we perform a calculation using
equation 3.11 based on the experimental results described in Chapter
5.
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When the input pulse shape is of a more complex form than a square
shape then, as mentioned before, 3.1. and 3.2 must be solved
numerically. R.V. Ambartsumyan et al (1966) did this for several
input pulse shapes and discovered that the evolution of the pulse
shape depends strongly on the shape of the rising edge of the pulse.
Their results can be summarised by saying that a Gaussian shaped
pulse (which approximates the output pulse shape of a Q-switched
single-mode laser) suffers a forward shift of the peak and is then
shortened as it traverses the gain medium; a pulse with exponential
rising edge assumes a stationary shape; and a pulse with a stepped
rise leading edge is first narrowed (as described above) and then
broadens infinitely, given a Tong enough amplifier.

Having discussed the temporal structure of a pulse as it traverses an
amplifier, we now go on to talk about thermally induced wavefront and
polarization distortions.

3.2. Thermal effects in pumped laser rods

Thermal effects in laser rods arise because of heat generation in the
rod by absorption of pump radiation and the removal of this excess

heat by coolant flowing around the rod surface. The resulting
non-uniform  temperature distribution in the rod causes optical
distortion of the beam due to temperature - and stress - dependent
variation of the index of refraction. These distortions are

predominantly thermal lensing and thermally induced birefringence.
The temperature profile set up 1in the laser rod depends upon the
flashlamp energy and pulse repetition rate of the 1laser. Nd:YAG
lasers of the type described in this thesis are generally operated at
repetition rates of up to ~15 Hz. If the Taser 1is operated at a
repetition rate such that the time between shots is comparable to or
less than the thermal relaxation time of the rod, then at the time of
one pulse there will be a residual temperature distribution from the
previous pulse and over a number of shots a steady state condition
will be reached. When the pulse repetition period is much less than
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the thermal relaxation time, the thermal effects depend upon the
average input power (Koechner, 1976) and they may be quantified using
a steady-state theory. It 1is 1in this régime that the thermal
effects become troublesome. The thermal time constant of the rod is
T = ﬂyk,where o is the radius and k the thnermal diffusivity, which
for Nd:YAG is k = 0.046 at a temperature of 300K. Thus for a 6mm
rod T = 2s, and for a 9mm rod as used for the amplifier described
later in this thesis, T = 4.4s. Hence, even at repetition rates
down to less than 1 Hz the condition is steady state.

Firstly we need to know the temperature distribution, which will in
turn give the stress distribution. These two distributions both
contribute to thermal Tensing, while birefringence is caused by the
stress distribution alone.

The temperature distribution in a cylindrical rod of  thermal
conductivity K in which heat is uniformly generated at a rate Q per
unit volume is obtained from the one dimensional heat equation (see
Koechner, 1976):

d*T (l)(dr

Q
= b — = — = 3.
d r* + r dm*)—k K O 4]

Solving this gives the steady state temperature as a function of
radial position r.  The boundary condition is the temperature at the
rod surface T(ro). It follows that:

TS T

Note that the temperature distribution 1is parabolic and the
temperature gradients inside the rod are independent of the surface
temperature.  The heat generated per unit volume may be written as:

Pa

_ 3.23.
Q ,n,ruﬂ. L



where Pa is the total heat dissipated by the rod of length L.

The temperature distribution 3.22 Teads to thermal stresses 1in the
radial (o r)’ tangential (CT¢ ) and axial ( O‘Z) directions.
These stresses in turn generate thermal strains 1in the rod, which
produce refractive index variations through the photoelastic effect.
The refractive index ellipsoid 1is modified in shape, size and
orientation by the thermal strains. It can be shown that the
refractive index changes 1in the radial and tangential directions
(Figure 3.3.) are:

! 3 x Q 2
An, 7 T X
| 3 oC Q 2 3.25
—_ - —_ = r CAD.
Ah¢— 7 no K Ct{)

where Cr and C¢ are functions of the elasto-optical coefficients of
Nd:YAG and are Cr = 0.017, Cy = -0.0025,0¢ is the thermal expansion
and no is the refractive index at the centre of the rod.

3.2.1.  Thermal lensing

The change of refractive index along a path through the
rod at vradial distance r from the axis consists of two
parts:

n(r): N, + Ah(l")T—l—An(r‘)e 3.26.

where ZS n(rlr and Zln(r)e are the temperature and
stress  dependent changes of the refractive index
respectively. [t can be shown that an optical beam
suffers a quadratic spatial phase variation, which is
equivalent to a spherical lens, and that if the focal
length is Tlong compared to the length of the rod, then
the focal length is given by:

L K(ldn . s)“
{-QL(szﬂc re Do 3.27
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Notice that f has two values, corresponding to the
values  of Cr, for either radially or tangentially
polarized light. A further contribution to the focal
length 1is the result of curvature of the rod faces - the
stress distribution at the ends differs from that 1in the
bulk of the rod. Including this modifies 3.27 to:

_ KA I dn 3 0("‘0("0‘1))-' 18
F== (ZOLTJ““C"‘?”"JF L 328

where A is the cross sectional area of the rod and Pa
the total heat dissipated in the rod. For Nd:YAG the
temperature-dependent refractive index contributes 74% of
the lensing, the stress-dependent part is 20% and the end
face curvature contributes 7%. Equation 3.28 may be
written as:

{=mp 3.24.

in which M contains the material parameters and an
efficiency parameter n such that P, = nPiy- For
Nd:YAG it is found that7==0.05. Putting the material
parameters into 3.28 we find that for a rod of dimensions

ro = 0.45 cm, L = 7.5 cm,

5
{, = 34 x 10 3.30,

Pin

= 3.31.
P

f _ 42 x 10°

¢

for the radial and tangential polarizations respectively.
The two focal Tlengths of a pumped Nd:YAG rod have been
observed by Koechner (1970).

In the amplifier used in the experiments the pump energy
was supplied by the discharge of two lOO/LF capacitors

charged to a voltage V of up to 1000 V. Hence Pin =
V* R where R is the pulse repetition rate.

lo%
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Equations 3.30 and 3.31 now become:

34 x 107
;
jh) = 4_'5'1}; 1o 3.33.

Theoretically fy /f. = 1.2, but workers have found values
varying from 1.35 to 1.5.

3.2.2. Stress birefringence

We now calculate the degree of stress - dependent
birefringence induced 1in a Nd:YAG rod and the resultant
depolarization suffered by a beam passing through it.
We saw earlier in equations 3.24 and 3.25 that the
principle axes of birefringence are orientated radially
and tangentially at any point in the rod cross section as
in Figure 3.3., and the magnitude increases quadratically
with r. We assume the input to the rod is a beam plane
polarized in the x direction. At each point P the
radiation must be resolved into two components along the
directions n. and n, . Since A nr;E‘An¢ these  two
components exit from the rod with some phase difference
(unless P 1ies on the x or y axes) and the radiation will
therefore be elliptically polarized. (If P 1ies on the
x or y axes there is a component of E only along n. or
g respectively). The phase difference § between the
two components due to the refractive index difference is:

§ = % L (Ang—On,) 334,

which, using 3.24, 3.25 and 3.23 may be written as:

g nley-cl B (ry

AK

B4
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Laser rods in either oscillators or amplifiers are often
used 1in conjunction with polarizers and the depolari-
zation caused by thermally induced birefringence then
leads to a loss, because the depolarized part of the beam
is coupled out of the system via the polarizer. Thus it
s useful to know how much of the beam ends up being in
the "wrong" polarization after one or more passes through
the rod. With reference to Figure 3.3, calculation of
this quantity idnvolves writing down the polarization
component in the y direction after (for example) one pass
through the rod at point P, then integrating the
expression over the cross section of the rod. Calcu-
lations of this type will be performed in Chapter 5 and
Appendix III, but for now it is sufficient to say that
the magnitude of the effect can be up to 25% of the beam
being in the '"wrong" polarization after a single pass
through a strongly pumped rod.

3.3. Further signal distortion in amplifiers

Although thermal lensing and thermally induced birefringence are the
most apparent aberrations of Nd:YAG amplifier rods, there are several
other spatial distortions of smaller magnitude which we briefly
describe.

1. Nonuniformities in the active material may cause permanent phase
aberrations. Nd:YAG has for some time been available of such high
optical quality that these are not of noticeable proportions.

2. Gain saturation. In most situations the beam being amplified
has a Gaussian transverse intensity distribution, having originated
from a TEMoo mode oscillator. Those parts of the beam near the edge
of the rod have a smaller energy density compared to the saturation
energy density than does the centre of the beam. Hence, as
discussed 1in section 3.1, these weaker parts of the beam may be
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amplified more than the centre. The beam radius w defined by I(w) =
I(r=0)/e*is as a consequence increased. The maximum distortion
occurs when Iin = IS. For very weak signals where even the
central  maximum  intensity dis in the small signal régime, no
distortion occurs because the gain is the small signal gain 90 for
all parts of the signal. Also, when the amplifier is very heavily
saturated, very little extra energy relative to the initial energy is

added to the signal and again little or no distortion occurs.

3. Diffraction effects. The amplifier 1is a truncating aperture
for the beam and if its radius is too small compared to the beam spot
size, it causes diffraction rings which can strongly influence the
beam uniformity. It can be shown (Trenholm, 1973) that, if an
aperture cuts off those parts of the beam with an intensity less than
K times the maximum intensity, then the peak to peak magnitude of the
diffraction ripple is of the order of 40K"%%.  Thus for an aperture

of radius g ° 1.5w (which transmits 98.9% of the total Gaussian
beam power), the peak to peak diffraction ripple is ~4%; and for
ry = 2w (which transmits 99.9% of the total power) it is 0.7%.

Thus matching the beam spot size to the amplifier radius becomes a
compromise between wanting a large beam which extracts more of the
energy and keeping the beam small enough to avoid diffraction
effects.

In the next Chapter we discuss the process of phase conjugation and
the possibilities it offers for compensation of the main aberrations
described above. In Chapter 5 we go on to describe experiments
carried out with the aim of achieving this.
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CHAPTER 4
Phase conjugation and stimulated Brillouin scattering

In this chapter we start with a brief explanation of what phase
conjugation 1is and what it can achieve, and mention the various
processes by which it can occur. One of these processes, stimulated
Brillouin scattering (SBS) is particularly useful and convenient for
the application discussed in this thesis, so this process is dealt
with 1in more detail. Lastly, the different media in which SBS
occurs are discussed.

4.1. What is phase conjugation?

We describe below firstly in mathematical, and then 1in physical
terms, what we mean by phase conjugation.

Consider a monochromatic wave whose field amptitude Ep is of the

form:

(r) exp |:L (wE— k,.r )J—}- c.c.
4.1.

I
= —Epl
= % () exp(iwt) + cc.

where k = wc/n is the wavevector, ép(g) is the slowly
varying complex field amplitude, and c.c. is the complex conjugate.

Now suppose that this beam has 1its propadgation direction reversed,
but that 1its other parameters, in particular the shape of the
wavefront, remain unchanged. In this case its field amplitude
'Ec would be written as:

I

E.(c, k) = —%\_{[P([) exp(—iwt)—{-c.c.
= —;: §P r)exp ['L(—wt—_kp.z)l—i- c.c. fa
= 7% gf' r)exp [L(wE+ ke D)+ coc.
A
2

lﬁf(g)exP<iwt)-+-c.c.
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This is known as the 'conjugate wave' or 'phase conjugate' or 'time
reversed vreplica' of the input beam. It 1is obtained either by
reversing the sign of time in the time dependent part of the input,
or by taking the complex conjugate of the space dependent part of the
input.

A device which creates the phase conjugate of its input is described
as a 'phase conjugator' or 'phase conjugate mivrror' (PCM).

To show more clearly what is meant physically by the phase conjugate
wave, consider the simple case of a beam diverging from a point
source on the left towards a conventional plane mirror on the right,
as in Figure 4.1. (a). The wavefronts are spherical, having the
source at the centre of curvature. After reflection from the mirror
the beam continues to diverge, now from right to Teft, and the centre
of curvature of the wavefronts is now the image of the source, the
image being to the right of the mirror. So what happens if the
conventional mirror is replaced by a phase conjugate mirror? In
this case, Figure 4.1. (b), the reflected beam does not continue to
diverge. Because the reflected wavefronts are identical in shape to
the incident wavefronts, but travel in the opposite direction, the
beam converges to the source. The centre of curvature of the
wavefronts is still the source. If the source moves around the
reflected beam follows it, always retracing the same path as the
incident beam. So, 1if the beam arrives at the phase conjugator

having traversed a complex optical system, the return beam will
travel back through the system along exactly the same path. More
generally, if the wavefront is not spherical, but has some other
perhaps very complicated shape, the shape is reproduced 1in the
reflected beam,

A consequence of wavefront reversal in an ideal phase conjugator s
that the polarization state of the input wave is also conjugated.
Take, for example, a right hand circularly polarized beam close to
normal incidence on a conventional mirror (Figure 4.2. (a)). The
reflected beam is left circularly polarized. If, however, the same
beam were incident upon an ideal phase conjugate mirror (Figure 4.2.



Object ® jﬁ

Figure 4.1(a)  Spherical waves reflected from a
conventional mirvror,

Figure 4.1(b)  Spherical waves reflected from a
phase conjugate mirror.

Image
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Figure 4.2(a)  Reflection of circularly polarized light
from a conventional mirror.
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Figure 4.2(b)  Reflection of circularly polarized light
from a phase conjugate mirror.
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(b)), the reflected beam, like the input, would also be right hand
circularly polarized.

We have assumed above that the medium through which the beams
propogate is linear and T1ossless. I[f this is the case then the
wavefront reversal properties of a phase conjugator can be wused to
compensate for optically induced phase distortions in the following
manner.

Suppose that a high quality beam with, for example, a plane wavefront
(1) in Fiqure 4.3. (a) 1is incident from the left upon a spatially
dependent Tlinear phase aberrator. After passing through the
aberrator the wavefront is distorted (2). This distorted wavefront
is time reversed by the PCM (3) and after passing back through the
same aberrating medium the beam recovers its initial plane wavefront
(4).  For comparison (Figure 4.3. (b)) a similar arrangement is
shown with a conventional plane mirror instead of a PCM. In this
situation it can be seen that, after reflection from the mirror, the
wavefront (5) s reversed from left to right when compared with that
in diagram 3(a) (3), so that after the second pass through the
aberrator the wavefront distortion is doubled in magnitude (6).

Similar arguments show that a polarization state may be restored
after polarization "scrambling" in an aberrator. Additionally, if
the system includes losses or, more significantly, gains with no
transverse spatial variation, then the scheme can still restore the
wavefront, its amplitude being either reduced or increased. Thus an
obvious application of phase conjugation is to correct out the linear
distortions of an optical amplifier by double-passing it using a PCM,
and this arrangement forms the basis of the investigations and
experiments described in this thesis.

Further applications of optical phase conjugation are described 1in
Fisher, 1983, and numerous references therein, and Pepper, 1982, and
include, in the spatial domain: compensated imaging, lensless
imaging, spatial information processing, optical signal processing,
interferometry; and in the temporal and frequency domain:  frequency
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filtering, temporal signal processing, optical bistability, Jlaser
spectrocopy, to mname but some. We will concentrate on aberration
compensation, but first we need to know something about the
non-Tinear optical processes by which optical phase conjugation can
occur.,

4.2. Non-Tlinear optics

We first state the standard equation for an electromagnetic wave in a

homogeneous, nonmagnetic, nonconducting medium with no free charges:

VPE - pe LE =, 2Bw 4.3
e R - T 3
Here € is set by the linear medium permittivity. In the absence of

non-linear polarization, equation 4.3. becomes the standard wave
equation where Tinearity implies that different waves present do not
interact with one another. If there is a non-linear polarization,
it appears as a driving term on the right of 4.3.. Because electric
fields can create a non-linear polarization, and vice versa, coupling
between different wavas can occur in a non-linear medium.

Equation 4.3. can be reduced to a simpler first order equation by
making a few approximations. Optical periods are so short, of the
order of 107'"%s (1fs), that the pulse envelope amplitude changes
little during an optical cycle. We write the non-linear
polarization in the plane wave form:

Py =1 Plz,t) expli(ut-kz)1 + cc +.4

where w and k are also the frequency and wavevector of the electric
field. ;>(z,t) describes the envelope function and the exponential
function describes the fast optical variation in space and time.
Similarly & (z,t) describes the envelope function of the electric
field. The approximation described above (known as the slowly
varying envelope approximation) may be written as:

k¥ E JE 9% E

dz

ot 4.5,
>> ‘k So%
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Applying these to 4.3., multiplying by exp[i(wt-kz)] and integrating
over one optical period Teads to the linear equation:

‘(% + e %)E = c-;i//_ef;@ +.7

for a wave travelling in the positive z direction. For a wave
travelling in the opposite direction the equation is:

(% - 5)e =7 )E P "

If many plane electric fields are present, each travelling in
arbitary direction, the total field has the form:

E(r,t)= LZZL,EL(I:,t)exp [i(w;t-~ _;.[j)]-}- c.c. 4.9,

and the total non-Tinear polarization has a similar form. Each
component i of the non-linear polarization couples to the
corresponding component i of the electric field. The growth of an
electric field at a particular frequency and wavevector Kk is
determined only by the non-linear polarization with the same
frequency and wavevector, Discovering what happens in a particular
situation consists of finding the general non-linear polarization and
then picking out the part with the appropriate frequency and
wavevector. This is inserted into 4.7 or 4.8 to calculate the
electric field generated.

The general non-linear polarization may be written in the form:
P(E) = EYE) = XU+ X%Et+ X%+ ... 4 .10,

where E is the total field composed of waves of different frequency,
wavevector and polarization. The susceptibilities 76(1), 76(2),
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7¥(3) (and so on) describe Tinear effects (for example absorption or

birefringence), second-order effects (for example frequency
doubling) and third-order effects, respectively. Each orderof X
can take a number of different values, one or more for each different
combination of frequencies present in the medium, so is written as a
function of the frequency W of the induced non-linear polarization
and of the frequencies w , w, .... of the input waves, viz ?C(wi,
W, , Wgy ...). Of the many non-linear processes possible, three are
especially useful for phase conjugation, all of which are third order
effects. They are: stimulated Brillouin scattering, stimulated
Raman scattering, and four-wave mixing. We will describe the 1latter
two very briefly before going more deeply into stimulated Brillouin
scattering.

4,2.1. Four wave mixing

In some media (referred to as Kerr media) the refractive
index is Tinearly dependent upon the Tight intensity:

n=mn_+n, <E2> 411,

If several beams are present, they form an interference
pattern of wvarying intensity, which in turn sets up a
grating of varying refractive index. This grating can
scatter beams into new directions or into each other.
In particular consider the configuration of Figure 4.4,
where two  intense counter-propogating waves E1 and
E2, of frequency w, pump a Kerr medium. It turns out
(Yariv, 1978; Pepper, 1982 for example) that for this
geometry any weak probe wave Ep also of frequency w
incident on the medium is phase conjugated. Under the
right conditions energy can be extracted from the pump
waves so that the reflected phase conjugate wave is more
intense than the input. Phase conjugation via four wave



Kerr medium ‘ﬁ:
Pump Pump
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Input Phase conjugate
of input

Figure 4.4  Phase conjugation via four-wave mixing.
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mixing may be thought of as a form of holography, in
which  the phase grating created by the object and
reference beams (El and Ep in Figure 4.4) s ‘"read"
simultaneously by a second counter-propadgation “"readout"
beam (E2 in Figure 4.4), which scatters from the
grating to give the image or phase-conjugate beam Es'

4.2.2. Stimulated scattering

The stimulated Raman effect and the stimulated Brillouin
effect have a number of similarities in that they are
both  inelastic scattering processes involving a
transition between energy Tlevels of the medium. The
energy levels involved may be electronic, rotational or
vibrational molecular levels (in Raman scattering), or
they may correspond to bulk excitations such as optical
phonons (in Raman scattering), or acoustic phonons (in
Brillouin scattering). The spontaneous Raman process fs
illustrated in Figure 4.5 (a) in which an incident photon
of frequency W excites the medium from the initial
state |a) to an intermediate state in the vicinity of an
excited state |c) . The medium then decays to a
different state |b) at an energy difference H.O. above
|a> , and emits a photon at the reduced frequency We o=
(wL — {1 ). The medium gains energy at the expense of
the photon energy. In the stimulated process (Figure
4.5 (b)) two waves with frequencies of W and Wooare
simultaneously incident on the medium. The photon at
W excites the medium to the intermediate state. The
medium is then stimulated into emission by one of the
photons at Wes creating another  photon attus.
Because it is a stimulated process the new photon at w .
is identical to the photon stimulating the decay from
state [c¢) .  Thus, the medium behaves as a gain medium
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Figure 4.5(a)  The spontaneous Raman process.
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Figure 4.5(b) The stimulated Raman process.
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for the beam at W pumped by the beam at W s and a
weak beam at Wi will experience exponential gain as it
travels through the wmedium. The wave at w is

S
referred to as the Stokes wave and it can develop from

spontaneous scattering, so that a Tlaser pump  beam
incident alone on a Raman medium will generate it.
The Stokes wave can propogate in either thne forward or
backward direction and it turns out that it has a spatial
dependence which is the complex conjugate of that of the
pump wave. This was not appreciated until Tong after
the discovery of Raman scattering. Were it not for the
different frequency of the Stokes wave, it would be the
phase conjugate (equation 4.2) of the pump (equation
4,1), Unfortunately 'phase conjugation' via stimulated
Raman scattering (SRS) 1is of 1little wuse in practice,
because of the magnitude of the frequency shift L,
which may be up to several tens of percent of the pump
frequency W . Thus, even 1if the Stokes wave matches
the pump 1in the interaction region, it will diffract and
propogate differently outside. Phase conjugation via
SRS 1is described by Sokolovskyaya et al (1978).

4,2.3. Stimulated Brillouin scattering

In stimulated Brillouin scattering the medium excitation
is an acoustic phonon of energy HLL . (In its most
frequently encountered form, the excitation 1in Raman
scattering consists of many isolated atomic or molecular
transitions.) In a Brillouin medium there is an
acousto-optic  interaction  between Tlight waves and
acoustic waves, which arises because the polarizability
js a function of pressure - this is the basis of the
electrostrictive effect. An acoustic wave is a pressure
variation 1in the medium, causing a similar variation in

the polarization. One or more electric waves can couple
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to this polarization wave. If an input Tlight wave is
present, a scattered T1ight wave and an acoustic wave
coupling the two light waves can grow in intensity from
noise at the expense of the input intensity. The
interference between the 1input and scattered waves
produces the sound wave (via electrostriction), which is
effectively a moving grating, from which the finput is
scattered. A large fraction of the 1input may be
transferred to the scattered wave this way.

The interaction may be thought of as the vreflection of
Tight from a moving Bragg mirror, the movement causing a
Doppler shift of the light frequency. Because the speed
of sound 1is of the order of 105 - 106 times less than
that of light, the fractional frequency shift suffered by
the 1light s wvery small, so its wavevector only changes
by about 1 in 105 - 106, SO kL =~ ks. Thus the
phonon energy is much Tless than the photon energy, so

that 1L << W= W It can be shown (see Yariv,

1975) that the gaiz is largest for the wave scattered in
the backward direction, that is, opposite in direction to
the input wave, in which case the frequency shift Aw is
given by:

ny

Aw = 2w, — 412,

c

L~ 5 6H2).

A w is typically of the order of 0.1 cm”
The phase conjugating property of SBS was demonstrated by
Zel'dovich et al in 1972. (The peculiar focussing
property of the reflected beam in SBS had been noticed in
earlier experiments, but the full implications of this
were not realized at the time.) They showed that the
back-scattered wave that dis the phase conjugate of the
pump has a gain factor at least twice that of any other
back-scattered wave. This  assumes that the pump
satisfies certain conditions, which we discuss a little
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later on. Now a typical detector threshold level is when
the noise signal intensity is amplified by a factor of
exp(gIl) = exp(30) where g 1is now the intensity gain
coefficient. Thus, when the signal with maximum gain
9, reaches threshold, any other signal will be at Tleast
a factor of exp(30)/exp(7.5) = 107 times weaker at this
time.  Thus, in SBS, only the phase conjugate of the
input reaches any significant power.

4.3, Why is stimulated Brillouin scattering a useful mechanism for
phase conjugation?

Probably the most attractive feature of SBS for phase conjugation is
the simplicity of the process - the only input beam required is the
beam to be phase conjugated. I[f this is not significantly aberrated
it can be focussed simply, wusing a lens, into the SBS medium
(otherwise a waveguide may be necessary, as will be explained Tlater).
No pump beams are required as in four-wave mixing. Because the
frequency shift is so small (unlike that in SRS), the scattered wave
frequency still lies well within the gain curve of most amplifying
media, making double or multiple pass configurations a possibility.
A further useful feature of SBS is that it occurs in liquids and
gases where other undesirable non-linear effects such as SRS or
self-focussing do not occur to an appreciable extent. The power
handling capability of such media is very high, being Timited only by
the breakdown intensity. This makes the application of SBS to high
power lasers very straightforward.

4.4, Theory of stimulated Brillouin scattering

A full theoretical treatment of SBS is so complex that to date
analyses have had to incorporate various simplifying assumptions.
Ideally, one would Tike to be able to predict what happens to both
the reflectivity of the SBS mirror and the fidelity of phase
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conjugation when changes occur in the SBS medium (gas pressure for
examnple), in  the input pulse (intensity, duration, temporal
structure, Tinewidth, transverse spatial profile, polarization state)
and in the interaction geometry (tight focussing conditions or
guided). Theory exists in which one or several of these parameters
are varied, while others are held constant, and we try below to give
a general idea of what happens in the SBS process by referring to the
work of several authors. Firstly, we show how the intensity
threshold for SBS is calculated for a focussed pump beam, and discuss
steady-state and transient scattering. The non-linear medium used
in the majority of experiments described in this thesis was methane
gas, so we apply this theory specifically to it. (The choice of
methane is explained at the end of the Chapter.)

Steady-state and transient threshold

The parameter of most importance initially 1is the threshold pump
power for SBS, since knowing it tells us whether a particular
experiment will work at all. We calculated this from published data
and found good agreement with experimental results. Under steady
state conditions, defined by (AvP ) >>TB, where Avp is the
pump pulse bandwidth and 7’8 the acoustic phonon lifelime, equation
4.7 simplifies to:

28 _ . w [
B_Z_Lz/gp 413,

The third order polarization induced at the Stokes frequency in a
Raman or Brillouin medium is given by (see e.g. Bloembergen, 1967):

P k) = 2e,x &[] bit

where p now refers to the incident pump wave. Substitution of 4.14
into 4.13 gives an equation describing the exponential gain of the
Stokes wave. A similar equation found by inserting the non-Tinear

polarization at the pump frequency:

2
D (wy, k) = o € X7 |E[]E] 415
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into 4.14 describes the exponential decay of the pump wave as it
traverses the non-Tinear medium. The two coupled equations can be
solved simultaneously to allow for pump depletion (Von der Linde et
al, 1969); Maier et al, 1969). However, up to the threshold
condition pump depletion 1is negligible and so Ep(z) = Ep(o) =
50, a constant. In this case only the equation describing the
growth of the Stokes wave is needed and becomes:

O‘.Es(z) _ 31:1,4.)5

paltl o 22 X & E, (=) 416,
S

This equation is integrated over the interaction length L (the pump
enters the cell at z = L) to give the result:

3 iws (3)
E (L) = E, ex ( X IOL) 417.
5( ) o P 260C2ﬂ5 nP
where Eo is the noise amplitude at the start of the integration
path and IO is the pump intensity. In terms of intensities we
have:
IS(L) = IO exp (g IO L) 4.18.
where:
X
q = SWs 53 419,
€, C* N5 Ny

in which 9CO)*15 the imaginary part of the susceptibility.

:(‘sykmust be found in terms of the material parameters and the
result for the steady-state Brillouin gain coefficient is (Minck,
Hagenlocker, Rado, 1967; Kaiser and Maier, 1972):

P ) £.20
gs_zva_nicl/o 3/0 Csh\//a /0 3/0 . .
where v is the acoustic phonon velocity, P the density, %f} the
change in permittivity due to density change, Aw the frequency shift
(equation 4.12). Sometimes Vja is written as the bulk modulus.
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Below we calculate values of’TB and/o %g , and show that 1in methane

under typical conditions Tpg can be of the same order as (Avbfd
so that a transient analysis 1is necessary. Many  theoretical

treatments of transient Raman and Brillouin scattering exist (see

section 4.4.1). The results are usually expressed in the form of a

transient gain coefficient GT’ which is a function of the steady

state gain coefficient 9p:

Y,
G. = 2 (3'95’—)’“— 2 +21.
Ts Tg
where GB = gBIpL and tp is the pump duration, so we still

need to know the steady state gain coefficient. Again the threshold
condition is GT = 30.

The phonon Tifetime in a gas may be expressed (see for example Damzen
and Hutchinson, 1983) as:

. Z P 4.22.
T ER [0 ¥ KO (k- )]

where 7 (T) is the viscosity, K(T) the thermal conductivity, CD(T)

and CV(T) the specific heats at constant pressure and volume
respectively. Notice that Tg is proportional to pressure.

Inserting the parameters for methane gives:
T g(ns) = 0.313 P(Atm) 423

so that W'B is roughly equal in duration to a typical 30 ns
Q-switched pulse at a pressure of 100 atmospheres. Working at
pressures much in excess of this is not experimentally convenient, so
the transient theory must be used in the majority of situations.

An expression for o %E% is found by differentiating the Clausius-
Mosotti equation for non-polar gases with respect to the densityfo,
giving:

o 28l = e —1 424

3 Iy
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which for methane is (€, - 1) = 8.54 x 10" %at STP. (€ - 1) is
proportional to pressure, and it 1is this term which gives the p%
dependence of the steady state Brillouin gain. By relating pressure
to density wusing the Ideal Gas Law and inserting the relevant
parameters into 4.20 we find:

gg(P) = 9.09 x 107°P (atm) cm/MW 4.25.

Before we can use equations 4.25 and 4.21 to predict threshold powers
we need to take account of the fact that, in many experiments, the
input beam is not a plane wave, but is a focussed Gaussian beam from
a TEMoo 1laser. Cotter et al (1975) performed a calculation which
showed that the threshold pump power in this situation is:

_ e 426,
Pw= 1o, [H"(H tanl (L) by )

where the beam 1is focussed with a confocal parameter bp to

the centre of a medium of Tlength L, and it has been assumed that kS

i

Trutna and Byer (1980) derive a slightly different expression:

s 15 Ap
nte = gy Ta (L/bp)

427

Now equations 4.26 and 4.27 predict the steady state threshold, but
as mentioned above the transient threshold is often required.
Inserting the expression for the transient gain coefficient G

TS
(equation 4.21) into 4.26 and 4.27 they become:
e fu[1+ pemaey (ot 1Y
= —1 3 — 4+.21%
E'th +gs '+ |+4'L'P tan-! (L/bp) of Ts
Ao To (30 + Ep /)2
P = p_'8 P 4.24.
T T b fan (L/5p)
respectively.

In a typical experiment, as described later, the relevant parameters

are t; = 30 ns, )\p = 1.06 M, the gas cell Tength L = Im, by =
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0.13m. In Figure 4.6 equations 4.26, 4.28 and 4.29 have been used
to calculate the SBS threshold as a function of gas pressure for this
experiment. In Chapter 5 we compare the experimental results with
these curves. We note that at the higher pressures up to 50
atmospheres, the power requirement to reach threshold is really quite
modest, representing an energy of ~15 mJ in a 30 ns pulse.
Although at these higher pressures the process becomes more transient
(Tg = 0.313 P), this is offset by the fact that gy oc P*.

It is not possible to achieve significant reductions in threshold by
varying the focussing conditions because the best one can do is to
make arctan (-ﬁ;) = %%~1n equation 4.28.

However, the important point is that, with the Tlaser wused 1in the
experiments, there 1is enough energy, especially after a single pass
through an amplifier, to comfortably exceed threshold.

In the sections below we review some of the work in which the effects
of the parameters of the input pulse upon the SBS process have been
investigated.

4.5. The effect of input pulse parameters on SBS
4.5.1. Power

In 1967 Hagenlocker, Minck and Rado measured the
Brillouin gain coefficients in nitrogen as a function of
phonon 1ifetime, and the Stokes power as a function of
ruby laser power, finding that their results agreed well
with a transient analysis using a modified gain
coefficient of the form of equation 4.21 (see Kroll
(1965)). They measured the gain coefficients by
measuring the threshold power for SBS. They concluded
that transient conditions must be considered even when
the phonon Tifetimes are two or three orders of magnitude
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less than the pulse duration of the laser, a conclusion
which Maier did not reach the following year.

The effect of the input Taser power upon the reflectivity
of the SBS mirror was investigated by Maier in 1968. He
measured the  back-scattered Brillouin  power for
Q-switched ruby Taser Tight focussed in CSZ’ n-hexane
and ethyl ether and successfully applied a steady state
theory to his results by solving the coupled wave
equations 4.13 and allowing for pump depletion.

For these liquids the phonon Tlifetimes are 16 ns, 4.5 ns
and 3.5 ns respectively, suggesting that a transient
theory might have been necessary. A typical result for
652 was that, above threshold, the Brillouin power
depended 1linearly upon the laser power and was
proportional to it, minus a roughly constant amount.
Thus, well above threshold, the reflectivity was almost
independent of dinput power. Maier observed that after
the SBS process had begun, the Brillouin pulse shape
closely followed the incident pulse shape, and that this
was so, even when structure down to 2 ns in length
appeared on the laser pulse due to mode beating.

The apparent discrepancy between the findings of
Hogenlocker et al and Maier was cleared up in 1971, when
Maier and Renner found that, for Tlow conversion
efficiency (as 1in threshold measurements), a transient
theory is necessary; whereas in the saturation régime,
where the conversion effiency 1is high, a quasi-steady-
state is reached which can be described with steady-state
theory.  If [7 =1/T, is the Brillouin Tinewidth, then
in the Tow conversion regime there are two regions of
transient stimulated scattering:

(i)  for 10 < r1tp << 100 the maximum gain
is reduced only slightly.
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(i1) for r1tp << 10 a strong reduction of gain
OCCUrsS.

If the laser power is high - how high above threshold
one needs to be 1is a question which still needs to be
answered - then a transient onset of SBS occurs with a
rapidly rising Brillouin pulse edge, after which the
Brillouin pulse closely follows the shape of the input
pulse, indicating that a quasi-steady state is reached in
the saturation region.  The higher the laser power, the
less time is taken to reach the saturation steady state.

This change in the transient Stokes gain as the Tlaser
power increases 1is explained 1in a theoretical paper on
SRS by Wang (1969). Once threshold 1is reached, an
abrupt increase in the transient gain can occur, Teading
to efficient conversion of a high intensity pump into the
Stokes wave.

Having seen how the power efficiency of SBS depends upon
the incident Tlaser power, one would like to know how the
fidelity of phase conjugation depends upon this
parameter, Basov et al (1979)acarried out a very
qualitative experiment in which they observed the phase
conjugate of the focussed beam from a Nd:glass laser
scattered by acetone or carbon tetrachloride, finding
that just above threshold the wavefront reversal was
almost perfect, but that as the laser power increased the
fidelity of conjugation deteriorated.
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Kochemasov and Nikolaev (1979) calculated the fidelity of
phase conjugation for steady state SRS and SBS in a
waveguide and showed that, as the back-scattering
reflection coefficient increases, (which it does as
threshold is exceeded by greater amounts until complete
saturation occurs), the better the phase conjugation.
Similar results were obtained by Zel'dovich and Shkunov
(1977), by Baranova et al (1978) and by Mays and Lysiak
(1980), all experimentally.

Lehmberg (1982), in an interesting and informative paper,
describes a numerical calculation which models the phase
conjugation of a focussed aberrated beam, including the
effect of pump depletion. He too found that pump
depletion improved the fidelity, which improved
monotonically with reflectivity. He also compared the
near and far-field beam profiles.

In several papers (e.g. Baranova and Zel'dovich 1978,
Lehmberg and Holder, 1980) spatial gain narrowing is
mentioned, this being the tendency of a focussed pump
wave to enhance the back-scattered radiation in the
stronger central part of its intensity distribution.
This appears to be the main cause of inexact phase
conjugation in focussed experiments. This is one reason
why sometimes a waveguide geometry is preferred which
mixes the stronger and weaker parts of the beam.
However, if the back-scattered Stokes wave saturates the
pump, the Stokes wave receives more gain in the wings,
where the saturation is less than in the centre, and this
can compensate for spatial gain narrowing.

Dolgopolov et al (1979) noticed three régimes of SBS
phase conjugation dependent upon the laser intensity when
they examined the quality of wavefront reversal of a
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focussed aberrated beam with transverse intensity
variations. At input power Tevels just above threshold,
only the more intense parts of the beam were phase
conjugated, the weaker parts being below threshold for
SBS. Thus a Gaussian beam with a small amount of energy
in modes other than TEMoo returned as a purer Gaussian,
because the higher order modes were not conjugated. At
higher pumping Tlevels (2-4 times threshold) the fidelity
improved because the weaker parts of the beam then
contained enough energy to exceed the SBS threshold. At
still higher pumping levels ( > 4 times threshold)
saturation effects became apparent, reducing the gain for
the more intense parts of the beam and reducing the
fidelity. In these experiments an excimer Taser pumped
the gain medium, which was compressed nitrogen.

4.5.2. Linewidth

We now consider the effect of the laser Tlinewidth - and
therefore also the detailed temporal structure of the
laser pulse - upon the SBS phase conjugation process.
We have already referenced work where the régimes for
steady state or transient scattering theory are
investigated, 1in which the pulse duration is compared to
the phonon lifetime, but there are several papers in
which the effect of a non-bandwidth Tlimited pulse is
taken into account.

Several papers have been written on the effect of Tlaser
linewidth on SRS (e.g. Carman et al, 1970), Akhmanov et
al, 1971, Grasyuk et al, 1972), which are also applicable
to SBS experiments. Akhmanov et al (1974) drew some
interesting conclusions in his paper on SRS (and SBS)
stimulated by a broadband focussed pump, as follow.
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The SBS gain with a noisy pump is the same as that for a
monochromatic pump of the same mean intensity I ,
provided that the length of the gain medium, 30/3BIF, over
which an e2?-fold Stokes growth occurs is much less than
the coherence length LCoh = C/QSVP of the pump. For a
focussed beam with confocal parameter bp, this
requirement is supplemented by the need to keep the
effective Tlength of gain medium, which is bp, less
than the coherence Tlength of the Tlaser, bp < Lcoh'
I[f this condition 1is relaxed, then an increase in the
required threshold power is seen, because the effective
Tength of gain medium is limited by the coherence length
of the Taser, instead of the physical Tength of the
interaction region. Nevertheless, what is still unclear
is what effect this has when one operates at power Tlevels
well above threshold, and how far above threshold it is
necessary to go to obtain good reflectivity and fidelity
of phase conjugation.

A further point arises when conjugation of a narrow
lTinewidth Tlaser, such as a single mode laser, is con-
sidered, and it is desired that the conjugated wave is
also of narrow linewidth. In this situation one needs
to know how much broadening, if any, arises from the
process.

4.5.3. Transverse spatial profile

For our purposes the usefulness of phase conjugation lies
in its ability to reverse the wavefront of a spatially
distorted Taser beam, so perhaps the most important
questions to ask are what are the 1limits on beam
aberration that can be corrected and how does the
fidelity depend upon the degree of aberration? Clearly,
a beam could be so severely aberrated that it would be
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impossible to get all of it into the phase conjugator.
On the other hand it is quite possible, as we mentioned
with regard to spatial gain narrowing, for an "ideal"
Gaussian input to be incorrectly conjugated.

Zel'dovich et al (1972) argued that perfect phase
conjugation can only occur if the spatial intensity of
the pump wave shows considerable transverse modulation.
If the pump wave has an irregular local divergence Oo’
then the characteristic transverse dimension of  the
inhomogeneity  is  of order Ar = (k 60)"1 and the
characteristic  length in  the direction of  beam
propagation  is Azz<k002> (see Fisher,
1983).  These dimensions must be much smaller than the
interaction region for good wavefront reversal. The
effective gain coefficient Jaff for the scattered wave
Es(r,z) is given by the intensity overlap integral:

e fe ) e (2" drr

g 4.30.
off. [ J& o

where G = const, E_O([,z) is the pump amplitude. A
scattered wave ES whose  profile IES(r,z” =

constIEo(r,z)| has a gain roughly twice that of any
other  scattered wave that does not correlate with
E,(rsz).  As mentioned earlier in this Chapter, this
implies an intensity ratio of at least 10% between the
conjugate wave at threshold and any non-conjugate wave.
This does seem rather a stringent criterion to define
good phase conjugation and once again the question is
raised of how much this condition can be relaxed in an
experiment without the Tloss of satisfactory phase
conjugation. Both Sidorovich (1976) and Zel'dovich and
Shkunov (1978)(@showed in theoretical papers that the
necessary condition for the existence of a phase
conjugate wave is  weak amplification over the
Tongitudinal Tength of inhomogeneities:

g Nz = 3 <1 431

R OF
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Because the threshold condition is 2gL = 30, this «can be
written as:

L
- 4.32.
A P 15

However, it is not clear how poor the phase conjugation
is when this condition is not satisfied.

Hellwarth (1978) calculated the fidelity of conjugation
when scattering is stimulated in a wavequide by a steady
state, multimode, monochromatic beam, and also for the
case of a focussed beam, Pump depletion was not taken
into account. He found that, in his model, even for the
worst possible transverse intensity distribution in the
waveguide (the distribution giving the poorest fidelity),
less than 8% of the back-scattered energy was 'lost',
i.e. not phase conjugated. As a result he suggested
that the conditions above, as stated by previous workers,
were too restrictive.

In the paper already mentioned by Lehmberg (1982) a
numerical study of phase conjugation in stimulated back-
scattering with pump depletion indicated that the
fidelity of conjugation can be Tower than this, however
no conditions on the transverse intensity modulation of
the beam were looked for.

The effect on threshold of a focussed aberrated beam,
compared to a Gaussian beam, can be estimated by
considering 1its  intensity-length product IL. In
Appendix II we show that for a beam which is M times
diffraction Timited this is given approximately by:

2P

TL ~ —~— 4,33,
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where P is the power. Since the phase conjugate of the
aberrated beam experiences a gain roughly twice that of
the conjugate of a single spatial mode (Hellwarth, 1978),
the threshold 1is increased by a factor of roughly %?.
If the increase in threshold is great enough to inhibit
the process of phase conjugation, the intensity-length
product can be increased by confining the transverse
dimensions of the beam in a waveguide. In this case we
can show (Appendix II) that the intensity-length product
is approximately given by:

4-PL
wvD*?

TL =~ 4.4
where L is the length of the guide and D its diameter.
We have assumed that the Tosses are negligible.
Waveguiding also has the advantage that the weak parts of
the beam are mixed with the strong and are phase
conjugated, even when in a tight focussing geometry they
may be too weak to reach threshold.

4.5.4. An aside - Four-wave Brillouin mixing

The interesting phenomenon of the phase conjugation of a
weak signal (with power below threshold for SBS) in the
presence of a strong signal was described by Basov et al
(1979) (b). They extended the theory of Sidorovich (1976)
to include a pump wave with two components, one strong
and one weak, and showed that reflection of the weak wave
should be as efficient as the strong wave. They
verified this experimentally wusing radiation from a
neodymium Taser in a waveguide. In fact the arrangement
is a form of four-wave mixing, as described in section
4.2.2. (see Figure 4.4.) in which the pump waves are the
strong beam and its phase conjugate propogating in the
opposite direction and the probe wave Ep is the weak
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beam.  Pilipetskii et al (1979, two papers) measured how
weak the weak beam can be in such an arrangement and
still be conjugated, and found that even a beam of power
3W was conjugated. This was a power 10° times smaller
than the strong beam. Efimkov et al  (1979) and
Gyulamiryan et al (1981) carried out experiments in which
the strong beam had a relatively 1long duration compared
to the phonon Tifetime (so steady-state theory applied to
it), while the weak beam had a pulse duration roughly
equal to the phonon Tlifetime (transient), and obtained
satisfactory phase conjugation of the weak beam though
the process was Tess efficient in terms of reflectivity
than with a longer weak pulse. This technique of four-
wave Brillouin mixing 1is potentially valuable 1in the
Tight of what follows regarding the phase conjugation of
a depolarised beam.

4.5.5. Polarization

At the beginning of the Chapter it was stated that an
"ideal’ phase conjugator conjugates the polarization
state of the input beam as well as its wavefront.
However, SBS is not an 'ideal' phase conjugator, not only
because of the frequency shift of the conjugate beam
relative to the input (albeit small), but also because
the polarization state is not reversed. Thus, it s
found experimentally that if a right hand circularly
polarized beam is incident on an SBS conjugate mirror,
the reflected beam is left hand circularly polarized, as
it would be if it had been reflected from a conventional
plane mirror. Unfortunately, however, the polarization
state of the conjugate beam is not always like that of a
beam reflected from a conventional mirror. For example,
it may differ if the input has spatial variations in the
polarization state over the cross section of the beam, as
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is the case for a beam that has traversed a birefringent
amplifier.

Zel'dovich  and  Shkunov  (1978)(b) calculated how a
depolarized pump 1is reproduced in stimulated scattering
without pump depletion, and showed that the scattered
wave effectively consists of three components (into which
the input wave can be decomposed), each of different
polarization state. Two of these components (the
components Tinearly polarized perpendicular to each
other) have gain coefficients which depend upon the pump
polarization degree p defined by:

_ L= Iv.
P=1I7 T,

where Il, 12 are the intensities in  these two
components in the pump wave. The third component itself
depends upon p, so in general the polarization state is
not  reproduced 1in the conjugate wave, but is only
reproduced in special cases (e.g. unidirectional Tlinear
polarization across the whole of the input beam cross-
section). Moreover, the three components are
uncorrelated in phase so the polarization state of the
conjugate wave can vary randomly. Blaschuk et al (1978)
measured the wavefront reversal of a depolarized pump and
partly agreed with the theory, showing that polarization
distortion does  occur. However, 1limits wupon the
possible degree of pump depolarization for a given
polarization distortion of the reflected wave are not
clear, especially for the case of saturation of the pump.

In 1978 Basov et al devised a scheme for phase
conjugation of a depolarized pump, based on four-wave
Brillouin mixing, noting that a wuniformly Tinearly
polarized pump suffers no distortion of polarization when
it is conjugated. The pump, with a small amount of
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depolarization, was separated into two beams, one strong
and one weak, of orthogonal polarizations, using a bire-
fringent wedge. One of these beams was then
polarization-rotated by 90° so that both beams had the
same polarization.  Thus, the initially depolarized beam
was transformed into two beams with uniform polarization.
These two beams were combined and phase conjugated
together in a four-wave Brillouin mixing scheme in a
light pipe. Being of uniform polarization, they
suffered Tless polarization distortion and produced better
fidelity of conjugation than the situation where they had
orthogonal polarizations. However, the depolarization
of the phase conjugate beam was not measured, so the
performance of the scheme cannot be quantified.

4.6. Media for stimulated Brillouin scattering

Stimulated Brillouin scattering can in principle occur in any medium,
solid, Tliquid or gas. In choosing a suitable medium it is obvious
that a high Brillouin gain coefficient is of importance, but there
are a number of other points to consider. Ideally it should
also have Tow absorption at the laser wavelength, be free from other
competing non-linear effects, have a high damage threshold (or break-
down) intensity, and be convenient to use.

Solids tend to be excluded from use with high power lasers, because
they are liable to suffer from irreversible optically-induced damage.

Many 1iquids exhibit SBS, (Pine, 1966, Kaiser and Maier (1972),
Wiggins et al, 1967). Unfortunately some of these suffer from self
focussing and consequent breakdown, caused by an intensity dependent
refractive index of the form of equation 4.11. One of these, CSZ’
has one of the highest Brillouin gains found in liquids. (~ 0.13cm/
MV at a wavelength of 6943R).  The problem of self focussing can be

overcome in some cases by guiding the beam in a light pipe, but even
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then the beam has to be focussed to some extent into the entrance of
the Tight pipe. Some Tiquids are Raman active also. Most liquids
are inefficient when used for SBS with Nd:YAG 1lasers, because they
have absorption bands in the near infra-red which extend down to the
laser wavelength of 1.06/&m. Two exceptions to this seem to be
CS2 and CC14, (Zubarev 1980). Even these, though, require
precautions in their use, for unless bought as spectroscopic grade
chemicals they contain impurities which do absorb at 1.06/Am; such
impurities dissolve in them and are likely to be present in apparatus
used to contain them (Dr. T. Gilson, personal communication).

Several gases possess high Brillouin gains, and methane emerges as
the most convenient and efficient at 1.06/Am (see Pepper (1982), Hon
(1982)). Other gases are discussed by Damzen and Hutchinson
(1983), Wiggins et al (1966), and Minck et al (1967). Of these
nitrogen has rather a Tow gain at moderate gas pressures (tens of
atmospheres) and only gives high efficiency of vreflection at a
pressure of the order of two hundred atmospheres (Wiggins, 1966).
Methane, on the other hand, has a relatively high gain at moderate
pressures.  Above ten atmospheres the Brillouin gain exceeds the
Raman gain (for methane is Raman active also) for typical Q-switched
pulse lengths (~ 30 ns). Other non-linear effects are negligible.
Additionally methane 1is vreadily available and relatively cheap.
These factors make it an excellent medium for phase conjugation via
SBS and therefore it was chosen for the initial experiments, and
subsequently further experiments described in the following Chapter.

To conclude this Chapter we remark that, despite the wealth of
pubTished work on SBS and its use as a phase conjugation mechanism,
many of the details are not clearly understood. In particular the
effect of the transverse spatial structure of the beam on conjugation
fidelity has not been experimentally investigated carefully,
expecially 1in the saturation régime; and since this is the situation
in which the application of the process is most Tikely to be of use,
is a question that needs to be answered. Likewise, with the present
state of understanding, it 1is difficult to place Timits on the
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Tinewidth and polarization requirements of the aberrated beam, so
that it is not a simple matter to predict whether, with a given
laser, the process will work satisfactorily. In the next Chapter
experiments are described in which the process was applied to a
typical laboratory Nd:YAG laser.
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CHAPTER 5

Experimental work on phase conjugation using a
Nd:YAG oscillator/amplifier

In this Chapter we describe firstly (Section 5.1) a  two-pass
amplifier arrangement 1in which a conventional plane mirror was used
to double pass the amplifier and a similar set-up incorporating a
phase conjugate mirror instead. In Sections 5.2. the measurements
carried out are described, the results of which (Section 5.3.) enable
a comparison to be made of the two systems, and which also quantify
the performance of the phase conjugator.

In Sections 5.4. a four-pass amplifier configuration utilizing a
phase conjugator s described, the aim being to extract more energy
from the amplifier than with the two-pass arrangement.

In Section 5.5. a two-pass system 1is described, incorporating
depolarization compensation based on the four-wave Brillouin mixing
schemes mentioned in Section 4.5.4. of the previous Chapter.

5.1. Two-pass amplifier scheme
5.1.1.  The basic experiment

The experimental two-pass amplifier arrangement is shown
in Figure 5.1. The output from the oscillator, which
will be described in Section 5.1.2. was plane polarized
in the plane of the diagram. We will henceforth refer
to this as horizontal polarization. The beam was
expanded and passed through a dielectric polarizer before
traversing the amplifier, which was doubled passed using
either a conventional plane 100% mirror or the phase
conjugator. The beam was extracted (and isolated
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from the oscillator) after the double pass by rotating
the plane of polarization of the beam by a total of 90°
before it returned to the polarizer, so that it was

reflected off the polarizer as output.

Using a conventional mirror and assuming that there are
no depolarizing elements between the polarizer and
mirror, this 90° rotation can be accomplished most
simply wusing a suitably orientated quarter wave plate at
location 1 or 2 in Figure 5.1. However, as we saw in
Chapter 3, the amplifier rod itself suffers from
thermally induced birefringence which is non-uniform over
the rod cross-section, so one cannot expect perfect beam
extraction and isolation. An alternative to the quarter
wave plate is a Faraday rotator inducing 45°  of
polarization rotation for each pass. If it is placed at
lTocation 2 after the first pass of the amplifier, it can
in principle provide complete compensation for the bire-
fringence of the amplifier when a conventional mirror is
used. We shall explain this further in Section 5.2.4.
If the plane mirror is replaced with a phase conjugator
however,  the phase conjugator may distort the
polarization state of the beam if the polarization state
is not uniform over the cross section of the beam, as was
mentioned 1in Chapter 4 (Section 4.4.5.). Thus, one
might expect imperfect depolarization correction when a
Faraday rotator {is used in conjunction with an SBS phase
conjugate mirror. Both a quarter wave plate and a
Faraday rotator were used separately at location 2 in the
experiments, to enable a comparison to be made.

5.1.2. The oscillator

The oscillator incorporated a telescopic resonator and
mode selection elements and electronics as described in
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Chapter 2 (see Figure 2.14.). The Nd:YAG rod size was
3" x 1/4", the telescope had a magnification of 3,
consisting of 15cm and -5cm lenses, and the spacing
bewtween the telescope and output coupler was 35cm. The
output coupler was a 6mm uncoated resonant reflector and
was used together with a tilted 10mm intracavity etalon
of face reflectivities 72%, and pre-lase Q-switching, to
give single mode operation. The beat detection circuit
was also used for continuous single mode shot operation
when required. The Taser linewidth could be increased
if necessary by removing the etalon and/or using fast
Q-switching  instead of pre-lase Q-switching. These
cases were chosen for the examples on linewidth
calculations wused in Chapter 2 and are summarised with
the results calculated from equations 2.51 and 2.52 in
Table 5.1.

This oscillator produced up to 100 mJ of TEMoo mode
energy in a 30 ns pulse.

5.1.3.  The methane gas cell

The phase conjugator consisted of a gas cell filled with
methane at pressures of up to 50 atmospheres and is shown
in Figure 5.2.  The main structure of the cell was made
of a Tength of 'Aminco' tubing with an 'Aminco' 'T' piece
at each end, all of stainless steel. The side port of
one 'T' piece was wused to mount a Psika pressure gauge
reading up to 70 atmospheres, and a Hoke gas tap was
fitted to the other 'T' piece. The cell could thereby
be filled using a remote gas handling system and be a
portable seif-contained unit during experimental work.
The enlarged part of Figure 5.2. shows how windows were
fitted to the cell. These were manufactured from
spectrosil B by I.C. Optical Systems  Ltd., with
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TABLE 5.1.

The calculated oscillator linewidth

(A tick indicates the mode selection or Q-switching method used)

Linewidth
6mm resonant | 10mm 72/72% Pre-lase Fast
reflector etalon Q-switching | Q-switching 1

cm MHz
v v v 0.0015 45
Y v Vv 0.007 210
v v 0.013 390
4 / 0.058 | 1740
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dimensions of 12.5mm thick by 2lmm in diameter. The
window surfaces were wedged at an angle of 5 minutes to
prevent etalon effects, and polished flat to /4. This
diameter fitted snuggly inside a standard Aminco bolt,
which screwed into the 'T' piece. Inside the bolt there
was a convenient Tip on which a closely fitting 0 ring
could sit to provide a gas seal between the window and
bolt. The pressure inside the cell forced the window
against the 0 ring, improving the seal as the pressure
increased. It was initially found that, at a pressure
of around 20 atmospheres, the 0 ring would suddenly
deform inwards towards the bolt axis, releasing the gas.
This problem was tackled by machining a simple brass
washer slightly smaller than the 0 ring, to provide
support for it on the inside surface, subsequently no
further ‘blow outs' occurred. Another O ring was placed
inside the 'T' piece as shown, to provide a seal between
it and the bolt - a gas tight seal was easily made simply
by screwing the bolt down onto the 0 ring. The total
Tength of the cell was approximately Im, the plan being
to focus the beam to a waist at the cell centre wusing a
50cm  focal 1length 1lens. It was a simple matter to
reduce or increase the Tength by fdnserting tubes of
different Tlength. The effective aperture of the cell
was /mm,

5.1.4.  Setting up the experiment

In order to extract as much energy as possible from the
amplifier, it is necessary to fill the amplifier rod with
the beam for both passes. The amplifier rod had a
diameter of 9mm, so the appropriate spot size for the
beam was ~ 3mm.  Double passing the amplifier with a
plane mirror implied that there should be a beam waist at
the mirror, so that the beams travelling in each
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direction through the amplifier both filled it by the
same amount. In fact, a spot size of 3mm gives a
divergence angle of O= )\/n’wo'-' 0.1 mrad, so the spot
size changed negligibly over the 1length of the
experiment, and an essentially parallel input filled the
rod on both passes. Use of a computer programme enabled
spot sizes to be quickly calculated at any point in the
experiment, and it was found that placing a x 2 beam
expansion telescope 1.5m from the oscillator output would
give a ~3mm spot size over the length of the amplifier
and Faraday rotator. This telescope was made using a +
20cm and -10cm 1lens, one of which was mounted on a
translation stage, so that the telescope could be
accurately focussed to give the correct spot size in the

amplifier,

The spot size at the entrance window of the methane cell
was kept as Tlarge as possible, to minimise the
possibility of damage, but was Tlimited by the internal
diameter of the 'T' piece to a value of ~ 2mm. This
spot size was attained by using a x 1.7 beam reducing
telescope after the Faraday rotator, followed by a space
of 30cm, the 50cm focussing Tens being placed close to
the cell window. The calculated spot sizes at the
optical components are given in Table 5.2. Typical
energy 1inputs to the cell were 200 mJ, giving a mean
power density of  50MW cm™* on the cell window, well
below the damage threshold of spectrosil B. The optical
components were aligned 1initially wusing a helium-neon
laser, fixed behind the oscillator so that the two laser
beams - HeNe and Nd:YAG - were collinear. Alignment was
completed with the laser running. The spot size before
and after the amplifier and Faraday rotator could be
conveniently measured as the beam expanding telescope was
being adjusted by using a diode array and oscilloscope to
display the beam profile.
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Calculated spot sizes at various locations

TABLE 5.2.

in the two-pass amplifier
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st e | Sestas
Oscillator output 0 0.43
- 10 cm lens 1.5 1.26
20 cm lens 1.6 2.59
Amplifier 2.28 2.84
F.R. 2.69 3.00
15 cm lens 3.17 3.18
- 9 cm lens 3.23 1.93
50 cm Tens 3.53 2.12
Focus in cell 4 0.15




The pulsed Faraday rotator was driven with a standard JK
Lasers power supply and triggered from a pulse generator.
The oscillator and amplifier power supplies were
triggered from the Faraday rotator via a delay box,
because it took the Faraday rotator some time ( ~ Ims) to
turn  fully ‘on'. The voltage (and therefore current)
for 45° of polarization rotation per pass of the
Faraday rotator was set by double passing it with a plane
mirror and measuring the amount of T1ight passing back
through the polarizer. Ideally this should have been
zero. In practice, adjusting the voltage to the optimum
value, 785V, resulted in only 0.25% of the light incident
on the polarizer passing through 1it, the rest being
reflected. The transmission of the Faraday rotator was
measured to be 91% per pass.

SBS threshold

As stated in Chapter 4, a knowledge of the threshold
power for SBS is useful. This was measured at pressures
of up to 30 atmospheres by Berry (1983) and repeated here
up to 50 atmospheres , both for a single longitudinal
mode and a multimode pump. For the multimode case the
oscillator was run fast Q-switched, with a 6mm resonant
reflector as the only mode selection, giving a Tlinewidth
of 0.058 cm™ or ~1700 MHz (Table 5.1). The input
energy to the cell was varied using a two-plate beam
attenuator.

Threshold was measured by observing the back-scattered
Tight reflected from a beam splitter in the input beam
onto a phosphor card, this signal appearing  when
threshold was reached. The results are shown in Figure
5.3, together with theoretical curves calculated from the
analysis of Cotter et al (equation 4.28) and Trutna and
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5.2.

The

Byer (equation 4.29), in each case adapted to include
transience. An interesting result is the convergence of
the two curves for the broad and narrow linewidths as the
pressure increases. Thus, at 22 atmospheres, there is a
factor of 2 between the thresholds, while at 50
atmospheres the factor is reduced to 1.3. This can be
explained qualitatively as follows. The gain Tlength
required to reach threshold, defined by L = §¥2° was
5cm at 30 atmospheres pressure for the single mode pump,
the threshold power being 0.5 MW in a spot size of ~ 150
pm and the gain g = 0.008 cm/MW. At 50 atmospheres,
when g = 0.023 cm/MW, the threshold power was 0.24 MW,
giving a gain length of ~ 4cm for the single mode pump.
Thus, the temporal structure of the broader linewidth
pump is larger, relative to the threshold gain length, at
50 atmospheres than it is at 30 atmospheres. Hence, the
higher the pressure, the closer the broader linewidth
pulse 1is to steady state conditions, and the closer the
threshold power is to that for the single mode pump.

Measurements made on the two-pass amplifier arrangement

performances of the phase conjugator and of the  two-pass

amplifier, with and without phase conjugation, were quantified by

making the following measurements.

5.2.1. Energy and Power

The output energy of the system was measured using a cone
calorimeter. The output power was then deduced by
photographing the pulse on a fast storage oscilliscope
and measuring the duration. Pulse shapes were monitored
using a vacuum photodiode with a rise time of 100 ps.



5.2.2. Beam Divergence

Measurement of beam divergence required some care because
a large spot size in the far field does not necessarily
indicate that a beam 1is significantly worse than
diffraction-limited. For example, if a pure Gaussian
input to the amplifier were not exactly collimated and/or
the amplifier rod possessed distortion in the form of
pure spherical lensing, then the output, despite still
being diffraction Timited, could have a divergence quite
different to that expected, assuming that there was a
beam waist at the output. To avoid any uncertainty the
output beam was deliberately focussed to form a waist (as
in Figure 5.4.), the size of which was measured using the
diode array. The array consisted of 128 photodiodes in
a line lcm long, allowing spot size measurements down to
about w = 0.4mm.  The beam divergence from this waist
was then determined by measuring the spot size at some
known distance many confocal parameters from the waist.
The  factor by which this divergence exceeded that
calculated from the measured waist spot size (assuming a
Gaussian beam) was the factor by which the output beam
exceeded the diffraction Timit.

5.2.3. Beam Quality

The transverse spatial quality of the beam was assessed
at various distances from the output coupler using two
techniques.

Firstly, the beam was allowed to fall on ‘'burn paper' -
exposed and developed photographic paper.  Although the
burning is not necessarily a 1linear function of Tlaser
intensity, and cannot therefore give a straightforward
reading of the absolute value of intensity at any point,
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this method does show up the transverse structure and the
shape of the beam.

Secondly, the diode array (described above) was used to
display the transverse intensity profile on a storage
oscilloscope, so that the profile could be photographed.
Having a linear response, the array could be used for
direct examination of the detailed structure of the beam.
Rotation and transiation of the array allowed the display
of the profile along any chosen 1line across the cross
section of the beam.

5.2.4. Depolarization Loss

[deally, all the energy incident on the polarizer after
the  second pass  through the amplifier should be
vertically polarized and therefore reflected off the
polarizer as output (Figure 5.1.). However, as already
mentioned, depolarization can occur both in the amplifier
rod and in the phase conjugate cell, so that some com-
ponent of the beam could be horizontally polarized.
This component would be transmitted by the polarizer and
travel back towards the oscillator. This represents
both an energy loss and a spatial beam distortion - since
the depolarization is spatially dependent, some parts of
the output will lose more energy than others.

As described in Chapter 3, a horizontally polarized ray
passing through a point in the amplifier rod cross
section and travelling along a path parallel to the rod
axis will see two indices of refraction for the radial
and tangential directions of polarization (Figure 3.3.).
The ray will, 1in general, have components along these
fast and slow axes which emerge from the rod with some
phase difference, giving elliptical polarization. By
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placing the Faraday rotator between the amplifier and the
plane  mirror, the amplifier birefringence can in
principle be cancelled out as follows. The ray
returning through the amplifier on the second pass has
the two fast and slow components each rotated by 900,
so that the polarization component which, on the first
pass, was parallel to the fast axis, is parallel to the
slow axis on the second pass, and vice versa. Thus,
in traversing the amplifier on the second pass, the phase
difference between the components 1is cancelled out and
they emerge in phase, resulting 1in vertically plane
polarized Tight. The process is illustrated in Figure
5.5., which shows the rod viewed along its length. The
success of this scheme depends upon the requirement that
a ray passing along any particular path P in the rod must
return along exactly the same path, for along any other
path the directions of the fast and slow axes will
differ, as will the phase difference for the two
components. In this case, exact cancellation of the
birefringence seen on the first pass will not occur on
the second pass. This exact ray retracing may not occur
if the amplifier shows significant Tensing, or if the
input beam is not collimated. The scheme will also work
less than perfectly if any further polarization change
takes place between the first and second passes of the
amplifier and this may occur in an SBS phase conjugator,
even though the use of a phase conjugate mirror should,
in principle, ensure exact ray retracing.

An additional feature of the scheme 1is that the Tlaser
beam, after a double pass through the rod, is no longer
brought to two foci (for the radial and transverse
polarizations) given by equations 3.3.2. and 3.3.3. We
illustrate this in Figure 5.6., which shows a plane
horizontally polarized beam travelling through the rod
cross section. Notice that those parts of the beanm
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Figure 5.6 A horizontally polarised beam travelling through a
birefringent rod. Those parts of the beam near the
Y axis see a refractive index ny, while those parts
near the X axis see an index n,.



lying along the X axis see a refractive index n. and
the rod has focal Tlength fr’ while those parts of the
beam along the y axes see a refractive index n¢, and
for these parts the focal length is f¢. If, on the
second pass, the beam polarization is rotated by 900,
the focal Tlengths are interchanged, and the effective
focal Tength seen by any part of the beam will be
constant. This  statement is also subject to the

condition that rays retrace their paths exactly.

A commonly used technique for polarization rotation of
90° in a double pass 1is a quarter wave plate, for
example placed at locations 1 or 2 in Figure 5.1.
However, this scheme cannot compensate for birefringence
in the same way that a Faraday rotator can, because a
quarter wave plate does not simply rotate the
polarization, but 1is a birefringent component itself.
It is possible to calculate the depolarization loss for
the case of Nd:YAG amplifier double passed with a plane
mirror and a quarter wave plate. This was done for
various input pump powers to the amplifier, using an
extension of the theory of rod birefringence presented in
Chapter 3. Details are given in Appendix III and the
results are given with the experimentally measured loss
later in this Chapter.

The birefringence loss was measured experimentally for
the four double pass configurations - Faraday rotator or
quarter wave plate with plane mirror or phase conjugate
mirror - at various pulse repetition rates. The
depolarization 1loss was measured by placing a beam
splitting mirror in the beam between the oscillator and
polarizer, as shown 1in Figure 5.7. This mirror was
usually a plane/plane 30%/AR placed almost perpendicular
to the beam, so that the beam would not be translated
Taterally by any significant amount.  The birefringence
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loss, transmitted by the polarizer back in the direction
of the oscillator, could be calculated by measuring the
energy reflected from this beam splitter via a prism, as
shown in the Figure.

5.2.5. Linewidth Measurement

The linewidth of the laser was first measured for the
oscillator alone, then when the amplifier was double
passed using the plane mirror, and later when the phase
conjugate mirror was employed. Thus any increase in
Tinewidth due firstly to amplification, and secondly due
to the SBS process - the broadening of a single line or
the appearance of new frequencies - could be observed.

The bandwidth Timit of a 30 ns Gaussian pulse is ~15

MHz. A measurement of its linewidth therefore requires

an instrument with a resolving power of possibly as much
Yoo __3xi0* / ~

as x5 S0 8 2 x 10" at a wavelength of l/Am.

The only type of spectrometer with this resolving power
that 1is convenient to wuse is the Fabry-Perot interfer-
ometer, in particular the spherical-mirror confocal
Fabry-Perot (Bradley and Mitchell, 1968, Bradley et al,
1968, Hercher, 1968).  An instrument of this type was
available with mirrors coated for visible light in the
green part of the spectrum, so for this reason and for
the general convenience of working with visible Tlight,
the 1.06/4m laser output was frequency doubled to 532 nm.

To check the single mode operation of the oscillator one
must also ensure that the free spectral range of the
etalon comfortably exceeds the adjacent mode frequency
spacing of the Taser resonator, which was ~ 150 MHz.
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The etalon used had a spacing of 5cm between mirrors with
radius of curvature 5cm, giving a free spectral range of
1500 MHz, i.e. ten Tlongitudinal mode spacings of the
oscillator. The mirror reflectivity R was ~ 97% at
532nm, giving a finesse F = {?#gl ~ 100. Thus the pass
bandwidth was ~ 15 MHz. One of the etalon mirrors was
on a piezoelectric mount, allowing precise control or
scanning of the mirror spacing.

Initially the etalon was set up as shown 1in Figure 5.8.
to display the characteristic ring pattern. The laser
output was attenuated with two beam splitters before
being frequency doubled. A 1.06 meabsorbing filter was
placed immediately after the doubler. The interference
fringes of the etalon are localised at or close to the
midpTane of the instrument, as indicated 1in the Figure.
These were 1imaged upon a screen, where they could be
observed visually. In this way the performance of the
laser could be seen directly, both in terms of the number
of modes oscillating and the stability; the performance
was observed for fast Q-switching, pre-lase Q-switching
and pre-lase Q-switching with the beat detector circuit.
The results of these observations were as follow.

When the oscillator was fast Q-switched with the etalon
and resonant reflector, the ring pattern consisted of
sets of approximately five rings, each set separated by
one free spectral range of the etalon. The exact number
of rings was difficult to count because the intensity of
each ring varied considerably from shot to shot in a
random fashion (the oscillator was run at 5 Hz for all
the linewidth measurements). This number of rings
suggested that the laser was oscillating on three
longitudinal modes most of the time. (Note that if n
fundamental frequencies w, wtA, wi2A , ... wr(n-1)A are
frequency doubled, the number of new frequencies
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generated is 2n-1.)  This is roughly consistent with the
calculated linewidth of 210 MHz.

When the laser was pre-lase Q-switched, there were single
rings separated by the etalon's free spectral range,
though for about 30% of the time there were three rings.
This pattern indicates single-Tongitudinal  mode
performance breaking into two-mode oscillation for
periods. Once 'warmed up' the laser would typically run
on one mode for a couple of minutes, then on two modes
for about half a minute.

When the beat detector was in use the three ring pattern
never appeared, the laser running always on a single
Tongitudinal mode.  Although the beat detector always
ensures SLM operation, the frequency of this mode is
decided by the cavity Tength. Drifts 1in the cavity
length therefore cause drifting of the laser frequency
and this could be seen sometimes - the ring would slowly
collapse towards or expand from the centre. However, it
never moved more than a distance corresponding to
approximately half a Tongitudinal mode spacing, i.e. 75
MHz, when the Taser would Jjump frequency to the next
adjacent mode, this new mode frequency having moved
closer to the peak of the etalon transmission band. A
typical rate of frequency drift was estimated at 1-2
MHz/sec, although when the laser was run for long periods
it would run on the same mode for many minutes at a time.

Having seen that the laser could be run on one mode
reliably, a scheme was devised for quantitative
measurement of its linewidth. A single shot linewidth
measurement is difficult, because it involves recording
the spatial intensity distribution of the ring pattern
with, for example, a diode array or a photographic
method. Such methods suffer from limitations of
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resolution or non-linearity of photographic materials.
An important feature of a Fabry-Perot etalon is the
ability to scan a narrow wavelength range using the
piezoelectric control of mirror separation, and this
feature was exploited using a multiple shot measurement,
shown in Figure 5.9. A voltage ramp generator sweeping
from 0 to 1000 V with a minimum sweep rate of 10 V/sec
was used to drive the etalon. It was found that one
free spectral range of the etalon was swept by a voltage
change of 62V, therefore this would be swept in ~ 6
seconds, or 30 shots at 5 Hz, To increase the sweep
time and the number of shots recorded, a variable voltage
divider was made to step the voltage down by a factor of
8-16, so that the full 1000 V sweep of the generator
swept one FSR in 50-100 seconds, i.e. 250-500 shots. In
terms of frequency this corresponds to a laser shot every
6-3 MHz of sweep. The central spot of the ring pattern
was monitored with a small area photodiode (of dimensions
0.5 x 0.5mm) and the signal fed to a boxcar detector used
as a sample and hold circuit. This was used to hold the
signal from one shot until the next one arrived. The
sample and hold circuit was triggered by the signal from
a second photodetector, looking at the laser output
pulse. The output of the circuit was fed to the Y input
of an XY plotter. The X input was driven by a 0-10 V
reference voltage from the ramp generator. Thus the
plotter recorded the transmitted intensity of the etalon
versus its mirror spacing. With suitable adjustment of
the voltage divider and the initial mirror spacing, it
was possible to obtain transmission scans over one FSR of
the etalon.

Typical scans are shown in figure 5.10, for the
oscillator/amplifier with plane mirror and with phase
conjugate mirror.  Each curve results from ~ 100 laser
shots. The Tinewidth is given by the ratio of the FWHM
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5.3.

of each 'spike' to the spike separation multiplied by
1500 MHz. For the oscillator alone this was 45 MHz,
which for the fundamental frequency corresponds to a
width of 3%? MHz = 33 MHz. Any broadening introduced in
the amplifier when double passed with the plane mirror
was negligible compared with the experimental error.
When the SBS mirror was used the linewidth at 532am
increased to 60 MHz, or approximately 45 MHz at the
fundamental (the factor between the widths at 532 nm and
1.06 pm - may no longer be exactly J2, since the pulse is
not Gaussian in shape). The estimatad error on these
measurements was £ 5 MHz, given by the variation in the
width of the spikes.

The increased 1linewidth of the Brillouin pulse is
consistent with its shorter duration. From the results
above, one can conclude that the SBS process did not
cause significant 1linewidth broadening.  The system was
still a ‘'single mode' laser and no new frequency
components were introduced. Thus a laser incorporating
such an SBS mirror could be used where narror linewidth
operation is a pre-requisite, such as in holographic
applications.

Results for the two-pass amplifier

5.3.1. Comments on the methane cell as a reflector

Before comparing the output of the Taser with and without
phase conjugation, we make some observations regarding
the use of the SBS cell simply as a mirror, not yet
concerning ourselves with 1its performance as a phase
conjugator.,
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The laser was usually run so that the input to the cell
before the focussing lens was ~ 185 mJ, and the reflected
energy was 100 mJ (measured wusing a beam splitter),
giving a vreflectivity of 55% for the cell plus lens.
The reflectivity was measured down to 1input energies of
144 mJ at 30 atmospheres and 75 mJ at 50 atmospheres
pressure and was constant over this range at 55%. This
is consistent with the findings of Maier (1968) (section
4.5.1. Chapter 4), who found that the efficiency of SBS
became independent of the input energy for inputs well
above threshold (At 50 atmospheres 75 mJ 1is still ten
times the threshold energy). If allowance is made for a
4% Toss at the four uncoated glass/gas surfaces, the
efficiency in the gas itself is found to be 63%.

A problem encountered with the cell after several weeks
of use was a build up of a sooty substance on the cell
wall around the beam focus, suggesting that gas breakdown
was occurring, though no cracking noise could be heard
when an ear was placed on the cell. Of more seriousness
was a similar deposit on the inside surface of the
entrance window, which led to minor damage to the window
surface with subsequent absorption of Taser light and
major damage. The peak Taser intensity on the window is
~ 300 MW cm"z, which s well below the maximum thres-
hold for spectrosil B of 5 GW cm'z, so that the soot
was apparently the cause of the problem. The peak
laser intensity at the focus was 7.5 GW cm'2 averaged
over the beam area mw?. The mechanisms of gas break-
down are varied and complex, depending upon pressure,
pulse duration, intensity, wavelength and focussing
conditions (e.g. see Grey Morgan, 1978). Unfortu-
nately, there is a lack of data for the conditions of our
experiment.  The breakdown intensity of methane at 30
atmospheres pressure has been measured at a wavelength of
249 nm and was found to be 6.5 GW cm™® (J. Murray), but
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this result cannot be extrapolated reliably to the
wavelength of 1.06 fAm. Using a 30cm lens to focus the
beam to a spot size of ~90 /4m giving a threefold
increase in intensity to 22 GW cm'2 caused an audible
spark. It would have been an advantage to have a spot
size larger than 150/Am to decrease the focal intensity
further.  This could only have been achieved by using a
longer focal length Tlens, of say 75c¢m or 1lm. However,
the focus would then have been so close to the rear
cell window, that damage could have ensued there.
Alternatively, the lens could have been moved further
from the cell to keep the focus at the cell centre, in
which case the spot size on the front window would have
been too small. Thus, the 50cm lens was retained,
damage to the gas being less inconvenient than damage to
the  windows! Although the observed gas breakdown
threshold did not seem unreasonable in the 1light of
Murray's measurement, the appearance of soot on the
window effectively prevented long term operation of the
cell. [t was suggested (Dr. F. 0O'Neill, personal
communication) that this was due to organic impurities in
the gas in the form of Targe molecules with Tow
dissociation energy. To try and eliminate these a
filter with pore size O.22/Am (manufactured by Millipore)
was added to the gas supply line. It proved successful
in reducing the quantity of soot appearing in the cell
and the associated damage problems to a negligible level.

5.3.2.  Performance of the two pass amplifier

We now compare the performances of the various
configurations of the two pass amplifier.

For the plane mirror version with the Faraday rotator,
the output energy at 5 Hz repetition rate was 400 mJ in a
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30 ns pulse, at the maximum amplifier pump energy of 72J.
Higher  pump  energies led to superradiance 1in the
amplifier rod with no further increase in laser output.

The beam quality can be judged from figures 5.11 and
5.12 , Which show burn marks and diode array profiles
made at various distances from the output coupler.

In 5.11
the repetition rate was 5 Hz, at this mean pump power
(360 W) the profile showed modulation of the order of 20%
on the envelope. The beam was measured to be
essentially diffraction-Timited within the experimental
accuracy.

At a repetition rate of 15 Hz (a mean pump power of 1.08
kW), the beam showed significant aberration, as shown in
Figure 5.12 . Firstly, the strong thermal lensing of
the amplifier rod brought the beam to a focus at about 2m
from the output. We can calculate a theoretical value
for the position of the focus. Using equations 3.32 and
3.33 we find the rod focal Tength was fR = 3.5m.
Thus, after a double pass through it the beam would be
expected to focus at a distance of ~ 1.8m from the
amplifier. Secondly, the beam was astigmatic; the
first focal 1line being 1.5m from the output and
orientated at 45° to the horizontal, the second being
at  2.5m and perpendicular to the first 1line. An
explanation for this astigmatism, especially the 45°
orientation of the focal lines in a system which appears
to be symmetrical about a vertical plane, has to date
eluded the Author. Thirdly, the beam begins to break up
in the far field Tosing its last vestiges of circular
symmetry.

Despite the grotesque appearance of the  beam, its
divergence was only approximately twice diffraction
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limited. This result is perhaps surprising and suggests
that beam divergence alone 1is not an adequate guide to
beam spatial quality.

When the plane mirror was replaced by the SBS cell the
energy dropped by 20% to 330 mJ. Thus, even though
the cell has only a 50% reflectivity, the output drops by
much Tless than this, implying that the amplifier is less
saturated on the second pass when the cell is used - i.e.
there is more gain.

The pulse shapes at various points in the laser are shown
in Figure 5.13, which shows the 30 ns oscillator pulse,
the output of the complete system, and the throughput of
the SBS cell. The output exhibits a very rapid rising
edge  2ns long and thereafter approximates the shape of
the input pulse. The Tower picture shows the
transmission through the cell, and here the pulse has the
rising curve of the input and then drops rapidly (cor-
responding to the rise of the reflected pulse) to a Tow
level which decreases gradually to zero over  20ns. It
appears that once the Brillouin process 1is set up, the
efficiency rises to a high value very quickly. The
instantaneous power of the input pulse when this occurs
is approximately ten times the measured threshold power
of 0.5 MW for a 30 ns puise (at 30 atmospheres), which
shows that a certain time 1is required to set up the
process, rather than a certain power level. The sudden
fall in the throughput occurs ~ 10 ns after the leading
edge of the input pulse arrives, which is of the same
order of magnitude as the phonon lifetime of 10 ns.
The output pulse is shortened by the 1loss of the front
part of the input to 16 ns, giving a pulse power of 20
MW as opposed to 13 MW for the 400 md, 30 ns pulse
obtained using the conventional mirror.
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The beam quality with the phase conjugator is shown for
direct comparison with the plane mirror in Figures
5.11 at 5 Hz and 5.12 at 15 Hz vrepetition rate.
The profiles, though not as smooth as the input to the
amplifier, are very much smoother than those obtained
with the plane mirror and the burn marks are much more
circular. Most dramatic 1is the 1improvement over the
plane mirror at 15 Hz, the strong focussing, astigmatism
and beam break up no longer appearing. The slight
focussing of the phase conjugate beam was due to a small
divergence of the beam entering the amplifier from the
beam expansion telescope. This caused negligible change
in the spot size over the 1length of the amplifier and
Faraday rotator and indeed this imperfect collimation was
not noticeable until the phase conjugator was used. (In
fact slight divergence of the beam entering the amplifier
will partly compensate the thermal lensing anyway). The
burn marks of the phase conjugate beam show four slight
'blips' on the edges of the intense circular central
spot, which are indicative of uncompensated bire-
fringence. These were not visible, however, on the
diode array. The magnitude of the depolarization loss
will be given in the next section, and the energy in the
blips was also measured directly in the following way.
The diode array profile 1in the far field showed a
Gaussian profile, the spot size w of which was measured.
An aperture of diameter 3w, through which essentially all
the energy of a pure Gaussian of spot size w should have
passed, was placed in the beam, By measuring the energy
both before and after the aperture, the proportion of
energy in the 'wings' of the beam could be found. The
energy measured at the system output was also compared
with the far field energy in case beam components with
large angular divergence were present, which would not
enter the calorimeter in the far field. This way it was
estimated that 90% of the beam energy was in the
diffraction-limited part.



The performance of the phase conjugator was also briefly
tested with the oscillator running multimode to give a
broader Tinewidth. Firstly, it was run fast Q-switched
to give a 200 MHz linewidth, when it ran on two or three
modes (Figure 5.14 (a) and (b)) and the output pulse was
observed. Typical examples of two and three mode
outputs are shown in Figures 5.14 (c¢) and (d), together
with the superimposed single-mode output for comparison.
It is interesting to see that once the SBS process is set
up the vreflected pulse still follows the shape of the
input, despite the large intensity fluctuations which gqo
right down to the baseline. An examination of the far
field beam profile revealed a consistently smooth
Gaussian for both two and three mode operation.

When the linewidth was increased to 400 MHz the Brillouin
pulse still appeared to follow the input as shown in
Figure 5.15, even though the individual oscillations were
only ~ 2 ns wide, and the SBS process still seemed to
‘switch on' after 10 ns as for the single mode pump.
The output beam quality remained good.

Broadening the linewidth to 2000 MHz did have an effect
on the phase conjugate beam - its shape and divergence
changed from shot to shot; and the energy was reduced
and fluctuated by large amounts, sometimes falling to
almost zero. It was difficult to compare the output
pulse shape with the input because the structure was very
fine and varied greatly from one shot to the next. The
coherence  length of the beam at this linewidth was
15c¢m, which was approximately equal to the confocal
parameter. In fact, the effective overlap Tlength
between the pump and back-scattered Stokes waves 1is half
this value, because they travel in opposing directions.
For a single mode pump of Tinewidth 33 MHz, the threshold
power in methane at 30 atmospheres pressure was 0.5 MW,
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Figure 5.14

138

Two-mode

30ns

Three—-mode

(d)

Output pulse shapes of the oscillator (a) and (b)
when running on two and three modes respectively,
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Figure 5.15 The reflected Brillouin pulse for a Llinewidth of 400 MHz.
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Figure 5.16  Depolarisation loss for the two pass amplifier as a
function of pulse repetition rate.

Curve 1 is for plane mirror with quarter wave plate
2 18 for the SBS mirror with quarter wave plate
3 18 for plane mirror with Faraday rotator
4 18 for the SBS mirror with Faraday rotator
Curve 5 is a theoretical calculation of curve 1.



in a spot size of 150 um. Hence the gain length
required for threshold to be reached, 1 ='§%L was ~ 5cm.
Thus, the effective overlap length at a linewidth of 2000
MHz had become comparable to this threshold gain Tength,
which explains qualitatively why the SBS efficiency was

reduced.

5.3.3. Depolarization Loss

The results for the depolarization loss measurements are
displayed 1in Figure 5.16. The percentage of the total
energy incident on the polarizer after the second
amplifier pass, which was transmitted by the polarizer,
is shown versus the pulse repetition rate for a pump
energy of 72 Jd. Curve (1) is for the plane mirror used
with a quarter wave-plate, and the loss reaches a value
of ~30% at the maximum pump power, which in terms of
pulse energy is 120 md, reducing the output energy to
approximately 300 md. Also shown (Curve (5)) is the
theoretical loss for this configuration, as calculated in
Appendix 1II, the agreement with the measured results is
excellent.  The curve tends asymptotically to a maximum
value of 44%. Curve (2) results from the SBS mirror
used with the quarter wave plate. Curves (3) and (4)
result from the plane mirror and SBS mirror respectively,
each with the Faraday rotator.

Comparing curve (1) with (3) shows that the Faraday
rotator does give significant improvement (by a factor of
~2) over the quarter wave plate, as one would expect.
Under ideal conditions the loss for curve (3) would be
zero. Indeed, it is very low at the small pump powers.
The rapid increase in 1loss as the repetition rate
increases can be explained by the fact that not only
does the magnitude of the birefringence at any point in
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the rod increase, but the increasing thermal lensing
means that vreflected rays vretrace their incident paths
through the amplifier rod less and less precisely.
Cancellation of the birefringence can only occur for rays
that do retrace their paths exactly, as explained in
Section 5.2.4.

Comparison of curve (3) with (4) shows a further
reduction at higher pump powers by a factor of ~ 4 in
loss for the SBS mirror over the plane mirror. This s
because rays now retrace their paths more exactly through
the amplifier. The two curves converge at Tow pump
powers because the thermal 1lensing becomes negligible
(fR = 10.5m at 5 Hz). What 1is not <clear is how much
further depolarization of the beam, in addition to that
caused by the rod, occurs in the SBS cell (see Section
4.5.5.). The depolarization of the input to the cell
can be found by calculating the single pass depolari-
zation in the amplifier rod, which is 0.8%, 2.8% or 5.5%
at pulse repetition rates of 5, 10 and 15 Hz respec-
tively. The 1loss of curve (4) presumably comprises a
part due to imperfect ray-retracing through the rod (i.e.
imperfect wavefront reversal) and a part due to change of
polarization state in the SBS cell. Since these two
parts cannot be differentiated, it is difficult to say
more. However, the purpose of the experiment was to
evaluate the scheme of the SBS cell used with the Faraday
rotator, and it most certainly works significantly better
than the other three variations.

The results for the two pass amplifier are summarised in
Table 5.3. At 5 Hz repetition rate the degradation of
the beam by the amplifier was only slight and so, apart
from the cleaner appearance of the beam, the phase
conjugator did not make a significant difference. At
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TABLE 5.3.
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Two pass amplifier

Without phase With phase
conjugation conjugation
Energy 400 mdJ 330 md
r—
5 Hz Scruffy profile but Very clean profile,
diffraction 1imited diffraction Timited
Beam
quality <4
Very scruffy profile Clean profile,
15 Hz twice diffraction diffraction Timited
- 1imited
Pulse
duration 30 ns 16 ns
Linewidth 33 MHz 50 MHz
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15 Hz the value of the conjugator was much more apparent,
giving a factor of 4 increase in beam brightness, or 6
if the pulse shortening is taken into account.

5.4. Four-pass amplifier scheme

The main idea behind the four-pass amplifier was simply to attain
higher output energies, since it appeared that two passes through the
amplifier were not sufficient to extract all the energy. Addition-
ally, it was hoped that birefringence compensation could be applied
before the phase conjugator, so that plane polarized Tight could be
presented to it, avoiding possible depolarization in the conjugator.
Other potential advantages of the system were a lower input energy
requirement from the oscillator, or satisfactory energy extraction
with lower input to the conjugator, or with a Tlower efficiency
conjugator.

5.4.1. The basic experimental arrangement

The layout of the four-pass scheme 1is shown in Figure
5.17. Horizontally polarized 1ight from the oscillator
is transmitted by polarizer 1 and is then subjected to
opposite 45° yotations by a Faraday rotator and a
half-wave plate. After traversing polarizer 2, and then
the birefringent amplifier, it enters a ring arrangement
which both reflects the beam and interchanges the
polarization components (rather as the plane mirror and
Faraday rotator did in the previous experiment). This
is achieved by splitting the beam into the two orthogonal
polarization components wusing polarizer 3. These
components counterpropogate around the ring and each is
given a 90° rotation by a half wave plate. They
recombine into a single beam at polarizer 3 which, after
traversing the amplifier a second time, 1is in principle
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completely vertically polarized. (We acknowledge Dr. C.
L. M, Ireland for pointing out the polarizing properties
of this ring configuration. We also note that Richards
(1983) used an -equivalent arrangement in a special
Pockels cell Q-switch device.) This beam 1is therefore
reflected by polarizer 2 into the SBS cell. After
conjugation the process is reversed, so that after the
fourth amplifier pass the beam is horizontally polarized
and is transmitted by polarizer 2. Travelling from left
to right, the beam experiences two 45°% rotations in the
same sense as it passes the half wave plate and Faraday
rotator and it s reflected from polarizer 1 as output.
A plane mirror was also tried 1in place of the phase
conjugator. The Tatter was the methane cell as used
previously with similar focussing conditions.

5.4.2. Setting up the experiment

Techniques similar to those described in Section 5.1.4.
were used for setting spot sizes and orientating the half
wave plates. The ring, however, demanded a careful
alignment procedure to obtain a good beam from the
system.  The problem was that adjustment of the mirrors
influenced not only the direction of the reflected beam,
but also its position within the rod - if the reflected
beam was parailel to the incident beam it was not
necessarily colinear with it. Figure 5.18 shows the set
up for aligning the ring. The phase conjugator was
blocked off, the Faraday rotator was switched off and the
half wave plate beside it was removed. It was found
that a weak beam (due to uncompensated rod birefringence
after a double pass) then returned back towards the
oscillator. The energy in this beam was monitored by
allowing it to fall on a holed card positioned at the
oscillator output. Some of the light scattered from the
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Oscillator Holed card
S N\
::}_ﬂﬁ\\\'Photodiode
Ring Amplifier
/ y/4 AN 3

Figure 5.18 Method for aligning the ring in the four-pass
amplifier arrangement.



card fell upon a photodiode. Maximising the signal from
the photodiode by adjustment of the mirrors ensured that
the reflected beam travelled through the centre of the
amplifier and 1in the correct direction. It was not
allowed right back into the oscillator in case damage
occurred there when the Tlaser was Q-switched. The
mirrors used in the ring were designed as 45° turning
mirrors, but had a reflectivity of ~97% at the 28°
angle of incidence used.

5.4.3. Measurements made on the four-pass amplifier
arrangement

The performance of the four-pass amplifier was assessed
by making measurements similar to those for the two-pass
arrangement., However, a significant difference between
the two systems 1is that in the four-pass scheme some of
the energy lost as a resuit of uncompensated amplifier
birefringence appears as part of the output beam instead
of travelling back towards the oscillator as it does in
the two-pass arrangement. A glance at Figure 5.17 shows
that, after the first two amplifier passes, any
uncompensated birefringence results in a horizontally
polarized beam component, which is  transmitted by
polarizer 2 (instead of reflected into the SBS cell) and
reflected by polarizer 1.  Thus, it mixes with the main
output, which has made four passes. This could not only
degrade the spatial quality of the output; but since
these two  components are of different frequencies
separated by the Brillouin shift, (811 MHz in methane),
it could broaden the 1linewidth and cause temporal
modulation of the output pulse. Furthermore, another
undesirable effect could result from uncompensated
birefringence on the third and fourth passes of the
amplifier. The reflection from the SBS cell is
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vertically polarized and if, after the third and fourth
passes, there is still a vertically polarized component,
this re-enters the SBS cell a second time and s
reflected. Thus oscillation could be set up between the
SBS cell and the ring. In fact, during the course of
this work, it was vreported by Dr. A. Scott (personal
communication) that a four-pass scheme incorporating a
plane mirror and quarter wave plate in place of the ring
went into oscillation in this way.

The depolarization loss was estimated by measuring the
signal, emerging off polarizer 1, that had made two
passes of the amplifier. An attempt was made to reduce
the loss at the highest repetition rate of 15 Hz, by
inserting a negative lens in the ring to compensate for
thermal Tlensing of the amplifier rod.

5.4.4. Performance of the four pass amplifier

The total output energy of the laser was 440 mdJ for an
amplifier pump 1input of 72 J. Interestingly the output
remained constant for signal inputs ranging from the
maximum 80 mJd down to approximately half this value.
This was probably a consequence of the fact that, as the
input signal increased, more energy was incident on the
phase conjugator, of which roughly half was Tost; the
reflection would then also experience Tower gain on the
third and fourth passes because more energy had been
extracted from the amplifier on the first two passes.
Such an output, which is independent of the input energy,
would be wuseful for a system where the oscillator output
energy was variable.

The output pulse shape is shown in Figure 5.19 (a) and
shows considerable compression down to a duration of
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Figure 5.19

12 ns

(a)  Output pulse

1
6 ns

(b)  Pulse reflected from the SBS
cell bfore the third pass of the
amplifier.

| S |
50 ns

Pulse shapes in the four pass amplifier.

Figure 5.20 The pulse transmitted

through the SBS cell in the four pass
amplifier. The second peak is due to
uncompensated amplifier bivefringence.
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approximately 6 ns, implying a power of 70 MW. This
degree of compression had not been seen in the two-pass
amplifier and so it was doubted that this could be
occurring in the SBS cell. To check this the signal
reflected from the cell was observed and it was found to
be much 1like the output from the two-pass amplifier,
which is reproduced in Figure 5.19 (b). This signal was
therefore being compressed in the third and fourth
amplifier passes, due to saturation, as described in
Chapter 3. Because the pulse has a fast rising edge,
this Teading edge receives higher gain than the trailing
edge. In Appendix I a calculation is performed to find
the expected degree of compression under these
conditions.

We note that in 1966 Ambartsumyan et al devised an
oscillator - amplifier system for the production of short
pulses, 1in which the front end of the Q-switched
oscillator output pulse was chopped off with a shutter to
give it a steep rising edge for subsequent compression in
a saturated amplifier. In our experiment this occurs in
a simple and automatic fashion as a result of the SBS
process.

The output pulse shows no sign of beating at 800 MHz
between the Brillouin-shifted and unshifted components,
which suggests that the unshifted component was much
weaker and that the output was essentially single
frequency. Another indication that birefringence com-
pensation was adequate (if not necessarily perfect) was
the absence of any oscillation between the ring and the
SBS cell. The "cavity length" between these components
was 1.8m, giving a round trip time of 12 ns. Thus
oscillation would have been revealed as a series of
pulses at intervals of 12 ns after the first output peak.
No such pulses were seen.
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Oscillation was seen when the phase conjugator was
replaced with a plane 100% mirror. In this situation
the birefringence compensation has to be sufficient to
prevent  oscillation between two 100% mirrors. The
output consisted of relaxation oscillations Tlasting for
100 Ms during the pump pulse, a feeble Q-switched pulse,
then further oscillations due to the Q-switched pulse
bouncing between the ring and 100% mirror. This
illustrates the usefulness of the SBS cell in high-gain
situations, where its reflectivity is =zero until the
arrival of the Q-switched pulse.

It may appear that there is a discrepancy here because
oscillation did not occur after the first Q-switched
pulse with the SBS cell. It was suspected that this was
because the first pulse extracted virtually all the
energy from the amplifier, reducing the gain far enough
to prevent further oscillation. An inspection was
therefore made of the transmission through the SBS cell,
which showed that there was a second pulse incident on
the cell due to uncompensated birefringence when the
repetition rate was 15 Hz, and it was indeed 12 ns
after the peak of the first pulse (which corresponds to
the falling edge of the transmitted pulse). This is
shown in Figure 5.20, the first peak being the 1leading
edge of the input. The reflection of this second pulse
suffered loss and 1ittle or no amplification on the fifth
and sixth passes, so emerged from the laser too weak to
be visible.

The beam quality from the laser is shown in Figure 5.21,
for repetition rates of 5 Hz and 15 Hz, in the near and
far fields. The fraction of the beam in the diffraction
limited part was measured to be 80%, or 350 mJ. At 5
Hz the near field shows slight modulation, but the far
field profile 1is smooth. The profile at 15 Hz is more
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Near field_
— —5 Hz
Far field

Near field
_ . =15 Hz

Far field

BE x .

X - with compensating lens

Figure 5.21  Near field and far field beam profiles for
the four-pass amplifier with phase conjugation,
at & Hz and 15 Hz repetition rate. The effect
of adding a compensating lens ts shown.



interesting, 1in that the near field shows Tlarge
modulation and asymmetry, and yet the far field is again
a smooth bell shape. This can be explained with the aid
of Lehmberg's work of 1982, in which he shows with a
computer simulation that, even for a fidelity of 99%, the
near field beam profile can show modulation of up to
20%.  The burn marks made with the compensating Tlens
will be explained later.

The depolarization loss is shown in Figure 5.22. This
was measured by blocking off the phase conjugator and
taking the ratio of energy emerging off polarizer 1 (in
the ‘'wrong' polarization) to the sum of this and the
energy reflected off polarizer 2 (in the ‘'right'
polarization) after two passes.

The depolarized beam reflected from polarizer 1 after two
amplifier passes had a higher divergence and a slightly
different direction to the phase conjugated output when
the SBS cell was uncovered, so the two signals could be
separated and observed independently. Observation of
the former signal with the SBS cell covered or uncovered
revealed an interesting mechanism in the operation of the
four-pass amplifier, which acted to enhance the pulse
compression over that due purely to saturation of the
amplifier. The mechanism was a consequence of the input
pulse length (of ~ 9m FWHM) being greater than the round
trip distance bwtween the SBS cell and the ring. When
the SBS cell was covered up, the depolarized beam had the
roughly  Gaussian temporal pulse shape of the input.
When the cell was uncovered the conjugated four-pass
signal was seen to have a position relative to this
Gaussian as shown in Figure 5.23 (a), with the front edge
of the main output approximately at the midpoint of the
Gaussian. (Note the vertical scales of the two signals
are different). This showed that the main output signal
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Figure 5.22  Depolarisation loss versus pulse repetition rate for
the four pass amplifier.

Figure 5.23(a)  Showing the relative
positions of the depolarised signal
in the absence of phase conjugation
(SBS cell blocked) and the conjugated
output signal, in the four pass
amplifier.
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overlapped the tail end of the input signal 1in the
amplifier, and would therefore deplete the inversion and
reduce the gain for this part of the input over the first
two  passes. This was verified by TJooking at the
depolarized signal when the conjugate signal was present
and this 1is shown 1in Figure 5.23 (b) superimposed with
the Gaussian. It can be seen that the tail of the
depolarized signal 1is amplified much Tless on its two
passes when the conjugate wave is making the third and
fourth passes at the same time. Now this birefringence
signal is proportional to the input to the SBS cell, so
this 1is also the pulse shape incident on the cell. The
reflected pulse also loses the front end up to the dotted
line in Figure 5.23 (b), and this shape is very similar
to the vreflected pulse observed in Figure 5.19 (b).
(That this shape is similar to the output of the two pass
amplifier suggests that a similar process may have been
occuring then). Thus there are three pulse shortening
mechanisms in operation: the leading edge of the input
is Jost in setting up the SBS process; the reflected
pulse is shortened in the saturated amplifier and, at the
same time, depletes its own trailing edge.

The depolarization loss of Figure 5.22 is close to that
for the -equivalent arrangement of Faraday rotator and
plane mirror used in the two-pass arrangement, and it
occurs because rays retrace their paths Tless exactly
through the amplifier as it TJTenses more strongly. To
try and compensate for this and improve the beam quality,
a lens was inserted into the ring to partially compensate
for the thermal 1lensing of the amplifier rod. A
calculation using ray transfer matrices shows that, if

the distance from the amplifier rod of focal length fR

round the ring and back is 2d, then the focal 1length f
required to give a parallel reflected beam for parallel
input is f = (d - fR)/Z. At 15 Hz repetition rate
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fR ~ 2.7m (from equations 3.32, 3.33), so f = -1.18m.
The <closest available lens was f = -1m.  This reduced
the birefringence loss from 13% to 6.5% and improved the
beam quality, which is shown by the burn marks in Figure
5.21. Not being anti-reflection coated it also reduced

the output energy somewhat.

To summarize the performance of the four pass amplifier
we note that it produced 350 mJ of diffraction limited
output in a 6 ns pulse, giving a beam brightness 16
times that of the two pass amplifier used without phase
conjugation. The phase conjugator is essential for the
operation of the four-pass arrangement.

5.5. Two-pass amplifier scheme incorporating four-wave
Brillouin mixing

We have seen from other workers' reports (see Section 4.5.5.) that a
depolarized pump 1is not, in general, accurately phase conjugated in
stimulated scattering. The evidence of the results from the
two-pass amplifier (Section 5.3.3.) does not contradict this, but it
is difficult to isolate the effects of depolarization from other
possible  causes of  imperfect conjugation. In the four-pass
amplifier arrangement uniform polarization is presented to the SBS
cell but, 1if the birefringence compensation is not complete, part of
the beam is Tost before conjugation takes place. By setting up a
laser system incorporating a four-wave mixing scheme along the lines
of Basov et al (1978) it was hoped to reduce the depolarization 1loss
even below the 5% (at 15 Hz repetition rate) already achieved. In
this scheme the light after the first amplifier pass 1is separated
into two orthogonal components wusing a polarizer, one of which is
rotated by 900, and then the two components, having the same
polarization, are conjugated together.



5.5.1. The experimental arrangement

Previous experimenters have used a waveguide for mixing
the two inputs, but it was decided that, initially, the
usual methane cell would be tried with the two beams
focussed together. If the reflectivities for both beams
were the same (they may not necessarily have been,
however) then the losses in each beam path would have to
be equal. Provision was also made for some variation in
the ratio of energies in the two beam components. The
set up is shown in Fiqure 5.24. The energy ratio
between  the horizontal and vertical polarization
components was varied by rotation of half wave plate 'A',
the Faraday rotator giving 45° of rotation per pass.
The components were split at polarizer P2, and the
horizontal component rotated by 90° by half wave plate
'B'.  The vertically polarized beams were then directed
via prisms 'X' and 'Y' (with 60° angles) and polarizer
3 through the optics which focussed them at the centre of
the cell. After reflection the process was reversed and
the output appeared from polarizer 1. The focussing
optics consisted of a telescope giving beam reduction of
1.7, followed by a 1lm focal length lens. By placing the
lens 50cm from the cell, it was possible to squeeze both
beams through the window and still focus them at the cell
centre. The spot size on the window was 1.3mm, giving a
maximum mean power density of 120 MW em™® , still
comfortably below the damage threshold.

5.2.2. Results and Discussion

To begin with, the system was set up with half wave plate
'A' orijentated to give approximately equal intensity
beams into the SBS cell. This was a demanding test of
the four wave mixing scheme, because both beams were well
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above the threshold intensity, and therefore capable of
being phase conjugated independently. The behaviour of
the system was evaluated by monitoring the temporal
shapes of both the output pulse and the pulse returning
towards the oscillator (via a beam splitter) due to
depolarization. The overlap of the beams at their focus
was first set up without the SBS cell in place. After
the cell was put back, fine adjustments were made to
prism 'Y' while watching the pulse shapes.

The laser output when the beams did not overlap is
shown in Figure 5.25 (a) and shows wide, apparently
random, variation from shot to shot, the maximum energy
being roughly four times the minimum enerqy. Figure
5.25 (b) shows the corresponding depolarization signal
which has a larger fractional variation.

These observations can be explained as follows. The
input beam, after passing through the Faraday rotator, is
plane polarized at 45° to the horizontal, so is split
into two equal horizontal and vertical components which
are in _ phase. These  components are conjugated
independently and then return to the Faraday rotator.
In order to be extracted as output, these components must
return  in phase to again give the same plane 45°
polarization, as well as being accurately conjugated.
If they do not return in phase, then the energy will be
split between the output beam and the beam returning to
the oscillator. For a phase difference of ™ all the
energy would return towards the oscillator and there
would be no output, assuming perfect phase conjugation.
Since the two beams are conjugated independently,there is
no reason why they should retain their initial phase
relationship. The Tlarge wvariation in output energy
confirmed that the phase between the beams varied,
although only up to a Timited amount, because the energy
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(a)  Output pulse, no overlap of the
beams entering the SBS cell.
60 shots.

(b)  Depolarised pulse, no overlap
of the beams entering the SBS
cell.

(c)  Output pulse with overlap of
beams in the cell, 60 shots.

(d) Depolarised pulse with overlap
of the beams in the cell.

15ns

Figure 5.256  Pulse shapes seen in the four pass amplifier with the
four wave Brillouin mizing scheme, with equal intensity
beams entering the SBS cell.



never dropped below a certain level (in other words it
wasn't completely random). The pulse returning to the
oscillator showed larger fractional variation, because it
dropped to a very low level when the two beams were in
phase and nearly all the energy appeared as output. The
maximum pulse energy returning to the oscillator
contained ~75% of the total energy, when the two beams
were at their largest phase difference. The constant
pulse shape implies that, although the initial phase
difference varies, the phase difference during the rest
of the pulse 1is constant.

Figure 5.25 (c) and (d) show the output pulse and
depolarized pulse when the two beams overlap at the
focus. For this case most of the energy appeared as
output on the majority of shots, but approximately 20% of
pulses had reduced energy, falling to roughly half the
maximum. Correspondingly, the depolarized pulse
contained Tittle energy (estimated at 10% of the total
energy) on most shots, but for ~ 20% of the time was of
higher energy, occasionally up to ~ 50% of the total.
Additionally, this  pulse showed temporal modulation.
These results suggest that, for most of the time, the
phases of the +two beams reflected from the SBS cell
remained Tocked together, but sometimes they were out of
phase, and that when this happened the phase also varied
during the pulse. Since both beams were capable of
reaching threshold independently, it is not surprising
that their phase relationship was sometimes Tost - this
might happen for example if SBS took place before the
overlapping foci in one or both beams. If SBS occurred
at the foci as well, where the beams interacted, this
could account for a phase change during one or both
reflected pulses. The resulting temporal modulation was
more prominent on the depolarized signal than the output,
because the former was of lower energy.
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Although the scheme did work for some of the time, it was
certainly not vreliable enough. It was altered to give
one strong and one weak input to the cell which, it was
hoped, would give better performance.

The half wave plate 'A' was re-orientated so that the
Tight emerging from the amplifier after the first pass
was predominantly horizontally polarized with a small
fraction (5% at a repetition rate of 15 Hz) in the
vertical polarization due to amplifier birefringence.
Thus the 1input to the «cell consisted of a strong beam
(via prism X), roughly Gaussian in transverse profile,
with a weak beam (via prism Y) having four Tobes
characteristic of such a birefringence signal.

The strong beam was first blocked, and a beam splitter
was temporarily placed in the weak beam before it entered
the cell, to monitor the weak reflection. It was found
that this beam was below the threshold for SBS. However,
when the strong beam was allowed to enter the cell, the
weak beam was reflected. Thus, four wave Brillouin
mixing was taking place. '

The beam splitter was removed and, as before, the output
and depolarized pulses were observed after the double
pass. These are shown in Figure 5.26 (a) and (b). The
output stability was much improved. The depolarized
pulses in 5.26 (b) are with the weak beam blocked (1) and
then with it entering the SBS cell (2). They illustrate
very convincingly the working of the scheme, even though
it was not perfect. When the weak beam was present
more energy Wwas incident on polarizer 1 after the
second amplifier pass, but less energy was transmitted
by it in the wrong polarization. The reduction in 1loss
was by roughly a factor of two, down to a measured value
of 2%.  When the weak beam was blocked, the depolari-
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(a)  Output pulse, 80 shots
superimposed.

(b)  Signal returning towards the
oscillator
1 With weak beam blocked
2 With weak bean present.

(¢)  Weak pulse reflected from the
SBS cell.

I5ns

Figure 5.26  Pulse shapes seen in the two pass amplifier with the
four wave Brillouin mixing scheme, with one weak and
one strong beam entering the SBS cell.



zation loss was measured as 5%, which 1is <close to the
single pass birefringence loss. This was to be
expected, since linearly polarized light was incident on
the  amplifier for the second pass. The amplitude
variation on the depolarized pulse was ~ 10%. The
improved output stability of the laser was because the
weak beam could only be phase conjugated in the overlap
region where it had a definite phase relationship to the
strong beam - the beams could not be conjugated
independently.

The output energy from this laser was 230 md, of which
95% was measured to be in the diffraction Timited part.
It is anticipated that this energy could be increased,
using AR coated prisms, or mirrors, in place of the
uncoated prisms X and Y.  The beam quality is shown in
Figure 5.27.  The burn marks showed slight modulation in
the near field, but the diode array profiles are
extremely smooth, both in the far and near fields.

The less than perfect performance of the birefringence
compensation in this Taser was, it was suspected, due to
Timited overlap of the two beams in the SBS cell. This
raised many questions regarding the effect of the length
of the overlap region, its transverse dimensions, the
tightness of focussing, the effect of time delay between
the strong and weak pulses and the possible use of
waveguides.

Observation of the weak pulse reflected from the cell
(Figure 5.26 (c)) showed that it differed slightly in
shape from the strong pulse, having a Tless steep rising
edge. A possible reason for the 1less efficient
conjugation of the weak beam was that, having originated
from birefringence in the amplifier, it had a weak
central part and strong edge lobes, giving poor overlap
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Near freld

Far field

Flgure 5.87  Near field and far field profiles and burn marls
Jor the two-pass amplifier with four-wave
Brillouin mixing.



with the strong beam, which had a strong central spot and
weaker  wings. By changing the relative transverse
dimensions of the two beams, it was hoped that the
effective overlap volume of the two beams could be
increased, leading to better conjugation of the weak
beam. The set wup for this 1is shown in Figure 5.28.
Each beam is provided with its own focussing optics.
Had the beams both been Gaussian, the spot sizes at the
foci would have been 150fam via prism X and the 50cm
lens, and 300 pm via prism Y and the 1m Tens. By
rotating the half wave plate A it was possible to make
either of the beams strong, with the other weak.

The result of this experiment was somewhat unexpected.
When the strong beam was focussed less tightly (i.e. to a
larger waist size) than the weak beam, no conjugation
of the weak beam occurred at all. However, when the
strong beam was focussed more tightly, conjugation of the
weak beam did occur, and the depolarization loss of the
system dropped to a measured value of less than 2%.

Thus it would seem that the focussing conditions are
important. At present there is no explanation for the
behaviour described above and further experiments are
planned to elucidate it.

A further possibility is the application of the four wave
Brillouin mixing scheme to a four-pass amplifier
arrangement,

To summarise this section, we note that the four wave
Brillouin mixing scheme, when applied to the two pass
amplifier, further improved the beam quality to give 95%
of the output 1in the diffraction Timited part, with
smooth beam profiles in the near as well as the far
field; and reduced the double pass birefringence loss to
2% at the maximum input pump power.
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CHAPTER 6
Conclusions

The work described in this thesis clearly demonstrates that phase
conjugation via stimulated Brillouin scattering can be successfully
and wusefully applied to typical Nd:YAG oscillator/amplifiers
suffering from moderate, but troublesome, beam aberrations. The
improvements 1in  performance are particularly apparent under
conditions of high average input pump powers to the amplifier. A
simple high pressure gas cell into which the beam is focussed 1is all
that 1is required to give good phase conjugation and this has the
added convenience of being easy to align.

For the two pass amplifier arrangement with a conventional mirror
the beam was only slightly aberrated at pulse repetition rates of
less than 5 Hz, having an irreqgular transverse profile but being
essentially diffraction Timited. It is therefore debatable whether
the improvement in beam profile - although apparent - justifies the
application of phase conjugation 1in this régime. At higher
repetition rates, however, thermal distortions in the amplifier
become sufficient to increase the divergence beyond the diffraction
1imit and the beam is seen to break up. Under these conditions the
benefit of phase conjugation - giving a sixfold increase in beam
brightness - is indisputable.

A further important conclusion 1is that the stimulated Brillouin
scattering process does not introduce new frequency components or
cause significant broadening when the pump beam originates from a
single Tongitudinal mode oscillator. Thus, an oscillator/amplifier
incorporating phase conjugation via this process retains its single
mode performance. Where single mode operation is not a pre-
requisite, good phase conjugation occurs even for a multimode pump
having a linewidth wup to 400 MHz under our experimental conditions.
Hence an oscillator/amplifier beam with high spatial coherence is
attainable without severe constraints being placed upon the temporal
coherence of the oscillator output.
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The depolarization loss associated with thermally induced amplifier
birefringence was significantly Tlower when phase conjugation was
employed than when a conventional mirror was used. At pulse
repetition rates greater than 10 Hz this reduction was by a factor of
four, dropping from 16% to 4% at the maximum rate of 15 Hz. There-
fore, although phase conjugation of the depolarized pump was not
perfect, it still gave a worthwhile improvement over the use of a
conventional mirror. The depolarization 1loss can be further
reduced, if desired, to ~2% at 15 Hz, using the four- wave Brillouin
mixing scheme.

The value of phase conjugation becomes even more apparent in the case
of the four-pass amplifier. Even at 1low repetition rates an
increase in beam brightness by a factor of four was attained over the
two pass amplifier incorporating a plane mirror. At the high
repetition rates, this factor increased to sixteen.

[t is anticipated that further Jimprovements will be made to the
performance of the oscillator/amplifier in the future, for example by
using a waveguide for efficient beam overlap in the four wave
Brillouin mixing arrangement. It is also anticipated that the phase
conjugation schemes described in this thesis will be applied equally
successfully to other types of laser, such as the ruby laser.
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Two identical prisms are combined to form an anti-resonant ring reflector, giving total reflection with-
out the use of coatings or roof edges. When used as the total reflector in a Q-switched NdYAG laser this
device has shown a damage threshold twice that of a multilayer reflector.

The concept of the anti-resonant ring interfero-
meter first gained prominence in a laser context
when, in 1972, Siegman [1] indicated a number of
its potential uses. An early demonstration of its
use was in cavity dumping [2]. More recently

[3, 4] it has excited interest as a means of pro-
viding a colliding-pulse configuration, which has
been shown to possess advantages in passive mode-
locking [S]. It is interesting to note that McGeoch,
in 1970 [6], had used a prism reflector device
based on the anti-resonant ring principle and had,
in addition, exploited its colliding-pulse configur-
ation in a mode-locked ruby laser. The primary
motivation behind McGeoch’s prism reflector
design was the need to overcome damage limi-
tations imposed by multilayer dielectric reflectors
while avoiding also the disadvantages of internal
reflection at a prism roof-edge. Subsequent
improvements in the power handling capability of
multilayer coatings then diminished the attractions
of this prism reflector. Recently, however,
Vanherzeele [7] has drawn attention to the possi-
bility of using the McGeoch prism reflector to
provide a compact device suitable for a colliding
pulse mode-locking set-up. Qur own re-examination
of this prism reflector has been motivated in part
by a renewed interest in reflectors of high damage
threshold since the output power capability of a
Q-switched TEMgo mode NdYAG laser employing
a telescopic resonator [8-10] is determined by
damage to the reflector in the contracted beam.

We describe here the design and performance of a
modified version of the McGeoch reflector. We
have confirmed by measurement that it has a
damage threshold twice that of a multilayer
reflector when used as the total reflector of a
Q-switched NdYAG laser. An important difference
from the McGeoch design is that the beam
splitting surface does not involve frustrated total
internal reflection (FTIR) to achieve the required
50% reflectivity and the device can therefore be
realized with less exacting requirements on the
prism spacing™. In fact, this increased design free-
dom suggests other possibilities, such as con-
trollably varying the prism spacing and thus
achieving a reflectivity adjustable between zero
and 100% for any wavelength within the trans-
mission range of the prism material,

The basic arrangement of an anti-resonant ring
is shown in Fig. 1. The beam splitter divides the
incident beam into two counter-propagating beams
which then recombine at the beam splitter. The
transmnitted beam is the superposition of a contri-
bution from the clockwise circulating beam, which
undergoes two reflections at the beam splitter (one
from each side) and a contribution from the anti-
clockwise beam which undergoes two trans-
missions through the beam splitter. These two
contributions to the transmitted beam are there-
fore in exact antiphase, regardless of the angle of
incidence at the beam splitter. Thus if the beam
splitter has S0% power reflectivity the counter-

*We note that Vanherzeele has also chosen, like McGeoch, the more exacting option of using FTIR at the beam

splitter interface.
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Figure 1 The anti-resonant ring.

propagating beams are of equal intensity, the
transmitted beam is therefore of zero intensity,
and the reflected beam carries all the incident
power. The arrangement in Fig. 1 can be realized
in a number of ways, using two identical prisms.
Fig. 2a shows the design we have tested. The
required 50% reflectivity at the beam splitter
(which now consists of the two adjacent prism
faces) can be achieved for a range of angles of
incidence at the beam splitter. In fact the two
faces act as a Fabry—Perot interferometer and
given the angle of incidence one simply has to
choose the appropriate spacing d (or vice versa) to
achieve 50% reflectivity. It is also possible to use
angles of incidence greater than the critical angle
and thus involve FTIR. This is not necessary how-
ever since 50% reflectivity can be obtained from
uncoated prism faces, for angles less than the
critical angle, and the antiphase property
remaining the same as for FTIR. The advantage of
working at less than the critical angle is that the
prism spacing can be much larger (and hence

incident total

reflected

-

internal

/\ reflection

A
5

achieved more conveniently) than for FTIR. In
fact one can exploit the interference behaviour of
the beam splitter faces, whereby the reflectivity is
the same for values of 4 differing by an integral
multiple of A/2 cos § where 8 is the angle of
incidence in the air gap between the prism. We
have also used this interference behaviour to
arrange for zero reflectivity where the beams cross
the beam splitter at normal incidence, choosing

d = A= 1.06 um, this being the operating wave-
length of the laser at which the 100% reflectivity
was devised. Having chosen d, the angle of inci-
dence at the interface was determined (8 =
40.56°, the prism material being BK7 glass) and
this in turn fixes « (6.98°, since a Brewster angle
input was required) and 8 (110.28°).

The construction of this device calls for two
identical prisms with all the reflecting faces
arranged perpendicular to one plane. A single
prism was first made (Fig. 2b) with the angles o,
as specified (tolerance *1min) and the bases
ABCD, A'B'C'D' perpendicular to the reflecting
faces (tolerance +2 sec on perpendicularity). This
prism was then cut in half (along plane A"B"C"D")
and the bases ABCD, A'B'C'D’ placed in contact
with the surface of an optical flat. To provide the
correct prism spacing two thin strips of dielectric
were evaporated onto the longest face of one
prism (Fig. 2b) leaving the centre of the face clear.
The entire assembly was then mounted in a con-
ventional mirror mount having micrometer angular
adjustments

The following tests were carried out to assess
the performance of the reflector. First a visual
observation was made of any fringes resulting from

dielectric spacer

Figure 2 (a) A scale drawing of the actual reflector which was constructed and tested; « = 6.98°,8 =110.28°, and
d = 1.06 pum (nominally). (b) Method of fabricating the identical prisms for the reflector.
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imperfect parallelism between the beam splitter
faces and between the prism bases ABCD,
A'B'C'D’ and the optical flat. For the beam
splitter faces excellent parallelism was easily
achieved with no fringes visible across the face

(of sides DC = 35.5mm, CC" = 15.01nm). The
parallelism between the prism bases and the
optical flat to which they were contacted was
found to be less good and it was estimated that the
two prism bases were as much as 5 sec out of
parallelism. The origin of this lack of parallelism

is not certain. although it is probably due to
imperfect contact with the optical flat. However,
it does not appear to have significantly degraded
the reflector performance. The reflectivity was
measured in two ways: (1) using for the incident
beam the horizontally polarized TEMy, output
from a NdYAG laser, and (2) using the device as
one of the reflectors of a NdYAG laser. In the first
method the prism was aligned for retroreflection
and a beam splitter was used for monitoring the
incident and reflected beams. This measurement
was of limited accuracy, but confirmed that the
reflected beam had an intensity of > 95% of the
incident beam. A small output was observed in
the direction of the transmitted beam, ~1% of the
incident beam and this was found to consist
mostly of light polarized perpendicular to the
plane of pelarization of the incident light. These
results suggest the presence of some strain-induced
birefringence. In the second more accurate
method. a measurement of threshold was made
with the prism used as one reflector of a NAdYAG
laser, and a comparison with the threshold for a
multilayer total reflector indicated a reflectivity
of > 99%.

To check the power handling capability of this
reflector tests were made with a Q-switched
NAYAG laser having a telescopic resonator con-
figuration, the reflector being in the contracted
beam [9]. The resonator dimensions differed some-
what from those of [9]; the rod diameter was
6 mm, the beam expansion telescope had x 3
magnification and the spacing between the tele-
scope and the prism reflector was 0.35 m. The
laser output was taken from the expanded beam
end of the resonator, using a single uncoated glass
surface as the output. Under these conditions it
was found that a multilayer dielectric mirror used
as a total reflector in the contracted beam would

damage when a TEM, output of 105 mlJ was
reached. This corresponded to a measured 26 mJ
incident on the total reflector in a pulse of 25 ns
duration with a beam of spot size W, = 0.39 mm.
By contrast the prism reflector allowed a TEMy,
output of 185 ml to be reached before damage
occurred. The energy incident on the reflector
under these conditions was measured to be 47 mJ,
i.e. approximately twice that which the multilayer
mirror could sustain. The damage manifested itself
as a very small speck at the interface where the
beam division occurs. The vulnerability to damage
at this location is probably a consequence of the
standing waves forined at this interface [11].

The prism design of Fig. 2a is just one of a
number of possibilities. McGeoch [6] and
Vanherzeele [7] have used an arrangement where
one has access to the location where the counter-
propagating beams cross from one prism to the
other (having exited from Brewster angle faces) as
in Fig. 3. A passive mode-locking cell can then be
placed at this location to allow colliding pulses. A
further advantage of this prism arrangement is that
it suppresses reflections where the beams cross. (If
these are not suppressed then one cannot ensure
equal amplitude counter-propagating waves recom-
bining at the interface.) In our design the reflec-
tions were suppressed by using an appropriate
choice of the interface spacing, however if one is
free from this design constraint then one can con-
sider the possibility of a variable spacing between
the two prisms, controlled for example by piezo-
electricity.

Such spacing control is made much more prac-
tical by avoiding the exacting requirements on
spacing that are implied by FTIR beam splitting.
By ranging the spacing the reflectivity can be
adjusted, at any operating wavelength, from zero

brewster
faces

variable spacing

Figure 3 A reflector design tunable over the transmission
range of the prism material,
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to 100%. The range of operating wavelengths is
determined by the transmission range of the prism
material. Thus in the case of fused silica this would
offer a tunable reflectivity from the UV to the
near IR with a damage threshold in excess of that
offered by multilayer reflection.

In conclusion we have constructed and tested
an anti-resonant ring prism reflector of high reflec-
tivity and high damage threshold. Used as the total
reflector in a telescopic resonator it has allowed
150mJ TEMg, output to be reliably achieved in a
Q-switched NdYAG laser. Damage to the prism did
not occur until the output energy reached a level
of 185 mJ. The damage threshold under these con-
ditions is approximately twice that of the best
available multilayer reflector. By avoiding reliance
on frustrated total internal reflection at the beam
splitter interface a greater design freedom is
achieved, and by providing a variable gap between
the prisms this device could offer a reflectivity
which is controllably variable between zero and
100% for any wavelength within the transmission
range of the prism material.
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APPENDIX II

Losses and intensity - length products for waveguides
versus tight focussing

To maximise the gain G = gIL in stimulated scattering, the product 1IL
can be made very large by using a waveguide instead of focussing the
beam. It is useful to know the expected gain enhancement as a
function of waveguide dimensions and beam parameters.

The product IL for a focussed Gaussian beam may be approximated by
the product of intensity at the waist and the confocal parameter b:

TL =~ P b .1
Twyr
where P is the power. For an MX diffraction Timited beam the

divergence angle is 0'= MA/wwoand the confocal parameter is given by
bO = 2w0, i.e. b = 23:3? . The intensity-length product is
therefore approximately

AP 1.

Tl 5

R

To calculate the intensity-length product for a waveguide, it is
necessary to know the Tloss. If a beam with divergence ME% is
focussed to a radius 'a' at the entrance to a guide of diameter D and
length L, the 1loss 1 is (D.C. Hanna, personal communication;
Marcatili and Schmeltzer, 1964)

L =~ _Jﬂ::ﬁi_k;_ 1.3,

a*D

If the input power is P, the output power from the far end of the
guide is P (1-1). If 1 is small, then the mean power is
approximately:

Bo= —[Prr(-1)] = —;-(l—!_)
(2 -

2lp
1
P _ MM L VL ) I &
2



175

The intensity length product is then:

2\
IL =-ij££- = AL (2— m—ijl) .5,
T D* TD* a*D
The enhancement ratio & = It (“Myewﬁda) is therefore:
IL (focuss!'wj)
MAL ( M‘XIL)
- _ il 6
E —— 2 —D I.6.
If the Toss 1 is negligible this becomes:
g = MAL 1.7,

TD?
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APPENDIX III

Depolarization Toss when double-passing an amplifier
using a plane mirror and a quarter wave plate

The experimental arrangement is shown in Figure A3.1(a), and its
equivalent single pass geometry in Figure A3.1(b). The input field
Eix is horizontally polarized in the xz plane. The transmitted
loss is  found by calculating the transmitted field Et’ and
integrating this over the rod cross section for a plane wave
(representing a multimode beam) or for a TEMoo Gaussian beam.

We calculate the transmitted field Et using Jones matrices (see
Gerrard and Burch,M75).Et is given by Et = MEi, where Et and
Ei are column vectors containing the x and y components and M s a
2 x 2 matrix describing the system. If B, C, D...N are the matrices
for the individual components of the system, then M = N.,DCB. The

Jones matrices for each component are:
Polarizer transmitting the horizontal (xz plane)polarization:

P=[' O} [N}

Birefringent plate causing phase shift & between the fast axis
(orientated at an angle & to the x axis)and the slow axis:

c* + stesid cs (I —ei8)
A = . g 2 . 2.
cs(i-e-it) clesi® + s
where s = sin © , ¢ = cosO. This represents the amplifier, for

which © and 4 are functions of position in the cross-section (see
Figure 3.3).

Half wave plate with principle axes at 45% to the horizontal:

H=[O l] .3,
I o
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The total matrix for the system is thus:

M=PAHAP

After performing the algebra we find that:

M =:[2cs (1 - e 8) (c*+ s*e?) g ]

0

The input field is E; = [ g] so the output is

E,.= M [g] = E, , hence
Ex = 20s (I—e ) (24 9%e) =

*
The Toss 1is then given by ElEl integrated over the
section of the rod.

It turns out that

EE = (2 c*s*- Cfs*~ %% )(8eos 65— 8) + 167" sin*
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. 4.

.5,

l.6.

Cross

.7

Re-writing equation I[ll7 only in terms of cos® makes it easier to

integrate:

E,EF= 8(4cf—8cb4 5t c*)(cos§—1) + 16 (c’—2cb+ c*)sin®s

The depolarization loss L is given by:

| 2 Y
L = j I EEX rdr 46

2
Tl 8=0 r=o
for a plane wave input, where ry is the radius of the
Inserting III.8 in III.9 we have

2w r‘o
j (4&—%J+5J—cﬂdﬁ‘[ (cos 6—1)rdr
=0

r=o

L Tre

2w Mo
+ 16 f (c8—2c6+o+)cL(9 J rsin* & dr

2
L 6=0 =0

lil.8.

1.q.

rod.

[[1.10.
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We saw in Chapter 3, equation 3.35, that the phase shift 5 is
proportional to r2

§ = kr* 1.
where k is a constant for a given pump input power and rod radius.

Evaluating the radial and angular integrals gives the plane wave
depolarization loss

7 J . 2 ‘3 ; 2 :|
-7 . sy 2 kr 12,
Lm S TRe [smkr)+—8 sin (2kn)

To use this we need to know K. From equation 3.35 we have

ket = Co R 113,
2n3 o Cg
! c, = 2Zhexte [
where T >\ K
and Co = S=Cr — 00047 for Nd:YAG . L1,

2

Pa is the total heat power dissipated by the rod, which is

proportional to the input pump power Pin:

P(JL = y7 P.m HHG.

For Nd:YAG n = 0.05. Inserting the material and rod parameters
into III.13.and II1.12.gives an expression for the plane wave lo0ss as
a function of pulse repetition rate R for our amplifier:

0877

| = 0-438 — sin (0-285 R) + 0+375 sin (0:570 R) | .17

PW

To extend this theory to the case of a Gaussian TEMoo input beam, an
extra radial term describing the input profile is inserted into III.9
and IIT1.10. The field has the form:

E(r) = E, exp (_Wr;) I11.18.
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so that in equation III.9 the integrand 1is multiplied by N exp
(—F7W). N is a normalization constant defined by:

1w rO 2}"1
I de J Neq:k Z )l‘dr = 1 .19,
8=0 r=o W
which, when evaluated, gives
-1
2 o (5] - 1]
N = ex — 1 111.20.
Tw* P w2
(Note that for the plane wave the normalization constant was
Wroz).

In equation III.10 the radial integrals are therefore modified to:

ry I
N I [COs (hrf)-— 1]. rexp ( 2’; ) cLr .21,
r=o W
and
fo -2r*
N I Sml(kn?).r‘exp( " dr 1.22.

r=o
Performing these two integrals and inserting them in III.10 1in place

of the plane wave radial integral gives the TEMoo depolarization
1oss:

_-NTT' Wz' -b 2 R 2 Py
heo= 7 2 (# ke €7 (ew? stnkr) — 2 cos (ki) + 2

)

3N —w? e | X
T ArTr 4(|+u|;1w+) [e®sin(lers) [ sin(kra)+ wik cos (m;)ﬂ
k’,*w6 -b_ }
5 (1+ Rw*) [e=1] | .23,
y - - —
where b = i;} ; - ﬂiuz ( e b——l ) |

Equation III.23 is the final result. Note that as k->ee= , both
LPW and Loo—>_l_61 .
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In the experiment the spot size w was set so that 2r0 = 3w, SO exp
(— iL—L&) = 0.0111. Putting all other relevant values into II1I1.23

gives the TEMoo loss as a function of repetition rate R for the
amplifier:

45
L =—o-onz{————————— [o-oul [0-127R sin(0-285R) — Zcos 0-285)?}1—2]
o0 44 0-016] R* ( ) ( )

—-2-13:}

- o-rss{‘—'EL[o-om sin (0255 R) |:5Ln (0:285R)+ 0127 R cos (0285 R)]]

+[-016] R* _
. T
; PomR L} 11,24,
|+ 0-0l6] R

Plots of equations III.17 and III1.24 are shown in Figure A.3.2.,
together with the experimental results for the TEMoo input.
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Plane wave loss

Figure A. 3 .2

5 10 15 20

Pulse repetition rate | Hy

The birefringence loss in percent as a function of
the pulse repetition rate for the amplifier double
passed using a quarter wave plate and a plane
mirror. Both curves tend assymptotically to the
dashed line.



183

APPENDIX 1V
Laser pulse compression in a saturated amplifier

Below we estimate the expected compression of the pulse reflected
from the SBS cell as it makes the third and fourth passes in the four
pass amplifier. We approximate the reflected pulse shape by a plane
wave square pulse of photon density n, and duration T (egn 3.7).
The amplified shape is then given by 3.11:

No
n(t) = L—D—cqﬂ—oNoQ].wawﬁtfﬂ WL

To use this equation we need to know the initial population inversion
NO and the incident number of photons per unit area, O =n.c T.
We calculated the population inversion in Chapter 3, equation 3.17,
for the maximum 100 J pump input, finding Nmax = 11 x 10
on”3. Thus, at the wusual 72 J pump energy, N = 7.9 x 10
cm 3, giving a stored energy 1in the 75cm x 9mm rod of ~ 800 md.
Now NO is the inversion remaining in the rod after the first and
second passes. We can estimate this knowing firstly that 300 mJ
were extracted after two passes with the SBS cell removed.
Secondly, we note that when the SBS cell is in place, the reflected
pulse arrives at the amplifier for the third pass at approximately
the mid point of the input Gaussian pulse (see Figure 5.23(a)).
Thus, at this time, only approximately half the 300 mJ quoted above
has been extracted, i.e. ~ 150 mJ, Tleaving ~ 650 mJ in the rod,
corresponding to an inversion of 7.1 «x 1017 cm'3. In fact, the
inversion at the fourth pass will be lower than this, since energy is
extracted on the third pass, so a more realistic working value for
the third and fourth passes would be, say, Noc: 5 X 1017 cm™3.
We take this value for an effective amplifier Tlength of 15cm, this
approximation being more straightforward than a calculation involving

beams propagating in both directions at once in the amplifier.

To estimate v , we know that the efficiency of the SBS cell is ~ 0.5,
so 150 mJ are vreflected from it in a spot size of w = 3mm. The
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number of photons per unit area is:

E{

Epm w?
where Ei is the pulse energy and Ep is the photon energy. We
18 -2

find )7 = 2.8 x 10 cm

The reflected pulse length was T = 16 ns, giving n, = O/CT = 5.8 X
15 -3
1077 em =,

Inserting the values for NO, 7 and Ny and o = 3.5 X 1019

cm2 into IV.1 gives

n.(t) -1

—3 = |} — 0927, exp (- 0-061 k) V.3,
= =0 P ]

This curve is plotted in Figure A4.1. A significant approximation

in  the calculation is that the leading edge of the actual pulse rises
in ~ 2ns, not instantaneously as for the assumed pulse. Allowance
for this would give a pulse duration of the order of 5 ns (see Figure
A.4.1) which is close to the observed value of 6 ns. Another
estimate for the expected pulse duration can be made by assuming only
a third pass (and no fourth pass) through the amplifier of length
7.5cm, with the initial  inversion NO = 7.1 «x 1017 cm"3.

Equation IV.1. then becomes

-1
%ﬂ =|:| ~ 0:840. exp (—0-06] t):l V.4

giving a pulse duration of 6.5 ns,which 1is closer to the observed
value. A further approximation, 1in addition to that of the pulse
temporal shape, is that of a plane wavefront instead of the Gaussian
transverse profile in the experimental situation.
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via Stimulated Brillouin Scattering
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Abstract. Phase conjugation via stimulated Brillouin scattering in CH,, gas has been used to
correct amplifier aberrations ina Nd : YAG oscillator/amplifier system. The single amplifier
stage has been used in two-pass and four-pass arrangements. Using the four-pass
arrangement incorporating compensation for thermal birefringence, a single-frequency
diffraction-limited output of 350mJ, in a compressed 6ns pulse is achieved at 15Hz

repetition rate.

PACS: 42.60, 42.65F, 62.65C

Nonlinear optical phase-conjugation (NOPC) via
stimulated Brillouin scattering has received consider-
able theoretical and experimental attention since the
initial work of Zel'dovich etal. [1, 2] (see [3] for
extensive reviews). An interesting application of
NOPC is in the correction of optical aberrations
produced by a laser amplifier stage (or stages). A great
deal of the work in this area has been performed with
high power glass laser systems (many references in 3D
but there has been little published work based on the
Nd: YAG laser, despite its being the most widely used
solid-state laser. Exceptions to this are the work of
Zubarev et al. [4] and Hon [5]. Zubarev et al. demon-
strated a considerable improvement in output beam
quality from a Nd:YAG oscillator/amplifier using
SBS phase-conjugation. However, the Nd:YAG
crystals used in that experiment were of poor optical
quality and distorted the beam to a much worse degree
than would crystals of typical quality. Furthermore,
the final output energy was only at the level (~ 100 mJ)
that can be achieved from a TEM,, oscillator of
suitable design [6, 7] with crystals of typical quality.
Hon’s work [5] demonstrated the successful appli-
cation of NOPC to a Nd: YAG system consisting of a
Q-switched oscillator with two amplifier stages, lead-
ing to ~700mJ of diffraction-limited output. Ad-
ditional aberration was introduced into the amplifier
chain in the form of a Nd:YAG rod subjected to

strong continuous pumping. The ability to correct
severe pump-induced aberrations was thus demon-
strated. In fact, it is also a feature of many NOPC
experiments that aberrations are deliberately intro-
duced on the basis that this produces better fidelity in
the wavefront reconstruction [8]. However, this can
complicate the NOPC set-up since the extra beam
distortion raises the SBS threshold and a lightguide
arrangement is then needed to reduce the threshold.
Meanwhile, the question that needs to be answered for
the user of a typical pulsed Nd: YAG laser is whether
the additional complexity of a NOPC set-up is
worthwhile and how much complexity is necessary
{e.g., introduction of aberrator, lightguide, single-mode
operation of the oscillator), when the requirement is
simply to remove the relatively modest, but still
troublesome aberrations associated with the amplifier
stage. This paper reports results obtained in an attempt
to answer that question. To summarise, we have found
that

(i) effective NOPC can be achieved using a sim ple cell
containing high pressurc CH, gas but not involving
the use of a light guide,

(i1} effective NOPC can be achieved even with the
oscillator operating on a few longitudinal modes,
(i) by incorporating birefringence compensation we
can successfully use a single amplifier in a four-pass
configuration,
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(iv) with this four-pass arrangement, a single fre-
quency TEM, output of 350 mJ is obtained in a pulse
of 6 ns, compressed temporally from the input pulse
duration of 30ns,

(v) we find that most of this pulse compression occurs
in the last two passes of the amplifier rather than (asin
the experiments of [9~117]) in the SBS medium.

1. Experimental Details

1.1. Amplifier Configurations

The Nd: YAG laser system consisted of an oscillator
(3" x 1/4” rod with single flashlamp) and an amplifier
(3" x 3/8" rod, with twin flashlamps), capable of operat-
ing at up to 15Hz repetition rate, with maximum
flashlamp input energics of 50J to the oscillator and
100J to the amplifier. The TEM,, mode oscillator
used a telescopic resonator, similar to that described
in [6, 7], with a X3 telescope magnification and a
spacing of 0.35m between the telescope and the
resonant reflector output coupler. The oscillator was
operated on a single longitudinal mode on every shot,
using the technique described in [12], and produced
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up to 100mJ) output in a 30ns pulse. When
multi-longitudinal mode operation was rcquired, the
conventional fast Q-switched arrangement was used,
or the mode-selection etalon was removed, or (for the
broadest linewidth) both of these measures were
adopted. The beam from the oscillator was expanded
by a telescope to produce a spot-size (TEM y,, radial
spot-size w) of 2.8 mm in the amplifier rod, this being
close to the maximum size (3w =rod diameter) possible
without significant truncation.

We have examined two different experimental arrange-
ments, involving either two passes through the
amplifier (Fig. 1a) or four passes through the amplifier
(Fig. 1b). We consider the two-pass arrangement first.
To assess the effectiveness of phase-conjugation the
performance with the SBS “mirror” was compared
with that obtained using a conventional plane mirror
of 100% reflectivity. With the latter arrangement,
various schemes can (in principle) be used to isolate the
oscillator from the return beam and at the same time
enable the amplifier output to be extracted. The
simplest involves a polariser followed by a quarter
wave plate (Fig. 1a) which can be located on either side
of the amplifier (location 1 or 2 in Fig. 1a). In either

Fig. 1. (a) Two-pass amplifier configuration. For
isolation of the oscillator from the amplifier beam a
quarter wave plate or 45° Faraday rotator can be

osciliator | 2
SBS mirror 45° Faraday rofator
or 100% plane or Alb plate palarizer
mirror y
‘ amplifier
T A et ee— | S — | r hashenihason | I/
| | )
<\Ivu | | .
[ | g
a location 2 location 1
autpuf
| -
osctllator | >
I
SBS mirror
v polarizer 1
D
A2 plate for
polarizer 3 ampllifier 450 lro‘raﬁon b
/\ i I
T
T
o—1 L5° Faraday
90° rotator rotator
b > poiarizer 2 output

placed at location 1 or 2. (b} Four-pass amplifier
configuration. The Faraday rotator and 4/2 plate
give zero net rotation for light from right to left
but 90° rotation for light from left to right. Details
of the polarisation changes afier polariser 2 are
given in the text
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case, one 1s relying on there being no additional
polarising elements following the polariser. In fact,
however, the laser rod suffers from thermally induced
birefringence [13] which not only introduces an extra
polarising element, but one which has a birefringence
behaviour distributed non-uniformly over the rod
cross section. This has the undesirable effects of i)
coupling power back to the oscillator, representing
both a source of loss and a damage risk, and ii)
producing phase and amplitude variations across the
output beam which degrade the beam quality.

One means of compensating the birefringence is to use
a Faraday rotator (45° rotation) placed after the first
pass of the amplifier (location2 in Fig. la). This
arrangement is then equivalent to the unfolded ar-
rangement, as actually used by Scott and DeWitt [14],
in which a 90° rotator is placed between two identical
amplifier stages. A ray passing through the amplifier
has its field component along the fast birefringence axis
rotated by 90° so that it lies along the slow axis in the
second amplifier. and vice versa. Thus, regardless of the
orientation of the fast and slow axes (they are, however,
orthogonal to each other) the birefringence in one
amplifier is cancelled in the second. (Note that a
quarter wave plate at location 2 in Fig. la or equiva-
lently a half-wave plate between two identical
amplifiers does not achieve this birefringence com-
pensation.) For the compensation to work effectively
the following condition must be met: the two
amplifiers must be closely matched, a situation that
automatically results from double-passing a single
amplifier: the beam passing through the amplifier
should be collimated if the return mirror is a conven-
tional mirror, so that identical paths are retraced on
the second pass: the round-trip distance between the
two amplifier passes should be kept short to minimise
the effects of diffraction spread. A measure of the
birefringence compensation is determined by compar-
ing the power reflected by the polariser (this is the
useful output) with that transmitted by the polariser
{this is the depolarisation loss), after a double pass of
the amplifier.

When the conventional mirror is replaced by the SBS
mirror the conditions for birefringence compensation
are no longer quite the same since the SBS process does
not, in general, produce a Stokes wave with the same
polarisation state as the pump wave [ 15]. However, for
a uniformly polarised pump beam the SBS mirror has
the same effect on polarisation state as a conventional
mirror [5, 15] and therefore, in the absence of amplifier
depolarisation, a quarter wave plate at location 1 or 2
in Fig. la would provide the desired isolation and
beam extraction. The situation is more complicated
when the amplifier introduces an inhomogeneous
birefringence distribution. As discussed above, a 45°
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Faraday rotator placed at location 2 would correctly
compensate the depolarisation if a conventional mir-
ror were in use, but, as Zel'dovich and Shkunov [15]
have shown in a theoretical analysis, when a dcpola-
rised pump is used the Brillouin Stokes wave can have
a quite different polarisation state from that produced
by a conventional mirror. One would expect, therefore,
the wavefront reconstruction to be degraded as a result
of the amplifier birefringence, but the analysis of
Zel'dovich and Shkunov does not predict the extent of
degradation. We have therefore carried out an experi-
mental examination of the phase-conjugation
behaviour with cither a /4 plate or a 45° Faraday
rotator, in each case placed at location 2 in Fig. 1a. We
have found that the depolarisation loss is significantly
lower with the Faraday rotator and that furthermore
the loss is lower when the rotator is used in conjunction
with the SBS mirror rather than the conventional
mirror.

By going to a four-pass arrangement it is possible to
introduce birefringence compensation prior to the
phase-conjugation process and thus, in principle, pre-
sent a uniformly polarised wave to the SBS mirror.
Hon [57 used the equivalent unfolded arrangement by
having two amplifier stages with a 90° rotator between
them, and then followed by the SBS mirror. Our
four-pass arrangement is shown in Fig. 1b. Horizon-
tally polarised light (p-polarisation) from the osciilator
is passed by polariser 1 and remains p-polarised after
being subjected to opposite 45° rotations from the
Faraday rotator and 4/2 plate. On the return path
this arrangement produces a vertically polarised
(s-polarisation) beam which is then reflected as output
by polariser 1. The p-wave passing through polariser 2
enters the amplifier and then, emerging as a de-
polarised beam, is split into two orthogonally pola-
rised waves at polariser 3. These waves conterpropa-
gate around the ring configuration, each being sub-
jected to a 90° rotation of polarisation on the way
round. They recombine as a single beam at polariser 3.
The effect of the ring is to interchange the field
components for any two orthogonal polarisations (i.e.,
it acts like a double pass through a 45° Faraday
rotator) and thus allows the rod birefringence to be
compensated. The beam emerging from the second
pass of the amplifier is now s-polarised and therefore
reflected off polariser 2 into the phase-conjugator.
After conjugation the entire process is repeated for the
return beam which is p-polarised as it emerges from the
fourth amplifier pass. (We are indebted to Dr. C. L. M.
Ireland for pointing out the polarising properties of
this ring configuration, and we also note that an
equivalent arrangement is embodied in a special
Pockels cell Q-switch device reported by Richards

L16]).
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Besides offering the ability to compensate rod de-
polarisation before phase-conjugation the four-pass
amplifier offers additional potential advantages over
the two-pass amplifier such as:

1) a lower input energy requirement from the master
oscillator,

2) a better energy extraction from the amplifier, and

3) satisfactory energy extraction with a lower input
energy to the phase-conjugator or with lower reflectiv-
ity from the conjugator.

1.2. The SBS Medium

We have confined our investigations to the use of
high-pressure CH, gas as the SBS medium since it had
been shown [5] to provide efficient SBS for a 1.06 pm
pump. Other media, (see, e.g., [4] and the discussion in
[10]) may also prove satisfactory but we have not
tested these.

The threshold pump power for SBS is a parameter of
practical importance and we now discuss how we have
calculated this from the published data. We find good
agreement between our calculated and measured
values. Under steady state conditions, i.e. with a pump
pulse whose bandwidth Av, is such that (dv)) ™! » 15,
where 1, is the acoustic phonon damping time, the gain
of the Stokes wave over a length | of medium for a plane
wave pump of intensity I, is exp{gpl,!/}. We define
threshold as the condition when the gain reaches
exp(30). Hence the threshold pump power F, ,; is given
by

304
Pp.lh': Ilpp > (1)

where A, is the area of the pump beam. This simple
expression for the pump threshold becomes modified
in a number of ways when account is taken of the
non-plane-wave nature of the pump (including the
possibility of an aberrated pump beam) and the
transient nature of the process when (4v,) ™' <1, The
latter condition can arise either because the overall
pump envelope is shorter than 7y or because the
envelope contains fluctuations on a short time scale,
e.g. when a multimode pump is used.

To calculate the steady-stade threshold for a Gaussian
pump beam we have used the analysis of Cotter et al.
{17] which, for a pump beam waist w, (confocal
parameter b, = 2nwf,/}.p) at the centre of a SBS medium
of length L yields a threshold pump power

P

A
) h= %{I+[1+3O/arctan(L/b,,)]“2}2. 2
The typical parameters relevant to our experiment
are w,=150 um, hence b,=0.13m, and the cell length
L=1m. The dependences of g and 75 on gas pressure
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p and laser wavelength 2, are as follows [10], gzap?,
tpap, 1ge il and gpis essentially independent ofZ,. For
30 atmospheres pressure (as used in our experiments)
g3=8x 107> m/Mw and for a 1.06 pm pump, 7, ~ 6 ns.
These values, with (2) yield a calculated steady state
threshold pump power P, ,,=100kW. In fact, how-
ever, the pump pulse duration , of 30 ns (FWHM) is
sufficiently close to the phonon lifetime 1 for a
significant departure from the steady state threshold
and with our values t,/t,=5 the threshold power is
then predicted [18] to be ~ 2.5 times greater than the
steady state value, ie. ~250kW. The actually ob-
served threshold was 400 kW for single-mode pump-
ing. Note that this threshold cannot be significantly
reduced by altering the focussing condition since the
best that can be achieved is to make arctan (L/b,) = n/2.
On the other hand, it can be reduced using an optical
waveguide capillary [19, 207, and a threshold reduc-
tion of an order of magnitude has been obtained in this
way [217. A threshold reduction can also be achieved
by operating at higher pressure p, where the fact that
the process becomes more transient (tzap) is offset by
the fact that ggpep?. Thus at 50 atmospheres we
observed a threshold of 230k W for an unguided single
frequency, Gaussian pump beam.

To estimate the threshold for a beam which is not
diffraction-limited, we note that the product of inten-
sity I, and the length of medium over which this
intensity is maintained (ie., the Rayleigh range) is
smaller by a factor M for a beam whose divergence is
M times greater than the diffraction limit. This result
would appear to suggest that the threshold is M times
greater, however it has to be remembered that the
phase-conjugate beam can experience a gain exponent
of ~twice that which would result from a single spatial
mode of the same spatially averaged intensity [22].
The minimum threshold power for the aberrated beam
is therefore ~ M/2 greater than for the diffraction
limited pump beam.

The effect on threshold of using a noisy pump (ie.,
multi frequency) has been discussed in detail by
Akhmanov et al. [23]. The following conclusion can
be drawn; the SBS gain with a noisy pump of mean
intensity I, is the same as for a monochromatic pump
of the same mean intensity provided the length of
medium, 30/(g,1,), over which an exp(30) fold Stokes
growth occurs is much less than the coherence length
(¢/4v,) of the pump. In practice this means that the
confocal parameter of the focussed pump should be
less than the pump coherence length; i.e.

byl 3)

The analysis of Akhmanov et al. also allows an esti-
mate to be made of the threshold increase due to a
noisy pump where this condition is not met. With our
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typical operating conditions, b,=0.13m, and with a
single mode pump, I ,,~6m, the condition is clearly
satisfied. With n longitudinal modes, I, =2L,,../n,
and since for our laser, L. ~1m, the condition
b, <l is maintained even for 3 or 4 mode operation.
This is confirmed by the observation that the threshold
and phase-conjugation behaviour are little affected
even when a few modes oscillate. However, when the
laser oscillated with a bandwidth of ~2GHz (I,
~0.15m, n~15 modes) the threshold, at 30 atmo-
spheres, was increased by ~75%, a result consistent
with the analysis of Akhmanov, Under these con-
ditions phase-conjugation still occurred but it was
noticeably less reliable and gave poorer beam re-
construction. We also noted that at a gas pressure of
~ 50 atmospheres, (thus increasing gp), the threshold
for the noisy pump was only slightly greater than for
the single mode pump, a result in accord with the
requirement  30/(g,Ip)<l., and confirmed by
Akhmanov's analysis. :

2. Experimental Results

The experimental parameters of most interest are the
output energy and the beam quality. We have mea-
sured beam profiles using a diode array and at the same
time a qualitative assessment of the beam has been
made by observing the burn patterns on photographic
paper. There are some possible pitfalls where beam
quality measurements are concerned so we point these
out and explain our measurement procedure in some
detail.

First we note that an irregular burn pattern in the near
field is not necessarily indicative of a poor beam
quality since it may be that most of the beam energy is
in a diffraction-limited component but mixed with a
small component having different beam profile. This
sensitivity of the spatial profile to a small admixture is
analogous to the sensitive detection of beats when a
dominant longitudinal mode is in the presence of a
much weaker mode [24]. Lehmberg [25] has con-
firmed in a numerical calculation that the near-field
beam profile in a phase-conjugation set-up may suffer
large amplitude modulation when even a small
non-phase-conjugate component is present.
Secondly, we note that in comparing the beam quality
obtained with and without the phase-conjugator one
cannot draw conclusions on beam quality simply from
an observation of difference in far-field beam dimen-
sions for these two cases. For example, if the amplifier
distortion wasin the form of pure spherical lensing or if
the input to the amplifier was not collimated, then the
two cases would produce quite different output beam
focussing, and hence divergence, while both would be
diffraction-limited. To remove any uncertainty we
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have deliberately used a lens to focus the output beam
to form a new waist, whose size was then measured
using the diode array. The beam divergence from this
waist was then determined using the diode array to
measure a spot-size in the far ficld (i.e., many confocal
parameters from the waist). The ratio of the measured
beam divergence to that calculated from the measured
waist yields the factor by which the output beam
exceeds the diffraction-limit.

Thirdly, we note that since some of the output beam
energy may be in the form of a non-phase-conjugate
component of higher divergence, the far-field pattern
as indicated either by burn marks or by a diode array
may not reveal these low-intensity wings of the spatial
profile even if they contain a significant fraction of the
totalenergy. We have therefore measured the energy in
the central diffraction-limited part of the profile after
first passing the far-field beam through a circular
aperture. The aperture size was chosen to have a
diameter three times the measured spot-size w of this
central diffraction-limited spot.

The results on beam quality can be summarised as
follows. With the two-pass amplifier arrangement of
Fig. 1a usinga plane 100% reflector in place of the SBS
cell an output energy of ~400mJ could be obtained in
a 30 ns pulse. The output beam quality worsened as the
mean power into the amplifier was increased. This is
clearly seen in Fig. 2a and b which show burn patterns
and profiles monitored by the diode array at various
distances from the amplifier. Dcspite the somewhat
ragged appearance of the burn pattern at 5Hz, the
diode array indicated that the beam was essentially
diflraction-limited and even the severely distorted
patterns at i5 Hz were found to correspond to only a
factor of ~2 greater divergence than the diffraction
limit. Also shown in Fig.2a and b are the corresponding
beam profiles for the two-pass amplifier with the SBS
cell. In this case, a total output energy of ~330mJ was
obtained in a 16 ns pulse and ~90% of this energy was
transmitted by the far-field aperture. Thus ~ 300 mJ
of diffraction-limited output was obtained. The
output-beam brightness at 15 Hz s therefore improved
by a factor of 3 as a result of phase conjugation (or a
factor of ~6 if one includes the increase of power due
to the reduction of pulse length by a factor of ~2). At
5Hz there is only a slight degradation of the beam by
the amplifier and so apart from the cleaner appearance
of the burn pattern the use of the phase-conjugator
does not offer much benefit. At 15 Hz the value of the
phase-conjugator is much more apparent and the
far-field spots have a clean circular appearance apart
from the small degree of square-shaped truncation due
to thermal birefringence effects.

The output beams shown in Fig. 2a and b have not been
modified by any focussing elements after leaving the



88

1.5m

286m

191

1.D. Carr and D.C. Hanna

Fig.2.(a) Beam profiles at varjous distances from two-pass amplifier, at 5 Hz rep. rate, either with phase-conjugation (right-hand photos)

or without phase-conjugation (left-hand photos).

amplifier. The focussing behaviour observed at 15Hz
in the non-phase-conjugated beam, due to amplifier
lensing, shows strong astigmatism with the beam
coming to foci between 1.5 and 2.5m from the
amplifier. This amplifier lensing effect is removed in the
phase-conjugate beam. The focussing behaviour of the
phase-conjugate beam is simply due to the fact that the
input to the amplifier was slightly divergent and hence
the conjugate return beam has an opposite conver-
gence. An enlarged version of the phase-conjugate
beam 6 m from the amplifier is also shown, obtained by
expanding the beam with a negative lens.

Using the four-pass amplifier arrangement similar
results were obtained although at somewhat higher
output energies. Measurements were only made with
the SBS cell in this case since a conventional mirror in
place of the SBS cell led to oscillaton (as a result of
depolarisation caused by thermal birefringence in the
amplifier). Output energies up to ~440mJ were
obtamed, of which ~350mJ (ie. 80%) was
diffraction-limited. Figure 3 shows the near-field and

far-field output beam profiles at 5 and 15 Hz. The pulse
duration of the output beam was considerably com-
pressed, from an initial 30 to ~ 6 ns. Figure 4 shows the
pulse shapes at various stages in the amplification
process. The reflected SBS pulse shows a sharp leading
edge, (rise: ~ 2 ns) and is truncated to ~ 20 ns duration.
This reflected pulse after the two return passes through
the amplifier is further shortened to ~ 6 ns as a result of
saturation in the amplifier. This degree of pulse
compression in the amplifier is consistent with calcu-
lations following the work of Frantz and Nodvik [26].
We note that Ambartsumyan et al. [27] have used a
shutter to deliberately generate a steep leading edge to
a Q-switched pulse for subsequent compression in a
saturated amplifier. The SBS process achicves this in a
simple and automatic fashion.

The shortened pulse duration must lead to some
degree of spectral broadening. Direct confirmation of
this was made for the two-pass amplifier configuration
where the linewidths of the input and output to the
amplifier were measured. The measurement was made
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Fig. 2. (b) Beam profiles at various distances from two-pass amplifier, at 15 Hz rep. rate, either with phase-conjugation (right-hand

photos) or without phase-conjugation (left-hand photos)

by converting the 1.06 um radiation to its second
harmonic and examining the linewidth of the green
light using a scanning confocal Fabry-Perot inter-
ferometer. Figure 5 shows scans obtained for the input
and output linewidths. After allowing for the spectral
modification arising from the harmonic generation we
deduce that the linewidth of the SLM input was
33MHz (i.e., somewhat broader than the bandwidth
limit for a 30 ns pulse) and the Brillouin shifted output
linewidth was 50 MHz.

In the four-pass amplifier configuration it is, in prin-
ciple, possible for an unshifted component (i.c., not
phase-conjugated) and the Brillouin-shifted compo-
nent to be both present in the output. The unshifted
component is the result of uncorrected depolarisation
of the beam after the first two amplifier passes, thus
producing some output without undergoing
phase-conjugation. However, an examination of the
temporal behaviour of the output beam failed to
reveal any beats (at ~800MHz) between the
Brillonin-shifted and unshifted components, suggest-

ing that the unshifted component is much weaker and
that the output can be regarded as essentially
single-frequency. We have also examined the output to
see if there is any evidence of oscillation from the SBS
mirror once this is established. This could result if
uncompensated amplifier depolarisation coupled
enough radiation back to the SBS mirror after the
fourth amplifier pass, rather than passing through
polariser 2. No sign of such an oscillation was found,
its absence being an indicator that our birefringence
compensation was suflicient,

A measurement of depolarization losses give a useful
guide to the success of any birefringence compensation
scheme. We have determined these losses by measuring
the fraction of the return beam which passes back
through polariser 1 {Fig. 1) rather than being reflected
as output. Figure 6 shows the results obtained at 5, 10,
15 Hz for four different arrangements of the two-pass
amplifier, viz. plane mirror plus j/4 plate, plane
mirror plus Faraday rotator (FR), phase-conjugate
mirror (PCM) plus #/4 plate, and PCM plus FR. In
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profiles for the four-pass amplifier
with phase-conjugation, at S and
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each case. the 4/4 plate or FR was placed at location 2
in Fig. 1a. The increase of loss with repetition rate is
expected since this increases the thermally-induced
birefringence. It is interesting to see that the depolar-
isation losses for the configuration of plane mirror plus
A/4 plate can be calculated with good accuracy (using
an extension of the analysis in[13]). The FR plus plane
mirror gave a good performance at 5§ Hz but were less
effective than anticipated at 15Hz. However, we
conclude that this is because the considerable thermal
lensing at 15 Hz upsets the requirement that the return
rays should retrace identical paths. Evidence for this
was also found in the four-pass amplifier scheme,
where the ring configuration plays the role of Faraday
rotator. Figure 7 shows the measured depolarisation
loss in this arrangement, also increasing rapidly with
repetition rate. However, when operating at 15Hz,
placing a negative lens in the ring, whose effect was to
recollimate the beam for its return path through the
amplifier, the depolarisation loss fell from ~15% to
~5%. This result emphasises the importance of ob-

15 Hz. The effect of adding a
compensating lens is shown (see text)

taining good birefringence compensation. It also
shows that while the arrangement we have used is
adequate for the conditions in our laser it is clear that
an improved scheme is needed to cope with more
severe birefringence such as in a Nd glass laser. The
scheme described by Basov et al. {28] looks attractive
in this respect. We have conducted preliminary tests of
this scheme, which show that a further reduction of
depolarization loss can be achieved (down to less than
2% at the maximum pumping rate of the amplifier).
Detailed results of this work will be reported in a later
publication.

3. Conclusion

We have shown that a simple phase conjugation
scheme can produce a significant improvement in the
output beam quality from a Nd:YAG oscillator/
amplifier system. While the benefits of introducing the
phase conjugator are marginal at the 5Hz repetition
rate the technique is certainly worthwhile at 15Hz,
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Fig. 4. Pulse shapes at various stages in the amplification process

giving a factor of 3 improvement in beam brightness.
This factor does not include any allowance for the
increase in power due to pulse compression. If
this is included, the four-pass amplifier with
phase-conjugator has led to a factor of ~ 15 improve-
ment in beam brightness.

Besides the improvement in beam brightness the
profile of the phase-conjugated beam had a much
cleaner appearance, an important feature where accu-
rate measurements are needed. Furthermore, we were
able to vary the flashlamp input to the amplifier (as a
means of varying the output energy) without causing
variations in the output beam as a result of varying
thermal conditions in the amplifier. Such output beam
variations are 4 nuisance in conventional oscillator/
amplifier systems.
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Fig. 6. Birelringence loss versus pump repetition rate for a
constant 72J pump energy per pulse to the amplifier, used in
double pass. Curve (1) plane mirror with j/4 plate: Curve (2)SBS
mirror with i/4 plate; Curve (3) plane mirror with Faraday
rotator; Curve (4) SBS mirror with Faraday rotator; Curve (3)is
calculated for the case of plane mirror with /4 plate

While our results show that a significant improvement
in laser performance can be gained without undue
complexity we have not made an exhaustive study,
either of optimisation or of the degree to which certain
conditions can be relaxed without prejudice to the
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Fig. 7. Birelringence loss versus pump repetition rate for 72J
pump energy per pulse to the amplifier, used in the four-pass
configuration

fidelity of the wavelront reconstruction. Certainly
however we have seen that single-longitudinal mode
operation can be relaxed to some extent and we have
scen that a light guide is not essential. Without doubt
further improvements in performance should be pos-
sible with detailed optimisation. It is also likely that
improved schemes for birefringence compensation
[28] or possibly a combination of phase-conjugation
with a slab laser configuration will lead to similar
improvements in the performance of Nd:glass
systems.
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