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Abstract

An electron beam sustained discharge excimer laser has been
developed. This work describes the construction and detailed
characterisation of the system, and the studies which were under-
taken with it.

The electron beam generator comprised a 200 kV pulse trans-—
former driven power supply and an electrostatically fogussed
electron beam diode. It is shown how the careful design and
optimisation of this generator allowed very reliable, reproducible
operation of the complete laser. When a discharge circuit was
incorporated, and the whole system used to pump the XeCl excimer
laser, average output power densities of 0.63 MW cm_2 were
obtained at 308 nm - comparable to the highest so far reported.
Results of efficiency, gain and beam quality measurements are
given, and KrF laser operation is considered.

Long pulse length, high power density beams are required
for a number of experiments with rare gas halide excimers.
Notable among these is the generation of short pulses by mode-
locking.

The illumination of a semi~insulating GaAs switch with
pulses of light from a passively mode-locked dye laser can lead
to the generation of very short, high voltage pulses. The use
of these pulses to drive optical modulators is considered. A
sﬁudy'of commercially available Pockels cells has led to the
construction of aﬁ extremely simple optical modulator. When
incorporated into an optical shutter, pulse lengths of 300 ps
have been switched out at a repetition rate of >0.1 GHz.

Active mode-locking results are given for both the commercial
Pockels cell and the redesigned mocdulator. The limitations of
this technique are discussed, and unsuccessful experiments to

passively mode-lock the laser are described.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to excimer lasers

The term "excimer" is now used to describe both homo-
polar and heteropolar molecules which have bound electronic
excited states and dissociative ground states. The discovery
of rare gas halide excimers has led to the development of a
new breed of efficient, high power, pulsed lasers operating
in the ultraviolet. This work will describe the development
of such a laser and the studies which were carried out with
it.

There are a number of basic requirements for the
efficient operation of a laser. The upper laser level must
be formed efficiently and not be rapidly quenched, while the
lower level population must be rapidly removed. Also, the
active medium must have only a small absorption at the laser
wavelength. The first parts of this chapter will show how
these conditions are met by the rare gas halide excimers.

The threshold inversion density required for gain at
a particular wavelength may be approximated by

AN = Tt AN ' (1.1)
T : .

where )\ is the transition wavelength, (; is the radiative
lifetime and A A the bandwidth of the transition. [, is the

(1). Thus, ultraviolet rare gas

cavity damping constant
halide lasers require much higher levels of pumping than the
previously existing, longer wavelength, gas lasers and the

techniques developed to achieve this will be outlined in

section 1.3.
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Section 1.4 will go on to introduce the electron beam
sustained discharge excimer laser, whose development and
operational characteristics will be discussed in Chapters 2
and 3. The second half of this thesis will then be outlined,
concerning a study of the repetitive generation of short
pulses of light by fast optical modulators and the use of
these modulators, and other techniques, in experiments to

mode-lock the excimer laser.

1.2 Rare gas halide excimers

1.2.1 Spectroscopy

A schematic potential energy diagram illustrating the
electronic structure of a typical rare gas halide molecule
is given in figure 1. The lowest energy curves are essenti-
ally repulsive, arising from the collision of a ground state

rare gas atom R ('S) with a halide atom H (2P The

3/2, 1/2)'
molecular states which then arise are the XZZ ()= %) and
the strongly repulsive and, for most purposes, degenerate,
AZTT (L =3/2, 1/2) states(z)’(3). Usually the X, or lowest
energy, state is, at most, weakly attractive and thermally
unstable.

The excited states of the rare gas halides are ion pairs
R'H™ which are strongly bouﬁd relative to the lowest atomic
excited states. These binding energies can be predicted to
within a féw per cent by noting the similarities between the
excited state of a rare gas halide ion pair and the ground
state ion pairs of the corresponding alkali halide molecule(4).
For example, KrF* has a very similar binding energy and
formation kinetics to the RbF molecule. The H ion is a
spherically symmetric 'S state while the R* ion has 2

P3/2,1/2

angular momentum. Hence, three low lying ionic excited states
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are found : B222(§1= 1), CZTT(B/Z) and DZTT(%).iﬁ_ is the
sum of electronic orbital and spin angular momentum along
the molecular axis.

D(}) —=X(3}), B(3)— X(%) and C(3/2)—= A(3/2) radiative
transitions may all occur. Generally the B—=X bands show a
pronounced structure due to emission from the higher vibratio-
nal states of the upper level to the fairly flat potential of
the lower. However, for the X(}) states of XeF and XeCl '

1 (5) 4na 255 em™ ' (©)

bound by 1065 cm respectively, the
primary emission band is a bound-bound transition and has
resolvable vibrational and rotational structure. C—A
emission has been observed in each molecule, although more
weakly and at a longer wavelength(7)’(8). Since the A state
is purely repulsive the transitions have a much greater band-
width ( = 70 nm for Xe F) than the B—=X eﬁissions (typically

2 nm at high pressure). Very weak D=X emission has also been
observed, the weakness possibly being due to strong quenching
of the D state(8).

Table 1 summarises the important lifetimes of the B—X
and C —=A transitions of the rare gas halides, either
measured or calculated(11).

In addition to rare gas halide, RH, emission, further
broad band emission is observable at longer wavelengths from
R2H ekcimers and also mixed rare gas dimers (e.g. ArzF or
arxer* 7)), | |

Stimulated emission cross sections, depending on the
emission wavelength, bandwidth and radiative decay time,
have been calculated. For B—= X transitions they are

—16cm2 (8)

typically 2-5.10 , while for the longer lifetime

and broader bandwidth C—=A transitions a typical value is



F C1 Br I

A(nm)  "Tlns) Xm) Tns) A(nm) Tins)  Xnm) “Cns)

Xe B-X 351 (12-19) 308 (11) - 282 (12) 253 (12)

C-Aa ggg (93,113) 350 (120) 302 {(120) 263 (110)
Kr  B-X 249 (6.5-9) 222 206

C-A - 275 (63)
‘Ar B-X 193 (4.2) 175

CcC-a 203 (48) 199
Ne B-X ' 108 (2.6)

C-A 117 (38)

Table 1(11)

Emission wavelengths (nm) and lifetimes (ns) of the B-X and C-A transitions of the
rare gas halides. Laser action has been observed on those transitions whose wave-

lengths are underlined.

9l
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18

5.10 8cm? (for Xer (10)

) .

Laser action has been observed on many rare gas halide
transitions (table 1). The formation kinetics for the upper
laser level and the various pumping schemes employed to
populate it will now be reviewed. Further details on these
subjects, including rare gas halide spectroscopy, and a much
more complete list of references, may be found in one of the

many excellent review papers on rare gas halide lasers(11)’(12)'

(13),(14)

1.2.2 Kinetics

A typical rare gas halide laser contains a mixture of at
least three gases. Two of these, at low number densities,
provide the rare gas and halogen ions which will form the
required upper laser level while the third, another rare gas
at a relatively high pressure, acts as a buffer gas.

The reaction kinetics of the rare gas halide excimers
are complicated and involve several ground state atomic and
molecular species, several ionic species, and a large number
of excited atomic and molecular species. The detailed kinetic
rate to (usually) the B state of an excimer depends on the
particular excimer, the halogen donor molecule, the excitation
conditions, and the partial pressures of the constituent gases.

1(13) have considered in detail the formation

Rokni et a
kinetics and loss processes in electron beam and discharge
pumped KrF and XeF lasers, and to give an idea of the pro-
cesses involved and their complexity, their deductions for KrF
will now be outlined.

First, consider the électron beam pumping (1.3.1) of a

typical gas mixture Ar : Kr : F2 in the ratio 180:20:1 at a

total pressure of 1-3 Bar. Figure 2{a) illustrates the



" Main kinetic routes for the formation of KrF® "
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dominant kinetics.

Of the power deposited in the gas approximately 55%
results in Ar+— e pairs, and 10% in Ar* metastable states.

At a typical current density of 10 A cm_2, secondary electrons
predominantly dissociatively attach themselves to F2, producing
F~ ions which, at pressures lower than 1 Bar, recombine with
Ar+ ions to form ArF*. However,'for higher pressures and with,
Kr representing greater than 5% of the total, Kr efficiently
exchanges with Ar in ArF* before it decays, producing KrF* in
the required upper laser level.

At pressures greater than 1 Bar, 2 Ar and Ar' predominantly
recombine in Ar; which charge transfers with Kr producing Ky
ions. These then combine with F  yielding KrF* for lean Kr
mixtures, but for higher concentrations Kr; preferentially
forms, which then recombines with F~ to give KrF*. KrF*

radiatively
then either decays,or is collisionally quenched.

In the case of the discharge pumping (1.3.3) of a similar
gas mixture, for efficient operation the laser level is formed
via the metastable channel. Secondary electrons, formed by
the multiplication of primary electrons produced by UV preio-
nization, acquire enough energy in the discharge field to
excite rare gas metastables. Ar* metastables produce ArF*
with, a branching ratio of O.é-via the "harpoon" reaction
Ar* + F, — ArF* + F. ArF* then either radiates or Kr
replaces Ar as before to give KrF* The Kr* metastables,
with a branching ratio of 1, produce KrF* in another harpoon-
ing reaction with F2. Since Kr* is lower in energy than Ar¥*,
and because of the higher branching ratio, it is preferable

that more of the available energy should go into the Kr* levels.

This is controlled by the Kr density and the applied field,
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although increasing the Kr concentration increases its quench-
ing of KrF* and a balance must therefore be found. For a 10%
rich Kr mixture the formation efficiency of KrF* may be 35%.

In both electron beam and discharge pumping the upper
laser level produced can, as an alternative to emitting laser
radiation, be quenched by two or three body collisions whose
rates must be low for efficient laser operation. Quenching
rates for the KrF* 1level have been obtained by observing the
B+X radiation as a function of partial pressures (table 2).
The reactions which form Kr ,F* proceed more efficiently at

2

higher pressures, and KrZF* emission is indeed observed to
increase with pressure.

Further reductions in excimer laser efficienﬁies may be
caused by photoabsorption (see table 2 for KrF). Firstly,
there is photodissociation of the halogen carrier. This is
important for F2 in XeF and can be avoided, at the expense
of more unfavourable kinetics, by changing the halogen donor.
The second process is photodetachment by negative ions, F .
Third is the photoionization of excited rare gas atoms and
molecules and finally there is the photodissociation of rare
gas dimer ions,and trimer absorption.

Analysis of the XeCl laser, which is more appropriate
to tﬁe bulk of this thesis, has not so fa; réeached the complete-

ness of that for KrF. Levin et al(15)

have, however, developed
a médel for the kinetics of the long pulse pumping by an electron
beam of a XeCl laser, with HC1l as the chlorine donor and Ne as
the major diluent. Modest electron beam pump power densities of
100 kw cm-3 and long pulse lengths of 1 pus were considered. The

B state of XeCl was formed efficiently by the ion-ion

recombination of Xe® and Cl~. Xe' was produced by a rapid three-



KrF*

RKrrF=*

Krr*

Krr+*

Rrp*

_Ar

Table 213!

(a) quehchinq

Reaction

F2 —_— products
2Kr —= KrzF* + Kr
Kr —= products

Kr + Ar—a-KrzF* + Ar

2Ar = Dproducts

21

Rate constant

7.8 x 10 cmBS

6.7 x 103 Tcm®s™?

1.7 x 10 cm3s

(b) photoabsorption

SEecies

+*
Kr2F

+
2

Ar** ,Kr**

. 2
Cross section/cm

5.6 x 10718

1.6 x 10718

1.6 x 10718

1.3 x 10717

6 x 10718

Dominant KrF* guenching and photoabsorption processes
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body charge exchange process between Ne; and Xe, while the Cl1~
was the result of rapid electron attachment to vibrationally
excited HCl. This vibrationally excited HCl (v = 1), pro-
duced by secondary electron interaction with ground state
HCl, has a 40 times greater dissociative attachment rate
constant than the v = 0 level. For. the conditions considered
Cl™ was idéntified as the major absorber of the XeCl*
emission.

In the electron-beam sustained discharge pumping of both
XeCl and Krr, which is to be described, the upper state is
predominantly reached via the metastable route, but it is
apparent that as the enhancement ratio (the ratio of the
energy deposited in the gas from the discharge to that from
the electron beam) of the system is reduced, the contribution

from the ionic route will increase.

1.3 Pumping of excimer lasers

Four main techniques have been employed to pump the rare
gas halide excimers : direct electron beam pumping, electron
beam sustained discharge pumping, UV preionized (avalanche)
discharge pumping, and X-ray preionized discharge pumping.
These will now be considered in turn, with a greater emphasis
on the first and sécoﬁd,_sincé these relate most directly.to
the subject of the following chapters. The novel technique
of the microwave excitation of excimer lasers will also be
briefly discussed.

1.3.1 Direct e-beam pumping

A laser pumped by a high intensity relativistic electron

beam is shown schematically in figure 3. The electron beam
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Electron beam pumping geometries
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Figure 3
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source consists of a pulsed high voltage power supply, a
vacuum diode which forms the beam, and a window through
which the electrons enter the gas.

This technique was originally used to pump the pure
rare gas excimers with emissions in the vacuum ultraviolet.

In the case of the longer wavelength, narrower bandwidth, rare
gas halide excimers, the pumping powers required are much less.
Also, the rare gas halides operate efficiently at much lower
pressures than the pure rare gas excimers, and so a typical gas
mix has a much lower stopping power for electrons. This often
means that, even with a lower voltage electron beam, a pro-
portion of the beam traverses the gas chamber completely and

is lost to the cell walls.

High voltage pulsed power supplies are usually comprised
of two parts, the HV generator section and the pulse com-
pression or shaping section. High voltages are most commonly
achieved with either a Marx generator or a pulse transformer,
both of which provide voltage multiplication. They are
energised by HV capacitors slowly charged to a voltage which
is many times less than the output of the complete pulsed
power supply.

In a Marx generator(16)_(19)

a bank of capacitor stages
is slowly charged in parallel and then rapidly discharged in
series by méans of spark gaps. Figure 4 sﬁows a.schematic
diagram of a typical five stage Marx generator. If the
charging voltage is Vin across N stages, then the output
voltage is approximately given by Vout= N~Vin'

Pulse transformers for high voltage generation are usually,
but not exclusively, air cored and are often in the form of an

{20),(21)

autotransformer The primary of such a transformer

is energised by the discharge of a HV capacitor through a spark
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gap. Voltages of up to 5 MV can be generated in this way
from a system which is much simpler and smaller than an equi-
valent voltage Marx generator. Transformer reliability has
also been shown to approach that of a well-made Marx generator,
if care is taken over its construction, and reasonably high
repetition rates are possible(zz). The output voltage pulse
from such a transformer has an approximately (1 - coswt) form
with possibly a several hundred nanosecond risetime and some
pulse forming or compression is usually necessary.

This pulse shaping is achieved, for either the transformer
or the Marx generator, with a pulse forming network, such as a
simple water- or oil-dielectric transmission line, or a Blumlein

(23). A Blumlein pulse forming line supplies

pulse forming line
an output voltage into a matched load which is almost equal to
its charging voltage, whereas the single pulse forming line,
although simpler in construction, supplies only one half of this.
These techniques allow the téiloring of fast rising and falling
voltage pulses with durations governed only by the geometries of
the lines.

The output voltage pulse is fed to the cathode of a wvacuum
diode. A spark gap may be inserted between the power supply and
the diode to prevent voltage reaching the load before charging
-0f the pulse forming line is coﬁplete - the phenomenon of
prepulse.' In the vacuum diode the electron beam current density
is typically 5;500 A cm-2 over the area of the cathode, with
total currents of 5-50 kA in pulses of 50 ns - 1 us. Cold
cathodes rather than thermionic emitters are necessary for
such high current densities over large areas. The electrons
are emitted by a zero work function plasma which forms over
the surface of the cathode when a high voltage gradient is

g(24)

applie . The current density is then space-charge limited
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by Child's Law'2)

and the electrons enter the laser cavity
through a thin, 25-50 um, foil with hopefully small loss of
energy. The transverse geometry of figure 3 is most common,
but axial geometries (in which the electron beam is injected
near one end of the laser and guided along the axis by a
magnetic field) and coaxial geometries have also been used.
In the latter (figure 3), more uniform energy deposition is
obtained by containing the gas in a thin-walled tube which is
concentric with a cylindrical cathode.

Ionization of the diluent gas is the main form of exci-
tation by the electron beam. If an amount of energy W is
required to form an ion-electron pair, and if V is the laser
photon frequency, then hVY /W defines the quantum efficiency. .
For example, in KrF with an Ar diluent this is 25%. Other
losses significantly reduce this figure, but a 15% intrinsic
(26)

efficiency has been reported in a 150 ns coaxial KrF laser

1.3.2 E-beam sustained discharge pumping

In an electrical discharge, a field E is applied to a gas
of number density N. For rare gas halide excimers the levels
of E/N required for efficient excitation of the rare gas meta-
stable levels are alsd sufficient to produce rapid ionization
from these excited states by R* + e —= R" + 2¢”. This means
that high pressure aischarges are inherently unstable. How-
ever, this problem can be circumvented with the electron beam
ionized, attachment stabilised, discharge technigue in which
the rapid attachment rate'of electrons to the laser medium to
be excited is kept above the rate of regenerative ionization
of the discharge. Electrons are lost mainly by attachment to
the halogen atoms/molecules present in the laser medium, and

(27)

it has been shown that if this attachment rate is greater

than twice the rate of ionization by the two step process
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indicated, the discharge will be volumetrically stable. For
a steady state, the difference of the two rates must be made
up from an external ionization source, viz. an electron beam,
a typical arrangement for which is given in figure 5.

An enhancement ratio is a measure of the success of e-beam
sustained discharge lasers. It is defined either as the ratio
of the electrical input power to the laser medium from the dis-
charge to that from the electron beam or as the ratio of the
respective laser output powers obtained. Within discharge
stability limitations this first ratio can be in the range
5-10 (27),

This pumping scheme has several advantages over pure
electron beam pumping. The quantum efficiency is, in this
case, the ratio of the photon energy to the atomic excitation
energy, since metastable atoms are the main precursor. For
KrF this is 2<0.5, or twice the wvalue for the electron beam
alone. Alsa, because the discharge plasma has a well defined,
if low (< 1), impedance, relatively efficient electrical
coupling from the discharge circuit to the plasma should be
possible. Hence, because most of the pump energy is supplied
by the discharge, these systems should ultimately have higher
efficiencies than electron beam pumped lasers. Further, the
techniqal problems of building and running a smaller electron
beam generator plus .discharge are also much less than those
of a high voltage, high current density electron beam generaﬁor
alone.

1.3.3 Avalanche discharge pumping

Although unsustained discharges are inherently unstable,
there is a short period of time (a few tens of nanoseconds at
several atmospheres) when the plasma impedance is relatively

high and the discharge uniform before the rapid multiplication
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of electrons in the high electric fields leads to the growth
of arcs from spatial non-uniformities and impedance collapse.
Fast, transverse discharges have been used very successfully

to pump lasers over this limited period and have produced

energies of Joules in pulses of 10-40 ns(28). The techniques

of low inductance capacitor dumping(zg)-(31)

(

and, less often,

LC inversion networks 32),(33) have been most commonly used

for pumping. Preionization of the gas with UV radiation has

also been frequently used to suppress the growth of non-

(32)

uniformities The spark gaps producing the preionization

are either mounted along the side of the discharge channel,
although this may result in some non-uniformity of preionization
and discharge constriction, or behind a screen forming one of
the main discharge electrodes(31).

These lasers have been rapidly developed as relatively
cheap, very reliable commercial sources of high power UV laser
light. They have become especially important for the pumping

(34) (35)

of dye lasers A typical commercial system operating

on KrF supplies pulses of up to 1J at a maximum power of 20W
and an efficiency of less than 2%. The maximum repetition
rate is 25Hz, the beam divergence 2x4 mrad and the gas fill

6

lifetime greater than 10~ shots.

1.3.4 X-ray preionized discharge pumping
' (36)

This relatively recent alternative to ultraviolet
preionization has the advantage of scalability in high pressure
lasers. Due to the very small collision cross section of X-
rays, lonization of large volumes 1is possible. The spatial
homogeneity of the X-ray induﬁed preionization has allowed
avalanche discharges to be run for up to 200ns(37)’(38)’(39)

before instability sets in.
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In general, the X-rays are generated by an electron beam
striking a target made of material with a high atomic number.
A specifically low voltage, low energy X-ray source has also

(40) and can operate

been developed for preionization studies
at up to 35Hz. Similar high pressure, high repetition rate

work with e-beam or e~beam sustained discharge pumping is
limited by the mechanical strength and heag transfer properties
of the foil. With the new technique, large volume kHz operation
may be possible(40).

1.3.5 Microwave pumping

Successful microwave pumping of excimer lasers has been

(41).212 ps long, 9.375 GHz microwave pulses have

reported
produced =500ns of spontaneous emission and 100ns laser pulses
from the XeCl excimer. More recent work by the same group

(42). In both

has increased the laser pulse length to 200ns
cases the efficiency was an order of magnitude lower than that
of a typical avalanche discharge system.

Microwave excitation of high pressure gases has several
important advantages over avalanche discharge pumping : the
power deposition is nominally independent of gas composition,
uniform preionization is not critical, and even a break-
down or arc does not prevent effective excitation in other
regions of the plasma.-.Further, such a device is easily
constructed with gigh—vacuum, halogen-compatible materials
and does not have electrode sputtering problems.

Until efficiencies are improved, such a long pulse laser
may be most useful for the generation of well controlled
(spatial/temporal/spectral) pulses for injecting into a high

power amplifier chain.
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1.4 Objectives of this work

It has been shown that for high output energy laser
operation in a long pulse the electron beam sustained method
of pumping the rare gas halides has some definite advantages
over pure electron beam pumping. An electron beam sustained
discharge laser system was therefore developed both to study
further the limitations of this pumping technique and to be
used in a number of.other experiments, especially concerning
short light pulse generation in the UV.

1.4.1 Laser development

The laser was designed after a study of the published
literature concerning the e-beam and e-beam sustained pumping
of the XeCl excimer (the excimer for which most sustainer
information was available).

Ewing and Brau, in 1975(43), first observed lasing on the
B— X transition of XeCl at 308 m.=2J of purely e-beam energy
was deposited in an Ar:Xe:Cl2 mixture, but peak outputs of only
50 pJ were obtained. The output spectrum was made up of two
peaks, now known to be the (0,1) and (0,2) vibrational bands of
B— X at 308.0 and 308.2 nm. Cl2 and Ar; absorptions at 308 nm

were identified as major limiting factors on the system

efficiency, and the donor and buffer gases were eventually
(44)

replaced by HCl and Ne by Chamﬁégne This a;lowed a 5%

extraction efficiency to be reached. Somewhat contradicting

this, however, is the comprehensive study of halogén donors

(45)

and diluent gases carried out by Losev et al in which Ar

and Ne were found equally effective.
XeCl was first pumped in an e-beam sustained system

(46)

by Levatter et al , Wwho reported efficiencies approaching

those of KrF on the same system. Their e-beam delivered
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20 kA at up to 225 kV for 0.3-3 ps through a 10 x 120 cm® foil
window into a 6 1 discharge with electrodes 5 cm apart. For an
operational gas mix with an Ar diluent and 8 Acm_2 of electron

1

beam entering the gas output energy densities of 0.02 J1~ ' and

0.5 J1°

for sustainer voltages of 0 and 30 kV respectively
were found. The output increased rapidly with sustainer voltage
and was limited only by the self—breakdown threshold of the
cavity. An enhancement ratio of 25 was claimed as a measure of
the success of the system, but this is somewhat misleading. 1In
fact, the ratio of deposited energies was only =~=2.4, and the
factor of 25 reflects more on the low electron beam efficiency.
Clearly, an arbitrarily high ratio, using the output energy
definiton, could be obtained by running the system sgch that
it was below threshold for e-beam pumping alone, but above it
for sustained operation.

Rothe et al(47) first investigated the use of Ne as a
diluent in sustained discharges and they recorded extraction
efficiencies which were almost an order of magnitude above

those 0of Levatter et al(46). In a Ne:Xe:HCl gas mix, 38 A cm

2
of 270 kV electrons produced a 0.7J pulse in 200 ns from a

100 cm3 extraction volume (4.2% extraction efficiency). In

the sustained mode with the discharge electrodes now 3 cm
apart and for a 160 cm3 extraction volume, .a 1.5 J output

was achieved at a 4.5% efficiency. The enhancement ratio,

by either definition, was =~ 2. Efficient, high output power
operation in a long pulse was therefore achieved but, because
of the low enhancement ratio, at the expense of needing a
complicated, high current density, electron beam generator.

To summarise, XeCl has been devéloped to the stage

where its efficiency of performance matches that of XeF or
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KrF, but its kinetic and photoabsorption processes are not,
as yet, well understood. Notably, the replacement of Ar by

Ne as the buffer gas, which originally seemed to lead directly
to order of magnitude increases in efficiency, does not now
seem SO clear(45). If the results of Oomen et al(48) for the
incre;se in laser output power in Kr¥, found by using a
mixture of diluent gases, can be applied to other rare gas
halide excimers, then this should lead to further increases

in laser efficiency.

An electron beam sustained discharge laser was therefore
developed from a consideration of the above and from prelimi-
nary work done on a versatile system developed for the pumping
of the rare gas and rare gas halide excimers in both long and
short pulse modes(49). Chapters 2 and 3 will describe this
work in some detail and show how careful design allowed an

efficient, high power, reliable laser to be developed.

1.4.2 Short pulse generation

Short-duration optical pulses in the ultraviolet £find
potential application in the study of rapid kinetic processes,
optical pumping of short-lived atomic and molecular states,
and enhancement of non-linear effects such as frequency multi-
plication and multiphoton spectroscopy. For a number of these
applications it is essential that the optical pulse exhibits
higﬁ>energy as well as short temporal duration. An ideal way
of achieving this would be the mode—lqcking of an excimer
laser, where the laser energy is extracted in a series of short
pulses separated by the round-trip time of the cavity.

Chapters 4-6 will introduce this concept in greater detail
and describe tHe short pulse generation experiments carried out

with the long pulse e-beam sustained XeCl laser. Chapters 4
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and 5 will concentrate on the techniques of fast optical shutters
and especially the problems of repetitively driving them at a
frequency equal to the inverse of the cavity round-trip time.
Chapter 6 will then report the mode-locking results obtained
with a number of shutters and the negative results obtained
with saturable absorbers.

Finally, Chapter 7 will briefly summarise ﬁhe important
results and propose both improvements to the completed experi-

ments and new experiments which could usefully be performed

with the Xe(Cl laser.
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CHAPTER 2

AN ELECTRON BEAM GENERATOR

2.1 Introduction

This chapter will describe the development of an electron
beam generator to be used in the e-beam sustained discharge
pumping of an XeCl laser. A detailed description and perform-
ance study for the high voltage pulsed power supply will be
followed by a similar consideration of the electron beam diode.

The particular design of the generator was chosen in the
light of the results of the National Research and Development
Corporation Programme No. 109552 entitled, "Gas Lasers for the
Ultraviolet Wavelengths"(49).

In this project a single pulsed power supply was developed
for use with three easily interchangeable laser heads. Two of
the laser heads used coaxial electron beam diodes to pump the
rare gas and rare gas halide excimers respectively, while the
third allowed the long pulse pumping of the rare gas halides
by the e-beam sustained discharge technique.

High voltage generation was achieved with an autotransformer.
For short pulse operation this charged a Blumlein pulse forming
line, while the transformer was connected directly to the output
of the powef supply in the long pulse case. Employing techniques
similar to those which will be described later in this chapter,
the long pulse output from the power supply generatéd a trans-
verse electron beam which allowed the sustained discharge
operation of an XeCl laser. The diode voltage reached a peak
value of 300 kV in a 400 ns F.W.H.M. pulse, and 7 A em™? of
electron beam current was transmitted into the laser cavity.

This allowed a laser output of 300 mJ in a 110 ns pulse to be

extracted during sustainer operation.
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For this system, increasing the electron beam current
density entering the laser cavity was observed to steadily
increase the obtainable laser output power. Similarly, the
pulse length of the laser output varied with the duration of
the electron beam current pulse. Since neither of these
parameters could easily be increased further on the available
system, it was decided to redesign the pulsed power supply.
The new pulsed power supply was to be operated purely in the

long pulse configuration, and the design goals of the complete
generator were a much higher electron beam current density
transmitted into the laser cavity in a substantially longer

duration pulse.

2.2 Description of the pulsed power supply

Figure 6 shows schematically the lay-out of the pulsed
power supply, housed in an oil-filled tank of dimensions
0.66 x 1.22 x 1.48 m3. In summary, a secondary capacitance
was charged from a much larger primary capacitance via a trans-
former used to provide voltage multiplication. When the first
peak of the charging curve of the secondary capacitance was
reached, a switch closed and it was discharged into the load,
consisting of either copper sulphate resistors or the e-beam
diode.

An electrical circuit diagram for the complefe system
(including the discharge) is given in figure 7.

2.2.1 The pulse transformer

The basis of the power supply was a simple 8:1 turns
ratio pulse transformer TX1. This was a coppér foil-wound
autotransformer insulated with polyester f£ilm (0.25 mm thick

"mylar") andiconstructed as follows. The copper foil windings
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were tavered, as shown in figure 8(a), and wound tightly, with

the insulator, on to a 25 cm long, 15 cm diameter perspex
cylinder, as shown schematically in figure 8(b). 10.5 turns

of 0.076 mm thick copper were firs£ wound on to the cylinder,
beginning at a width of 2.5 cm and tapering out to 15.2 cm.

These comprised one half of the secondary, the inside turn of
which was fed through the wall of the perspex cylinder and

became the HV output. Following this was the primary, 3 turns

of 0.127 mm thick copper, 15.2 cm wide and with two feeds leading
to the beginning and end of the 3 turns (fig. 8(a)). The second
10.5 turns of the 0.076 mm thick secondary were finally wound,
again tapering down from a width of 15.2 cm to 2.5 cm. A single
22.9 cm wide, rectangular piece of 0.25 mm thick mylar was wound -
between every turn for insulation. Electrical connection

between the primary and secondary was simply made by folding the
overlapping ends together, and care was taken that the turns did
not contain any sharp projections, especially at the edges.

Tapering of the secondary windings caused the internal
distance from primary to secondary to increase as the number
of secondary turns increased, thereby improving the breakdown
characteristics of the trénsformer. It also improved the flux
linkage between the primary and secondary, minimising the
leakage inductance of the transformer.

After the winding was completed, the turns being held
together with strings of cable ties, the transformer was placed
on two cradles in a perspex box of dimensions 34.5 x 23 x 23 cm3
and covered in transformer oil. The whoie box was then placed
in a chamber and evacuated. This ensured complete extraction
of air from between the transformer turns and its replacement

with 0il for greater dielectric strength. Copper sulphate



£

- Simplified transformer construction diagrams

mylar 5 - copper foil
1\ I i
A q~§~_§_‘~\‘~§~::§‘:-panary D

N 7
tapered secondary

(a)

perspex
cylinder

Figure 8




42

impregnation, which is important for high voltage transformers,
proved unnecessary at the voltage levels to be used with this
transformer. A fuller description of the design problems
associated with the manufacture of pulse transformers has been
. (50)
reported by Martin et al .

2.2.2 The primary circuit

The primary capacitor bank C2 (see fig. 7) consisted of
a 0.3 and 0.25 uF rapid discharge capacitor connected in
parallel. It was charged by a Hartley Measurements Ltd.,
1

200 Js~ ', 50 kV charging unit via the inductors L1 and L2.

These inductors, together with the capacitor C comprised a

'K
D.C., filter network which prevented energy from the primary of

the autotransformer from feeding back to the charging unit after
the primary gap had fired. This would have occurred because the
potential of the transformer primary rose to one half of the total
transformer voltage on firing. C2 was connected with 15.2 cm

wide copper foil to the feeds of the primary winding via the

primary spark gap SG The feeds were wrapped with insulating

1+
mylar, which permitted them to be sandwiched together and mini-
mised the inductance of the primary circuit.

Primary spark gap SG, consisted of a 4 cm diameter cylinder

1
of perspex in which were mounted two stainless steel rail
electrodes, 8 mm apart, and a trigger blade electrode. The
trigger bladé was set paréllel to the main cylindrical electrodes
and at a spacing ratio of 2:1 between them, closer to the trans-
former (output) side. Gas connections at either end of the
perspex cylinder allowed pressurisation with dry air; Pressure
sealed studs made electrical connection between the electrodes

and the external circuit.

In order to trigger the power supply, after the charging
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of C an isolated Maxwell trigger unit was used (Model no.

97
400958) . This unit delivered a pulse of up to * 100 kV, with

a throughput delay and risetime of =100 ns. The unit itself

was triggered with a 3-10V external pulse or manually by con-
tract closure. Since the trigger electrode also rose up to

one half of the transformer output voltage on f%ring,'it was
neceésary to prevent energy feeding back into the trigger unit.
Figure 9 shows the coupling circuit employed. Two 1 k{1 copper
sulphate resistors were used to halve the size of any back
transient from the spark gap to the trigger unit. The magnitude
of the resistors was chosen so that the time constant produced

by multiplication of the series 1 k{1 resistor and the trigger
electrode capacitance, = 10 pF, was small compared to the rise-
time of the trigger pulse. An oil filled 36 pF coaxial capacitor
isolated the trigger unit from the spark gap.

The trigger pulse was of negative polarity, opposite to
that of the charging voltage on C2. The potential of the blade,
before firing, was automatically set to one third of the voltage
on C2 with a potential divider formed by the 200 M. and 100 M.
resistors of figure 9. The complete arrangement gave the best
jitter and delay to trigger performance of the overall triggering
system(51).

'A risetime of 100 ns Qas measured for the output pulse from
the Maxwell unit, while the minimum time to'trigger for the power
supply was =200 ns.

The spark gap pressure was set at 22 psi above atmospheric,
. with C2 charged to 46 kV, to just prevent self-breakdown.

2.2.3 The secondary circuit

Secondary capacitance C3 was charged directly from the HV

output of the transformer. Spark gap SG2 connected C3 to the
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load and was set to break down at the first peak of the output
of the transformer.

C, consisted of eight capacitors connected in series, to

3
give a low capacitance with a high voltage stand-off. A total
measured capacitance of 9 nF was made up of 6 x 100 nF, 1 x 40
nF and 1 x 46 nF individual capacitors. R1 was a chain of
copper sulphate resistors which ensured that the output from
the transformer was correctly shared between the capacitors.
Resistors of 1.4 kL were strapped across the larger capacitors
and 2.8 k) across the smaller, making a total R1 of 14 kQ..
The capacitors were connected together with brass plates, and
to the HV of the transformer with 0.64 c¢cm diameter copper tubing.
SG2 was a simple two electrode spark-gap pressurised with
SF6. It had two smoothed cylindrical brass electrodes which
were set with their flat faces parallel and 1 cm apart. A
perspex housing with non-metallic gas connections allowed gas
pressurisation and exhaust. Pressure sealed studs again permit-
ted connections to be made to and from the spark gap, which was
pressurised to typically 20 psi above atmospheric.
The output from SG2 was taken via a brass plate feed and
2L copper sulphate resistor either to the electron beam diode
or to a dummy load. The 2£{)L resistor was a spark gap of the

same design as SG, but filled with copper sulphate solution.

2
It limited the amount of current which could be drawn from the
power supply if a short circuit was to develop in the ioad (of
a few tens of ohms). This was especially important when trying
to limit the current which might be drawn into an instability
in the electron beam diode.

Finally, the earth connection was made from C3 to the

diode with a 17.8 cm wide sheet of thick copper foil. This was

run closely across the top of the capacitor bank to ensure as
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low an inductance for the secondary circuit as possible.

2.3 Performance of the pulsed power supply

A theoretical and experimental study was made of the
pulsed power supply performance. The theoretical results to
be described are a combination of those developed for the
N.R.D.C. report 109552 and provided independently by
J.C. Martin(sz).

The transformer and associated components can be repre-
sented by the equivalent circuit of figure 10. A Laplace trans-
form analysis of this circuit leads to a relationship which can
be used to calculate the expected transformer performance. If

v(t) is the voltage on C3 as a function of time, then it is

found that, in the underdamped case

vib) 1 1 leoslgt) expl-ect) - cosko,t) expl(-pt)] (2.1)

7 . ol
Vi bsls o teyf -0

where V is the initial voltage on C,,
C2(O) 2

u1 = C2+CS - OCZ , wzz\/_l— - pz

Rs 1

L = : : .
2 Ls and ﬁ 2R Cq .C2 is the primary

capacitance, LS is the total series inductance, Rs is the series

resistance and Lp the primary inductance. Cs is the reflected
secondary capacitance (= n2C3 + stray effects in the secondary
windings) and RL the effective reflected load resistance (= load
resistance/n2 + stray effect of monitors etc). n is the trans-
former turns ratio.

The first peak in the output of the transformer, when SG2
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was set to break down, occurs at a time tr given approximately
by

fr = M/ =t =
Cz + CS (2.2)

neglecting damping, and the peak voltage reached, Vp, is given

by (defining a gain G)

v -
5 - P o eXP‘; Bt) R+ ex[:(—cn‘.’r) ] (2.3)
Y,10 CrRee
where Re = GG and R = Lllp -
The values of L, L_, C_, R_. and R. depended both on the
s o) S S L

construction details of the transformer as well as on the
external circuit to which it was connected. For example, Ls’

the series inductance, was given by the sum

Ls= Lcap * Lgap * Lfeeds * Lleak (2.4)
where Lcap was the equivalent series inductance of the
capacitor, Lgap the inductance of the spark gap, Lfeeds that

of the connections in the primary circuit and Lleak the leakage
inductance of the transformer. These parameters, either
calculated or estimated, were substituted in equations 2.1 - 2.3
in order to model the begéviour of the transformer under certain
load conditions. |

First, the gain of the transformer under load was checked
by observing (see 2.6.1 for monitor details) and calculating
(on a small computer with a graphical print-out) the output
voltage of the transformer when the power supply was loaded
with a 60L copper sulphate resistor. When C, was charged to

2
46 kV, Vp was measured to be 223 kV, i.e. an observed gain of
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4,84. The calculated gain was 4.7 and the time to the first
peak was measured and calculated to be 570 ns.

As a second test, the transformer was allowed to ring
into the unswitched capacitor C3. Figure 11 shows the good
agreement found between the theoretical and experimental gain
measurements.

This simple method of circuit analysis, perfected with
use over a number of sysfems, has greatly aided both their
design and understanding. Similarly, it would enable the
design of further pulsed power supplies to be made with a high

degree of confidence.

2.4 The electron beam diode

2.4.1 Output bushing design

In general, to connect the high voltage output of an oil
filled pulsed power supply to the cathode of an evacuated
electron beam diode a high voltage bushing is necessary. The
design of such bushings is well understood(53), and the bushing
to be described was originally developed for operation at much
higher voltages(49).

Figure 12 shows the cross-section of the bushing and its
connection to the transverse electron beam diode. The output
plate from the power supply was mounted centrally on to a thick
circular perspex plate (1) which was bolted on to the front of
the power supply tank. Electrical connection to the cathode
stalk plate was made with a push-fit connector (2)., A similar
technique was used to connect .the outside of the cathode stalk
plate to an aluminium dish-shaped part (3) which surrounded

part of the insulation section of the bushing (4). This

insulation section was comprised of a series of perspex rings
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chamfered at 45° between which were inserted aluminium rings
fitted with '0' rings. The whole structure was then clamped
with six nylon tie bars (5) which compressed the 'O' rings,
giving a good vacuum seal. The chamfering of the perspex rings

(53) and the

optimised the breakdown strength of their surfaces
aluminium spacing rings ensured a uniform electric field across
the sloping faces of the rings and shielded each section from
the effects of its neighbour.

The completed bushing had been carefully designed for
use at diode voltages approaching 1 MV and was therefore ideal

for the much lower voltages (< 250 kV) of this system.

2.4.2 Theory of electron beam diodes

The purpose of an electron beam diode is to generate an
electron beam and to couple that beam into the laser medium as
efficiently as possible. Efficiency of generation and coupling
is important in ensuring reasonable cathode emitter and anode
foil lifetimes.

Figure 12 shows the pumping scheme for the laser under
consideration. This was a standard edge-plane diode with an
additional focussing capability. In the simplest systems the
cathode consists of a long rod or cylinder into which a blade
of thin foil is set (typically tantalum, titanium or stainless
steel). The cathode is connected to the pulsed power supply
by the cathode stalk. |

When a negative high voltage pulse is applied to a cold
cathode several different phases of operation of the emitter

(54)

have been identifigd Stable field emission first occurs

from microscopic whisker-like projections along the cathode

1

due to initial field enhancement (several MV cm ). Local

current densities of up to 109A cm—2 may flow from these pro-
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jections which quickly heat (ohmically) and explode. The
plasmas from adjacent exploding microtips begin to overlap

and form a cathode sheath along the length of the blade. Space-
charge-limited emission of electrons then occurs from the plasma
sheath, which behaves as a surface with a zero work function.
This stage is reached in a few nanoseconds ;nd is the working
regime for any emitter. The exploding plasma also moves towards
the anode, at 2-3 cm us_1, and as it reaches the anode there is
a transition to highly convergent electron flow, known as diode
closure, as the diode impedance collapses. Self-focussing of
the beam by its associated magnetic field is important at very
high current densities but could be ignored for this system.

The diode impedance is time-varying and difficult to
calculate accurately. Some approximate formulae have, however,
been developed for the steady state conditions of space-charge-
limited current flow. For example, the space-charge-limited
current density for a plane-plane diode geometry is given by

Langmuir and Compton(ss) as

312
) = 233V (2.5)

= 2

where V is the voltage in MV and s the anode-cathode spacing

in cm.” In Forster's more relevant treatment of an edge-plane

(56)

diode of length 1 (where 1 >> s and s >> r, the radius of

curvature of the emitting plasma) the diode impedance is found

to be

- 172s
L v12 ' (2.6)

Only the empirical treatment of Martin(57)

has attempted
to include the effect of the blade support plane or cylinder

on the diode impedance.
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The lack of development of these studies and the com-
plexity of the diode under consideration meant that the
optimisation of the electron beam was largely empirical,
although the equations above did allow first estimates of
impedances to be made (for the calculations of 2.3).

2.4.3 Diode construction

A blade length of 40 cm and an electron beam window

(49)

height of 2 cm were originally chosen on the basis of

existing reports of successfully operating e-beam sustained

(46) , (47). The transmitted 2 x 40 cm?® beam was

XeCl lasers
then a balance between a short (25 cm) wide beam system and
a long (100 cm) narrow beam system.

Care was taken so that the separation between the cathode
components and the earthed outside case of figure 12 was
sufficient to prevent vacuum breakdown. Field enhancement due
to sharp edges was minimised by using polished, thick, rounded
cathode components. All of these dural cathode components
were coated with a thin film of diffusion pump o0il applied from
a solution of the o0il in acetone to minimise the chance of field
emission occurring from them.

The generated electron beam traversed two foils and a wire
mesh before entering the laser cavity. The first of these, a
thin prefoil, also defined the e-beam anode plane‘while the
second, mounted on a "Hibachi® grill structure, provided a
thin but strong barrier between the high vacuum (< ‘IO-5 torr)
0of the diode and the pressurised laser chamber. Finally; the
mesh acted as the discharge cathode, at earth with respect to )
the e-beam cathode (2.6.2 for more details).

The vacuum system was mounted underneath the welded

steel table on which the power supply was positioned. Two
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systems were employed, one to pump the diode chamber and one

the laser cavity. Both consisted of a conventional rotary
pump/diffusion pump combination with appropriate liquid
nitrogen traps. Automatic electric valves allowed the
convenient operation of both systems.

2.5 Diode Performance

The performance of the diode was dependent on a number
of important factors: (i) the cathode material, (ii) the
focussing arrangement, (iii) the anode—cgthode spacing,

(iv) the foils and mesh. The effects of changes in (i) -(iv)
were monitored by measuring (a) the diode voltage, (b) the
total emitted electron beam current, (c) the electron beam
current transmitted into the laser cavity, (d) the electron
beam spatial profile and (e) the reliability and reproduci-
bility of the results.

2.5.1 Techniques of measurement

(2) the diode voltage - the voltage reaching the cathode
was monitored from inside the power supply with a copper

(58). Esséntially this consisted of

sulphate resistive divider
two copper sulphate resistors in series, with an overall
resistance =10 kL. One resistor was in the form of a long
P.V.C. tube filled with copper shlphate solution (resistance

~ 10 kII).and was connected to.a iéw résistance (=5) copper
sulphate resistor which was formed between two éircular copper
plates. The voltagé across this resistor was monitored via a
coaxial U.H.F.~-type connector. Such dividers have an excellent

high frequency response and a high noise immunity.

(b) the total emitted e-beam current - this was the sum



56

of the current collected by the e-beam anode and that trans-
mitted through the anode window into the laser cavity (c).

The anode collected current was measured by isolating the
anode plate and passing-the collected current to earth through
48 x 2.2 _non-inductive resistors, arranged around the plate
at equal spacing. The potential difference then generated
across the monitor was assumed proportional to the current
collected.

(c) the transmitted e~-beam current - the plate inside
the laser cavity, which was to become the discharge anode,
was originally used to collect this current. In this case
the collected current was returned to earth through 24, 2.2.00
symmetrically placed non-inductive resistors. However, blue
cellophane dyé dosimetry measurements (d) indicated that an
appreciable fraction of the electrons reaching the plate were
being re-emitted as secondaries and lowering the measured
current (this was a field-free region). To account for this
a form of Faraday cup was built around the plate with a 40 x
0.5 cmzaperture lying close to the foil window. In this way
a more accurate estimation of the transmitted beam current
was made.

(d) the e-beam spatial profile - the spatial wvariation

of current density, i.e. the beam uniformity‘and width, was
(59)

found by "Avisco" blue cellophane dye dosimetry . Bleaching
of thin cellophane by the e-beam, which was logarithmically
proportional to the number of electrons which had passed through,
was scanned on a "Joyce-Loebl" recording microdensitometer to
give the beam profiles. To prevent saturation of the dye,

strips of aluminium foil were introduced to reduce the e-beam

dose received by the cellophane to an acceptable level from a

single shot.
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(e) reliability and reproducibility - these factors were
borne continually in mind throughout experimentation. It was
very important, for the laser to be successfully used in later
work, that the results of (a)-(d) could be repeated often and
reliably with only a minimum of maintenance.

2.5.2 Optimisation of the electron beam

Figures 13 and 14 show a set of results taken for a
particular diode configuration. They show the cathode voltage,
total and transmitted e-beam currents, and the beam profile at
the window.

Each of the parameters (i)-(v) was varied, and the results
obtained can be summarised as follows :

(1) the cathode material - a number of different cathode
materials were studied in a particular diode arrangement to
look for the best emitter. A simple, single, uncoated stainless
steel blade proved the most successful. No improvement was
found with titanium or tantalum foils, or multiple stainless
steel arrangements. Similarly, despite some evidence to the

(60)

contrary , & carbon cathode, in the form of graphite felt/
gave no better results.

(ii) and (iii) the focussing arrangement and anode to
cathode spacing - two focussing arrangements were considered.
in éhe first, the cathode consisted of a cylindrical blade
holder of 2.54 cm diameter with the blade centrally positioned,
around which was mounted a "race-track" type structure. This
was constructed from 2.54 cm diameter dural tube and was
electrically connected to the cathode. In the second, capaci-
tive electrostatic focussing arrangement(61), two 2.54 cm

diameter focussing electrodes were mounted above and below, and

parallel to, the blade holder on glass rod insulators (see
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figure 12 and the plate of figure 15). When the negative
voltage was first applied to this assembly, the cold cathode
emitter behaved as though it was unfocussed and the normal
blade emission process was not inhibited. Once the blade
started to emit electrons, the focussing electrodes charged
up to the cathode potential and.the resultant electrostatic
field restricted the divergence of the beam as it travelled
towards the anode.

The construction of the two cathodes was such that, in
the first case, the recess of the blade behind the plane of
the focussing electrodes was the only variable, while in the
second the actual focussing electrode separation could be
changed. In both cases, of coursé, the anode-cathode spacing
could be changed. The impedance of either diode was seen to
be mainly dependent on the blade-anode separation.

Although the two types of focussing were difficult to
compare directly, experiments indicated that for similar diode
impedances a 50% improvement could reliably be achieved in
reducing the beam diameter at the anode with the capacitive
system. Further work was therefore concentrated on this.

Figure 16 shows the important dimensions of the capaci-
tive focussing system whic@_were varied. 1In order to generate
a high cathode voltage, necessary to allow a reasonable per-
centage of the electron beam to be transmitted through.the
foils, the wvalue of the diode impedance and hénce S was kep£
as high as possible. The distance of the cathode stalk to the
surrounding structure, however, limited this to s < 4 cm,
otherwise arcing was found to occur from the stalk. A second
limitation was on fe’ the focussing electrode sevmaration.

Greater focussing levels could be achieved by reducing this and
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Table 3
Arrangement s/cm r/cm fe/mm beam height at prefoil/cm
1 3.5 0.0 8 5.2
2 4.0 0.5 8 3.2
3 3.8 0.3 8 4.0

Diode optimisation results (see figure 16)
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increasing the recess of the blade, but eventually a point was
reached where the blade was shielded to such an extent that
breakdown occurred from the focussing electrodes to the anode
foil preferentially to cold cathode electron emission from the
blade.

A focussing electrode separation fe of 8 mm was found to
give reliable focussing - for laréer values the beam divergence
was too great, while for smaller values the diode was unstable.
Having decided on a value of fe' and approximately on s, the
blade recess r could then be varied to examine the effect of
this on the beam height at the "Hibachi" window. A typical
set of results is summarised in table 3. The beam heights
given should be compared to a height of 7 cm for an unfocussed
beam at a similar diode impedance.

The initial design criteria would lead to arrangement 2
being chosen as the optimum. This, however, would not take
into account problems of reliability. It was found that ’
arrangement 3 was the highest focussed position which allowed
almost unlimited operation with a minimum of maintenance, and
this became the standard set-up in later work.

(iv) the foils and mesh - the e-beam passed into the
laser cavity through two foils and a wire mesh. A thin (12.5 pm)
aluminium prefoil was taped on to the anode plate to stop low
energy electrons éroduced by the tail of the voltage pulée from
the power supply. It was found that, if the prefoil was not
used, the energy due to these electrons was deposited in the
ma;n pressure bearing foil and led to its early failure. The
prefoil also allowed the anode plate to present a uniformly
flat surface to the cathode, thereby ensuring a more uniform
field in the diode by covering the window recess in the anode

plate (figure 12). Finally, any vacuum breakdown or diode
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closure occurred to the prefoil, often damaging it, but again
protectihg the main foil. Figure 17 shows the effects of up-
wards of one hundred e-beam shots on a prefoil.

A preferable alternative to the prefoil, which also
attenuated the useful fast electrons, would have been to have
installed a "crowbar" beyond the SF6 spark gap SG2 of figure 7.
This would have been a triggerable spark gap, -fired as the
cathode voltage fell below a certain level and dumping the
remaining energy of the power supply to earth through a resistor,
hence preventing the production of low energy electrons at the
cathode. The spark gap would be pressurised such that it did
not self-break at the peak of the transformer output (> 200 kV).
However, in this case, the necessary voltage pulse which would
have then been required to trigger the gap was not available.

The pressure bearing main foil (3.2.1), supported on a
2 x 38 cm2 "Hibachi" grill structure, consisted of either 75 um
P.T.F.E. coated "Kapton" polymide film or 30 um titanium.
Figure 18 is a plate of the foil and "Hibachi" from the dis-
charge anode side, showing the grill through the semi-
transparent "Kapton".

The titanium foil was found to have a higher tensile
strength than the Kapton, although wﬁen it failed the foil
colliapsed totally and often caused damage to the e-beam diode
assembly. Kapton failed gradually, as it develbped pin-hole-
type fractures, and had the advantage over titanium of a
slightly higher electron transmissivity.

Finally, the electron beam passed through a stainless
steel mesh of 80% transmissioh which acfed as the discharge
cathode. A mesh with higher transmission did not give the

main foil adequate protection from discharge arcs.
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2.5.3 Experimental problems

A protracted amount of time was spent‘studying the
operation of the diode. A typical operation might involve
opening the diode or discharge chamber and changing a foil
or the position of the cathode. The system would then be
pumped down and fired. 1In the case of dye dosimetry, after
one shot the system would again be opened to extract the cello-
phane and prepére another experiment. This process would take
upwards of three hours and therefore the rate of acquisition of
data was slow.

When optimisation was complete the arrangement chosen
allowed a minimum of maintenance. After sevéral hundred shots
it was important to change the cathode blade and to repolish
and oil the focussing electrodes. Regularly replacing the
blade and polishing the electrodes allowed continued uniform
electron beam operation and ensured that parasitic breakdown
from the electrodes was kept to a minimum, while replacing
the prefoil protected the main foil from damage as the pre-
foil deteriorated. Replacing the main foil, which needed to
form a vacuum seal, was more time-consuming; 1t involved
entering both the discharge and diode cavities and made

repassivation unavoidable.

2.6 Standard operating characteristics

With accurate positioning of the'éathéde (to = 0.5 mm)
and regular maintenance, the electron beam generatof could
be fired for an indefinite number of shots without replacing
the main foil.

The performance in this arrangement, which was the
standard set-up for all later work, can now be reviewed

(table 4). C2 was charged to 46 kV, SG, pressurised to 22 psi

1
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Table 4

Output voltage (peak into 44_N_load) 189 kv

Pulse duration (FWHM) 450 ns

Rise time 100 ns

Throughput delay 300 ns

Output current (peak into 44 lcad) 4.1 kA

Beam height at the prefoil 4 cm (x 40cm long)
Window size 2 x 40 cm?

Mean (spatial) current density over the window

area at the prefoil 30 Acm—2
Mean (spatial) current density entering the

discharge volume ' 13 Acm—2

Pulsed power supply and diode performance

summary
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above atmospheric with dry air, and SG2 to 20 psi above

atmospheric with SF Figure 13 shows the voltage and

6
current characteristics of the diode. The peak voltage
reached was 189 kV and the peak total e-beam current was
4,1 kA. The current density was uniform to within * 10%
along the length of the Hibachi window, while its cross
section across the window is shown in figure 14. The mean
current density at the prefoil was calculated to be 26 A cm_2
and cellophane dye dosimetry indicated that at the central
portion of the foil overlapping the window it was approximately
30 A cm_z. 13 A cm'-2 of current density was measured to be
reaching the discharge cavity.

Figure 13(b) clearly shows the sudden rise in electron
beam current as diode closure occurred (at this stage the diode
voltage had swung positive). The average speed of diode closure
was therefore =~2.2 cm us-1.

A Tektronix 519 oscilloscope with suitable attenuators gave

the traces of figure 13. All results should be accurate to

better than 10%.
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CHAPTER 3

THE ELECTRON BEAM SUSTAINED DISCHARGE LASER

3.1 Introduction

Chapter 2 discussed the development of an electron beam
generator. This chapter will go on to consider the design
and performance of the discharge sustained by this electron
beam, and the resultant laser operation. Results will be
given for both XeCl and KrF lasers, together with the out-

come of efficiency, gain and unstable resonator experiments.

3.2 The laser cavity

3.2.1 Design and optics

Figure 19 is a plate of the diode chamber and discharge
cavity showing the two vacuum connections on the bottom, gas
infill connection on the top, and the three discharge anode
feeds entering the chamber from the left.

All metallic components of the laser cavity were stainless
steel, and the insulating components P.T.F.E. The cell was
sealed with '0O' rings made from Viton and lubricated with
fluorinated vacuum grease. These precautions were made
necessary by the extremely corrosive natufe of the laser gas
mixtures. The pressure bearing foil was sealed by a single
'o! fihg~in a metal compression plate and the mesh set in
front of it with a secona plate. The second discharge
electrode was held on three electrical feeds which passed
through the rear wall of the cavity. Three spacing rings
behind this electrode set tﬁe anode-cathode spacing to 3 cm.
The output energy of the laser was found to be strongly
dependent on the polarity of this discharge electrode.

Higher energies were obtained with it connected as an anode,



Figure 19 (plate)
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encouraging the flow into the gas of e-beam electrons.

Two end window arrangements were employed. In the first
(figure 19), they were mounted on the outside of the dis-
charge chamber and set on two 'O' rings. This allowed them
to be aligned parallel to the laser mirrors. Two 2.5 cm
diameter polished Spectrosil 'A' quartz or sapphire windows
were used. Sapphire windows were less prone to attack from
fluorine, but more difficult to polish. Alternatively, when
a well defined cavity length was necessary, 7.62 cm diameter
Spectrosil 'A' windows could be fitted at Brewster's angle.

Before any experiments were begun with a particular laser
gas mixture, the cavity was passivated overnight with = 50 torr
of the appropriate halogen donor (and with the windows replaced
by metal blanks). This was usually sufficient to ensure a
reasonable level of passivation and prevent further reactions
between the gases and the cavity components taking place. How-
ever, it was found that if the system was passivated with HC1l
for the XeCl laser, it took much longer to then passivate the
system with F2 when converting to KrF. This was probably
because a slow exchange reaction occurred between chlorine, in
the metallic chlorides of the passivated layer, and fluorine,
since fluorine is the more electronegative.

A plane multilayer dielectric mirror of >97% reflectivity .
and 5 cm diameter formed one end of the laser cavity £for both
the XeCl and KrF lasers. Either a second multilayer dielectric
(60-~70% reflectivity for XeCl, slightly more for KrF — 70%) or
a three-plate-resonant-reflector was used for output coupling.
All mirrors were held in 5 cm kinematic mounts which were
either bolted to the ends of the cavity or put on separate

optical benches.
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3.2.2 Gas handling

All taps, gauges and tubing were made of stainless steel.
The taps were of the bellows variety and the tubing }" o.d.
After evacuation to < 10"4 torr the laser cavity was first
filled with the halogen bearing gas, the pressure being
monitored on an electronic "Capsulon" gauge. The rare gas
component of the mix was then added; the pressure being read
from a capsule gauge. Finally, the buffer gas was added, and
monitored by two "Budenberg" gauges. Gas mixtures were left
for about 15 minutes prior to firing to ensure adequate mixing.

At the end of an experimental run the mixture was exhausted
through a trap containing concentrated potassium hydroxide
solution to absorb the halogen. For very corrosive mixtures
the cavity was filled and exhausted with buffer gas several more
times before evacuation. This minimised chemical degradation

of the pump o0ils by halogenation.

3.3 Discharge design and operation

FPigure 20 shows the connection of the laser cavity elec-
trodes to the external discharge circuit. A Hartley Measure-

1

ments Ltd. 600 Js ' 50 kV unit charged the main energy storage

capacitors Cyr C (total C,, 0.25-0.55 uF) to up to 30 kV.

5 T
Energy from CT was then dischaf&ed into the laser cavity via
spark gap SG3. This was a low inauctance rail gap, of similar
design to SG1, with main electrodes 27 cm long and 0.5 cm apart
and pressurised with dry air. It was triggered automatically
from the potential givider R2, R3 mounted in the pulsed power
supply (figure 7). D.C. biasing of the trigger electrode was
set with the resistive network Res Re, R7. A small value

resistor R8’ constructed from "Nichrome" foil, provided a means

of monitoring the discharge current, by measuring the potential
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developed across it, and a resistive divider allowed the
potential being fed to the discharge anode to be measured.
The amount of energy discharged into the cavity was
strongly devendent on the overall inductance LT of the
discharge circuit. It was observed, and it has been
reported(62), that the discharge impedance in an e-beam
sustained excimer laser system falls rapidly to a low but
fairly constant value. The particular value is mainly
dependent on such factors as the concentration of halogen
bearing molecules, gas pressure, e-beam curreﬂt density and
discharge dimensions. If the time varying discharge
impedance is denoted by Zd(t), transient analysis of the
discharge circuit of figure 21 leads to an expression for

the voltage across the discharge as a function of time of

the form (underdamped)

yit) = V[T(o) Zd(” exp(-oc't) sinfwt) (3.7)
w Ly
where W%W) is the initial wvoltage on CT,

o o [ . 2 and o = Lt
LG 21

' The power deposited in the discharge was therefore
vdkt)z(zd(t). 3.1 implies that the total energy depositéd
in the gas was maximiéed by keepving, the inductance of the
discharge circuit as low as possible. This also served to
minimise the discharge voltage risetime. Low inductance

parallel plate feeds therefore connected CT to SG, and three

3

feeds were used to connect SG, to the anode in the discharge

3

cavity.
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Figure 22 (plate) The complete laser system
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The range of available values of C consisting of two

T
rapid discharge capacitors, was 0.25 - 0.55 pF. Higher values
of CT decreased the discharge voltage risetime and, especially
in the upper part of the range, did not appreciably increase

the energy deposited. 1In early work, a single 0.25 uF capaci;or
was often used since this restricted the amount of energy
deposited in the gas and was seen to give longer-foil lifetimes.
Once the laser had been optimised, however, 0.55 pF was most
commonly used.

Figure 22 is a plate of the complete laser system. The
plate shows, from background to foreground :- the o0il filled
pulse power supply, electron beam diode with perspex viewing
port, discharge cavity with a single Brewster's angle end
window and cavity mirror visible (to the right) and discharge
circuit. 1In this latter, two capacitors lie to either side of
the centrally placed spark gap. Also visible, to the right of
the plate, is the gas handling apparatus.

Typical synchronised discharge voltage and current wave-
forms, alongside a laser output pulse, are given in figure 23.
The spark gap was pressurised to 15 p.s.i. above atmospheric

and CT, 0.55 puF, charged to 24 kV.

3.4 Performénce of the XeCl laser

The results to be reported in the following section were
obtained with aligned 2.5 cm diameter end windows and the 60-70%
reflectivity multilayer dielectric mirror as the output coupler.
An I.T7.L. photodiode, in association with a Tektronix 519 oscillo-
scope, was used to record the time variation of the laser light
output, and a Laser Instrumentation Ltd. 142 LR calorimeter was

used to measure the laser output energy.
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3.4.1 Electron beam pumping

With electron beam pumping alone, a gas aqptimisation
procedure was carried out to discover the gas mixture corres-
ponding to the highest laser output energies. Of the two
diluents commonly used in e-beam pumped XeCl lasers, Ar and
Ne, Ar was the more successful. A maximum output of 70 mJ in
a 140 ns (F.W.H.M.) pulse was.recorded (fig. 24(a) ) with a
gas mixture of HCl:Xe:Ar in the ratio 1:15:1140 at a total
pressure of 3 Bar. As an indication of the output variation
with gas mix, the output energy fell by ==30% if the HCl partial
pressure was changed by approximately 1 torr, or the Xe partial
pressure by 10 torr, or the Ar pressure by 1 Bar.

A measure of the beam profile was made by scanning the
small target (0.5 cm) calorimeter across the beam from the mesh
side, where the e-beam entered the gas, to the discharge anode.
At a total pressure of 3 Bar the output energy was reasonably
uniformly distributed around the centre of the aperture, but
at 4 Bar most was concentrated in the half of the beam nearest
the mesh. Hence, at £he lower pressure, the stopping power of
the gas was such that the electron beam energy was reasonably
uniformly deposited through the gap, but at-the higher pressure
much more was being deposited near the mesh. These results
gave a good guide to the stopping powers which would be thimum
for operation in the sustained mode. —

3.4.2 Electron beam sustained pumping

A similar procedure was followed for the electron 5eam
sustained discharge pumpingbof XeCl, with the added complexity
of being able to vary the discharge parameters.

With CT charged to an optimum value of 24 kV, an output

pulse energy of 800 mJ was measured in a pulse of 250 ns
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(F.W.H.M.). The optimised gas mix was HCl:Xe:Ne in the ratio
1:17:1260 at a total pressure of 5 Bar. Figure 24 shows the
output pulses recorded for both e-beam and e-beam sustained
pumping, and figure 23 shows the discharge current and voltage
traces corresponding to the latter. The output energy had
approximately the same fractional variation with partial
pressures of HCl, Xe and Ne as for HCl, Xe and Ar in 3.4.1.
Section 3.7 will consider further the characteristics of the
laser output and its variation with partial pressures,

-including a discussion of the use of mixed diluents.

3.5 Laser efficiency

3.5.1 Electron beam energy deposition

Results have so far been given for the electron beam
energy and current density in the diode, and the current
density transmitted through the mesh into the discharge cavity.
In order to calculate the energy deposited in the gas an esti-
mate must f£irst be made of the electron beam energy distribution
following the mesh. This would normally involve finding the
energy loss of the original beam as it traversed the prefoil
and main foil and was attenuated by the mesh. Ideally, a
complete Monte Carlo code calculation should be made and
deposition-.prafiles computed (as in, for example (63)) but such
a facilit? is not often available. The usual alternative is to
begin with the available tables of the loss of energy by

electrons as they traverse certain materials(64)’(65).

The Berger and Seltzer tables(64)

give the stopping powers
for particular materials at a range of electron energies, but in
relation to the actual distance an electron has travelled rather

than the distance travelled along the axis defined by the
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original beam direction. These two figures differ greatly due
to multiple scattering. A simple scattering factor, 2.8 in
(47), is commonly introduced to calculate the energy loss in
the direction of the beam, but this oversimplification is
particularly inapplicable in cases where, as in this laser, an
appreciable fraction of the electron beam does not reach the
gas. Further, the Berger and Seltzer tables allow an average
energy loss per electron to be found, but assume no reduction
of electron number on the beam, which is, again, not the case
in this system. |

Due to the uncertainties outlined, the possibility of
experimentally measuring the deposited electron beam energy has
been investigated.

Pressure Jjump techniques, where a change in gas pressure
is related to a temperature rise and hence the deposited energy,
would have invelved the detection of pressure changes of a few
torr in a total pressure of 5 Bar. This small change was due to
the relatively small amount of deposited energy expected and the
large (litres) volume of gas concerned. A pressure transducer
would have been sensitive enough, but such devices had been
unsuccessfully used in conjunction with electron beam generators
in previous work. The sensitive electronics of the transducerx
_were easiij damaged in the "noisy" vicinity of the generator.

An alternative techniéue involving blue cellophane dye
dosimetry was therefore devised. The level of bleaching of a
strip of cellophane is directly related to the energy deposited
in the cellophane by calibration curves supplied by the manu-
facturer (Avisco). Therefore, if a certain thickness of gas at
a particular pressure could be replaced by a thickness of cello-

phane of the same stopping power, the sum of the energies
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deposited in the cellophane sheets would be equal to that
which was deposited in the laser gas.

A consideration of the tables of calculated stopping
powers shows that, at down to lo& kV energies, the stopping
powers of materials bear the same ratio to one another, being
largely dependent on electron densities. Hence, a certain
thickness of gas can be replaced by an equivalent thickness of

cellophane found from the relationship

t = 1999 g (3.2)
de S¢
where t refers to thickness, s to stopping power, and d to
density. Subscript c refers to cellophane, g to gas. The
densities must be included because the stopping power is
defined in terms of MeV cm® g-1.

Figures taken from (64) implied, using 3.2, that three
layers of 25 um thick cellophane would therefore be equivalent
to 3 cm of Ne at a pressurxe of 5 Bar.

A single electron beam shot was fired into the evacuated
laser chamber, with gas replaced by the cellophane. The
resulting pieces of bleached cellophane were scanned on a
microdensitometer, at the appropriate wavelength, and the
manufacturer's information was used to find the energy
deposited cm_2 in each. The energy deposited varied spatially
aéross the beam, aé in Fiéure 14, but total deposited energies
could easily be found by integrating over its width.

20.1 J were deposited in the cavity at a Ne pressure of
5 Bar, 17.5 J if it was reduced to 4 Bar. Both results were
accurate to * 10% if the manufacturer's data was accepted as

correct.
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3.5.2 Discharge energy deposition

A value for the discharge energy deposited could be
found more easily. From the traces of figure 23, of the dis-
charge voltage and current, a plot has been made of the power
deposited in the discharge with time, figure 25, assuming
that the discharge presented a mainly resistive load. The
a?ea under the curve is then the energy deposited, in this
case 96 J + 10%. The energy stored in the 0.55 pF capacitor
at 24 kv was 160 J, implying a 60% efficiency of energy
deposition.

Figure 25 shows how closely the discharge deposition
follows the curve of electron beam deposition, as expected
in a sustained laser. Figure 26,also derived from the dis-
charge voltage and current traces, is a curve of discharge
impedance against time. Again as expected, the impedance
quickly drops to a low, but slowly falling, value for the
duration of the electron beam.

The discharge volume was found by dye dosimetry. Thin
strips, a few mm wide, were placed at both discharge electrodes
and in the mid-plane of the cavity. The strips were thin enough
not to affect discharge operation, and the light bleaching
caused when the dischargg was run was enough to find its
dimensions. As expected, the discharge grew from .the width
of thé electron beam passing the mesh (=2.3 cm) to the height
of the anode (5 cm) and was 3 cm wide in mid-cavity. Its cross-
sectional area was therefore 10.3 cm2.

3.5.3 Efficiency calculations

Measured from burn marks, the laser beam area was 4.9 cm2,
implying an extraction volume which was 4.9/10.3 or 48% of the

total pumped volume. This means that 800 mJ of energy was
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extracted from a volume in which the deposited energy was
0.48 (96 + 20) = 56 J, and therefore the extraction efficiency
was 1.4%.

A further interesting result was the average power
efficiency. This was calculated by considering the average
laser Output power and the average deposited power during this
period, which was rather shorter than the total pumping

duration. The figure produced in this way was 3.2%.

3.6 Measurement of laser gain

The gain of the laser has been estimated by the single
pass/double pass A.S.E. ratio method. With the arrangement
of figure 27, this involved the comparison of the signal

received by the photodiode with (S and without (51) the

5)
back reflector M, a 100% silvered mirror. The cavity windows
were set at Brewster's angle and did not contribute to the
feedback.

Assuming a gain coefficient instantaneously the same over

the entire pump length, and that a one dimensional treatment

is adequate (d, L >> window diameter, an important approximation),

the Beer-Lambert and inverse square laws imply that(66)
L
Sy o Lxpleez) g,
! /; @ + z)
or
L .
S = kf Mdz
1 o (d+2)? (3.3)

where k is a constant. Similarly, on addition of the reflector

M,
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L
S, = Sy + Rk Explelzx LI g4, (3.4)
0 (p + 2)2

where p = d + L + de and R is the effective reflectivity of

mirror M, accounting for the losses at the Brewster's angle

window (R = 0.76).

Taking the ratio

L
S (€ 2)
22 = 1+ Rexp(mLf—LT dz
3 (

p+2

(3.5)
ex(mz)
0 d + 2)
and defining a function F (cC) such that
d/n exEknz dz
Floc) = o - 2* (3.6)
J/‘ axpkcz) dz
) (d+ 2?
(3.6) may be expanded in a MacLaurin series
Fle) = FO) + ocFl0) + oCPF0) v e (3.7)
- 2!
It can be easily shown that
{d + Lid
F(0) P - Llp (3.8)

and

o) = A +L)d[ln<l_ +p> ! }
L p L +p



92

_odd v 0% infL . d) L (3.9)
(p + LiLp d L +d

In this case,

L =38cm, d = 39.3 cm, p = 133.4 cm (dm = 28.1 cm).

Substituting in (3.8), (3.9) implies that
£~ 4. (3.10)
F{0) )
Thus, for a realistic géin value of < 10-1 cm-1, the

second term of (3.7) is significantly smaller than the first.
To a reasonable approximation, the ratio Sz/S1 can therefore

be rewritten as

—_— = ’] + Rexp(&l—)u (3.11)
31 p + Llp

For the arrangement of gas, discharge, e-beam, etc., which

allowed an 800 mJ output, the peak net small signal gain
coefficient has been found in this way to be <« = 0.05 cm_1.

Other methods exist to calculate the gain of a laser(67),

but this calculation allows a reasonable estimate to be simply

made. The result produced is approiimately one third of that

(67) (68)

reported in typical short pulse discharge or e-beam pumped

excimer systems.

3.7 Discussion of results

3.7.1 Optimised operation

Despite the relatively high peak gain of the laser it

does not quickly achieve threshold. On electron beam pumping
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alone, with a 70 mJ output, laser action only lasts for
approximately one third of the period of the pumping pulse.
Adding the discharge (figure 24) extends the period of laser
operation in both directions, but still laser action only
occurs for 250 ns.

The seemingly very high enhancement ratio found by taking
the ratio of laser ocutput energies in the e-beam sustained
and pure e-beam cases (800/70) is not a fair reflection of the
performance of the laser. A better value is the ratio of
deposited energies, i.e. 96/20 = 4.8,-which is still a high
value in comparison with other systems (1.4.1), and reflects
the care taken in designing the laser.

Similarly, 800 mJ of extracted energy at a specific

1 2

and an average power of 3.2 MW (0.63 MW cm )

(47)

energy of 4 J 1”
compares favourably with the best results so far reported

3.7.2 Standard operation

The electron beam generator was reliable and with regular
maintenance would not lead to the failure of the pressure
bearing foil for thousands of shots. To ensure safety against
failure due to discharge instability over a similar period,
the laser was slightly underrun. This high reliability for
the whole system was very important forrthe success of the
experiments to be déscribed in chapters 4-6.

It was found adequate to reduce the charging voltage
on the capacitor bank from.24 kV, at a spark gap pressure of
15 psi above atmospheric, to 20 kv at 12 psi. This reduced
the amount of energy deposited from the discharge from 96 J
to 67.5 J, and from the electron beam from 20.1 J to 17.5 J.
The lower electron beam deposition energy was due to the lower

stopping power gas mix used: HCl : Xe : Ar : Ne in the ratio



94

1 : 25 : 190 : 1140, at a Ne pressure of 3 Bar. The total
gas pressure was reduced to minimise the strain on the main
foil.

Ar was added for two reasons. First, due to its higher
density, it increased the stopping power without increasing
the total pressure to the same extent as Ne. Second, the
laser output pulse length was found to be increased by 30 -
40 ns with a small addition of Ar. There is some indication
of the possible improvements which may be made with mixed
diluents to the output of an e-beam pumped KrF laser(48), and
it has recently been proposed that XeCl efficiencies can be
improved by the use of Ar which promotes more rapid vibrational

relaxation of the B—state(69). This improvement must be

<+
2

molecular ions as the Ar partial pressure is increased. 1In

balanced against the increased absorption at 308 nm by Ar

this case, the addition of 0.5 Bar of Ar to 3 Bar of Ne was
optimum.

When a well-defined cavity length was required, Brewster
angled laser cavity end windows were fitted. 1In the standard
operating arrangement, output energies were then =~ 250 mJ
(200 ns F.W.H.M. pulse) (the arrangement for 3.8, chapters 4-6).
The gain, however, was too great to allow this set-up to pro-

1).

duce a polariéed}output (0.04 cm~

In conclusion, these precautions allowed the laser to be
fixed at a typical rate of 20 shots hour_1 for thousands of
shots with a 10% shot-to-shot reproducibility, without failure
of the main foil.

Table 5 summarises the performance of the XeCl laser.



Table 5

Output energy/mJ
Pulse duration (F.W.H.M.)

Gas mix

Total pressure/Bar

Deposited e-beam energy/J
Deposited discharge energy/J
Extraction efficiency %

Gaj.n/cm-1

Laser performance summary

Optimised

800

250
Ne:Xe:HC1
1260:17:1

5

20

96

1.5

0.05

95

Standard operating

250
200
Ne:Ar:Xe:HCl
1140:190:25:1
3.5

17.5
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3.8 An unstable resonator

The operation of the XeCl laser in an unstable resonator
configuration has been studied. Unstable cavities have the
capability to provide both good transverse mode discrimination
and large mode volume simultaneously.

Figure 28 shows the experimental arrangement of the
positive-branch unstable resonator chosén. One end of the
cavity was formed by the > 97% reflectivity multilayer dielectric

mirror and output coupling was effected via lens L a quartz

1’
lens with an aluminised, 3 mm diameter central spot coated onto
its plane surface. This reflecting spot behaved as a mirror of
focal length o~ -50 cm, and the overall magnification of the

combination was 5.8. Lens L, rendered the output beam parallel,

2

and L3 was available to focus the beam down to a spot.
Siegman (70) has shown that for this particular half-
symmetric resonator the diffraction loss per mirror "bounce"
is = 80%. A much higher magnification would increase this to
such an extent that laser action could never build up. Since
both the magnification and cavity length, limited by the size

of the discharge chamber to be > 1m,o0f the systemwere therefore

set, so also was the required focal length of L1 since

112 - '
a-Rrity - 1 . (3.12)

(- RV -y

where M is the magnification, L the cavity length and R the

radius of curvature of the reflector formed by L The limiting

1°
aperture of L, was 2 cm, therefore a 3 mm high reflectivity spot
was chosen so that this was filled after a double pass of the

cavity.

The near-field beam pattern was recorded on Type 665 Polaroid
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(Positive/Negative) and figure 29 shows a resultant micro-
densitometer trace. The output was calibrated by using known
attenuators, and it was seen to be uniform to better than 10%
across the whole beam area. Carefully recorded spot burns at
the focus of L3 allowed the beam divergence to be measured : the
full angle divergence was £ 0.5 milliradians. 36 mJ was, on
average, recorded in the pulse of = 42 ns F.W.H.M. (figure 30),
corresponding to an average output power of 0.86 MW and a
focussed power density of 0.44 GW cm-z. By comparison, the
beam divergence for the case of plane-parallel mirrors (3.7.2)
was = 2 milliradians, the average output power 1.25 MW and
focussed power density 0.04 GW em™ 2.

The use of an unstable resonator has therefore greatly
decreased the beam divergence and increased the obtainable
power densities by an order of magnitude, but at the expense
of total pulse duration. In terms of beam divergence, these
results are comparable to those found with positive or negative
branch unstable resonators on short pulse discharge excimer
lasers(71)’(72). However, the round trip cavity losses have
substantially shortened the period for which the laser is above
threshold. Figure 30 shows how this duration has been reduced
in comparison to the electron beam voltage waveform. A lower
‘magnification arrahgement would be necessary to increase the
jbutput pulse 1ength but would reduce the output coupling. With
a lower loss syétem it might also be poésible to introduce an

intra-cavity tuning element, possibly a grating, to produce a

beam with both high spatial and spectral quality.

3.9 An electron beam sustained KrF laser

3.9.1 Performance results

While the laser system had been specifically designed to
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pump the XeCl excimer, it was originally thought that it would
prove equally suitable for other rare gas halide excimers. This
section, describing a KrF laser, will show that this was not the
case, because of the much more electronegative nature of
fluorine.

These experiments were carried out on a gas mixture of F2
and Kr with either Ar or Ne as the buffer gas. The total
pressure was estimated from the XeCl results for optimum e-beam
energy deposition, and the partial pressures of F2 and Kr from
other discharge or e-beam pumped KrF lasers. The pressure of
each constituent "gas was then varied in the search for the
highest output energies.

Problems of passivation and gas purity were originally
considered and rejected as possible causes of the poor results
to be described. F, for this laser was supplied by a small

2

bomb kept at sub-atmospheric pressure and regularly refilled
fréh a larger cylinder. A leak in this refill system was sus-
pected for some time to be a source of contamination, but when
the leak was stopped no improvement in laser output was seen.
Best results were obtained with Ne as the buffer gas at
a total pressure of 4 Bar, the other gases being present in
the ratio Ne : Kr : F2 507 : 20 : 1. Laser action began
. approximately 40 ns before XeCl action would have begun,
rélative to the e-beam, but lasted for only 30-40 ns (F.W.H.M.).
The peak power reached was one third of that observed with
XeCl, i.e. = 1 MW corresponding to a pulse enerqgy of 15 mJ.A
0.55 uF capacitance charged to 24 kV made up the discharge
Circuit.
Figure 31 shows the laser output pulse, together with

synchronised discharge voltage and current traces for KrF.

The curves of discharge power deposition and impedance,
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figures 25 and 26, have been generated from these. Unlike
the case of XeCl, the discharge impedance does not fall to
a low but fairly constant value. Similarly, the energy
deposition profile begins by following the electron beam
but sharply falls off, before rising again, as the discharge
impedance collapses. These results impiy that the discharge
was not being successfully sustained by the electron beam.
The rapid, continuous fall of the discharge impedance and
the fluctuation in the energy deposition profile after approxi-
mately 300 ns, a time corresponding to the end of laser action,
must coincide with the discharge becoming unstable.

3.9.2 Explanation of the instability

Long(62) (73) has carried out the most extensive study of

electron beam sustained discharge stability.

Onset of an instability was shown to be dependent on the
concentration of F2, the total gas density, the field within
the cavity E, and the electron beam current density entering
the cavity Jeb' With N as the neutral gas density (cm_3),
Long gaverdata for the maximum E/N allowable for stable dis-
charge operation and showed how it was affected by variations
in Jeb/N and the F2 concentration. These results were derived
with Ar as the buffer gas. For the system under consideration,
with Ar -as the buffer gas, the best outputs were obtained for
a mixture in the ration 190 : 20 : 1 (total pressure 1.5 Bar),
while no laser action was observed for half of this Kr
concentration (as studied by Long) at any F, concentration.

Comparison of this data with the results of Long shows
that an instability could be expected to set in, for this F2

concentration and Jep = 13 A cm-z, at E/N =< 16, Td where 1 Td =

b
?0—17V cm2. Experimentally, the highest voltage reached was
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18 kV, corresvonding to E/N = 15 Td and reasonable agreement.
Long further showed how, for a particular discharge cavity
arrangement, there is a minimum electron beam current density
which is required before stable discharge operation can occur.
As has been seen, Jeb = 13 A cm_2 was therefore not sufficient
to sustain discharge operation for any available set of dis-
charge parameters.

Higher e-beam current densities were not easily available,
since they would have required a redesigned electron beam
generator. 13 A cm_2 appeared to be near the minimum current
density required for stable operation, and in this region the
uniformity of e-beam energy deposition would also be important.
First, longitudinally, e-beam deposition falls off with distance
from the mesh and so to maintain current uniformity the electric
field is higher in the region of lower charge densities. Thus,
the discharge is harder to stabilise. Second, the rib structure
supporting the foil causes transverse non-uniformities by a
shadowing effect and discharge instabilities may begin in the

region of highest current density between the ribs.
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CHAPTER 4

A FAST, HIGH REPETITION RATE OPTICAL SHUTTER

4.1 Introduction

The principle of mode-locking when applied to excimer
lasers, which will be introduced and discussed in Chapter 6,
should allow the large optical energies available to be
concentrated into intense ultra-short UV pulses. Chapters
4 and 5 will consider the basic component required for active
mode~-locking, a fast optical shutter which can be regularly
re-opened at the roundtrip frequency of a laser cavity.

The shutter can be simply considered as providing loss
modulation at a frequency c/2L, where L is the cavity length.
Thus, light incident on the modulator, situated at one end
of the cavity, during a certain part of the modulation cycle,
will again be incident at the same point of the next cycle
after one roundtrip of the laser resonator. Light which sees
a loss at one time will again see a loss after one roundtrip
of the resonator. Hence, all of the light in the resonator
will experience loss, except that which passes through the
modulator when the modulator loss is zero. Light therefore
builds up in narrow pulses in these low-loss time positions.

" The narrowness of these pulses is-governed by both the speed.

of the modulator and the number of éasses the pulse Bf light
generated makes through it (determined by the time for which
there is optical gain) neglecting other shortening mechanisms
such as gain saturation.

Most conventional active mode-locking experiments have
involved the application of a broad loss modulation, e.g. (74),

and allowed short pulses to build up after many roundtrips.
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However, in the case of excimer lasers, where even the sus-
tained discharge technique permits only a relatively limited
number of roundtrips, such techniques are not ideal, although

(75)

they have been used to give pulses of ==2ns duration A

preferable arrangement would therefore be to begin with a fast,
efficient optical gate - in the case to be considered, a train
of short duration voltage pulses applied to an electrooptic
modulator.

Such a fast gate was first demonstrated in pulse shaping

(76) (77)

experiments and has been used for both visible and

UV(78) mode-locking. This chapter will consider in detail
the operation of the optical shutters of (77) and (78), an
electrooptic phase modulator driven from a GaAs semiconductor
switch. Chapter 5 will then outline a design study which was
carried out, in the light of these results, to improve the
operation and consider the limitations of this technique, and
will describe the much faster light modulator which was
developed.

Although the mode-locking of excimer lasers was the
motivation behind this work, it is not wavelength selective,

and the results are equally applicable to many wvisible and

UV wavelengths.

4.2 Optical pulse generation by electrooptic phasé moaulation
In certain crystals the application of an electric field
produces a change in the refractive -index of the material which
is proportional to the field applied. The crystals which will
be considered in this work are those commonly supplied in
commercial modulators : potassium dihydrogen phosphate,

(KH2PO4) known as KDP, potassium dideuterium phosphate,
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(KD PO4) or KD*P, and ammonium dihydrogen phosphate,

2
(NH H PO4) or ADP. All three have the same crystal symmetry

472
(42 m), and their response to an applied field takes the same
form.

Consider the crystal of figure 32, where x, y and z are
the symmetry axes (z fourfold), with a field EZ épplied along
the z-axis. Any light incident and travelling parallel to the
z-axls can be split into two polarizations along the orthogonal
directions x' and y' as shown. On the application of Ez, these
two polarizations travel through the crystal with different

velocities corresponding to different refractive indices. For

a 42 m symmetry, these are

3
My = Ng - %%352 (4.1)
3
and Ny = N %3%3EZ (4.2)

where ng is the ordinary and ng the extraordinary refractive
index of the crystal, and Tes is an electrooptic coefficient.

A phase retardation I is fherefore generated between these
two components at the output plane of the crystal. TIf a voltage

V is applied to the crystal of length 1, then

3

roos L%BV (4.3)
or roo= vai (4.4)
.M

where w is the angular frequency and A the wavelength of the

light. Vy 1is known as the "half-wave" voltage and is given

by
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A simplifed electrooptic amplitude modulator is shown in
figure 33. It consists of an electrooptic crystal (in this
case a Pockels cell) placed between two crossed polarizers,
whose polarization axes lie at angles of 45° to the x', y'
axes. The incident field is parallel to x at the input face
of the crystal and thus has equal, in-phase, components along

(79)

x' and y'. A simple analysis shows that the output intensity
Io emerging from the analysing polarizer is related to the input

intensity Ii by

sin

bt
o

—

2 Vi

nv} (4.6)

This is the loss-free, steady state condition. Amplitude
modulation results when V varies as a function of time. If a
voltage pulse is applied to the crystal, this results in the
generation of an optical pulse from the modulator. The follow-
ing section will consider how fast voltage pulses may be

repetitively generated for this purpose.

4.3 The repetitive generation of short duration, high voltage

electrical pulses

The use of Pockels cells for the high-speed switching of
optical pulses is not a new technique. Pulse slicing with fast

risetimes has recently been achieved with laser triggered spark

(80) (81) (82)

gaps , krytrons or avalanche transitors None of

these options has the capability of low jitter, high (100 MHz)
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repetition rate operation which is necessary for mode-locking
experiments. However, the advent of light actuated semi-
conductor switches has now made it possible to manipulate high
voltage pulses with picosecond precision.

4,.3.1 Auston switch technology
(83)

Photoconductive switches generally consist of a piece

of high resistivity or semi-insulating semiconductor, such as

Si(84) or GaAs(SS)

, incorporated in a microstrip transmission
line structure (e.g. figure 37). As an intense, ultrashort

laser pulse illuminates the gap between the switch electrodes,
electron-hole pairs are created and quickly establish the
continuity of the line so that the voltage applied is efficiently
transmitted. To end the switching action, a second light pulse
shorts the input to ground or, alternatively, the recombination
of carriers re-establishes the high dark impedance of the

device.

For a semiconductor with a bias voltage VO applied, assuming
that a delta-function-like light pulse activates the device at
time t = 0, that the number of carriers decays exponentially
with a single time constant T and that the dark conductance
of the device is negligible, the conductance across the gap

can be‘expressed as
G{f) =  Gqexpl-tre) . (4.7)

where Go is the conductance immediately following the illumi-
nation of the semiconductor. Go can be related to the gap

length 1 and pulse enexrgy € by (86)

- bn e
G = Z1 = L * (4.8)
° 0 (e + D2 hyi2
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where n. is the refractive index of the crystal and 4ndin, « 1)2
accounts for light lost by reflection, hV/e is the energy
of the photons in eV, and p is the sum of the electron and
hole mobilities.

The total impedance of the device can be expressed by
Ztty = R + GINTT = R+ ZgexpltiT) (4.9)

where Rc is the contact resistance of the electrodes, and the

current switched into a load of impedance ZL is

i(t) = Yo 4
T 22, + R+ ZjexpltT) (4.10)

if the impedance of the charging cable is also assumed to be

VA Although the conductance of the gap decreases exponentially,

L-
the current has an exponential shape only i1f the device is not
saturated by the light pulse.

In the experiments to be reported in this chapter, a GaAs

switch doped with Cr was used. The switch had a dark resisti-

vity of 10841_cm and the carrier recombination time Y was

< 100 ps (87)’(88). Light pulses were applied to the switch
from a mode-locked dye laser. Figure 34 shows a set of curves
representing the time evolution of the current switched as

(87)

given by equation 4.10 Z. is 5001 and RC is assumed

L

negligible compared to 100<L. The maximum voltage which can
be switched in this combination is VO/Z, corresponding to a
maximum current of VO/1OO into a 50 load. This limit is

approached if ZO << 1000,

4.3.2 The mode-locked dye laser

The dye laser had the capability of delivering pulses of
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light to the GaAs switch with energies of tens of uJ and
durations of less than 10 ps. A schematic diagram of it is
shown in figure 35.

The laser(77)’ (89)

cénsisted of an 18 mm o.d., 10.5 mm
i.d. ablative flashlamp and a 13 mm o.d., 6 mm i.d. dye cell
placed along the focal lines of a 180 mm long reflecting
elliptical cavity head. Brewster angle windows were set on
the dye cell. The flashlamp was triggered by applying a pulse
of = 30 kV to the centre pin of a commercial motor spark plug
screwed into the earthed connection to the flashlamp. This
pulse was obtained by stepping up the output from a low voltage
thyratron trigger unit, fired manually, with a small pulse trans-
former. Energies of typically 1000 J were deposited in the
flashlamp from a 5 jiF capacitor. In such an ablative system,
where the flashlamp is evacuated, the discharge first begins to
run on the residual low pressure gases. Wall material is then
fed back into the discharge by ablation, and a high pressure
discharge is quickly set up.

The light from the lamp pumps the flowing laser dye in its
cell. 1In this case the dye used was Rhodamine 6G at a con-

centration of 2 x 10 %

M in ethanol. It is relatively simple

to passively mode-lock such a laser (see Chapter 6 for a
discussion of mode-locking). The cavity was formed by a 50%
reflectivity multiiayer dielectric output coupler and a 99%
reflectivity mirror (at 600 nm) onto which a 2 mm thick con-
tacted dye cell was placed, containing an approximately 5 x 10—5M
solution of DODCI (3,3'-Diethyloxadicarbocyanine Iodide) in
ethanol. The cavity lenéth was > 1Tm. Without tuning elements

and un-mode-locked, the laser output was =100 mJ in a pulse of

3 us duration at 610 nm. Figure 36(a) shows a photodiode trace
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of a mode-locked pulse train obtained from this configuration.
The total output energy was = 30 mJ, corresponding to an average
energy per pulse of =30 pJ. Pulse widths of 5 ps have been
measured from this laser on a Photocron streak camera(77), and

the fluctuation in the total output energy was better than 10%.

4,3.3 Pulse generation

Most of the light from the dye laser illuminated the GaAs'
switch, constructed and mounted as shown in figure 37. Sharp
aluminium electrodes were evaporated onto a piece of GaAs to
define a 3-4 mm gap which could be charged to greater than 3 kV
without breakdown. The crystal was then cemented onto a piece
of printed circuit board which was impedance matched to 50{L co-
axial lines for charging and pulse transmission. Silver-loaded
conducting paint was used to contact the copper lines of the
circuit board to the aluminium crystal electrodes.

The switch was changed to up to 3.5 kV from an E.H.T. unit,
and the voltage pulse train produced by the dye laser light was
either attenuated and monitored on a Tektronix 7834 oscilloscope
(figure 36 (b) for 3 kV charging) or applied to the contacts of
the Pockels cell in the light modulator. The efficiency of
operation of Cr doped GaAs switches and the difficulties of
measuring the short pulses generated from them, due to the
limiting bandwidths of oscilloscopes, has been studied'87),
Equations 4.8 to 4.10 can, howéver, be used to predict the
performance of the switch when illuminated with 30 uJ pulses

from the dye laser. In equation 4.8, where n_ = 3.3(90),

(91) 9

€ = 30 pJ, u = 9000 cm’/V_ 1 =3mm, and » = ¢/610 x 10 2Hz,
then Zo’ the impedance of the switch immediately following
illumination, is 1.34L. This is a lower limit on Zo and on the

Peak current switched in figure 34. Under normal circumstances

only a portion of the dye laser light would fall on the switch
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to ensure reasonably uniform illumination between the electrodes.
This would increase this limiting impedance to 2-3.n. . Also,

the equations used depend on the validity of a number of
assumptions and, most importantly, that Rc<<10011 . This may

(91)and the effect of contact resistance could

be over-optimistic
substantially reduce the efficiency of operation of the switch.

Focussing the light such that the full pulse energy fell
between the switch electrodes could increase the efficiency of
switching, but more often meant that one of the Al-GaAs junctions
was not fully iliuminated. When this occurred, the contact
would not behave chmically, the efficiency of the switch would
fall, and surface tracking could often proceed between the
unilluminated electrode and the illuminated conducting region.
Once a track developed in the surface of the crystal it was
necessary to replace it. This problem was always present, and
led to regular switch failure, but it was made less critical
by, at first, not focussing the dye laser output, and later by
covering the switch with a transparent epoxy resin.

The calculations given, and a consideration of the pulse
trains recorded from a GaAs switch (figure 36(b) ) along with
a recognition of the limiting effects at these frequencies of
cable dispersion, oscilloscope risetime, etc., would imply
.that'the total switch impedance was several ohms, with the
resultant current output of figure 34. Section 4.4 wiil
consider the results obtained when these pulses were used

to drive an electrooptic phase modulator.

4.4 A Pockels cell as an optical shutter

4.4.1 The Pockels cell

Experiments were carried out to study the operation of the
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electrooptic phase modulator driven by voltage pulses from a
GaAs switch and previously used for mode—locking(77)’(78).

This modulator took the form of a commercial Pockels cell,

model 12KD, supplied by Electro-Optic Developments Ltd. of
Basildon, Essex. Its construction is shown in figufe 38.

The crystal was z-cut, 97% deuterated KD*P, with gold ring
electrodes providing the longitudinal electric field. The
circular electrode aperture was of 12mm diameter, and the
crystal length was 25mm. A half-wave voltage at 633nm of

4kV and a capacitance of SpF were specified by the manufacturers.
The crystal was placed in the cell between two BK7 laser quality
windows and surrounded by a phase-matching solution.

A light amplitude modulator was formed by setting the Pockels
cell between two crossed Glan Thomson polarizers (figure 33).
Alignment was carried out by the "Maltese Cross" method, with
the He-Ne laser used to align the XeCl laser cavity, as follows.
A short focal length converging lens placed after the first
polarizer and before the Pockels cell cast a dark image of a
(Maltese) cross with a red backgrpund~onto a screen beyond the
second polarizer. When the centre of the cross coincided with
the original direction of the red beam, the zfaxis of the
crystal was accurately aligned (i.e. lay colinear with the beam).
The position of the cross was varied by changing the angle of
tilt of the Pockels cell, and care was taken to send the align-
ment laser through the centre of the cell and polarizers.

4.4.2 Triggering and synchronisation

The modulator was probed with the XeCl laser. This work
could have been carried out more easily with a faster repetition
rate laser, but it was decided that the modulator should be

tested with the laser it was finally intended to mode-lock, in
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order to have to solve the problems of triggering and synchro-
nisation only once.

Approximately 8% of the output of the dye laser was reflected
from a beam splitter and projected onto a second GaAs switch
with a 1 mm interelectrode spacing. This was charged to 800V
and a voltage edge was generated from it as soon as the dye
laser began operation. The edge was fed into the 10V external
trigger of the Maxwell trigger unit, and hence the XeCl laser
was fired (Chapter 2). A total delay of £ 2 us was measured
between the dye laser firing and the excimer laser light pulse
emerging, which meant that the excimer probe beam was passing
through the modulator as it was being driven by pulses produced
from the late centre of the dye laser train (figure 36). This

situation was adequate and could not easily be improved.

4.4.3 The Pockels cell driving circuit

Figure 39 shows the circuit developed to efficiently drive
the Pockels cell with voltage pulses from the GaAs switch.

The bias power supply, isolated from the short voltage pulses
by a 3.4 kO resistor, allowed a standing voltage to be applied
to the Pockels cell (necessary for mode-locking). Theoretically,
pulses from the illuminated GaAs switch would be efficiently
transmitted down a short length of 500 coaxial cable, across
the Pockels cell, and into the second terminated piece of 50N
cable which prevented pulse reflection. Since the sﬁitch had
a finite impedance when‘unilluminated, a 3MN_ resistor was added
across the termination to prevent slow voltage build-up across
the Pockels cell.

With the switch charged to 3kvV, 6OOV Pulses were transmitted
towards the Pockels cell (oscilloscope measurement). When the
50 . input oscilloscope was then used as a termination in figure

39 in place of the 50.n. /21 nF combination, the pulse height was



124

Figure 40
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reduced to 65% of this value and no substantial ringing or
reflected pulses were observed. Hence, a clean train of short
pulses was being applied to-the connections of the Pockels cell.

4.4.4 Modulation results

With no bias voltage, the modulated light output of figure
40(b) was recorded when the train of voltage pulseé of figure
40(a) was applied to the Pockels cell. The light output of
the modulator is a direct representation of the voltage between
the Pockels cell ring electrodes (equation 4.6), therefore the
sharp pulses of figure 40(a) have been broadened and begun to
ring in their transmission from the cell contacts to the ring
electrodes.

In order to estimate the peak voltage being developed
across the Pockels cell crystal, a plot was made of the signal
recorded by the photodiode against a bias voltage applied to
the cell. The modulated light output was then recorded (figure
40 (b)) with the same attenuation/photodiode arrangement. A
direct comparison of the two showed that only == 150V was being

developed across the crystal (Vw« measured to be 1.4kV).

4,4.5 Circuit analysis

To explain the form of the voltage train appearing across

the Pockels cell crystal, an analysis of the equivalent_circuit
diagram of figure 41 was carried out. R and L are the resiétance
and inductance respectively of the circuit connecting the ring
electrodes to the cell connections (figure 38), and the crystal
is modelled as a pure capacitance C. The driving voltage vd(t)
is that voltage which appears across the Pockels cell terminals,
a series of short pulses from the GaAs switch (figure 40(a) ).
The circuit response to a single pulse can be simply calculated

if its shape is approximated to a delta function, or infinitely
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sharp spike, at t = 0. If v(t) is the required voltage at the

crystal electrodes, a Laplace Transform analysis shows that

vt} = expl=Rt/2L) sinlwst) ' (4.11)
w LC
2
where w = 1 - R
LC 412

Since the peaks of transmission for the modulator correspond
to maxima in v(t)z, the pairs of peaks in 40(b), occurring in
response to each incident sharp voltage pulse, must appear at
times of £t = M/2w and t = 317 /2w (from equation 4.11).

At these GHz frequencies, the simple gold leaf contacts of
the Pockels cell (figure 38) may have a substantial inductance
and resisgance. An approximate skin depth calculation would

imply that R is small enough such that

Rz << L (4.12)
w2 LC '

and therefore the period of figure 40(b) gives a value for L,
assuming that C = 5pF, as claimed by the manufacturers, af
L 2 100nH. Although the total contact and loop inductance of
(92)

the cell is difficult to calculate, available formulae

would suggest that this value is of the correct order.

4.5 Conclusion

Limited by the available light and the need for a reliable

device, a GaAs switch has been used at voltages of » 3kV.
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Illumination by mode-locked dye laser pulses has allowed voltage
pulses of 2 1kV to be transmitted from the switch into a 50.L
line with a shortest pulse length of perhaps 200 ps. However,
the combination of Pockels cell inductance and capacitance has
prevented more than a fraction (15%) of this peak voltage from
being developed across the crystal electrodes, and that in a
broad ringing waveform. Therefore this method of light pulse
generation, although successfully used in mode-locking experiments
largely wastes the narrow, high voltage pulses from the semi-~
conductor switch by inefficiently coupling them to the electro-
optic crystal. Furthermore, because of the phase matching
solution and BK7 windows, the transmission of light by this
cell at 308 nm is only 67%.

In Chapter 5 the methods which were considered to solve
the problems outlined above will be reviewed, leading to the
description of a successfully redesigned, simple, fast modulator.
Chapter 6 will compare the mode-locking results achieved with

both modulators.
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CHAPTER 5

REDESIGNING THE ELECTROOPTIC PHASE MODULATOR

5.1 Introduction

In response to the results and conclusions of Chapter 4,
a number of different techniques have been considered to
efficiently drive a light modulatér with £he short voltage
pulses from a GaAs switch. This chapter will begin by discuss-
ing some of the limitations of the high frequency operation of
electrooptic modulators. It will then describe the experiments
which were carried out to assess the usefulness of a complete
KDP crystal removed from a commercial Pockels cell. This will
include a discussion of the possibility of using a Blumlein
pulse forming line as a means of producing controllable, short
duration voltage pulses to drive an electrooptic crystal.
Finally, the design and performance of a fast, efficient
modulator based around a smaller aperture, shorter active

length KD*P crystal will be described.

5.2 Design criteria

At the modulation fregquencies considered in this chapter,
the voltage across an electrooptic crystal may appreciably
 change in the ;ime iﬁ takes for the probe lighﬁ to traverse
the crystal. Although a voltage pulse with a certain peak
value V_ may be applied to the crystal, the phase retardation
produced in the light pulse (section 4.2) is less than that
which would have been caused by a static voltage Vp’ The
following analysis will show at which frequencies this becomes
important.

From equation 4.3, the retardation produced in a crystal

of length 1 due to a steady field E is
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M = Eal (5.1)

3
where a = Yol

However, if E changes during the transit time of the crystal

T (= nplic ) then equation 5.1 must be rewritten as
t
rit) = ﬂ/ E(t) af (5.2)
Mo
t-T

where E(t') is the instantaneous field, taken as constant through-
out the crystal, and theintegral refers to a wave which enters
the crystal at a time t - T and emerges at t.

If E(t') varies sinusoidally, the frequency of this function
1)m at which the peak retardation is reduced to 90% of its

unmodulated value is given by (93)

_ C
Vp = 4lng (5.3)

For a crystal of KDP or KD*P with an active length of 2cm
(n = 1.5), then XDm = 2.5 x 109 Hz, If the length is reduced
to 1cm, then V n becomes 5 x f69 Hz. A GaAs switch can supply
pulses of less than 150ps duratién and therefore the problem of
crystal transit time may be of substantial importance.

The limiting pulse duration which can be obtained with a
modulator of this form is set by the size of the Pockels cell
clear aperture, since the voltage wave which sets up the field
within the crystal must take a finite time to cross the aperture.

The crystal can be considered as the insulating part of a trans-

mission line with its electrodes forming the conductors. The
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speed of an electric wave travelling down this line can be
calculated and provides a limit to the risetime of the optical
modulator. Commercially, the fastest Pockels cell available(94)
has a 2.5 mm clear aperture and a risetime of 50 ps, limited
by the aperture of the KD*P crystal used.

For the 12.5 mm aperture, 25 mm long crystal of Chapter 4,
a 250 ps risetime should therefore be the theoretical limit, if
the inductance of the driving circuit could be substantially

decreased. Section 5.3 will describe an investigation to study

this.

5.3 Low inductance driving of a KDP electrooptic crystal

The following experiments were carried out on.a complete
KDP crystal extracted from a Pockels cell. Its dimensions were
17.5 x 17.5 mm2 (polished parallel faces) x 24.5 mm. Although
KDP is less electrooptically active than KD*P, it was more
readily available as a complete undamaged crystal and was
perfectly adequate for preliminary experiments. Without the
protection of the phase matching solution, the faces of the KDP
crystal deteriorated with time as they were attacked by moisture
in the atmosphere. This was slowed by shining a lamp on the
crystal to keep the surrounding air warm, but it was necessary
to repolish the crystal after several weeks. Since the gold
ring electrodes of the original-cell were removed to allow
the‘érystal to be polished, andAsince this occurred regularly,
it was necessary to use a much cheaper and simpler electrode
arrangement. Aluminium foil with a 5 mm diameter circular
aperture was therefore placed across the whole crystal face and
attached with an impact adhesive ("Evostik"). This proved

satisfactory and could be improved in a more permanent modulator.
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5.3.1 The crystal as a section of a 50 _N_transmission line

The impedance of a parallel plate transmission line, of
conductor width b and separated by a dielectric of thickness a,
in the case where edge effects are negligible (a << b), is
given by

Z, = _a (5.4)
belZeyc
where €r is the dielectric constant. If the condition a << b

does not apply, this must be rewritten as

Z, = —ii— (5.5)
ber”® &gt

where k is a constant which is a function of the ratio a/b. To
set up a field within the KDP crystal, a voltage wave must

propagate across the aperture, i.e. along the transmission line
formed by the electrodes and the KDP crystal and orthogonal to

(95)

the crystal (z-)axis. For this line ‘ir = 20 and a/b = 1.43,

which implies a value of k = 0.41(96). Hence the impedance of
the line is Zo= 49 _n_ (equation 5.5), if the effect of the 5 mm
aperture is ignored.

The grrangement of figure 42(a) was constructed to incorpo-
rate the crystal into a SOJl_transmission line and drive it from
a GaAs switch. Theoretically, a voltage pulse generated from
the switch would efficiently sweep aéross the crystal aperture
and provide equally rapid light modulation; The approximately
50N line leading to the crystal was constructed from lavers
of 0.25 mm thick mylar and impact adhesive with two parallel

plate, 17.5 mm wide, aluminium electrodes. The energy for each

pulse was supplied by a 59 pF low inductance capacitor. This
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was formed from two 17.5 x 17.5 mm> aluminium electrodes separated
by 0.125 mm of mylar. A 4.7 nF capacitor recharged the 59 pF
capacitor between dye laser pulses and itself had enough energy
storage to not be significantly depleted by the whole pulse train.
The second half of the 50(L line, leading away from the crystal,
was terminated with either a resistor or a 50 input impedance
oscilloscope. The oscilloscope showed that pulses of comparable
magnitude tc those monitored directly from the GaAs switch were
propagating across the KDP crystal without significant reflection
or attenuation.

This arrangement was further improved (figure 42(b) ) by
removing the possibly dispersive 50 charging line and discharging
the 59 pF capacitor directly through the switch and on to the KDP
crystal. The crystél, driven as in figure 42(b), was placed
between crossed polarizers and probed with the XeCl laser, as
in Chapter 4. When the switch was illuminated a train of UV
pulses, which were oscilloscope limited in duration, was observed
with a peak intensity which was approximately an order of magni-
tude lower than the longer pulses switched with the commercial
Pockels cell of Chapter 4 (figure 40). Although the integrating
effect of the oscilloscope makes this a somewhat pessimistic
figure, and allowing for the fact that these results were for KDP
rather than the more electrooptically active KD*P, the peak
efficiency of the modulator was poorer than beforé; Therefore,
although the problem of applying rapid voltage pulses to the
crystal electrodes appeared to havé been solved, the limitations
of crystal length and aperture described in section 5.2 were
restricting the efficienc§ of light pulse generation. Section
5.4 will discuss the specific crystal and electrode structure

which was designed to improve this situation. First, however,



135

Some preliminary results obtained with the KDP crystal as
the load of a Blumlein line will be described.

5.3.2 The crystal as the load of a Blumlein pulse forming

line

In the modulator of Chapter 4 only half of the GaAs switch
charging voltage could ever be developed across a matched load,
Aeven under optimum conditions. Putting the crystal across the
load of a Blumlein pulse forming line, in a low inductance con-
figuration, could allow the full charging voltage to be developed
across the crystal in a pulse of controllable duration.

This situation 1s analogous to the pulse forming of the
high voltage output of a pulsed power supply. A single pulse
forming line (the charging line of the GaAs switch of Chapter 4)
with a matched load must be charged to twice the voltage
required at the load. The Blumlein line was developed to allow
the full voltage to appear across the load. Figure 43 shows
schematically a Blumlein pulse forming line(97)'(98). When

the switch closes, a step of magnitude V is transmitted down

the line towards the load. If the load and lines are matched

Ziine Zload/z)’
V/2 which is reflected and 3V/2, which is transmitted. The

( the pulse is split into two at the ‘locad,

transmitted portion is itself divided into V across the load,
and V/2 traﬂsmitted into the second half of the line. Both

V/2 edges travel up and down equal lengths of line aﬁd return
simultaneously to the load, but the component reflected from
the closed circuit suffers a 7TT7 phase change, becoming =-V/2.
The two edges of opposite polarity cancel at the load, reducing
the load voltage to zero. A pulse of magnitude V therefore

appears across the load with a duration of At, where



Figure 43

)

- swifch Lljne Z|0ad Zline
| ! \\ 1 | 'L
| |
|/r Zipad =2 Zline
source of
voltage V

A Blumlein pulse forming line

open
circuit

9¢l



137

112
At o~ X&' (5.6)

X is the physical length of each branch of the line
(£Eigure 43), and €r is the dielectric constant of the insulating
material between the conductors.

A Blumlein line was constructed to drive the KDP crystal
(figure 44). Section 5.3.1 showed that the characteristic
impedance of the transmission line formed with the KDP crystal
as the dielectric was 49.N. . Since this impedance was to be
placed across the load of the Blumlein line it was necessary
for it to be large compared to the load, which was itself twice
the characteristic impedance of the branches of the Blumlein line.
17.5 mm wide strips of aluminium foil attached with impact
adhesive to either side of a piece of 0.25 mm thick mylar formed
a line of characteristic impedance =3.50.- small compared to
500, and with a width matching the crystal width (assuming &,

2.7 for mylar(gg)).

A 7N resistor and a capacitor formed

the load of the Blumlein line. The capacitor was constructed
from 0.025 mm thick mylar with plane parallel aluminium
electrodes and had a capacitance of = 300 pF, to allow the two
arms of the Blumlein line to be charged differentially if a
bias wvoltage across'the crystal was required. The low
induétance, small value resistor was formed‘by’immersing
carbon fibres in "Simplex" acrylic resin (Howmedica Ltd.), to
provide strength, and then cutting the resultant solid resistor
ﬁntil the réquired resistance was obtained. Electrical
connection was made between the various components with

conducting paint. These precautions were necessary to allow

the efficient low inductance operation of the Blumlein line at
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the frequencies under consideration. From equation 5.6, the
pulse duration which would be derived from this line was 200 ps.

A low inductance, 50.. monitor replaced the KDP crystal in
preliminary tests. Single shot operation was achieved by
mechanically shorting out the GaAs switch with the head of a
screwdriver. With the line charged to 1.5 kV the output of
figure 45 was generated. The peak height observed of 470 V
was lower than the charging voltage because the expected 200 ps
pulse width was much shorter than the oscilloscope risetime
(2 0.7 ns, Tektronix 7834) and the values of the attenuators
used were uncertain at this frequency.

The successful single-shot operation of this device has
been shown. 1In order for it to be useful in the repetitive
generation of pulses, a semiconductor switch illuminated by a
dye laser must be used. The switch would need to have an
impedance, immediately after illumination, small compared to
3.50., which stayed at a low value for several hundred pico-
seconds to ensure the successful operation of the Blumlein
line. The switch would then have to recover its dark impedance
in the =8 ns before the arrival of the next dye laser light
pulse. These properties could not be achieved with GaAs
switches (section 4.3). Similarly, the other commonly used
semiconddctor, Si' has thé problem of a too long recombination'
time of 20.us(TOO).

To conclude, a simpie method for the efficien£ generation
of very short voltage pulses with a controllable duration has
been demonstrated. However, the available semiconductor
materials were such that this method could not easily be used
for the generation of pulses at the required repetition rate.

The search for a faster electrooptic modulator therefore turned



140

back to the considerations of section 5.3.1 and the question

of electrooptic crystal design and electrode structure.

5.4 Construction of an improved electrooptic modulator

5.4.1 The crystal and electrodes

A5 mm x 5 mm crystal aperture was chosen, which gave a
limiting risetime for the optical pulse of < 100 ps (for KD*P).
This was short enough to be of the order of the GaAs switch
conduction period. Similarly, the active length of the crystal
was reduced to allow a greater electric-field to be developed
in the crystal, and therefore more phase retardation in the
limited period of voltage application. An active length of
1.4 cm gave a light transit time of 70 ps. The final crystal
design is shown in figure 46. Strip electrodes were chosen for
a number of advantages they have over the conventional ring
electrodes so far used. First, they have a higher transmission
uniformity across the cell aperture, although preferably for a
cylindrical crystal, and allow the whole crystal face to form

the aperture(101). Second, they are known to have a subnano-

second switching capability(102).

The capacitance of the crystal and electrodes is an
indication of the expected risetime. 1In this case the capacitance
is given by (103)

_ S er€q )
¢ = 20 -3 (5.7)
which, for the dimensions of figure 46, implies a value of

C = 0.8 pF compared with a typical commercial Pockels cell

value of 5 pF.
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The crystal was cut from a larger piece of damaged KD*P
which had been incorporated‘in a Pockels cell. The electrodes
were 5 mm wide strips of aluminium foil attached with contact
adhesive to the sides of the crystal.

5.4.2 The driving circuit

The driving circuit of figure 47 differed from that used
for the larger crystal in that, instead of charging the crystal
with a short voltage pulse, it was to be kept charged and then
discharged for a short period. As the GaAs switch was illumi-
nated, the crystal capacitance would discharge through it. The
carriers in the switch wogld then recombine following the short
light pulse, and the crystal would again charge up through the
100 resistor from a 1 nF capacitOr; The 1 nF disc ceramic
capacitor and 100.n carbon composite resistor were kept as
close to the crystal as possible to minimise the circuit
inductance. A further 20 nF capacitor was added, as shown,
to recharge the 1 nF capacitor between pulses of light from
the dye laser. Without this, the 1 nF capacitor had insufficient
storage to sustain the original charging voltage as it was
gradually drained of energy by successive dye laser light pulses.
The 20 nF capacitor was connected in a slight loop, such that it
did not affect the crystal voltages oﬁ the time-sc;le of operation
of the switch. Finally, thé 20QnF capacitor was itself charged )
through an isolating 3 MJﬁ_resistor'by a stabilised power supply.

Figure 48 is a plafe of the final mounted modulator.

5.5 Performance of the modulator

5.5.1 Experimental results

The new crystal was placed in the modulator of figure 33,
but in this case the transmission axes of the polarizers were

aligned parallel to one another by crossing them both with
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respect to a third,-and the half-wave voltage was found

by applying a bias to the cfystal and monitoring the background
level of light leaking through the modulator. This produced a
value of Vi = 2.2 kV when the light intensity transmitted was a
minimum (at 308 nm). With the crystal charged to 2.2 kV the
switch was activated by the dye laser in synchronism with.the
probe XeCl laser, as before, and the photodiode ﬁiace of figure
49 (a) was obtained.

An 'electrooptic streak camera was used to measure the
duration of the pulses switched out by the modulator. In a
streak camera (figure 50) the photons incident on a photocathode
generate electrons which are rapidly accelerated by an adjacent
high voltége mesh. The beam of electrons is then swept electro-
statically by a ramp voltage applied across the deflection
plates. This process converts the temporal information of the
original light pulse into spatial information whiph is more
convenient for aﬁalysis. The image appearing at the phosphor
is then intensified with an image intensifier to allow photo-
graphic recording.

A Photocron II streak camera with a S-20 UV-photocathode(1Q4)'

(103) which hsa a sapphire substrate and windows to allow
operation into the UV was used. . The experimental arrangement
for streaking the pulses is shown in figure 50. A fraction-of
the beam was prOJected via a UV filteér and a piece of diffu51ng
quartz onto the slit of the streak camera before being imaged
onto the photocathode with UV optics. The majority (> 90%) of
the beam fell unattenuated onto a UV photodiode, the signal from
which triggered a Tektronix 519 oscilloscope, whose 10V gate
output was then used to trigger the krytron circuit, which

provided the ramp voltage for the deflection plates. Various

integrators placed in series with the ramp voltage generator
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were available to control the streak speed.
A 0.5 - 1.0 ns optical delay line provided a double pulse
with a known separation for the purposes of calibration. A

6 ms™' with a resolution

relatively slow sweep speed of =<3 x 10
of a few tens of picoseconds gave a 12 ns sweep duration, which
ensured that if a pair of pulses struck the camera slit they
were recorded (pair separation 8 ns). A total delay of 60 - 70
ns occurred between the beginning of the XeCl laser pulse train
and the camera sweep, so pulses towards the centre of the train
were being recorded. Therewere no problems of jitter on this
timescale.

Many experimental difficulties were encountered in
recording the pulses. Streak cameras had not previously been
used in association with electron beam generators, and the.noise
problems were not unexpected. The krytron would fire prematurely
unless the camera was kept severgal metres from the laser, and
careful attention was paid to shielding, earth connections and
the avoidance of mains spikes. The photodiode head was found
to be especially sensitive to noise and was often the source
of the early triggering of the oscilloscope and krytron.

At the streak camera slit, 5 m from the laser, the position
of the light output from the laser varied spatially over several
~centimetres between shots and only illuminated the slit
iﬁfrequently. Apéarently the laser mirrors were physically
changing their orientation slightly each time the electron beam
generator was fired. The problem was solved by mounting the
mirrors on optical benches out of contact with the'pulsed
power supply.

Finally, to align the streak camera and produce reproducible

streaks, first on polaroid and then on cut film, it was necessary
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that the XeCl laser, dye laser and modulator worked reliably
for perhaps 100 shots in a single run. This was not easy to
achieve - over 100 shots the dye laser output could deteriorate,
or a switch might fail, or the electron beam generator could
become more noisy as the quality of e-beam emission became
poorer (covering the switch in clear epoxy resin protected the
switches in later work).

Successful streaks were eventually obtained from the
camera and recorded on Kodak 35mm HPS5 film. A microdensitometer
scan of a pulse pair is shown in figure 49(b). Calibration
(step) wedges recorded on the same f£ilm allowed both the F.W.H.M.
duration of the pulses and the level of background to be found.
Pulse widths (deconvolved) of 300 ps with a 10% shot-to-shot
variability were obtained with a modulation depth of greater
than 80%. The results were found for a 2.5 mm circular beam
apertured at the modulator crystal.

5.5.2 Analysis of results

The peak light intensity in the pulses was 2 30% of that
transmitted by the uncharged crystal, estimated from streak
camera and photodiode traces and assuming linearity of photo-
dicde response over a factor of three change in light intensity.

A 300 ps pulse is somewhat more than could ideally be
obtained from a 2.5 mm aperture crystal. The most important
factor in this is the inductance of the 1 nF = 100.A circuit
recharging the crystal which increases the voltage risetime.

At the frequencies under consideration, the inductance associated
with the 1 nF disc ceramic capacitor and the £ 1 cm length of
1T mm diameter wire making up the charging circuit is =10 nH(gz).

A Laplace transform analysis of the equivalent circuit of figure
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51 can therefore be carried out, with the crystal modelled as
a 0.8 pF capacitor. If the crystal begins to recharge from

t = 0 and its voltage is v(t), then

vi) = 2% | mpexpimyt) - mpexpimyf) 4 (5.8)
G+ Gl my-my my - m,
where my.m, = -R & _Rz _H 0
B 2L 418 LG G

and VO is the voltage on the 1 nF capacitor at t = 0. For the
component values of figure 51 the e-fold risetime of the voltage
across the crystal is therefore = 180 ps. This agrees reasonably
well with the pulse shapes observed from the streak camera, and
again shows the importance of minimising circuit inductances at
these frequencies.

An aperture was introduced to remove the light traversing
the crystal near the electrodes, where non-uniformities of trans-
mission were observed to be greatest. This allowed a modulation
depth of 80% to be achieved. The background light was mainly
prqduced due to non-uniformities of the app;ied electric field -
" a square electrode geometry was not ideal, and a cylindrical one
would have been preferablé, but difficult to fabricate. Alsb,
some investigation could have been made of the improvements
which might be made with alternative foil materials and the
cement used to bond them to the crystal. Two final contributions
to the background were a slight birefringence which existed even
in the uncharged crystal, and observed with the HeNe alignment

laser, and the difficulty of accurately aligning the polarizers
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and crystal with respect to one another.

5.5.3 Summary and improvements

A very fast high repetition rate Pockels cell has been
developed. Allowing for the complexity of the dye laser, the
modulator itself is extremely cheap, simple to fabricate and
very reliable. Although unnecessary for active mode-locking
(;ee Chapter 6), the duration of the switched pulses could be
reduced to perhaps 150 ps, with a subsequent loss of efficiency,
by minimising the already small circuit inductances. Only
standard electrical components have been used so far - the
resistor could be reblaced by a graphite felt-in-Simplex
alternative, and the capacitor by foil and mylar. Connected
by foil instead of thin wires, this would be a substantial
improvement. The modulator could be repetitively operated at
up to 3-4 GHz.

Faster switching with a reasonable efficiency can only be
achieved by bypassing the transit time problems of section 5.2.
One method which can in principle do this involves applying the
modulating voltage signal in the form of a travelling wave
propagating in the same direction as the light beam. This is
known as transverse modulation, the applied electric field
being. perpendicular to the direction of travel of light, as
opposed to the longitudinal effect exclusively considered so
far. If the optical and moduiation voltage phase velocities
are equal to one another, then a portion of an optical.wavefront
‘'will experience the same instantaneous modulating electric field,
which corresponds to the field it encountered at the entrance
face, as it propagates through the crystal. The transit time
problem is therefore eliminated. Matching of phase velocities

is not, however, a trivial problem(106)’(107)’(108), and cannot



153

be achieved in a simple structure. While the fast optical

switch of Le Fur and Auston(84)

does use the transverse electro-
optic effect, the electrical wave still travels in a direction
peréendicular to the light.

Finally, it seems most likely that the behaviour of semi-
conductor switches will be-characterised most accurately in
experiments such as these, where the switched voltage can be

related to a measurable light pulse(84)’(88).

By considering
the duration and magnitude of the pulse generated as the
illumination intensity at a switch is varied, effects such as

switch saturation, efficiency of operation(87)

and the
importance of contact resistances should be more directly

observable.
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CHAPTER 6

MODE-~LOCKING OF EXCIMER LASERS

6.1 Introduction

The output of a longitudiﬁally mode~-locked laser takes
the form of a series of intense, short duration pulses. This
chapter will consider the extension of various mode-locking-
techniques to the electron beam suétained discharge XeCl laser.
It will describe the results achieved actively with the electro-
optic modulators of Chapters 4 and 5, and will discuss the
problems of passively mode-locking such systems.

The output of a laser is dependent on the amplitude,
frequency and phase of the longitudinal modes which are allowed
to resonate. A simplified analysis can indicate the effect of
the coupling of these modes together. The (angular) frequency
separation (W of successive modes of a resonator of length L

is given by

Qg T Wy T W = T (6.1)

(assuming unit refractive index, and where ¢ is the velocity
of light). The total optical electric field resulting from
multimode oscillation, at an arbitrary point within the reso-

nator, 1is therefore given by, using complex notation,

= E i + Nt + 6.2
E(t) % n exn[l[(wo n aj ( )

where the summation is over the oscillating modes n and o, is
a reference frequency,,@% is the phase of the nth mode. 1In a

typical laser,;jn varies randomly with time. Mode-locking occurs
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when the phases gn are locked together, for example at zero.

In this case, assuming En = 1 for simplicity,
(N-1)
-2
Bty = . explileyy + neot] (6.3)
-(N-1)
2
expliey, 1) sin(Neot/ 2) (6.4)
sinfcot/ 2)

for N oscillating modes. Hence the laser power output is given

by

sin?(Neo t/ 2) (6.5)

P(t) o< ")
sin¢{wot/2)

Equation (6.5) implies that the laser power is emitted in
the form of a train of pulses with a period tp = 271 /o = 2L/c.
The individual pulse width is tp = T/N, or, if AV is the gain
linewidth,

o~

1
ty =5 (6.6)

For an excimer laser, this bandwidth limit for the obtainable

pulse duration is < 1 ps(109)

. Where mode-locking is not complete
as is the case in the experiments to be described in this chapter,
the pulse duration is somewhat longer than this.

This analysis is only strictly applicable to an inhomogene-
ously broadened laser system where, in the absence of any>loss
modulation, many modes are allowed to oscillate. In the case of
a homogeneously broadened excimer laser only one mode can

normally oscillate. However, in the presence of internal

modulation, power is transferred continuously from the high gain
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mode to those of lower gain(110).

“This is equivalent to the
generation of sidebands at (QJO t nyd) of the mode at LJO
created by modulation at <«o. The net result is that of a large
number of oscillating modes with equal frequency spacing and
fixed phases, as in the inhomogeneous case, leading to ultra-
short pulses.

Sections 6.2 and 6.3 will describe the active and passive

techniques of producing mode-locking, and their success when

applied to the XeCl laser.

6.2 Active mode-locking

6.2.1 Introduction

Chapter 4 introduced the concept of active mode-locking,
when an optical modulator placed inside a laser cavity is
driven at a frequency near the laser cavity roundtrip frequency.
The analysis of the mode-locking of continuous and pulsed lasers
has been reviewed for the case of electrooptic or acoutooptic

(111). The decrease in

modulators driven by a sinusoidal signal
pulse width with number of passes around the laser cavity for

both a Q-switched Nd:YAG laser and a CO., TEA laser was considered.

2
Typically it was found that the time required for a pulse to
reach its steady state value was more than an order of magnitude
greater than the period of lasér aétion (¢ 1 us). These results,
which did not consider the effects of gain saturation on the
pulse shape, imply that this form of modulation cannot be
expected to generate ultrashort pulses from simple discharge
pumped lasers. This is borne out by the active mode-locking of

a aischarge pumped XeF laser with an acouto-optic modulator

carried out by Christensen et al(75). Less than five pulses

were obtained, of =~ 2 ns duration in a 15 ns train, with a
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modulation depth of 70% - and it was predicted that a gain
duration of several microseconds would be required to achieve

pulse lengths of =< 100 ps'112),

The advantage of fast,
efficient modulators for excimer lasers is therefore that they
encourage the generation of short pulses which would otherwise
require microseconds ﬁo build up with conventional modulators.
The modulator of Chapter 4 has been shown to be capable of
mode-locking a discharge pumped XeCl laser, producing a 100%
modulated train of pulses with durations as short as 310 ps(78).
This section will consider the active mode-locking of the long
pulse XeCl laser with both this modulator and the much faster

modulator described in Chapter 5.

6.2.2., Active mode-locking with a commercial Pockels cell

Figure 52 is a schematic diagram of the arrangement employed
to actively mode-lock the laser. As usual, the laser was run in
the standard operational mode, described in Chapter 3, for
reliable, low maintenance performance. A cavity was formed
around the discharge chamber and modulator by a 100% reflectivity
silvered and a > 97% multilayer dielectric mirror. The low out-
put coupling was necessary to allow laser operation through the
relatively lossy Pockels cell. The modulator was aligned by
replacing the silvered mirror by a second polarizer, crossed
with respect to the first, and using the "Maltese Cross"
method. This second polarizer was then replaced Sy the reflector

With the Pockels cell driven from the circuit of figure 39,

a steady bias was first applied to the cell, and the voltage
found where laser action was reduced to a minimum. This was
700V, and the light passing through the first polarizer, and
being polarized by it, was undergoing a 90° rotation in its

plane of polarization, or a Tf phase retardation between its two
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components, on passing twice through the Pockels cell before
being rejected by the polarizer (i.e. 700V = Vi /2). Laser
action could not therefore begin.

To mode-lock the XeCl laser, it was necessary to épply
voltage pulses at the round trip frequency of this laser to
the Pogkels cell biased at 700V. The dye laser cavity length
was therefore first set to be roughly equal to that of the
excimer laser such that its pulses would strike the GaAs
switch at the required frequency. Ideally, the voltage across
the Pockels cell should be raised by the pulses from the switch
to Ve or 1.4 kV. 1In this case, light would undergo a 180°
rotation in its plane of polarization on passing through the
cell twice and be efficiently coupled back into the discharge
cavity by the polarizer. Practically (Chapter 4), however,
only == 100V was added from the switch, with a subsequent
reduction in efficiency.

A bias voltage of 700V was applied to the Pockels cell
and the GaAs switch charged to 3-3.5kV. The XeCl and dye
lasers were fired in synchronism and typical and optimised
output trains from the XeCl laser, recorded with a photocdiode-
Tektronix 7834 oscilloscope combination, are éhown in figure 53.
To obtain reasonably "clean" pulses, it was necessary to match
the cavity lengths to within * 5 mm, correéponding to a time
difference after 10 roundtrips of 330 ps. Laser action occurred
for only ==100 ns due to modulator losses.

In the position of best alignment for the Pockels cell, for
most efficient electrooptic modulation, its windows were parallel
to the laser mirrors, and lasexr action could build up between
the cell eﬁtrance face and the 97% reflectivity mirror. 1In
consequence, the pulse train was developed upon a continuous

unmodulated background. To remove the background, the Pockels
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cell was gradually misaligned until the 100% modulation depth
of figure 53(b) was achieved. Further misalignment was
necessary to produce pulses without the double pulse structure
of figure 53(a).

In order to explain this structure, consider a pulse of
light approaching the modulator from the gain region. None
of this is ;oupled béck from the polarizer, which has a large
acceptance angle allowing it to be considerably misaligned.
However, a part of the 4% reflected from the front window of
the slightly misaligned cell is transmitted back down the
cavity. Due to the inefficiency of the modulator (Chapter 4)
only a small fraction ofrthe light passing through it returns
back through the polarizer and into the discharge cavity. If
the effect of the switch is to add == 100V to the 700V bias,
this fraction is = 5% (neglecting losses) from equation 4.6.
Hence effectively two pulses are rg}ransmitted down the dis-
charge cavity of similar orders of magnitude, with one running
slightly off axis and leading the second by =< 0.5 ns. This
explains the obser&ed pulse structure and why this structure
disappeared with further misalignment of the Pockels cell -
since less light due to reflection from the cell entry window
then emerged through the aperture at the output end of the
cavity. .

. The total énergf,in‘thg pulse train was.a fraction of amJ
and not measured directly. Peak pulse powers were estimated
in two ways. First, by considering the amount of optical
attenuation needed to produce the equivalent photodiode
signai from a much larger pulse of known energy (the un-mode-
locked XeCl laser), and second, by comparison with the pulses
switched out by the modulator external to the cavity in

Chapter 4 (figure 40), whose energy could be estimated from
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the known efficiency and losses of the modulator. Both
techniques imply peak powers in the range 1-3 kW corresponding
to an energy =2 uJ in a 1 ns F.W.H.M. pulse.

Some pulse shortening was observed through the pulée train,
and pulses of == 1 ns duration were obsérved towards the end.
Section 6.2.3 will now describe the results found when using
the faster, mofe efficient modulator of Chapter 5 for mode-
locking.

6.2.3 Active mode-locking with the redesigned modulator

The commercial Pockels cell was replaced by the fast
modulator in the arrangement of figure 54. The alignment
procedure was carried out as before, and the full 5 x'5 mm2
aperture of the KD*P crystal was used.

When a bias voltage of 1.2 kV was applied to the crystal
no laser action was observed. Withvapplication of the dye
laser pulse train to the GaAs switch, the output of figure
55(a)'was recorded. In an effort to produce a longer pulse
train, the crystal bias voltage was increased to 3.6 kV, such
that light Would undergo a 270° rotation of its plane of
polarization on a double pass through the crystal. Figure
55(b) was the recorded output in this case when the switch
was illuminated. A longer output train was achieved because
efficient operation could only occur in the first case if
the voltage acfoss the‘cfygtal dropped’to.neafly zZero on
illumination of the switch, whereas in the second a drop to
only two thirds of the original voltage would be equivalent
to a 180° rotation in the plane of polarization of the incoming
" light on a double pass of the modulator, and therefofe efficient
coupling back into the gain region.

Peak powers were estimated as before to be 1 kW in the first

case (Va2 ) and 4 kW in the second (V3,, ), accurate to no



Figure '5_ 4 dye laser

oupuf
970/,0 . '
reflectivity pumped volume GaAs
. | | X
\ N / 1 _ Y £ 100%
ouFSﬁ— 5 J_,/ 1\ L reflectivity
~}perture | polarizer KD*P crystal

and elefrodes

Mode-locking with the redesigned modulator

€94



164
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better than 50%. The beam area was 5 x 5 mm®. For ity 2
charging the pulse lengths were estimated to be (figure 55(a) )
< 400 ps, the duration of the optical shutter in this configu-
ration. A streak camera was available for a short time to
measure these pulses, but without success. The failure was

due to the short duration and low light level of the train,

and ‘the unreliability of the excimer laser which was opefating
near to threshold. An accurate measurement was not important,
however, since the shutter speed was known, and the pulse train
was too short to yield any substantial shortening. The 400 ps
estimate was greater than that of the modulator external to

the cavity (figure 49(b)). This was because any light which
was within the crystal, travelling in either direction, as the
voltage modulation occurred, would suffer some change of phase
retardation and partial coupling back into the gain region, i.e.
the pulse of light coupled back began with that light which was
re-émerging from the crystal on its second pass as the voltage
modulation was applied, and ended with that entering the crystal
> 300 ps later as the modulation stopped. For the single pass
modulator only light within the crystal on the single pass or
which entered during the period of the modulation suffered a
change in phase retardation.

At fhe higher charging voltage, V?mé , the structure
observed occurreq as_the light was retarded more than required
for the most efficient switching, equivalent to the voltage
falling to two thirds of its bias value for two passes of the
crystal. A further increase in the efficiency of turning off
the crystal bias voltage then resulted in a less efficient
optical modulator. A reduction in the light intensity striking
the GaAs switch reduced the structure and visibly shortened

the pulses, but was difficult to reproducibly control. Pulse
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Table 6

Mode—-locking Pulse Peak Modulation Period of laser

element duration power (approx) depth action
Pockels cell 1ns 2kW >95% 100ns
Redesigned 400ps 1kW 90% 60ns
modulator,
Vg9 (estimated)
V3ngr2 ns 4k 75% 120ns

Summary of active mode-locking results
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lengths of ¢ 1 ns were measured from oscilloscope traces.

Table 6 summarises the results obtained with the various
methods of active mode-locking. A less than 100% modulation
depth was obtained with the faster modulator because of the
non-uniformities within the crystal.

6.2.4 Discussion

The double pass transit time of the crystal to the silvered
mirror is 200 ps and is of the same order as the'measured
optical modulation period of 300 ps. A further reduction in
the switching time of the modulator would reduce its efficiency
and lead to less efficient laser operation (section 5.2). This
particular system is therefore reaching its limits of useful
operation with respect to active mode-locking.

As table 6 shows, the losses introduced by the elements of
the modulators restrict the period of laser operation, but
this is not as important as the fact that very little pulse
shortening is observed over the number of roundtrips available
with the laser. This rate of shortening is slower than the

theoretical limit(111)

and implies that pulse lengths very much
shorter than the shutter speed will, in general, require laser
action for times not so far available with excimer lasers.

At higher power densities, gain saturation may affect the

pulse length (saturation intensity == 0.1 MW cm™2

'for'XeCl,

with o T = 50 22 ns(113)),ﬂ In theory, -when Saturatioﬁ occurs,
the leading edge of a pulse sees a very high gain; while the
trailing edge experiences reduced gain due to depletion of the
population inversion. A change in pulse shape and a shift in
the centre of the pulse is therefore expected. The effect on

the pulse duration depends on the shape of the leading edge of

the pulse, and this effect alone may produce only pulse distortion
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as in the case of the amplification of ps dye laser pulses(114).

However, combined with the effect of the active mode-locking
element, which will tend to cut off the leading edge of a
pulse as it is pulled forward by gain saturation, the net
result may be to shorten the duration of a pulse (assuming
the modulator is driven at the round-trip frequency of the
cavity). The extent of the pulse shortening will depend on
the gain recovery time of the laser and upon the mismatch
between the modulator and cavity roundtrip frequencies. This
mechanism may be responsible for the production of 310 ps pulses
from a mode-locked discharge XeCl laser, with the > 1 ns period
modulator described in Chapter 4(78), after only 3 roundtrips.
In summary, a long pulse XeCl laser has been actively mode-
locked to give pulses of == 400 ps duration with powers in the
kW range. Although the technique is reaching the limit of its
usefulness, a number of options are available to increase out-
put powers and decrease further the pulse lengths generated.
First, the problem of the restricted electrooptic crystal
aperture can be solved by telescoping the 2.5 cm XeCl beam
down to the required size. This has successfully produced an -
order of magnitude increase in total output power, but at the
expense of an increased cavity length and a higher threshold
for laser operation. Second, the sbeed of the modulator could
be increased with the travelling wave technique (Chapter 5)
which, although complicated, might produce pulses with a reason-
able efficiency with widths approaching the duration of the-

pulse from a GaAs switch (as short as == 30 ps(88)

operating at
low voltage snd switching inefficiently). To achieve any sub-
stantial pulse shortening over the pulse train, with the gain

duration of XeCl lasers at present available, would require a

high enough gain for saturation to become important. Even then,



169

the mechanism for pulse shortening and the pulse durations
which might be obtained are unclear, although it is unlikely
that durations approaching the bandwidth limit could feasibly

be obtained without much longer periods of laser operation.

6.3 Passive mode—-locking

6.3.1 Introduction

Technically, when passive mode-locking is possible for a
particular laser it is very much simpler than the active
alternative, involving only the insertion of a cell containing
an absorbing dye with a fast relaxation time within the laser
cavity. This section will describe qualitatively the consequent
build up of short pulses(115).

At its simplest, the absorbing dye can be thought of as a
two level energy system. A pulse of incident laser light is
strongly absorbed unless its intensity is such that the
absorber ground state is substantially depleted, correspondingly
increasing the transmission. Following the passage of the
pulse, the absorber relaxes back into its ground state.

At the threshold of laser action, the radiation inside a
cavity consists of random intensity fluctuations in time, due
to the randomness of the cavity modes, with spikes of several
times the averaéé energy and durations typically of -the order
pf the inverse laser bandwidth. In the linear development
period which follows the radiation power moves from this
spontaneous noise level to the point where non-linear absorption
becomes important and, due to the selection of modes in the
amplification process, the spectral distribution narrows with a
corresponding increase in the duration of fluctuations. At the
end of this phase, the most intense pulse is preferentially

passed by the absorber and is further amplified in the active
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medium, becoming dominant relative to the background noise.
If the absorber relaxation time is long compared to the
duration of the fluctuations, then several pulses may pass
before this occurs and the evolution of a single pulse is
prevented. Conversely, for a relaxation time much shorter
then the flgctuatiop duration pulse shortening occurs with
a corresponding increase in spectral width.

Picosecond pulses have been reliably generated by this
technique in giant pulse lasers, such as Nd :glass or ruby,
and continuous or quasi-continuous systems such as dye lasers.

(116) has been seen to produce pulses

Mode-locking of dye lasers
with durations much shorter than the absorber recovery time.

To explain this pulse compression it is necessary to consider
the effects of both saturable absorption and saturable ampli-

(117)(118). The saturable

fication on the shape of a pulse
absorber can cause a steepening of the leading edge of a pulse
because of the discriminating nature of the dye on low level
intensity components. Saturable amplification arises from the
non-linearity of the gain in the active medium (section 6.2.4).
When the radiation is sufficiently intense it can sweep out a
high proportion of the population inversion so that the radiation
. following experiences a reduced gain. Hence, amplification of
the leading edge and reduced amplification of the trailing edge
gives rise to an effective decrease in pulse width. '~ Substantial
pulse shortening has been observed by this process over periods
of 20-30 roundtrips(119).

6.3.2 Passive mode-locking of excimer lasers

Pulse generation from excimer lasers which was, in theory,

due to mode-locking, has been reported for both XeF (351 nm)(75)

(120)

and KrF (248 nm) lasers. 1In both cases, short pulse dis-
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charge excited lasers were used. For XeF the best results

were found with auramine hydrochloride, a dye with an excited
state lifetime of the order of ps, as the saturable absorber.
Three long pulses were produced with a modulation depth of 50%.
In the KrF experiment, pulses of ¢ 2 ns duration and = 1 MW
peak power were obtained with a 85% modulation depth. The best
results were obtained for the dyes p-terphenyl (relaxaéion time
T = 1.5 ns) and auramino-O0 ( U=< ps). These results prompted an
investigation of passive mode-locking with the long pulse XeCl
laser. It was hoped that the gain duration of the laser would
allow enough roundtrips for pulses to form and shorten.

Many common dyes were available and known to strongly absorb
light at UV laser wavelengths, pumped, for example, by KrF(121)
or XeCl(122) lasers. Their suitability for mode-locking was
dependent on their absorption cross section, quantum efficiency
and excited state lifetime. However, the complexity of those
molecules and the uncertainties about their behaviour when
exprosed to intense UV radiation, especially as.to whether they
could be considered as simple, saturable two level systems,
meant that particular dyes could not be confidently chosen.

A number of available dyes were therefore experimented upon.

The experimental arrangements of figure 56 were used. 56(a)
was the simplest and allowed the shortest cavity length. How-
ever,‘it was clear that the power dénsities generated by the
laser, even with two high reflectivity mirrors, would be
insufficient to saturate the dyes of lower cross sections.

FPigures 56 (b) and (c) both solved this problem at the
expense of increased cavity length. In the first, an inter-
cavity telescope allowed the projection of a parallel beam

onto an adjustable dye cell (cell width < 2 mm) contacted to
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Figure 56
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a silvered mirror. The telescope consisted of a converging
bi- or plano-convex Spectrosil B lens of 50 mm aperture, and

a plano-concave lens of 10 mm aperture. All lenses were anti-
reflection coated at 308 nm to minimise losses, and different
combinations of focal lengths allowed the 2.5 cm diameter beam
emerging from the discharge cavity to be reduced to between 1%
andk74%,of its original area at the dye cell. The lenses were
set up with the HeNe alignment laser and slightly adjusted to
account for the calculated differences in their focal lengths
in the:UV. Light intensities at the dye cell could then be
accurately controlled. However, it was found that, especially
for the higher magnification telescopes, the damage threshold
for the silvered 106% reflectivity mirror (coated with Sioz)
was being exceeded for dye concentrations which allowed a
substantial fraction of the incident light through the cell.

Figure 56(c¢c) finally solved this, but meant that a con-
tracted dye cell could no longer be used. While this is not
optimum for short pulse~generation(118), it would not affect
the possibility of observing modulation. In this case, the
light was focussed down by the 10 cm focal length lens into
a 1 mm wide quartz dye cell. A 10 cm radius of curvature
mirror with a 100% (silvered) reflgctivity completed the laser
cévity.' Hence, high power densitieg could be generated in the
dye without the danger of_gamaging.mirrdr coatings.

For all cohfigurations, the dye cell windows were misaligned
to prevent laser action occurring from them. Concentrated dye
was introducéd into the cell and gradually diluted until the
threshold for XeCl laser action was reached. Further dilution
was then carried out until either mirror damage occurred ér the

cell effectively contained only solvent.

- Table 7 summarises the known characteristics of the dyes



dye

p~terphenyl
p-quaterphenyl
BBD

coumarin (1)
o< NPO

bis-MSB
tinopal CBS=X

uyitex OB

Table 7

solvent fluorescence

ethanol

toluene

toluene -

ethanol

toluene
toluene
ethanol

ethanol

lifetime
940ps(123)

700ps(123)

920ps(124)

Sns(123)

»
2ns(124)

1.3ns(124)

0.5ns (130

O.Sns(130)

extinction

coefficient &€

1/mole cm
5000 ¢ 124)

31000 (124)

48000(124)

3000129

16000 124)

30000 (124)

Saturable absorbers for passive.modeflocking
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used. The convenient molar extinction coefficient, € is

defined by the relationship

I o= 1t07€cd (6.7)

where I, is an incident light intensity and I the remaining
intensity after traversing d cm of dye of concentration

c moles 1-1. € (l/mole cm) is simply related to the absorption

~21¢ | Most of the avail-

cross section cr(cmz) by o= 3.8 x 10
able dyes had similar fluorescence lifetimes. Where possible,
those with higher c¢ross sections were chosen to minimise the
light intensity needed to produce saturation (oQ1/b”(). It was
also preferable that they had been successfully used in excimer-
pumped dye lasers, since this meant that they were stable under
intense UV illumination. In addition to dyes, both thin glass
slides and UV filters were considered as alternative saturable
absorbers.

In none of these experiments, underany conditions, was

modulation of the laser output observed.

6.3.3 Discussion

The saturable absorbers of table 7 all have reasonable
cross sections and fast relaxation times. They have, in many
cases, been used as laser dyes and are therefore stable under
intense UV illumination. Hence, the reason for this failure
to passively mode-lock the XéCl laser must be-soughtnelsewhere.

First, the supposedly successul passive mode-locking of

(75) (120)

XeF and KrF must be considered further. There is some

evidence that mode-locking may not have been observed at all. It
has been shown in experiments on a discharge excited KrF laser(125

that under certain conditions the optical loss originating from

an inter-cavity dye solution may lead to relaxation oscillations.
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The size and, more crucially, the period of these oscillations
was found to depend on the cavity lifetime and pump rate.
Passive mode-locking, using the dyes for which successful results

had been claimed, was not ocbserved.

A number of conditions must be met before pulse compression
can occur in a dye laser(118). One of these is that the gain
recovery time must be of the same order as the cavity round trib
time (tR/“CA =~=1), otherwise full recovery of the population
inversion during a roundtrip gives rise to amplification of the
leading edge of the pulse. In the case of excimer lasers,
vibrational relaxation repopulates the upper laser level. For
KrF the gain recovery time has been shown to be approximately
equal to the fluorescence decay time of the upper laser level(125)
which is itself typically in the range 0.6 - 2.5 ns, depending on
the total gas pressure. The first figure corresponds more closely
to a realistic 1laser pressure. In a discharge pumped XeCl system
the gain has been found to recover in two stages, with a sub-
stantial recovery on a sub-ns timescale (69). Hence, in both
lasers the relationship tR/ﬁjA::1 does not hold (in this case

T, < 1 ns, tRC=8 ns). Although this relationship has not been

A
derived for the case of excimer lasers, it may indicate the
reason why passive mode-locking has not been successful. Not
only will pulse compression nét occur, but also thé chance of

a single noise . spike being selected by the absorber and becoming
dominant with respect to a low level background is much less. A
spike may be selected by the absorber, but before it can build up
to the point where it becomes dominant, many others will also be
generated. As is, in fact, observed, the dye inside. the cavity
would appear to "open" but then remains open.

In order to make this explanation rigorous, the rate

equations for the amplifying and absorbing media in question
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would need to be solved. Practically, it may be possible to

substantially reduce t but it is difficult to foresee how

RI

this could be made == 1 ns using available pumping methods.

6.4 Conclusions

An alternative technique to those described so far, which
has allowed short pulse generation in the UV, is injection
locking(127). In this experiment, a mode-locked Rh 6G dye laser
was frequency tuned with two Fabry-Perot etalons, such that, on
doubling the output in an ADP crystal, the wavelength of the
output overlapped that of the stronger XeCl laser transition.

On injection into a discharge pumped XeCl laser, which would
have commenced laser action without the presence of the injected
pulses, self-oscillation of the amplifier was prevented, and

a train of 5-7 intense ps pulses at 308 nm were obtained (=2 mJ
in 7 ps) with no observable background.

Injection mode-locking or pulse amplification is the method
by which the most powerful ultrashort pulses can at present be
generated in the UV. The method is complicated, however, and
depends on matching the excimer wavelength to that of a frequency

doubled dye laser. It is only recently that tunable flashlamp

pumped dye lasers overating in the blue/green have been passively
(128)

mode-locked , and the ipjection.locking technigque may now be
extended to shorter excimer wavelengths. Active mode-locking by
the method described can be apolied to most wavelengths (depend-
ing on polarizer and Pockels pell losses) without changing the
‘dye laser. It also has the decided advantage that the combination

of an untuned, mode-locked Rh6G dye laser and an excimer laser is

very reliable.
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CHAPTER 7

CONCLUSIONS

7.1 Introduction

Following a brief review of the important results so far
reported, this chapter will go on to consider the ways in which
the laser system might be improved and the further experiments

which could be carried out with it.

7.2 Review

7.2.17 The laser system

An electron beam sustained discharge excimer laser was
developed and characterised in detail. The electron beam
generator comprised a 200 kV pulse transformer driven power
supply and an electrostatically focussed electron beam diode.
When a discharge circuit was incorporated, and the whole system
used to pump an XeCl excimer laser, average output power densi-
ties of 0.63 MW cm-2 in a 250 ns (FWHM) pulse were obtained at
308 nm. The enhancement ratic for this system, of the power
deposited in the gas from the discharge to that from the
electron beam, was 4.8:. This high value reflects the care taken
in the design and optimisation of the pulsed power supply and
electron beam diode. Consequently, relatively high laser out-
put power densities were achieved using a modest electron beam
generator which was compact and extremely reliable. The
reliability of tﬁe system meant that a number of experiments
could be successfully carried out with the laser, some of which
had a reasonable degree of technical complexity (7.2.2). An
extraction efficiency of 1.5% was found for the XeCl laser,
and gain and beam quality measurements were made. KrF operation

of the system was considered, and the discharge was found to be
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unstable for all available combinations of electron beam current
density, dischargé voltage and capacitance, and gas mixture.

7.2.2° Pulse generation

Most of the work carried out with the XeCl laser concerned
the repetitive generation of short duration UV laser pulses.

The illumination of a semi-igsulating GaAs switch with
pulses of visible light from a passively mode-locked dye laser
can lead to the generation of very short high voltage pulses.
The use of these pulses to drive optical modulators was con-
sidered. A study of a commercial Pockels cell was made which
led to the development of a simple electrooptic modulator.
When incorporated into an optical shutter, pulses of 300 ps
duration were switched out at a repetitidn rate of > 0.1 GHz.
Active mode-locking experiments were carried out with both the
commercial Pockels cell and redesigned modulator, and pulses
with durations of the order of the shutter period were produced.

Unsuccessful passive mode-locking experiments were finally

performed and tentative reasons for their failure given.

7.3 FPFurther work

7.3.17 The laser system

A number of improvements could be made to the XeCl laser
in order to increase 1its output.ehergy without the need to |
modify the electron beam generator. it was seen in Chapter 3
that the extraction volume for the system was only ==50% of the
total pumped volume. Hence, a redesigned discharge cavity with
larger aperture optics should lead to a doubling of the total
output energy. A disadvantage of this would be a beam emerging
from the laser with an approximately trapezoidal, rather than

circular, cross-section.
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As a second step, the pumped volume could also be

increaéed by a more efficient use of the electron beam.

At the prefoil, the optimum beam height was 4 cm, or twice

the window aperture. Therefore a new 4 cm wide window would
double the volume pumped by the electron beam, although the
strength of the Hibachi support structure might have to be
increased to support the extra strain on tﬁe foil. The energy
storage in the discharge would similarly need to be enlarged;
the simplest way, which would avoid the breakdown problems of
higher discharge voltages, being to approximately double the
capacitance. A further increase in the size of the optics

would now be required, but up to a fourfold increase in the laser
output energy compared to the original system would be expected.
The final level of the output would depend on how efficiently
the discharge energy could be coupled into the lower impedance
discharge. This would depend on how low the inductance of the
discharge circuit could be made and might require that the
energy be delivered from some form of low inductance line rather
than a simple capacitor bank.

In order to further improve the system, either to give
higher output power densities for XeCl or to allow sustained
discharge operation of a KrF laser, it would be necessary to
make the electron beam current density.reaching the dischargé
cavit& larger. Replacing thevprefoil by a crowbar would give
a small improvement, but the main foil would then be unprotected
from diode arcs. Also, a further study of the electron beam
focussing structure, perhaps involving a consideration of other
cathode materials, might prove useful. However, effectively a
new pulsed power supply would be required to allow a substantial

change to be made to the current density.
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7.3.2 Mode-locking

Proposals to improve the efficiency and speed of the
optical shutter have been made (Chapter 5). It was pointed
out that, in order to further investigate the possibilities
of pulse shortening in an actively mode-~locked laser, a higher
gain, long pulse system would have to be developed.

7.3.3 Other experiments

Although the active mode-locking of this particular laser
cannot usefully be pursued much further, the synchronised dyve
laser/excimer laser combination could be used in a number of
other experiments.

Tuning the mode-locked dye laser and frequency doubling the
output would permit a stddy of injection-locking and a further
investigation of the behaviour of the laser gain. In the first
case, the experiments on discharge pumped systems(127) could be
repeated (section 6.4). 8Since the cavity would not contain any
lossy internal elements, and since injected pulses might
encourage the earlier build-up of laser action(131), the.
effect of saturable gain could be observed with the laser run
at full pump-power. However, at the peak of the pumping curve,
due to the fast recovery of the laser gain, self-oscillation
of the laser cavity might begin in the period between the
injected pulses. It.might therefore be necessary to reduce
the pump power ﬁo the level where the injectea pulses see a
net gain which is above the threshold level, while the gain is
depleted enough to be below threshold in the period between
pulses. The gain must be recovering to a value above threshold
as the pulse re-enters the gain region.

The evolution of the injected pulse could be monitored, in

the first place, to observe the effect of saturable gain over
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mahy roundtrips. A dye cell could then be introduced and the
effect of the saturable absorber considered. If the pulse
shortening requirements for dye lasers outlined in Chapter 6
are applicable to excimer lasers, then the relationship
between gain recovery and cavity roundtrip time will mean that
rapid pulse shortening will not occur.

Injecting pulses from the dye laser whose cavity length
slightly exceeded that of the excimer would allow the gain
recovery of the laser to be studied. As the first pulse com-
pleted a trip around the cavity, a second would be injected,
delayed with respect to the first. A train of pulses woula
build up in this way. In the linear gain period, the pulses
would be equally amplified, but as the first pulse began to
saturate the gain the rate of its recovery would be directly
observable in the level of gain experienced by the following
pulses.

The temporal and spectral behaviour of the gain could also
be investigated by considering the small signal gain seen by
the tuned dye laser pulses, with the discharge cavity as an
amplifier. Under conditions of laser action it would also. be
interesting to observe the two components of the XeCl laser
output (Chapter 1) as a function of time, and the exten? to
which, in the long pulse sysﬁem, one became dominant due to
the homogeneous nature of the fransition. |

(128) i1

A new generation of flashlamp-pumped dye lasers
allow the extension of these techniques to other excimer wave-
lengths. With relevance to Chapter 3 would be an accurate
measurement of the variation of the gain of the KrF laser with
time, which should confirm the presence of a discharge instability

and collapse‘of the laser gain. Other excimers, such as XeF,

should also be studied in the long pulse system in order to
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obtain a better understanding of the practical effect of the
halogen donor on the stability of the discharge.

Finally, a number of tuning experiments could be carried
out with this system. The long gain duration should allow a
spectrally narrow output to be generated. To simultaneously
obtain both good spectral and spatial beam quality it would
probably be necessary to injection lock the long pulse system,
itself in an unstable cavity configuration, with the narrow
band output of a master oscillator, perhaps in the form of an

(132) (133) (134) tuned short pulse, discharge

etalon or grating
oumped laser.

In conclusion, while X-rav preionized systems (Chapter 1)
"will allow larger volume operation at high repetition rates,
this system will continue to have many uses in experiments

where a reliable, high output power density laser is required.
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A VERSATILE =ZLECTRON BEAM PUMPED ZXCIMER LASER SYSTEM
4. Casey, P.W. Smith and M.H.R. Hutchinson

Optics Section, The Blackett Laboratery,

Imperial College, Londen

Sumzary

A compact 2lectron beam pumped excimer laser system
nas been developed capable of providing high power
sunable VUV (10 ¥W) and UV (~30 MW) laser radiatiocn in
short pulses (%11 ng). With simple modificaticas
longer UV laser pulse operation cesn be achieved (3 MW
over 280 as).

An musually small high voltage pulsed power supply,
the novel features of which are described, supplies one
of three easily interchangeable laser heads. Two of
the laser heads use coaxial slectron beam diodes to
pump the rare gas and rare gas halide excimers respec—
tively. The chird nead relies on the electron beam
sustained discharge technique for long pulse pumping
of the rare gas halide sxcimers.

Introduction

The size and complexity of the majority of commer-
cial electron beam jumped laser systems often meens

that they are not suitable for use in small laboratories.

A system aas therefore been designed which is not only
small but can also pump a wide range of =xcimer lasers
in both long and short pulse modes. The small size of
the system, as shown in Jigure 1!, is largely due %o
<he use of a highly ccmpact pulsed power supply. This
power supply drives cne of three laser zeads, which
volt on to the front of the power supply. The shore
pulse rare gas halide laser head can be seen in posit-—
ion on <he system in Jigure 1.

Pulsed Powver Supply

The julsed power supply can be operated in either a
short or long pulse mode. Simple modificaticns are
required to change from cne mode of operation to the
other. The power supply in both forms uses a dulse
~ransTiormer to charge either 3 coaxial 3lumlein P.7.L.
for operaticn in the short pulse mode or a aigh voltage
capacitive storage network to provide a longer, lower
roltage pulse.

SWT 24AZ, U.X.

Short Pulse Overatiocn

Figure 2 is a circuit diagram of the puléed power
supply in its short pulse form. The power supply is

boused in an oil filled tamk (0.86 x 1.22 x 0.h8m3). The
ccmpact size is due to the use of a pulse transformer
for nigh‘voltage zeneration and a coaxial Blumlein
P.7.L. which has an intermediate conductor in the form
of a tape helix. Although a coaxial pulse Zorming line
system has been demonstrated with a single helical

coaxial line‘, it is believed that this is the first

time that a Blumlein P.F.L. has been operated with a

helical conductor. In this mode of operation the power

supply cap deliver a 20 ns pulse (rise time 3 as) at

up to 600 %V with a nominal output impedance of LOQ.
Ca, which comprises <wo 0.3 uF repid discharge

capacitors in parallel, is charged from a 50 XV 200 Js~

charging unit via a D.C. filter circuit which consists
of L1, L2 and C1. As the pulse transformer is an auto-

ransformer with a two turn primary in %he centre of
windings, the potential of the primary rises to half

output voltage of the transformer after C2 nas been

discharged into <he primary. Thus the D.C. Zilter net-
work prevents energy rsturning to the charging unit frem
the transformer as the potential of the primary rises.
C2 is discharged into the primary windings of the

transformer via a low inductance rail gap pressurised
with dry air. The gap can be allowed to self-breask or
can be triggered, oy applying a trigger pulse %o a third
blade electroae. The trigger unit must be isclated

Jronm the power supply because of the rise in potential
of <he primary transformer after triggering.

the
the

The transformer is of the Martin and Smith type2
a turns ratio of 22:1.

and

nas The observed and calculated

1
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This Inductor and capacitorwers
used to model the capacitive

C22%0-3 pf 75 kV RAPID DISCHARGE CAPACITORS coupling between adjecent turms
umH of the three turn tape helix.
L1 LZ‘l bm The resulting compputation leads

L327uH SPIRAL INOUCTCR

TX 1 PULSE TRANSFORMER
2 TURN PRIMARY
TURNS RATI0 22:1
AUTOTRANSFORMER

TX!

TRIGGER OIL GAP
PULSE

to an output pulse {figure 3)
which is very similar in shepe
to that obtained axperimentally.
This suggests “he interesting
possibility that shorter zmulti-
twrn helical 3lumlein ?2.7.L.°s
may be easible which produce
good, fast rising and fast fall-
ing pulses, if the turn %o turn
coupling is optimised by, for
example, the use of axtra
isolated conductors within the
3lumlein 2.F.L. structure. It
is also interesting to note

that as the inductance in series

with the load is increased, or

y A 7 /0 the capacitance in parallel

CHARGING UNIT
S0kv 200JS-1

| with the load is increased, the
/{ 3 neight of the first peek in the
A % pulse is reduced and the pulse

develops 2 slow risiag %ov.

PRIMARY
AIR GAP

Long 2ulse Jweration

In the long pulse form of the

2 OUTER CONOUCTOR power supply, (see figure 4) <he

b HELICAL CONDUCTCR
¢ INNER CONDUCTOR capacitive storage element C

Zg 40N oIL GAP\ HELICAL CONDUCTOR

3lumlein ?.7.L. is removed and
is replaced oy a a2igh voltage

3
consisting of six capacitors
connected in series,with volt-
age sharing resistors. The
transformer is also changed to
an oil impregnated, 3:! surzs

TO TX1 ZL =

Z L ratio, pulse transfiormer

2, 20n
N

"y

INNER CONDUCTCR \@ JOUTER L CONDUCTOR similar in design o the original.

A three Surz primary is used and
<he aeasured and calculated
gain of <he transformer is 3.5.

igure 2: Circuit diagram of the short pulse version of the power supply After C, is charged %o 2 maxi-

3

. . . - ; f 27T 35 -hi i i
zain of the transformer is approximately 16.3. A small xum value of 275 &V, 3G2, which is a pressurized,

computer programme aas veen developed which accurately
oredicts the performance of this type of transrormer
under various load conditions.

The transformer charges a coaxial 3lumlein P.F.L.,
with a helical intermediate zonductor, %o achieve pulse
compression. The nominal outdut impedance of the
Ilumlein P.7.L. is LO Q. The aelical conductor 2nables
a2 pulse of 20 ns duraticn to be produced from a device
which is only 1 metre long. The tape nelix has TJust
over three turns, and is supported within the structure
by lucite "elephant's foot' spacers. A coaxial
structure was chosen for 2ase of connection.to the
shree laser heads. An adjustable, self-breaking oil
gap is used to switch the 3lumlein P.F.L.

Since the unrolled tape aelix is & parallelcgram,
it was originally anticipated that the output pulse
‘rom the Blumlein 2.7.L. would have a rise time corres-
ponding to the difference in the time of travel of an
2lectric wave along the two -diagonals of the parallel-
ogram. This effect 15 not observed as can be seen by
the cutput pulse profile (figure 3) from the power
supply when connected to an 2lectrcn beam diode of
approximately 40 Q impedancs. To 2xplain this and aisc
the <wo peak structurse of the pulse, computer aided
aodelling of <he 3lumlein 2.7.L. was undertaken usiag

the ccmputer 2ode ZCAP3 in %the transient analysis mode.
The two transmission limes of the 3lumlein P.7.L.
were approximated by two, swelve 2lement lumped LC
circuits, which were bridged over avery Jour slements
by 2 series combilnation of an Inductor and capacitor.

[\%]

sulphur zexarluoride filled spark gap, self-breaks to
give a 250 %XV output pulse of 450 as (FWEM) duratiocn.
The approximate output impedance of the power supply in
this form is 60 Q and the output pulse risetime is 100
as.

The output of the power supply in =2ither form is
connected to an appropriate laser head ria a2 convent-
icnal field graded, oil “o vacuum, high voltage bushing.
The laser heads are “hen simply bolted =n %to the vacuum
side of the bushing. The uniformity of field grading
within the bushing was checked using a field plotting
ccmputer programme. The pulsed power supply is mounted
on a welded steel tdble, and the vacuum systems for the
laser diodes and laser gas handling systems are mounted
heneath the table to facilitate the interchange of %he
three laser heads.

The Short Pulse Laser Heads

Coaxial electron beam diodes are used to pump gases
contained in etched stainless steel ancde tubes in both
heads. The coaxial gecmetry was chosen because of the
high degree of uniformity and efficiency of e=lectrecn

veam pumping which can be achieved h”. The cathode in
both aeads consists of a cylinder 20 cm long a2nd '3 cm

in dizmeter in which threse 20 cm lengths of razor slade
are nounted con Jegs, set at 120° with respect £o each
other. The anode tube lies coaxially within the cathode,
the 20 cm leng 2tched portion of “he <ude deing
positioned adjacent to the blades. The anode tubes are
stched to a thickness of v 50 um. The current density
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gure 3:
supply operating into a L0  e-vear diocde

of the 2lectren eam penetrating the walls of the anode
<ube was Jound %0 ce wniform to within =20% over the
atched portion of the tube.

The Coaxially Pumped "UV Rare Gas Laser Zead

An 3 mm diameter ancde %tube is used in =his head and
<he blade <o anode <ube separation was optimised
2xperimentally to a distance of 3 mm. At this separa-~
tion the maximum diode current was measured to e 12 A
and zhe %otal e2lectron Heam =nergy dissipated during
~he pulse was 11'0 J.

As the rare gas YUV excimer lasers are very sensi-
tive to impurities, the laser cavity and gas handling
somponents are made of stainless steel, and provision
for gas distillation is zecessary in the associated gas
nandling system. The laser reflectors ars mounted
within two 2nd cavities and consist of a plane >97%
reflectivity =ultilayer dislectric mirror and a tarium
2luoride 2talon. The reflectors are mounted cn kine-
zatic mounts adjustable from outside the cavities.

. * .
The nead nas been used %o yump the Xenon (Xez) laser

(A = 172 om untuned). Maximum laser output is
obtained at 3 Yenon pressure of 11 3ar and laser pulse
energies in axcess of 30 nJ have been measured in
pulses of 10 as duration (FWHM), with a spectral width
of 2.5 am. The beam divergence is 10 mrad (full angle)
at nalf maximumm intensity. Tuning of the xenon laser
(over the range 171 - 175 am) can be achieved by intro-
ducing a rotatable quartz prism into the laser cavity.
It is anticipated <hat similar output characteristics

*+

should be obtained Zor a Xr. laser {ix = 46 am) oper-

ated in the aead, and <he system should alsoc be capable
*
of pumping <he Ar, laser (A = 126 am).

The Coaxially Pumped RIare Gas Laser Head

The anode tube diameter in zhis nead is 25 mm and

Ll e b FPEXAAA LS TV v AT TH s bl

AX
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Calculated and observed short dulse voltage profiles [rom the jower

optimum performance was
achieved with a cathode to
anode <ypa separaticn of 18
zm. This zorresponds to a
neasured diode impedance of
30 Q and an sstimated 134 J
of electron team =2nergy is
dissipated at theancde. The

AX
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XA . 3
sumped volume is 100 cm”.

All metal compeonents of
t¥e laser cavity and gzas
handling system are made of
stainless steel for ease of
passivation and resistancde to
corrosion. An externally
zounted, plane, aultilayer
dielectric mirror (reflecti-
ity >97%) acts as the back
reflector and one of the
jquartz windows sealing the
cavity serves as output
coupler.

The axcimer

-
St asenee s

R A R AW a8 N 2 2 b &

*
lasers XeCl

(A = 308 am) and Xrf" () =
249 nm) have deen cperated
in this nead. Laser dulses
of ~ 400 aJ snergy with 12 as
(FWHM) duraticn were measured

20ns/cm

I

*
for the XrF laser (pesk
sower = 33 ) using a gas
aixture of neon, argon,
¥rypton and fluorine (1000:
150:20:1) at a total prassure

of 8 Bar. TFor the XeCl*
laser. 300 mJ laser pulses
were measured with a durstion
(TWHM), (pesk power = 27 MW) using a2 zas zix
argon, xencn, and aydrogen caloride (780:190:
3 total pressure of 7.5 3ar.

The

In order to achieve long laser pulse operation frem
the rare-gas halide lasers, an 2lectron beam sustained
discharge 1ead has been developed for use with the
pulsed power supply operating in the lomg pulse mode.
A 36 ca long transverse =dge/plane electron beam diade

. . 2
(v60 Q impedance) produces a 36x2cm
alectron beam. The 2lectron beam is

sm0l3b-n/
R-FL VN

of 11 ns
of neon,
26:1) at

Slectron 3eam Sustained Discharze Head

eross-section
capacitively foc—

ussed’ by zmeans of two electrostatic focussing electrodes
which are mounted on to the cathcede using glass rod
insulators. Although the beam can be tightly focussed
to the exact width of the window in the anode plate, in
practice the diode, after only a faw shots, becomes,
unstable-and vacuum breekdowm occurs between the focuss-—
ing electrodes and the ancde. For this reason the beam

is focussed.to a width of L cms at the anode sad >2bacm >
of electron beam current density is reliably transmitted
into the laser medium zhrough-a 75 um thick P.T.F.Z.
coated Kapton main foil supported on a "Hibachi" gzrill
structure. A thin (12.5 um) aluminium foil is used as

a prefoil to stop the low 2nergy slectrons produced by
the tail of the voltage pulse from the power supply.

The electrons pass into the laser cavity through 2
stainless steel mesh vhich acts as cathode in the
discharge circuit. The discharge in the gas runs bet-
ween the mesh and a flat snode which lies 2 cm away
from the mesh.

T™e laser/discharge cavity is constructed of 2.7.F.I.
and stainless steel with 25 mm diameter quartz windows
mounted at 2ither end. The optical axtracticn volume

127 :m3 and “he pumped volume i1s 209 :m3.

is s
Znergy for <he discharge is supplied dy Sy

T {see

S

igure 4) which is sither a single capacitor or two
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igure 4:

capacitors arranged in the form of a simpde Chebyshev
ird

<0 ninimise tae irnductance of the
The inductance of the

z8pt 25 low as possible so

that the amount of 2nergzy which can e dissipated in

<he low impedance (~0.2Q) ionised laser medium is

naximised. A dry 2ir pressurised rail gzap is used to

switch the energy Zrom 2y into the gzas on receipt of 2

type filter ', used
discharge storage slement.
discharge circuit zust be

supply.
the

trigger julse derived directly from the power
This ensures synchronism between the start of
alactron beam and the start of the alectrical
Three feeds are used to ccnnect the rail gap to the
iischarge anode to minimise circuit inductance.

The nead has been successiully used to pump-the .{eC1
2xcimer laser. Laser pulses of up 30 300 nJ energy
aave deen produced with a duratien of 280 ns (TWEM),
using a gas aixture of necn, xenon, and hydrogen
chloride {750:25:1) at a total pressure of 5 Bar. The
veam diameter is 25 mm.
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"A HIGH POWER-DENSITY ELECTRON-BEAM SUSTAINED LASER"

M. Casey, P.W. Smith and M.H.R. Hutchinson

Optics Section, The Blackett Laboratory,

Imperial College, London SW7 2BZ

Abstract

A high optical power-density excimer laser pumped by an
electron-beam sustained discharge has been developed. The
electron-beam generator comprised a 200 kV pulse transf?rmer-
driven power supply and an electrostatically focussed electron-
beam diode. The careful design and optimisation of this
generator has allowed very reliable, reproducible operation of
the complete laser system with a high enhancement ratio of 4.8.
An average output power-density of 0.63 MW cm 2 in a 250 ns

(FWHM) pulse has been obtained from an e-beam sustained discharge

XeCl* laser with an extracsion efficiency of 1.5%. -
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1. Introduction

Electron-beam sustained discharge pumping provides a method for
the generation of UV laser pulseé of 2 high intensity and a relatively
long duration. Since such pulses are desirable for mané applications,
a rare gas halide laser system relying on this method of pumping has

been developed. It is compact and reliable.

The electron-beam generator comprises a 200 kV pulse transformer—
driven power supply and an electrostatically focussed electron-beam
diode. Optimisation of the overall system, when used to pump the
XeCl* excimer laser, has resulted in an output power density
comparable to the highest so far observed from an electron-beam
sustained discharge system (1), The laser output pulse has a
reproducibility of better than 5% and the periodic servicing

requirements of the system are minimal.

2. The Pulsed Power Supply

An electrical circuit diagram of the complete system is shown in
figure 1. Pulsed high voltage generation was achieved by the use of a
pulse transformer TX;, The pulse transformer was a copper foil
wound auto- transformer, insulated with polyester film (0.25 mm
thick), and vacuum impregna;ed with trahsﬁormer 0oil. The copper foil
windings were tapered to grade the-electrical field within the’
transformer, and the three primary turns were situated in the centre
of the windings. The transformér had a turns ratio of 8:1 and was
energised by discharging C, (0.55 pF) into the primary windings via

a spark gap SG,, pressurised with dry air. The gap was a low
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inductance rail gap which could be triggered by the application of a
hign voltage pulse to a third blade electrode situated between the two
rail electrodes. The trigger blade was placed two-thi;ds of the way
between the two rail electrodes being closer to the transformer
(output) side. A resistive divider across the gap ensured that under
pre-fire conditions the trigger electrode was held at a potential
which maintained the uniform field conditions within the gap. A
negative fast-rising pulse of up to 100 kV amplitude was used to
trigger the gap. Since the primary turns of the transformer were
located in the centre of the windings, the potential of the primary
rose to approximately one half of the outpuﬁ voltage of the
transformer. For this reason, C2 was charged viz a D.C. filter
network Ll' L,, Cy, which allowed the primary turns to float

L ]
when the spark gap 5Gy was fired. It was charged from a 200 Js—l

unit to up to 50 KkV.

The transformer and associated components can be represented by
the equivalent circuit shown in figure 2 and its performance can be

calculated using the relationship:

vit) . 1. ! [cos{eogtlexpl-oct) - cosluoytlexp(-Btl] ()
V%Z(O) LsCs (ugﬁz - LJ?Z)

is

where v(t) 1s the vecltage on Cs as a function of -time, VCq(O)
- : L

the initial voltage on Cov

L"J1 - CZ +CS - OCZ ) L"')2: *1— - PZ
GG : T g

oL = Rs by @: 1
2Ls 2R G
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C2 is the primary capacitance, L. is the total series inductance,

S

Ré is the series resistance and Lp is the primary inductance. C

is the total reflected secondary capacitance and RL the reflected

s

load resistance, n is the transformer turns ratio.

SG2, which was a simple two electrode self-breaking spark gap

pressurized with SF, was set to break down at the first peak of the

output of the transformer. This peak was reached in a time t, which

is given approximately by

b= 7| LsCabs (2)
Co* G

neglecting damping, and the peak voltage reached Vp is given by(m

G = P o npexplo<t) + exp-Bh)) (3)
Y40 Re =R+t
where Re = G , and Rp, = Ls .

The gain of the transformer under load was checked by observing
and calculating the output voltage of the transformer when the power
supply was loaded with a 60.0 copper sulphate resistor. When C2 was
charged to 46 kV, Vp was measured to be 223 kV, i.e. the observed
gain was 4.84. The calculated gain was 4.7, and the time to the
first.peak was measured and calculated to bé 570 ns. The output
waveform which was observed when the transfo?mer was allowed to ring

into the unswitched capacitor C; is shown in figure 3 together with

the waveform which was calculated using equation (1).

Under normal operation, the output of the transformer was
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switched, via SG, and a 2. copper sulphate resistor, on to the

cathode of a transverse electron-beam diode. The copper sulphate
resistor preventad excessive current being drawn from C3 in the
event of an electrical breakdown within the diode chamber. The
resulting pulse applied to the diode rose in 100 ns and was 450 ns

(F.W.H.M.) long, -for a 40a diode impedance.

aAn oil filled tank (0.66 x 1.22 x 1.48 m3) housed the complete
power supply and a conventional field graded, oil to vacuum, high
voltage bushing coupled the output from the power supply to the diode
chamber and laser cavity. A field plotting computer programme was
used to aid the design of the bushing and, in particular, to ensure

that the electric field across the bushing was uniformly graded.

3. The Electron-Beam Dicde

The final design of the e-beam diode assembly was chosen after
extensive experimentation with a variety of electron-beam cold cathode
emitters and focussing technigques. For good beam uniformity and low
divergence, it is important in the operation of an e-beam sustained
laser, that the e-beam transmitted into the laser gas mix should be as
‘uniform as possible. It was also observed that the output energy of
the laser increased monotonically as the-electron-beam current
transmitted through the narrow (2 # 40 cm2) e-beam window was

increased; for this reason, the e-beam current density was maximised.

The performances of the diode assemblies were measured Dby
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collecting the current received by the e-beam diode anode plate and
the current transmitted into the eQacuated laser cavity and returning
the respective e~beam currents to =zarth through two low wvalue
non-inductive resistors constructed from large numbers of carbon
composition resistors. The time varying impedance of the diode was
then calculated by dividing the observed Qoltage profile applied to
the cathode by the total collected current-profile. Although it is
possible to calculate the impedance of an un-shielded space-charge
limited transverse e-beam diode, it is extremely difficult to allow
for the effects of shielding of the emitting surface by the focussing
electrodes in such a calculation. Thus, the diode assembly design was
~optimised empirically, by varying such parameters as the projection of
the blade from the blade holder, the anode to cathode separation, the
focussing electrode separation, and the blade recess behind the

focussing electrodes.

The most convenient and reliable cathode emitter was found to be
a single uncoated stainless steel razor blade. Other emitters which
were tested included titanium and tantalum foils, graphite felt and
multiple blade arréngements. Focussing was at first attempted using a
"race track" type structure which surrounded and was electrically
connected to the cathode. However, it was found that the beam could
not be focussed tightly enough to achieve good trénsm;gsion through
the e-beam window without vacuum breakdown occgning between the “racé

track" and the anode plate, despite careful polishing and oiling.

As an alternative, capacitive electrostatic focussing (3)
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was used. Two focussing electrodes were mounted above and below (see
figure 4) the cathode blade ﬁolder on glass rod insulators. When the
negative voltage is first applied to this type of diode assembly, the
cold cathode emitter behaves as if it is unfocussed and the normal
blade emission process is not inhibited due to field reduction by the
focussing electrodes. Once the blade has started to emit electrons,
the focussing electrodes charge up to the cathode potential. The
resultant electrostatic field then inhibits the divergence of the

e~beam as it travels towards the anode.

By this means, it was possible to constrict the beam height at
the anode to match the height of the window into the laser cavity.
However, it was found in practice that unless the diode assembly was
very accurately and uniformly spaced from the anode plate, and the
electrodes regularly oiled, there was still a tendency for vacuum
breakdown. To prevent this problem, the tightness of the focussing of
the e-beam was slightly reduced by decreasing the depth of recess of
the blade behind the focussing electrodes. The resulting e-beam was
measured to be 4 ¢cm wide at the anode, which should be comparéd to a
width of 7 cm for an unfocussed beam. It was also found that the
spacing accuracy between the anode and cathode was less critical and
at a B%ade to anode sparation of 3.8 cm, a tolerance of :0.5 mm was

sufficient to ensure good blade and foil lifetimes.

All measurements of beam size and uniformity were made using the
cellophane~dye dosimetry technique (4) . 7o prevent saturation of

the dye, strips of aluminium foil were used to reduce the e-beam dose
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received by the cellophane to an acceptable level.

The electron—beam-passed into the laser cavity through two foils
and a wire mesh. A thin aluminium prefoil was mounted on to the anode
plate to stop low energy electrons produced by the tail of the voltage
pulse from the power supply. It was found that if a prefoil was not
used, the energy due to these low energy electrons was deposited in
the main pressure bearing foil leading to its premature failure. The
use of a prefoil also meaﬂt that the anode plate presented & uniformly
flat surface to the cathode, thereby ensuring a more uniform field in

the diode by covering the window recess in the anode plate.

The pressure bearing main foil, supported on a conventional
"Hibachi" grill structure, consisted of either 75 pm PTFE coated
"Kapton" or 30 um titanium foil. The titanium foil was found to have
a higher Eensile strength than Kapton, although when it failed the
foil collapsed totally and often caused damage to the e-beam diode
assembly. Kapton was found to fail gradually by developing small pin
holes and also had the advantage that it had a slightly higher e-beam
transmission than the titanium foil. Finally, the e-beam passed
through a stainless steel mesh of 80% transmission which acted as a

cathode for the discharge in the laser cavity.

Under the normal operational conditions, the peak voltage which
was applied to the cathode was 189 kV and the peak total e-beam
current measured by the earth return resistors was 4.1 kA. Thus, at

the peak of the power deposition in the e-beam diode, the diode
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impedance was 47* 50. As a further check on this system, a

computer code (3) Ecap (IBM 1%65) was used to calculate the

performance of the power supply into a fixed load equal to the average
diode impedance and good agreement was found betwgen the observed ana
calculated e-beam cathode current and voltage profiles. Typical
profiles are shown'in figure 5, together with the synchronised voltage
and current profiles associated with the discharge circuit. Diode
closure can clearly be seen on the e-beam current profile as a sharp

rise in current at the end of the pulse.

The mean current density at the prefoil was calculated to be 26 A
cm™2 and cellophane-dye dosimetry indicated that at the central
portion of the foil the current was approximately 30 A cm™2. The
e—-beam current density reaching the discharge region was attenuated by

the foils and mesh. It was measured using a Faraday cup and found to

be 13 a cm'z.

4. The Discharge Circuit

Energy for the electrical discharge was stored in C4 (0.55 PF)

which was charged to a maximum value of 30 kV. A spark gap, SG3,

switched the energy from C, into the laser discharge cavity. This
" spark gap was a low in@uctance rail gap, pressurized with dry air,
which was triggered automatically from a potential divider R2, Ry
mounted in the pulsed power suply. D.C. biasing of the trigger

electrode was set using the resistor network 35, Rg, and Ro.
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The amount of energy discharged into the cavity 1s strongly
dependent on the overall inductance of the discharge circuit. We have
obsefved, and it has been reported (6), that the discharge impedance
in an e-beam sustained excimer laser system falls rapidly to a low but
fairly constant value, which is mainly dependant on such factors as
the concentration of halogen bearing molécules, gas pressure, e—-beam
density and discharge dimensions. If the time varying discharge
impedance is denoted by Z;(t), transient circuit analysis of the
discharge circuit as shown in figure 1 leads to an expression for the
voltage across the discharge as a function of time sﬂown below. (A
typical value for z; after the initial impedance drop in our system

when pumping the excimer XeCl* was 0.3 ).
Yatt) = Ve gy Zd't) expl-octisintuot) ()
G

where Vc4mis the initial voltage on C,4,

[ I — - X y o(_lz Zd(”
4 2L

The inductance of the discharge circuit was kept as low as
possible to maximise the total discharge energy deposited in the gas
and minimise the discharge voltage risetime. Low inductance parallel
plate feeds coqnected C4 to SG3 and three feeds were used to
connect SG; to the cathode in the discharge cavity. The discharge
current was monitored by a Nichrome foil resistor which was placed in

series with the earth return conductor of the discharge circuit.

Typical waveforms for the discharge circuit are shown in figure 5.

10
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5. Laser Cperation and Performance

All metallic components of the laser cavity were stainless steel.
The discharge anode was mounted via three spacers on to a thick sheet
of PTFE backed by pefspex (figure 4). The interelectrode spacing
could be varied by adjusting the thickness of the spacers and the
highest laser output energies were obtained at a spacing of 3 cm.
Spectrosil 'A' gquartz windows of 2.5 cm diameter were mounted at
either end of the discharge cavity and the laser resonator was formed
by mounting multilayer dielectric mirrors of 97% and 60-70% reflect-

ivities outside the cavity.

With e-beam pumping alone, a maximum output of 70 mJ in a 140 ns
(FWHM) pulse was measured using argon as the major diluent. The gas
mix was HCl: Xe: Ar in the ratio 1:15:1140 at a total pressure of 3
Bar. In the sustained mode, the highest laser output energies were
obtained with Neon as buffer gas. With C4 charged to an optimum
value of 24 kV, an output energy of 800 mJ was measured in a pulse of
250 ns (FWHM) duration, corresponding to a specific energy of 4 J/1
and an average power of 3.2 MW. The optimised gas mix was HCl:Xe:Ne
in the ratio 1:17:1260 at a total pressure of 5 Bar. A 5% em™1

-

laser gain was derived from measurements of operation under these

conditions.
In order to measure accurately the volume of the gas which was

pumped by the e-~-beam and discharge, thin strips of blue cellophane

were placed within the discharge cavity at the cathode mesh, the anode

i
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and at a position mid-way between the two electrodes. By firing

the system with the cellophane in position, the width of the pumped
volume could be measured as the distance from the mesh was increased.
As expected, the width increased with distance from the mesh and the
pumped volume was calculated to be 430 cm3. The optical extraction

volume as defined by the two windows was 196 cm>.

Since the energy with which the electrons entered the gas after
transmission through the foils and mesh could not be calculated
accurately, blue cellophane dosimetry was used to estimate the e-beam.
energy deposited in the gas. It was found to be 20 J. The time |
varying voltage and current traces of the discharge gave a value for

the discharge energy deposited of 96 J.

From these measurements the extraction efficiency was calculated
to be 1.5%, while the mean power efficiency once laser action had
begun was 3.2%.

-

6. Conclusions

The enhancement ratio for this system, of the power deposited in
the gas from the discharge to that for the electron beam, was 4.8.
This is a high value compared to other e-beam sustained XeCl1l*
lasers{l+7) and reflects the care taken in Ehe design and
optimisation of the pulsed power supply and electron-beam diode.
Consequently, relatively high laser output power densities were
achieved using a modest electron—-beam generator which was compéct and

extremely reliable.

12
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8. Figure Captions

Figure

Figure

Figure

Figure

Figure

1:

Circuit diagram of the complete system.

Equivalent circuit of the pulsed power supply.

Calculated and observed transformer performance.

E-beam sustained discharge head.

Synchronised electrical characteristics of the

electron-beam and the discharge.

15
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