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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 focussed 
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 

-2 
laser, average output power densities of 0.6 3 MW cm 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 
study of commercially available Pockels cells has led to the 
construction of an 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 modulator. The limitations of 
this technique are discussed, and unsuccessful experiments to 
passively mode-lock the laser are described. 



3 

ACKNOWLEDGEMENTS 

It is my great pleasure to be able to thank Dr. M.H.R. 
Hutchinson, my supervisor, and Dr. P.W. Smith for their 
contributions to the work reported in this thesis. Both 
have been a valuable source of advice and inspiration through-
out the course of this project. I would especially like to 
thank Paul Smith, without whose original design work the laser 
could not have been built, nor could many of the other experi-
ments have been completed without his continued aid. 

Many other people within the Laser Group at Imperial College 
have also given me considerable assistance. I would specifically 
like to mention Dr. J.R. Taylor, for battling with the streak 
camera, and Roy Morrison and John Bean in the Optics Workshop 
for their technical support. 

Dr. P.W. Smith and Dr. W. Margulis must also be thanked 
for their constructive criticism of the early versions of the 
thesis, as must Deanne Eastwood for typing it accurately. 

Financial support from the Science and Engineering Research 
Council and Hartley Measurements Ltd., in the form of an S.E.R.C. 
C.A.S.E. studentship, is gratefully acknowledged. 

I have spent three stimulating and enjoyable years as a 
postgraduate student. I would like to dedicate this thesis to 
those people, both inside and outside College and in my family, 
whose encouragement and friendship made this possible. 



4 
CONTENTS 

Page 
ABSTRACT 2 
ACKNOWLEDGEMENTS 3 
CHAPTER 1 INTRODUCTION 12 

1.1 Introduction to excimer lasers 12 
1.2 Rare gas halide excimers 13 

1.2.1 Spectroscopy 13 
1.2.2 Kinetics 17 

1.3 Pumping of excimer lasers 22 
1.3.1 Direct e-beam pumping 22 
1.3.2 E-beam sustained discharge pumping 27 
1.3.3 Avalanche discharge pumping 29 
1.3.4 X-ray preionized discharge pumping 30 
1.3.5 Microwave pumping 31 

1.4 Objectives of this work 32 
1.4.1 Laser development 3 2 
1.4.2 Short pulse generation 34 

CHAPTER 2 AN ELECTRON BEAM GENERATOR 36 
2.1 Introduction 36 
2.2 Description of the pulsed power supply 38 

2.2.1 The pulse transformer 38 
2.2.2 The primary circuit 42 
2.2.3 The secondary circuit 44 

2.3 Performance of the pulsed power supply 46 
2.4 The electron beam diode - 50 

2.4.1 Output bushing design 50 
2.4.2 Theory of electron beam diodes 52 
2.4.3 'Diode construction 54 

2.5 Diode performance 55 
2.5.1 Techniques of measurement 55 
2.5.2 Optimisation of the electron beam 57 



5 

Page 

2.5.3 Experimental problems 68 
2.6 Standard operating characteristics 68 

CHAPTER 3 THE ELECTRON BEAM SUSTAINED DISCHARGE LASER 71 
3.1 Introduction 71 
3.2 The laser cavity . 71 

3.2.1 Design and optics 71 
3.2.2 Gas handling 74 

3.3 Discharge design and operation 74 
3.4 Performance of the XeCl laser 79 

"3.4.1 Electron beam pumping 81 
3.4.2 Electron beam sustained pumping 81 

3.5 Laser efficiency 83 
3.5.1 Electron beam energy deposition 83 
3.5.2 Discharge energy deposition 86 
3.5.3 Efficiency calculations 86 

3.6 Measurement of the laser gain 89 
3.7 Discussion of results 92 

3.7.1 Optimised operation 9 2 
3.7.2 Standard operation 93 

3.8 An unstable resonator 96 
3.9 An electron beam sustained KrF laser 100 

3.9.1 Performance results 100 
3.9.2 Explanation of the -instability 103 

CHAPTER 4 A FAST, HIGH REPETITION RATE OPTICAL SHUTTER 105 
4.1 Introduction 105 
4.2 Optical pulse generation by electrooptic 

phase modulation 106 
4.3 The repetitive generation of short duration, 

high voltage electrical pulses 110 



6 

Page 

4.3.1 Auston switch technology 111 
4.3.2 The mode-locked dye laser 113 
4.3.3 Pulse generation 117 

4.4 A Pockels cell as an optical shutter 119 
4.4.1 The Pockels cell 119 
4.4.2 Triggering and synchronisation 121 
4.4.3 The Pockels cell driving circuit 123 
4.4.4 Modulation results 125 
4.4.5 Circuit analysis 126 

4.5 Conclusions 127 
CHAPTER 5 REDESIGNING THE ELECTROOPTIC PHASE MODULATOR 129 

5.1 Introduction 129 
5.2 Design criteria 129 
5.3 Low inductance driving of a KDP electro- 131 

optic crystal 
5.3.1 The crystal as a section of a 50.TL 132 

transmission line 
5.3.2 The crystal as the load of a 135 

Blumlein pulse forming line 
5.4 Construction of an improved electro- 140 

optic modulator 
5.4.1 The crystal and electrodes 140 
5.4.2 The driving circuit 1*43 

5.5 Performance of the modulator 143 
5.5.1 Experimental results 143 
5.5.2 Analysis of results 149 
5.5.3 Summary and improvements 152 

CHAPTER 6 MODE-LOCKING OF EXCIMER LASERS 154 
6.1 Introduction 154 
6.2 Active mode-locking 156 



7 

Page 

6.2.1 Introduction 156 
6.2.2 Active mode-locking with a 157 

commercial Pockels cell 
6.2.3 Active mode-locking with the 162 

redesigned modulator 
6.2.4 Discussion 167 

6.3 Passive mode-locking 169 
6.3.1 Introduction 169 
6.3.2 Passive mode-locking of excimer 170 

lasers 
6.3.3 Discussion 175 

6.4 Conclusions 177 
CHAPTER 7 CONCLUSIONS 178 

7.1 Introduction 178 
7.2 Review 178 

7.2.1 The laser system 178 
7.2.2 Pulse generation 179 

7.3 Further work 179 
7.3.1 The laser system 179 
7.3.2 Mode-locking 181 
7.3.3 Other experiments 181 

REFERENCES 184 
APPENDIX : PUBLICATIONS 192 



8 

LIST OF FIGURES 
No. Page 

1. General potential energy diagram for the rare gas 14 
halides 

2. Main kinetic routes for the formation of KrF* 18 
3. Electron beam pumping geometries 23 
4. Electrical schematic of a 5-stage Marx generator 25 
5. Simplified e-beam sustained discharge pumping geometry 28 
6. Pulsed power supply layout 37 
7. Circuit diagram of the complete system 3 9 
8. Simplified transformer construction diagrams 41 
9. Power supply trigger circuit diagram 4 3 
10. Equivalent circuit of the pulsed power supply 47 
11. Calculated and observed transformer performance 4 9 
12. E-beam sustained discharge head 51 
13. Synchronised electrical characteristics of the 58 

electron beam 
14. Transverse e-beam current density profiles 59 
15. The focussing electrodes (plate) 60 
16. Variable dimensions of the capacitive focussing 6 2 

system 
17. A prefoil (plate) 65 
18. The discharge cavity (plate) 67 
19.. Diode and discharge chambers (plate) 72 
20. Laser cavity and discharge* circuit 75 
21. Simplified discharge circuit diagram 77 
22. The complete laser system (plate) 78 
23. Synchronised electrical characteristics of the 80 

discharge and the laser output power 
24. Optmised laser output profiles 82 
25. Discharge energy deposition profiles 87 



No. 

9 

Page 

26. Discharge impedance profiles 88 
27. The experimental arrangement to measure the laser 90 

gain 
28. Experimental set-up of the XeCl unstable resonator 97 
29. The near field spatial beam profile at L^ 98 
30. The laser output from the unstable resonator 99 

compared to the e-beam pumping pulse 
31 . Characteristics of the KrF laser 102 
32. Symmetry axes of 42m crystals 1 07 
33. Simplified diagram of an electrooptic amplitude 109 

modulator 
34. Current delivered to a 50_fL load from a GaAs switch 112 
35. Schematic diagram of the dye laser 114 
36 . Dye laser output and the resultant voltage pulse 116 

train generated from a GaAs switch 
37. The GaAs switch in a 5 0.TL line * 118 
38. The Pockels cell crystal and electrodes 120 
39. The Pockels cell driving circuit 1 22 
40. Pockels cell driving voltage and response 124 
41 . Circuit to model the performance of the Pockels 1 26 

cell 
42. Low inductance driving of KDP 133 
43. A Blumlein pulse•forming line 136 
44. A KDP crystal as the load of a Blumlein line 138 
45. Voltage appearing across the load of the Blumlein 138 

line 
46. The redesigned crystal and electrodes 141 
47. Schematic diagram of the crystal and charging 142 

circuit 
48. The redesigned modulator (plate) 144 



10 

No. Page 

49. Modulated output of the XeCl laser 146 
50. Schematic streak camera arrangement 147 
51. Circuit to model the electrical behaviour of the 151 

modulator 
52. Active mode-locking with a commercial Pockels cell 158 
53. Output of the actively mode-locked XeCl laser 160 

(Pockels cell) 
54. Mode locking with the redesigned modulator 163 
55. Output of the actively mode-locked XeCl laser 164 

(redesigned modulator) 
56. Passive mode-locking schemes 172 



11 

LIST OF TABLES 

No. Page 

1. Emission wavelengths and lifetimes of the B-X 16 
and C-A transitions of the rare gas halide excimers 

2. Dominant KrF* quenching and photoabsorption 21 
processes 

3. Diode optimisation results 6 3 
4. Pulsed power supply and diode performance summary 6 9 
5. Laser performance summary 95 
6. Summary of active mode-locking results 166 
7. Saturable absorbers for passive mode-locking 174 



12 

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 = A X ci.D 
Tc X4 • 

where A is the transition wavelength, T r is the radiative 
lifetime and A A the bandwidth of the transition. T c is the 

(1) 
cavity damping constant . Thus, ultraviolet rare gas 
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 

2 

rare gas atom R (1S) with a halide atom H ( P3/2 1/2^ * 
molecular states which then arise are the X^E (0= i) and 
the strongly repulsive and, for most purposes, degenerate, 
A2TT (-Q = 3/2, 1/2) states(2)'(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 bound relative to the lowest atomic 
excited states. These binding energies can be predicted to 
within a few per cent by noting the similarities between the 
excited state of a rare gas halide ion pair and the ground (4) 
state ion pairs of the corresponding alkali halide molecule 
For example, KrF* has a very similar binding energy and 
formation kinetics to the RbF molecule. The H~ ion is a + 2 spherically symmetric 'S state while the R ion has P^ /9 ->/ £ t i / 
angular momentum. Hence, three low lying ionic excited states 
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General potential energy diagram 
for the rare gas halides 
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Figure 1 
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are found : B2 Z (Q= i), C 2 n (3/2) and D2T7(*).-TL is the 
sum of electronic orbital and spin angular momentum along 
the molecular axis. 

D ( i ) - » B ( i ) - — x ( i ) 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) —1(6) bound by 106 5 cm and 255 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 

(7) (8) 
weakly and at a longer wavelength . Since the A state 
is purely repulsive the transitions have a much greater band-
width ( — 70 nm for Xe F) than the B — X emissions (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 — t r a n s i t i o n s of the rare gas halides, either 
measured or calculated^^^^ . 

In addition to rare gas halide, RH, emission, further 
broad band emission is observable at longer wavelengths from 
R^H excimers and also mixed rare gas dimers (e.g. A ^ F or 
ArXeF*(9)). 

Stimulated emission cross sections, depending on the 
emission wavelength, bandwidth and radiative decay time, 
have been calculated. For B — t r a n s i t i o n s they are — 1 6 2 (8) 
typically 2-5.10 cm , while for the longer lifetime 
and broader bandwidth C — t r a n s i t i o n s a typical value is 



C1 Br 

'X (nm) T(ns) ^X(nm) T (ns) 'X(nm) ~£(ns) 'X(nm) T(ns) 

Xe B-X 352 (12-19) 

C-A 450 (93,113) 

308 (11) 

350 (120) 

282 (1 2) 

302 (120) 

253 (12) 

263 (110) 

Kr B-X 

C-A 

249 

275 

(6.5-9) 

(63) 

222 206 

Ar B-X J_93 (4.2) V75 

C-A 203 (48) 199 

Ne B-X 108 (2.6) 

C-A 117 (38) 

Table 1 1 ) 

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. 
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5.10"18cm2 (for XeF ( 1 0 ) ) . 
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 

n o . • ^ i - ^ i (11) , (12) 
many excellent review papers on rare gas halide lasers 
(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. 

(13) 
Rokni et al have considered in detail the formation 
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 the ir complexity, their deductions for KrF 
will now be outlined. 

First, consider the electron beam pumping (1.3.1) of a 
typical gas mixture Ar : Kr : F^ in the ratio 180:20:1 at a 
total pressure of 1-3 Bar. Figure 2(a) illustrates the 



1 8 

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. 
- 2 

At a typical current density of 10 A cm , secondary electrons 
predominantly dissociatively attach themselves to F^, 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 Kr+ 

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* r a d i a t i v e l y 

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 0.6 via the "harpoon" reaction 
Ar* + F2 —— 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, F^* 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* level have been obtained by observing the 
B-X radiation as a function of partial pressures (table 2). 
The reactions which form K^F* proceed more efficiently at 
higher pressures, and K^F* emission is indeed observed to 
increase with pressure. 

Further reductions in excimer laser efficiencies may be 
caused by photoabsorption (see table 2 for KrF). Firstly, 
there is photodissociation of the halogen carrier. This is 
important for F^ 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 the bulk of this thesis, has not so far reached the complete-

(15) 
ness of that for KrF. Levin et al have, however, developed 
a model for the kinetics of the long pulse pumping by an electron 
beam of a XeCl laser, with HC1 as the chlorine donor and Ne as 
the major diluent. Modest electron beam pump power densities of -3 
100 kW cm and long pulse lengths of 1 us were considered. The 
B state of XeCl was formed efficiently by the ion-ion 
recombination of Xe+ and CI . Xe+ was produced by a rapid three-



(13) Table 2 u ; 

(a) quenching 

Reaction Rate constant 

KrF* + F 2 — ^ products 7.8 x 1cT10cm3s' 
KrF* + 2Kr — K r ^ F * + Kr 6.7 x 10"31cm6s' 

KrF* + Kr — — products «1.7 x 10~12cm3s' 
KrF* + Kr + Ar-~ Kr2F* + Ar 6.5 x 10~31cm6s' 

KrF* + 2Ar — products 7 x 10"32cm6s" 

(b) photoabsorption 
2 Species Cross section/cm 

F~ 5 .6 X 10'18 

K r / 1 .6 X 10"18 

Kr2F* 1 .6 X 10"18 

Ar2
 + 1 .3 X 10"17 

Ar** ,Kr** 6 X 10"18 

Dominant KrF* quenching and photoabsorption processes 
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body charge exchange process between Ne* and Xe, while the CI 
was the result of rapid electron attachment to vibrationally 
excited HC1. This vibrationally excited HC1 (v = 1), pro-
duced by secondary electron interaction with ground state 
H CI , has a 4 0 times greater dissociative attachment rate 
constant than the v = 0 level. For. the conditions considered 
CI was identified as the major absorber of the XeCl* 
emission. 

In the electron-beam sustained discharge pumping of both 
XeCl and KrF, 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 second, since 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 ̂ ^ ^ ^ a bank of capacitor stages 
is slowly charged in parallel and then rapidly discharged in 
series by means of spark gaps. Figure 4 shows a schematic 
diagram of a typical five stage Marx generator. If the 
charging voltage is V^ across N stages, then the output 
voltage is approximately given_by v o u t= N 

Pulse transformers for high voltage generation are usually, 
but not exclusively, air cored and are often in the form of an 
autotransformer^^ ' ^ pr-j_mary Qf s u ch 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 

(22) 

repetition rates are possible . The output voltage pulse 
from such a transformer has an approximately (1 - COSCJ t) 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) 
pulse forming line . A Blumlein pulse forming line supplies 
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 tailoring 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 vacuum 
diode. A spark gap may be inserted between the power supply and 
the diode to prevent voltage reaching the load before charging 
of the pulse forming line is complete - the phenomenon of 
prepulse. In the vacuum diode the electron b.eam current density - 2 

is typically 5-500 A cm over the area of the cathode, with 
total currents of 5-50 kA in pulses of 50 ns - 1 p,s. 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 

(24) applied . The current density is then space-charge limited 
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(25) by Child's Law and the electrons enter the laser cavity 

through a thin, 25-50 îm, 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 hV /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 also sufficient to produce rapid ionization 
from these excited states by'R* + e R+ + 2e . This means 
that high pressure discharges are inherently unstable. How-
ever, this'problem can be circumvented with the electron .beam 
ionized, attachment stabilised, discharge technique 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 ( 2 7 ). 

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 ^0.5, or twice the value for the electron beam 

s 
alone. Also, because the discharge plasma has a well defined, 
if low (< 1 _tl ), 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 
technical 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 generator 
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 

(28) energies of Joules in pulses of 10-40 ns . The techniques 
(29)—(31) of low inductance capacitor dumping and, less often, 

(32) (33) LC inversion networks ' 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 (31) 
the main discharge electrodes 

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 g lifetime greater than 10 shots. 

1.3.4 X-ray preionized discharge pumping 
(36) 

This relatively rec.ent alternative to ultraviolet 
preionization has the advantage of scalability in high pressure 
lasers. Due to the very small collision cross section of X-
rays, ionization of large volumes is possible. The spatial 
homogeneity of the X-ray induced preionization has allowed 
avalanche discharges to be run for up to 2 0 0 n s ' ' 
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 
been developed for preionization studies ̂ ^ and can operate 
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 heat 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) 
reported .^2 lis long, 9 .37 5 GHz microwave pulses have 
produced —500ns of spontaneous emission and 100ns laser pulses 
from the XeCl excimer. More recent work by the same group (42) 
has increased the laser pulse length to 200ns . In both 
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 high-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). 

(43) 
Ewing and Brau, in 1975 , 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 
5 0 \iJ were obtained. The output spectrum was made up of two 
peaks, now known to be the (0,1) and (0,2) vibrational ba-nds of 
B —* X at 308 . 0 and 308 .2 nm. Cl2 and Ar2 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 HC1 and Ne by Champagne . This allowed a 5% 
extraction efficiency to be reached. Somewhat contradicting 
this, however, is the comprehensive study of halogen 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 
by Levatter et a l ^ ^ , who 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 |is through a 10 x 120 cm2 foil 
window into a 6 1 discharge with electrodes 5 cm apart. For an 

- 2 operational gas mix with an Ar diluent and 8 Acm of electron 
-1 

beam entering the gas output energy densities of 0.02 J1 and 
-1 

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. In 
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 such that 
it was below threshold for e-beam pumping alone, but above it 
for sustained operation. (47) 

Rothe et al 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 of 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 3 
100 cm extraction volume (4.2% extraction efficiency). In 
the sustained mode with the discharge electrodes now 3 cm 3 
apart and for a 160 cm 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 developed 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 
(45) (48) seem so clear . If the results of Oomen et al for the 

increase in laser output power in KrF, 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 

(49) 
short pulse modes . 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 
high energy as well as short temporal duration. An ideal way ' 
of achieving this would be the mode-locking 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 



35 

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 the important 
results and propose both improvements to the completed experi-
ments and new experiments which could usefully be performed 
with the XeCl 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 power 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 generated a trans-
verse electron beam which allowed the sustained discharge 
operation of an XeCl laser. The diode voltage reached a peak 

- 2 

value of 300 kV in a 400 ns F.W.H.M. pulse, and 7 A cm 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 
3 

0.66 x 1.22 x 1.48 m . 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 complete 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 TX^. This was a copper foil-wound 
autotransformer insulated with polyester film (0.25 mm thick 
"mylar") and constructed as follows. The copper foil windings 
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were tapered, 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 first 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 transformer. 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 

3 
on two cradles in a perspex box of dimensions 34.5 x 23 x 23 cm 
and covered in transformer oil. The whole box was then placed 
in a chamber and evacuated. This ensured complete extraction 
of air from between the transformer turns and its replacement 
with oil for greater dielectric strength. Copper sulphate 
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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 
reported by Martin et a l ^ ^ . 

2.2.2 The primary circuit 

The primary capacitor bank C 2 ( s e e fig* 7) consisted of 
a 0.3 and 0.2 5 |iF rapid discharge capacitor connected in 
parallel. It was charged by a Hartley Measurements Ltd., 

-1 
200 Js , 50 kV charging unit via the inductors L^ and 
These inductors, together with the capacitor C^, comprised a 
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. C 2 was connected with 15.2 cm 
wide copper foif to the feeds of the primary winding via the 
primary spark gap SG^. The feeds were wrapped with insulating 
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 
of perspex in which were mounted two stainless steel rail 
electrodes, 8 mm apart, and a trigger blade electrode. The 
trigger blade was set parallel 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 C2, an isolated Maxwell trigger unit was used (Model no. 
40095B). 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 firing,- it was 
necessary to prevent energy feeding back into the trigger unit. 
Figure 9 shows the coupling circuit employed. Two 1 kCl 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 kfl 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 C 2 with a potential divider formed by the 200 M A and 100 M.TL 
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 was 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 C 2 charged to 46 kV, to just prevent self-breakdown. 

2.2.3 The secondary circuit 

Secondary capacitance C^ was charged directly from the HV 

output of the transformer. Spark gap SG9 connected C~ 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 
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. R^ 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 k_TL were strapped across the larger capacitors 
and 2.8 kfl across the smaller, making a total R^ of 14 kfl. 
The capacitors were connected together with brass plates, and 
to the HV of the transformer with 0.64 cm diameter copper tubing. 

SG2 was a simple two electrode spark gap pressurised with 
SFg. 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 
2_fL 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 SG2 but filled with copper sulphate solution. 
It limited the amount of current which could be drawn from the 
power supply if a short circuit was to develop in the load (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 C^ 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 109 552 and provided independently by 
(52) 

J.C. Martin ' . 

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 C^ as a function of time, then it is 

found that, in the underdamped case : 

v(f) _ 1 1 [cosUjUexpt-oan - cos(u2nexp(-pt)] (2.1) 
VC2(0) " LsCs { " 

where V^ ^ is the initial voltage on C 2, 

= / C2 + Cs " °c2 , / - ' f 
LpC2Cs J Lp(C2+Cs) 

Rs _J 
s L s 

capacitance, L g is the total series inductance, Rg is the- series 

resistance and L^ the primary inductance-. C s is the reflected 
2 secondary capacitance (= n C^ + stray effects in the secondary 

windings) and R^ the effective reflected load resistance (= load 
2 

resistance/n + stray 'effect of monitors etc). n is the trans-
former turns ratio. 

The first peak in the output of the transformer, when SG0 
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was set to break down, occurs at a time t given approximately 

by 

Ls C2 Cs t = Tf , 
. / C2 + Cs (2.2) 

neglecting damping, and the peak voltage reached, V , is given 
ir 

by (defining a gain G) 

Vp_ = exp(-pti » exp(-«t) ( 2 > 3 ) 
2 = VC2(0) ' RC + RL * 1 

where Rc = Cs /C2 and RL = Ls I Lp • 

The values of L , L , C , R and R depended both on the s p S S LJ 

construction details of the transformer as well as on the 
external circuit to which it was connected. For example, L , 
the series inductance, was given by the sum 

Ls" Lcap + Lgap + Lfeeds + Lleak (2.4) 

where L was the equivalent series inductance of the cap ^ 
capacitor, L the inductance of the spark gap, L_ , that gap reeas 
of the connections in the primary circuit and 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 behaviour 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 60-TL copper sulphate resistor. When C^ was charged to 
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 C^. 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 systems, 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 

(53) 
design of such bushings is well understood , and the bushing 
to be described was originally developed for operation at much 
higher voltages 

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 oh 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 '0' rings, 
giving a good vacuum seal. The chamfering of the perspex rings 

(53) 
optimised the breakdown strength of their surfaces and the 
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 identified . Stable field emission first occurs 
from microscopic whisker-like projections along the cathode _ -I due to initial field enhancement (several MV cm ). Local 

9 -2 current densities of up to 10 A cm 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 and is the working 
regime for any emitter. The exploding plasma also moves towards 

- 1 

the anode, at 2-3 cm |is , 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(55» as 

3/2 j = 2-3 3 V3/Z (2.5) 
S2 

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 Z = 172 s 

i v 1 / 2 ( 2 . 6 ) 

(57) 
Only the empirical treatment of Martin 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 

(4 9 ) 
height of 2 cm were originally chosen on the basis of 
existing reports of successfully operating e-beam sustained 
XeCl lasers ̂ ^ ' ^ ^ . The transmitted 2 x 40 cm^ beam was 
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 oil applied from 
a solution of the oil 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 -5 
thin but strong barrier between the high vacuum (< 10 torr) 
of 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-cathode 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 
(a) the diode voltage - the voltage reaching the cathode 

was monitored from inside the power supply with a copper 
(58) 

sulphate resistive divider . Essentially this consisted of 
two copper sulphate resistors in series, with an overall 
resistance —10 kXL. One resistor was in the form of a long 
P.V.C. tube filled with copper sulphate solution (resistance 
— 10 klT) and was connected to.a low resistance (— 5_fL) copper 
sulphate resistor which was formed between two circular copper 
plates. The voltage 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 
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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_n_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-fL 
symmetrically placed non-inductive resistors. However, blue 
cellophane dye 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 cm2aperture 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 variation 
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 : 

(i) 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 
contrary^^ , a 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 the 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-

(61) 
tive electrostatic focussing arrangement , 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 15 (plate) The focussing electrodes 
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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 course, 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 which were varied. In 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 value of the diode impedance and hence s was kept 
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 f , the focussing electrode separation. 
Greater focussing levels could be achieved by reducing this and 



Figure 16 
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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 f of 8 mm was found to 
give reliable focussing - for larger values the beam divergence 
was too great, while for smaller values the diode was unstable. 
Having decided on a value of f , 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 \im) 
aluminium prefoil was taped 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 the prefoil was not 
used, the energy due to these electrons was deposited in the 
main 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 
protecting 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 SF^ 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 

2 x 38 cm "Hibachi" grill structure, consisted of either 75 |im 
P.T.F.E. coated "Kapton" polymide film or 30 |im titanium. 
Figure 18 is a plate of the foil and "Hibachi11 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 when it failed the foil 
collapsed totally and often caused damage to the e-beam diode 
assembly. Kapton failed gradually, as it developed 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% transmission which acted 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. In the case of dye dosimetry, after 
one shot the system would again be opened to extract the cello-
phane and prepare 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 several 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; it involved 
entering both the discharge and diode cavities and made 
repassivation unavoidable. 

2.6 Standard operating characteristics 
With accurate positioning of the cathode (to ± 0.5 mm) 

and regular maintenance, the electron beam generator 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). C? was charged to 46 kV, SG1 pressurised to 22 psi 
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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 3 00 ns 

Output current (peak into 44_n_ load) 4.1 kA 
Beam height at the prefoil 4 cm (x 4 0cm long) 

2 

Window size 2 x 40 cm 
Mean (spatial) current density over the window 

- 2 

area at the prefoil 3 0 Acm 
Mean (spatial) current density entering the - 2 discharge volume 13 Acm 

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 
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 • 

- 2 current density at the prefoil was calculated to be 26 A cm 
and cellophane dye dosimetry indicated that at the central 
portion of the foil overlapping the window it was approximately 

- 2 - 2 

30 A cm . 13 A cm 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 - 1 

was therefore — 2.2 cm M-S 
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 ' 01 rings made from Viton and lubricated with 
fluorinated vacuum grease. These precautions were made 
necessary by the extremely corrosive nature of the laser gas 
mixtures. The pressure bearing foil was sealed by a single 
'0' ring in a metal compression plate and the mesh set in 
front of it with a second 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 the 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, 
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Figure 19 (plate) Diode and discharge chambers • 
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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 '0' 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, 7.6 2 cm diameter 
Spectrosil 'A' windows could be fitted at Brewster's angle. 

Before any exper-iments were begun with a particular laser 
gas mixture, the cavity was passivated overnight with — 5 0 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 HC1 
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. 
-4 

After evacuation to < 10 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 oils by halogenation. 

3.3 Discharge design and operation 
Figure 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 C4, C5 (total C T 0.25-0.55 uF) to up to 30 kV. 
Energy from C T was then discharged into the laser cavity via 
spark gap SG^. This was a low inductance rail gap, of similar 
design to SG^, with main electrodes 27 cm long and 0.5 cm apart 
and pressurised with dry air. It was triggered automatically 
from the potential divider R2, R^ mounted in the pulsed power 
supply (figure 7). D.C. biasing of the trigger electrode was 
set with the resistive network R^, Rg, R^. A small value 
resistor Rg, 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 dependent on the overall inductance L T of the 

discharge circuit. It was observed, and it has been 
(62) 

reported , 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 current density and 

discharge dimensions. If the time varying discharge 

impedance is denoted by Z^(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) 
vd(t) - VCT(0) Zd(t) expt-oc'tisiniiot) (3'1) 

LO LJ 

where V^qj is the initial voltage on C T, 

Zrt(t) 
OJ = /_l_ - a n d = ̂r, J LTCT 2U 

The power deposited in the discharge was therefore 
2 

v^(t) /Z^(t). 3.1 implies that the total energy deposited 
in the gas was maximised by keeping, 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 C T to SG^ and three 
feeds were used to connect SG^ to the anode in the discharge 
cavity. 
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The range of available values of C T, consisting of two 
rapid discharge capacitors, was 0.25 - 0.55 |IF. Higher values 
of C T decreased the discharge voltage risetime and, especially 
in the upper part of the range, did not appreciably increase 
the energy deposited. In early work, a single 0.25 JIF capacitor 
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 M-F was most 
commonly used. 

Figure 22 is a plate of the complete laser system. The 
plate shows, from background to foreground :- the oil 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. In 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 uF, charged to 24 kV. 

3.4 Performance 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.T.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 optimisation 

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 HC1 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 the 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 optimum 
for operation in the sustained mode. 

3.4.2 Electron beam sustained pumping 
A similar procedure was followed for the electron beam 

sustained discharge pumping of XeCl, with the added complexity 
of being able to vary the discharge parameters. 

With C T 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 HC1, Xe and Ne as for HC1, 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 first 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.profiles computed (as in, for example (63)) but such 
a facility 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 ̂ ^ ' ̂ ^ . 

The Berger and Seltzer tables ̂ ^ 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 
(4 7), 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 jump techniques, where a change in gas pressure 
is related to a temperature rise and hence the deposited energy, 
would have inv®lved 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 transducer 
were easily damaged in the "noisy" vicinity of the generator. 

An alternative technique 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 low 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 

fc = fg d9 s9 (3.2) 
dc sc 

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 

2 - 1 

defined in terms of MeV cm g 
Figures taken from (64) implied, using 3.2, that three 

layers of 25 jim thick cellophane would therefore be equivalent 
to 3 cm of Ne at a pressure 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 

-2 
deposited cm in each. The energy deposited varied spatially 
across the beam, as in Figure 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 
area under the curve is then the energy deposited, in this 
case 96 J ± 10%. The energy stored in the 0.55 |iF 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 discharge was run was enough to find its 
dimensions. As expected, the discharge grew from the width 
of the 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-

2 sectional area was therefore 10.3 cm . 
3.5.3 Efficiency calculations 

2 
Measured from burn marks, the laser beam area was 4.9 cm , 

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 (S2) and without (S^) the 
back reflector M, a 100% silvered mirror. The cavity windows 
were set at Brewster1s 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), 

(66) the Beer-Lambert and inverse square laws imply that 

or 

S 
(3.3) 

where k is a constant. Similarly, on addition of the reflector 
M, 
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Rk/ exP[cc(z + L)] dz L (p * z)2 
(3.4) 

where p = d + L + 2d^ 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 

1 + Rexp(ocL)f exP(cCZl dz Jq (P + z) 
IL 

exP(cCz), dz (d - zr 

(3.5) 

and defining a function F (cC) such that 

F(oC) 
/ exP(oCz)

0 dz 
/0 IP + z)2 

I* expfccz) dz 
/0 (d • z)2 

(3.6) 

(3.6) may be expanded in a MacLaurin series 

F(OC) = F(0) + ocp'(O) + ccf F"(0) + 
2! 

(3.7) 

It can be easily shown that 

F(0) = (d + L)d 
(p + Up (3.8) 

and 
F (0) = (d * L)d 

L 
In/L + p\ 

L + p 
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(d + L)2d2 

(p + L) Lp 
.n / L + d 

L + d (3.9 

In this case, 
L = 38 cm, d = 39.3 cm, D = 133.4 cm (d = 28.1 cm). " m 
Substituting in (3.8), (3.9) implies that 

11(01 ~ 0.4 (3.10) 
F(0) 

- 1 - 1 

Thus, for a realistic gain value of < 1 0 cm , the 
second term of (3.7) is significantly smaller than the first. 
To a reasonable approximation, the ratio S2^S1 c a n therefore 
be rewritten as 

h = 1 • Rexp (cCUIi_i_kld (3.11) 
Ŝ i (p + L)p 

For the arrangement of gas, discharge, e-beam, etc., which 
allowed an 800 mJ output, the peak net small signal gain 

-1 coefficient has been found in this way to be cC = 0.05 cm 
(67) 

Other methods exist to calculate the gain of a laser , 
but this calculation allows a reasonable estimate to be simply 
made. The result produced is approximately 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 7 0 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 o'utput 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 energy of 4 J 1 and an average power of 3.2 MW (0.63 MW cm ) 

(47) 
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 for the success of the 
experiments to be described 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 6 7.5 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: HC1 : Xe : Ar : Ne in the ratio 
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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 s.ame extent as Ne. Second, the 
laser output pulse length was found to be increased by 30 -
4 0 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^^ . This improvement must be 
balanced against the increased absorption at 3 08 nm by Ar* 
molecular ions as the Ar partial pressure is increased. In 
this case, the addition of 0.5 Bar of Ar to 3 Bar ©f Ne was 
optimum. 

When a well-defined cavity length was required, Brewster 
angled laser cavity end windows were fitted. In 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-
duce a polarized output '(0.04 cm ) . 

In conclusion, these precautions allowed the laser to be 
-1 

fixed at a typical rate of 20 shots hour 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. 
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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 % 
Gain/cm ^ 

Optimised Standard operating 

800 250 

250 200 

Ne:Xe:HC1 Ne:Ar:Xe:HCl 
1260:17:1 1140:190:25:1 

5 3.5 
20 17.5 
96 67.5 
1.5 0.5 
0.05 0.04 

Laser performance summary 
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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 chosen. One end of the 
cavity was formed by the > 9 7% reflectivity multilayer dielectric 
mirror and output coupling was effected via lens L^, a quartz 
lens with an aluminised, 3 mm diameter central spot coated onto 
its plane surface. This reflecting spot behaved as a mirror of 
focal length^ -50 cm, and the overall magnification of the 
combination was 5.8. Lens L^ rendered the output beam parallel, 
and L^ was available to focus the beam down to a spot. 

Siegman ^ ^ 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,of the system were therefore 
set, so also was the required focal length of L^ since 

M = (1 - R/L)1/2 - 1 (3.12) 
(1 - R/L)1/2 - 1 

where M is the magnification, L the cavity length and R the 
radius of curvature of the reflector formed by L^. The limiting 
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 66 5 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 L^ 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 

-2 
focussed power density of 0.44 GW cm . 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 - 2 focussed power density 0.04 GW cm 

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^^ ̂  ' ^ 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 arrangement would be necessary to increase the 
output pulse length but would reduce the output coupling. With 
a lower loss system it might also be possible 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 
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 
bomb kept at sub-atmospheric pressure and regularly refilled 
from 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 : F^ 507 : 20 : 1. Laser action began 
approximately 4 0 ns before XeCl action would have begun, 
relative 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 energy of 15 mJ.A 
0.55 jiF 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 imply 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 3 00 ns, a time corresponding to the end of laser action, 
must coincide with the discharge becoming unstable. 

3.9.2 Explanation of the instability 
(62) (73) 

Long 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 F^/ the total gas density, the field within 
the cavity E, and the electron beam current density entering -3 
the cavity J^- With N as the neutral gas density (cm ) , 
Long gave data for the maximum E/N allowable for stable dis-
charge operation and showed how it was affected by variations 
in J^/N a nd 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 

- 2 

concentration and J ^ = 13 A cm , at E/N — 16jTd where 1 Td = 
-1 7 2 10 V cm . Experimentally, the highest voltage reached was 
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18 kV, corresponding 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. 

- 2 As has been seen, J , = 13 A cm was therefore not sufficient ' eb 
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 

- 2 

generator. 13 A cm 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 passes the pulse of 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 (7'6) (77) experiments and has been used for bath visible and 
(78) 

UV 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 visible and 
UV wavelengths. 

4.2 Optical pulse generation by electrooptic phase modulation 
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, 
(KH~PO.) known as KDP, potassium dideuterium phosphate, 
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(KD9PO ) or KD*P, and ammonium dihydrogen phosphate, 
(NH4H2P04) or ADP. All three have the same crystal symmetry 
(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 Eapplied along 
the z-axis. Any light incident and travelling parallel to the 
z-axis can be split into two polarizations along the orthogonal 
directions x1 and y' as shown. On the application of E , these 
two polarizations travel through the crystal with different 
velocities corresponding to different refractive indices. For 
a 42 m symmetry, these are 

n o " i l o r
6 3

E z ( 4 . 1 ) 

and ny' = no + Hor63Ez (4.2) 

where n Q is the ordinary and ng the extraordinary refractive 
index of the crystal, and r ^ is a n electrooptic coefficient. 

A phase retardation T is therefore generated between these 
two components at the output plane of the crystal. If a voltage 
V is applied to the crystal of length 1, then 

r = ! L £ L - ( 4 . 3 ) 

or r = ^rf (4.4) VTF 

where is the angular frequency and "X the wavelength of the 
light. % is known as the "half-wave" voltage and is given 
by 
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(4.5) 

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 x1, y1 

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 y1. A simple analysis shows that the output intensity 
I emerging from the analysing polarizer is related to the input 
intensity I. by 

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) (go) gaps , krytrons or avalanche transitors . None of 
these options has the capability of low jitter, high (100 MHz) 

o (4.6) 
I-, 2 Vw 



111 

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 
S i ^ ^ or GaAs^^ , 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 Vq 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 X and that the dark conductance 
of the device is negligible, the conductance across the gap 
can be expressed as 

Git) = G0 exp(- fix) (4.7) 

where Gq is the conductance immediately following the illumi-
nation of the semiconductor. Gq can be related to the gap 
length 1 and pulse energy £ by (86) 



fime/ns 
Current delivered to a 5On load from a 

GaAs switch 



113 

2 where n^ is the refractive index of the crystal and 4nr/(nr + 1) 
accounts for light lost by reflection, hV/e is the energy 
of the photons in eV, and |i is the sum of the electron and 
hole mobilities. 

The total impedance of the device can be expressed by 

Z(t) = Rc + G(tf1 = Rc + Z0exp(WT) -(4.9) 

where R is the contact resistance of the electrodes, and the c 
current switched into a load of impedance ZT is 

i m = T ; n — — r n ^ r ( 4 . 1 0 ) 2Zl + Rc + Zj exp(WT) 

if the impedance of the charging cable is also assumed to be 
ZT. Although the conductance of the gap decreases exponentially, Li 
the current has an exponential shape only if 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-g 
vity of 10 _TL cm and the carrier recombination time X was 

(87) (88) 
< 100 ps . 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 50.TL and R is assumed Li C 

negligible compared to 100-TL. The maximum voltage which can 
be switched in this combination is V^/2, corresponding to a 
maximum current of VQ/100 into a 50_n_ load. This limit is 
approached if Zq << 100-TL. 

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 \iJ and 
durations of less than 10 ps. A schematic diagram of it is 
shown in figure 35. 

The laser^^' ^ ^ consisted 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 jf-F 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. In this case the dye used was Rhodamine 6G at a con-

-4 
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 multilayer dielectric output coupler and a 99% 
reflectivity mirror (at 600 nm) onto which a 2 mm thick con- -5 
tacted dye cell was placed, containing an approximately 5 x 1 0 M 
solution of DODCI (3,31-Diethyloxadicarbocyanine Iodide) in 
ethanol. The cavity length was > 1m. 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 |iJ. Pulse widths of 5 ps have been 

(77) 
measured from this laser on a Photocron streak camera , 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_TL 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 "* (87) limiting bandwidths of oscilloscopes, has been studied 
Equations 4.8 to 4.10 can, however, be used to predict the 
performance of the switch when illuminated with 3 0 p,J pulses 
from the dye laser. In equation 4.8, where n^ = 3.3^°^, 
€ = 30 |iJ, |i — 9000 cm 2/V s

( 9 1 ) , 1 = 3 mm, and » = c/610 x 10"9Hz, 
then Zq, the impedance of the switch immediately following 
illumination, is 1.3-TL. This is a lower limit on ZQ 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<<100JTL . This may 
(91) 

be over-optimistic and the effect of contact resistance could 
•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 illuminated. When this occurred, the contact 
would not behave ohmically, 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 will 
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 
(77) (78) 

GaAs switch and previously used for mode-locking ' 
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 figure 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 5pF 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 background onto a screen beyond the 
second polarizer. When the centre of the cross coincided with 
the original direction of the red beam, the z-axis 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 alignr 
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 8 00V 
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 lis 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 k_TL 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 50_n_ coaxial cable, across 
the Pockels cell, and into the second terminated piece of 50.fl. 
cable which "prevented pulse reflection. Since the switch had 
a finite impedance when unilluminated, a 3M_Q_ resistor was added 
across the termination to prevent slow voltage build-up across 
the Pockels cell. 

With the switch charged to 3kV, 600V pulses were transmitted 
towards the Pockels cell (oscilloscope measurement). When the 
50_TL_ input oscilloscope was then used as a termination in figure 
39 in place of the 50_n_/21 nF combination, the pulse height was 
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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 pulses 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 (V* 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 resistance 
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 v^(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 

v(t) = exp(-Rt/2L) sin(tot) (4.11) 
uj LC 

where oj = / -1- - — 
V LC 4 L 

Since the peaks of transmission for the modulator correspond 
2 

to maxima in v(t) , the pairs of peaks in 40(b), occurring in 
response to each incident sharp voltage pulse, must appear at 
times of t = ft/2co and t = 3Tf/2vo (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 resistance. An approximate skin depth calculation would 
imply that R is small enough such that 

R2 1 
A « T T ( 4 . 1 2 ) 
4L LC 

and therefore the period of figure 4 0(b) gives a value for L, 
assuming that C = 5pF, as claimed by the manufacturers, of 
L Z 10 0nH. 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 :> 1kV to be transmitted from the switch into a 50_0_ 
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 modulator with the 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 frequencies considered in this chapter, 

the voltage across an electrooptic crystal may appreciably 
change in the time it takes for the probe light to traverse 
the crystal. Although a voltage pulse with a certain peak 
value Vp 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 V . 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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r = Ea l ( 5 . 1 ) 

where a = ^nor63 

However, if E changes during the transit time of the crystal 
X (— n0l/c ) then equation 5.1 must be rewritten as 

r ( t ) = E(t') dt' ( 5 . 2 ) no / 

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

If E(t') varies sinusoidally, the frequency of this function 
V) at which the peak retardation is reduced to 90% of its m 
unmodulated value is given by (93) 

For a crystal of KDP or KD*P with an active length of 2cm 
9 (n ̂  1.5), then = 2.5 x 10 Hz, If the length is reduced 
9 

to 1cm, then V m becomes 5 x 1 0 Hz. A GaAs switch can supply 
pulses of less than 150ps duration 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 

(94) 
modulator. Commercially, the fastest Pockels cell available 
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 
2 

17.5 x 17.5 mm (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 crystal to be polished, and since 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 -TL.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 = § (5.4) 

where 6 is the dielectric constant. If the condition a << b r 
does not apply, this must be rewritten as 

z
0 = — r — (5-5) 

b€rc0c 

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 = 2 0 and a/b = 1.43, 
which implies a value of k = 0.41 ̂ ^ . Hence the impedance of 
the line is ZQ= 49_TL. (equation 5.5) , if the effect of the 5 mm 
aperture is ignored. 

The arrangement of figure 42(a) was constructed to incorpo-
rate the crystal into a 50_n_transmission line and drive it from 
a GaAs switch. Theoretically, a voltage pulse generated from 
the switch would efficiently sweep across the crystal aperture 
and provide equally rapid light modulation. The approximately 
50_tl line leading to the crystal was constructed from layers 
of 0.25 mm thick mylar and impact adhesive with two parallel 
plate, 17.5 mm wide, aluminium electrodes. The energy for each 
pul se was supplied by a 59 pF low inductance capacitor. This 
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was formed from two 17.5 x 17.5 mm2 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 50n. line, leading away from the crystal, 
was terminated with either a resistor or a 50_n_ input impedance 
oscilloscope. The oscilloscope showed that pulses of comparable 
magnitude to 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 50x\_ charging line and discharging 
the 59 pF capacitor directly through the switch and on to the KDP 
crystal. The crystal, 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 before. Therefore, 
although the problem of applying rapid voltage pulses to the 
crystal electrodes appeared to have been solved, the limitations 
of crystal length and aperture described in section 5.2 were 
restricting the efficiency of light pulse generation. Section 
5.4 will discuss the specific crystal and electrode structure 
which was designed to improve this situation. First, however, 
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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, 
even 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 is 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 

(97) (98) 
schematically a Blumlein pulse forming line ' . When 
the switch closes, a step of magnitude V is transmitted down 
the line towards the load. If the load and lines are matched 
^Zline = ^load^^ ' t*ie Pu^-Se s split into two at the load, 
V/2 which is reflected and 3V/2, which is transmitted. The 
transmitted portion is itself divided into V across the load, 
and V/2 transmitted into the second half of the line. Both 
V/2 edges travel up and down equal lengths of line and return 
simultaneously to the load, but the component reflected from 
the closed circuit suffers a Tf 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 A t , where 
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At — 2 x £ •1/2 

(5.6) 

x is the physical length of each branch of the line 
(figure 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 .5.TL- small compared to 

SOrt, and with a width matching the crystal width (assuming €.r 
(99) 

2.7 for mylar ). A 7_n_ 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 voltage across the crystal was required. The low 
inductance, 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 
until the required 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_n_ 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 
(> 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. In 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 
3.5_n_, 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 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 
semiconductor, S^, has the problem of a too long recombination 
time of 20 . 

To conclude, a simple method for the efficient 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 
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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 
A 5 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 

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

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

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 would 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 1 00 ...LL 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 on the time-scale of operation 

of the switch. Finally, the 20 n~ capacitor was itself charged 

th.rough an isolating 3 M ...("L r.esistor by a stabilised power supply. · 

Figure 48 is a plate of the final mounted modulator. 

SQS 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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(plate) The Figure 4 8 redesigned modulator 
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respect to a third,-and the half-wave voltage was found 

by applying a bias to the crystal and monitoring the background 

level of light leaking through the modulator. This produced a 

value of V"rf = 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 trace 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 voltage 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 which is more 

convenient for analysis. The image appearing at the phosphor 

is then intensified with an image intens~fier to allow photo-

graphic recording. 

A Photocron II streak camera with a S-20 UV-photocathode( 194)' 

( 10S) which h~d a sapphire substrate and windows to allow 

op~~ation into the UV was used .. The experimental ar~angement 

for s~reaking the pulses is shown in figure 50. A fraction·of 

the beam was projecte~ via a UV fil~~r and a piece of diffusing 

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 -1 

relatively slow sweep speed of x 10 ms with a resolution 
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. There were 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 several 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 arid' only illuminated the slit 
infrequently. Apparently 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 3 5mm HP5 film. A microdensitometer 
scan of a pulse pair is shown in figure 49(b). Calibration 
(step) wedges recorded on the same film 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 > 3 0% of that 

transmitted by the uncharged crystal, estimated from streak 
camera and photodiode traces and assuming linearity of photo-
diode 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_n_ 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 

(92) 
1 mm diameter wire making up the charging circuit is ^ 1 0 nH . 
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 

v(t) = C2Vq 
C1 + c2 

m2exp(m^ t) - (i^expln^) + 1 

m-j - m2 m<| - n^ 
(5.8) 

where m̂  ,m2 
2 L 4L' 

Cj + C; 
L C 1 C 2 

and VQ 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 
produced due to non-uniformities of the applied electric field -
a square electrode geometry was not ideal, and a cylindrical one 
would have been preferable, but difficult to fabricate. Also, 
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 
(see 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 replaced 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 modulation 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) 7 ( 1 0 7 ) ' ( 1 0 8 } , and cannot 
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be achieved in a simple structure. While tha fast optical 
switch of Le Fur and Auston^8^ does use the transverse electro-
optic effect, the electrical wave still travels in a direction 
perpendicular 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 p u l s e ' . By considering 
the duration and magnitude of the pulse generated as the 

illumination intensity at a switch is varied, effects such as 
(87) 

switch saturation, efficiency of operation 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 longitudinally 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 sustained 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 GJ of successive modes of a resonator of length L 
is given by 

(assuming unit refractive index, and where c is the velocity 
of light). The total optical electric field resulting from 
multimode oscillation, at an arbitrary point within the reso-
nator, is therefore given by, using complex notation, 

where the summation is over the oscillating modes n and COq is 
a reference frequency, is the phase of the nth mode. In a 
typical laser,0 varies randomly with time. Mode-locking occurs 

n o (6 .2 ) 
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when the phases 0 n are locked together, for example at zero. 
In this case, assuming E n = 1 for simplicity, 

(N-1) 
- 2 

E(t) = Y . exp[i(cj0 + neo)t] ( 6 . 3 ) 
-(N-1) 

exp( iu 0 t) sin(NcoW 2) ^ ^̂  
s in(oW2) 

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

PIN sin*(Ncot/2) ( 6 . 5 ) 

sin2(^ot/2) 

Equation (6.5) implies that the laser power is emitted in 
the form of a train of pulses with a period t = 2 TT/to = 2L/c. K. 
The individual pulse width is t = or, if Ai) is the gain 
linewidth, 

For an excimer laser, this bandwidth limit for the obtainable 
(109) 

pulse duration is < 1 ps . 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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(110) mode to those of lower gain '. This is equivalent to the 
generation of sidebands at (CJQ ± nco) of the mode at 
created by modulation at . 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) 
modulators driven by a sinusoidal signal . The decrease in 
pulse width with number of passes around the laser cavity for 
both a Q-switched Nd:YAG laser and a CC>2 TEA laser was considered. 
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 laser action (£ 1 lis) . 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 discharge pumped XeF laser with an acouto-optic modulator (75) 
carried out by Christensen et al . 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 

(112) 
pulse lengths of — 100 ps . The advantage of fast, 
efficient modulators for excimer lasers is therefore that they 
encourage the generation of short pulses which would otherwise 
require microseconds to 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% (78) 
modulated train of pulses with durations as short as 310 ps 
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 by 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 = V-pj- /2) . Laser 
action could not therefore begin. 

To mode-lock the XeCl laser, it was necessary to apply 
voltage pulses at the round trip frequency of this laser to 
the Pockels 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 V-ff or 1.4 kV. In 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 photodiode-
Tektronix 7834 oscilloscope combination, are shown in figure 53. 
To obtain reasonably "clean" pulses, it was necessary to match 
the cavity lengths to within i 5 mm, corresponding 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 laser action could build up between 
the cell entrance face and the 97% reflectivity mirror. In 
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 coupled back 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 of the 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 ~s% (neglecting losses) from equation 4.6. 

Hence effectively two pulses are retransmitted 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 observed 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 energy in the pulse train was a frac·tion of a mJ 

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 

signal 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 



162 

the known efficiency.and losses of the modulator. Both 

techniques imply peak powers in the range 1-3 kW corresponding 

to an energy ~ 2 ~J in a 1 ns F.W.H.M. pulse. 

Some pulse shortening was observed through the pulse train, 

and pulses of = 1 ns duration were observed towards the end. 

Section 6.2.3 will now describe the results found when using 

the faster, more 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. With application 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 

e£ficient·operatio~ could only occur in the first case if 

the voltage a~ross the c~y~tal dropped ·t~ nearly zero 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 therefore efficient 

coupling back into the gain region. 

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

case (V~/2 ) and 4 kW in the second (V3~12 ) , accurate to no 
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2 better than 50%. The beam area was 5 x 5 mm . For 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 operating 
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 4 00 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-emerging 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 the higher charging voltage, V^^^ > structure 
observed occurred 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 

Moderlocking Pulse Peak Modulation Period of laser 
element duration power (approx) depth action 

Pockels cell 1ns 2kW >95% 1 00ns 

Redesigned 400ps 
modulator, 
V 

tt/2 

V-3TI72 

estimated 

1ns 

1 kW 

4 k W 

90 

75 

60ns 

1 20ns 

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 efficien,t 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 restridt 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 pu+se lengths very much 

shorter than the shutter speed will, in general, require laser 

action for times not so far available with excimer lasers. 

~t 

pulse 

with 

higher power densities, gain saturation may affect the 

length (saturation intensity·~ 0.1 MW em - 2 . for XeCl, 

. 2 (113) . 
~~ = 50 A ns )~ In theory, -when saturat1on 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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(114) 
as in the case of the amplification of ps dye laser pulses 
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 (78) 
modulator described in Chapter 4 , after only 3 roundtrips. 

In summary, a long pulse XeCl laser has been actively mode-
locked to give pulses of — 4 00 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 speed 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 (88) 
pulse from a GaAs switch (as short as — 30 ps 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, 
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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 

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 average energy and duration's typically of the order 
of 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 fluctuation 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) 
Mode-locking of dye lasers has been seen to produce pulses 
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) 
fication on the shape of a pulse . The saturable 
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 radiatior 
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, (75) 

due to mode-locking, has been reported for both XeF (351 nm) 
and KrF (248 nm) ]_asers< jn 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 5 2 ns duration and - 1 MW 
peak power were obtained with a 85% modulation depth. The best 
results were obtained for the dyes p-terphe'nyl (relaxation time 
X, = 1.5 ns) and auramino-0 ( "C — 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 
(121) 

light at UV laser wavelengths, pumped, for example, by KrF 
(122) 

or XeCl 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 
exposed 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 densities generated by the 
laser, even with two high reflectivity mirrors, would be 
insufficient to saturate the dyes of lower cross sections. 

Figures 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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a silvered mirror. The telescope consisted of a converging 

bi- or plano-convex Spectrosil B lens of 50 rom 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 em diameter beam 

emerging from the discharge cavity to be reduced to between 1% 

and 74%~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 100% reflectivity mirror (coated with Si02 ) 

was being exceeded for dye concentrations which allowed a 

substantial fraction of the incident light through the cell. 

Figure 56(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 em focal length lens into 

a 1 mm wide quartz dye cell. A 10 em radius of curvature 

mirror with a 100% (silvered) reflectivity completed tl;le laser 

cavity. · Hence, high power densitie9 c~uld be generated in the 

dye without the danger of _gamaging mirror coatings.· 

For all configurations, the dye cell windows were misaligned 

to prevent laser action occurring from them. Concentrated dye 

was introduced 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 or the 

cell effectively contained only solvent. 

Table 7 summarises the known characteristics of the dyes 
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Table 7 

dye solvent fluorescence extinction 

lifetime coefficient E. 

1/mole em 

p-terphenyl ethanol 940ps( 123 ) 5000( 124 ) ) 

700ps( 123 ) 31000( 124 ) 
) 

p-quaterphenyl toluene ) 

920ps( 124 ) 48000( 124 ) 
) 

BBD toluene ) 

Sns ( 1 23) 3000 ( 1 23 ) 
) 

coumarin ( 1 ) ethanol ) laser 
• ) 

2 (124) 16000( 124 ) dyes 
o<. NPO toluene ns ) 

1 3 (124) 30000( 124 ) 
) 

bis-MSB toluene . ns ) 

tin opal CBS=X ethanol 0 5 ( 1 3 0) . ns )fluorescent 

0 5 ( 1 3 0) 
) brightener 

uvitex OB ethanol . ns ) 

Sa~urableabsorbers for passive mode~locking 
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used. The convenient molar extinction coefficient, £ is 
defined by the relationship 

I = I01(fecd (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 . C (1/mole cm) is simply related to the absorption 

2 -21 
cross section cs" (cm ) by c = 3.8 x 10 £ . Most of the avail-
able dyes had similar fluorescence lifetimes. Where possible, 
those with higher cross sections were chosen to minimise the 
light intensity needed to produce saturation (cc /cX ) . 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, under any 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 XeCl laser must be sought elsewhere. 

First, the supposedly successul passive mode-locking of 
X e F ^ ^ and K r F ^ 2 ^ must be considered further. There is some 
evidence that mode-locking may not have been observed at all. It 

(1 2 
has been shown in experiments on a discharge excited KrF laser 
that under certain conditions the optical loss originating from 
an inter-cavity dye solution may lead to relaxation oscillations. 



176 

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 observed. 

A number of conditions must be met before pulse compression 
(118) 

can occur in a dye laser . One of these is that the gain 
recovery time must be of the same order as the cavity round trip 
time — 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 
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 laser 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 ^ ^ . Hence, in both 
lasers the relationship 1 does not hold (in this case 

< 1 ns, t R — 8 ns). Although this relationship has not been 
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 not occur, but also the 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 .K 
this could be made 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 ̂ 1 2 . 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 operating in the blue/green have been passively 

(128) ~ mode-locked , and the injection.locking technique may now be -
extended to shorter excimer wavelengths. Active mode-locking by 
the method described can be applied to most wavelengths (depend-
ing on polarizer and Pockels cell 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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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 
7.2.1 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-

- 2 

ties of 0.63 MW cm in a 250 ns (FWHM) pulse were obtained at 
•308 nm. The enhancement ratio 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 the 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, discharge 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-insulating GaAs switch with 

pulses of visible light from a passively mode-locked dye la'ser 
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 3 00 ps 
duration were switched out at a repetition 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 Further work 
7.3.1 The laser system 
A number of improvements could be made to the XeCl laser 

in order to increase its output energy 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 
increased 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 the 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 discharge 
cavity larger. Replacing the prefoil 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. 



181 

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 dye 
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 study of injection-locking and a further 
investigation of the behaviour of the laser gain. In the first 

(1 27 ) 
case, the experiments on discharge pumped systems could be 
repeated (section 6.4). Since the cavity would not contain any 
lossy internal elements, and since injected pulses might 
encourage the earlier build-up of laser a c t i o n t h e -
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 to the level where the injected 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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many 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 occui. 

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 would 

build up in this waye 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 

o~tput (Chapter 1) as a function of time, and the extent to 

which, in the long pulse system, one became dominant due to 

the homogeneous nature of tne transition. 

A new generation of flashlamp-pumped dye lasers( 128 ) will 

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 



183 

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 

t ( 1 3 2) 4-- (133) (1 34) . . , . , , etalon or grating tuned short pulse, discharge 
pumped laser. 

In conclusion, while X-ray 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 ELECTRON BEAM PUMPED EXCII1ER LASER SYSTEM 
M. Casey, P.W. Smith, and M.H.R. Hutchinson 
Optics Section, The 31ackett Laboratory, 
Imperial College, London SWT 2AZ, U.X. 

sUTnmary 
A compact electron beam pumped excimer laser system 

has been developed capable of providing high pover 
tunable VUV (10 MW) and UV (^30 MW) laser radiation in 
short pulses (^11 as). With simple modifications 
longer UV laser pulse operation can be achieved (3 MW 
over 280 ns). 

An unusually small high voltage pulsed pover supply-, 
the novel features of which are described, supplies one 
of three easily interchangeable laser heads. Two of 
the laser heads use coaxial electron beam diodes to 
pump the rare gas and rare gas halide excimer5 respec-
tively. The third head relies on the electron beam 
sustained discharge technique for long pulse pumping 
of the rare gas halide excimers. 

Introduction 
The size and complexity of the majority of commer-

cial electron beam pumped laser systems often means 
that they are not suitable for use in sinal 1. laboratories, 
A system has therefore been designed which is not only 
small but can also pump a vide range of excimer lasers 
in both long and short pulse modes. The small size of 
the system, as shown in figure 1, is largely due to 
the use of a highly compact pulsed pover supply. This 
pover supply drives one of three laser heads, vhich 
bolt on to the front of the pover supply. The short 
pulse rare gas halide laser head can be seen in posit-
ion on the system in figure 1. 

Pulsed Pover Supply 
The pulsed pover supply can be operated in either a 

3hort or Long pulse mode. Simple modifications are 
required to change from one mode of operation to the 
other. The pover supply in both forms uses a pulse 
transformer to charge either a coaxial 31umlein P.F.L. 
for operation in the short pulse mode or a high voltage 
capacitive storage network to provide a longer, lover 
voltage pulse. 

Short Pulse Operation 
Figure 2 is a circuit diagram of the pulsed pover 

supply in its short puise f OZTII. The pover supply is 
-5 

housed in an oil filled tank (0.66 x 1.22 x O.Ufim ). The 
compact size is due to the use of a pulse transformer 
for high*voltage generation and a coaxial Blumlein 
P.F.L. vhich has an intermediate conductor in the form 
of a tape helix. Although a coaxial pulse forming line 
system has been demonstrated with a single helical 
coaxial line1, it is believed that this is the first 
time that a Blumlein ?.?;.L. has been operated with a 
helical conductor. In this mode of operation the pover 
supply can deliver a 20 ns pulse (rise time 3 ns) at 
up to 600 kV with a nominal output impedance of UOfl. 

Cgj which comprises two 0.3 uF rapid discharge 
- 1 capacitors in parallel, is charged from a 50 kV 200 Js 

charging unit via a D.C. filter circuit which consists 
of L1, L^ and C ^ As the pulse transformer is an auto-
transfonaer with a tvo turn primary in the centre of the 
windings, the potential of the primary rises to half the 
output voltage of the transformer after C^ has been 
discharged into the primary. Thus the D.C. filter net-
work prevents energy returning to the charging unit from 
the transformer as the potential of the primary rises. 
C^ is discharged into the primary windings of the 
transformer via a low inductance rail gap pressurised 
with dry air. The gap can be alloved to self-break or 
can be triggered, by applying a trigger pulse to a third 
blade electrode. The trigger unit must be isolated 
from the pover supply because of the rise in potential 
of the primary transformer after triggering. o 

The transformer is of the Miartin and Smith type and 
has a turns ratio of 22:1. The observed and calculated 

Figure 1: The complete system 
1 
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Figure 2: Circuit diagram of the short pulse version of the pover supply 

This inductor and capacitorvere 
used to model the capacitive 
coupling between adjacent turns 
of the three turn tape helix. 
The resulting computation leads 
to an output pulse (figure 3) 
vhich is very similar in shape 
to that obtained experimentally. 
This suggests the interesting 
possibility that shorter multi-
turn helical Blumlein ?.?.!»;s 
may be feasible vhich produce 
good, fast rising and.fast fail-
ing pulses, if the turn to turn 
coupling is optimised by, for 
example, the use of extra 
isolated conductors vithin the 
31umlein P.F.L. structure. It 
is also interesting to note 
that as the inductance in series 
vith the load is increased, or 
the capacitance in parallel 
vith the load is increased, the 
height of the first peak in the 
pulse is reduced and the pulse 
develops a slov rising top. 
Long Pulse Operation 

In the long pulse form of the 
pover supply, (see figure the 
Blumlein P.F.L. is removed and 
is replaced by a high voltage 
capacitive storage element C^ 
consisting of six capacitors 
connected in series, vith volt-
age sharing resistors. The 
transformer is also changed to 
an oil impregnated, 3:1 turns 
ratio, pulse transformer 
similar in design to the original. 
A three turn primary is used and 
the measured and calculated 
gain of the transformer is 5.5. 
After C^ is charged to a maxi-

gain of the transformer is approximately i6.5. A small 
computer programme has been developed vhich accurately 
predicts the performance of this type of transformer 
under various load conditions. 

The transformer charges a coaxial 31umlein P.F.L., 
vith a helical intermediate conductor, to achieve pulse 
compression. The nominal output impedance of the 
31umlein P.F.L. is Uo a, The helical conductor enables 
a pulse of 20 ns duration to be produced from a device 
vhich is only 1 metre long. The tape helix has "just 
over three turns, and is supported vithin the structure 
by Incite "elephant's foot" spacers. A coaxial 
structure vas chosen for ease of connection.to the 
three laser heads. An adjustable, self-breaking oil 
gap is used to svitch the 31umlein P.F.L. 

Since the unrolled tape helix is a parallelogram, 
it vas originally anticipated that the output pulse 
from the 31umlein P.F.L. vould have a rise time corres-
ponding to the difference in the time of travel o'f sin 
electric vave along the two - diagonals of the parallel-
ogram. This effect is not observed as can be seen by 
the output pulse profile (figure 3) from the pover 
supply when connected to an electron beam diode of 
approximately Uo a impedance. To explain this and also 
the two peak structure of the pulse , computer aided 
modelling of the 31umlein P.F.L. was undertaken using 
the computer ;ode ECAP"3 in the transient analysis mode. 

The two transmission lines of the 31umlein P.F.-L. 
were approximated by two, twelve element lumped LC 
circuits, which were bridged over every four elements 
by a series combination of an inductor and capacitor. 

mum value of 275 kV, 3G2, which is a pressurized, 
sulphur hexafluoride filled spark gap, self-breaks to 
give a 250 kV output pulse of U50 ns (FWHM) duration. 
The approximate output impedance of the power supply in 
this form is 60 ft and the output pulse risetime is 100 
ns. 

The output of the power supply in either form is 
connected to an appropriate laser head via a convent-
ional field graded, oil to vacuum, high voltage bushing. 
The laser heads are then simply bolted on to the vacuum 
side of the bushing. The uniformity of field grading 
within the bushing was cheaked 'using a field plotting 
computer programme. The pulsed pover supply is mounted 
on a welded steel table, and the vacuum systems for the 
laser diodes and laser gas handling systems are mounted 
beneath the table to facilitate the interchange of the 
three laser heads. 

The Short Pulse Laser Heads 
Coaxial electron beam diodes are 'used to pump gases 

contained in etched stainless steel anode tubes in both 
heads. The coaxial geometry was chosen because of the 
high degree of uniformity and efficiency of electron U 5 
beam pumping which can be achieved ' . The cathode in 
both heads consists of a cylinder 20 cm long and 13 cm 
in diameter in which three 20 cm lengths of razor blade 
are mounted on pegs, set at 120° vith respect to each 
other. The anode tube lies coaxially within the cathode, 
the 20 cm long etched portion of the tube being 
positioned adjacent to the blades. The anode tubes are 
etched to a thickness of ^ 50 um. 'The current density 
5 



195 

a 

. i <i i L <• ••> • 
•lCwL+UO' 
. A «• J t. + v * . 1 i SC.+-U * 
. / / h-e.-" i » , ̂  l.'rfJ A • 
.^st-'JcrA/ -, i-* 

- . i Uittuu* 

-.̂ lOtt-VJU* - . c'+os. * - • - . ̂ Otttu v « 

- . nui 
• , - I C O T . H ' . . 

- . 'tract. * u u * 
•V-t^t + i- .1 • - . jj>tt CJj< 
- .oOoU-t VI 0 » 
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supply operating into a 1*0 !1 e-bear diode 

of the electron beam penetrating the vails of the anode 
tube vas found to oe 'uniform to vithin 220* over the 
etched portion of the tube. 
The Coaxially Pumped YUV Rare Gas Laser Head 

An 3 am diameter anode tube is used in this head and 
the blade to anode tube separation vas optimised 
experimentally to a distance of 3 am. At this separa-
tion the maximum diode current vas measured to be 12 kA 
and the total electron beam energy dissipated during 
the pulse vas ilQ J. 

As the rare gas VUV excimer lasers are very sensi-
tive to impurities, the laser cavity and gas handling 
components are made of stainless steel, and provision 
for gas distillation is necessary in the associated gas 
handling system. The laser reflectors are mounted 
vithin tvo end cavities' and consist of a plane >97% 
reflectivity multilayer dielectric mirror and a barium 
fluoride etalon. The reflectors are mounted on kine-
matic mounts adjustable from outside the cavities. 

* The head has been used to pump the Xenon (Xe^) laser 
(\ 3 172 nm untuned). Maximum laser output is 
obtained- at a Xenon pressure of 1 1 3ar and laser pulse 
energies in excess of 30 mJ have been measured in 
pulses of 10 ns duration (FWHM), with a spectral width 
of 2.5 nm. The beam divergence is 10 mrad (full angle) 
at half maximum intensity. Tuning of the xenon laser 
(over the range 171 - 175 nm) can be achieved by intro-
ducing a rotatable quartz prism into the laser cavity. 
It is anticipated that similar output characteristics 

* 

should be obtained for a laser (x =1^6 nm) oper-
ated in the head, and the system should also be capable 

* 
of pumping the Ar5 laser (X = 126 nm). 
The Coaxially Pumped Rare Gas Laser Head 
The anode tube diameter in this head is 25 am and 

01 
of 
26 

optimum performance was 
achieved with a cathode to 
anode tube separation of 18 
mm. This corresponds to a 
measured diode impedance of 
30 ft and an estimated 131* J 
of electron beam energy is 
dissipated at the anode. The 
pumped volume is 100 cm^. 

All metal components of 
tKe laser cavity and gas 
handling system are made of 
stainless steel for ease of 
passivation and resistance to 
corrosion. An externally 
mounted, plane, multilayer 
dielectric mirror (reflecti-
vity >97%) acts as the back 
reflector and one of the 
quartz windows sealing the 
cavity serves as output 
coupler. # 

The excimer lasers XeCl 
(A * 308 nm) and XrF* ( X * 
2U9 nm) have been operated 
in this head. Laser pulses 
of ^ li00 mJ energy with 12 ns 
(FWHM) duration were measured * 
for the XrF laser (peak 
power = 33 MW) using a gas 
mixture of neon, argon, 
krypton and fluorine (1000: 
150:30:1) at a total, pressure * 
of 3 3ar. For the XeCl 
laser, 300 mJ laser pulses 
were measured with a duration 

11 ns (FWHM) , (peak pover = 27 21W) using a gas mix 
neon, argon, xenon, and hydrogen chloride (780:190: 
1) at a total oressure of 7.5 Bar. 

20ns/cm 

:he oover 

The Electron 3eam Sustained Discharge Head 
In order to achieve long laser pulse operation from 

the rare-gas halide lasers, an electron beam sustained 
discharge head has been developed for use vith the 
pulsed pover supply operating in the long pulse mode. 
A 36 cm long transverse edge/plane electron beam diode 
(•̂ 60 ft impedance) produces a 36x2cm" cross-section 
electron beam. The electron beam is capacitively foc-o 
ussed by means of tvo electrostatic focussing electrodes 
which are mounted on to the cathode '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 few shots, becomes, 
'unstable • and vacuum breakdovn occurs between the focuss-
ing electrodes and the anode. For this reason the beam 
is focussed.to a width of U cms at thef anode and >2!+Acm ~ 
of electron beam current density is reliably transmitted 
into the laser medium through-a 75 um thick P.T.F.Z. 
coated Kapton main foil supported on a "Hibachi" grill 
structure. A thin (12.5 um) aluminium foil is used as 
a prefoil to stop the low energy electrons produced by 
the tail of the voltage pulse from the pover supply. 

The electrons pass into the laser cavity through a 
stainless steel mesh which act3 as cathode in the 
discharge circuit. The discharge in the gas runs bet-
ween the mesh and a flat anode which lies 3 cm away 
from the mesh. 

The laser/discharge cavity is constructed of P.T.F.Z. 
and stainless steel with 25 am diameter quartz windows 
mounted at either end. The optical extraction volume 

3 " 3 is 127 cm and the pumped volume is 209 cm . 
Energy for the discharge is supplied by C^ (see 

figure M which is either a single capacitor or two 
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capacitors arranged in the form of a simple Chebyshev 
T 

type filter 1, used to minimise tae inductance of the 
discharge storage element. The inductance of the 
discharge circuit must be klpt as low as possible so 
that the amount of energy which can be dissipated in 
the low impedance (^0.20) ionised laser medium is 
maximised. A dry air pressurised rail gap is used to 
switch the energy from C^ into the gas on receipt of a 
trigger pulse derived directly from the power supply. 
This ensures synchronism between the start of the 
electron beam and the start of the electrical discharge. 
Three feeds are used to connect the rail gap to the 
discharge anode to minimise circuit inductance. # 

The head has been successfully used to pump'"the XeCl 
excimer laser. Laser pulses of up to 300 mJ energy 
have been produced with a duration of 280 ns (FWHM) , 
using a gas mixture of neon, xenon, and hydrogen 
chloride (750:25:1) at a total pressure of 5 3ar. The 
beam 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 transformer-
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 extraction efficiency of 1.5$.' ' 

12 
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1. Introduction 
Electron-beam sustained discharge pumping provides a method for 

the generation of UV laser pulses of a high intensity and a relatively 
long duration. Since such pulses are desirable for many 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 o'f 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 ^^. 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 TX1. The pulse transformer was a copper foil 
wound auto- transformer, insulated with polyester film (0.25 mm 
thick), and vacuum impregnated with transformer oil. 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 transformer had a turns ratio of 8:1 and was 
energised by discharging C2 (0.55 pF) into the primary windings via 
a spark gap SG,, pressurised with dry air. The gap was a low 

12 
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inductance rail gap which could be triggered by the application of a 
high voltage pulse to a third blade electrode situated between the two 
rail electrodes. The trigger blade was placed two-thirds 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 output voltage of the 
transformer. For this reason, C2 was charged via a D.C. filter 

network L^, , C^, which allowed the primary turns to float 
• 1 when the spark gap 3G1 was fired. It was charged from a 200 Js 

unit to up to 50 kV. 

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: 

v(t) _ _1 _ [ cos(uait)expl-oct) - (1) 
VC2(0) LsCs (ua,2-^2) 2 

where v(t) is the vol taae on C -> S c: a fnnr^inn nf • t- i mp . \7 ~ IQ 

2' 

R s 
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C 2 is the primary capacitance, Ls is the total series inductance, 
Rg is the series resistance and Lp is the primary inductance. Cg 

is the total reflected secondary capacitance and R^ the reflected 
load resistance, n is the transformer turns ratio. 

SG2, which was a simple two electrode self-breaking spark gap 
pressurized with SF6, 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 

(2) 

tr = TT / kSzSl (2) 
JC 2+Cs 

neglecting damping, and the peak voltage reached V is given by 
.r 

0 = ̂ P. - n( exp(-gct) * exp(-pt), (3) 
VC2(0) RC * RL * 1 

where Rr = cs , and RT = -b-
c2

 L LP 

The gain of the transformer under load was checked by observing 
ana calculating the output voltage of the transformer when the power 
supply was loaded with a 60ii copper sulphate resistor. When C 2 was 
charged to 46 kV, V 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 be 570 ns._ The output 
waveform which was observed when the transformer 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 

u 
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switched, via SG2 and a 2-n- copper sulphate resistor, on to the 
cathode of a transverse electron-beam diode. The copper sulphate 
resistor prevented excessive current being drawn from C^ 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 4On. d'iode impedance. 

An oil filled tank (0.66 x 1.22 x 1.48 m^) 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 Diode 
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 techniques. 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 obse-rved that the output energy of 

the laser increased monotonically as the•electron-beam current 
2 

transmitted through t'he narrow (2 x 40 cm ) e-beam window was 
increased; for this reason, the e-beam current density was maximised. 

The performances of the diode assemblies were measured by 
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collecting the current received by the e-beam diode anode plate and 
the current transmitted into the evacuated laser cavity and returning 
the respective e-beam currents to earth through two low value 
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 voltage 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 arrangements. 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 transmission through 
the e-beam window without vacuum breakdown occurring between the "race 
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 holder 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 compared 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 blade 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 To 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 meant that the anode plate presented 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. 

The pressure bearing main foil, supported on a conventional 
"Hibachi" grill structure, consisted of either 75 pm PTFE coated 
"Kapton" or 30 titanium foil. The titanium foil was found to have 
a higher tensile 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 4 7 i 5 x l . AS a further check on this system, a 
computer c o d e E C A P (IBM 1965) 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 between the observed and 
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 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 C^ (0.55 ̂ JF) 
which was charged to a maximum value of 30 kV. A spark gap, SG^, 
switched the energy from C4 into the laser discharge cavity. This 
spark gap was a low inductance rail gap, pressurized with dry air, 
which was triggered automatically from a potential divider R^, r^ 
mounted in the pulsed power suply. D.C. biasing of the trigger 
electrode was set using the resistor network R^, Rfi, and R7. 

Q 
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The amount of energy discharged into the cavity is strongly 
dependent on the overall inductance of the discharge circuit. We have 
observed, and it has been reported 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 molecules, gas pressure, e-beam 
density and discharge dimensions. If the time varying discharge 
impedance is denoted by Zd(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 shown below. (A 
typical value for Z^ after the initial impedance drop in our system 
when pumping the excimer XeCl* was 0.3-fL). 

"d(t) = VC(0) Zd(t) exp(-oc't)sin(v̂ t) 4 ,., i (M 

where V c ^is the initial voltage on C4, 

^ = / 1 _ oc'2 , Z d m 
J lLU 2 L 

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 connected 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. 

12 
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5. Laser Operation 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 perspex (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' quartz 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 HC1: 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% cm~^ 
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 

12 
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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 cm^. 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 XeCl* 
lasers.^'^ and reflects the care taken in the 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 compact and 
extremely reliable. 

12 
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8. Figure Captions 

Figure 1: Circuit diagram of the complete system. 

Figure 2: Equivalent circuit of the pulsed power supply. 

Figure 3: Calculated and observed transformer performance. 

Figure 4: E-beam sustained discharge head. 

Figure 5: Synchronised electrical characteristics of the 
electron-beam and the discharge. 
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