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ABSTRACT  

Electron beam gas laser research has made significant 

advances in recent years toward the goal of high power 

pulsed lasers. Research has concentrated on two groups; 

the gaseous excimers typified by the molecular xenon VUV 

laser and chemical lasers based on the HF and DF molecules. 

The xenon laser is considered as representative of 

the dissociative ground state lasers and results are pre-

sented for a small laser oscillator. Comparison is made 

with a computer simulation of fluorescence and laser per-

formance of the xenon excimer. Factors influencing the 

scaling and efficiency of the. molecular xenon laser are 

evaluated and used in the design of a large scale oscil-

lator. The operation of such an oscillator is described 
in which a 	cyclical gas purification scheme is adopted 

to overcome the problem of gas contamination. Termination 

of the laser pulse is observed while the gain of the medium 

is high consistent with changes in reflectivity of the cav-

ity mirrors. Peak performance obtained was 60MW in 15ns 

FWHM with an energy extraction of approximately 4,11;-1. 
Quasi-CW laser action is observed. 

An electron beam excited HF chemical laser employing 

beam injection transverse to the axis of the laser cavity 

is studied. The pump geometry allows performance at gas 
pressures higher than previously reported with peak per-

formance of 300MW in 25ns FWHM and energy extraction of 
approximately 15JL -1. Results for a non-chain reaction HF 

chemical laser are presented and compared with systems 
using axial e-beam injection. 	- - 

The electronegativity of SF6, a constituent of the HF 
laser, has in the past made discharge excitation difficult. 

A solution to the problem is sought in the form of a fast 
discharge laser with resistive electrodes. The character-

istics of a fast discharge excited non-chain reaction HF 
laser are described producing uniform arc'-free discharges 

at large electrode separation. Peak performance was obtained 
with 2.5MW in 50ns FWHM and energy extraction of approxim-

ately 2JL-1. 

The merits of electron beam and discharge excitation 
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ABSTRACT (continued) 
schemes are assessed and their application to large scale 

lasers for fusion studies is considered. 
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CHAPTER I  

1.1. General Introduction  
Experiments on the compression of glass microspheres 

by intense radiation has shown that thermonuclear fusion 

may well be attainable by inertial confinement of high 

density, high temperature plasmas (1). Progress has 

largely followed advances in laser technology, in partic-

ular Nd glass laser technology. The present state of the 

art leads one to believe that "scientific breakeven" (the 

production through thermonuclear reactions in the confined 

plasma of energy equal to that deposited by the laser in 

compression) may soon be possible. This being the case, 

a second generation of lasers is already in process of 

construction such as the Nova facility (2) which will 

produce a laser energy of 100 kJ at 1.06 micron. The poor 

efficiency of Nd glass and the technical problems involved 

in pumping and cooling the glass makes it a suitable system 

for laboratory experiments only. There is a very real need 

to develop a laser system with an overall efficiency of 

5 - 10% and with good beam quality. 
Contemporary with the advances in laser technology has 

been the development of the high current relativistic 
electron beam which has provided a compact laboratory source 

of intense beams of high energy electrons. The first e-beam 

sources were optimised for X-ray production and later for 

plasma heating studies (3,4). The early generators produced 

electron beams which were usually circular in crossection 

with current densities of several kA cm-2  and electron 

energies of typically 1 - 2 MeV. Although early e-beam 

excited lasers used such sources they were in general un-

suitable for laser excitation. It is only recently that 

electron beams have been designed specifically for laser 

excitation (5) and this thesis is in part concerned with 

the development of an electron beam generator for laser 

pumping. The case of the electron beam sustained discharge 

laser is not considered here, the beam in this case is only 

used to seed the laser medium with electrons to promote a 

uniform glow discharge. 
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It is possible to distinguish two groups of lasers that 
have benefited from the use of electron beam generators for 
laser pumping; the noble gas dissociative ground state lasers 

and the HF (DP) chemical lasers. This thesis traces the 
development of both these systems, the xenon excimer is con-
sidered as representative of the dissociative ground state 
lasers and the non-chain reaction HP laser as representative 

of the HF based chemical lasers. 

1.2. Electron Beam Excited Excimer Lasers  
The noble gas excimers fluoresce in the VLV and lasing 

has been observed in Kr2, Art and Xe2 under e-beam excitat-
ion. The Xenon excimer lases at 1720A° and it is readily 

shown why e-beam excitation is vital. Schawlow and Townes 
(6) in their original analysis of the optical maser drew 
attention to the problem of laser action in the UV and VUV. 
The essence of the argument is outlined below. 

Consider a simple two level laser system as illustrated 
in fig. (1.1). 

R• 

	  n~ gu 

T 1  

FIG.CI.I) A SIMPLE TWO LEVEL LASER SYSTEM. 

The optical gain at line centre is given by 

cc(v) = 	C2 	
{Nu 

	
NT 

4 rt2-N.2 L» 	g 	gL 
(1.2.1) 
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where 	Z -1 = A 64n4 itA 2v3 
3hc 

(1.2.2) 
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and A is the Einstein coefficient,p is_the matrix element, 

c is the speed of light in vacuum, h is Plank's constant, 

is the frequency and NV the bandwidth. For a steady 

state the inversion density AN = ( N0 - NL where Nu and 
gu gL 

NL are the population densities of the upper and lower levels 

respectively and gu and gL are the degeneracies. The inver-

sion density,A N, is related to the pump rate, R, by the 

expression 

N = Rt 

( 
1 - 

gu 
(1.2.3) 

where t denotes the lifetime of the state and the sub-

script L denotes the lower level. 

Consider 	C » t L 	andg~ = gL = 1 

then 	A N = Rt 	 (1 .2.4) 

We see from (1.2.2) that "t °c. V-3 	(1.2.5) 

Next we consider the factors influencing bandwidth,A"; 

three mechanisms may be involved: these are natural life-

time broadening, Doppler broadening and collisional broad-

ening. 

Lifetime or radiation broadening is related to the 

Heisenberg uncertainty principle 

ACE-t, - EL) A t„ = t (1.2.6) 

here 	t t u = T 

&( E The uncertainty in frequency AU = 



pv _ 1 —1 
2-Tr  (1.2.7) 
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and since Z 1
- °. V  3 

we have that 6'y 	V 3 	 (1.2.8) 

The Doppler broadening of spectral lines is a con-

sequence of the motion of the emitting atoms or molecules. 

Assuming a Maxwellian distribution of energy the linewidth 

at F.W.H.M. is given by 

AvD  2-.)( k2 t n2)i 
Mc 

(1.2.9) 

where T is the temperature, M is the mass of the molecule 

and k is the Boltzmann constant. 

Hence A V. c.c. U (1.2.10) 

Collisional broadening has the effect of reducing the 

effective lifetime of the upper state, . 

A new lifetime, t,', can be defined and in the case 

where natural linewidth can be neglected 

_ -t  (1.2.11) 

where t is the gas density and ō is a constant involving 

collision crossections and masses of the colliding species. 

The relative importance of these broadening mechanisms 

will depend upon the particular laser medium in question. 

However, we can say from (1.2.1) and (1.2.4) that the pump 

power required, hvR, for a given gain,  oto,  scales as v 4  for 
Doppler broadened lines and) 6  for radiation broadened lines. 

Short wavelength lasers therefore require very high pump 

powers. The high current electron beam has several drawbacks 

but it excels in its ability to produce high power. Gener= 

ators are available that can produce 1013  watts. The first 

noble gas excimer laser was demonstrated in 1971 when 

Basov et al (7) used an electron beam to excite liquid xenon. 



1.3. The E-Beam Initiated Chemical Laser  

A chemical laser can be defined as a system in which 

chemical energy is directly converted to a population 

inversion which subsequently produces laser radiation. 

The electron beam in this case serves only to initiate the 

chemical reaction. The first chemical lasers were demonst- 

rated in the early 1960's (8) and for some time most 	. 

interest was in CW operation at high power. It was not until 

the use of e-beam initiation that real enthusiasm was devel-

oped for the pulsed HF laser. Very high output powers 

became attainable. This rapid increase in power with the 

start of e-beam initiation is due solely to the ability of 

the electron beam to deposit large energies uniformly in 

large volumes at high gas pressures in times of the order 

of tens of nanoseconds. 

1.4. Content of Thesis  

This thesis divides naturally into three sections. 

Firstly, the development of the electron beam generator and 

associated apparatus. The second section covers the xenon 

excimer laser and is particularly concerned with maximis-
ing energy extraction and efficiency. Finally the HF 

chemical laser is considered. Work is reported on a dis-

charge initiated non-chain reaction HF chemical laser and 

also electron beam initiation. 

Appendix III at the end of this thesis contains the 

author's published work in the field and may be considered 

as a summary of the more important results to emerge. 
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DIODE CELL 

CHAPTER 2  
THE ELECTRON BEAM GENERATOR 

2.1. The Generator  
The high current, high voltage electron beam generator 

has become a widely used laboratory tool. While individual 
machines may differ in size, geometry and materials of con-

struction, the basic system is usually very similar. A 

block schematic of a typical generator is shown in fig.(2.1). 
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FIG.(2.I) BLOCK SCHEMATIC OF AN E-BEAM GENERATOR 

The Marx generator, often referred to as simply 'The Marx', 

is DC charged and when triggered rapidly charges a Blumlein 
pulse forming line. When the switch of the pulse forming 

line closes an electrical pulse is produced at the vacuum 
field emission diode which subsequently emits a high cur-

rent electron beam. 

2.2. The Marx  
The Marx generator is a sophisticated assembly of 

capacitors, pressurised spark gaps and an assortment of 
charging and balancing resistors. The mode of action, how-

ever, is essentially simple, capacitors are charged in 
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parallel from a DC source and then rapidly discharged in 

series creating the desired voltage. The complete cir-
cuit diagram including the trigger unit is shown in fig.(2.2). 

The Marx was supplied by A.W.R.E., Aldermaston. 

Capacitors are coupled together in pairs at the outer 

casings but are charged oppositely on the inner terminals 

which are connected via the pressurised spark gap columns. 

This charging procedure results in a voltage across the 

spark gap of 2V while retaining a potential difference to 

ground of only ± V. There are eight spark gaps in all 

contained in two pressurised perspex columns. Charging 

and balancing resistors are made of CuSO4  solution contained 

in perspex tubes. All eight spark gaps are triggered with 

midplane field distortion trigger electrodes which are 
supplied by a pulse transformer with 80kV output. The 

breakdown voltage of the spark gaps is pressure dependent 

and the variation of N2  gas pressure with charging voltage 

is shown in fig. (2.3). The working regime is indicated in 
the diagram and satisfactory performance was achieved at a 

charging voltage of 70% of 'self-break' and above. 

The erected Marx capacitance is 62.5nF and the series 

resistance is approximately 6n. The total Marx inductance 

excluding feeds to the pulse forming line is approximately 

2pH. Total stored energy at the maximum charging voltage of 

40kV is 12.8kJ. 

2.3. The Blumlein Pulse Forming Line (PFL) 

A Blumlein configuration was chosen because of its 

ability to supply an electrical pulse of the full charging 

voltage into a matched load. The Blumlein circuit is shown 

in fig. (2.4) and consists of two transmission lines of 

characteristic impedance go  connected via a load impedance 

g where g = 2go  for a matched condition. The Blumlein cir-

cuit has found many applications and its mode of operation 

has been well documented elsewhere (1). 

Here we simply note some of the more important points. 

For an ideal case with lossless lines and a perfect short„ at 

one end then the duration of the electric pulse at the load 

is twice the transit time of one arm. Inductance at the 

switch and load will tend to increase the pulse length and 



degrade the risetime. If Z ? 2Z0 then multiple pulses will 
be observed at the load. This phenomena has been avoided 
wherever possible in the experimental work presented here. 
A well-documented and informative account of the operation 

of a typical electron beam generator has been given by 

Bzura and Linke (2), 

FIG.(2.4) THE BLUMLEIN PULSE FORMING NETWORK. 

Two geometries have proved popular in the design of 
pulse forming lines,, these are parallel plate and coaxial 

cylinders. Common dielectrics used are de-ionised water 
and oil. The system chosen, mainly because of its simplic-

ity, is the parallel plate water dielectric Blumlein PFL. 
The electrodes are constructed from 1.2 cm thick dural 

sheet with the edges Rogowski contoured. The electrodes 
are supported by polypropylene supports and the general 

dimensions are indicated in fig. (2.5). The characteristic 
impedance of a planar transmission line is 

377a 
Et b 

(2.3.1) 

where Et is the relative dielectric constant, a and b are 

the plate separation and width respectively. In this 
particular case go  = 54.1. giving a matched load of Z = 10a. 
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The total pulse line capacitance is 7.3„F. The 

electrical pulse length is determined by the velocity of 

electromagnetic radiation in the dielectric and is given 

by the relation 

Qt = 2tr 
(2.3.2) 

where is the line length in cm and c is the velocity of 

light in vacuum in cm sec-1. The PFL was designed to give 

an electrical pulse of 30 ns duration. The time taken for 

the Marx to charge the PFL is given by 

= Tr(LCeff)I (2.3.3.) 

where 	Ceff = CLCM 	here CL and CM are the line and 
(CL+CM) 

Marx capacitances respectively. L is the total inductance. 

The observed time to peak in the charging waveform is 800 ns. 

The time taken to charge the PFL is important because of the 

time dependant nature of the breakdown strength of water and 

also the RC time constant for discharge through the water. 

Martin has derived an empirical relationship for water 

breakdown (3) given by 

tfto 

FteffA = 
K (2.3.4) 

where F is the electric field in MV c ~ m , t,,ff is the eff-

ective charge time defined as the time for which the volt-

age exceeds 63% of its selfbreakdown value. A is the elect-

rode area and K is a polarity dependent constant. If K+ 

denoted the constant for positive field enhancement and K_ 

for negative field enhancement then in water K+ = 0.3 and 

K- = 0.6. Because of this polarity effect the centre elect-

rode of the folded Blumlein PFL is charged negatively to 

increase breakdown strength. In the design of the parallel 

plate PFL there is a safety factor of about two on the plate 

separation. 

The differing capacitance of Marx and PFL together with 

the inductance present leads to a voltage gain at the PFL. 
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The observed value of this 'ring-up' gain is 1.56. The 

typical working voltage of the PFL is 650 kV. Other points 

relevant to the design of pulse lines are considered in 
chapter 9 where a description is given of the construction 

of a mylar dielectric parallel plate Blumlein PFL. 

2.4. The Line Switch  
During the construction phase of the generator two diff-

erent line switches were tried, an SF6  pressurised spark gap 

and a solid dielectric switch. The ease of use of the pres-

surised gap despite its poorer rise time led to its use 

during all the experimental work which followed. A brief 

description along with some useful data is given here for 

both switches. 

A diagram of the gas filled spark gap is shown in 

fig. (2.6) along with relevant dimensions. The electrodes 

of the switch are made of brass with a length approximately 

equal to the width of the pulse line. The electrode gap 

is fixed at 2.5 cm with electrode edges ctIcooio  Rogowski 

contoured to reduce field enhancement. The voltage break-

down of the switch is very nearly linearly dependent on gas 

pressure and a calibration curve is shown in fig. (2.7). 

Because of the comparatively long charging time of the PFL 

the switch forms only one current carrying channel which 
makes for a fairly inductive switch, typically 20 to 30 nH. 

2.5. The Solid Dielectric Switch 

The solid dielectric switch is based on the design work 

of J.C. Martin. The smaller channel length, a consequence 

of the higher breakdown strength of the dielectric used, leads 

to a lower overall inductance and faster risetime. The solid 

dielectric switch has been developed by Martin to enable multi-

channel operation although this was not used here (4). The 

switch is illustrated in fig. (2.8). The dielectric used is 

polythene in 0.32 cm and 0.64 cm thick sheets and the tech-
nique used is to stab the polythene to a predetermined depth 

with an array of fine needles. The stabbed region is then 

sealed with a copper disc attached with adhesive. When in 

position the air in the stabbed region is rapidly ionised by 

the voltage charge on the line and when the breakdown strength 
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of the polythene is exceeded the switch closes. The current 

carrying channel in this case is 0.6 cm long and hence a factor 

of 4 reduction in channel inductance can be achieved. Calib-

ration curves for the solid switch are shown in fig. (2.9) 
where the time to charge the PFL has been kept approximately 

equal for each shot. The risetime of the e-beam current is 
determined by the inductance of both switch and vacuum diode 

and their respective feeds and hence the gain offered by the 

use of such a switch is outweighed by the inconvenience of 

its use in this case. 

2.6. The Field Emission Diode  

The design of field emission diodes for high current 

electron beams with impedances of 10 to 50.n. and working volt-
ages of 500 KV to 1.5 MV is a fairly standard procedure and 

many such systems have been constructed. It is only recently, 
however, that consideration has been given to the design of 

diodes specifically for laser excitation. The design and 

construction of a suitable diode was performed 01- It same hme. 

with similar designs in other laboratories and well-docu-

mented design techniques are now available (5). The more 

important points involved in the design are mentioned here. 
Both coaxial and planar diodes were constructed and 

tested. The coaxial diode was rejected because in its 

simplest form magnetic cut off restricts its use to high 

impedances only. This is a consequence of the B field gen-

erated by the return current which prevents electrons 

crossing the anode cathode gap, A similar phenomena occurs 

in the planar diode but the restrictions are not so severe. 

Consider the coaxial system illustrated in fig. (2.10) 
with current I flowing in the anode in an axial direction and 

potential difference V across the gap. 
The magnetic and electric fields at some radius r are 

given by 



where Be and Er  act at right angles to each other. For the 
non-relativistic case the maximum distance travelled by an 

electron radially inward, dmax, is given by 

E 

dmax = 2(ē)BS2 	(2.6.3) 

Clearly cutoff occurs when dmax ' (rK  - ra). The diode is 
space charge limited and current flow is given by the 

expression derived by Langmuir and Compton (6) 

I = 1.47 x 104 v3/2 k 	(2.6.4) 
(12r 	• 

a 

where 2s2 +  11 E.3 _ 47 _4 p - . - 5 	120 	3300 (2.6.5) 

r 
E.= fin( 'Irk) and Q is the length of the cylinder. 

The cutoff criteria for a given configuration can 

readily be deduced from expressions (2.6.3) and (2.6.4). 

"PUMPED" REGION 
I-r° 

E-BEAM 
DENSITY 

FIG.(2.II) MICRODENSITCMETER SCAN OF CELLOPHANE DOSIMETRY 
AT THE ANODE OF THE COAXIAL DIODE. 

A more detailed treatment  including relativistic U 
effects in both cylindrical and planar geometries has 
been given by Schlitt and Bradley (7) who relate voltage 

and geometry of the diode to the maximum deflection of the 
emitted electrons. 
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In rectangular geometry this is of the form 

-V2  _ 12 ss in 9max 

f(VW) 

where f(t/W) = fin() + 1 	for the case 1 >7> W and in 

cylindrical geometry 

11-V1 3.7 sine____ (2 .6.7) 

 

g(ra/rK) 

 

where g 
r-/- 	r-/- 

 = (
ra/rK)4 when rK L 10. 

ra  

Here V is the potential difference across the anode cathode 

gap W is the beam width, d is the anode cathode gap and I is 
the cathode length. $ is the angle the electron makes with 

the axis normal to the cathode surface. 
The effects of this electron deflection are illustrated in 

fig. (2.11) where a microdensitometer scan of cellophane 

dosimetry at the anode of a coaxial diode of nominal imp-

edance 10A. is shown. The electron beam is swept to the end of the 

diode. In the case of coaxial diodes the problem can be over-

come by the use of multiple cathodes and multiple anode ret-

urn paths to reduce the magnetic field at any one point to 

below cut off. In_ the present generator a coaxial diode 

with a single current return path would be limited to imped-

ances of approximately 50siand above. The added complexity 

of constructing a multiple cathode and anode coaxial diode 

was not warranted by the experiment and so a planar diode was 

used. 
The diode vacuum tube follows the design criteria sugg-

ested by Martin (8) and employs perspex spacers with dural 

grading rings. The diode tube is evacuated with an oil dif-

fusion pump and rotary vacuum pump to a base pressure of 10
-4  

torr. In total three planar diode configurations have been 

used and they are illustrated in fig. (2.12). Rectangular 

graphite cathodes have been used in all cases with an exten-

sion tunnel to aid in accessibility to the laser cell. Cur-

rent density of the electron beams injected into the laser 

cells were similar in all three cases and in the region of 
50 - 150 A cm-2. 
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FIG.(2.I4) ANODE FOIL SUPPORTS USED IN THE SMALL AND LARGE 
CELLS. MATERIAL OF CONSTRUCTION IS MILD STEEL. 



The first system tried used a separate anode foil 

(0.5 thou Ti),from the e=beam window and the electron 
beam was 'drifted' through 1 torr air before encounter-

ing the pressure cell. This system wasvrtnecessarily complex 
and was soon replaced by direct injection into the pressure 
cell as is shown in fig. (2.12). The smaller systems used 
an .electron beam of crossection (2 x 15) cm2  and formed the 

basis for the design of the large 'race-track' diode. The 
large diode produces an electron beam of crossection 

(4 x 55) cm2. The cathode in this case has been shaped to 

encourage normal incidence of the electrons at the anode as 
illustrated in fig. (2.13). 
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FIG.(2.I3) CATHODE SHAPING TO 
PREVENT E-BEAM 'PINCH' IN THE 
DIODE. 

The anode foil used in the generator was 1 thou/ stainless 

steel attached to a mild steel grid support and is illust-

rated in fig. (2.14) along with relevant dimensions. 

2.7. E - Beam Diagnostics  
Beam voltage is routinely monitored.  with a CuSO4  sol-

ution resistive divider at the diode tube. Current at the 
feed to the diode is monitored with a 'pick-up' loop cali-

brated by firing the PFL into a known resistive load at a 
known charging voltage. 

Simple rectangular metal calorimeters were used to. 

monitor beam energy in the planar diode case. Temperature 



change at the calorimeter is registered by a series of 
thermocouples connected to a galvanometer. The calorimeter 
was calibrated by supplying a known quantity of heat for a 

time short compared to the response time of the monitor. In 
practice this involved pulsing a heating element with a known 
voltage and current for a known time. The heating element 
was held in contact with the calorimeter in an insulating 

enclosure. The mass of the element was small compared to 
that of the calorimeter. Voltage, current and energy moni-

tors are illustrated in fig. (2.15). 
Injected beam current into the small laser cell was 

measured with a Faraday cup. A Rogowski coil'is used to mea-
sure current flow and the detector is shoran in fig. (2.16). 

I 

DENSITY 

I 

15cm 

FIG.(2.20) MICRODENSITOMETER SCAN OF AN X-RAY PINHOLE 
PHOTOGRAPH OF THE ANODE OF THE SMALL PLANAR DIODE. 

Finally beam uniformity was measured by X-ray pin-

hole photography using Kodirex X-ray film and also cello-

phane dosimetry (1). 
In the initial phase of operation the Marx charging 

waveform was also recorded using a CuSO4  solution resistive 

divider connected across the Marx feeds to the PFL. 

2.8. E-Beam•Ener v Loss Throuch the Foil Window 
A 1 thou stainless steel foil e-beam window is used and 

energy is lost by the ‘electron beam in passing through this. 

The range of a 600KeV electron in iron is approximately 
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0.4 mm (10) and the foil thickness is only a small fraction 

of this. The energy loss by a 600 KeV electron in passing 

through the foil is approximately 30 KeV assuming the elect-

ron impinges normally into the foil surface. The situation 

is complicated by the grid support structure and also any 

transverse momentum in the beam, but reasonable agreement 
with experiment was found from simple calculations based on 

the tables of Berger and Seltzer (10) as can be seen in the 

following chapter. 

2.9. General System Performance  

In this section several observed waveforms are shown 

which characterise the generator performance. Typical 

measurements of electron beam energy, uniformity and cur-

rent are included. 

The Marx charging waveform is shown in fig. (2.17) with 

and without self break of the rail gap PFL switch. Time tò 

peak is approximately 800 ns and the 'ring-up' voltage gain 

is 1.56. Total inductance in the circuit is 6.9y H. The 

current and voltage waveforms at the diode are of more imp-

ortance and typical waveforms are shown firstly into a CuSO4  

resistive load and secondly into the large diode in figures 

(2.18) and (2.19) respectively. 

A microdensitometer scan of e-beam uniformity is shown 

in fig. (2.20) for the small laser cell and was obtained from 

an X-ray pin hole photograph. Cellophane dosimetry showed 

a similar result. 

Finally a typical Faraday cup measurement of injected 

beam current is shown in fig. (2.21). The rise time of the 

current is faster than the waveform observed at the feeds to 

the diode and this is in part due to the filtering action of 

the stainless steel foil on low energy electrons. 
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FIG.(2.I7) MARX CHARGING WAVEFORMS, 
(A) WITHOUT BREAKDOWN OF THE LINE SWITCH IORS F.S. 
(B) WITH BREAKDOWN OF THE LINE SWITCH 2pS F.S. 

FIG.(2.18) (A) CURRENT WAVEFORM INTO A RESISTIVE LOAD I}}++S F.S. 
(B) VOLTAGE WAVEFORM INTO A RESISTIVE LOAD I~yS F.S: 

FIG.(2.I9) (A) CURRENT WAVEFORM INTO THE LARGE DIODE 2ONS/DIV. 
(B) VOLTAGE WAVEFORM INTO THE LARGE DIODE 5ONS/DIV. 

FIG.(2.2I) FARADAY CUP MEASUREMENT OF INJECTED E-BEAM CURRENT 
INTO THE SMALL CELL 2ONS/DIV. IOOACM-2/DIV. 
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CHAPTER 3  

ELECTRON BEAM ENERGY DEPOSITION  

3.1. Introduction  
When a beam of fast electrons traverses a high pressure 

gas it is observed to lose energy and diverge. This chap-

ter is devoted to the characterisation of such phenomena, in 

particular, we shall be concerned with beams of electrons of 

energy approximately 500KeV and gas pressure of 20 - 150 psi. 

Energy loss by fast electrons has been extensively reviewed 

by Birkoff (1) and also Massey and Burhop (2). 

A high energy electron beam interacts with a gaseous 

medium primarily by ionising the medium. The beam acts as 

a source of secondary electrons with energies of the order 

of the ionisation potential of the medium. The secondaries 

may create further secondary electrons by ionising collis-

ions or produce excited atoms. Direct excitation of a laser 

by an electron beam proceeds predominantly by ionisation and 

recombination, in the case of xenon the reaction 

Xe  + e 	-* Xe+  + es  + ep 	(3.1 .1) 

takes place where p and s denote primary and secondary 

electrons respectively. The detailed kinetics of the xenon 

discharge are considered in the next chapter. 

It has been shown experimentally (2) that in the case 

where the energy of the incident electron is much greater 

than the ionisation potential of an atom collision cross-sec-

tions can be accurately determined using the Born approximat-
ion. 

3.2. Born Approximation and Collision Cross-secl-,oc,s- 
The basic assumption of the Born approximation is that 

there is the minimum reaction on the fast electron due to the 

target. -By this we mean that the incoming electron can be 

represented by an undistorted plane wave. Also the final .  
excited state of the atom comes from a transition from the 

initial state with no intermediate steps involved. The 

excited states considered include the continuum. Finally 

that the potential energy of the interaction between the 

scattered electron and the excited atom is small, that is, 

there is little further interaction after the collision 
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incident. We need only consider electron - neutral collisions 

and these have been treated extensively by Birkoff (1) and 

Massey and Bbrhop (2). Massey and Bbrhop have shown that for 

optically allowed transitions from level 0 to level n we can 

write 

mon(E) ` 21711-E0,  fon ~n ~(Ē -E ) 	(3.2.1) 
 n o 

where 	Ton is the excitation crossection 

fon is the oscillator strength 

E is the kinetic energy of the incoming electron 

(En Eo) is the excitation energy 

The oscillator strength can be generalised to include'  

continuum states. The rāte at which energy is absorbed by 

Ni atoms in the state i from radiation of frequency v ij and 

density 0.0) is 

Ni Bij hyij 6yij) (3.2.2.) where B is the 

Einstein coefficient. 

The oscillator strength is related to the B coefficient 

by the expression 

2 
Bij = . rhvij 	fij 

we can write (3.2.2) in the form 

"' 2 Ni fij ,Nij) m 

(3.2.3) 

(3.2.4 ) 

This can be extended to the continuum by considering the 

rate at which energy is absorbed from radiation of frequency 

between Vand ') + dU and written in the form 

2 	
Ni . f((y) 
	

(3.2.5) 

where D f is a sum of oscillator strengths over the continuum 

states whose energy lie between E and E + dE. A technique 

for calculating A.f is outlined in reference 2. 



3.3 Stopping Power and Range  

The energy loss per unit path length can be described 

by a stopping power 

dE 

dr - N 	(En - Eo) a on (E) v (3.3.1) 

n 

where N is the number density of atoms per cm3 and the sum-

mation is over bound and continuum states. 

The sum rule for oscillator strengths is given by 

fon = g 	 (3.3.2) 

where g is the charge of the atom. 

Using (3.2.1) we can write (3.3.1), remembering the sum 

rule for oscillator strengths 

f 	` 
i 

- dr = N 
~Ē4 g 
	An(4 E) - 	°

f 
‘En

-Eo on  

(3.3.3) 

In principle it is possible to calculate the oscillator 

strengths and deduce the excitation crossections. This, 

however, is difficult even in the case of atomic hydrogen 

and the usual procedure is to rely, in part, on experimental 

data. 

(3.3.3) can be written as 

_ dE _ Nir e 4 2 	4E 

dr - E 
(3.3.4) 

where I is a mean excitation energy defined by 

 =
f 
	 E - E} 	 (3.3.5) 
~{ on 	

n 	o 

The mean excitation energy for various materials has 

been determined experimentally from analysis of stopping 

powers. 

Another parameter of considerable interest is the dis-

tance a particle of given energy travels in a medium. This 

is often referred to as the C.S.D.A. range (continuous slow-

ing down approximation) which is defined by 

	

R(E) = f dE / (-dE/dr) 	(3.3.5) 
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This distance is the length of the path of a particle 

and should not be confused with the depth to which a part-

icle penetrates a slab. If we consider an electron pene-

trating a medium normal to the surface then the path length 

of the electron is given by R(E) and along this path the 

electron experiences many changes of direction due to coll-

isions. The depth into the medium, that is, the distance 

from the electron brought to rest to the interface along a 

normal to the interface, will be considerably less than R(E). 

Berger and Seltzer (3) have tabulated stopping powers 

and C.S.D.A. ranges for 40 elements as well as some common 

compounds. These workers used a stopping power formulation 

which included corrections for relativistic effects and 

Bremstrahlung radiation losses and employed experimentally 

derived mean excitation energies. 

3.4. The W Value  

The average energy' expended per ion electron pair is 

denoted by W. This also is a quantity usually obtained by 
experiment although it can in principle be computed. The 

value of W for a given medium is found to be very nearly 

constant at energies above ~~a few~ uK~eV. 

The rate of ionisation,by fast electrons can be written 
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as 
R = ne ve i (  

= 	
dE 
) 	( 3.4 .1) ēW ( dr  

where i = ne etre, the current density.. 

The W value is made up of several components 

W = I + Ee + nnxc. E. 
i 

(3.4.2) 

where I is the ionisation energy, Ee is the kinetic energy 

of the secondary electron and "exc. is the number of excit-

atiōn events per ionisation event. ni Ē is the average excit- . 

ation energy. The W value for xenon has been determined 

experimentally to be 21.9 eV (4). 

The ionisation energy, I, for xenon is approximately 

12 eV and most of the energy of (3.4.2) is shared between 



I and Ee, that is, used in the ejection of an electron from 
its bound state. 

3.5. The Analysis of Spencer 

To be able to successfully predict ionisation and excit-

ation in a gas we need to know the energy deposition charact-

eristics of the beam of fast electrons injected into the gas. 

This amounts to determining the energy loss as a function of 

penetration and involves considering the scattering of elect-

rons by neutrals. This problem has been treated in detail 

by Spencer (5). Spencer has shown that energy deposition can 
be characterised by a 	function J(x). We consid- 
er the case of a semi-infinite plane source and take 
ro = r(Eo), t = r/ro and z = rox where r = r(E) 

and define an electron flux I(t,9,x) d(cos8) dt as the num-
ber of electrons per second that cross a small spherical 

probe at a distance x from the source having ranges of bet-
ween t and t + dt and angle between 8 and e + de relative to 
the direction from the source to the probe. Here r denotes 
range and Z is a coordinate normal to the surface. 

Defining 	r 0 
I(z) = r0 	f 	dr 	dr 	Io (t,x) (3.5.1) 

0 

then I(Z)threpresents the energy dissipated per unit area in 

the plane layer between a and z + dZ. 

The equation (3.5,1) is written in terms of a 

function J(x) where 
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where 

J(x) = I(g) 

(dE/dr) 
E

o 

6(t) - (dr) 	~ddr •  E0 

(3.5.2) 

(3.5.3) 

(3.5.4) 

1 
or 	 J(x) _ 	% dt E(t) I0(t,x) 

0 



The function J(x) has been tabulated for many elements 

by Spencer who also outlines interpolation schemes to be 

used with the tables. In the computations which follow 

values for J(x) have been obtained by interpolation of the 

tabulated values of Spencer and values of stopping power and 

range from the tables of Berger and Seltzer: 

3.6. E-Beam Divergenc.a 
The values given by Spencer for energy deposition pro= 

files refer to the total energy deposited between two infin= 
ite plane surfaces perpendicular to the beam. In practice, 

the beam has a finite cross-seta(' and there will be a dec-
rease in current density due to beam divergence. If we as 

sume an average beam intensity the effects of beam divergence 
can be estimated. The average divergence angle fOr a bead 
is given by,(6). 

where 

2 8 xn ((111/15  ) 

9 1 	N¢ te4 	e( =1_) x  

 

 

g h 
2 = 2paoii (3.6.1 ) 

and x is the distance from the source, p is the momentum 
and '1  the velocity of a particle. A denotes the atomic mass 
number and e the density in g cm. N is Avogadros number 
and ao  the Bohr radius of a hydrogen atom. Using the value 
for 9 and assuming a plane uniform density source the average 

local energy deposition can be calculated. In practice, the 

problem is more complicated and the cell geometry should be 

taken into account since significant backscattering can occur 

from the walls as well as scattering at the e-beam foil window. 

3.7. Quantum Efficiency. 

We can characterise the efficiency of an electron beam 

as a direct excitation source by defining a quantum efficiency 

given by 

hv (3.7.1) 
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In the case of xenon by = 7.2 eV and W = 21.9 eV 

giving 1,Q = 33%. 

3.8. Computation of Energy Deposition 

J(X) functions for Xe, Ar and SF6 have been determined 

by interpolation of the tables of Spencer (5). In the case 

of SF6 an effective g was used given by 

geff = 4 pili 	(3.8.1) 

where pi is the mole fraction of component i with nuclear 

charge Zi. The mean excitation energy and hence the range 

for the compound was deduced by assuming the mean energy loss 

to be the sum of the losses in the constituent elements: 

~i ei ~n(Il) 
(I

. 
) = ē 1  

11 	
i ~i 	(3.8.2) 

i Aiei 

J(X) functions for Xe, Ar and SF6 are shown in figures(3.1), 

(3.2) and (3.3). 

In determining the energy deposition in a laser cell 

filled with high pressure gas we make several simplifying 

assumptions. The first assumption is that the electron beam 

leaves the foil window normally and has no transverse moment-

um, that is, it is cold. We further assume that the beam cur-

rent density is uniform over its cross-secAlons and that no col-

lective phenomena occur. 

The energy deposition profile for a monoenergetic beam 

of 500 KeV electrons and xenon gas pressure of 100 psi is 

shown in fig. (3.1.). The current and voltage of the electron 

beam used in the experimental work has been measured at the 

point where the beam emerges from the foil window into the 

high pressure gas. Typical current and voltage profiles are 

shown in fig. (3.5) for the small cell. The beam voltage is 

determined by calculating inductive Yo1.~.gEdcop and energy loss 

through the foil. Such a beam profile can be reduced to a 

series of monoenergetic electron beams of varying beam volt-

age and current density. The electron beam is subdivided over 
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FIG.(3.5) TYPICAL CURRENT AND 
VOLTAGE WAVEFORMS USED IN THE 
COMPUTATION FOR THE SMALL CELL. 
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time intervals in which the change in beam voltage and cur-
rent density is small and we treat these divisions as monoener-

getic beams. Using this technique energy deposition has been 

calculated for the experimentally observed beam profile in 

various gas pressures of Ar, Xe and SF6  as shown in figures 

(3.6), (3.7) and (3.8) respectively. It is readily seen from 

these calculations that the simple assumption of a monoener-

getic e-beam source adopted by earlier workers is considerably 

at error. Figure (3.9) illustrates energy deposition in 

xenon at time intervals of 15ns during the current pulse. 

The effects of rise and fall time of the beam voltage are 

readily seen and energy deposition at any instant is far from 

uniform at high gas pressures. In the above the effects of 

backscattering from the cell walls has been neglected. This 

will increase energy deposition and typically 15 to 20% of 

the beam energy striking the walls will be backscattered into 
the gas. 

3.9. E-Beam Transport in High Pressure Gas 

In order to check on the accuracy of this simple model 

of energy deposition the electron beam energy has been meas-

ured within the pressure cell. Transported e-beam energy 

was measured with a rectangular calorimeter placed 0.5 cm 

from the foil window. A schematic of the experimental arr-

angement is shown in fig. (3.10). Transported e-beam energy 

was measured over the pressure range 15 to 150 psi argon. 

The results are plotted in fig. (3.11) where the continuous 

curve was obtained by computing energy transport based on a 

current profile obtained by Faraday cup measurements at the 

e-beam window and beam voltage from a resistance divider at 

the diode corrected for diode inductance and foil loss. The 

agreement is within 15% which is not unreasonable in view of 

the simple model employed and the shot to shot variation of 
the generator. 
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CHAPTER 4  

THE XENON EXCIMER LASER 

4.1. Introduction  
We can see from chapter 1 that the xenoh excimer laser 

requires a high power pump source and at present its operation 
relies on the high current high energy electron beam generator. 

The xenon excimer laser belongs to the family of dissociative 
ground state lasers. The xenon molecule is bound in its excited 

state by Van der Walls forces but the ground state is repulsive. 
As long ago. as 1960 Houtermans (1) pointed out the potential ad-

vantages for high efficiency of diatomic molecules with unstable 

ground states. It was not until 1971 that stimulated emission 

was first observed by Basov et al (2). They used an electron 
beam to excite liquid xenon. Shortly after this Koehler et al 

(3) reported stimulated emission in high pressure xenon gas 

excited by high current relativistic electron beams. Since that 

time many laboratories have observed laser action in high press-

ure xenon (4,5,6), and it is by far the most studied of the dis-

sociative ground state lasers. 
Before considering the xenon excimer in more detail we note 

some of the more common spectroscopic notation of diatomic mole-

cules. In an atom the total orbital angular momentum is denoted 

by L and the total spin angular momentum by S. The total elec-
tronic angular momentum is the vector sum of S and L and is 

denoted by J 

J = L + S (4.1.1) 

In analogy with these the electronic states in a diatomic 
molecule can be described by the quantities/,,. and.S .A is 

the projection of the total orbital angular momentum of the 

electrons, L, upon the internuclear axis. A A: 0 state is 

denoted by , Pl.  1 is denoted by 11 and n= 2 is denoted by.. 

corresponding  to the S, P and D states in an atom. The quantum 

number 14 , which should not be confused with used to denote 

the A = 0 state, is the projection of the total electron spin 
angular momentum, S, upon the internuclear axis. The total 

electronic angular momentum in the molecule is denoted byfl, 
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this quantity is the absolute value of the sum of the total 

orbital angular momentum and the total spin angular momentum. 
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( 4.1.2) 

Symmetric states are labelled 4  + while antisymmetric states are 

labelled with a minus sign, g-. In the case where two identical 

atoms form the molecule the electronic e.i.genfunctions which are 

symmetric for inversion at the centre of symmetry are labelled 

by a subscript g, antisymmetric eLgenfunctions are labelled with 

a subscript u. 
A diatomic molecule posesses further degrees of freedom 

associated with vibration, rotation and translation of the two 

nuclei and these are considered in more detail in the section 

concerned with the HF chemical laser. 
The xenon excimer typifies the noble gas excimer lasers 

such as Ar2,  Kr2  and Xe2  and much of what is stated is relevant 

to the whole family. It is generally agreed that the two trans-

itions which give rise to WV emission observed in the xenon 

laser are 

Xe2 (1c411-) _ Xe2(11 g) + hv 	(4.1.3) 

, Xe2 (3 ū) .-, Xe2(24g) + hv 	(4.1 .4) 

The ground state has a Van der Waals repulsive force and 

terminates 

Xe2  (11;;;) _ 2Xe(1S0) (4.1.5) 

Potential energy curves for molecular xenon are illustrated in 

fig. (4.1). The emission may be explained on the basis of the 
Frank-Condon principle. This principle essentially says that 

the transition in a molecule takes place rapidly compared to 

the vibrational motion of the molecule. Thus immediately after 

the transition the nuclei are very nearly in the same relative 

positions as before the transition. (8). The electronic trans-

ition therefore takes place verbally on the potential energy 
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curves of fig. (4.1), that is, at equal internuclear separation. 

The laser kinetics are quite well understood with only a 

few areas of ambiguity or dispute. Energy storage in higher 

excited states is not well understood. The coupling between 
the singlet 1ū and triplet 3i u levels is also a region of dis-
pute. Some possible reactions in the formation of Xe2 are shown 
below where ep denotes a primary electron and e a secondary. 

Xe 	+ 	ep 	-p Xe+ 	+ 

Xe 	+ 	ep 	.- 	Xe** + 

e 	= 

ep 

ep (4.1.6) 

(4.1.7) 

+ 	ep -> 	Xe
* 
	+ ep (4.1.8) 

Xe* + 	e 	- 	Xe+ 	+ e + e (4.1.9) 

Xe+ + 	Xe 	+ 	Xe Xe2 + Xe (4.1.10) 

Xe2 + 	e 	Xe** + Xe (4.1.11) 

Xe e 	+ 	e 	Xe 	+ e (4.1.12) 

Xe 	+ 	Xe 	+ 	Xe 	-/ Xe2 + Xe (4.1.13) 

Some possible loss mechanisms are: 

Xe2 	— Xe 	+ 	Xe 	+ hv (4.1.14) 

Xe2 	+ 	Xe2 	-~ Xe2 + 	Xe + Xe + e (4.1.15) 

Xe2 	+ 	Xe2 	--> 	Xe+ + 	Xe + Xe + Xe + 	e 

(4.1.16) 

Xe2 	+ 	Xe 	-4 Xe 	+ Xe + Xe (4.1.17) 

Xe2 	+ 	hv 	Xe2 	+ e (4.1.18) 

Xe 	+ 	Xe 	—p Xe2 (4.1.19) 
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4.2. Excited State Production and Excimer Formation 

Reaction (4.1.6) represents ionisation of a xenon atom by 

a primary beam electron with the release of a secondary electron. 

The ionisation potential to the energy expended per ion electron 

pair is 55%. The remaining energy is dissipated in ta►StnjF.e .,`"s 

_Velerfvre and electronic excitation as in (4.1.7) and (4.1.8). 

Here Xe
** 

 refers to an excited state lying above the 3P1  and 

3P2  levels. 

Reaction (4.1.9) shows the ionisation of an excited atom 

by a secondary electron. 

At high pressure molecular ions are forced by a threebody 

collision involving an atomic ion and two neutral atoms as shown 

in reaction (4.1.10). The rate of the reaction depends upon the 

square of the gas pressure involved at the gas pressure used in 

the experiment. The rate coefficient has been obtained by Vitals 

et al (9) to be 2.0 x 10-31  cm6  sec-1. 
** 

The crossing of energy levels of Xe2 and Xe produces a 

fast radiationless dissociative recombination (4.1.11) with a 

rate coefficient of 1.4 x 106  cm3  sec-1  at 300 K (10). 

The excited atoms, Xe*  decay to the lower lying 3P1  and 

3P2  levels (4.1.12). The cross-section for this process has been 

determined by Phelps (11) in the case of neon to be -'10-13cm2. 
The-3P1  and 3P2 populations may form the 

1+ and 3 u 

states respectively as in (4.1.13). The rate coefficient for 

formation of the singlet was found to be 1.5 x 10-32cm6sec-1  

(12) and for the triplet 7 x 10-32  cm6  sec
-1 
 (13). 

4.3 Loss Processes  
Reactions (4.1.15) and (4.1.16) show Penning ionisation 

which involves collision between two excimers. The reaction 

coefficient has been measured experimentally by Johnson et al 

(14) who obtained a value of 3.5 x 10-10cm3sec-1  and also by 

Zamir et al (15) as 8 x 10-11  cm3sec-1. These measurements 

are based on assumed populations and formation rates so some 

discrepancy may be expected. This loss process places an up-

per limit on the upper state population achievable, the maximum 

population density is approximately 5 x 1017cm-3. The photon 

energy is high, 7.2eV and since the ionisation potential is only 

12 eV photoionisation of the excited molecules is possible as 

in reaction (4.1.18). Photoionisation may prove a limiting fac-

tor in laser performance (16). 
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Photoionisation cross-secA-Ions._ have been determined experimentally 

but without satisfactory agreement. Gerardo and Johnson found 

it only an insignificant effect (17) while Lorentz et al found 

a photoionisation cross -sec ion of 4.2 x 10-18  cm2  (18) . Reaction 

(4.1.19) represents the formation of ground state xenon mole-

cules which are short lived but can introduce a loss by photo-

absorption and a reduction in population inversion. 

4.4. Excited State Lifetime and the Stimulated Emission Cross=sc1-ion 
Koehler et al (19) determined lifetimes of 4 nsec for the 

1 ū and 16 nsec for the 34  ū. These values are used in the com-
puter model. There is no general agreement on the lifetimes of 

the -excited states. Thus KETO et al (20) determined radiative 
lifetimes of 5.5 nsec and 95 nsec which were attributed to the 
singlet and, triplet states respectively. These values of life-
times were used in the model developed by Werner et al (21). 

Fournier (22) has interpreted these results differently and ass-
igned the 95 nsec lifetime to a transition from 

g to  14u 
states. (a-,  c 	4104-1)) 

The stimulated emission cross-se 	is related to the 

B Einstein coefficient by the expression 

TN) = Bg (v)hyo 	(4.4.1) 
c 

where y o  is the centre line frequency and g(v) is a line shape 

factor. We can write 

B c3  1 1 
8nv2 z h9 

(4.4.2) 

where Z is the radiative lifetime 

Hence a  (v ) = 22  g(v) 
8►rv2 T 

(4.4.3) 

and at line centre 

= a' 	° 2 	• 
8nv)  

av 
v (4 .4.4) 

which for &N = 150A°, -X= 1720 A°  and 7:=  5 x 10-9  sec gives 



a stimulated emission crossection, 0 = 1.4 x 10-17 cm2. Thus 

a-> a-  , the photoionisation crossection and gain is possible 

in the medium. 

4.5. Laser Kinetics and the Mixing Model . 

A detailed model of the xenon excimer laser has been dev-

eloped by Werner et al (22) based on the mixing model proposed 

by Rhodes and George (23, 24). 

The essential features of this model are the reactions: 

	

,.ē + Xe2(le+) 	e + Xe2(34 u) 

	

M + Xe2(14+ ) 	M + Xe 2(3  +) 
u 	u 

M represents a heavy particle such as a Xe atom. Reaction 

(4.(.1) tends to equalise the populations of the singlet and 

triplet levels. This equalisation occurs because the electron 

energy is higher than the singlet-triplet splitting energy, a 
that is 

4 G 1 
KTe 

The converse is true in (4.5.2) where 

4 > 1 
KTg 

where Tg is the gas kinetic temperature. Werner in his laser 

model makes use of this mixing process as an adjustable parameter 

to predict gain and laser output and in particular to model the 

experimentally observed early termination of the laser pulse. 

There is, however, some doubt over the values of rate coeffic-

ients used. Reaction (4.5.1) dominates at low pressure and in 

his model Werner et al use a crossection deduced from equivalent 

atomic reactions which at an electron temperature of 1eV is 3 x 
10-15  cm2  (21). At high gas pressures they propose that reaction 

(4.5.2) dominates and take a crossection for the reaction of 
10-17  cm2. This is considerably higher than can easily be just-

ified by experimental observation. Indeed, Keto et al (25) in 
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measuring the rate of mixing of the singlet and triplet states 

reports that the mixing rate for z{'ū and IC-  are a factor of 

80 less than that used by Werner et al. The stimulated emis-

sion cross=sec4-tct1S are estimated by Werner et al to be 2 x 10-17  cm- 9 

for the 14+  and 10-18cm2  for the 34+. Thus the coupling modal 

places a restriction on the peak power and gain attainable. In 

fact, the stimulated emission cross:scion assigned to the trip-

let is less than the photoionisation crossection and hence early 

termination of the laser pulse can be achieved but only by red-

ucing the gain of the medium. The model has been criticised on 
several points by Gerardo and Johnson (17), in particular, they 

observed experimentally that the laser intensity began to fall 

while the gain of the medium was still higher than the losses 

of the cavity initially. They seek to explain this laser ter-
mination by a time dependent reflectivity of the cavity mirrors. 

We shall return to this point later. It is pertinent at this 

point to mention the alternative kinetic model of Fournier (26). 

4.6., Kinetic Model of Fournier  

The model proposed by Fournier is simpler and does not 

require the mixing hypothesis to explain the experimentally 

observed behaviour. The experimentally determined rates for 

formation of the singlet and triplet are 1.7 x 10-32cm6sec-1  

and 7.0 x 10-32cm6sec-1  respectively. These differences are 

too great to be due to experimental error and while most models 

have used a single reaction rate for both the singlet and trip-

let states in the model of Fournier these two rates are used. 

The different formation rates provide results for xenon excimer 

fluorescence in very good agreement with experiment (26). The 

laser model used in this thesis is based on the fluorescence 

model developed by Fournier and detailed account of both is 

given in chapter 5. 

4.7. Review of Experimental Results on the Xenon Excimer Laser 

Koehler et al (3) were the first to observe stimulated em-

ission in high pressure xenon gas. Their experiment involved 

the excitation of high pressure gas by high current, high volt-

age electron beams, Febetron 705 and 706 generators, over the 

pressure range 15 to 450 psi xenon. The radiation was centred 

at 1700A with a width of approximately 150 A . The maximum 



observed efficiency of conversion of e-beam energy deposited in 

the gas to V'JV radiation was 25%. When an optical cavity was 

introduced into the pressure cell the pulse width of the rad-

iation fell from 50 ns to 3 ns and the bandwidth reduced to 
17A°  consistent with stimulated emission in•the gaseous medium. 

In 1973 Hughes et al (6) produced the first high power 

xenon excimer laser. Using a 2KJ elecron beam they obtained a 

laser output of 0.1J with a peak power of 20MW. They inter-

preted the premature termination of light output in both fluor-

escence and stimulated emission as due to increased collisional 

deactivation due to an increase in gas kinetic temperature. 

A detailed study of the xenon VUV laser has been performed 

by Gerardo and Johnson (5), who observed early termination of 

the laser pulse and suggested this was due to changes in ref-

lectivity of the cavity mirrors. Small signal gain measure-

ments have also been performed by these authors over the pres-

sure range 95 - 250 psi at a measured electron beam current 

"density (27). They also considered the influence of dilutents 

on the xenon laser and found an improvement in energy storage 

with the addition of either argon or helium as a dilutent (28). 

They concluded that the addition of helium was better than ar-

gon and the improvement was due to a reduction in electron temp-
erature and also gas kinetic temperature. They deduced that the 

xenon might profitably be diluted but consistent with a suffic-
ient xenon density to allow rapid formation of Xe2  by three 

body collisions. A brief review of experimental work up to 

1976 has been given by Johnson et al (29, 30). 

More recent work on the xenon excimer laser, contemporary 

with the work of this thesis, has involved low current density 

e-beams, 5 to 100 A cm-2, and comparatively low pressures of 

25 to 100 psi xenon. Thus Hunter et al (31) obtained a laser 

energy of 8J in a 25 ns F.W.H.M. pulse with 100 psi xenon gas 

excited by an electron beam of 100 A cm-2  current density. 

Turner (32) used a low current density, long duration, electron 

beam to excite 25 psi xenon gas and obtained a laser pulse of 

200 ns FWHM. He observed that only a single shot was possible 

with a fill of gas because of the release of impurities from 

the pressure cell to the gas. It is interesting to note that 

in the paper by Hunter et al (31) only a single shot is reported 
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and it seems likely that they encountered the same problem. 

Gas contamination is considered in chapter 6 of this thesis. 

The electron beam sustainer technique was first applied 

to xenon by Basov et al (33) but, unfortunately, gas impurities 

released from the discharge electrodes led to a fall in laser 

energy compared to simple electron beam excitation. The theor-

etical and computational work however showed that an improve-

ment in efficiency was possible in this mode of excitation. It 

is clear that with a W value of approximately 22 eV the inherent 

maximum efficiency for direct e-beam excitation is 30%. If, 

however, the electron beam is used only as a source of second-

ary electrons and the electron energy distribution function is 
tailored by an appropriate E/P discharge greater efficiency 

can be achieved. This is for example the case in CO2  laser. A 
similar experiment performed by Huber et al (34) showed that an 

increase of electrical efficiency from 20% to 27% was possible 

for fluorescence emission. They attributed the rather poor in- 

. crease to electron collisional deactivation. 
• Baranov et al (35) measured the temperature dependence of 

quenching, presumably by Xe collisions, of the excited xenon 

molecule. An order of magnitude reduction was achieved by a 

temperature decrease from 295 K to 149 K. 

The effect of macroscopic Rayleigh scattering in noble 

gases at high pressures has been studied by Gerardo and Johnson 

(36) who obtained cross-sechtn for scattering of 2 x 10-23cm2  at 

300 K. The degree of scattering increases sharply with increas-

ing gas temperature and can constitute a significant loss pro-

cess at high temperatures. 

This brief review has, on the whole, been in chronological 

order and traces the development of the xenon VUV laser. On 
the practical side several small laser systems have been const-

ructed and operated successfully but by no means routinely. Typ-

ical of the technical success are the small coaxial systems dev-

eloped by Bradley et al (37) producing power outputs of the ord-
erof 5MW. 

To summarise we can say that early experiments were disap- 
• pointing in that the high current densities ( 1kAcm 2) and high 

gas pressures led to increased temperature and collisional de-

activation. Contamination of the xenon gas is a serious problem 
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drastically reducing laser output. High fluorescence efficiency 

seems possible but laser electrical efficiency is low. Early 

termination of the laser pulse has been observed experimentally. 

There are at present two explanations for this phenomena. Werner 

et al (22) suggest this is due to the laser.medium only and rely 

on the mixing model to explain the phenomenon. Gerardo and 

Johnson (17) suggest the pulse shortening is external to the 

laser medium and probably due to the mirror reflectivity changes 

in the optical cavity. 

4.8. Objectives of the Experimental Work  

The objective of the experimental work can be stated simply 

as the construction of a large scale efficient xenon VUV laser. 

It should not be thought, however, that this is simply a tech-

nological problem, for it is necessary to deduce the limiting 

factors first. The interest in producing an efficient large 

scale xenon laser stems from the proposal of Murray and Rhodes 

(38) who suggested the use of VUV emission from Xe2* for the 

excitation of Selenium as a laser. The proposed laser transition 

in Selenium is 

Se(tSo) 	Se(3P1 ) 

and itcoccurs at a wavelength of 48879 with a stimulated emis-

sion crossection of 4 x 10-19cm2 and saturation energy of 1Jcm 2. 

The excited Se is produced by VUV photolysis of OCSe which has 

a quantum yield near to unity at 1700A~. This proposed laser 

with its low stimulated emission crossection and high saturation 

energy would be suitable as a high power amplifier medium for. a 

'fusion' laser. An efficient source of radiation at 17009 is 

therefore of particular interest. 

The present experiment seeks to avoid the problems of high 

gas temperature and collisional deactivation by use of a low 

current density (10OA cm-2) and pressure in the range 50 to 120 psi 

with 60 psi xenon being the normal working pressure of the large 

system. The problem of gas contamination can be serious and a 

solution to this problem is sought. 

The other major factor influencing laser efficiency is the 

premature termination of the laser pulse. The laser model of 

Werner et al has found acceptance among many research workers 

(39) but this explanation of laser performance is by no means 



proven. The laser model developed in this work, based exten-

sively on the work of Fournier, considers the changing reflect-

ivity of the cavity mirrors in attempting to assess their imp-

ortance. 
The experimental work has followed a fairly logical order 

with initial studies of e-beam diode geometries, followed by 

the construction of a small xenon excimer laser and an assess-

ment of its performance and limitations. The experience gained 

was used in the development of a large e-beam diode and finally 

the construction and operation of a large scale excimer laser. 
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CHAPTER 5  

A MODEL OF THE XENON EXCIMER LASER  

5.1. Introduction 

The model outlined in this chapter is based on the fluor-

escence model developed by Fournier (1). He successfully sim-

ulated fluorescence of the xenon excimer and also computed small 

signal gain. Fournier did not extend the model to fully simul-

ate a laser oscillator because his model was incapable of pre-

dicting the experimentally observed laser pulse termination. 

This problem is overcome by considering the temperature depend-

ant reflectivity of the cavity mirrors and a full laser model 

is developed and compared with experiment. 

5.2. Kinetic Rate Equations and the Electron Energy Distribution 

The kinetic model is illustrated in figure (5.1). Five 

atomic states are considered; the ground state Xe, the 3P2 

metastable, P1 resonance, the P3~ ground state ion and an 
2 

intermediate or cascade level whose propertied are chosen in 

such a way that they represent the average behaviour of the group 

of levels lying above the 3P1 and 3P2 levels but below the pot-

ential well of the molecular ion Xe2. 

FIG.(5.I) XENON LASER KINETIC MODEL. 

The basic equations for the formation of Xe2* and its decay 

have been outlined in chapter 4. Many of the rate coefficients 



are dependant on electron temperature and it is necessary to 

determine the electron distribution. The time evolution of the 

distribution function is governed by the Boltzmann equation and 

this is solved in the model developed by Fournier. A brief 

discussion of the method of solution is given in Appendix 1. 

The source term of the Boltzmann equation is provided by the 

e-beam production of secondary electrons in the laser volume. 

These secondary electrons are produced with a mean energy of 

5.3 eV and subsequently cool down to approximately 1eV through 
inelastic collisions producing further ionisation and excitation. 

5.3. Stimulated Emission and Absorption  

A detailed discussion of the calculation of the stimulated 

emission and absorption coefficients has been given by Fournier 

(1) and a brief outline of this technique is given in Appendix 2. 

Here we will quote the relevant results as obtained by Mies (2). 

The stimulated emission crossection is given by: 

(v) = ̀ 7'C 	rrkR(r) 1 	
2 8n3~ 

n 	n, 	

3 h23 exp(-Enr /KT) 
I £, 	3hc Qn, 

(5.3.1) 
and the absorption coefficient by: 

Lrr1R(r)' kn, 
8r333 hc3 (g2) 
3hc 	y ( gA ) 

4 rō2 

	

X 1 	expj(-E ,-hv)/KT ) (5.3.2) 

	

(2 mKT/h2)1 	n 

where 	En, is the vibrational energy of state n' 

Qn, is the vibrational partition function 

T is the gas kinetic temperature ' 
r' is the minimum of the internuclear potential of 

the upper state. 

gZ is the electronic degeneracy of the dissociating 
molecule 

gA is the electronic degeneracy of the asymptotic 

atomic state, s" = En, - h V 
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Implicit in these equations is the assumption of a Boltzmann 

distribution in the vibrational and rotational states. Also the 

matrix elements are assumed to be only weakly dependent on J., the 

rotational quantum number. 
The matrix elements for bound-bound transitions can be 

evaluated satisfactorily by numerical integration but for a 

continuous spectrum the technique is not applicable. The cal-

culation of stimulated transition probabilities requires a know-

ledge of the wavefunctions of the bound upper state and the free-

particle lower state. Mies (2) has shown that the lower state 

wavefunction is highly oscillatory in the region outside the 

classical turning point and the main contribution to the over-

lap integral occurs at this point. The Frank:-Condon principle 

allows us then to calculate the transition probability from the 

square of the vibrational wavefunction of the upper state at the 

radius of the dissociation. This method is known as the reflect-

ion approximation and is considered in more detail in Appendix 2. 

The essential result is simply stated here 

\ jttii\ R(r ) ij \   r>  =  	22 	
) 

dR 2 R2(R~) nrof R~
(hv) 

(5.3.3) 

where R(r) is the matrix element of the electric dipole moment 

Y"
n' o is the vibrational wavefunction for the n'th•level. 

and V is the frequency of the transition. 
Equation (5.3.3) allows the calculation of emission and ab-

sorption cross,.-se on by computing the bound eigenfunctions and 

determining the lower state potential derivative at R* where R* 

is the root of 

Err - V(r) — 
h2  J' (J, r2 1) = 0 	(5.3.4) 

811 m 

The ground state potentials for the noble gases have been 

obtained in terms of Morse potentials (3,4). 
R(r) is assumed to be a constant independent of internuclear 

separation and is related to the atomic transition rate, A. 

R(r)r 	A3hc3 	 (5.3.5) 
64R v 

where V is the frequency of the atomic transition. 
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Fournier (1) has determined the Morse parameters for the 

first excited state of the noble gases by an iterative comparison 

with the absorption data of Gerardo and Johnson (5) and Koehler 

et al (6). 

5.4. The Electron Beam Energy Source  

The electron beam provides the energy source for excitation 

of the laser and is introduced as a source term in the different-

. ial equations 

S(.,t,$) = V(t)I(t)Nat  . f(s) 
We(0.2R(t)) 

(5.4.1) 

where V(t) is the time dependant beam voltage, I(t) the current 

density and R(t) the C.S.D.A. range. f(s) is the computed fract-

ional excitation to species S, N is the number density of neutrals, 

At is a time interval, e is the electronic charge and W the energy 
expended per electron ion pair. The factor 0.2 is used because 

the energy deposition for a monoenergetic beam of electrons is 
nearly uniform over a 1/5 of the C.S.D.A. range (7). 

In practice the value of S is changed at 1 ns intervals 
which gave satisfactory results remembering that the e-beam pulse 

is typically 50 ns in duration. 

From (5.4.1) it can be seen that the volume under consid-

eration at each time step is a function of the e-beam voltage and 

neutral number density. Beam voltage, V(t), is a function of 

time and hence the emitting volume is continuously varying. This 

is satisfactory for emission near to the electron beam window but 

the spatial energy deposition profile must be considered to est-

imate fluorescence from the full volume of the pressure cell. 

In the case of fluorescence we do this by 'post-processing' the 

output of the computer code. We make the assumption that the 

spatial emission profile follows the electron beam energy depos-

ition profile and approximate this by 

((x, t) = ((x, t) [x c  z) _ c(x, t) expt(z-x) /z) [x > z] 
`` 
	 (5.4.2) 

where z = 0.2R(t) 

6x,t) is the emission per unit volume and x is a coordinate 
normal to the e=beam window. 
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FIG.(5.2) SEGMENTATION OF THE 
LASER CELL FOR FLUORESCENCE 
SIMULATIOTN. 

1 
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The total volume of the'pressure cell is divided into a 

series of cells, as shown in fig. (5.2). 

14z- n-1 
!ol 	A xti  xi 	zi 

The emission of each cell is calculated at 1 ns intervals 

where the emission of each cell is taken as 

e((xi + A2) ,t) Axitiyaz (5.4.3) 

where 4 is the length of a side of a cell between xi  and xi+1. 

The emission from each cell striking the photodiods is computed 
and this provides for an accurate comparison with experiment. 
This segme.n'c.ation applies only to the simulation of fluorescence. 

5.5. Laser Photon Flux  
We represent the oscillator as illustrated in fig. (5.3) 
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FIG.(5.4) ELECTRON-PHONON 
COLLISION FREQUENCY AS A 
FUNCTION OF TEMPERATURE. 

FIG.C5.5) REFLECTIVITY OF AL 
AS A FUNCTION OF TEMPERATURE 
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The emitting state population, N1(x) is given by 
09 

ā N1(x) = LS + fo(v)  iv(x)dv No(x) 
vo 

0 

-~A + J re(v) t v(x)dv ] N1(x) ' 	 (5.5.1) 
0 

where § v (x) = I (x) + i,(x), the spectral densities of photon 

flux in both directions. 

S is the pump rate, A is the fluorescence decay time and 
6a and e are stimulated absorption and emission cross-so\-,orss, 

In the full computer program both singlet and triplet states 
are considered. 	 + 

The variation of photon flux densities r(x) follow the 
equations 

0* 

1- (x) =  2 f(x,)dx  + Y(V) 	, (x) 	(5.5.2) 
t 	l o ō 	 T 

where /t(v)  is a loss term and of is the saturated gain coefficient 

and T is the roundtrip time in the cavity for a plane wave. If 
R1 and R2 are the mirror reflectivities of the cavity mirrors, 

then)? (v) = &n(R1R2) 	where 	represents scattering and photo- 
ionisation losses. 

We make the assumption that the excitation rate variation 

can be neglected for times of the order of T where 

= 2Z + k(n-1)]c-1 

wlvet~ Q . s l e. leAytk, eC 1ke 	medw,v, 
„An is the refractiNtz index of the medium (n s 1). 

To simplify the computer program we use space averaged 
values given by 

f
L 

Ni 	1 J Ni(x) dx 
0 

i = 0 ,1 	 (5.5.4) 

aC (v ) = 1 foqv , x)dx (5.5.5) 
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A ssumi ;4- >> 	
~v ) 

, where bd(v) is the gain variation per 

round trip,
o 
then we can write (5.5.2) as 

0 

• 
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§-- 	Qt(y)1 Jø(xv) ±(x) dx 

= 	ō (v) \ 
It 

 
Y 
	

`Ī' 

and (5.5.1) can be written as 

 117,;(V)
ōN

1 = S + 	dv N 
v 	o 

(5.5.7) 

- A + JÇ(v)dŸ] N1 	 (5.5.8) 

Equations (5.5.7) and (5.5.8) constitute the basis of the 

laser model. In the computer code a series of 50 equations of 

the form (5.5.7) are solved so that the frequency region of 

interest can be covered satisfactorily. The region covered is 

150A centred at 1700A°. The singlet and triplet states are 

treated separately. Values of e., 0e , scattering and photo-

ionisation crossections are taken from the work of Fournier (1). 

The set of differential equations are solved by a Numerical 

Algorithms Group program (D02AEF) designed for the solution of 

'stiff equations' based on the method of GEAR (8). The program 

automatically sets the stepsize for a stable solution and values 

are printed at 1 ns intervals. This is also the time interval 

at which the reflectivity of the cavity mirrors is computed. 

(5.5.6) 

5.6. Mirror Reflectivity 

It is difficult to determine quantitatively what effect the 

laser radiation has on the reflectivity of a multi-dielectric 

mirror in the vacuum ultraviolet,. Certainly changes in absorp-

tion have been observed in multi-dielectric filters due to 

expansion and change of refractive index with temperature (9). 

In view of this difficulty aluminium coated mirrors have been 

considered in the numerical model. 
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The reflectivity of metals at high temperatures has been 

studied by several workers (10,11,12). Theoretical results on 

reflectivity have been compared with experimental results using 

Q switched ruby pulses and shown good agreement. The usual pro-

cedure is a solution of the 1-D thermal conduction equation 

with reflectivity determined by Drude theory. We outline the 

basic features of this below following the treatment.of Ujihara (12) 

According to Drude theory the optical properties of a metal 

are determined by three quantities; the plasma frequency of the 

metal, the optical frequency of the radiation and the relaxation 

time of the electrons in the metal. The relaxation time of the 

electrons can be considered as the reciprocal of the electron-

phonon collision frequency suitably averaged over the electron 

distribution in k space. ( $c= P/š where p is the electron momentum) 

This frequency is clearly dependent on phonon population which 

is in turn dependent on the temperature of the metal. A change 

in temperature therefore affects the collision frequency and 

reflectivity of the metal. This is equivalent to the metal 

reflectivity being dependent on conductivity. 

Consider free electrons perturbed by an AC field of optical 

frequency, 6t, with a vibrating lattice with collision frequency, 

4~ c, then the dielectric constant for the system is 

_ 
_ 42e_2_ _Lf 6_1P2 u'` W2+w2 	 l [22)w~ 

where 'ais the plasma 

imaginary parts of the 

The reflectivity, 

active index, fez, by 

1 

frequency and F. 

dielectric cons 

R, is given in 

(5.6.1) 

1 and 42 are the real and 

tant. 

terms of the complex refr- 

(5.6.2) 

Both we and we are temperature dependent. We assume that in 

increasing the temperature there is no change in the band struc-

ture of the metal thent,ac increases with temperature. It has been 

shown (13) that by using the Debye model of the phonon spectrum 

the collision frequency for an electron of wave vector k is given 

by 



(k) 	
► 	Iz 4dz 

ez 
0 

(5.6.3) 
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- where e is the Debye temperature, assumed to be temperature 
independant 

T is the temperature of the metal in K, and K is a constant 

involving the total scattering crossection of an atom, the Debye 

temperature and other universal constants. The electron distrib-

ution in It space depends on temperature but for most metals KBT 

is small compared to the Fermi energy and we will assume that 
the distribution does not change through the temperature rise 

considered. The change of wP with temperature due to volume ex-
pansion is small and we will neglect it. 

Now a c is simply the average oft.) c(k) over k and we can write 
i T 

= K'T5 Z4dz 	 (5.6.4) c 	
o ez-1 

where K' is a constant involving K and the mean value of I k\. 

Equations (5.6.1), (5.6.2) and (5.6.4) gi7e the temperature 
dependance of reflectivity. 

The procedure for the calculation of reflectivity is as 
follows. We first determine w c. Writing (5.6.4) for temperature 
To at which we is known K' can be deduced . (.3c  is found from 0 	 0 
the absorption coefficient, k, and refractive index, n, via the 
relation 

(4 P2 	c.~c 
2nk = 	 

w 2+ w 2 
(5.6.5) 

The smaller of the two solutions for we is chosen because 
0 	3 

it is consistent with the approximate relation 
we - 

211k w 
t.) 
2 

which 
is valid at room temperature. 

The plasma frequency, uy, is given by 

4 
Ne2  W = 	 ] 	 (5.6.6) P 	m* 

where N is the electron density, e is the electronic charge and 

m* is the effective electronic mass. 
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The solution of (5.6.5) yields 

w 	= 
uy2 

- (wi'4 - 16n2k2w4)  
c 

4- nk w 

Data on n and k were taken from references (14,15). 

The above theory gives good results in the infra-red: we 

make the assumption that in the VUV radiation is absorbed only 

by the conduction electrons and that no change in the band 

structure occurs. In fig. (5.4) the results of Ujihara on the 
temperature dependance ofcac are reproduced. The temperature 

dependance of the reflectivity of aluminium at 1700A is shown 

in fig. (5.5). 

In order to determine the temperature rise at the irradiated 

aluminium surface we assume that the energy absorbed per unit 

time is given by 

A(x,t) = I(t)(1-R)exp (_x/) 	(5.6.7) 

where R is the reflectivity of the metal, x is a coordinate 

normal to the metal surface with x increasing into the metal 

and b is a penetration depth related to the electromagnetic skin 
depth,b', by 

2 = 	(w1 ) (5.6.8) 

5.7. The Diffusion Equation  

The 1-D heat flux equation is written in the form 

M,K(8)  ~ - >8 = a()I(t)exp(-xi) 	(5.7.1) 

where 	0 is the temperature 

K is the thermal diffusivity in cm2 sec-1 

d. = K 	where C is the thermal conductivity in cm-1K-1 
Sc 

and 	x is the distance into the metal. 

The equation is solved explicitly with the segmentation shown 

in fig. (5.6). 
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..E 1LI EEI 	hV 

FIG.(5.6) NOTATION USED IN THE SOLUTION OF THE 
DIFFUSION EQUATION. 

We write (5.6.9) in the form 

—1 [K(8E )(BEE-9c) - K(9M,)(gc euw) Sc =
6 C c (5.7.2) 

2DL. 	2A 	2D 	At 

where Sc is a source term and the dash denoted a new time inter-

val. The solution for a general point is given by 

n+1 Lt 	n+1 n+1 n 	n  n n 1 
	

n 
8 	- -- K(8 ) e - 9 - K( ) 8- 0 1

- DtS +e c 	2fl2 	E 	EE 	c 	"' ` c ww 	c 	c 

(5.7.3) 
The 1st segment, 

e n+ 1 - st 	n 	n 	 n 
c 	

i-2 K( S ) f 8C
n 
- 	1_ 6.tSc + 6 

c 24 ww 
(5.7.4) 

2nd segment, 
n+1 
c 

penultimate 
A n+I pt 	 n+l .c n+1 Bn2 	

(8n)
r_ n 	n,- 	n 

-AtS +8 262 E EE c C C. 

(5.7.6) 

(5.7.7) 

The 

The 

~2[-K(8W )~ec - 8 w j- DtSC + 6 
2 	

c 

segment, 

(5.7.5) 

and finally the last segment, . 

n+l 	n+1 n+1 n) 
e c - ~t2K(eE 

)̀ 0 
FL - Bc}]- MSC +8 

2P 
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Stability requires that, (16) 

114; 0.5x2 
K (5.7.8) 

29hvsSot3 
c 	T (5.8.2) where g = 

Here Sc = -AcH(8) where H(9) is the thermal capacity of metal 

of density e. 
The temperature dependence of the thermal properties was 

included, the values were taken from Fuhs and Fuhs (17). The 

temperature dependence is small and could have been neglected 

with little increase in error. The temperature and reflectivity 

at the surface of an aluminium coated mirror with perfectly insul-

ating substrate is shown in fig. (5.7) for the case of a Ions aor 
t„cyw*. function radiation intensity at the surface. 

5.8. Mirror Reflectivity and the Laser Oscillator  

The effect on the performance of an oscillator can be il-

lustrated with the use of a simple analytic expression for laser 

intensity under a pulsed excitation source. The equation for 

intensity has been derived by Casperson (18) in a form suitable 

for computation 

dII(t)- 4I(t)~I0 exp(2 sI(t')dt'Z )I(t) 

 o 
(5.8.1) 

Gain is represented by the coefficient gc 

Q. is the length of the laser medium 

9' is the round trip time in the cavity for a plane wave 
So is atQcL"j ffunction pump source of duration -C-

3 
S is a saturation parameter defined by 

S = 2B 	ti 2.1 cm2J-1 

nbvH 
(5.8.3) 

)&
c  is the loss coefficient and is related to the mirror reflect-

ivities R1 and R2 by  )g = - 
( 

AR
c 	1 R 2) 	(5.8.4) 
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The spontaneous emission noise, Io, was found from the geo-

metry of the system and fluorescence emission obtained from the 

computer code. The results are shown in figures (5.4) and (5.8b) 

for a cavity length of 10 cm. Two cases are considered, firstly 

a cavity consisting of two aluminium mirrors and secondly one 

aluminium mirror and an output etalon. The severe reduction in 

output intensity can clearly be seen. 

When the full simulation of the excimer laser is run the 

temperature at the surface of an aluminium mirror can reach 

melting point. The Drude theory is no longer applicable and it 

is difficult to predict the behaviour because of the formation 

of a surface plasma and the release of bound impurities. A 

simple approach is adopted in which the reflectivity is assumed 

to be dependant on the amount of metal evaporated up to that 

time. A well behaved laser pulse obtained by experiment was 

used as illustrated in fig. (5.9) and the fall off in intensity 

fitted to an intensity dependant reflectivity change. 

The expression used is of the form 

R(t + 4t) = R(t) 

where 	is a constant of proportionality obtained by comparison 

with experiment. (¢ = 8.4 x 1010) and I is the absorbed laser 

intensity. R(t) is the reflectivity at time t and N t is the 

time step. (dt = 1 ns). 

5.9. Model Equations  
For the sake of completeness the differential equations for 

the laser model are outlined below. 

The following nomenclature is used: 

ni  ... number density of species 

Si  ... primary beam source term 

Ri,j.. slow electron collision rates 

Raj.. dissociative recombination rate 

Ri,j.. three body formation rate ' 

RP.. Penning ionisation rate 
1,l 
A. .. spontaneous emission rate 

i ... initial state 

j ... final state 
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E* ... energy of electrons produced by beam 

E. = E i.. energy difference between levels 

i = 1 	ground state 

i=2 	3P2 • 
i =3 	3P1 

cascade 

Xe+ 

Xe2 (ground) 
3t111- 

u 
i=8 	1{+ 

34 g 
14+ 

g 
Xe2 

ne 

ne (3/2 KTe) 

( 3/2 KTn) 

photon density in frequency interval 

denotes summation over frequency intervals 

SA. 	stimulated emission rate 

SRi,.3 	stimulated absorption rate 

PI. . 	photoionisation rate 

Rei 	electron ion cooling rate 

Ren 	electron neutral cooling rate 

)sn1 
= n12[n Re 1 + n Re 1 + n Re 	+ n n Re 1 ō t 	2 2, 	3 3, 	4 4,1 	12 5 5,1 

- n12n1.R7,2 + R~~3 + 11,4 + R1,51 

- n1n11 R217 n2 + n2R2,9 + n
3R3,8 + 	n3  R3,10 + 

 n5R5,11 
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i = 4 

i = 5 

i = 6 

i = 7 

i = 9 
i = 10 
i = 11 

i = 12 

i = 13 

i = 14 

i = 15 -65 

ni 



+ n12n11R11,4 

+ 2Cn7A7,6 + n8A8,6 + n9A9 ~ 6 + n10A9,10l 

+2~n7n7R7, 11 + n8n8R8,11 	+ n9n9R9,11 + 	n10n10R110,111 

(5.9.1) 

a n2 
	n12[n1 R1 2 + n4R4 2 + n12n5R 1$t 5 2 ~ 	, 

- n12n2CR2,1 
I. 
R2,4 + R2,5 1 

+ n4A4,2 

-n2n1n1 R27 + 
R2,9 	(5.9.2) 

ōn3 
= S +n1 2~n1R~ 	+ n Re 	+n1 2nRP 3 	,3 	4 4,3 	5 5,3 
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- 1112n 3(.11,1 + R3,4 + R3,5 3 

+ n4A4,3 

C 	
f -n3n1n1 R3,8 + R3,10 

= S4 + n12Ln1R1,4 + n2R2,4 + n3R3,4 1 

e + n12n12n5R5,4 

e 	 e 
- n121141.114 1 + R4,0 + R

e 
 4,3 
 + R4,5 

at 

(5.9.3) 
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 + n12n11 R11.4 (.5)  
• 

• n5 - S5 + n12Cn1 R1,5 	n2R2,5 + n3R315 + 
n4R4,5- ~t 

(5.9.4) 

f 	e 	e 
-n12n12n5CR5,1 

+ R5,2 + R5,3 + Re5,4 

- n5n1n1 R5,11 (5 .9 .5) 

116 
not used 

f = n1n1n2R2 ,7 - n7A7,6 	n7n7R7,11 

S R6,7 - n7r ni S A7,1 + 	n1P I7,11) 

(5 .9.6) 

f n1n1n3R3,8 - n8A8,6 -nn 88R8,11 

+ ~ ni S R6,8 - n8 L ni S A8,1 + ni P I8,11) 

(5.9.7) 

n9 	
n1n~n1R2 9 - n9A9 7 - n9n R9 

11 t 	 9 (5 ,9.8) 

n10 = n
1n1n3R3, - n10A10 8 	n10n10R10 11 ō t 	 ' 

(5.9.9) 
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• ō n11 	n1n1n5 Rf 11 	n11n12 R11 	+ n n RP 11 + n n RP 11 - 5 5, 	 ,4 	7 7 7, 	8 8 8, 

P 	 P + n9-9R9,
11 + n10n10R10,11 

+ n7 ni P I7,11 + n8 ni P I8 
11 (5.9.10) 

at 
	rn= SS + n
12 . 1 R1~5 + n2R2,5 + n3  R3,5 + n4R4 ,53 

- n
• 12n12n5L

R5,4 + R5,11 + R5,2 	+ R5,1-3 

- n
11 n12 Ra11,4 + n7n7 R7,11 + n8n8R8,11 + n9n9R9,11 

+ 1110n1040,11+ Cn7P P7,11 + n8 P 	 (5,9.11) 

a n13 n12Cn4R4 ,3E 4 ,3 + n4R4 , 2E 4 , 2 + n4R4 , 1E4,1 

 

a t 

e 	 e + n3R3 ,1E3 ,1 + n2R2 , 1E 2,13 

- n• 12[n1R1, 2E1 , 2 + n1Rl,3E13 + n1R1,4E1,4 

+ n2R2,4E2,4 + n3R3,4E3,43 

+ n12n5`R5,1(n13 + n12E5 , 2) + R5, 2 (n13 + n12E5 , 2) 

+ 11;,3(n13 + n
12E5,3) + R5,4(n13 + 1112E5,4)] 

e - n• 4 P4,5(n13 + 1.112E4,5) 



e - n3
UR
3,5(n13 + n12E3,5) 3 

- n2C R2,5(n13 + n12E 2,5)3 

- n1~R1,5(n13 + n12E1,5)3 

+S5 E* 

d - n11n13 "11,4 

+ n7n7R7,11U.E7,1 - E11,1) 

+ n8n8 R8,1 1L2.E8,1 - E11,13 

+ n9n9 R9P,11[2.E9,1 -E11,13 

+ n10n10R10,11C 2.E10,1 - E11,1i 

- Reifn5 + 0.5n11) n13 - n14n12) 

- Ren n1Ln13 - n14n12 
	 (5.9.12) 

Ren1n13 - n14n12) 

(n5 + n11/2) + Rei 	n1 	1L-1 3 	n14n12-) 

+ n1n - 2 2,7E2,7 •+ n1n2R2,9 E2,9 
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f 
+ n1n5R5,11E5,11  

A7,6E7,6  

A916E916  

d 
R11,4Ln13 + n12 E11,43 	(5,9.13)  
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CHAPTER 6  
XENON LASER EXPERIMENTAL ARRANGEMENT  

6.1. The Small Laser Cell  

The small laser cell was used with an electron beam of 

crossection (15 x 2) cm2  and typical current density of 100 

to 150 A cm-2  at a beam voltage of 500 - 600 kV. The system 

was used to gain the necessary information for the design of 

a large scale oscillator which forms the second section of 

this chapter. 

A detailed diagram of the laser pressure cell and diode 

arrangement is shown in fig. (6.1). The electron beam win-

dow is formed by a 2.5 micron stainless steel foil with grid 

support. The foil is spot-welded onto the mild steel grid 

support and any leaks sealed with a small amount of soft 

solder. The foil forms the anode of the e-beam diode and 

the electron beam is injected directly into the high pres-

sure cell. The output ports are offset so that the full 

pumped volume is visible. The sideport was used for fluor-

escence measurements transverse to the injected electron beam. 

The cavity mirrors and mirror mounts are fitted internal to 

the cell and are aligned prior to evacuation. The optical 

cavity was formed with a solid VUV quality quartz etalon as 

the output coupler. The other mirror used was either a 95% 

reflecting multi-layer dielectric mirror of radius of curv-

ature 1m and transmission 2% or an aluminium coated optical 

flat. The main body of the cell was constructed of brass 

with dural mirror mounts and window flanges with standard 
'0' ring seals throughout. The output windows are of VUV 

quality quartz. 

The gas handling and vacuum system is shown in fig.(6.2). 

A mercury diffusion pump with liquid nitrogen cold trap was 

used backed by a standard vacuum rotary oil pump and liquid 

nitrogen cold trap. The cell was evacuated to a base press-

ure of 2.10-5  torr. Research grade xenon was used and the 

working quantity of gas contained in a stainless steel bomb. 

The standard procedure adopted before a series of shots 

is outlined below. The cavity mirrors are aligned with a He-

Ne laser and auto-collimator, The cell is then evacuated and 

pumped for a period of several hours until the outgassing rate 

is reduced significantly such that the rise to a pressure 
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of 10
-4 torr in the cell takes approximately 15 minutes. The 

xenon gas contained in the bomb is frozen at liquid oxygen 

temperature (-182.b) and opened to the system so that impur-

ities with a higher vapour pressure will be preferentially 

removed from the bomb. The vapour pressure of xenon at this 

temperature is 0.25 torr (1) and some loss of xenon is exper-

ienced. The liquid oxygen is then removed and the bomb all-

owed to rise in temperature with the isolating tap closed. 

The high pressure valve to the vacuum system is closed and 

the xenon released into the cell as it boils off in the bomb. 

This procedure keeps the hydrocarbon impurities to a minimum. 

Laser performance was monitored with a conical foil cal-

orimeter calibrated with a pulsed ruby laser. The temporal 

history of the laser energy and fluorescence energy were 

monitored with solar blind photodiodes. The monitors were 

contained in line of sight pipes evacuated to 10-3  torr with 

a vacuum oil rotary pump.and molecular sieve trap. 

The system worked satisfactorily at pressures in the 

range 20 - 150 psi xenon. The only major technical difficulty 

encountered was the build up of impurities in the xenon lead-

ing to a drastic reduction in laser output. This problem has 

been encountered by many experimentalists in the field. (2,3). 

Losses in the laser medium by impurities in the gas can occur 

by two mechanisms, collisional deactivation or photoattenu-

ation involving absorption and the closely related phenomena 

of Rayleigh scattering. A simple experiment was performed 

to deduce the dominant mechanism. Xenon gas which had been . 

contaminated by repeated firing was used. A photodiode was 

used to record fluorescence 'side on' and 'end on' without 

mirrors in the pressure cell. The pressure cell was filled 

to 100 psi xenon and the measurements taken with a fixed 

attenuation of the radiation at the photodiode. The pres-

sure was then progressively lowered until a number of shots 

had been obtained. The value of the peak signal 'side on', 

Vt, to that along the axis of the cell, Vp, is plotted as a 

function of gas pressure in fig. (6.3). 
At higher gas pressures the ratio (Vt/Vp) increases 

suggesting that the loss must be by photoattenuation of the 

VUV radiation. This contamination problem was controlled in 

the small laser cell by freezing the xenon into the stainless 



steel bomb after each shot and evacuating the system and 

pumping for a time period of the order of 10 minutes and 
then refilling. This solution worked satisfactorily for 

the small cell but was ineffective in the large laser system 
and an alternative approach to the problem is described in 

the following section. 	- 

n 	6  

1 02  	03 	4  1 
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FIG.(6.4) THE LARGE LASER CELL; I QUARTZ WINDOW 
2 SOLID QUARTZ ETALON 3 PUMP PORT 4 AL. MIRROR 
5 E-BEAM 6 STAINLESS STEEL PRESSURE CELL. 

6.2. The Large Laser Cell  
The large laser cell employs an electron beam of cross-

ection (4 x 55) cm2  of current density 50 - 150 A cm-2  and 

beam voltage 500 - 600 kV. The pressure cell is very similar 

in design and construction to the smaller version with one 
or two exceptions. The main body of the cell is made of stain-

less steel with dural window flanges. A diagram of the cell 

is shown in fig. (6.4). The cavity mirrors are again internal 

to the cell and of similar construction to the previous mirror 



mounts. The vacuum/pressure system is essentially the same 

but with the inclusion of a closed loop gas cleaning system. 

Research grade x xenon, supplied by the Special Gases 

Division of the British Oxygen Company was used. The anal-

ysis of this gas when supplied is as follows: 

Oxygen 	2 p.p.m. (parts per million) 

Nitrogen 	2 p.p.m. 
Other impurities including hydrocarbons and 

Carbon Monoxide 	4 p.p.m. 
Analysis of contaminated xenon has shown the major 

impurities to be oxygen, nitrogen and water vapour (4,5). 
The impurities are released from the walls of the pressure 

cell and the e-beam window during and probably previous to 

the electron beam excitation. In an unbaked stainless 

steel cell one would expect outgassing to involve many of 

the atmospheric constituents with water vapour the largest 

contributor. Several researchers have determined absorb-

tion coefficients for 02  and H2O in the VUV. (6,7,8). The 

beam attenuation is given by the relationship 

I = Io  exp( 	(6.2.1) 

where . is the path length in cm. 
p is the pressure of impurity in torr. 

and k is the absorption coefficient in cm-1. 
Watanabe and Zelikoff (7) determined an absorption coeffic-

ient for H2O at 1720A of k = 130cm 1  while Blake et al (6)

measured the absorption coefficient for 02  at k N 25cm . 

The typical small signal gain for the large cell at a gas 

pressure of 60 psi xenon is 0.05 cm-1  and an impurity level 

of approximately 100 p.p.m. of H2O or 200 p.p.m. of 02  is 

sufficient to reduce this to zero. Impurity levels of the 

order of tens of p.p.m. produce serious losses in the cavity 

particularly in this case with the high output coupling (80%) 

employed. 

The solution to this impurity problem is shown in fig, 

(6.5) where the purification scheme is illustrated. The 

purification scheme is based on the work of Zaklad (9) who 

required a purity level of p.p.b. in noble gases for noble-

liquid nuclear particle detectors. Oxygen impurities are 
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FIG.(6.5) THE PURIFICATION SYSTEM (A) LASER CELL (B) PUMP (C) OFHC COPPER TUBING 
CONTAINING MOLECULAR SIEVE (D) REACTOR CONTAINING BTS COPPER CATALYST (E) TO 
DIFFUSION PUMP AND COLD TRAP. 



removed in the reactor which contains 'BTS' Copper Catalyst 

(10) raised to a temperature of 200°C. Some workers have 

used heated titanium for this purpose but the temperature 

required in this case is 920°C and a more elaborate heating 

system is required than the simple heater tape and thermo-

couple monitor used here. The spiral coil contains molecular 

sieve type 4A°  and is held at dry ice temperature and serves 

to remove any hydrocarbons or water vapour present. The xenon 

gas is circulated through the system, which includes the laser 

cell, with a stainless steel bellows positive displacement 

pump that has a flow rate of 3.51min-1  (11). 

Before use the system was leak tested and evacuated to 

a base pressure of 10-4torr. This procedure, which involved 

baking, required several days continuous pumping and an ion 
pump was included in the system to allow operation overnight. 

The copper catalyst was then reduced by flowing hydrogen 

through the heated reactor. The catalyst consists of inert 

pellets impregnated with copper oxide which is reduced to 
copper by the hydrogen. When operational oxygen is extract-

ed by the reaction 

2Cu + 0 2 -t 2CuO (6.2.2) 

During reduction the temperature of the reactor was monit-

ored and the H2  flow rate regulated so that the temperature 

did not exceed 200
.
C. When reduction was complete the whole 

system was again evacuated to 10-4torr. The cleaning system 

was tested by measuring laser output. The effect of not 
operating the purifier is shown in fig. (6.6) where two 

consecutive laser pulses are shown. A severe reduction in 
intensity can be seen in the second shot, fig.(6.7), is a 

plot of peak photodiode signal along the axis of the cavity 

for consecutive shots in case (a) starting with fresh gas 

and no cleaning and in (b) switching on the purifier and fir-

ing shots at 30 minute intervals. The improvement is obvious. 

A cyclical purification scheme offers many advantages 

over any static procedure. A continuous improvement in gas 

purity can be obtained or impurities, at least, can be held 

to a tolerable level. Small leaks in the vacuum system can 
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be tolerated as continuous extraction of impurities is obt-

ained. Before construction of the purifier it was necessary 

to pump the system for several days to reduce outgassing to 

a minimum. This was found to be no longer necessary and once 

a suitable base pressure had been obtained, usually 10-4torr, 

the purifier coped with outgassing from the walls. 

No attempt has been made to optimise the flow rate since 

this would require gas analysis which is difficult without 

the necessary equipment 'on line'. The usual operating pres-

sure for the circulation system was in the range 20 to 80 psi 

xenon. 
The large cell has been operated with two different opt-

ical cavities. Firstly, a VUV quality quartz optical flat, 

together with an aluminium coated optical flat and secondly 

an uncoated MgF2  retroreflector of effective aperture 2 cm 

diameter and solid quartz output etalon. 
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CHAPTER 7  
EXPERIMENTAL AND COMPUTATIONAL  

RESULTS ON THE XENON EXCIMER LASER 

7.1. Scope of the Chapter  

Experimental and computational results are presented for 

the xenon excimer laser in the pressure range 20 - 120 psi 

and electron beam current density of 50 - 150 Acm-2. Opera-

tion of both the small and large laser cells is considered 

together with appropriate computer simulations. Fluorescence 

output is measured parallel to and transverse to the laser 

cell axis. Stimulated emission has been observed in several 

optical cavities. The temporal evolution of the laser pulse 

is investigated experimentally and computationally. 

7.2. Fluorescence Power and Small Signal Gain  

Unless otherwise stated, the results of this section were 

obtained with the small laser cell and (2 x 15)cm2 cross-se-(1on; 

electron beam. 

The fluorescence output power and the small signal gain 

are related via the stimulated emission cross-sectio„ 	For the 
pressure broadened case we have 

r = 	A 
~1Ī2 t» 

(7.2.1) 

where Q is the stimulated emission cross-sec tors A is the 

Einstein coefficient and Nv is the linewidth. 

Also 	04. = 6N 	 (7.2.2.) 

and 	a t = AN 	 (7.2.3) 

where N is the population inversion, PC is the small signal 

gain and 	is the photon flux. 

Johnson and Gerardo (1) have deduced an empirical rel-

ationship between small signal gain and spontaneous emission 

power of the form 

o = (1.05 ± 0.2).10-25 Ps cm-1 	(7.2.4) 
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where Ps is the spontaneous emission intensity of the contin-

uum band in units of photons sec-1 cm-3. The small signal 

gain is, of course, dependent on xenon gas pressure and elec-

tron beam current density. The gain is frequency dependent 

with a maximum at line centre. The measurements presented 
here give an effective small signal gain at line centre, go, 

where 

go  = 0((v0) - (vo) (7.2.5) 

and '(yo) denotes losses in the amplifying medium. In the 

experiment a fixed electron beam current density was used 

and the xenon gas pressure varied over the range 40 to 110 

psi. The geometry used is illustrated in fig. (7.1). An 
aluminium mirror is used with a reflectivity of approximately 

80% (2). Small signal gain is calculated from the peak photo-

diode signal on axis with and without the aluminium mirror. 

If the excited medium is uniform throughout the volume 

that radiates onto the photodiode and V denotes the peak 

photodiode signal with no mirror, V' the signal with the mir-

ror inserted then 

FTI (v )AV V  = 	s ° 	exp { (0((U0) - ō(yo) )A - 1 I 
(d(s/o) -/(Vo) l 

(7.2.6) 

and 	V' = VF' (1 + R Q4 [(oc (yo) - /i (v o) )..1) 

(7.2.7) 

where F and F' are geometrical factors, T is a transmission 

factor, Is(vo)AV is the spontaneous emission intensity at vo  
in a frequency band Av , A- is the length of the excited volume 
and d(vo) and '(vo) are gain and loss coefficients at frequ-
ency v o  respectively. R is the mirror reflection coefficient. 

Is  = JI(v)dv 	 (7.2.8) 

The ratio (V'/V) found from experiment is related to the eff-

ective small signal gain, go, by the expression 
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(v'/q) = F'(1 + R exp(go9)) (7.2.9) 
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Measurements of effective small signal gain are shown in 
fig. (7.2) for the pressure range 40 to 110 psi xenon. A 
point of comparison with other workers is the small signal 
gain measurement of Gerardo and Johnson (1) for a gas pres-
sure of 100 psi shown in the diagram. The current density 
of the electron beam used in their experiment is not stated; 
however, a previous paper by the same authors concerning the 

apparatus used refers to a current density in the region 200 

to 400 Acm-2. 

0-2 

go 
cm4  

0•1 

20 
	

60 Xe psi 
	100 

FIG.(7.2) SMALL SIGNAL GAIN AS A FUNCTION OF XENON 
GAS PRESSURE (G&J GERARDO & JOHNSON) 

The computer model gives quite good agreement with exp-
eriment. At 100 psi xenon gas pressure and current density 

150 Acm 2  the fluorescence emission power at peak predicted 

by the model is 2.8 MW cm-3. The relationship (7.2.4) gives 

a value of 1.6 MWcm-3  using the experimentally observed small 

signal gain. The experimentally observed value is 2.2 MWcm 3. 

This measurement is rather inaccurate, the major error being 
in defining the emitting volume accurately. The discrepancy 

can be attributed to errors in measurement, impurity absorp-
tion and shot to shot variations in current density. Figure 

(7.3) shows a plot of fluorescence measured with a photodiode 

parallel to the cell axis against xenon gas pressure. The 

continuous curve is deduced from small signal gain measurements 
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and expression (7.2.4). 

ns 50 

FIG.(7.4) FLUORESCENCE EMISSION TRANSVERSE TO THE 
CAVITY AXIS CONTINUOUS LINE IS EXPERIMENT, DASHED 
LINE IS COMPUTER PREDICTION. 

A typical photodiode signal of fluorescence transverse to the 
cavity axis is shown in fig. (7.4). The fill pressure used 

was 80 psi xenon, the dashed line indicates the computer pre-

diction which has been normalised to the peak of the experi-
mentally observed waveform. Radiation output parallel to the 

cell axis for the small laser cell at a gas pressure of 80 psi 
xenon is shown in fig. (7.5) along with the computer predic-

tion. Figure (7.6) shows a similar case for the large laser 
cell at a gas pressure of 40 psi xenon. In general, agree-

ment between experiment and computation is very good, fig. 
(7.7) shows a case where agreement is poor. Figure (7.7) con-

siders the. case of fluorescence at a gas pressure of 60 psi 
in the small laser cell and serves to illustrate the range 

of agreement observed. The computer model predicts an output 
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approximately 30% higher than observed experimentally. This 

difference can easily be attributed to absorption losses in 

the amplifying medium and the error limits of the coefficients 

used in the computer code. 

Calculations of fluorescence efficiency over the press-

ure range 40 to 100 psi xenon give a nearly constant value 

of 6%. This is a very inaccurate measurement because the 

emitting volume is not well defined and hence the fluores-

cence power and energy deposition by the electron beam can-

not be determined accurately. It may be compared to the com-

puter predicted efficiency of 10 to 15 percent. 

7.3. Laser Performance with Aluminium Mirrors  

When an optical cavity is introduced into the pressure 

cell stimulated emission is observed over a wide pressure 

range. Low laser intensity can occur for two reasons, firstly 

low population inversion caused by low gas pressure or low 

current density of the injected e-beam and secondly from photo-

attenuation by impurities. In both cases, however, the laser 
pulse is similar and peaks at approximately 50 ns from the 

start of the current pulse. The peak in laser output corres-
ponds to the small signal gain falling below the cavity loss-

es and takes place toward the end of the current pulse. Cur-

rent and voltage waveforms are shown in fig. (7.8) and a low 

intensity laser pulse is illustrated in fig. (7.9). This is 

similar to the observations of Gerardo and Johnson (1) for 

low excitation rate and similar current density of the e-beam. 

At increasing laser intensity the peak moves to earlier times. 

This point is illustrated in the laser pulses shown in figures 
(7.9), (7.10) and (7.11). These shots were obtained at a gas 
pressure of 80 psi xenon and increasing current density. The 

temperature increase of the gas is small in this case and the 

pulse shortening cannot be explained in terms of ground state 

absorption. The effect is illustrated in fig. (7.12) where 

the time to peak in the laser output intensity is plotted 

against peak intensity in the small cell, (a), and also the 

large cell, (b). An aluminium mirror is used in the optical 

cavity of both cells, similar behaviour has been observed 

with a limited number of shots with a multi-layer dielectric 
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mirror by the author and also other workers. In fig. (7.12) 

the time to reach 50% reflectivity at the aluminium mirror, 

as predicted by the computer code, is plotted. This corres-

ponds to the region in which the Drude equation breaks down. 
The agreement between computation and experiment is quite 

good and we can reasonably conclude that there is a time 
dependent and intensity dependent loss mechanism which can 

be associated with the cavity mirrors. 
The mirror reflectivity can be computed quite success-

fully up to the melting point of the aluminium. Above this 
point it is difficult to know how to treat the mirror sur-

face. There is the problem of evaporating metal and the 
release of bound impurities forming a surface plasma. The 

problem is treated very simplistically. We assume that 
the reflectivity drops in direct proportion to the total 

aluminium evaporated up to that time interval. 

The model gives good agreement with experiment in both 

the small and large laser cells. Typical examples are 
shown in fig. (7.13) and fig. (7.14) for 90 psi xenon, 

150 A cm-2  and 60 psi xenon, 150 A cm-2  respectively. 

Peak performance in the small laser cell was obtained with 

a gas pressure of 120 psi xenon, e-beam current density of 

150 A cm-2  and optical cavity consisting of aluminium coated 

flat and solid quartz output etalon, in an 8 ns (FWHN) laser 

pulse of 20 MW peak power. This corresponds to a peak intens-

ity of 50 MW cm-2. Peak performance in the large cell with 

an aluminium coated flat and solid quartz etalon was found 

at a gas pressure of 60 psi xenon and current density of 150 

A cm-2  in a 14 ns (FWHM) laser pulse of 60 MW peak power. 

This corresponds to an intensity of approximately 15 NW cm2  

at peak. It is readily seen that if this model is correct 

changing mirror reflectivity represents a severe loss. Cal-

culations of electrical efficiency for the small and large 

laser cells yield values of 0.75% and 1.25% respectively. 
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FIG.(7.16) LASER OUTPUT PULSE WITH THE RETROREFLECTOR 
CONTINUOUS LINE IS EXPERIMENT, DASHED LINE IS COMPUTER 
PREDICTION. 

7.4. Mg.F2   Retroreflector and 1-Aaxal'ion _ _osc,IIQY.ons 

The method adopted to test the mirror reflectivity hypoth-
esis and to attempt to improve electrical efficiency was to rep- , 

lace the aluminium mirror by a MgF2  retroreflector. The retro-
reflector is uncoated and has an effective aperture of 2 cm dia-

meter and was positioned centrally perpendicular to the cell 
axis. The lasing volume is now considerably reduced. Laser 

intensity was measured with a photodiode and typical oscillo-
graphs are shown in fig. (7.15) for a gas pressure of 60 psi 

xenon and a -beam current density of 150 A cm-2. Peak intensity 

is approximately 10 - 12 MW cm2  and there is no rapid fall off 

in laser intensity. Two laser pulses are shown, the larger of 
the two was obtained from a fresh fill of xenon while the other 

was obtained with the use of the purifier. This behaviour was 
observed on several occasions and suggests that the system still 

introduces some impurity loss mechanism which has not been ident-
ified. In'fig. (7.16) laser pulses are compared with the computer 

prediction which has been normalised to the high intensity 
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laser pulse. A quasi-CW laser action is observed and the fall 

in intensity occurs at a time corresponding to the small signal 

gain falling below the cavity losses. Electrical efficiency is 

in the region of 3% and could probably be improved by better e-
beam coupling and optical energy extraction. 

The computer program integrates over a double transit time 
of the cavity which in this case is 75 cm long and so the fine 

structure observed experimentally is not seen. The exponentially 

decaying oscillations seen in both laser pulses may be interpret-

ed as relaxation oscillations and occur when the pump rate to a 

mode is some small fraction above the threshold rate. It has 

been shown (3) that the rate equations governing population in-

version density and photon density per cavity mode can be writ-
ten in the form: 

dN 
dt 

= W - N 
-c 

- NIB 	 (7.4.1) 

where W is the effective pump rate to the upper level,'L. is 

the effective lifetime of the upper state, § is the photon 

density in the mode and B is the Einstein coefficient, 1;c, the 
cavity lifetime,is given approximately by the relationship 

2c = 2 ~' 	 (7.4.3) 
c(1-R) 

where t is the mirror separation, R the reflection coefficient 

and c is the speed of light in vacuum. Dunsmuir (4) has obtain-

ed numerical solutions to (7.4.1) and (7.4.2) which show a pho-

ton density with an exponentially decaying sinusoidal form.E quat- 

ions (7.4.1) 	and (7.4.2) are non linear but in the case of 
small oscillations a perturbation technique has been used (1) 

to obtain approximate solutions for A4 whereAl = § - s where 
s denotes spontaneous emission. The solution is of the form, 

= A exp(-(N-iy)t) + B exp(-(a+ij.)t) 

(7.4.4) 
where the damping time constant is given by 
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Analysis of oscillograph traces yields 1/X= 14.6 nsec. 

In the present experiment -rc * 6 nsec. If we take T = 9 nsec 
then (W/Wth) = 0.81 and the solution of (7.4.6) gives the 

period of oscillations as 3.5 ns. The observed period is 4.4 ns. 

The laser is strongly multimode as is evident from mirror 

damage patterns and the above analysis is too simplistic. 

However, it does appear to be qualitatively correct. This is 

the first reported observation of quasi-CW laser action in the 
xenon excimer. 

7.5 Laser Beam Quality  

This was assessed rather crudely by inspection of burn 

marks on exposed polaroid film. The measurements were taken with 

an optical cavity consisting of a 6 m radius of curvature multi-

dielectric mirror and solid quartz output etalon.. A uniform 

burn mark was produced with no obvious mode structure. The area 
of damage at the output window was (3 x 7) mm2 and at a distance 
of 40 cm from the window it measured (3.5 x 9) mm2. Calculation 
suggests a half angle divergence of 4 mR. 

7.6 Conclusion  
A general study of the performance of a small laser oscil-

lator has been performed. A large scale xenon excimer laser 

has been constructed and operated successfully. 

The fluorescence model of Fournier has been extended to 

the case of a laser oscillator. Changes in reflectivity of the 

cavity mirrors have been included in the model. A comparison 

of the experimentally observed time evolution of the laser out-

put has been made with computer predictions and these show that 

the changing mirror reflectivity represents a substantial loss. 

The results do not allow one to say which detailed model of the 

xenon excimer laser is correct, however, it is possible to say 

that at high laser intensity the intensity dependent reflectiv-

ity of the cavity mirrors must be included in any satisfactory 
model. 

Quasi-CW laser action has been observed in the xenon excimer. 
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e + H2 	+ e 

F + 112 - HF* 	IS 3) + H 

-~ HF*(v . 6) + F 

CHAPTER 8  

THE HF CHEMICAL LASER 

8.1. Introduction 

This section of the thesis is concerned with the HF chemical 

laser. A chemical laser may be defined as one in which the pop-

ulation inversion is produced by an exothermic chemical reaction. 

Two initiation techniques are used, fast discharge and electron 
beam initiation. The initiation technique adopted for a partic-

ular laser system may influence the laser output energy and power 

attainable but the essential laser kinetics remain the same. If 

we consider the case where H2 and F2 are the reacting species the 
reactions of interest are: 

105 

In reactions (8.1.1) and .(8.1.2) dissocation of the F2 and 
H2 takes place with the pumping reactions occurring in (8.1.3) 

and (8.1.4) producing excited HF molecules which give rise to 

stimulated emission. Reaction (8.1.3) is sometimes referred to 

as the "cold reaction" and is only sufficiently energetic to pop-

ulate the third vibrational level of the HF molecule. Reaction 

(8.1.4) is more exothermic and levels up to the sixth vibrational 

state can be populated, it is often referred to as the "hot reac-

tion". We see that these latter two reactions provide for the 

possibility of a chain reaction laser since the free F produced 
by (8.1.4) may react with H2 as in (8.1.3). Thus very high elec-

trical efficiencies are attainable the maximum reported being 

875% (1). 
High efficiency together with high energy density and high 

peak power makes the HF chemical laser a promising candidate as 

a second generation "driver" for inertial confinement experiments. 

The main problem associated with the HF laser is its high gain 



rtiE 	EE  

the electrical efficiency4E  

EL  
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which we will consider in more detail shortly. A collaborative 

experiment between Sandia Laboratories and Los Alamos Scientific 

Laboratories on the electron beam initiation of H2-F2  gas mix-

tures produced an output of 4.2 kJ in a 20 ns FWHM laser pulse 

(2,3). 
The toxicity of F2  and the explosive nature of H2-F2  mix-

tures have ruled out its use in this laboratory and the HF las-

ers studied are non-chain reaction. They rely on the dissoc-

iation of SF6  to produce free fluorine and its subsequent re-

action with H2,  C2H6,  C3H8  or CH4.  

A typical sequence of reactions is: 

SF6  + e - SF5  + F + e 	(8.1.5) 

SF6  + e 	SF4  + F + F + e 	(8.1.6) 

F + XH -/ HP( J 3) + X 	(8.1.7) 

or 	F + H2  --4. HF*( 10f. 3) + H 	(8.1.8) 

where XH represents an hydrocarbon molecule. 

Reaction (8.1.5) is the dominant dissociation process 
although (8.1.6) is energetically possible and may contribute 

to F production. Reaction (8.1.7) is an abstraction reaction 

in which the free fluorine atom, F, abstracts hydrogen from 

the hydrocarbon, XII. A detailed consideration of the energet-

ics of these reactions is left to a later section of this 

chapter for it is pertinent at this point to give some general 

definitions. 

8.2. Laser Efficiency  

If the measured laser energy is denoted by EL , the elec-

trical energy deposited in the gas forming the laser medium 

by EE  and the chemical energy released by E0  then the follow-

ing efficiēncies may be defined: 

(8.2.1) 
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the chemical efficiency , , 

EZ  

E c  
(8.2.2) 

and the overall efficiency, 

EL  

Y 	EE+Ec  
(8.2.3) 

The overall efficiency is related to the chemical and 

electrical efficiencies by the expression 

Ir = i'ErtC/( LE + 1,c )  
(8.2.4) 

which may be deduced from (8.2.1) and (8.2.2). 
We can further define a dissociation efficiency,1,D, 

which is the ratio of the minimum energy required to produce 

a free fluorine atom to the energy actually expended to pro-

duce such an atom. The relationship betweenokE, f1,c  and sD  

is given by 

__ SLE QD(F]  
y c 	'\,D  Q(HF*1 (8.2.5) 

where QD  is the energy required to produce dissocation and 

Q is the exothermic energy released in the pumping reaction. 

The square brackets denote the time integrated production of 

F and HF*. 

It is interesting to note that although the H2-F2  chemi-

cal laser is capable of very high electrical efficiency (‘ E  

typically 200%) the chemical efficiency is low (lc  = 2-3% for 

the experiment performed by Mangano et al (1)). The non-chain 

reaction HF laser on the other hand has comparitively low elect-

rical efficiency (TE  Te 16%) but high chemical efficiency (1,c-,,  
25%) according to values obtained by Gerber and Patterson (4). 

The overall efficiency of the chain reaction laser,` H -F  „ 5% 
• while that of the non-chain reaction laser, 	2 2 

ll\SF6  -02H6=.9%.  

For most applications the higher overall efficiency of the 

non-chain reaction laser is easily offset by the very high el-

ectrical efficiency of the H2-F2  system and consequent less 

expenditure on the electrical initiation technique en nloyed . 



The e-beam generator is a very expensive capital investment 

although its running efficiency may be quite high. 

The energy required to break the SF-F bond is given in 

the literature (5) as 75.9 kcal mole-l = This is equivalent 
to 3.3 eV per molecule. The average energy expended to pro-
duce a free F atom in SF6  was measured by Gross and Wesner (6) 
to be 4.5 eV per atom. Thus for this experiment the dissoc-
iation efficiency,\,D  = 74%. 

8.3. HF Deactivation  

Unlike the CO2  and Nd lasers the formation of the excited 
state must be fast, of the order of 20 ns. The reason for 

this is the fast deactivation of the excited HF molecule. 

Two deactivation processes can be identified. Vibrat-
ion-vibration energy transfer: 

HF(v=n) + AB(v =m) ? HF(v =n-1) + AB(( =m+1 ,m+2) + AE 
(8.3.1) 

or vibration-rotation, translation energy transfer: 

HF =n) + M HF (y =n-1) + M + AE 	 (8.3.2) 

Green and Hancock. (7) have measured V-R,T relaxation of 
HF(v =1) for H2,  He, A  r and HF and also V-V energy transfer 
for H2  and 02.  Wilson and Taylor (8) have measured V-R,T 
relaxation of HF, SF6  and N2. Anlauf et al (9) measured 

V-R,T relaxation of HF(J =1) and HF(v =2) by CH4,  C2H6,  C3H8,  
C2H2  and C2H4. Rates for both V-R,T and V-V relaxation have 

been extensively reviewed by Cohen and Bott (10). Table (8.1) 

lists some of the rate coefficients of interest in this work. 

The lifetimes of the excited states are dominated by 
collisional deactivation. This can be illustrated by calculat-
ion of the natural lifetime of the transition HF(1 =2, J=5) 

HF(v=1, J=6). Data on Einstein coefficients in ref. (10) 

yields a natural lifetime of 6 x 10-3sec. However, at a pres-
sure of 38 psi in a SF6/C9H6  mixture of partial pressure ratio 

5:1 the lifetime deduced from (9) is 1 x 10-8  sec. 
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TABLE (8.I) 
SEE REF.(7,9&I0) (UNITS: CM3MOLE-ISEC-IXIO13) 

V—R,T RELAXATION 
HF(o =I) HF(v=2) 

H2  0.043 0.078 

C2H6  0.I0 0.51 

C3H8  0.I5 0.54 

CH4  0.12 0.42 

SF6  6.07.I0 7 — 

AR 7.0.10-7  

V—V ENERGY TRANSFER 

H2  0.043 

02 	6.3.10
-4 
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8.4. Problems Concerned with High Gain Media  

The major problem associated with the HF chemical laser 

is its high gain. Two particular problems arise from the use 

of a high gain medium as an amplifier, amplified spontaneous 

emission and gain saturation non linearity. 

Amplified spontaneous emission (ASE) becomes a problem 

when the gain of a medium is sufficiently high such that 

spontaneous emission within an amplifier is amplified suff-

iciently, in a single pass, to significantly deplete the ex-

cited state population. ASE limits the dimensions of a laser 

and isolation is usually provided between sections of an amp-

lifier chain to reduce this problem. 
Gain saturation non linearity can also be a serious prob-

lem in amplifier applications. This problem arises from a 
combination of high gain and low saturation energy and has 

been demonstrated by Getzinger et al (11). Their experi-

ment involved nanosecond switching and amplification of multi-

line HF laser pulses. A pin discharge HF oscillator with pol-
ariser and optical gate produced 1 to 5 ns laser pulses. The 

pulses were amplified by a transverse discharge SF6/hydrocarbon 

amplifier. They observed a severe degradation in the contrast 

ratio, that is, the ratio of radiation intensity in passing 

through the electro-optic gate in switched and unswitched 

modes. The gated pulse rapidly produces gain saturation and 

hence a linear increase in intensity along the amplifier while 

the leak through radiation experiences full small signal gain 

and increases exponentially with distance in the amplifier. 

This problem has been considered by Moreno et al (12) who used 

a simple quasi-steady state model and deduced that only a red-

uction in the small signal gain - length product could reduce 

the problem. We shall return to this problem in chapter 10 

in considering the electron beam initiated HF chemical laser. 

8.5. The Non-Chain Reaction Laser  

In principle it should be possible to determine exactly 

the reactions of interest and the energy released to vibrat-

ional excitation. This requires a detailed knowledge of the 

energetics of the pump reaction and the products. A prerequis-

ite for this is a detailed knowledge of potential energy of the 
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polyatomic system. The potential energy surfaces can in prin-

ciple be calculated from quantum mechanical treatment of the 

polyatomic system. This essentially involves a solution of 

the Schroedinger equation usually employing the Born-Oppenheimer 

approximation. Such calculations have been performed using a 

semi-empirical approach (12) but this is beyond the scope of 

this thesis. Instead a qualitative explanation is given as 

found in Chester (13) based on the work of Polanyi (14). 

We consider the approach of an atom such as F toward 

an H2  molecule. At some stage during the collision 	the 

chemical bond is shifted and after the collision the fluorine 

is bonded to an H atom and one H atom departs*alone. The 

electrons move very much faster than the nuclei and the chemical 

bond shift occurs on a time scale short compared to nuclear 

motion. The energy released tends not to appear as kinetic 

motion of the nucleus but because the electron jump occurs when 

the F and H atoms are further apart than they would be in equi-

librium a stretched bond is formed leading to vibrational ex-

citation. 

In the particular case where a covalent reactant produces 

an ionic product the picturesque term of "harpooning" has been 

given by Polyani. Fig. (8.1) shows the potential energy of the 

system, A and BC. The difference in potential energy for the 

two curves at large separation corresponds to the ionisation 

potential of A minus the electron affinity of BC. 

FIG.(8.I) POTENTIAL ENERGY OF THE SYSTEM A AND BC 
INVOLVING COVALENT AND IONIC BONDS. 



At a shorter distance of separation the potential curves 

cross and the formation of ions is energetically possible 

producing A+ + (BC)-. Then as the atoms separate the A+ 
atom uses Coulomb attraction to pull a B- atom out of (BC)-. 

"Harpooning" is the term used because the A atom is visual-

ised as throwing out an electron and snagging a B atom 

which is then hauled in by Coulomb attraction. 

This picture, although attractive, should not be taken 

too seriously. Detailed calculations are needed and while 

most exothermic reactions tend to produce significant vib-

rational excitation, this is not always the case. 

The reaction coordinates for the "cold" reaction 

k 
F + H2 .~-- HF* + H 	(8.5.1) 

k' v 

are shown in fig. (8.2). The rate coefficient for excitation 

to the with vibrational level is denoted by ky and the dash 

denoted the reverse process (15). For this reaction A.H = 

31.5 kcal mole-1 and EA = 1.7 kcal mole-1(10), where &H is 
the enthalpy of the reaction and EA is the activation energy. 

Approximately 66% of the available exothermic energy is chan-

neled into vibrational excitation with fractions 0.47, 1.0, 

0.31, 0.0 for v = 3,2,1,0 respectively, normalised to the 

V= 2 level. 

The other pump reactions of interest in this work are 

the abstraction of H from hydrocarbons such as C2H6, CH4 and 

C3H8. The activation energies are of similar magnitude to 

F - H2 (10), and the parameters of interest are outlined 

below (5, 10): 

F + C2H6 --~ HF*(N) 3) + C2H5 
-A H = 38 kcal mole-1 

F + CH4 	HF*(y 6 3) + CH3 

-AH  = 32.6 kcal mole-1 

F + C3H8 -- HF*().). 3) + C3H7 

-dH = 40 kcal mole-1 

(8.5.2) 

(8.5.3) 

(8.5.4) 
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FIG.(8.2) REACTION COORDINATES FOR A TYPICAL 
NON-CHAIN RECTION (EG. H2  + F-. HF + H). 
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FIG.(8.3) RESONANCE BROADENING IN HF BY HF(0). 



Detailed studies of laser performance using other hydro-

carbons have been performed. In particular, Pearson et al (15) 

considered 18 reactant systems employing hydrogen donors. 

Jacobson and Kimbell (16) looked at all the reactant species 

mentioned above using SF6  as the fluorine donor. 

8.6. Po ulation Inversion_ and Gain in Molecular Systems  

A diatomic molecule possesses more degrees of freedom 

than a single atom due to vibration and rotation associated 
with the chemical bond. The standard Born-Oppenheimer approx-

imation is used here which separates the nuclear and electron 
motion. The total energy of a molecule can be written as the 

sum of all the individual contributions, that is, 

E = Ee  + Ey  + Er  + Et  

where E is the total energy 

Ee  is the electron energy 

E is the vibrational energy 

E r 	is the rotational energy 

and 	Et  is the translational energy. 

We can write 
i Ey 	 2 

G(V) = 	= e("+2) — c)exe(v+2) + 
hc 

 

(8.6.1) 

(8.6.2) 

 

The first term on the R.H.S. of the equation is the quantum 

mechanical description of a harmonic oscillator, the second 

term is the anharmonic correction. The vibrational quantum 

number,v , can have integral values starting from zero. u e  

is the harmonic vibrational constant and(,aexe  is the anharmonic 

constant. 
The rotational energy term can be written as, 

F(J) 
E,
= = ByJ(J+1) - DvJ2(J+1)2  

he 
(8.6.3) 

The first term on the R.H.S. is the quantum mechanical form-

ulation of a rigid rotor, the second term is a correction for 

centrifugal distortion. By and Dy  are constants which are 

weak functions of V. If the change in J for a given trans-

ition is denoted by Q1 (J upper - J lower) then if 
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AJ = +1 the transition is termed an R-branch transition 

while AJ = -1 is termed a P-branch transition (17). 

To be able to determine population inversion and gain 

we need to make some simplifying assumptions which as we shall 

see later may not hold under some experimental conditions. We 

consider a situation of partial equilibrium where Boltzmann 

distributions exist for the vibrational and rotational degrees 

of freedom but no communication takes place between the two 

degrees. 

If Nv is the population of the vth vibrational level and 

N  J is the population of the state with quantum number J in 

the v th vibrational level then assuming a rotational temper-

ature Tr we have that 

Ny ~ J = NyQJ exp( —hcF(J)/kTT.) 
J 

(8.6:4) 

where QJ is the rotational partition function and gJ=2J+1, 

the statistical weight of the level. 

If N is the total number density of molecules and we 

further assume a vibrational temperature Tv then 

Nv' J = N gJ expj kc ~G(y) + 	(8.6.5) 
QvQ J 	CC 

	Tv 
	Tr 

where Q v is the vibrational partition function. 

For laser action to be possible we require a population 

inversion ANy J between two vibrational-rotational states 

where 

(8.6.6) 

Substituting (8.6.5) into (8.6.6)A Ny j becomes 

N 

gJ (exp c:- ho [ 2-(11+ P(J)1• - exp - 122.1'2111i   + F J')') 

Q Q 	k 	Tv 	T 
}
JJ 	k 	T 	T ~I J 	 v 	r 	 v • r j 

(8.6.7) 

where y' = v- 1, J' = J + 1 for a P-branch transition 

and 	v' = v- 1, J' = J - 1 for a R-branch transition 

g 
0 N v 	= (NV 	•'• 

	
• Nvie 	) > 0 ,J — 	 J 	gJ 	J -  



A N' J  >0 requires that the term contained within the outer- 

most bracket be positive. This implies that 

G(v')  + F(J' < G('1)  + F(J)  

Tv 	Tr 	Ty 	Tr  

which reduces to 

Tr 	F(J') - F(J)  
T, 	G(v) - G( v' ) 

(8.6.8) 

(8.6.9) 

It can be seen that the inequality of (8.6.9) can be satisfied 

under two particular conditions for Tv. 

The R.H.S. of (8.6.9) is positive for P-branch transitions 
and negative for R-branch transitions. Thus for R-branch trans-

itions the inequality can only be met for Ty  < 0, that is, if 

there is an inversion of the type N v > 1. This is usually 

termed a total inversion. If T,<0 laser action is of course 

possible on P-branch transitions but the inequality can also 

be satisfied for Tv?.- 0 provided Tv  exceeds Tr  sufficiently in 

which case it is called a partial inversion. 

As a first approximation we can write 

F(J) = BvJ(J+1) 	 (8.6.10) 

the inequality then becomes 

Tr 	Bv(J'(J'+1) - J(J+1)) 
Tv 	G(v) - G(v')  

For P-branch transitions this becomes 

Tr 2J'Ba  
Ty 

G(v)-G(v')  

(8.6.11) 

(8.6.12) 

For all J'> J' min laser action will take place, where 

J'. min 

A detailed treatment of partial and complete or total 

inversion in vibrational-rotational states is given by Polanyi 

(18) . 
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G(v) - G(v ) 	Tr 
2Bv 	Tv 

(8.6.13) 



The gain coefficient of may be written as 

ac = ^N v J.ō' 	 (8.6. 14) 

where $ is the stimulated emission crossection and both ac  and 

a refer to ore particular v,J transition, that is, oc (v,J,m) 
and Q"(v,J,m) where m = +1 for R-branch transitions and -1 for 

P-branch transitions. 
The stimulated emission crossection is related to the 

Einstein coefficient by 

cf v  = 	hvg(v)B., 	(8.6.15) 
'J

J  

where-g(v) is a line shape factor and v is used to denote 

frequency and should not be confused with the vibrational 

quantum number. C is the speed of light in the medium and 

By J is the Einstein B coefficient and should not be confused 

with By  the constant used in the quantum mechanical rigid 

rotor formulation. 
The Einstein coefficient is related to the matrix element 

by the expression 

B J = (2 rf  x 10-7)  - 	( 2J ) Mu, 2 
I 3h 2c 	2J+1 

(8.6.17) 

for P-branch transitions. Here B, J  is defined in terms of 

an isotropic intensity and not an energy density. The factor 

10-7  is used to convert from ergs to joules. This formulation 

is chosen to comply with the tabulated values of B y J. in ref-

erence erence (10) which are based on values of matrix elements det-

ermined by Meredith and Smith (19) and Herbelin and Emmanuel 

20) 
It is now only necessary to determine the line profile, 

g(v), to be able to calculate the gain coefficient for the 

medium. In order to do this it is necessary to consider the 

line broadening mechanisms present in the laser. 

8.7. Line Broadening  

It is readily seen from (8.6.15) that the stimulated 

emission crossection and hence the gain are strongly dependant 
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on the line shape and width. In gas lasers two line broadening 

mechanisms need to be considered, Doppler and pressure or coll-

isional broadening. Doppler broadening is a consequence of the 

translational motion of the atom or molecule which leads to a 

different resonant frequency for each particle dependant on its 

velocity. Thus an input pulse of frequency width narrower than 

the line width of the lasing medium will be amplified by only 

a fraction of the available inversion. Doppler broadening is 
often referred to as inhomogeneous broadening for this reason. 

The normalised line shape factor g(-) for the case of 

Doppler broadening is given by 

2 

g(v) _ 
(44%2)

2 4v exp(-4t2Lvfly o] 
- 	1 

where Av = 7.15 x 107 yo( T ) 
2 

M 

(8.7.1) 

(8.7.2) 

whereby is the full width at half maximum, yo is the centre 

line frequency, T is the gas temperature in °K and M is the 

molecular weight in a.m.u. Doppler broadening leads to a 

Gaussian profile. 

The other broadening mechanism is due to collisions and 
is a strong function of gas pressure. Pressure broadening 

leads to an homogeneous or Lorentzian line profile where all 

the particles can supply gain to a frequency within the line 

width of the medium. The normalised line shape factor for 

pressure broadened lines is given by 

g(v) = 1  (av/2)  
N- v0)21-(6°)/2)2 

(8.7.3) 

where Qv = vc, c is the effective collision frequency which 

can be expressed in the form (10) 

1 
ay = 

2 n~~ 
ni(Da_ ) 2L2akT(mā + mi) 2 

1 
(8.7.4) 

where Ay is the full line width at half maximum 

Dai is the collision diameter between species a and i 

ma is the mass of the absorbing molecule 

mi is the mass of a molecule of type i 



k is the Boltzmann constant 

T is the temperature in K 
and 	ni  is the number density of species i. 

The broadening described by (8.7.4) is the billiard 
ball or hard sphere approximation. Molecules with electric 

dipole or higher multipole moments such as HF experience 
an enhanced broadening due to the increased interaction. 

This is usually. referred to as resonance broadening. A 

full treatment of resonance broadening has been given by 

Anderson and the general theory of which it forms a part 

has been extensively reviewed by Tsao and Curnutte (21). 

The complexity of the problem places it outside the scope 

of this thesis and we will simply consider some of the 

computed and experimental results to obtain a guide as to 

the magnitude of the contribution due to resonance broad-

ening. 

Smith and Meredith (22) have used Anderson theory 

to calculate self broadening of HF with good agreement 

with experiment. In the literature half line width, at 

half height are given as ( ( / p ) cm-1  atm-1. 	' 

Writing ai  = T2(P) whereT is the temperature in 
1< at which (ō / ? ) is determined, then the Lorentz 

line width (full width half maximum) is given by 
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1 

T Lv = 

2 a. p.  (8.7.5) 

where pi  is the partial pressure (atm.) of the broaden-

ing species involved in ai. Figure (8.3) illustrates 

calculated halfwidths for HF ( v) -a- HF (V+ 1) trans-

itions broadened by HF(0) at 373.1 °K repreoduced from 

reference (10). 

a value of (p) 
the enhancement 

The hard sphere approximation leads to 

= 0.06 cm-1 atm-1. It can be seen that 

is a maximum for low J values and then 



falls off rapidly. There is a nearly tenfold increase 

in broadening due to the resonance interaction compared 
to the simple hard sphere approximation. Calculations 

have also been performed for No  and H2  interacting 
with HF. (10). Essentially similar results are obtained 

with a peak (P) at low J of approximately 0.09 cm-1 atm-1  
for N2  and 0.08 cm-1  atm-1  for H2.  

The very much larger value for HF self broadening 

has led to some computer models calculating self broad-

ening resonance effects only and foreign species broad-

ening determined by a hard sphere approximation (23). 
Line broadening of HF by CO2  has been measured by 

Varanasi et al (24) who determined that for J = 4,(y) 
= 0.1 at 295 K which compares with a hard sphere approx-
imation (P) = 0.05 cm-1  atm-1. At increasing temperat-
ure the effect of resonance broadening decreases and 

the peak occurs at larger J numbers. 

It is unfortunate that there are no values of (P) 
for SF6  broadening of HF and one is left to rely on a 
hard sphere approximation. 

In any given gaseous medium the broadening will be 

a combination of these processes. The composite line 

shape for a combination of two lines broadening mechan-

isms which individually generate line shape functions 
g1  (V) and g2  (V ) is given by the Voigt function (25) 

o0 

g(v ) = g1  (w) g2( 	+ vo 
■ Qo 

-w )dW 	 (8.7.6) 

where v  is the common central frequency of the two 

distributions. This function enables one to combine 

sources of line broadening. 

In practice at pressures above approximately 

50 torr at 300°K Doppler broadening is insignificant 
in comparison to pressure broadening and so Doppler 

broadening is neglected henceforth. It is easily 

shown that for two collision broadening sources with 
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widths Lev1  and A V 2  the composite line has width 

Lw A v 1  + Av 

an intuitively obvious conclusion if the broadening 

mechanism is thought of in terms of collision frequency. 

Models of the HF laser constructed to date have 

been very simple in nature usually assuming a Boltzmann 

distribution in vibrational and rotational states. 

These give reasonable agreement on total laser energy 
but only qualitative agreement on line structure (26). 

The simple kinetic model now introduced serves only 

as a qualitative framework for considering the experi-

mental results and should not be thought of as an 

accurate model of all the phenomena occurring. This 

is particularly true in the case of e-beam excited 

high pressure gases where many of the problems of 

modelling become more acute. 

8.8. A Simple Kinetic Model  
The SF6 - H2  laser has been modelled numerically 

by Lyman (26) and the H2  - F2  laser by Kerber et al 

(27). An attempt to include the effects of rotational 

relaxation has been made by Hough et al (28) on a 

model developed by Emmanuel et al (29). 
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The simple model here is based on the work of Emmanuel 

and Whittier (29) for the F + H9 laser with the addition of 

dilutent effects and a gain calculation. 
The dominant reaction in the SF6 - H2 laser are 

SF6 + e 	-- SF5 + F + e 

kv 

(8.8.1) 

F +112 	_ HF(J) +H (8.8.2) 

HF(v 	+ F' 	HF (N) -1) 	+ F 

k 
tT 

(8.8.3) 

HF(v) 	+ 112(o) 	HF(J-1) 	+ 112(1) (8.8.4) 

HF(v) + HF(V) 	kHF 'v 	HF(v-1) + HF(V+1) 

k 

(8.8.5) 

HF(v) + D 	~'y 	HF(v-1) + D + AE (8.8.6) 

where D represents the dilutent, usually SF6. 

The average energy required to dissociate SF6. as in (8.8.1) 

is 4.5eV per F atom (30). To determine the F production the 

electrical energy input to the gas was calculated from the 

voltage and current waveforms obtained in experiment and then 

the time dependent F production calculated assuming 4.5 eV is 
expended per F atom produced. 

The rate equations are written in the form: 

pNHF,0 = koNFNH2 + kHF,1NHF,1NHF + kF, 1NHF, 1NF + 

kH2,1NHF,1NH2 + kD,1NHF,1ND  1NHF,1ND 	(8.8.7) 

611HF, 1 = k1NFNH2 + kHF, 2NHF, 2NHF + kF, 2NHF, 2NF 

k112 , 2NHF , 2NH 2 + kD 1 2NHF , 2ND 	kHF , 1NHF , INNF- 

T 	~. 	T nT 	- l- 
kF,111FNHF,2 kH2,11.H2"HF,1 -D,114HF,1ND 
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TABLE (8.2) 

RATE COEFFICIENTS FOR THE HF MODEL. (UNITS: CM3  MOLE-ISEC I X.IO13) 

KO  = 0.632 	KHF 0= 0  

KI- =:I.26 	KHF 1= 0.288  

K2 	= 4.30 CH2'SF6) 	KHF 2= 0.573  

K3 	= 2.I6 	KHF 3= 0.86I  

KF,0  = 0 	 KD,O  _ 0  

= 0.150 	KD ,I = 6.07XI0 
-7 KF,I   

KF,2  = 0.299 	KD ,2 = 1.22X10-6 
	

CD=SF6) 

KF13  = 0.449 	KD,3  = 1.82X10-6  

KH2,Ō  0 

KH2 I= 0.043  

H2,2= 0.078 

H2,3= 0.I29 

KO  = 0.745 

K1 	= I.49 
(C2H6:SF6) 

K2 	= 5.07 

K3 	= 2.55 

K 	= 0 HX,Ō 
  

KHX,I= 0.I0 

KHX 2=  0.5I  

KHX,3= I.2  

CHX=C2H6) 
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ANHF,2 _ k 2rTFNH2 + kHF,3NHF,3NHF + kp,3NHF,3NF + 

KH2 ,3NH2NHF,3 + kD,3NHF,3ND - kHF, 2i1HF,2NHF - 

kF,2NFNHF,2 kH2 ,2NH2 HF ,2 - kD,2NHF,2ND 

(8.8.9)
- NHF , 3 = k3NFNH 2 	kHF , 3NHF , 3NHF kF , 3NHF , 3NF 

I24 

(8.8.10) - kH2,3NH2 HF ,3 kD,3NHF,3ND 

A NF = 	- k N-NH 
2 

L1 NHF = A NHF , 0 + d NHF , 1 + s NHF , 2 + II NHF , 3 

NH = - kNFNH 
2 	 2 

fl 
NH = kNFNH2 

(8.8.11) 

(8.8.12) 

(8.8.13) 

(8.8.14) 

where k = (ko+k1 +k2+k3) and § is a source term obtained from 
consideration of available electrical energy and dissociation 

energy of SF6, the fluorine donor. 

The equations are integrated using a standard computer 

program for the solution of "stiff" equations based on the 

technique developed by Gear (31). The gas temperature is 

assumed constant. 

Here we have neglected HF* production via the reaction 

H + SF 5 -tes HF* + SF 4 (8.8.15) 

although this may contribute to some degree to laser pumping. 

The "hot" reaction via SF6 + e -~SF4 + F2 + e has also been 
neglected'. Recombination reactions have been neglected and 

also dissocation of HF via HF(v) + M H + F + M. The ratio 

coefficients used are listed in table (8.2). These equations 

provide a simple solution to HF (d X3) production and a typ- 

ical result for the F 	H2 reaction is shown in fig.(8.4). 

A similar result has been determined for the F + 02H6 reaction 
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FIG.(8.5). 
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60 ns 
FIG.(8.4) 

FIGS.(8.4&5). EXCITED STATE POPULATION OF HF CALCULATED 
FROM THE RATE EQUATION MODEL. 38PSI TOTAL GAS PRESSURE. 
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and is illustrated in fig. (8.5). 
The gain of individual lasing lines was then calculated 

for a Boltzmann distribution of rotational levels with a 

characteristic temperature equal to the translational temp-

erature, 300.K, and a line width based on (8.7.4) and including 

resonance broadening from HF-HF collisions. The strongest 

lines are shown in fig. (8.6) where gain is determined as a 

function of time. An important point to note is that spont-

aneous and stimulated emission are not included in the model 

which at best serves only to give an indication of the dom-

inant reactions and strongest lines. 
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FIG.(8.6) NORMALISED GAIN OF DOMINANT LINES DEDUCED FROM 
RATE EQUATION MODEL. 
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CHAPTER 9 

THE HF DISCHARGE LASER  

9.1. Introduction  
The work reported in this chapter is concerned with the 

design, construction and operation of a fast discharge HF 

chemical laser, The design intention was to produce a system 

suitable as a first amplifier in an HF amplifier chain. At 

this stage in amplification one is not necessarily interested 

in high energy extraction or high gain but rather a modest 

increase in energy with good mode control. A discharge laser 

is required that will provide uniform gain over the amplifier 

crossection in a well controlled manner. This essentially 

requires a well behaved stable discharge which, from the point 

of view of energy extraction, should be over as large a cross-

ection as possible. We shall see that the work here is a nat-

ural extension of that performed by Gibson et al (1) but first 

it is pertinent to review the relevant discharge phenomena. 

9.2. Discharge Phenomena of Interest  

A parameter of considerable interest in electrical dis-

charges in gases is the Townsend coefficent, ar(2). This co-

efficient is related to the static breakdown field. If we con-

sider two infinite plane parallel electrodes at a separation d 

with applied field E and neglect recombination and diffusion 

then if qo  electrons are emitted at the cathode in unit area 

per unit time, the number of electrons reaching the anode in 

unit area per unit time is given by 

ne  = qo  exp(ottd) (9.2.1) 

The energy that an individual electron acquires in an el-

ectric field will depend on the field strength and the distance 

between collisions. The number of ionising collisions is in-

versely-proportional to the mean free path, a, for sufficiently 

large E. Then 

f (E ;A) aLt  (9.2.2) 



Since ?■ = f(p) where p is the gas pressure we can write 

c 	f (E/p) 	 (9.2.3) 
p 

(E/p) is a singularly important parameter in discharge lasers 

for it determines the electron energy distribution function. 

A second Townsend coefficient can be defineddlt. This 

is associated with ionisation by accelerated positive ions 

colliding with neutrals. 

In like manner to °I -c we can write 

~-~ = f' (E/p) (9.2.4) 

This picture has given good agreement with experiment at 

low pressure with well behaved gases. At higher pressures other 

factors need to be considered, however, the basic principle of 
avalanching remains correct. The time for an electron to trav-

erse the distance d may be significantly longer than the time 
for a channel to form particularly at high gas pressures. The 

front of an electron avalanche can be seriously slowed by space 

charge effects of the slow moving ions. Loeb has explained 

this on the basis of multiple avalanches initiated in a chain 

reaction fashion by UV radiation emitted from a previous aval-

anche. These individual pockets of high electron density can 

then be rapidly bridged. The behaviour of a discharge will be 

a complex function of electrode geometry, applied voltage and 
coefficients of ionisation, electron attachment, recombination 

and electron detatchment. These rate coefficients will of 

course depend on the electron energy distribution function. 

An analysis of the plasma stability of electric discharges 

in molecular gases has been given by Haas (3). Haas deduced 

the characteristic times for the plasma processes of interest 

in a typical discharge laser. The time scale of this experiment 

would suggest that any instabilities are associated with either 

an electron thermal mode or a coupled ionisation and negative 

ion production mode. 
In long duration discharges avalanching to form an arc is 

often associated with the release of secondary electrons at 

the cathode by ion impact. If the current pulse is reduced in 
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duration to a value ensuring that positive ions do not have 

time to move to the cathode and produce secondary electron 

emission then high (E/p) can often be maintained throughout 

the discharge without a transition from glow to arc. This 

has usually meant the construction of low inductance circuitry. 

Even with this precaution the SF6  discharge has been prone to 

filamentation and arcing. This in many cases may be due to 

the negative ion instability. 

SF6  is strongly electronegative with a high dielectric 

strength and is used extensively as an electrical insulant. 

Geballe and Reeves (4) were the first to note the effect of 

electron attachment on the breakdown field in SF6.  They ex-

plained the asymptotic behaviour of (E/p) at large potential 

difference as the regime in which the ionisation and attachment 

coefficients become equal. Bhalla and Craggs (5) measured 

ionisation and attachment coefficients in SF6.  The (E/p) 

limit was measured as 117.5 V cm 1torr-1  and they observed 

that the predominant process of negative ion formation in SF6  

was slow electron (< 0.1eV) capture producing SF6  and SF;. 

Before considering the design of the discharge laser we 

will review the progress achieved in discharge lasers to date 

and indicate the improvements offered by the new design. 

9.3. Review of HF Discharc,e Lasers and Stabilit 

Voignier and Gastaud (6) working with SF6/H2  gas mix-

tures and a double discharge technique found arcing a severe . 
problem. They used Rogowski contoured brass electrodes and 

required large dilutions of helium to prevent arcing. The 

reason why helium improves discharge properties is not clear 
in this case. The high ionisation potential of helium, 24.5eV, 

means it will contribute little to the electron density it may 

however modify the electron energy distribution to a more stable 
regime. They found that argon had a similar effect to helium. 

Difficulties with continuous metal electrodes has prompted 

some workers to consider resistively ballasted pin-bar struct-

ures although the output energy is quite low. Jacobson and 

Kimbell (7) looked at three pin-bar structures, with an inter-

electrode gap of 1.25 cm and 35 kV applied voltage they observ-

ed arcing at pressures exceeding 40 torr. Pummer et al (8) 

used pin electrodes with a CuSO4 ballast solution in contact 

with the pins. (E/p) for this SF6/H2  gas mixture was approx-

imately 150 V cm-1+ ry-1 at a total pressure 5"'  OI 150 torr. 
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Uniform discharges could only be obtained at pressure below 30 

torr. Deutsch (9) reported arc free discharges in SF6/H2/He 

gas mixtures with graphite electrodes but little specific in-

formation is given about them. 

The formation of an arc clearly requires the flow of current 

along the electrode transverse to the discharge and it is not sur-

prising that arcing would be inhibited by a resistive electrode. 

Gibson et al reported very promising results with the use of 50 ohm-

cm germanium electrodes and obtained arc free discharges with high 

outputs of 4 to 5 Ji 1  . Arnold and Wenzel (10) have shown the imp-
ortance of matching the electric pulse to the time dependant pro-

cesses of the laser medium. They used a short pulse (50ns FWHM) 
low inductance circuit at a high voltage of 95kV to obtain an 

output of 4JL 1. 
We may conclude from the above than an improvement in discharge 

stability is possible by use of resistive electrodes (1) with a 

fast discharge (3,10) preferably matched to the current source. 

The discharge laser has been designed to incorporate these points. 

A fast Blumlein pulse forming line is used with resistive ger-

manium electrodes and is matched to the discharge impedance. Laser 

performance with this short current pulse excitation was invest-

igated. The effects of preiorisation on laser performance was 
also studied. 

9.4. Experimental Apparatus  

The laser cell used in this experiment is shown in fig.(9.1). 
The cell is made of perspex with pump ports at its extremities 

through which gas mixtures are flowed. The vacuum and gas 

handling system is shown in fig. (9.2). A standard vacuum rot-

ary pump is used with a K OH chemical trap to-remove any HF 

present. The system is evacuated to a base pressure of 10-2torr 

and Bourdon gauges are used to admit gases of varying pressure 

ratio. The laser cell windows are made of CaF2  and are held at. 

a Brewster angle and sealed with standard '0' ring seals. The 

mirrors forming the optical cavity are external to the cell and 

fixed to an optical bench which underlies the cell. A gold 

coated 8 m radius of curvature mirror and CaF9  optical flat 

were used to form the optical cavity. The line of sight 

through the cell was 2.4 cm in diameter. Two separate pairs 

of Rogowski contoured germanium cathode and brass anode were 
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used. The surface area (area of constant field) of each cathode 

was (2.5 x 15) cm2  and each anode (3.5 x 17) cm2. Electrode 

separation was variable between 2 and 5.2 cm. When single line 

operation was required the 100% reflector was replaced by a 

blazed diffraction grating. 
A technique often used in high current electron beam gen-

erators is adopted in which a Blumlein pulse forming line is 

pulse charged by a Marx generator. The pulse forming line con-

sists of parallel plate electrodes separated by a mylar diel-

ectric. The parallel plate configuration makes construction 

simple and adjustment of the characteristic impedance easy. 

The fundamental problem in the design of any high current low 

inductance source is the switch. This problem was overcome by 
rapid charging of the pulse forming line giving multi-channel 

breakdown of the gas filled rail gap switch. 

9.5. The Marx  
A two stage Marx generator is used consisting of two 35nF, 

50 kV low inductance capacitors coupled by a gas filled 15 cm 

long rail gap switch. The switch electrodes were 2 cm in dia-

meter, Rogowski contoured at the ends with a 1.5 cm electrode 

gap. The commercial power supply used was single polarity 

and this necessitated the use of the second rail gap switch 

identical to the first. The charging and dump resistors were 

constructed from PVC tubing filled with Cu304  solution of ap-

propriate resistivity and stoppered at the ends with brass 

electrodes. Both gaps were designed to be triggered by field 

distortion electrodes fixed midway between the main electrodes. 

In practice it was found necessary to trigger only one of the 

gaps and the other allowed to overvolt. The trigger pulse was 

supplied by a 10;1 turns ratio pulse transformer (12). 

A self break curve of N2  gas pressure against breakdown 

voltage for a Marx spark gap switch is shown in fig. (9.3). 

The Marx erected satisfactorily at 70% of self break and above, 

indicated by the dashed line in fig. (9.3). A small addition 

of SF6  of a few percent to the N2  fill pressure improved the 

reliability of the system. The complete circuit diagram is 

shown in fig. (9.4). The pulse transformer in energised by 

discharging a 1 F capacitor through the single turn primary. 
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The capacitor is charged to 6kV via a 50 ohm coaxial cable 

which is then shorted at one end to provide a trigger pulse 

to the field distortion spark gap which connects capacitor 

to transformer. 

9.6. The Pulse Forming Line  

A Blumlein pulse forming line was chosen because this 

has the advantage of delivering a pulse of the full charging 

voltage into a matched load. The electrodes of the pulse 

forming line were made of 15 cm, 13 micron thibk copper sheet 

with the edge folded over on itself to reduce field enhance-

ment. The dielectric used was a combination of 13 micron 

mylar sheet and 76 micron polythene sheet. The impedance 

of the arms of the Blumlein line were designed to be 4.5 ohm 

with a matching load for the system of 9 ohm. 
The characteristic impedance of a parallel plate trans-

mission line is given by 

377d  Z 	 (9.6.1) 
= E' 

r 
where 	d is the plate separation, 

W is the width of the line 

and 	r  is the dielectric constant. 

For this situation Er  = 1.8, d = 0.25 cm and W = 15 cm. 
Z is approximately 4.5 ohm with 3 sheets of 76 micron poly-

thene and 4 sheets of 13 micron mylar. The capacitance of the 

lines was calculated to be 5nF  using the relationship 

C 
ErEo A 

d 
(9.6.2) 

where 	A is the plate area 

and 	d is the plate separation. 

The pulse length was designed to be 20 ns and the length of 

each arm was determined from the simple relationship: 

= C ( 906.3) 

 

r 
where 	C is the speed of light in vacuum. 

The required length,., is given by 
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(9.6.4) 
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was taken as 1.5 m. 

The pulse forming line is isolated, on the time scale of 

the line pulse, from the Marx by two inductors. If 21 is the 

charging time of the pulse line and1C 2 is the pulse length of 

the line then the inductors must satisfy a relationship of 

the form 

42T 
>> Z o ~? 4iL 

2 	 1 
(9.6.5) 

where Zo is the characteristic impedance of the line. The 

actual inductor values, L, adopted was dictated by prepulse 

requirements which we shall consider shortly. 

Edge control of the lines was further improved by using 

a strip of porous blotting paper along the edge of the elect-

rode plate. This has the .effect of grading the edge by pro-

ducing a corona discharge and prevents any possibility of 

puncture of the dielectric. The copper electrodes are sand-

wiched between boards and two layers of 0.6 cm thick foam 

rubber sheet. A steady 	pressure is applied continuously 

by weights placed uniformly along the boards. 

9.7. The Line Switch  

The line switch employed consisted of a gas filled rail 

gap switch. The electrodes were 15 cm long. Rogowski contoured 

and were held in a perspex tube. An edge-plane configuration 

was chosen with a partially smoothed hacksaw blade fixed into 

one of the electrodes providing numerous sites of field en- 

hancement. 	If the voltage rise is sufficiently fast at the 

switch several current carrying channels will form producing 

a lower overall inductance. The reason for this phenomena is 

that the voltage across the gap remains high due to initial 

resistance for sufficiently long a time for several current 

carrying channels to develop. In practice the pulse forming 

line is charged in approximately 150 ns and 5 or more bright 
channels were observed with the line switch pressurised with 

N2 and 3 or 4 when pressurised with H2. A plot of self-break 
voltage against gas pressure in several gases is shown in 
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fig. (9.5) for an interelectrode gap of 1.4 cm. 
Considerable work on multichannel switching has been done 

by Martin (13), According to Martin the total current rise 

time,'C , is determined by two phases, the resistive and induct-

ive phases with risetimes'CR  arid'tL  respectively. 

(9.7.1 ) 

The resistive rise time according to (13) is given by 
i 

0.511 e z 
Z 4/3 

where 	Z is the impedance driving the channel in ohms 

E is the electric field (MVcm-1) 

and 	e.  is the gas density normalised to air at NTP. 

In this particular case CR = 9 ns for N2  and 3 ns for H2. 

The inductive rise time is determined by the number of current 

carrying channels and the electrode geometry. If one assumes 

a channel diameter of 0.15 mm, based on a plasma expansion of 

3 x 105  cm sec-1  then the calculated total risetime is 12 ns 

and 7 ns for N2  and H2  respectively. The observed signals 

were 14 ns and 8 ns for N2- and.  H2  respectively, a good agreement. 

9.8. Voltage and Current Monitors  

Current and voltage at the load were monitored routinely 

for each shot. The current monitor was constructed of 12.7 

micron stainless steel resistive foil connected in series 

with the load and fixed permanently into the load feed. The 

foil was 15 cm long, the width of the pulseline, and 2 cm 

wide and folded in a low inductance fashion. The output sen-

sitivity was 330 A per volt. The current and voltage monitors 

are illustrated in fig. (9.6). 

The voltage monitor used was a CuSO4  solution resistive 

divider. It has a total resistance of 2 kA. with a division 

ratio of 960:1. The CuSO4  solution is continuous through the 

monitor with the geometry providing the division ratio and thus 

the RC time constants of each section are equal giving good 

frequency response. The design of the pulse line would suggest 

the use of a capacitive voltage monitor which would be simple to 

incorporate into the feeds to the load. The resistive divider wa 

chosen because of its mobility 

I3; 

(9.7.2) 
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which was particularly useful in the commisioning of the system 

which was novel, if only to the author. 

Vo  RS L S 

  < 1Cm

T  

FIG.(9.7) EQUIVALENT ELECTRICAL CIRCUIT FOR THE 
MARX AND PFL. 

9.9. Sstem Performance  

The performance of the system as a whole can be analysed 
with the help of an equivalent electrical circuit as shown in 

fig. 0.7). Capacitor CL, the pulse line capacitor, is charged 
from the Marx capacitor, Cm, when the switch is closed. 

The time to peak in charging CL  is denoted by -cc  
where 

z 
= (LCeff)  2  

	
(9.9.1) 

Rp  

T 

and 

CLCM  

CefF (CL+CM) 

(9.9.2) 

In this case CM  = 17.5 nF and CL  = 5 nF. 

The inductance L of the circuit gives rise to a voltage 

gain at the capacitor C where the gain to first peak is given 

by the expression (11) 



Vmax CM 	exp (- 2 Rs)  + exp(-  7 (L/CPff)2) •  Vo 	(cL+Cr4) 	(L/ce  f  f )2  RP  

(9.9 .3) 
In this case RP  = 100n-and Rs  = 0.6si. 

Figure (9.8) shows Marx charging waveforms with and with-

out closure of the line switch. When the Marx was charged to 

24 kV per capacitor then the observed Vmax = 65 kV. The time 

to peak, c, was approximately 160 ns which implies a total 

inductance of L of 600 nH with a ringing voltage gain of 1.35. 
Typical current and voltage waveforms into a Cu504  solution 

matched resistive load are illustrated in fig. (9.9). 
The Marx generator was contained in a perspex box which 

was filled with freon at atmospheric pressure to inhibit any 

surface breakdown when operating at high voltage. The Marx 

generator worked satisfactorily up to 45 kV charge per cap-. 
acitor, the maximum the power supply would generate. 

9.10. Preionisation and Laser Diagnostics  

Preionisation of the gas in the laser cell was achieved 

by electrical breakdown of the gas and current flow before 

the main current pulse. In practice this was produced by 

adjusting the values of the isolating inductors. Each arm of 

the pulse forming line is fed by its own inductor and alteration 

of this inductance will change the RC time constant of the arm. 

If the time to charge each arm is mismatched then a voltage, 

termed the prepulse, appears across the load. On some occas-

ions the inductor to one arm was removed and the other induc-
tor increased to twice its original value. The isolated arm 

is then charged through the laser cell itself providing pre-

ionisation as it does so. A typical preionisation current of 

10 to 20 A cm-2  was provided for some 100 ns before the main 

current pulse. This comparatively high current for a short 

time before the main pulse did not produce any reduction in 

laser output but inhibited any tendency to filamentation in 

the discharge. Most of the work presented here was done with 

some preionisation of the laser medium. 

Performance of the laser was monitored with several diag-

nostics. The laser output energy was measured with a "Gentec" 

140 



FIG.C9.8) MARX CHARGING WAVEFORMS: 
(A) WITHOUT BREAKDOWN OF THE LINE SWITCH, IOONS/DIV. 
(B) WITH BREAKDOWN OF THE LINE SWITCH, 50NS/DIV. 

FIG.(9.9) (A) VOLTAGE WAVEFORM INTO A CUSO4 RESISTIVE LOAD 
20NS/DIV. 

(B) CURRENT WAVEFORM INTO A CUSO4 RESISTIVE LOAD 
20NS/DIV. 

(LINE SWITCH PRESSURISED WITH N2) 

FIG.(9.I5) LASER PULSE OBTAINED WITH: 
(A) A C2H6:SF6:AR MIXTURE OF 8:70:30TORR. 

(B) A C2H6:SF6:AR MIXTURE OF 4:70:30TORR. 
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joulemeter and the time history of the laser energy was rec-

orded with a gallium phosphide optical rectification detector 

(14) and Textronix 7904 oscilloscope. Spectral content was 

measured with a grating spectrometer. Initially time integ-

rated spectra were obtained with a grating spectrometer of 

20 nm bandpass and a sensitive calorimeter. This provided 

sufficient resolution to determine the most likely laser lines, 

When the strongest lines had been determined the calorimeter 

was replaced by the gallium phosphide detector and output from 

the spectrometer focused with a NaC1 lens onto the detector. 

The sensitivity of the gallium phosphide detector is low, of 

the order of 1 mV per kW, the active area being 2 mm square. 

It was necessary to open the spectrometer slits to allow the. 
passage of more radiation but nevertheless a time history of 

the dominant lines was obtained. The electricāl signals ob-
tained in these cases were low, approximately 10 mV and elec-

trical noise was often a problem. 

9.11. Experimental Results  

The laser was operated with SF6  as the fluorine donor. 

Three different hydrogen donors were tested,' H2, 02116  and 

C3H8.  The effects of argon on laser performance and discharge 

propertieswas also considered. 

The first measurements reproduced here show the procedure 

adopted for reaching a matched load condition. The impedance • 

of the discharge was calculated.  from the current and voltage 

waveforms obtained at the laser cell. Typical current and volt-

age waveforms are shown in fig. (9.10) for a gas mixture of 

H2/SF6/Ar of 5:70:30 torr. The electrode separation was 3.5cm 

and waveforms are shown for the case of preionisation and zlso 

no preionisation. 

It can be seen that during the main current pulse the 

impedance is similar in both cases and is approximately 5 ohm, 

of which 1.5 ohm is associated with the resistive electrode. 

The impedance of the discharge was determined at three electrode 

separation_s,using a H2:SF6:Ar, 5:70:30  torr gas mixture. A plot 

of the observed impedance is shown in fig. (9.11). One of the 

electrodes was then removed and the new impedance' determined 

for a single pair of electrodes. These results are also inc-

luded in fig. (9.11). 
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When the system is mismatched with too low a discharge im-

pedance and hence high current there was a tendency for arcs 

to form from faults at the electrode surfaces. The problem 

usually occurred at an electrode gap of 2 cm and was not al-

ways observed in the first current pulse but often during 

later reflected pulses. This caused damage to the germanium 

electrodes and was avoided. The matched condition does not 

imply that the laser energy measured will be ai maximum since 
this is dependant not only on laser processes but the geometry 

of the system also. The likelihood of arcing is considerably 

reduced when the load is matched and also the overall efficiency 

will be higher. 
The majority of the results reported here were obtained 

with electrode separation of 3.5 cm and also 5.2 cm. The 
former because this produced maximum measured laser energy, 

remembering the line of sight through the cell is only 2.4cm 

in diameter and the latter because it is close to a matched 

condition for the pulse line. 
The total gas pressure was fixed at approximately 100 torr 

which gives an (E /p) of 140 VT cm-ltorr-1  and was based on the 

experience of Gibson et al (1). At a fixed ethane pressure of 

7 torr and with 10 torr argon the SF6  partial pressure was 

varied over the range 40 to 80 torr. Peak performance occurred 

at high pressures as is shown in fig. (9.12). At pressures 

exceeding 80 torr SF6  the gas would occasionally not break 

down and so the working pressure adopted was 70 to 75 torr SF6. 

The SF, pressure was then fixed at 70 torr and the ethane con-e 
centration varied to obtain peak laser energy. There is a 

fairly broad peak at about 7 torr C2H6  as is shown in fig.(9.13). 

Finally argon gas pressure was varied. The main effect of argon 

is to improve the reproducability of the laser output with 

possibly a 20% increase in laser energy achieved at 30 torr 

argon as can be seen in fig. (9.14). At high ethane partial 

pressures (>7 torr) double pulsing of the laser was observed. 

The as mixtures employing the H2  and C3H8 were optimised 

in a similar fashion to C2H6.  The final working pressures 

adopted were: 



02H6:SP6:A r 

C3H8: SP6:Ar 

H 2:SF6:Ar 

6:70:30 torr 

5:70:30 torr 

5:70:30 torr 
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Some typical laser pulses are shown in fig. (915). These 

comparisons were made with the gallium phosphide detector and 

care was taken that the aligned system was not disturbed dur-

ing evacuation and filling. 

A spectrum of the laser output for the C2H6:SF6:Ar laser 
is shown in fig. (9.16) and was obtained with a grating spect-
rometer with 20 nm bandpass. 
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FIG.(9.I6) TIME INTEGRATED LASER SPECTRUM FOR THE 
C2H6:SF6:AR LASER. 

The observed lines are shown with the time integrated spectrum 

superimposed. The P1 _0(4)  and P2-1(4)  lines seem to be strong-
est. The peaks occur at 2.64 micron and 2.76 micron. An aver-
age valine of the calorimeter reading for 4 shots was taken for 

each point. The shot to shot variation is of the order of 10%. 
The lines at 2.64 and'2.76 micron were temporally resolved 

with the gallium phosphide detector and are shown in fig.(9.17) 

together with a multi-line laser output. The output power in 
the two lines have been summed algebraically and the form 

compares favourably with the multi-line ct. tput suggesting that 



a large part of the laser energy is contained in these lines 
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IN A C2H6:SF6  MIXTURE. (I) PI _0(4) (2) P2-I(4)  (3) LASER PULSE 

(4) SUM OF (I) & (2). 	_ 

As was mentioned earlier double pulsing was.seen with high 

ethane concentration. Unfortunately it was not possible to 

spectrally resolve the double pulse because of low output int-

ensity. However, some simple tests were performed to gain 

some information. When a piece of 10 micron polythene was 

introduced into the laser cavity in front of the 100% reflector 

both peaks of the laser pulse fell but the first peak was red-

uced more in amplitude than the second suggesting the overall 

gain of the first peak is less. A crown glass plate was then 

introduced at the output and the laser pulse recorded. The 

amplitude of the first peak fell to 0.3 of its original amp-

litude while that of the second peak fell to 0.5. The trans-

mission curve for crown glass is reproduced in fig. (9.18) and 

it can be seen that the result is consistent with the first 

peak being predominantly the P2_ 1(4) line followed by the 

P1 _0(4) line. This is reasonable in view of the cascading phen-

omena often observed in HF lasers (15). We see that in the 

single pulse laser output temporally resolved the 1)2_ 1(4) line 

lases first followed by the P1 _0(4) line. 

40 
	

60 
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Maximum laser output with the C2H6:SF6:Ar laser was found 

with an electrode gap of 3.5 cm with a laser pulse of 120 mJ 

in 50 ns F.W.H.M. This is equivalent to an energy extraction 
of 1 J Q-1. Current and voltage waveforms suggest anenergy 
deposition of 40 J.L at this electrode gap which gives an 

electrical efficiency of 2.5%. At an electrode separation of' 
5.2 cm energy extraction was 0.5 J1-1  with an efficiency of 
2.2%. When only one pair of electrodes was used the energy 
measured was 120 mJ equivalent to an energy extraction of 2J1-1  
with an electrical efficiency of z•4- 	In all cases the equiv- 

alent energy extraction was calculated from the lasing volume 
determined by the line of sight, through the cell and the pumped 
length together with the measured laser energy. 

A time integrated spectrum of the laser output of a H2:SF6:Ar 
gas mixture is shown in fig. (9.19) and was obtained in a sim-
ilar fashion to that for C2H6.  The P2_1(5) and P1 _0(4) lines 
seem to be strongest. 

ARB. 
UNITS 

Z•4 2.7 
	

3•a 
Jim 

FIG.(9.I9) TIME INTEGRATED LASER SPECTRUM FOR THE 
H2:SF6:AR LASER. 

The time history of these lines was also recorded and the 

waveforms are shown in fig. (9.20). This shot serves to show 
the effect of too large a prepulse and a smaller laser pulse 

can be identified some 70 ns before the main pulse. Summation 
of the dominant lines again gives good agreement with the multi—

line output. Again it is the P0_1  line which is observed to 



lase first followed by the P1 _0(4) line. 
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FIG.(9.20) MULTILINE LASER OUTPUT WITH DOMINANT LINES IN A 
H2:SF6  MIXTURE (I) P1-0 0) (2) P2-I(5) (3) SUM OF (I) & (2) 
(4) LASER PULSE. 

Optimum perforriance using H2  was found with a 5 torr H2, 
75 torr SF6,  30 torr Ar gas mixture. Peak output energy was 

found at an electrode gap of 5,2  cm, the maw' mum the cell 
would permit, with an energy extraction of 0.7 Ji-1  and 3% 

electrical efficiency. Smaller electrode gaps gave lower elec-
trical efficiency and at a gap of 3.5 cm an energy extraction 

of 0.65 JQ-1  was measured corresponding to an electrical eff-
iciency of 1.6%. 

Single line output was obtained in H2:SF6:Ar by substit-
uting a blazed diffraction grating for the 100% reflector. 

The grating was calibrated using a HeNe laser over 3rd, 4th and 
5th orders corresponding to wavelengths of 1.8984, 2.5312 and. 

3.1640 microns respectively. The grating had a micrometer 

screw adjustment. Typical single line pulses for the P1 _0(4) 

and P2_1(5) lines are shown in figures (9.21) and (9.22), 
respectively. At an electrode separation of 5.2 cm an output 
of 25 mJ and 35 mJ was measured for the P,-01 (4) and P2_1(5) 

lines respectively. 
C3H8  has also been used as the hydrogen donor but produced 

results essentially similar to C2H6. It was more difficult to 
produce unifcrm discharges in 03118, particularly at large 
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electrode gaps. A typical laser pulse for a C3H8:SF6:Ar gas 

mixture of 5:70:30 torr is shown in fig. (9.23). Because of 

its unfavourable discharge properties little work was performed 

with C3H8  gas mixtures. 
During the course of the work it was noticed that the dis-

charge was more uniform with lower molecular weight H donors, 

that is, H2  was best and C3H8  had the worst discharge behaviour. 

9.12. Discussion of Results  

The resolution of the spectrometer was not sufficiently 

good to differentiate between some lines. In the H2:SF6:Ar laser 

the P2_1(4) and P2_1(5) lines lase on the second vibrational 

level while on the first level it is the P1 _0(3) and P1 _0(4) 

which lase. Several other lines may lase at a lower intensity 

such as the P2_1(3), P3_2(1), P1 _0(6), P1 _0(7) and P1-0(8). 

The P3_2(1) cannot be distinguished from the P1 _0(8), the former 

however has low gain and is unlikely to lase. Experiment and 

computation (7,16,17) both show that highest gain should be 

found on the P2_1  transitions with J = 3,4,5, and 6. In the 

P1 _0  transitions gain is highest for J = 3 to 6 also. The 

computations are based on a Boltzmann distribution 'of rotat-

ional levels with the same characteristic temperature for each 

vibrational level. This is in general agreement with the 

simple model developed in the previous chapter and also the 

experimental results presented here. 

In the C2H6:SF6:A r laser the spectrum is broader with 

more lines present as can be seen in fig. (9.16). The strong-

est lines are again in agreement with theory and occur for J 

values of 3 to 6 in both the Ý=1 and v=2 vibrational levels. 

There is no simple cascading discernable but if rotat-

ional relaxation is fast enough then the transition with high-

est gain would be expected to dominate over lower gain trans-

itions. 

It would be useful at this stage to gain some idea of how 

the discharge laser would perform as an amplifier. In order to 

do this we make use of an expression derived by Judd (18) for 

energy output E0  to energy input Ei  for an amplifying medium. 

( 	E. 
E0  = Es  In i 1 + exp(aoft ) t.exp( i'E5) - 1,} (9. 12.1) 
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where 	is the pumped length 

o is the small signal gain at line centre 

and 	Es  is the saturation energy defined by 

(9.12.2) 

In the limit 

Ei/Es  >7 1 

equation (9.12.1) becomes 

Eo  = Ei  +o Es  

E. 
and/or 1  44.1 

Es  

Eo = Ei exp(oco1.)-  

(9.12.3) 

(9.12.4) 

Similar expressions hold for intensities Ii  and Io. 

If we consider the case of the H2:SF5:Ar laser then the 

electrical efficiency, rVE  = 3%. The limits of the population 

inversion can be deduced from (8.2.5) written in the form 

r‘c = 
41,E (75.9V] 

1 D  (31.54F2)
(9.12.5) 

Assuming 	= 100% anf C1"1 = [HF*] 

then 	lc  = 7%. 

The time integrated HF production CHF*,can be estimated from (\c, 
the lasing volume and the measured laser energy. The value of 

[HF*] determined for this case is 2 x 1015  cm-3  where an aver-
age output wavelength of 2.8 micron has been assumed. 

If all. the available electrical energy deposited in the 

gas goes into the dissociation of SF6  to form F and we assume 
4.5 eV is expended per F atom produced (19) then the total F 
production is 3.8 x 101°cm-3. 

Based or a total HF production of 2 x 101 6cm-1  the simple 
model of chapter 8 indicates that the populations of interest 
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for the P1-0 (4) transition are 

N ("=1 ,J=3) = 7 x 1014cm 3 

N (V =0, J=4) = 1.9 x 1014cm3 

where a Boltzmann distribution with characteristic temperature 

equal to 300 K is assumed for the rotational levels. 

A typical value for bandwidth for such a system is 

5 x 109sec-1. The small signal gain at line centre for a 

Lorentzian profile is given by 

40(0
_ h~do 

(qv' J — 
gJ 

NV% 
' 
j, ) x 0.64 

flv c 	gJ, 

(9.12.6) 

where g, = 2J + 1 and v o is the centre line frequency. 
Using (9.12.6) the small signal gain at line centre for the 

1_0(4) transition is 0.2 cm-1. The saturation energy Es=10-4Jcm-2 

The numerical values here should not be taken too seriously 

in view of the many simplifying assumptions adopted. The conc-

lusions which can be drawn however are qualitatively correct. 

Single line operation will produce high gain but the energy 

available for extraction is small as can be seen from (9.12.3). 

Multiline amplification is essential for efficient energy 

extraction. 

A point to note is that expression (9.12.1) assumes that 

rotational relaxation during the time scale of the photon pulse 

is negligible. Pulse propagation in a multi-level medium has 

been analysed in some detail by Feldman (19) and also Schappert 

,(20). The essential difference is seen in the strong field 

limit where (9.12.1) is modified by a term of the form 

(1 - exp ( - tz ) ) 

where 
Tr is the rotational relaxation time, Z-1 is the average 

number of populated rotational levels and t is time. 

Typical parameters for an HF chemical laser with multiline 

amplification are (18) 

= 2.8 x 10-16 cm2 

Es (ails) ) = 0.05 J cm
-2 
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9.13. Conclusion  

The HF discharge laser has a very high gain and this is a 

serious problem in amplifier technology. The small discharge 

laser presented here has kept this gain to a manageable level 

by a low rate of excitation with a large laser volume and 
comparatively low gas pressure. This is a suitable scheme for 

a first amplifier but would not be acceptable for a last stage 
power amplifier. 

In conclusion we can say that a simple technique has been 
developed for discharge pumping SF6  based HF chemical lasers 

with electrode separations up to 5 cm. While the energy extrac-
tion.was quite low (11-1) improved output was shown to be pos-

sible by increasing the current density in the discharge. Stable 

uniform discharges were obtained without the need for a sophist-

icated preionisation technique. 

The HF chemical laser worked satisfactorily with acceptable 

electrical efficiency (3%) with short current pulse excitation. 

Finally we can conclude that the system should prove suitable 

as a first stage amplifier. 
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CHAPTER 10  
THE ETRCTRON BEAM INITIATED HF CHEMICAL LASER  

10.1. Introduction  

The work reported here is a preliminary investigation into 

a new operating regime for the HF laser and one that will poss-

ibly find application in power amplifiers. The electron beam 

generator has been described elsewhere and only apparatus pec-

uliar to the HF experiment is described in this chapter. Before 

proceeding to the experimental results we review electron beam 

initiated HF experiments to date and outline the contribution of 

this work to the field. 

10.2. Review of E-Beam Initiated HF Experiments 

The first work. on electron beam intitiated HF lasers was 

reported by Gregg et al (1,2) and Zharov et al (3). Gregg et al 

reported laser action in gas mixtures of N2F4  + H2, N 2F4  + B2H6  

and NF3  + H2  while Pan et al in reference (2) used an IF7  + H2  

gas mixture. A Febetron 706 electron beam generator was used 

with a pumped length of 4.5 cm. The results of Zharov et al 
were particularly exciting. Using gas mixtures of H2  and F2  

they obtained a laser energy of approximately twice the energy 

deposited by the electron beam in the gas. Little attempt was 

made in these early experiments to optimise the pump source. In 

these experiments the electron beam was injected transverse to 

the cavity axis. 
The first really large energy laser pulse was obtained by 

Robinson et al (4) who used a 5KJ electron beam directed axially 

along the laser cell. They obtained a 60J, 600 ns FWHM laser pul-

se without cavity mirrors in a SF6  C2H6  gas mixture. This geometry 

was adopted by Gerber and Patterson (5,6) who used a magnetic field 

for guiding and confining the electron beam in the laser medium. 

They obtained a 228J laser pulse of 50 ns FWHM with an overall ef-

ficiency of 8%. A simple cavity was employed in (6) but in both 

experiments the laser was highly superadiant. Gross and Werner 

(7) used a low energy electron beam to transversely excite SF6: H2  

gas mixtures and deduced that the average energy expended to pro-

duce a free fluorine atom from SF6  was 4.5 eV for electron impact 
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by fast electrons. Aprahamian et al (8) used a cold cathode gun 

directly driven by a low inductance Marx to produce a 50 KV elec-

tron beam to excite SF6  F2  H2  gas mixtures and measured a 50J laser 

pulse of 50 MW peak power. 
A very substantial increase in energy and power was achieved 

by Gerber et al (9,10) with axial injection in a strong guide 

field. They used H2:F2:02:SF6  gas mixtures and obtained a max-

imum laser energy of 4.2 KJ in a 20 ns FWHM laser pulse. This is 

the maximum power reported to date. Most experiments performed 

since the initial works of Gerber and Patterson have used axial 

pumping. Optical cavities have been included into the system and 

beam quality controlled by the use of unstable resonators (11). A 

significant result for the H2-F2  laser was obtained by Mangano et 
al (12) who measured a maximum electrical efficiency of 875% for 

their e-beam initiated laser., Recent experiments have involved 
studies of energy extraction from electron beam initiated H2-F2  

mixtures for Master oscillator - Power amplifier (MOPA) systems (13). 

10.3.'The Choice of Injection Geometry 
It is probably true to say that the pump geometries employed 

in the above experiments have been dictated by the generators 

available rather than construction of systems for specific goals. 

It is only in very recent years that generators have been designed 

specifically for laser excitation studies. If we consider the 

design of an HF power amplifier suitable for fusion studies many 

of the drawbacks of axial injection will become evident. 

The aperture of an amplifier is determined by the power re-
quired and the damage threshold of the optical windows. A typical 

damage threshold for NaCl windows is -v1010W cm-2  (14) for a 1 ns 
pulse at 34pm. If we restrict operation to'1010W cm-2  and require 

a total energy extraction of 20 KJ then a final output window of 

50 cm diameter is needed. To be able to efficiently pump such a 

large system with an axially injected e-beam would require a very 

large energy transfer into the magnetic field and producing a sat-

isfactory guide field would be very costly. Another inherent prob-

lem with axial injection is that for a fixed e-beam voltage the 

pressure gain length product is fixed due to. beam stoppage. Thus 

Gerber and Patterson were restricted to a pressure of one atmos-

phere and pumped length of 1.5m (9). Above this pressure-pumped 

length product non-uniform energy deposition affected laser out-

put energy. In order to maximise the laser output energy these 



I58 

systems have usually employed high e-beam current densities 

( > 1kAcm 2) and in any repetitively pulsed system this could 

prove a serious problem, Current density is limited by heating 

of the e-beam foil window leading to deformation, rupture and fat-

igue. The upper limit fōr short pulse single shot operation is 
approximately 1 KA cm-2  for a 1MeV electron beam. If a repetit-

ion rate of several Hz is contemplated, as in a prototype reactor, 

the current density would have to be substantially lower than this 

value. High energy, low current density sources of reasonable beam 

voltage require the use of large area cathodes. The most attract-

ive geometry is the multi-cathode coaxial diode. This, however, 

is difficult to construct and the present geometry is as outlined 

in chapter 2. A plane parallel field emission diode is used pro-
ducing a (55 x 4) cm2  electron beam of current density in the 

range 50-100A cm-2  at an e-beam voltage of 500-600 KV. The elec-

tron beam is injected transverse to the cavity axis which over-

comes many of the problems associated with axial injection. 

10.4. Objectives of the Experiment  

We have seen in the previous chapter that the HF chemical 

laser tends to have an uncomfortably high gain with low saturation 

energy. These unfortunate properties lead to amplified spontaneous 

emission and gain saturation. Two techniques have been suggested 

to reduce the gain (15). The first method is to pass a quasi-CW 

light beam through the medium of opposite TCAU;EACAI : and direction 
to the pulse to be amplified but of the same wavelength. The 

second method is to "collisionally bias" the laser medium by 

partially depopulating the upper level by collisional deactiv-

ation. Both these techniques rely on the HF laser's ability to 

rapidly populate the lasing inversion and the biasing simply 

introduces an extra loss and hence a fall in gain. This loss leads 

to a lower efficiency which may be unacceptable in a power ampli-

fier. 

The procedure which has been adopted in other lasers such 

as CO2  to reduce the gain is simply to increase the bandwidth by 

pressure broadening. This is achieved by operating the laser 

with higher working pressures of the constituent gases. An inc-

rease in bandwidth Qv leads to a smaller stimulated emission 

crossection and hence lower gain but does not reduce the energy 
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extraction possible. At low pressures the relationship g o p 

holds where g is gain and p is the gas pressure. This relation-
ship breaks down at higher gas pressures because of increasing 

bandwidth, fly , by collisional or pressure broadening. In this 

regime fE
d 

tends to become constant in value, where A N is the 

population inversion. Since energy extraction depends only on 

AN the laser energy does not fall but the gain is reduced. 
In view of these facts there may be an operating regime 

for the HF laser at high gas pressure where pressure broadening 

and in part collisional deactivation will yield an amplifier of 

mederate gain and acceptable efficiency. The experimental res-

ults presented in this chapter are concerned with the operation 

of a high pressure non-chain reaction HF chemical laser initiated 

by a low current density electron beam. Measurements of energy 

extraction and electrical efficiency on such a laser are needed 

to determine whether the medium will be suitable as an efficient 

power amplifier for fusion studies. 

There 4tl!- surprisingly -zur 	experimental results on high 

press'.ire HF lasers. Ponomarenko et al (16, 17) considered the 

performance of a H2:SF6  laser operating at pressure up to 2 

atmospheres but the e-beam used was only 100 KV and the results 

are difficult to interpret because of e-beam stoppage. An anal-
ysis of the data is only given up to a pressure of 0.8 atmospheres 

because of this reason. The work reported here extends the pres-
sure range to 60 psi or approximately 4 atmospheres and considers 

the H2:SF6  and also the C2H6: SF6  lasers. 

10.5. Experimental Arrangement  
A schematic diagram of the laser pressure cell and vacuum 

pressure equipment is shown in fig. (10.1). The main body of the 

cell is constructed from a stainless steel tube of internal dia-

meter 5 cm and 3 mm wall thickness. The mirrors are fitted int-
ernally and are spaced 75 cm apart. The optical cavity is aligned 
prior to the evacuation of the cell. Two optical cavities have 

been used, a plane parallel cavity consisting of a gold flat and 

NaCl optical flat and secondly a confocal unstable resonator. 

The output windows of the cell are offset so that the full e-beam 

window is visible as shown in fig. (10.1). 

The major problem in high power resonator design is to obtain 
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large mode volume while retaining good transverse mode control. 

The plane parallel cavity allows many transverse modes to build 

up particularly with the high gain laser involved here. The un-

stable resonator provides a solution to this problem (18). The 

unstable resonator while providing a large output coupling can 

still provide clearly defined resonant modes. Good discrimination 

is possible with single mode operation often the case. 

Defining 
g1  = 1 - L/R1  (10.5.1) 

g2  = 1 - L/R2  (10.5.2) 

where L is the separation of the mirrors and R1  and R2  are the 

radii of curvature. Then for 0 g1g2 	1 resonators are stable. 

Unstable resonators are characterised by a magnification factor 

M defined by 

g - M2-1 
M2  

where S  is the output coupling 

and for the positive branch 

M+1 
1 = 2 

M+1 
g2 

__ 
2M 

(10.5.3) 

(10.5.4) 

(10..5.5 ) 

The unstable resonator used in the experiment had an out-

put coupling of approximately 40%. The mirror diameters were 5cm 

and 2.8cm with radii of curvature of 8.6m and 5.4m respectively. 

It was designed to give a magnification of 	1.6 with a mirror 

separation of 1m. The cavity was originally designed for a CO2  

laser and is not an optimum design for this cell. 
NaOl windows were used in the pressure cell with vacuum and 

pressure seals formed by '0' ring seals. The cell was evacuated 

to a base pressure of 10-3torr. Gas fill pressures were monitored 

with Bourdon gauges. The gases were allowed to mix in the press-

ure cell before firing and were evacuated after each shot with 

a standard vacuum rotary pump and KOH chemical trap. 

Laser output was measured with a calibrated thermopile and 

also a "Gentec" joulemeter. Temporal history of the laser energy 

was recorded with a gallium phosphide optical rectification det-

ector (19) 



I62 

10.6. Experimental Results in 02H6/SF6  Gas Mixtures  

The results presented in this chapter characterise the H2/SF6  

and C2H6/SF6  chemical lasers at varying concentrations and total 

gas pressures. The maximum total pressure used is 60 psi which 
is considerably higher than has been reported previously. 

In C2H6/SF6  gas mixtures three concentrations were used for 

detailed examination, 1:5, 1:12 and. 1:20. Initially a plane par-

allel cavity was used. At a total gas pressure of 23 psi and a 

pressure ratio, 02H6:SF6, of 1:12 the measured laser energy was 

1J in a 28 ns FWHM laser pulse. When the confocal unstable res-

onator was substituted for the plane parallel cavity the laser 

output energy rose to 2.2J in a 25 ns FWHM pulse. We may note 

that Gerber and Patterson (11) observed a reduction in laser 

output on using an unstable resonator. They measured a laser 

energy of 250J with one mirror only and 200 J with the unstable 

resonator for a C2H6/SF6  gas mixture of 1:10 at a total pressure 

of 300 torr. The loss in energy corresponds to the geometrical 

loss presented by the output mirror and is consistant with a 
highly superadiant laser. We can see that this is not the case 

in the present experiment. 
Figure (10.2) shows a plot of laser energy as a function of 

partial pressure ratio of 02H6  to SF6  for various total gas pres-

sures. There is a fairly broad maximum centred at approximately 

1:20, 32H6:SF6  as can be seen for the curve for 19 psi total gas 

pressure. The value measured at zero concentration of C2H6  is 

finite and is due to C2H6  adsorption at the cell walls. The neg-

ative slope of the curves for all total gas pressures are similar 

and the measured laser energy at maximum C2H6  concentration is 

approximately equal for all gas pressures. Laser energy is plot-

ted as a function of total gas pressure for pressure ratios 1:5, 

1:12 and 1:20,  C2H6:SF6  in figures (10.3), (10.4) and (10.5) 

respectively. Peak power and energy were observed for a 19 psi 

total gas pressure and pressure ratio of 1:20 with a 280 MW las-

er pulse of 25 ns FWHM. A typical laser pulse is shown in fig. 

(10.6) together with current and.voltage waveforms. 

The laser pulse was obtained with an e-beam current density 

of approximately 50A cm-2  with a 1:20 pressure ratio of 02H6/SF6  

at a total gas pressure of 20 psi. 
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It has been observed by some workers that beam transport and 

laser energy deposition tends to be erratic in SF6  gas (20). This 

was not observed over the 2.5 cm path of the beam through the cell. 

This phenomena is presumably a consequence of the electronegativ-
ity of SF6  which may lead to electron attachment and poor neut-

ralisation of the electron beam. The behaviour of the laser at 

a fixed 02H6:SF6  pressure rates of 40:490 torr with argon and 

also helium as dilutents was investigated, The experiment was 

performed to see if there was any improvement in e-beam energy 

deposition. As can be seen in fig. (10.7) the only discernable 

effect is to reduce laser energy output probably by collisional 

deactiviation. 

The electrical efficiency is of a particular importance in 

electron beam initiated lasers because per joule e-beam generators 

are very costly laser pump sources. To determine electrical eff-

iciency it is necessary to compute the electron beam energy dep-

osition in the gas and this is performed in the manner described 

in chapter 3: This calculation is based on a semi-infinite plane-

source and neglects any backscattering from the walls of the pres-

sure cell. It is difficult to determine the behaviour of the 

e-beam within the cell without performing a computation of the 
type employed in Sandyl, a 3-D computer code (21). To avoid this 

problem the plot of electrical efficiency in fig. (10.8) considers 

as a lower limit the computed energy deposition for a plane source 

neglecting backscattering. The higher values for energy deposition 
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is based on a backscatter of 20% of the beam energy striking the 
walls going into useful laser excitation. Peak electrical effic-

iency,'\, E, occurs at 19 psi total gas pressure for all pressure' 
ratios tested. Peak electrical efficiency coincides with peak 

laser output energy and l,E  lies between 10 and 15%. 

10.7. Experimental Results in H2/SF Gas Mixtures  
A similar set of experiments have been performed on H2/SF6  

gas mixtures. At 23 psi total gas pressure and a pressure ratio 
of 1:12 of H2/SF6  the measured laser energy was 1.2J in a 37 ns. 
FWHM laser pulse, a similar result to that of C2H6/SF6. It was 
seen in studies with C2H6/SF6  gas mixtures thct the behaviour of 
the laser with a plane parallel cavity was qualitatively the same 
as for the unstable cavity. A plane parallel cavity is consider-
ably easier to work with and the results obtained with H2/SF6  gas 
mixtures used such a cavity. This leads to a reduction in the 

total energy extracted and a lower value for efficiency but what 
is of particular interest here is the variaticn of laser para-
meters with increasing total gas pressure and also H2  concentrat-
ion. These factors should be very nearly independant of the cav-

ity employed. A typical laser pulse obtained with a 1:20 pressure 
ratio of H2:SF6  at a total gas pressure of 38 psi is shown in fig. 
(10.9). 
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At total gas pressures above 38 psi there is a change in 

character of the results with a fall in laser energy. This 

can be seen from figs. (10.10), (10.11) and (10.12) where laser 

output is plotted as a function of total gas pressure for pres-

sure ratios 1:5, 1:10 and 1:20 H2:SF6  respectively. The start 

of the fall off in laser energy corresponds very nearly to a 

partial pressure of 38 psi SF6, the actual values are 39.5, 

34.5 and. 35 psi for pressure ratios 1:5, 1:10 and 1:20, resp-

ectively. This strongly suggests that at these high gas pres-

sures the effects of non—uniform electron beam energy deposition 

have to be considered. 

In figures (10.13) and (10.14) the variation of laser 

energy with partial pressure ratio is plotted for several total 

gas pressures in H2/SF6  mixtures. There is a broad maximum 

centred at a ratio of 1:10. 

There is no easily disinguishable peak performance and at 

total gas pressures of approximately 40 psi there is a maximum 

measured laser energy of 2.3J in all three partial pressure 

ratios examined. 

Laser electrical efficiency is plotted as a function of 

total gas pressure in fig. (10.15). Electrical efficency peaks, 

in all three cases, at about 29 psi total pressure with 'VE  
It should be rememb^red that the insertion of an unstable cavity 

should be capable of considerably increasing this efficiency 

and most workers have observed similar performances from C2H6/SF6  

and H2/SF6  gas mixtures. 
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10.8. Laser Beam Divergence  
Beam divergence was measured in the unstable confocal res-

onator. The procedure adopted was to focus the laser radiation 

with a long focus NaC1 lens (f z 1m) and observe the damage patt-
ern produced on exposed polaroid film with varying attenuation of 

the radiation. This requires a large number of shots to give a 
beam profile and is hence subject to distortion due to shot to 

shot variations. However, it does provide a reasonable estimate 

of the maximum divergence. 
If we neglect aberration and distortion at the focusing lens 

then the focal spot diameter, d, of a beam whose divergence is , 

where 8 is the full angle divergence, is related to the focal 
length, f, of the lens by 

fa (10.8.1) 

The focal spot size was taken as that area containing 67% of 

the laser energy. The constructed intensity iirofile for a series 
of shots in C2H6/SF6  is shown in fig. (10.16). 

L 

 

2mR 

   

FIG.(I0.16) SPATIAL INTENSITY PROFILE OF THE LASER 
SPOT (A); C IS E-BEAM WINDOW ; B IS 'ANNULAR' LASER 
OUTPUT. 

It is readily seen that the profile is not symmetric and the beam 
divergence (half angle) ranges between 2.2 and 4 mR. This rather 
poor result is a consequence of the geometry of the system. The 
8.4 m radius of curvature mirror is partially obscured by the 
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e-beam window and the output beam is not annular but only a sec-

tion of an annulus. This may be expected to seriously affect the 

divergence with some reflection from the stainless steel foil 

possible also. The results of Gerber and Patterson (11) show that 

beam divergence can be kept down to approximately 1mR with a con-

siderably higher gain medium than here. 

10.9. Discussion of Results: Chemical and Electrical Efficiency  

The results presented above may be viewed as an extension of 

the work of Gerber and Patterson and the analysis which follows 

is similar to that used by them. We can gain an idea of the HF 

population from consideration of the electrical and chemical eff-
iciencies. For the C2H6/SF6 laser equation (8.2.5) becomes 

	

= 111E 	75.9 [ 0 n the usual notation 

	

~'D 	38 [HF]  

If we assume % = 100% and W _ [HO then the minimum chemical 
efficiency for the specific case of C2H6:SF6 in the pressure ratio 
1:20 at 19 psi with electrical efficiency 11,E = 12% is c = 24%. 
The maximum chemical efficiency can be deduced in the manner adop-

ted by Beattie et al (22) as modified by Khapov et al (17). If 

we assume 68% (23) of the energy of the reaction goes into vib-

rational excitation of the HF molecule then the maximum chemcial 

efficiency is given by 

'~, ,max = (25.8 - 15.9 	= 25% ( 	38 (10.9.1) 

The maximum electrical efficiency can be easily calculated 

1Emax 	
( 
25.875.95.9 	13% 
	

(10.9.2) 

Here the energy used to break the SF5-F bond is 75.9 K cal mole-1 
and the liberated chemical energy in the reaction between atomic 

fluorine and ethane is 38 k cal mole
-1 

(24) . After the populat- 
ion inversion is over in the system a waste 	energy of 15.9 kcal 
mole-1 remains not being used for lasing. 

This maximum electrical efficiency is below that observed in 

experiment (11). This may be due to the reaction 



F + C2H5 	HFD- + C2H4 (10.9.3) 
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which is exothermic by 97 kcal mole-1. (25). 
The laser output energy for the case considered was 6,75J, 

The total beam energy deposited was 56J, henae+l,E = 12%. The 

lasing volume is approximately 400 cm3. If all the available 

energy is used to produce free fluorine then the total time 

integrated F production, (F] = 2.5 x 1017 cm-3. The time int-

egrated HF* production, C•dF*), can be deduced from a knowledge 
of 1,c, the lasing volume and the measured laser energy. Ass-
uming an average output wavelength of 2.85j.m then the total 

number of photons is 2.4 x 1017 cm-3. For v = 24% (HF*) _ 
2.2 x 1017 cm 3. 

Gross and Wesner (7) deduced an expression for F production 
by dissociation of SF6 of the form 10-4F atoms cm-1 torr-1 eV-1 
per electron or on average 4.5 eV per F atom produced by fast 
electron impact. Use of this value and the total energy dep-

osited leads to a total F production of (F) = 1.9 x 1017 cm-3. 
If we set this as a lower bound then 

1.9 x 1017 cm -3 	(F) 	2,2 x 1017cm3 . 

Clearly CP) y (HF*] then 

1.9x 1017 cm3 ~ (HF*] 	2.2x1017 cm 3. 

The mean value 2.05 x 1017 cm-3 corresponds to 1.2 photons 

per HF molecule. Fig, (10.1 ) shows the computed population of 
the vibrational states from the simple rate equation model out-

lined in chapter 8. This suggests a population distribution ratio 
of 1:2:6:3 for V = 0,1,2 and 3 respectively during the current 
pulse. Assuming these levels cascade with the release of a photon 

at each step then the maximum number of photons per HF molecule 

is 2.2. The photon production therefore probably lies in the 

region 1.2 to 2.2 photons per HF molecule. This can be compared 

with the range of 1 to 2 photons per HF molecule deduced by 
Gerber and Patterson (11). 

10.10. Laser Spectrum 

No suitable detector was available so it was not possible to 
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measure the laser spectrum. It is possible, however, to gain 

some idea of the probable lasing transitions from the work of 

Gerber and Patterson (11). They observed 22 lines at a pres-

sure of 3 torr in C2H6/SF6  gas mixtures. At higher gas pres-

sures, approximately 600 torr. this reduced to 11 lines of 

which the P1(7), P1(8), P2(5) and P2(6) were strongest. The 

fact that these lines were recorded throughout the pressure 

range tested suggests that these are probably the dominant 

lines in the experiment reported here on 02H6/SF6  gas mixtures. 

In most experiments (26) the spectrum observed for C2H6/SF6  

gas mixtures is in broad agreement with that for H2/SF6  and it 

seems likely these lines or their near neighbours are the 

strong lasing transitions in H2/SF6  mixtures also. 

10.11. HF Deactivation  
A significant loss process in many high pressure gas lasers is 

collisional deactivation and this is true of the HF chemical 

laser also. From figs. (10.3), (10.4) and (10.5) it is seen 

that laser energy falls off at gas pressures exceeding approx-

imately 20 psi. This cannot be attributed to non-uniform e-beam 

energy deposition but must be due to some deactivation process. 

The decrease in laser energy and power with increasing C2H6  con-

sentration shows the deactivation is due to C2H6  collisions with 

HF*. Anlauf et al (27) measured vibrational relaxation of HF in 

levels v = 1 and y = 2 at 300 K by C2H6   to be 1.0 x 1012cm3mole-1  

sec-1  and 5.1  x 1012cm3mole-1sec-1  for HFA=1  and HFV=2  respect-

ively. These rate coefficients may be compared with the values 

for hydrogen where for HFv =1  the rate is 4.3 x 1011  and for 

HTv =2 7.8 x 1011cm3mole-1sec-1  as quoted by Anlauf. To be able 

to quantitatively determine the deactivation by C2H6  we need fur-

ther information on the HFA=3  level and also the temperature dep-

endance. A comparison of the results obtained in C2H6/SF6  mix-

tures with those for H2/SF6  clearly shows there is significant 

deactivation by 02H6  and this places a limit on the total gas 

pressures at which the C2H6/SF6  laser can be efficiently run. 

The experimental results for H2/SF6  gas mixtures do not 

show this decline in energy neither is there a significant red•-

uction with increasing H2  concentration. We can conclude that 

at least to pressures of 40 psi there is no significant H2  de-

activation of the population inversion. 



10.12. Laser Bandwidth  

As has been shown earlier the use of high gas pressures 

is particularly significant for amplifier applications where 

a reduction in small signal gain is possible through increas-

ed bandwidth. At the gas pressures encountered in this exper-

iment collisional or pressure broadening is dominant with some 

enhancement due to resonance broadening. Pressure broadening 

of HF has been measured by Herndon et al (28) in pure HF up 

to a pressure of 5 atmospheres. At high gas pressures they 

observed that the linewidth was very nearly proportional to 

the pressure. Thus for the P1(4) line w = 5.4 x 1010sec-1  

at 5 atmospheres and 120 C and Lev = 1.4 x 1010sec-1  at 

1 atmosphere and 100 C. A similar result was observed for 

the P1(5) line. If we take a value of Nv = 2 x 1010sec-1  for 

the HF laser at a gas pressure of 700 torr as suggested by 

Holha (29) we find reasonable agreement with by = 3.7 x 1010  

sec-1  for the total pressure of 1500 torr suggested by Judd 

(30). Here we have assumed a similar gas temperature for both 

experiments. Assuming Dv oc i and similar experimental conditions 

then for a 57 psi H2/SF6  gas mixture w 7.4 x 1010sec-1. 

A point to note is that the !' referred to is an average 

value since there are many lasing transitions all of which 

have individual linewidths. 

10.13. Conclusion 

Transverse e-beam excitation at low current density has 

been shown to be successful for initiation of the non-chain 

reaction HF chemical laser. An electrical efficiency of 

approximately 12% and chemical efficiency of the order of 

20% has been achieved in C2H6/SF6  mixtures. The H2/SF6  

laser has been operated at a pressure of approximately 60 psi 

with no substantial loss in energy extraction. If we assume 

a total HF production of 2.0 x 1017cm-3  then the rate equation 

model gives for a Boltzmann distribution of rotational energy 

at 300 K:N umber density of HFv=1  = 6.9 x 1015cm-3  

J=3 

and Number density  of HFv  =o  = 1.85 x 1015cm-3  

J=4 

I77 



during the main current pulse. This yields a gain for the 

p1-0(4) transition of 0.14 cm-1 and a saturation energy of 

1.5 x 10-3J cm-3  for a 60 psi H2/SF6  gas mixture. Data for 

the gain calculations were taken from reference (31). The 
results for bandwidth and gain should be considered as 

qualitative only since many simplifying assumptions have 

been made. The results, however, do suggest that the high 

pressure H2/SF6  laser may be suitable as an amplifier and 

certainly merits further attention. 

The maximum energy extraction achieved with the laser 

was 17 J,t-1  
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CHAPTER 11  

CONCLTJSION  

11.1. General Comments  

The purpose of this chapter is to summarise the conclusions 
reached in the individual experiments which form this thesis. 

Comments on the xenon excimer and HF chemical lasers necessarily 

involve the applicability of electron beam and fast discharge 

excitation techniques. The limits of the experiments performed 

are discussed and suggestions are made on desirable experiments 

for the future. Finally the long term prospects of the Xe2  and 

HF lasers for fusion is considered in the light of the experi-

mental work performed. 

11.2. The Xenon Excimer Laser  

The xenon laser is unsuitable as a fusion driver because of 

its short upper state lifetime (4 ns) and its large stiriulated 

emission crossection (2 x 10-17cm2). This makes amplification 

difficult and added to this is the problem of damage to optical 

components. We have seen the problems caused by mirror damage 

but windows also have a low damage threshold in the VUV. 

The most likely application of the Xe2  laser in the fusion 

context is the photolytic pumping of selenium which has a stim-

ulated emission crossection of 4 x 10-19  cm2. The selenium 

atoms are produced in the =S excited state by photolysis of the 

OCSe molecule. The absorption peak of the molecule occurs at 

1720 A' and has a photolytic quantum yield of nearly unity. 

The xenon laser is a suitable radiation source and would prob-

ably be run in a superadiant mode for this purpose. 

The work reported here is relevant to this problem. The 

experimental and computational results indicate that laser effi-

ciency is highest at low gas pressures and low rate of excitation 

where collisional deactivation and ground state absorption is less. 

The loss represented by the changing mirror reflectivity is ident-

ified. Quasi-OW laser action in xenon is observed which should 

lead to an overall improvement in efficiency. The problem of gas 

contamination has been solved with a cyclical gas purification 

scheme. These results enable one to confidently design an effic-

ient large scale xenon excimer laser and should also be of consid- 

erable help in the design of the krypton and argon excimers. 
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This is a primary requirement for any Group VI-A laser scheme. 

The experimental and computational results do not allow 

us to determine what kinetic model of the xenon excimer laser 

is correct. One can conclude, however, that the use of a 

NgF2  retroreflector should be considered in 	characteris- 

ing the xenon laser and other lasers operating in the far UV 
such as ArF. 

A simple experiment which should be performed at this 
time is a check on the intensity dependent or time dependent 

reflectivity changes of multi-dielectric mirrors in the VUV. 

Such an experiment has been proposed by Edwards (1). 

11.3. The HF Chemical Laser  

The HF discharge laser reported here was, in general, a 

success and achieved the goals desired of it. The behaviour 

of the laser is similar to other discharge lasers reported 

in the literature but more uniform excitation was achieved 

over large electrode gaps. A simple rate equation solution 

gives qualitatively correct results. If one looks at the 

kinetics in more detail it is necessary to ask whether, with 

such a short excitation pulse, rotational relaxation is fast 

enough to achieve a Boltzmann like distribution of these 

levels. Many phenomena taking place in the laser are J dep-

endant. To be able to resolve this question requires the 

system be used for its original purpose as an amplifier. Up 

to, the present amplification studies in HF have been con-
cerned with optical gating and there is a real need for more 

detailed probing of the laser medium. 
The factors which make computational models doubtful in 

the discharge laser are only enhanced in the e-beam initiated 

laser. Little published work is available and experiments per-

formed to date have been rather crude with measurements rest-

ricted to laser output energy, pulse width and time integrated 

spectral-content. The experiment presented here is of this 

type and further investigation is required. The results are 

promising for the high pressure H2/SF6  laser. This non-chain 

reaction laser has been operated successfully at gas pressure 

up to 60 psi, this reduces the gain of the system but without 

any drastic reduction in efficiency. The major problem of 
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of the HF laser is its high gain and large stimulated emission 

cross-sec on ( 3 x 10-16cm2) and hence this high pressure reg-

ime deserves further attention. 

In any HF fusion laser scheme a different technique must 

be adopted than used for CO2  or Nd because of its high de-

activation rate (-E .,' 20 ns). Rapid excitation of the laser 

medium is required with photon pulse amplification at a time 

of the order of nanoseconds after the formation of the pop-

ulation inversion. A suitable scheme is illustrated schem-

atically in fig. (11.1) 

FIG.(II.I) SCHEMATIC DIAGRAM OF A PROPOSED HF AMPLIFIER 
CHAIN. 

The electrical excitation of the amplifiers would be trig-

gered sequentially via laser triggered spark gaps or similar 

devices. The oscillator and first amplifier would be trans-

verse discharge initiated in a similar fashion to the laser 

reported in this thesis. The oscillator would require mode 

control and might reasonably produce a 10 mJ, 50 ns ?WHM 

diffraction limited single mode laser pulse(2). This photon 

pulse is then amplified in the first amplifier- to a fraction 

of 1J and alno pulse gated out for further ainplificatior.. (3) , 

A further discharge laser would amplify this pulse to approx-

imately 1J in a single transverse mode. Final amplification 

occurs in the e--beam initiated amplifier module where an out-

put of several kJ should be attainable. In any amplifier 
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scheme one can use either the chain reaction or non-chain 

reaction gas mixtures depending on whether high electrical 

efficiency or high overall efficiency is required. If the non-

chain reaction laser is used then the work presented here on 

the e-beam initiated high pressure laser is clearly relevant. 

We may conclude that any laser medium which can 

supply high peak power together with high energy storage and 

already achieved overall efficiency exceeding 5% must be ser-

iously considered as a fusion driver. This is the case with 

the HF chemical laser. 

11.4. Fast Discharge and E-Beam Excitation  

If one neglects the extra cost involved in electron beam 

excitation schemes the main fault with this pump source is its 

poor efficiency. This is the case because the major loss 

process from the e-beam is ionisation of the laser gas. Pump-

ing of the appropriate level occurs by recombination followed 

in the case of xenon by a three body collision to form Xe2*. 

There are many applications of course where efficiency is not 

of primary importance and where the high power of the e-beam 

generator is necessary, such as the tunable VUV xenon laser. 

The elctron beam generator also has the ability of depositing 

energy uniformly in high pressure gases (^'400 psi) which is 

not easily achieved with a simple discharge. 

The fast discharge technique is well suited to small 

laboratory lasers working in the hundreds of torr pressure 

range where e-beam excitation would be inappropriate. It is 

inexpensive but as with electron beam excitation tends to be 

inefficient mainly because the field required to sustain the 

discharge is not usually an optimum for exciting the laser 

levels. 

In general with directly excited lasers a combination of 

these two excitation sources has led to an improvement in eff-

iciency. The electron beam is used to seed the medium with 

electrons and a well-controlled electric field is applied to 

produce a tailored electron energy distribution for efficient 

pumping of the laser levels. 

The chemical laser is a special case since the electrical 

pulse is used to initiate the chemical reaction which produces 

the population inversion. It is not clear at present whether 

any significant improvement in performance can be achieved by 

the use of e-beam sustainer techniques and it seems likely J 



that, in the high pressure HF laser at least, direct electron 

beam initiation is appropriate. 
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APPENDIX I  

The Boltzmann equation is solved by Fournier (1) foll-

owing the formulation of Rockwood (2) with the inclusion of 

superelastic and inelastic collisions between excited states. 

If n(a)dE, is the number density of electrons with an energy 

between E. and E.+ de then 
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The index s denotes a particular constituent species 

of the gas mixture. Indices D_ and m are associated with the 

lower and upper states of an electronic transition respectively. 

E 
rn denotes the energy difference between states I. and m 

NA
. 
and Nsm denote populations in electronic states. RsQ m(E) 

is the rate at which electrons produce excitation from & to m. 

Rs4m(E) is related to the excitation crossection āsQm(E) by 
i 

R4m(~) _ o 	(E)
(2` )z 	 (2) 
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where me is the electron mass. 

R' m (E) is the rate of occurrence of superelastic collisions 
and is related to the rate of inelastic collisions by detailed 
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where gst and gsm are the electronic degeneracies of the states 

Q and m. 

Ls i t is the energy difference between level and the ion-
isation limit. 

R(~) is the rate of ionisation from level by electrons. 

The last term on the R.H.S. of equation (1) represents the 

creation of electrons by ionisation. These are assumed to be 

created with zero kinetic energy and this is expressed by the 

Dirac delta function preceding the integral. 

The first term on the R.H.S. of equation (1) represents 

Joule heating and is given by (2) as 

2e2E2 	 ōn~ Jf = 	 ( 	- 	( ) ) 	(4) 

where E is the applied electric field 

and y = (-2c )1 4, N s °'s (L)
e 	s 

T s is the momentum transfer crossection for the species s. 

The second term on the R.H.S. of equation (1) is the 

flux due to energy exchange during elastic collisions, that 

is equipartition 

1tT 	ān ~') } 	
(6) ~  

 J 	= v (n(a)C kT - ~ - kT i - 
2 

3me) 

(5) 

T is the neutral temperature and ms is the mass of an atom of 

species s.. 
The third rerm on the R.H.S. of equation (1) , S(€), rep-

resents an external source term for the production of electrons 

in this case the relativistic electron beam. 

Equation (1) is converted into a series of differential 

equations by using the finite difference scheme adopted by 

Rockwood (2). 



APPENDIX II  

An exact solution of the bound free matrix elements for 

molecular transitions can in principle be obtained by numer-

ical integration. This technique is adequate for bound-bound 

transitions, there being a finite number of integrals to be 

evaluated, but for a continuous spectrum the computer time 

required is prohibitive. An approximate method can be used 

based on a knowledge of the behaviour of the wavefunction. 

Mies (1) has shown that the wavefunction of the lower state 

free-particle wavefunction in xenon is highly oscillatory in 

the region outside the classical turning point and so the 

main contribution to the overlap integral occurs at this 

point. The situation is illustrated in fig. 1. 
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FIG.(I) THE REFLECTION APPROXIMATION FOR A DISSOCIATIVE 
GROUND STATE LASER. 

The process may be viewed as a vertical transition 

(Frank-Condon principle) in which the probability is prop-

ortional to the square of the vibrational wavefunction of the 

upper state at the radius of dissociation. 

Following the treatment of Fournier (2) and the notation. 

of chapter 5, the overlap integral 

r En n J„ IR(r)1('n, , J,i 	(C"C(r—r (€.f') ) ~ R(r)j(j-n, J,? 	(1) 
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c" is a constant chosen such that 
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and since 	 h 	CAI hy 

51Y 	4.11S1) \ 	Ka (K*) 	\ 4,7) I 	(9) 

which is known as the reflection approximation. 

The wavefunctions of (9) have been calculated by 

Fournier from Morse potentials deduced by comparison 

with experimental absorbtion data. 

The Morse potential is given by the expression: 

= b (4e ( 20.0- - 	— 2 -e ce ia (5-1° ) ) 	( to) 
The absorbtion data is almost exclusively determined 

by the internuclear minimum of the excited state, rō. 

Given rt) then D is uniquely specified by the wavelength 

of the maximum of the emission profile. The parameter a 

controls the breadth of the internuclear potential. The 

width of the emission profile can be fitted by varying a. 

The exact values of these parameters were determined by 
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15 (p)) (x) dx = s 3(x0/ as 
x:3a, 

where xi are the roots of y(x)=0 

Then 



Fournier using a trial and error technique. 

Once the upper state wavefunction is known the 

emission and absorption can be determined from (5.3.1) 

,(5.3.2) and a knowledge of the ground state potential, 

(4,5). 
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__Stable Discharges in an HF Laser with Large 
Electrode Separation 

P. D. SLADE AND A. SERAFETINIDES 

Abstract —The characteristics of a fast discharge 1IF chemical laser 
are described. A Blumlein pulse forming line is used with a resistive 
cathode (50 SI- cm resistivity germanium). Uniform arc-free discharges 
have been obtained in gas mixtures of SF6/112/Ar. SF6/C2116/Ar, and 
SF6/C3118/Ar with electrode separations up to 5.2 cm. 

rZ HE production of arc-free discharges in SF6 has always 
I proved difficult and most experiments have been re-

stricted to electrode separations of 1 to 2 cm [1]. Recent 
work [2] has shown the advantages of resistive electrodes in 
HF lasers and the present experiment employs a 50 SZ cm 
resistivity germanium cathode with a fast Blumlein pulse 
forming line (PFL). 

A parallel plate Mylar insulated Blumlein PFL, characteristic 
impedance 4.5 SZ, is pulse charged in 150 ns to 100 kV from a 
2 stage Marx generator of capacitance 17.5 nF. The line 
switch used w•es a 15 cm long self-break rail gap which is driven 
into multichannel operation. Current rise time (10 to 90 per-
cent) into a matched load was approximately 8 ns and the 
current pulse was 22 ns full width at half maximum (F1V1-1M). 
The system is illustrated in Fig. i. 

The laser cell consisted of a Perspex chamber with two 
separate electrode pairs of a roughly Rogowski contoured 
germanium cathode and brass anode. The surface area of each 
cathode was (2.5 X 15.0) cm2 and each anode (3.5 X 17.0) 
cm2 . Electrode separation was variable between 2 and 5.2 cm. 
Brewster angle CaF2 windows were used with a line of sight 
of 2.4 cm diameter along the axis of the cell. The laser cavity 
consisted of an 8 nt radius of curvature 100 percent reflector 
and a CaF2 flat fitted externally. For single line operation, 
the 100 percent reflector was replaced by a blazed diffraction 
grating. 

Current through the cell was monitored by a stainless steel 
resistive shunt. Voltage across the cell was measured with a 

Manuscript received November 23. 1977. 	• 
P. D. Slade is with Blackett Laboratory, Imperial College, London, 
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A. S:rafatinides is with the Department of Physics, Essex University, 

Essex, England. 

3 
5 	ii 	4  
-- 	-~ 	-- 	-x 

i6 
-r 

Fig. 1. PFL and Marx circuit: (I) Lt, (2) L2. (3) laser cell, (4) PFL, 
(5) Cline, (6) Crtlarx• L1 = L2 = 100 nil, Cline = 5 nF, CMarx = 17.5 
nF,Z6=4.5fl. 

copper sulphate resistive divider. Laser energy was measured 
with a "Gentec" jouleineter and laser pulse shape with a 
gallium phosphide optical rectification detector [3]. All 
signals were recorded by a Tektronix 7904 oscilloscope. Pre-
ionization to the cell was obtained by increasing inductor 
L2 in Fig. 1. This has the effect of increasing the charge time 
of the left arm and causes a propulse voltage to appear across 
the cell. A preionization current of 30 A - cm-2 was produced 
some 100 ns before the main current pulse. 

Current and voltage waveforms across the cell for a 3 5 cm 
electrode gap with and without preionization are shown in 
Fig. 2(a) and (b). In both cases a uniform arc-free riischarge 
was obtained and it can he seen that during the main current 
pulse the impedance is similar in both cases. At larger gaps, 
preionization was found helpful in producing uniform dis-
charges although arcing occurred only rarely without pre-
ionization. 

Optimum performance using C2 116 as the hydrogen donor 
was found with a gas mixture of 6 torr C2116 , 70 torr SF6 , 
and 30 torr Ar. Argon enabled early breakdown of the gas 
and helped with reproducibility. A time integrated spectrum 
of the laser pulse was measured with a grating spectrometer 
with a 20 nm bandpass. The Pl _ 0(4) and P2.1 (4) lines seem 
to be strongest. 

The laser pulse is shown in Fig. 3 along with dominant lines 
temporally resolved with a grating spectrometer and gallium 
phosphide detector. Summing the lines gives a waveform in 
good agreement with the observed multilinc laser pulse. Max- 

0018.9197/7S10500.0321500.75 © 1978 IEEE 
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Fig. 2. (a) Current and voltage across cell vithout prcionization 20 ns/ 
div. (t) 110 kV peak, (2) 10.5 kA peak, (3) 4.9 D. (h) Current and 
voltage across cell with preionication 20 ns/div. (1) 54 kV peak, 
(2) l 1 kA peak, (3) 4.9 S2. 

imum output Using C2H6 was obtained with an electrode gap 
of 3 5 cm with a laser pulse of 120 mJ, 50 ns FWIIM. This is 
equivalent to an energy extraction of 1 J1-1 . Current and 
voltage measurements suggest an energy deposition of 40 J1-1  
giving an electrical efficiency of 2.5 percent. At an electrode 
gap of 5.2 cm, energy extraction was 0.5 J1-1  with an effi-
ciency.  of 2.2 percent. When one pair of electrodes was re-
moved and the electrode gap set at 3.5 cm, laser output 
remained unchanged at 120 mJ, an energy extraction of 
slightly more than 2 JI -I , indicating that higher outputs could 
be obtained by increasing current density with no detrimental 
effects to the discharge. 

Optimum performance using H2  was found with 5 torr 112 , 
70 torr SF6 , and 30 torr Ar. The P1 _ 0(4) and P2 _1 (5) lines 
seem to be strongest. Peak output was found at an electrode 
gap of 5.2 cm, the maximum the cell would permit, with an 
energy extraction of 0.7 J1-1  and an efficiency of 3 percent. 
Smaller electrode gaps gave lower electrical efficiency and at 
a gap of 3.5 cm an output of 0.65 J1-1  was measured with an 
efficiency of 1.6 percent. 

A blazed diffraction grating was substituted for the 100 per-
cent reflector and single line output obtained in an 1-12 /SF6 /Ar 
gas mixture. At maximum electrode separation, an output 
of 25 and 35 inJ was measured for the P1 _ 0(4) and P2 _1 (5) 
lines, respectively. 

Fig. 3. Multiline laser ot'tput pulse with dominant lines with C2116/ 
SF6/Ar gas mixture 10 ns/div. '1) P1_0(4) line, (2) P2_1 (4) line, 
(3) laser pulse, (4) Sum of P1_0(1), and Pz_ t(4) lines. 

Gas mixtures using C3 H8  as the hydrogen donor produced 
very similar results to that of C2  H6  although it was more 
difficult to produce uniform discharges at large gaps. 

The design intention here was to produce a system suitable 
for use as a small laser amplifier of moderate gain and hence a 
low current density was employed. Increased energy extrac-
tion was shown to be possible by increasing current density 
at the discharge. The simple prcionizing technique used makes 
the system simple to construct and run, and clearly shows the 
advantages of a fast pulse forming line in conjunction with a 
resistive electrode for the excitation of large volumes. There 
would seem to be no reason why its use should be restricted 
to IIF lasers. 

REFERENCES 

G. P. Arnold and R. G. Wenzel, "Improved performance of an 
electrically initiated 1W laser," IEEE J. Quantum Electron., vol. 
OE-9, pp.491-493, Apr. 1973. 
F. Voignier and J1. Gastan 	"Improved performance of a double 
discharge initiated pulsed Ill' chemical laser," Appl. Phys. Left., 
vol. 25, pp. 619-650, 1974. 

121 A. F. Gibson, T. A. Hall, and C. Il. !latch, "Discharge stabilization 
in HF lasers using resistive electrodes." IEEE J. Quantum Elec-
tron., vol. OF-13. pp. 801-S03, Oct. 1977. 

[3) A. F. Gibson, M. F. Kiminitt, S. Kothari, C. 11. (latch, and A. 
Serafctinides, "Optical rectification disc to free carriers in gallium 
phosphide,"Appl. Ph;'s. Lett., vol. 30, pp. 36-37, 1977. 

1 1 1 



-1•.42-- 

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-14, NO. 9. SEPTEMBER 1978 	 637 

Quantum Electronics Letters 	  

Gas Purity in the Large-Scale Xenon Laser 

P. D. SLADE 

Abstmcr —The electron beam pumped xenon excimer laser presents 
many problems to the experimental physicist, not the 1"ist of these is 
gas purity and extreme care is usually required with the vacuum/pres-
sure system. A brief description is given of a moderately large xenon 
laser which uses a novel gas purification scheme. Results are presented 
which indicate improved performance and reliability. 

THE e-beans pumped xenon laser was the first of the 
dissociative ground state lasers. It has however proved 

very difficult to produce trouble free systems. often the 
problem has been gas purity [ 1 ] , [2] . The solution to this 
problem has usually involved extreme care with the vacuum 
system and distillation of the xenon before each shot or even a 
fresh fill of research grade gas per shot [3] , [4] . Neither of 
these approaches is a suitable long term solution particularly 
if large volumes are involved. Here a novel gas purification 
scheme [5] is used and preliminary results indicate that con-
siderable improvement in reliability and a drastic reduction 
in initial pump down time are possible. 

A recycling purification system is used and the apparatus 
is illustrated in Fig. 1. The xenon gas is circulated by a stain-
less steel bellows positive displacement pump (Metal Bellows 
Corp. Mode.] MB-15IE) of maximum flow rate 3.5 I • min-1 . 
The BTS copper catalyst is housed in a stainless steel reactor 
with copper gasket vacuum seal and raised to 200°C using 
heating tape. The temperature was monitored continuously 
with a simple thermocouple temperature gauge. The catalyst 
is supplied in an oxidized form and was reduced by flowing 
hydrogen through the heated reactor prior to use. The cold 
trap consisted of a 6 m length of 0.95 cm diameter OFIIC 
copper tubing wound in a spiral and filled with molecular sieve 
type 4A. During operation, the sieve was maintained at dry 
ice temperature. Before use the purifier was leak tested, 
baked, and evacuated to a base pressure of 10-4  torr. No 
problems were encountered up to the maximum pressure used, 
100 lb/in2 . The heated copper catalyst serves to extract 
oxygen, 

2Cu + 02  = 2CuO, 

while the cold trap removes any H2O or hydrocarbons present. 

Manuscript received February 27, 1978. 
The author is with Blackest Laboratory, Imperial College of Science 

and Technology, London, England. 

Fig. 1. The purification system: (a) laser cell; (b) pump; (c) OFHC 
copper tubing containing molecular sieve type 4A; (d) reactor con-
taining BTS copper catalyst at 20D`C; (e) to liquid nitrogen trap and 
mercury diffusion pump. 

60 MN' 

Fig. 2. Laser output at 60 lb/in2  xenon and 150 A cm-2  current 
density: (a) laser output for first shot; (b) output for second shot 
with same gas and no cleaning. 

In the present experiment no attempt has been made to opti-
mize gas flow rate. 

The laser cell was of stainless steel construction with the 
cavity mirrors fitted internally. Initial work was performed 
using an aluminized optical flat and VUV quality quartz flat 
of reflectivity 80 and 7 percent, respectively. This was later 
changed to an uncoated MgF2  retroreflector and solid quartz 
etalon. An e-beam of 650 kV, 150 A cm-2  and 40 ns full 
width at half maximum (FWHM1) was injected transversely into 
the pressure cell through a 25 micron stainless steel foil of 
area (4 X 50) cm 2 . Laser output was measured with a laser 
calorimeter and solar blind photodiode. Waveforms were re-
corded on a Tektronix 7904 oscilloscope. 

Fig. 2 illustrates typical behavior of the laser prior to con-
struction of the purifier. Beam current density is 150 A cm 
and a fresh fill of research grade xenon to a pressure of 60 
Ib/int  produced laser pulse a. Peak power was approximately 
60 MW in 15 ns FWHM with an efficiency of laser output to 
computed energy deposition of 2.5 percent. A second shot 
with the same gas produced pulse b. Distillation of the xenon 
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at liquid oxygen temperature produced only slight improve-
ment and satisfactory performance was only obtained with a 
fresh charge of gas each shot. 

The effect on output of a series of consecutive shots Is 
shown in Fig. 3. Curve a is a plot of peak photodiode signal 
along the laser axis for six consecutive shots from the same gas 
fill, 55 lb/int  xenon, with no purification. A rapid falloff in 
laser output is observed consistent with the accumulation of 
impurities in the gas. In an unbaked stainless steel cell, one 
would expect outgassing from the walls and a-beam window 
to involve many of the atmospheric constituents with water 
vapor the largest contributor. The reduction in laser power 
may be due to collisional quenching of the excited xenon 
molecule or by photoattenuation involving absorption or 
Rayleigh scattering. An experiment was performed in which 
the emission transverse to the cell axis V7 was compared with 
that parallel to the cell axis Vi, with no optical cavity. The 
cell was filled to 100 lb/int  and the xenon contaminated by 
repeated firing without cleaning. The ratio of Vp /i f was then 
determined for a series of shots from 100 down to 30 lb/id=  
xenon. The ratio Vp/Vt  increased significantly with decreasing 
gas pressure indicating photoattenuation to be dominant. In 
the present experiment, the sinal]-signal gain for a fresh fill 
of 60 lb/int  xenon is approximately 0.05 cm-1  and an im-
purity level of 100 ppm 1120 [6] or 200 ppm of 02  [7] is 
sufficient to reduce this to zero by absorption; considerably 
less is needed to produce a marked reduction in laser output 
power. 

Curve b of Fig. 3 indicates the improvement obtained 
when the same gas as used in a was circulated continuously 
through the purifier and shots were fired at 30 min intervals. 
Five consecutive shots are illustrated and they clearly show 
the efficacy of gas purification. The maximum repetition rate 
of the system as a whole is low, typically 1 min or so, and 
when fired at this rate, no falloff in output power was ob-
served with the purifier in operation. 

A cyclical purification scheme offers many advantages over 
any static procedure. A continuous improvement in gas purity 
can be obtained or impurities, at least, can be held to a toler-
able level. Small leaks in the vacuum system can be tolerated 

Ark 
Lilts 

I 2 3 4 5 
Shot 

Fig. 3. Plot of peak photodiode si^_nal along laser axis for consecutive 
shots: (a) starting with fresh gas and no cleaning; (b) switching on 
purifier with shots at 30 min intervals. 

as continuous extraction of impurities is obtained. Before 
construction of the purifier it was necessary to pump the sys-
tem for several days to reduce outgassing to a minimum. This 
was found to be no longer necessary and once a suitable base 
pressure had been obtained, usually 10-4  torr, the purifier. 
coped with outgassing from the walls. 

The recycling purification system would seem to stabilize 
impurity level in the gas and it may be that such a scheme 
will be suitable for other noble gas excimers. 
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TEMPORAL EVOLUTION OF THE XENON LASER PULSE 

P.D.Slade and G.R. Fournier, 

Plasma Group, Blackett Laboratory, 
Imperial College, London SW7. 

ABSTRACT 

An experimental investigation was made of the me non 

excimer laser. 	Several laser cavities have been employed with 

excitation by electron beams of cross section (15 x 2)cm2  and 

(55 x 4)cm2  and current density 100 - 150Acm 2  injected transverse 

to the cavity axis. 	A numerical model of the xenon laser is 

compared with experimental results. 	The laser pulse width was 

found to be dependent on laser intensity and cavity mirrors. 

Early termination of the laser pulse was observed consistent with 

changing reflectivity of the cavity mirrors. 	An uncoated MgF2  

retroreflector produced a laser output of significantly longer 

pulse width. 	Quasi- CW laser action was observed. 
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The xenon excimer laser has received considerable attention 

in recent years because of its high power, short wavelength and 

potentially high efficiency (1). 	Early experiments produced 

rather disappointing results, the high current densities 

(> lkAcm-2) and high gas pressures led to excessive heating of the 

xenon gas with a build up of ground state absorption and 

collisional' deactivation. 	The present experiment seeks to avoid 

these problems by using a current density of 100 - 150 Acm 2 and 

gas pressures in the range 50-120psi. Many researchers have 

observed that the laser output of the xenon excimer terminates 

earlier than simple models predict.(2) 	It is still a matter of 

debate whether the cause of this phenomena is confined to the 

laser medium only,(3) or involves the cavity mirrors.(4). 	In 

the present experiment several laser cavities have been employed 

and a detailed comparison made with a computer model. 

The numerical model used is based on the fluorescence model 

developed by Fournier (5). 	The distinguishing feature of this 

model is the use of two different three body formation rates for 

the singlet and triplet states of the xenon molecule. 	The model 

does not use the mixing hypothesis proposed by Rhodes and George. 

(6,7). 	The calculation of gain follows the treatment of Mies (8). 

The effective stimulated emission cross section is given by the 

expression: 

a(a) = E A h 
I~n(r)I2 I dV(r)I 	exp(-En/kT) 

n 	Tr 
(1) 

where En is the vibrational energy of state n and Q is the 

vibrational partition function, V(r) is the ground state potential, 

A is the Einstein coefficient and p(r) is the n th state 

vibrational wave function Or upper electronic state. 	The internuclear 



a1~ 	 $v 
at 

v 
	(2a(v)R - y(v)) 	

(3) 

separation, r, is related to wavelength by the relationship, 

V(r) = En - he 

The ground state potential has been determined experimentally 

(9,10). 	Morse potentials were used and the upper state potential 

was determined by fitting the Morse parameters to experimental 

observations of emission and absorption.(11) 	The photon field 

is considered as a set of discrete frequency intervals and a rate 

equation for each interval is written in the form: 
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where ~v is the spectral density of the coherent photon flux, 

y(v) is the round trip loss coefficient, a(v) is the gain coefficient, 

considered at the centre frequency of the interval. 	T is the 

round trip time of the cavity and !. the excited length. 	The 

modes are considered to be non-interacting and average values of 

the coefficients along the cavity length are used. 

It is difficult to determine quantitatively what effect the 

laser radiation has on the reflectivity of a multi-layer dielectric 

mirror in the vacuum ultraviolet. 	Certainly changes in absorption 

have been observed in multi-layer dielectric filters due to 

expansion and change of refractive index with temperature.(12). 

In view of this difficulty aluminium coated mirrors have been 

considered in the numerical model and the change of reflectivity 

with temperature computed at lns intervals. 	The temperature rise 

at the surface of the mirror was found by a first order explicit 

solution of the diffusion equation and the reflectivity determined 

from the Drude equation (13). 	Conduction of heat from the 

aluminium coating to the mirror substrate has been ignored. 



In the case where evaporation of the aluminium takes place and 

Drude theory is no longer applicable reflectivity is assumed to 

change proportional to the quantity of material evaporated. 	The 

constant of proportionality was found by a best fit to one well 

behaved photodiode waveform and subsequently used for all other 

computations. 	It is of the form ri}1  = r1-(8.4 x 10
-10  x P) 

whereri  is'the reflectivity of the mirror at time interval i and 

P is the incident laser intensity (W cm
-2

). 	In the waveform 

chosen the Drude theory breaks down well after the peak of the 

laser pulse and the fit is to the tail of the pulse only. 

Energy deposition by the electron beam in the xenon gas 

was determined using the tables of Spencer(14). 	The electron 

beam current injected into the gas was measured with a Faraday cup 

and the voltage with a resistive divider at the diode corrected 

the diode inductance. 	Electron beam uniformity at the cell was 

measured by cellophane dosimetry. 	These waveforms allow for an 

-accurate determination of the time dependance of energy deposition 

which was found by computing the spatial dependance in time intervals 

over which the change in beam energy is small. 	This amounts to 

dividing the electron beam into a series of monoenergetic electron 

beams of different current density and voltage. 

Experiments were performed with a 700kv, 150A cm
-2  electron 

beam generator of pulse width 5Ons. Two cathodes have been used 

of cross section (15 x 2)cm 2  and (55 x 4)cm 2  of similar current 

density. 	A brief description of the small cell and associated 

system is given here the larger cell has been described in detail 

elsewhere and is similar in most respects but with the addition of 

a closed loop cleaning network.(15). 	A schematic diagram of the 

small cell is shown in fig.l. 	The cavity mirrors are fitted 

internally and are aligned prior to evacuation of the cell. 
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Aluminium coated and multi-layer dielectric mirrors have been 

used together with a solid output etalon of VUV quality quartz. 

The output windows are of quartz also. The a-beam window consists 

of a 25 micron stainless steel foil supoorted by a (15 x 2) cm-2  

'hibatchi' type grid with a transmission of approximately 80 

percent. 	The system was evacuated to a base pressure of 5.10-5  

torr with a mercury diffusion pump with a liquid nitrogen cold 

trap and ion pump. Research grade xenon was used. 	Prior to 

each shot it was frozen at liquid oxygen temperature and the 

container evacuated to reduce impurity concentrations. 	Fluorescence 

and laser output were monitored with photodiodes and a laser 

calorimeter contained within line of sight pipes evacuated to 

10-3  torr. 

Fluorescence of the molecular xenon was measured 'side on' 

to the cell axis and a typical photodiode waveform is shown in 

fig.2. 	The computed fluorescence was determined by segmenting 

the pressure cell volume into discrete cells transverse to the 

electron beam direction and the emission determined for each. 

A comparison with the photodiode signal was then obtained by 

summing the emission of the cells visible at the position of the 

detector. 	A computed waveform is shown in fig.2 for comparison 

and is normalised to the peak of the experimentally observed 

waveform. 

Laser action is seen when an optical cavity is introduced 

into the pressure cell. 	At low laser intensity caused by either 

low rate of excitation or impurity absorption in the xenon gas, 

the laser pulse peaks at a time consistent with the small signal 

gain falling below the cavity losses. 	A laser output waveform 

similar to that observed by Johnson et al at low levels of 

excitation was recorded.(4). 	At higher intensities the pulse 
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width narrows and the peak occurs earlier in time. 	Fig.3 shows 

a typical laser output pulse obtained at a gas pressure of ilOpsi 

with an optical cavity consisting of an aluminised optical flat 

and solid quartz output etalon. 	The computed output is shown 

in fig.3 and includes the effect of temperature rise on the 

reflectivity of the aluminium mirror. 	The mirrow was assumeca 

to be 85 percent reflecting initially. 	Multi-layer dielectric 

mirrors in the cavity produced results qualitatively similar to 

that with aluminium mirrors with similar laser pulse width and 

shape. 

The gain length of the large cell is considerably greater 

than for the small cell and the xenon gas pressure used was 

lowered to typically 60psi. 	A quartz output etalon was again 

used and a comparison was made of laser output with an aluminised 

optical flat and then a MgF2  uncoated retroreflector. 	Fig.4 shows 

a typical laser output recorded with a photodiode along with the 

computed result for a cavity including the aluminium coated mirror. 

Laser intensity at peak is approximately 20MW cm 2with a peak power 

of 60MW. 	Peak power was deduced from measurements of laser energy 

and pulse width at FWHM. 	An uncoated MgF2  retroreflector of 

effective apperture 2cm diameter was substituted for the aluminium 

mirror. 	Laser output at 60psi xenon gas pressure and similar 

rate of excitation was of similar peak power but of considerably 

longer pulse width. 	The photodiode signal is shown in fig.5, 

the rise to peak power is fast and quasi-CW operation is seen. 

The computed laser output is shown in fig.5 also and was obtained 

for the case R1R2  = 0.2 where R1  and R2  are the cavity mirror 

reflectivities. 	The cavity mirror reflectivity was kept constant 

during the computation. 	The computer simulation does not predict 

the fine structure of the experimental waveform but this is not 



surprising in view of the spatially averaged gain and loss 

coefficients used. 	Early termination of the laser pulse is not 

seen in this case. 	This is consistent with the assumption that 

the reflectivity of the retroreflector remains constant during 

the pulse; a behaviour very different from that of a cavity 

involving either aluminium coated or multi-layer dielectric mirrors. 

The results presented show that at high laser intensity 

the effects of cavity mirrors become important. 	This would seem 

to be in agreement with experimental observation (6), and any 

satisfactory model of the xenon excimer laser should make allowance 

for the temperature or intensity dependent reflectivity of the 

cavity mirrors. 	Similar conclusions also apply of course to 

other excimer lasers operating in the far UV such as ArF. 

In view of the fact that experimental results can be 

influenced by mirror reflectivity as well as singlet-triplet 

mixing (6,7) involving electron and heavy body collisions the 

use of retroreflectors should be considered in the design and 

characterisation of such lasers. 
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FIGURE. CAPTIONS 

Fig.l 	Schematic diagram of small cell (a)(15 x 2)cm2  e-beam, 

(b) stainless steel foil e-beam window, (c) 'side on' 

output port, (d) quartz output etalon, (e) aluminised 

mirror, (f) quartz window. 

Fig.2 	Fluorescence measured transverse to cavity axis. 

Continuous line is experimental observation, dashed line 

is computer prediction. 150A cm-2, 80psi xenon gas, 

lOns/div. 

Fig.3 	Laser output pulse for small cell. 	Continuous line is 

experimental observation, dashed line is computer 

prediction. 150A cm
-2, llOpsi xenon gas, lOns/div. 

Fig.4 	Laser output pulse for large cell. 	Continuous line is 

experimental observation, dashed line is computer 

prediction, 100A cm-2, 60psi xenon gas, lOns/div. 

Fig.5 	Laser output for large cell and optical cavity consisting 

of MgF2.retroreflector and solid quartz output etalon. 

Continuous line is experimental observation, dashed line 

is computer prediction. 100A cm-2, 60psi xenon gas, 

2Ons/div. 
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E-BEAM INITIATED HIGH PRESSURE HF LASER 

P.D. Slade 

Blackett Laboratory, Imperial College, London SW7. 

ABSTRACT 

The characteristics of an e-beam initiated HF chemical 

laser are presented. The e-beam of cross section (55x4)cm2  

and current density 50-100Acm-2  was injected transverse 

to the laser cavity axis. Gas mixtures of C2H6:SF6  and 

H2:SF6  have been investigated up to a total gas pressure 

of 60psi. Laser beam quality was studied with an unstable 

confocal resonator. 
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The e-beam initiated HF chemical laser has recieved considerable 

attention in recent years because of its high efficiency, high 

energy density and high peak power. Experiments performed have 

involved injection of the e-beam transverse (1) as well as parallel (2) 

to the laser cavity axis. Injection of the e-beam parallel to the 

laser cavity axis restricts the gas pressure which can be used for 

a given pumped length. Thus in (2) with a mixture of SF6:C2H6  the 

maximum gas pressure used was approximately lOpsi. Transverse injection 

of the e-beam makes operation at higher pressures possible even with 

low voltage beams (3). In (3) a mixture of SF6:H2  was used up to a 

maximum pressure of 29psi. The low voltage beam used (150KV) led to 

non uniform energy deposition at high gas pressures and made analysis 

of the data difficult above 12psi. 

The experiment reported here employs an e-beam of cross section 

(55x4)cm2, current density 50-100Acn 2  and pulsewidth SOns (RENO. 

The 500KV e-beam was injected transverse to the laser cavity axis. 

This has enabled the operation of the non chain reaction HF laser to 

be extended to a pressure of 60psi. 

The main body of the pressure cell is constructed from a stainless 

steel tube of internal diameter 5cm. The e-beam window of the pressure 

cell consists of a stainless steel foil of thickness 25 micron 

supported by an 'hibatchi' type grid with a transmission of 80 percent. 

The mirrors are fitted internally, spaced 7Scm apart and aligned prior 

to evacuation of the cell. Two optical cavities have been used a plane 

parallel cavity consisting of a gold coated optical flat and NaCl flat 

and also an unstable confocal resonator consisting of two gold mirrors 

with a 40 percent output coupling. The mirrors of both optical cavities 

are partially blocked by the e--beam window structure. NaCl windows 

were used with vacuum and pressure seals formed by standard '0' rings. 
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The cell was evacuated to a base pressure of 10 3torr. Gas fill 

pressure was monitored by Bourdon gauges and a fresh fill of the 

required gases allowed to mix in the cell before each shot. 

Several standard diagnostics have been applied to the e-beam to 

characterise it. Spatial uniformity was checked by cellophane dosimetry 

at the a-beam window within the cell. Beam voltage was measured with 

a CuSO4  solution resistive divider at the diode feed corrected for 

diode inductance. The e-beam current was monitored with a B field coil 

at the feed to the diode and the total injected e-beam energy was 

measured with a rectangular calorimeter . 

Laser output energy was measured with a 'Gentec' joulemeter. 

Temporal history of the laser energy was recorded with a gallium 

phosphide optical rectification detector and Textronix 7904 oscilloscope. 

Spatial variation in laser beam intensity was investigated by focusing the 

Tadiation with a long focal length NaC1 lens and measuring damage 

patterns on exposed polaroid film with increasing attenuation of the 

laser radiation. 

E-beam energy deposition in the high pressure gas was calculated 

using the tables of Spencer (4). Measurement of e-beam current and 

voltage enable the temporal and spatial energy deposition profiles to 

be calculated. Energy deposited in the gas was determined for time 

intervals over which the change in e-beam energy and voltage were small. 

This reduces the problem to a series of monoenergetic beams of varying 

current density and voltage. It is important to be able to calculate 

energy deposition with some degree of accuracy in order to estimate 

the electrical efficiency of the laser. A check on the method of 

calculation was made with a smaller system using a (1Sxl)cm2  cross 

section e-beam of similar current density and voltage injected 

transversely into a test cell containing a moveable calorimeter. The 
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calculated e-beam energy transport based on Faraday cup measurements of 

injected e-beam current and voltage measurements from the resistive 

divider give a value approximately 15 percent higher than observed 

experimentally. This is reasonable agreement in view of the simple model 

employed. The test cell is a scaled version of the large laser cell and 

gives a good indication of the accuracy of the calculation used in 

estimating laser electrical efficiency. 

Initially a plane parallel optical cavity was used with C2H6:SF6  

mixtures. At a total gas pressure of 23psi and pressure ratio of 1:12 the 

measured laser energy was 1 J in. a 28ns (FWEiM) pulse. When the unstable 

resonator was substituted for the plane parallel cavity with the same 

operating conditions the measured laser energy was 2.2 J in 25ns (FWI-IM). 

The results illustrated in figure (la) were obtained with the unstable 

resonator and C2H6:SF6  mixture. Laser power was determined by dividing 

the measured laser energy by the observed pulsewidth at FWEIM. Laser energy 

and power fell with increasing total_gas pressure above 19psi and also 

with increasing C2H6  concentration as can be seen from figure (2). The 

behaviour of the system with a plane parallel cavity was qualitatively 

the same as for the unstable cavity. 

The results shown in figure (lb) for mixtures of H2:SF6  were obtained 

with a plane parallel cavity mainly because of its easy alignement. At 23psi 

total gas pressure and pressure ratio 1:12 the measured laser energy was 

1.2 J in a 37ns (FW1-1M) pulse, a similar result to that obtained for C2H6:SF6. 

In H2:SF6  mixtures laser energy and output power fell with increasing 

total gas pressure above 40psi. In figure (2) the variation of laser output 

energy as a function of H2  concentration is shown for a fixed SF6  pressure 

of 26psi. There is a broad maximum around a pressure ratio of 1:10, H2:SF6. 

In figure (3) electrical efficiency is plotted as a function of total 

gas pressure for C2H6:SF6  and H2:SF6  mixtures. Peak electrical efficiency 

in C2H6:SF6  corresponds to maximum laser energy and power at approximately 
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l9psi. In H2:SF6  mixtures peak electrical efficiency is observed at 

about 30psi. The rapid fall off in efficiency in C2H6:SF6  mixtures is 

probably due to HF deactivation by C2H6  (5). The fall in electrical 

efficiency in H2:SF6  mixtures is not so pronounced and there is little 

change in character of the curves for pressure ratios of 1:20 and 1:5 in 

figure (3b). 

Measurements of laser beam divergence with the unstable resonator 

revealed that the laser spot is not symmetric and has an half angle divergence 

ranging from 2 to 4mR. The larger value is a consequence of the laser cell 

geometry in which the mirrors are partially blocked by the e-beam window 

structure. 

In conclusion we can say that in the case of C2H6:SF6  mixtures there 

is a rapid fall off in output energy and electrical efficiency at high gas 

pressures. The maximum laser output was measured at a total gas pressure 

of 19psi and pressure ratio 1:20, C2H6:SF6  with a 6.8 J, 270MW pulse with 

an electrical efficiency of approximately 12 percent. In H2:SF6  mixtures 

there is a broad maximum in laser output energy at about 40psi. The electrical 

efficiency peaks earlier at about 30psi and is near to 4 percent. A higher 

electrical efficiency should be possible with better output coupling (3). The 

fall in laser energy and effiency at gas pressures exceeding 40psi may be due 

in part to non uniform e-beam energy deposition associated with the rise 

and fall of the electrical pulse. The H2:SF6  laser can be operated at total 

gas pressures up to 50psi with no serious reduction in laser output energy by 

deactivation. 
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FIGURE CAPTIONS  

Fig.1 	Laser energy and power output as a function of 

total gas pressure in (a) SF6:C2H6  mixtures of 20:1 and 

5:1 and (b) SF6:H2  mixtures of 20:1 and 5:1. 

Fig.2 	Laser energy as a function of C2H6  and H2  concentration 

for a fixed SF6  pressure of 26psi. 

Fig.3 	Laser electrical efficiency as a function of 

total gas pressure in (a) SF6:C2H6  mixtures of 20:1 and 

5:1 and (b) SF6:H2  mixtures of 20:1 and 5:1. 
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