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ABSTRACT 

The molecular fluorescence from high pressure (>1 ktorr) xenon, 

excited by a 2.5 ns pulse of 0.5 neV electrons has been investigated and 

a pressure dependent decay rate was observed. 

.The design and construction of a coaxial electron beam diode, 

devised to achieve efficient pumping of high pressure gas lasers is 

described. 	Using this diode, laser action from high pressure xenon was 

observed at a wavelength of 172 nm. Output energies of 12 millijoules 

were recorded, giving peak pourers of the order of 4 IV. 	The conversion 

efficiency from electron beam energy to laser energy was 0.35. 

Using a prism as the dispersive element, the laser spectrum 

narrowed from 1.3 to 0.13 nm and the laser was continuously tunable from 

169.2 to 176.5 nm. 	The peak energy obtained was 3.6 millijoules. 
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CHAPTER ONE 

INTRODUCTION 

An investigation has been made of the processes involved in the 

interaction of relativistic electrons with xenon, and an efficient tunable 

xenon laser, using a small commercially available electron gun has been 

developed. 

It was recognised by Houtermans (1) in 1960, that transitions from 

bound molecular states to loosely bound states could be used to obtain 

laser action. 	Specifically, he suggested the use of the alkaline earths, 

the triplet state of hydrogen, the alkali molecules and the noble gases. 

A transition from a bound to a dissociative state in diatomic molecules 

offers two attractive features with regard to laser action. 	Firstly, 

if the final state potential is steeply repulsive then this lower state 

will.remain virtually unpopulated as the kinetic energy of the atomic 

fragments formed in the dissociation may be much greater than the thermal 

kinetic energy of the unexcited atoms. 	Secondly a broad band emission 

results, due to the repulsive final state and this may enable the laser 

to be tuned over a wide spectral range. 

The idea of using xenon to achieve vacuum ultraviolet (VUV) laser 

action was put foriard by Basov (2) in 1966. In xenon, the ground 

molecular state potential is repulsive (except for a weak van der Waal's 

attractive force) due to the 'closed shell' structure of the ground 

state atoms (3). 	If, however, one atom formed in an excited state 

collides with a ground state atom, a stable bound molecule may result. 

Transitions from such bound states to the ground state produce a broad 

continuous emission spectrum in the wavelength region of 170 nm (4)  

The structure and formation of the xenon molecule are discussed in 
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Chapter 2. An understanding of some of the processes involved in the 

interaction of high energy electrons with xenon was gained by studying 

the fluorescence from high pressure xenon, and these results are reported 

in Chapter 3. 

Some of the difficulties in extending lasers to short wavelengths 

were discussed by Schawlow and Toimes (5) 
	

One fundamental difficulty 

they pointed out, was that the spontaneous emitted power increased 

rapidly with increasing frecaency,-\) , (decreasing wavelength) with at 

least a A) 4 dependence. 	Also, with xenon, the broad band emission 

spectrum results in a decreased intensity per unit frequency, so that to 

obtain a high gain, a large inversion is required. Thus a high power 

pumping source, capable of exciting transitions with energies greater 

than about 10 eV is required. 	Basov et al. (6) proposed the use of 

high current beams of relativistic electrons, and using a beam of 1 MeV 

electrons, with a current density of about 300 A.cm - in a Pulse of 10-8  s 

they obtained the first evidence of laser action in liquid xenon, at 176 nm. 

Extensive research effort has been directed recently towards the 

study of electron beam excited dissociative lasers, particularly with 

the noble gases. These elements are used in the gaseous state in 

preference to the liquid state mainly because they exist in the gaseous 

state at room temperature and also because of the improved optical 

homogeneity over the liquid state. Electron beams with energies in the 

range 0.5 to 2 MeV and with total beam energies from less than 10 J to 

many kilojoules delivered in a pulse of duration of 3 to 100 ns, have been 

used as excitation sources, most of the work having been carried out 

with high energy long pulse beams. These have enabled laser action in 

gaseous xenon (7)  at 172 nm, krypton (8) 	(9) at 146 nm, argon 	at 126 nn, 

and in noble gas mixtures (8) (lo) to.be obtained. 



In the work described in this thesis, electron beam energies of 

the order of 20 joules in pulses of 5 ns were used with electron energies 

of 0.5 NeV. 	In order to utilize the energy efficiently a coaxial 

electron beam diode was designed and constructed, as described in 

Chapter 4. This new-  pumping arrangement was used instead of the 

transverse geometry used in other laboratories and enabled a conTact 

tunable xenon. laser to be developed.- The parameters of such a laser 

are outlined in ChaPters5 and 6.. Optimum pressures and cavity parameters 

were obtained experimentally and' an estimate was made of the Peak gain. 

The effects of gas heating and saturation on limiting the laser output 

are discussed and methods of reducing the gas temperature were investic-ated. 

A prism was inserted in the cavity to act as a dispersive clement and the 

laser energy was extracted over a narrower bandwidth than in the untuned 

case, and tuning over part of the broad fluorescence spectrum was 

observed. 

In the final chapter, the experimental results which were obtained 

are discussed and possible uses for the xenon laser are suggested. The 

feasability of obtaining higher energies and powers using xenon 

amplifiers is examined briefly. 



CHAP! IR rflO 

THE STRITTPLTIE AID FOP:1 lAT I 01T OF TITE1 	Iu:OLECITLE 

In the search for neu light sources for absor:Dtion spectroscopy in 

the VUV (vacuum ultraviolet), many studies have boon made of the emissions 

from the noble gases, and these have contributed to a greater understanding 

of the structures of the noble gases. 	iqmissions have been observed in 

xenon and all tame 	 gases lighter noble ases 
(11) (12) and together these 

provide continuous sources of radiation covering almost the entire range 

) 
from 60 to 200 Pm (13  

In this chanter, the form of the fluorescence from xenon is outlined 

and the structure of the xenon molecule is discussed briefly. The 

deposition of high energy electrons (energies of the order of MeV) in 

high pressure xenon (greater than 1 ktorr) is considered, and an estimate 

made of the distribution of energy between the excited states and the ions, 

Finally various mechanisms that have been proposed for the formation of 

excited xenon molecules are examined. 	Although the following discussion 

relates specifically to xenon, many of the results are applicable to the 

other noble gases. 

2.1 THE STRUCTURE OF THE XENON MOLECULE 

The fluorescence spectrum of xenon is dependent on gas pressure. At 

pressures of less than 1 torr the two xenon resonance lines at 129.6 and 

4) 147.0 nm are observed (1 	When the pressure is increased to a few 

torr the 129.6 nm line broadens on both sides by less than 1 nm while 

the 147.0 nm line broadens considerably towards longer wavelengths but 

only a little towards shorter wavelengths. The broad continuum consists 

of two parts, known as the first and 'second continua. The first 

continuum starts at the 147.0 nm resonance line and falls off gradually 
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in intensity towards the red, it is dominant at pressures.of less than 

- about 50 torr. 	At higher pressures, tho intensity of the second 

continuum increases, with a broad symmetrical raximum at about 165 ma, with 

only this second continuum being observed (15) 	at pressures of 

greater than a few hundred torr. 

The main features of the radiation may be explained by reference to 

(3).  the analysis of Kulliken 	. 	1 shows some of the relevant states. 

of xenon. 	The ground state of the xenon molecule is repulsive, except 

for a weak van der '..laalts force, as the ground state atoms are 

characterized by the closed shell structure (...5s2  5p6)  1 S The 
0 

excitation of one of the 5p6 electrons in the atoms to the first s 

orbital results in the configuration .::5s25-p56s which gives rise to 

four states : 3P1,  3P2,  1P1, and 3P0. 
	

L-S courlinr,  notation is used, 

although in xenon the coupling is J-j with the spin-orbit interaction of 

the five tpt electrons very large compared with the spin-spin interaction 

between 6s and 5p5. 	This strong spin-orbit interaction is illustrated 

by the large separation of the 2Pi and 2P3 levels, shown in fig 1 where 
2 	7 

the energy difference is approximately 1.25 eV. 

The 3P
1 

and 1P
1 states are the resonance levels which radiate to the 

1S
0  ground state with lifetimes of the order of 4 ns 

(14),  and these are 

the transitions which correspond to the radiation emitted at 147.0 and 

129.6 nm, respectively. 	The other two levels are metastable, as 

transitions to the 1S
0 
 state are forbidden because of the dipole 

selection rule: 

0, ± 1 and J= 	J= 0 

The first continuum is due to transitions from the high vibrational 

levels of the 1  7>+ 
	3 and 	211+ 	1 

7 ground state. The two states to the z-u 	 .c,r. 

upper states are formed in the collision of atoms in the 3P
1 
and 3P

2 

states, respectively, with the ground state atoms. 	Because of the 
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() 
strong spin—orbit interaction, 'Rinds case (c) coupling 16 is  

applicable, so that the selection rule L\..S . 0 is less strictly obeyed 

and triplet to singlet transitions may occur. Evidence for the 

formation of the 3 	state and its subsequent radiating to the krs 

state is suggested by the results of Tanaka (4). He observed a distinct 

band emission at 149.1 ma, which was broadened to the red. 	This 

1 corresponds to the forbidden transition 3P2  to , and the broadening 

is due to transitions from the highe:r vibrational states of the 37+  u 
molecules. 	Timpson et al. (17)- also showed that radiation occurred 

from the 3 
	

state and measured the formation rate of the molecular 

state. 

Geda 	(18) nken et al. 	showed that the molecular decay time for 
4-411 

depends strongly on the internuclear senaration as the associated atomic 

state is metastable. 	The decay times for the 	level should be 

approximately independent of internuclear separation as both atomic and 

molecular transitions are strongly allowed. 

The second continuum results from transitions from the lower 

vibrational levels of the excited molecule. 	This is suggested by the 

fact that this continuum is favoured at higher pressures so that the 

molecules which are formed in high vibrational levels are relaxed to 

lower vibrational levels in collisions with ground state atoms. 

As the gas pressures used in the VUV molecular xenon laser were in 

the range of about 5 to 15 ktorr, only the second continuum was observed. 

These high pressures were necessary so that the formation and relaxation 

processes of the excited molecule were fast compared with the fluorescence 

decay time. As three—body formation processes were also involved, it 

was clearly necessary to operate at high pressures. This is discussed 

in more detail in Section 2.4. 
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2.2 THE DEPOSITION OF NLECTRON EHE:GY 

In all high pressure xenon lasers reported to date, the gas has been 

excited by a beam of electrons with energies of the order of IleV and 

-9 
current densities of the order of LA, cm -. 	energy is deposited 

.(10 
in a volume smaller than that which would be expected using the CSDA 

(continuous slowing down ap7,roimation). 	This is due to multiple 

scattering of the electrons in the gas and in the foil through which the 

electrons enter the gas, as well as the initial angular distribution of 

the electrons on leaving the gun. 	The range was measured for 0.5 MeV 

electrons by taking pinhole photographs of the fluorescence from xenon 

excited by electrons from a Febetron 706 electron gun. The range 

estimated from.these pinhole photographs was of the order of one fifth 

of the CSDA range. 	(Further details are given in Section 4.3). 

The primary electrons produced by the electron gun have sufficient 

energy to excite and ionize atoms, and to create energetic secondary 

electrons which may in turn have enough energy to excite and ionize 

other atoms. 

If the electron loses all its energy in the gas, as is the case for 

high pressure xenon, then the distribution of energy among the excited 

states, ions and 	 (20) (21)d secondary electrons may be determined 	. 	For 

an electron with initial energy, E, 

E N.E. N E 	N.E / 	ex ex 	e 

where N. = number of singly charged ions 

(2.1) 

N
ex = number of excited atoms 

Ei  = average energy required to ionize an atom 

ex = average energy required to excite an atom 

E
e 

= average energy of the electrons with insufficient 

energy to excite the gas. 
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The efficiency of ionization is defined as the mean energy, W, required 

to form an ion pair, so that 

U = E 	 (2.2) 
N. 
• (20) For the noble gases, it has been found that U is.approximately constant 	7 

I 
with a value of about 1.8, where I is the ionization potential, so that 

E. + NexEex  + 	= constante  i
I 	11.1 	I 

(2.3) 

Each term on the left-hand side of this equation has been evaluated 

experimentally for helium. The values obtained arc considered to be 

approximately correct for the other noble gases, so that an estimate 

of IT A, for xenon may be found. ea r; 

The value of 135./, = 1.06 was chosen, being the same as that found 

for helium. 	This is greater than 1 as some multiply ionized atoms and 

molecules are produced. 	Eex/I  depends on the distribution of atoms in the 

excited states, but as these excited states lie close to the ionization 

limit in xenon, the dependence on the population distribution should not 

be strong. 	If it is assumed that the population is distributed evenly 

among the excited states, then an average value for E
ex 

of the order of 

10eV may be used. 	As I is equal to 12.1 eV, then Texii  is approximately 

equal to 0.83. Again, as for helium, assuming that approximately 185 of 

the energy goes into creating electrons which have insufficient energy to 

excite or ionize xenon atoms, then E 
e/i  is approximately equal to 0.31. 

Substituting these values into equation 2.3 gives N__/,. = 0.51, so that 

approximately 665 of the excited species will be in the form of ions. 

9 



2.3 PRENCTIOn OF Ti FLUO2ESCI7CE 7,72ICI= 

It is possible to obtain an estimate of the maximum fluorescence 

efficiency attainable fran high pressure xenon excited by high energy 

electrons. 	The system has an inhe.rent efficiency of less than 100;:, 

because the energy required to fora an ion pair or an excited atom, 

which eventually form a radiating molecule, is greater than the energy 

of the photon which is emitted. 

It was shown in the previous section, that about 661:: of the excited 

species are in the form of ions with the remaining 3/6 as excited atoms. 

The average energy required to form an ion pair is about 15.5 eV which is 

the sum of the values of E
. 
and -171

.0 
(see equation 2.1). 	The average 

energy required to form an excited atom is about 10 eV so that 

Kaximum fluorescence efficiency = F,  hV 	P hV 	(2.4) ex 
L. + 

 ex 

where F. = the percentage of ions formed 

Fex  = the percentage of excited atoms formed 

hV = the photon energy 

Substituting a photon energy of 7.2 eV into equation 2.4 gives_an 

efficiency of about 53;,:. It should be noted that this is the maximum 

efficiency which can be obtained as it assumes that each ion and excited 

atom forms a radiating molecule and all loss mechanisms are ignored. 

2.4 TIE FORI.IATION. PROCESSES 02 EXciTa) xENoN 

In this section some of the processes involved in the formation of 

the 1:E+  and 3:E4-  states are discussed; understanding of all the 

processes involved is still incomplete. The analysis of the interaction 

10 



of high energy electrons with high pressure xenon, given in Section .3 

showed that the majority of the species are formed at, ions. 	The main 

mechanism for the removal of the atomic ion is the 3-body reaction: 

Xe 	2K e = Xe
2 

+ Xe 
	

(2.5) 

in which the third body is required to conserve energy and momentum. The 

rate for this reaction was measured by Smith et al. (22) to be  

3.6 x 10-3101&-1  so that at a pressure of about 1 ktorr the formation • 

time of the molecular ion is approximately 2 ns, As it is a 3-body 

reaction, the formation rate is proportional to the square of the pressure. 

The molecular ions produced are removed by the process of dissociative 

recombination 

Xe
2
+ e Xe Xe 
	(2.6) 

** 
where Xe 	is some excited state of the atom 

( This process was first proposed by Bates 23) 
 to account for the fast 

ionic recombination observed in some species. 	It occurs as a result of 

a radiationless transition to an unstable state of the molecule in which 

the constituent atoms move apart and gain kinetic energy under their 

mutual repulsion so that neutralization is permanent. The reaction is 

best illustrated by consideration of a typical energy scheme shown in 

fig 2. 
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where r
o 

• equilibrium separation• 

r
s • stabilisation point 

re 
• separation for which the overlap irate 	is a 

maximum 

The reaction occurs at a separation, re  when 

V * 
 (r c) ) — V

AB 
 +(r

c 
 )=E 

AB  

where c = energy of the incident electron 

(2.7) 

From the energy level diagrams of Mulliken (3), it can be seen that there 
** 

are a number of unstable states of Xe
2 

intersecting the potential 

** 
energy curves of Xe2+. 	(Xe2 denotes a highly excited state of the 

xenon molecule.) 
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In xenon, the rate for reaction 2.6 has been measured by Lennon 

et al. (24)  and °sham et al. (25)  to be of the order of 

' 	 3 
2 x 10 

-6 
 cm.s

-1 
 at 300°K. 	The rate coefficient is electron temperature 

dependent, the dependence being given theoretically (26) by  

temperature derendence of T
e 
-0.67  for argon has been measured 

experimentally (27)  

The binding energy of Ze2+  is about 1eV whereas the average energy 

of the subexcitation electrons iS of the order of 3.0 eV (E.,ti 0.31) , 

so that any collision between an electron and a molecular 	ion results 

in dissociation of the molecule. .Tor dissociative recombination to 

occur, the electrons must be thermalised although the ortimun electron 

energy for reaction 2.6 is not blown., as it derends on the form of the 

two potential curves which cross, and on the vibrational tenrerature of 

the molecular ion. 

Various processes have been rrorosed for thermalising the electrons. 

At the high initial electron densities rroduced by the excitation source, 

electron-electron collisions produce a Boltzmann energy distribution. 

The high energy electron in the tail of the distribution lose energy 

through inelastic collisions as they have sufficient energy to excite 

and ionize atoms. 	At energies of the order of 1 eV, hoWever, elastic 

cooling in collisions with xenon atoms becomes dominant, Lorents and 

Olsen (23)  calculated the rate of cooling of an electron with an initial 

energy of 6 eV, by collisions with atoms. They found that the cooling 

rate was fast down to about 1 eV, due to inelastic collisions dominating, 

and then decreased at lower electron energies as elastic collisions 

became the predominant loss mechanism. Davidenhe et al. (29)  proposed 

that collisions with van der Weals molecules may also be an important 

thermalization process in xenon: 

e Xe2 	Xe + Xe + e
th 
	(2.6) 

13 



Dissociative recombination occurs to excited states of the xenon 

atom which lie above the 3P
2 
and 3P

1 
levels which form the radiating 

molecules. This has been investigated by Fromm hold and Diondi ( '0)  in 

both argon and neon and they found that the 2P states were populated by n • 

dissociative recombination of Ar
t 

and No2 	
Assuming that this is also 

true for xenon then the 
2
P
n 
states are linked radiatively to the P

2 

and 3P
1 
states, so that 

* 	
3 ) ) Xe

** 	
) = Xe (-P or P 	by 
n 	. 	1 

(2.9) 

The radiative lifetimes for the transition have been measured by 

Allen et al. (31) 
	(32) 
and Vorolainen et al. 	to be of the order of 35 na. 

The destruction of atoms in the highly excited states in collisions 

with electrons or ground state atoms has been observed by Phelps (55)  in 

neon. 	The cross--ection for the electron-induced decay was about 

10
-13 

to 10
-14 cm

2 
w
hereas for collisions with atoms, the cross-sections 

were of the order of 106 smaller. 	The electron induced reactions were 

incorporated in the models of George et al. (34)  and Fournier et al.(35) 

to account for the behaviour of the fluorescence from high pressure xenon. 

Only the levels which lie below the bottom of the molecular ion well, 

will be effectively populated by dissociative recombination, as any levels 

which lie above will be re-ionized by the Hornbeck-:•I 	
(36)

olnar process 	• 

Xe
* 
 + Xe = Xe2  + e 	(2.10) 

The two molecular states, 12+  and 
3:;-'t1 

are formed in the 3-body reaction 

Xe + 2Xe = Xe
2 

+ Xe 	(2.11) 

As discussed in section 2.2, both states can radiate to the 	ground 

state as there is strong spin-orbit coupling so that the selection rule 

AS = 0 holds less strictly.. 

There is still some debate about the role of these two states. 	The 

14 



excited the gas by usingthe 147.0 rim line of xenon, it is probable that 

1 :+ the radiation emitted was due to transitions from the 
>,u 

 level. 

42) Boucique' et al. ( measured the formation rate of Xe
2 to be 

• • 
2.5 x 10

-52 
cms

-1
. 	From the exrerimental results obtained in the 

research reported here (see Chapter 5) a value of (5.0 ± 0,)) x 10-52cm.s-1 

early studies on the interaction of high energy electrons with xenon, 

assumed only a 	 (37) (33) radiative decay rate 	and formation rate. 

Recent results indicate that two separate radiating levels may be important 

(-;9).  (40) in explaining the experimental results ' 

Different formation rates for the molecule have been measured. 

Freeman et al. (4)  obtained a value of (1.5 ± 0.7) x 103 2 
cric)s-1 

whil 	
(17) 

st Iimpson et al. 	measured a rate of 7.2 x 10
-32 

cm
.6
s
-1
. 	The 

 latter - result was for the }  e 	level whereas the origin of the radiation .11 

observed in the exr)oriment of Freeman et al. is uncertain. 	Since they 

was derived. 	In both these cases, no account was taken of the formation 

of two levels. 

The xenon molecules are formed in high vibrational levels and at high 

• pressures are relaxed quickly to lower vibrational states by collision 

with ground state atoms: 

Xe2* 
1  

(v.) Xe = Xe
2 

(vf) Xe AE 	(2.12) 

where Xe2
* 
 (vi) and Xe2.(vf) denote the molecules in the initial 

and final vibrational states, respectively. 

AF, is the energy carried away by the ground state atom. 

From the results of Fink et al.(43), the rate constant for vibrational 

relaxation out of the initial levels is approximately 6.6 x 10-10 —1 3 —1 Tf  cm.s • 

For. a lifetime of the order of 10 ns, and at a pressure of 10 ktorr, this 

corresponds to a vibrational relaxation time of about 40 ps. The excited 

15 



molecule then decays to the ground state with the emission of a photon. 

Owing to the repulsive nature of the ground state, the 'quasi molecule' 

quickly dissociates to form two ground state atoms: 

Xe
2 
• = Xe2 

+ hV 	Xe + Xe + hV 
	

(2.13) 

The reactions discussed in this section are summarized in Table 2.1 

TABLT] 2.1 

F0a:I.TATION nEcHANIsris OF =TON 

e 	+ Xe 	= 	Xe+  + 2e 

** 
e + Xe 	= 	Xe + e 

— 

	

Xe+  + 2Xe 	= 	Xe2 + Xe 

	

Xe2
+ 
+ e 	= 	Xe

** 
 + Xe 

** 

	

 
Xe + e (or Xe) 	= 	Xe

* 
 + e (or Xe) 

Xe 	 Xe + by 

** 

	

Xe + Xe 	= 	Xe2
+ + e 

* 

	

Xe + 2Xe 	= 	Xe2  + Xe 

,  
Xe2

* 	
+ Xe 	Xe2 (vf ) + Xe + d E 

Xe2 Xe2 + hV = 2Xe + 1.111  

16 



CHAPTER THREE 

EXPERIMENTAL STUDIES OF FLUORESCENCE 

Most of the early studies in xenon were carried out to obtain a 

vacuum ultraviolet source and were concerned only with the spectral 

analysis of the output radiation from discharges at subatmospheric 

pressures (4) (11) 	More recently the temporal dependence of the 

radiation from xenon at pressures up to about 25 ktorr with a time 

resolution of the order of nanoseconds, has been investigated. 	This 

has led to a greater understanding of the reaction mechanisms, and 

together with the availability of reliable electron beam sources, with 

electron energies of the order of an MeV and pulses with durations of 

nanoseconds, has resulted in the production of efficient VUV lasers (7) (44) 

In this chapter, experimental results from the fluorescence 

studies of high pressure xenon are presented. The dependence of the 

-Lite behaviour with pressure was investigated, and estimates of the 

3-body formation rate and the fluorescence decay time of the excited 

state molecule were made. 	The variation in results obtained at 

different laboratories is discussed together with some of the theoretical 

models designed to account for the discrepancies. 

3.1 THE ELECTRON BEAM GENERATOR 

The excitation source used in the fluorescence studies and in 

subsequent studies on the laser, was a Febetron 706 (45).  This is a 

commercially available electron gun which produces a 2.5 ns OTIHM) pulse 

of electrons with a mean energy of 0.5 MeV and a total bean energy of 

about 10 joules. The basic circuit consisted of a Marx generator and 

an additional pulse forming circuit, known as a Blumlein circuit. The 

electron beam generation and acceleration occurred in a diode which was 

energised by the pulse-forming network. 
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The Marx generator consisted of 15 capacitors (modules) which were 

d.c. charged in parallel to 30 kV, and then discharged in series by 

triggered breakdown of the spark gaps which were connected across each 

capacitor. 	Breakdown of the gaps was initiated'by applying a 17.5 kV 

trigger pulse to the first gap (the trigger cap), which caused the 

remaining gaps to breakdown in series by overvoltin7. The spark gaps 

were pressurized using dry air and the pressure adjusted so that the 

system did not fire before the trigr:er pulse •was applied. 	or a 30 'kV 

charging voltage the spark gap pressure-(nodule chamber pressure) was 

about 3.5 ktorr. 

As the Marx erected, a spark gap (series gap) between the output 

corona Irnob of the Marx and the intermediate conductor of the Eaurilein 

circuit, broke down. Fart of the energy stored in the larm was 

6) transferred to the Blumlein circuit ( 'A . 	This circuit consists of two 

transmission lines with the same impedance, Z, which for the Febetron 706 

was 30 ohms. The Blumlein discharges when the radial spark gaps breakdown, 

and for a two way transit time the circuit acts like a generator of twice 

' the charging voltage, with an internal impedance, 2Z (47). 	(The 

construction of the Blumlein is described in Chapter 4). The output 

voltage appeared across a load (the field emission diode) which had an 

impedance, ZL, equal to 2Z. 	The cathode of_the Febetron 5510 diode, 

which was used in the fluorescence experiments, consisted of an array of 

sharp spikes. When the —600 kV pulse was applied to these spikes, 

electrons were produced by the process of field emission. These electrons 

were accelerated towards and nassed through a 0.025 mn titanium anode 

foil which was maintained at earth potential. The electrons had a peak 

energy of 600 keV and a mean energy of about 500 keV. 

The operator was protected from ionising radiation by placing 2 mm 

of lead and 2 mm of aluminium between the operator and the electron diode, 

and by operating at a minimum distance of 5 metres from the electron source. 
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The maximum radiation dose that the operator was subjected to under these 

. conditions, was well within the required safety standards. 

3.2 THE FaTERINENTAL SET UP FOR FLUORESCENCE IN.',ASUREI.FENTS 

In order to study the fluorescence from xenon, it was necessary to 

design a cavity and gas handling system which could be evacuated and then 

filled to pressures up to 20.ktorr. 	(1 ktorr = 1.32 atmosiphores = 19.3 psi). 

The cavity which was constructed for this purpose, is shown in fig 3. 

The 500 keV electrons entered the gas through a 'thin titanium foil. 	Foil 

thicknesses in the range 0.025 to 0.075 mm were used (foils were supplied 

by Goodfellow Metals). 	Titanium was chosen because it satisfied the 

requirements for both a low electron stopping power and a high mechanical 

strength. 	The foil was fixed to a stainless steel supporting ring, 

using Araldite epoxy resin, and was cured by baking at 150°C for 1 hour. 

It was then supported on the side open to the atmosphere by a stainless 

steel plate in which a 30 mm by 6 mm slot was cut, to allow electrons to 

enter the cell. The foil supporting ring was held firmly against a 

silicone 0-ring, in order to make a seal. 	The system was tested for 

leaks and strength, to at least 5Cc!, above the maximum working pressure, 

using compressed air. The maximum safe working pressure under the 

prevailing experimental conditions was found to be about 15 ktorr for 

0.025 mm thick foils, and 40 ktorr for 0.075 mm thick foils. 

The gas handling system is shown in fig 4. Stainless steel pipes 

were used throughout and connections were made either by brazing these 

pipes, or by using high pressure stainless steel gas connectors (Ermeto 

couplings). Narrow bore pipes with an internal diameter of 0.32 mm 

and wall thickness of 0.16 mm, were used to reduce the volume of gas 

required. This did however increase the time required to evacuate the 

system. 
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The gas pressure was measured to an accuracy of ± 0.2 ktorr; using 

a gauge, which was calibrated in the range 0.8 to 50 ktorr. 	The 

pressure of the xenon-in the cylinders, supplied by The British Oxygen 

Company, was approximately 10 ktorr in a volume of about 1.5 litres, so in 

order to fill the system to pressures greater than the cylinder pressure, 

the gas was transferred to an evacuated high pressure cylinder of volume 

100 mis (Hone 'instruments) which had been tented by the manufacturers to 

260 ktorr. This latter cylinder was surrounded by liquid nitrogen, so 

that when the B.O.C. cylinder was connected and opened, the gas was 

transferred to, and frozen in-the high pressure bomb (liquid nitrogen 

temperature: 77°KL, freezing point of xenon: 161 h.). This technique 

of freezing the gas was also used to recover the gas from the cavity. 

While the xenon was frozen, voltatile contaminants such as oxygen and 

nitrogen were removed by evacuating the system with the high pressure 

cylinder valve open. Repeated re-distillation of the gas further 

purified the 99.997 Grade-X xenon and also allowed the same gas to be 

recycled many times. 	The 0.8 to 155 ktorr gauge was used to monitor 

the pressure inside the high pressure cylinder. 

The cavity was pumped to about 10 torr, using a rotary DU= 

(Edwards High Vacuum ED 50), and then purged with xenon. The pressure 

was monitored on a Pirani gauge (Edwards High Vacuum M5C-2). The xenon 

was then slowly leaked into the system from the high pressure gas 

cylinder and the pressure read from the 0.8 to 50 ktorr gauge. 

The electron beam from the 5510 diode travelled 3 cm through the 

air at atmospheric pressure before entering the cavity through the 

titanium foil. From the manufacturer's data, the current density on 

entering the gas was about 1 kA. cm-2 compared with the current density 

close to the anode foil of about 5 kA. cm-2. 
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Because of both the distortion of the foil at pressures greater than 

760 torr (1 atmosphere) and the thickness of the plate used to retain the 

foil, the line of sight for viewing the fluorescence was about 2 mm from 

the input foil. At high pressures, where the electron range was a few 

millimetres, the region of maximum excitation was not observed. 

• Barium fluoride (supplied by Harshaw Chemical Company) was selected 

as the material for the outpUt window. It was chosen for its high 

transmittance at 170 nm, and its resistance to damage by ionising 

radiation (48). 	The window was 3 mm thick and 1.3 cm in diameter, and 

it was clamped near its edge, between 2 Viten 0-rings, giving a useful 

diameter of 8 mm. The ratio of the thickness to thb open diameter* 

was 0.375, so that the safe working pressure, as given in the Harshaw 

Catalogue (49), was about 15 ktorr, with a safety factor of 4. 

3.3 TEMPORAL STUDIES OF FLUO'ESC::CE. 

The barium fluoride window was connected by an evacuated pipe to a 

fast photodiode (supplied by Instrument Technology Ltd). The photodiode 

had an.3.20 photocathode and a auartz window of high transmission at the 

wavelength of interest. • It was calibrated at 280 nm using the 'second 

harmonic of a laser-pumped dye laser and with an anode potential of 5 kV, 

it was found that a current of 2 A could be drawn from the photodiode 

without saturation; in practice a maximum current of 1.6 A was employed. 

The fluorescence intensity profiles were recorded on a Tektronix 519 

oscilloscope giving a combined instrumental resolution of about 0.5 ns. 

Oscillograms were recorded for xenon pressures in the range 1.3 to 

11 ktorr, and for pressures greater than 2.3 ktorr the VUV signal incident 

on the photodiode was reduced by half, using an aperture to prevent diode 

saturation. The photodiode output signal was then reduced, using 
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calibrated electrical attenuators (Tektronix 125 ohm attenuators). 

When the photodiode line was open to the atmosphere no signal was 

recorded, indicating that the signal was in the vacuum ultraviolet. 

This was confirmed by recording the fluorescence spectra, as reported in 

Section 3.5. 

Three oscillograms of the output fluorescence are shown in plate 1 

and it is evident that both the decay time and the rise time are pressure 

dependent. 	The decay times were measured by enlarging the polaroid 

traces and plotting a graph of log I(t) against t, where I(t) is the 

signal intensity at time, t. 	In the range of pressures studied, a 

linear relationship was found, see fig 5; thus the fluorescence decay 

may be described by the equation 

I(t) = I(0) exp —t 
	

(3.1) 
T p  

where T is the fluorescence decay time at pressure, p. 	The error 

in measuring I(t) increases as t increases due to the uncertainty in 

defining zero intensity and also because of the finite thickness of the 

lines on the polaroid traces. 	The fluorescence decay time, T , was 

then measured from the slope of the graph. The variation of the decay 

rate, ! — , with pressure, is shown graphically in fig 6. The graph is 
T
P  

divided into two sections, the division occuring at about 3.1 ktorr. 	The 

overall temporal shape of the fluorescence depends on both the rate of 

formation of Xe
2 and its rate of decay. In order for the true decay to 

be measured, the formation rate should be fast compared with the decay. 

The low pressure region of fig 6 may be explained by the slow 

creation of Xe
2 
. In plate la if is evident that the build up of the 

fluorescence was slower than in the high pressure cases. The build up 

time, defined as the time for the fluorescence to increase from 10 to 90 
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PLATE 1 

Temporal Dependence of the Xenon Fluorescence 

at following Xenon Pressures 

(a) 1.5 ktorr 

(b) 4.7 ktorr 

(c) 10.0 ktorr 

timescale 	: ao ns per major division 





15 	 30 
	

45 

TIME (NS) 

(a.) 1.5 ktorr xenon 
(b) 4.6 ktorr xenon 
(c) 10 ktorr xenon 

Fig 5 
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of its peak value, was measured for a number of fluorescence results 

in the pressure range 0.6 to 3.1 ktorr. As the formation of excited 

Molecules occurs by the 3-body reaction (equation 2.11), the rate is 

proportional to (pressure)2. 	The pressure dependence of the fluorescence 

build up, which is a measure of the formation rate of Xe21 
is shown 

graphically in fig 7. It was necessary to make a correction to the 

measured risetime, t
m
, to account for the electron pulse duration, t , 

which was approximately 2.5 ns. 	The risetime, t
r
, was determined from 

t 2 	t 2 - t 2 
	

(3.2) 

Clearly, values found at low pressures, where t '5";7 t were more accurate 

than those at higher pressures. 
• 

At pressures of greater than 3.1 ktorr, the measured risetime of the 

pulse was about 3 ns and was thus governed by the pulse duration of the 

electron beam, (equation 3.2). 	The formation rate, determined from the 

- slope of the graph, was found to be (3.0 - 0.3) x 10 32  cm.
6 s-1 . 
	This 

result compares well with values obtained by other workers (17) (41) 

If there are 2 distinct radiating levels with different formation rates, 

then this value will be the weighted mean of the 2 formation rates. At 

low pressures where the build up time is greater than the electron beam 

pulse, the excitation energy will be stored through resonance tramming(50)(51) 

Imprisonment of resonance radiation in gases is due to selective 

absorption by ground state atoms. At these pressures a resonance 

quantum emitted in the excited volume has a small chance of escaping so 

that transitions which are strongly allowed at very low pressures (eg the 

OA), 
lifetimes for 1P

1 
and 3P

1 
are approximately 4 ns 	' appear to become 

metastable as the pressure increases. Resonance trapping is evident 

as the atomic resonance lines at 147 and 129.6 nm were not observed. 

At xenon pressures greater than 3.1 ktorr the rate of decay was found 
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to increase linearly with pressure (fig 6). In order to account for 

the removal of Xe2 ' the existence of a quenching process in addition to 

the radiative decay was proposed by Dradley et al. (37) 

* 

	

Xe
2 

+ 	= 3Xe 

(A si!:ilar process was suggested by Dolgoshein(52)  .) 	The rate 

equation for the population density of Xe2  then becomes 

	

2 	. 
cm 	kin n 	N _ k2nN 

dt 	Tf 

(3.3) 

(3.4) 

where n, n and N are the number densities of the &ound state 

atoms, the excited' atoms, and the excited molecules, res,:ectively. 

'cis is the radiative decay time 

k1 is the 3-body formation rate of Xe2 
1:2 is the rate coefficient for the quenching process 

The me:cl.sured decay time, T , nay then- be written 

1 = 1 + kin 
	

(3.5) 
T
P  Tf  

The graph of 1 against p gives the following results 
T
P  

Tf = (16 t 2)ns, 
	= (2.7 ± 0.3) x 1013 cm3s-1 

from the intercept and slope respectively. 

Other groups have supported this theory of quenching of the excited 

diner by ground state atoms. Wallace et al. (38)  repeated the experiments 

and also observed a linear relationship between decay rate and pressure, 

but they obtained a fluorescence decay time of (130 ± 20) ns and a 

quenching coefficient of 5.1 x 10-13 cm3s-1. Johnson et al. (53) 

measured the fluorescence decay time to be 50 ns and found a quenching 

coefficient of 6.6 x 10-13  cm.s-1 	This latter group, suggested a 
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further loss mechanism, Penning (or mutual) ionization: 

+ 
Xe2 + Xe2

* 
Xe
2 

+ 2Xe (3.6) 

and 
	

Xe
2
* 
+ Xe2 	

Xe+.  + 3Xe 
	(3.7) 

The corresponding rate equation for the decay was given by 

a. 	,2 
dN __ - N 	- kN- 
dt 	

(Tp 

where N is the number density of excited molecules 

Tp  is the measured decay time 

k„, is the rate coefficient for Penning ionization 

so that 

N 
	

ex rp  )  

(3.3) 

(3.9) 
1 
Vd [+ k

3 
ti

p 

i_exp  

They obtained a value of (3.5 ± 1.4) a 1010  cms 1  for 	by by fitting 

equation 3.9 to the fluorescence results. 	In Penning ionization, one 

excimer is deactivated and either an atomic or molecular ion formed.; the 

ejected electron carries away the excess reaction energy. 	The rate of 

this reaction increases as the concentration of Xe2 increases, so that 

it becomes a more significant loss with high current density electron 

beams. This is an important consideration in designing a laser as this 

mechanism puts an upper limit on the useful inversion. 

Although all three sets of experimental results were carried out 

using a Febetron 706 as the excitation source and over a similar 

pressure range, the measured lifetimes varied from about 16 to 130 ns. 

3.4 TIMORETICAL =ELS FOR FLUORESCETCE FRO :1 XENON 

In xenon and other noble gases there are two states, 121+ and 

, which can radiate to the ground state, 1 	These states are 
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closely spaced and as the repulsive ground state is steeps  the 

radiation appears as a single continuous band (see fig 1). The results 

given in the previous section only considered one radiating state with a 

single lifetime. 

Lorents et al. (54)  suggested that the two states have different 

lifetimes and that the variation of lifetime with pressure is due to 

electron mixing of the states and to Penning ionization. The pressure 

dependent radiative lifetimes were then explained by an electron density 

dependent lifetime and the variation found in the measurements made of 

lifetime was attributed to the use of different puri-oing geometries and 

current densities. 

Koehler et al.(39) obtained time constants for the build up and decay 

of the VUV continuum intensity, I(t), by fitting fluorescence results to 

asum of exponential terms: 

I(t) 	A. exp (-t 
T. 
1 

where A.
1  is the auplitude 

T. is the build up or decay time 

(3.10) 

They found that for pressures in the range 11 to 40 ktorr, the decay 

could be represented by two exponential terms with lifetimes, 

Ti, of 4 and 16 ns 	These decay times were attributed to transitions 

from the 12,  and 3›:1  states to the 1:r ground state, respectively. 

After reanalysing Koehler's results, W 	(55) Werner et al. 	reported 

that values of 5 and 40 ns for the lifetimes of the singlet and triplet 

states, repectively, also represented the decay results satisfactorily. 

Using these two values, Werner et al. developed a model similar to that 
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of LOrents et al. to explain.the behaviour of the xenon laser. This 

model was an extension of earlier theoretical work (34)  on reactions 

involved in the production and decay of the excited xenon molecule, in 

which a single level was assumed to radiate. 	In the later model, 

contributions from both the 1+  and 3 4  were incorporated. 
u 	11 

2 

The following two processes were assumed to occur in the mixing 

of the singlet and tritlet levels: 

e + Xe
2 	

e + Xe
2  1

3
—‘

-] 
u 

Ii + Xe 	
+ Ae2 r>1 —u 

(3.11) 

(3.12) 

where M is a heavy particle such as :fie. 

The mean electron energy (about 5ev) is greater than the singlet triplet 

spacing, so that reaction 3.11 tends to equalise the populations of the 

2.1evels. 	On the other hand reaction 3.12 tends to favour relaxation 

to the triplet level as the energy of the xenon atoms is less than the 

singlet triplet spacing at normal temperatures. Werner assumed that the 

gain cross-section for the triplet level was less than for the singlet 

• 'level, so that at pressures where reaction 3.12 becomes more dominant than 

reaction 3.11, the gain would be reduced. 	As dissociative recombination 

is the dominant electron loss mechanism, the rate of reaction 3.11 will 

increase approximately as the square root of the gas pressure, whereas the 

rate of reaction 3.12 will increase linearly with pressure such that it 

becomes the dominant reaction at high pressures. The model predicted the 

temporal shape of the laser pulse, the relative intensities of the laser 

and fluorescence, the spectral red shift and the spectral half width of 

the laser spectra. By choosing values for the rates of the reactions 

Werner found a reasonable agreement between the experimental results and 

the theory, for the high pressure xenon laser. 
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The results Predicted by this model were inconsistent with some 

of the experimental results obtained by Gerardo and Johnson 
(56),  who 

showed that the laser, terminated while the measured gain was larger 

than the pre-lasing losses of the resonator . They postulated that the 

termination was due to a time de-oendent loss which was independent of 

the laser medium, a characteristic -which was not incorporated in 

Werner's model. 

' A model which was developed by Fournier 55l   to describe the 

temporal behaviour of the fluorescence from xenon excited by a Eebetron 

706, assumes values of 4 and 16 ns for the lifetimes of the two radiating 

levels, as calculated by Koehler. The distinguishing feature of his 

model is the use of two different formation rates for the singlet and 

.triplet states. Fournier made a number of assumptions. Firstly that 

the number of channels open to triplet formation is three times that of 

the singlet, so that a faster triplet formation rate can be expected. 

Also, that the dissociative recombination terminates in a cascade level 

which is linked radiatively and by electron induced transitions to the 

relevant resonance and metastable levels. 	This cascade level is 

incorporated to account for the 1:ivopivao of the levels to which 

dissociative recombination occurs. 	At low pressures the electron 

density is low so that the decay-of the cascade level into the atomic 

states which form Xe
2 occurs radiatively with lifetimes of the order 

of tens of nanoseconds. The population is stored in the cascade level 

and so the measured fluorescence decay is governed by the decay rate of 

this level. As the pressure increases the number of electrons deposited 

per unit volume increases so that electron induced transitions become 

more important in depopulating the cascade level. Only when the decay 

rate of this cascade level is greater than the fluorescence decay rate, 

will the true fluorescence decay time.be measured so that at high 

pressures the measured decay times should reach an asymptotic value. 
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This is consistent with the experimental results obtained.by 

Koehler et al.. 

As in other models, the pressure dependent decay is attributed by 

Fournier to an electron density dependent decay. In an attempt to 

observe the electron density dependence, fluorescence profiles were 

obtained, using a higher current density electron beam source than that 

employed earlier. A Febetron 5516 X diode was used, and with the beam 

travelling a few millimetres through air before entering the cavity, the 

current density was estimated to be about 4 kA.cm
2 on entering the 

. cavity. The fluorescence decay rate showed a small increase in the 

higher current density case, consistent with the prediction of Fournier's 

model. The increased decay rate is illustrated in fig 8 which shows a 

comparison of two sets of experimental results at two different current 

densities; the curves have been normalised at peak intensity. 	This 

increased decay rate with current density was also observed by Johnson 

et al. (53),  who attributed it to the Penning ionization reaction. 

3.5 SPECTRAL STUDIES OF FLU(MISCEKCE 

Before obtaining meaningful spectral results, the characteristics of 

the VUV film used were determined for the prevailing experimental conditions. 

Kodak SC7 film was chosen for the detection of VUV radiation as it is the 

most sensitive of the ultraviolet films over most of the wavelength 

range 100 to 250 nm(57) and also because the film y is constant over a 

large density range at a given wavelength. The y of a film is defined 

by 
D = y log E 	(3.13) 

where D = film density 

E = energy density of the radiation incident on the film 

Spectra of the fluorescence were recorded using a 1 m normal incidence 
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vacuum spectrograph, with a 600 line nmi1 grating, centred at 170 nm. 

The arrangement used was the same as that shorn in fig 3, but with the 

diode replaced by the spectrograph. The spectrograph was evacuated to 

less than 105 torr using a mercury diffusion pump, backed by a rotary 

pump, both of which had liquid nitrogen cold traps. 

Two spectra were recorded on each piece of film, one having twice the 

intensity of the other, the result of superimposing twice the number of 

shots on one spectra than on the other. Because the output fluorescence 

energy was found to be reproducible to Within =5;', at a given pressure, 

it was assumed that the intensity of the radiation was proportional to 

the number of shots superimposed. After exposure, the film was 

developed in accordance with the manufacturer's instructions. 

Densitometer traces of the two spectra were recorded using a Joyce 

Loebel microdensitometer and the half width was measured directly. 

Plate 2 show's 2 spectra taken at a xenon pressure of 4.6 ktorr and the 

densitometer traces are shown in fig 9. 

The density at the half width, DI, is defined such that if Di , the 

recorded peak density is equal to flog E then 

Di — y log E 
2" 

2 - 

For a nicrodensitometer with a calibrated reference density wedge of 

slope W cm-1 

Di= D1  — y log 2 
2 	1 - w 	

(3.15) 

y was found to be equal to 1.1 — 0.3 for densities,-Di , in the range 0.7 

to 1.4. The observed variation in y may be accounted for by the 

variation in incident intensity, because in order to get sufficient 

exposure it was necessary to superimpose between 2 and 12 shots for a 

spectrograph slit width of 1 mm. 

(3.14) 
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PLATE 2 

The Xenon Fluorescence Spectrum 

at Xenon Pressure of 4.6 ktorr 

Spectrum (a) is twice the intensity of spectram (b) 





HALF WIDTH 

(nm) 

FLUORESCENCE SPECTRA 

A 
	 xenon pressure=4-6ktorr 

(a) 3 shots 
(b) 6 shots 



The mean value of y is in good agreement with that observed by 7.3urton 

et al. (57)  who, using a noble gas microwave discharge as the calibration 

source and film exposure times between 1 and 120 s, found that at 174.3 nm 

the film y was constant at 1.0 for film densities in the range of 0.3 

to 2.0. This agreement indicates that the film is not subject to 

reciprocity failure even though the duration of the excosure is of the 

order of nanoseconds. A value of y = 1 was used to measure the spectral 

half width, and errors quoted to allow for both spectral resolution and 

variation in y . It has been Suggested by Fowler et al. 	and also 

by Burton et al. (57)  that there may be a large variation in film 

sensitivity between different batches of film (greater than a factor of 2), 

so absolute measurements of energy were not estimated from spectral 

results. 

The film holder was modified. so that one edge of the film could be 

calibrated and the calibration was carried out using a hydrogen discharge 

lamp. 	Spectra were recorded at different xenon pressures, and in all 

cases a broad structureless continuum was observed with a half width of 

(13.5 ± 1.5) nm. 	A variation of the.half width of the spectra with 

(39) (55) pressure has been reported 	Whilst it was not possible in 

this experiment to measure the variation accurately, owing to the 

uncertainty in the film y and to the low spectral resolution (1.7 nm), 

it was observed that for pressures greater than 7.5 ktorr, the half 

widths were consistently less than those for pressures of less than 

7.5 ktorr. 

The position of the peak wavelength was also measured at different 

pressures, and the variation with pressure is shown in fig 10. The 

peak shifted towards the red as the pressure increased, and this is 

consistent with results reported by other groups (39) (59)  
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Various exrlanations have been proposed for this result. 	Both 

) 	) Koehler et al. (39 	(60 
and Gerardo et al. 	suggested that the narrowing 

and peak shifts are due to increasing absorption from the ground state 

molecules. 	If the absorption is stronger at shorter wavelengths then 

the shorter wavelength region will be eroded more quickly, so that the 

peak will shift to the red and the spectrum will narrow. A similar 

result will be caused by absorption due to an impurity in the xenon gas, 

such as oxygen, whose absorption coefficient increases as the wavelength 

decreases. 	It is also possible that the spectral shift and narrowing 

is due to the distribution of population in the u 	(61) p7)er state 	1*'With 

is determined by vibrational relaxation in collisions with ground state 

43) atoms • ( .  . 	At low pressures, radiation will occur_ from higher 

vibrational levels than those observed at higher pressures. Depending 

on the shape of the potentials of the upper radiating states and 

repulsive ground state, spectral narrowing and a shift to the red may 

occur as the pressure increases. 

3.6 THE VISIBLE El7JSSIONS 3= XENON 

For xenon pressures of greater than 1 ktorr, the complete spectral 

range from 140 to 700 nm was scanned and no emissions other than those 

in the wavelength region of 170 nm,were observed. The S-20 diode which 

was used to detect the VUV fluorescence, was sensitive to radiation up 

to 700 nm and when the photodiode line was at atmospheric pressure no 

signal was observed, indicating that there was no appreciable signal at 

wavelengths greater than 200 nm. This was confirmed spectrally using 

a Monospek 600 spectrograph and Polaroid 3000 ASA Film. The wavelength 

range from 140 to 200 nm was scanned spectrally using a 1 m normal 

incidence spectrograph and Kodak SC7 film. 

At pressures of less than 0.8 ktorr, however, radiation at a wavelength 

greater than 170 nm was observed. This was detected by the S-20 diode. 
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The output signal observed when the photodiode line was evacuated, was 

made up of two signals (see plate 3); a fast signal with duration of 

about 15 ns and the slower VUV signal. If the diode line was at 

atmospheric pressure the VUV signal disappeared while the other remained 

unchanged. 	This radiation was found to occur at approximately 310 nm. 

To obtain the spectrum, a spectrograph slit width of 1 mm was used, 

which gave a resolution of the order of 1 nu and several shots were 

superimposed. 	Since the measured spectral width was of the order of 

1 nn it appeared that the emission was line radiation. The origin of 

this radiation is still uncertain but it nay be due to radiative 

recombination of the xenon atomic ion (62)  

• Xe 	e = Xe 	hV 
	

(3.16) 

As the xenon pressure increases the removal of the atomic ions.  by 3-body 

recombination increases, so that the number of ions which can undergo 

radiative recombination decreases. 	The rate of reaction 3.16 is not 

known but from values for other atoms; the rate is of the order of 

10-12 cm3s-1 
(62) 

 

3.7 I.IEAST/717:1711  OF PLITORESCHNCE 

The total fluorescence efficiency from high pressure xenon was 

determined experimentally where efficiency was defined as the percentage 

of the electron energy deposited in the gas, which was converted to VUV 

photons. The photodiode was placed 25 cms from the excited volume and 

the viewing aperture was 1 cm in diameter. Assuming that the photons were 

radiated into 4n , then approximately 0.015 of the total signal was 

incident on the diode. The signal measured by the photodiode at a 

pressure of 8.5 ktorr, after correction for attenuation, was approximately 

200 Watts and thus the total power radiated from the cell was of the order 

of 2 MU in a pulse of 10 ns (FUHM). 
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PLATE 3 

Temporal Dependence of Visible and Vacuum Ultraviolet Radiation 

at 0.76 ktorr 

(a) the fast component is due to visible radiation and the 

slow component is due to VUV radiation 

timescale : 50 ns. per major division 

(b) as (a) but .with 

timescale : 10 ns per major division 

(c) visible component only, VUV component attenuated by air 

timescale : 20 ns per major division 





The former two states cannot radiate to the 

the selection rule g 4-1-g. Transitions 12+  
g 

1 + 
g 

to 

The total energy deposited in the gas, within the field of vicar of 

the diode, was estimated to be 0.30-  . 	This was obtained using the 

graphs supplied by Field I3mission, for the variation of the beam current 

density, with the distance from the diode output foil, the area of the 

slot through which the electrons passed and the electron deposition 

obtained from pinhole photographs (see fig 11). 	An efficiency of about 

was found which compares 'well with the 10, measured by Koehler et al.. (3')  

and 	obtained by Johnson et al. 
(60). 
	Thoth these latter results were 

obtained using a Febetron 705 excitation source which gave a 50 ns pulse 

of electrons. 	The variation of fluorescence efficiency with pressure 

was not measured, as it was difficult to determine accurately the 

fraction of radiation within the field of view of the diode, over a range 

.of pressures. 

Some of the loss mechanisms were discussed. in Chapter 2 and also 

earlier in this chapter. Additional loss mechanisms were suggested by 

Fournier (35)  whose model predicts a fluorescence efficiency of 125. 

The maximum theoretical efficiency which can be obtained by relativistic 

electron excitation of high pressure xenon is about 57.-Z; (derived in 

Section 2.3). Fournier suggests that this is further reduced by about 

50 as only half the levels in the cascade manifold decay to the levels 

which form the excited molecule, due to the selection rule: 

A a-  4. 	(16).  
0, 	Furthermore he suggests that the energy will be 

partitioned between the 37■4+  and the 1 g levels, in addition to the 

32+  and 1÷  levels. 

ground state owing to 

and 3-;14.  to 3:4-  g 	u 
can occur, and Fournier attributed the 96 ns 

lifetime of Keto et al. (40) and the 500 ns lifetime of Boucique et (A2) al. ' 

to be the lifetimes of these transitions, respectively. 	At times long 

compared with the fluorescence decay time the feedrate from these levels 

then controls the radiative decay of Xe2*. In the experimental 
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measurements of efficiency, only the energy emitted in the initial 'else 

is considered, the contribution from the tail being ignored, so that 

the energy deposited in the 1 + and 	levels, is not included. 

The reactions which have been discussed in this chapter are summarised 

in Table 3.1 below. 	
TABLE 3.1 

Sal-NARY OF REACTIOHS. 

Xe
2 

+ Xe 	= 	3Xe 

Xe
2 

+ Le
2 	

• 	

Xe
2

+ 
+ 2Ke + e 

• Xe-1- + 3Xe + e 

Ft 
+ Xe

2 ]  

Ii+ Xe2 
	 1). 

e + Xe
2 I

3>:ul 

e + Xe2 Lyj 

Xe+ + e • Xe + h 11 

• net ti + Energy 

• Xe2 
L
! + Energy 

Xe
2 

Xe
2 a 
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CHAPTER FOUR 

THE DESIGN OF COAXIAL ELECTROY B:27, A1.: DIODES 

A prerequisite of any efficient laser is an efficient utilisation 

of the pumping energy. It has been shown that the maximum theoretical 

efficiency obtainable from pure xenon excited by relativistic electrons, 

is 5Z, compared with an experimentally observed value of 1O:. 	This • 

efficiency is defined as the ratio of the total. fluorescence output to 

the energy deposited within the line of sight of the detection system. 

The overall efficiency was low as only a small percentage of the total 

energy entered the gas and was used for excitation. 

Two methods to achieve efficient coupling of electrons into the gas 

were investigated. 	In the first, electrons were drifted through a 

tapered copper cone which was maintained at a pressure of a few Corr. 

This method has been used successfully for pulses with durations of tens 

of nanoseconds but very little data is available for pulses of less than 

10 ns. Secondly a novel coaxial electron beam diode was designed and 

constructed which gave an efficient and reproducible coupling of electrons 

into the high pressure gas. This diode was modified and improved to 

provide a compact and reliable pumping source for the xenon laser. 	The 

reproducibility of the electron beam output was important, as it enabled 

an accurate determination of some of the laser parameters to be made. 

4.1 ELECTRON BEAN DRIFTING 

The efficient transport of an intense beam of relativistic electrons, 

by injection into a metallic guide tube filled with a neutral gas, has 

become important in electron beam technology. Beams can be focussed using 

a gently tapering cone so that high current densities can be achieved 

without the application of large magnetic fields. This enables 
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experiments, such as target and X-ray studies, to be carried out well 

away from the diode, thus reducing the risk of damage to the emitting 

cathode. I.:ost of the experimental work reported has been performed using 

electron beams with pulse durations of the order of tens of nanoseconds 

and with total energies in the range of hundreds of joules. 	There is 

little data available on short pulse, low energy beams. 

The mechanism of cone focussing is complex and many theoretical 

explanations have been put forward 
(63).  A simple explanation is 

outlined here (64). 	Consider a relativistic electron beam in vacuum. 

The total force, F, acting on an electron at the surface of the beam, is 

given by the Lorentz equation: 
• 

P = e 	v x  B) 	(4.1) 

F 
—e —a- 

(4.2) 

	

where E 	is the electric field 

	

B 	is the magnetic field 

vis the velocity of the electron 

	

F 	is the electric component of the force 
—e 

is the magnetic component of the force 

The magnetic field appears in the -"laboratory" frame because of the 

application of a relativistic transformation to the electric force from 

a frame moving with velocity v. In this frame the charge is stationary 

and hence creates an electric field according to Coulomb's law. 

•  
It can be shown 

(65) 
 that 

= 	p -m 
2 (4.3) 

where p 

c = velocity of light 

so that P = e (1 - p 2) — (4.4) 
and since the electric force is repulsive, the net force is also 

repulsive because p 2  4: 1. 
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As the pressure is increased, ionization of the gas occurs in the beam. 

These secondary electrons are pelled to the walls and thus leave a 

surplus of positive ions which tend to neutralize the been. .t• The ions 

then set up an electric field spposite to that of the field of the 

electrons so that 

F = Fe  (1 — 1
2
) F F — (4.5) 

where P. = component of the force due to the ions 

\ If ; —e (1 — p 2) u 	, then there is no nbt force on the beam so that 

\ the` beam should travel unchanged, but if F is greater than F (1 	p2), 

then focussing occurs. Before neutralization or focussing can occur it 

is necessary to create ions and, for a short pulse, the time required to 

form them may be significant compared with the pulse duration. The 

ionization time may be estimated using the follouing analysis. 

Assume that the pulse of electrons has a linear risetine, to,-so that 

the current density, J(t), is given by 

J(t) = jot  
t  

nbeV 

where j0  = peak beam current density 

nb  .:_electron flux 

e = charge 

v = velocity 

then 	 nb jot 

toev 

(4.6) 

(4.7) 

Now ne 
 =S

t nb aNvdt 
O 

(4.8) 

where ne = number of electrons formed by ionization 

a = ionization cross section 

N = number of atoms per unit volume 
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Substituting for nb  and integrating equation 4.8, gives 

 

ne = o Nt
2 

 

(4.9) 

 

2toe 

 

So at time, 	t= 	2  , 
aNv 

the number of electrons formed by ionization, ne, and hence the number of 

positive ions, equals the electron flux nb. 

Substituting the approximate experimental values: 

(66) 
a = 2 x 10

18 
cm2 	. , N = 1017 cm-3 v = 2.5 x 1010 cm.s-1 

then 	 t = 0.4 ns 

This indicates that the drifted pulse duration should be about 0.4 ns less 

than the undrifted pulse. 

An experiment was designed to measure the optimum pressure and the 

overall efficiency, and to investigate the reproducibility for drifting 

and focussing electrons from a model 5510 commercial electron bean diode. 

The experimental set up is shown in fig.12. 	The copper cone was 128 mm 

long and tapered from 40 mm at the input end to 25 mm at the output. 	A 

copper flange was soldered to the cone and this was held firmly in contact 

Stith the Febetron to provide a path to earth for the return current. The 

cone was enclosed in a glass vessel which was evacuated using a rotary 

pump. A leak valve was then used to increase the air pressure inside the 

cone and this.  pressure was read on a McLeod gauge, accurate in the range 

0.1 to 10 torr. The total beam current was measured using a Faraday 

cup and integrating circuit, and feeding the signal into a Tektronix 556 

oscilloscope. Electrons from the diode drifted through ;;he cone and passed 

through an earthed 0.025 mm titanium foil before being collected. 	This 

signal was then compared with that obtained when the Faraday cup was placed 

close to the diode with the cone removed; a 0.025 mm foil was placed in 

front of the Faraday cup so as to keep the collection geometry the same. 

Fig 13 shows how the efficiency varied with air pressure in 
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the cone. The highest efficiency achieved was about 60, this was 

recorded at a pressure of approximately 1.8 torr. 	Efficiency increased 

rapidly in the pressure range 0.2 to 1.8 and then fell off slowly at 

higher pressures. 

The pulse duration (FWI111) was determined by aperturing the Faraday 

cup and monitoring the signal on a Tektronix 519 oscilloscope with a 

time resolution of about 0.5 ns. A value of about 2 no was obtained for 

the drifted beam compared with 2.5 ns for the undrifted beam, as shown 

in fig 14. This difference is consistent with the calculated value of 

0.4 ns so that the change in pulse duration may be attributed mainly to 

the finite time reauired to create ions to neutralize the beam. 

The beam profile was measured by bleaching Avisco 195= Light Blue 

Cellophane. The dose was determined by taking a densitometer trace at 

the wavelength 655 nm and then comparing with the calibration curve of 

dose against density, as provided for this material 
(6s). 
	Fig 14 shows 

the beam profile with and without the cone. The overall shape of the 

focussed and unfocussed beams is similar, with the diameter of the 

focussed beam being reduced to that of .the output aperture of the cone. 

From these results, it was concluded that electron beam drifting was 

not a satisfactory method for efficiently coupling electrons into the 

gas. For a given gas pressure in the cone, the shot to shot variation 

was of the order of 20;'> which would make quantitative work on the laser 

very difficult. As transverse pumping is still used, a thin foil 

separating the low pressure drift cone region and the high pressure gas 

is required, so that it would be necessary to devise a method to 

minimise the effect of foil distortion. 
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4.2 CALCULATION OF THE COAXIAL DIODE 1VJ'kT7ETE73.3 

. In order to overcome many of the difficulties associated with 

efficiently pumping high pressure gases with relatively low ener:-Ir 

electrons, a completely new coaxial electron beam diode was designed 

and constructed 
(67). 
	It consisted of a thin walled stainless steel 

anode tube, maintained at earth potential, and a field emitting cathode, 

surrounding the anode, which was pulse charged to - 600 kV. The electrons 

emitted from the cathode were accelerated towards the anode and they 

penetrated the tube wall before eXcitir,,  the high pressure gas which 

was contained in the anode tube. 	As these electrons entered the gas 

from all sides, the penetration depth was effectively increased, allowing 

a larger volume to be excited uniformly than was possible with a 

transverse pumping geometry. Also the total excited volume was. in the 

line of sight of the laser mirrors. 	The total electron energy was 

distributed more evenly over a longer length than was achievable with 

the commercial diodes. This enabled the ratio of the excited length 

of the gas to mirror separation to be reduced. 

The dimensions of the coaxial diode were calculated from the equations 

for space charge limited flow of current between concentric cylinders. 

Space charge effects must be considered because of the high current 

densities in these field emission devices. Consider the case of a 

) 
cylindrical anode surrounded by an electron emitting cylindrical cathode (6G)  

Assume that electrons escape without initial velocity, therefore the 

potential, V, at any point is given by 

1 -goy
2  =-Ve 

where m = electron mass 

v = velocity 

e = charge 

The Child-Langmuir law holds under these conditions, so current density, 

(4.10) 
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J is given by 
3 

J= kV' 
	

( 4.11 ) 

where k is a constant. 

Assume also a radial electron flow between the cathode and the anode, so 

that only one co—ordinate, r, is involved, then the Poisson equation is 

of the form: 

d2 V 	1 dV = —4701 
	

(4.12) 
dr- 	r dr 

, 	where space charge, 	, is equal 

Eliminating v in equation (4.10) and 

d2V , 	1 	dV 	2(2)` 

to J. 	(4.13) 

substituting into equation (4.12) gives 

t 

	

(4.14) 	' 
I e = 

dr- 	r dr 

Define two new variables a and b such that 

a = ln r 
r 
0 

where ro is the cathode radius 

(4.15) 

and 	 J 
	1  

1 	3  

V27, 
(4.16) 

":". 
9n I 

-2 r o 

By eliminating J and r in equation (4.13), then 

y+  dV = 	V 
9b2  

(4.17) 
dal 	da 

The current, I, flowing between the cathode and the anode is independent 

of r so that the current density is inversely proportional to r and hence 

is proportional to e—a  

• 

dJ = —J 
da 

(4.18) 

so using (4.16) 
	

3ffT = 2V + 4V db 	(4.19) 
da 	b da 

Differentiation of this equation give s an expression for ,d2  V and 

dal  
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b2 .4.7612 r Lop. p. 
 ( 	ro  

3/2 

1.4142x) 

For ro large, the solution simplifies to 

r 
(4.22) 

substituting into equation 4.17 gives  

3b d2  bdbi 2 	4b L31) 	b2  = 1 	 (4.20) 

d.a2 	
I 
 dal 	do_ 

Integration of this equation with the boundary conditions 

V = dV . 0 at r = 0 (ie a = 0) 
da 

has a solution (70) 	b=a-eva2-i-c2.a3-c„..a4 
	

(4 . 21 ) 

where c1 , c2, etc are known constants. 

For concentric cylinders the current, I, is given by 

1 3  

I -_ 2 roLJ _ 2 121' LV2  
9 in 7.7 (4.23) 

where r = anode radius 

L = length of the cathode 

Substituting form gives e 3 

14.66 	10-°1,11.7  

rb2 
(4.24) 

For the Febetron 706 

V = 600 kV 

I= 10 kA 

L chosen (see later) 

r chosen for optimum electron deposition 

.calculated from 4.22 and 4.24 r. calculated 

In order to obtain a value for the anode radius, r, it was 

necessary to look at the variation of electron beam deposition with 

xenon pressure. Other groups 
(60) 

 calculated the deposition using 

Monte Carlo computer routines, but as these were not available this was 

measured experimentally. It was assumed. that the fluorescence intensity 
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was proportional to the deposition so by taking pin hole photograrhq 

of the fluorescence an estimate was obtained for electron dose at 

different distances into the gas. The transverse Pumping geometry 

was used and electrons from a 5516X diode passed through a 6 mm by 6 mm 

aperture before entering the gas through a 0.025 mm titanium foil. The 

aperture was used so that only a small section of the gas was excited 

resulting in an improved camera resolution. The photographs were 

recorded on Kodak SC7 film and then densitometered. 

Fig 11 shows typical electron beam depositions at 7 ktorr and 

10 ktorr. The intensity increased to a peak and then decreased 

approximately exponentially so that the fall off in deposition could 

be approximated by 

E = Eo  exp (-a 1) 
	

(4.25) 

where a = absorption coefficient 

1 . length 

E
o 

peak intensity 

The absorption coefficient was found to increase linearly with pressure 

as shown in fig 15. 

In order to calculate the tube dimensions for uniform deposition two 

assumptions were made: 

(i) equation 4.25 was valid 

and (ii) the number density of electrons was inversely proportional to 

the radius 

so that the number density at any radius R is given by 

N . No r exp 	(r-R) 	(4.26) 
R 

where r =-anode tube radius 

By making allowance for the fact that the wall thickness of the stainless 
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.steel tube was approximately 0.06 man compared with the 0.025 mm 

titanium foil used in the calculation of a , the optimum tube radius 

was calculated to be appro:,:imately 2.2 mm for a xenon pressure of 10 ktorr. 

From fig 11, it was estimated that about 60;7; of the electrons which 

penetrated the tube walls, were deposited in the gas. 

4.3 COHSTRUCTION OFTHE DIODE 

The first coaxial diode (Kark 1), was constructed by modifying a 

cornercial diode so that it could be fitted easily into the existing 

Blumlein structure, see plate 4 and fig 16. 	This did, however, put 

some constraints on the choice of dimensions. 	In order to prevent 

breakdown, the cathode conductor was kept a minimum distance of 2.5 cm, 

(twice the distance between the anode and the cathode), away from other 

metal surfaces. 	This condition was satisfied for a cathode conductor 

of length 7 cm. With an anode radius of 2.2 mm the cathode radius was 

calculated from equation 4.24 to be 14.65 mm for a diode impedance of 

60 ohms. 	All edges were smoothed and rounded to reduce field intensities 

and so reduce the possibility of emission from them. 

• The anode was a 20 cm lon-,  stainless steel tube with a wall thickness 

of 0.15 mm which was machined to a-  thickness of about 0.06 mm over a 

length of 14 cm from one end. This end was thin, so that the 500 keV 

electrons could penetrate the walls irith sufficient energy to excite the 

gas, but still had sufficient strength to withstand high pressures. 

.(A 25 cm stainless steel tube machined to 0.06 mm over 14 cm was static 

tested to 50 ktorr with no evidence of damage.) From the curves of 

electron dose against thickness of absorbing medium (supplied by the 

Field Emission Corporation) it was estimated that about 50;"J of the electrons 

penetrate the walls. The kinetic energy lost per electron was calculated 

from the Bethe Bloch_equation(71)  
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PLATE 4 

Nark 1 Diode 
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dB = 0.153 p Z p-2  [

1  2

ln E(E + mc2 2 
2 
+ ( - P2) 

dx 	
_f 
mc 

 a 

• 

-(2 Vi 	p" - 1 + p2-) In 2 ±1 (1 - V1 	p' )2  I EcV.g-1. cm2 	(4.27) 

8 

where E = kinetic energy of incident electron 

Z = atomic number 

A = atomic weight 

(p = density 

I = mean atomic excitation potential 

p v 

For 500 keV electrons passing through 0.06 mm stainless steel, the energy 

loss is approximately 50 keV. 

The thin end of the tube was sealed using a stainless steel plug 

which was soldered in position. The unmachined end was pushed through 

whole in a stainless steel,plate,,making sure that there was good 

electrical contact between the plate and the tube, and then fixed to the 

plate using Araldite epoxy resin. This plate was bolted to the inside 

of the cavity with the anode tube passing through a hole in the base of 

the cavity and concentric with the cathode. A seal between the high 

pressure cavity and the evacuated diode region was achieved by means of 

a "Viton"  0-ring, so that the retaining bolts also acted as an earth return 

path for the electrons. 

The first type of cathode used, was granulated carbon (Poco Graphite 

Inc.) which has been designed for field emission devices. 	The cathode 

had an internal radius of 14.65 mm and length of 7 cm as explained earlier, 

and was inserted inside the cathode conductor. The diode was continuously 

pumped to approximately 10
-4 

torr using a mercury diffusion pump. No 

change in dose was observed for pressures in the range 10
-3 to 10 5  torn 

for any of the cathodes which were tested. Electroh dose was measured 
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using Avisco cellophane and then densitometered at 655 nm. These 

measurements were not used to give quantitative results but only to give 

an indication of the uniformity of deposition. The energy was measured 

directly using a calibrated copper-constantan thermocouple and the output 

was recorded using a pen recorder (Smith's Servoscribe). 	One end of the 

thermocouple was in contact with a 2 cm long stainless steel cylinder 

with wall thickness 0.15 mm which was inserted inside the anode tube. 

The 0.15 mm walls ensured that all electrons which penetrated the anode 

tube were stopped in the cylinder. 	The cylinder was well insulated from 

the anode tube walls, so that the true deposited energy was measured. 

By placing the cylinder at various positions along the tube the total 

electron energy entering the tube was measured. The total electron 
• 

energy obtained from the carbon was only about 1 J and so was abandoned 

due to low efficiency. 

A new type of cathode was constructed by perforating a 0.075 mm 

sheet of titanium foil so as to produce a series of sharp points. 	The 

cathode was then rolled into a cylinder and slipped inside the cathode 

conductor with the spikes arranged radially. This is illustrated in 
• 

plate 5. The optimum number of spikes per unit area was determined 

experimentally and turned out to be about 5 cm 2. If fewer spikes per 

sq cm were used, the electron deposition was not uniform, and increasing 

the number of spikes gave no improvement in performance. Fig 17 shows 

2 densitometer traces of the deposition, measured using Avisco cellophane. 

In (b) the separation of the peaks is eoual to the spike separation, 

whereas in (a) with 5 spikes.cm-2 the periodic variation is less 

pronounced. The random variations can be accounted for by the non-

uniformity in the wall thickness of the anode tube and the variation in 

the length of the spikes on the cathode. The circumferential 

variation was similar to that observed longitudinally. The total 

energy which penetrated the anode tube was about 5 J, distributed as 
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PLATE 5 

Mark 1 Diode Illustrating the Radial Arranr,ement of the 

Cathode Spikes 
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shown in fig 17c. This der,osition Profile was obtained using the 

calibrated thermocouple. The excited length was about 8.5 cm compared 

with a cathode length of 7 cm, this was due to end effects on the 

cathode and also to electron scattering in the tube walls. Using this 

arrangement, lacer action from high pressure xenon with powers of about 

1 NW, was achieved (see Chapter 5). 

4.4 1:0DIFICATIOIT OF THE DIODE 

The diode (::ark 1) described in the previous section had the serious 

disadvantage that one end was inaccessible when the system was evacuated 

or under pressure. 	This meant that one of the laser mirrors had to be 

aligned before assembling the system. 	It was necessary, too, for the 

reflector, which was sealed in one end of the narrow bore tube, to have 

an overall diameter of less than 4 mm. If this reflector was damaged 

the complete system had to be dismantled. 	It was also difficult to 

design an arrangement for tuning the laser. 

A new coaxial diode (ilark 2) was designed and constructed to overcome 

the above difficulties by allowing access to both ends of the anode tube. 

The experimental arrangement is shown in fig 18. The anode radius was 

the same as that for the Mark 1 diode (2.2 mm) and the tube was machined 

to approximately 0.06 mm over a length of 8 cm either side of the centre. 

The overall length of the anode tube was 22.5 cm. 	The cathode length 

was increased to 10 cm, so for a diode impedance of 60 ohm, the cathode 

radius was calculated to be 1.9 cm, using equations 4.22 and 4.24. 	In 

practice, a cathode of radius 1.75 cm was used to give optimum deposition, 

corresponding to an impedance of about 56.ohm. The impedance was 

changed by varying the length of the spikes on the cathode, and over 

the range of 50 to 65 ohm, a change of less than 10, averaged over 

about 20 shots, was observed in the output. 
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The cathode was made, as described earlier, from a 0.075 mm thick 

sheet of titanium foil. 	This cathode was inserted inside a cylinder 

which was fixed at right angles to the cathode conductor. A nylon cover 

was placed over all components where breakdown was likely to occur, and 

care was taken to round off all metallic edges. 

In order to check the pulse propagation along the cathode conductor 

and also the impedance matching, a model was constructed to simulate the 

diode conditions. 	The dimensions of the model were selected to give a 

characteristic impedance of 50 ohm, so that the signal .could be monitored 

directly on a Tektronix 7904 oscilloscope. 	The cathode impedance was 

approximated by eight 400 ohm carbon resistors, connected in parallel 

between the anode and cathode. 

A 4 ns pulse from a Tyre 1 pulse generator (impedance 50 ohm), was 

fed into the 7904 oscilloscope via a matched T-niece. 	The other arm of 

the T-piece was then terminated by various methods. 	Plate 6 shows the 

signal under 3 conditions: 

(i) signal terminated in 50 ohm 

(ii) signal terminated by the diode 

(iii) signal not terminated 

In case (iii) with no termination (open circuit), a reflected pulse is 

evident, whereas in (1) and (ii) there is negligible reflection. 	If the 

diode impedance was altered by inserting a dielectric, the reflected 

signal increased indicating that the system was mismatched. This simple 

model appeared to confirm the principle of construction. 

In the Mark 1 diode the anode tube was free to expand when it was 

heated, as the result of absorption of the electrons. nen 10 J are 

absorbed in the stainless steel tube, the temperature rises by about 30°C, 

so that over a length of 12 cm, the expansion is approximately 0.04 mm. 
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PLATE 6 

Simulation of. Impedance latching of the lark 2 Diode 

(a) signal terminated in 50 ohms 

(b) signal terminated by diode 

(c) signal unterminated (open circuit) 





An expansion of this order was confirmed by placing a Verdict Dial 

Gauge against the end of the anode tube and noting the deflection when 

the electron gun was fired. 

It was necessary to devise a technique which allowed the tube to 

expand and at the sane time isolate the high pressure gas region from the 

evacuated diode. 	First the anode tube was placed in position so that it 

was concentric with the cathode. 	One end of, the anode tube was then 

soldered onto a plate which was bolted to one o± the cavities, the seal 

being made using a wcaton" O-ring. 	This method of sealing is illustrated 

in fig 18. A similar plate was bolted to the other cavity, with the 

0-ring seal in .rosition, before soldering the tube to it. 	The plate: 

retaining bolts were then removed and copper tabs fixed to the plate 

and the cavity, in order to provide a path to earth for the return current. 

This technique of sealing proved highly successful; no leaks were 

detected from the high pressure region into the evacuated diode, and no 

distortion of the anode tubes occurred. 

The total energy deposited in the tube was measured using a copper-

constantan thermocouple (as described earlier) and the uniformity of 

deposition was determined by bleaChing Avisco cellophane. The total 

energy deposited in the tube was 5 J and was distributed as shown in 

fig 19. 	The excited length was increased to about 12 cm, but the 

uniformity of deposition was not as good as that obtained using the 

Mark 1 system. 

4.5 EXTENSION OF THE BLUMLEIN CIRCUIT 

When the Mark 2 diode was used in place of the Mark 1 diode, there 

was no increase in laser output, as the energy deposited in the gas and 

the pumping pulse duration Were unaltered. In order to try and increase 

both energy and pulse duration, the Blumlein circuit was modified. 

66 



t 

C) 

" 	I 	I 	I 	1 	1 	 1 	1 	I 	I 	j  

1.0 

0.5—  

arrow 
indicates 
cathode 

(b) 	position 

0 

1.5 
extended 
Bturniein 1-0 

0.5 

0 

RESULTS FOR  MARK 2 DIODE 

DISTANCE (CM) 



Fig 20 shows a schematic diagram of the Blumlein circuit; this 

circuit was devised by A. D. Blumlein (4Q). Inthe Febetron 706 the 

Blumlein circuit is made up of two coaxial lines of equal impedance. The 

load impedance,  Z1, is the impedance of the field emission diode. 	The 

pulse duration is equal to twice the transit time of the Blumlein (40),  

so in order to increase the pulse duration the two transmission lines were 

extended linearly. The impedance was maintained by keeping the ratio of 

the radii of the conductorswhich made up the Blumlein circuit, constant. 

In practice, the impedance was reduced to about 23 ohm because of the 

thickness of the materials used in extending the conductors. 	The outer, 

intermediate and inner conductors were each extended linearly by 15 cm 

as shown in fig 20. 	(Further details on the construction of the Blumlein 

circuit are given in "The Febetron 706 Handbook" (45),  where it is referred 

to as the "Model 2677 Shortpulse Adapter".) 

As the charging conditions of the Blumlein circuit were altered, 

the spacing of the radial spark gaps was increased to obtain a 

reproducible signal. 	The Blumlein circuit was charged from the Marx 

Generator, and the charging voltage was monitored from the ca-Qacitative 

.pick—off connector on the outer conductor of the Febetron 706. The 

signal was recorded using a Tektronix 519 oscilloscope and the traces 

which were obtained are shown in plate 7. For comparison, a trace 

obtained from the unmodified Blumlein is also shown. Sometimes the 

radial spark gaps broke down before the Blumlein circuit was fully 

charged, and this is illustrated in plate 7c. The premature firing 

was corrected by increasing the air pressure in the radial spark gaps 

or by decreasing the charging voltage of the Marx generator. 

The electron beam pulse duration was measured by observing the 
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PLATE 7 

Charging Voltage of the Blumlein 

(a) extended Blumlein 

(b) unmodified Blumlein 

(c) extended Blumlein illustrating 

premature breakdown of the radial 

spark caps, 

timescale : 10 ns per major division 
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(b) 

(a),(b)and (c) are the inner, intermediate and 
outer conductors, respectively. 
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.output from a 5516X diode using a Faraday cup. 	The pulsb lengTh 

increased to approximately 5 no (F IM) as shown in plate S. 	';:hen this 

diode was replaced by the Mark 2, the total energy deposited in the anode 

tube was about 10 J, fig 19, and dye dosinetry indicated that the 

deposition profile was similar to that obtained using the shorter pulse, 

although with increased dose. 	In the case where tho radial spark gaps 

broke down prematurely, the 'total energy deposited in the tube was about 

1 J. 	In „order to check the reproducibility of the system under optimum 

working conditions, 30 consecutive shots were taken and the energy 

deposited in the tube was recorded using a thermocouple. 	80,-  of the 

results were constant to better than 5Y.:, with 50:: giving the same 

reading. 	The remaining 20f.; were within 15': of the mean value. 

The coaxial electron beam diodes have proved to be compact and 

reliable pumping sources for the VIT7 xenon laser, and were used in all 

future studies of the laser parameters. 
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PLATE 8 

Faraday Cup Traces of the Electron Beam Output 

(a) umodified Blumlein 

(b) extended Blumlein 

timescale : 10n.s per major division 
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CHAPTER PIVE 

THE C7n.ACM7-rSrPICS OP THE .7,E3TON LASER 

Early attempts to obtain laser action using a transverse pumping 

geometry and a commercial eloclron beam diode were not successful. 	The 

commercial diode used was a 551 6X, which cave a rectangular beam of 

electrons with dimensions 30 nm by 6 mm and a peal: current density of 

about 10 1A.cm
-2
. 	The distribution of current was not uniform over tbe 

cathode area so that the gas was not uniformly excited. In one attempt 

to achieve efficient coupling of electrons into the gas, a cavity was 

designed with the anode foil of the diode placed about 2 mm from the 

input titanium foil of the cavity; however the construction of the 

electron gun imposed a constraint of a 30 cm separation between the 

mirrors which made up the resonator, and as a result, the number of 

p?sses through the active region was small for a 2.5 ns excitation pulse. 

In alternative method investigated was drifting the electrons through a 

copper cone, which has been described in Section 4.1. 	As the efficiency 

of transportation was not reproducible and was only of the order of 50,7% 

• thiS technique was not used. 

The coaxial diode design, described in the previous chapter, overcame 

the difficulties encountered with the commercial diode and also gave 

uniform pumping over a longer length with the total volume of excited gas 

in the line of sight of the mirrors. This coaxial pumping geometry was 

used in all subsequent laser experiments. 

5.1 THE COAXIAL XENON LASER (n7 1) 

The arrangement of the laser is shown in fig 16. The cavity was 

pumped to less than 10-4  torr using an oil diffusion pump (Edwards 

Speedivac 1i2) backed by a rotary pump (Edwards E.D.50), both of which 
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had liquid nitrogen cold-traps to prevent contamination of the system 

by hydrocarbons from the pumps. The low pressures were read from a 

Pirani gauge (Edwards 115C2) which was accurately calibrated in the range 

- 	-4 10 1  to 10 torr. 	The system was then filled to a pressure of 10 ktorr 

with xenon. 

Spectra were obtained without a resonator and the spectral half 

width was 8.6 - 0.5 nm, see fig21. This was narrower than the fluorescence 

spectra which were obtained at this pressure (half width of approximately 

14.0 nm) and this narrowing was taken as evidence of stimulated emission. 

The first laser resonator used, consisted of a 900  "roof-top" 

.calcium fluoride prism and a plane aluminium mirror overcoated with 

magnesium fluoride. The radiation was coupled out through a 0.25 mm 

radius hole, drilled in the centre of the mirror. 

It was necessary to carry out alignment of the prism before the 

anode tube was fixed in position, and it had to remain aligned after the 

tube was first evacuated and then filled to the working pressure. The 

• prism was securely fixed to a mount that was screwed into the plug which 

was used to seal off the inner end of the anode tube. The plug was 

adjusted until a helium-neon laser beam, aligned along the tube axis, 

was reflected back along its own path and then soldered into position. 

A 0.125 mm stainless steel cylinder was placed around the prism to prevent 

damage to it by the electron beam (48)  

The anode was fixed in position in the cavity and the helium-neon 

laser beam realigned so that it was parallel to the tube axis. The 

output mirror was then firmly attached to a kinematic mount which was 

fixed to the end plate. This end plate was bolted to the cavity and the 

high pressure/vacuum seal was made with an 0-ring.  The mirror was 
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aligned by observing the reflection from the back of the aluminium 

coating. Final adjustment of the mirror was made while the system 

was filled with xenon, the adjustment being made through seals which 

were designea to operate at high pressures and under vacuum. 

The output radiation was monitored using a 1 metre normal incidence 

spectrograph. 	With the same slit width (0.1 era) as that which was used 

to obtain the amplified spontaneous emission,, shown in fig 21, the film 

was over—exposed indicating an increase in light intensity. Also the 

slit was not uniformly illuminated, as an intense spot surrounded by 

scattered light of lower intensity was observed. 	In order to obtain a 

correctly exposed spectrum the light was attenuated using 10 torr of, 

oxygen and the slit width was reduced to 0.065 mm. The spectrum is 

shown in plate 9 and the half width was measured from the microdensitometer 

trace to be 0.3 t 0.11nn, see fig 21. 	Two absorption lines were 

apparent at wavelengths of about 171.2 and 172.9 nm. 	They were 

considered to be due to CO (carbon monoxide) (92) and could not be 

removed by redistillation of the gas. The CO may be formed by the 

reaction of the carbon in the stainless steel and the oxygen in the cell, 

. when they are bombarded by high energy electrons. 	These lines were 

observed in all the work on the xenon laser. 

Oxygen was used to attenuate the radiation because of its strong 

absorption in the region of 172 nm. The absorption coefficient has been 

Measured accurately by W 	(73)atanabe 	who found that in the wavelength 

range 171 to 173 nm, the absorption coefficient increased approximately 

linearly from about 12 to 18 cm 1  at atmospheric pressure. The oxygen 

was contained in a14cm long cell, which was sealed by two barium fluoride 

windows. The cell was pumped to less than 10
1 torr and flushed with 

oxygen before being filled to the required pressure. 	Attenuation of the 

cell, neglecting window losses, was obtained from the following expression 
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PLATE 9 

Srectrum of the Laser Output 

(a) laser output at 10 htorr 

(b) fluorescence output at 10 ktorr 

wavelength increasing from left to right 





I = exp ( .721 	(5.1) 
o 	760 

where a = absorption coefficient (cm 1) 

1 _-, cell length (cm) 

p = oxygen pressure (tors) 

From analysis of the film data, the increase in the signal coupled into the 

spectrograph, as compared with the case when no mirrors were used, was 

estimated to be of the order of 100 times. 

Output power and pulse duration were determined using an ITT F4115 

photodiode together with a Tektronix 519,oscilloscope, which gave a 

combined time resolution of about 0.5 ns. 	The photodiode had a cesium 

telluride photocathode and a magnesium fluoride window and was only 

sensitive to radiation in the wavelength range 320 to 113 nm (74). 	It 

was calibrated, by the manufacturer, at 230 nm and it was assumed that 

the sensitivity did not vary with wavelength, down to 170 nm. 	In all 

calculations of power, a value of 30 mA.;/ was assumed. 	The signal was 

again attenuated-  using oxygen and using an absorption coefficient of 

14 cm-1 for oxygen, the peak power obtained with this arrangement was 

-2 
1 kW, which is equivalent to an output power density of 0.5 MJ.cm . 

The pulse duration decreased to 3.5 ns (F'J1) from the fluorescence half 

width of approximately 7 ns. 

The beam spread was measured by placing SC7 film at the end of a 

1 metre long blackened pipe. A well defined spot was observed which was 

surrounded by scattered radiation. From the spot size, a beam divergence 

of about 5 mrads was estimated. 

When the output mirror was examined, the coating was found to be 

damaged over a region of 1.5 mm radius from the output coupling hole but 

there was no damage to the prism. On replacing the damaged mirror by a 
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similar one, and leaving the system misaligned, the power outrut was 

only a few watts and no damage to the coating was observed. This 

indicated that the damage was due to the high intracavity energy. 

The combination of spectral narrowing, change in temroral profile, 

low 'beam divergence and the increase in power achieved when the cavity 

was aligned, was taken as conclusive evidence of laser action. 

The hole coupling technicue was improved by replacing, ti prism by 

a concave mirror. Optimal values of a 0.9 m mirror radius and a 0.6 am 

hole radius were determined by ray optics (75) • 	Experimentally an 

aluminium:magnesium fluoride (Al : MEP 
2
) mirror with a 1 metre radius 

of curvature was used. Combination of this mirror with a plane mirror 

which had a 0.55 mm radius hole, resulted in the power output increasing 

to about 160 k'T. 	Increasing the hole size to 0.71 mm radius further 

increased the -power output to about 500 k7. 	In both cases the pulse 

duration was about 3.5 ns, as shown in plate 10. 	The output signal was 

again attenuated using oxygen. 	Both mirrors in the cavity were damaged 

and after about ten shots the laser signal decreased. 	The output beam 

had an annular profile as shown in fig 22 and the beam divergence was 

estimated to be about 5 mrads. 

The most efficient cavity configuration used consisted of a plane 

mirror as the back reflector and a partially transmitting plane Al : Y,1P2  

output mirror, (supplied by "Acton _research Corporation"). The 

transmission and reflection coefficients were given as 0.00 and 0.76, 

respectively. The output energy was measured 20 cm from the output 

window using a calorimeter (Laser Instrumentation Model 142 Lfl Thermopile) 

which was mounted inside an evacuated cylinder. The output energy 

recorded at 10 ktorr of xenon was about 3 mJ which was equivalent to a 

power of about 1MW. 	Since the mirror coatings were removed in a single 

Shot, it was not possible to measure the beam divergence or to obtain 
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PLATE 10 

Temporal Dependence of the Laser Output 

(a) fluorescence 

(b) Hark 1 laSer 

(c) Karl: 2 laser, 

(d) Mark 2 laser with extended Blmrnlein 

xenon pressure : 10 ktorr 

timescale : 5 ns per major division 
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spectral information. 

In order to look at the variation of output power with pressure, 

it was necessary to reduce the intracavity laser energy to prevent 

mirror damage. A stainless steel coil was inserted inside the anode 

tube, this reduced the number of electrons entering the gas by about 10 

and also reduced the effective tube diameter to 3.5 mm. 	The maximum 

output power recorded was then about 100 YU when using a plane-rarallel 

cavity with the partially transmitting Acton mirror as the output 

reflector. 	The -signal incident on the photodiode was attenuated using 

a barium fluoride (Bar
2
) diffuser and wire gauzes placed in front of the 

diode. 	Each gauze attenuated by a factor of about 4, for up to 3 gauzes. 

This was measured by removing one gauze and attenuating the diode signal 

using a calibrated electrical attenuator and comparing the peak 

intensities. 

Fig 23 shows the variation of output power with pressure. The 

laser threshold occurred at about 7.5 ktorr with the optimum pressure at 

12.5 ktorr. 	At higher pressures the signal began to decrease. 	A 

similar pressure dependence has been observed by other workers (60) (76) (39)  

This decrease in the laser output at high pressures is considered to be 

due to increased photoattenuation of the radiation, leading to a 

reduction in the gain. Both ground state absorption and scattering 

.processes have to be considered (77)  each of which are temperature and 

pressure dependent. Further discussion of the photoattenuation 

processes is given in Section 5.3. 

5.2 MAW:11'473NT OF THE GAIN 

In order to obtain an estimate for the gain of the Nark 1 laser, 

the amplified spontaneous emission (A.S.E.) from the excited medium was 
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studied spectrally and tern orally. 	The e::porimontal arrangement used 

was similar to that shown in fig 16 with the output reflector removed. 

The output radiation was first observed without the back mirror in 

position. 	The intensity was measured using an ITT F4115 photodiode and 

Tektronix 519 oscilloscope, and spectra were recorded using a 1 metre 

normal incidence spectrograph and Kodak SC7 film. These results wore 

then repeated with the back mirror in position. This mirror reflected 

part of the A.S.E. back through the excited medium so that it was further 

amplified before being detected. 	In both sets of results the photodiode 

was placed 1 metre from the excited volume and the light incident on the 

diode was attenuated by a barium fluoride diffuser placed 15 cm from the 

diode. 	It was assumed that the excited volume observed by the photodiode 

was constant in both cases. 	Only the relative intensities of the signals 

was required, so absolute values were not measured. The values of 

spectral width and the ratio of the intensities are given in Table 5.1. 

In order to account for these results, the system was assumed to 

have a gain coefficient m (X) and a loss coefficient y (X). 	The 

intensity incident on the diode without the mirror in iosition, Ir, is 

given by 

 

f
ox 	a (A) 	 y ( fl 1 — 1 y 	(5.2) 

 

E(X) — Y( ).51 
where I

s  = spontaneous emission intensity 

1 = length of the excited medium 

I
n was found by calculating the contribution to the total radiation 

observed from a small element of the excited volume and then integrating 

over the excited length. The gain and the losses were assumed to be 

distributed uniformly throughout the excited region. 

lath the mirror in position the intensity, Ill, is given by 
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s =  	ext, F(x)_,(x)] 1+1 x exp a(X)-1(A)11-1./ 
BX)- Y(N)11 

(5.3) 

so that 

Im .= 	exp E(,) — y( }%.-1 1 + 1 
	

(5.4) 
n 

R in this case includes both the mirror reflectivity and a geometrical 

factor of 0.5. 	This was included as the area of the mirror was half the 

cross-sectional area of the tube, so that amlification only occurred over 

half cy..7 the tube area. 

The small signal gain coefficient may be estimated (78) using the 

expression 

a (X) = 	g()\) 
	

(5.5) 

Sit T
f 

where X = wavelength 

f  = fluorescence decay time 

g(X) = normalised line shape function 

N1 = population of the lower level 

N2 = population of the upper level 

In the xenon laser N -^-/- 0 thus N - a.2.17 
1 	' - 	2 - 1 2.  

The population of. the upper level, N2' was assigned a time dependence 

similar to that of the fluorescence which was obtained in the absence of 

appreciable stimulated emission. 	A good fit to the fluorescence at 

10 ktorr was obtained using an equation of the form 

I(t) = I exp (17) - exp 111)] 

where T 	= fluorescence decay time 

= fluorescence risetime r 
TrTf In .c f was the normalisation term 

(5.6) 

 

T f  - r 
	Tr 
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Values of 'r 
f 
= 5.5 ns and T = 1.0 ns gave good agreement between the 

calculated value and the experimental curve, this is shown in fig 24a. 

The line shape function, g (X) was assumed to be Eaussian with a 

spectral half width of 14.0 nm. 	This value of half width was chosen as 

an average of the values given in the relevant literature (37) (9) (59).  

The loss term was assumed to be independent of wavelength but to have the 

same time dependence as a(X ) 	This is considered to be a good 

approximation when the main loss processes are scattering, uhotoionization 

and ground state absorption. 

Owing to the complex nature of the gain and loss, equations 5.2 and 

5.3 were solved using a Hewlett Packard Series 1000 calculator. 	A 

program was designed to allow the time to be varied in steps of 0.5 ns, 

in the range 0 to 25 ns, and the spectrum to be considered at intervals 

of 1.0 nu over a 20.0 nm bandwidth. 	The intensity at each spectral 

position was calculated for each time step and, by summing all the 

contributions to each part of the spectrum over all the time steps, the 

total Spectrum was obtained. Also, at each time stet, the contribution 

to the intensity of all the wavelength components at that time, was 

calculated, and this gave the temporal behaviour of the A.S.24. pulse. 

The maximum values of the gain and loss coefficients, a 	and y 
max 	max 

respectively, were varied until good agreement was obtained between the 

experimental and calculated values of the snectral half widths and the 

ratio of the intensities, with and without the mirror. 

The optimum values obtained for an excited length, 1 equal to 8.5 cm 

and a mirror reflectivity of 0.8 are given in Table 5.1, together with the 

calculated values of the spectral half width and the ratio of the peak 

intensities. The excited length of 8.5 cm was chosen from the calorimeter 
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measurement shown in fig 17b. This measurement was loss than that which 

Was observed using dye dosimetry, shown in fig 17a, when a 10 cm excited 

length was measured. It was considered however, that the thermocouple 

gave a more reliable quantitative result. In order. to see the effect of 

increasing the excited length, the calculations were also carried out for 

1 equal to 10 cm and these results are also given in Table 5.1. a max 
decreased by about 20C, whilst the net gain ( 	y 	) changed by max 	max 

only 105'. 

The calculated pulse durdtions were compared with that obtained 

experimentally, see fig 24b,c. 	(In both cases the peaks are adjusted to 

coincide.) Again, there is good agreement between e:::porimental results 

and calculated values. 	These results demonstrate that to a first 

approximation the losses can be considered to be due mainly to a wavelength 

independent process. 	It has also been shown that the excited medium has 

a net gain, with a gain coefficient of the order of 0.3 cm 1. 

5.3 TH11 E=CTS OF GAS HEAT=G 

When the laser was fired with a frequency of about one shot per minute, 

the intensities of the second and each subsequent shot were reduced by a 

factor of greater than 20. It was found that by decreasing the repetition 

rate, so that the laser was not fired more than once in 15 minutes, the 

output power was reproducible to within 20;; up to about 5 shots, after 

which a slow decrease, due to mirror damage, was observed. The only 

factor that was altered by increasing the firing repetition rate was the 

gas temperature, which rises with each shot that is fired, since the rate 

of removal of heat from the gas is slow. This can be demonstrated by 

considering the rate of cooling of the gas after each electron pulse. 

Approximately half the electron energy (5 4 was deposited in the 

0.06 mm thick stainless steel tube over a length of 8.5 cm. The 



temperature rise, 61', can be calculated using the expression (79): 

Energy deposited . V b s 6T 
	

(5.7) 

where V = volume 

density 

s = specific heat of stainless steel 

The calculated temperature rise in the walls of the anode tube was about 

20
o  1, for each shot that was fired. 	The remaining 5 3 were deposited in 

the gas and so substituting the relevant values for ::enon into equation 

5.6 the temperature rise was about 600°K. 	The cas and walls reached an 

equilibrium temperature of about 40°K in approximately 20 seconds. As 

the anode tube was surrounded by vacuum and the thermal conductivity of 

xenon is low (so),  the main method of cooling was by conduction along the 

length of the tube. 	Since the cross-sectional area of the tube wall was 

small (wall thickness = 0.06 mm, tube radius = 2.0 mm), the cooling time 

was slow. This was measured experimentally by placing a thermocouple 
•• 

in contact with the tube wall and monitoring the change of temperature 

with time after the electron gun was fired. The temperature was found 

to return to its original value in about 15 minutes. 

The variation of A.S.E. intensity with a repetitive pumping rate of 

2 pulses per minute was investigated, this pumping rate being limited by 

the charging time of the Febetron 706- power supply. The results, which 

are shown in fig 25, were taken at a xenon pressure of 8 ktorr. In the 

30 seconds between shots the equilibrium temperature of the gas and tube 

did not change significantly, so that in consecutive shots, the gas 

temperature increased in a linear fashion, with the temperature dependent 

losses increasing from shot to shot. After a delay of 15 minutes the 

intensity returned to its original value. 

The change of photoattenuation in xenon with temperature, at a 
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wavelength of 172.0 nm, has been measured by a mulber of researchers 

(77) (81) (82), all of whom found an increase with temperature. 

Kosinskaya et al. (82)'measured the photoattenuation in the temperature 

range 300 to 870°K; 	this is the only data at present available for 

higher temperatures. 	Gerardo et al. (77) who studied the temperature 

range of 273 to 373°K, showed that the major loss is due to resonant 

Rayleigh scattering, but that other scattering processes are also 

significant. The scattering occurs from fluctuations of the refractive 

index of the high pressure gas. Gerardo et al. found that the scattering 

increased with gas temperature and that by increasing the temperature 

from 300 to 373% the attenuation coefficient more than doubled. This 

increase in attenuation with. temperature, may account for the reduction 

in the laser and A.S.E. output signal when shots were taken at 30-second 

intervals. Although the temperature difference in consecutive shots 

taken at 30 second intervals was about 4001„ the absolute temperature rise 

of the gas during the excitation pulse is expected to be much higher. 

This is because a number of the formation mechanisms create energetic 

ground state atoms, which can then collide with other atoms, molecules, 

etc'., so that the overall temperature rises. 

In the dissociative recombination reaction: 

**. 
e + Xe

2
+ 

Xe + le (5.8) 

the ground state xenon atom carries away eNcess energy of the order of 
** 

1-eV, which is the apT)roximate energy difference between Xe
2
' and Xe . 

Also the two 3-body reactions: 

, 	+ f 	, 
Xe+  (or Xe

*
) + 2Xe Xe2  (or Xe * ) Xe (5.9) 

and the vibrational relaxation of these molecules to the lower vibrational 

states in collision with ground state atoms, causes gas heating. The 

ground state atoms gain further kinetic energy when the excited molecules 

radiate and the quasi ground state molecules formed,dissociate. 
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xe2 
	6: 
= Xe2  hV 	Xo 	K.E. 

	(5.10) 

It is estimated that these reactions cause a temperature rise of about 200°K 

during the laser pulse. 

The effect of gas heating has been observed by other workers. It is 

well illustrated by the experimental results of Hughes et al. (83) who  

used an electron beam with a pulse of about 50 ns (7Tai) and a total beam 

energy of 2 kJ deposited in a. volume of 30 cm.. The laser pulse duration, 

however, was only about 6 ns and terminated 20 ns after the start of the 

electron beam pulse so that the majority of the energy deposited was not 

used to sustain laser action but went into heatin,.,  the gas. 	Termination 

of the laser pulse was also reported by Gerardo et al 
(60)  and Koehler 

et al. (7). 	In all cases the cut-off was estimated to occur when the 

energy deposited in the gas was in the range 5 to 6 J.cm-3. 

If the cut-off is caused by some temperature dependent loss, then 

reducing the deposited energy density should increase the laser efficiency 

by reducing the losses, and prevent the premature termination of the pulse. 

This was verified experimentally by Hunter et al. (84), who constructed 

a high aspect ratio electron beam with dimensions 50 cm by 5 cm. The 

electron energy was 850 keV and an energy of between 600 and COO J, in 

a pulse of 40 ns, was injected into xenon at a pressure of 5 ktorr, 

giving a total energy deposited of less than 0.5 J.cm-3. The measured 

laser output energy was 8 J which gave an efficiency of 	relative to 

the energy deposited in the gas. 

In the calculation of the gain, it was assumed that the losses were 

wavelength independent and had the same time dependence as the fluorescence 

and this is probably a reasonable approximation if scattering is the main 

loss process. At first it was considered that the main loss was due to 

photoionization (85),  but the photoionization cross-section calculated by 
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Lorents et al. (54)  is approximately an order of magnitude less than the 

stimulated emission cross-section measured by Gerardo et al. (56)  

5.3.1 THE ADDITIOH OF OTHER NOBLE GASES TO .XENON 

Johnson et al. (86)  suggested that one of the lighter noble gases 

could be added to xenon to reduce the temperature rise or that another gas 

could be used to absorb part of the electron energy and then transfer this 

(18 
energy to the xenon atoms 	This second scheme would enable a lower 

partial pressure of xenon to be used but the energy deposition would remain 

unchanged. 

Both of these approaches have been studied by Johnson et al. using a 
• 

50 ns pulse of electrons as an excitation source. 	They found that a 

He : Xe mixture improved the efficiency of conversion of electrom beam 

energy into stored laser energy. They also showed that pure xenon was 

more efficient than an equivalent pressure of Xe : A even though there was 

energy transfer from excited argon to xenon. 	(Equivalent pressure is the 

pressure of the mixture which has the same electron stopping power as pure 

Xe, and is defined as 

Equivalent pressure = 2Xe ZA 	2A 
ZXe 

and 
	
are the partial pressures of xenon and argon, where p

Xe 

respectively 

Zxe  and ZA  are the atomic numbers of xenon and argon, 
respectively.) 

A systematic study of Xe : A mixtures has not been carried out using 

short electron pulse excitation but a number of readings at 5 and 10 ktorr 

showed that pure xenon was more efficient than an equivalent pressure of 

the mixture, in agreement with Johnson et al. 
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The effect of an addition of helium on the output fluorescence for 

a fixed xenon pressure of 5.5 ktorr was studied over a range of helium 

pressures from 0 to 9.5 ktorr. 	The amount-of xenon required to fill the 

Nark 1 cavity to a pressure of 5.5 ktorr, was frozen in a high pressure 

cylinder. The system was filled with helium to a given pressure and the 

xenon was then heated to room te:aperature. 	It- was found that it took 

two to three hours for the gases to mix thoroughly even if the electron 

gun was pulsed every few minutes. Readings were then taken at 15 minute 

intervals until 3 consecutive shots were constant in both peak and decay 

time. 

The fluorescence was monitored using an ITT F4115 photodiode an a 

Tektronix 519 or 7904 oscilloscope. 	The signal incident on the 

photodiode was attenuated using a barium fluoride diffuser and calibrated 

wire gauzes. The photodiode signal was further reduced using calibrated 

electrical attenuators. 	The total output signal was measured by 

integrating over the area under the oscilloscope trace and. correcting for 

attenuation. 	It was assumed that the electron derosition did not change 

with the addition of helium owing to the much longer range of electrons 

in helium than in xenon 19  no that for each set of results the sane 

amount of energy was deposited per unit volume in the field of view of 

the photodiode. The variation of total energy output with pressure is 

shown in fig 26; this has been normalized to the value for no helium 

present. The fluorescence output remained constant for helium pressures 

in the range 0 to 3 ktorr and then decreased at higher pressures. 

The decay time was measured by enlarging the oscillograms and 

plotting log I(t) against t. For all helium pressures the decay, 	d 

was accurately described by a single exponential term. The variation 

of decay rate, T
1 with helium pressure is shown in fig 27. 
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The reason for the decrease in total signal and decay rate with 

increasing helium pressure is still uncertain. Fournier has proposed (87)  

that the results are consistent with:lis theoretical model for electron— 

beam excited VUV fluorescence from xenon (35). As helium is a much 

lighter gas than xenon, the rate of thermalisation of the electrons due 

to elastic collisions with He atoms is much faster than for pure xenon. 

The rate of thermalisation also increases with helium pressure owing to 

the higher collision frequency. Fournier suggests that as the main mode 

of decay of the molecular ion is by dissociative recombination (see Section 2.4) 

then by reducing the electron temrerature the number of .atoms in the cascade 

level builds up rapidly. 	In dissociative recombination an electron is 

removed so that the number of electrons remaining to induce reactions 

from the cascade level to the levels which form Xe2 is reduced. So as 

the helium pressure is increased the main mode of decay will be radiative. 

This radiative decay time is of the order of tens of nanoseconds (31)  so 

that it will be the rate limiting process, the decay of Xe
2 

will then 

be a measure of the decay from the cascade level. At very high helium 

pressures, Fournier predicts that the fluorescence decay will reach an 

asymptotic value which is the fluorescence decay rate of the cascade level. 

It appears from fig 27 that the results.are tending to an asymptotic 

value of about 0.02 ns-1. Higher helium pressures were not investigated 

because of the limitation of the strength of the anode tube. 

Fournier's hypothesis also accounts for the results of Gerardo et al., 

using the 50 ns pulse of electrons. 	In this case electrons are being 

continuously supplied by the electron beam during the fluorescence pulse 

so that there are electrons available to induce transitions from the 

cascade level. 

The decrease in signal with the addition of helium may be attributed 

to increased photoattenuation due to en increase in temperature during 

93 



the fluorescence pulse. The addition of helium to xenon will cause the 

gas temperature to rise more rapidly although the overall temperature rise 

will be lower. In the long pulse case the energy is being added over a 

longer time so that the average temperature is important and as this is 

reduced the signal will increase. 

5.3.2 THE GAS CIRCULATIMG SYSTEM 

A similar decrease in the laser signal was observed when the Mark 2 

diode (described in section 5.4) was used, so in order to increase the laser 

repetition rate a gas circulating system was added, the details of which 

are shown in fig 28. The circulating fan was made from FTLIE and a small 

magnet was firmly fixed to it. The fan was then rotated by a second 

magnet mounted on an a. c. motor which was separated from the high pressure 

gas region by a brass cylinder, of wall thic?mess 0.25 mm. Using a 

magnetically coupled drive ensured that the gas was not contaminated as 

the 'motor was isolated from the gas., 

The gas was cooled by passing it through a heat exchanger, which 

consisted of seven stainless steel tubes with wall thickness of 0.15 DM 

and diameter of 4 mnr These tubes were fitted into holes drilled in two 

stainless steel plates and sealed into position with Araldite epoxy resin. 

Cooling of the gas was then achieved by circulating water around the pipes. 

Stainless steel pipes with an internal diameter of 6 mm were used to 

connect the circulating system to the laser cavity in order to obtain a 

sufficient flow rate. Viton 0-rings were used to isolate the high 

pressure gas from the cooling water, to prevent contamination of xenon by 

water vapour which absorbs strongly at the laser wavelength 

With the gas cooling system in operation the laser output remained 

constant. In the Mark 2 laser, different reflectors were used from those 

used in the Mark 1 system and no damage occurred to these mirrors so that 
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the signal remained constant over tens of shots when the electron gun, was 

pulsed at 30 second intervals. No change in the laser output was 

observed if the pump was kept running during, or switched off before firing. 

5.4 THE COAXIAL XENON LASER (11,TK 2) 

A major drawback of the Kark 1 system was the difficulty of re ?lacing 

and aligning a back reflector, as the complete system had to be dismantl€d. 

It was also necessary to protect the mirror from the electrons to prevent 

damagd to the magnesium fluoride coating (48). 

The 1::ark: 2 system shown in fig 13, was designed to allow access to 

• both ends of the anode tube. 	A total electron bean energy of about 5 IT 

was deposited in the gas over a 12.0 cm length in a rulse of duration 2.5 ns. 

A plane-parallel cavity was used, one mirror with a reflectivity, H, ,of 

about 	(supplied by latra Seavom) and the other with H equal to 76(, 

and transmission, T, equal to C: (supplied by Acton Research Corporation). 

Both mirrors had aluminium coatings, which were overcoated with magnesium 

fluoride. The maximum output energy recorded was 1 mJ in a pulse of 

duration of about 3.5 ns, and both mirrors were found to be damaged after 

a few shots. 

In order to reduce the intracavity energy, the output transmitting 

mirror was replaced by a single plate barium fluoride etalon. This 

consisted of a 1 mm thick disc of barium fluoride with the angle between 

the faces less than 1 m radian, and both faces flat to 	. The 
15 

reflectivity was calculated from the following equation 	(89) (90) 

2 
R _[211  -  

n211  + 1 

where n = refractive index 

(5.11) 

N = number of plates forming the etalon. 
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For n = 1.7 and N = 1, R is approximately 0.2. 	The trans-Mission of 

barium fluoride is approximately 0.75 (40. With this etalon as the 

output reflector, the energy output increased to 2.4 mJ and remained 

constant to within 10', over many shots. 	No damage was observed to either 

of the reflectors. 	The pulse duration was 3.5 ns, as shown in plate 10 

and the spectral half width was 1.3 t 0.2 nm, which was similar to that 

of the Mark 1 system. 

The peak gain was calculated using equation 5.4, comparing the 

fluorescence intensity with and without the back mirror in position. In 

this case, R was the mirror reflectivity only, as the area of the mirror 

used to reflect the pulse back through the medium was the same as that 

of the anode tube. 	A value of 0.18 cul l  was found for the net gain, 

using 1 equal to 12 cm as taken from the thermocouple measurement, which 

is shown in fig 19b, 	(Spectra were not recorded with and without the 

mirror so that no estimates of the total gain and losses were obtained.) 

This system was less efficient than the Nark 1, although it was much 

easier to carry out the alignment. 

In order to increase the laser output the Blumlein circuit was 

extended (this was described in Section 4.5), to increase the pulse 

duration to 5 ns and the total energy deposited in the gas to 10 J. 	The 

energy was distributed over a length of about 13.5 cm so that the energy 

density was about 6 J.cm-3. The gain of the laser was measured, as 

described in Section 5.2, by studying the A.S.E. spectrally and temporally 

and the results are given in Table 5.1. The peak value for net gain of 

0.30 1-  0.01 cm-1  at a pressure of 10 ktorr, was similar to that achieved 

with the Nark 1 system. 

.When the 80 reflecting mirror and the single plate etalon were used, 

the laser output energy was 8.7 mJ. This corresponds to an increase by 
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a factor of four in the laser output energy, by doubling the input 

• energy. A further increase in laser output to 12 mJ was obtained by 

rerlacing the 80,r, mirror with a 93: reflecting dielectric mirror. 	In 

all subsequent experiments, the Bark 2 laser, with extended Diumlein 

was used. 

5.5 OPTIKISATIOTT OF TII3 L1:3m OUTPUT 

The output of the xenon laser is dependent on both the gas pressure 

and the reflectivities of the mirrors used in the resonator. 	In order to 

get the maximum possible output, both these parameters were optimised 

experimentally. 

The mirror reflectivity was optimised by keeping one mirror fixed 

with R1 = 0.93 and varying the output reflectivitY, R2'  from 0.07 "  

to 0.93 with corresponding transmission of about 0.9 to 0.06. 	The fixed 

mirror had a transmission of about 0.06 but the output from this was not 

included in the measurement of total energy. 

Lou reflectivity was achieved by reflection from a single face of a 

• lithium fluoride window. 	The two faces of the window were wedged by 

about 5 mrads (measured using a TwyMan—Green interferometer) so that only 

one surface contributed to the reflectivity. 	Both faces were flat to 

about 	The reflectivity, R1 , from a single surface is given by ( '0)  
10 

2 
= -1  1 L-n+ j 

where n is the refractive index 

For n == 1.7, then R1 = 0.07 

(5.12) 

A single plate and a two plate resonant reflector were also used. 

These were made up of 1 mm thick barium fluoride plates, the faces of which 

were parallel to better than 1 mrad and flat to .L. The reflectivities 
15 
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were calculated using equation 5.1. 	For the single plate etalon Rj.s 

approximately 0.2 and for the two plate resonant reflector R is 

approximately 0.6. 	In both cases the true values will be slightly less 

than those calculated owing to absorption of the order of 5;"'", in the 

barium fluoride. 

The two plate resonant reflector was aligned using a helium-neon 
• 

laser beam. The plates were separated by 3 mm and as the reflector was 

mounted inside the high pressure gas, the space between the plates was 

maintained at the same pressure as the surrounding region. Multilayer 

dielectric mirrors with given coefficients of reflectivity and transmission 

were obtained from Acton Research Corporation and Matra Seavom. 

The change in output energy with mirror reflectivity, R1.R2, is shown 

in fig 29. 	The optimum output reflectivity was of the order of 0.1 to 0.2. 

In all cases the pulse duration remained approximately constant in the 

range 3.0 to 3.5 ns. 

When the optical components were examined there was no visible damage 

to the dielectric mirrors. The barium fluoride etalon and the lithium 

fluoride reflector were, however, damaged over a region of the order of 

2 mm diameter from the centre, on the surface adjacent to the anode tube. 

In the case of the barium fluoride the damage did not reduce the output 

as the laser energy was consistent over tens of shots but with the 

lithium fluoride the output decreased after a few shots. 

The optimum working pressure was measured with R1  = 0.93 and R2  = 0.2. 

The pressure was increased from 5.ktorr and the output energy recorded 

using a calorimeter. The results are shown graphically in fig 30. The 

laser threshold occurred at about 6.7 ktorr and the output energy increased 

to a maximum of 12 mJ which was recorded at a pressure of 11 ktorr, after 
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which a decrease was observed. Each point on the graph is an average of 

at least 3 consecutive shots and the error bar indicates the overall 

spread in the results. 	The readings were repeated starting at 14 ktorr. 

and decreasing the pressure, and similar values were obtained. 

5.6 SATURATION OF THE LASER 

It is evident from plate 10 that when the pumping pulse duration • 

was increased from 2.5 to 5.0 ns, the laser pulse duration decreased from 

about 3.5 to 3.0 ns. 	At the same time the total energy increased 

from the order of 3 to about 12 mJ. 	This shortening of the laser pulse 

may be explained by saturation effects. The laser initially builds up 

from spontaneous emission but with the high gain of the present system 

the photon flux quickly builds up due to stimulated emission. A stage 

may be reached when the photons produced deplete the inversion rapidly, 

until the inversion remaining is not sufficient to maintain the rate of 

photon creation at the level of the photon loss rate. 	The photon density 

then declines and the laser pulse decays at a rate determined by the rate 

of escape of photons from the laser. 

The rate equation for the decay of the upper state population is 

* 	 * 
dN 	- a N ,. - N (5.13) 
dt 
	

T
f 

where 	a = stimulated emission cross section (cm2) 

F(t) = photon flux (cms-1) 

T
f 

= fluorescence decay time (s) • 

When the photon flux builds up, the spontaneous term will be small compared 

with the stimulated emission term so that 
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N = No exp C cif ( u)dij • 

= No 
exp C '12] (5.14 ) 

where N 	= initial inversion 

The term $F(t)dt is the accumulated pulse energy, E, in units of 

photons. cm
2
. 	The saturation energy, E, is defined as the energy 

s 
 

() 
which reduces the inversion by a factor of 1 — n1 

	so that  

The stimulated emission cross section, a , was measured by 

Gerardo et al. (56) to be 15
25 

T
f

-1.cm2. 	The measured values of T , lie 

in the range 4 x 10 9 to 20 x 10-9 s, so that c; lies within the range 

25 x 10-18 to 5 x 10 1E3 
cm
2
. 	This corresponds to a saturation energy, 

E , of 46 to 230 mJ. cm-2. 	In the present laser, the anode tube radius 

was 2 mm so that the energy density inside the cavity, for a 12 mi.  

output was of the order of 150 mJ. cm- -P , when allowance was made for both 

the etalon and window transmission. This indicates that the laser is in 

the saturation regime. 

(04) 
The value of saturation is consistent with the results of Hunter et al. '', 

who found that the sidelight decreased, due to laser action, and the shape 

of the laser pulse showed that saturation occurred. The total laser 

output was 8 J and by integrating over the laser pulse up to the time 

that saturation occurs, it was estimated that the energy density was of 

the order of 190 mJ. cm 2. This assumed that the output 2 inch diameter 

reflector was uniformly illuminated. The total output of 8 joules 

corresponds to an energy density of about 400 mJ. cm2. In the long 

pulse case, the laser does not terminate so rapidly as the pumping pulse 

continues to repopulate the upper level. 

Because of the high gain of the present system (about 30 per pass) the 

saturation energy is quickly reached even for a low reflectivity output 
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tc 	
21,  

c'ln (211 2T2)-1  

(5.15) 

reflector. 	The A.S.E. output for a double transit of the cavity was 

• measured to be about 10
-2 of the laser output so that if the order of 202:: 

of the A.S.E. is reflected back through the excited medium then after 

about one further cavity round trip the saturation energy will be reached. 

If a higher ref7lectivity mirror is used then again saturation will be 

quickly reached, 	as the mirror transmission is less, then less energy 

will be transmitted per transit. For a loss less medium and short pulse 

excitation, the laser output energy should remain approximately constant 

if the gain is saturated but the pulse duration should increase as the 

cavity lifetime increases. 

(The cavity lifetime, -Lc, is defined as the lifetime of a quantity 

in the cavity and is related to the mirror reflectivities, 	and R and 2' 

to the transmission coefficient, T, of the laser medium by (78)  

where L is the cavity length 

c is the velocity of light.) 

— • 
It was found, however, that the pulse duration was approximately 

independent of mirror reflectivity, indicating that when the inversion 

was depleted and hence the gain reduced, that the scattering losses 

reduced the output. 

The results presented in this chapter have illustrated conclusively 

the feasibility of constructing a reliable high power xenon laser using 

short pulse excitation. This was, due mainly to the use of a coaxial 

electron beam diode as the excitation source as it enabled the energy to be 

coupled efficiently into the laser medium. The laser output was 

optimised experimentally and the limitations of short pulse excitation 

were discussed. 
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TABLE 5.1' 

'T 
A X 

TT 
Ratio of 

Intensities 
0(.. mi

x Y.  max C. .max--1 max 

MARK t DIODE 

1. Experimental 
Results 

2. Calculated 
Values 
for 1 = 8.5 cm 

3. Calculated 
Values 
for 1 = 10 cm 

8.6 

8.6 

8.6 

± 0.5 

± 0.3 

± 0.3 

5.0 

5.0 

5.0 

+- 0.3 

+ - 0.2 

- 0.2 

4.7 

4.6 

4.6 

4- 0.2 

- 0.3 

0.63 

0.52 

+ - 0.03 

- 0.03 

± - 0.1  

0.33 

0.25 

± - 0.03 

+ - 0.03 

0.30 

0.27 

+ 
- 0.01 

= 0.01 

MARK 2 DIODE 
' 	. 
1. Experimental 

Results 

2. Calculated 
Values 
for 1 	13.5 cm 

s 

. 

+ 
 

5.6 

5.5  

± 0.4 

+ - 0.4 

3.2 

3.2 

± - 0.3 

+ - 0.4 

30 

30 

+- 2 

+ - 3 0.68 

-- 

+ - 0.08 

. • 

0.38 

-- 

+ - 0.08 

' 

0.30 

-- 

+ - 0.01 

. 



CHAPTER SIX 

TUNING OF THE XENON LASER 

The broad continuous emission spectrum of xenon, which results from 

transitions between a bound state and a repulsive ground state suggested 

that it may be possible to obtain a tunable laser. In order to tune the

•  laser continuously, the spectrum must be homogeneously broadened (78) on 

the time scale of the laser emission. 	According. to the analysis of Mies (61)  

the spontaneous emission spectrum is a result of the superposition of the 

spectra of the individual vibrational levels, weighted by the concentrations 

of the initial states.. 	If the radiative loss is slow compared withthe 

vibrational relaxation time then the population of the vibrational levels 

will be maintained in a Boltzmann distribution. The data of Fink et al. (43) 

indicates that vibrational relaxation is fast. Assuming their value of 

- 
3 x 10 11 cm.

3 
s-1 for the rate coefficient, then the time for vibrational 

relaxation to occur is about 90 ps for a number density of atoms of 

3.5 x 	
3 

102°cm - 
-/ 

1/410 ktorr). 	For a radiative lifetime of about 4 ns (39) (40)  

then this relaxation time decreases to approximately 20 ps. Although 

stimulated emission will deplete particular levels, vibrational relaxation 

will quickly repopulate these levels so that the spectrum will be quasi 

homogeneous. The continuous tunability of the xenon laser reported in 

this chapter is evidence that the spectrum is homogeneous on the timescale 

of the laser emission. 

Most of the work to date on tunable lasers has been with flashlamp 

or laser-pumped dye lasers (93)  which operate over most of the visible 

region of the spectrum. Most of the techniques devised in these studies 

may be applied to noble gas lasers when allowance is made for the WV 

operating conditions. 
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Frequency narrowing may be achieved by inserting a dispersive 

element in the cavity, in order that the normal broad band laser output 

may be extracted over a smaller frequency band which satisfies the 

feedback condition. 	If losses in the dispersive_ element are ignored, 

then for a homogeneous transition, the total energy may be extracted in 

this narrow band. 

In this chapter methods of tuning are reviewed and the choice of a 

tuning element for the xenon laser is discussed. The design of a mount 

which allows alignment at the.He-Ne (helium-neon) laser wavelength is 

outlined and results for the tuned laser are reported. 

• 

6.1 THE SELECTION OP A TUNING EL'SENT 

It has been observed experimentally (83) (55), that the peak wavelength 

of the xenon laser shifts to longer wavelengths as the xenon pressure is 

increased. This pressure tuning is small, of the order of 1 nm for a 

pressure change from 5 to 15 ktorr. 

To obtain a frequency narrowed, tunable output, a wavelength 

selective element, such as a diffraction grating (94) (95), Fabrjr Perot  

etalon 
(96), 

 prisms (97) (98), or some combination of these elements, may 

be inserted into the cavity so that only a small frequency range satisifies 

the feedback condition. These tuning elements were considered, in order 

to find which was the most suitable for VW wavelengths. 

601.1 DIFFRACTION GRATINGS 

A diffraction grating was the first dispersive element used for 

tuning a dye laser (94).  For a diffraction grating (90) 

mX.  = d (since 	sinp ) 	(6.1) 
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where m = order 

X = wavelength 

d = separation of the grating rulings 

T = angle of incidence 

P = angle of diffraction 

For autocollimation, the incident and diffracted beams are collinear (p = p) 

so that the angular dispersion, do, is given by 

dy 	 (6.2) 
dX 	2d cosy 

For a first order spectrum and 600 lines.=-1 grating, the angular 

dispersion is approximately 3 x 10 4 rad. nm-1. The xenon laser has a beam 

divergence, 69) , of typically 2 mrads, so substituting this value in 

equation 6.2, the passive spectral bandwidth is approximately 7 nm. For 

a diffraction limited beam, the divergence (9o),AyD  , is given by 

	

1.22A 	 (6.3) 
D 

where D diameter of the anode tube (3.5 mm) 

So with X = 172nm, then 6 y-D is approximately 0.08 mrads and thus the 

spectral width equals 0.2 nm, which is the minimum passive bandwidth 

obtainable with this grating. 

The refledtivity of a diffraction grating in the vacuum ultraviolet, 

(9°) is less than 505 	, so using a grating as a reflector introduces a large 

loss into the system. As VUV gratings are normally coated with a thin 

layer of aluminium and overcoated with magnesium fluoride, the damage 

which was observed to mirrors with similar coatings (see Chapter 5), is 

likely to occur to diffraction gratings. To prevent damage to the 

grating it may be possible to expand the laser beam or to use a partially 

transparent mirror in front of the grating, as suggested by Bjorkholm 

et al.(100). This mirror-grating combination acts as a high reflectivity 

resonant reflector for the tuned output and at the same time reduces the 
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power incident on the grating. Owing to the low reflectivity and low 

damage threshold, a grating was considered to be unsuitable as a 

dispersive element in the VUV. 

6.1.2 FABRY-PEROT ETALONS 

Fabry-Perot etalons (FP) have been successfully used to obtain narrow 

bandwidth tuning in dye lasers (96).  The wavelength, X , which has the 

nth 	 (90) maximum transmission in the 	order is given by 

A•= 2nd cos ct (6.4) 

  

where n = refractive index of the material between the FP plates 

d = plate separation 

a = angle between the beam and the normal to the plates 

The angular dispersion, dX 	- 2nd sina, 	(6.5) 
da 

so for a beam divergence, LNy , the passive spectral bandwidth, ,QXP'  is 

given by 

AN _ 2nd si-na . 
P 

(6.6) 

The passive spectral bandwidth is therefore dependent on the angle of 

incidence. If however, a is small then the bandwidth is determined by 

the finesse of the etalon and not the beam divergence. In this case the 

spectral width of the output is given by 

Di
pP 
 _ FSR 	(6.7) 

where FSR = 1:
2 
 is the free spectral range 

2d 

P= TcRif  is the finesse of an FP with plates of reflectivity, R. 
1 R 

At present, low loss, high reflectivity coatings are not readily available, 

so that a high finesse FP can not be obtained. Using uncoated plates, 

reflectivities of about 0.2 may be obtained giving an P of the order of 1.8. 

The above analysis relates to the passive bandwidth but in the case 
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of a laser the bandwidth of the output decreases in successive transits 

through the dispersive element (101) (102). 	In the experiments 

described in this Chapter using short pulse excitation, there are only a 

few transits through the dispersive element, so that little narrowing 

occurs using uncoated plates. 

The output coupling element used in the untuned laser was an uncoated 

single plate etalon consisting of a 1 mm thick disc of barium fluoride, 

so that FSR is equal to 9 x 10-3 nm for X = 172 nm and n = 1.6. Any 

structure on the laser spectrum of this order of magnitude could not be 

resolved in the spectrographs which were available. 

Whilst tuning of the short pulse xenon laser using a Fabry-Perot 

etalon is not feasible at the present time, with the development Of longer 

Pumping pulses and improvement in VUV coatings this method may become 

practical.' Furthermore the requirement for a second dispersive element 

to prevent overlapping of successive orders introduces additional losses 

in the cavity. 

6.1.3 PRISMS 

At visible wavelengths, the dispersion of most transmitting materials 

is small so that single prisms are not used as tuning elements when narrow 

bandwidth outputs are required. They can be used to select one of the 

several sharp lines which occur in gas lasers, such as the argon ion, or 

as a predisperser in conjunction with a second dispersive element (103)  

Prisms have the advantage over other tuning elements in that losses can be 

made very small, and the damage threshold is much higher 	In In order 

to increase the dispersion in lasers operating at visible wavelengths, 

multiple prism arrangements have been used (97) (98)  

At the xenon laser wavelength (172 nm), however, the dispersion, do , 
dX 
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of many transmitting materials, such as barium fluoride, sapphire and 

\ 
fused silica, is high (greater than 10

3 	1
) nm , as the bandgap is close 

to the wavelength of interest. 	Because of the high dispersion and the good 

transmission, a fused silica prism was chosen as the dispersive element. 

The transmission of a 3 mm disc of the material (Thermal Syndicate 

Spectrosil 'B'), was measured to be 85; at 170 nu, although at this 

wavelength the.absorption was beginning to increase. The refractive index 

was estimated to be about 1.62 by extrapolating ffom values given in 

'Handbook of Chemistry and Physics' (Se), and the dispersion do of about 
dA 

3 x 103nm-1 was estimated from the slope of the graph of n vs..A . 

In order to reduce reflection losses at the prism surfaces, a prism 

(00) 
with angles close to Brewster's angle was used ' . 	The geometry of a 

beam passing through such a prism, at minimum deviation, is shorn in 

fig 31 below. 

Fig 31 
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Now 	tan I
1  - tan I2 n = tan B 

where n = refractive index 

B = Brewster's angle 

For n equal to 1.62, B is approximately 58.3°. 	In practice a 60°  prism 

was used. 

For a prism at or near Brewster's angle, the following relationship 

holds (oo)  

LIR 	2 do 
	 (6.9) 

dX 	dX 

so for a fused silica prism, the angular dispersion is about 6 x 10 3 rads.nm 1. 

For a beam divergence of 2mrads, then from equation 6.9, the passive 

spectral width is 0.3 nm and for a diffraction limited beam divergence of 

about 0.08 mrads, the passive spectral width is approximately 0.013 nm. 

A separate mirror and prismvere used, as shown  in fig 32, in 

preference to using a coated prism (104),  as twice the dispersion was 

achieved per transit. 	This increased the difficulty of alignment, 

(described in the next section), but if the mirror was damaged it was not 

necessary to realign the complete system as the mirror could be rotated 

in its mount to expose an undamaged part of the coating. 

6.2 THE DESIGN OF A MOUNT FOR THE TUNING ELEMENT 

The tuning element mount was designed to enable 

(i) the refracting edge of the prism to be adjusted so that it 

was parallel to the axis of rotation of the table, 

(ii) the plane of the mirror to be aligned independently, so that it 

too was parallel to the axis of rotation of the table, 

(iii) the prism and mirror to be adjusted together, so that a 

He-Ne laser beam aligned along the anode tube was reflected 

back along its own path, 
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(iv) the prism and mirror to be rotated from the 632.8 nm 

position to the region of 170 nm, and 

(v) the prism and mirror to be rotated with sufficient accuracy 

to tune across the xenon wavelength; this fine adjustment 

was made through a high pressure seal. 

The mount that was constructed to satisfy these conditions, is shown in 

fig 33. 	The complete mount was firmly fixed inside a cylinder, which 

could be inserted into the laser cavity. - This enabled the initial 

alignment of the system to be carried out before inserting the element 

into the cavity. A spring and bearing arrangement was used to naintain 

firm contact between the stainless steel cone and the brass retaining 

plate, both of which had been accurately machined to give rotation about 

a fixed axis. In order to define this axis the prism table was removed 

and replaced by a polished rod, the surface of which was parallel to the 

axis of rotation. 	The axis of rotation was defined by noting the position. 

of three reflections from a helium-neon laser off the rod. 	To facilitate 

final alignment the rod axis was adjusted so that it was approximately 

perpendicular to the alignment beam. 

The mirror and prism were mounted on a common table, but each had 

separate fine adjustments. 	The prism was positioned so that the beam 

passed close to the refracting edge, to reduce the path length traversed 

in the fused silica. As the prism and mirror were mounted on a common 

table, the angle, I
1' 

between them (see fig 31) remained constant so that 

the prism was adjusted to give II 	38°, and then fixed rigidly in 

position. 	The next step was to adjust the prism so that its refracting 

edge was parallel to the axis of rotation. The prism was adjusted using 

the screws on its kinematic mount until the He-Ne laser reflections from 

the refracting faces were coincident with those observed from the 

polished rod. Alignment was made much easier if reflections from both 

faces were observed and adjusted simultaneously. The mirror was placed 
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in position and adjusted so that the refracted beam was reflected back 

along its own path. 	At the wavelength 632.8 nm, the refractive index of 

fused silica is about 1.46 
(80), so that the angle of deviation is 

different fromthat at 172 nm. For a fixed angle 11 2-L 58°  the angle of 

deviation at the wavelength of 632.8 nm was calculated to be about 37°  

compared with 50.5°  at 172 nm, so that after alignment the table had to 

be rotated by about 13°  to the tuning Position. 

The cylinder containing the tuning element was firmly bolted to the 

inside of the cavity and a final adjustment made, using.the screws on the 

base of the brass retaining plate so that the beam was reflected along 

the tube axis. This adjustment enabled the axis of rotation to be varied 

while keeping the prism and mirror axis parallel to it. 

Rotation of the table through a high pressure seal was possible 

using two arrangements. 	In the first, a screw was pressed against a 

plate which was attached to the table and the force required to rotate 

the table was provided by a compressed spring. The second arrangement 

had a direct drive between the table and a micrometer and provided a more 

reproducible arrangement. When the first method of adjustment was used 

the wavelength of the laser was reproducible to within - 0.2 nm for a 

given position of the adjusting screw whereas with the second arrangement 

the wavelength could be reproduced to within 0.1 nm for a given micrometer 

reading. In order to obtain reproducible results it was necessary in 

both cases to take all readings when rotating the adjusting screw in the 

same direction. 

The output reflector used, was a single plate barium fluoride etalon 

and this was aligned using the He-Ne laser. The prism table was rotated 

to the helium-neon wavelength and then the cavity evacuated before filling 

with high pressure xenon. As the xenon pressure increased the reflected 

laser spot was observed to move along a line perpendicular to the axis of 
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rotation. 	This was due to the change in pressure in the wedges of gas 
A 

.between the prism and the mirrors. 	As the pressure of the gas increases, 

the refractive index, n, changes such that (105)  

n 	1  ^J constant 	(6.10) 
D 

where D = gas density 

For xenon at a pressure of 11 ktorr, the refractive index is about 1.01. 

With this change in refractive index, the deviation from the zero rressure 
• 

position is, therefore, about 20, for the helium-neon wavelength. 	The 

deviation will be larger at shorter wavelengths, so in practice it was 

easier to find the tuning position experimentally rather than by calculation, 

since the gas refractive index is unknown in the VtJV. 	It was also observed 

that if the helium-neon laser was not aligned accurately along the anode 

tube axis, then there was a deviation of the reflected beam along the axis 

of rotation. If the etalon was aligned with the beam which was reflected 

by the mirror when the system was evacuated, then the resonator appeared 

to move out of alignment as the xenon pressure increased. 	This was 

corrected by adjusting the helium-neon laser, while the system was under 

pressure, until the beam reflected from the tuning element was collinear 

with the incident beam. 	The etalon could then be aligned correctly. 

• 
6.3 THE OUTPUT OBTAINED PROM THE TUNED LASER 

The Mark 2 diode, with the extended Blumlein circuit was used to 

obtain the tuning results. 	The resonator length was 25 cm and the output 

reflector was a 1 mm thick, single plate barium fluoride resonant reflector 

with reflectivity of about 0.2 while the mirror mounted in the tuning 

element had a multilayer dielectric coating with reflectivity of 0.93. 

A xenon pressure of 11 ktorr was used for all readings. 

Output spectra were recorded on Kodak SC7 film using a 1 metre normal 

incidence vacuum spectrograph in first order. With a slit width of 0.05 mm 
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spectra were not recorded unless the feed back condition was satisfied. 

The film holder was modified so that it was possible to place the film in 

the same position for consecutive shots thus enabling one edge to be 

calibrated absolutely. 	This edge was calibrated using the 184.9 nm line 

of mercury and the known dispersion of the spectrograph. 	For calibration 

the mercury lamp was mounted in a T-piece, one arm of which was connected 

to the spectrograph input slit, but isOlated from it using a barium 

fluoride window. 	Eelium was allowed to flow continuously around the 

lamp to keep it cool, and to remove oxygen and ozone which are strongly 

absorbent at 184.9 nm. 

Plate 11 shows spectra of the tuned and narrowed output of the xenon 

laser, the film being displaced vertically between consecutive shots. 

The spectral half width was measured by taking a densitometer of the spectra . 

as shown in fig 34 and then using the measured value of the film y. The 

recorded bandwidth, X 
m, was 0.16 nm and the instrumental resolution, X r 

was 0.08 nm so that the true bandwidth, X t, calculated from 

was 0.13 - 0.03 nm. 

X2  = X2  - >2  t 	m 	'r (6.11) 

There is spectral narrowing by a factor of 100 from the fluorescence 

bandwidth and by a factor of 10 from the untuned laser. The total tuning 

range extended from 169.2 ± 0.2 nm to 176.5 ± 0.2 nm and it was possible 

to tune continuously over the entire range. The spectral bandwidth at 

all wavelengths was less than 0.2 nm, but small variations could not be 

measured accurately due to the uncertainty in the 	of the film. When 

the spectrally narrowed output was observed only about 4 mm of the slit 

was illuminated although a much lower intensity scattered component was 

seen to fill the complete slit, this indicated the low divergence of the 

beam. 
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PLATE 11 

Output Spectra of the Tuned Laser 

Wavelengths from left to right : 

171.4, 173.0 and 174.4 nn 





171 	173 	175 
X(nm) 

Microdensitometer trace of tuned 
spectra showing discrete? lines. 

Fig 34 
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The micrometer used to rotate the prism table was calibrated for 

wavelength and the output energy was then measured at different wavelengths 

using a calorimeter (Laser Instrumentation Model 142 LR Thermopile). 	The 

variation of output energy with wavelength is shown in fig 35. Each point 

is the average of at least three shots and in most cases the reproducibility 

was better than 20,5. The maximum energy recorded was 3.6 mJ and the energy 

remained within the range 3.3 ± 0.3 mJ over the wavelength interval 

172 to 175 nm. A series of results taken when the 93 reflectivity 

mirror was replaced by an Al : MgF2  805 reflectivity mirror;  are also 

shown in fig 35 for comparison. In this case the peak output obtained 

was 1.9 mJ. 	(The two sets of results were normalized at 173.0 nm.) 

The tuning range was increased slightly by using the higher reflectivity 

mirror. The tuning range measured spectrally was about 0.5 nm greater 

than that shown in fig 35, as the calorimeter only measured energies 

greater than about 0.2 mJ. 

Narrowing of the laser output was only possible if reflections from 

the walls of the anode tube were eliminated, because at angles near grazing 

incidence, the reflectivity of metals is high (88)  (greater than 905). 

If the prism and mirror are set up for tuning at a particular wavelength 

then longer and shorter wavelengths will be diverging, relative to the 

tuning axislon leaving the prism. Any wavelengths which enter the anode 

tube will be amplified as they will be guided along the tube by wall 

reflections. The separation between the prism and the anode tube was 

about 20 mm so that any wavelength which diverges by less than about 

15 mrads from the axis will enter the tube. For an angular dispersion 

of about 6 x 10 3 rads. nm-1 the passive bandwidth for a double transit 

through the prism would be of the order of ± 1.2 nm about the wavelength 

satisfying the feedback condition. When the wall reflections were not 

eliminated, the recorded bandwidth was 1.8 ± 0.2 nm and the total tuning 

range, taken as the separation of the peaks at the extremes of tuning, was 
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only 1.5 nm. 

Wall reflections were eliminated by inserting a spiral of nichrome 

wire. inside the tube. When the spiral was inserted the energy of the 

untuned laser decreased to about 8 mJ. . The tube diameter was also 

decreased from about 4 mm to 3.5 mm so that the output energy density 

remained unchanged at approximately 85 mJ. cm
-2
. The peak tuned energy 

density of about 37 mJ. cm
2 was thus about 45 of the untuned output. 

This decrease may be attributed mainly to losses in the prism due to both 

absorption in the fused silica and reflection losses at the prism surfaces. 

The pulse duration of the tuned output was measured using an 

ITT P4115 photodiode and Tektronix 519 oscilloscope. 	Three typical 

results are shown in plate 12. 	In all cases the pulse duration (F,11-111) 

was approximately 5 ns and this remained unchanged at any wavelength 

observed. 	This is to be compared with the untuned pulse duration of 3 	ns. 

6.4 A DISCUSSION OF THE TUNING RESULTS 

It was found that the total tuning range of the xenon laser was 

about 7.5 nm, compared with the fluorescence bandwidth of about 1.4 nm. 

The wavelength dependence of the gain could not be measured so a rough 

estimate was obtained from the calculations carried out in Section 5.2 

to find the laser gain. 	In these calculations the temporal dependence 

and the spectral profile of the A.S.E. output, with and without one mirror 

aligned in the cavity, were obtained. 	The fluorescence spectrum in the 

absence of gain was assumed to be gaussian with a half-width of 14 nm. 

The values of peak gain and loss were varied until good agreement was 

obtained between the experimental and calculated values of the spectral 

half-width and the ratio, of peak intensities. 

• 

The calculated spectral profiles, with and without a mirror aligned, 
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PLATE 12 

Temporal Dependence of the Tuned Laser 

(a) 171.4 nm 

(b) 173.0 nm 

(c) 174.4 nm 

timescale : 5 ns per major division 
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are shown in fig 36a: these have been normalised at the peak values. 

By measuring the relative intensities of the 2 spectra at different 

wavelengths, an estimate of the wavelength dependence of the gain, e a 1 

was obtained, as shown in fig 36b. 	This curve is for amax = 0.7 and 

max = 
0.4, which gave good agreement between experimental values of both 

spectral half-width and peak intensity. It can be seen that the gain 

falls off rapidly from the peak value and is reduced. by about a factor of 

five at about 4 nm from the peak. 	',Then a tuning element is inserted, 

further losses are introduced in the cavity due to reflections at the 

surfaces of and absorption losses in the fused silica prism. From 

fig 36b it is reasonable to expect that the bandwidth over which net gain 

occurs, that is the tuning range, will be of the order of 8 nm when the 

additional tuning losses are included. 

The graph of output energy against wavelength, fig 35, does not follow 

the calculated gain curve. The output of the tuned laser remained in the 

range 3.3 t 0.3 mJ in the wavelength region 172 to 175 nm and . this may be 

explained by saturation. 	Saturation effects were discussed in Section 5.6, 

with regard to the untuned laser, where a saturation energy density of 

about 87 mJ. cm-2 was estimated. The lower saturation energy density 

• 
of about 37 mJ. cm

-2 
in the tuned laser may be attributed to the slower 

build up due to increased losses caused by the insertion of the prism. 

This slower build up is evident by comparing the pulse shapes of the tuned 

and untuned laser shown in plates 10 and 12, respectively. During the 

build up time. the inversion is being continuously depleted by spontaneous 

emission, so by the time the laser pulse has reached its maximum the 

inversion has been reduced to a value less than that for the untuned case. 

The saturation condition may again be defined as the energy density 

required to reduce the inversion by Ve, so a lower inversion results in 

a lower saturation energy. 
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The results obtained without placing the spiral of wire in the anode 

tube in order to reduce wall reflections, indicate that the gain is 

wavelength dependent. , When the tuning element was set up for feedback 

at 169 nm and 175 nm the peaks of the output spectra occurred at about 

171 and 173 nm, respectively. 	This shows that although the feedback was 

less at these wavelengths, the gain was much higher thus allowing the laser 

flux to build up. 

From the experimental results it appears that the peak gain occurs 

at 172.5- 0.5 nm. 	The short wavelength dependence of the tunable 

output was not obtained accurately owing to the strong impurity absorption 

at about 171.2 nm and also the increasing absorption In the prism at ' 

wavelengths less than 170 nm. 

In the spectrum of the untuned laser shown in plate 9 two absorption 

bands at about 171.2 and 172.9 are evident, but the 172.9 band does not 

appear in the tuned spectrum. 	The microdensitometer trace shown in 

fig 21 indicates that this absorption band is less strong than that at 

172.9 nm. 	Although in the tuned laser the total intensity is reduced, 

the intensity per unit wavelength is increased so that the transition 

leading to the absorption at 172.9 may be saturated or "bleached". 	The 

gain at this wavelength will be reduced but it is still sufficient to 

allow the laser to build up to saturation. 

The results presented in this chapter illustrate conclusively the 

continuous tunability of the xenon laser over the range 169.2 to 176.5 nm. 

Tuning of the laser over a range of 5 nm has also been reported by Wallace 

• ( 
et al. 104)  using a BaF

2  prism as a dispersive element. 	The spectral 

half-width of 1 nm obtained by them was about a factor of 10 greater than 

that reported here and the peak power was less by a factor of 103. 	The 

energy tuning range of 2500 cm-1  for the xenon laser is the largest range 

of any laser which has been reported. 
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CHAPTER SEVEN 

CONCLUSIONS 

The output fluorescence from xenon,-  which was emitted mainly in the 

spectral region of 170 nm, was studied over a range of pressures from 

0.6 to 14 ktorr and found to have a pressure dependence. 	As the pressure 

increased the rates of rise and decay increased, and by analysing these 

results values of 16 ±2 ns for the true fluorescence decay-time and 

(3.0 ± 0.3) x 10
-32 

 cm.s-1  for the three body formation rate of the 

excited xenon molecule were obtained. 	The measured decay rate was found 

to increase linearly with pressure above 3 ktorr so a quenching of the 

excited molecule in collision with a ground state atom was postulated. 

However the experimental results differed from those obtained at other 

laboratories in which a similar excitation source was used, indicating 

that this simple approach was not adequate. A number of theoretical 

explanations have been put forward to account for the pressure dependent 

decay and the discrepancies in experimental results. As with all 

solutions of 'many body' problems each model makes a number of assumptions 

and there is not as yet enough experimental evidence to assess fully the 

validity of each theoretical approach. All theories include contributions 

from both the + 
and 3:>711.  levels to the total output radiation. 	These 

two levels are always given different radiative lifetimes but the values 

used vary widely. The results of each of the theoretical approaches lead 

to the conclusion that the observed pressure dependent decay is actually 

an electron density dependent decay, so that the discrepancy in the results 

obtained at different laboratories may be attributed to different pumping 

geometries and electron beam characteristics. 

Experiments aimed at building a xenon laser using standard commercial 

electron bean diodes were not successful owing to the difficulty of 

efficiently coupling the energy into the gas. A laser was successfully 
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built after designing and constructing a novel electron beam diode 

employing a coaxial pumping geometry. Electrons were emitted from a 

cylindrical cathode which was concentric with an anode consisting of a 

thin walled stainless steel tube, which also acted as the container for the 

high pressure gas. When the -600 kV pulse was applied to the cathode 

electrons were emitted by field emission, from an array of spikes, and 

accelerated towards and passed through the anode tube which was maintained 

at earth potential. This arrangement had the advantage of using the 

radial focussing inherent in the cylindrical geometry to help overcome the 

beam scattering introduced by the beam foil and the gas.. The anode tube 

had a wall thickness of 0.06 mm so that about 51C of the electrons were 

stopped in the tube walls. This fraction could have been reduced by 

decreasing the wall thickness or using another metal such as titanium, 

which has equivalent strength but about half the stopping power. 	The 

radius of the anode was chosen to give uniform electron denosition in the 

gas at about 10 ktorr which in most experiments that were reported was 

the region of optimum pressure for laser energy. 	The dimensions of the 

cathode were then calculated from the space charge equations for current 

flow between concentric cylinders. 

Using the coaxial diode, laser powers of the order of 1 NW were 

produced. This was increased to 4 NW (12 mJ) when both the energy 

deposited in the gas and the pumping pulse duration were doubled, by 

modifying the Blumlein circuit. Initially the reliability of the laser 

Was limited by the quality of the laser optics as the coatings on the 

Al : MgF2  mirrors were damaged after a few shots by the high intracavity 

laser energy. The use of multilayer dielectric mirrors with low 

absorption and high reflectivity, together with a single plate BaF2  

etalon, enabled the laser output to be consistent as no damage was observed 

to the optics after several hundred shots had been fired. 
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The gain of the laser was obtained by comparing the spectral widths 

and the ratio of the intensities of the amplified spontaneous emission 

with 'and without a high reflectivity mirror aligned in the cavity. 	The 

total gain of the laser was calculated to be about 0.7 cm 1  with a net 

gain of about 0.3 cm-1 	The main loss mechanisms are thought to be due 

to scattering in the laser medium and ground state absorption, both of 

which are temperature dependent. 	The temperature dependence of the loss 

mechanisms was illustrated by the marked decrease in the laser output 

when the laser was fired repetitively, so that the gas was not allowed to 

cool between shots. 	If, however, the gas was cooled by allowing it to 

flow through a heat exchanger then the laser output remained constant 

when fired repetitively. Johnson et al. (86)  suggested the addition of 

helium to reduce the gas temperature but with the short pulse excitation 

this was found to have a detrimental effect unlike the case using a 50 ns 

excitation pulse. 	Gas heating by the electron beam will be one of the 

important considerations in building an efficient xenon laser, especially 

when excitation pulses of tens of nanoseconds are used. 	In the case 'of 

short pulse excitation the high energy density is required to create the 

inversion quickly so that the laser builds up before the upper level is 

depleted by spontaneous emission. 

The present limit on the output energy of 12 mJ is considered to be 

due to saturation effects. It was shown that the saturation energy 

density, Es, which is the energy density that reduces the inversion by 

1/ 	• 
. e, is equal to la where a, the stimulated emission cross section, is 

approximately equal to 10-17 cm
2
. In short pulse excitation, E

s 
may be 

taken as the upper limit because when the inversion is depleted repopulation 

does not occur as the pumping pulse has terminated. 

The spectral bandwidth of the untuned laser was about 1.3 nm, centred 

at 172 nm, so in order to obtain a narrower bandwidth tunable laser, a 

dispersive element was inserted in the cavity. A fused silica prism was 
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selected as the dispersive element because of its high dispersion and 

transmission in the VUV. The prism and mirror were mounted on a common 

table which could be rotated about the prism axis while the system was at 

the working pressure. The laser output was continuously tunable over the 

range 169.2 to 176.5 nm and the spectral bandwidth of about 0.13 nm was a 

factor of ten less than the untuned laser and a factor of one hundred less 

than the fluorescence bandwidth. Narrower bandwidths could be obtained 

using longer Pumping pulses,. thereby increasing the number of transits 

through the dispersive element, or by using a multiple prism arrangement. 

In the short pulse case the additional losses due to absorption losses in 

the material and reflections at the surfaces, may prevent the laser reaching 

threshold. 

The maximum tuned output laser energy of 3.6 mJ was about 45!,  of the 

untuned laser under similar experimental conditions. It was necessary to 

insert a spiral of wire in the cavity to prevent wall reflections from the 

anode tube, otherwise the laser was only tunable over about 1.5 nm with a 

bandwidth of 1.8 nm. The decrease in the tuned output energy was due 

mainly to the increased cavity losses caused by the insertion of the prism. 

This was illustrated by the longer build LID time of 3.5 ns in the tuned 

laser compared with about 2.0 ns in the untuned case. The output energy 

remained approximately constant over the wavelength range of 172 to 174.5 nm 

and this was taken as an indication of saturation. 

The laser system described in this thesis has proved to be a reliable 

compact system, providing an intense source of tunable VUV radiation. One 

important application for the laser may be in the field of photofragmentation 

spectroscopy. The photons have an energy of the order of 7 eV and this 

is sufficient to break the bonds in many large organic molecules such as 

are found in plant and human tissue. The fragments nroduced may then be 

analysed and the structures of many of these molecules determined. 
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As the laser is tunable over a large range it may be possible to use 

• it for selective excitation of both inner and outer shell electrons. 	A 

second photon of a different wavelength may then be used to ionize the 

atom 
(106).  If a narrower bandwidth could be obtained from the xenon 

laser then this method of selective ionization could be investigated for 

use in isotope separation as it may be both cheaper and more efficient 

than existing techniques. 

Since the xenon laser has a short wavelength, it could also be 

employed for diagnostics of high density plasmas. A photon cannot 

propagate in a plasma unless its frequency is greater than the plasma 

frequency, co 
(72), 

 which is proportional to the (electron density)?. 

Theo.) corresponding to the wavelength of the xenon laser, occurs at an 

electron density of about 3 x 10
22 

cm
2
, approximately solid density. 

This should enable scattering measurements to be made on very high density 

plasmas which occur in laser compression experiments. 

At present there is a great deal of interest in any efficient laser 

system that might be used to study the interaction of high power laser 

radiation with solid targets, with a view to laser fusion experiments (107)  

In order to obtain output energies of hundreds of joules in pulses in the 

range of 100 ps to 1 ns from a xenon laser, it would be necessary to 

build xenon amplifiers and to obtain 'short pulses from an oscillator by 

mode locking or some other method. Xenon does not however, have the 

properties of an efficient amplifier medium, because of its high 

stimulated emission cross section (PJ10-17 cm2) and low storage time 

(1-010
8 
ns). 	The oscillator pulse would have to be synchronised with 

the gain of the amplifier, so that, the pulse arrived when the inversion 

was at its maximum. 	When a short pulse is amplified, only the energy 

stored in the period of approximately 10 ns before the passage of the 

pulse will be used in amplification and so.in this case it would not be 
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efficient to use long pulse electron beams for amplifier eXcitation.4  To 

date a method for mode locking the laser has not been found. 'fork is 

being carried out however, to obtain mode locked pulses at the xenon laser 

wavelength from the fourth harmonic of a mode locked ruby laser 003)  

This is generated by a 4 wave parametric process where two fundamental 

photons are added to a second harmonic photon in phase-matched magnesium 

vapour. 	These pulses may then be amplified and.this should Provide 

information on the vibrational relaxation times of the excited molecules. 

Before any large amplifier system can be designed, it will be 

necessary to determine a number of important parameters in both the gas 

and the optical materials. 	At the xenon wavelength, most transmitting 

materials absorb., a few per cent of the radiation so that at high energy 

densities the mirror and window materials may be damaged. Two photon 

absorption from valence to conduction bands may also occur in the optical 

materials so that a knowledge of two photon cross sections is necessary. 
•• 

The fluxes should be less than the damage limits of the materials. 	To 

reduce the fluxes the beam would have to be expanded and thus it would be 

necessary to uniformly pump large volumes of high pressure xenon, as any 

non-uniformity in pumping would degrade the beam quality of the laser output. 

To obtain uniform pumping of large volumes it may be necessary to use 

lower pressures of gas together with very high energy electrons. The 

coaxial electron beam diode which has been described, will be important in 

such amplifiers as it effectively irradiates the gas from all sides. 	It 

is possible to build much longer diodes than those.  used in the construction 

of the oscillator; a 50 cm long diode has been designed to operate with a 

Febetron 705 electron beam generator. In order to make a long diode, the 

impedance of the excitation source 'should be low as the diode impedance is 

inversely proportional to the length of the diode. 

The successful operation of the xenon laser has shown the feasability 
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of using molecular transitions from stable states to dissociative levels 

and the possibility of direct pumping using relativistic electrons. 

Effort is now being concentrated on the search for dissociative transitions 

which will lead to efficient laser action in the visible region. 	The 

coaxial beam diode will probably become a widely used excitation source 

in the search for these new media, since although direct electron beam 

Dumping is theoretically less efficient than sustained discharges (109) it 

will probably continue to be widely used in pumping high pressure gases, 

as discharges have not been successfully used for excitation of lasers 

which involve electronic transitions. 
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3 nsec laser pulses, of bandwidth 1.3 nm, are obia.-ined from a 10 J, 600 keV coaxial diode electron-beam pumping 
arrangement. Uniform pumping, with a well defined cylindrical geometry, facilitates experimental investigation of 
the laser parameters. Gas heating limits the laser repetition rate. While mirror damage at present limits the peak power 
to 1 MW, higher powers seem.  available. The addition of helium results in a drastic reduction of peak molecular xenon 
fluorescence. 

• - 
To date quasi-molecular vacuum ultraviolet lasers 

have employed trar,sverse pumping of high-pressure 
xenon [.1-5], krypton [6], argon [7] or noble gas • -
mixture [6,8] by relativistic electron beams. Apart 
from the work described in [5], the electron-beam 
sources employed for laser pumping delivered several 
hundreds of joules in pulses of duration — 50 nsec, 
or longer. With such long pulse excitation premature 
termination of laser action occurs [2,3] and the over-
all laser efficiency is < 1% despite a potential fluores-
cence efficiency of 10% [1,9]. To obtain an effi-
cient and convenient laser system with short duration, 
low energy pumping and capable of peak powers ex-. 
cteding 1 MW, we have designed and constructed a 
coaxial diode, electron-beam arrangement. Also with 
Uniform pumping of a well-defined cylindrical geom-
etry, investigations of the laser parameters are more 
easily carried out than in the case of transverse pump-
ing systems, In particular, because the pumping pulse 
duration (2.5 nsec) is shorter than the fluorescence 
lifetime of the xenon molecular dimer, at the vim 
pressures employed [9], laser and fluorescence kinet-
ics can be studied. 

The experimental arrangement is shown in fig. 1. 
The coaxial field emission diode consists of a thin-
walled (-- 70 pm) stainless steel tubular anode, of 

4 nun internal diameter, maintained at earth poten- 

ANODE 

Flg. 1. Details of coaxial diode construction. 

tial. The anode, which is also the container for the 
high pressure laser gas, is concentric with a cylindrical 
field emission cathode. 10 J, 600 keV, 2.5 nsec pulses 
are produced by a Marx bank and Blumlein switch 
circuit. Both electrodes are contained in a glass enve-
lope, which is evacuated by continuous pumping to a 
pressure of — 2 X 10-5  torr. One laser mirror is 
sealed into the unsupported end of the anode tube 
and the output mirror, on a kinematic mount. is sup-
ported inside the xenon reservoir. The output beam 
is transmitted through a BaF, window into a vacuum 
for intensity and spectral measurements. 

The diode was designed for use with a Febetron 
706 pulse generator (Field Emission Corp) which has 
a load impedance of 601.2 (10 kA. 600 kV). The tube 
radius is determined by the range of the electrons and 
hence by the gas pressure. For 600 keV electrons at 
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• 

10 ktorr, a tube of 4 mm diameter gives uniform 
pumping. The cathode which has a diameter of 3 
cm and a length of 7 cm, was constructed from tita-
nium sheet, perforated to produce an array of spikes. 
The distribution of pumping energy over the inner 
surface of the anode tube was measured using cello-
phane dye dosimetry [10]. The microdensitometer 
tine of fig. 2 shows a variation of less than 10% in 
dose along the tube. Because of end effects, the 
pumped length exceeds the physical length of the ca-
thode. The energy entering the gas was measured ca-
lorimetrically with a thermopile and found to be 
P-5 J. 

The anode tube was evacuated to 10-4  torr by a 
mercury diffusion pump. Liquid-nitrogen cold traps 
were used on both the diffusion pump and the rotary 
backing pump. The xenon (B.O.C. Research Grade) 
was frozen in a high-pressure bomb by liquid nitrogen 
and pumped to < 10-4  torr to ensure that impurity 
concentrations were < 1 ppm. The bomb tempera-
ture was maintained < 0°C while the tube was filled 
to the working pressure of 10 ktorr. This helped to 
reduce the water vapour partial pressure. With these 
procedures stimuLted emission intensity measure-
ments could be reproduced to ± 5% and laser output 
was maximum. 

Two combinations of mirrors were employed in 
the optical cavity. Megawatt powers were obtained 
with a spherical mirror of one metre radius of curva-
ture and a plane mirror with a 1.4 mm diameter hole 
for output coupling. Both mirrors had Al:MgF, max-
imum reflectivity coatings. Better results were ob-
tained with two plane mirrors, one of which had a 
transmission of —  8%. In both cases the mirror separa-
tion was 22.5 cm. Mirror damage at present limits the 
peak power to — 1 MW. By employing multilayer di-
-electric mirror coatings [11] or prisms, higher work- 

- ing powers should be possible. 

PUPATING 	 POSITION OF 
DOSE 	 CATHODE 

DISTANCE (cm.) 

Fig. 2. Microdensitometer trace of cellophane recording of 
electron energy deposition, showing uniformity along anode. 
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The laser spectrum was recorded in a 1 metre nor- • 
mal incidence vacuum spectrograph, with a 600 lines/ 
mm grating. The microdensitometer traces of fig. 3 
clearly show the considerable spectral narrowing pro-
duced by the mirrors. The laser linewidth is — 13 A 
when account is taken of the absorption lines on 
either side of the peak. The full height of the spectro- 

Fig. 2. Microdensitometer traces of spectra (1 metre normal 
incidence spectrograph) recorded with (a) no mirrors, (b) sin-
gle high reflectivity plane mirror (double transit), and (c) 1 
metre radius of curvature mirror and output plane mirror 
with 1.4 mm diameter coupling aperture (both mirrors high re-
flectivity). Spectral resolution of (c) is < 1 A. 
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graph slit is illuminated when only one mirror is em-
ployed or when the output mirror of the laser resona- 

t. 	for is misaligned but only a 1 mm length of the slit 
(placed 35 cm from the output mirror) is illuminated 
by the laser beam. The 'beam cross section was record-
ed on SC7 film (Kodak—Petite) at a distance of I 
metre. With the hole-coupled resonator an annular 
beam of 6 mm diameter was obtained, corresponding 
to a beam divergence 4— 5 mrad. As expected, a cir-
cular beam of slightly better divergence was produced 
with the semi-transparent mirror. 

Pulse duration and output power were measured 
using a solm-blind ITT FW 4115 photodiode and a 
Tektronix 519 oscilloscope. A typical oscillogram ob-
tained at a xenon gas pressure of 10 ktorr is shown in 
fig. 4. The pulse duration is 3.5 nsec. At this pressure 
the fluorescence lifetime is — 7 nsec [9]. Output 
powers in excess of I NIW were measured using the 
manufacturer's calibration of the diode, assuming 
that the quantum efficiency is constant at wave-
lengths shorter than 230 nm. These powers corre-
sponded with the output energies obtained from a 
thermopile (Laser Instrun.entation Ltd) enclosed in a 
vacuum chamber. To eliminate errors arising from 
electrical noise, the thermopile readings were com-
pared with those recorded when the vacuum chamber 
was at atmospheric pressure. To prevent saturation of 
.the photodiode, the laser radiation was attenuated by 
a known pressure of oxygen contained in a 14 cm 
long cell. Since at megawatt powers saturation is be-
ginning to occur and could influence the observed 
laser intensity profile, we confirmed that the oscillo-
grams did not change in shape with a variation of 
X 10 in laser power. 

To maintain high laser powers it was necessary to 
allow — 20 minutes to elapse between firings. We 
have investigated possible reasons for this effect. Fig. 

. 	Fig. 4. Oscillogram of laser output. Time-scale 5 nsec per ma- 
- jot division.  

30 60 90 120 150 180 
TIME (secs) 

Fig. 5. Variation of fluorescence intensity from coaxially ex-
cited xenon at 6 ktorr pressure. Points on graph represent 
consecutive firings of the electron beam source. 

5 shows how the fluorescence intensity changes with 
repetitivezumping at the maximum rate (permitted 
by the power supply) of 2 pulses per minute. If the 
delay between the first and second firings was in-
creased to 5 minutes, the intensity reduction was 

10%. We have calculated that the instantaneous 
rise in temperature of the xenon is — 700°C and that 
the steel tube temperature increases by 30°C after 
thermalization with the xenon gas which occurs after 
a few seconds. Absorption by unbound ground-state 
xenon molecules increases rapidly with increasing 
temperature [12], and consequently eas heating would 
be expected to strongly affect both fluorescence and 
laser intensities. The thermal time constant of the 
anode tube is estimated to be — 10 minutes. which 
would explain the long recovery time of the laser. 

An increase in xenon fluorescence efficiency by 
the addition of helium was attributed to cooling ef-
fects, by the authors of [8]. However, adding partial 
pressures of 4 ktorr and 8 ktorr of helium (B.O.C. Re-
search Grade) to 5 ktorr of xenon in our system. re-
sulted in both cases in a reduction of peak fluorescence 
by an order of magnitude. Since the results quoted in [Si 

.were obtained with a Febetron 705 which produces a 
50 nsec pulse, we repeated our measurements with 
the *same type of electron beam source. In this case, 

337 

WO 
AID 



Volume 11, number 4 	 OPTICS COMMUNICATIONS 	 August 1974 

• 

with partial pressures of 5 ktorr xenon and 4 ktorr he-
lium, and increase of 10% in fluorescence was re-
corded, in agreement with [81. We are investigating fur-
ther the role of helium. 

Finally, we measured the amplified spontaneous 
emission when the high reflectivity mirror at the end 
of the coaxial anode tube was covered and the output 
mirror was removed. By comparing this intensity .with 
that produced with one mirror we obtained a value of 

0.25 cm-1  for the nett gain. The spectral narrowing 
would indicate a gain coefficient of -- 0.7 cm-1, if ab-
sorption is ignored. 

With its low pumping threshold, this coaxial elec-
tron—beam design provides in a compact form a high 
power VUV laser. The gain is sufficient to allow prism 
tuning and by employing other gases convenient tun-
able lasers covering the near VUV spectral region 

, should be possible. Because of its well defined geom-
etry the system has advantages for studying kinetics, 
and the atomic and molecular processes involved in 
quasi-molecular dissociative ground-state lasers. 

Financial support from the Science Research Coun- . 
. cli and UK AEA Culham Laboratory is also acknowl- • 

edged. 
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High efficiency spectral narrowing to 0.13 nm and frequency tuning from 169 nm to 176 nm has been produced with a 
new design of coaxial-pumped xenon laser employing a single intra-cavity prism. The laser peak power is 3 MW (9 mJ) and 
becomes 0.7 MW (power density 10 MW cm-2 ) when frequency narrowed. 

We recently reported the achievement of megawatt 
power from a high-pressure VUV xenon gas laser 
pumped by a 10 J pulse of 500 keV electrons in a 
new coaxial-diode arrangement [1] . It was pointed 
out that in this system the laser gain was sufficient to 
allow intra-cavity prism tuning. We now wish to re-
port efficient spectral narrowing to a bandwidth of 
0.13 nm and continuous tuning from 169 nm to 176 
nm, with an increased overall efficiency. To produce 
this first narrow-band tunable VUV laser it was neces-
sary to redesign the laser diode and the associated 
high-voltage power supply. 

The coaxial diode arrangement is shown in fig. 1. 
Compared with the first design [1], both ends of the 
thin-walled stainless steel tubular anode open into 
high-pressure chambers which contain the laser opti-
cal elements. The concentric cathode was extended to 
a length of 10 cm with an internal diameter of 3.5 cm. 
The Blumlein circuit of the Febetron 706 pulse gene-
rator was modified to produce a 5 ns pulse of 500 kV 
electrons. When the anode and the end chambers were 
filled with xenon at a pressure of 10 ktorr uniform 
pumping was obtained over a 14 cm length. Calorim-
eter measurements showed that a total energy of 10 J 
was transmitted through the 70 pm thick anode walls 
corresponding to the deposition of 5.5 J/cm3. (Anode 
internal diameter was 4 mm.) A minimum interval of 
15 minutes between shots was necessary to allow the 
gas to cool to room temperature. The procedures for 
purifying the gas and filling the system were the same 

TUNING 
	

BaF2 
PRISM 
	

ETALON 

Fig. 1. Coaxial diode with tuning elements. 

as reported in ref. [1] . 
The laser resonator reflectors consisted of an Al: 

MgF2  coated plane mirror*  with —85% reflectors and 
a BaF2  single-plate resonant-reflector with an effec-
tive reflectivity of —20%. The optical cavity length 
was 25 cm. When these two reflectors only were em-
ployed an output laser energy of 9 mJ in a 3 ns pulse 
was obtained, corresponding to a peak power of 3 MW 
and an efficiency of —0.1%. The pulse duration was 
measured with a solar-blind ITT FW4115 photodiode 
and a Tektronix 519 oscilloscope and the pulse ener-
gy with an evacuated thermopile (Laser Instrumenta-
tion Ltd). The measurements were reproducible to 10% 

* Supplied by Matra Seavom. 
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Fig. 2. Output spectra of VUV xenon laser showing frequency 
narrowing and tuning. The spectrograph plate was moved verti-
cally between recordings and the tuning prism rotated. 

over many shots showing the excellent reliability of 
the laser. At these high output powers the surface of 
the BaF2  etalon suffered damage but the Al:MgF2  
mirror appeared to be unaffected. (In the first coaxial 
laser the high reflectivity Al:MgF2  mirror was damag-
ed at a peak power of —1 MW. The use of a low reflec-
tivity resonant reflector for output coupling reduced 
the peak power inside the cavity). Beam divergence 
was determined from burn patterns on exposed SC7 
(Kodak-Pathe) film. A half-angle divergence of 'H 
mrad was calculated. The amplified spontaneous emis-
sion was measured when the resonant reflector was re-
moved. By comparing the intensities when the high 
reflectivity mirror was aligned and misaligned, respec-
tively, a value of 0.25±0.02 cm-1  was obtained for 
the nett gain, in good agreement with the measure-
ments reported in ref. [II . In the coaxial system of 
(1) —5 J of pumping energy was deposited in 2.5 ns in 
an anode length of —8 cm, so the pumping energy 
density was practically the same in both cases. The in-
crease in laser output energy from 3 mJ to 9 mJ, corre-
sponding to an increase in efficiency of 50%, then arises 
mainly from the increased length of the active medi-
um and the doubling of the electron-beam pulse dura-
tion to 5 ns. 

With this increase in total gain considerable frequen-
cy-narrowing would be expected. A fused quartz prism 
(Spectrasil B) was employed as the intra-cavity dispers-i 
ing element. At the operating wavelength of the xenon 
laser (-172 nm) the angular dispersion of a prism is 
comparable to that of a grating of the same area [2]. 
Also a prism is less susceptible to damage and has smal-
ler losses. The 60°  prism (dispersion —3 X 10-3  nm-1) 
was mounted with the Al:MgF2  mirror on a common 
base on a rotating table. The prism edge was adjusted 
parallel to the mirror surface and the axis of rotation 
was in the same direction. Alignment was carried out 
with a He—He laser at 632.8 nm and the table was ro-
tated through the calculated angle necessary to produce 
a resonator operating at the VUV wavelength with the 
same output reflector. Rotation of the prism was ob-
tained by a drive operated through a seal capable of 
operating under both high pressure and vacuum condi-
tions. 

The laser spectra were recorded on SC7 film in a 1 
metre normal incidence vacuum spectrograph. Fig. 2 
shows 3 typical spectra at 170.0, 172.3 and 174.1 nm. 
Microdensitometer measurements (fig. 3) showed a 
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0.16nm 

169 	172 	175 
WAVELENGTH(nm) 

Fig. 3. Microdensitometer trace of spectra of fig. 2 showing a 
recorded linewidth of 0.16 nm. After allowing for the spectro-
graph resolution a laser linewidth of 0.13 nm is calculated. 

recorded bandwidth of 0.16 nm. Deconvolving the in-
strumental resolution of 0.08 nm gave a laser band-
width of 0.13 nm. There is thus a spectral narrowing 
by a factor of 100 from the —15 nm fluorescence 
bandwidth [3] and by a factor of 10 from the untun-
ed laser bandwidths of 1.3 nm [1]. 

The complete tuning range is shown in fig. 4. The 
wavelength scale was calibrated employing the 184.9 
nm line of Hg I and the known dispersion of the 
spectrograph. The laser energy at each of the marked 
points on the curve was measured with the thermo-
pile. Each point is an average of 3 shots and the varia-
tion between shots was —10%. The peak power, at the 
centre of the tuning range, was 0.7 MW giving an out-
put power density of 10 MW cm-2 . The tuning range 
was also confirmed by photographing the spectra. It 
was possible to tune continuously over the entire 
range of 7.3 nm from 169.2 nm to 176.5 nm. No dam-
age to the laser components was observed after more 
than 100 shots. 

This high-efficiency spectral narrowing and wide 
tuning range was only achieved when near grazing in-
cidence reflection at the inner walls of the anode was 
eliminated by inserting a wire spiral of the same diam-
eter as the tube. The grazing incidence reflectivity of 
metals is high and wall reflection will increase the 
beam divergence and prevent frequency narrowing by 
the prism. When the spiral was removed the laser band-
width broadened to 1.3 nm and it was only possible 
to tune over —2 nm centred at 172 nm. 

Prism tuning of a low power-density (10 kWcm-2), 
transversely pumped xenon laser over a range of 5 nm 
has recently been reported [4]. However, the laser 

169 	171 	173 	175 	177 
WAVELENGTH (nm) 

Fig. 4. Tuning efficiency curve of xenon laser. 

bandwidth of 1 nm was only a factor of X 2 narrower 
than that produced by the untuned laser and the over-
all efficiency of the laser was low. 

The peak power of the coaxial xenon laser is com-
parable to that obtained from high-power flashlamp 
pumped dye-lasers [5] while the tuning range (>2500 
cm-1) is considerably greater. There seems no reason 
to prevent narrower bandwidths being achieved with 
multiple-prism arrangements. It is likely that these 
new tunable-frequency VUV lasers will play a revolu-
tionary role in VUV spectroscopy and photochemistry 
similar to that which dye lasers are now playing at 
longer wavelengths, particularly if frequency narrow- 
ing and tuning is obtained with krypton [6] and argon 
[7] operating at even shorter wavelengths. 

We are pleased to acknowledge the skilled technical 
assistance of Mr. A. Johnson in the construction of 
the laser cavity. 
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