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ABSTRACT
The molecular fluorescence from hizh pressure (>1 Xtorr) xenon,
excited by a 2.5 ns pulse of 0.5 leV electrons has been investigoted and

a pressure dependent decay rate was observed.

.The design and construction of a coaxial eiectron'beam diode,
devised to achievé 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 pouers of the order of 4 iV, The conversion
efficiency from electron beam energy to laser energy vas 0.3%.

Using a prism as the dispersive element, the laser spectirum

-

narroved from 1.% to 0,17 nm and the laser was continuously tunable from

169,2 to 176.5 nm. The peak energy obtained was 3.6 nillijoules.
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CHAPTER ONE

INTRODUCTICN

A 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 comnercially available electron gun has been

developed.

(1)

'It was recognised by Houtermans in 1960, that transitions {rom
bound molecular states to loosely bound states could be used to obtain
lasger 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 atiractive features with regard to laser action. Firstly,

if the final state votential 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 speciral ranse.

The idea of using xenon to achieve &écuUm ultraviolet (VUV) laser
action was put forvard by Basov (2) in 1966. In xenon, the ground
molecular state potential is repulsive (except for a weak van der Yaal'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 molécule may result.
Transitions from such bound stateé to the ground state produce a broad

(4)

continuous emission spectrum in the wavelength region of 170 nm .

The structure and formation of the xenon molecule are discussed in



Chapter 2. An undersiznding of some of the processes involved in the
interaction of high energy clectrons with xzenon wao gained by studying
the fluorescence from high pressure x=enon, and these results are reported

in Chapter 3.

Some of the difficulties in extending lasers to short wavelengths

(5)

vere discussed by Schouvlow and Townes . One fundanmental difficulty

they pointed out, wes that the svpontanecus eriited power increased

Fal

repidly with increesing frequency,) , (decreasing vavelength) with at

least a V 4 dependence. Also, with zenon, the broad band emission

spectrmum results in a decreased intensity per unit frequency, so that fo

el
(

obtain & high gain, a large inversion is reguired. Thus a high pover

pumping scurce, capable of execiting transitions with enerzies preater

.
than about 10 eV is required. Basov et al, (6)

proposed the use of
high current beams of relativistic electrons, ard uvsing a bean of 1 lieV

sy . . -2 . P S)
elecctrons, with a current density of about 300 A.cm — in e mulse of 10 8

they obtained the first evidence of laser action in liquid xzcnon, at 176 nnm.

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 becausg they exist in the gaseous
state at room temperature and also because of the imvroved optical
homogeneity over the liquid state. Electron beams with enerzies in the
fange 0.5 to 2 MeV and with total beam energies from less +than 10 J to
nany kilojoules delivered in a pulse of duration of 3 to 100 ns, have been
vsed as excitation sources, most of the work having been carried oub
vith high energy long pulse beans, These have enabled laser action in
gaseous xenon (7) at 172 nm, krypton (&) at 146 nm, argon (9) at 126 nn,

(8) (10)

and in noble gas mixtures to, be obtained,.



In the work described in this thesis, electron beon enersics of

the order of 20 joules in pulses of 5 no verc used vwi

th electron cnergies

of 0.5 cV, In order to utilize the cnergy efficiently a conxial

electron beam diode was desigmed and constructed, as
?

Chapter 4, This mew pumping arrangernent was used inctead of the

transverse peometry wsed in other laboratories and enabled a conmvact

tunable zenon.laser to be developed.. The vareneter

are outlined in Chavters5 and 6.. Optimum pressures

of such a laser

vere obtained experinentally and an estimate vas nade of the neak qain,

¥

The effects of gas heating and saturatio

are discussed and netheds of reducing the sos tempere

[1ael

[A)
ki

laser energy was eztracted over a narrower bandwidih
case, and tuning over part of the broad fluorescence

observed,

In the final chapter, the exverimental resulis
are discussed and voesible uses Tor the xenon laser
feasability of obtoining higher enerzies and vovers

anplifiers is exanined briefly.

1 on limiting the laser output

ture were investicet

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

than in the untuned

spectrun vas

vhich were obtained

are suggzested, The

using xenon

ty

L'.‘



CHAFTIR TVO

Tl STRUCTURE AVD FOWIATICH 0F TIE ZONION NCLEZCULL

In the search for nev light sonrces for absorntion spectroscony in
the VUV (vhcuam wltraviolet ) nany studies have been nede of the enissions

to o grenter understanding

from the noble geses, and these have contrihuted
of the structurés of the noble gases. Hmi
venon and all the lishter noble
provide continuous sources of radiation covering almost <

(13)_

from 60 to 200 nm

In this charter, the form of the fluorescence from Zenon is outlined
and the siructure of the xenon molecule is discussed briefly. The

deposition of high energy electrons (enercies of the order of HcV) in

high pressure xenon (greater than 1 kiorr) is conzidered, and an estinate
nade of the distribution of energy between the excited states and the ions,

Finally various mechanisms that have been proposed for the Tormation of
excited xenon molecules are cxamined.- Although the following discussion
relates specifically to xenon, many of the results are appiicable to the

other noble zases,

2.1 THE STRUCTURZ OF THE XEION HMOLRCULE

The fluorescence spectrum of xenon is dependent on gas pressure. At
pressures of less than 1 torr the two xenon resonance lines et 129.6 and

(14)

147.0 nn ere observed Then the pressure is increased to a few
torr the 129,6 nm line broadens on both sides by less than 1 nm vhile
the 147,0 nm line broadens considerably towards longer wavelengths but
only a little towards shorter vavelengths. The broad continmvum consists

of two parts, mowm as the first and 'second continua. The {irst

continuun sterts at the 147,.0 nm resonance line and falls off groduwally

4



in intensity towards the red, it is dominant ol pressures of less than
-

about 50 torr. £t higher pressures, the intensity of {the second

continuum increases, with a broad symmetricel maximum at about 165 un, with

4 (15) at

only this second continuvm being obszerve pressures of
2

greater than a few hundred torr,

The main Ffeatures of the radiation mey bpe exrlained by reflerence to

(3)

the analysis of Hulliken . ig 1 shows some of the relevanit states.
of xenon. he ground state of the wenon molecule is rerulsive, cxcept |

for = weak van dexr Waal's force, as the ground state atoms are

. s . 2 _ 6y 1
characterized by the closed shell struciure (...53 5p ) S The

O.
e . 6 _ e e e o
excitation of one of the 5p  electrons in the atons to the first s

. . s . w205
orbital results in the configuration ...5s 53)

(=)
]

s which gives rise to

3 1 .3 . . .
fovr states : 3P1, P2, P,, end DPO. L-53 courling notation is used,

although in xenon the coupling is J-j with the spin-orbit interaction of
the five fp! electrons very large conpared with the spin-~spin interaction
betwveen 6s and 5p5. This strong spin-orbit interaction is illustrated

. poge . 2 2 , . S o
by the larze separation of the “Py and "Ps levels, shown in fig 1 vhere
2 z

the energy difference is approximately 1.25 eV,

v

1 . - . .
The 3P1 and P1 states are the resonance levels which radiate to the

1SO ground state vith lifetimes of the order of 4 ns (14), and these zare
the transitions which correspond to the radiation emitted at 147.0 and
129.6 nn, resvectively. The other two levels are metastable, as

transitions to the 1SO state are forbidden because of the dipole

LI

selection rule:

63=0,Y1 and T=0< T=0

The first continuum is due to transitions from the high vibrational

levels of the 1:2: and 3:2; states to the 1:2; ground state. The two

3 3
P1 and P2

states, respectively, with the ground state atoms. _Because of the

upper states are formed in the collision of atoms in the
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strong spin-orbit interaction, Hunds case (¢) couplins
applicable, =o thot the selection rule AS = 0 is less strictly obeyed
end triplet to singlet transitions nay occur. Bvidence for the

ro + . © s , 1
formation of the BEEu state and its subsenuent radiating to the

(4)

state is suggested by the results of Tenalka . He observed a distinct

band enission at 14%.1 nm, vhich was broadened to the red. This

4
corresponds to the forbidden itransition JP2 to 0
is dve to transitions from the higher vibrational states of the :E'

molecules, Timpson et al. “also shoved that raliztion occurred

-

N

z
from the ):2 state and measured the formaticon rate of ‘the molecular

state.

Gedanken et al, <18) shoved that the molecular decay time for DZET

&
%3
o
3
A
}Jl
o
o
jal}
4]
o+
o
51
‘-’
o

derends strongly on the internuclear separction as th
. . A 1<+

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

approximately independent of internuclear seraration as both atonic and

molecular transitions are strongly allowed,

The second continuum results from transitions from the lover
vibrational levels of the ezcited molecule, This is sugzested by the
fact that this continuum is fevoured at higher pressures so that the
molecules which are formed in hizh vibrational levels zre relaxed to

lowver vibrational levels in collisions with ground state atoms.

As the gas pressures used in the VUV molecular xecnon 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 molecuvle were fast compared with the fluorescence
decay tine, 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.



2.2 THE DEFOSITICH OF LLECTRON LIETOY

In all high pressure xzenon loscrs reportsd to date, the zas has been

exeited by a beaznn of electrons with eneryies of the order of iieV and

[A]

current densities of the oxder of li., em -, This energy is deposited

. . - . . 1¢
in a volume smaller than that whiclh would be exrected using the C3D ( )

(continuous slo dovm eprrozimation). This is due to multivle

7
scattering of the electrons in the gas and in the foil throush vhich the
electrons enter the gas, as well as the initial angular distribution of
the eleetrons on leaving the zun. Tne range was neasured for 0.5 LieV

electrons by taking pinhole photozravhs of the fluorescence from xenon

excited by electrons from a Febetron 705 electron gun. The rance

A2

estimated from.these pinhole photographs was of the brder of one fifth
of the CIDA rance. (Further details are siven in Scction 4.3).

The primary electrons produced by the electron sun have sufficient

ner

[¢]
e

-
o)
D

energy to excite and ionize atoms, and to rretic sscondar
electrons which moy in turn have enouzh energy to excite and ionize

other atons,

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

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

(20) (21)

states, ions and secondary electrons way be determined For

an electron with initiel energy, E,

=NE +¥ B +N.E (2.1)
s R B ex ex i1 e :

LN

vhere N, = number of singly charged ions
i

Nex = number of excited atoms

E. = average energy required to ionize an atom

E;x = average energy required to exeite an atom

E; = average enérgy of the electrons with insufficient

energy to excite the gas,



The efficiency of ionization is defined as the mean cnergy, W, required

to form an ion pair, so that

W=Dk (2.2)
Ni
For the noble gases, it hes been found that ¥ is-epproximately constant (20),
I

with a valuec of about 1.8, where I is the ioniszation potential, so that

E. + N & + E_ = constent (2.3)
i ex_ex e

I H.I I
1 .

Each tgrm on the left-hand side of this equafion has been evaluated
experimentally for helium. _The valuos'obtained are considered to be
approximately correct for the other noble gases, so that an estimate
of ¥ . for xenon may be found,

ex/T, N

The value of E&/I = 1,06 was chosen, being the same as that found
for helium, This is greater than 1 as some multivly ionized atoms and
molecules are produced, .Eex/l depends on the distribution of atoms in the
excited statés, but as these excited states lie close to the - ionization
limit in xenon, the dependence on the population distribufion should not
be strong. If it is assumed that the population is distributed evenly
among the excited states, then an average value for E;X of the order of
10eV mey be used. As I is equal to 12,1 eV, then E;x/l is apprbximately
equal to 0,83, Agein, as for heliun, assuming that aporoximately 187 of
the energy goes into creating electrons which have insufficient energy to
excite or ionize xenon atoms, then E;/I is approzimately equal to 0.31.

Substituting these values into equation 2.3 gives Nex/N' = 0.51, so that
i

approximately 667 of the excited species will be in the form of ions.



2.3 PREDICYICHS OF Tiw ”LUORESC”"C“ TIRICTLNCY

It is possible to obtoin an cstimate of the movimm fluorescence
efficiency attainable from high pressure wenon excited by hich energy
elecirons. The system has an inherent efficicncy of less than 1007
because the energy required to form an ion paivr or an excited atom,
vhich eventually form a radiating molecule, is greater thaon the energy
of the photon vhich is enitied.

.It ves showvn in the previous section, that about 667 of the excited
species are in the form of ions with the remeining 345 as cxcited etons.
The average energy required to form an ion pair is aboubt 16.5 eV which is
the sum of the values of &. end E; (see equation 2.1). The average

~

energy required to form an excited aton is ahout 10 eV so that

“Hoximuwn fluorescence efficiency = Fi hy + Fez hv (2.4)
B, + 3 B
. i e ex
vhere Fi = the percentage of ions forne
o = the percentage of excited atems formed
hy =

the photon energy

Substituting a photon energy of 7.2 eV into equation 2.4 gives . an
efficiency of about 5%.. It should be noted that this is the marimum
efficiency vhich can be obtained as it assumes that each ion and excited

atom forms a radiating molecule and all loss mechanisms are ismored,

2.4 THE FORIIATION PROCESSES OF EXCITED XENON

In this section some of the processes involved in the formation of
1 + 3 + . 1 e . RN 'Beksd T
:Eu and :Eu states are discussed; understanding of all the

processes involved is still incomplete., The analysis of the interaction

10



of high energy electrons with hicsh pressure xenon, given in Sceiions2.3

o

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

mechanisn for the removal of the atonmic ion is the 3-body »oaction:
+ . . ok
Xe' + 2%e = e, + Xe (2.5)

in which the third body is required to conserve enerzy and mormentum, The

(22)

rate for this reaction wos neasured by Smith et al. to be

-3 6 - R .
3.6 % 10 D1cm.s L go that at a pressure of about { lterr 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 ave removed by the process of dissociative
reconbination
+ 33 .
Xe2 +e = Xe + Ze (2.6)
where Xe is some excited state of the aton

This process was first prorposed by Bates (23) to account for the fast
ionié reconbination observed in some species. It cccurs as a result of
a radistionless transition {o an unstable state of the molecule in which
the constituent atoms move apart and zain kinetic energy vnder their
‘mutnal repulsion so that neutrzlization is pernanent. The reaction is
best illustrated by consideration of a typical energy scheme shovm in

fig 2.

11



POTENTIAL ENERGY

NUCLEAR SEPARATION

Fig 2

vhere r, = equilibrium separation-
r, = stabilisation point
r, = separation for which the overlay intezral is a
maxinum

The reaction occurs at a sevaration, T when

Vg« (rc) - VAB+(rC)=a | (2.7)
where ¢ = energy of the incident electron

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

. . *%
are a number of unstable states of Xe2 intersecting the potential
.x. .X.
energy curves of Xeé+. (Xe2 denotes a highly excited state of the

xenon molecule.)

12



“

In xenon, the rate for reaction 2.6 has been neasured by Lennon

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

IR -1 e O P .
2= 10 cm?s at 3007°K, The rate cocoifTicient is elcetron temperature
(26 ) -0, )
dependent, the dependence beins given theoletically by Te A
. ” ""Ot 67 - .
temperature denendence of Te for arzon has been neasured
. 2
cxperimentally ( 7).

The binding energy of Ze.' is about 16V whereas ih averase cners
of the subexcitation electrons is of the order of 3.8 eV (EG/I:;O.Si),
so that any collision between an electron and a2 molecular ion results
in dissociation of the nolccule. . Por disgociative recombinction to
occur, the electrons nmust be thermalized althouzh the orxtinmun electron
energy for reaction 2.6 is not lmown, as it cerends on the form of the
't 10 nocontlal curves vhieh cross, end on ithe vibrational verninerature of

the molecular ion.

Various processes have baen nrorosed for thernalizing the electrons
- - . =3

At the high initial electron densities vroduced by the exeitation source
electron—~electron collisions produce a Boltzmann energy distribution.
The high energy electron in the tail of the distribution losc cnersy
through inclastic collisions as they have sufficient energy to excite
end ionize atonms. At energies of the orderVOf 1 eV, however, elastic
cooling in collisions with xenon atoms becomes dominant, Lorents and

(23)

Olsen calculated the rate of cooling of an electron with an initial
énergy of 6 eV, by collisions with atoms. They found that the cooling
rate was fast dowvn to about 1 eV, due %to inelastic collisions doninating,
and then decreased at lover electron energies as elastic collisions

becane the predominant loss mechanism, Davidenlo et al. (20) proyposed

that collisions with van der Waals molecules may also he an imnortant

thermalization process in xenon:

e+ Xe, — Xe + Xe + e (2.8)

13



Dissociative recombination occurs to excited states of the xonon

R

> .
aton which lie above the “P, and P, levels which form the radiating

2 1
. . L. LZ0) .
molecules, This has been investigated by IMromshold and Diondi ( ) in

-2 .
both argon and neon and they found that the T states vere populated by

. . . . . - <4 -
dissociative recombination oi Ar2 and He

s 2 . s .
true for xenon then the Pp stetes are linked radiatively to the "

souming that this is.also

N
+
3
e
¢

ard P stotes, so that

i
Xe*w (ZPn) = Xe% (3P2 or DP1) + hV (2.9)

The radiative lifetimes for the transition have been neasured by

31 < 52 .\ n R
Allen et al, (9 ) and Verolainen el al, () ) to be of the orxrder of 55 ns. .

1=

ision

35)

w0

The destruction of atoms in the highly execited states in col

N

o

i

with electrons or ground state atoms has been observed by Fhelps

=]

neon, The cross—scciion for the eleciron-induced decay vias about
14 2

-1 - , . . . ..
10 3 to 10 cn, whereas for collisions with atoms, the croas-scctions
were of the order of 106 smaller. The electron induced recactions vere

A ' 205
incorporated in the models of Ceorze et al. (54 and Fournier et al.(j))

to sccount for the behaviour of the fluvorescence from high pressure xenon,

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

will be effectively vopulated by dissociative reconbination, as any levels

vwhich lie above will be re-ionized by the Hornbeck-llolnar process (36):
|
n¥
Xe  +Xe=Xe, +e (2.10)

The two molecular states, 125: and 322: are forned in the 3-body reaction

3¥*

¥*
Xe + 2¥e = Xe, + Xe (2.11)

As discussed in section 2.2, both states can radiate to the 1:2; ground

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

A S = 0 holds less strietly.. )

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

14



R} . N

early studies on the interaction of high enersy electrons with xcnon,

. . va s 7) \35 . .
asswed only & singsle radintive decay rote (57) (5 and formation vate.

Recent resulis indicate that {two separate rodiating levels nay be important

(39) (40)

in explaining the exverinental resulis

Different fornation rates for the molecule hove been measured.

41 + : -52 6 -1
Preeman et al. (41) obteined a value of (1.5 = 0.7) x 107°° cnLs
( . -52 6
wihilst Timpson ev al. (17) measured & rate of 7.2 x 10 2 ci, 1, ™

-

observed in the exnerinent of Treenan et al. is unceritain, Since they

excited the gas by using the 147.0 nm line of xenon, it is vrobable that
3 1. 4 . 2 £ ER| 1 :+ -

the radiation emitted was due to tronsitions from the EE level,

o (42)

S
. Ve . . , . ¥
Boucique ot neasured the foxmation rate of Ze to be

o
- 6 -1 ' . .
2,5 x 10 2 Cil.S . Prom the experimental resulis obtained in the
R . - . - — + -\ "‘,’)2 -
research rerorted here (sce Chapier 3) a valve of (3.0 = 0.3) = 10 cot. S

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

of two levels

The zenon molecules are formed in hirh vibrational levels and at high

pressures are relaxed quiclly to lower vibrational states by collision

with ground state atons:
ez*(vi) + Le = Xe2*(vf) + fe + AB (2.12)
where Xe2*(vi) and Xezf(vf) denote the molecules in the initial
and final vibrational states, respectively,
AE is the energzy carried away by the ground state atom.

From the results of Fink et al.(4)), the rate constant for vibrational

relaxation out of the initial levels is aprroximately 6.6 x 10710 Tf—1cmesf1
For a lifetime of the order of 10 ns, and at a vressure of 10 kitorr, 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 'guasi molecule!
gquickly dissociates to form two ground state atoms:

b

Xe, =Xe, + hV'=Ze + Xe + hv (2.13)

The regetions discussed in this section are sumnarized in Table 2.1

TABLEG 2.1

FOZIATION HMECHANISHS OF XENOW

e + Xe = Xe+ + 2e
e + Xe = Xew + €
Xet + 2Xe = "e2+ + Xe
X02+ + e = Xe.N + Xe
*% +*
Xe' + e (or Xe) = e + e (or Xe)
Xe = = Xe + hV
Xe + Xe - X92+ + e
x %
Xe + 2Ze = Xe2 4 Xe
Xe, (v.) T Xe, (vp) + X E
e2 vi+Xe = Xe2 vf+e+A
N 4
Xe2 = .Xez + hV = 2%e + 1V

16



CHAPTER THIEE

EXPERTHMENTAL STUDIES OF FLUORESCEHCE

Most of the early studies in xenon were carried out to obtain a
vacuun ultraviolet source and were concerned only with the srectral
analysis of the output radiation from discharges at subainospheric

(4). (1)

pressures lore recently the temporal dependence of the
radiation from xenon at pressures up to about 25 kitorr with a time
resolution of the oxrder of nanoseconds, has been investiszated. This
has led to a greater wnderstanding of the resction mechanisms, and
together with the aveilability of reliable electron beam sources, with

clectron encrgies of the order of an keV and pulses with durations of

.. . A
nanoseconds, has resulted in the production of efficient VUV lasers (7) (**).

In thié chapter, experimental results from the fluorescence
studies of high pressure xenon are presented, The denendence of the
time behaviour with pressure was invesztigated, and estinates of the
3-body formation rate and the fluorescence decay tine of the excited
state nolecule vere made. The variation in results obtained at
different laboratories is discussed together with some of the theoratical

nodels designed to account for the discrevancies.

3.1 THE ELECTRON BZAl GENERATOR

The ezcitation source used in the fluorescence studies and in

5 (45)

éubsequent studies on the laser, was a Febelron 706 This is a
commercially available electron gun which produces a 2,5 ns (FWi) pulée
of electrons with a mean energy of 0.5 lieV and a total beam energy of
ebout 10 joules, The bésic circuit consisted of a llarx generator and
an additional pulse forming circuit, known as a Blumlein circuit, The

electron beam generation and acceleraiion occurred in a diode which was

energised by the pulse~-forming network.
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The Marx generator consisted of 15 capacitors (modules) vhich were
d.c. charged in parallel to 30 kV, and then discharged in series by
tfiggered breakdowmn of the spark gaps which.were connected across each
capacitor, Brealkdowm of the gapg was initiated by applying a 17.5 LV
trigger pulse to the first gap (the trigeer ga;), which caused the
renaining gaps to brealdoim in series by overvoltinz. The smnark zaps
vere prezsurized vsing dry air and the pressure adjﬁsted so that the
systen did not fire before the trigzer pﬁlse-vas avplied. FTor a 30°kV

chargzing voltage the spark gap pressure (module chember pressure) was

)

about 3,5 ktorr,

- . \ s s ')
As the liarz erected, a spark gap (serles gap) between the outnut
corona Imob of the ilarx and the intermediate conductor of the Blumlein
circuit, broke dowm. FYart of the enerzy stored in the iarx was

(45).

transferred to the Blumlein circuit This circuit consists of itwo
transnission. lines with the same impedance, 7, vhich for the.Febetron 706
was 30 ohms, The Blumlein discharges when the radial spark gavns breakdowvm,
and for a two way transit time the circuiti zcts like a2 generator of tvlceb
the charging voltage, with an internal inpedance, 27 (47). (The
construction of the Blunlein is described in Chepter 4), The outvut
voltase appeared across a load (th; field emission diode) which had an
impedance, ZL, equal to 2Z2. The cathode of the Febetron 5510 diode,

which was used in the fluorescence experiments, consisted of an array of
sharp spikes., VWhen the -600 kV pulse was applied to these spikes,
electrons were produced by the process of field emission. These electrons
were accelerated towards and vassed throush 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 ébout 500 keV.

The operator was protected from ionising radiztion by placing 2 mm
of lead and 2 mm of aluminium between the operator arnd the electron diode,
and by operating at a rinimum distance of 5 metres from the electron source.
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The maximum radiation dose that the bperator was subjected to under these

£y

conditions, was well within the required safcety standards.

3.2 THE EXPERTIENTAL SET UP FOR FLUORISCENCE FEASURIMIIITS

In order to study the fluorescence from xenone 1t vas necessary to
design a cavity and gas handling system which could be evacusted and then
filled to pressures up to 20 ktorr. (1 ktorr = 1.32 atmosvheres = 19.3 psi).
The cavity which was constructed for this purpose, is showm in fig 3.

The 500 keV electrons entered the gas through a thin titanivm foil. TFoil
thiclmesses in the ranse 0,025 to 0.075 mm were used (foils were supplied
by Goodfellow Netals). Titanium vas chosen because it satisfied the
requirements for both a low electron stopping vower and a high mechanical
‘strength. The foil was fixzed to 2 stainless steel suprorting ring,
using Araldite epoxy resin, and was cured by baking at 15000 for 1 hour.
It was then supported on the side open to the aimosphere by a stainless
steel plate in which a 30 mm by 6 mn slot was cut, to allow elecirons to
enter the cell, The foil Supporting ring was held firmly azainst a
silicone O-ring, in order to make a sezl. The system vwas tegsted for
leaks and strength, to at least 5% above the méximum working pressure,
.using compressed air, The mexinum safe working pressure under the
prevailing exéerimental conditions was found tc 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 stai;less steel'gas connectors (Zrmeto
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
systen,
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The gas pressure was measured to an accuracy of t 0.2 ktorr, using
a gauge, which wvas calibrated in the ransze 0.5 to 50 ltorr. The
pressure of the xenon-in the cylinders, supplied by The British Oxygen
Company, was approximately 10 ktorr in a volume of zbout 1.5 litres, so in
order to fill the system to pressures greater than the cylinder prcasure,
the gas was transferred to an evacuated hich pressure crlinder of volume
100 mls (Hone'instruments) which had been tested by the manufacturers to
260 ktorr. This latter cylinder was surrouvnded by liguid nitrogen, so
that when the B.0.C. cvlinder waé connected and opened, the cas vas

transferred {o,and frozen in-+the hizh pressure bomb (1iduid nitrogen
tenperature: 77°K, freezing point of x=enon: 161°K)_ ""his technique
of freezing the gas was also used to recover the gas from the cavity.
Vhile the xenon was frozen, voltatile contaminents such as oxygén and
nitrogen were removed by evacuvating the systen with the high pressure
cylinder valve open. Repeated re-distillation of the gas further
purified the ¢9,99¢7° Grade-X xenon and also allowed the same gas to be

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

the pressure inside the high pressure cylinder,
L

~ The cavity was pumped to about 10-'-2 torr, using a rotary pump
(Edwards High Vacuum ED 50), and fﬁen purged with zenon. The pressure
was monitored on a Pirani gauge (Bdwards High Vacuunm MSC;2). The xenon
was then slowiy 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—z compared with the current density

close to the anode-foil of about 5 ki cm 2.
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Because of both the distortion of the foil a2t pressures greater than
T60 torr (1 atmosphere) and the thiclkmess of the plate used to rctain the
foil, the line of sight for viewing the flgorescence was about 2 mm from
the input foil. At high pressures, vhere the electron range was a few

millimetres, the region of meximum excitetion 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
tronsmittance at 170 nm, and its resistance to damage by ionising

(48)

;adiation The windoﬁ‘was % mm thick and 1.3 ca in diameter, and
it was clanped near its edge, between 2 Viton O-rings, giving a useful
diameter of 8 mm, The ratio of the thiclmess to the open diameter °*
vas 0,375, so that the safe working pressure, as given in the Harshaw

(49)

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

3.3 THEITORAL STUDIES O FLUORESCEICE,

The barium fluoride window was connected by an evecuated pipe to a
fast photodiode (supplied by Instrument Technology Ltd). The vhotodiode
had an. 3,20 photocathode and a quartz window of high transmission at the
wavelength of interest. - It was cglibrated at 280 nm using the second
harmonic of a laser-pumped dye laser and with an anode votential of 5 kV,
it was found that a current of 2 A could\be drawn from the photodiode
vithout saturation; in practice a maximum current of 1.6 A was employed.
?he 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 kforr, and for pressures greater tham 2.3 ktorr the VOV 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 attenuatprs (Tektronix 125 ohm attenuators). a
‘When the photodiode line was oren to the atmosphere no signal was
recorded, indicating that the signal was in the vacuum ultraviolet,

This was confirmed by recordinz the fluorcscence spectra, as reporied in

Section 3.5.

Threc oscillograms of tke output fluorescence are shoim in plate 1
and it is evidcent that both the decay ftime and the rise time are pressure
dependent. The decay times were measured by enlarsing the polaroid
traces and plotting a graph of log I(t) acainst t, where I(%) 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

1(t) = 1(0) exp -t (3.1).
'p

yhere Tp is the fluorescenceigecay time at pressure, p. The error
in measuring I(t) increases as t increases due to the uncerteinty in
defining zero intensily and also because of the finite thickness of the
lines on the polaroid tréces. The fluorescence decay tire, Ty was
“then measured from the slope of the graph. The variation of the decay
rate, %. s with pressure, is showﬂJgraphically in fig 6. The graph is
dividedpinto 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 * and its rate of decay. In order for the true decay to

2

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 In plate 1a it is evident that the build up of the

*
2 L)
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

Tenporal Dependence of the Xenon Fluorescence

at following Xenon Pressures

() 1.5 ktorr
(L) 4.7 iztorr

(¢) 10.0 ktorr

timescale 8 20 ns per major division
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of its peak value, was measured for s nunber of fluorescence results

in the precsure range 0.6 to 3.1 ktorr. As the formation ofvexcited
molecules occurs by the 3-body reaction (equation 2.11), the rate is
proportional to (prcssure)z. The pressure dependence of the fluorescence

7

bvild up,which is a measure of the fornation rate of Xe,, is showm

2
graponically in fig 7. I+ was necessary o malze a correction to the

‘measured risetine, tm, to account for the electron pulse dureaiion, t_,

which vas anvroxinately 2.5 ns. The risetine, tr, vas debermined from

£ 5=t -t (3.2)

Clearly, values found at low presszures, where tpia tp were nore accurate
34

than those at higher precsures,

-~

At pressurcs 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 bean, (equation 5.2). The formation rate, determined from the
- , - -32 6 =1 -

slope of the graph, was found to be (5.0 = 0.3) ¥ 10777 enus . This

: ined by other woriers (70 (41)
result compares well with velues obiained by other workers .
If there are 2 distinet radieting levels with different formation rates,

then this value will be the weighted nean of the 2 Tormation rztes. At

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

pulse, the excitation energy will be stored throusgh resonaonce tranping (50)(51)

Imprisonnent of resonance radiation in gases-is due to selective
absorption by ground state atoms, At these pressures a resonance
quantum emitted in the excited volwae has a szall chance of escaning so
that transitions vhich éfe strongly allowed at very low pressures (eg the
lifetimes for 1P1 and 3P1 are approximately 4 ns (14)) appear to Dbecome

netastable 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

27
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to increase linearly with pressure (fig 6). In order to account for

*
the removal of Xe, , the existence of a quenching process in addition to

2
e vl ative donm (37)
the 1ad1at1ve decay was proposed by BLradley et al. v
*
JLGZ + n€e = 3:\:@ (3-3)

(32);)

(A sinilar Process was susy The rate

Dt

rested by Dolgoshein

B

equation for the population density of Xe then beconzes

2
an o k1n2nw - Ei - kznﬁw (3.4)
at T

AL
r-

shere n, n and H ere the muber densities of the srouwnd state

atoms, the eveiied atons, and the ereited molecules, resrectively.

X

Tp is the radiative deecay tire

2

k. is the rate coefficient for the auenching vroceas
2 - L T,

k1 is the 3-body Tornztien rate of Xe

The measured decay time,:rp, nay then be written
i _ i

o g
The graph of 1 against p gives the followinz resulis
*p
(16 2)ns, ‘k1 = (2.7 T o.3) x 10-13 cm?’s"1

from the intercept and slope respectively.

Other groups have supported this theory of gquenchinz of the excited

(38)

dimer by ground state atoms. Wallace et al. repeated the exveriments

and also observed a linear rclationship between decay rate and pressure,
but they obtaired a fluorescence decay time of (130 x 20) ns end a
quenching coefficient of 5.1 x 10713 ends™!,  Johmson et al. (53)
neasured the fluorescence decay time to be 50 ns and found a quenching

coefficient of 6.6 x 10 =13 3s o This latter group, sug-ested a
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further loss mechanizm, Penning (or mutual) ionization:

e
S

d - )'L -~ + >
Xe, + Xe, = Xe, + Xe » (3.6)
' 3* * ke -
and Xe2 -+ Xe2 = Xe + 3Xe (3.7)

The corresponding rate eguation for the decay was given by

¥ ¥ -):-2
ar - fn| -n
a7 e 3 | (3.8)

* ' -
where N is the number density of excited molecules

[y

T is the measured decay tine

o]

k., is the rate coefficient for Penning ionization

3
so that : (ﬂLﬂ
' N ®XP \"p (3.9)
1 - ~ \!
+ 1‘-,, T -ax A
NG 37 [1 P ( TP\)J
They obtained a value of (3.5 L 1.4) x 10-10 cm?s"1 for %, by fitting

3’

equation 3.9 to the fluorescence results. In Fenningz ionization, one
excimer is deactivated and either an atomic or molecular ion formed; the

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

3

this reaction increases as the concentration of Xe2

it becones a more significant loss with hizh current density electron

increases, so that

beans. This i1s an important considersation in designing a laser as this

mechanism puts an upper limit on the useful inversion.

Although 211 three sets of exverimental resulits 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 TIFORETICAL 1’0DELS FOR FLUORESCELCE FRO:: XENON

In xenon and other noble gases there are two states, 12;: and

3:2: , which can radiate to the ground state, 122; . These states are
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closcly spaced and as the repulsive ground state is steep; the A
radiation appears as a sinzle continuous band (see fig 1). The results
given in fhe previous section only considered onc radiating state with a
single lifetine.

Lorents et el. succested that the two states have different

(54)
lifetimes and that the.variation of lifetire with pressure is duve to
electron mixing of the states and to Penning ionization. The pressure
depggdent radiative lifetimes were then explained by an electron density
dependent lifetine end the variation found in the measurenents nade of
lifetime was attributed to the use of different pumpinz geometries and

bt}

current densities,

Koehler et al.(yg) obteined time const
of the VUV continvum intensity, I(t), vy fitting fluorescence resulss to

a sun of exporential terms:

S o [t -
I(t) = >, & exp (_Tt__) (3.10)
i
vhere Ai is the aﬁplitude

T is the build up or decay time

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

could be represented by two erxponential terms with lifetimes,

T of 4 and 16 ns; These decay times were atiributed to transitions
T+ 3 Tt . .

?rom the Ziu and :2: states to the :Sg ground state, respectively.

(55)

After reanalysing Koehler's results, Werner et al. repoxrted
that values of 5 and 40 ns for the lifetimes of the singlet end triplet
states, repectively, also revresented the decay results satisfactority.

Using these two values, Werner et al., developed & model similar to that
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of Lorents et 2l. to explain the behaviour of the xenon laser. This

»k (34)

model was an extension of earlier theorctical wo on reactions
involved in the produvction and decay of the excited xenon molecule, in
which a single level vas assumed to radiate. In the later model,

N B T S
contributions from both the zi: and Bzzu were Incorporated.

The following two processes were assumed to occur in the mixing .

he S )

of the singlet and trivlet levels:

‘ T—t] - [Pt =
e + Xe, Lzzgfq_ e + Xe, [_22;} (3.11)
. 1_ : - Dot
I+ Aee _EL’»J?: e 4+ Aez [:_)_1;’ (3,12)

where M is a heavy particle such as Xe,

The mean electron energy (about 5eV) is greater then the singlet trivlet
spacing, so that reaction 3.11 tends to equalise the vopulations of the

2 .levels. On the other hand reaction 5,12 tends to favour relazation

to thé triplet level as the erergy of the xenon atoms is less than the
singlet triplet sracing at normal tenperatures.A VYerner assuned that the
gain cross-section for the triplet level was less than for the singlet
"level, so that at pressures where reaction 3,12 becdmes nore dominant than
reaction 3.11, the gain would be r;duced. As dissociative recombination
is the dominant eleciron 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 dominent reaction at high rressures. = The model predicted the
temporal shape of the laser pulse, the relative intensities of the laser
“and fluorescence, the spectral red shift and the svectral half width of
the laser spectra. By choosing values for the rates of the reactions
WVerner found a reasonable agreement between the experimental results and

the theory, for the high pressure xenon laser.
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The results nredicted by this model were inconsisient with some
: : e \ (56)
of the experimental results obtained by Gerardo and Johnson , Wwho
showved that the laser terminated while the measured gain was larger
than the pre-lasing losses of the resonator . They postulated that the
terminztion was due to a time derendent loss which was independent of

the loser medium, a characteristic which was not incorrorated in

Werner's model,

(35)

A

* 4 model which was developed by Fournier to describe the
temporal behaviour of the fluorescence fron xenon excited by a Eebetron
706, assunes values of 4 and 16 ne for the lifetines of the iwo radiating
levels, as cnlculated by Koehler. The distinzuiching feature of his
model is the use of two different formation rates for the sinslet end
triplet statgs. Fournier made a number of assumptions. Pirstly that
the number of channels open to trinlet formavion is three times that of
the singlet, éo that a faster trinlet formation rate can be cxpected.
Aléo, that the dissociative récombination terninates in a cascade level
which is linked fadiatively and by electron induced transitions to the

relevant resonance and metastable levels., This cascade level is

incorporated to account for the wropsriiss of the levels to vhich .,

dissociative recombination occnrs:' At low pressures the electron
density is low so that the decay of the cascade level info the atomic
states which fornm Xez* occurs radiatively with lifetimes of the order

of tens of nanosedonds. The population is stored in the cascade level
énd s0 the measured fluorescence decay is governed by the decay rate of
this level. As the pressure increases the nunber of electrons deposifed
per unit volume increases so that electron induced transitions become
more important im 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
Pournier to an electron density deﬁéndent decay. In an attenpt to
observe the electron densitiy devendence, 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
trayelling a few millimetres through air before entering the cavity, the
current density was estinated to be about 4 k.“x.cm"2 on entering the
cavity. The fluorescence decay rate schowed a small increase in the
higher cvrrent density case, consistent with the prediction of Fournier's

3

model., The increased decay rate is illustrated in fig & wiiich shows a

Y

comparison of two sets of exzperimental results at two different current

oY

densities; +the curves have been normalised at peak intensity. Tnis
increased decay rate with current density was also observed by Johnson

et al. (53)

, Who attributed it to the Fenning ionization reaction.

3.5 SPECTRAL STUDIDS OF FLUOQZSCILCE

Before obtaining neaningful spectral results, the characteristics of

the VOV film used were determined for the prevailinrg experimental conditions.
Kodal 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 mn'>7)

and also because the film vy is constant over a
iarge density range at a given wavelength., The vy of a film is defined

by
D= ylog B (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

34



—-- 1kamp.cm-Z

L(t)

=~ 4kamp.cm—2

= .-
——
- -

1(t)
9K TORR
1 | I
0 10 20 30 40 50
[ME (NS)



. . -1 .
vacuun spectrosraph, with a 600 line mm  grating, centred at 170 nm,
The arrangement used was the same as that showm in fig 3, but with the
diode replaced by the spectrograph. The spectrograph was evacuated to

5

less than 10 ° torr using a mercury diffusion pump, backed by a rotary

punp, both of which had ligquid nitrozen cold traps.

Two spectra were recorded on each piece of film, one having tiwrice the
intensity of the other, the result of superimposing twice the number of
shots on one srectra than on the other. Tecause the output {luorescence

[

~ . P o ot .
energy was found to be reproducible to within =575 at a given pressure,
il was assumed that the intensity of the radiation was proportional to
the nwaber of shots surerinmposed. After exposure, the film vas

developed in accordance with the mamufacturer's instructions.

Densitometer traces of the two spectra were recorded usingz a Joyce
Loebel microdensitoneter and the helf width was measured directly.’
Plate 2 shows 2 specira taken at a xenon pressure of 4.6 ktorr and the

densitometer traces are showm in fig G.

The density at the half yidth, Di, is defined such that if D1, the
2
recorded peak density is equal to  ylog E then
Dy = Ylog B (3.14)
2
2 -
For a nicrodensitometer with a calibrated reference density wedge of
slope W em™!
Dy =D, - Y log 2 ' (3.15)
2 W

Yy was found to be equal to 1,1 : 0;3 for densities,,D1, 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

spec{rograph slit width of { mm.
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PLATE 2

The Zenon Fluorescence Spectrum

at Zenon Pressure of 4.6 ktorr

Spectrum (a) is twice the intensity of specirum (b)
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The mean value of y dis in good agreement vith that obsexrved by Burton
(57) . . : g : I
et al. who, using a noble gas microvwave discharge as the calivration
source and film exposure times between 1 and 120 s, found that ot 174.5 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 exposure is of the
order of nanoseconds, A value of v = 1 was used to measure the sypeciral
hall width, and errors guoted %o allow for both spectral resclution and

(58)

variation in v . I1 has been suggested by Fowler et al.- and also

by Burton et al. (57)

that there may be a large variation in filn
sensitivity betwveen different batches of filn (greater then a factor of 2),
s0 absolute neasurenents of energy were not cstinated from spectral

results.

The film holder was pnodified so that one edge of the film could be
calibrated and the calibration was carried out uging a hydrogen discharge
1amp. Spectra vere recorded at different xenon pressvres, and in ail
cases a broad structureless continuum was observed with a half width of
(13.5 I 1.,5) nm, A variation of the half vidth of the spectra with

(39) (55)

pressure has been reported _ Whilst it wvas not possible in
this experiment to measure the vafiation 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

congistent with results reported by ather groups (39) (59 .
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Various exrlanations have been nronosed for this result. Both
. (39) (60) tod ! ,
Koehler et al, and Gerardo et al. suggested that the narrowing
& &
and peak shifts are due to increasing absorption from the ground state
nolecules. If the absorption is stronger at shorter wavelengths then
the shorter wavelength region will be eroded more quickly, so that the
pealk will spift to the red and the spectrun will narrovw. A similar
result will be caused by absorption due to an inpurity in the zenon gas,
such as oxysen, whose absorpition coefficient increases as the wavelength
deqreases, It is also possible that the spectral shift and narroving

(61)

is due to the distribution of vomulation in the upner state vhich

is determined by vibrational relaxation in collisions with ground state
atons (4?). At low pressures, radistion will occur. from higher
vibrational levels than those observed at hizgher pressures. Depending
on the shapé of the potentialg of the upnper radiatine states and

repulsive ground state, snectrel narrowing and a shift to the red nay

occur a8 the preszure increases.

3.6 THD VISIBLE EIISSICHS FRGi XENON

For xenon pressureé of greater than 1 ktorr, the complete spectral
range from 140 to 700 nm was scanned and no enmissions other than those
in the wavelength region of 170 ﬁﬁ;were observed, The S-20 diode which
was used to detect the VOV fluorescence, was sensitive {o radiation up
to 700 nm and when the photodiode line was at atmospheric pressure no
signal was observed, indicating that there was no appreciable sirmal at
%avelengths greater than 200 nn. This ﬁas confirmed spectrally using
a Monospek 600 spectrograph and Polaroid 3000 ASA Film. The wavelength

range from 140 to 200 nm vas scanned spectrally using a 1 m normeal

incidence spectrograph and Kodak SC7 film,

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

greater thamr 170 nm was observed, This was detected by the S-20 diode.
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The output siznal observed when the pholtodiode line was evacuated, wag
made up of two signals (see plate 3); a fast signal with duration of
about 15 ns and the slower VUV aigmal. IT the diode line was at

atmospheric rressure the VUV signal disappenred while the other remained

unchanged. This radizticn was found to occur at aprroxinately 310 nn.
Mo obtain the spectrum, a specirograph slit width of 1 mm was uscd,
vhich gave a resolution of the oxrder of 1 nm and several shots vere
superinposecd, Since the measured spectrﬁl yidth was of the order of

1T mm it appeareﬁ that the enission was line radiation. The origin of
this radiaztion is still unceftain but it nay be dve to radiative

. . . . 62
recombination of the xzenon atonic ion ( ).

et . .

X¢" + 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 uvndergo
radiative recombination decreases., The rate of reaction 3.16 is not
known but fron valuves for other atoms, the rate is of the order of

(62)
10"12 cm?s_1 e

3.7 NBASURTISHT OF FLUCRESCENCE EXFICIZICY
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ressure xenon was
determined experimentally, vhere efficiency was defined as the percentage
of the electron energy deposited in the gas,.ﬁhich vas converted to VUV
photons. The photodiode was placed 25 cms from the excited volume and

the viewing aperture vas 1 cm in diame?er; Assuning that the vhotons were
radiated into 4rm ; theﬁ 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 totalﬁpower radiated from the cell was of the order

of 2 ¥ in a pulse of 10 ns (Fm1).
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PLATE 3

Temporal Dependence of Visible end Vacuvm Ultraviolet Radiation

- (a)

(v)

(c)

at ~O.76 ktorr

the fast compenent is due to visible radiation and "the
slow conmponent is due to VUV radiation

timescale : 50 ns per najor division

as (a) but with

timescale : 10 ns per major division

visible component only, VUV component attenuated by air

timescale : 20 ns per major division

R ]






‘The total cnergy deposited in the gos, within the Tield of vieyr of
the diode, wes estimated to be 0.3J . This was obtained using the
graphs supplicd by Field Imission, 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 »inhole photographs (see fig 11). An efficiency of about

e

LY . 1 * : - " 39\
was found which compares well with the 10: measured by Koehler et a]“( ‘

(60)

¢

-

and 6$,obtained by Johnson et al. Both these latter results were
obtained using & Febetron 705 excitation Source.which'ﬁave a 50 ns pulsé
of electrons, _Tﬁe 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

2

earlier in this chapter. 2dditional loss mechanisns vere sugzested by
Fourﬁier (55 » Whose nodel fredict; a fluorescence efficiency of 1%,

The maximum theoretical efficiency which can be obtained by relativistic
electron excitation of high fressure xenon is about 5755 (derived in

- Section 2.3)., Fournier sugszests that this is further reduced by about

502 as only half the levels in the cascade manifold decay to the levels
which forn thg excited molecule, due to the §e1ection rule:

AT =0, Rl (16). Murthermore he‘suggests that the energy will be
partitioned between the 322; and the 1252 levels, in addition to the

3;2: and 1zzzrlevels. The former two states cannot radiate to the 122;
ground state owing to the selection rule g <> g. Transitions 125; to

125: and 3:2; to 322: can occur, and Fournier attributed the 96 ns

lifetime of Keto et al, (40) and the 500 ns lifetime of Boucique et al. (42)

to be the lifetimes of these transitions, resvectively. 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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measurenents of erficiency, only the energy emitted in the initfial Tlse

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

. . Tt Bt . .
the energy devposited in the EL and * EC. levels, is not included.
- G
Lo

The reactions which have been discussed in this chapter are summarised

in Table 3.1 below.

TABLE 3.1
SUMITARY OF REACTIONS.

Kl
Ke.  + Xe =

2
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CHAPTER FOUR ' a

THE DESIGH OF COAXIAL ELECTRON BIAII DICDES

g an efficient uvtilisation

e

A prerequisite of any efficient laser
of the pumping energy. It has been showm that the maximun theoretical

efficiency obtainable from pure xenon excited by relativistic electrons,

is 53ﬁ, compared with an experimentally observed value of 10, This
efificiency is defined ez the ratio of the total‘fluorcgcence outvut to
the énergy derosited within the line of sight of the detection systen,
The overall efficiency vas low as only a small percentaze of the total

energy entered the gas and was used for excitation.

Two methods to achieve efficient coupling of electrons into the ges
were investigated, In the first, electrons vere drifted through a
tapered copper cone which was maintained at 2 pressure of a few torr.
This method has been used successfully for pulses with dvrations of tens
of nanoseconds but very little data is available Tor pulses of less than
10 ns. Secondly a novel coaxial electron bvezn diode was desisned and
constructed which gave én efficient and reproducible coupling of electrons
into the high pressure gas. This diode was modifiéd and imr»roved to
provide a compact and reliable pﬁgéing source for the xenon laser. The
reproducibility of the electron beam output wvas important, as it enabled

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

4.1 ELECTRON BEAM 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 larce 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 dancge to the emitting
cathode, Host of the experimental work reported has been pefformed using
electron beams with pulse duratioms of the.order‘of {ens of nanoseconds
and with total cnergies in the range of hundreds of Jjoules, There is

1little data available on short pulse, low energy beoms.

The mechanism of cone focussing is

s complexr and many theoretical
4 (63)

explanations have been put forwar

‘ (64

. A sinple explenation is
outlined here Consider a relativistic electron beam in vacuum,

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

given by the Lorentz equation:

P=e (E+xxD (4.1)
=F + 7T (4.2)
=e  "m-
vhere B is the eleciric field

is>
 dd
[42]
P
=
Lo}

nagnetic field

<
=
4/}
ct
=2
(0]

velocity of the electron

is the electric component of the force

AM J@

the marmetic component of the force
o iy

The magnetic field appears in the "laboratory" frame because of the
application of a relativistic transformation to the electric force from

a frame nmoving with velocity v, In this frarme the charge is stationaxrs
(&) — ©

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

It can be showm (65) that
' ) 2
Fo=-E (4.3)
vhere B =z
c
¢ = velocity of light
so. that T F=F (1-82 (4.4)

-e

and since the electric force is repulsive, the net force is also

2

repulsive because B° «£ 1.
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As the pressure is increased, ionization of the gas occurs in the beam.
are ocuclled to the walls and thus leave a
The ions

These secondary electrons :

surplus of positive ions which tend to neutralize the bea

then set wp an electric field opposite to that of the field of the
(4.5)

electrons so thatd

iy
—
B

[

component of the force due to the ions
., then there is no net force on the beam so that
2
(1“ ﬁ):

The

vhere I,
=i
2

it? (1 - B ) equals F

- S =i
the beam should travel unchonged, but il F, is greater than

fore neutralization or focussing c¢an occur i
short nulse, the time required to

Be
or a

Hy

then focussing occurs.
d,

is necessary to create ions an
form them may be sisnificant comvared with the vulse duration.
s -850 that

ionization time may be estimated using the following analysis,

Assume that the pulse of electrons has a linear risetime, t

the current density, J(t), is given by
(1) = Jof
t
o
. = n.beV (4.6)
where jo = pesak beam current density
n, = electron fluz
e = charge i
v = velocity
then n, = aot (4.7)
’ ev
0
Now n = t n, glvdt (4 8)
e b ‘
0
where n, = number of electrons formed by ionization
ioniZatién cross section

(1 =
number of atoms per unit volume

N =
’ 47



Substituting for n. and integrating equation 4.8, gives

b
n =73 0Nt2
e o
2t e
o}

(4.9)

So at time, t=_2 ,
oNv

the number of electrons formed by ionization, D,y and hence the number of
positive ions, equals the electron flux e
Substituting the approximate experimental values:

(66)
. o =2x 1078 on® L, W= 10'7 cm"3, v=25z10"° ca.s!

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 wvas 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
with 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 increage the 2ir 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
éup and integrating qircuit, and feeding the signal inito a Tektronix 556
oscilloscope, BElectrons from the diode drifted through the coné and..passed
through an earthed 0,025 mm titenium 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 reﬁoved; 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 efficicncy achieved was about 6075, 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 slouwly at

higher pressures,

The pulse duration (FVII) was determined by eperturing the Faraday
cup and monitoring the signal on a Tekbronixz 519 oscilloscope with a
time resolution of about 0.5 ns. A value of about 2 ne was obtained for
the drifted beam compared with 2;5 ns for the undrifted bean, as shoim
in fig 14. This difference is consistent with the calculated value of

0.4 ns so that the change in pulse durztion ney be attributed mainly to

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

The beam profile was measured by bleaching Avisco 195C°8 Light Blue
Cellorhane. The dose was determined by taking a densitometer trace at
the wavelengtﬂ 655 nm and then comparing with the calibration curve of
doée against density, as provided for this material (68). Pig 14 shows
the beam profile.with and without the cone. The overall shape of the
focussed and unfocussed beams is sinilar, with the dianeter of the
focussed beam being reduced to that of the oubput aperture of the cone.

From these results, it was concluded that electron‘beam drifting was
not a satisféctory method for efficiently coupling electrons into the
éas. For a given gas pressure in the cone, the shot to shot variation
was of the order of 205 which would meke quantitative work on the laser
very difficult., As transverse punping 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

ninimise the effect of foil distortion.
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4,2 CALCULATICH OF THE COAXIAL DICDE PARMANETIRRS

[

~In order to overcome many of the difficulfies associated with

efficiently pumping high pressure gases with reletively low enexrsy
and constructed (67).
anode tube, maintained at earth potentlial, and a field enitting cothode,
surrounding the»anode, which vas pulse charged to -- €600 k¥, The electrons
enitted from the cathode were accelerated towards the anode ond they
perletrated the tube wall befo*e exciting the high pres ssure zas vwhich
vas contained in the anode tube. As these electrons éntered the gas

from all sides, the penetration depth vas elffectively increazed, allowing
a larger velume to be excited uniformly than was possible with a

transverse punping geometry. Also the totel excited volume wes.in the

line of sight of the laser nirrors, The total clectron energy vas

§—t

distributed more evenly over a longer length than was achieveble with
the commercial diodes. This enabled the ratio of the excited length
of the gas to mirror separztion to be reduced,

The dimensions of the coaxiel diode were calculated from the equations

for space charge limited flow of current between concentric cylinders.

Space charge effects nust be considered because of the hisgh current

densities in these field emission deviceé. - Consider the case of a
cylindricel anode surrounded by an electron emitting cylindrical cathode (69).
Aésume that electrons escape without initial velocity, therefore the

potential, V, at any point is given by

%mv2 = Ve (4.10)

where m = electron mass

v = velocity

e

H|

charge

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

53



J is given by
3
J = Xv? (4.11)
where k is a constant,
Assume also a radial electron flow between the c¢athode and the anode, so
that only one co-ordinate, 1, is involved, then the Poisson equation is

of the form:

LY 1 &= -4uy (4.12)
dr" r dr ‘
. vhere space charge, 1 , is equal to J. (4.13)
. v
Eliminating v in equation (4.10) and substituting into eguation (4.12) sives
» KR L1
Ay, 1 av _ 2(2)* (gl_"’- JvTe ' (4.14)
ar® r dr e . .

Define two new varisbles a and d such that

a=1nzx (4.15)
T .

and | J_ 1 lee Vid ' (4.16)

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

Ey, W _ 4V - (447)
da® “da  9b°

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

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

is proportional to e

g a7 _ T (4.18)
LI da
so using (4.16) 3V _ 2V , 4V db (4.19)
' da b da

Differentiation of this'equétion give s an expression for _d° Vand
da’
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substituting into equation 4.17 gives

3b C b

gglg +4ban , b2 =1
da”

da

ac
Integration of this equation with the bovndary conditions

V_&r=0atr=0 (iea=0)
da

WO) b:;%c.a%c.a{cyaﬁ-”.

hag o solution 1 5

where Cqs Coy etc are dmown constants,

Fox r, large, the solution simplifies to

T
2 _ = 3/
b o= 4.7612.32 lot,10 (. ronh) 2
r 1441422

For concentric cylinders the current, I, is given by

—.1;' ?“
I 21troLJ = 2 |2e]° L7
g im rbz
vhere r = anode radius
L = length of the cathode
Substituting for'% gives s o3

‘ I _ 14,66 x 107°1¥% &

rb2

For the Febetron 706

v

600 kv o

I=10kA

L chosen (see later)
r chosen for optimum electron deposition

T calculated from 4,22 and 4.24

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

(4.20)

(4.21}

(4.22)

(4.24)

necessary to look at the variation of electron beam deposition with

¥enon pressure, Other groups (60) calculated the deposition using

Honte 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 piﬂ hole rhotographg

of the fluorescence an estimate was obtained for clectron dose at
different distances into the gas. The transverse numping geonetry

was used and clectrons from a 5516% diode passed through a 6 mm by 6 mm
aperture before entering the gas tﬁrough a 0,025 nn titanium foil. The
aperture was used so thal 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
aperoxinately exnonentially so that the fall off in deposition could
‘be approximated by

E = EO exp (~o 1) (4.25)

where o = absorption coefficient

1 length

E0 = peak intensity
The absorption coefficient was found to increase linearly with pressure

as shown in fig 15.

In order to calculate the tuﬁé dimensions for unifornm derposition two
assunptions were made: -
(i) equation 4.25 was valid
and (ii) +the number density of electrons was inversely proportional to
the radius
s0 that the number density at any radius R is given by

N=N Iexp-a (z-R) : : (4.26)

By
R
where r = anode tube radius

By making allowance for the fact that the wall thickness of the stainless
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.steei tube was approzimately 0.06 mn compared with the 0.025 mm *
titaniwn foil used in the calculation of o , the ootimum tube rodius
was calculated to be approximately 2.2 mm for a xenon pressuve of 10 kiorr,
From fig 11, it vas estimated that about 6055 of the electrons which

penetrated the tube walls, were deposited in the gas.

4.3 COWSTRUCTICH OF THE DICDE

comrercial diode so that it could be fitited easily into the existing
L

Blwnlein structure, see plate 4 and Tig 16, This did, however, put
some constraints on the choice of dimensions. In order to prevent
breakdown, the cathode conductor was kept a2 minimun distance of 2,5 cnm,
(twice the distznce between the anode and the cathode), avay from other
netal surfaces., This condition was satisfied for a cathode conductor
of lenzth 7 ¢m. Vith an anode radius of 2,2 mm the cathode radius was
calculated from eguation 4.24 to be 14.65 mm for a diode impedance of

60 ohns, 211 edges were smoothed and rounded {o reduce Tield intensities

and so reduce the possibility of emission from them,

The anode was a 20 cn lonz stainless steel tube with a wall thickness
of 0,15 mm vhich was machined to a thickness of about 0,06 mm over s
lensth of 14 cn from one end. This end was thin, so that the 500 keV
electrons could penetrate the walls with suf%icient energzy to excite the
gas, but still had sufficient sirencth to withstand high pressures.
(A 25 cn stainless steel tube machined to 0,06 mm over 14 cn wes 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 Enission Corporation) it was estinmated that about 505 of the electrons
penetrote the walls. The kinetic energy lost ver electron was calculated

from the Dotne Bloch equation’!)
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G _0.55¢ 2 p* |mB(E+ )2 s (1 - F)

dx A 21 me®
~(2V1 = PP =1+ B*)m2+1 (1 -V1 = ﬁ*‘)f] HeT.g™h cm’ (4.27)
8

where E = kinetic energy of incident electron
Z = atomic number
A = atomic weight .
v = density
I = nean atomic excitation potentiai

B=x
C

For 500 keV clectrons passing through 0,06 mm stainless steel, the energy

loss is approximately 50 keV.

The thin end of the tube was sealed vsing a stainless steel plug
ﬁhich was soldered in position,  The unmachined end was pushed throusgh
a’'hole in a stainless steel plate, making sure thet there was good
electrical contzct betﬁeen the plate end the tube, and then fixed to the
plate using Araldite epoxy resin. This plate was bolted to the inside
of the cavity with the aﬁode tube passing throuzh 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" O-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. To

=3 40 1072

change in dose was observed for pressures in the range 10 torr
for any of the cathodes which were tested. BElectronh dose was measured
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using Avisco cellophane and then densitometered at 655 nm.,  These
measurements vere not used to give quantitative results but only to give
én indication of the wniformity of deposition. The energy was measured
directly using a calibrated 00pper~oonstantén the?mocouple and the outpu
was recorded using a pen recorder (Smith's Servoscribe). Cne end of th
thermocouple was in contact with a 2 cn long stainless steel cylinder
with wall thickness 0,15 mm which was inserted inside the anode tube,

The 0,15 mm walls easured that all electrens which venetrated the anode

t

e

tube were stopped in the cylinder, The ecylinder vas well insulated from

the anode tube walls, so that the true derosited enersy was measured,
By placing the cylirnder 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 abount 1 J and so was abzndened

due to low efficiency,

A new type of cathode was constructed by perforating a 0.075 ﬁm
sheet of titanium foil so as to produée 2 series of sharp points. The
cathode was then rolled into a cylinder and slivped inside the cathode
conductor with the spikes arran

.

late 5. The orntimum number of spikes per unit area was deternined
T T P

zed radially. This is illustrated in

experimentally and turned.out to be about 5 cm-z. If fewer Spikes per
sq cn vere used, the electron deposition was rot uniform, and increasing
the number of spikes gave no improvement in ?erformance. Fig 17 shovs
2 densitometer traces of the devosition, measured using Avisco cellophan
In (b) the séparation of the peaks is equal to the spike separation,
vhereas in (a) with 5 épikes‘om_z the pericdic varistion is less
pronounced. The random variations can be accounted for by the non-
wiformity in the wall thickness of the anode tube and the variation in
the length of the spikes on the cathode. The eircumferential

variation vas similar to that observed longitudinally. The total

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

Mark 1 Diode TIllustrating the Radial Arrangement of the

Cathode Spikes
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shomm in fig 17c. 'This deposition profile was obtained uvsing the
calibrated thermocouple., 'The excited length was about 8.5 em compared
with a cathode length of 7 cm, this was due to end effects on the
cathode and also to eleetron scattering in the tubé walls, Using this

arrangenent, laser action from high pressure xenon with powers of about

1 MY, was achieved (see Chapter 5).

4,4 TIODIFICARION O THY DIODH

The diode (¥ark 1) deseribed 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 assenbling the systen, I+t was necessary, too, for the
reflector, which was sezled in one end of the narrow bore tube, to have
an overall diameter ofvless than 4 ©m, Jf this reflector was démaged

the conplete system had to be dismantled, It was also difficult to

design an errangenent for tuning the laser,

A nevw coaxial diode (Hark 2) was desisned 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 llark 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.% 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 eguations 4,22 and 4,24, In
practice, a cathode of radius 1.75 cmrwas used to give optimvm devosition,
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 1(f5, 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
vhich was fixed at right angles to the cathode conductor, A nylon cover

was placed over all conponents where breakdown was lilely to occur, and

care was talzen to round off all metallic edges.

In order.to check the pulse propasation alons the cathode conduetor
and also t@e impedance malching, a model ras construcied to simulate the
diode conditions. The dimensions of the model vere selected to zmive a
characteristic impedance of 50 ohm, so that the signal could be monitored
directly on a Tektronix T804 oscilloscope. The catnode inmpedance vwes
approximated by eight 400 ohm carbon resistors, connected in parallel

between the ancde and cathode,

A4 ns bulse from & Type 1 pulse generator (impedance 50 ohm), was
fed into fhe 7904 oscilloscope via a matched T-dviece, The other arm of
the T-piece was then terminated by various nethods., Plate 6 shows tﬁe
sismal under 3 conditiona:

(i) signal terminated in 50 ohnm

(i1) siemal terminated by the diode

(iii) signal nolt terminated
In case (iii) with no termination (open circuit), a reflected pulse is
evident, vhereas in (i) and (ii) there is negligible reflection. I the
diode impedance was altered by inserting a dielectric, the reflected
signal increased indicating that the system wvas mismatched, This sinple

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, Vhen 10 J are
absorbed in the stainless steel tube, the temperature rises by about 3000,

so that over a length of 12 cm, the expansion is approximately 0,04 mm,
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PLATE 6

Simulation of Impedance liatching of the Liark 2 Diode

(a) signal terminated in 50 ohms
(b) signal terminated by diode

(¢) signal unterminated (open circuit)






An expansion of this order was confirmed by placing a Verdict Dia
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 dlode. Tirst the ancde tube was placed in position so that it
vas concenlric with the cathode One end of. the anode tube was then
soldered onto é plate vhich vas bolted to one of the cavities, the seal
being rade using a "Viten" Ciring. This nethod of sealing is illustrated
in fig 18, A sinilar plate was bolted to the other caviﬁy, with the
O-ring seal in position, before soldering the tube to it. The »late
rebaining bolts were then renoved end coprer tabs fived to the plate
and the cavity, in order to provide a path to earth for the return current,
This fechnigue of sealiag 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 emergy deposited in the tube was measured using a copper-
constantan thernocourle (es described earlicr) and the uniformiﬁy of
deposition was determined by bleaching Avisco cellophane. The total
energy derosited in the tube was 5 J and wasrdistributed as shoim in
fig 19, The excited lensth was increased to sbout 12 cm, but the

uniformity of deposition was not as good as that obtained using the

Fark 1 system.

4.5 EXTZEISION OF THE BLUMLEIN CIRCUIT

- Vhen the Mark 2 diode was used in place of the Mark 1 diode, there
vas 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.
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Tig 20 shows a schematic diagram of the Blumlein circuit; this,

! /4
circuit was devised by A. D. Blumlein (rQ?. In the Febetron 706 the

Blumlein circuit is made up of two coaxinl lines of equal impedance. The

load impedance, Z,, is the impedance of the field emission diode.  The

(40),

l,

pulse duration is equal to twice thé trensit time of the Blumlein
so in order to increasc the pulse duration the twvo transmission lines were
ztended linearly. The impedance was maintained by keeping the ratio ?f
the radii of the conductorswhich mede vp the Blumlein circuit, constant.

In Qractice, the impedance was reduced to about 28 ohm because of the
thickness of the materials used in extending the conductors. The outer,
intermediate and inner conductors vere each extended linearly by 15 en

as shown in fig 20. (Further details on the consiruction of the Blumlein

(45)

circuit are given in "The Febetron 706 Handbook" , 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 geps vas increased to obtain

]

reproducible signal. The Blumlein circuit was charged from the llarx
Generator, and the charging voltage vas monitoréd from the capacitative
pick-off connector on the outer conductor of the Febetron T06. The
signal was recorded using a Tekironixz 519 oscilloscope and the traces
which were obtained are shovm in plate 7. For comparison, a trace
obtained from the unmodified Blumlein is alsé shown., Sometinmes the
radial spark gaps broke dowm before the Blumlein circuit was fully
charged, and this is illustrated in plate Tec. The premature firing
was corrected by increasing the air pressure in the radial spark gaps

or by decreasing the charging voltage of the lMarz generator,

The elcctron beam pulse duration was measured by observing the
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PLATE 7

Charging Voltage of the Blumlein

(a) extended Blumlein

(b) wnmodified Blumlein

(c) extended Blumlein illustrating
premature breakdovm of the radial

spark gaps

tirescale : 10 ns per major division
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_outpﬁt from a 5516X diode using a ¥Faraday cup. The pulse length o
increased to approximately 5 ns (Eﬁﬁﬁi) as shown in plate 8, then this
diode was replaced by the lark 2, the total cnergy deposited in the anode
tube was about 10 J, fig 19, end dye dosinelry indicated that the
deposition profile was similar to iﬂat obtained using the shorter pulse,
although with increased dose. In the cace vhere the radial spark gaps
broke down prematurely, the - total energy deposited in the tube was about
1 J. In order to check the revroducibility of the system uvnder optimum
vorking conditions, 70 consecutive shots vere teken and the enérgy
deposited in the {ube was recorded using a thenmnocouple, 807" of the

! - L) o - -
results were constant to better than 5., with 50,: giving the sane

reading, The remaining 205 were within 157 of the meen value.

The coaxial electron beam diodes have nroved to be compact and

2

liable pumping sources for the VUV zenon lzser, an

2w

(o
ol
i}
13
=

wvere used

future studies of the laser parareters,
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FLATE 8

Faraday Cup Traces of the HElectron Deonm Output

(a) uniodified Blumledin

(b) extended Blumlein

timescale : 1Ons per major division






CHAPTER FIVE ‘ N

THE CEARACTLRISTICS OF THE ISUON LASER
Early attempts to obtain 1ase£ action using a transverse pumping

geonetry end a commercial electron bean diode were not successfvl. The
commercial diode used ves a b516X, which gave a rectangular bveam of
electrons vith dimensions 20 mm by 6 mm and & pealk current density of
about 10 ki.cn 2. The distribubtion of current was not wniform over the

cathode ayrea so uhﬂt the gas was not vniformly excited. In one attennt
to achieve efficient coupling of electrons into the gas, a cavity was
designed with the anode foil of the diode placed aboul 2 mn from the
input titanium foil of the cavity; however the construction of the
eleciron gun imposed a constraint of a 30 cm separation beiveen the
nirrors which nade up the rescnzator, and as a resuli, the nunber of
rasses through the active resion was small for a 2,5 ns excitation pulse.
An alterﬂatlve nethod 1pvesf1" uﬁd“was arifting the electrons throusgh a
copper cone, which has been descrived in Section 4,1, As the efficiency
of transportation waos not reﬁroducible and vas only of the order of 5@*,

~this technique was not used.

The coaxial diocde design, described in the previous chapter, overcame
the difficulties encountered with the commeréial diode and also gave
uniform pumping over a longer length with the total volume of excited gas
in the line of sight of the nirrors, This coaxial pumping geometry was

used in all subsequent laser experiments.

5.1 THE COAXIAL XEZNOW LASER (MATK 1)

The arrangement of the laser is shown in fig 16. The cavity was
pumped to less than 1O~4 torr using an oil diffusion pump (Bdwards

Speedivac El2) backed by a rotary pump (Edwards E.D.50), both of which
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had liguid nitrogen cold-traps to prevent contamination of the systan

by hydrocarbons from the pumps,. The low pressures were read from a

L

Pirani gauge (Edwards HSCZ) which was accurately calibrated in the range
~1 -4, .
to 10 t torr. The system wasz then filled to a pressure of 10 kiorr

10

vith zenon.

Spectra uere oblained without a resonator and the spectral hall
. -+ . Lo o
width ras 8,6 = 0,5 nn, see fig2h This was narrover than the fluorescence
spectra viich were obtained at this pressure (half width of approximately

14,0 ) and this narrowing was teken as evidence of stirmlated emission.

The first laser resonator used, consisted of a 90o "yoof-top"
~calecium fluoride prlism and a plane aluminium wmirror overcoated with
nagnesiun fluoride, The radiation was ccupled out through a 0.25 mn
radius hole, drilled in the centre of the mirror.

.,

It was necessary 1o carry out aligznment of the prism before the

ter the

anode tube was fixed in position, and it had to remain aligned af
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
;as used to seal off the inner end of the anode tube. The plug was

adjusted until a heliun-neon laser beam, alizned along the tube oxis,
was reflected back along its own path and then soldered into position.
A 0.125 nm stainless steel cylinder was placed around the prism to prevent

(48)

‘danmage to it by the electron beam
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

fiied to the end plate, This end plate was bolted to the cavity and the

high pressure/ﬁacuum seal vas made with anh O-ring., The mirror was

12




\

— 5.0nm

v £,°957 ‘\j‘

aArrows
indicate
lg FV/HM.

© /

laser

| ! l
.J.J‘-i'l i “n R!!‘. ' ""“~!"""A‘ 1! “: ) l ‘ ! ;
M‘H‘-l" ‘-”-"':;[\-"&"i\\"J“l“-‘f Sl i }Y\H Loty

Feahy Yy

172 nm

7\—7‘—3’

Fig 21
73

single_pass

C



aligmed by observing the reflection from the back of the aluminiunm
coating., Final adjustment of the mirror was made vhile the sysitoenm
was filled with xenon, the adjustment bzing made throush seals which

wvere designed {o operate at high yressures and under vacuum,

The output radiation was nmonitored using a 1 metre normal incidence
spectrogravh, With the same slit width (0.1 mnr) as the’ which was used
to obtain the amplified spontancous emission?’shown in fig 21, the film
was over—exposéd indicating an increase in light intensity.  Also the
slit wes not wniformly illwcinated, as an intense spot surrcunded by
scattered light of lower intensity was observed, In order to obtain a

LSRN .

correctly exposed spectrun the light wes attenuated using 10 torr of

oxyzen and the slit width was reduced to 0.065 rm. The snectrum is

oA

showvn in pléte ¢ agd the half width vas measured from the microdensitometer
trace to be (1.3 b 0.1) nn, see fig 21. Tvo absorntion lines vere
aprarent at yavelengths of about 171.2 and 172.9 nm. “hey vere
considered to be due to €O {carbon mdnoxide).(92>,and could.hot be
removed by redistilletion of the £as., The CO may be formed by the
reaction of the carbon in the stainless steel and the oxyzen in the cell,
when tﬁey are bombarded by high enerzy electrons. These lines were
observed in all the work on the xenon laser,

Oxygen was used to attenvate the radiation because of its strong
absorption in the region of 172 nm. The absorption coefficient has been

(73)

measured accﬁrately by Watanabe » who found that in the wavelength
range 171 to 173 nn, the absorption coefficient increased anproximately
linearly from about 12 to 18 cm—1 at atnospheric pressurc. The oxygen
vas contained in ald4em long cell, which was sealed by two barium fluoride
vindous, The cell was pumped to less than 10"1 torr and flushed with

oxyzen before being filled to the required pressure. Attenvation of the

cell, neglecting window losses, was obtained from the following expression

T4



Spectrum of the Laser Output

(a) leser output at 10 Iitorr
(b) fluorescence outrut 2t 10 ktorr

wavelength increasing from left to right






I - exp (ﬁllﬁl) (5.1)
T 760

o]

. - -1
where « = absorption coefficient (cm™ )

1

It

cell icngth (cm)

P = oXygen pressure (torr)
From analysis of the film data, the increase in the signal coupled into the
‘épectrograph, as comparcd with the case when no mirrors were used, was

estimated to be of the order of 100 tinmes.

Output power and pulse duration wefe determined using an ITT F4115
photodiode together with a Tektronix 519 ,oscilloscone, which gave a
combined time resolution of about 0.5 ns, The photgdiodé had a cesiun
telluride photécathode and>a masnesium fluoride window and was only
sensitive 6 radiation in the wavelength ranze 320 to 113 ma (74). Tt
was calibrated, by.the nanufacturer, at 2%0 nm and it was assumed that
the sensitivity did not vary with wavelength, down to 170 nn. In-all
calculations.of vover, a value of 30 mA.U—1 was assunmed, The signal was
again attenuated using oxygen and using an absorption coefficient of
14 cm—1 for oxysen, the peak vpower obtained with this arrangement was
1 kﬂ, which is equivalent to an output power density of 0.5 Mﬂ.cm—2.

The pulse duration decreased to 3.5 ns (EWHHI) from the fluorescehce half

width of approximately 7 ns,

The beam spread was measured by placing SC7 film at the end of a
1 metre long tlackened pipe. A well defined spot was observed which wvas
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 mn 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 outnut wasg
only a few watts and no damage to the coating was observed, This
indicated that the damsse was due to the high intracavity energy.

The combination of spectral narrowing, chenge in tenporal profile,
low beam diverzence and the increase in power achieved when the cavity

vas aligned, was taken as conclusive evidence ol laser action,

The hole coupling technigue- wvas improved by replacing, the prism by
a concave nirror, Optinal values of a 0.9 m nirror radivs and a 0.6 mn

(75) .

hole rzdius wvere deternined by ray optics . Szperimentelly an
eluminium:maznesiun fluoride (Al : HgF2) nirror vith a 1 metre radius

of curvature wos used, Combination of this mirror with a plane nirrox
which had & 0.55 mm radiuvs hole, resulted in the power ouvtput inéreas'ng

to about 160 I/, Increasing the hole size to 0,71 mm radiuvg further

increased the pover output to about 500 ¥, In both cases the pulse

¥

duration was about 3.5 ns, as shoun in plate 10. The output signallwas
again attenuated using oxygen, Both mirrors in the cavity vere dameged
and after about ten shots the laser signal decrecsed. The outpul bean
kad an annular profile as shown in fig 22 and the beam divergence was

estimated to be about 5 mrads. -

N

The nost efficienf cavity configuration used consisted of a plane
nirror as the back reflector and a partially transnitting plene Al : HgF2
output mirror, (supplied by "Acton Re§earch Corporation")., The
transmission and reflection coefficients were sgiven as 0,00 and 0.76,
respectively. The output energy was mezasvred 20 em from the output
window using a calorimeter (Laser Instrumentation Model 142 LR Thermopile)
vhich was mounted inside an evacuated cylinder, The output energy
recorded atv 10 ktorr.of xenon was about 3 mJ vhich was equivalent to a

pover of about 1M, Since the mirror coatings were removed in a single

shot, it was not peossible to measure the beam divergence or to obtain
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PLATE 10

Temporal Dependence of the Loser Output

(a) Tluorescence

(b) Hark
(c) Mark
(a) Iiark
xenon pressure

timescale

1
2

2

laser
laser
loser with extended Blumlein

10 ktorr

5 ns per major division
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spectral information,

In order to look at the variction of outrut nower with pressure,

it wes necessary to reduce the intracavity laser enerzy to prevent
mirror damzge. A stainless steel coil was inserted inside the anode
Ttube, this reduced the nunber of clectrong entering the gos by zbout o
and also reduced the effective tube diameter to 3.5 mm, The naximun
output power recorded was then about 100 ;ﬁen using a plane-nzrallel
cavity with the pertially transmitiing icton nirror as ithe output
reflector, The gismeal incident on the photodiode was atitenuated using

L B

a ba auses placed in front of the

&

iur fluoride (Bal ) difiuser and wvire
2

diocde. Each gavze atienuated by a factor of about 4, for up to 3 gauzes,
This wvas measured by removing one gauze and atienuvating the diode signeal

it )

using a calibrated electrical attenuator and comparing the npeak

(=]

intensities.

Fig 23 shows the variation of output pover with preséure. The
laser threshold occurred at about 7.5 ktorr with the optimum pressure 2%t
1?.5 Ktorr, At hirher pressures the signal besan to decrease, A
similar pressure dependence has been observed by other workers (60) (76) (39).
This decrease in the laser output al high pressures is considered to be
due to increased photoattenuation of the radiation, leading to a
reduction in the gein. Both ground state absorption and scattering

(77)

processes have to be considered each of which are temperature and

pressure dependent, Further discussion of the photoattenuation

processes is given in Section 5,3,

5.2 MNEASUREMENT OF THZ GAI

.In order to obtain an estimate for the gain of the Mark 1 laser,

the amplified spontaneous emigsion (A.S.E.) from the excited nedium was
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studied spectrzlly and tenvorally., The experimentel arrancement used
wvas gimilar to that showm in fig 16 with the output reflector renoved.
The output radiation was first observed without the bacls mirror in
position, The intensity was measured using an I77T #4115 photodicde and
Tektronix 519 oscilloscope, =nd spectra were recorded using a 1 netre

nornal incidence spectrosraph and Kodak SCT7 £iln, These resulis werec

then repgated with the back mirror in position. This mirror reflected
part of the A.3.3. back throvzh the exeited mediwn so that it was further
anplified before being detected. In both sets of results the photoedicde
was placed 1 metre from the excited volume and the light incident on the
diode was atienuvated by a barium fluoride diffuser placed 15 em FTrom the
diode. It was assumed that the excited volume obzerved by the vhotodicde
was constant in both cases. Only the relative intensities of the signnls

vas required, so absolute values vere not measured. The values of

spectral width and the ratio of the intensities are given in “able 5.1.

In order to account for these results, the system was assumed o
heve a gain coefTicient o (>\) and a loss coefiicient vy (%). The

intensity incident on the diode without the mirror in yposition, Ip, is

given by T
. I

In____. S exp E_(}\)A-T()\ﬂl—1 (5.2)
[« (M) = v (XY ]2

where Is = spontaneous emission intensity

1

length of the excited medium
In wvas 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,

With the mirror in position the intensity, Im, is given by

80



I

COEMD- YO0

I

2 exp [l M- v ()] 21 px dexp Joln )= v (1) ]

(5.3)

so that

I =noexp E(%) - Y()\ﬂl+1 (5.4)

R in this case includes both the nirror 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 anplification only occurred over

half ol the tube arca,

The small signal gain coeflicient may be estimated (7 ) using the

expression

« (M) =2t o) [, -5 G

81 Tf

where A

It

wavelengt

T

il

fluorescence decay time
g()\) = nowmaliced line share function

it

I

1 - populetion of the lover level

N2 population of the upper level

R E-V1 S

In the xenon laser II, 2 0, thus H2 i 5

1

The popuwlation of the upper level, Hz, was assigned a time dependence
similar to that of the fluorescence which was obtained in the absence of
appreciable stimulated emission., A good it to the fluorescence at

10 ktorr wvas obtained using an equation of the form

- exp r%%Z] (5.6)

. 1(%) = I exp rz

T
i
where < r = fluorescence decay time
Tr = Tluorescence risetine
T T T . s
I = rf 1In “f was the nornalisation term
To=-T T
f  'r r
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Values of Tpo= 5.5 ns and T, = 1.0 ns zave pood acrcenent between the

-

calevlated value and the experimental cuvve, this is shoun in fig 24a

vAe

The line shape function, £ { A\ ) was assumed to be govssion with a

spectral helf width of 14.0 nn. This value of half width was chosen as

(373 (39) (59)

iy

an averaze o oi

the values given in the relevant literature
The loss term was assuned to be independent of wavelenzth but to have the
same tine dependénce as ol{N). This is considered o be a good
approxination vhen the main loss processes are scattering ‘photoionizetion

02

and ground state absoxrption,.

Oving to the complex nature of the gain and loss, eguations 5.2 and
5.3 were solved using a Hewlett Packard Series 1000 calculoior. A

progran vas desiyned to allow the time to be varied in stevs of 0.5 ng,

in the range O to 25 ns, and the spectrum to be considered at intervals
of 1,0 nn over a 20,0 nm bandwidth. The intensity at each spectral

position was calculated for each time siep and, by swining all the
contributions to each part of the spectrum over 2ll the time stepa, the
total spectrum was obiained. Also, at each time sten, the contribution
to the intensity of all the wavelenzth components at that time, was
calculated, and this gave the temporal behaviour of the A.S.3. pulse.
The maximum values of the gain and losas coefficients, aznax and ¥y
respectively, were varied until good agreement was obtained between the

experimental and calculated values of the spectral half widths and the

ratio of the intensities, with and without the nirror,

The optimum values obtained for an excited length, 1 equal to 8,5 cm
and a mirror refleetivity 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 chozen from the calorimeter
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measurenent shown in fig 17b, This measurement was less than that vhich
tias observed using dye dosimetry, showm in fiz 17a, vhen a 10 cm excited
length was measured. It was considered however, that the tﬁermocouple
gave a more reliable quantitative result, in order to see the effect of
increasing the excited lensth, the calculations were also carried out for

1 equal to 10 cnn and these results are also siven in Table 5.1. o
[

decreased by about 207, whilst the net gain (« - v

changed by
Atz ) <

1nax

only 107,

The calculated pulse duritions verce compared with that obtained
experinentally, sees fig 24b,c. (In voth cases the peals are adjusted tb
coincide, ) Again, there is zood agreerment bvetween experimental results
and calculated values, These results demonstrate that to a first
approximation the losses can be considered to be due rainly to a wavelength
indenendent process, It hes also been shoimn that the éxcited nedivr: has

-

a net gain, with a zain coefficient of the order of 0.3 cn
[~ H " (&3 A

5.5 THS piFraCT8 OF GAS HEATING

Vhen the laser was fired 1ith a freguency of about one shot per minute,
the intensities of the>second and each subsequent shot were reduced by a
factor of zreater than 20. It ;’found that by decressing the repetition
rate, so that the laser was not fired more than once in 15 minutes, the.
output power was reproducible %o within 205 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 gés after each electron pulse,

ALpproximately half the electron energy (5 J) was deposited in the

0.06 mn thick stainless steel tube over a length of 8.5 cm. The
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temperature rise, AT, can be calculated using the expression (19): 2

Energy deposited = V& s AT : (5.7)

wvhere V = volune

6 = density :

o]
|

= specific heat of stvainless sieel

The calculated temperature rige in the walls of the anode tube was about

O s - . .
20°K for ecach shot that was fired, The remaining 5 J vere deposited in

the gas and so substituting the relevznt values for zenon into equation

S . O:r ~ N
5.6 the temperature rise was about 600K, The gas and walls reached an
e svas . 0, - . -
equilibrivn temperature of about 407K in approxinately 20 sedonds, is

the anode tube was surrounded by vacuunm and the thermal conductivity of

. (s0) .. . . . . . i
xenon is low , the main method of cooling was by conduction along the
length of the tuvbe. Since the cross—seciional arsa of the tube wall was
small (wall thiclmess = 0.06 re1, tube radivs = 2,0 ), the cooling time
was slow. This was measured exmwerimentally by placing a thernocouple
in contact with the tube wall oud 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 minufes.

Thevvariation of A.S.H. 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 pover sﬁpply. The results, which
are showvm in fig 25, were taken at a zenon pressure of & ktorr. In the
30 seconds betweeﬁ shots the equilibriun tenperzture of the gas and tube
did not change éignificantly, S0 fhaf in consecutive shots, the gas
temperature increased in a linear fgshion, with the temperature dependent
losses inereasing from shot to shoti., 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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wvavelength of 172,0 am, has been measured by a nunber of researchers

(77) (81) (82) ,

, all of vhom found an increase with tenperature,

(82),

Kosinskaya et al, measured the photoattenuation in the temperature

= 2401 .o s . .
range 300 to 8T707K; this is the only data at present available for

(77)

higher femperatures. Gerardo et al. wvho studied the tenparatuvre
range of 273 to 3730K, shoved that the major loss is due to reconant
Rayieign scattéring, but that other scattering vrocesses are also
significant. 'The scattering occurs from fluctuations of the refractive
index of the high pressurc gas. -Gerardo et al., found that the scattering
increased vwith gas temperature and thet by increasing the terperature
from 300 to 3730K, the atieunuation coefficient rore than doubled. This
increase in attenuetion with temperature, nay account for the reduction
in the leser and A.S5.B. ouiput signal wioen shots were talzen at 30 -second
intervals, Although the temperature difference in consecutive shots
tﬁken at 30 second intervals was adboui 4OOK, the absolute tempercture rise
of the gas during the excitation pulse is exvected to be much higher.
This is because a number of the formation mechanisms create cnergetic
ground state atomé, which can then collide srith other atoms, nolecules,
etc,, so that the overall temperature rises.

In the dissociative recombina%ion reaction:

2
e + Xeg+ =ZXe + Xe (5.8)

the ground state xenon atom carries avay edcess cnergy of the order of
. s xe : . + **
1-eV, which is the aproroximate energy difference between Xe2 and Xe

Also the two 3-body reactions:
+ * e va ¥ *
Xe* (or Xe ) + 2Xe = Xe, (or Xe, ) + Xe (5.9)

and the vibrational relaxation of these molecules to the lower vibrationgl
states in collision with ground state atoms, causes gas heating. The
ground state atoms gain further kinetié¢ eneryy when the excited molecules

radiate and the quasi ground state molecules formed, dissociate.
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xe; = Xe, + bV = Xo + Xe.+ K.E. (5.10)

. . . . 0,
It is estimated that these reactions cause a tenperature rise of about 200K

3

duwring the laser pulse,

The effect of gas heating has been observed by other workers. It is

L4 L 2 - . Eal TY 3, 1 (83)
well illustrated by the exverimental results of Hughes et al. vho
used an electren beam with a pulse of about 50 ns (FUHH) and a total bean

- 3

energy of 2 kJ derosited in a volume of 30 cm”, The laser pulse duration,
hovever, was only about 6 ns and terminated 20 ns after the start of the
electron beam pulse so that the majority of the enerzy deposited was not
used to sustain laser action but went into heating the gas. Ternination

(60)

of the laser pulse was also reported by Gerardo et als and Koehler

~
et al, (1). In 21l cases the cub-off was estimated to oécur wien the

-

energy deposited in the sas was in the vange 5 to 6 Jeem ”.

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 ternmination of the pulse.

(84) .
s who constructed

This was verified experimentally by Hunter et al.
a high QSpect ratio electron beam‘with dinensions 50 cm by 5 cmo, The
electron energy was 850 kév and an energy of between 6C0 and SOO'J, in

a pulse of 40 ns, was injected into xenon at a pressure of 5 ktory,

giving 2 total enerzy deposited of less than 6.5 J.cm—3. The measured
laser output energy was 8 J vhich 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
vavelength 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

' (s5)

photoionization , but the photoionization cross-scction calculated by

88



(54)

Lorents et al. is approximately an order of megnitude less than the

stimulated emission cross—section measured by Gerardo c¢t al, (56).
5.3.1 THE ADDITION OF OISR HOBLE GASES TO XELON

Johnéon et al. (86) suggested that one of thé 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 eneréy.and then transfer this
energy to the xenon atoms (18). This second scheme would enable & lower
partial pressure of zenon to 59 used but the énergy.deposition would remain

unchanged.

Both of these approaches hove been studied by Johnson et a2l. using a
50 ns pulse of électrons as an excitation source. They found that ;
He : Xe mixture improved the efficiency of conversion of electrom beam
energy into stored leser energ%. 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 xcnon. (Bquivalent pressure is the
pressure of the mixture which has the sanme electron stoppiﬁg pover as pure
Xe, and is defined as

Equivalent pressure = PXe + ZA . PA

zXe
vhere 2Xe and PA are the pértial pressures of xenon and argon,

respectively

ZXe and ZA are the atomic numbers of xzenon 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
shoved 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 Tor
a fixed xenon pressure of 5.5 ktorr was studied over a range of helium
pressures from O to 9. k;orr. The anount.of xenon required to fill the
Fark 1 cavity to a pressure of 5.5 kiory, was frazen in a high pressure
cylinder. The systen vas filled with heliwm o a given pressure and the
xenon was then heated to room temnerature. It vas found that it ftook
two to three hours for the gases to mix thoroushly even if the electron
gom was pulsed every Tew minutes. Readings vere then telten at 15 ninute
intervals un*ilAB consecutive shots were constant in both peak and decay

time N N

The fluworescence was gonitored using an ITT #4115 photodiode and a
Tektronix 51S or 7¢04 oscilloscope. The signal incildent on the
photodiode was attenuated using a sarium fluvoride diffuser and.calibrated
Wire gauzes, The photodiode sismal was further reduced using calibrated
electrical attenuztors, The total output sisnal was neasured by
integrating over the area under the oécilloscope trace and_édrrecting Tor
attenuation. It was assumed that the electron derosition did not change
with the addition of helium owing to the much lonzer ranse of electrons

(19)

in helium thcn in xenon go that Tor each set of results the sare
amount of energy uas deposited per unit volume in the Tield of view of
the photodiode, The variztion of total energy output with pressure is
shown in fig 26; +this has been normalized to the value Tor no heliun

present., The fluorescence outyut remained constant for helium pressures

in the range O to 3 ktorr and then deqreaSed at higher pressures.,

The decay time was measured by enlarging the oscillograms and
plotting log 1(t) against t. For all helivm pressures the decay, T
was accurately described by a single exponential term. The variation

of decay rate, 7 d_1’ with Helium pressure is showm in fig 27.
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The rcason for the decrease in total signal and decay rate with
A o : . X - : (a87)
increasing helium pressure is still wncertain.  Fournier has proposed
that the results are consistent with-his theoretical model for electron-
. - (55) o
hean excited VUV fluorescence from xenon . 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 sugrests that as the main node
of decay of the nmolecular ion is by dissociative recombination (see Section 2.4)
then by reducing the electron temperature the number of atoms in the cascade

level builds up rapidly. In dissociative recombination an electron is

removed so thet the number of electrons remaining to induce reactions

from the cascade level to the levels vhich Torm Xez is reduced., So as

the helium pressure is increased the main mode of decay will be radiative.

- na s : . . . - 21
This radintive decay time is of the order off tens of nanosgeconds (z1) S0

that it will bé the rate limiting process, the decay of Xe;r will then
be é measure of the decay from the cascade level, At very high helium
pressures, fournier vredicts that the fluorescence decay will reach an
asynptotic value vrich is the fluorescence decay rate of the casczde level.

It appears from fig 27 that the resulits.are itending to an asymptotic

value of about 0,02 ns—1. Highefrhelium pressures were not investizated

because of the limitation of the strength of the anode tube,

Fournier's hypothesis also accounts for the resulis of Gerardo et =2l.,
ﬁsing the 50 ns pulse of electrons, In this case electrons are being
continuously supplied by the electron beam during the fluorescence pulse
so0 that there are electrons aveilable to induce transitions from the

cascade level,

The decrecse in signal with the addition of helium may be attributed

to increased photoattenuation due to en increase in temperature during
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the flworescence pulse. The addition of helium %o xenon will cause the
gas temperature to rige 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 averase temperature is important and as this is

reduced the signal will increase,

5.5.2 THE GAS CIRCULATING SYSTEH

A similar decrease in the laser signal was observed when the Hari 2
diode (described in section 5.4) was uged, @0 in order fo increase the lasex
repetition rate a gas cirvculating system was added, the details of wvhich
arce showun in figs 28, The circulating fan was nade from PTEE and a small

-nagnet wvas firnmly fized to it. e fan was then rotated by a second
magnet mounted on an a.,c. motor which was separated from the hish »ressure
gas region by a brass cylinder, of wall thiclmess 0.25 nn, Usging a
nagnetically coupled drive ensured that the gas was not contvanincied as

the 'motor was isolated from the gas.

The gas waé cooled by passing it throush a heat exchanger, which
consisted of seven stainleés steel tubes with wall thiclmess of 0,15 mm
and diameter of 4 mm,  These tubes were fitted into holes drilled in two
stainless steel plates and sealed ié%o vosition with Araldite epoxy resin.
Cooling of the gas was then achieved by cifculating vater arouﬁd the pipes.
Stainless steel pipes with an internal diameter of 6 rmm were used to
connect the circulating system to the laser cayity in order to obtain a
sufficient flow rate. Viton O-rings were used to disolate the high
pressure gas from the cooling water, to prevent contamination of xenon by

vater vapour which absorbs strongly at the laser wavelength (88).

With the gas cooling system in operation the laser output remained
constant, In the lMark 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 sirmal remained constant over tens of shots when the electron ~un was
pulsed at 30 second intervals. Wo change in the laser output was

observed if the pump was kept rumning during, or suwitched off before firing.

5.4 TS COAXIAT XEHONW LASER (MARK 2)

A major dravback of the Iark 1 system was the difficulty of replacing
snd alisning a back reflecior, as the complete systen had to be dismantled,

It was also necessary Lo protect the mivror from the electrons to prevent

The Hark 2 svstenm shown in fig 18, wos desisned to 2llow access to
bothr ends of the anode tube, A total elecciron been enersy of about 5 J
as devosited in the gas over a 12,0 cm length in 2 prulse of dvration 2.5 ns,
A plane-perallel cavity was used, one mirror with a reflectivity, X, .of
about 80ﬁ (supplied by ilatra Seavom) and the other with R equel to 766
ond trensmission, T, equal %o g (sgpplied by Acton Research Corporation).
Both mirrors had aluninium coatings, which were overcoated with narmesiun
fluoride. Thé naxinwma output energy recorded wes 1 md in a pulse of
duration of about 3.5 ns; and both mirrors were Tound to be damaged after

a few shots.

In order to reduce the intracavity energy, the output transmitting
rirror vas replaced by a single plate barium fluoride etalon. This
consisted of 2 1 mm thick disc of barium fluoride with the angle between

the faces less than 1 m radian, and both faces flat to M. The

15 .
reflectivily was calculated from the following egquation (89) (90)
2
R _ 27 - 1 (5.11)
n2lI 4+ 1

where n = refractive index

N

number of plates forming the etalon,
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For n = 1,7 and ¥ = 1, R is approximately 0.2, The transmission of a
(45)

barium fluoride is approximately 0,75 « Hith this etalon as the
output reflectoer, the energy oulput increased to 2.4 mJ and renained
constant to within 105 over many shots, No danage 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 - 0.2 m, wvhich was similar to that

of the Mark 1 systenm. '

The peek gain was calculated usinz equation 5.4, comparing the
Tluorescence intensity with and without the back mirror in position, In
this case, R vas the mirror reflectivity only, as the area of the mirror
used to reflect the pulse back throusgh the medium waé the same 2s that
of the anode tube. A valuve of 0,18 cm;:-1 yas found for the net zain,
using 1 egqual to 12 cm as taken from the thermocouple measurement, which
is shown in fig 19D, (Spectra vere not recorded with and without the
mirror so that no estimates of the total gain and losses were obtained.)
This éystem was less efficient than the liavic 1, alﬁhouéh it was nuch

easier to carry out the alignment.

In order to increase the laser output the Blumlein circuit was
extended (this was described in Sed%ion 4.5), to increase the pulse
duration to 5 ns and the total eneréy deposit?d in the gas to 10 J. The
energy was distributed over a length gf about 13,5 cm so that the energy
density was about 6 J.cmﬁ3. The gein 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 pezk value for net gain of

0.30 I 0.01 cm”1 at a pressure of 10 ktorr, was similar to that achieved

with the Hark 1 systemn.

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

97



a factor of fovr in the laser output enerpgy, by doubling the input
ENeTEY . A Turther increasé.in laser output to 12 nd was obltained by
rerlacing the 80 mirror with a 937 reflecting diclectric mirror, In
all subsequent experiments, the Hark 2 laser, with extended Dlumlein

vas used,

5.5 OPTIIIISATICN OF THZ LASZR OUTFUT

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 mayimun possible oulput, botl these parameters were optimised

experinentally.

The mirror reflectivity was optimiced by keeping one mirror fixed

with R1 = 0,93 and varying the out»ut reflectivity, from G.07

20
to 0,93 with corresponding itransmission of about 0.9 to 0.006. The fired
nirror had a transmission of about 0.05 but the output from this was not

-

included in the neasurement of total energy.

Low reflectivity was echieved by reflection from a single face of a
lithiunm fluoride windov. The two faces of the windovw vere wedred by
about 5 mrads (measured using a Twyman-Green interferometer) so that only

one surface contributed to the reflectivity. Both faces uvere flat to

(c0)

about ZL- The reflectivity, R1, from a single surface is given by
10
: | ' R, = [B=17° (5.12)
: 1+1
vhere n is the refractive index

For n = 1.7, then R, & 0,07

1
A single plate and a two platé resonant reflector were also used,
These were made up of 1 mm thick barium fluoride plates, the faces of which

vere parallel to better than 1 mrad and flat to A. The reflectivities
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vere calculated using equation 5.1. T'or the single plate etalon R Jis
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 aligngd 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 sane pressure as the surrounding region. Tultilayer

dielectric mirrors with given coefficients of reflectivity and transmission

were obtained from Acton Research Corporation and lMatra Seavom.

The change in output encrgy with mirror reflectivity, R1.R2, is shown
in fig 29. The optimum output reflectivity was of the order of 0.1 to O.2.
In all cases the pulse duration remained approximately constant in the

range'B.O to 3.5 ns.

When the optical componehts were exgmined fhere 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 mnn diameter from the centre, on the surface adjacent to the anode tube.
In the case of the barium fluoride the damagé 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 R

.= 0,93 and R, = 0.2,

1 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 vwhich was recorded at a pressure of 11 ktorr, after
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which a decrease was observed. FEach 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 repecated 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 ihcreased 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 totél enefgy increased
from the order of 3 to about 12 mJ, This shortening of the laser pulse
nay be explained by saturation effecis. 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 thoton 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

* ; *
ar =-o¥ F(t) -0 (5.13)
dt . ) Tp
where 0 = stimulated emission cross section (cmz)
"F(t) = photon flux (cm_?s_1)
Tf = Tluorescence decay tlime (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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H* = N: exrp E—- oJ;’(t)diZ] . s
H; exp [;- GI{] (5.14)

,,__
where N o = initial inversion

il

The term J%(t)dt is the accumulated pulse energy, I, in units of

-2 . . . .
photons, en The saturation energy, E_, is defined as the energy
[=4

91
which reduces the inversion by a factor of (s ), go that

o |-

The stimvlated enission cross section, 0 , uas neasured by

56 =25 -1 2
o). 5 .
Gerardo et al, () ) to be 10 Tf oCI1 The measured values of T:f lie

e -G .
in the ranze 4 = 10~ to 20 x 10”7 s, so that ¢ lies within the ranse
= -18 = -18 2 v, - | R
25 x 10 to 5 x 10 cn . This corresponds to a saturation energy,
= -2 v a - .

ES of 46 to 230 nJ. cm . In the wpresent laser, the anode tube radius
was 2 m so that the energy density inside the cavity, for 2 12 nJ

1 1 < - -2 - '
ovtput wes of the order of 150 md. em ~, when allowvance was nade for both
the etelon and window transmission. This indicates that +the laser is in

-

the sdturation regine.

(e4)

The value of saturation is consistent with the results of Hunter el al, R

- who found that the sidelight decreased, dﬁe to loser 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—z. This assumed that the outpul 2 inch diameter
reflector was wniformly illuminated. The total output of 8 joules
corresponds to an energy density of ab;ut 4C0 mJ..cm-a. In the long
pulse case, the laser does not terminate so rapidly as'the pumping pulse

continues to repopulate the upper level.

Becauge of the high gain of the present system (about 30 per pass) the

saturation energy is quiclkly reached even for a low reflectivity output
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reflector. The A.S.B. output for a double trensit of the.cavity was

measured to be about 1072 of the laser output so that if the order of 207
of the A.5.E. is reflected back through the excited medium then efter

about one further cavity rouwnd trip the saturation encrgy will be reached,

If a higher rcflectivity mirror is used then ggain saturation will be

quickly reached, bii. as the nirvor transmission is less, then less cnergy

will be transmitted per trensit, TFor a loss less medium and short pulse

-

excitation, the laser output energy should renmain apyroximately constant

if the gain is saiturated but the pulse duration should increase as the

cavity lifetinme increases,

(The cavity lifotime, & is defined as the lifetime of a quantity
H C,

in the cavity and is related to the mirror reflectivities, R, and R and
’ 1 2’

Q

. . s e . o
to the transmission coefficient, T, of the laser medium by (78)

£ 2, (5.15)
c - R 2 __1
¢ In (3132L )

vhere L is the cavity lensth

¢ 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 iilustrated conclusively
the feasibility of constructing a reliable high power xenon laser using
short pulse excitation. This was,due nmeinly to the use of a coaxial
electron beam diode as the excitation source as it enabled the enersy to be
coupled efficliently into the laser medium, The laser output was
optimised experimentally =and the limitations of short pulse excitation

vere discussed,
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TABLE 5.1°

for 1 = 13.5 em

A >\ " A >\ . Ratio of cL. Y oL
! L Intensities max nax -“max-:x’max
KARK 1 DICDE
1. BExperimental + + +
Results 8.6 = 0.5 5.0 - 0.3 4,7 ~ 0.1 _ . _
2. Calculated
Values + + L + + +
fOI‘ 1 = 8.5 C'm 8.6 - 003 \ 5.0 - 002 [Lo6 "" 0'2 0063 — 0003 0.33 - 0303 0930 - 0001
3. Calculated
Values + + + ‘ T + ,
-for 1 =10 cm 8.6 - 0,3 5.0 - 0.2 4.6 ~ 0,3 0.52 = 0,03 0.25 - 0,03 0.27 = 0.01
MARK 2 DICDE
1. BExperimental + +
Results 506 - 004' 3.2 - 003 30 -2 —_— — —
2. Calculated
Values 5.5 £ 0.4 3.2 £ 0.4 50 £ 3 0.63 £ 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 svggested
that it may be possible to ob?ain a tunable laser, In order to tune the
laser continuously, the spectrum must be homogenéousl& broadenecd (78) on.
the time scale of the laser emission. According to the analysis of HMies (61)
the séontaneous 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 radiztive loss is slow compared with' the
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 fasft. Assunming their value of
3 x 10_11cm?s_1 for the rate coefficient, then the time for vibrational
reiaxation to occur is about 90 ps for a number density of atoms of )
3.5 x 100> (10 ktorr), Tor a radiative lifetime of about 4 ns (09) (40)
then this relaxation time decreases to approximately 20 ps. Although
' stimulated emission will deplete particular lecvels, vibrational relaxation
will quickly repopulate these levels so that the spectrum will be quasi
homogeneous, The continuous tunability of the xzenon 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 tunabie lasers has been with flashlamp

(93)

or laser-pumped dye lasers which operate over most of the visible
region of the spectrum. 1lMost of the techniques devised in these studies
may be applied to noble gas lasers when allowance is made for the VUV

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 satisfiesvthe
feedback condition. If losses in the dispérsive.element are ignored,
then for a homogencous 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 theHe-He (helium—neon) laser wavelength is

outlined and results for the tuned laser are reported.

6.1 THE SELECTION OF A TUNING ZLEMENT

(83) (55)

It has been observed experimentally , 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

(94) (95)

" selective element, such as a diffraction grating

(97) (98) y

, OT some combination of these elements, may

, Fabry Perot
etalon (96), prisms
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 VUV wavelengths.

6.1.1 DIFFRACTION GRATINGS

A diffraction grating was the first dispersive element used for

(94) (90)

tuning a dye laser For a diffraction grating

DN =4 (sinp + sinp ) (6.1)
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vhere m = order
A = wavelength
d = separation of the grating rulings
@ = angle of incidence '

B = angle of diffraction

For autocollimation, the incident and diffracted beams are collinear ((p = B),
so that the angular dispersion, du, is given by
dA

d¢ m (6.2)
dh 2d coso

For a first order svectrum and 600 lines.mm"1 grating, the angular
dispersion is approximately 3 x 10_4 rad. nmf1. The xenon laser has a tean
divergence, 4¢ , of typically 2 mrads, so substituting this value in

equation 6,2, the passive spectral bandwidth is approximately 7 nm. Hor

. O .
a diffraction limited beam, the divergence (‘O),A¢D , 18 given by
0= 1222 (6.3)
D

wvhere D = diameter of the nmnode tube (3.5 mnm)
So with A = 172 nm, then A wj)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,
is less than 500 (99), so0 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 sinilar coatings (see Chapter 5), is
likely to occur to diffraction gratings. To prevent damage to the
grating it mey be possible to expand thellaser beam or to use a partially
transfarent mirror in front of the grating, as sugsested by Bjorkholm

(100)

et al. This mirrdr—gﬁating combination acts as a high reflectivity

resonant reflector for the tuned output and at the same time reduces the
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pover incident on the grating. Owving 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 TFABRY-PEROT ETALONS

Fabry-Perot etalons (FP) have been successfully used to obtain narrow

bandwidth tuning in dye lasers (96). The wavelength, A , which has the
) o]
naximunm transmission in the pth order is given by (%0)
A = 2nd cosu V : (6.4)
jY

vhere n = refractive index of the material between the FP plates

a

]

plate seperation

0 = angle between the beam and the normal to the plates

The angular disversion, dA_ _ - 2nd sina, (6.5)
' ' do P

so for a beam divergence, A¢ , the passive spectral bandwvidth, [x),p, is
given by

AN sina . A @ (6.6)

= 2nd
Py

The passive spectral bandwidth is therefore dependent on the angle of
incidence. If however, & is small then the bandwidth is determined by
the finesse of the etalon and not the béam divergence. In this case the

spectral width of the output is given by

AN - FSR (6.7)
P F
vhere FSR = _)\° is the free spectral range

24
1

P = mR? 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 F 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

(101) (102)_ In the cxperiments.

through the dispersive element
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
siﬁgle plate e%alon consisting of a 1 mm thick disc of barium fluoride,
so that PSR is equal to 9 x 1077 m for A =172 nm and n = 1.6. Any
structure on the laser spectrum of this order of magnitpde eOuld not be

resolved in the spectrographs which were available.

Whilst tuning of the short pulse xenon laser using a TFabry-Perot
etalon is not feasible at the present time, with the development of longer
punping pulses and improvement in VUV coatings this method mey become
practical.  Furthermore the requirement for a second dispersive element
to prevent overlapping of succegssive orders introduces additionzl losses

in the cavity.

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

(103)_

as a predisperser in conjunction with a second dispersive element

Prisms have the advantage over other tuning elements in that losses can be

(97)

nade very small, and the damage threshold is much higher In order

to increase the dispersion in lasers operating at visible wavelengths,

(97) (98)

multiple prism arrangements have been used

At the xenon laser wavelength (172 nm), hovever, the dispersion, dn ,
dA
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of many transmitting materials, such as barium fluoride, sapphire and

3

fused silica, is high (greater than 10~ nm—1), as the bandgap is close

to thé wavelength of interest. Because of the high dispersion and the good
transmission, a fused silica prism was chosen as the dispersive elerent.

The transmission of a 3 mm disc of the ﬁaterial (Thermal Syndicate
Spectrosil 1831), was measured to be 857 at 170 mm, although at this
wvavelength the absorption was beginning to increase. The refractive index
was estimated to be about 1.62 by extrapolating fiom values given in
'Handbool: of Chemistry and Physics' (80), and the dispersion dn , of about

3

3 X 10" mm™! was estinated from the slope of the granh of n vs.A .

In order to reduce reflection losses at the prism surfaces, a prism
, ot (00) ;
with angles close to Brewster's angle was umsed . The geometry of a

beam passing through such a prism, at minimum deviation, is showm in

fig 31 belovw.
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Now tan I, = tan I, =n = tan B ' (6.8)

1 2
wvhere n = refractive index
B = Brewster's angle

For n equal to 1.62, B is approzximately 58.3°, In practice a 60° prism

was used

For a prism at or near Brewster's angle, the following relationship

holds (90)

40 ~v 2 dn : . (6.9)
ax ax

s . . . . - -1
so for a fused silica prism, the angular dispersion is about 6 x 10 E reds.nm .
TFor a beam divergence of 2 mrads, 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 spec¢tral width is approximately 0.013 nm,

A separate mirror and prisn vere used, as shown in fig 32, in

(104)

préfe:ence to using a coated prism @ , as twice the dispersion was
achieved per t}ansit. This increased the difficulty of alignment,
(described in the next section), but if the mirror was damaged it was not
necessary to realign the Eomplete system as the mirror could be rotated

" in its mount to expose an undamaged part of the coating.

6.2 THE DESIGN OF A MCUNT 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 fhe 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 éf the table,
(ii1) the prism and mirror to be adjusted together, so that a

He-lle 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 sufficientvaccuracy
to tune across the xzenon waveléngth;_ this fine adjustment
was made through a high pressure seal.
The mount that was constructed to satisfy these conditions, is showm in
fig 33. The complete mount was firmly fixed inside a eylinder, which
could be inserted into the laser cavity. Th;s enabled the initial
alignment of the system to be carried out before inserting the element
into the cavity. A sopring aﬁd bearing arrangement was used to naintain
firm contact vetween the stainless steel cone and the brass retaining
plate, both of vhich 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 suvrface of vhich was paraliel to the
axis of rotation. The axis of rotetion was defined by noting the position:
of three reflections from a helivm-neon laser off the rod, To facilitate
final alignment the rod axis was adjuéted so that it was apérbximately

perpendicular to the alignment bean.

Thé mirror and prism were mounted on a common table, but each had
separate fine adjustments; The prism was positioned so that thé bean
passed close to the rpfracting edge, to reduce the path length traversed
in the fused silica, As the prism and mirro; were mounted on a common
table, the angle, 11, betwveen then (see fig 31) rcmained constant so that

the prism was adjusted to give I 22.580, and then fixed rigidly in

1
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-He 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 vere observed and adjusted simultaneously. The mirror was placed
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in position and adjusted so that the refrected beam was reflected back
along its own path. At the wavelensgth 632.8 nm, the refractive index of

fused silica is about 1.46 (80)

, 8o that the angle of deviation is
different fromthat at 172 nm. For a fixed angle I1Ci.580 the angle of
deviation at the wavelength of 632.8 nm was calculated to be about 370

compared with 50.50 at 172 nn, so that after alignment the table had to

be rotated by about 130 to the tuning vosition.

The cylinder containing the tuning element was firmly boltcd 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 fube axis, This adjustment enabled the axis of rotation to be varied

while keeping the prism and nmirror axis parallel to it.

Rotation of the table through a high pressure seal was possible
using two éfrangements. In the first, a screv was pressed against a
plate which was attached to the table and the force required to rotate
the table was provided by a compressed swvring. The second arrangement
had a direct drive between the table and 2 micrometer and provided a nore
~ reproducible arrangement. Vhen the first method of adjustment was used
the wavelength of the laser was reproduéible to within = 0.2 mm for a
given position of the adjusting screw vhereas with the second arrangenent
the wavelength could be reproduced to withinkb.1 mm for a given nicrometer
reading. In order to obitain reproducible results it was necessary in
‘both cases to take all readings when rotating the adjusting screw in the

sane direction.

The output reflector used, was a single plate barium fluoride efelon
and this was aligned using the He-Ne laser. The prism table was rotated
to the helium-ncon wavelength and then the cavity evacuated before filling
with high pressure ienon. As the zegon pressure increased the reflected

laser spot was observed to move along a line perpendicular to the axis of

116



rotation. This was due to the change in pressure in the wedges of gas

-
‘betueen the prism and the mirrors. As the pressure of the gas increcases,
(105)

the refractive index, n, changes such that

n -1 o7 constant (6.10)
D

vhere 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
deviaﬁion will be larger at shorter wavelengths, so in rractice it was
easier to find the tuning position experimentelly rather than by calculation,.
since the gas refractive index is unimowm in the VUV. I+ was also observed
that if the heliuvm-neon laser was not aligned accurately along the anode
tube axis, then there was a deviation of the reflec%ed 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 vas
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 alisned correctly.

.
6.3 THE OUTFUT OBTAINED FROM THE TUNED LASER

The Mark 2 diode, with the extended Blum}ein circuit was used to
obtain the tuning results. The resoﬁator length was 25 cm and the output
reflector was a 1 mm thick, single plate barium fluoride resonant reflector
ﬁith reflectivity of about 0.2 while the mirror mounted iﬁ 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 Kodek SC7 film using a 1 metre normal

incidence vacuum spectrograph in first order. VWith a slit width of 0.05 mm

17



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 éame 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 knouwn 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,. Telium was allowed to flow continuously around the
lanp to keep it cool, and to remove oxygen end ozone which are strongly

absorbent at 184.9 nm.

Plate 11 shows spectra of the tuned and narroved output of the xenon
lacger, the film being displaced vertically between consecutive shots.,
The spectral half width was measured by taking a densitometer of the spectra.
as shown ip_fig 34 and then using the measured valve of the film vy . The
recorded bandwidth, A ot Ves 0.16 nm and the instrumental resolution, A !

was 0,08 nm so that the true bandwidth, )‘t’ calculated from

S (6.11)
vas 0.13 ¥ 0.03 nn.

There is speciral narrowing bf'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 %o 176.5 ¥ 0.2 nm and it was possible
to tune continuously over the entire range. The spectral bandwidth at
all wavelengths was less thap 0.2 nm, but small variations could not be
measured accurately due to the uncertainty in the of the film, Wheﬁ
the spectrally narroved output was observed only about 4 mm of the slit
wvas 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

Vavelengths fron left to right :

1714, 173.0 and 174.4 nn






—k- 016 nm

JAVASIY

J I L

171 173 175
A(nm)

Microdensitometer trace of tuned
spectra showing discrete lines.

Fig 34



The micrometer used to rotate the prism table was calibrated. for
wavelength and the output energy was then measured et different wavelengths
using a cﬁlorimeter (Laser Instrumentation Model 142 LR Thermopile). The
variation of output energy with wavelength is shovm in fig 35. Each point
is the average of at least three shots and in most cases the reproducibility
vwas better than 20}, The maximum energy recorded was 3.6 mJ and the enexgy
remained within the range 3.3 t 0.3 mJ over the wavelength interval
172 to 175 nm. 'A series of results taken when the 935 reflectivity
mirror was replaced by an Al : Mng 805 reflecfivity mirror; are also
shown in fig 35 for comparison. In this case the peak output obtained
was 1.9 mJ; (The twvo 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 fhan about 0.2 mJ.

Narrowing of the laser output was only possible if reflections f£om
the walls of the anode tube were eliminated, because at angles near grazing
incidence, the reflectivity of metals is high (8) (greater than 907},
~ If the prism and mirroxr are set up for tuning at a2 particular wavelength
then 1bnger and shorter wavelengthé.will be diverging, relative to the
tuning azisyon leaving the prism. Any wavelengths which enter the anode
tube will be émplified as they will be guided along the tube by wall
reflections. The separation between the prism and the anode tube was
ébout 20 mn 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 107~ rads. nm | 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 Y 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 tke tube. VWhen 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 cutput energy density
remained unchanged at aprroximately 85 md. cm—z. The peak tuned energy
density of about 37 md. cm—2 was thus about 45% of the untuned output.
This decrease méy be attributed mainly to lesses 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 4115 photodicde and Tektronixz 519 oscilloscope. Three typical
results are éhown in plate 12. In all cases the pulse duratién (Fm)
was approximately 5 ns and this remained unchanged at any wavelength

ohserved, This is to be compared with the untuned pulse duration of 3 ns,.

6.4 A DISCUSSIOH 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 14 nm.

The wa&elength dependence of the géin could not be measured s0 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 spect?al profile of the A.S.E. output, with and without one mirror
aligned in the cavity, were obtained. Tﬁe fluorescence spectrum in the
absence of gain was assumed to be gaussiesn with a half-width of 14 nm,

The valués 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 mn
() 174.4 mm

timescale : 5 ns per major division






are shown in fig 36a: +these have been normalised at the peak values.

By measuring the relative intensities of the 2 spectra at different

o 1

wavelengths, an estimate of the wavelength depcndence of the gain, e ’

was obtained, as shown in fig 306b. This curve is for amax = 0,7 and

Ymax = 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 z2bout 4 nm from the pezak. Yhen a tuning element is inserted,
further losses are introduced in the cavity dﬁé 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 fhe order of 8 nm when the

additional funing losses are included.

The graph of oﬁtput energy against wavelength, fig 35, does not follow
the calculated gain curve. The output of the funed laser remained in the
range 3.3 ¥ 0;3 mJ in the wavelength region 172 to 175 nm and this may be
explained by saturation. Safuration effects vere discusséd in Section 5.6,

with regard to the untuned laser, where a saturation energy density of
‘ about 87 mJ. cm_2 was estimated. The lowver saturation energy density
of about 37 md. 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 compering 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 pulée has reached its maximum the
inversion has been reduced to a value less than that for the untuned case.
The sgturation condition may again be defined as the energy density

required to reduce the inversion by 1/,, 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
wévelength dependent. - VWhen the tuning element was set up for feedback
at 169 nm and 175 nm the peaks of the output spectra occurred 2t azbout
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 shor% wavelength dependence of the tunable
output was not obtained accurately owing.to the strong impurity absorption
at about 171.2 mm and also the increasing absorption in the prism at °

wavelengths less than 170 nm.

In the spectrum of the untuned laser shown in plate ¢ two absorption
bands at about 171.2 and 172.9 are evident, but the 172.9 bgnd 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 fhe tuned laser the total intensity is reduced,

" the intensity per uvnit wavelength is increased so that the transition
leading to the absorption at 172.9Jﬁay 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 chaptef 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 BaF2 prism as a disﬁersivg element. The spectral

half-width of 1 nm obtained by them was about a factor of 10 greater than

that feported here and the peak power was less by a factor of 1O3 The

energy tuning range of 2500 em™! for the xenon laser is the largest range

of any laser which has been reported.

125



CHAPTER SEVEN
CONICLUSIONS

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 dépendence. As the pressure
incfeased the fates of rise and decay increased, and by analysing these
results values of 16 = 2 ns for the true fluorescence decay-time and
(3.0 ¥ 093) b 10"32 cm?sm1 for the three body formation rate.of the
excited xenon molecule vere obtained. The measured decoy rate was found
to increase linearly with pressure above 3 ktorr so a quenching of the
excited molecule in collision with a ground stazte atom was postulated.
However the exverimental results differed from those obtained at other
laboratories in which a similar excitation source was used, indicating
that this simplg approach was not adequate, A number of theoretical
explanations have been put forward to account for the pressure dependernt
decay and the discrepancies in experimenﬁal results. As with all
solutions of 'many body' problems each model malkes a number of assumptions
and there is not as yet enough eXperimeﬁtal evidence to assess fully the
.validity of each theoretical approach. ‘A1l theories include contributions
from both the 122: and 3:2: levels to the total output radiationm. These
two levels are_always given different radiative lifetimes but the values
used vary widely. The results of each of the theoretical aporoaches lead
to the donélusion 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.

BExperiments aimed at building a xenon laser using standard commercial
electron beam 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 electfon bean diode
eﬁploying a coaxial pumping geometry. Electrons were emitted from a
cylindrical cathode which was conceniric with an anode consisting of a
thin walled stainless ;teel tube, which also acted as the container for the
high pressure gas. When the =600 XV pulse was applied to the cathode
electrons were emitted by field emission, from_an array of spikes, and
accelerated toqards and passed through the anode tube which wes maintained
at earth potential. This arrangement had the advantage of using the
radial focussing inherent in the cylindrical geometry to helv 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 50;% of the electrons were
stopped in the tube walls. This fraction could have been reduced by
decreasing the vall thiclmess or using enother metal such as titanium,
vhich has equivalent strength but about half the stopping vower. ‘ The
rédius of the anode was chosen %o give uniform electron denosition in the
gas at aboﬁf 10 ktorr which in most exveriments that were reported was
thg'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, 1aser'powe¥s of the order of 1 MW were
produced. This was increased to 4 MW (12 mJ)vwhen both the energy
deposited in the gas and the pumping pulse dufation were doubled, by
modifyipg 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 compariné the spectral widths
aﬁd the ratio of the intensities of the amplified spontaneous emiésion
with ‘and without a high reflectivity mirror aligned in the cavity. The
total gain of the 1ase; 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 absofption, 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
éxgitation pulse, Gas heating by the electron beam will be one of the
important ébnsiderations 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 dénsity 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 shovm that the saturation energy
density, ES, which is the energy density that reduces the inversion by

1/

. 1 . s . .
e, 1s equal %o /; where ©, the stimulated emission cross section, is

approximately equal to 1077 ca?.  In short pulse excitation, E_ may be
taken as the upper limit because when the inversicn 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 disversive element because of its high dispersion and
transmission in the VUV, The prism and mirror vere nounted on a common
table which could be ;otated about the prism axis while the system was at
the working pressure. The laser output wés confinuously tunable over the
range 169.2 to 176.5 nm and the spectral bandwidth of about 0.13 nn was a
factor of ten less than the untuned laser and a factor of one hundred less
than the fluorescence bandwidth., Narrover bandwidths could be obtained
using longer vumping pulses, thereby increasipg the number of transits
through the diépersive element, or by using a multiple prism arrangement.
In the short pulse case the additional losses due to absorption losses in
the material and feflections at the surfacés, maj prevent the laser reaching

threshold.

The ma%imum tuned output laser energy of 3.6 nJ was abouf 4555 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 dnly tuneble over about.i.S m with a
bandwidth of 1.8 nn. The decrease in the tuned output energy was due
mainly to the increased cavify losses caused by the insertion of the vrism,.
This wés illustrated by the longer build uv tinme of 3.5 ns in the tuned
laser compared with about 2,0 ns in the untuned case, The out»ut energy
remained approximately constant over the wavelength range of 172 o 174.5 mm

and this was taken as an indication of saturation.

The 1asér system described in this thesis has provéd to be a reliadble
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 svfficient to break the bonds in many large organic molecules such as
are fouqd in plant and humah tissue. The fragments produced may then be

analysed and the structures of many of these molecules determined.
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As the laser is ftunable over a large range it may be possible tg 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 narrover bandwidth could be obtained from the xenon
laser then this method of selective ionization could be investigated for

vse 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
enployed for diagnosties of high density plasmas. A photon cannot
propagate in a plasma unless its frequency is greater than the plasma

(72)
P

1
frequency, w , which is provortional to the (electron density)?.
The w D corresponding to the wavelength of the xenon laser, occurs at an
electron density of about 3 x 1O22 cm—2, approximately solid density.

This should cnable 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 viewvto 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 puises from an oscillator by
mode locking or some other method. ZXenon does not however, have the
properties of an efficient amplifier medium, because of its high
stinulated emission cross section (ﬁ0{6_17 cm2) aﬁd low storage time
(N1O"8 ns). The oscillator pulse would hgve to be synchronised with
the gain of the amplifier, so that the pulse arrived when the inversion
was at its maximum, tthen a short pulse is amplified, only the energy

stored in the period of apprroximately 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.* To
date a method Tor mode locling the laser has not been found, Vork 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 (108).
This is generated by a 4 wave paramééric process where two fundamental
photons are added to a second harmonic photon in phase-matched magnesiun
vapour. These pulses may thén be amplified and this shovld vrovide

information on the vibrational relaxaticn times of the excited molecules,

Before any lafge anrlifier system can be designed, it will be
necessary to detcrmine a number of important parameters in both the gas
and the optical materials. At the xenon wavelength, most transmitting
materials absorb. a few ver 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 thet a lmowledge of two photon cross sectlons is necessary.
The flﬁxes should be less thén the é;mage linits of the materials. To
reduce the fluzes 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
Febétron 705 electron beam generator. In order to make a long dicde, the
impedance of the excitation source should be low as the diode impedance is

inversely proportional to the length of the dicde.

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 szource

in the search for these new media, since although direct electron beam
pumping is theoretically less efficient than sustained discharges (109) it
will probably continue to be videly 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 obtained from a 10 ], 600 keV coaxial diode electron-beam pumping
arrangement. Uniform pumping, with a2 well defined cylindrical gcometry, 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 scem 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 [G,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 cfficiency 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-.
ceeding 1 MW, we have desizned 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 puise
duration (2.5 nsec) is shorter than the fluorescence
lifetime of the xenon molecuiar dimer, at the gas
pressures employed [9], laser and fluorescence kinet-
ics can be studied. _
The experimental arrangement is shown in fig. 1.
The coaxial field emissicn diode consists of a thin-
walled (~ 70 um) stainless steel tubular anode, of

. ~4 mm internal diameter, maintained at earth poten-

e
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Fig. 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 o 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 60 £2 (10 kA. 600 kV). The tube
radius is determined by the range of the electrons ang
hence by the gas pressure. For 600 keV electzons ac
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10 ktorr, a tube of ~ 4 mm diameter givés uniform The laser spectrum was recorded in a 1 metre nor- -

pumping. The cathode which has a diameter of ~ 3 mal incidence vacuum spectrograph, with a 600 lines/
cm and a length of 7 cm, was constructed from tita- | mm grating. The microdensitometer traces of fig. 3

.3 . . . .
nium sheet, perforated to produce an array of spikes. clearly show the considerable spectral narrowing pro-
The distribution of pumping energy over the inner duced by the mirrors. The laser linewidth is~ 3 A
surface of the anode tube was measured using cello- when account is taken of the absorption lines on
phane dye dosimetry [10]. The microdensitameter either side of the peak. The full height of the spectro-

trace of fig. 2 shows a variation of less than 105 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- - (a)
lorimetrically with a thermopile and found to be :
~51J.
The anode tube was evacuated to 104 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.0.C. Research Grade) ) .
was frozen in a high-pressure bomb by liquid nitrogen . T
and pumped to < 10-4 torr to ensure that impurity T
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 stimul:ted 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 i
for output coupling. Both mirrors had Al:MgF, max- (c)
Imum reflectivity coatings. Better results were ob- ’ A - 134
" tained with two plane mirrors, one of which had a . Co
transmission of ~ 8%, In both cases the mirror separa-
tion was 22.5 cm. Mirror damage at present limits the -
peak power to ~ | MW. By employing multilayer di- BT
<lectric mirror coatings [11] or prisms, higher work- ‘ , l '
- ing powers should be possible. : i

T . B
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Fig. 2. Microdensitometer traces of spectra (1 metre normal

——— e e N incidence spectrograph) recorded with (a) no mirrors, (b) sin-
DISTANCE (cm.) gle high reflectivity plane mirror (double transit), and (c) 1
. metre radius of curvature mirror and output plane mirror
Fig 2. Microdensilometer trace of cellophane recording of with 1.4 mm diameter coupling aperture (both mirrors high re-
*  electron enerzy deposition, showing uniformity along anode. flectivity). Spectral resolution of (¢) is < 1 A.
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graph slit is illuminated when only onc mirror is em-
ployed or when the output mirror of the laser resona-
tor is misaligned but only a | mm length of the slit
(»laced 35 cm from the output mirror) is illuminated
-by the laser beam. The: beam cross section was record-
ed on SC7 film (Kodak--Pathe) at a distance of 1
metre. With the hole-coupled resonator an annular
beam of 6 mm diameter was obtained, corresponding
to a beam divergence df“' 5 mrad. As expected, a cir-
cular beam of slightly bctm divergence was produced
with the semi-transparent mirror.

Pulse duration and output power were measured
using a solar-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 | MW 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 occurand could intluence 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.

[ aninal =

_15
w b
¥
l

T

Fig. 4. Oscillogram of laser output. Time-scale § nsec per ma-

- jor division.
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- PEAK
FLUORESCENCE
2 - INTENSITY
(arkitrary units)

30 .60 90 120 150 180
_TIME (secs)

Fig. 5. Variation of Mluorescence 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
repculwegumpmo at the maxiinum 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 instantancous
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 gas heating would
be expected to strongly affect both fluorescence and
laser intensities. The thermal time constant of the
anode tube is estimated to be ~ {0 minutes, which
would explain the long recovery time of the laser.

An increase in xenon fluorescence cfficiency 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 anorder of magnitude. Since the results quoted in [8]

.were obtained with a Febetron 705 which preduces a

50 nsec pulse, we repeated our measurements with
the same type of electron beam source. In this case,
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with partial pressures of 5 ktorr xenon and 4 ktorr he-

Tium, and increass of ~ 107 in fluorescence was re-
" corded, in agreement with [8]. We are investigating fur-

ther the role of helium.

Finally, we mieasured the amplified spontaneous
emission when the high reflectivity mirror at the end
of the coaxial anode tuhe 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~! for the nett gain. The spectral narrowing
would indicate a gain coefficient of ~ 0.7 cm~1, if ab-
sorplion 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 ztornic and molecular processes involved in
quasi-molecular dissociative ground-state lasers.

Financial support from the Science Research Coun-

¢il and UK AEA Culham Laboratory is also acknowl- -

edged.

338

OPTICS COMMUNICATIONS

August 1974

References

[1] H.A. Koehler, L.J. Ferderber, R.L. Redhead and P.§.
Ebert, Appl. Phys, Letters 21 (1972) 198,
[2] W.M. Hughes, J. Shat. won, A. Kolb, E. Ault and M.
- Bhaumik, Appl. Phys. Letters 23 (1973) 385,
[3] 1.B. Gerardo and A. Wayne Johnson, [EEE J. Quantum
Electron. QE-9 (1973) 748.
[4] P.W. Hoff, J.C. Swingle and C.K. Rhodes, Opt. Com-
mun. 8 (1973) 128.
5] S.C. Wallace, R.T. Hodgson and R.W. Dreyfus, Appl.
Phys. Letters 23 (1973) 672.
. [6] P.W. Hoff, J.C. Swingle and CXK. Rhodes, Appl. Phys.
Letters 23 (1973) 245.
[7] W.M. Hughes, J. Shannon and R. Hunter, AppL Phys.
Letters 24 (1974) 488.
[8} A. Wayne Johnson and J.B. Gerardo, J. Appl. Phys. 45
(1974) 867.
{9} D.4. Bradley, M.H.R. Hutchinson and H. Koetser, Opt.
Commun. 7 (1973) 187.
{10] E.J. Henlcy and D. Richman, Analytical Chemistry 28
(1956) 1850.
[11] A. Malherbe, Applied Oj tics 13 (1974) 1276,
[12] LV. Kosinskaya and L.P. Polozova, Opt. Spectrosc.
(USSR) 30 (1971) 458.

o

Yok

Sl



Volume 14, number 1

OPTICS COMMUNICATIONS

May 1975

CO-AXIALLY PUMPED, NARROW BAND, CONTINUOUSLY TUNABLE,

HIGH POWER VUV XENON LASER

D.J. BRADLEY,D.R. HULL, M.H.R. HUTCHINSON and M.W. McGEOCH
Optics Section, Physics Department, Imperial College, London SW7 2BZ, UK

Received 4 February 1975

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

alength 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 um 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 BaF,
PRISM ETALON

1
\ o 4
4 ]
===
LASER QUTPUT

==-1_600kv

Fig. 1. Coaxial diode with tuning elements.

as reported in ref. [1].

The laser resonator reflectors consisted of an Al:
MgF, coated plane mirror” with ~85% reflectors and
a BaF, 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.
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over many shots showing the excellent reliability of
the laser. At these high output powers the surface of
the BaF, etalon suffered damage but the Al:MgF,
mirror appeared to be unaffected. (In the first coaxial
laser the high reflectivity Al:MgF, 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 ~1
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—! was obtained for
the nett gain, in good agreement with the measure-
ments reported in ref. [1]. In the coaxial system of
(1) ~5 J of pumping energy was deposited in 2.5 nsin
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-/
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:MgF, 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 filmin 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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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 kWem—2),
transversely pumped xenon laser over a range of 5§ nm
has recently been reported [4]. However, the laser
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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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