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ABSTRACT 

Laser action from the 126nm bound-free transition in high pressure 

argon ( > 20 bar) has been observed using intense pulsed electron beam 

excitation. Net gain measurements made at line centre gave a peak value 

of 0.33cm ^ over a pumped length of 17cm. Laser action at other wave-

lengths was obtained using several techniques, the widest tuning range 

being 124.2nm to 127.4nm using a diffraction grating. 

A computer simulation of the gain medium was developed which 

allowed the peak net gain near the Lyman a wavelength (121.6nm) to 

be evaluated from fluorescence data taken at 122nm; this gave a peak 

value of-^O.lcm""^. An absorptive loss mechanism intrinsic to the gas 

was identified using the computer model with other supporting 

experimental data. 

\ 
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CHAPTER 1; Introduction 

1.1 General Introduction to Excimers 

(1) The term "excimer" is derived from "excited dimer" and describes 

a homopolar dimer which is associative in an excited electronic state but 

which is dissociative in the ground electronic state. Examples of such * * * * 
molecules are Ar_ , 'Krrt , Xe^ and Hg„ . Another different class of 2 9 2 9 2 2 

molecules called "exciplexes", or "excited complexes", also exhibits bound 

excited electronic states and dissociative electronic ground states, but 
* * 

consists of heteropolar molecules such as KrF , and XeOH . Both classes of 

molecule are now commonly referred to as "excimers". This work is concerned 
* 

with the laser properties of the argon excimer molecule, Ar^ , which is a 

member of the rare gas excimer class of molecules. 
Broadband emission continua- in the vacuum ultraviolet (VUV) have been 

(2) 

observed from low pressure discharges m rare gases for many years 

Figure 1.1 shows the"intensity distribution versus wavelength for several 

rare gases. At low pressures (^200 mbar) each continuum displays two 

pronounced peaks and extends as follows: He, 60 - 100 nm; Ne, ~ 100 nm; 

Ar, 107 - 165 nm; Kr, 12U— 185 nm; Xe, 1U7 - 225 nm. Such broadband emission 

continua arise from the bound-free nature of the molecular transitions 

involved, as will be discussed in section 1.2. * 
Description of the rare gas excimers has centred largely on Xe^ , and 

(3) . . . . Mulliken has predicted the relevant potential curves semiquantitatively. 
(U) 

Using Mulliken's Xe^ states as a guide, Lorents and Olsen have taken 

the available experimental, spectroscopic and theoretical data to construct 

a set of such curves for Ar^ too. These are shown in figure 1.2. The 

intermolecular potentials for ground state rare gas atoms are steeply 

repulsive in nature due to the closed shell structure of each atom, this 2 6 1 being of the form s p ( S ) for all except helium. However, small van der 



o 
Wavelength (A) 

Figure 1,1; Microwave excited low pressure (270 mbar) emission 
spectra from the rare gases (Samson(121 )). 



R — A 

Figure 1.2: Argon intermolecular potential curves 
CLorents(15)). 
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Waals forces exist which result in weak binding of less than ^0.02 eV at 

relatively large internuclear separations (0.38 nm for Ar^ The 
2 5 first atomic excited state ( s V s ) is relatively close to the ionisation 

potential and consists of four levels which are described in Russell-
1 3 Saunders notation by P , P 1 These states are very similar to those i u j I 

of ground state alkali metals (i.e. a single s shell electron orbiting 

a core of equal and opposite charge), and display the associated electro-

positive characteristics (e.g. Kr - + . F -*• KrF , which is ionically bound). 

In the case of two neutral rare gas atoms, one electronically excited and 

one not, ionic or covalent bonding is not possible. However, a rare gas 

atomic ion can interact strongly with ground state atoms to form homonuclear 

dimer ions with well depths of 1 - 2 eV. An electron may become weakly 

attached to this ionic core without substantially affecting the core's 

bonding; this accounts for the excited states of the rare gas dimers which 

are entirely Rydberg in nature. 

As illustrated in figure 1.2 argon has a pair of strongly bound, nested 

states at a potential of ^90,000 cm 1 (= 11.2 eV). These are the triplet, 

( 0 , 1 ) , and singlet, (0+), states which correlate with the atomic u u u u u 
3 3 . . P^ and P^ states respectively. These two excimer states are the upper 

electronic levels for the continuum emission described earlier, and will be 
* 

referred to collectively as Ar^ from here on. Any other bound neutral 
* * excimer states will be designated Ar^ . The radiative transition from the 

* . 1 + + Ar states terminates on the repulsive E (0 ) state. ^ § § 

Efficient formation of the 3z + states from Ar as the P , uj u 5 1 
3 . P 1 _ atomic states will now be designated, requires that competing loss u, I ,<1 

3 3 mechanisms be slow. The P Q and P states are metastable because of the 

AJ = 1 selection rule, and at high pressures resonance trapping of radiation 
3 1 from the P , P states allows all four atomic levels to be regarded as 
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metastable. Spectroscopic observations relating to the higher excited 

states of Ar^ are sparse, consisting only of a few absorption bands in the 
(5) ** 1 vim wavelength region . However the Ar^ states connected to the 

1 3 . P , P 1 Q levels are predominantly repulsive or weakly bound m nature i u, t , 
* and so constitute a negligible loss from Ar at moderate temperatures. 

Hence at high pressures and with a mechanism for mixing the four Ar 
* * . ^ states . the conversion efficiency from Ar to Ar^ will be close to 100/̂ . 

Several potential curve parameters have been established from experiments 

using a Morse potential of the form: 

V(r) = E {exp (2<x(1 - P/.r )) - 2 exp (o(1 - r/r ))} (1.1), m m 

where r = internuclear spearation, r^ = position of potential minimum, 
+ (6) E = well depth, a = gradient term, giving E for Ar^ = 1.25 eV , E for 

lowest bound state of Ar * f3E+) = 0.78 eV, r for Art = U.6 a = 2.U3 X 2 v u' m 2 o ' 
^ 3 C 7 3) and rm for Ar^ ( Z ) = 2.33 2 5 . Ab initio calculations performed by 

(9) . • + Gilbert and Wahl were consistent with the Ar^ data. The spacing of 

the vibrational levels of the lowest bound electronic state of Ar^ f I 1 2 v u' 
— 1 —2 

is 310 cm (3.85 x 10 eV) as evaluated from the temperature dependence 

of the emission bandwidth ^ ^ 5 and by other spectroscopic means 

Data relating to the repulsive ground state potential gives values for the 
3 (8 11) potential at r^ ( £^)of between ^0.6 eV and ^2.0 eV for argon 5 , and 

must be regarded as inconclusive. 

1.2 Eximer Lasers 

1.2.1 Origin of Observed Spectra 

At pressures of less than 100 mbar, the dominant mechanism for excimer 

formation is two-body collision: 

A r* (3pi,2J + A r Ar2* (R1,1)-
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This production mechanism generates excimers in vibrational levels close to 

the dissociation limit, and so radiative transitions terminating in the 
1 + 

repulsive Z state give a spectrum broadened to the long wavelength side S 3 
of the atomic P^ line. This broadening is called the "first continuum" 

and is only apparent at low pressures. At higher pressures (>100 mbar) , 

deactivation of the vibrationally excited excimer by a third body during 

the formation process becomes apparent: 
^ a ^ 1 O ^ 

Ar rP„ J + 2Ar Arn f 5JT 1 + Ar (R1.2). ^ 1 ,2' 2 K \r 

The rate of this three body process scales with the square of pressure and 

so dominates at higher pressures, resulting in the "second continuum" 

which lies to the long wavelength side of the first. At gas pressures of 
. . . . (12) a few bar collisionally induced relaxation of the vibrational, levels 

(13) 
rapidly establishes a Boltzmann distribution , and so the excimer 

emission narrows with increasing pressure below 1 bar to a width determined 

by the gas temperature (viz. section 6.2). 

1.2.2 Bound-free Transitions 

Figure 1.3 illustrates schematically a bound-free transition. The 

rare gas excimers posses upper state binding energies of around 1 eV, with 

steeply repulsive ground states. By comparison, rare gas monohalide 

excimers exhibit narrow, deep (^3-5 eV) upper state potential wells and 
(1U) weakly repulsive, or even weakly bound, ground state curves . Rare 

• • . • (15) gas excimer upper state radiative lifetimes are a few nanoseconds for 
1 + . 3 + the Z states, and a few hundred nanoseconds to microseconds for the Z u u 

states, whereas the dissociation time for the lower state may be as little 
— 1 3 . 

as 10 s (i.e. one vibrational period). The radiative transitions terminate 

on a relatively high energy (M eV) part of the repulsive ground state curve, 

and so effectively only a small lower level population arises from the high 

energy tail of the Maxwellian energy distribution at moderate temperatures. 
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Inter-nuclear separation. 

Gain cross-

sect ion , en 

Figure 1.3: Schematic of a bound-free transition showing 
origin of lineshape. 
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Thus the lower state may be considered unpopulated with a population in 

the upper levels constituting a population inversion, which is ideal for 
( 1 6 ) any laser medium. Houtermans originally proposed such a bound-free 

(17) 
laser mechanism in 1960, before Maiman's success with the first ruby 

laser. However, the first excimer laser was not reported until 1970 when (18) Basov et al. observed stimulated emission at 172 nm in liquid xenon. 

The continuum associated with bound-free transitions consists of the 

sum of components arising from different vibrational levels; figure 1.3 

shows the spectral contribution from the lowest vibrational level of a 
2 + (13) 

rare gas excimer Z state ; the stimulated emission cross-section, u 
a(X), is proportional to the transition probability. Population of the 

higher vibrational levels yields a broader spectrum which peaks to shorter 

wavelengths. The steeply repulsive ground state results in a broad 

spectrum, suggesting the possibility of obtaining a widely tunable laser. 

For such a device to be efficiently tunable, vibrational relaxation processes 

must be fast compared to the laser pulse duration to allow maximum energy 

extraction at a specified wavelength; unless thermal equilibrium is maintained 

"hole burning" associated with a loss of inversion in inhomogeneously 

broadened lasers can occur. However at pressures above a few hundred mbar 
( 1 2 ) 

vibrational relaxational processes occur on a sub-nanosecond timescale , 

indicating that excimer systems pumped on a nanosecond, timescale should be 

efficiently tunable. 

Of the noble gas excimers, three have been observed to lase: 

xenon at 172 nm krypton at 1U6 nm and argon at 126 nm 



19 

1.3 Pumping 

1.3.1 Pumping Requirements 

The stimulated emission cross-section may be expressed in the 

following manner: 

= i f e ( 1- 2 ) 

where Xq is the wavelength of peak transition probability, T is the 

spontanteous emission lifetime, c is the speed of light, and AX is the 

spectral full-width half-maximum (FWHM). 

Where N is the excimer number density, assuming for simplicity only one 

excimer upper state, the gain coefficient, k, for a lossless regime may be 

expressed• . 

So, where P is the pump power per unit gain volume required to maintain a 

gain coefficient k, 

hcN 8Trhkc2AX , „ M P = = — (1.U) Xxe.e^ -5 o 1 2 re.e 0 o 1 2 

where ê  is the quantum efficiency of photon production, e^ is the production 

efficiency of upper laser level number densities, and h is Planck's constant. 
1 + 3 + ^ For the argon excimer E or Z states, where AX - 10 nm, X * 126 nm, and u u o 

-1 5 - 3 eie2 ^ choosing a value of k = 0.1 cm requires that P - 5 x 10 Wcm . 

So because of the X 5 sca]_ing law, very large pump powers are required to 

generate reasonable small signal gain coefficients, even in the absence 
- 1 of an absorption problem. By comparison, to obtain a value for k of 0.1 cm 

* (22) as before for the KrF laser, where AX = 2 nm , >Q= 2^9 nm, and e^g ~ 
2 - 3 0.5j the pump power required is 6 x 10 Wcm . Thus, the pover requirement 
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for the argon excimer laser is nearly three orders of magnitude greater 

than that for the krypton fluoride laser to generate equivalent line 

centre gain in a lossless regime. 

Electron beam generators are capable of delivering output powers in 

excess of 1GW, and can produce the excitation power densities required by 

rare gas excimer lasers despite the inevitable collisional energy losses 

associated with entry to the gas through a high pressure containment 

vessel. Photolytic excitation of the rare gas excimers requires an intense 

VUV radiation source, and although some fluorescence studies have used 
. . . . . (23) synchrotron radiation to achieve excitation of Xenon , adequate laser 

pump powers are unavailable. Discharge pumping of rare gas monohalide lasers 

is commonly employed, using some form of preionization or an electron beam 
. . . (2U-27) to stabilize the discharge ; however, discharge excitation of rare 

gas excimers does not provide adequate power density to allow laser action. 

1.3.2 Electron Beam Pumping Geometries 

For excitation of gas with an electron beam, a scheme must be devised 

which satisfies both gas containment and electrical requirements, and yet 

which provides efficient excitation. Normally, a vacuum diode is employed 
/ < \ 

where a cold cathode is housed within a vacuum chamber (-10 mbar) , and the 

anode is an earthed conducting foil through which electrons pass to enter the 

pumped region of gas. Electrostatic or magnetic fields may be used to 

focus or divert the electron beam. The most widely used geometries are: 

a) Transverse geometry 

Transverse geometry is the most commonly employed excitation geometry. 

The method employs a thin (^10 ym) planar foil anode normally of titanium 

or stainless steel in high pressure systems which acts as a lossy window to 

the high energy electrons and as part of the gas containment vessel. Figure 

1.UA illustrates this geometry. The necessity for high transmission and 
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Figure 1.4A; Transverse excitation. 

Figure 1.4B: Coaxial excitation. 
anode tube 
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structural strength often results in the use of additional foil support 

structures which aperture the electron beam but allow the use of thinner 

foils at high pressures. Thus, electrons entering the gas are of high 

energy and lose their energy by excitation and ionization of the contained 

gas. The main advantage of transverse geometry is its relative simplicity, 

in the absence of applied focussing magnetic fields. However, scattering 

processes result in poor spatial uniformity of excitational"energy density 

as a function of electron beam penetration into the gas; this can be improved 

by "sandwiching" the gas between two or more electron guns. An extension 

of this idea leads to a coaxial pumping geometry, 

b) Coaxial geometry ^ ^ 

As illustrated in Figure 1.̂ -B, coaxial geometry contains the gas 

within a thin walled tube (^10 ym) which is normally made of stainless 

steel. A cylindrical cathode is concentrically positioned around the 

tube and electrons enter the gas radially. Such a geometry has been highly 

satisfactory in providing radial and longitudinal excitation uniformity, and 

has been successfully employed to obtain high power, narrow linewidth tuned 
. • • (29) radiation from the xenon excimer laser . One of the advantages of a 

coaxial diode is its self focussing property, thereby allowing very high 

current densities at the anode tube. The disadvantage of such diodes lies 

in their scalability; the current returns to earth via the anode tube, and 
(30 31) 

the resultant magnetic field can cause severe "pinching" * . As the 

total return current increases, so there is an increasing force on electrons 

travelling from cathode to anode which deflects them towards the mid-point ' 

along the anode. This problem will be further discussed in chapter 3. 

1.Objectives of this Work 

The VUV emission observed from the argon excimer originates from a bound-
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free transition. Materials displaying such transitions constitute promising 

laser media, and before the initiation of this work the argon excimer had 
( 2 1 ) 

been observed to lase thereby becoming the shortest wavelength laser 

medium. The aims of this work were to initially obtain laser action from 

the argon excimer and in so doing to identify the requirements for efficient 

lasing. Intense excitation was required and so a high power electron beam 

generator was employed in conjunction with a coaxial diode; the diode 

provided good excitational uniformity within a well defined volume. The 

net small signal gain was to be evaluated at different wavelengths, especially 

if possible around the Lyman a transition region at 121.6 nm. The FWHM of 

the argon excimer emission is about 1 0 nm when fully thermalized to the lover 

vibrational levels, and so .121.6 nm lies just within therFWHM. A laser 

operating at or near the Lyman a transition would be a useful device in the 

field of magnetically confined hot plasma diagnostics, where measurement 

of ground state neutral atomic hydrogen number densities is of much interest. 

Shifting the laser wavelength ("tuning") by the use of intra-cavity dispersive 

elements was to be tried. The optics available at these wavelengths are 

poor, and there was no clear advantage to any particular tuning option; in 

fact, several methods were used. , 

The following .chapters describe in detail the experimental and theoret-

ical aspects of this work, and discuss the results obtained. It was found 

that in order to better understand the operation of the laser, a computer 

model was needed which could predict the gain at different wavelengths as a 

function of gas pressure and time. By comparison of this model with 

different experimental observations it was possible to identify its limitations. 

Where the model proved accurate it was possible to extend experimental data, 

and where there was discrepancy with the experimental data, it was possible 

to draw certain novel conclusions relating to the gas kinetic mechanisms 

required for modelling. 
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CHAPTER 2: Kinetics of e-beam Pumped Rare Gas Excimer Lasers 

2.1 Introduction 

In this chapter the deposition of energy into a gas by a beam of fast 

electrons and the subsequent formation kinetics of the upper laser level 

will be considered. Published kinetic modelling has tended to concentrate 

more on xenon than argon; however though the constants associated with 

individual processes will be different for all the rare gases, the basic 

mechanisms employed to explain the xenon laser kinetics should be applicable 

to all the rare gases due to their similar energy level structure. Thus, 

though the following analysis will concentrate on xenon it is equally 

applicable to argon. In chapter 6, special consideration will be given to 

the kinetic modelling of the argon excimer system. 

Each of the published kinetic models appears adequate in isolation; 

however there are several inconsistencies and these will be discussed with 

reference to published experimental data. 

2.2 Excitation by Fast Electrons 

2.2.1 Spatial Energy Distribution 

The energy loss suffered by an energetic electron by excitation and 

ionization of a medium when travelling through it may be analysed by a 
(32) 

continuous slowing down approximation (c.s.d.a.) . For a plane source 

with perpendicular electron emission in the z direction: 

I(z) = @ J(x) (2.1) 
E o 

where l(z)dz is the energy dissipated per electron of initial kinetic 

energy E in the medium within the plane layer between z and z + dz; 
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f~) is the stopping power of electrons at the initial energy, E ; dr' E o 
o 
2 • • x = w^ e r e r

0
 1 S tabulated, residual range of electrons at energy 

E ; and J(x) is the tabulated de-dimensionalized energy dissipation 
(32) distribution. Spencer has tabulated J(x) for various materials at 

different values of E , and evaluated values for (^/dr)^, and r . Berger 
o 

and Seltzer have more recently calculated values of (^/dr)- and r ili o o 

for a wide range of energies and materials, also using the c.s.d.a.. They used 

Bethe's theory for calculating the collisional stopping power, normalized 

to mass density: 

2 2 
1 _ 2!Vo me c Z 
p ldr col" g2 A 

2 where mc is the rest mass (0.51 MeV), T is the kinetic energy (MeV), 8 = e 
velocity^ ̂  ̂  atomic number, A is the atomic weight, p is the mass 

density, I is the mean excitation energy (MeV) , 6 is the density effect 
re 2-\ correction, N is Avogadro's number, t = [ /m- J , and F(t) is a function £1 O G-

detemiined by the type of charged particle. 

The stopping power per unit mass is remarkably similar for most 

elements above MD.2 MeV, except for hydrogen. This is du£ to the slow 

variation of /A, together with a logarithmic dependence on I. Figure 2. 1A 

illustrates the form of J(x) as Z varies at an initial energy E of 1 MeV, o 
and is taken from Spencer's tables. In this reference, comparison is made 

between experiment and predicted energy deposition profiles indicated that 

equation (2.1) constitutes a good experimental fit. The Berger and Seltzer 

tables tabulate stopping power for both collisional and radiative loss 

processes, the former indicating the energy imparted to the stopping medium, 

and the sum indicating the energy lost by each electron. The form of J"(x) is 
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Figure 2.1A: Form of J(x) for perpendicular electron 
emission from a plane source at an initial 
energy of 1MeV. 

o x 

Figure 2.1B: Spreading of a collimated electron beam of width 
2W in a stopping medium shown by a contour of 
constant deposited energy density bounding the 
excited area. 
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easily explicable when the nature of the slowing down process is considered. 

Each fast electron from a collimated beam undergoes a small angular deviation 

at each collision. As the electron beam's penetration depth increases, so 

the spread of angles for individual electrons increases, resulting in a 

fanning out of the beam. Thus the rate of energy deposition in the original 

direction of propagation increases until the beam's energy is largely 

dissipated, when a drop in deposition rate occurs. The resultant "contour 

map" deposition profile is illustrated in Figure 2.1B, illustrating the 

characteristic "light bulb" shape. 

2 - 1 "Stopping power" and "range" are expressed in units of MeV cm g 
-2 (32 33) and g cm respectively ' as both are defined as functions of mass 

density. As a result, though for a given medium (and hence. Z) the form of 

energy deposition at a given Eq is constant, given by J(x), the real length 

over which such deposition occurs within the medium becomes compressed as 

density, or pressure in the case of gases, increases. 

2.2.2 Nature of Excitation 

Energy loss from a fast electron in a rare gas occurs as follows, 

taking the case of argon: 

e + A r + e + e + A r (R2.1) P P s 
* * 

e + Ar + e + Ar (R2.2) P P 
* 

e + Ar e + Ar (R2.3) P P 

where e^ is a primary electron, and is a secondary electron. After 

integrating over any excitation produced by secondary electrons, the 

partitioning of deposited energy may be expressed 

E = n.E. + n E + n. E (2.3) 1 1 ex ex i e 

where E is the total deposited energy per unit volume, n. and n are the X SX 
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densities of singly charged ions and excited atoms respectively, and 

E. , E , E are the mean energies associated with each singly charged ion, 

excited atomic state, and secondary electron when unable to produce collisional 
(3*0 

excitation. Peterson and Allen have carried out a detailed study of 

the energy distribution associated with fast electrons slowing down in 

argon and have shown that the collisional energy loss per ion pair produced 

becomes energy independent for electrons of energy above a few hundred (35) 
electron volts, and this has been experimentally verified So where W 

is the known energy loss per ion pair, and I is the ionization potential, 

equation (2.3) may be expressed, for e-beam excitation: 
TT „ E. E n 
j = = ~ + ~ + E (2.U). I n.I I I n. ex ^ ' l l 

^/I is in the range 1.7 to 1.8 for all the rare gases, and because of their 

similar energy level structures, the partitioning of energy among ions, 

excited states, and secondary electrons should be about the same for all. • 

From the results of Peterson and Allen it is possible to evaluate all the 

energy terms on the right-hand side of equation (2.U) and so obtain the 

ratio of ion numbers to excited atom numbers generated by a fast electron 
(h) E / 

in argon. Lorents et. al. , setting i I to unity, have extended the 

theory to krypton and xenon and table I gives their list of values. 

The efficiency, R, of producing molecular radiation by high energy 

electron bombardment may be calculated by assuming that each ion or excited 

atom gives rise to one excimer photon. Then, 

(n. + n j h v 
R = i ex m 

(2.5) 
(n. + n ) hv = i ex m _ 

~ n. (E. + E ) + n EJ 1 1 e ex ex 

where hv is the mean photon energy. Values of R for Ar, Kr and Xe are m 
also included in table I. The predicted radiative efficiencies are represen-



TABLE I 

Efficiency Terms for the Production of Excimer Radiation by 
( 15) High Energy Electron Bombardment (from Lorents ) 

GAS Ei 
(eV) 

Eex 
(eV) 

Ee 

(eV) 
W 
(eV) 

h9 
(eV) 

ni 
( nex+ n, ) 

% 

R 
£ 

Ar 15.Y 13.2 6.9 26.2 10 78 U9 

Kr 1^.0 11.6 6.1 2k. 3 8.7 7h U6 

Xe 12. 1 9.8 5.3 21.9 7.5 69 50 
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tative of real systems only when there is no collisional deactivation or 

photoabsorption. So the tabulated values of R must be considered as upper 

limits. However, fluorescence efficiencies of * 10$ have been reported for 
(37 38) 

xenon and ^ 15$ for argon 5 over a wide range of pressures; laser 

efficiences, though, have been considerably less. 

2.3 Excimer Kinetic Processes 

As has been shown in section 1.3.1, the pump power requirement for a 

VUV wavelength laser is substantial. As a result until recently the high 

pressure gas regime (>10 bar) has been most commonly used to maximise the 

extracted pump power density. A lower pressure limit is set by the tendency 

to form highly vibrational excited excimers by two body collisions at low 

pressures; this process effectively limits excimer laser operation to a 

near-atmospheric and upward pressure regime. In modelling the kinetics of 

the high pressure regime for rare gas excimers, the relatively rapid rates 

of collisional processes have obviated the need for an exact description of 

many atomic and molecular states. This has made a much simpler energy 

level diagram viable. 

Three different approaches to modelling the xenon excimer laser have 
(39) (15) been published: these are by Werner et al. , Lorents et al. , and 

(52) . 
Fournier . Figure 2.2 is a composite schematic framework of the energy 

levels employed by all'the authors. The main feature of the framework is 

the use of single states to describe all intermediate states between the 

ionic and first excited state for both atoms and molecules. Table II is 

based on figure 2.2 and lists the numerous kinetic processes which may be 

associated with excimer formation and decay, while table III indicates 

which mechanisms are used by which authors and gives the rate constants 

employed, where available, in the case of xenon. Each process will later be 
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Figure 2.2: Complete energy level frameworK for 
•modelling rare gas excimer lasers. 



TABLE II 

Kinetic Mechanisms 

R2.1 

R2.2 

R2.3 

B2.b 

R2.5A 

R2.5B 

R2 .6 

R2.T 

R2.8 

R2.9 

R2. 10 

R2. 11 

R2.12 

R2.13 

R2.1U 

R2.15 

R2.16A 

R2.16B 

R2.1T 

R2. 18 

R2.19 

R2.20 

R2.21 

X 

X 

X 

X+ 
X2 
X 

X 

X 

X '2 

+ e 

+ e 

+ e "D 

X + e + e P s ** X + e 
p 

* 
X + e "0 

X 2X -»• X2 + X + * 
X + e X + hv. 

X +• 2e + X + e + hv R 
+ e X + X 

3 
** 

+ 2X X^ + X ** 
X + 2X + e 

+ e 
* 
X + e 

< 

X + 2X + X2 + X 
** / X x. (+x) 
** 

• X + X ( + x) 

+ e X + e s 2 s 
+ +- e X + e + e 

+ e X + e + e 2 s s 
X + 2X -»• X2 + X 

X* (3Pj) + e s J x * ( 3Pj ) + es 

* 1 * -3 
x0 ( ]2) + e <- XQ ( + e d s d s 
X* ( 12) + X ^ Xg (3Z) + X 
* X2 - 2X + hv 

1j 
* X2 hv X* + e L d * X2 + e 2X + e s s 
* X
2 + X2 + 4 + 2 X + es 

X designates a rare gas atom. 
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Table III 

Xenon Rate Constants 

Foumier ̂  (15 L8) Lorents et al v ' Werner et al ^ ^ 

R2.1 / / / 

R2.2 / / / 
R2.3 / / / 
R2.U 3.57 x 10"31cm6s"1 2.0/3.6 x 10~31cm6s~1 . _ -31 6 -1 3.5 x 10 cm s 

R2.5A X X X 

R2.53 X X X 

R2.6 -7 ? -1 U 1.3 x 10 cm s §10 K -7 ? -1 U 2 x 10 cm s §10 X 1.U x I0~^cm3s 1 

R2.T X X 
op (L i 

9 x 10 cm s" 

R2.3 X X -5 3-1 9.5 x 10 7cmJs 

R2.9 / 10~6-10~TcmV1 X 

R2. 10 X In-31 6 -1 10 cm s X 

R2.11 X In-11 6 -1 10 cm s X 

R2. 12 X 10~6-10~Tcm3s~1 X 

R2. 13 / X X 

R2.1U X 10"7-10~8cm3s"1 -9 3-1 5 x 10 cm s 

R2. 15 1Z:1.7 x 10"32cm6s"1 
3Z: 7 x 10~32cm6s~1 

_ -32 6 -1 5 x 10 cm s 1E:1.7 x 10"32cm6s"1 
3_ ^ ,.-32 6 -1 Z: 3 x 10 cm s 

R2.16A X 10"^-10~Tcm3s~1 X 

R2.16B X 'l0"6-10"Tcm3s"1 -7 3 -1 2 . 3 x 10 'cm s 

R2.17 X / k.3 x 10 cm s 

R2.18 1Z : 1+ ns 5.5 ns 6.2 ns 
3Z :16 ns M O O ns 100 ns 

R2. 19 / 2 x 10 cm 1.9 x 10"l8cm2 

R2.20 / ^10~9cm3s"1 X 

R2.21 3.5 x 10~10cm3s~1 5 x 10-l0cm3s-1 q ia-"11 3 -1 o x 10 cm s 

x: reaction not used 
/: reaction used, but rate not specified 



34 

discussed briefly with a view to eliminating all these which are non-

essential in describing an experimental system. For those reactions 

involving a secondary electron, it is essential to know the electron 

temperature before evaluating any rate constants. The calculation of 
(3k) . Peterson and Allen yields a mean energy value, E , which does not take e 

account of inelastic and elastic collisions with atoms or other electrons. 

Calculations have shown that over a wide range of gas pressures, such 

processes very rapidly (<1 ns) cool the electron temperature in argon and 
(k ko) 

xenon to between 1 eV and 2.5 eV 5 , when further cooling occurs at an 

appreciably slower rate. The very rapid cooling at temperatures above ^2.5 eV 

arises from elastic collisions amongst electrons establishing a Maxwellian 

energy distribution whose high energy tail accounts for rapid collective 

energy loss by inelastic collisions with rare gas atoms. Thus the secondary 

electron temperature may be considered fixed at M - 2 eV for both xenon and 

argon. 

In table II, reactions (R2.1), (R2.2), and (R2.3) describe excitation 

of an atomic rare gas atom (X) by a fast electron, resulting in either 

ionization or electronic excitation. As seen from table I ion formation is 

the dominant excitation mechanism and so the formation route of the upper 

laser levels from the atomic ion is of much importance. Reaction (R2.U) is 

a three body process accounting for the formation of the diatomic ion in 

a low vibrational level. Reactions (R2.5A) and (R2.5B) account for 
recombination of the atomic ion and are slow.'-by comparison with other 

collisional processes (5 x 10 ^ cm^s ^ for reaction (R2.5A) in xenon 
. . . (U2) but can be usedto explain weak emission bands around 195 nm m argon 

(29 37) 
and around 300 nm for xenon 5 . Reaction (R2.6) is the dissociative 

recombination of the diatomic ion. 

(1+3) 

Werner et al. have observed a reduction m the electron number 

density as a function of rare gas pressure above ^350 mbar for Xe, Kr and 
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Ar. This they explain by including reactions (R2.7) and (R2.8) with rate 

constants chosen to match the observed behaviour within their kinetic 
. . + framework. As the pressure goes up, so the number densities of X and X^ 

increase. Because the recombination rate constant of a cluster ion such as 
+ . . . . X^ is expected to exceed that of the diatomic ion, the rate of reaction 

-f 
(R2.7) determines the main route from Ar^. A suitable value allows 

** 

the formation rate of X via reactions (R2^7) and (R2.8) to become greater 

than that via reaction (R2.6) as the gas pressure rises. Thus, at higher 

pressures the free lifetime of a secondary electron can be reduced to the 

extent that the electron number densities display a pressure dependence 

equivalent to that observed. 

Reaction (R2.9) may be driven in the reverse direction only by electrons 

in the high energy tail of the Maxwellian energy distribution; the forward 

reaction assists the relaxation kinetics. Reaction (R2.10) forms an 

intermediate dimer state which dissociates via reaction (R2.11) to form 
* r 1 3 > X [ P 1, P 1 QJ . A possible electron collisional mechanism for forming i u , i 
* / X 

X^ is available m the form of reaction (R2.12), although the reverse 

process is again strongly electron temperature dependent. 

Reactions (R2.13) and (R2.1U), together with the backward processes 

of (R2.9) and (R2.12), are the types of mechanism accounting for the 

relatively low secondary electron temperature. These processes involve 

few electrons as only those in the high energy Maxwellian tail can partici-

pate, so it is unnecessary to explicitly include such mechanisms, their 

presence being implicit when taking a relatively low electron temperature 

(M eV). Reaction (R2.15) accounts for three body formation of the upper 
1 + 3 + 3 3 . laser level- the E and E states are formed from the P„ and P^ atomic u u 1 2 

3 states respectively. Fournier notes that the P _ states can also feed 
1 + 3 + two other weakly bound states, E and E , from which transitions to the g g 

1 + . . (5*+) repulsive E ground state are strictly forbidden . Their weakly 
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bound nature should allow such states to be ignored when modelling the 

kinetics at moderate temperatures. 

Collisional mixing of the atomic and molecular states by electrons , as 

in reactions (R2.16A) and (R2.16B), can occur as the energy spacing between 

the levels is small by comparison to the mean electron temperature, and so 
1 3 for sufficiently high electron densities, the P , P 9 states may be I u, i 

considered fully mixed in the ratio of their statistical weights, thereby 
* * allowing high conversion efficiency from X to X^ with no bottlenecking in 

1 3 . the P^ and P^ states. The gas kinetic temperature is much lower than that 

of the electrons, and so inelastic collisions between ground state atoms 
1 + . 3 + and E excimers result in de-excitation to E , as in reaction (R2.17). u u 

Reaction (R2.18) is spontaneous emission whose lifetime is substantially 
3 + 1 + longer for the E state than the E state. Reaction (R2.19) accounts for u u 

photoionization whose cross-section is a slowly varying function of wave-

length as ionization occurs well into the continuum. Reaction (R2.20) is 

collisional deactivation of the upper laser levels by electrons, and is a 

relatively slow process. Penning autoionization, reaction (R2.21), becomes 

apparent as the number density of the excited dimer increases, and limits 

the efficiency of excimer production for high pump power densities. 

Many of the processes involving electron-heavy particle collisions 

mentioned above have rates which strongly depend on the mean electron 

temperature. However, as the electron temperature in argon and xenon 

drops below 2.5 eV very rapidly, processes involving collisions with 

secondary electrons may be ignored for the purposes of modelling, apart 
* * 

from recombination and mixing of the close lying levels of X and X^. A 

discussion of the choice of rate constants for argon will be presented in 

chapter 6. 
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2. k Laser Efficiency 

Fluorescence efficiencies are predicted to be around 50$ for all the 

rare gas excimers. However in evaluating the laser efficiency a know-

ledge of the various kinetic and optical loss mechanisms together with an 

understanding of any upper laser state level partitioning is necessary. 

The stimulated emission cross-section is reciprocally proportional to the 

upper state lifetime which effectively means that for the rare gas excimers, 

whose lifetimes are tabulated in table IV, the stimulated emission cross-
3 + section associated with the E^ state is substantially smaller than that of 

1 + • /X the E state. The net small signal gain at a frequency , a rv), may be u o 
expressed by 

«0(v) = ( c / v ^ V ] + a 3(v)tV3 - + [V])) (2.6) 

where and are the stimulated emission cross-sections of the 
1 + 3 + . . . . . E^ and Eu states respectively, a ^ is the photoionization cross-section 

which will not vary significantly between singlet and triplet or with wave-
-1 + O 4, length across the emission band, and where L E ] and L ̂  1 denote the number u u 

1 + 3 + densities of the £ and £ states respectively. So when ( v) <<a.(v) it u u 3 1 
is very important to understand how the ratio of f r t to [3Z+J is established. 

* The energy level splitting of the X excimer feeding states is small 

compared to the electron temperature, and so electron collisions will tend to 
. . . 3 drive the states to equilibrium, establishing a P^ population three times 

3 . . . that of the P population under conditions of high electron density 
15 -3 (^10 cm ). Thus for equivalent rate constants, the formation rate via 

3 + . 1 three body collisions for the E state will be three times that of the E J u u 
state. The feeding rate equation is given by: 

^ [3<J = k 1,2 c3p2i {2-7) 



TABLE IV 

Radiative Lifetimes of Excimer States 

Species u 
(ns) 

3 + 

(lis) 

Reference 

if. 
Ne 

2 
- 5.1 (i09a) 

2.8 11.9 

12±6 

6.62 

(108) 

( W 

'(5) 
* 

Ar2 - 2.8 

3.7 

(107) 

(105) 

U.2+0.13 3.2±0.3 

h.0±2.0 

3.22 

(106) 

(U8) 

(5) 
* 

Kr2 

-

1.7 

0.3 

0.36±0.16 

0.36 

(105) 

I'109b) 

(U8) 

(5) 
* 

Xe, 5.5±1.0 0.09±0.05 

0.10±0.05 

0. 11+0±0.0U5 

(106) 

(U8) 

(U8) 
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where N is the ground state atom number density, and k is the relevant rate 

constant. Because the excimer singlet-triplet energy spacing is also small 
-1 (U2) 

(760 cm in argon ) compared to the electron mean energy a large 

electron number density will also tend to equilibrate the two excimer 

states. Without such a process, the relative populations would be given by 

the ratio of the products of state lifetime and statistical weight, thereby 

greatly favouring the triplet state. With electron mixing a 1:3 ratio of 

singlet to triplet may be established for conditions of adequate electron 1 + 
density, and when the heavy body de-excitation rate of Z^ is small. 

Under optimum conditions, then: 
aQ(v) =10, (v) [X*] + ia 3(v) [X*l - ap. [X*l (2.8), 

where 

[X*] = [ V ] + [ V ] (2.9). 

The stimulated emission cross-section is also proportional to the 

reciprocal of the fluorescence FWHM. As a result, gas heating can be of 

importance as a temperature rise will redistribute the vibrational level 

population causing the fluorescence peak to shift to shorter wavelengths, 
(13) . . . . and spectral broadening . Another characteristic of high gas kinetic 

temperatures is the possibility of ground state absorption due to the larger 

number of rare gas atoms in the high energy tail of the Maxwellian energy 

distribution. In the case of the rare gases, the ground state is steeply 

repulsive and has value M eV at the bound excimer internuclear equilibrium 

(8,UU)^ ^^ ^ result , for normal gas kinetic temperatures (kT ^0.025 eV) 

ground state absorption should be negligible. In contrast to the excimer 

heating process, the effect of ground state absorption would be to cause a 

red-shift; as the value of the repulsive ground state potential decreases, so 

the ground state population increases thereby preferentially absorbing 
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higher energy photons. Measurement of the absorption coefficient at 172 nm 
(53) 

in xenon has indicated that temperatures of about 600 K would be 

necessary to account for laser termination due to ground state absorption. 

Under conditions of intense excitation, the high excimer number 

densities increase the rate of reaction (R2.21) - Penning autoionization. 
This consideration has led several workers to conduct experiments under 

. (U5-U7) . . conditions of relatively low excitation rate . Photoionization is a 

problem for all the rare gas excimers due to the close proximity of the 

first excited molecular states to the ionization potential, and excimer 

emission is capable of ionizing other excimers well into the continuum. 
. . . . (1+8 1+9) Calculations for photoionization cross-sections have been performed ' 

3 + 
and indicate that photoionization cross-sections are comparable to the 

state stimulated emission cross-sections at line centre; for argon net loss 

is predicted. 

Clearly from the above, laser efficiency is expected to be significantly 

less than that' for' fluorescence. 

2.5 Comparison of Published Kinetic Models 

Experimental observations of both the fluorescence and laser emission 

from the xenon excimer have indicated several characteristics which are 

not easily explained; these are: 

i) In the high pressure regime the xenon excimer laser displays an 

output power pressure dependence which results, in most cases, in 

an optimum operating pressure of about 15 bar whereas the 

fluorescence power continues to increase with pressure (^0,50,51)^ 

ii) The fluorescence emission displays a decay rate which increases with 
(29,37) pressure 

iii) The laser and fluorescence peaks display a shift to longer wavelengths 
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(19) as the pressure increases , commonly referred to as a "red shift". 

iv) At near-atmospheric pressure, laser termination or "premature 
(1+5-1+7) 

termination" is observed after ^200 ns ' , despite much 

longer pump pulse durations (M lis). 

The main features of the three published kinetic models are listed 

below: 
(52) a) Fournier has proposed a framework such as that discussed in 

+ 
section 2.3, except that neither the X^ cluster ion nor X^ state is 

* ** . . , X 

included. Formation of X from X is via reaction (R2.9) and constitutes 

a rate limiting step within the formation kinetics such that as 

the pressure is increased, and so within the model the electron number 

density goes up, the formation of the upper laser level is faster at 

higher gas pressures. 

b) Lorents et al. ^ave proposed a framework such as that + discussed m section 2.3, except that the X^ cluster ion is excluded. 

Their compilation of measured lifetimes as a function of xenon pressure 

indicates that the decay frequency tends to an asymptotic value of 
7 ~1 

6 x 10 s . This is very close to the expected value when both the 

singlet and triplet excimer states are fully collisionally mixed in 

the ratio 1:3 — i.e. where f is the decay frequency: 
f = J A1 + i A 3 = 5.2 x 10T s~1 (2.10) 

where A^ and A^ are the transition probabilities of the singlet and 

triplet states, respectively. 
(39) 

c) Werner et al. have proposed a framework essentially the same as 

that outlined in section 2.3. 

The models of both Fournier and Lorents et al. give no explanation for 

the observed pressure induced "rollover" in output, nor of the redshift; and 

both allow the electron number densities to increase with pressure. Measure-



42 

ments by Werner et al. reveal a distinct maximum in the electron 

number density at ^350 mbar for xenon, and broader peaks around the same 

pressure for both krypton and argon. This behaviour is attributed to the 

pressure squared dependence for the rate of formation of the triatomic ion 

from the diatomic ion, resulting in that recombination channel becoming 

increasingly rapid at higher pressures and reducing the effective free 

lifetime of each electron. They argue that this reduction in electron 

number density slows down the excimer singlet/triplet mixing rate with 

increasing pressure, thereby favouring buildup of the triplet; this results 

in a pressure induced rollover of net gain and, in the case of xenon where 

the stimulated emission cross-section for the triplet state is up to 5% of 
-3 that of singlet, causes a red shift m the laser spectrum of 2 x 10 nm 

-1 -2 -1 (50) psia (= 2.9 x 10 nm bar ) ' due to the triplet state lying below 

the singlet state. In the case of krypton or argon, a red shift in the 

laser spectrum is not expected as the stimulated emission cross-sections of 
3 + . . . . the states are negligible, acting only as absorbing species. However 

if the same mechanism is in operation for all the rare gases the red shift 
-3 -1 

m the observed fluorescence spectrum for xenon of 3.5 x 10 nm psia 
—2 — 1 ( 3 7 ) . (= 5«1 x 10 nm bar ) in the absence of amplified spontaneous emission 

(ASE) would suggest a similar red shift as a function of pressure for both 

krypton and argon too - this is not observed at pressures up to 60 bar in 
(37 b2) 

argon 5 . Also a redistribution of relative populations favouring the 

triplet at higher pressures should be reflected in the experimental decay 

frequency compilation made by Lorents et al. ^.^g observed. 

However in practice the model by Werner et al. ^ ^ has proved successful in 

explaining high pressure phenomena for the xenon laser and it is basically 

this model which is employed in chapter 6 to analyse the kinetic processes 

within the argon excimer laser. However, the model does not appear to 

explain the termination problem encountered in near-atmospheric xenon 
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systems 

In conclusion, an overview has been presented of the mechanisms by which 

energy is channelled to the upper laser levels of a rare gas excimer laser 

when excited by a beam of high energy electrons, and the mechanisms limiting 

laser efficiency have been identified. Comparison of the published kinetic 

models with experimental data has indicated that no one model provides a 

complete kinetic description, indicating that a computational analysis should 

be approached with caution. 

« 
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CHAPTER 3: Experimental Methods 

3.1 Introduction 

The argon excimer fluorescence spectrum peaks at 126 nm and so as shown 
o 

in section 1.3.1 intense excitation (>MW/cm ) is necessary to achieve 

significant small signal gain. In this work an electron beam generator 

was employed to satisfy this power requirement, using high argon gas pressures 

to efficiently couple the electron beam energy to the gas. Careful design 

of the gas containment vessels was necessary to avoid operational failure 

and to provide maximum safety. Optics at these wavelengths are poor, 

especially for a laser system where high radiative power densities occur,' 

and so consideration was given to the better utilization of the materials 

available. Detection of VUV radiation requires the use of fully evacuable 

devices, and so a versatile vacuum-compatible detection system was required 

to allow the monitoring of temporal and spectral behaviour. High gas purity 

was found to be essential for laser action and the most economical method of 

producing argon of extremely high purity was by purification of industrial 

grade gas. 

In this chapter details are given of the manner in which the various 

experimental requirements were satisfied. 

3.2 Marx Generator 

The Marx generator is an electrical energy store consisting of capacitors 

which are charged in parallel and discharged in series. Figure 3.1 is a 

schematic illustrating the configuration of capacitors, resistors and spark 

gaps used in a four stage Marx generator. Each capacitor is charged to 

the applied d.c. charging voltage V"e(^100 kV) through a series of charging 

resistors, R . The capacitors are connected in series by low inductance 
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Charging 
Voltage 

Figure 3.1; 4-stage Marx bank. 

Figure 3.2: Pulserad 11 OA circuit diagram. 
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spark gaps which are usually pressurized with N^ or SF^. Breakdown within 

these gaps may be achieved either by the application of a high voltage 

(^50 kV) pulse to an intermediate trigger electrode, or by ultraviolet 

photoionization of the gas within the gap region. This reduces each spark 

gap's resistance to ohm, which is much lower than R , and so where n is 

the number of capacitors in use erection of the Marx generator to a voltage 

of nV occurs. c 
(55) 

For this work, a commercial Pulserad- 1-1 OA Marx generator was used. 

This device used ten capacitor stages and so required high initial charging 

voltages per capacitor. The maximum erected voltage was 1 MV. Also it 

was not designed to be of low inductance thereby providing a relatively 

long (us.) output pulse risetime. The generator circuit is shown in figure 

3.2. Because of its slow temporal characteristics, the Marx generator was 

not suitable for direct connection to a laser excitation diode. As a result 

a pulse forming network (PFN) had to be employed between the Marx and laser 

diode, as will be described in section 3.3. 

3.3 Pulse Forming Networks 

There was a choice of two commercial PFN's for the Pulserad 110A: 

the coaxial (coax) and Blumlein networks. Their function was to transform 

the slow output pulse from the 11 OA Marx generator to a fast, high power 

pulse at the load. Both PFN's were used during the course of this work, 

and both will be briefly described below. 

The principle of operation of both PFN's involves the slow resonant 

transfer of charge from the Marx to a capacitive component of the PFN. The 

equivalent circuit is given in figure 3.3. The erected generator is of 

capacitance C^ and is charged at t = 0 to a potential difference of V^ = nY^ 

where n is the number of stages, and V the charging voltage per stage. 
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M l M 

A A A O U L y 

C M ' V M C P F N 

Figure 3.3: Equivalent circuit for PFN charging 
from Marx. 

Figure 3.4: PFN charging waveform from Marx. 
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Where R^ and L^ are the effective series resistance of the generator and 

its total inductance respectively, the differential equation describing the 

charge (Qp^) on the PFN is: 

,RMs ' . . 1 N ^M 
SFN + y < W + ^ S r a - i- = 0 (3-1) 

where C = J ^ J ^ (3.2). 
UM PFN 

With boundary conditions: Qpp^ = Qppjj - 0 at t = 0, the solution for the 

voltage on the PFN is: 

Vpra(t) = CMYM [1 - e"at (1 cos Mt + 9)] (3.3), 
°M + °PFN 

R M 

where a = — , 
M 0 r ^ i 

1 1 ^ 2 
W = hr-p pj , 

M M Ul^ 
— 1 a and 9 = tan (- /to). If a<<aj, and , then may be re-expressed: 

V P M ( t ) = VM & ~ (3A) 

which is illustrated in figure 3.^. Thus when voltage multiplication 

occurs at the end of the first quarter cycle; this is the case for both 

PFN's used and practical multiplication factors of between 1.5 and 1.7 were 

expected, peaking after about 0.25 ys . At that time a switch had to be 

activated to deliver voltage to the load in the form determined by the PFN. 

In both the cases switching was achieved by the self-breakdown of a sulphur 

hexafluoride spark gap and for reasons of stability such switching occured 

before Vpp^ reached a maximum. This , together with stray circuit resistance 

and capacitance, effectively reduced the pulse-charge ratio to less than 1.5. 

The physical forms of the two PFN's are illustrated in figures 3.5(a) 



49 

Figure 3.5(a): Coax PFN. 
Marx 

Marx 

L - large inductance yH) 

Figure 3,5(b): Blumlein PFN, 
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and (b), and their method of operation is discussed below. 

3.3.1 Coax PFN 

The coax PFN is basically a coaxial transmission line of impedance Zq, 

the inner cylinder of which is charged up by the pulse charge transfer 

mechanism outlined above. On activation of the spark gap switch S by 

self-breakdown, at a value Vq set to 90-95$ of the peak V p ^ value for 

reproducibility, the transmission line tries to discharge itself into the 

low inductance load ZT which constitutes the laser excitation diode in 

practice. The voltage across the load may be expressed: 

V V ^ i - (3.5 )» 
ZT + z L o 

so if Z = 3Z then Vo/2 is developed across the load, Z_, and Vo/2 O L L 
travels back down the transmission line to be reflected at the open circuit 

termination at the other end of the transmission line. The reflection 

does not change the voltage polarity and so ^o/2 is incident on the 

resistive load causing it to become earthed after a time given by two round 

trips. In practice Zq was 10fi and the double transit time for electro-

magnetic radiation down the 2m transmission line in oil (e = 2.2) was: 

i 
T = = 20 ns (3.6). 

The large inductance in parallel with the resistive load provides a 

route to earth for the residual Marx charge at later times. Current 

monitoring was achieved by using a calibrated inductive pickup loop within 

the vacuum diode. With a transverse diode the network gave a peak current 

of 35 kA at 500 kV with a 35 ns current full-duration half-maximum (FDHM) 

indicating the effect of non-zero switch and electron gun impedance on the 

pulse duration. 
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3.3.2 Blumlein PFN 

Initial trials with the Pulserad 11 OA were made with the coax PFN; 

however the high currents associated with such a low impedance device 

resulted in catastrophic pinching problems (viz. section 3-6.2). As a 

result the Blumlein PFN was the device used for all 11 OA studies of the 

argon excimer laser in this work. 

The cylindrical configuration employed is illustrated in figure 3.5(b). 

The Marx generator charges the intermediate cylinder until the spark gap 

S1 breaks down, again at a value 90-95% of the peak V . The inner and ir-cN 

intermediate, and intermediate and outer cylinders form two transmission 

lines whose relative radii are chosen such that each has impedance Z . 

When S1 triggers, a ground going pulse begins to propagate down the line 

formed by the inner and intermediate cylinders. At the load resistor of 

impedance Z^ = 2Zq, reflection and transmission occur as effectively the 
i 

inner transmission line is terminated by a load of ZT = 3Z due to the 
Jj o 

resistor and series outer transmission line. The transmitted (V^) and 

reflected voltages may be expressed: 

2 zL ' 3 V = — — V = — V (3.7) T Zi + Z o 2 o V 11 
L o 

(Zi - z ) 
= ( Z ^ T z V o - i V0 (3-8)-

L o 

V generates a potential difference across the load resistor (Z^) of V q . 

V / . . . 

Pulses of amplitude o/2 then propagate back down the two transmission lines. 

The outer line is terminated by an open circuit resulting in reflections of 

the same polarity, whereas the inner one is still short circuited by the 

spark gap resulting in reflections of opposite polarity. When these two 

equal and opposite pulses return to the load resistor they exactly cancel out 

the potential difference across the load resistor, and succeeding reflections 
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continue to cancel in a similar manner. By using very rapid switching a 

square voltage pulse of duration twice the transit time of the transmission 

lines appears across Z^. As for the coax PFN, the predicted duration was 

20 ns. The voltage across the load may be expressed: 

VT = V x 2 ZL (3.9) 
L 0 ZT + 2Z L o 

where 2Z = in this case, o 

The impedance of a transmission line consisting of two cylinders is 

given by: 

Z =(E/C)1 (3.10) 

where 

L = (3.10, 

2ireG L 
c = — T ^ T . (3.12), In lr2/ri) 

r2,r-\ a r e "^e radii of the outer and inner cylinders respectively, and L is 

the common length. As Z q has a logarithmic dependence on the ratio of 

cylinder radii, when using a given insulator and hence e value the use of a 

Blumlein device is a more practical way of achieving PFN matching to higher 

impedence loads compared to scaling a coax PFN. Also, in contrast with the 

coax PFN the voltage across the matched load is the full switched voltage 7 ; 

however the increased load impedance results in lower currents. 

Plate I shows current and voltage traces for coaxial excitation with 

the Blumlein PFN, together with typical fluorescence and laser pulses 

obtained. Current monitoring was again achieved by using a calibrated 

inductive pickup loop within the diode, and the voltage was measured via a 

calibrated high resistance potential divider in parallel with the diode. An 



PLATE I 

The temporal characteristics of the laser pump and 
the argon excimer fluorescence and laser emission. 

1: Blumlein PFN voltage- profile. 
Scale per major division: 1.1MV for vertical and 
20ns for horizontal. 

2: Blumlein PFN current profile. 
Scale per major division: 23*6kA for vertical and 
20ns for horizontal. 

J)'. Fluorescence at 28 bar. 
Scale per major division: 6? mV for vertical 
(adjusted to give an intra-cavity value) and 
10 ns for horizontal. 
Laser emission at 28 bar. 
Scale per major division: for vertical 
(adjusted to give an intra-mirror value) and 
10 ns for horizontal. 
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impedance mismatch accounts for the ringing apparent. The Marx erected 

voltage was 0.8 MV and gave a peak load voltage of ^1.2 MV, a peak current 

of 16 kA and a FDHM for both of 16 ns. The large inductance connected in 

parallel with the load and low breakdown voltage series spark gap, S2, 

was to ensure that the inner cylinder and cathode were maintained at earth 

potential during the intermediate cylinder's relatively slow charging period 

to prevent any preionization within the vacuum diode which could have affected 

the electron beam reproducibility. 

The pulse charge transfer mechanism used to charge up both PFN's was 

very inefficient, accounting for only H00 J of 2500 J Marx generator stored 

energy in the case of maximum energy storage. However because the output 

power temporal profiles of PFN's are tailored by fast switches and so display 

small rise and fall times, they are ideal when low energy electrons are 

undesirable and where the use of magnetic fields to block the slow electrons 

is not practicable. This is the case for coaxial diodes, where slow 

electrons are primarily stopped by the anode tube and reduce its operational 

lifetime. 

3.U Coaxial Diode 

Coaxial diodes were exclusively used in this work. Their main 

advantages are good excitational homogenaity and the self focussing geometry 

which allows very high power densities. Figure 3.6 is a schematic of the 

geometry used. 

The stainless steel anode tube was vacuum sealed and earthed at both 

ends by use of 0-rings and clips. The emitting surface of the cylindrical 

cathode was concentrically positioned around it, and housed within a 

polished rigid dural cylinder. This surface can have three variants: three 

or more continuous blades lying along or around the tube's axis; a "cheese-



Figure 3.6; Schematic of the coaxial diode. 
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grater" consisting of titanium foil into which V-shaped spikes have been 

punched; or, finally, carbon fibre. Clearly for uniform circumferential 

excitation the better cylindrical geometry associated with the second two 

methods is preferred and so a "cheesegrater" cathode was employed. This 

consisted of 50 um thick titanium foil into which a pattern of 3 mm high V-

shaped spikes had been punched at 10 mm intervals. The cathode housing was 

in electrical contact with the pulse-generator via a conductive supporting 

rod. The whole assembly was enclosed within a vacuum vessel and evacuated 
-k 

to pressures of less than 5 x 10 mbar; higher pressures could have lead 

to breakdown problems associated with ionization of the residual gas. This 

vacuum vessel had to perform two other electrical functions; isolation of 

the cathode from earth at its entry point into the diode, and electromagnetic 

screening of the diode. The former was achieved by means of a series of 

perspex field grader rings interspersed by conducting sections, and the 

latter by using a diode housing made of earthed dural. 

The correct coaxial geometry was established by means of a Helium-

Neon CW laser (0.5 mW at 632.8 nm) whose beam was arranged along the axis 

defined by the anode tube clearance holes on the two removable diode end 

plates. The centre axis of the cathode was then positioned along this axis 

by using two specially made perspex end caps with narrow centre holes to 

define the cathode's cylinder axis at both ends; a ball and socket coupling 

and retractable cathode support column were employed to allow this. The two 

perspex caps were removed when the cathode was correctly positioned and the 

two diode end plates carefully replaced as before. 

The electrical properties of the load terminating a PFN are critical in 

determining the overall performance and so the manner in which the diode 

impedance is related to its spatial dimensions is of much interest. Current 
-2 . . . densities in excess of 100A cm may be present within a coaxial cold 

cathode field emission diode, and so current flow has to be studied in the 
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(5 6) 
space charge limited regime. Langmuir and Compton have produced an 

expression linking the current, I, flowing "between two cylinders of potential 

difference V in such a regime by considering the electrons to leave the 

cathode with negligible initial velocity giving: 

I = lU-66 * 1°"6 * L Y (3.13), 
ra 

2 where r is the anode radius, L is the length of the cylinders, and 3 is a a 
o tabulated function of the anode to cathode (r ) radius ratio such that 3 c 

r increases with c/r . Thus the diode imoedence is: a 

r 32 

Z-j = ^ r (3.110. 
D 1U.66 x 10 b x L x V2 

This expression can be used to determine the cathode radius r required for 
2 given Z , r , L and V values via 3 . When a load of this nature is used in jj a 

conjunction with a PFN, whose output voltage is related to the diode 

impedence, Z , by the expression: 

0 7 
V = V x D , . 1 . L o - — - = - (3.15) 

D + C 

where Z^ is the matched impedence for the type of PFN used, the output 

voltage becomes a function of form: 
ZC 3/2 VL + 7 y . VL ^ = 2Vo (3.16), 

where 
r 32 

^ = 5 =5 14.66 x 10 x L . 

Thus for a Blumlein PFN where the diode is designed to operate at a voltage 

of 1.5 MV, for example, the ratio C/y is set at 0.8165 as V = V in L O 
equation (3.16). If a lower Vq is then employed with this design, say 
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0.75 MV, then VL = 0.86 MV, indicating that the diode tends to "correct" 

low switched voltages to the design value at the load. This arises because 

at low voltages the diode impedence is high. The consequence of this is 

that voltage rise and fall times at the diode are further shortened by the 

diode characteristics. This makes the use of a space charge limited diode 

in conjunction with a PFN very attractive when monoenergetic electrons are 

required. Also the very square voltage profiles associated with this type 

of device allow e-beam power to be deduced from the current trace alone as: 

Power = VI, 

where V is approximately constant. 

The maximum pulse duration available from a cold cathode diode is 

limited by diode closure; this is due to a collapse of the diode impedence 

due to expansion of plasma from the cathode thereby effectively reducing 

the anode-cathode separation. Such expansion occurs at a velocity of 

2-3 x 10 cms ^ 2 i; S Q compile closure occurs on a timescale of a 

few hundred nanoseconds where anode-cathode gaps of a few centimetres are 

used. Because the cathode radius is effectively decreasing during the 

excitation pulse, the diode impedence will fall; however, on a timescale of 

less than 20 ns this effect can be ignored for anode-cathode gaps of a few 

centimetres, as in this work. 

3.5 Beam Pinching 

The current incident on the anode tube is returned to earth along it; 

however, the resultant magnetic field can deflect electrons still incident 

on the tube. This is illustrated in figure 3.7 where the electrons are 

deflected towards the centre of the diode effectively reducing the pumped 

length. As the return current is at its maximum at the edges of the beam, 
/rQ\ 

this is where maximum deflection occurs. Schlitt and Bradley have 
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Figure 3.7: Pinching in a coaxial diode 
using axial current return. 
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derived an approximate expression for the total angular deflection an 

electron experiences as it travels from cathode to anode. In the coaxial 

cylindrical case the maximum deflection of an electron at the "beam edge 

will be: 

e M = sin"1 fe m£aj) ( 3 . 1 7 ) 
^ L ^ cJ 

where r is the anode radius, r is the cathode radius, I is the anode a c a 
tube current at diode edge, and I = 173y (in kA) given that V is the L 

V 2—5 electron speed, c is the speed of light, 3 = /c and y = (1 - 3 ) . I is a 
half the total diode current. Thus the sine dependence results in cutoff 

for a return current at each end of the anode of: 

= 1!rY . kA . (3.18), rr 

* ( ^ 
r 

so the ratio a/ r
c is of great importance when designing a coaxial diode 

as it appears in the expressions for diode impedence, and for pinch angle. 
The scalability of coaxial diodes to very high current densities is 

. . . . . . . . (31) limited by this pinch problem unless modifications are made to overcome it 

3.6 Experimental Characteristics of Diodes Used 

3.6.1 Pulserad 11 OA with coax PFN 

Previous work with rare gas monohalides using the Pulserad 110A and 

the coax PFN had shown this combination to be capable of delivering peak 
(3l) •• 

currents of 35 kA at ^500 kV with a FDHM of 35 ns using coaxial geometry 

and a wide bore cm) anode tube. This was obtained using the Marx 

generator at full charging voltage when peak values for load voltage and 

current of 750 kV and 75 kA over 20 ns would be expected; nevertheless the 
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high power available made the use of this device attractive and so a diode 

was designed to provide the matched impedence of 10 ohms using an anode 

tube of 6.35 mm diameter. The pumped length was chosen to be 20 cm, and 

so a cathode radius 4.2 times that of the anode radius was required for a 

load voltage of 500 kV. A cathode was assembled whose open ends were 

given a radius of 1 cm, and all exposed areas of the cylinder were polished 

and coated with diffusion pump oil to minimise the risk of cold field 

emission. A 5 cm vacuum gap to earth was allowed at each end of the cathode, 

well within the safe limit of 200 kV cm 1. The cathode/anode alignment 

was achieved as described in section 3.4. 

( 

Due to the approximate nature of the pinch angle calculation , it 

was decided that the best method of evaluating the extent of the pinch 

problem was to measure the longitudinal energy deposition profile using 

Avisco blue cellophane dye-dosimetry; the maximum predicted pinch angle 

for a return current of 17-5 kA at each end of the diode, as previously 

measured, was 63.5 . This was a large value, and should the diode have 

obtained its theoretical specification, an.even larger pinch angle would 

have been predicted. 

The first trial involved fully charging the Marx generator, giving an 

erected voltage of 1 MV. An anode tube with wall thickness 50 lim was used 

and both ends of the tube were open to the atmosphere. The first shot 

resulted in catastrophic pinching, causing the tube to rupture as shown on 

plate II. The tube diameter was 6.35 mm and so it may be seen that intense 

excitation occured along a tube length substantially shorter than the 20 cm 

length originally chosen I As a result of this, either a mechanism for 

preventing such a pinching process from occurring,or a different pumping 

regime was required. In practice it was decided to try using the Blumlein 

PFN as the higher voltage, lower current, and higher impedance characteristics 



PLATE II 

The effect of pinching on the anode tube when using 
the coax PFN. 
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of this device indicated that pinching would occur to a much lesser extent. 

3.6.2 Pulserad 11 OA with Blumlein PFN 

The experimental arrangement used was very similar to that for the 

coax case, except that the diode impedance was designed for 43^ at the full 

switched Blumlein voltage of 1.5 MV. A cathode length of 18 cm was chosen3 

requiring a cathode radius of 11.1 times that of the anode (r = 35 mm). c 
The cathode sleeve ends were given a radius of 0.5 cm, and the cathode to 

end plate separation was 7 cm which meant that voltages greater than 1.4 MV 

might result in leakage to earth. The predicted pinch angle for ideal 

operating conditions (1.5 MV, 35 kA) was 41°, which was much "better than that 

for the coax PFN under ideal conditions. 

In practice, the diode voltage and current waveforms appeared highly 

satisfactory when operating at full voltage; however, measurement of the 

time integrated X-ray dose using a Stephens dosimeter indicated a substantial 

shot to shot variation. The X-ray dose is proportional to the square of the 
(59) . • voltage of the electron stopped , and so small voltage variations 

would result in larger dose variations; however almost no shot to shot 

voltage variation was observed and so this behaviour was attributed to 

irreproducible current leakage to earth from the sides of the cathode 

cylinder. The dosimeter is an inverse square law detector, and so spatial 

variations in the electron beam could have resulted in large dose fluctua-

tions when the dosimeter was close to the diode, as it was in practice. 

Dropping the charging voltage to 80% of maximum resulted in a highly 

reproducible measured dose (^2% standard deviation over 100 shots) indicating 

that the time integrated power characteristics of the diode were also highly 

reproducible. The peak voltage was 1.2 MV, and peak current was 16 kA; 

both traces had FDHM of 16 ns. Longitudinal energy deposition uniformity 

was checked using the method of Avisco blue cellophane dosimetry. The 
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percentage change in transmission of this blue foil when observed through 

a 655 nm red filter has been calibrated as a function of the electron 

energy deposited, and so this gave a true indication of the time integrated 

current density along the anode tube. Using a Joyce-Loebl microdensi-

tometer a trace of density, D, variation against position was made, and 

this is shown in figure 3.8. The FWHM was determined from the density from: 

D = log10 V T (3.19) 

where T is the transmission, and the variation of dose with T is published 

by the foil manufacturers. As may be seen, the FWHM is 17 cm compared to a 

cathode length of 18 cm, and so the effects of pinching are relatively 

minor. 

In conclusion, the combination of Pulserad 11 OA and Blumlein PFN 

with a coaxial diode incorporating a 6.35 mm diameter anode tube gave 

excellent shot to shot reproducibility when monitored with current and 

voltage probes, and by X-ray dosimetry; also the deposition uniformity 

within the anode tube was very good, displaying only a minor return current 

pinch problem. All the laser studies carried out in this work were performed 

with this arrangement using 80% of full Marx generator voltage. 

3.7 The Anode Tube 

The function of the anode tube is twofold: as earthed anode within 

the diode and hence return current route, and as the containment vessel for 

the excited gas. The former requirement is easily satisfied by a stainless 

steel tube, however the second requirement results in a design compromise. 

Because excitation is by the slowing down.of fast electrons, near the electron 

entry point into the gas the higher the pressure the greater the excitation 

power density; however at high pressures containment vessels have to be 
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relatively thick walled resulting in substantial energy loss in the walls. 

This reduces efficiency and subjects the tube to rapid temperature rises 

with resultant expansion; if allowance is not made for this where the 

anode tube is clamped and sealed, permanent tube deformation can follow. 

So when operating e-beam pumped gas systems at high pressures the 

structural considerations result in an intrinsically inefficient gas 

excitation regime. For example, when operating the Pulserad 110A with the 

Blumlein PFN, the use of argon pressures of up to TO bar was intended. Thus 

for a tube outer diameter of 6.35 mm a wall thickness of 35 ym, taking a 

safety factor of 2, was required. This is derived from the formula: 

P = § - (3.18), 
a 

where r is the anode tube radius and t its wall thickness, P is the a 
maximum safe operating pressure and g the yield stress. A 50 p,m thickness 

was tried but failed after only a'few shots at 20 bar, and so a 100u^ 

thickness was employed. 

It is interesting to calculate approximately the electron energy lost on 

one traversal of the anode tube's wall when using a thickness of 100 ym. 

The electrons were incident on the tube with an energy of 1.2 MeV, and 

applying the one dimensional plane perpendicular expression given by 

equation (2.1) it is possible to calculate the energy lost per electron for 

one wall transit, ignoring reflections at each interface. Taking Spencer's 
(32) 

form of J(x) for Copper (Z = 29) to approximate the form for stainless 

steel, in the absence of tabulated values, over a 100 ym distance, J(x) rises from 2.3 to 3.1 and so an average value of 2.7 may be taken. The stopping 

'e 
rdE7j a . power, /drj , for both radiative and collisional processes can be taken 

° (33) from Berger and Seltzer's tables for iron and results m an energy 

loss per electron on traversing the anode tube wall of ^0.3 MeV. By inter-
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polating from Spencer's values of J(x) for materials of differing atomic 

number, Z, the range of values of J(x) across the anode tube diameter 

at various argon pressures can be evaluated. At 50 bar, J(x) at 0.9 MeV 

varies from 1.7 to 2.3» and so an average value of 2 may be taken. At 

lower pressures a lower value down to 1.7 would be appropriate. Thus at a 

pressure of 50 bar collisional energy deposition of 1U5 kV per electron is 

predicted on crossing the anode tube. On entering the second wall of the 

anode tube further energy loss will occur and due to the relatively narrow 

diameter of the anode tube electrons should leave the anode having retained 

radial symmetry, but fanned out along an axis parallel to the anode tube. 

As a result calculation of how much deposition energy could result from 

electrons undergoing double transits of the anode tube can not be reliably 

performed. For wall thicknesses of 100ym or more, double transits may be 

excluded due to the energy loss per wall transit; however for wall thick-

nesses of <50 ym calculation indicates that double transits are feasable. 

In practice at 20 bar a twofold increase in fluorescence power was observed 

when using a 50 ym wall thickness compared to that seen with either 100 y m 

or 150 ym wall thicknesses, both of which gave roughly the same output. 

The calculated Energy deposited on a single transit was approximately the 

same for all, and so double transits may have been contributory to the 50ynr 

result with ASE amplifying the effect. 

So at 1.2 MV and a gas pressure of 50 bar, for the 100 ym wall 

thickness employed in taking data on the Pulserad system,only about 12$ 

of the available electron beam energy was expected to be collisionally 

dissipated in the gas. The rest of the energy would be lost in heat to 

the anode tube through collisional processes; calculation indicated that 

Joule heating due to the return current was a negligible effect. The time 

averaged electron beam current and voltage were respectively 1U.5 kA and 

1 .2 MV which over the FDHM of 16 ns for both gave an energy content of 280 J. 
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If 80% of this energy was dissipated in the bombarded region of the anode 

tube a temperature rise of 200 K would be experienced over that length, 

resulting i n expansion of the tube, Al, by 0.41 mm. For a tube unable to 

expand because of firm clamping at both ends, as when vacuum sealed, the 

tube displacement d at the midpoint between the two clamped ends and 

perpendicular to the original tube axis is related to Al by: 

Al = 1 f • M 
> 

k& sin i 
* 

where 1 is the inter-clamp distance. Here, with 1 at 35 cm, d exceeds 7 mm 

which is substantial given that the tube diameter is 6.35 mm. 

The vacuum seals commonly employed at both ends of the anode tube are 

of the static 0-ring type. Previous workers with narrow anode tube coaxial 
(29) 

diodes had not found tube expansion to be a problem with such seals 

as their post-firing temperature rises were significantly smaller. However 

the different circumstances of this work resulted in severe optical 

obstruction of the anode tube due to permanent deformation after only a few 

shots, and so a new sealing mechanism had to be found. The mechanism 

adopted proved most successful in operating, the lifetime of a good quality 

anode tube being several hundred shots without any restriction of the 

transmitting cross-sectional area due to bowing. 0-ring seals were retained 

as shown schematically in figure 3.9; however because the inner part of the 

tube was to be pressurized, if the 0-ring seals were initially positioned 

correctly to form a seal to the vacuum diode envelope, no sealing pressure 

had to be applied by the chamfered surfaces of the 0-ring positioning 

plates as pressurising the laser cavity applied self-sealing pressure to the 

0-rings. This was fortuitous as it allowed the anode tube to be tensioned 

by means of an intra-cavity compressed spring without any danger of the 0-

rings being forced into the anode tube and deforming it as a result. The 
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ends of the anode tube had to be specially clamped so that when the spring 

force was initially released to tension the tube, the clamps were not 

pushed off. The use of Swagelok stainless steel ferrules solved this 

problem; these bit into the anode tube and provided a small flange surface 

against which the spring tension could act. 

The minimum wall thickness available for straight stainless steel 

tubing was 150 ym for an outer diameter of 6.35 mm, and so obtaining thinner 

walls required the use of an electropolishing process as outlined by other 

authors (-31,60)^ jn practice, the main cause of anode tube failure was due 

to pinhole formation, and this was mostly attributable to tube batch 

quality rather than to the electropolishing process as any inner imper-

fection not visible on the outside of the tube would become more serious 

as the outer part of the tube was removed. 

3.8 Laser Cavity 

At around 126 nm the transmission of most materials is poor and in 
(61 62) 

practice only LiF and MgF^ constitute acceptable window materials ' 

The absorption coefficient of argon gas around 126 nm is negligible (viz. 

appendix 1) and so to maximise the efficiency of reflecting optics when 

forming the laser cavity it was essential to include them within the gas 

volume thereby obviating the need for any windows apart from at the output. 

For the Pulserad system, the gas containment cell was comprised of two 3 
relatively large (^400 cm ) stainless steel cylindrical cups at either end 

of the anode tube, as shown in figure 3.10. Stainless steel end plates of 

one inch thickness with window apertures designed to take 12.5 mm diameter 

circular windows were used to seal off the cavity ends. Optics could be 

clamped either within an end cup or to an end plate, the choice being 

determined by the degrees of freedom required. Ordinary mirrors were 



Figure 3.10: Cavity end-cup with mirror mount. 
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mounted, on the end plates, and external control of orientation was 

achieved "by using 0-ring sealed pushrods which passed through the end 

plates. In figure 3.10 the system used for kinematically mounting a 

plane circular mirror is also shown; "because there was a risk of mirror 

damage at high laser powers the mount design was such that the used portion 

of the 26 mm diameter mirrors lay off centre to allow use of another 

section of mirror simply "by rotation within the mount. Construction 

materials were stainless steel where possible, nylon for the mirror clamps, 

and neoprene for the 0-rings. Alignment was achieved by means of a 0.5 mW 

He-Ne laser (Spectra Physics Model 155) of 1 mR beam divergence; this was 

set up along the anode tube's axis, and optics could then be aligned by 

reflection. Great, accuracy could be achieved, as the He-Ne laser was ^5 

metres from the laser head, providing a large optical lever. Mirror 

alignment proved stable to gas fill pressure and time. Evacuation of the 

laser cavity was achieved via one inch diameter welded stainless steel 

tubing, and a valve system as shown in figure 3.11. A Pfeiffer TPH270 
-1 turbo-molecular pump of speed 270 Is m association with an Edwards 

- 6 

EDM12 backing pump were used to achieve cavity vacuums of <10 mbar 

within a few hours. Gas feed was via a specially made purification system 

(viz. section 3.12), and high pressure measurement was by a mechanical 

Budenberg Standard Test Gauge. 
(29) 

Previous tuning work on the xenon laser using a coaxial device 

had shown up a severe problem associated with tunable VUV lasers of narrow 

anode tube diameter. Because the reflectivity of metals, in this case 

stainless steel, is high for grazing incidence at these wavelengths, when 

using a dispersive tuning element such as a grating or prism reflected 

spectral components incident on the anode tube wall at grazing incidence 

are efficiently reflected down the anode tube resulting in a substantial 

feedback bandwidth. However by setting a thin stainless steel wire (^250 pin 



Figure 3.11: Vacuum system for cavity and Rare Gas PurifierCRGP). 
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diameter) helix in contact with the inner surface of the anode tube such 

reflections are blocked. For all the work discussed here, such a helix 

was included thereby allowing anode tube reflections to be ignored. 

3.9 Energy Deposition Measurements 

The thermal energy deposited within the gas was measured for a 100ym 

wall thickness tube to investigate how it changed with gas pressure. The 

experimental arrangement used a "reduced" cavity volume in which the anode 

tube was blocked off at one end and connected to a Budenberg mechanical 

Standard Test Gauge and an inlet valve at the other. The total sealed 

volume up to the valve was measured by expanding gas from a known volume at 

a known pressure into the cavity, and using ideal gas expressions to obtain 

a value of 28.57 cm . The dose FWHM along the anode tube was 17 cm, and 

taking this to be the effective pumped length with the known anode tube 

inner diameter of 6.05 mm gave a pumped volume of U .89 cm . Measurement 

of the pressure rise after firing would indicate only the thermal component 

of the deposition energy; however, calculation had indicated that the total 

deposition energy would scale near-linearly with gas pressure and so the 

behaviour of the energy partitioning between radiative and thermal components 

could be inferred from measurement of the latter. This would be of interest 

when assessing the pressure dependence of excimer production efficiency. 

The fast deposition of thermal energy by the electron beam within the 

gas initially results in a pressure jump local to the excited volume; 

acoustic processes then rapidly redistribute energy within the total gas 

volume such that a uniform temperature and pressure are reached. In 

addition, gas heating and cooling due to the containment vessel occur, the 

former from the hot region of the anode tube and the latter to the rest 

of the vessel. Measurement of the pressure rise on a millisecond timescale 
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can give details of the acoustic processes within the cavity geometry 

employed, but information relating to total energy deposition can only be 

deduced for simple geometries such as that employed in transverse excitation. 

Longer timescale measurements of the average pressure rise need to be 

assessed carefully as conductive heating and cooling mechanisms due to the 

gas containment vessel may have influenced the measured value. Such a slow 

measurement was made in this work, and the data was analysed as follows. 

For an ideal gas, once thermal equilibrium is obtained, the temperature 

rise, AT , immediately after firing within the pumped volume, V , may be ex ex 
linked to the average pressure rise, AP , , within the total volume, V, , , uOU LOb 
by: 

iP AP ^ . 
AT = -=S3L = tot tot ( } 
ex p K b p K BV e x 

where p is the initial gas number density, and K^ is Boltzmann's constant. 

Now where P q is the initial gas pressure and Tq is the initial gas 

temperature, 

P 

pKg = °/Tq (3.23), 

and so: T AP V a o tot tot . ( 
ex P V v j.^a o ex 

APtot was observed experimentally immediately after firing the electron 

beam and the peak stabilized reading was taken. In practice, the reading 

did not stabilize for about two seconds, displaying an oscillatory rise due 

to the combined effect of acoustic processes and the gauge response character-

istics. The results of such pressure rise measurements are given in figure 

3. 12 up to a maximum initial pressure of ^55 bar and it is interesting to 
AP note that the ratio tot/P remains at a constant value of about 0.09 over o 
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Figure 3.12; Measured pressure rise after firing the 
electron beam. 

GAS PRESSURE(bar) 

Figure 3.13: Evacuable detection system. 
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the entire pressure range; from the calculation of section 3.7 this would 

be expected when the partitioning of energy between radiative and thermal 

components is roughly constant. 

Some indication of the intrinsic error within these measurements due 

to the heating component of the anode tube, and the cooling effect of the 

rest of the containment vessel on the reading timsecale may be obtained from 

a semi-qualitative analysis, as follows. Heat is gained or lost by the gas 

from or to the container by the mechanism of thermal conduction. The rate 

of heat flow may be expressed one dimensionally by: 

dt T dx (3.25), 

where K^ is the thermal conductivity of the material into which the heat is 
dQ . . . . . flowing, — is the amount of heat passing per unit time m the x direction, 

A is the area normal to the x-axis over which the temperature gradient 
dTl 

exists, and — J is the temperature gradient at the boundary. 

According to the elementary kinetic theory.of an ideal gas: 

K t = <
1
/ 3 > u I p C v (3.26) 

where u is the average atomic or molecular- velocity of thermal motion, 

A is the mean free path, p is the gas density, and C is the specific heat 

capacity at constant volume. 

So at a given temperature, and hence u, K^ will be independent of 

pressure because: 
pA = const (3.27), 

Measurement of the thermal conductivity of argon gas ^ ^ is in good 

agreement with this behaviour over the pressure range employed here. By 

making the assumption that the gas reaches internal equilibrium immediately 

after excitation, a one dimensional model for the subsequent heat exchange 
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mechanisms results in the following expression for the time-evolution of 

the gas's energy content: 

Q(P ,t) = f(P ) + A K. ^ os o ex Ar 
rt dT] . _ f dT1 

ta d t " ArKSS & o ;ex o 
dt (3.28), 

r 

where Q (PQjt) is the heat energy at time t still within the gas which was 

at an initial pressure P , energy deposited in the gas by 

excitation, K ^ and K^g are the thermal conductivities of argon gas and 

stainless steel respectively, and are the areas of the pumped and 
dT' unpumped regions of the cavity, and — and are the temperature 

ex 'r 
gradients at the surface of the pumped and umpumped regions respectively. 

Thermal conduction of heat away from the pumped section of anode tube by 
dT I 

the anode tube itself has been ignored to maximize the /dxJex term, and 

thermal conduction and convection of heat within the gas volume has been 

ignored as the tube area is small. In reality a much more complex situation 

exists; however, this analysis serves as an initial means of establishing 

whether or not there is a systematic experimental error. Both K ^ and K^g 

are independent of the gas pressure and so the energy content of the gas 

at a given time and initial pressure is determined by the electron beam 

deposition energy and the subsequent temperature gradients at the boundary 

between gas and containment vessel. The magnitude of the heating term may 

be assessed by extrapolating back from the measured values to zero pressure 

where equation (3.28) predicts: rt 
Q(o,t) = K ^ A ~ ex dx o 

(3.29). 
ex 

From ideal gas theory, K will be non—zero for P = 0, and so Q(0,t) should 

be non-zero. In fact the AP intercept at P q = 0 is zero, indicating 

that at the time the measurements were made the gas heating component in 

equation (3.28) due to the hot anode tube was negligible for lower pressures; 
dTl . . . . and as — falls at higher pressures because more energy is deposited m the 
' ex 
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gas and less in the walls, clearly tube heating is a negligible source 

of experimental error at all pressures. Observation indicated that the 

cooling process was slow on the measurement timescale as greater than 

three minutes was required for the pressure rise to fall to half its peak 

value at any gas pressure. 

Thus by assessing the extent of the heating by extrapolation from 

low pressure data, and the extent of the cooling error by observation, the 

plot in figure 3.12 has been shown to describe the pressure dependence of 

the thermal component of the gas deposition energy. 

3.10 Optical Materials 

LiF and MgF^ were the two window materials used in this work, the 

former displaying a transmission cutoff at 105 nm and the latter at 113 nm. 

All crystals were obtained from the Harshaw Chemical Company, who guarantee 

50% and 35% transmittance for 2 mm thicknesses of LiF and MgF^ at 121.6 nm, 

respectively. Capillary arrays consisting of perforated stainless steel 
(65) 

plates can also be used ; these behave like leaky windows in that gas 

leakage occurs through the capillaries; however for the pressure differences 

encountered across the windows used in this work, the leakage rates would 

be excessive. 

Early work was done with 2 mm thick LiF windows at pressures up to 

30 bar; however this material was discarded as degradation of transmission 

with shot number became a problem. Transmission of the argon excimer 

fluorescence fell from ^50% to over several weeks and many shots. 

LiF is known to suffer loss of transmission at wavelengths less than 160 nm 

when exposed to moisture. This has been attributed to a surface effect ^ ^ 

however the maximum decrease in transmittance at 121.6 nm due to this was 

found to be by 50% of the initial transmittance. Another cause for the loss 



82 

(61 6 2) 
of transmission is-electron-bombardment 5 ; however in this case 

electron access to the window would have been negligible. In dosimetry 

it is well established that ionizing radiation induces reversible changes 

in LiF due to the trapping of electrons, freed by X-ray penetration, at (67) 

imperfections within the crystal structure ; this causes a yellowing 

in colour and a loss of VUV transmission. Thus the bremsstrahlung associated 

with firing the electron beam probably caused the observed loss of 

transmittance. Magnesium fluoride is far more resilient to environmentally 

induced degradation than is lithium fluoride. Its transmittance is affected, 

very little by storage in air, and the effect of electron bombardment on 

transmittance around 126 nm is small. As a result 5 mm thick MgF^ windows 

of 30% argon excimer net fluorescence transmittance were used for all the 

laser work, proving highly resilient to their operating environment. 

Efficient mirror materials at these wavelengths are few. The most 

commonly used mirror around the Lyman a (121.6 nm) region is aluminium with. 
/ /• o \ 

a MgF2 overcoat . Reflectivities at best reach 85% s which is poor for 

a laser system where high power densities can result in severe mirror 

damage- as the absorbing region is thin. Early work with the xenon 

laser involved the use of such mirrors and often severe mirror damage 

occurred; however the use of multilayer dielectric coatings of 97% reflectivity 

greatly improved damage resilience. Such coatings are as yet unavailable 
near Lyman a, although development work is in progress within the ultra-

.ess 
(68) 

soft X-ray region ^ Freshly deposited aluminium (film thickness 50 -

200 nm) has a normal incidence reflectivity of 30-h0% at Lyman a 

however the formation of oxide on the film surface rapidly reduces this 

value. By overcoating with MgF^ this oxidation process can be prevented with 
• - . • (7) 

the advantage of enhanced normal incidence reflectivity . This results 

from the values of extinction coefficient, K, and refractive index, n, 

involved. In the extreme ultraviolet aluminium has a refractive index which 
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is much less than unity and a moderately large extinction coefficient 
(71) (i.e. at 125 nm, n = 0.06 and K = 1 .0 ) whereas MgF^ has a considerably 

greater value of refractive index and a negligible extinction coefficient 
- 6 

(n - 1.6 and K 10 ). This results in an increased total reflectivity due 

to strong reflection at the Al/MgF^ boundary adding to that from the top 

MgFg surface. The mirrors of this type used in this work were coated at (72) 
Culham Laboratory and had typical reflectivities between 50% and 60% 

at Lyman a. All mirrors were plane. Early work was done using a narrow 

hole through the output mirror to obtain an output signal; however thin 

aluminium coatings with MgF^ overcoatings on thin (<1 mm) MgF^ substrates 

were used later to produce partially transmitting output mirrors with 

coating reflectivities of b0% at Lyman a, and argon excimer net fluorescence 

transmittance for the complete mirror of 3%. 
A new type of normal incidence output mirror was specially developed 

for this work; this was a resonant reflector of multiplate construction. 
. . . • . . . (73) An experimental description of this device is given m appendix: 2 and 

so only a brief explanation of its mode of operation will be presented 
(7U) . . . here. By considering wave propagation m periodic stratified media 

at normal incidence it may be established that the maximum reflectance 

expected from a stack of parallel plates separated by spacers of different 

refractive index occurs when each plate and spacer is an integer multiple 

of V n plus an additional VUn, where n is the relevant refractive index 

and X the wavelength in vacuo ; the "̂/Un appears because of the it phase 

change introduced by reflection at a dense/rare interface. Where the 

refractive index of the spacers is unity, the peak intensity reflectivity 

is given by: 

R = 
1 - (Vn) 2 N l 

1. , /1 / N2N1 M + ( /n) J (3.30) 
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where n is the plate refractive index, and N is the number of plates. In 

practice the refractive index between the plates was that of the laser 

medium. This was very nearly unity at all pressures and so equation (3.30) 

cQuld be used to predict the normal incidence reflectivity for different 

plate numbers. Calculation gave for I-IgF̂  absorption at 121.6nm: 

R = 2h.9% for N = 1, R = 63.9% for N = 2, R = 86.1 % for N = 3, and 

R = 99.9% for N = U, taking n = 1.73. A three plate design was adopted 

giving a predicted reflectivity of 77% at 121.6 nm when account was taken 
. . (73) 

of the non-zero MgF^ extinction coefficient . The measured transmission 

of fluorescence from the argon excimer gave a value of 3% at normal 

incidence, which was much less than would be expected unless interference 

effects were considered. The great advantage of this device was its 

resilience to VUV radiation damage due to the large number of surfaces 

contributing to the total reflectivity. The device proved highly satis-

factory in practice. 

3.11 Detection System 

Because the emission from the argon excimer is in the VUV all the 

detection equipment used had to be vacuum-coupled to the laser head. 

Figure 3.13 shows the system employed. A beam splitter of 0.7 nmi thick, 

12 mm diameter MgF^ reflected radiation from the output to a photodiode 

(ITT FU115) which had a manufacturer's specified quantum yield of 0.1 

electron per photon over the wavelength range 110 to 300 nm. The applied 

voltage was 1 kV which gave a saturation current for the diode of 0.5A. 

The transmitted radiation was incident on the input slit of a McPherson 

Model 225 1m scanning monochromator which also had a camera facility for 
- 1 

taking spectra. A curved grating of 1200 grooves mm and blaze wavelength 

of 121.6 nm was employed which gave a first order reciprocal dispersion of 

0.83 nm mm at the output slit. Because of the low light levels encountered 
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on some occasions, slit-widths up to 1 mm had to be used. The convolution 

of two Gaussians of FWHM A^ and A^ results in a function of FWHM A where: 

2 2 2 A3 = A^ + q (3.31). 

Spectra taken with wide slitwidths were effectively convolutions of the 

input slit image with the true spectrum, and so equation (3• 31) was used to 

approximately evaluate the true spectral FWHM from the measured value. Set 

up in monochromator mode, the bandwidth monitored was determined by the 

widths of the input and output slits. 

Spectra were taken on Kodak type SC7 film which has a gelatin-free 

emulsion. Sensitivity measurements for this film type have been made in 
(75) . . . . . . . the VUV and the findings indicate that at 120 nm reciprocity failure 

for exposure times between 1 s and 120 s was negligible giving a film y 

value of about unity, where: 

D = ylog10E (3.32), 

given that D is density and E is the time integrated exposure. In this 

work exposure times were effectively a few ns, so if reciprocity failure 

was apparent then y would be greater than unity. The value of y was 

evaluated by taking spectra of fresh gas fills both singly, and with two 

shots superimposed. In this way the film density at half-maximum was 

established, and as the difference, AD 1 , in density from maximum to half-
2 

maximum may be expressed: 

AD 2 = Ylog^g2 (3.33), 

a value for y could be evaluated for a given set of development conditions. 

Accuracy was high due to the highly reproducible nature of the electron 

beam, and the use of a narrow (^ 100 y'm) input slit. The value of y 

was found to be close to unity making density measurements with a 

Joyce Loebl recording microdensitometer. Spectra were calibrated by 
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running an electrical discharge in a small cell at the McPherson input. 

A MgFg window was used, allowing the cell to "be held at a pressure of 10~1 

mbar by means of a small rotary pump. Running a discharge in this partial 

vacuum provided strong emission from hydrogen at Lyman a (121.6 nm) and 

at ^130.2 nm from an atomic oxygen triplet; these emissions were ideally 

positioned on either side of the argon excimer emission peak at 126 nm. 

The McPherson 225 and beam splitter volume were evacuated by means 

of a liquid nitrogen trapped mercury diffusion pump backed by a single 

stage rotary pump which gave ultimate vacua of better than 10 ^ mbar 

within the grating chamber. The oscilloscopes used were Tektronix types 

519 and 790U with bandwidths of 0.5 GHz. Triggering was usually achieved 

externally from the electron beam diode current monitor. When using the 

790U on its most sensitive scale (10 mV per division) noise within the 

convent ion silly braid-screened cables became a problem; however, using 50ft 

cable with a solid copper outer sheath eliminated the problem. 

3.12 Gas Purification 

Early laser work indicated that the impurity levels within the argon 

used needed to be less than 3 volumes per million (vpm) for laser action to 

occur at pressures of about 20 bar. Argon of impurity level ^10 vpm would 

not lase under the same circumstances. Due to an enormous cost difference 

between the former research grade gas and the latter high purity industrial 

grade gas, a gas purification system was assembled to provide the required 

purity at reasonable cost. The arrangement is shown schematically in figure 

3.11. Industrial grade argon (M0 vpm) was fed at 5 bar through a B0C 

rare gas purifier Mkll (RGP) which reduced impurity levels to less than 1 v^m 

at flowrates of up to 20 1 min (at STP). Stainless steel tubing was 

used throughout and where welding was not possible Swagelok couplings were 

used. To achieve the high gas pressures required within the laser cavity, 
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3 3 
purified gas was frozen into a 300 cm or 1000 cm stainless steel tomb 

by cooling to liquid nitrogen temperature (boiling point = -195.8U°C;-

the boiling and freezing points of argon are -185.7 and -189.2°C, respectively). 

The bomb fill time was determined by the required gas pressure but was 3 normally 1 0 - 2 0 minutes for the 300 cm bomb which was most often used. A 

hot air blower was used to evaporate the argon into the bomb and cavity. 
(76) 

Gas chromatography was used to establish that the gas purity provided 

by this system was no worse than that of B0C grade X argon (impurities <3 

vpm). 

It was found necessary to use a fresh gas fill for every shot. This 

'was due to the buildup of impurities within the anode tube subsequent to 

firing as shown in figure 3.1^ which gives a series of spectra taken 

consecutively with the same gas fill, allowing half an hour between shots. 

The first shot shows absorption only at Lyman a whereas for subsequent 

shots absorption due to H } C, N and 0 become increasingly apparent together 

with broadband absorption indicated by an overall drop in the observed 

spectral energy. 
(77) 

Other authors have not found it necessary to use a fresh fill 

for every shot for argon; however they used a gas circulatory system as 

commonly employed on xenon systems ' . This suggested that the 

impurity buildup observed here after firing could be confined to the anode 

tube, whose volume was two orders of magnitude smaller than that of the 

whole laser cell; as a result circulating the gas would significantly 

dilute the impurity level within the anode tube. To test this hypothesis 

a series of shots were made monitoring only the net fluorescence power at 

17 bar. Purified gas was used and the cavity was initially evacuated to 

10 ^ mbar after having been open to the atmosphere. The observed photo-

diode traces are shown in plate III whose trace 1 is the first shot made; 

trace 2 is the next shot fired 30 mins later for the same gas fill indicating 
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Figure 3.14: Consecutive spectra for same gas fill. 
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PLATE III 

The power variation of consecutive fluorescence shots 
made with the same gas fill. 

The horizontal scale is 10ns per major division for 
all traces. 
Vertical scale per major division: 
1: 200mV 
2: 100mV 
3: lOOmV 
k: lOOmV. 
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a catastrophic buildup of impurities within the anode tube; the release 

of atmospheric gases clinging to the anode tube surface probably aggravated 

the problem. After firing, the gas was refrozen into the 300cm bomb, 

and then rapidly reexpanded into the cavity. If the impurities were 

uniformly distributed within the ^800 cm cavity volume, a substantial 
. . . . . . . 

dilution of gas impurities as a result of mixing with the additional 300 cm 

of known pure gas within the bomb would not be apparent; however if the 

impurities were confined to the anode tube a dilution would be expected. 

Trace 3 shows the fluorescence power which resulted from the next shot with 

a substantial increase in the fluorescence power. Trace U was a fourth 

shot made one hour later, and shows a small drop in peak power. The 

conclusions which may be drawn from this are: 

i) Impurities are released from the anode tube when firing, and the 

quantity released by the first shot after allowing the system up 

to air is greater than for later shots, 

ii) these impurities are confined to the excited volume for a 

considerable time and so a gas circulatory system is required to 

maximize gas-fill shot-lifetimes. 

iii) the absence of attenuation in trace 1 despite the catastrophic 

attenuation in trace 2 indicates that the impurities released 

during a shot do not result in degradation of the excited medium 

during that shot. 

It is likely, taking account of the steeply repulsive xenon excimer 

ground state, that the main advantage of gas circulation with xenon was not 

gas cooling as has been suggested, but gas mixing. 

In the absence of a gas circulatory system for this work fresh gas 

fills were required for every shot; however this had the advantage that 

gas purity was invariant from shot to shot. In practice the gas filling 

procedure was slow and arduous due to the cooling and heating times and 
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time had to be allowed between filling and firing to check optical align-
-k 

ment; also the cavity was evacuated to less than 10 mbar between fills. 

As a result, more than eight shots per day were seldom fired. Due to the 

low cost of high purity industrial grade argon gas a system of total loss 

was employed where the used gas was discarded to the atmosphere. 

Interestingly the impurity level within the "dumped" gas was sufficient to 

provide it with a "burnt" smell. In practice the purification system 

proved relatively trouble free once complete leak tightness had been 

achieved. 

In conclusion, the design and performance of the complete electron 

beam laser pump used in this work has been discussed showing that a highly 

reproducible coaxial device with good spatial beam characteristics was 

assembled. The practical problems involved in using such a device to 

obtain laser action from the argon excimer have also been considered, . 

identifying the lack of efficient optics around 126 nm and the need for 

high gas purity as severe. 
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CHAPTER U: Fluorescence and Untuned. Laser Studies 

b.1 Introduction 

This chapter is concerned with the behaviour of the fluorescence and 

untuned laser emission observed from argon when pumped in a coaxial diode 

by the Pulserad 110A with a Blumlein PFN. Both the temporal and spectral 

pressure dependence of the fluorescence and untuned laser are described, and 

where possible such data are used to infer the gain behaviour. Observation 

of the output through a monochromator allowed the emission time profile at 

different wavelengths to be monitored; using such a technique it was 

possible to evaluate peak gain values by means of an analysis which is fully 

described. 

U.2 Fluorescence 

U.2.1 Spectral Information 

The form of the time integrated fluorescence spectrum characterising 

the argon excimer at pressures of several atmospheres has been illustrated 

in figure 3.11+ showing a broad maximum around 126 nm. Figure b. 1 presents 

the values of fluorescence FWHM experimentally obtained at different gas 

pressures using a maximum input slit-width of 300 ym, with a value of 9«5 nm 

for the zero-pressure FWHM intercept. The spectral narrowing arises from 

the increased inversion and hence gain within the pumped volume at higher 

pressures; the signal buildup associated with ASE at a given wavelength, X» 

is exponentially related to the small signal gain coefficient, a(x),which in 
the case of an homgeneously broadened system with no losses is given by 

(X) where: 

aN(X) = a( X) N (b. 1), 
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and a(X) is the stimulated emission cross-section of the gain-providing 

species whose inversion number density is N. Thus as N increases, spectral 

power will build up faster around line centre because a(X) is proportional 
( 7P>) 

to the lineshape. Yariv has obtained a one dimensional expression for 

the ratio of the FWHM in the presence of ASE to the natural linewidth for 

continuous wave (CW) homogeneously broadened systems. For a lossless 

unsaturated regime the extent of narrowing for a gas phase medium is : 

AX(P) _ 
AX n 

W p ) 1 _ ^ 
In 

exp(aH(Xo,P)l) + ,-1 
O J 

(k.2\ 

where AX(P) is the FWHM at a pressure P, AX is the natural linewidth, n 
1 is the gain length, and a^(XQ,P) is the gain coefficient at line centre, 

X , for a pressure P. Now the full expression for a(X,P) in this case is: o 

a(X,P) = as(X) NS(P) + a^X) NT(P) - a ± (Ng(P) + NT(P)) - 5(A) (U.3), 

where aG(x) and a (X) are the singlet and triplet cross-sections at X, iD 1 
N_(P) and N_(P) are the respective number densities at a pressure P, a . S T * " pi 
is the photoionization cross-section which is slowly varying across, the 

emission bandwidth, and 6(x) accounts for any impurities present and so 

may be ignored due to the high initial gas purity used. For argon,cr^CX) 

>> crm(x)5 and so only the aQ(x) N_(P) term contributes to a(X,P) so the 1 b o 
observed spectral narrowing may be accounted for only by this term, 

indicating that equation (U.2) is applicable where oc^(\o,P)is replaced by 

the product as(XQ) Ng(P). Thus taking AXn = AX(O) from figure U.1,"time 

averaged" values of aQ(x ) N_(P) could be calculated as a function of o o S 
pressure; these are plotted in figure k.2. The voltage time-profile given 

by the Pulserad system was relatively square allowing the pump power profile 

to be 'derived from the current waveform which consisted of a time dependent 
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pressure (bar) 
Figure 4.2, 
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ramp rising from 13 kA to 16 kA in a time of 16 ns. Thus the peak values 

of a_ (X ) N_(P) as a function of time could have exceeded those of the S o S 
"time averaged" values obtained here although emission at peak gain would 

tend to dominate the spectra. However the main purpose of this analysis 

was to establish the scaling of the "time-averaged" singlet number density 

as a function of pressure. The energy deposition measurements shown in 

figure 3.12 indicated that the gas temperature rise after firing was 

constant up to ^55 bar and so the temporal variation of the temperature 

dependent value must have been the same at all pressures; thus 

figure h.2 can be taken to indicate the pressure scaling of the "average" 

singlet state number densities, N_(P) , showing them to increase with pressure Q 
up to at least 60 bar. 

Because the fluorescence spectrum was so broad it was possible to 

establish the wavelength of peak emission intensity only to an accuracy 

of ±0.5 nm;' no shift of the line centre emission wavelength with respect 
(39) 

to pressure as predicted by Werner et al. ' could be detected. 

h.2.2 Temporal information 

The pressure dependence of the peak total fluorescence output power 

is illustrated in figure U.3. Strong ASE was present as indicated by the 

rapid power increase with pressure. Plate IV shows some temporal profiles 

associated with these measurements and displays an interesting trend: at 

higher pressures the part of the fluorescence power pulse before the peak (78) 
increased relative to the peak value. Yariv has produced a one 

dimensional time independent expression for the unsaturated fluorescence 

power, S(x,L), from a uniform amplifier: 
U.U) 
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PLATE IV 

The temporal characteristics of the fluorescence from 
the argon excimer at different pressures. 

All traces have a horizontal scale of 10ns per major 
division. 

1: L2 bar of argon. 
The vertical scale is ^OmV per major division. 

2: 58 bar of argon. 
The vertical scale is 200mV per major division. 

J: 67 bar of argon. 
The vertical scale is 200mV per major division. 
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where n is a geometrical term, L is the gain length, ft(X) is the distributed 

loss, and a(X) is the net gain as in (U.3) including distributed losses. 

For the laser cavity used the single pass transit time of the gain 

length (17 cm) was ^0.5 ns which was relatively short on the excitation 

pulse timescale (16 ns). Thus the above expression could be justifiably 

used to discuss the variation of instantaneous output power as a function 

of the instananeous gain, assuming a(X) and ft(X) to be uniform along the 

pumped length. The behaviour of the observed time profiles indicated that 

as the pressure was increased the normalized rate of increase of S(X,L) 

with time became slower. The deposition power was expected to increase 

quasi-linearly with pressure (viz. section 3.9) to follow the temporal 

profile of the current pulse due to the near-constant applied voltage. 

At the pressures employed in this work, excimer formation times were short 

(^1 ns) on the pump pulse timescale, as was the singlet lifetime {^b ns); 

so by assuming electron mixing between the singlet and triplet states main-

tained an equilibrium ratio between the two states it was possible to consider 

the pump power time profile to be representative of the singlet number 

density profile. Thus had there been no time dependent absorptive losses 

an increase in gas pressure and hence -pumping rate would have resulted in a 

relative increase in the rate of rise of S(X,L) because of the exponential 

dependence on a(X). As this was not the case, some time and pressure 

dependent mechanism was indicated which resulted in either deactivation of 

the singlet state or degradation of the net gain by some absorptive mechanism. 

Penning ionization would have limited the rise of excimer number densities 

and reduced the stimulated emission cross-sections as a result of the extra 

gas heating associated with such a process; however the measured pressure 

rise after excitation was consistent with the predicted total deposited 

energy only when excluding such a process. A redistribution of number 
. . 1 + 3 + . . densities between the E and I states during the excitation Bulse could u u 0 
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have accounted for this type of "behaviour; however no adequate time 

dependent mechanism was available (viz. chapter 6). A more likely explanation 

of this "premature termination" problem was the accumulation of some 

broadband absorbing species with time. 

In addition to the fluorescence continuum centred at 126 nm another 

weak emission was observed from the photodiode traces before the main 

fluorescence peak. By allowing air into the tube connecting the photo-

diode to the output window it was possible to establish that the emission 

wavelength lay between the air and photodiode cut off wavelengths - i.e. 

between M 9 0 nm and 300 nm. The form of the emission is shown in plate V(1) 

with air attenuating the argon excimer signal., and plate V(2) shows its 

temporal characteristics relative to a fluorescence profile taken at 3 bar 

where excimer formation was slow, accounting for the relatively long VUV 

pulse. The form of the emission was independent of gas purity and 

pressure; however it did vanish when the cavity was evacuated showing it 

did originate from within the argon. The position of the pulse in time 

indicated that it arose on initiation of excitation, and so the transition 

involved could have been due to radiative recombination at 195 nm as 

proposed by Viecelli 

k.3 Untuned Laser 

Figure U.3 shows the pressure dependence of the laser peak output 

power normalised such that the intracavity value was directly comparable 

to the fluorescence power. For the measurements a 3-plate MgF^ resonant 

reflector of reflectivity R « 0.77 and transmission T - 0.03 was used as 

an output mirror, and a plane Al/MgF^ mirror of R = 0.5 was used to complete 

the laser cavity. Deviation between the fluorescence peak power and 

laser peak power curves, and pulse narrowing to ^6 ns,occurred above 20 bar 



PLATE V 

The temporal character of non-VUV emission from the 
pumped gas. 

The horizontal scale is lOiis per major division, 
and the vertical scale is 100mV per major division 
for both traces. 

1: 3 bar argon viewed through air. 

2: 3 bar of argon viewed through vacuum. 
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indicating the threshold for laser action. For a CW system the threshold 

condition may be expressed one dimensionally by: 

V 2 e 2 a M 1 (k.5), 

where r^r is the product of the mirror reflectivities, a is the net gain 

coefficient, and L is the gain length. 

The above condition ensures either a perpetuation or a buildup of 

signal. However, in a pulsed system such as this the number of cavity 

round trips possible is relatively small (i.e. the inter-mirror distance 

is 50 cm, the pulse duration is 16 ns, and so only 5 complete round trips 

are possible) , and so to observe significant signal increase when the 

mirrors are aligned large signal buildup is required per pass resulting in 

an operating regime where: 

r ^ 2 e 2 a L >> 1 (U.6). 

The laser FWHM was typically ns and plate I shows a typical laser 

photodiode trace. Data taken above 30 bar were ..discarded as damage to 

the 50% rear mirror occurred for every shot, thereby limiting the peak 

output power. However the main aim of this investigation was to assess 

the tunability of the argon excimer laser and so action was not taken to 

maximize the untuned output power*, such action would have involved the 

use of a pair of MgF resonant reflectors. The output energy at 30 bar 

proved too low to accurately measure with a calorimeter of minimum 

sensitivity ^0.5 mJ because of the low output mirror and window trans-

mittance*, however a good estimate of the peak intracavity power was obtained 

from photodiode measurements. The transmission of the output mirror and 

window were measured by observing the extent to which they attenuated the 

fluorescence power and this allowed the peak laser intracavity power 

before mirror damage occurred to be evaluated. The value obtained was 60 

kW at 30 bar. Damage to the Al/MgF^ mirror consisted of ^2 mm diameter 
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circular burn marks which gave a value for the incident energy density at 

which damage occured of 6 x 10 J cm assuming that the total laser 

power was incident on the burned area and that the peak output power was 

representative of the peak incident power. A simple calculation may be 

performed to check that such a value is reasonable: the extinction coeff-
/ gg\ 

icient of aluminium at 130 nm is about unity and so the thickness of 
1 

aluminium which attenuates radiation to /e of its initial value is ^10 nm. 

Assuming that all the non-reflected incident is dissipated within this 

thickness the incident energy density required to vapourise such a . . . -2 -2 . . thickness of aluminium is ^10 J cm . It is unlikely that vapourisation 

of the full 10 nm thickness is required to ruin the reflectivity of the 

mirror indicating that heating of the aluminium alone probably accounted 

for the damage. 

A typical laser spectrum taken at 25 bar is shown in figure b.k, giving 

a FWHM of 1.9 nm. Absorption due to CI is apparent at 126.1 nm; the level 

of impurity required to produce such an absorption is very small as 

Doppler broadened atomic cross-sections at 300 K in this wavelength region 
-1U 2 1 + . . can be up to 10 cm whereas the E state stimulated emission cross-section B u 

-17 2 

for argon at 126 nm and 300 K is M 0 cm . For tuning work line absorption 

is only a problem when the line falls at the wavelength of interest; 

broadband absorption is more significant as it can not be identified from 

recorded spectra and yet it limits the tuning range by attenuation of the 

gain. The saturation intensity associated with a homogeneous laser medium 

may be defined as that value which for a given wavelength X reduces the 

inversion to half its original value. For the singlet state, the value 

may be expressed as: 
I = hV/(2 (a +A.)T ) (U.7), s s pi s 

where hv is the photon energy, a^ and a ^ are the stimulated emission and 
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1-9nm 

126nm 

Figure 4.4: Typical untuned laser spectrum, 

Mirror, M Photodiode, P 

Jm 

Figure 4.5: Gain measurement arrangement. 
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photoionisation cross-sections respectively, and xs is the singlet 

lifetime. Taking the case at 126 nm : a . = b x 10 ^ c m 2 ^ ^ , and a = pi ' s 
— 18 2 - 2 8 x 10~ cm at 300 K; so for t = b.2 ns, the value of I is 22.7 MW cm . s s 

-19 2 -20 2 For the triplet:a . = b x 10 ^ cm , a = 10 cm at 300 K, and T = 3.2 us, pi s 
—2 giving a saturation intensity of 0.61 MW cm 

So for this experimental arrangement the intra-cavity saturation 

powers for the singlet and triplet excimer states were 5.*+ MW and 0.15 MW 

respectively. Thus at intra-cavity powers between these values exponential 

signal buildup would still have occurred from the singlet states without 

exponential loss due to photoionisation of the mostly lossy triplet states 

as such transitions would have been saturated resulting in a highly 

efficient regime. In practice, damage to the Al/MgFg mirrors limited peak 

intra-cavity powers to 60 kW. 

k.b Gain Measurement 

U.U.1 Method 

A schematic of the geometry employed to measure the peak net small 

signal gain coefficient is shown in figure U.5- The extent of amplification 

observed when providing feedback by means of a mirror was used to evaluate 

the small signal gain from the Lambert-Beer law: 

I(z) = Ko)e a z * (U.8), 

where l(z) is the intensity at a position z, and a is the net small signal 

gain coefficient which when obtained experimentally would include losses. 

The peak signals detected by a fast photodiode P in the presence, S^, or 

otherwise, S^, of a back mirror M were compared. The emission from the 

excited volume passed through a 1 m McPherson Model 225 set up in mono-

chromator mode at the chosen wavelength before being detected. The mirror 
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used was Al/MgF^ and had reflectivity 50$ at 121.6 nm. The axis normal to 

the cavity output window was misaligned with respect to the anode tube 

axis by ^5 mR as ascertained by reflection with a He-Ne laser to prevent 

feedback arising from the window. The following assumptions were made 

when mathematically describing the experiment: 

i) that the small signal gain coefficient was instantaneously 

constant over the pumped length L, and 

ii) that the gain volume could be described by a one-dimensional 

inversion distribution as the anode tube diameter, d , was a 
much smaller than the gain length and detector-gain distances. 

In this case the dimensions relevant to figure i+,5 were: L = 17 cm, 

d^ = 20 cm, d^ = 0.55 cm when taking account of the internal spiral, and 

d = 119 cm where d was the position of the limiting aperture of the 

detector. The spectral resolution was set by the monochromator slit 

width employed; this value was common to both input and output slits and 

was determined by the signal level required at the photodiode. The time 

delay of radiation reaching P via M compared to that directly reaching P 

was ns, which was the "time resolution" for gain evaluation as comparison 

between the peak S^ and S^ signals was used. These peak measured powers 

can be expressed in terms of the peak, spatially averaged small signal 

gain coefficient for a chosen pressure and wavelength via: 

S = K (cc + fl) 
fT az 

V dz (U.9), (d + z) o 
and 

fL a(z+L) 
S = S + RK (a + fl) I ^ dz 10), 

I (P + z)2 

where p = d + L + 2dm, R is the mirror reflectivity, and fl is the loss 

coefficient so that the sum(a + ft)is proportional to the net fluorescence 
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transition rate as: 

a + n = Ngas + NTaT (U.11). 

The ratio between the two signals is: 

„ T rL az 
S2/Sl = 1 + Re dz 

az 
— 0 dz 
(d+z)2 

Clearly when p and d are very similar the second term on the righthand side 
aL 

(RHS) of equation (U.12) becomes Re as for a simple one dimensional 

analysis. The behaviour of the ratio of the two integrals on the RHS of 

equation (U.12) may be established by defining a function F(a) : 

F(a) = rL e a Z _ dz 
° (p+z): cu. 13: L az e dz 
°(d+z)2 

which may be expanded in a Maclaurin series 

2 
F(a) = F(o) + OF'(O) + - " F1 ' ( a) + . .. (1+.1U). 

2! 
Now. 

and. 

I, v (d+L)d r. rL+p̂  L 1 (d+L)2 d2 r. rL+d^ L i ,, F (o) 58 - ^ F — Cln h r J - TZrl-T^TT ^ Lin ( — J - tttJ (U.16), p J L+pJ (p+L) pL L ^ d J L+d 

so the ratio of F'(O) to F(o) is: 

|l(o) = (pi£±Ll ^ ( L i a ) . ^ . ] _ a ( d + L ) [ l n a m 
F(oJ L p L+p L L+d L 

= 0.11T in this case. 
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Thus the second term in the Maclaurin expansion is significantly smaller 

than the first term for realistic gain values (i.e. a<1 cm Higher 

order terms are even smaller, and so can be ignored. Thus the expression 

for deriving the small signal gain coefficient from the ratio ^ /g -| w a s 

expressed: 

where (p^l)p = 0 , 238 practice. 

The error associated with ignoring F'(O) may be assessed by comparing 

the gain coefficient for a given measured signal ratio when including 

F'(O), giving a^, and when setting F'(O) to zero, giving aQ. Thus: 

e ^ (F(o) + c^f'Co)) = e ^ F(o) C U. 19), 

so assuming (aQ - a^) L is much less than unity gives: 

<* ~ ai n 11 \ ° L. =
 F (o) ( h oq) o1 LF(o) (4.20). 

In practice F'(O)/F(O) is 0.117 cm 1 and L is 17 cm,so the error in a^ 

incurred by ignoring 

F (o) is only 0.7%, which is smaller than the 

experimentally incurred errors. 
k.b.2 Gain at 126 nm 

The McPherson 225 was set to 126 nm and at the relatively low argon 

pressure of 20 bar the minimum slit width which provided adequate 

fluorescence signal at the photodiode was determined. It was hoped that all 

signals at higher pressures would lie within the unsaturated recording range 

of the detector. A slit width of U00 ym was chosen with a reciprocal 

dispersion at the output slit of 0.83 nm mm 

The results obtained are given in figure H.6, for both the with- and 
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without- mirror cases. Above Uo bar the rate of increase of the with-

mirror signal with respect to pressure dropped off dramatically. 

Comparison of the without- mirror curve to the net fluorescence curve of 

figure U.3 allowed estimation of the peak power values and indicated that 

gain saturation should not have been apparent. Saturation of the photo-

diode was investigated by repeating the high pressure with- mirror experi-

ments at a reduced slit width and hence lower signal level; the same 

"rollover" behaviour was observed. Such behaviour is also apparent in 

figure U.7 which shows the pressure dependence of the net gain coefficient 

at 126 nm, a(126), calculated from the best fit curves of figure U.6. 

Up to 1+0 bar the gain rises steadily; however above that pressure there 

is a sharp change in the curves gradient to form a plateau region. This is 

not expected from the time integrated ASE spectra which indicate a continuing 
1 + , 

r i s e m t h e e x c i m e r s t a t e n u m b e r d e n s i t y a b o v e 40 b a r , a n d so t h e 

observed rollover appears to have resulted from broadband absorption to 

which spectral narrowing measurements would not have been sensitive. 

This rollover problem may be consistent with the premature termination 

effect noted earlier; this is further discussed in chapter 6. 

k. U. 3 Gain near the Lyman .a transition 

There is currently much interest in obtaining a laser operating at or 

very near the atomic hydrogen Lyman a transition at 121.6 nm and so to 

assess the feasability of tuning the argon excimer laser to this spectral 

region, signal measurements were made near 121.6 nm in a manner identical 

to that for gain measurement at 126 nm. Measurement at 121.6 nm was not 

performed as fluorescence spectra had shown that a small amount (<<1vpm) 

of atomic hydrogen was present within the gas when firing,resulting in 

severe absorption at the Lymana wavelength due to the relatively large 
— 1 3 2 atomic absorption cross-section (^10 cm ). In practice the slit width 



Jl 

•5-

• 1 . 

10 20 30 40 50 60 

pressure(bar) 

Figure 4.7:Gain inferred from best-fit curves of figure 4.6. 
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required to provide adequate signal at the photodiode was 1 mm with the 

McPherson set at 122 nm; thus a relatively wide instrumental "bandwidth 

was employed. Figure U.8 shows the increase of peak power with pressure 

without the mirror and exhibits a slower rise than at 126 nm. Measurements 

made with the mirror are also displayed showing a rapid increase in the 

observed signal beginning at about 27 bar. A plateau region is reached at 

about U5 bar. Such behaviour is indicative of gain comparable to that at 

126 nm for higher pressures which was definitely not expected; thus a source 

of experimental error was sought. The McPherson was reset to 120 run retaining 

the 1 mm slit width; with the mirror aligned at Uo bar no significant 

difference was found between the signal observed and that obtained with a 

setting of 122 nm. A further shot at a setting of 115 nm which was outside 

the fluorescence region resulted in the detected signal falling to about 

half the original value when no other conditions were changed. This 

indicated that the high pressure, with- mirror data were greatly influenced 

by focussed stray light (FSL) ^ ^ within the monochromator which resulted 

in a focussed background continuum to the true spectrum at the monochrometer's 

output slit. The relatively small signal available at 122 nm with the mirror 

aligned was being swamped by FSL arising from the large total light input 

signal due to high gain at and near 126 nm. Because the level of FSL at 

high pressures with the mirror could be assessed from the 122 nm data, it 

was established that at 126 nm the signal to FSL ratio was 'vlOO at Uo bar 

with a slit width of bOO ym. The without- mirror data at 122 nm were not 

significantly affected by FSL as ascertained by observing the FSL background 

at 115 nm. However, because of the FSL limitation gain evaluation at 122 nm 

was not possible by direct comparison between signals. 

A potential means of reducing the extent of the FSL problem involved 

changing the method of gain measurement. By comparing the fluorescence 

signals from half the pumped length to those from the full pumped length, 
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gain could "be evaluated with reduced signal amplification at line centre 

relative to at other wavelengths , and so the signal to FSL background 

ratio at 122 nm would be greatly improved. FSL was known to be small for 

the full pumped length case from the above without- mirror data. However 

in practice the reduced signal levels associated with blocking off half 

the pumped lengths given that 1 mm slits were already in use, made this 

course of action impractical; also such a method would have been highly 

susceptible to non-uniform excitation. 

The output power from an unsaturated, uniform amplifier was given in 

equation (U.U) for the one dimensional case. A more precise description 

for the output power at a given wavelength is given by equation (U.9) 

where the system geometry is taken .into account: 

az 
S = K( a + n) dz ( U . 2 1 ) , 

(d+z)' 
where all the terms are as described in section UA.1. Integration by 

parts gives: 

L 

v ^ t c - A > 1 + L/d 
a 

az 

1 + / d 
dz (h.22). 

Given that p = 1 + /d, 

az 

o 1 + / d 
' -ad ^ eap(i 

dz = de j ~ap& ad. dp (^.23), 

so if s = apd and ds = ad. dp, then the RHS of equation (U .23) becomes: 

RHS = de a d [E.(ad(l + L/d)) - E.(ad)] (U.2U), 

where: 

Ei(m) = 
cm 

eS ds (U.25), 

which is a tabulated function, of m ( 8 1 ) 
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So, 

S = K(a + ft) [(1 - )+ de"ad (E.(a(d + L)J - E.(ad)j] (U.26). 
d 1 + ^/d 1 1 

Defining S^(2) = S^ , and taking S (1) from equation (U.U) such that: 

S (1) = n U * ((expccL) - 1) (k.h), 
a 

K 2 it may be seen that as d °°,so S^(2) where n = /d . In fact, over 

the range a = 0.1 cm to a = 0.U cm as encountered at 126 nm in this woi-k, 
S (1) 

the ratio of 1 '/S {2) varies from 1.185 to 1.257 for the relevant 

values of L and d. Thus using S^(1) to describe the relative scaling of 

output power with respect to net small signal gain and loss results in an 

acceptably small error compared to the more representative S^(2) expression. 

Using this expression due to its simpler form it is possible to calculate 

the gain at 122 nm by comparing the fluorescence signal for a given pressure 

to that at 126 nm, if the forms of ft and a at 126 nm and ft at 122 nm are 

known. Now ft (X) in this case is wavelength independent as: 
ft(X) = ap. (Ns + Nt) (^.27) 

for a high purity regime such as this where photoionization is the only 

absorptive loss. Also, 

cx(X) + ft(X) = Ng(P) as(X) (U.28), 

whose time averaged form at line centre is given in figure U.2. Thus 

from the peak net values of a( 126) shown in figure k.6 it is possible to 

arrive at an approximate value for cx( 122) using equation (UA)by evaluating 

ft from equation (U.28), and comparing fluorescence signal • values at 126 nm 

and 122 nm at the same pressure. Clearly the non-zero slit widths employed 

introduce uncertainty but the peak gain value obtained by such a method at 

bar,when a( 126) reached a maximum and the measured 126 nm to 122 nm 
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fluorescence peak signal ratio was 22.Ob for a 1 mm slit width, is 'v-0. 1U cm 

The accuracy of such a result is poor in light of the large slit widths used; 

a ratio of more than 26.29 would have given net loss at 122 nm. A better 

method involves the use of a computer model to evaluate the various terms 

in equation (U.T) and is fully described in chapter 6. 

Finally the asymptotic behaviour of the with-mirror FSL in figure b.Q 

confirms the rollover observed at 126 nm in figures b.6 and U.7. 

H.5 Conclusion 

This chapter was concerned with the fluorescence and untuned laser 

emission observed from argon gas when excited as described in chapter 3. 

From measurements of the fluorescence emission FWHM at different pressures 

it was shown that the time averaged singlet excimer number density rose 

with increasing gas pressure up to the maximum value used of 60 bar, 

indicating from comparison with the deposition energy data of chapter 3 that 

collisional quenching mechanisms for the excimer levels at high pressure 

were not strongly apparent. Fluorescence emission peak power measurements 

showed that ASE was present, but the power profiles obtained indicated 

the premature termination of gain with increasing pressure. As this could 

not be accounted for by collisional quenching,an intrinsic absorbing 

mechanism seemed probable. Such behaviour was not observed for the untuned 

laser; however mirror damage restricted operation to pressures of less than 

30 bar. Net gain measurements made at line centre displayed a rollover 

effect at around bO bar where a peak value of 0.33 cm was obtained; this 

may have been related to the premature termination observed and will be 

further discussed in chapter 6. FSL within the monochromator used prevented 

the absolute evaluation of net gain at 122 nm; however an approximate value 

of 0.1U cm was obtained at Uo bar by comparing the fluorescence signal 
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observed at 122 nm to that at 126 nm where net gain was known. Such a 

value at line centre marked only the onset of laser action in the untuned 

regime indicating that efficient dispersive optics would be required to 

tune the laser to such a wavelength; tuning results are discussed in the 

next chapter. 
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CHAPTER 5: Tuning the Laser 

5.1 Introduction 

Efficient tuning requires that the fluorescence spectrum "be homo-

geneously broadened to prevent the occurrence of "hole burning", or local 

spectral gain saturation, as apparent in inhomogeneously broadened systems. 

At high gas pressures (>10 bar), the rate of vibrational relaxation in rare 
( 1 2 ) 

gas excimer systems is fast on the multi-nanosecond timescales 

associated with excimer radiative lifetimes and electron beam excitation. 

Thus the upper laser vibrational levels are effectively fixed in a Boltzmann 

distribution during the excitation pulse resulting in a quasi-homogeneous 

regime. This is confirmed for xenon by the high tuned powers obtained over 

a wide range of wavelengths ( 169 • 2 nm 176.5 nm 

The difficulties associated with tuning the argon excimer laser are 

significantly worse than those for xenon as mirror coating reflectivities 

and crystal transmittance values are substantially lower; as a result the 

signal amplification required per cavity pass has to be higher. High gain 

conditions are not ideal for tuning, especially when few cavity round trips 

are possible during the excitation pulse; the reasons for this are discussed 

later. In this chapter the effect of introducing a tuning element to the 

laser cavity is discussed, and tuning methods are reviewed. Alignment and 

mounting methods are presented for the devices used, together with the 

results obtained. 

5.2 Temporal Evolution of Tuned Spectrum 

(ft?) 

Fox and Li have computed the stable mode evolution for electro-

magnetic fields within several different laser cavity geometries. In so 

doing, they found that the number of cavity round trips required before a 
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self-perpetuating wavefront, or cavity normal mode, evolved was typically 

about 120. For the experimental system used here only five round trips of 

the 60 cm cavity were possible. 

Laser description by mode labelling and beam divergence are meaningful 

only when a self-perpetuating field distribution has evolved, such as for 

CW lasers. For short excitation-pulse systems such as this, these parameters 

are time dependent quantities, and this must be taken into account in any 

analysis. Effectively the angular spread of the output from a laser 

cavity diminishes from the fluorescence value with increasing round trip 

number to a value determined by the mirror geometry. This may be verified 

by considering the time history of radiation incident on a detector by 

describing the laser resonator using a transmission medium analogue. This 

comprises a consecutive series of gain "cells" bounded by colinear parallel 

apertures of variable transmission set in totally absorbing, equally 

spaced partitions of infinite extent. Each pair of cells constitutes one 

cavity round trip. Each aperture has transmission, size and ray-bending 

characteristics determined by the relevant mirror reflectivity and shape. 

Such a description is illustrated for this experiment in figure 5«1j where 

the mirror area exceeds the gain cross-sectional area. Because in practice 

the gain diameter was much smaller than the gain length, the source of 

spontaneous emission may be considered to lie one dimensionally along the 

anode tube axis within the gain regions, as for the gain measurement 

calculation in chapter U. As the distance from the detector into the 

transmission analogue, x, is increased, the angle subtended by the detector 

at the optical, axis of the system is decreased, where no ray bending occurs 

at the apertures. The emission at large x will have passed through more gain 

cells and as the resonator is specified to be above threshold the signal 

arising from large x dominates, providing a small output beam divergence. 
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The case of a resonator consisting of a plane output mirror and 

dispersive element may be analysed in such a manner. Suppose a plane 

output mirror was used in conjunction with a reflecting dispersive element, 

such as a diffraction grating, where the dispersion is: 

— 3 (5.1) 

dA d cos9 w ' 

at first order where 9 is the diffraction angle, d is the groove separation 

and A is the wavelength. Resonance at A^ may be defined such that radiation. 

of wavelength A^ travelling parallel to the optical axis undergoes no 

deflection; radiation at other wavelengths incident on the grating will be 

deflected. If only a rough estimation of the observed lineshape is required, 

considering the effect the grating has on radiation propagating parallel to 

the optical axis only suffices. Thus a spectral transmission window is 

generated for radiation originating within each cell as observed at the 

output. Figure 5.2 illustrates this set of windows; in the small angle 

approximation the spectral width about at first order for radiation 

initially incident on the mth grating from the detector is: 

d cesQ Id , , m 2m-1 X (p. + a. + (2m-1)q) 

where r^ is the detector diameter, which in practice was set at 0.5 cm by 

the monochrometer input slit height, and all other terms refer to figure 

5.1 with, in practice, p = 96 cm, s = 3 cm and q = 57 cm. As m increases 

the degree of spectral selection due to the grating increases - i.e. the 

larger the number of round trips the greater the grating's effect. So the 

low number of round trips possible within the argon excimer pumping scheme 

employed was not condusive to narrow linewidth tuning results. 

Another point is illustrated by this description: the broad window 

associated with the single pass case, where m = 1, can be a problem when 

tuning to wavelengths where gain might be low and so where several cavity 
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round trips are required to achieve adequate signal amplification. The 

high gain spectral regions encompassed "by the m = 1 window might experience 

adequate amplification to swamp the multi-pass signal associated with the 

low gain resonance wavelength. This can lead to a situation where increas-

ing the gas. pressure to increase the gain at a resonance wavelength in the 

wings of the emission spectrum results in a preferential increase in signal 

towards line centre. The solution then is to use a more highly dispersive 

device. 

As previously noted a thin stainless steel wire (diameter of 250 ym) 

was positioned helically in contact with the inner surface of the anode 

tube to eliminate grazing incidence reflections which could result in a 

"broadening of the feedback spectral range when using a dispersive element. 

5.3 Continuous Tuning Devices 

The range of techniques available for tuning lasers is wide, as 

illustrated in the visible spectral region by flashlamp and laser pumped 

dye lasers which have been the subject of extensive work. However in 

practice around 126 nm the choice is limited by the materials available. 

The mechanisms considered here for providing continuous tunability are 

listed and discussed in the following sections. 

5.3.1 Diffraction gratings 

The first dispersive element used for tuning a dye laser was a diff-

raction grating ^ ^ . The condition for constructive interference is: 

nX = d (sina + sin3) (5.3), 

where n is the order, X is the wavelength, d is the groove spacing, a is 

the angle of incidence,and 3 is the angle of diffraction. To satisfy the 

resonance condition at a chosen wavelength, X , the incident and reflected 
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beams must be colinear and lie along the anode tube axis; this is the case 

for autocollimation. The angular dispersion is given by: 

dX = d cos3 

_ 1 riA where 3 = sin ( r/2d). Autocollimation at first order for gratings of 

1200 grooves mm and 3600 grooves mm give values for the reciprocal 
- 1 - 1 

dispersion of 833.3 nm R and 270 nm R respectively, and using equation 

(5• 2) with m = 1 gives pass bandwidths of 2.7 nm and 0.9 nm respectively. 

For m = 2, these values are reduced to 0.8 nm and0.3 nm, and for m = 3, they 

are further reduced to 0.3 nm and 0.1 nm respectively. 
A diffraction limited beam has angular divergence given by: 

1.22X ,c A3-n = T-T7T (5-5 , D cos3.Nd. 

where N is the number of irradiated grooves. Taking (cos3. Nd)to be the 

anode tube diameter gives a value for A3^ of 2.5^ x 10^ R with resultant, 

small,minimum m = 1 bandwidths of 0.021 nm and 0.007 nm for the 1200 and 
^ 1 3600 groove mm gratings respectively. 

The efficiency of a diffraction grating at a given order of a- chosen 

wavelength may be optimized by the use of a blaze angle. However, using 
Al/MgF^ coatings the efficiency of gratings at any given wavelength in the 

(ftc; ̂  

VUV is typically less than 50% . The refractive index of argon in the 

VUV has been experimentally determined at a- temperature of 0°C and pressure 

of one bar, n s and scales with pressure and temperature as follows: 
(n - 1) » 0.273 (nQ - | (5.6), 

where P is the gas pressure in mbar and T the absolute temperature. At 

125 nm in vacuoj (n^ - 1) = U.TOT x 10 \ so at a pressure of 30 bar, where 

(n - 1) = 1.1+121 x 10~2, the wavelength at 273 K becomes 123.3 nm. Thus 

wavelength change with gas pressure is a significant effect in argon and 
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must be taken into account when first setting up an experiment where it 

is considered unacceptable to fire many shots in order to establish the 

correct setting, as in this case. 

Interferometrically made gratings generally display significantly 

better blaze angle uniformity and hence efficiency across the grating 
(87^ 

surface than those ruled conventionally so where only a small area of 

grating is used, as in this case, interferometrically made gratings are 

preferable. 

A grating constituted a relatively attractive means of tuning the 

argon excimer laser because the use of high groove densities provided 

relatively high dispersion with efficiencies comparable to the best 

expected from any other device. Coating damage was envisaged as a potential 

problem; however methods for reducing the intensity incident on the grating 

such as by beam expansion could not be used as the transmission of optics 

at these wavelengths was too low. As a result tuning by means of a grating, 

or with any Al/MgF^ coated devices,needed to be done in the lowest possible 

power regime. 

5.3.2 Fabry-Perot etalons 

Fabry-Perot etalons (FPE) have been successfully used to tune dye lasers 
(P>P>) with narrow bandwidths 

At these wavelengths only LiF and MgF^ are transparent. The latter is 

birefringent, and so only LiF is suitable for consideration. For an FPE, 

the inter-peak wavelength separation, or free spectral range (FSR), may be 

expressed : 

FSR = 2~ (5'7)' 

2h(n - sin 0) 

where h is the plate thickness, n is the refractive index of the plate, 

X is the wavelength, and 8 is the angle of incidence. The value of n 
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at 125 nm is 1.6 so taking approximately the thinnest practicable 

value for h of 0.1 mm, and with the FSR at a maximum with sinG = 1, the 
-2 

FSR value is 5-1 x 10 nm which is very small. So FPE's are not viable 

at these wavelengths because the maximum FSR obtainable is too small. 

In addition, LiF is very susceptible to environmental degradation. 

5.3.3 Prisms 

The dispersion of most transmitting materials at visible wavelengths 

is low and prisms have been used either to select one of several separate 

laser lines such as those displayed by the argon ion laser, or as pre-

dispersers in conjunction with a second dispersive element Dispersion 
(91) may be increased by the use of multiple prism arrangements . Prisms 

(29) 
were used exclusively m tuning the xenon excimer laser because of 

their relatively high damage thresholds and efficiencies; VUV gratings are 

generally Al/MgF^ coated and so prone to coating damage whereas prism 

tuning allowed the use of plane dielectric mirrors with reflectivities of 
« ^97% at 172 nm. 

The prism materials available for tuning the argon excimer laser are 

limited; only LiF and MgF^ transmit. The former is highly susceptible to 

environmental damage and so was disgarded as a possible material for an 

intra-cavity element,whereas the latter is birefringent. The value of 

the birefringence, (ng - nQ) , where the suffices e and o refer to extra-
(92) 

ordinary and ordinary respectively, is about 0.1 at 125 nm , which is 

relatively large. Thus the angular deflection of a broadband beam of 

radiation incident on a prism of such material would depend on both wave-

length and polarisation. To minimize the polarization dependence, radiation 

within the prism would need to propagate along axes as close as possible to 

the optical axis, for which there is a unique refractive index for all 

polarizations. On a single transit through a prism of refracting angle A, 
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the angular deflection, 6,on emerging is: 

5 = i - A + sin 1 (n sin [A - sin 1 ŝinij"]] (5.8), 

where i is the initial angle of incidence, and n is the refractive index. 

For a small angled prism at small angles of incidence this simplifies to: 

6 = A (n - 1) (5.9), 

•which is independent of i, giving an angular dispersion of: 

f = (5-10)-
For this regime, the addition of an external plane mirror mounted such that 

normal incidence occurs at A^ results in an effective prism-mirror reflected 

dispersion of: 

Ĵv, 
(5.11)., dxj = 2 A dX X r r 

In practice an external mirror was preferred to coating a prism face with 

aluminium as mirror damage could be rectified without disturbing the prism. 

Taking published values for n and ^/dX ^ ^ a prism with A = 10° would have 

at 125 nm a value for /dX of 7.6 x 10 nm , so from equation (5. 11) 
dX — 1 —1 /d<5 = 377 mm R . This compares favourably with values of 833 nm R and 

—1 —1 

270 nm R for gratings of 1200 and 3600 grooves mm respectively. Losses 

due to reflection can be reduced for the TM polarisation by setting the 

initial angle of incidence equal to Brewster's angle, and choosing A such 

that the emergent angle is the same, as occurs for minimum deviation when: 
sin i = n sin(A/2) (5.12). 

At Brewster's angle. 

n = tan i (5.13). 
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At 125 nm the required value of A is which for a prism of height 

12.5 mm gives a half-height thickness of 7.8 mm. On a double pass at 

that height, the total transmission at 125 nm of the TM component is only 
- 6 

\% taking an extinction coefficient of k,5 x 10 and a refractive index 

of 1.588 (93) ̂  B y comparison, a 10° prism of the same height is 1 mm thick 

at half-height and ignoring reflections gives a double pass transmission 

of 57$. With reflectivities of ^5% for small angles of incidence, round 

trip transmissions of k6% are possible. Thus optimum transmission required 

the use of small angled prisms. 

Cutting small angled wedges from 12.5 mm diameter cylindrical boules 

of MgFg whose optical axes lay along the cylindrical symmetry axis provided 

prisms which did not significantly manifest their birefringence for small 

angles of incidence. In practice 10° wedges were chosen giving a calculated 

effective element reflectivity at the wedge centre of Q.k6 R, where R was 

the mirror reflectivity, for all polarizations. For Al/MgF^ coated mirrors, 

R was typically 0.5 giving a total resonant reflectivity of 0.23, and a 
- 1 

reciprocal dispersion of 377 nm R . These values were comparable to the 

values expected from highly dispersive VUV gratings. 

5.3.^ Birefringent filters 

A birefringent filter is illustrated in figure 5.3; it resembles a 

Lyot filter in that phase retardation in plane parallel birefringent 

plates is used to change the polarization of radiation as a function of 

wavelength and then a polarization dependent mechanism is used to filter 

the wavelengths. The optical axis of the birefringent plates lies in a 

plane parallel to the plate surface. Polarizers are used for Lyot filters 
(9*0 whereas for the birefringent filter the polarization dependence of the 

(ok) 
transmission for light incident at non-normal incidence is exploited; 

maximum discrimination between polarizations occurs at Brewster's angle. 
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Figure 5.4: Absorption spectrum of CL CWatanabeC98]3. 
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At these wavelengths only MgF^ birefringent, and as no efficient 

polarizers are available only the birefringent filter is considered. 

The performance of a birefringent filter within a laser cavity using 

plate thicknesses which are integer multiples of the thinnest has been 

evaluated ^ permitting calculation of the TM (electric vector in plane 

of incidence) wave transmission with wavelength; the TE wave is ignored 

as for a many surface filter it will be lost due to the higher reflectivity 

at each surface. Such TM transmission is periodic with wavelength. The 

FSR for the TM wave for such a stack of plates is given by: 

FSR - ^ S i n 9 _ (5.H), 
(n - n )d sin n e o 

where 9 is the angle of incidence which should be Brewster's angle, n is 

the angle between the ray in the plate and the optic axis, (n - n ) is the 

birefringence, and d is the thickness of the thinnest plate of which all 

the plates must be an integer multiple. Where a is the angle between the 

plane of incidence and the plane containing the optic axis and refracted 

ray, and <f> is the angle between the optic axis and the plane of incidence: 

tan <f> = tan a sin 8 (5.15). 

i o . . 

a should be 45 to maximize rejection of unwanted wavelengths, and so with 

9 at Brewster's angle, which is 58° at 125 nm (n - 1.6), <f> = Uo.3°. 

Also, 
cos n = cos <j> cos 9 (5.16), 

and so n = 66.2°. At 125 nm, (n - n ) is 0.1 ^ ^ and as the thinnest " - ' e o 
MgF^ plate could not be much less than 0.1 mm, a maximum value for the FSR 

would be 1.61 nm, which is small compared to the argon excimer fluorescence 

FWHM. Thus the overall scale of the pattern is not sufficiently coarse 

to allow application of such a device to tuning the argon excimer. 
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5.h Tuning to Specific Wavelengths 

The previous section dealt with mechanisms which could continuously 

tune the argon excimer laser over a range of wavelengths. Should only 

one wavelength be required, then other tuning methods are also available. 

The atomic hydrogen Lyman a line falls at 121.6 nm which is within the 

fluorescence FWHM at low pressure of the argon excimer, and methods for 

tuning specifically to that wavelength are primarily considered. 

5.U.1 Birefringent filter 

Generally birefringent filters of periodic transmission are employed 

when tuning (95>96)^ -khese Were considered in section 5.3.^. They allow 

continuous tunability across the FSR by rotation of the filter. However 

by independently varying <{> and the thickness of each plate, it is possible 

to construct filters with non-periodic wavelength transmission. 

(97) • 
Such a filter has been designed with a predicted narrow band 

peak transmission at the Lyman a transition of about 96$; however, 

transmission peaks of greater than 89$ also occurred at 125 nm and 128.5 run. 

The former value falls very near the argon excimer gain profile peak ' 

wavelength at 126 nm and so such a filter would probably result in the 

signal at 125 nm dominating unless further filtering was used. The 

filter requires the assembly of four parallel MgF^ plates of sequential 

thickness: 0.1 mm, 0.12 mm, and two of 0.1 mm, with corresponding <f> values 

of 39*5°, 1+3°, 8° and 27° respectively. In practice, the extremely 

fragile nature of the plates and the difficulties of initially orientating 

such a device make its construction and use impractical. 
5.k.2 Interference filters 

Transmitting interference filters with peaks at 121.6 nm are commer-

cially available; however, such devices offer typically only peak 
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transmittance. The FWHM of such devices are ^15 nm and as the gain 

maximum of the argon excimer is at 126 nm, only nm from the filter 

peak transmittance value, tuning to 121.6 nm with such devices is clearly 

not possible. 

5.U.3 Oxygen window 

The absorption cross-section of oxygen at low pressures displays a 
—20 2 (98) 

pronounced minimum at the Lyman a wavelength of ^10 cm as shown in 

figure and is commonly used as a Lyman cc filter. An oxygen filter 

could be used to tune to 121.6 nm if threshold at all other wavelengths 

could be surpressed;for a CW system such a condition would occur when: 
T^r^r^e'xp (?.o( 121 .6)1^ exp (-2a(02 ,121.6)lQ) * 1 ^ ^ ^ 

and 

T2
rir2exp (2a(x)lA) exp (-2a(02,\)lQ) <: 1 . (5.18), 

where and 1q are the argon gain and oxygen loss lengths respectively, 

o(121.6) and a(X) are the net gain coefficients at the Lyman a wavelength 

and at any other wavelength respectively, and a(0o, 121.6) and a(0 d 2 
are the corresponding oxygen absorption coefficients; the product 

. . . 2 . . . 

accounts for the mirror reflectivities and T is the round trip transmission 

of an intra-cavity window used to separate the oxygen and argon. The 

oxygen and argon need to be isolated as 0 2 collisionally quenches the 

excimer levels. In order that the window thickness and associated losses "be 

minimized, the oxygen pressure should ideally be close to that of the 

argon thereby minimizing the pressure difference across the window. Argon 

operating pressures were in the range 20 - 60 bar. The absorption cross-
section of 0 2 at Lyman a has been reported to display a pressure dependence 

(90,100) ^ 700 mbar rising with pressure. At pressures of less than 
(101 102) 100 mbar other authors have not observed such behaviour ' . To 
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resolve the issue an experiment was performed as described in appendix 1. 

The experimental data was in excellent agreement with that of those workers 

who had observed a pressure dependence (99>100) ov-er ^ extended oxygen 

pressure range of up to 3 bar. Argon was added up to total gas pressures 

of 7 bar, and the absorption cross-section at Lyman a was found to be: 

—PO P 

(1.0U + P(0 ) x ^.3b X 10 3 + P(Ar) x 9-b2 x 10 ) x 10 cm , 

where P(0^) and P(Ar) are the gas pressures in mbar. The probable cause 

of the pressure dependence is a "filling in" of the window. Thus a thin 

window was not used as with 30 bar of argon as a pressure buffer in the 

oxygen cell a rise in the Lyman a oxygen absorption cross-section from , -20 2 - 19 2 1.04 x 10 cm to 2.93 x 10 cm was expected. This would result m 

a total loss of spectral discrimination in that wavelength region. 

5.5 Design of Tuning Mounts 

Of all the methods previously described, three were employed for tuning 

the argon excimer laser; these were diffraction gratings, prisms and an 

oxygen filter. The mounting mechanisms used for the'three cases are 

described in the following sections. 

5.5*1 Diffraction grating mount 

Tuning with a grating was achieved by initially autocollimating the 

grating in a gimb'al mount relative to the gain medium at a convenient 

wavelength, and then rotating the grating about a free rotation axis (PRA.) 

parallel to its grooves to change the autocollimated wavelength. 

The experimental arrangement used is illustrated in plate VI which 

shows the actual assembly. Two concentric stainless steel rings were 

employed, one of which was free to rotate within the other about a common 

radial axis which constituted the FRA. The outer ring was mounted to a 



PLATE VI 

The Grating Mount. 
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support cylinder, which in turn was mounted inside one end-cup of the 

laser cavity. The inner ring was used to support a plate onto which the 

grating was mounted. This plate could "be rotated and fixed relative to 

the inner ring about an axis perpendicular to the FRA, and so could the 

grating itself within the plane of the plate. These two degrees of 

freedom were essential for aligning the grating correctly relative to the 

FRA. In practice this was done outside the laser cavity. Positioning 

a very straight, polished rod within the inner ring mounting slots of the 

outer ring identified the FRA which then could "be positioned normally to 

an alignment laser beam by observing the reflected pattern. On replacing 

the inner ring with the grating mounted, it was possible to correctly 

orientate the grating by observing the diffracted orders. 

The wavelength used to initially set up the gimbal was determined by 

the grating used; in this work two gratings were employed, one of 1200 
—1 — 1 grooves mm and one of 3600 grooves mm . Autocollimation at first 

order could not be achieved for the second grating using a He-Ne laser at 

632.8 nm, and so a blue line (kQ8 nm) from an argon ion laser was used. 

Once the gimbal had been correctly assembled, the outer ring was 

mounted on the support cylinder by three screws. Cut neoprene 0-rings 

were used as compressible spacers between the outer ring and the cylinder so 

that when the cylinder was firmly screwed into one of the cavity end cups, 

correct orientation of the FRA relative to the cavity alignment laser 

could be achieved by preferential tightening of the screws. The 0-rings 

were cut to prevent a pressure difference developing across the 0-rings when 

pressurizing the cavity- the resultant forces could cause movement and mis-

alignment of the gimbal. 

In operation a pushrod was used to rotate the grating; this acted 

against a spring coupling the outer and inner gimbal rings. The pushrod 
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passed through a cavity endplate via an 0-ring seal, and a micrometer 

drive was used to allow calibration of the grating orientation. Where 

possible materials used were stainless steel,and precision engineering 

was required at all stages of manufacture to ensure that there was no 

slackness or jamming of bearings, and that the grating mounting plate was 

flat. 

The required micrometer setting for autocollimation at 126 nm was 

carefully calculated for the geometry employed, and account was taken of 

refractive index variation with argon gas pressure to obviate the need for 

a "trial and error" means of establishing the correct values; the large 

time intervals between shots made such an approach undesirable. For a 

given set of results the micrometer was always screwed in the same direction 

to ensure that any slackness was consistently taken up in the same direction. 

Alignment accuracy of the grooves to the FRA axis was estimated to be 

better than 0.5 mR. 

5.5.2 Prism mount 

The correct alignment of a grating may be ascertained by observing the 

behaviour of the diffracted orders. For a prism/mirror combination, 

reflections from the different surfaces may be used to the same end. The 

mirror and prism were mounted on a common turntable which was mounted 

within the outer ring used for the grating mount. The design requirements 

were: 

i) that the prism refracting edge be parallel to the FRA, 

ii) that the mirror plane be aligned parallel to the FRA, 

iii) that the FRA be perpendicular to the anode tube axis, 
« 

iv) that the prism/mirror combination be orientated such that alignment 

with a He-Ne laser (at 632.8 nm) would not result in stray surface 

reflections passing back down the anode tube at argon excimer wave-
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lengths, and 

v) that small incident angles "be used at the prism to allow accurate 

representation of the deviation by means of equation (5.11), which 

is independent of the angle of incidence. 

Initial alignment was performed outside the cavity by means of a 

He-Ne laser. Two experimental devices were assembled, one with an Al/MgF^ 

mirror and one with a multiplate resonant reflector. For both, MgF^ 

circular prism wedges were cut from a 12.5 mm diameter boule whose optical 

axis lay along its cylindrical symmetry axis. These were polished to give 
o . 

refracting angles of 10 ±0.1% and maximum thicknesses of 2 mm. For the 

former, a circumferential clamp of nylon was used allowing a more robust 

and larger structure to be handled. The experimental arrangement is shown 

in figure 5»5.. The nylon clamp was screwed to a stainless steel apertured 

support by two screws through curved elongated slots such that rotation of 

the prism within the plane of the nylon clamp was possible. The support 

was screwed to a disc shaped plate by one screw to allow rotation of the 

support relative to the plate, and the plate was in turn screwed onto a 

matching disc turntable through cut 0-ring spacers. The lower turntable 

was rigidly mounted within a ring which was coupled to the outer mounting 

ring by axles, defining the FRA- As before the FRA was initially positioned 

orthogonally to the alignment laser via a polished rod supported by the 

outer ring. The turntable assembly was then positioned within the outer 

ring, and alignment was achieved by ensuring that reflections could be 

autocollimated with respect to the alignment beam. The argon laser optical 

axis would pass through the centre of circular symmetry of the outer ring in 

practice, and so the prism stainless steel support was designed to correctly 

position the prism there; also the FRA passed through the prism to 

prevent lateral movement relative to the anode tube^axis when rotating the 

prism. 



Figure 5.5: Prism tuning mount 
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Once the prism had been correctly orientated the mirror had to be 

mounted. The average refractive index value for MgF^ at 632.8 nm is 1.385 

^ » giving an angular deflection through the prism for small angles of 

incidence on a single pass of 7.7°. At 125 nm the value of n is 1 .585 

and so the angular deflection due to the prism was 11.7°. Thus the rotation 

required to autocollimate at 125 nm from autocollimation at the He-Ne 

alignment laser wavelength was The position of the mirror.relative to 

the prism was chosen such that this rotation would not result in 

reflections from the front or back prism surfaces at ^ 12.5 nm passing back 

down the anode tube when operating the laser and such that there was a 

small angle of incidence to allow the use of equation (5.11). 

The mirror was mounted within a stainless steel cell with a supported 

large aperture 0-ring used at the reflecting surface to allow orientation 

adjustment by means of screws pushing on a plate behind the mirror. The 

cell was then screwed to the turntable such that the used portion of the 

mirror lay towards the mirror edge to allow rotation to another section, if 

damaged, without disturbing the cells position. The outer ring was mounted 

on the support cylinder as before. 

Pressure testing up to 70 bar resulted in no mount misalignment despite 

the use of nylon; the only change relative to the He-He reference beam was 

a reversible deflection of the reflected beam arising from changes in the 

refractive index of the argon gas with pressure. A second assembly used a 

prism and two plate resonant reflector as a partially transmitting, 

dispersive element. This incorporated a second prism after the flat plates 

to correct for ray bending caused by the first prism. A stainless steel 

cell was constructed as in figure 5.6 such that the second surface of the 

first prism and the two plates comprised a five surface resonant reflector; 

the dimensions of the plates and spacers were as in appendix 2. The 

correcting prism was mounted in a circumferential nylon.-clamp with elongated 
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Figure 5.6: Reflecting prism arrangement using a 
5-surface resonant reflector. 

in Gimble 

Anode tube cross-
section 

Figure 5.7: MgF2 window arrangement for use. with oxygen 
filter showing extent of anode tube aperturing. 
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curve slot holes to allow correct orientation via 0-ring spaced screws. 

The mount used was similar to that for the grating, and alignment techni-

ques were as described for the other prism mount. Ignoring absorptive 

losses, such a resonant reflector should give a reflectivity at 125 nm of: 

where R is the observed reflectivity, and R^ is the reflected loss at the 

top surface of the top prism. Thus taking R - 0.0U gives R = 0.61+ at 

125 nm, ignoring absorption losses. In practice, a total element reflectivity 

comparable to that using the prism and Al/MgF^ mirror was expected. 

5.5.3 Oxygen cell 

The absorption minimum displayed by oxygen at the Lyman a line 

provided a possible mechanism for tuning to that wavelength. However the 

oxygen would have to be separate from the argon and at substantially lower 

pressure (viz. section 5*^.3). This necessitated the use of a window 

which could support the pressure differences of up to 70 bar, and yet which 

was as thin as possible to minimize round trip absorptive losses. In 

practice, one mirror was immersed in the oxygen cell. The window is 

illustrated in figure 5.7* To prevent broadband reflections from the 

MgFg window it was misaligned by an angle of 10°. At 125 nm, reflected 

losses near normal incidence for all polarizations are for MgF^. 

Using Brewster's angle (^60°) would have eliminated reflection losses for 

one polarization but would have also doubled the optical path through the 

window compared to that at near normal incidence; because MgF^ has an 

extinction coefficient of U.5 x 10 ^ at 125 nm ^ a ]_over v ai u e angle 

provided.better transmission. 

To reduce the thickness of MgF^ required,a perforated stainless steel 

plate was used to support the window. This was highly polished and held in 

x (1 
Lin + 1) 'T 

2 (5.19), 
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close contact with the MgF^ window on the low pressure side, the window 

unsupported only where there were perforations as shown in figure 5*7. 

Calculation indicated'that a window thickness of 1 mm of MgPg was adequate . 

However in operation the window shattered at Uo bar, and so a 2 mm window 

was used. The window-mirror separation employed was 7*5 cm, allowing the 

use of low oxygen pressures (< 100 mbar). Very careful alignment of the 

mirror was required to ensure that the. laser radiation would return through 

the correct aperture. The window employed was of etalon parallelism (to 

better than 3 seconds of arc) to ensure that there would be no misalignment 

at wavelengths different to that of the alignment laser due to prismatic 

effects. The 2 mm window did not fail in practice. 

5.6 Tuning Results 

With the objective of attaining as wide a tuning range as possible, 

three different tuning methods were tried; the results obtained are discussed 

in the following parts of this section. 

5.6.1 Oxygen window 

Though there was a strong absorption line at Lyman a in the argon 

excimer emission spectrum, there was the possibility of lasing either side 

of this Doppler broadened line and at the other oxygen absorption minima of 

^k nm and 127 nm. 

Using the resonant reflector as the output mirror and a 50$ reflecting 

Al/MgF^ rear mirror in the oxygen cell, the peak net power outputs measured 

against argon pressure, both with and without rear mirror alignment, are 

shown in figure 5.8; for these results the oxygen cell was evacuated to 
-k . ^10 mbar. Threshold occurred at the relatively high pressure of 35 bar 

compared to 20 bar when no intra-cavity window was used, indicating the 
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lossy nature of the window. Laser peak power buildup with gas pressure 

was not so rapid as it had been in the 20 bar regime, as was expected from 

the gain measurement data. Peak powers were well below damage values. 

BOC research grade oxygen was used and initially 30 mbar was added to the 

cell for operation with 53 bar of argon; the output power fell from the 

no-oxygen laser value to marginally greater than that of the fluorescence 

alone, and provided a spectrum as shown in figure 5«9 with a measured FWHM 

of 0.8 nm and a peak at 127 nm. Increasing the gas pressure to 57 bar did 

not cause the buildup of signal at any of the shorter wavelength absorption 

minima. 

The the oxygen window tuning method allowed signal buildup only at 

the 127 nm window. Intra-cavity MgF^ window insertion resulted in large 

losses and a high pressure laser threshold. Certainly the cavity could not 

sustain lasing with the inclusion of any additional type of tuning element 

as would have been desirable had lasing occurred at several windows. 

5.6.2 Grating results 

. . . -1 

Initially a plane replica grating of 1200 grooves mm and blaze 

wavelength 121.6 nm was tried. This was supplied by Bausch and Lomb, and 

coated with Al/MgF^. The efficiency at first order for 121.6 nm was. not f Qq \ specified; however, a value of would be typical . A partially 
(72) 

transmitting mirror with an Al/MgF^ coating reflectivity of h0% and 

net argon excimer fluorescence transmittance of 3% was used as the out-

put mirror; the coating was deposited onto a 0.7 mm thick MgF^ etalon and 

this may have further enhanced the reflectivity. Threshold at first order 

was observed for line centre at about 20 bar, but the tuning range at that 

pressure was only from 125.^ nm to 126.8 nm with a FWHM of ^1.5 nm. 

Substantial signal increase was achieved in that wavelength range by increas-

ing the gas pressure, and grating damage was observed around 30 bar; however 
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extension of the tuning range was not possible by setting the grating to 

lower wavelengths and increasing the gas pressure. This was so as the 

dispersion of the grating was inadequate to prevent sufficient feedback 

of the incident line centre radiation for it to swamp the output spectrum 

at high gain. The residual line centre reflectivity did not need to be 

large as the incident line centre signal would have undergone substantial 

amplification via the spectrally non-selective output mirror. Experimentally 

this was clear from higher pressure data (>25 bar) where detuning the 

grating to 123 nm still gave amplification of the line centre signal. 

Similar behaviour had been observed for the xenon excimer laser where by 

addition of an'anode tube spiral to eliminate high efficiency grazing 

incidence reflections, and so by effectively narrowing the single pass 
(29) 

bandwidth, the tuning range had been extended from 1.5 nm to 7*3 nm 

Thus using a 1200 grooves mm ^ grating gave little spectral narrowing 

compared to the untuned laser case and gave a tuning range of only M.5 nm. 

Though damage occurred to the grating above 25 bar when tuned to line 

centre,the partially transmitting mirror was undamaged. 
The use of higher orders can increase the dispersion when: 

• t o > 0 ( 5 . 2 0 ) , 
d3, where all terms are as used m section 5.3.1. Taking /dX from equation 
1 nA 

(5.U) and the case for autocollimation where 3 - sin (^j 5 equation 

(5.20) reduces to: 

2 2 
1 + n V U d > 5 4 - (5.21), 

8d which gives: 

T < n < T ( 5 " 2 2 ) -

Thus with the 1200 grooves mm 1 grating, the use of second order would 
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have given an increase in dispersion; however lasing could not be achieved 

at higher orders because the blaze angle provided high efficiency into 

first order at the expense of higher orders. 

To increase the tuning range and reduce the laser linewidth, an inter-

ferometrically made grating Qf blaze wavelength 160 nm and 3600 
(72) 

grooves mm was used, with an Al/MgFg coating of 60% reflectivity at 

121.6 nm. The output mirror was as before. Threshold occurred at 26 bar, 

the higher pressure being necessary because of the off-resonance blaze 

wavelength and the possibly lower coating reflectivity compared to that of 

the Bausch and Lomb grating. At this pressure a twofold increase in net 

peak power compared to the fluorescence only signal was observed over a 

range of micrometer settings as is shown in figure 5-10. The corresponding 

spectra taken show that the tuning range was 12U.2 nm to 127.1+ nm with FWHM 

of 0.7 - 1-3 nm, as shown in figure 5.11. To protect the grating from 

damage, operation at substantially higher pressures within that wavelength 

range was avoided; however increasing the gas pressure to 31 bar when set 

at 12U. 1 nm did greatly enhance the laser emission at that wavelength, as 

fig\ore 5*10 shows. Further detuning from line centre at higher pressures 

again resulted in the spectrum drifting back to line centre,' thus 

preventing the identification of the short wavelength tuning limit. 

In conclusion, continuous tuning of the argon excimer laser was 

achieved using two gratings; the observed tuning range was determined by 

the dispersion of the grating used and so by how effective it was at 

surpressing feedback near line centre wavelengths which tended to "swamp" 

the output when tuning away from linecentre in a high gain regime. Although 
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for the more dispersive grating this problem was not acute, only occurring 

near the gain limit pressure of ^Uo bar (viz. section U.U.2), methods of 

further increasing the dispersion were sought with the intention of providing 

narrower laser linewidths and possibly extending the observed tuning range. 

Using the 3600 groove mm 1 grating at higher orders was not successful due 

to the blaze-induced loss of efficiency. Gratings with higher groove 

densities were unavailable and, besides, there would have been difficulties 

due to the short wavelengths required to initially align such devices. The 

longest wavelength which provides a first order diffracted beam for a 

U800 groove mm ^ grating is U17 nm, which is where the eye's response 

becomes poor. Thus the use of high order diffraction with lower groove 

densities was a better option; however a grating of the correct blaze at 

adequate groove densities was unavailable. Aperturing of the gain medium 

would have reduced the bandwidth which could enter the anode tube from the 

grating; however , the design employed was already well apertured with an 

active gain diameter of 5.5 mm and a cavity length of 57 cm; also a 

reduction of the gain diameter would have made the system highly susceptible 

to misalignment. Another means by which to increase the round-trip dispersion 

was to employ two dispersive elements, and it was for this reason that work 

was undertaken with two prisms. 

5.6.3 Prism results 

Calculation had indicated that a 10° MgF^ prism would give a dispersion 

between that of the two gratings used; thus the use of such a prism would 
_ 1 

have given no improvement in dispersion to that of the 3600 groove mm 

grating. However if a prism were used as a dispersive, partially trans-

mitting mirror at the output together with a rear dispersive element, a 

net increase in round-trip dispersion would result with the added advantage 

of strong surpression of line centre "swamping". Thus such a device was 
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constructed using a resonant reflector as described in section 5*5.2. The 

rear dispersive element was also chosen to be a 10° prism but with a 50$ 

Al/MgF^ mirror, giving a calculated round-trip reciprocal dispersion of 

190 nm R ^; the 3600 groove mm ^ grating gave a value of 270 nm R \ 

Initially the latter prism assembly was used in conjunction with the 

partially transmitting mirror to evaluate the potential of this tuning 

method by comparison to the grating data, and to calibrate the micrometer 

setting. Threshold occurred at about 26 bar as with the more dispersive 

grating, and a tuning range of 12U.9 nm to 127-1 nm was observed at a near-

threshold pressure of 28 bar with line widths of nm. Increasing the gas 

pressure and setting the micrometer to shorter wavelengths resulted in net 

peak power signals significantly greater than those for the fluorescence 

alone; however spectra indicated that this arose from a spectral drift back 

towards line centre. These results were as expected for an effective 

reflectivity similar to that of the 36OO groove mm ^ grating. 

The transmitting prism assembly was then positioned at the output, 

ensuring that the mounted orientation was not such that it compensated for 

the deviation imposed on off-resonance radiation by the other prism; this 

required that the prisms be mirror images of each other relative to a plane 

perpendicular to the anode tube axis. Orientations for the rear prism had 

been calibrated and so a setting of 126 nm was selected for establishing 

line centre- resonance with the output prism. Threshold was achieved for 

line centre at Uo bar, indicating that the resonant reflector and prism 

assembly was substantially more lossy than the partially transmitting mirror. 

At such a pressure gain was not substantially increased by raising the 

pressure and so only weak lasing could be obtained. Data taken at ^3 bar 

indicated that with the rear prism set at 126 nm, rotation of the output 

prism only gave a 0.6 nm line, tunable from 125.8 nm to 126.2 nm. Shifting 

of the laser wavelength to shorter values was achieved by alternately 
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rotating the prisms by small amounts ; however 125 nm was the short wave-

length limit obtained at 50 bar; this wavelength cutoff was well-defined 

with no broadening to line centre as before. 

So the use of a small angled MgF^ prism to tune the laser was success-

ful, as was the addition of a second prism to increase dispersion and 

surpress linecentre swamping at high gain; the latter, however, resulted 

in large losses within the cavity. 

5.7 Conclusion 

In this chapter the possible methods for tuning the argon excimer 

laser were identified, and results presented for the methods used. Tuning 

was separately achieved with an oxygen gas filter, with two gratings, and 

with two prism configurations. A tabular summary of the results is given 

in table V. The gas filter technique was hindered by the need for a rel-

atively thick, intra-cavity MgF^ window which resulted in laser threshold 

occurring near the experimental maximum gain limit. Gratings were 

successfully used; however "swamping" of the spectral output by line-

centre radiation was a problem unless adequate dispersion was employed. 

Prisms were also successfully used; however increasing the effective 

dispersion by means of a two prism arrangement resulted in excessive 

round-trip losses. Such an arrangement did substantially reduce the line-

centre swamping encountered when using a spectrally non-selective output 

mirror. The widest tuning range was obtained when using a single 3600 
- 1 . groove mm grating at first order with a plane output mirror when line-

widths of <1 nm were obtained near threshold between 12U.2 nm and 12J.k nm. 

(77) 
Wroebel et al. have also tuned the argon excimer laser between 

123.2 nm and 127.b nm with a linewidth of ^0.6 nm using, a grating of 2̂ +00 

grooves mm blazed at the Lyman a wavelength and of efficiency They 
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TABLE V: Summary of Tuning Results 

Method Threshold 
Pressure 

(bar) 

Tuning Range 
(nm) 

Laser 
FWHM 
(nm) 

1200 groove mm ^ 
grating 

20 125.^ - 126.8 

3600 groove mm ^ 
grating 

27 12U.2 - 127.^ M 

single prism 26 12U.9 - 127.1 

double prism U0 125 - not est-
ablished 

^0.6 

oxygen cell ^50 127 0.8 
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used a very similar pumping regime and took their results below 30 bar, 

above which mirror damage occurred. Their tuning range was further 

extended to the blue than that observed here; this must be attributable 

to a higher grating efficiency. 
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CHAPTER 6: Kinetic Modelling 

6.1 Introduction 

The kinetic models which describe the xenon excimer laser at high 

pressure were discussed in chapter 2. The argon excimer laser was modelled 
. . . (39) in this work by means of a simplified version of that of Werner et al. 

using published rate constants and cross-sections where available. 

Initially the model was compared to experimental data for verification, 

and subsequently it was used as an aid in interpreting other data. 

In this chapter an expression for the stimulated emission cross-section 

as a function of gas temperature and wavelength is given ; this is then 

used in conjunction with experimental gain measurements made at line centre 

to optimize the choice of previously undetermined constants within the 

kinetic framework employed. Conclusions are then drawn relating to the 

limitations of the model with respect to the available data, and where the 

model is viable, comparison is made between predicted and observed data at 

wavelengths other than linecentre. 

6.2 Evaluation of Stimulated Emission Cross-section 

The states associated with lasing for all the rare gas excimers are 
1 + 3 + 

the and the former lies above the latter and possesses a substant-

ially shorter radiative lifetime. When evaluating the gain associated with 

population of these levels, the two states must be considered separately as 

peaks in their respective emission spectra occur at different wavelengths, 

and display different maximum stimulated emission cross-sections. The net 

gain coefficient at any given wavelength may be expressed: 
aU> = V S ( X ) + V T ( X ) - (Ng + Ht) a p i ( 6 - l ) 
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1 + 3 + for homogeneous broadening, where N and N are the E and E state o 1 U U 
number densities, andcL,a and a . are the singlet and triplet gain and o i pi 

. . . . . . (13) common photoionization cross-sections respectively. Mies has derived 

an expression for the stimulated emission cross-section associated with 

bound-free transitions as a function of temperature, T, when all vibrational 

levels are in thermal equilibrium; the lineshape associated with each 

vibrational level is derived by mapping its spatial wavefunction onto an 

energy scale as was illustrated in figure 1.3. The stimulated emission 

cross-section, cr, may be expressed: 
1 o 

32A he 
a( 9,A) = f r — G(9,A) (6.2), 

adir3/^e v 2 
e 

where Aq is the radiative rate, is the ground state potential at the 

excimer internuclear -equilibrium spacing R , v is the photon frequency, e 2 
• dVi 1 , . Utt uhvosc a = I-t̂ It;, * /e for the ground state potential, B = -z where \x is cLK R e d. e h 

the reduced mass(which m this case is half the atomic mass) and hv is the osc 
vibrational levels' energy spacing, and G(9,A) is linearly proportional to 

the lineshape and given by: 

rX?;»a *21 " 2 

- x .f 
V J 2V (v»!) 

G(9,A) = ^exp(-9V)(l - exp(-9))J [ e x p - X^fj - j l - Z l (6.3), 
v 

hv 
where 9 = osc/knT, v' is the vibrational level integer designation 

13 h( v - v ) 
increasing from zero, A = where hv is the energy gap from 

e 
the bottom of the excimer potential well to the repulsive ground state, 

X*, =-(|5^/a) In (1 - A - Yv1) where Y = h V° s c/e e, and Hê ., is a hermite 

polynomial of degree v'. Scattering experiments- to determine the form of 

the repulsive ground state of the argon excimer have produced a wide spread 

of results giving in the range 0.7 - 2.0 eV, and a in the range 32.6 -
f "7 R) 

1+2.8 mm for R = 0.232 nm ' . Thus it was not possible to use such e 
data for calculation of the stimulated emission cross-section. An alternative 
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approach was adopted; the expression for the FWHM arising from the v' = 0 

state is ^ ^ : 

2 2 £ 
FWHM (V = 0) = 2e exp (- sinh((a l n 2) ) (6.U), e <-p p 

and the photon energy at which peak emission occurs is: 

2 
hVMAX = h Vo + £e (1 * 6 X P a / 2 3 ) ) (6'5)' 

Under excitational conditions of low electron density the absence of electron 
. . 3 + 1 + collisional mixing between the E and E^ states causes the time integrated 

emission spectrum to consist predominantly of emission from the former 

state as a result of the larger number of formation channels available; 
(106) . . this has been confirmed experimentally v . Under such conditions the 

(8 1 n ̂  observed second "continuum peak occurs at 127 nm ' , thus giving the 
* 3 + peak transition wavelength for the Ar^ state -for use in equation (6.5). 

The potential well minimum for the ^ E* state lies 760 cm 1 (15,̂ +2) ^ q ^ 
3 + that of the E^ state, and it may reasonably be assumed that both potentials 

(39) are identical m all other respects . As the temperature drops to 
3 + i - 1 absolute zero, the FWHM of the E state tends to a value of 4570 cm " u 

(0.569 eV) which is the FWHM of the 3E+
 v ' = 0 state- this may be used u 

in equation (6.U) . Now, hv^ may be expressed: 

hv 
= VA - Ee " " - P J (6-6)-

where V^ is the energy associated with formation of the first excited 
o (7) atomic state ( JP ) from the ground state (= 11.55 eV " ) , VTT is the bound W 

well-depth of the V " state (= 0.78 eV ^ ) and hv = 310 cm"1 (- 0.0U eV) * u osc 
(7810) 

5 ' . Combining equations (6.5) and (6.6) gives: 

1.0U6 £e 2 e V' exp(-a /20) 
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which, combined with equation (6.H) gives: 

i 
03/<* = 3.097. 

Corresponding values of zq and a are 1.102 eV and H3.96 nm \ respectively; 

comparison to values obtained by scattering indicates these values to be 

acceptable. They are also applicable to the state, apart from hvQ 

which exceeds that for the triplet by the energy splitting value. 

Cheshnovsky et al. ̂  ̂  have measured the FWHM of the "̂ E* emission as a 

function of temperature up to 300 K, thereby providing a means for checking 
i 

the temperature dependence of equation (6.3) when using the values of 62/a 

and £' derived above. Figure 6.1 compares the calculated and measured FWHM 

values, showing excellent agreement overthe experimental temperature range. 
1 + 3 + . . A set of curves showing the E^ or E^ computed lineshape as a function 

of A at'different temperatures is shown in figure 6.2; the lineshape g(0,A) 

is related to G(9,A) by: 

No substantial blue-shift of the peak transition wavelength is predicted 

with increasing temperature, which is in agreement with experimental 

observation ^ ̂ ; however temperature-induced spectral broadening does 

greatly effect the transition probability for A values outside the range 

-0.3 to +0.3, where an increase is predicted with temperature up to at 

least 600 K. Thus when tuning the argon excimer laser away from line 

centre, there is an optimum operating temperature for each wavelength at 

which the singlet transition probability for that wavelength peaks. For 

example, at 122 nm a temperature of 570 K maximizes the singlet stimulated 

emission cross-section. Preheating, of the gas could be used where excitation 

is sufficiently dilute that large temperature variations do not occur; for 
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Figure 6 .2 

Figure 6.1 
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this work, a temperature rise of M 6 0 K was apparent whilst pumping, and 

so a temperature controlled regime was not worthwhile. 

6.3 Computer Model 

The kinetic mechanisms employed in the model are taken from those 

given in chapter 3, ignoring those which are slow or those which constitute 

fast intermediate steps giving a quantum yield of unity. This simplified 

kinetic model is illustrated in figure 6.3 and the reactions in table VI . 
* * 

A major simplification employed in the model is the exclusion of the Ar^ 
** 

and Ar levels employed by other authors, reducing reactions (R6.5) (a), 

(b) and (c) to (R6.5) only. With typical conditions of 20 bar of argon and 
1 5 - 3 

an electron density of 10 cm , for leV electrons the typical collisional ** ** 
lifetimes of Ar and Ar^ are respectively 42.3 ps and 206 ps taking 

(15) 
published rate constants for (R6.5) (b) and (c) . On the radiative 

and excitational timescales, such values are negligible. Under similar 

conditions the recombination lifetime of Ar^ is 1U.2 ns, thereby certainly 

constituting the rate limiting process of (R6.5); recombination of the 

triatomic ion should possess a larger rate constant than that of the dia-
• • (39) . . • - . tomic ion thereby providing a competitive recombination channel. 

Electron collisions not condusive to the formation of the upper laser level, 

such as: 

Ar + e Ar + A r + e (R6. 1M 
d s s 
* + or, Ar0 + e Ar0 + e (R6. 15) d S d S 

were ignored as their rates were small compared to other collisional and 
* 

radiative processes deactivating the Ar^ states. For example, taking rate 

constants of 10~8 cm3 s~1 and U.5 x 10~10 cm3 s~1 for (R6.1U) and (R6.15) (U6) . . . . * respectively , the faster of the two gives a collisional lifetime for Ar^ 
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Figure 6.3: Simplified energy level framework for 
modelling the argon excimer laser. 
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TABLE VI 

Simplified Kinetic Model for the Argon Excimer Laser 

Reaction Mechanism Rate or 
Efficiency 

Reference 

R6.1 Ar+e Ar++e +e P P s 78% 15 

R6.2 

R6.3 

Ar+e * Ar +e P P + + 
Ar +2Ar» A^+Ar 

22% 

A12=2x10"-51 
6 -1 cm s 

15 

110 

R6.I+ + + Ar0+2Ar-» Ar_.+Ar ^ J 
A23=10"^° 

6 -1 cm s 
110 

R6.^a 

R6.5b 

* • 
Ar0+e Ar +Ar 2 s 

* * * • 
Ar +2Ar-> Ar^ +Ar 

viz.R6.3 

1(f51 
6 -1 cm s 

R6.5c 
• * * Ar2 (+Ar)-»Ar +(2)Ar -11 10 

3 -1 cm s 
R6.5 + * Ar0+e -> Ar +Ar 2 s A2=7x10"8 

cm s at 
T =10^K e 

111 

R6.6 + * Ar,+e •> Ar +Ar 3 s A3=variable 

R6.7 Ar* )+2Ar-> Ar*(1Z+) 
•nAr 

ka=2.8x10~33 
6 -1 cm s 

106 

R6.8 

R6.9 

Ar*(3P2)+2Ar^ Ar*(\+) 
4-Ar 

1 + id 3 + 2 +e 2 +e 11 s k u s u 

k-^1.5x10"32 

6 -1 
cm s 
k ,k = 
u d 

variable 

112,113 

R6.10 1 + a 3 + a Z. +Ar-> Z +Ar u u k^=variable 

R6.11 Arn+Arn-» Arn+2Ar+e 2 2 2 s k =variable P 
R6.12 Ar̂ -* 2Ar+hv? Cg=if.2ns 106 

R6.13 
* + Ar0+h^-> Ar^+e 2 2 s cr .=4x10"^ 

p l 9x10 
2 cm 

k9 
kS 
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of 100 ns; compared to the triplet lifetime this is a fast loss mechanism, 

but it is very slow compared to the gain-providing singlet lifetime. 

+ * 

The model uses a source term populating the Ar and Ar states via 

reactions (R6.1) and (R6.2). The relative formation rates when using high 
(U) 

energy electrons have been deduced by Lorents et al. . The rate 

constant of reaction (R6.3), A12, was taken from the data of Liu and 

Conway ^ ^ ^ values of 3 x 10 ^ and 2.3 x 10 cm^ s 1 at gas temper-

atures of 195 and 296 K respectively were obtained, and so a value of 

—31 6 —1 2 x 10 cm s was adopted here. The rate constant given by Werner 
et al. for reaction (R6.U), A23, was k.2 x 10 cm^ s 1.. when used with 

—5 3 —1 a rate constant for reaction (R6.6), A3, of 3.6 x 10 cm s , the latter 
(39) 

of which the authors considered rather large even for a cluster species . 

Liu and Conway however obtained a value for the former rate constant of 

3.2 x 10 3 0 cm^ s 1 at 77K; the reason for such a massive discrepancy is not 

clear. The values used by Werner et al. were derived from a complex computer 

simulation where electron number density pressure dependence was compared 

with experimental values using an inverse bremsstrahlung absorption tech-

nique. In this work, the larger rate constant for reaction (R6.U) provided 

better agreement with the experimental data, and a value of 10 crn̂  s ̂  

was adopted thereby taking the value at 77K given by Liu and Conway and 

assuming a similar temperature dependence to that of reaction (R6.3) ; A3 was 

then made a variable for manipulation within the computer model. Mehr and 

Bondi ^ ̂  ̂  ̂  ̂  have shown that for reaction (R6,5) the rate constant, A2, 

displays a T electron temperature dependence up to 10^ K, giving a value _Q o *j 3 I" of 7 x 10 cm s at an electron energy of 'vl eV. The £u and £ u formation 

rate constants have been measured by Keto et al ^ ^ ^ for reaction (R6.7), 
( 112) (113) and by Fuch and Grant and Ellis and Twiddy ; for reaction (R6.8). 

A smaller value for the latter rate constant was obtained by Boucique and 

Mortier u s£ ng a method similar to that of Keto et al.; however they used 
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a less precise expression to evaluate their results. To determine the 

rates of formation of each molecular excimer level, a knowledge of the 
3 3 . . . . P^ and Pg atomic number densities is necessary; these two states are 

—6 — 7 3 — 1 

mixed by electron collisions with a rate constant of M O - 10 cm s 

^ a n d as their energy difference is similar to that of the singlet-

triplet excimer splitting, ^0.1 eV, and significantly smaller than the 

mean electron energy, these collisions will tend to populate the states 

in the ratio of their statistical weights, given an adequate electron 15 -3 density. For an electron number density of M O cm as encountered here, 
. . . . . . 3 the mixing rate is rapid on the pumping time scale so that the ratio of "T : 

3 . . 
P^ number densities may be assumed to be 1:3 throughout the excitation 

pulse. The rate equations describing the excimer formation may then be 

expressed: 

J= K TArl2 T3Pi 

and 

ks M 2 [ 3 P > * [Ar]2 ^ (6.7), 

dt = ^ [Ar]2 [3P2] = ^ [Ar]2 3 ^ (6.8), 

where designates number density. Thus the singlet and triplet states, 
3 as a pair, are fed predominantly from the P^ state. The forward rate 

constant of reaction (R6.9)s k^, in the case of argon is expected to be 
-7 3 -1 (15 39) M O cm s . Because of the energy difference between the two 

states and the threefold degeneracy of the triplet state, k^ may be related 
(39) to the reverse value: k , by: u 

k = ka «• 4: * exp r-_Aj| (6.9), u d 3 

1 
where the factor of — arises from the state degeneracies, and A is the 

-1 (15 h2) state energy splitting. With A equal to 760 cm ' , and T - 1 eV: 
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k = 0.30U»k (6. 10). u d 

In practice, k^ and k^ were varied over a limited range to optimize the fit 

to the experimental data. Unlike the case of atomic mixing by electrons, 

explicit rate equations are needed for the mixing of the excimer states by 

electrons due to the importance of the singlet to triplet ratio in estab-
. . . . . (111+) lishmg the net gain coefficient. Keto et al. have established an upper 

limit of 10 cm3 s ^ for the rate constant of reaction (R6.10), and a 
— 15 3 —1 

maximum reverse rate of 1.8 x 10 cm s . Only the former process was 

included, using the upper limit value. Rate constants for Penning auto-

ionization are ill-defined, falling m the range 8 x 10 11 ( 1 1 5 ) to 6.k x 

10 ^ cm3 s ^ f 0 r xenon. Further discrepancy between authors is (39-) apparent when considering different rare gases. For example, Werner 
—11 —11 3 — 1 gives values of 8 x 10 and 3 x 10 cm s for xenon and krypton 

respectively, whereas Lorents gives values of 5 x 10 and 10 ̂  cm3 

-1 . . . . 

s for xenon and argon respectively. Thus there is .conflict relating to 

the scaling of the rate constant with atomic number; the former trend seems 

more probable as the heavier rare gas excimers will be physically larger 

than the lighter ones. The deposition energy measurements made in this work 

indicated that Penning ionization was not a significant effect over the 

pressure range employed, thus the rate constant was kept below 10 ^ cm3 s 1. 

Pressure independent radiative lifetimes of U.2 ns and 3.2 ys were used for 

the singlet and triplet excimer states respectively; these were the values 
(106) . . * obtained by Keto et al. using direct formation of Ar by a 0.5 ns 

duration excitation source. 

Reaction (R6.13) is photoionisation which must be included when 

evaluating the net gain. For the argon excimer two values have been 
— 19 2 ( U8) calculated at around 126 nm: 9 x 1 0 cm obtained by a quantum defect 

-19 2 (U9) 1 •+ method, and 4 x 10 cm by ab initio calculation for the E ' u 
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state. The latter is the more recent of the two, and is considered more 

accurate by the authors. The cross-section shows only a slow variation 

with photon energy as ionization occurs well into the continuum; also the 

value is very similar for both singlet and triplet states. 

The reactions of table VI were used to form a set of coupled first 

order ordinary differential equations, as given in table VII . Electron 

number densities were calculated by summing over the various ionic species 

as they arose predominantly from the many secondary electrons released per 

anode tube transit by each primary electron. The source term (XINC) had to be 

derived from the current and voltage traces, given in plate I. The current 

time profile, l(t), was approximated by a current ramp rising from 13 kA to 

16 kA in 16 ns with a 1 ns switch on and off time. The corresponding 

voltage profile is more symmetrical displaying a very rapid rise and fall, 

and a voltage variation from 0.8 MV to 1.2 MV during the 16 ns current 

pulse. Using the method described in chapter 2, for a pressure of 50 bar, 

the calculated gas deposition energy per electron per anode tube transit 

varies between 170 kV and 1^5 kV for 0.8 MV and 1.2 MV pump voltages, 

respectively. This variation was considered small enough to allow a constant 

deposition energy per primary electron per anode tube transit to be assumed 

during the current pulse,for simplicity, giving a voltage independent term, X, 

in the source expression. As observed from the deposition energy measure-

ments and expected from the calculation in chapter 2, deposition energy 

was a near-linear function of gas pressure; hence the inclusion of N, the 

argon gas number density. The temperature rise was computed by means of a 

differential equation which accounted for the heat energy increment per unit 

volume arising from collisional or radiative processes; the energy scheme 
+ + 

employed is given in figure 6.b. Ar^ and. Ar^ were assumed degenerate as an 

exact description of the latter was unavailable. Using the specific heat 

capacity of the gas at constant volume, the temperature rise in the pumped 
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TABLE VII 

Modelling Equations. 

d g r j = X D J C + A 2 [ A r p n e + A3[Ar;]ne - ksN2 ^ 

d̂ Ar"t*J = XINC - A12N 2 [ArJ . dt 

A12N2[At+J - A23N 2 [Arp - A2[Ar+]n e + ^ V * / . 

<*[Ar£l 2r + 
^ = A23N LArp - A3[Ar3]ne. 

dNc kc * ^ Nq 
= [Ar -j n2 S _ ^ + ^ . ̂ ^ , kpNs(Hs+NT). 

dMT 3k_ , , N 

_ T = _ T [ A r ] N . + ^ + ^ . ̂  . kpNT(Ns+NT). 

n e = [ A r + ] + [ A r p + C A r p . 

H = (5-9+1.65»§7^|) XXNC + 1.25 A12N 2 (Ar + ] + 3 • 9(A2 [ A r ^ n ^ A J |~Arpne J 

+ (ksN2'[Ar] + 3k^N2 [Ar*]) + 6 . 7 5 ^ ( N ^ ) 2 ) 

S XT 

N = [Ar] 

N s = C 1 < ] 

n t = [3<1 
H is the thermal energy deposited per cm3 in eV. 
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Figure 6.4: Heating terms. 
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volume was calculated, and C was adjusted to match this to the measured 

value. The system of differential equations was solved by means of the 

D02EBF algorithm from the mark 7 NAG library 0n a CDC computer. 

This employed a variable-step, variable-order Gear method for the 

solution of systems of "stiff" differential equations - i.e. where eigen-

values are negative and vary greatly with time. 

1 + 3 + Stimulated emission cross-sections for both E and E states were u u 
calculated at both 126 nm and 122 nm as a function of time and temperature ; 

computed excimer number densities then allowed the net gain to be calculated 

as a function of time via equation (6.1). Peak values at 126 nm were 

compared to experimentally measured values so that the rate constants which 

were not well defined from other sources could be chosen to provide the 

best fit. These were the photo ionization cross-section, a ^, the Penning 

ionization rate constant, k , the triatomic ion recombination rate constant, p 
A3, and the excimer singlet-triplet electron mixing rates, k^ and k^. For 

any set of values, C had to be reevaluated. 

Experimental observation had shown that k was not sufficiently large 

to cause significant gain degradation, even at high pressures, and so the 

stratagem adopted was to pick values of 10 ^ and 10 11 cm^ s 1, which were 

consistent with the observed data, and to try each with the two published 
-19 2 -19 2 photoionization cross-sections of 4 x 10 cm and 9 x 10 cm . Thus 

four sets of peak gain versus pressure curves were generated. Matching of 

these curves to the experimentally determined 126 nm gain curve was done 

by continuously varying k^ and k , and A3, ensuring C gave the correct total 

temperature rise. This gave the set of curves shown in figure 6.5 showing 

the calculated peak gain at 126 nm and 122 nm with pressure; in practice, 

there was a unique combination of k , k^,A3 and C which gave a best fit to 

the experimental data for given k^ and a ^ values. These combinations were, 
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where 

k = 0.30U x k , (6.10), u d ' 

and 

k = Z x 10"T cm3 s""1 (6.11): d 

-11 3 - 1 -19 2 Data A: k = 10 cm s and a . = 9 x 10 cm , so: p pi 
Z = 1.9, 

A3 = 1.35 x 10-5 cm3 s _ 1, and 

C = 0.8U, giving a temperature rise of 159K after 5 ys at Ho bar. 

Data B: k = 10~11 cm3 s_1 and a . = b x 10~19 cm2, so: p pi 
Z = 0.6, 

-5 3 - 1 A3 = 1.9x10 cm s , and 

C =0.7^, giving a temperature rise of 159K after 5 ys at U0 bar. 
_iq -3 _i _iq p 

Data C: k = 1 0 cm s and a . = 9 x 10 cm , so: • p pi 
Z = 0.0U, 

A3 = 1.H x 10"9 cm3 s~1, and 

C =0.73, giving a temperature rise of 150K after 5 ys at Uo bar. 

Data D: k = 10 cm s and a . = b x 10 ^ cm , so: p pi 
Z = O.b, . 

A3 = 3-6 x 10 ̂  cm3 s ^ , and 

C =0.63, giving a temperature rise of 161K after 5 ys at U0 bar. 

These values gave an excellent fit to the experimental gain data at 126 nm 

between 23 bar and bo bar, although above this pressure there was acute 

divergen 

ce. The sharp kink initiating the plateau region for the experi-

mental values could not be generated by varying parameters within the model. 

Penning ionization could not be invoked to explain the observed gain rollover 

as it scaled too slowly with pressure, and would have favoured the heating 

component of the deposition energy. Reducing A23 to the value used by 
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Werner et al. did not allow the computed curve to match the experimental 

curve. The computed gain behaviour did, however, match that of the excimer 

singlet state number density, inferred from the ASE in emission spectra, 

which rose approximately linearly with pressure to values well above 1+0 bar. 

Thus the cause for the observed gain rollover appeared to lie outside the 

kinetic model, the likely reason being an accumulation of some broadband 

absorbing species. Collisional quenching would have reduced the relative 

singlet number densities at higher pressures and resulted in a non-linear 

pressure dependence for temperature. The accumulation of some broadband 

absorbing species would also explain the premature termination observed 

in the ASE dominated fluorescence time-profiles discussed in chapter U. A 

high order process for forming the absorbing species would be required to 

provide a faster formation rate than that for the excimer levels at higher 

pressures. The very high gas purity employed in this work indicates that 

the absorption was not impurity related; impurities released from the anode 

tube during a shot could not have travelled far enough in 20 ns to be a 

problem either. Thus the absorbing species appeared to be some complex 

rare gas molecule or ion formed during the excitation pulse, with a life-

time exceeding several tens of nanoseconds. 

(I+5-I+7) . . . . 

Several authors have obtained long duration lasing m near 

atmospheric xenon. However none have been able to extend pulse durations 

beyond ^200 ns despite the use of pump pulse durations of M ys. Explanation 

of this phenomenon in terms of gas heating, mirror damage, and gain medium * 

absorption (probing at 193 nm (ArF laser)) did not satisfactorily explain 

the observed premature termination. However, line centre for the xenon 

excimer is 172 nm and therefore such probing might not show up the problem. 

In this work probing was performed effectively at the line centre wavelength 

and indicated that an absorbing species was required within the computer 

model to explain the gain rollover; such a mechanism would be apparent at 
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all pressures and possibly for all the rare gases. 

The computer model employed here is valid below Uo bar, where premature 

termination does not surpress the peak gain values (i.e. before the gain 

rollover). In that pressure range, the best of the four k and a . com-p pi 
binations could be ascertained by considering the corresponding values of Z 

(39) and A3. Werner et al. point out that A3 should exceed A2, but that a 
_ C O _ - J _ _ Q 

value for A3 of 3.6 x 10 cm s is rather large. Taking A2 as 7 x 10 

cm3 s 1 ^ ̂  ̂  ̂  ̂ , data C becomes unacceptable as A3 is smaller than A2; data A 

and B use values of A3 which are rather large (>10 cm s ) ; thus data D 

offers the most acceptable combination of parameters as the more recent photo-
ionization cross-section is used, together with a Penning ionization rate 

(39) 
which is a compromise between that used by Werner et al. , and Lorents 
(15) Interestingly none of the calculated curves using the Liu and Conway 
( 1 1 0 ) values of A23 generated a pressure induced rollover of the electron 

irvat: 
(15) 

C U3) number density as observed by Werner et al. . However that observation 

conflicts with the radiative rate measurements compiled by Lorents 

V]: [V 
- UJ u u 

increasing pressure in the case of xenon 

showing that the ratio of [ E*] : [_ £*] asymptotically approaches 3:1 with 

A check on the model may be done by prediction of the fluorescence 

power originating from the excited gas. The expression describing this 

has already been presented in chapter k where it was shown that the one 

dimensional description was acceptable: 

I = n 
ra + a .(N + N )] ,01 "P1 b L ( e - 1 ) ( 6 . 1 2 ) . a 

Figure 6.6 compares the calculated peak fluorescence signals at 126 nm as a 

function of pressure with the experimental curve taken with an instrumental 

resolution of 0.3 nm; the experimental curve is normalised to the D curve. 

There is good agreement of gradient between all the predicted curves and the 

observed curve below Uo bar. Figure 6.7 presents a comparison of fluorescence 
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Figure 6.7: Comparison between computed and measured 
peak fluorescence power at 122nm; all curves 
are normalized such that the 126nm signal at 
40 bar is the same. 
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peak powers at 122 nm; each set of data is normalised such that the 

corresponding 126 nm value at Uo bar is the same for all. The experimental 

curve was obtained with an instrumental resolution of 0.-8 nm. Data D 

provided the best fit to the experimental curve in terms of absolute 

magnitude and gradient below i+0 bar; exact correlation between predicted 

and experimentally observed curves was not expected due to the relatively 

wide instrumental bandwidth. However the correlation between the D curve 

and the experimental curve is acceptable and so allows the net gain at 

122 nm to be assessed with a fair degree of certainty; at Uo bar the peak 

value is 0.092 cm \ However because of the gain rollover observed above 

this pressure this value must be considered to be the maximum value. 

In conclusion, a computer model has been developed to describe the 

observed gain buildup of the argon excimer laser as a function of time and 

pressure. The choice of rate constants and cross-sections used was verified 

by comparison of the computed data to the experimental gain and fluorescence 

power data at both 126 nm and 122 nm; a very good fit was obtained below 

pressures of Uo bar, where premature termination was not apparent. In this 

way it was possible to indicate that the net gain at 122 nm was positive, 
- 1 

with a peak value of ^0.1 cm . This is comparable to the line centre value 

at M 5 bar, which was well below threshold when using a plane Al/MgF^ mirror 

of 50% reflectivity, and a resonant reflector of ^Q0% reflectivity. Thus 

tuning the laser to the Lyman a wavelength region is not possible for this 

-oumping regime as the net gain, though positive, is too low for the optics 

available. Also the gain at line centre is more than three times that at 

122 nm at Uo bar, making the surpression of ASE at 126 nm difficult without 

the use of highly dispersive optics; this was found experimentally. 
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CHAPTER 7: Conclusion 

7. 1 Resume 

In this work untuned and tuned laser action was observed in high 

pressure argon gas when collisionally excited by energetic electrons within 

a coaxial diode. The Pulserad 110A system used provided peak voltage and 

current values of 1.2 MV and 16.5 kA respectively, with a current FDHM of 

16 ns. Time integrated measurements of the ' bremsstrahlung associated 

with excitation indicated that the excitation power pulse was highly 

reproducible. The use of high purity argon gas was found to be important, 

and necessitated the construction of a gas purification system which 

provided argon of total impurity level <1 vpm. The release of impurities 

from the stainless steel anode tube after firing was found to be a more 
(29) 

serious problem than is the case for xenon , and necessitated the use 

of fresh gas fills for every laser shot. 

Time integrated fluorescence spectra indicated that the singlet state 

number densities increased with pressure up to at least 60 bar. Energy 

deposition measurements also showed a linear rise with pressure. The 

untuned laser threshold occurred above 20 bar using Al/MgF^ mirrors as 

indicated by spectral narrowing of the FWHM to <2 nm, a peak output power 

increase by up to two orders of magnitude, and a reduction of the FDHM to 

ns. Mirror damage was found to limit the scalability of the laser 

system with pressure and the use of a resonant 'reflector consisting of 

parallel magnesium fluoride plates of specified thickness and spacing was 

investigated for use as a more damage resilient output mirror. This device 

worked well in practice and though it did display some slow degradation of 

the polished surfaces in use, it was certainly more resistant to radiation 

damage than the non-transmitting Al/MgF^ mirrors employed in this work. 

Peak intracavity powers obtained were MOO kW as calculated from the photo-



181 

diode sensitivity (ITT FU115) before Al/MgF^ mirror damage became a limiting 

problem. The use of two resonant reflectors should have allowed a sub-

stantial increase in the peak untuned laser power. 

The tunability of the laser was assessed using a variety of devices; 

the operating regime was generally near-threshold to reduce the risk of 

damage to the optics employed. Prisms and gratings were used for continuous 

tuning. The latter provided the widest range with a 3600 groove mm 

interferometrically made example in conjunction with a partially trans-

mitting Al/MgF^ mirror giving a tuning region from 12U.2 nm to 127.6 nm, and 

laser linewidths of <1 nm. Increasing the gas pressure and hence gain at a 

setting of 12U.2 nm resulted in further line narrowing and substantial 

peak power increases, but did not allow extension of the tuning range. 

Gain measurements were made at 126 nm and indicated a net gain 

"rollover" at pressures above UO bar. Such an observation could not be 

attributed to a pressure dependence of the deposited pumping energy. A 

computer simulation of the gas kinetics indicated that the observed "rollover" 

was inconsistent with existing models, using reliable values for the various 

rate constants.. Fluorescence power profiles in the presence of ASE displayed 

a trend whereby later parts of the output pulse were surpressed to a greater 

extent at higher pressures - "premature termination". Such an effect was 

probably absorptive in origin as collisional quenching of the excimer levels 

would have resulted in an increase of the observed temperature rise with 

pressure which was not observed, and besides fluorescence data had shown 

that the singlet number densities did not peak at the "rollover" pressure. 

Thus the existence of a complex, broadband scattering species, intrinsic to the 

gas was proposed. Other authors have observed "premature termination" in 

xenon, but have been unable to identify the cause of the loss; the above 

explanation may also be applicable to the case of xenon. 
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A thorough investigation of the lasing characteristics of the argon 

excimer has been made. A tunable energy bandwidth of 65 THz was observed, 

equivalent to that of the xenon excinier laser ( 169.5 - 176 nm). (An 

equivalent energy range for a laser oscillating at 500 nm laser would 

result in wavelength tuning of 53. U nm). The argon excimer laser is the 

shortest wavelength laser using a resonant cavity around the gain medium, 

but it is severely hindered by the lack of a range of high efficiency optics. 

7.2 Applications 

7.2.1 Lyman a laser 

The calculated peak net small signal gain at 122 nm was limited to 
-1 . . . 

MD.1 cm under optimum conditions for this system, which was too small to 

achieve laser threshold given the optics available. Thus the argon excimer 

laser was unable to provide a tuned laser output at 121.6 nm despite there 

being net positive gain at that wavelength. Argon excimer lasing in that 

region can become possible only when tuning optics of greater efficiency 

have been found, and when some means of eliminating the atomic Lyman a 

absorption from the gain medium has been devised. The former poses form-

idable problems due to the lack of suitable materials so far encountered 

in the 120 nm region of the VUV. The latter arises from the dissociation, 

when firing the e-beam, of the very small molecular hydrogen impurity 

within the argon gas; the absorption cross-section of ground state atomic — 1U 2 hydrogen at 121.6 nm, at 300 K, is 8.5 x 10 cm . Thus referring back 

to data D in chapter 6 where at Uo bar the net gain at 122 nm was ^0.1 cm , 

which may be taken to indicate roughly the maximum value at Lyman a, an 
. . . . . . 9 

initial H^ impurity of only 1 part m 10 would result m a comparable 

loss term, assuming complete dissociation to the ground state atomic level. 

Thus hydrogen elimination seems to be impracticable to the extent required 



183 

such that net gain occurs at Lyman a; however, an external Lyman a 

source could be used to bleach out the absorption. This is quite feasable 

as the large absorption cross-section results in a saturation intensity of 
—2 —2 only k.h kW cm compared to a value of 39.3 MW cm at 122 nm for the 

excimer singlet state. 

For certain applications such as the probing of very hot plasmas for 

ground state neutral hydrogen, near Lyman a radiation may be used as the 

absorption lineshape becomes broad due to Doppler broadening (Av« /r); 

this off resonance probing has the advantage that only hot regions of plasma 

will display absorption, thereby ensuring that the cool outer regions do not 

attenuate the beam. 

Frequency upconversion is currently the best alternative source of 

coherent Lyman a radiation; however only relatively low peak powers may be 
(118) generated (^5 W) 

7.2.2 Photodissociation studies 

The relatively large photon energy (10 eV) of the argon excimer emission 

is adequate for the ionization or dissociation of many molecules thereby 

constituting a useful means of generating excited state species for further 

study. One such example is the case of SOCl^ (thionyl chloride) whose 

two S-Cl bonds may be ruptured by single photons of wavelength <131.8 nm 
(119) giving SO m an excited state: 

S0C12 + hv (A<132nm) S0(A3Il) + 2C1 

or S0(B3E) + 2C1 (R7.1). 

3 . . . 3 When formed m the A n state radiative transitions to the X z state may 

occur in the -\,2U8 nm region with a lifetime of 16.U ys (120) s u ch a 

transition is resonant with the KrF laser wavelength and so, due to the 
3 relatively long storage lifetime, the A II state of SO constitutes a possible 
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amplifying medium for KrF laser radiation. 

3 3 
A study of the quantum yield of the SO A II and B II states arising from 

the photodissociation of SOCl^ at 126 nm is required to establish the 

intrinsic efficiency of such a photolytically pumped amplifier. Such an 

analysis may be done using laser emission from the argon excimer. However 

the use of fluorescence emission would be preferred for pumping such an 
amplifier due to the greater efficiency of excimer photon production; also 

* 1 + 
-2 <30 
* 3 + photon emission from the long-lived Ar ( Z ) state may be usefully employed 

3 . . . . as the radiative lifetime of the A II state of SO is significantly longer, 

allowing accumulation of inversion. 

7.2.3 Untuned laser 

The short wavelength of this laser could find applications in the 

field of high density plasma diagnostics where photon frequencies must 

exceed that of the plasma frequency for penetration into the plasma; the 

plasma frequency, <d , is given by: P 

fN e2 i 
e 0) = p m e * ^ e o 

where N is the electron number.density, m is the electron mass, e is the e e 
electronic charge and is the permittivity of free space. The value of 

+22 —3 

N^ corresponding to cutoff at 126 nm is 7 x 10 cm thereby ensuring 

unhindered penetration into dense plasmas. For such an application, power 

requirements would make the use of resonant reflectors essential. 
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Appendix 1: Investigation of the Lyman a Transmission Window in 

As mentioned in section 5. .3, measurement of the oxygen absorption cross-

section at the Lyman a wavelength has been made for different pressures 

of oxygen and argon, which was used as a transparent buffer gas. 

A1.1 Experimental procedure 

The Lyman a source consisted of a water cooled hydrogen discharge which 
( A l ) provided many lines in the Lyman a spectral region. A 1m Seya monochrometer 

- 1 

with a grating of 1200 grooves mm was used as a wavelength filter, and gave 

a resolution of around 0.1 nm for the slit widths employed. Radiation, 

having passed through the monochrometer, was immediately incident on a gas 

cell consisting of two LiF windows of thickness 2 mm each, whose inner 

surfaces were separated by a known distance. The cell was completely sealed 

using 0-rings and connected to a vacuum and gas handling system as shown in 

figure A1.1. The transmitted radiation was monitored by a solar-blind 

photomultiplier with a voltage stabilized power supply. Signal readings 

were taken on a Chelsea Instruments LM10A picoammeter. Phototube current 

gains were typically 10 . 

Although the detection equipment was voltage stabilized, the hydrogen 

lamp was not and the signal intensity tended to drift by ±10% over a period 

of about 5 minutes. Thus spectral scans allowing investigation of the window 

shape could n<pt be reliably made for the experimental arrangement employed, 

and so data was taken at Lyman a only. 

The use of argon as a buffer gas was planned for the laser work and so 

its effect on the oxygen absorption coefficient also had to be assessed. 

The gases employed were B0C research grade argon and oxygen. To ensure 

intimate mixing of the gases, they were frozen together into a bomb and then 

rapidly heated. In practice, the transmission of the oxygen was evaluated 
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Figure A1.1: Gas handling system. 

Pressure gauge 
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from ^250 to 3000 mbar, and with an argon buffer gas total pressures up to 

7 bar were obtained. 

A1.2 Results 

Results for the absorption cross-section of oxygen as a function of 

its pressure at 121.6 nm are shown in figure A1.2. This plot shows excellent 
(A2) (A3) agreement with the results of Preston ' and Watanabe et al. and covers 

an extended pressure range. A simple linear dependence is apparent. 

Adding argon to fixed oxygen partial pressures resulted in the curves given 

in figure A1.3. Again a linear pressure dependence is apparent for the 

absorption cross-section but this time with respect to the argon pressure 

and of smaller gradient. Argon alone gave no observable attenuation of 

signal even at 20 bar. The final expression for the cross-section at Lyman 

is: 

_o —pn p 
a(02) = (1.0U + P(02) x 1.3U x 10 J + P(Ar) x 9.k2 x 10 ) x 10 cm 

(A1.1), 

where P(0g) and P(Ar) are the partial pressures of oxygen and argon 

respectively in mbar. 

A1.3 Discussion 

A possible explanation of the above behaviour could be the reversible 

formation of unstable molecules such as 0. or Ar 0^, which could result in k 2 
the observed pressure dependent increase in absorption if such molecules 

displayed absorption around Lyman a - i.e. taking the case of 0^: 

°2 + °2 * °k (HA1.1), 

giving an absorption coefficient, y, of: 

y = a(0u) N(0U) + a(02) N(0g) (A1.1), 



Figure A1.2: Variation of the 0absorption coefficient at 121.6nm with 
oxygen pressure. 

Oxygen Pressure (bar) 



Figure A1.3:Variation of the oxygen absorption coefficient at 121.6nm with argon 
pressure. The data at each oxygen pressure have been adjusted by the 
addition of a value obtained from figure A1.2 such that absorption 
in the absence of argon is equivalent to that at 699 mbar of oxygen. 

Oxygen pressure (mbar): 
A: 285 
B: 357 
C: 446 
D: 559 
E: 699 

Argon Pressure ( b a r ) 
M v£> -J 
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where a(S) and N(S) are the absorption cross-section and number density 

of species S, respectively, and a(Og) is the extrapolated zero pressure 

cross-section value. A rough estimate for the value of a(0> ) may be 

obtained by assuming the steady state ratio of ^ ^ ^ is a barely 
-6 ^ -1U 2 detectable value such as 10 at 1 bar, so cr(Ô ) = 1.3 x 10 cm . Such a 

value is rather large for broadband absorption, and should the ratio of 
21(0.) 

^ Q ^ be increased to allow a smaller cross-section, then the 0^ 

content would be a detectable impurity - this is not observed. Thus 0^ and 

ArO^ do not constitute plausible causes of the observed effect. A better 

qualitative explanation accounts for the observed behaviour by considering 

the window as the overlap between two absorption bands which broaden as the 

gas pressure increases. Thus any buffer gas would cause a reduction in the 

window depth. However it is not clear from such an explanation why there 

should be a linear dependence for the cross-section on pressure. 

Both the above explanations would result in degradation of the Lyman a 

window in oxygen at higher pressures , the former due to a dominance of the 

0^ or ArOg absorption and the latter due to a direct loss of the window. 

A1.4 References 

(Al) J.E.G. Wheaton, (private communication). 

(A2) W.M. Preston, Phys. Rev., 887 (1940). 

(A3) K. Vatanabe, E.C.Y. Inn and M. Zelikoff, J. Chem. Phys., 21, 
1026 (1953). 
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Multiplate resonant reflectors for the vacuum ultraviolet 

W. R. Hunter, M. H. R. Hutchinson, and M. R. O. Jones 

A multiplate resonant reflector has been designed, constructed, and used in the VUV as an output mirror 
for an Ar excimer laser. Details of the design calculations etc. are given. 

I. Introduction 
Multiplate resonant reflectors (MRR) were intro-

duced to the laser technology as mode selectors for giant 
pulsed ruby lasers.1 Such a resonator consists of two 
or more plates of a transparent material. The surfaces 
of each plate are plane-parallel, and the individual 
plates must be coaligned so that all surfaces are parallel. 
In the first designs of MRRs,2 the thicknesses of the 
plates and spacers were chosen by approximate meth-
ods. However, Watts3 showed that the true properties 
of an MRR can only be obtained using a thin film cal-
culation, i.e., assuming that the components of the EM 
waves are coherent over the length of the resonator. 

Because the plates of the resonator are uncoated, the 
chance of damage to the resonator is reduced. Fur-
thermore, when the beams reflected from the plate 
surfaces are in phase, the reflectance of the resonator 
can be quite large. These properties seem almost ideal 
for a laser output mirror for lasers operating in the VUV. 
Recent experiments directed toward tuning an Ar ex-
cimer laser to 1216 A showed that the output mirror 
coating, semitransparent Al + MgF2 on an MgF2 sub-
strate, was easily damaged. Consequently we decided 
to try to make an MRR for this laser. This paper gives 
the results of some calculations for an MRR at 1216 A 
and gives an account of its construction and use in the 
VUV. 

II. Theoretical 
There are only two dielectric materials that are 

transparent in the spectral region from 1200 to 1300 A , 
LiF and MgF2. LiF is fragile, difficult to polish, and is 
attacked by water vapor in the atmosphere. Conse-
quently MgF2 was chosen for the plates. 

W. R. Hunter is with U.S. Naval Research Laboratory, Washington, 
D.C. 20375; the other authors are with Imperial College of Science & 
Technology, Blackett Laboratory, London SW7 2BZ, England. 
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For calculating the reflectance of the MRR, index 
values obtained by Hass4 from reflectance measure-
ments of crystalline MgF2 were used. The maximum 
reflectance to be expected from an MRR can be calcu-
lated using the formula R = [(n2N - 1 )/(n2N + l)]2, 
where n is the index of refraction and N is the number 
of plates. For a three-plate resonant reflector at 1216 
A of MgF2 (n = 1.73), the calculated reflectance is 
86.1%. 

Figure 1 shows the reflectance of a three-plate reso-
nant reflector as a function of wavelength from 1215.9 
to 1216 A . The plates are MgF2, and the optical 
thicknesses of spacings and plates are multiples of 1216 
A ; the spacings are 1.216 mm, and the plate thicknesses 
are 0.70289 mm (1.216/1.73). Over this small spectral 
range the index is assumed to be constant. The calcu-
lated reflectance spectrum shows large maxima located 
about 0.06 A apart with reflectance values of 86% and 
halfwidths slightly larger than 0.01 A . Note that none 
of the large maxima occurs at 1216 A despite the fact 
that the thicknesses are multiples of that wavelength. 
Watts has pointed out that these reflectance maxima 
are not predictable in location or value. 

As the wavelength increases, the value of the reflec-
tance maxima will decrease because the index decreases, 
and the pattern of the maxima will change. Using the 
formula above, the calculated reflectance maxima have 
values of 85.4 and 83.7% at 1230 and 1260 A , where the 
index values are 1.713 and 1.681, respectively. 

Although MgF2 is usually considered to be a trans-
parent dielectric for wavelengths longer than 1200 A , 
it has a small extinction coefficient k for wavelengths 
of <1300 A . 5 Since the radiation may traverse the 
MRR many times, its amplitude will be reduced by 
absorption. The calculated effect of absorption on the 
reflectance of the MRR of Fig. 1 is shown in Fig. 2. The 
curve shows the value of the large reflectance maxima 
of Fig. 1 as a function of k at 1216 A for values of k 
ranging from 10~7 (a s 0.1 cm"1) to 10"4 (a s 100 
cm - 1) . For k = 10~7, the effect of absorption is negli-
gible. As k increases the reflectance decreases until, at 
k = 10-4, the reflectance is essentially that of one MgF2 
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Fig. 1. Calculated reflectance as a function of wavelength of a three-plate res-
onant reflector from 1215.9 to 1216 A. Plates are of MgF2, 0.70289 mm thick, and 
the spacers are 1.216 mm thick. In this wavelength region the index of MgF2 is 1.73. 

surface, 7.15%. The MgF2 used to make our MRR was 
obtained from Harshaw and had a k value estimated to 
be ~10 - 6 .6 Our MRR, therefore, could be expected to 
have reflectance maxima of ~77%. 

III. Experimental 
Three MgF2 plates 12 mm in diameter were ground 

and polished to have a nominal thickness of 0.7 mm and 
to be plane-parallel to a quarter wave (5461 A ) . The 
spacers were made of fused silica, 12-mm o.d. and 
10-mm i.d., also finished to the same tolerance but with 
a thickness of nominally 1.2 mm. The spacers required 
radial grooves ~0.6 mm deep for pressure relief because 
operation of the Ar excimer laser requires first that the 
instrument be evacuated to a pressure of ~10 - 5 Torr, 
then filled with Ar to a pressure of 30-60 atm. The 
fragility of the thin MgF2 plates precluded their use as 
windows, so the cell in which they were housed was kept 
within the pressure vessel, and a sturdy piece of polished 
MgF2 served as the window. 

A small stainless steel cell was constructed to house 
the MRR. The cell has two large holes for pressure 
relief and contained a weak spring arrangement to keep 
the components of the MRR in contact. We had hoped 
to keep the components in place by optical contacting 
but were unsuccessful. Lack of optical contacting 
meant that the plates had to be aligned. This was done 
by trial and error using a He-Ne laser. The different 
reflected beams were brought into coincidence, judged 
visually, at a distance of ~3 m from the MRR in its 
cell. 

A direct measurement of the reflectance of the MRR 
is extremely difficult. Standard VUV reflectometers 
with noncoherent sources are unsuitable for such a 
measurement. The rapid fluctuations in reflectance 
as a function of wavelenght would necessitate the use 
of a tunable, coherent, VUV source with a linewidth of 
the order of 0.001 A . Sources with broader linewidths 
would result in a measurements of the spectrally inte-
grated reflectance rather than the peak value which 
determines the threshold and performance of the laser. 

A crude estimate of the peak reflectance was obtained 
by comparing laser thresholds when the MRR and a 
conventional Al + MgF2 mirror of known reflectance 
were used as output couplers. This yielded a value that 
was consistent with that calculated. 

Using a three-plate resonant reflector with uncoated 
plates does not ensure that the plate surfaces will not 
be damaged. We have observed damage on the surfaces 
of our plates. The plates will, however, withstand 
higher powers than semitransparent Al + MgF2 coat-
ings. 

Wrobel et al.1 reported lasing action of an Ar excimer 
laser using only one uncoated MgF2 plate as the output 
mirror. They state that the reflectance of the MgF2 
plate was only 5%, presumably at 1260 A . However, if 
one calculates the reflectance of one plate using the 
formula above, and for n = 1.681 (1260 A ) , the value is 
22.8%. They did not state the thickness of their plate, 
but assuming it was 2 mm, with an extinction coefficient 
of 10-6, we estimate the effective reflectance at 
-19%. 

Fig. 2. Effect of absorption on the reflectance maxima of Fig. 1. 
Curve shows how the maxima of Fig. 1 decrease as the extinction 

coefficient k increases. 
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Finally, a general remark about MRRs. The tech-
nique of reflectance enhancement by adding a high 
index quarterwave coating to an optical surface works, 
in principle, with MRRs. For example, a three-plate 
resonant reflector at 5000 A with a plate index of 1.5, 
plate thicknesses of 0.3333 mm (5000/1.5), and spacers 
of 1 mm had calculated reflectance maxima with values 
of 62%. Adding an optical quarterwave of index 1.7 to 
each plate surface increased the reflectance maxima to 
~93%. No such coating materials are available at 1216 
A , but at somewhat longer wavelengths one might take 
advantage of the rapid increase of n as the band gap is 
approached from the long wavelength side. For ex-
ample, at 1500 A the index of AI2O3 is increasing toward 
shorter wavelengths as the band gap is approached. No 
values for the index at this wavelength were found, but 
extrapolating unpublished data8 from shorter wave-
lengths indicates that an index of ~1.7 is possible. At 
1500 A the index of MgF2 is ~1.54. Consequently a 
three-plate resonant reflector consisting of MgF2 plates 
overcoated with A12C>3, having a reflectance close to 90%, 
might be made for this wavelength. Si02 is another 
possible coating material for increasing the reflectance 
of an MgF2 MRR at ~1700 A . 

IV. Conclusions 
Multiple resonant reflectors can be constructed and 

used in the VUV at wavelengths longer than 1200 A as 

long as the absorption of the plates is small. MgF2 is 
suitable as a material for the plates, and a three-plate 
resonant reflector has been used as an output mirror for 
an Ar excimer laser at 1260 A . MRRs of MgF2 are not 
immune to radiation damage but have a higher damage 
threshold than semitransparent Al -f MgF2 coatings on 
MgF2 plates. 
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