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Abstract
The optical system of an extreme ultra-violet (XUV) spectrograph was modified to 

produce high speed, spatially resolved spectra of small sources m the spectral range of about 5 
to 25 nm This was achieved by the use of a toroidal focusing mirror placed before the 
spectrograph The instrument was used to record photoabsorption spectra of laser-produced 
plasmas in a technique employing a continuum emitted by a second laser plasma, known as the 
dual laser-produced plasma (DLP) method

The optical theory of the spectrograph and the toroidal mirror are examined in chapter 
1 to analyse the imaging properties of the system and determine how best to use a toroidal 
mirror to compensate for the main aberrations of the concave grating The spectrograph and 
experimental arrangement, as previously used to achieve DLP photoabsorption, is described in 
detail in chapter 2 This description includes a characterisation of the optical system by ray- 
tracing The modifications to the expenment required to effect the improvements are described 
m chapter 3 This includes a descnption of the design of the optical system, housing and 
mounting structures and vacuum system The alignment process and experimental method are 
detailed in the form of an user’s guide and the chapter is concluded by an m-depth analysis of 
the imaging properties of the spectrograph system by ray-tracing

The final chapter contains a presentation of the experimental results obtained after 
careful testing and optimisation of the instrument. The combination of time and space 
resolution has facilitated the isolation of singly ionised aluminium, the photoabsorption 
spectrum of which is presented here for the first time The experimental results are compared 
to the ray-tracing analyses to test the validity of the modelling process and the spatial 
characteristics of the photoabsorption expenment are thus deduced The salient features of the 
optical system before and after modification are compared to determine the performance gain 
achieved The thesis is concluded by a cntical appraisal of the instrument as a tool for studying 
the photoabsorption spectroscopy of laser plasmas.
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Introduction

Atomic and molecular spectroscopy has provided basic information leading to the 
development of quantum mechanics and to an understanding of the structure of matter. New 
data continue to provide insight into atomic structure. Fundamental quantities, such as 
wavelength and transition probabilities, determined using spectroscopy are of direct 
importance to many areas of research such as astrophysics ( e g  determination of relative 
cosmic abundances of elements) and laser physics (e g x-ray laser schemes)

The techniques and theory of optical spectroscopy have been thoroughly investigated, 
current research concentrating on the higher energy regime of inner shell processes, observed 
through studies of hot, ionised matter The corresponding region of the electromagnetic 
spectrum is from about 1 to 100 nm (the soft x-ray and extreme ultra-violet or XUV region).

Relatively little is known about inner shell processes due to both the experimental 
difficulties encountered in producing and analysing ionised matter in the laboratory and the 
theoretical complexity involved m describing such systems

The experimental difficulties are compounded by the fact that the cross-sections for 
inner shell excitation or ionisation are usually small and the inner shell vacancies thus 
produced are predominantly autoiomsing, that is, non-radiative decay probabilities are much 
higher than radiative decay probabilities The resultant transitions are not, therefore, generally 
observed in emission, but only in photoabsorption experiments

The implementation of an XUV photoabsorption experiment requires the generation of 
a sufficiently high density of excited atoms or ions through which is passed an intense, 
spectrally smooth XUV continuum beam. Progress in XUV photoabsorption has been 
hampered for many years by the lack of small, low cost ion and XUV continuum sources 
Various techniques were developed during the 1960’s and 70’s, most featuring ion production 
by furnace or heat-pipe and continuum emission by synchotron or spark source Such systems 
are both expensive and cumbersome

Initially applied to emission spectroscopy, the laser-produced plasma has proven to be 
a versatile source of both highly ionised atoms and continuum radiation. Laser plasmas are 
easy to produce and reproduce, insensitive to ambient pressure variations and of small, almost 
point-like, spatial extent To date, many comprehensive articles1 have reviewed the generation, 
characteristics and applications of laser produced plasmas, so this discussion will briefly deal 
with the topics relevant to this work

A laser-produced plasma is generated by focusing the output of a high-power (typically 
Q-switch pulsed) laser on a solid target Such a plasma is short-lived lasting about as long as

See general reference list at the end of the section
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the optical pulse The high power density at the focus (of the order of 1016 Wm2) produces a 
hot, dense plasma with average electron temperature of the order of 10 eV and electron density 
of the order of 1019 cm3 (electron and ion densities are usually comparable) The widely 
varying and, to some extent, controllable conditions observed in laser plasmas have made 
them a versatile and rapidly developing area of basic and applied research

Although short-lived, laser-produced plasmas emit an intense burst of radiation over a 
broad spectral region making them ideally suited to spectroscopic studies Their spectra 
generally consist of lines (due to bound transitions in atoms and ions) and continuum (due to 
either Bremsstrahlung or recombination radiation or both) Utilising the fact that the relative 
contributions from Bremsstrahlung, recombination and discrete emission depend mainly on 
the target material, laser-produced plasmas of certain elements were found to emit virtually 
line-free continua in the XUV This lead to the development of the dual laser plasma (DLP) 
photoabsorption technique [1], a tabletop system requiring only (one or more) high-power 
lasers and targets composed of suitable (spectrally pure) elements

Many technical difficulties are encountered in the implementation of experiments to 
analyse XUV radiation Air, particularly oxygen, is opaque to XUV radiation so expenments 
are earned out under vacuum In fact, no known matenals are transparent to such short 
wavelengths, necessitating the use of reflective optics rather than conventional transmissive 
optics Furthermore, at XUV wavelengths, refractive index is complex, the imaginary part 
being a measure of absorption in the medium and the real part charactensing reflective and 
refractive properties The real part is slightly less than unity, producing total external 
reflection, but so close to unity that reflectivity nses to a useful level only at very large angles 
of incidence (grazing incidence) So to produce an XUV spectrum requires a reflection-based 
dispersing element which can be operated at grazing incidence. This is the major constraint 
facing spectroscopists in the short wavelength range

The concave diffraction grating has two outstanding properties, it has the ability to 
disperse and focus radiation by reflection and it can be operated at grazing incidence Thus, 
use of a concave grating in grazing incidence mode allows the entire XUV region to be 
investigated. The imaging properties of the concave grating are desenbed in detail m chapter 
one Suffice it to say that commercially available spectrographs with a narrow (adjustable) 
entrance slit mounted at the source position and a detector mounted along the imaging plane of 
the grating are the basis for current laser-produced plasma XUV spectroscopy

Having established the basic expenmental pnnciple, an histoncal perspective on the 
development of the DLP technique will now be presented.

The first DLP expenment to employ a continuum probe followed a comprehensive 
survey of the spectra emitted by vanous metals by Carroll etal [2] Having developed the 
continuum source, P K Carroll and E T Kennedy [1] applied it to producing the absorption 
spectrum of singly ionised lithium (Li+) Both the tungsten probing plasma and the lithium 
absorbing plasma were generated usmg a Q-switched ruby laser. The spectra were recorded on
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photographic plates using a grazing incidence spectrograph
The DLP technique was adopted by G Tondello etal [3] in 1984 This group had been 

working on improving the efficiency and imaging characteristics of grazing incidence 
instruments for laser plasma spectroscopy for some years [4, 5] (indeed it is principally their 
work that this project is based on) Early work by W A Rense and T Violett [6] introduced a 
grazing incidence toroidal mirror to focus the sun’s radiation on the entrance of a vacuum ultra
violet spectrograph to improve the image quality of spectra photographed from space Tondello 
eta l modified this technique for application to small sources rather than distant ones for use 
with laser-produced plasmas

In 1986, Carroll and Costello [7] extended the capability of the DLP technique by 
using two temporally synchronised lasers This system had the advantage of increased power 
density on the target and variable inter-plasma time delay (from 250 ns up to 100 (is)

The work descnbed m this thesis involved introducing toroidal optics to an XUV 
spectrograph as part of a collaborative effort lead by E T Kennedy to build a multilaser DLP 
system Two synchronised lasers generate the plasmas with a time delay in the range of 0 to 
100 [is, and a third, tunable laser, facilitates pumping of selected energy levels in the 
absorbing plasma The resultant radiation beam may be produced and analysed in either of two 
systems One records the spectra photoelectncally for computerised display and analysis, the 
other records spectra photographically Both systems use toroidal mirrors to couple the beam 
onto their gratings, the photographic system further utilises the focusing properties of the 
mirror to produce spatially resolved spectra over a limited spectral region

The following dissertation describes in detail the reasons for and the nature of 
improvements made to the photographic system by introducing toroidal optics Chapter one 
will outline the theory of the concave grating, showing how operation at grazing incidence 
produces aberrations in the spectra, and the theory o f the toroidal mirror, showing how it can 
compensate for the mam imperfections of the grating. Chapters two and three will describe the 
experimental apparatus before and after modification, including a description of the optical 
modelling procedures used to characterise the system The remainder of the thesis presents the 
experimental results and a critical appraisal of the system.
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Chapter 1

Theory

In this chapter, the geometric optical theory of the concave grating is developed to 
analyse the imaging properties of the grazing incidence spectrograph The geometry is then 
modified so that a similar treatment can be applied to the toroidal mirror Some of the 
mathematical detail required for a complete derivation of the equations will be omitted as it is 
beyond the scope of this discussion

1.1 The concave diffraction grating
Originally developed by H A Rowland [1], in 1882, the concave grating has the 

following focusing properties If the grating (of radius of curvature R) is positioned at a 
tangent to a circle of radius 0 5R (with the grating centre on the circumference), the spectrum 
of an illuminated point on the circle (the source point) is focused on the circle (see figure 1.1) 
This is known as the Rowland circle mount

G ra ting  (rad ius R)

F ig u re  1.1. The Rowland Circle mount Radiation from the source 
is dispersed and focused by the grating at Xj, X2 etc a  and (i are the 

angles of incidence and diffraction, respectively (after Samson [2])

The most complete geometrical treatments of concave grating theory have been 
developed by H. G. Beutler [3] and T. Namioka [4], Namioka’s work being necessitated by 
the fact that Beutler’s untimely death left his work unfinished.

5



1.1.1 General theory
The ongin, 0 , of the Cartesian coordinate system is taken to be the grating centre. The 

x  axis is the grating normal with the z axis parallel to the rulings. Let A(x, y, z), B (x',y',z') 
and P(u, w, I) be points on the source, image and grating respectively (see figure 1.2).

(*. z. z )

F ig u re  1.2. Coordinate system for analysis of 
image formation by the concave diffraction grating

The condition for rays reflected from adjacent rulings to reinforce at B is that the path 
difference be an integral number of wavelengths This integer, m, is the spectral order. The 
path difference for any two grooves separated by w is mfovld, where d  is the distance between
adjacent grooves and X is the wavelength If a ray from the point A is to be focused at B, 
contributing to the image, its path APB, where P  can be any point on the grating surface, must 
satisfy the optical path function, F, given by

F = AP + BP + mXwld (1.1a)
To get a focus from a section of the grating, we invoke Fermat’s Principle of Least 

Time which states that the optical path length is stationary across the grating surface, that is, 
allowed values of w and / are those which cause F to be at an extremum (i.e  a maximum, 
minimum or point of inflexion) Thus, for any horizontal section, the condition is that the 
partial derivative of F with respect to w be zero,

dF n



similarly a focus from a vertical section requires that 
dF
dl = 0

(1 2b)
The geometrical explanation for these conditions is as follows Equations (1.2a) and (1 2b) 
have the geometrical significance of angles. If their values are zero then light from A, reflected 
at P, is directed toward B Non-zero values of the partial differentials indicate that the light is 
not directed toward B and the image formation is not perfect (see figure 1 3)

F igure 1.3. The geometry of Fermat’s principle

The light must also arrive at B with the same phase in order to produce reinforcement. This 
phase condition must be fulfilled (over the grating surface) to within a quarter wavelength 
(according to Rayleigh’s quarter wavelength rule2) Thus the integral of the path difference,
over the width and length of the grating respectively, must not exceed ± XJ4, that is

A F  =j 3P dw<, A ,  
"  -  3 w  4

and
AF = f &L 

« a /
dl <

Thus equation (1 la) may be written more precisely as 

F = AP + BP + mkwld ± A/4

(1 3a)

(1 3b)

(1.1b)
For further analysis, the optical path function must be evaluated as follows. The lengths of 
AP  and BP  (in Cartesian coordinates) can be expressed as

U p  h  =  (X - u )2 +  (y - w )2  +  (z  - / )2, (1.4a)

It was first shown by Rayleigh [5] that, in the presence of commonly occurring aberrations, the quality of an 
image is not seriously affected when the wavefront deformation is less than a quarter of a wavelength.
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As these expressions are identical in form (except for the primed coordinates in (1.4b)), only 
the derivation of AP is given3.

The grating has a spherical surface of radius R, thus all points, P, on the surface must 
satisfy the vertex equation for the sphere (i.e. the origin of the coordinate system is a point on 
the surface, the grating vertex4), which is

(R -u )2 + w2 + P - R 2 = 0, (1.5a)
hence

u2 - 2Ru + (w2 + Z2) = 0. (1.5b)
Application of the formula for the roots of a quadratic equation yields

u = R ± { R 2 -(w 2+ t2)}''2. (1.6)
The positive value of the radical defines points on the opposite end of the diameter so only the 
negative value is significant. It is convenient to express equations (1.4) in terms of the 
distances between A, B and 0  and a  and (3, the angles of incidence and diffraction 
respectively. Hence cylindrical coordinates are introduced:

jc = r c o s a  (1.7a) :t' = r'cos/3 (1.7b)

y = r s in a  (1.7c) y ' = r ‘ sin /i. (1.7d)

Converting equation (1.4a) to cylindrical coordinates and substituting for u (equation (1.6) 
expanded in a power series) yields

I AP 12 = (r  - w sin a)2+ w2(cos2a - r  cos a ) + /2(1 - r  cos -  )R R
.  2zl + z’+ J z L +P - \ l  - + -* i± 4 2+ ... .) .

4R> R 2R> (18)
The square root can be extracted by a further series expansion leading to the final expression. 
In order to simplify treatment of the series expansion, AP and BP are written as

Namioka [4] showed that, although the introduction of the characteristic function (equation (1.1b)) is correct, 
the subsequent treatment of it by Beutler was, in some cases, incorrect, making some of his results incorrect. 
However, his results on the primary focusing conditions and the astigmatism of the concave grating remain perfectly 
valid (a mathematical justification of which is given in Namioka’s paper). As these are the two main points of interest 
in this work, Namioka’s corrections to Beutler’s theory are therefore ignored.

4Normally the origin is at the centre of the sphere, the equation being u2 +w2+ P  = R2.
8
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AP = F t + F2 + F3 + (19a)

5P = F / + F /  + F /  + (19b)

so that the terms can be tabulated separately for more detailed examination in the following 
sections The terms, F„, have individual physical significance with regard to image formation 
or its imperfections In general, successive terms exhibit decreasing order of magnitude due to 
successively higher inverse powers of R, r or r' Hence the higher order terms can generally 
be neglected For the purposes of this discussion, the optical path function can be written as

F = Fj + F2 + F3 + F / + F2' + Fj + m lw ld  (1 10)

where F j = r - w  sm a  (110a)

F = -L w2 ( cos2 a  . cos a  \ + J_ ^3 sin a  / cos2a  _ cos a  n2 2 r R 2 r r R
+ _L u.4 sin2a  / cos2a  _ cos a  n +2 r r R (1 10b)

F'j = r' - w sm ft

r 2 r (1 10c) 
(1 lOd)

/r' = _L W2 ( cos2/? _ cos d  \ . J_ u.3 sin d  ( cos2 ¿3 2 2 W { r ’ R } 2 W r ' { r '
+ J_ u,4 sin2 P  ( cos2 ( j _ cos/K 

2 /  v f  R }

cos (5 
R

(1 lOe)
f  _  1 72/1 cos /3 X / z . z2 

3 2 R } 1 r' 2r' (1 100

1.1.2 The grating equation

Isolating the first two terms and the last term of equation (1 10),

F = Fj + F'j + mXw/d 

= r - w  sin a  + r '  - w sm P + mXw/d
= r + r ‘ -w(sin a  + sin p) + m fov/d  (1.11)

9



A p p ly in g  F e r m a t ’ s p r in c ip le  (dF/dw = 0 )  g iv e s

T h is  is  th e  w e l l - k n o w n  p la n e  d i f f r a c t io n  g r a t in g  e q u a t io n  w h ic h  d e s c r ib e s  d is p e r s io n  b y  a  

p e r io d ic  se t o f  l in e s  s e p a ra te d  b y  a  d is ta n c e  d.

1.1.3 The Rowland circle focusing conditions

O b v io u s ly  e q u a t io n  ( 1 .1 2 )  c a n n o t  d e s c r ib e  f o c u s in g  b y  th e  g r a t in g  as r a n d  r ' a re  n o t  

p re s e n t.  H o w e v e r ,  a p p ly in g  F e r m a t ’ s p r in c ip le  to  th e  s e c o n d  p a i r  o f  te rm s  in  e q u a t io n  ( 1 .1 0 )  

g iv e s

d{Fi +  F '2 ) _  , c o s 2a  c o s  a  c o s 2 /? c o s  /? x

dw r  "  J? r’ R
+  A  ,2 f s in  a  , c o s 2 a  c o s  a  ^

2  r r R
s in  f t  , c o s 2j3  c o s g . '  „

r '  r '  R " "  ( 1 . 1 3 )

A s  w *  0 ,  th e  f i r s t  m e m b e r  o f  e q u a t io n  ( 1 .1 3 )  is  z e ro  i f

d (sin a  + sin p) = mX. (1-12)

c o s 2 «  c o s  a  | c o s 2 /? c o s  p  _  q

r '  R r ' '  R
a n d  th u s  i f

c o s 2 a  /r  =  c o s  a  /R a n d  c o s 2 p  tr ' =  c o s  p  /R

g iv in g  r= R  c o s  a  (a) a n d  r ' = R c o s P  (b) ( 1 .1 4 )

T h e s e  s o lu t io n s  a re  th e  e q u a tio n s  ( in  p o la r  c o o r d in a te s )  o f  a  c i r c le  o f  d ia m e te r  R, w i t h  r a n d  r' 
o n  th e  c i r c le ,  t h a t  is ,  th e  R o w la n d  c i r c le .  T h e y  a re  a ls o  s o lu t io n s  t o  th e  s e c o n d  t e r m  o f  

e q u a t io n  ( 1 .1 3 ) .  In d e e d ,  i t  c a n  b e  s h o w n  th a t  a l l  th e  h ig h e r  te r m s  in  F2 a n d  F2 c a n c e l.  T h is  

a ls o  a p p l ie s  t o  F6 a n d F tf' [ 3 ]  as w e l l  as t o  th e  p a r t ia l  d i f f e r e n t ia l ,  d(F6 + F6')/dw, th u s  th e  

R o w la n d  c i r c le  c o n d i t io n  ( e q u a t io n s  ( 1 .1 4 ) )  r e d u c e s  th e s e  e x p r e s s io n s  t o  z e ro .  T h is  s h o w s  

a m p le  ju s t i f i c a t io n  f o r  u s e  o f  th e  R o w la n d  c i r c le .  T h e r e  a re  o t h e r  te r m s  w h ic h  d o  n o t  c a n c e l 

u n d e r  R o w la n d  c i r c le  c o n d i t io n s ,  m o s t  n o ta b le  o f  w h ic h  a re  F3 a n d  F3'. T h e s e  a n d  o th e r  te rm s  

d e s c r ib e  th e  v a r io u s  im p e r f e c t io n s  ( a b e r r a t io n s )  w h ic h  o c c u r  i n  th e  im a g e .  O f  p a r t i c u la r  

im p o r ta n c e  a re  a s t ig m a t is m  a n d  th e  c u r v a tu r e  o f  a s t ig m a t ic  s p e c tra l l in e s .  A n a ly s is  o f  c u rv a tu re  

a n d  o t h e r  a b e r r a t io n s  w i l l  b e  o m i t t e d  d u e  to  t h e i r  c o m p le x i t y  a n d  th e  f a c t  t h a t  t h e y  h a v e  

r e la t iv e ly  l i t t l e  b e a r in g  o n  th e  ty p e  o f  s p e c tro s c o p ic  s tu d ie s  d e a lt  w i t h  h e re .
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A s t ig m a t is m  re s u lts  in  th e  s o u rc e  p o in t  b e in g  im a g e d  as a  v e r t ic a l  l in e .  T h a t  is ,  

h o r iz o n ta l  fo c u s in g  is  c o m p le te  b u t  v e r t ic a l  f o c u s in g  is  o n ly  p a r t ia l ly  a c h ie v e d  o n  th e  R o w la n d  

c i r c le ,  a  s e c o n d a ry  ( v e r t ic a l )  fo c u s  ( r e s u l t in g  in  a  h o r iz o n ta l  l in e )  b e in g  p ro d u c e d  b e y o n d  th e  

R o w la n d  c ir c le .  A  q u a n t i ta t iv e  e v a lu a t io n  o f  th e  m a g n itu d e  o f  a s t ig m a t is m  is  as fo l lo w s .

T h e  p o in t  s o u rc e  a t z , a  a n d  r  is  fo c u s e d  a t z ' ,  p  a n d  r '  i f  F e r m a t ’ s p r in c ip le  o f  le a s t  

t im e  is  f u l f i l l e d  f o r  ( F 3 +  F /)  w i t h  re s p e c t  to  /, th u s

1.1.4 Astigmatism

d(F3 +  F{ ) _ . .  1 c o s  a  1 c o s  (3 . z z '  _  „

- s — '*7 -— ■V — J" t v  (U5)

I n t r o d u c in g  th e  R o w la n d  c ir c le  c o n d i t io n s  (e q u a t io n s  ( 1 .1 4 ) ) ,

1 c o s  a  1 c o s  B . z z '
 +  —  ) --------------------------R c o s  a  R R c o s  p  R R cos a  R c o s  p

A s  1//? c o s  a  - c o s  a/R  =  (1  - c o s 2 a)/R  c o s  a
a n d  1IR c o s  p  - c o s  /? //?  =  (1  -  c o s 2 p)/R  c o s  p,

k n o w in g  th a t  MR * 0  g iv e s

l ^ s in 2 a  t s in 2 (3 z z _  q

c o s  a  c o s  p  c o s  a  c o s  P ^ 2  ^

T h u s  th e  le n g th  o f  th e  a s t ig m a t ic  im a g e , z ', is  g iv e n  b y

, r COS p  .  , f /  . ,  a , . ,  COS
z =  [ z -— ]  +  / ( s in 2 P +  s in 2 a --------------------—)

c o s  a  c o s  a  ( 1 1 8 )

T h is  e x p r e s s io n  re la te s  s o u rc e  le n g th ,  z , a n d  i l lu m in a te d  le n g th  o f  g r a t in g  r u l in g s ,  /, t o  im a g e  

le n g th ,  z '. T h e  s e c o n d  te rm  is  in d e p e n d e n t  o f  z , th u s  d e s c r ib in g  th e  a s t ig m a t is m  p ro d u c e d  b y  a  

p o in t  s o u rc e  ( z  = 0 ) .  T h e  d e p e n d e n c e  o f  th is  e x p r e s s io n  o n  a  a n d  p  im p l ie s  th a t  th e  e f fe c t  o f

a s t ig m a t is m  is  g re a te s t a t g r a z in g  in c id e n c e .  T h is  is  t r u e  o f  a b e r r a t io n s  in  g e n e ra l a n d  is  a n  

u n a v o id a b le  c o n s e q u e n c e  o f  w o r k in g  w i t h  s u c h  la r g e  a n g le s  o f  in c id e n c e  a n d  d i f f r a c t io n .

A s s u m in g  th a t  a  p o in t  s o u rc e  in  th e  p la n e  o f  th e  R o w la n d  c i r c le  ( z  =  0 )  w i l l  h a v e  its  

s e c o n d a ry  fo c u s  in  th e  p la n e  o f  th e  c i r c le  ( z '  =  0 ) ,  th e  lo c a t io n  o f  th e  s e c o n d a ry  fo c u s  c a n  b e  

d e d u c e d  b y  w r i t i n g  e q u a tio n  (1 .1 5 )  s u b je c t  to  th o s e  c o n s tra in ts  (z  =  0  a n d  z '  =  0 ) ,  th u s
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1(1/r  - cos a/R  + H r'  - cos ¡3/R) = 0 (1.19)

1 / r -  c o s  a / /?  +  l/r '  - c o s  /?//? =  0  ( 1 - 2 0 )

w h e r e  r' g iv e s  th e  lo c a t io n  o f  th e  s e c o n d a ry  fo c u s .  A t  t h is  p o in t  i t  s h o u ld  be  n o te d  th a t  d u e  to  

th e  w a v e le n g th  d e p e n d e n c e  o f  d i f f r a c t io n  ( e q u a t io n  ( 1 .1 2 ) ) ,  b o th  th e  p r im a r y  a n d  s e c o n d a r y  

f o c i  h a v e  u n iq u e  p o s i t io n s  f o r  e a c h  w a v e le n g th  o f  in c id e n t  r a d ia t io n  ( o f  c o u rs e  in  th e  c a s e  o f  

th e  R o w la n d  c i r c le  g r a z in g  in c id e n c e  m o u n t ,  a l l  th e  p r im a r y  f o c a l  p o s i t io n s  l ie  a lo n g  th e  

R o w la n d  c ir c le ) .

1.1.5 Angular dispersion

T h e  d is p e r s io n  o f  a g r a t in g  d e s c r ib e s  h o w  th e  v a r io u s  w a v e le n g th s  a re  d is t r ib u t e d  

a lo n g  th e  R o w la n d  c ir c le .  A n g u la r  d is p e rs io n  e x p re s s e s  th is  as th e  c h a n g e  in  d i f f r a c t io n  a n g le  

w i t h  a  c h a n g e  in  w a v e le n g th .  T h is  is  e v a lu a te d  b y  d i f f e r e n t ia t in g  e q u a t io n  (1 .1 2 )  w i t h  r e s p e c t

to  w a v e le n g th ,  a n d , f o r  a  f i x e d  a n g le  o f  in c id e n c e ,  is  g iv e n  b y  dfi/dX = mid c o s  ¡3.

1.1.6 Resolving power

D is p e r s io n  a n d  r e s o lv in g  p o w e r  a re  c lo s e ly  r e la te d ,  d is p e r s io n  d e t e r m in in g  th e  

s e p a ra t io n  o f  t w o  w a v e le n g th s  w h i le  r e s o lv in g  p o w e r  d e te r m in e s  w h e th e r  t h is  s e p a ra t io n  c a n  

b e  d is t in g u is h e d .  E a c h  d is p e r s e d  a n d  fo c u s e d  ( m o n o c h r o m a t ic )  b e a m  f o r m s  a  d i f f r a c t i o n  

p a t te r n  h a v in g  i t s  o w n  p r in c ip a l  a n d  s e c o n d a ry  m a x im a .  I f  w e  u s e  R a y le ig h ’s c r i t e r i o n ,  t w o  

l in e s  o f  e q u a l in te n s i ty  w i l l  b e  re s o lv e d  w h e n  th e  m a x im u m  o f  o n e  f a l l s  o n  th e  m in im u m  o f  th e  

o th e r .  T h e  a n g u la r  d is ta n c e  b e tw e e n  th e  p r in c ip a l  m a x im u m  a n d  its  f i r s t  m in im u m  is  c a l le d  th e  

a n g u la r  h a l f - w id t h .  T h is  w id t h  p r o v id e s  a  th e o r e t ic a l l i m i t  t o  th e  r e s o lv in g  p o w e r  o f  a  g r a t in g

a n d , f o r  a  p la n e  g r a t in g ,  is  g iv e n  b y  A[5 =  X/Nd c o s  ¡3 [ 2 ] .  T h e  r e s o lv in g  p o w e r ,  P, is  d e f in e d  

as  A /AX, w h e r e  AX  is  th e  m in im u m  r e s o lv a b le  w a v e le n g th  s e p a r a t io n .  S u b s t i t u t in g  th e

e q u a t io n  f o r  th e  a n g u la r  h a l f - w id t h  in to  th a t  f o r  a n g u la r  d is p e r s io n  y ie ld s  an  e x p re s s io n  f o r  th e  

r e s o lv in g  p o w e r  w h ic h  c a n  b e  w r i t t e n  as P = mN. I t  h a s  b e e n  s h o w n  b y  N a m io k a  [ 4 ]  a n d  

M a c k ,  S te h n  a n d  E d le n  [ 6 ]  ( u s in g  p h y s ic a l  o p t ic s )  th a t  th e  e q u a t io n  f o r  th e  a n g u la r  h a l f - w id t h  

u s e d  a b o v e  d o e s  n o t  a p p ly  to  th e  c o n c a v e  g r a t in g  as th e  d i f f r a c t io n  m in im a  d o  n o t  re a c h  z e ro .  

T h u s  th e y  in t r o d u c e d  a  m o d i f ie d  R a y le ig h ’ s c r i t e r io n  w h ic h  d id  n o t  r e q u ir e  th a t  th e  m a x im u m  

o f  o n e  l in e  s h o u ld  f a l l  o n  th e  f i r s t  m in im u m  o f  th e  o th e r .  I t  d o e s  r e q u i r e ,  h o w e v e r ,  t h a t  th e  

r a t io  o f  th e  m in im u m  in te n s i t y  o f  th e  c o m p o s i te  s t r u c tu r e  t o  th a t  o f  e i t h e r  m a x im u m  is  8 /rc 2 

( 0 .8 1 0 6 ) ,  as i t  is  in  th e  R a y le ig h  d e f in i t i o n  (see  f ig u r e  1 .4  b e lo w ) .

U s in g  t h is  c r i t e r io n ,  i t  c a n  b e  s h o w n  f r o m  p h y s ic a l  o p t ic s  th a t  P =  m N  =  Wm/d  w h e n

and since / *  0
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th e  i l lu m in a t e d  w id t h  o f  th e  g r a t in g  is  le s s  th a n  s o m e  v a lu e ,  W. A s  t h is  i l lu m in a t e d  w id t h  is  

in c re a s e d  b e y o n d  W, th e  r e s o lv in g  p o w e r  s t i l l  in c re a s e s ,  b u t  n o t  s o  r a p id ly  as mN, r e a c h in g  a  

m a x im u m  a t W = Wopt. T h is  o p t im u m  r e s o lv in g  p o w e r  is  th e n  g iv e n  b y  P ^  =  0 .9 2  mid. 
B y  a n a ly s is  o f  th e  f i f t h  o r d e r  te rm s  [ 3 ]  o f  th e  o p t ic a l  p a th  f u n c t io n ,  a n  e x p re s s io n  f o r  W opt, th e  

o p t im u m  i l lu m in a t e d  w id t h  o f  th e  g r a t in g ,  m a y  b e  d e r iv e d .  T h is  is  a  r a th e r  le n g th y  p ro c e s s  s o  

o n ly  th e  r e s u l t  is  p re s e n te d .

Wopl = 2 .3 8 [ /? JA. c o s  a  c o s  (3 / ( s in 2 a  c o s  P  +  s in 2 (3 c o s  a)]w. ( 1 .2 1 )

T h is  e x p r e s s io n  g iv e s  th e  w id t h  o f  th e  g r a t in g  w h ic h  s h o u ld  b e  i l lu m in a t e d  to  o p t im is e  th e  

r e s o lv in g  p o w e r  o f  th e  s y s te m . T h is  p la y s  a n  im p o r t a n t  p a r t  w h e n  c o n s id e r in g  h o w  th e  s l i t  

s h o u ld  b e  i l lu m in a te d ,  as i t  a c ts  as a  s o u rc e  f o r  th e  g r a t in g .

Figure 1.4. Plot of relative intensity against wavelength, 
showing the modified Rayleigh’s criterion. (After Samson [2]).

1.1.7 Concluding remarks

F ig u r e  1 .5  s h o w s  a s c h e m a t ic  r e p r e s e n ta t io n  o f  th e  f o c u s in g  p r o p e r t ie s  o f  th e  

a s t ig m a t ic  g r a z in g  in c id e n c e  m o u n t .  F o r  a  s l i t  i l lu m in a te d  b y  a  s y m m e t r ic a l ly  d iv e r g in g  s o u rc e , 

o n ly  a  s m a l l  f r a c t io n  o f  th e  f l u x  is  a d m it te d  to  th e  s y s te m . T h e  s l i t  le n g th  u t i l i s e d  ( f ig u r e  1 .5  

( b ) )  a n d  th e  w id t h  o f  th e  g r a t in g  i l lu m in a t e d  ( f ig u r e  1 .5  ( a ) )  b y  s u c h  a n  a r r a n g e m e n t  d e p e n d  

v e r y  m u c h  o n  s o u rc e  p o s i t io n  a n d  g e o m e tr y ,  w h ic h  m a y  n o t  a lw a y s  b e  e i th e r  w e l l  k n o w n  o r  

e a s i ly  c o n t r o l la b le .  F o r  s o u rc e s  o f  s m a l l  s iz e ,  as in  th e  c a s e  o f  th e  la s e r  p la s m a ,  th e  o p t im u m  

w id t h  o f  th e  g r a t in g  m a y  n o t  b e  f i l l e d  a n d  th u s  th e  g r a t i n g ’ s r e s o lv in g  p o w e r  m a y  n o t  b e  

o p t im is e d .  T h is  is  b e s t  a v o id e d  b y  m a k in g  th e  s l i t  a n d  g r a t in g  i l l u m in a t i o n  in d e p e n d e n t  o f  

s o u rc e  g e o m e tr y  o r  p o s i t io n ,  w h ic h  c a n  b e  a c h ie v e d  b y  th e  a d d i t io n  o f  a  c o l le c t in g / f o c u s in g  

e le m e n t  b e tw e e n  s o u rc e  a n d  s l i t .

N o r m a l ly ,  th e  a s t ig m a t is m  c a n  b e  to le r a te d  as a  s l i t  is  u s e d  as a n  e f f e c t iv e  s o u rc e  w i t h  

p a r a l le l  l in e s  as im a g e s ,  g i v in g  s im i la r  o p t ic a l  p e r fo r m a n c e  to  p r is m  s p e c t ro g ra p h s .  I t  d o e s , 

h o w e v e r ,  r e s u lt  i n  t w o  d ra w b a c k s  o f  p a r t ic u la r  re le v a n c e  t o  la s e r  p la s m a  s tu d ie s :  s p re a d in g  th e  

r a d ia t io n  o v e r  lo n g  s p e c t ra l l in e s  re d u c e s  th e  in te n s i t y  o f  th e  l in e s  a n d  th e  i n a b i l i t y  o f  s u c h  a  

s y s te m  to  fo c u s  in  th e  v e r t ic a l  p la n e  e x c lu d e s  th e  u t i l i s a t io n  o f  th is  p la n e  f o r  s p a t ia l ly  r e s o lv e d  

s tu d ie s  o f  th e  s o u rc e .  T h e  h ig h  r e s o lv in g  p o w e r  o f  m o d e m  g r a t in g s  r e q u i r e s  n a r r o w  s l i t s ,
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f u r t h e r  r e d u c in g  l i n e  in te n s i t y .  T h is ,  c o u p le d  w i t h  th e  a n a ly s is  o f  s h o r t - l i v e d  s o u rc e s  

c o m p o u n d s  th e  a s t ig m a t ic  lo s s  in to  a  s e r io u s  p r o b le m .

A s  B e u t le r  c o n c lu d e d  in  1 9 4 2 : “ I n  g e n e r a l,  i t  m a y  b e  s ta te d  th a t  th e  a s t ig m a t is m  is  

in h e r e n t  in  th e  c o n c a v e  m i r r o r ,  w h ic h  is  th e  b a s is  o f  th e  g r a t in g ,  as s o o n  as th e  a n g le  o f  

in c id e n c e  o r  d i f f r a c t io n  is  o th e r  th a n  z e ro  a n d  th a t  th e re fo re  n o  r a d ic a l r e m o v a l o f  i t  is  p o s s ib le ,  

b u t  o n ly  c o m p e n s a t io n  b y  a u x i l ia r y  o p t ic a l  e le m e n ts . ”

(a )  uw-plane
Grating

Slit Grating Image

Source *

F igure 1.5. Focusing properties of the Rowland circle.

1.2 The toroidal mirror
T h e  c i r c u la r  to r u s  is  g e n e ra te d  b y  r e v o lv in g  a c i r c le  a b o u t  a  s t r a ig h t  l i n e  l y i n g  in  th e  

p la n e  o f  th e  c i r c le  (s e e  f ig u r e  1 .6 ).  H e n c e  th e  s u r fa c e  o f  a  to ru s  h a s  t w o  d i s t i n c t  r a d i i  o f

c u r v a tu r e ,  R  ( m a jo r  ra d iu s )  a n d  p  ( m in o r  r a d iu s ) ,  in  th e  w a n d  /  p la n e s  r e s p e c t iv e ly .  A  p o r t io n  

o f  th e  in s id e  o f  th e  o u te r  s u r fa c e  ( c e n t r e d  o n  th e  o r i g in  in  f ig u r e  1 .6 )  r e p l ic a t e d  o n  a  g la s s  

s u b s tra te  p ro d u c e s  a c o n c a v e  t o r o id a l  m iiT o r .  A s  d e m o n s tra te d  in  th e  f o l l o w i n g  s e c t io n s  (1 .2 .1  

to  1 .2 .3 ) ,  u s in g  g e o m e tr ic  o p t ic s ,  th e  v e r t ic a l  a n d  h o r iz o n ta l  f o c u s in g  p r o p e r t ie s  o f  th e  t o r o id a l  

m i r r o r  c a n  b e  in d e p e n d e n t ly  c o n t r o l le d  b y  v a r ia t io n  o f  th e  t w o  r a d i i  ( a n d  th e  a n g le  o f  

in c id e n c e ) .  T h e  to r o id a l  s u r fa c e  is  a ls o  p a r t i c u la r ly  s im p le  to  m a k e  in  c o m p a r is o n  t o  o th e r  n o n -  

s p h e r ic a l s u r fa c e s .
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Figure 1 6  Génération of a torus

1.2.1 General theory

S o o n  a f te r  th e  p u b l ic a t io n  o f  B e u t le r ’ s d e s c r ip t io n  o f  th e  c o n c a v e  s p h e r ic a l g r a t in g ,  H  

H a b e r  [ 7 ]  a p p l ie d  th e  s a m e  te c h n iq u e  to  th e  a n a ly s is  o f  th e  t o r o id a l  g r a t in g  T h e  o p t ic a l  p a th

f u n c t i o n ,  F = AP + BP  +  mXw/d, is  d e n v e d  in  th e  s a m e  w a y  w i t h  th e  e x c e p t io n  th a t  th e

e q u a t io n  f o r  th e  s p h e r ic a l s u r fa c e  ( e q u a t io n  (1  5 ) )  is  r e p la c e d  b y  th e  e q u a t io n  f o r  th e  t o r o id a l  

s u r fa c e

+  w 2 +  P- = 2Ru - 2(R - p )  {R - [(R - u) 2 +  w 2] 1* }  (1  2 2 )

I n  th e  c a s e  w h e r e  p  =  R, t h is  e x p r e s s io n  r e d u c e s  t o  e q u a t io n  ( 1 . 5 ) ,  th e  s p h e n c a l c a s e  

E x p a n d in g  e q u a t io n  (1 .4 a )  y ie ld s

I AP | 2 = (x - u)2 + (y - w)2 + (z - 02 (1.4a)

=  x 2 +  y 2 + z2 -  2 xu - 2yw - 2zl + u2+ w2 + P (1  2 3 )

w h e r e  x 2 + y 2 = r2

E x p a n d in g  e q u a t io n  (1  2 2 )  in  a  p o w e r  s e r ie s  a n d  s u b s t i t u t in g  in t o  e q u a t io n  (1  2 3 )  y ie ld s  th e  

C a r te s ia n  e x p r e s s io n  f o r  [AP]2 I n  th e  s p h e n c a l c a s e , t h is  s u b s t i t u t io n  e l im in a t e d  u d ir e c t ly  

(s e e  e q u a t io n  (1  8 ) )  I n  th e  p r e s e n t  c a s e , e l im in a t io n  o f  u r e q u ire s  th e  e x t r a c t io n  o f  a  q u a d ra t ic

e q u a t io n  in  u a n d  s u b s t i t u t in g  th e  s e n e s  e x p a n s io n  o f  th e  n e g a t iv e  r a d ic a l  o f  th e  s o lu t io n  as

b e fo r e  (s e e  e q u a t io n  (1  6 ) )  C o n v e r s io n  to  c y l i n d n c a l  c o o r d in a te s  a n d  e x t r a c t io n  o f  th e  s q u a re  

r o o t  y ie ld s  th e  f in a l  e x p re s s io n  f o r  [AP] [BP] is  d e n v e d  s im i la r l y  T h e  o p t ic a l  p a th  f u n c t io n ,  

[AP] + [BP], a f te r  g r o u p in g  th e  te r m s  b y  t h e i r  p o w e r  o f  w  o r  I, c a n  b e  w n t t e n  as s h o w n  (s e e  

e q u a t io n  (1  2 4 )  b e lo w )

As Beutler demonstrated for the expression pertaining to the sphencal grating, the
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t e r m s ,  Th, o f  (1  2 4 )  h a v e  i n d i v i d u a l  p h y s ic a l  s ig n i f i c a n c e  f o r  im a g e  f o r m a t io n  a n d  i t s  

im p e r f e c t io n s  T h e  h ig h e r  o r d e r  te rm s ,  d e s c r ib in g  a b e r r a t io n s ,  a re  o m i t t e d  f o r  s im p l i c i t y  as 

t h is  d is c u s s io n  is  c o n c e r n e d  m a in ly  w i t h  th e  f o c u s in g  c o n d i t io n s  I m a g in g  im p e r fe c t io n s  a re  

m o r e  a c c u r a te ly  q u a n t i f ie d  u s in g  r a y - t r a c in g  te c h n iq u e s  w h ic h  w i l l  b e  d e a lt  w i t h  in  s u b s e q u e n t 

c h a p te r s  T, re la te s  to  th e  g e n e ra l g r a t in g  e q u a t io n ,  T2 d e s c r ib e s  th e  p r im a r y  ( h o r iz o n ta l)  fo c u s  

a n d  T3 d e s c r ib e s  th e  s e c o n d a ry  ( v e r t ic a l )  fo c u s  p r o d u c e d  as a  r e s u l t  o f  a s t ig m a t is m

A l t h o u g h  (1  2 3 )  p e r ta in s  to  a t o r o id a l  g r a t in g ,  s e t t in g  a  =  /? in v o k e s  th e  la w  o f

r e f le c t io n ,  th u s  d e s c r ib in g  a  t o r o id a l  m ir r o r ,  th e  fo c u s in g  c o n d i t io n s  o f  w h ic h  a re  d e s c r ib e d  b y  

T2 a n d  T3 T h e s e  c o n d i t io n s  a re  d e r iv e d  b y  a p p ly in g  F e r m a t ’s p r in c ip le  as b e fo r e  (se e  e q u a tio n s  

( 1 2 ) ) ,  i e th e  c o n d m o n  f o r  a  t r u e  fo c u s  re q u ire s  th a t  th e  p a r t ia l  d e r iv a t iv e s  o f  th e  te rm s  o f  th e  

o p t ic a l  p a th  f u n c t io n  e q u a l z e ro

A P + B P = r  + r'~ ( s in  a  + s in /3 )w  (T J )

+  1 (  c o s 2 a  ,  c o s  a  ) u ,2 +  1 (  cos2¡3 _ cos (3 ^ 2 

2  r R 2 r' R

+
2  r r R

+ 2 r r R
co sa  . . 1 s in 2/?, c o s 2/? c o s /?  .
 ) w 4 + --------------- ( -------------------------— )w  *

(T2)
+  1 ^ 1 _ c o s  a

2 r p )/2+ — (— - -c— f t y 2+ i - [ z2- 2h] + - i[z '2- 2/z'l 2 r' p  2r 2r'

8 r r p ■)l2+ —  [z 2- 2 / z ] } 2
r

. ± { ( i _ . _ £ o sa _ )/2+ j _ [z2. 2iz]) 2
8r' r' p  r’ (T,)

(1  2 4 )

1.2.2 Primary focus
\

T2 h a s  te rm s  in  w 2, w 3 a n d  w 4, th u s  F e r m a t ’s p r in c ip le  re q u ire s  th a t

372 /dw = d/dw(A(w2) + B(w 3)  +  C(w4)) =  0 ,

w h ic h  im p l ie s  th a t

dA/dw =  0 ,  dBfdw =  0  a n d  dC/dw =  0 .
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For small values of w (which is generally the case as the w axis is along the width of the 
mirror), the higher order terms have small numerical values and may be neglected Thus

T = l ( COs2<f> cos V w  1 cos2(p . cos y w  2 2 r R 2 r' R
1 1 1 9= -^-{cos (p (— + — ) - -^}cos (p w2
2 r r R (1 25)

where a  = ¡3 = (p The condition for a focus is given by setting the partial derivative of 
equation (1 25) with respect to w equal to zero,

ar2 _ r , 1 . 1 ,  2= [ c o s  (p (— + —;) - — ]c o s  (pw = 09w r r' R
1 1 2  thus — + —  =r r; / tc o s p  (126)

This equation defines the location of the primary focus, r \

1 2.3 Secondary focus

To simplify the analysis of Tz for the purpose of obtaining an expression for the 
location of the secondary focus, it is assumed that for a point source on the equatorial (uw) 
plane, the focus will also lie on that plane. Thus both z and z ' are zero. The squared terms in 
T3 can also be neglected, soT3 can be written as

r 3 =  - { ( —  +  — ) -  2- c o s-<iV  =  02 r r' p (12?)

and the condition for a focus is given by setting the partial derivative equal to zero as before,

a r ,

ol r r' p
thus - L +r r' p2 (128) 

where r \  is the location of the secondary focus.
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1 2.4 Concluding remarks
By inspection of equations (1 26) and (1 28) it may be stated that for any given source 

distance, r, the locations of the primary and secondary foci, r \  and r ’2 respectively, can be 
independently controlled by selecting suitable values for the two radii, the major radius 
controlling the primary focus and the minor radius controlling the secondary focus, and the 
angle of incidence, which affects their positions relative to each other Figure 1 7 shows a 
schematic illustration of the focusing properties of the toroidal mirror, showing the formation 
of the two foci orthogonal to each other

As in the case of the sphencal grating, a description of the imaging aberrations of the 
toroidal mirror may be denved by a more complete analysis of the optical path function. While 
such analyses are beyond the scope of this work, the mam aberrations are now briefly 
discussed.

1 The primary image has the form of a parabolic curve in the plane perpendicular to 
the principal ray, the latter passing through its vertex The curvature of the image depends only
on R, p , p  and q> The image has a finite width, due mainly to sphencal aberration of the 
mirror, which is minimised when p = p '  = R cos (p [8].

2 The secondary image is also curved but, while being perpendicular to the pnmary 
image, is not perpendicular to the principal ray It is inclined at some angle to the perpendicular 
which is a function of the system aperture and the angle of incidence on the mirror. This 
inclination is most pronounced at grazing mcidence.

Since the analytical treatment of aberrations leads to rather approximate results, no 
attempt to quantify the aforementioned aberrations is made at this stage. Chapters two and
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three include optical characterisation of the system, before and after modification respectively, 
using ray-tracing methods This facilitates more accurate examination of the aberrations

1.3 High speed imaging: mirror and grating in series
To improve the efficiency (or speed) of a grazing incidence spectrograph requires that 

the losses outlined in section 1 1 7 be compensated for Thus the three main improvements 
are reducing astigmatism to concentrate the light in shorter, more intense spectral lines, 
coupling light into the spectrograph by focusing it onto the slit, optimising grating resolution 
by filling its optimum width Furthermore, if the astigmatism is correctly compensated for, the 
resultant spectra will be stigmatic (i e a point on the object plane being imaged as a point on 
the image plane) at some chosen wavelength Thus the source will be spatially resolved along 
the direction of the slit

The method by which the above aims are achieved using a toroidal mirror is now 
discussed It was originally developed by W A Rense and T Violett to increase the speed of a 
grazing incidence spectrograph, and later refined by G Tondello to produce stigmatic 
observations of laser-produced plasmas (see Introduction, p 3)

1.3.1 Method

Production of a stigmatic image on the Rowland circle requires that both the primary 
and secondary images produced by the grating (see sections 1 1.3 and 1 1 4) be formed on the 
circle. This is automatically fulfilled for the primary image (equation (1 14a)) if the effective 
source lies at r  (on the Rowland circle), thus requiring only modification of the secondary 
focal conditions.

The condition that the secondary focus of the grating also lies on the Rowland circle is
obtained by imposing r' = R  cos /? (equation (1 14b)) into equation (1 20) and rearranging to 
get

rv = ----------- « -----------cos a  - sin tan J3 (129)

where rv is the secondary effective source distance from the grating The term “secondary” is 
introduced as the separate manipulation of the primary and secondary foci (to force them to 
coincide at the Rowland circle) requires a separate effective source for each focus This is 
fulfilled for the primary image (the horizontally focused spectral hne of the astigmatic system) 
by the vertical slit (a horizontally divergent hne source) Thus to produce the secondary image 
(vertical focus) on the Rowland circle requires that a vertically divergent hne source lies at the 
position defined by r¥.

At grazing incidence the denominator of (1 29) is negative, producing negative values
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of r^ This indicates that the effective source must be virtual, located behind the grating (see 
figure 1 8 (a)) So the focusing element must be inserted between source and entrance slit such 
that it produces a horizontal focus on the slit, to maximise the flux coupled into the system, 
and a vertical focus at ry Thus the foci act as the required hne sources

The resolved focusing properties of the toroidal mirror are ideally suited to such 
requirements positioning its primary or horizontal focus on the slit and its secondary or 
vertical focus at rv fulfills the above conditions (see figure 1 8)

It is clear from equation (1 12) that, at fixed angle of incidence on the grating, each 
wavelength has a unique position on the Rowland circle, thus rv is wavelength dependent This 
implies that the stigmatic focusing conditions described above can only be strictly fulfilled for 
a single wavelength Thus a central wavelength in the region of interest must be selected 
From this, rv is calculated and a toroidal mirror with suitable focusing properties can be 
designed

(b) wlrp lam

Minor Slit
Grating

Source

F igure 1.8 Configuration of toroidal mirror and spherical 
graüng in senes to compensate for astigmatism

Thus reduction/elimination of astigmatism is achievable, as is focusing the light 
through the slit. The final consideration is that of filling the optimum width of the grating. As 
the principal mirror parameters are determined by the required focusing conditions, with angle
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of incidence being determined by the shortest wavelength of interest, as m the case of the 
grating (see section 3 1 1), the mirror width is used to ensure optimum grating illumination. 
By inspection of the geometry (figure 1 8 (a)), it is clear that a simple relationship exists 
between mirror width and grating illuminated width This relationship can be expressed as

w»,= W opl r \ / R  cos(p (1 30)
where is the mirror width in the uw  plane So the width of the mirror in the uw  plane 
must be calculated to produce optimum illumination of the grating, filling the aperture of the 
spectrograph and maximising spectral resolution.

1.3.2 Concluding remarks

The net result is the series arrangement of a toroidal mirror and a spherical diffraction 
grating m an XUV spectrograph which is capable of stigmatic imaging at a single wavelength 
and quasi-stigmatic imaging (or reduced astigmatism) m the neighbouring spectral region, as 
will be shown both by ray-tracing and expenment in subsequent chapters
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Chapter 2

The astigmatic dual laser-plasma experiment

T h is  c h a p te r  d e s c r ib e s  th e  a p p a r a tu s  a n d  te c h n iq u e s  u s e d  to  p r o d u c e  a s t ig m a t ic  

p h o t o a b s o r p t io n  s p e c t ra  o f  th e  r a d ia t i o n  e m i t t e d  b y  la s e r - p r o d u c e d  p la s m a s ,  i.e. the  

u n m o d i f ie d  D L P  e x p e r im e n t  as u s e d  b e fo r e  th e  w o r k  d e s c r ib e d  in  th is  th e s is  w a s  c o m p le te d .  

T h is  h a s  b e e n  d e s c r ib e d  i n  d e t a i l  b y  J . B r i l l y  [ 1 ]  s o  t h is  t r e a tm e n t  is  b r i e f .  B y  w a y  o f  

in t r o d u c t io n ,  a  g e n e ra l d e s c r ip t io n  o f  th e  e q u ip m e n t  a n d  e x p e r im e n ta l  te c h n iq u e s  e m p lo y e d  is  

f i r s t  p re s e n te d .  T h is  is  f o l l o w e d  b y  a  m o r e  d e ta i le d  d e s c r ip t io n  o f  th e  s y s te m ’ s c o m p o n e n ts .  

T h e  o p t ic s  o f  th e  s y s te m  a re  th e n  c h a ra c te r is e d  b y  r a y  t ra c in g .

2.1 General description
T h e  m a in  e le m e n ts  o f  th e  e x p e r im e n ta l  a p p a ra tu s  a n d  m e th o d  a re  c o m m o n  to  b o th  th e  

m o d i f ie d  a n d  u n m o d i f ie d  s y s te m s ,  s o  th is  a n d  th e  f o l l o w i n g  s e c t io n s  d e s c r ib e  th e  m a in  

fe a tu re s  o f  b o th ,  th e  d i f fe re n c e s  in t r o d u c e d  to  im p r o v e  th e  o p t ic a l  s y s te m  b e in g  d e ta i le d  in  th e  

f o l l o w in g  ch a p te r.

2.1.1 Experimental apparatus

P la s m a  g e n e ra t io n  w a s  c a r r ie d  o u t  u s in g  t w o  e le c t r o n ic a l ly  s y n c h r o n is e d ,  Q - s w i t c h  

p u ls e d  s o l id  s ta te  la s e rs ,  a  r u b y  la s e r  a n d  a  n e o d y m iu m r Y A G  la s e r .  T h e  o p t ic a l  p u ls e s  

p r o d u c e d  w e re  fo c u s e d  o n to  th e  s u r fa c e s  o f  t w o  m e ta l ta rg e ts  b y  t w o  p la n o - c o n v e x  le n s e s . 

T h e  ta r g e t  m a te r ia ls  ( in  r o d  o r  d is k  f o r m )  w e re  m o u n te d  in  ta r g e t  h o ld e r s  o n  th e  e n d  o f  d r iv e  

s h a f ts  in  a n  e v a c u a te d  c h a m b e r  ( th e  ta r g e t  c h a m b e r ) ,  th e  la s e r  l i g h t  b e in g  a d m i t t e d  b y  a  g la s s  

w in d o w .  T h e  d r iv e  s h a fts  p a s s e d  th r o u g h  s e a ls  in  th e  c h a m b e r  w a l l  th u s  a l l o w in g  r o ta t io n  o f  

th e  ta r g e ts  t o  p r o v id e  a  f r e s h  s u r fa c e  f o r  re p e a te d  p la s m a  p r o d u c t io n .  S te p p e r  m o to r s  w e re  

a t ta c h e d  to  th e  ta rg e t  d r iv e  s h a fts  to  f a c i l i t a t e  a u to m a t ic  ta r g e t  m o v e m e n t .  T h is  w a s  c o n t r o l le d  

b y  a  m ic r o c o m p u te r  w h ic h  t r ig g e r e d  th e  la s e r  s y s te m  a n d  th e n  r o ta te d  th e  ta r g e ts ,  r e p e a t in g  

t h is  p ro c e s s  a p ro g ra m m e d  n u m b e r  o f  t im e s .  T h e  ta rg e t  c h a m b e r  w a s  m o u n te d  o n  th e  f r o n t  o f  

a  g r a z in g  in c id e n c e  s p e c t ro g ra p h ,  o f  2  m e t re  g r a t in g  r a d iu s ,  i n  f r o n t  o f  th e  s l i t .  P o s i t io n in g  o f  

th e  p la s m a s  w a s  a id e d  b y  a  lo w  p o w e r  H e l iu m - N e o n  ( H e N e )  la s e r  mounted on th e  chamber 
s u c h  th a t  i t  p a s s e d  a lo n g  th e  s p e c t ro g ra p h  a x is .
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T h e  s p e c t ro g ra p h  c o n s is te d  o f  th re e  c o m p o n e n ts  a n  a d ju s ta b le  s l i t ,  w h ic h  a c te d  as a n  

e f f e c t i v e  s o u rc e ,  a  c o n c a v e  d i f f r a c t i o n  g r a t in g ,  t o  d is p e r s e  th e  r a d ia t io n  in t o  i t s  e n e r g y  

s p e c t ru m ,  a  p h o to g r a p h ic  p la te  m o u n te d  in  a  p la te h o ld e r  to  r e c o r d  th e  fo c u s e d  s p e c tru m  T h e s e  

th re e  in d e p e n d e n t ly  a d ju s ta b le  c o m p o n e n ts  w e r e  p o s i t io n e d  to  l i e  e x a c t ly  a lo n g  th e  R o w la n d  

c i r c le  o f  th e  g r a t in g  ( th e  p la te h o ld e r  w a s  s h a p e d  t o  c la m p  th e  g la s s  p h o to g r a p h ic  p la te s  a lo n g  

th e  c u r v a tu r e  o f  th e  R o w la n d  c i r c le )  a n d  w e re  c o n ta in e d  w i t h in  a  v a c u u m  c h a m b e r  T o  fa c i l i ta te  

th e  r e c o r d in g  o f  m u l t i p le  s p e c t ra  o n  o n e  p la te ,  a  m a s k  w a s  f i t t e d  b e tw e e n  th e  g r a t in g  a n d  

p la te h o ld e r  T h is  b lo c k e d  a l l  b u t  a s h o r t  p o r t i o n  o f  th e  lo n g  s p e c t ra l l in e s  T h e  m a s k  w a s  

m o v e d  a c ro s s  th e  b e a m  b y  m e a n s  o f  a  s l id e  w h ic h  p a s s e d  th r o u g h  th e  ta n k  w a l l

B o t h  c h a m b e rs  ( ta r g e t  a n d  s p e c t r o g r a p h )  w e r e  e v a c u a te d  u s in g  a  tw o - s ta g e  p u m p  

s y s te m  c o n s is t in g  o f  a t u r b o m o le c u la r  p u m p  b a c k e d  b y  a  d o u b le - s ta g e  r o t a r y  p u m p  T h is  

s y s te m  p u m p e d  d o w n  to  a w o r k in g  p re s s u re  o f  a b o u t  1 0  2 P a  ( 1 0  7 A tm o s p h e r e s )  in  a b o u t  

t w e n t y  m in u te s ,  th e  p re s s u re  b e in g  re a d  b y  a  P e n n in g  io n is a t io n  g a u g e  (s e e  s e c t io n  3  2  4 )  

p o s i t io n e d  c lo s e  t o  th e  tu r b o  p u m p

Figure 2 1. Schemauc o f the experimental apparatus
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2.1.2 Experimental method
A schematic representation of the apparatus is shown in figure 2 1 The procedure 

involved in running a DLP photoabsorption experiment using this apparatus was as follows
1 The targets were positioned in the chamber with the lasers and focusing lenses 

aligned outside the chamber so that the plasma positions lay on the spectrograph axis The 
probe plasma was typically generated on tantalum (Ta) as this produces a virtually line-free 
continuum, with the absorbing plasma generated on some other metal

2 A photographic plate was loaded into the plateholder in low light conditions The 
plateholder was then placed in the spectrograph, secured by spnng-chps to its correct position 
The plateholder featured an externally controlled shutter which prevented accidental exposure 
of the plate before commencement of the experiment

3 The system was evacuated by simply switching on the pump controller The two 
pumps were then under automatic control

4 A suitable inter-plasma time delay was programmed (see section 2 2 3) into the 
synchronisation electronics This was checked by firing the lasers onto a diffusing surface 
(e g  a sheet of paper), detecting the pulses with a photodiode and measuring the peak to peak 
ume difference (At) on a digital storage oscilloscope

5 The target controller (microcomputer) was programmed with the required number of 
laser shots and target rotations (typically the probe target was rotated after 5 laser shots and the 
absorber after 1 to 20, depending on target material). The expenment was effectively ready to 
run at this stage, requiring only a keystroke to commence execution (assuming the plate shutter 
had been opened and the mask positioned)

6 Having run the expenment, all that remained was to vent the vacuum system 
(switching off the pump controller initiated automatic venting) and to remove and develop the 
exposed plate m safe light conditions

2.2 The synchronised laser system
Both lasers used were commercially available, liquid cooled, Q-switch pulsed solid 

state lasers They were of a standard design where the laser cavity formed an optical bench 
mounted on a sturdy plinth and housed in a metal case, the controlling electronics and cooling 
systems were separately housed in a control unit The two were connected by a set of wires 
and pipes known as the umbilical

The synchronising electronics were custom designed and built. They featured a multi
channel digital delay system, with 10 ns resolution, based on commercially available 
programmable time delay modules. The mam components of the laser system are now 
described in more detail
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2 2.1 The ruby laser
T h e  r u b y  la s e r  w a s  a  s ta n d a rd  J K  L a s e rs  S y s te m  2 0 0 0 ,  o p e ra te d  m  Q - s w i t c h  m o d e  

T h e  la s e r  c o n s is te d  o f  a  s in g le  o s c i l la t o r  w h ic h  p r o d u c e d  a n  o u t p u t  o f  a p p r o x im a te ly  1J in  3 5  

n s  ( F W H M ) 5 a t 6 9 4  n m  T h e  la s in g  m e d iu m ,  r u b y ,  w a s  a  c r y s t a l  o f  a lu m in iu m  o x id e  (A 1 2O j)  

in  w h ic h  s o m e  o f  th e  A l *  io n s  w e r e  re p la c e d  b y  C r ^  io n s .  F ig u r e  2  2  s h o w s  a  s c h e m a t ic  o f  

th e  r u b y  la s e r  h e a d  A n  a l ig n m e n t  H e N e  w a s  m o u n te d  o n  th e  b a c k  o f  th e  la s e r  h e a d  to  fa c i l i ta te  

p o s i t io n in g  o f  th e  la s e r  w i t h o u t  f i r i n g  T h e  c r y s t a l  w a s  o p t i c a l l y  p u m p e d  b y  h ig h  v o l ta g e  

x e n o n  f la s h la m p s  Q - s w i t c h in g  w a s  a c h ie v e d  u s in g  a  p o la n s e r  a n d  P o c k e ls - c e l l  c o m b in a t io n  

as a n  e le c t r o - o p t ic a l  s h u t te r  A p p l i c a t io n  o f  a  v o l t a g e  t o  th e  P o c k e ls - c e l l  c lo s e d  th e  s h u t te r  

d u n n g  th e  i n i t i a l  s ta g e s  o f  p u m p in g  A s  th e  e n e r g y  s to re d  in  th e  r u b y  re a c h e d  a  m a x im u m ,  th e  

v o l t a g e  w a s  r e m o v e d ,  o p e n in g  th e  s h u t te r  a n d  a l lo w in g  a  h ig h - p o w e r  p u ls e  o f  s h o r t  d u r a t io n  

to  b e  p r o d u c e d

Photodiode connected to 
energy monitor

V -  -

Coolant supply Stack of plates polanser Alignment Optic axis HeNe

A

Output mirror Ruby rod Pockets cell Rear mirror
Laser cavity

F ig u re  2.2. Schematic of the ruby laser head (after Evans [2])

2.2.2 The Nd YAG laser

T h e  Y A G  la s e r  w a s  a  S p e c t r o n  L a s e r  S y s te m s  S L  8 0 0  T h e  la s e r  m a t e r ia l ,  

n e o d y m iu m - d o p e d  y t t r i u m  a lu m in iu m  g a rn e t  ( Y A G ) ,  w a s  a  c r y s ta l  o f  Y - A ^ O ^  in  w h ic h  s o m e  

o f  t h e  Y 3* io n s  w e r e  r e p la c e d  b y  N d 3* io n s  T h e  la s e r  h e a d  f e a tu r e d  a  tw o - s ta g e  

o s c i l l a t o r / a m p l i f i e r  s y s te m  w h ic h  h a d  a n  o u t p u t  o f  a p p r o x im a t e ly  1 J  in  15  n s  ( F W H M )  a t  a  

w a v e le n g th  o f  1 0 6 4  n m  F ig u r e  2  3  s h o w s  a  s c h e m a t ic  o f  th e  Y A G  la s e r  h e a d . A n  a l ig n m e n t  

H e N e  w a s  m o u n te d  as  s h o w n  P u m p in g  a n d  Q - s w i t c h in g  w e r e  a c h ie v e d  as d e s c r ib e d  f o r  th e  

r u b y  la s e r  (s e e  s e c t io n  2  2 1  a b o v e )

Full width at half maximum.
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Beam steering mirrors

F igure 2 3. Schematic of the YAG laser head (after Evans [2])

+5 V

+15 V

Power 
Supply Unit

Input 
Trigger 1

Delay output channels 

1 2

+15V +5V +15V
O/P O/Ps O/P

Input 
Trigger 2

Pulse width /  amplifier 
control circuit

r 4145-2
Programmable

\ tune delay card )

f 4145-2
programmable

V tune delay card J
Channel 1 Channel 2

Thumbwheel switches 
for setting delays

F igu re  2.4. Schematic of two-channel delay generator (after Evans [2])

26



2 2.3 The delay generators
Laser synchronisation was achieved using a multichannel digital delay system based on 

a commercial programmable time delay module, the Evans Electronics 4145-2 This card 
featured an on-board crystal oscillator to establish an accurate timebase and a programmable 
delay range of 0 to 999 99 |xs m increments of 10 ns All inputs and outputs were TTL6 
compatible with a maximum jitter of ±3 ns m the output

Delay programming was facilitated by thumbwheel switches arranged in five decades 
The output signals were buffered to provide the choice of +5 V or +15 V pulse height required 
for compatibility with the laser control units Figure 2 4 shows a schematic of the two channel 
delay unit. Two such units were constructed providing four controllable delay channels Radio 
frequency interference (RFI) and mains noise were eliminated by enclosing the system in a 
shielded case with the inputs and outputs fitted with decoupling capacitors

2.3 The spectrograph
The instrument used throughout this work was a 2 m grazing incidence spectrograph 

model E580, supplied by Hilger and Watts It was designed to cover a spectral range of 0 5 
nm to 95 nm in the first spectral order, depending on the grating fitted Figure 2 1 includes a 
schematic diagram of the instrument The components of the spectrograph were as follows

2.3.1 The grating

The dispersing element was a platinum-coated, spherically concave grating with a 
radius of curvature of 2 m, supplied by Bausch and Lomb. It used the Rowland circle grazing 
incidence grating mount. The substrate dimensions were 35 x 45 x 10 mm with a ruled area of 
25 x 35 mm It was ruled with 1200 lines per mm and a blaze angle of 1* 47'. The resultant 
spectral range was about from 0 5 nm to 50 nm with a dispersion of about 0 1 nm per mm at 
12 nm on the Rowland circle

2.3.2 The entrance slit

The entrance slit formed a narrow aperture on the Rowland circle which acted as a line
shaped source for the grating It consisted of two independently adjustable jaws mounted on a 
stainless steel flange which facilitated connecting the spectrograph to the target chamber The 
slit assembly controlled the angle of incidence, so one of the jaws remained in a fixed position 
For the slit used, the angle of incidence is 86’ Two alternate slit assemblies were available, 
having angles of 88° and 89' respectively The slit jaws were precision mounted so that they

* Transistor-transistor logic
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w e r e  e f f e c t iv e ly  v a c u u m  s e a le d , th e  g a s  f l o w  th r o u g h  th e  s l i t  b e in g  n e g l ig ib le  f o r  a  s m a l l  s l i t  

w id t h  (a  s l i t  w id t h  o f  a r o u n d  1 0 -1 5  | im  w a s  u s e d  f o r  th e  w o r k  d e s c r ib e d  i n  th is  th e s is ) .  A  p r e 

g r a t in g  s l i t  w a s  p o s i t io n e d  b e tw e e n  e n t ra n c e  s l i t  a n d  g r a t in g .  T h is  p r e v e n te d  th e  n u m b e r  o f  

g r a t in g  r u l in g s  i l lu m in a te d  f r o m  e x c e e d in g  th e  o p t im u m .

2.3.3 The detector

T h e  r a d ia t io n  d e te c to r  c o n s is te d  o f  a n  X U V  s e n s it iv e  p h o to g r a p h ic  p la te  b e n t  a lo n g  th e  

R o w la n d  c i r c le  b y  th e  p la te h o ld e r .

T h e  p la te h o ld e r  c o n s is te d  o f  t w o  m a in  c o m p o n e n ts ,  b o th  m a d e  f r o m  th e  s a m e  m a te r ia l  

as  th e  t a n k  (s e e  s e c t io n  2 .3 .4 ) .  T h e  p la t e h o ld e r  b o d y  h a d  t w o  r id g e s  t h a t  p o s i t io n  th e  

e m u ls io n - c o a te d  s id e  o f  th e  p la te  a lo n g  th e  R o w la n d  c i r c le ,  a  c u r v e d  s u r fa c e  m a c h in e d  to  a  

p o s i t io n a l  a c c u r a c y  o f  5  ^ m .  T h e  p la te  w a s  p re s s e d  i n t o  p la c e  b y  r u b b e r  c o r d s  o n  th e  

u n d e r s id e  o f  th e  l i d ,  w h ic h  w a s  i t s e l f  s e c u re d  b y  s c r e w - c la m p s .  T h e  p la t e h o ld e r  w a s  

p o s i t io n e d  in  th e  ta n k  b y  m e a n s  o f  a  th re e  p o in t  k in e m a t ic  s u p p o r t  a n d  s p r in g - lo a d e d  c l ip s .

T h e  s p e c t r a  w e r e  r e c o r d e d  o n  K o d a k ™  S W R 7 g la s s  p h o t o g r a p h ic  p la te s ,  th e  

d im e n s io n s  o f  w h ic h  w e r e  0 .7 1  x  5 1  x  2 5 4  m m  (0 .2 8  x  2  x  1 0  in ) .

2.3.4 The vacuum tank

T h e  g r a t in g  m o u n t  a n d  p la te h o ld e r  w e r e  b o th  m o u n te d  in s id e  th e  ta n k ,  w i t h  th e  s l i t  

a s s e m b ly  b o l t e d  o n to  th e  ta n k  v ia  a  s e a le d  f la n g e .  A c c e s s  to  th e  in t e r io r  o f  th e  v e s s e l w a s  b y  a  

r e m o v a b le  l i d  m a d e  f r o m  1 2 .5  m m  a lu m in iu m  a l lo y  p la te  w h ic h  is  s e a le d  b y  a r u b b e r  O - r in g .

T h e  v a c u u m  t a n k  w a s  a m a g n e s iu m - z i r c o n iu m  a l lo y  c a s t in g .  C h o s e n  f o r  i t s  g o o d  

v a c u u m  c o m p a t ib i l i t y ,  t h is  a l lo y  is  a ls o  v e r y  l i g h t .  T h e  t a n k  w a s  s h a p e d  to  r e d u c e  in te r n a l  

v o lu m e  a n d  r ib b e d  to  e l im in a t e  d is t o r t io n  u n d e r  v a c u u m .  I t  a ls o  f e a tu r e d  a  f la n g e  in  f r o n t  o f  

th e  g r a t in g  f o r  c o n n e c t io n  to  th e  p u m p in g  s y s te m .

2.4 The target chamber
T h e  e x p e r im e n ta l  c h a m b e r  w a s  m a c h in e d  f r o m  a  s o l id  p ie c e  o f  m i l d  s te e l.  T w o  s id e s  

w e r e  c o m p le te ly  o p e n ,  b e in g  v a c u u m  s e a le d  b y  g la s s  p la te s  h e ld  a g a in s t  O - r in g s  (s e e  f ig u r e  

2 .1 ) .  T h is  a l lo w e d  m a x im u m  v i s i b i l i t y  f o r  th e  p u r p o s e  o f  a l ig n m e n t  a n d  a ls o  m o n i t o r in g  

p la s m a  f o r m a t io n  d u r in g  e x p e r im e n ts .  T h e  p r o b e  ta rg e t  w a s  m o u n te d  th r o u g h  th e  b a c k  p la te  a t 

4 5 °  to  th e  s p e c tro g ra p h  a x is  a n d  th e  a b s o r b in g  ta rg e t  w a s  m o u n te d  th r o u g h  th e  b o t to m ,  n o r m a l 

t o  th e  a x is .  T h e  d r i v e  s h a f ts  p a s s e d  o u t  o f  th e  c h a m b e r  t h r o u g h  W i ls o n  s e a ls . T h e s e  w e re  

d e s ig n e d  t o  a l lo w  r o t a t io n  a n d  t r a n s la t io n  w i t h o u t  le a k in g .  T h e  c h a m b e r  a ls o  fe a tu r e d  a  la s e r -  

c r a d le  a t ta c h m e n t  a n d  a  w in d o w  a t th e  b a c k  f o r  m o u n t in g  th e  a l ig n m e n t  H e N e ,  a n d  a s ta n d a rd  

v a c u u m  c o n n e c t io n  to  th e  s p e c tro g ra p h  ta n k  to  e q u a lis e  c h a m b e r  p re s s u re s .

' Short wave radiation.
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2.5 The optical system
T h e  o p t ic a l  t h e o r y  g o v e r n in g  th e  im a g in g  c h a r a c te r is t ic s  o f  th e  s y s te m  is  g iv e n  in  

s e c t io n  1 .1 . D u e  to  th e  c o m p le x  n a tu re  o f  g e o m e tr ic a l  m o d e l l in g  in  te rm s  o f  a  c h a r a c te r is t ic  

f u n c t io n ,  m a n y  s im p l i f y in g  a s s u m p t io n s  m u s t  b e  m a d e  i f  n u m e r ic a l c a lc u la t io n s  f o r  a  s p e c i f ic  

s y s te m  a re  to  b e  u n d e r ta k e n .  T h is  l i m i t s  th e  u s e fu ln e s s  o f  s u c h  d e s c r ip t io n s  a n d  a ls o  is  

c o m p o u n d e d  b y  th e  e r r o r s  in h e r e n t  in  th e  e v a lu a t io n  o f  th e  t r ig o n o m e t r ic  f u n c t io n s .  

A lte r n a t iv e ly ,  th e  p a th  o f  in d iv id u a l  p h o to n s  ( ra y s )  m a y  b e  a c c u ra te ly  d e te r m in e d  w i t h  th e  h e lp  

o f  e le m e n ta r y  g e o m e tr y  a n d  th e  s u c c e s s iv e  a p p l ic a t io n  o f  th e  la w s  o f  r e f le c t io n ,  r e f r a c t io n  o r  

a t te n u a t io n .  T h is  m e th o d  is  k n o w n  as r a y - t r a c in g .  T h e  o p t ic a l  s y s te m  w a s  th u s  m o d e l le d  u s in g  

S h a d o w ,  a r a y - t r a c in g  c o m p u te r  p a c k a g e .

2.5.1 Shadow: an XUV ray tracing program

S h a d o w  is  a s o f tw a re  p a c k a g e  d e v e lo p e d  u n d e r  th e  d i r e c t io n  o f  F . C e r r in a  [ 3 ]  t o  s tu d y  

th e  p r o p a g a t io n  o f  a p h o to n  b e a m  th r o u g h  a n  o p t ic a l  s y s te m . T h e  p r o g r a m  is  g e n e r a l,  b u t  is  

o p t im is e d  f o r  th e  c a s e  o f  s o f t  x - r a y s  a n d  r e f le c t iv e  o p t ic s  s u c h  as th o s e  e n c o u n te r e d  in  th e  

X U V .  I t  is  w r i t t e n  in  F o r t ra n  7 7  a n d  ru n s  u n d e r  V M S  o n  a  D E C  V A X  6 2 3 0  in  d o u b le  p r e c is io n  

( w i t h  a  t y p ic a l  a c c u r a c y  o f  1 in  1 0 13) .  N o  a p p r o x im a t io n s  a re  m a d e  a n d  th e  u s e  o f  

t r ig o n o m e t r ic  fu n c t io n s  is  k e p t  to  a  m in im u m  b y  v e c to r  a lg e b ra .

T h e  p r o g ra m  tre a ts  a n  o p t ic a l  s y s te m  as a  s e r ie s  o f  o p t ic a l  e le m e n ts ,  e a c h  o n e  d e f in e d  

b y  a  r e f le c t in g  o r  r e f r a c t in g  s u r fa c e .  E a c h  o p t ic a l  e le m e n t is  d e l im i te d  b y  t w o  p la n e s ,  th e  o b je c t  

( s o u r c e )  p la n e  a n d  th e  im a g e  p la n e .  T h e  im a g e  p la n e  o f  a  g iv e n  o p t ic a l  e le m e n t  is  th e  o b je c t  

p la n e  o f  th e  f o l l o w in g  o n e . T h e  m a in  p r o g r a m ,  S h a d o w ,  t ra c e s  u p  t o  5 0 0 0  r a y s  t h r o u g h  a  

s y s te m  in  th is  w a y ,  g e n e ra t in g  a  s e r ie s  o f  o u tp u t  f i le s  w h ic h  a re  a n a ly s e d  b y  u t i l i t y  p r o g r a m s .  

T h e  u t i l i t ie s  ra n g e  f r o m  s im p le  c o d e  t o  t r a n s la te  th e  o u tp u t  f i le s  in t o  a  u s e fu l  f o r m a t  to  s c a le d ,  

o n -s c re e n  p lo t t in g  ro u t in e s  f o r  g r a p h ic a l a n a ly s is .

2.5.2 System modelling

S h a d o w  d a ta  c o u ld  be  e n te re d  in  o n e  o f  th re e  w a y s :  P r o m p t  m o d e  ( in  w h ic h  th e  u s e r  

a n s w e rs  q u e s t io n s  f r o m  S h a d o w  d e s ig n e d  to  c o v e r  th e  f u l l  s p e c i f ic a t io n  o f  a  s o u rc e  o r  o p t ic a l  

e le m e n t ) ;  M e n u  m o d e  (w h e re  th e  p r o g r a m  g e n e ra te s  a  c o m m a n d  le v e l  th r o u g h  w h ic h  a  s e t o f  

m e n u s  w e r e  a c c e s s e d ); B a tc h  m o d e  ( w h e r e  a  p a ra m e te r  f i l e  g e n e ra te d  b y  a  p r e v io u s  in p u t  

s e s s io n  is  s u p p l ie d  to  S h a d o w  f o r  a r e - r u n ) .  M e n u  m o d e  p r o v e d  to  b e  th e  m o s t  v e r s a t i le  a n d  

w a s  th u s  u s e d  th r o u g h o u t  th is  w o r k .

T h e  d a ta  to  c h a ra c te r is e  a n  o p t ic a l  s y s te m  w e re  e n te re d  in  t w o  s e p a ra te  m o d u le s  w i t h in  

S h a d o w ’s m e n u  m o d e  c o m m a n d  le v e l ,  c a l le d  S O U R C E  a n d  T R A C E  re s p e c t iv e ly .  T h e  s o u rc e  

d e s c r ip t io n  w a s  e n te re d  in  th e  S O U R C E  m o d u le  a n d  th e  o p t ic a l  s y s te m  p a ra m e te rs  w e re  e n te re d
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in the TRACE module
On entering SOURCE, a menu tree was set up to facilitate data input The structure of 

this was as follows8 Sub-menus are denoted by indentation, actual data are included as 
examples No lengths or positions were dimensioned (unless otherwise indicated), so 
consistency of units was essential

SOURCE 1

File to store rays BEGIN1
Source type Random
# rays 5000
Spatial type Ellipse

Width (X) • 0 125
Height (Z) 0 125
Depth (Y) Off

Angle distribution Uniform
Divergences (in Radians)
Horizontal (X+) 1 0 E

(X-) 1 0 E
Vertical <Z+) 3 0 E

(Z-) : 3.0 E
Photon energy dist : Multi Line

Units. Angst
# lines 2
At energy (1) 168

(2) 130

Note that the coordinate 
system referred to here is 
that of Shadow It is 
related to that of chapter 1 
by x = /, y = w and z = u

This information could be saved as text, for future use or modification, under a user- 
defined file name (as with all source files, it was given a 00 extension) On exiting from 
SOURCE, the data entered was stored m a parameter file called START 00 The parameter file 
was used to generate a binary output file (double precision array) which described the 
collection of rays constituting the source, called BEGIN DAT as specified in the mam menu (by 
changing this file name, various sources can be prepared without having to store the rather 
large text and parameter files)

For the sake of brevity, irrelevant menu structures are omitted.
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O n  e n te r in g  TRACE, a s im i la r  m e n u  t re e  w a s  s e t u p  f o r  in p u t t in g  th e  o p t ic a l  s y s te m  

p a r a m e te r s  O n c e  in  TRACE, e a c h  o p t ic a l  e le m e n t  o r  s c re e n  h a d  to  b e  s e p a r a te ly  d e f in e d ,  

n u m b e r e d  a n d  th e  n e c e s s a ry  d a ta  e n te re d  A g a in ,  th e  in fo r m a t io n  c o u ld  b e  s a v e d  as te x t  u n d e r  

a  u s e r - d e f in e d  f i l e  n a m e , w i t h  th e  o p t ic a l  e le m e n ts  s a v e d  s e p a ra te ly  u s in g  t h e i r  n u m b e rs  as f i l e  

e x te n s io n s ,  i e 0 1 , 02 , e tc  T h e  d a ta  r e q u ir e d  to  d e f in e  th e  g r a t in g  w a s  as f o l lo w s

OPTICAL ELEMENT 1

Source file name BEGIN
Source plane distance 199 51
Image plane distance 0
Angle of incidence 86
Angle of reflection 0
Type of element Reflector
Figure Spherical

Mirror parameters
Foci and continuation
planes. Coincident
Radius of curv 2000

Surface curvature • Concave
Limits check:

Shape• Rectangle
Dimensions X( + ) : 12.5

X(-) . 12 5

Y( + ) • 17 5
Y(-) 17 5

Diffraction Grating
Ruling type Constant
Lines/cm 12000
Autotunmg- Yes
Diffr order. -1
Wavelength. 168 A

Mount type ERG
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T h e  a n g le  o f  r e f le c t i o n  ( o r  d i f f r a c t io n ,  as i t  w a s  i n  t h is  c a s e )  a n d  th e  im a g e  p la n e  

d is ta n c e  w e r e  s e t t o  z e r o  s o  t h a t  w h e n  a u t o t u n in g  w a s  s e le c te d  ( f r o m  th e  s u b - m e n u  o f  

“ d i f f r a c t io n ” )  th e y  w e re  c a lc u la te d  b y  r a y - t r a c in g  m e th o d s .

T h e  s e c o n d  o p t ic a l  e le m e n t  r e p re s e n te d  th e  p h o to g r a p h ic  p la te .  T h is  w a s  a c h ie v e d  b y  

s e t t in g  u p  a  s p h e re  o f  r a d iu s  1 0 0 0  m m  w i t h  i t s  e q u a to r ia l  p la n e  c o in c id in g  w i t h  th e  e q u a to r ia l  

p la n e  o f  th e  R o w la n d  c y l in d e r .

T h e  in c lu s io n  o f  th e  e n t ra n c e  s l i t  is  f a c i l i t a t e d  b y  d e f in in g  a  s c re e n  (SCREEN 1 ) 

a s s o c ia te d  w i t h  O p t ic a l  E le m e n t  1. A  s c re e n  c o u ld  b e  in c lu d e d  a n y w h e r e  i n  th e  o p t ic a l  s y s te m , 

e i t h e r  t o  in te r a c t  w i t h  th e  b e a m  ( f i l t e r ,  s l i t  e t c . )  o r  t o  f a c i l i t a t e  e x a m in a t io n  o f  th e  b e a m . 

SCREEN l  w a s  d e f in e d  as f o l lo w s :

SCREEN 1

Position relative
to mirror: Before
Distance from mirror: 139.51
Aperturing: Yes

Open slit/solid stop: Slit
Shape: Rectangular
Slit width/X-axis: 15
Slit height/Z-axis: 0.02
Absorption: No

T h u s  b o th  th e  s o u rc e  a n d  th e  o p t ic a l  s y s te m  h a d  b e e n  d e f in e d .  O n  e x i t i n g  f r o m  TRACE, 
th e  d a ta  f r o m  e a c h  o p t ic a l  e le m e n t  w e re  s e p a ra te ly  s to re d  in  p a r a m e te r  f i le s  c a l le d  START.01, 
START.02 e tc .  T h e  p a ra m e te r  f i le s  w e re  u s e d  to  c a r r y  o u t  th e  r a y - t r a c in g  p ro c e d u re s ,  d u r in g  th e  

c o u rs e  o f  w h ic h  b in a r y  o u tp u t  f i le s  w e re  g e n e ra te d . T h e s e  d e s c r ib e d  th e  in te r c e p ts  o f  th e  b e a m  

w i t h  e i th e r  e le m e n t  s u r fa c e s  (MIRR.01, 02 e tc . )  im a g e /c o n t in u a t io n  p la n e s  (STAR.01, 02 e tc . )  o r  

s c re e n s  (SCREEN.01, 02 e tc . ) .

A  v e rb o s e  e x p la n a t io n  o f  a l l  th e  m e th o d s  a n d  d a ta  e m p lo y e d  to  m o d e l th e  s y s te m  is  n o t  

in c lu d e d  d u e  to  th e  a m o u n t  o f  e x p e r im e n ta t io n  r e q u i r e d  t o  p e r fe c t  th e  m o d e l .  O n ly  th e  re s u lts  

o f  m o d e l l in g  th e  o p t ic a l  s y s te m  a re  g iv e n .

S h a d o w  p r o v id e d  a  s e t o f  p r o g r a m s  to  a n a ly s e  th e  r e s u lts  o f  c a lc u la t io n s .  T h is  w o r k  

in v o lv e d  o n ly  PLOTXY, a  u t i l i t y  w h ic h  g e n e r a te d  p lo t s  f r o m  th e  b in a r y  o u t p u t  f i l e s  a n d  

PREPLOT, a  u t i l i t y  w h ic h  t ra n s la te d  th e  u n fo r m a t te d  b in a r y  f i le s  in t o  fo r m a t te d  t w o  c o lu m n  te x t  

f i le s .  T h e  t e x t  f i le s  w e r e  e x p o r te d  ( u s in g  th e  K e r m i t  t e r m in a l  e m u la t io n  s y s te m )  to  a n  A p p le  

M a c in to s h ™  f o r  p lo t t in g  a n d  a n a ly s is  u s in g  K a le id a g r a p h ™ .
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2 .5 .3  Ray-tracing results

T a k in g  th e  p la s m a  to  b e  p o s i t io n e d  a p p r o x im a te ly  6 0  m m  [ 1 ]  f r o m  th e  e n tra n c e  s l i t  ( o f  

2 0  ( im  w id t h ) ,  w i t h  a n  e m i t t in g  r e g io n  o f  d ia m e te r  0 .2 5  m m  (s e e  s e c t io n  3 .5 .2 ) ,  th e  p r in c ip a l  

c h a r a c te r is t ic s  o f  th e  o p t ic a l  s y s te m  w e re  as f o l l o w s .

M o s t  o f  th e  d i v e r g in g  s o u rc e  b e a m  w a s  b lo c k e d  b y  th e  s l i t ,  th e  s p e c t ro g ra p h  o n ly  

c o l le c t in g  a s m a l l  f r a c t io n  ( 0 .0 0 0 7  % )  o f  th e  t o t a l  f l u x  e m i t t e d 9 b y  th e  p r o b e  p la s m a . T h is  

a l lo w e d  o n ly  a  n a r r o w  p o r t i o n  a lo n g  th e  c e n t r e  o f  th e  g r a t i n g  t o  b e  i l lu m in a t e d ,  w i t h  

a p p r o x im a t e ly  3 5  % o f  th e  l i g h t  f r o m  th e  s l i t  m is s in g  th e  r u le d  a re a  o f  th e  g r a t in g  a lto g e th e r .  

T h u s  th e  g r a t in g  w a s  f u l l y  i l lu m in a t e d  a lo n g  th e  /  d i r e c t io n  b u t  o n ly  p a r t ia l ly  i l lu m in a te d  a lo n g  

th e  w  d i r e c t io n .  T h e  i l lu m in a t e d  w id t h  w a s  f o u n d  to  b e  a p p r o x im a t e ly  8 m m  c o m p a re d  to  a n  

o p t im u m  w id t h  o f  a p p r o x im a te ly  2 2  m m  (see  s e c t io n  3 .1 ) ,  th u s  th e  a p e r tu re  o f  th e  s y s te m  w a s  

f o u n d  t o  be  u n d e r f i l le d  b y  a  f a c t o r  o f  2 .7 5 .

x

Figure 2.5. Ray-traced astigmatic spectrum featuring lines 
at 16.8 n m  (centred on the origin) and 13.0 nm.

T h e  m o n o c h r o m a t ic  im a g e s  f o r m e d  a t th e  R o w la n d  c i r c le  h a d  th e  f o r m  o f  lo n g  s p e c tra l 

l in e s ,  c u r v e d  s y m m e t r ic a l ly  a b o u t  th e  c i r c le .  A  r a y - t r a c e d  a s t ig m a t ic  s p e c t ru m  w i t h  l in e s  a t 

1 6 .8  a n d  1 3 .0  n m  r e s p e c t iv e ly  is  s h o w n  in  f ig u r e  2 .5 ,  th e  R o w la n d  c i r c le  l ie s  in  th e  e q u a to r ia l 

o r  uw  p la n e  ( t h e ^  a x is  (.x = 0 )  i n  f ig u r e  2 .5 ) .  T h e  a x e s  a re  s c a le d  in  m i l l im e t r e s  w i t h  th e

A s s u m in g  th a t th e  p la s m a  ra d ia te s  u n ifo rm ly  in to  An s te ra d ia n s .
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points x = 0 and y = 0 representing the plane of the Rowland circle and the position at which 
the 16 8 nm line is positioned on that circle, respectively (this format also applies to ray-traced 
images shown in subsequent chapters) The lengths of these astigmatic spectral lines were 
measured to be 65 mm at 13 0 nm and 75 mm at 16 8 nm Due to the fact that the SWR plates 
were only 51 mm wide with a useable width of only 38 5 mm (the remainder being covered by 
the plateholder), comparison of these values with plate observations were not possible 
However, comparison of the curvature of the ray-traced image to that of the experimental 
result was made Having located a plate which had been fully exposed to the long spectral 
lines, the curvature was estimated by assuming that the lines were sections of a circle and 
estimating their radius (this is not strictly true [4] but can be assumed for comparative 
purposes) The expenmental radius was found to be 420 mm at 17 5 nm which compares 
reasonably well to a ray-traced radius of 515 mm at 16 8 nm The discrepancy of about 23 % 

being attributable to inaccuracies in the modelling process This result indicates that the ray- 
traced spectrum shown in figure 2 5 approximates what would be observed if the plates were 
sufficiently wide

2 5.4 Concluding remarks

Thus the optical system and the tools used to characterise it have been described The 
reasoning behind the modifications to the optics, developed m theory in chapter one and 
described in practise in the following chapters, are clear from section 2 5.3 above. Collecting 
such a small percentage of the flux emitted by the plasma was not such a problem on its own, 
indeed, only light from the probe that had passed through the absorbing plasma could 
contribute to an absorption spectrum When its effects were compounded by underfilling of 
the grating and spreading of the light across the long spectral lines observed at the Rowland 
circle, it was clearly a problem demanding attention.
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Chapter 3

The spatially resolved dual laser-plasma experiment

T h is  c h a p te r  c o n ta in s  d e ta i ls  o f  th e  m o d i f ic a t io n s  m a d e  to  th e  s y s te m  d e s c r ib e d  in  

c h a p te r  2  u s in g  th e  d e s ig n  c o n c e p ts  d e v e lo p e d  in  c h a p te r  1. T h e  p ro c e s s  b y  w h ic h  th e  m ir r o r  

p a r a m e te r s  a re  a s s ig n e d  v a lu e s  is  f i r s t  d is c u s s e d ,  th e n  th e  d e s ig n  a n d  c o n s t r u c t io n  o f  h o u s in g  

to  in c o r p o r a t e  th e  m i r r o r  in t o  th e  s y s te m  is  d e a l t  w i t h .  T h e  p ro c e d u re  f o r  a l ig n in g  th e  o p t ic a l  

e le m e n ts  w i t h  re s p e c t  to  e a c h  o th e r  is  d e s c r ib e d  in  s o m e  d e ta i l ,  b o th  f o r  ab initio a s s e m b ly  o f  

th e  s y s te m  a n d  r o u t in e  a l ig n m e n t  c h e c k in g .  T h e  e x p e r im e n ta l  p ro c e d u re  is  th e n  d e ta i le d  a n d  

th e  c h a p te r  is  c o n c lu d e d  b y  a c h a ra c te r is a t io n  o f  th e  o p t ic a l  s y s te m  u s in g  r a y - t r a c in g .

3.1 Toroidal mirror design
D e s ig n  o f  th e  m i r r o r  w a s  c a r r ie d  o u t  in  a c c o rd a n c e  w i t h  th e  c o n d i t io n s  s e t d o w n  in  

s e c t io n s  1 .3 .1  a n d  1 .3 .2 .  T h e  s y s te m  p a r a m e te r s  r e q u i r e d  t o  p e r f o r m  th e  n e c e s s a ry  

c a lc u la t io n s  w e re  th e  f o l lo w in g :

X =  1 6 .8  n m  w a v e le n g th  c h o s e n  to  b e  s t ig m a t ic

a  =  8 6 . 0 0 '  a n g le  o f  in c id e n c e  o n  g r a t in g

P  =  7 7 .7 9 7 °  a n g le  o f  d i f f r a c t io n  (s e e  e q u a t io n  (1 .1 2 ) )

R g =  2 0 0 0  m m  r a d iu s  o f  c u r v a tu r e  o f  g r a t in g 10

d sg=  1 3 9 .5 1  m m  s l i t - g r a t in g  d is ta n c e  (d ig =  R  c o s  a )

rv =  - 4 4 9 .4 7  m m  v i r t u a l  s o u rc e  d is ta n c e  (see  e q u a t io n  ( 1 .2 8 ) )

Wop, =  2 1 .8 9  m m  g r a t in g  o p t im u m  w id t h  (se e  e q u a t io n  (1 .2 9 ) )

3.1.1 Angle of incidence

A s  o u t l in e d  in  th e  in t r o d u c t io n ,  g r a z in g  in c id e n c e  w a s  r e q u ire d  d u e  to  th e  lo w  le v e ls  o f  

r e f l e c t i v i t y  w h ic h  r e s u l t  f r o m  th e  in te r a c t io n  o f  m a t te r  a n d  X U V  r a d ia t io n .  T h e  p h y s ic s  o f  th is  

in t e r a c t io n  is  g e n e r a l ly  d e s c r ib e d  in  te r m s  o f  r e f r a c t iv e  in d e x ,  n, w h ic h  is  a  f u n c t io n  o f

T h e  s u b s c r ip t “ g ”  w a s  a d d e d  to  d is tin g u is h  b e tw e e n  g ra tin g  ra d iu s  a n d  m ir ro r  m a jo r ra d iu s .
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w a v e le n g th  a n d  th e  e le m e n ts  c o m p r is in g  th e  m a te r ia l  r e f le c t in g  th e  x - r a y s .  I n  g e n e r a l th e  

r e f r a c t iv e  in d e x  is  s l ig h t ly  le s s  th a n  1 a n d  is  c o m p le x ,  p r o d u c in g  to ta l e x te rn a l r e f le c t io n .  T h e  

c r i t i c a l  a n g le ,  b e lo w  w h ic h  t o t a l  e x te r n a l  r e f le c t io n  o c c u rs  is  c a lc u la te d  u s in g  S n e l l ’ s la w ,

w h ic h ,  f o r  m e d ia  o f  in d ic e s  nl a n d  n2, is  g iv e n  b y  cos 9C = n jn , w h e re  c o m p le x  r e f r a c t iv e

in d e x  c a n  b e  w r i t t e n  as n =  1 - 8 - i p . R e f le c t iv i t y  c u rv e s  f o r  a  g iv e n  m a te r ia l a re  c a lc u la b le  b y  

m e a n s  o f  th e  F re s n e l e q u a t io n s ,  w h ic h  g iv e  th e  r e f le c te d  a m p l i t u d e  a t th e  b o u n d a r y  o f  t w o  

m a te r ia ls .  5  a n d  p, w h ic h  c h a ra c te r is e  th e  s c a t te r in g  a n d  a b s o rb in g  asp e c ts , r e s p e c t iv e ly ,  o f  th e  

m a t te r - r a d ia t io n  in te ra c t io n ,  a re  g iv e n  b y

S = k  p f ,  / E A a n d  p  = k p f 2 /  E A.

f j  a n d  f 2 a re  th e  re a l a n d  im a g in a r y  p a r ts  o f  th e  a to m ic  s c a t te r in g  fa c to r ,  r e s p e c t iv e ly ,  E  is  th e  

p h o to n  e n e r g y ,  A is  th e  a to m ic  m a s s  a n d  k  is  a  c o n s ta n t  ( w i t h  p h o to n  e n e rg y  in  e V  a n d  d e n s i ty

in  g . c n r 3, k  =  4 1 5 .2 2  [ 1 ] )  T h e  d e p e n d e n c e  o f  r e f r a c t iv e  in d e x  o n  th e  d e n s i ty ,  p ,  o f  th e  

r e f le c t i n g  s u r fa c e ,  as g iv e n  b y  th e  e x p r e s s io n s  f o r  th e  c o m p o n e n ts  o f  c o m p le x  r e f r a c t iv e  

in d e x ,  n e c e s s ita te s  th e  use  o f  a  h ig h ly  d e n s e  s u b s ta n c e , u s u a l ly  g o ld .

G ra z in g  A n g le  (D e g re e s )

Figure 3.1. Reflectivity curves for gold as a function of grazing angle.

Incorporating the complex refractive index into Fresnel’s equations [2] facilitates 
calculation of reflectivity curves as shown in figure 3.1. Such theoretical calculations cannot
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a c c o u n t  f o r  s u c h  fa c to r s  as s u r fa c e  ro u g h n e s s  s o  i t  m u s t  b e  a s s u m e d  th a t  a  p r e c is io n - g r o u n d  

o p t ic a l  s u r fa c e  a p p r o x im a te s  a n  id e a l  o n e  T h e  /  v a lu e s  f o r  th e  w a v e le n g th s  u s e d  w e re  ta k e n  

f r o m  lo w - e n e r g y  x - r a y  in te r a c t io n  c o e f f ic ie n t  ta b le s  [3 ]

T a k in g  5 n m  as th e  s h o r te s t  w a v e le n g th  to  b e  o f  in te r e s t ,  i t  w a s  c o n c lu d e d  b y  

in s p e c t io n  o f  f ig u r e  3 1 th a t  a  g r a z in g  a n g le  o f  4 °  w a s  th e  m o s t  s u ita b le  ( l e  an  in c id e n c e  a n g le  

o f  8 6 ° ) ,  p r o d u c in g  a b o u t  5 0  % r e f l e c t i v i t y  ( a t  5  n m )  A  s m a l le r  a n g le ,  w h i le  m c r e a s in g  

r e f le c t iv i t y ,  w o u ld  r e d u c e  th e  e f f e c t iv e  a re a  o f  th e  m i r r o r  a n d  p o s s ib ly  in t r o d u c e  s h a d o w in g  

e f fe c ts  c a u s e d  b y  th e  c u r v a tu r e  o f  th e  m i r r o r  a n d  a  la r g e r  a n g le ,  w h i le  f a c i l i t a t in g  u s e  o f  a 

s m a l le r  m i r r o r ,  (s e e  e q u a t io n  1 3 0 ) ,  w o u ld  c o n s id e r a b ly  r e d u c e  r e f l e c t i v i t y  a t s h o r te r  

w a v e le n g th s ,  e g  a  g r a z in g  a n g le  o f  8° (a n  in c id e n c e  a n g le  o f  8 2 ° )  w o u ld  p ro d u c e  a b o u t 15  % 
r e f le c t i v i t y  a t 5 n m  (see  f ig u r e  3 1)

3.1.2 Source, primary image and secondary image distances

S h a d o w , th e  r a y - t r a c in g  p a c k a g e , w a s  n o t  a v a i la b le  a t th e  t im e  th e  t o r o id a l  m i r r o r  w a s  

d e s ig n e d  so  f u l l  o p t im is a t io n  o f  th e  d e s ig n  p a ra m e te rs  w a s  n o t  e a rn e d  o u t  b y  r a y - t r a c in g

T o  e l im in a te  th e  p o s s ib i l i t y  o f  m a te n a l e m a n a t in g  f r o m  th e  p la s m a  c o n ta m in a t in g  th e  

m ir r o r ,  a  s u i ta b ly  la rg e  v a lu e  o f  r w a s  c h o s e n  

r =  4 5 0  m m

T o  a v o id  th e  r e q u i r e m e n t  f o r  a n  o v e r ly  w id e  m i r r o r  (s e e  e q u a t io n  1 3 0 )  a n d  th e  

o c c u r r e n c e  o f  a n  o v e r ly  w id e  p n m a r y  im a g e  (s e e  s e c t io n  1 2  4 ) ,  th e  v a lu e  o f  r \  w a s  k e p t  

c lo s e  t o  d „*5
r', =  1 5 0  m m

r'2 was determined by adding the distances from the mirror to the virtual source (see 
figure 1.7), l e  r ,l + d % +  r, 

r \  = 739 mm

T h e  r a d i i  r e q u i r e d  t o  m e e t  th e  a b o v e  s p e c i f ic a t io n s  w e r e  c a lc u la te d  u s in g  e q u a t io n s  

(1  2 5 )  a n d  (1  2 7 )

M a jo r  r a d iu s ,  R =  3 2 2 5  m m

M in o r  r a d iu s ,  p  =  3 9  m m  

3 1.3 Mirror width

T h e  m i r r o r  w id t h  a lo n g  th e  d i r e c t io n  o f  th e  m a jo r  ra d iu s  ( m w  p la n e )  r e q u i r e d  to  e n s u re

o p t im u m  g r a t in g  i l lu m in a t io n  w a s  c a lc u la te d  f r o m  e q u a t io n  (1 .3 0 )

-  2 4  m m
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3.2 Housing design and construction
T h e  m o d i f ic a t io n s  m a d e  to  in c lu d e  th e  t o r o id a l  m i r r o r  in  th e  s y s te m  w e re  b a s e d  o n  a n  

e x is t in g  s y s te m  a t th e  U  S N a t io n a l  B u r e a u  o f  S ta n d a rd s ,  C e n t re  f o r  R a d ia t io n  R e s e a rc h ,  

G a it h e r s b u r g ,  M a r y la n d ,  d e s ig n e d  b y  T  B  L u c a t o r t o  a n d  h is  c o l la b o r a to r s  [ 4 ]  T h e  ta r g e t  

c h a m b e r  d e s c r ib e d  m  c h a p te r  2  w a s  r e p la c e d  b y  f r o n t - e n d  o p t ic s  c o n s is t in g  o f  a  p a i r  o f  

h o r iz o n t a l l y  a l ig n e d  h o l lo w  c u b e s  m o u n te d  o n  a  le v e l le d  ta b le  T h e  p r o b e  a n d  a b s o r b in g  

p la s m a s  w e r e  g e n e ra te d  in  o n e  c u b e , th e  r a d ia t io n  f r o m  w h ic h  p a s s e s  th r o u g h  a p ip e  o n to  th e  

m i r r o r  w h ic h  w a s  m o u n te d  in  th e  s e c o n d  c u b e  T h e  s p e c t ro g ra p h  w a s  m o u n te d  a t a n  a n g le  o n  

a s e c o n d  ta b le  s u c h  th a t  th e  r a d ia t io n  r e f le c t e d  b y  th e  m i r r o r  w a s  d i r e c t e d  a lo n g  th e  

s p e c t r o g r a p h  a x is ,  as d e f in e d  b y  a H e N e  la s e r  m o u n te d  o n  th e  t a r g e t  c h a m b e r  T h e  c u b e  

s y s te m  a n d  a n c i l la r y  e q u ip m e n t  a re  n o w  d e s c r ib e d  m  d e ta i l

3.2.1 The target chamber

T h e  ta r g e t  c h a m b e r  c o n s is te d  o f  a  c u b e  o f  a lu m in iu m  o f  s id e  le n g th  1 2 7  m m  th r o u g h  

w h ic h  th re e  m u t u a l ly  o r th o g o n a l h o le s ,  o f  d ia m e te r  7 1  m m ,  w e re  m a c h in e d  n o r m a l  t o  e a c h  

p a i r  o f  a d ja c e n t  fa c e s  r e s p e c t iv e ly  F o u r  M 4  ta p p e d  h o le s ,  o n  a l l  e x c e p t  th e  u p p e r  fa c e ,  

f a c i l i t a t e d  a t ta c h m e n t  o f  th e  v a r io u s  f la n g e s  A l l  c o m p o n e n ts  w e re  m a c h in e d  f r o m  a lu m in iu m  

f o r  e a se  o f  m a n u fa c tu r e  u n le s s  w e ld in g  w a s  r e q u ire d ,  m  w h ic h  ca se  s ta in le s s  s te e l w a s  u s e d  

T h e  b o t to m  o f  th e  c u b e  w a s  s u p p o r te d  b y  a  s ta in le s s  s te e l c y l in d r i c a l  c o lu m n  o f  f la n g e  

d ia m e te r  1 2 7  m m  a n d  b o d y  d ia m e te r  9 7  m m  T h e  c o lu m n  w a s  b o r e d  o u t  t o  a n  in t e r n a l  

d ia m e te r  o f  7 1  m m ,  w i t h  th e  h o le  e m e r g in g  t h r o u g h  th e  s id e  o f  th e  c o lu m n  v ia  a  s ta n d a r d  

v a c u u m  f la n g e  (6 3  m m  in te r n a l d ia m e te r )  w e ld e d  o n to  th e  c o lu m n .  T h is  f a c i l i t a t e d  c o n n e c t io n  

t o  th e  v a c u u m  s y s te m . W e ld e d  t o  th e  s id e s  o f  th e  6 3  m m  f la n g e  w e r e  t w o  2 5  m m  v a c u u m  

p o r ts  f o r  c o n n e c t in g  p re s s u re  g a u g e s  T h e  c o lu m n  w a s  b o l te d  t o  a  1 0  m m  s te e l p la te  s u p p o r te d  

b y  a  w e ld e d  5 0  m m  m i ld  s te e l b o x -s e c t io n  ta b le

T h e  fo c u s in g  o p t ic s  f o r  th e  la s e rs  w e r e  m o u n te d  o n  a n  a lu m in iu m  p la t e  c la m p e d  

a r o u n d  th e  c o lu m n  T h e  tw o  le n s e s  w e re  h e ld  b y  s p n n g - lo a d e d  G - c la m p s  m o u n te d  o n  th re e  

m u t u a l l y  o r th o g o n a l t r a n s la t io n  s ta g e s  f o r  c o n t r o l l in g  th e  p o s i t io n  a n d  f o c u s in g  c o n d i t io n s  o f  

p la s m a  f o r m a t io n  T h e  la s e r  p u ls e s  w e re  a d m it te d  to  th e  ta r g e t  c h a m b e r  b y  m e a n s  o f  a  6  m m  

t h i c k  g la s s  w in d o w  s e c u re d  t o  th e  f r o n t  o f  th e  c h a m b e r  b y  a  c i r c u la r  a lu m in iu m  f r a m e  o f  

d ia m e te r  1 2 7  m m  T h e  e f fe c t iv e  w in d o w  d ia m e te r  m a tc h e d  th e  c h a m b e r  b o re  o f  7 1  m m

A  s im i la r  w in d o w  o n  th e  r ig h t - h a n d  s id e  o f  th e  c h a m b e r  h a d  a n  a lu m in iu m  la s e r - c ra d le  

m o u n t e d  o v e r  i t  T h e  c r a d le  fe a tu r e d  s c re w s  to  a d ju s t  th e  d i r e c t io n  o f  th e  b e a m  d u n n g  

a l ig n m e n t

T h e  a b s o rb in g  p la s m a  w a s  g e n e ra te d  o n  th e  f r o n t  fa c e  o f  a  d is c  w h ic h  is  s e c u re d  t o  th e  

e n d  o f  a  s l i d in g  s h a f t  b y  a d h e s iv e  I t  w a s  p o s i t io n e d  b y  th e  s l id in g  s h a f t  ( h a v in g  t w o  d e g re e s  

o f  f r e e d o m ,  t ra n s la t io n  a n d  r o ta t io n )  a t ta c h e d  b y  m e a n s  o f  a  W i ls o n  s e a l t o  a  f la n g e  b o l t e d  o n to
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the back o f the chamber Target translation was quantified by spring-loading the protruding 
end of the shaft against a micrometer Rotation of the shaft facilitated supplying a fresh surface 
for repeated plasma production

Figure 3 2 Front view of the target chamber showing side 
window in cross secuon and lens clamps displaced for clarity

The probe plasma was generated on the side of a cylindrical target which was secured 
to the end of a rotating shaft by a chuck The shaft was attached to a square table (of side 110 
mm) by means of a Wilson seal The table rested (unbolted) on the top surface of the chamber 
such that it could slide across the chamber surface This allowed the target position to be 
controlled by a clamp around the top of the chamber, the motion being monitored by two 
micrometers, one for each degree of freedom Part of the shaft was threaded so that rotation 
produced helical motion of the target surface about its axis, supplying a fresh surface for
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re p e a te d  p la s m a  p r o d u c t io n .

B o l te d  to  th e  le f t - h a n d  fa c e  o f  th e  c h a m b e r  w a s  a  s ta in le s s  s te e l f la n g e  w i t h  a  s ta n d a rd  

v a c u u m  p o r t  ( 4 0  m m  in te r n a l  d ia m e te r )  w e ld e d  o n  to  i t .  T h is  w a s  c o n n e c te d  to  th e  m i r r o r  

c h a m b e r  v ia  a n  is o la t in g  v a lv e  a n d  a le n g th  o f  s ta in le s s  s te e l p ip e .  F ig u r e s  3 .2  a n d  3 .3  s h o w  

f r o n t  a n d  s id e  v ie w s ,  re s p e c t iv e ly ,  o f  th e  ta rg e t  c h a m b e r .

Figure 3.3. Side view of the target chamber.

3.2.2 The mirror chamber

T h e  m i r r o r  c h a m b e r  w a s  id e n t ic a l  t o  th e  ta r g e t  c h a m b e r  e x c e p t  th a t  a l l  s ix  fa c e s  w e re  

d r i l l e d  a n d  ta p p e d  w i t h  f o u r  M 4  h o le s .  T h e  s u p p o r t in g  c o lu m n  w a s  a ls o  o f  th e  s a m e  d e s ig n  as 

th a t  s u p p o r t in g  th e  ta r g e t  c h a m b e r  e x c e p t  th a t  i t  w a s  s o l id  a lu m in iu m ,  h a v in g  n o  c o n n e c t io n  t o  

th e  v a c u u m  s y s te m . I t  w a s  b o lte d  to  th e  ta b le  as b e fo re .
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Figure 3 4. Front view of the mirror chamber

Figure 3.5. Side view of the mirror chamber
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B o l t e d  to  th e  l e f t -  a n d  r ig h t - h a n d  fa c e s  o f  th e  c u b e  w e r e  s ta in le s s  s te e l f la n g e s  w i t h  

a t ta c h e d  v a c u u m  p o r ts  ( 4 0  m m  in te r n a l  d ia m e te r ) .  T h e  r ig h t - h a n d  p o r t  w a s  c o n n e c te d  to  th e  

p ip e  f r o m  th e  ta rg e t  c h a m b e r ,  th e  le f t - h a n d  p o r t  w a s  m o u n te d  a t a n  a n g le  f o r  c o n n e c t io n  to  th e  

s l i t - h o u s in g  f la n g e  b y  m e a n s  o f  a  s h o r t  r u b b e r  h o s e . T h e  h o s e  s e rv e d  to  d e c o u p le  th e  f r o n t -  

e n d  ta b le  f r o m  th e  s p e c t ro g ra p h  ta b le .

T h e  b a c k  o f  th e  c h a m b e r  w a s  c o n n e c te d  to  th e  s p e c t ro g ra p h  ta n k  v ia  a  2 5  m m  p o r t  a n d  

a  f le x i b le  s te e l p ip e  t o  e q u a lis e  th e  c h a m b e r  p re s s u re s  o n  e i th e r  s id e  o f  th e  s li t .

T h e  t o r o id a l  m i r r o r  w a s  c la m p e d  b y  l i g h t ly  s p ru n g  a lu m in iu m  ja w s  o n to  a  k in e m a t ic  t i l t  

ta b le  f o r  p re c is e  a n g u la r  a d ju s tm e n t .  T h e  ta b le  ( m o d e l 1 4 0 0 4 , s u p p l ie d  b y  O r ie l )  fe a tu re d  f in e  

p i t c h  s c r e w  a d ju s tm e n t  w i t h  a n  a n g u la r  ra n g e  o f  ± 4 ° .  I t  w a s  s c re w e d  o n to  th e  e n d  o f  a 1 4  m m  

d ia m e te r  s h a f t  w h ic h  w a s  a t ta c h e d  to  a  s q u a re  ta b le  v ia  a  W i ls o n  s e a l in  a s im i la r  m a n n e r  to  th e  

p r o b e  ta r g e t  h o ld e r  e x c e p t  th a t  r o ta t io n  o f  th e  s h a f t  w a s  n o t  p e r m it te d ,  o n ly  v e r t ic a l  t r a n s la t io n  

b y  m e a n s  o f  a  f i n e ly  th re a d e d  p o s i t io n e r  a t th e  to p  o f  th e  s h a f t .  T h e  ta b le  w a s  b o lte d  to  th e  to p  

fa c e  o f  th e  c h a m b e r  b y  M 4  b o l t s  th r o u g h  o v e r s iz e d  c le a ra n c e  h o le s  (8  m m )  a l lo w in g  ± 2  m m  

a d ju s tm e n t  o f  ta b le  p o s i t io n  ( f o r  a l ig n m e n t  p u rp o s e s )  o n  lo o s e n in g  th e  b o lts .

T h e  f r o n t  fa c e  o f  th e  c u b e  w a s  c o v e r e d  b y  a  w in d o w  id e n t ic a l  to  th o s e  o n  th e  ta rg e t  

c h a m b e r .  A c c e s s  to  th e  t i l t  t a b le  a d ju s tm e n t  s c re w s  w a s  g a in e d  b y  r e m o v in g  th e  w in d o w .  

F ig u r e s  3 .4  a n d  3 .5  s h o w  f r o n t  a n d  s id e  v ie w s ,  r e s p e c t iv e ly ,  o f  th e  m ir r o r  c h a m b e r.

3.2.3 The focusing optics and lasers

T h e  m o u n t in g  p la te  f o r  th e  le n s  h o ld e rs  h a d  a  u s a b le  le n g th  o f  7 0  m m  a n d  w a s  1 2 7  m m  

w id e .  E a c h  ( c i r c u la r )  le n s  w a s  h e ld  b y  a  c u s to m  d e s ig n e d  s p r in g - lo a d e d  G - c la m p  w i t h  a 

c u r v e - m a tc h e d  lo w e r  ja w .  T h e  c la m p  w a s  a t ta c h e d  to  a  s ta n d a rd  1 2 .7  m m  p o s t  w h ic h  s a t in  a  

v e r t ic a l  p o s t  t r a n s la to r  ( m o d e l M - V P T - 3 ,  s u p p l ie d  b y  N e w p o r t )  w i t h  a  ra n g e  o f  ± 6  m m , g iv in g  

p r e c is e  c o n t r o l  o v e r  th e  v e r t i c a l  p o s i t io n  o f  th e  le n s .  T h e  p o s t  h o ld e r  w a s  m o u n te d  o n  a 

h o r i z o n t a l l y  s ta c k e d  p a i r  o f  m u t u a l l y  o r t h o g o n a l  b a l l - s l i d e  t r a n s la to r s  ( m o d e l  M - 4 5 0 A ,  

s u p p l ie d  b y  N e w p o r t )  w i t h  a  ra n g e  o f  ± 3  m m ,  g i v in g  p r e c is e  c o n t r o l  w i t h  t w o  d e g re e s  o f  

f r e e d o m  in  th e  h o r iz o n t a l  p la n e .  F ig u r e s  3 .2  a n d  3 .3  in c lu d e  f r o n t  a n d  s id e  e le v a t io n s  o f  th e  

le n s  m o u n t .

T h e  la s e rs  w e r e  p o s i t io n e d  w i t h  th e  Y A G  a im e d  d i r e c t ly  a t th e  p ro b e  ta rg e t  a n d  th e  

r u b y  a t  9 0 °  t o  th e  Y A G  w i t h  a  b e a m - s te e r in g  m i r r o r  m o u n te d  s u c h  th a t  th e  r u b y  b e a m  w a s  

d e f le c te d  a lo n g  a  p a th  p a r a l le l  t o  th e  Y A G  b e a m  in  th e  d i r e c t io n  o f  th e  a b s o rb in g  ta rg e t. T h is  is  

n e c e s s i ta te d  b y  th e  s h o r t  d is ta n c e  b e tw e e n  th e  t w o  ta rg e ts  ( 1 0 - 3 0  m m ) .

3.2.4 The vacuum system

T h e  s p e c t ro g r a p h  s id e  o f  th e  s y s te m  w a s  p u m p e d  (a s  d e s c r ib e d  in  s e c t io n  2 .1 .1 )  b y  a 

tu r b o m o le c u la r / tw o - s ta g e  r o t a r y  p u m p  c o m b in a t io n ,  w i t h  th e  tu r b o  m o u n te d  b e lo w  th e  g r a t in g  

h o u s in g  a n d  th e  r o t a r y  h o u s e d  u n d e r  th e  s p e c t ro g r a p h  ta b le ,  th e  t w o  b e in g  c o n n e c te d  b y  a
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c o r r u g a te d  s ta in le s s  s te e l p ip e  o f  4 0  m m  in te r n a l  d ia m e te r  T h e  p u rp o s e  o f  th e  c o r r u g a t io n s  

w a s  f o r  f l e x i b i l i t y  a n d  to  d e c o u p le  th e  v ib r a t in g  r o t a r y  p u m p  f r o m  th e  re s t  o f  th e  s y s te m

T o  c o m p e n s a te  f o r  th e  in c r e a s e d  v o lu m e  a n d  m o r e  c o m p le x  in te r n a l  s h a p e  o f  th e  

m o d i f ie d  s y s te m , th e  ta rg e t  c h a m b e r  w a s  c o n n e c te d  t o  a  D i f f s ta k ®  d i f f u s io n  p u m p  ( s u p p l ie d  b y  

E d w a r d s  H ig h  V a c u u m )  w h ic h  w a s  b a c k e d  b y  a  tw o - s ta g e  r o t a r y  p u m p  T h e  D i f f s t a k  w a s  

c o n n e c te d  t o  th e  ta r g e t  c h a m b e r ’ s s u p p o r t in g  c o lu m n  b y  a  6 3  m m  d ia m e te r  c o r r u g a te d  p ip e  

w h ic h  p a s s e d  t h r o u g h  a h o le  in  th e  f r o n t - e n d  ta b le ,  th e  p u m p in g  n g  b e in g  h o u s e d  u n d e r  th e  

ta b le

U s in g  b o th  p u m p in g  s y s te m s  to g e th e r ,  r o u g h in g 11 f r o m  th e  s p e c tro g ra p h  s id e  a n d  th e n  

o p e n in g  th e  D i f f s t a k ,  f a c i l i t a te d  p u m p in g  d o w n  to  a  w o r k in g  p re s s u re  o f  a b o u t 10 2 - 10*3 P a  m  

le s s  th a n  f i f t e e n  m in u te s ,  a s s u m in g  th a t  th e  s y s te m  w a s  b e in g  u s e d  r e g u la r ly

A l l  c o n n e c t io n s  a n d  f la n g e s  w e r e  s e a le d  b y  m t n le  r u b b e r  O - n n g s  w h ic h  w e re  l i g h t l y  

s m e a re d  w i t h  v a c u u m  g re a s e  to  p re v e n t  d e g r a d a t io n  o f  th e  r u b b e r  u n d e r  re p e a te d  c o m p re s s io n  

a n d  e x p a n s io n  c y c le s  as th e  s y s te m  w a s  e v a c u a te d  a n d  v e n te d

A  m a n u a l g a te  v a lv e  w a s  in c lu d e d  b e tw e e n  th e  ta rg e t  c h a m b e r  a n d  m ir r o r  c h a m b e r  s o  

th a t  th e  t w o  s id e s  o f  th e  s y s te m  c o u ld  b e  e v a c u a te d  o r  v e n te d  s e p a ra te ly  T h is  a l lo w e d  a  p la te  

to  b e  c h a n g e d  w i t h o u t  d is tu r b in g  th e  ta r g e t  c h a m b e r  o r  a  ta rg e t  to  be  c h a n g e d  w i t h o u t  h a v in g  

t o  v e n t  th e  m i r r o r  c h a m b e r  a n d  s p e c t ro g r a p h  ta n k ,  th u s  r e d u c in g  th e  tu r n a r o u n d  t im e  o f  

e x p e r im e n ts

Roughing
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Figure 3.6. Schemauc of the vacuum system

P re s s u re  w a s  m e a s u re d  a t tw o  lo c a t io n s  a t th e  f la n g e  c o n n e c t in g  th e  tu r b o  p u m p  to  th e  

s p e c t r o g r a p h  a n d  a t th e  f la n g e  c o n n e c t in g  th e  D i f f s t a k  to  th e  ta r g e t  c h a m b e r  M o s t  o f  th e  

p u m p in g  p ro c e s s  w a s  m o n it o r e d  u s in g  a  P ir a m  g a u g e , a  d e v ic e  th a t  w o r k s  o n  th e  p r in c ip le  th a t  

th e  t h e r m a l c o n d u c t i v i t y  o f  a  ga s  is  p r o p o r t io n a l  to  p re s s u re ,  w h ic h  h a s  a  ra n g e  f r o m  1 0 2 d o w n  

t o  a b o u t  1 0 " 1 P a , b e c o m in g  s o m e w h a t  in a c c u r a te  c lo s e  to  i t s  lo w e r  l i m i t  W h e n  th e  D i f f s t a k  

w a s  in  o p e r a t io n ,  th is  l i m i t  w a s  q u ic k ly  r e a c h e d  n e c e s s i ta t in g  th e  u s e  o f  a  P e n n in g  g a u g e ,  a

The initial pumping stage using the rotary pump to reduce chamber pressure to about 10 Pa.
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high voltage device that works on the principle that discharge current has a dependency on 
pressure at fixed voltage This has a range from 10 1 down to 105 Pa thus being ideal for 
monitoring the vacuum when at working pressures One Penning gauge was included between 
the target chamber and the Diffstak A schematic diagram12 of the system is shown above (see 
figure 3 4)

3.3 Alignment
The addition of an auxiliary optical element to compensate for astigmatism in the 

concave grating meant that there were five independently adjustable optical elements 
Fortunately, three of these could be treated as one, assuming that the slit, grating and plate 
holder were correctly aligned m the spectrograph Thus the spectrograph must be aligned to 
the toroidal mirror and the source, the mirror bemg the critical element as the source position 
was treated as an experimental variable The alignment process is described below as a three 
stage procedure, from commissioning the system to experimental alignment

3.3.1 Initial alignment

Commissioning the system obviously required that a complete alignment process be 
developed to correctly position the optical elements This process proved to be tedious to 
perform unaided, so several tools were designed to simplify the process The steps involved 
are now described.

1. Defining the optic axis (from source to mirror):- The two cubes were positioned 
such that they are accurately aligned with respect to each other, thus defining a frame of 
reference The optic axis was defined as the line joining the cube centres, and the alignment 
laser (HeNe 1) was positioned to the right of the target chamber with the beam centred on the 
optic axis (see figure 3.7). The process of aligning the HeNe was facilitated by two templates 
which, when positioned carefully on the upper faces of the mirror and target chambers 
respectively, had narrow apertures (approximately 1 mm) defining the optic axis

2 Defining the optic axis (from mirror to detector) - To define the optic axis after the 
mirror (without placing the mirror in its correct position), required the temporary introduction 
of a second HeNe (HeNe 2) This was mounted directly above HeNe 1 (in the same vertical 
plane) with its beam directed downward at an angle of 8° (twice the angle of mcidence on the 
mirror) to that of HeNe 1 such that the two beams intersect at the centre of the mirror chamber. 
To assist in finding the correct intersection point, the mirror chamber template featured two 
apertures, one defining the horizontal pre-mirror axis and another at 8° to the horizontal, with

ISO Standard Graphic Symbob [5] are used
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th e  t w o  c ro s s in g  a t th e  c u b e  c e n tre . A s  th e  p a th  o f  H e N e  2  w a s  b lo c k e d  b y  th e  ta r g e t  c h a m b e r ,  

th e  la t t e r  w a s  re m o v e d  b e fo r e  f in a l is i n g  th e  p o s i t io n  o f  th e  fo r m e r .  T h e  c o r r e c t l y  p o s i t io n e d  

b e a m  o f  H e N e  2  d e f in e d  th e  o p t ic  a x is  to  w h ic h  th e  s p e c tro g ra p h  m u s t  b e  a l ig n e d .

3 . A l i g n in g  th e  s p e c t ro g ra p h  to  th e  o p t ic  a x is : -  T h e  s p e c t ro g ra p h  w a s  m o u n te d  a t a n  

a n g le  o f  1 2 ’  to  th e  h o r iz o n ta l  o n  i t s  ta b le  ( th e  a n g le  o f  in c id e n c e  o n  th e  g r a t in g  a d d e d  to  8 * ) .  

T h e  ta b le  w a s  m o v e d  in to  p o s i t io n  s u c h  th a t  th e  s l i t  w a s  1 5 0  m m  f r o m  th e  c e n tre  o f  th e  m i r r o r  

c h a m b e r  a n d  w a s  c e n t re d  o n  th e  b e a m  o f  H e N e  2 . T o  s im p l i f y  a c c u ra te  p o s i t io n in g  o f  th e  

s p e c t r o g r a p h ,  th e  a x is  w a s  c h o s e n  to  p a s s  t h r o u g h  a n  a c c e s s  h o le  a t th e  b a c k  o f  th e  ta n k  

( u n fo r t u n a te ly  th e  a x is  d id  n o t  p a ss  p r e c is e ly  a lo n g  th e  m e r id io n a l  p la n e  o f  th e  R o w la n d  c ir c le  

b u t  t h is  is  o f  l i t t l e  c o n s e q u e n c e  as s p e c t ra l q u a l i t y  is  n o t  a f fe c te d ) .  U s in g  a p lu g - te m p la te  

p la c e d  in  th e  access h o le  a n d  a d ju s t in g  th e  ta b le  p o s i t io n  u n t i l  th e  la s e r  s p e c k le  p a t te rn  c o v e re d  

th e  s p o t  o n  th e  p lu g ,  th e  c o r r e c t  s p e c t ro g ra p h  p o s i t io n  w a s  f o u n d .  T o  f in e - tu n e  t h is  p o s i t io n ,  

b o th  c e n t r a l  in c id e n c e  o f  H e N e  2  o n  th e  g r a t in g  a n d  q u a s i- c e n t r a l in te r s e c t io n  o f  H e N e  2  w i t h  

th e  z e ro  o r d e r  im a g e  lo c a t io n  o n  th e  R o w la n d  c i r c le  w e re  c h e c k e d .

4 . R e p la c in g  th e  ta r g e t  c h a m b e r  ( r e m o v e d  a t S te p  2  a b o v e ) : -  A  f u r t h e r  la s e r ,  H e N e  3 , 

w a s  p la c e d  s u c h  th a t i t  f o l l o w e d  e x a c t ly  th e  p a th  o f  H e N e  2 , e x c e p t  th a t  i t  e n te r e d  f r o m  th e  

b a c k  o f  th e  s p e c tro g ra p h .  T h is  f a c i l i t a t e d  r e m o v a l  o f  H e N e  2  f r o m  th e  s y s te m  a n d  th u s  th e  

ta r g e t  c h a m b e r  w a s  re p la c e d  a n d  H e N e  1 m o u n te d  o n  i t  (as  s h o w n  in  f ig u r e  3 .2 ) .

HeNe 2

F igure 3.7. Schematic of the alignment setup.

5 . P o s i t io n in g  th e  to r o id a l  m ir r o r : -  T h e  c o r r e c t  m i r r o r  p o s i t io n  w a s  f o u n d  b y  p la c in g  i t  

s u c h  th a t  i t  w a s  a lig n e d  w i t h  th e  m a jo r  ra d iu s  p a r a l le l  t o  th e  o p t ic  a x is  a n d  i t s  p o le  a t th e  p o in t  

o f  in te r s e c t io n  o f  th e  tw o  b e a m s . T h e  a n g le  o f  th e  t i l t  ta b le  w a s  th e n  a d ju s te d  u n t i l  th e  b e a m  

p a th s  w e r e  e x a c t ly  c o in c id e n t.  D u e  to  th e  fa c t  th a t  th e  m ir r o r  w a s  m o u n te d  v ia  a n  O - r in g - s e a le d  

ta b le  o n  th e  c u b e , th e  c u b e  w a s  e v a c u a te d  to  w o r k in g  p re s s u re  a n d  th e  m i r r o r  ta b le  s e c u re d  b y  

h a n d - t ig h t e n in g  i t s  f o u r  b o l t s  w i t h  th e  O - r in g  in  i t s  c o m p re s s e d  s ta te . T h e  c u b e  w a s  th e n  

v e n te d  a n d  th e  v e r t ic a l  p o s i t io n  o f  th e  m i r r o r  a d ju s te d  to  a c c o u n t  f o r  th e  O - r in g  c o m p r e s s io n .  

T h is  e n s u re d  th a t  th e  m ir r o r  w o u ld  n o t  m o v e  o n  re p e a te d  p u m p in g  a n d  v e n t in g  o f  th e  s y s te m .

6 . C h e c k in g  th e  a l ig n m e n t : -  T o  c h e c k  th a t  th e  s y s te m  w a s  p r o p e r ly  a l ig n e d ,  a  p in h o le  

w a s  p la c e d  a t  th e  s o u rc e  p o s i t io n  t o  s im u la te  a  p o in t  s o u rc e .  T h e  p r im a r y  a n d  s e c o n d a r y
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im a g e s  ( th e  p r im a r y  im a g e  s h o u ld  b e  a c u rv e ,  c e n tre d  o n  a n d  s y m m e t r ic a l  a b o u t  th e  s l i t  c e n tre )  

w e r e  in s p e c te d ,  as w e re  th e  i l lu m in a te d  s p o ts  o n  th e  m i r r o r ,  g r a t in g ,  z e ro  o r d e r  im a g e  lo c a t io n  

a n d  p lu g  te m p la te .  A t  th is  s ta g e  th e  b a c k - p r o je c te d  la s e r ,  H e N e  3 , w a s  r e m o v e d .

O n  in i t i a l  a s s e m b ly  o f  th e  s y s te m , th e  a b o v e  p r o c e d u r e  w a s  a p p l ie d  to  c o r r e c t ly  a l ig n  

th e  o p t ic a l  e le m e n ts .  T h e  te m p la te s  w e re  d e s ig n e d  d u r in g  th e  a l ig n m e n t ,  p r i n c ip a l l y  f o r  th e  

b e n e f i t  o f  th o s e  w h o  m a y  re p e a t  th e  p ro c e s s  a f te r  o v e r - h a u l in g  o r  m o v in g  th e  s y s te m . T h e  s l i t  

w a s  o p e n e d  to  a w id t h  o f  a p p r o x im a te ly  1 0 0  ( im  to  a l lo w  a s u f f i c ie n t  l i g h t  f l u x  th r o u g h  th e  

s y s te m , th is  a v o id e d  h a v in g  to  w o r k  in  lo w  l ig h t  c o n d i t io n s  d u r in g  a l ig n m e n t .

3.3.2 Operational alignment

R e l ia b i l i t y  te s t in g  c a r r ie d  o u t  a f t e r  a l ig n m e n t  s h o w e d  th a t  th e  a s s e m b le d  s y s te m  w a s  

s u s c e p t ib le  to  v ib r a t io n  a n d  g e n e ra l d is tu rb a n c e s  w h ic h  c a u s e d  i t  t o  d r i f t  o u t  o f  a l ig n m e n t  o v e r  

a  p e r io d  o f  t im e .  P r e v e n ta t iv e  m e a s u re s  to  m in im is e  t h is  d r i f t  in c lu d e d :  r e m o v in g  a l l  e x c e s s  

e q u ip m e n t  f r o m  th e  ta b le s  to  m in im is e  u s e r  c o n ta c t  w i t h  th e  a p p a ra tu s ;  e x e r c is in g  c a re  w i t h  a l l  

r e m a in in g  c o n ta c t  (n o  le a n in g  o n  th e  ta b le s  e tc . ) ;  r e g u la r ly  u s in g  th e  a p p a ra tu s  a n d  c h e c k in g  

th a t  i t  is  c o r r e c t ly  a l ig n e d  b e fo re  r u n n in g  e x p e r im e n ts .  T o  s im p l i f y  c h e c k in g  th e  a l ig n m e n t ,  th e  

s l i d in g  m a s k  b e tw e e n  th e  g r a t in g  a n d  p la te h o ld e r  (s e e  s e c t io n  2 .1 .1 )  w a s  m o d i f ie d  to  h o ld  a 

p h o to d io d e  m o u n te d  s u c h  th a t  i t  c o u ld  b e  s c a n n e d  a c ro s s  th e  o p t ic  a x is .  T h u s  th e  in te n s i t y  

p r o f i le  o f  th e  b e a m  c o u ld  b e  r e c o r d e d  in  te rm s  o f  a  p lo t  o f  v o l ta g e  a g a in s t  d is ta n c e .  T h e  c i r c u i t  

u s e d  t o  m e a s u re  th e  r e la t iv e  in te n s i ty  o f  th e  b e a m  is  s h o w n  in  f ig u r e  3 .8 .

T h e  m e th o d  d e v is e d  f o r  r o u t in e ly  c h e c k in g  th e  a l ig n m e n t  a n d  k e e p in g  w r i t t e n  r e c o rd s  

w a s  a  t w o  p a r t  p ro c e s s . T h e  f i r s t  p a r t  in v o lv e d  u s in g  th e  a l ig n m e n t  la s e r  to  d e te r m in e  w h e th e r  

o r  n o t  th e  s y s te m  h a d  b e e n  d is tu r b e d  s in c e  th e  la s t  e x p e r im e n t  o r  s e t o f  e x p e r im e n ts .  T h is  

p ro c e s s  n e e d  n o t  b e  re p e a te d  e a c h  d a y  o r  f o r  e a c h  e x p e r im e n t ,  b u t  w i t h  a  f r e q u e n c y  w h ic h  

d e p e n d e d  o n  th e  u s e r ’ s f a m i l i a r i t y  w i t h  th e  e q u ip m e n t .  T h e  s e c o n d  p a r t  in v o lv e d  o p t im is in g  

th e  p o s i t io n  o f  th e  p la s m a  in  th e  ta r g e t  c h a m b e r  ( e x p e r im e n t a l  a l ig n m e n t )  u s in g  th e  

p h o to d io d e .  B y  c o m p a r is o n  w i t h  p r e v io u s  re s u lts  o n  a  d a y  to  d a y  b a s is ,  th e  e x p e r ie n c e d  u s e r  

c o u ld  s p o t  th e  o n s e t o f  p e r fo r m a n c e  d e g r a d a t io n ,  a n d  th u s  w o u ld  n o t  n e e d  to  c h e c k  u s in g  th e  

H e N e  la s e r .  A s  th e  e x p e r im e n ta l a l ig n m e n t  s h o u ld  b e  c a r r ie d  o u t  im m e d ia te ly  b e fo r e  r u n n in g  

a n  e x p e r im e n t ,  i t  is  d e a l t  w i t h  in  th e  n e x t  s e c t io n  ( s e c t io n  3 .4 ) .  T h e  H e N e - b a s e d  a l ig n m e n t  

c h e c k  c o n s is te d  o f  th e  f o l l o w in g  s tep s .

1. In s p e c t in g  th e  a l ig n m e n t  o f  o p t ic a l  e le m e n ts  to  th e  a x is  a t a tm o s p h e r ic  p re s s u re :-  

T h e  ta r g e t  c h a m b e r  a n d  s l i t  h o u s in g  w e re  s t r ip p e d  d o w n .  T h e  ta r g e t  te m p la te  w a s  p la c e d  o n  

th e  ta r g e t  c h a m b e r  a n d  th e  c e n tre  o f  th e  b e a m  w a s  c h e c k e d  to  e n s u re  th a t  i t  p a s s e d  th r o u g h  th e  

a p e r tu re  a n d  w a s  c e n t r a l ly  in c id e n t  o n  th e  m ir r o r .  T h e  im a g e  w a s  in s p e c te d  to  c h e c k  th a t  i t  w a s  

c e n t r e d  o n  a n d  s y m m e t r ic a l  a b o u t  th e  s l i t .  T h e  p lu g - te m p la te  w a s  in s p e c te d  to  c h e c k  th a t  th e  

la s e r  s p o t  w a s  c o r r e c d y  in c id e n t  a t th e  b a c k  o f  th e  s p e c tro g ra p h  ta n k .

2 .  C h e c k in g  th e  r e la t iv e  in te n s i t y  p r o f i l e  o f  th e  H e N e  b e a m  a t w o r k in g  p r e s s u r e : -  T h e
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s y s te m  w a s  p r e p a r e d  f o r  e x p e r im e n t  a n d  e v a c u a te d  (s e e  s e c t io n  3 .4 .1 ) .  U s in g  th e  m ic r o m e te r  

h e a d , th e  p h o to d io d e  w a s  s c a n n e d  a c ro s s  th e  la s e r  b e a m , n o t in g  th e  o u tp u t  v o l ta g e  (m e a s u re d  

u s in g  a n  o s c i l lo s c o p e  o r  v o l tm e te r )  o n  e v e r y  h a l f  m i l l im e t r e  in c r e m e n t .  V o l ta g e  w a s  p lo t t e d  

a g a in s t  p o s i t io n .  T h e  d io d e  w a s  p la c e d  a t  th e  p o s i t io n  o f  m a x im u m  v o l ta g e  a n d  th e  v e r t ic a l  

p o s i t io n  o f  th e  m i r r o r  w a s  a d ju s te d  u n t i l  th e  v o l ta g e  re a c h e d  a  m a x im u m .

HP 54502A 
Oscilloscope

9 V

 ̂ 1 Hamamatsu
3.3 Mü £  G 1126-02

Photodiode

22 nF

F igure  3.8. Diagram of photodiode detector circuit The quartz window 
on the photodiode was removed to facilitate XUV sensitivity.

T h e s e  g u id e l in e s  w e r e  d e s ig n e d  t o  p r o v id e  a  f r a m e w o r k  f o r  r e la t i v e ly  t r o u b le  f r e e  

o p e r a t io n  o f  th e  s y s te m . I f  s u f f ic ie n t  c a re  w e re  n o t  ta k e n  a t a l l  t im e s ,  th e  n e e d  f o r  r e a l ig n m e n t  

o f  o n e  o r  m o r e  o p t ic a l  e le m e n ts  c o u ld  re s u lt .

3.4 The experimental procedure
H a v in g  s e t u p  th e  a p p a ra tu s  as d e s c r ib e d  in  s e c t io n  3 .3  a b o v e ,  th e  p ro c e d u re s  u s e d  to  

p h o to g r a p h ic a l ly  r e c o r d  a n  X U V  s p e c tru m  a re  n o w  g iv e n .

3.4.1 Experimental preparation

T h e  p r e l im in a r ie s  r e q u i r e d  to  p re p a re  th e  a p p a ra tu s  f o r  r e c o r d in g  a  s p e c t ru m ,  w i t h  th e  

e x c e p t io n  o f  f in e  tu n in g  th e  a l ig n m e n t ,  w e re  as f o l lo w s .

1. F o r  th e  e x p e r im e n ts  d e s c r ib e d  h e re ,  th e  p r o b e  p la s m a  w a s  g e n e ra te d  o n  a  t u b u la r  

ta n ta lu m  ( T a )  t a r g e t  m o u n te d  i n  a  c h u c k  as d e s c r ib e d  i n  s e c t io n  3 .2 .1 .  T h e  t a r g e t  f o r  th e  

a b s o r b in g  p la s m a  is  g e n e r a l ly  p re p a r e d  a n d  m o u n te d  f o r  e a c h  e x p e r im e n t .  D i f f e r e n t  m e ta ls  

p re s e n t  d i f f e r e n t  h a n d l in g /m o u n t in g  p r o b le m s  t o  th e  e x p e r im e n ta l is t .  T h is  w o r k  in v o lv e d  o n ly  

a lu m in iu m  a b s o r p t io n ,  s o  th e s e  p r o b le m s  a re  n o t  d is c u s s e d .  T h e  a lu m in iu m  ta r g e t  w a s  

p r e p a r e d  b y  m a c h in in g  th e  s a m p le  to  th e  r e q u i r e d  d im e n s io n s  a n d  a t t a c h in g  i t  t o  th e  ta r g e t  

h o ld e r  u s in g  a  c y a n o a c r y la te  a d h e s iv e .  T h e  ta rg e ts  w e r e  p o s i t io n e d  s u c h  th a t  w h e n  th e  le n s e s  

w e r e  s e t u p  a n d  th e  la s e rs  a l ig n e d  ( Y A G  to  p r o b e  ta r g e t  a n d  r u b y  t o  a b s o r b in g  ta r g e t ) ,  th e  

p la s m a  p o s i t io n s  w e re  a p p r o x im a te ly  o n  th e  o p t ic  a x is  (as  d e f in e d  b y  th e  a l ig n m e n t  H e N e ) .

2 . A  p h o to g r a p h ic  p la te  w a s  lo a d e d  in t o  th e  s p e c t ro g ra p h  (s e e  s e c t io n  2 .1 .2 ,  s te p  2 ) .
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3 . T h e  s y s te m  w a s  e v a c u a te d  as f o l l o w s .  T h e  D i f f s t a k  o i l - h e a t e r  w a s  s w i tc h e d  o n ,  

h a v in g  f i r s t  c h e c k e d  th a t  th e  b u t t e r f l y  v a lv e  w a s  c lo s e d  a n d  th e  b a c k in g  l i n e  w a s  o p e r a t io n a l  

(se e  f ig u r e  3 .6 ) .  A l l  f i t t in g s / f la n g e s  w e r e  c h e c k e d  a n d  t ig h te n e d  o r  s e c u re d  i f  n e c e s s a ry . T h e  

t u r b o m o le c u la r / r o t a r y  c o m b in a t io n  w a s  s ta r te d ,  h a v in g  c h e c k e d  th a t  th e  t a r g e t  c h a m b e r  

is o la t io n  v a lv e  w a s  o p e n .  T h e  w h o le  s y s te m  w a s  p u m p e d  b y  th e  t u r b o m o le c u la r / r o t a r y  

c o m b in a t io n  u n t i l  th e  p re s s u re  re a c h e d  1 - 5  P a , a t  w h ic h  p o in t  th e  D i f f s t a k  b u t t e r f l y  v a lv e  w a s  

o p e n e d ,  r a p id ly  b r in g in g  th e  s y s te m  d o w n  to  w o r k in g  p re s s u re s  ( 1 0 2 P a ). I t  s h o u ld  b e  n o te d  

h e re  t h a t  i f  th e  o p e r a t io n a l  a l ig n m e n t  p r o c e d u r e s  w e r e  b e in g  a p p l ie d ,  th e n  s te p  2  o f  s e c t io n

3 .3 .2  w o u ld  b e  im p le m e n te d  a t th is  s ta g e .

4 . T h e  r e q u i r e d  in te r - p la s m a  t im e - d e la y  w a s  s e le c te d  u s in g  th e  s y n c h r o n is a t io n  

e le c t r o n ic s  as d e s c r ib e d  in  s e c t io n  2 .1 .2 ,  s te p  4 .

3.4.2 Experimental alignment

T h is  p r o c e d u r e  w a s  c a r r ie d  o u t  p r i n c ip a l l y  to  c o r r e c t l y  p o s i t io n  th e  p la s m a s  in  th e  

ta r g e t  c h a m b e r ,  b u t ,  as m e n t io n e d  in  s e c t io n  3 .3 .2 ,  a ls o  s e rv e d  to  r o u t in e ly  p r o d u c e  r e la t iv e  

in t e n s i t y  p r o f i le s  o f  th e  X U V  b e a m  b e tw e e n  th e  g r a t in g  a n d  d e te c to r  u s in g  th e  p h o to d io d e .  

T h e  in c lu s io n  o f  m ic r o m e te r s  a l lo w e d  th e  e x p e r im e n ta l is t  to  q u a n t i f y  th e  p r o b e  ta rg e t  lo c a t io n  

in  te r m s  o f  x  a n d  y  c o o r d in a te s ,  h o w e v e r ,  r e fe r e n c e  t o  s p e c i f ic  c o o r d in a te  v a lu e s  is  a v o id e d  

d u e  t o  t h e i r  d e p e n d e n c e  o n  h o w  th e  ta r g e t  w a s  f i t t e d .  E x p e r im e n t a l  a l ig n m e n t  o f  th e  p ro b e  

ta rg e t  in v o lv e d  th e  f o l l o w in g  s teps.

1. T h e  s p e c t ro g r a p h  p h o to d io d e  w a s  s e t u p  as  i n  f ig u r e  3 .8 ,  w i t h  th e  o s c i l lo s c o p e  

o p e r a t in g  i n  s to ra g e  m o d e ,  t r ig g e r e d  b y  th e  Q - s w i t c h  s y n c h r o n is a t io n  p u ls e  o f  th e  Y A G .  T h e  

o s c i l lo s c o p e  s e t t in g s  w e r e :  t im e b a s e  =  5 0 0  jj.s ; r e s o lu t io n  =  1 .5  V / c m ;  d e la y  =  0  s ; in p u t  

im p e d a n c e  =  1 M i l

2 . U s in g  th e  m ic r o m e t e r  h e a d , th e  p h o to d io d e  w a s  s c a n n e d  a c ro s s  th e  a x is ,  f i r i n g  th e  

la s e r  a n d  n o t in g  th e  m a x im u m  v o l ta g e  ( i f  a  p u ls e  w a s  o b s e r v e d )  o n  e a c h  h a l f  m i l l im e t r e  

in c r e m e n t .  F r o m  th is  d a ta ,  th e  m a x im u m  p u ls e  h e ig h t  a n d  th e  p o s i t io n  a t  w h ic h  i t  o c c u r r e d  

w e re  n o te d .

3 . T h e  ta rg e t  w a s  m o v e d  h o r iz o n t a l l y  t o w a r d  o r  a w a y  f r o m  th e  m i r r o r  b y  0 .5  -  1 m m  

u s in g  th e  m ic r o m e t e r  h e a d  p r o v id e d  (s e e  s e c t io n  3 .2 .1 ) .  S te p  2  w a s  r e p e a te d .  I f  th e  n e w  

m a x im u m  p u ls e  h e ig h t  w a s  f o u n d  t o  b e  g r e a te r  th a n  th e  p r e v io u s  o n e , th e n  th e  ta r g e t  was 
m o v e d  a g a in  in  th e  s a m e  d i r e c t io n  a n d  s te p  2  w a s  r e p e a te d  a g a in .  I f  n o t ,  th e n  th e  ta r g e t  was 
m o v e d  in  th e  o p p o s i te  d i r e c t io n  a n d  s te p  2  re p e a te d .  T h is  p ro c e s s  w a s  c o n t in u e d  u n t i l  th e  

p o s i t io n  o f  la rg e s t  p u ls e  h e ig h t  w a s  fo u n d .

4 .  A  re p e a t  o f  s te p  3 e x c e p t  th a t  th e  ta r g e t  m o v e m e n t  w a s  to  0 .5  -  1 m m  b e h in d  o r  in  

f r o n t  o f  th e  a p p r o x im a te  o n - a x is  p o s i t io n ,  a g a in  u s in g  th e  m ic r o m e t e r  p r o v id e d .  In t h is  case, 
th e  p o s i t io n  o f  la r g e s t  p u ls e  h e ig h t  s h o u ld  id e a l l y  b e  w i t h in  3  m m  o f  th e  central position, if  
n o t ,  o n e  o f  th e  o p t ic a l  e le m e n ts  ( o r  th e  H e N e )  is  o u t  o f  a l ig n m e n t
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5. Repeat of step 3 except that the lens was moved to 0 5 - 1 mm above or below the 
approximate on-axis position, using the vertical post translator (see figure 3 3) Again, the 
position of largest pulse height should ideally be within 2 - 3 mm of the central position

Either a plot of pulse height against position after optimisation or simply a record of the 
maximum pulse height achieved could be used to monitor the performance of the system from 
day to day Experimental alignment of the absorbing plasma relative to the probe plasma 
location was earned out as follows (assuming that the photodiode was left at the point of 
maximum pulse height)

1 The absorber was moved in toward the optic axis (using the micrometer) until it cut 
across the axis, blocking the beam path and thus reducing the observed pulse height to zero

2 The absorbing target was then retracted until the signal had just returned to its 
maximum level, at which point the beam-centre was said to be skimming the surface of the 
target It was then retracted by a further amount which depended upon the portion of the 
plasma to be probed (typically 0 1 - 3 0  mm)

3 The second vertical post translator (in front of the absorbing target) was adjusted to 
ensure that the two plasmas would be generated in the same honzontal plane, so that the probe 
beam would pass through the absorbing column

3.4.3 Exposing and developing the plate

The delay generators were reconnected to the lasers (having been disconnected for the 
optimisation), the shutter on the plateholder was opened and the required number of laser 
shots (usually 5 to 15) were fired, dunng which, a note of the time delay between the pulses 
of each shot were noted (so that electronic jitter could be ruled out as an error source). The 
plate had thus been exposed.

Automatic venting the system was initiated by closing the Diffstak butterfly valve and 
switching off the turbomolecular/rotary controller The venting process took a little over 5 
mmutes

Developing the plate involved removing it from the holder under safe light conditions, 
immersing in agitated developer (Kodak D-19 dissolved as directed and diluted 2 1 with water) 
for 2 minutes, nnsing m water and immersing in fixer (Kodak Umfix™ diluted 3 1 with 
water) for 7 minutes A further nnse ensured that the fixer was washed off and the developed 
plate was left to dry

Several expenments were earned out both to perfect the required techniques and to 
thoroughly test the apparatus The results of these expenments and the general performance of 
the system are discussed in chapter 4.
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3.5 The optical system
The modified apparatus, i e the toroidal system, was characterised using Shadow, the 

ray-tracing package A description of Shadow and its operation is given m sections 2 5 1 and
2 5 2, so the following sections will describe only the data required to characterise the optics 
and the results obtained by modelling the system

3 5 1 Source modelling

Using a combination of a review of Shadow and its documentation and observations 
from plates, two models applicable to the plasma source were arrived at

An elliptical or circular source can be assigned dimensions such that it has similar 
spatial extent to the continuum emitting region of the laser plasma used m experiment. By trial 
and error methods (with an initial guess based on geometric calculations), measurements of 
continuum width on plates of 0 5 mm at 16 nm (see figure 4 1) were reproduced by ray- 
tracing using a circular source with a radius of 0 125 mm

To obtain information about the imaging characteristics of the system, a point source 
was used This allowed the contribution to the image from various parts and positions of the 
source to be examined.

The angular distribution of emission is of equal importance to the spatial characteristics 
of the source The plasma was considered to be a radiating gaseous sphere emitting with 
uniform brightness i e the flux flowing into a solid angle dQ  from an area dA is independent 
of the observation angle

Various values for the angular divergence of the source were employed in the ray- 
tracing procedures. In general, the smallest possible divergence was used to avoid loss of 
light, e g the source just filled the mirror in the case o f the stigmatic experiment, the source 
divergence values for which were calculated using a cosine projection of the mirror 
dimensions through 86° to calculate its effective area. The source file for which was as 
follows.

SOURCE 2

File to store rays: BEGIN2
Source type Random
# rays 5000
Spatial type: Ellipse

Width (X): 0 125

Height (Y): 0.125

50



Depth. Off

Angle distribution Uniform

Divergences ( m  Radians)

Horizontal (X+) 2 668 E-2

(X-) . 2 668 E-2

Vertical (Z+) 2 648 E-3

(Z-) 2 648 E-3

Photon energy dist Single Line

Units Angstroms

Photon energy 168

This is similar to Source 1 (section 2 5 2) with the exception that here the aperture was 
matched to that of the mirror and emission was restricted to a single wavelength Source 1 was 
applied to both optical systems for comparative reasons (see section 4 2) Some of the 
analytical work employed another source (Source 3), which was the same as above except that 
the spaual extent was reduced to a point

3.5.2 System modelling

As before, the system parameters were entered from within the TRACE module of 
Shadow’s command level The optical system was similar to that described in section 2.5.2 
except that the toroidal mirror is inserted before the grating. Using the menu option for an exit 
slit on the extra optical element, the screen defined as SCREEN l was made redundant The 
toroidal mirror was defined as follows.

OPTICAL ELEMENT 1

Source file name BEGIN2

Source plane distance 450

Image plane distance: 150

Angle of incidence 86

Angle of reflection- 0

Type of element Reflector

Figure• Toroidal

Mirror parameters •
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Foci and continuation
planes: Coincident

Toroidal mirror 

pole location: Lower/outer

Major radius: 3225

Minor radius: 39

Surface curvature: Concave

Limits check:

Shape: Rectangle

Dimensions X(+): 12 

X(-) : 12 

Y ( + ) : 17 

Y(-): 17

Diffraction: Mirror

Exit slit:
Length (sagittal): 15
Width (tangential): 0.02
Tilt (CCW): 0

Optical elements 2 and 3 represent the grating and photographic plate respectively, as 
given in section 2.5.2 as elements 1 and 2. As before, a verbose explanation of all the methods 
and data employed to model the system is not included, only the results of modelling the 
optical system are given.

3.5.3 Ray-tracing results

Reproduction of the continuum widths produced by a tantalum plasma provided the 
first indications of successful modelling. This and the other data produced clearly showed that 
the relatively simple modelling procedures applied resulted in an accurate description of the 
optical system. The main characteristics of the optical system were as follows.

Light from the source was collected by the toroidal mirror and focused onto the slit. 
The solid angle subtended by the mirror to the source was small because of the grazing 
incidence, the mirror thus collecting a small fraction (0.002 %13) of the total flux emitted by the 
probe plasma.

The (primary) image formed at the slit was found to be a small curved section 18 mm
This figure has little real meaning as only the portion of the beam which passed through the absorbing plasma 

can contribute to an absorption spectrum.
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in length and approximately 0.15 mm in width (see figure 3.9). Thus most of the light focused 
at the slit was lost with only about 4 mm of the slit length being utilised, admitting around 5 % 
of the light to the system for a slit width of 20 |im.

x
Figure 3.9. Ray-traced cross section of the beam at the slit (line denotes slit).

The beam was incident centrally on the grating, producing a blurred X-shaped 
footprint (see figure 3.10(a) and (b)), where the paired lobes represent stages between the 
separate horizontal and vertical foci of the mirror.

More detailed analysis showed that the primary image dimensions (length and width) 
were proportional to the dimensions of the illuminated portion of the mirror, in general 
agreement with theory as derived from T3 of the optical path function (see equation (1.24), 
section 1.2.1 and equation (1.28), section 1.2.3). Thus the extension of the image in the x 
direction was found to be dependent on the extent of mirror illumination in the x direction and 
similarly for the y direction. For example, illuminating a narrow central portion of the mirror 
of dimensions 3.4 mm in x and 20 mm in y  produced an image 2.5 mm in length and 0.09 mm 
in width. Almost 30 % of the rays forming this small image passed through the slit. The 
conclusion of this analysis was that due to the aberrations in the primary image, the effective 
(or utilised) area of the mirror was less than 10 % of its actual area. Fortunately, the main 
limitation on the aperture of the system caused by this was in the x (I) direction and so did not 
adversely affect resolution (i.e. the optimum width of the grating was filled (see figure 3.10 
(b))), but did however reduce the flux admitted to the system.
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Figure 3.10 (a). Beam footprint on the grating (scaled axes)
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Figure 3.10 (b). Beam footprint (Cartesian axes with grating ruling indicated)
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Due to the focused nature of the beam, all the light contributed to the image once 
admitted to the system via the entrance slit (ignoring reflection losses). The image produced at 
the Rowland circle is shown in figure 3.11 (b). The image (spectrum) shown, which consists 
of a single line at 16.8 nm, was produced by an ideal monochromatic source. Such a source 
was used for most of the analyses to concentrate the limited number of rays into one spectral 
region.

The line width (measured in the y direction) in this case was purely a result of grating 
focusing, providing a theoretical minimum value of the width, but neglecting the effect of the 
numerous line broadening processes which occur in real sources. The measured width of 0.09 
mm was found to be equivalent to a spectral linewidth14 of 0.008 nm. This compared to 
experimental observations [6] of what would be considered narrow lines having widths of 
about 0.01 nm. Linewidths of broadened spectral features could be up to 0.06 or 0.07 nm 
wide.

The line length (x axis) was measured to be approximately 0.5 mm. This was a result 
of the stigmatic image of the source being magnified by the optical system by approximately a 
factor of two. The magnification of the system was calculated by geometry (from the ratio of 
image distance to object distance) to be 1.64 at 16.8 nm, the discrepancy between the figures 
being accountable in terms of the various aberrations of the system. As in figure 3.11, the 
images were generally devoid of clearly defined edges, again due to the aberrations, so 
determining the dimensions of the image was a matter for some arbitration. This also applies to 
experimental measurements, particularly in the case of photographic instruments, which make 
computerised analysis difficult.

Having modelled the characteristics of the optical system operating in its simplest 
mode, i.e. producing a monochromatic image of a plasma source positioned on the optical axis 
which emitted at the stigmatic wavelength only, a more complete analysis is now required. In 
fact, by its own definition, the probe plasma emitted a continuum in the XUV. For a more 
complete description, the following two approaches were adopted.

1. To determine the ability of the system to image radiation at wavelengths other than 
the optimum, three more points were chosen, one at 5 nm below the optimum, one at 5 nm 
above and one at 5 nm above that again. Figure 3.11 shows the monochromatic images at the 
four wavelengths chosen, (i.e. 11.8 nm, 16.8 nm, 21.8 nm and 26.8 nm) produced by ray- 
tracing.

2. To determine the ability of the system to image sources not centred on the optic axis 
(or the ability to image sources of larger spatial extent that those considered thus far, such as 
laser plasmas produced on lighter elements, i.e. those of atomic number less than 73), images 
of a point source in several different locations were generated to represent individual elements 
of an extended source.

u Conversion to wavelength is facilitated by calculating the linear dispersion (0.088 nm/mm in this case) at the 
required position on the Rowland circle (see reference [2], chapter 1).
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The main characteristics of the four wavelength samples, as used to characterise 
continuum emission by a 0 25 mm plasma, were as follows.

The image widths were all measured to be approximately 0 1 mm, indicating that the 
grating focusing (in the uw plane at least) is independent of position on the Rowland circle 
This is clearly m accordance with theory as the grating focus was earlier described in terms of 
the Rowland circle (see section 1 1).

Examination of the image lengths in figures 3 11 (which are subsequently referred to 
as (A), (B), (C) and (D) respectively, as m the diagram) lead to the analysis of them in terms 
of two main features measured image length (measured in the same way as a plate feature, 
i e the edge of the feature being placed by the observer where the image density or “plate 
blackening” falls to a sufficiently low level) and relative density of points along the image

Applymg these criteria to the optimum wavelength of 16 8 nm (B), the nominal length 
of the image was measured at 0 5 mm with a fairly constant point density falling off rapidly at 
the edges The length of (A) was measured to be approximately 0 4 mm Its profile differed 
from (B) in that it had a higher point density toward the centre which fell off more slowly at 
the edges The length of (C) was found to be approximately 0 6 mm Its profile also differed 
from (B) in that it had a lower point density at the centre which also fell off more slowly at the 
edges The length of (D) was found to be of the order of 0 7 - 0 8 mm It had the lowest point 
density and exhibited the most gradual decay at the edges

16 8 nm

-6105

-61 10 .

-6115

S3 52 
53 50 
53 48 
53 46 
53 44 
53 42 
53 40 
53 3*

-1 -05 0 05  1 1 -0 5 0 0 5  1

Figure 3.11. Ray-traced images at four sample wavelengths 
(the axes are designated as in figure 3 10)

¿i a nm 26 8 nm
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These features were readily explained by relating the two cntena of analysis to two 
aspects of the theoretical description Firstly, the measured image lengths could be accounted 
for in terms of the differing wavelengths having differing image distances and thus being 
images of the source magnified by differing amounts (from the ratio of image distance to 
object distance) As mentioned above, some numerical discrepancies existed but there was 
general agreement Secondly, the observed degradation of the image profile as the wavelength 
deviated from 16 8 nm in either direction on the Rowland circle was simply due to the fact that 
the virtual source supplied to the grating by the mirror only produced a focus in the uw plane 
at one point on the Rowland circle (see figure 1 8 (a)), thus, for all other points the image was 
out of focus by an amount proportional to its distance from the optimum wavelength

The final stage of the modelling process was to examine the effect of imaging off-axis 
source points This was earned out as follows

The analysis was restncted to a monochromatic source emitting at 16 8 nm to avoid the 
defocusing effects discussed above To further simplify the process, a point source was used 
The images that resulted from varying the source position from on the optic axis to 4 mm off 
axis (in increments of 1 mm) in the wl plane (see figure 1 8 (b)) are shown in figure 3 12 For 
the purposes of ray-tracing, source displacement was achieved by rotating the source about the 
mirror pole in increments of 0 127° The average ratio of source displacement to image 
displacement was 1 55, a comparable figure to the calculated magnification of 1 64

01

0 05

o

-005

-01
-7 -6 -5 -4 -3 - 2 - 1 0  1

Figure 3.12. Monochromatic images (16 8 nm) produced by various point source posiUons.
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The image widths (y direction) were measured to be approximately 0.1 mm as before, 
with only the slightest broadening ocurring at the larger displacements, indicating that the 
grating focusing remained relatively unimpaired.

The image lengths (measured in the x direction, as usual) were seen to increase as 
blurring was introduced by displacing the source. This is coupled with an increased loss of 
admitted flux as the the source was moved from its correct position. The on-axis image 
features about 300 points, this falls to about 90 points 4 mm off axis. The theory is again in 
general agreement with the observations, as the focusing conditions of the mirror can only be 
fulfilled for one point source position, with a gradual decay in focusing as the source point is 
moved.

Figure 3.13. The effect of source displacement 
on primary image (see also figure 3.9, P 53).

To find the cause of these effects, the primary image was first examined, as this 
determined how the radiation was coupled into the spectrograph. What was observed, as 
summarised by figure 3.13 (a) and (b), was that as the source was moved off the axis, the 
primary image was skewed sideways in a direction opposite to the source displacement 
(compare figures 3.13 and 3.9). The effect of this was that the intersection of image and slit 
gradually changed from one central region to two separate regions separated by some 4 mm.

By inspection of the grating footprint (figure 3.14, which is similar to figure 3.10 
except not blurred by the spatial extent of the source), the effect of this can be clearly seen. As 
the source was moved, the footprint shifted (in a direction opposite to the source displacement) 
and gradually split until two distinct portions of the grating were being utilised.

The effect on an astigmatic image (produced at 11.8 nm) of two resolved sources using 
two parts of the grating can be seen in figure 3.15. The off-axis image was split into two on 
the Rowland circle (this was not observed in figure 3.12 as the stigmatic conditions focus all 
the light from the grating into a single image) by an amount proportional to its distance from 
the optimum wavelength. In the case of the real system, the overlap between image and slit 
was adjustable by fine-tuning the mirror position. Thus by centring the slit in the width of the 
image, the onset of effects caused by double illumination of the slit could by prevented until 
the source displacement was close to 4 mm. As such large displacements were not generally 
required (see section 4.1.1), such image “forking” did not cause problems, once the
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experimental technique had been perfected.

Figure 3.14. The effect of source displacement on grating footprint.
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F igure 3.15. The effect of source displacement on image at 11 8 nm
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3.5 4 Concluding remarks
Thus the process by which the modifications required to introduce the toroidal mirror 

into the spectrograph has been described, from design to commissioning the system and 
running experiments Ray-tracing methods were applied to analyse the optical characteristics 
All that remains is to present the experimental results obtained and to conclude the thesis with a 
discussion of the capabilities of the system as a research instrument
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Chapter 4

Results, comparisons and conclusions

This chapter contains a presentation of the experimental results obtained using the 
stigmatic spectrograph which was commissioned in the course of the research described in this 
thesis The spectra produced are compared to the results of the ray-tracing described in detail in 
chapter 3. The discussion includes a system appraisal based on determination of the gains 
achieved by incorporating the toroidal mirror into the system and a description of the spatial 
properties of the imaging system with respect to the production of absorption spectra

4.1 Experimental results
The experimental procedure to produce a single absorption spectrum is descnbed m 

section 3 4 To utilise the spatial properties of the imaging system (and to test the validity of 
the modelling techniques discussed m section 3.5), several spectra were recorded on one plate 
by repeatedly exposing the plate with the probe plasma moved off the axis (m the wl plane) by 
equal increments between each exposure (see figure 3.12). The probe displacement being 
directed away from the absorbing target surface and all other experimental conditions being 
held constant, the net effect was to produce a set of absorption spectra taken under identical 
conditions (within the limits of experimental error) except that the probe beam passed through 
a different region of the absorbing plasma dunng each exposure Several such multi-spectrum 
experiments were performed using different mter-plasma time delays (denoted by At) The 
spectra produced are shown in figure 4 1 Spectra (a), (b), (c) and (d) are details of plates, 
photographically enlarged by a factor of 3 for clarity Spectrum (e) is an actual size (contact) 
print of (d) The emission features supenmposed on the absorption spectra were produced by 
the absorbing plasma

4.1.1 Comparison of ray-tracing to experimental results

As observations from plates were used to compile an applicable source model (see 
section 3 5 1), the measured width of the continuum bands (in figure 4.1) will obviously agree 
with ray-tracing. No other experimental data were used in the modelling process
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Figure 3.11 and the relevant text describe the expected characteristic features of the 
continua. (e) shows a contact print of a multi-spectrum plate which spans a spectral range of 
about 5 to 16 nm. Concentrating on the form of the continua, it is clear that they appear very 
much as predicted. The change in the width of the bands as a function of wavelength (as 
explained in terms of linear magnification) is one of the most striking features of the spectrum. 
Also striking is the observed degradation of continuum profile as the wavelength deviates from 
the central region, detected by the change in continuum edge definition along the plate. This 
indicated that the monochromatic image of the source was focused at some point in the 
spectrum with the image going out of vertical focus with changing wavelength.

It is interesting to note that the stigmatic wavelength did not occur where predicted. The 
most sharply focused image appeared to be at about 9 nm, not at 16.8 nm. A simple calculation 
(see equations (1.12), (1.27), (1.28) and (1.29)) showed that the effective source condition 
required to produce a stigmatic image at 9 nm (i.e. rv = -337 mm) was that the angle of 
incidence on the mirror be equal to 85.728' (a shift of just over ’A of a degree). This was 
equivalent to displacing the source by 2.1 mm from its correct position. This also had the 
effect of changing the primary image distance from 150 mm to approximately 164 mm, an 
undesirable side-effect which would result in loss of light (if the mirror-slit distance were not 
adjusted) as the image on the slit would be out of focus. Examination of earlier (emission) 
spectra, taken while testing the apparatus, showed that when the system was first aligned, the 
stigmatic wavelength was at about 15 nm. This gradually moved to 9 nm during the course of 
the experiments, fortunately without a noticeable loss of density on the plates.

Examination of off-axis imaging was carried out by inspecting the series of adjacent 
spectra for the types of degradation observed in figures 3.12 and 3.15.

The increase in spatial aberration and the accompanying loss of admitted flux that 
resulted from imaging off-axis source points (figure 3.12) are clearly observable in figure 4.1. 
The fall in plate density with distance from the optic axis is seen on (b) and (c). The outermost 
continuum on (b) almost disappears at 15 nm. On (e) it can be seen that the two outermost 
bands are only barely resolvable at 16 nm due to the effects of spatial aberration, whereas they 
can be clearly resolved at around 9 nm due to the increased (vertical) focusing.

The effect of off-axis imaging on an astigmatic image, when the effects of double 
illumination (see section 3.5.3, p 58) of the slit were not correctly compensated for, can be 
seen in the uppermost continuum of (e). This reference continuum was taken so that tantalum 
self-absorption features could not be confused with aluminium features. It was placed inside 
the region normally shadowed by the absorbing target, a region for which the system had not 
been optimised. The result was that the spectrum split into two separate continua at around 10 
nm, the split widening along the plate as expected. Little can be deduced from the location or 
extent of this “forking” as, experimentally, the objective was to avoid it, not to analyse it, thus 
measures had been taken to displace it from its natural position.

Knowing the distance between source locations that produced adjacent continua (see
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section 4 12, below), the magnification (at a particular wavelength) can be deduced from 
measurement of image locations At 16 nm this was found to be a factor of about 1 6, in 
agreement with both theory and ray-tracing

Thus it may be concluded that the relatively simple model, applied to the optical system 
using ray-tracing, was found to be quite accurate, predicting the salient features of the 
experimentally produced spectra In particular, its provision of both an explanation of and a 
solution to the problem of spectral forking was most useful m perfecting the experimental 
technique

4.1 2 Spatial characteristics of plasma scanning

The choice of probe plasma positions were made on the basis that adjacent spectra must 
be clearly resolved (in the region of the stigmatic wavelength) so that they could be analysed 
separately if necessary Thus for two adjacent images of a plasma of 0 25 mm diameter to be 
separated by, say, 0 15 mm, required a centre to centre spacing of 0 40 mm This was apphed 
in all the spectra shown with the exception of (a), where 0 50 was used As expected, the 
spectra are clearly resolved in the spectral regions shown in (a) to (d)

LocaUon 
of mirror

Location 
of absorber

LocaUon 
of probe

Posiuon 2 
Position 1

450 mm-

Figure 4 2. The geometry of source displacement (not to scale)
I

To determine the spatial resolution of this scanning technique at the absorbmg plasma, 
the geometry of the front end optics was examined (see figure 4 2) Taking the effective width 
of the mirror to be 5 mm (see section 3 5 3) and the mter-plasma separation to be 25 mm, 
geometrical analysis showed that the beam had a width of approximately 0 5 mm at the 
absorber and was displaced by almost 0 4 mm by a source displacement of 0 4 mm Thus two 
adjacent contmua probed a combined width of 0.9 mm, i e there was an overlap of the region 
probed by adjacent spectra of about 0.1 mm or 20 % Simply stated, the spatial resolution is 
about 0.5 mm at the absorber, i e only adjacent bands m (a) are fully resolved. In reality, an 
overlap of 20 % is small enough to resolve trends in the spatial behaviour of the absorber.
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13 nm

(d)

At = 410 ns

Figure 4.1. Aluminium photoabsorption spectra taken 
using the modified 2 m grazing incidence spectrograph 
(see table 4.1 for wavelengths of labelled features).
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4.1.3 The application of plasma scanning

The modifications were made to the spectrograph so that stigmatic absorption 
spectroscopy of laser plasmas could be carried out in the XUV region. The spatial properties 
of the modified system were utilised in the development of the plasma scanning technique, 
these properties have been described in the previous sections. The application of this technique
to absorption spectroscopy is now discussed.

The four enlarged spectra shown in figure 4.1, i.e. (a), (b), (c) and (d) respectively, 
show aluminium absorption spectra from 13 to 16 nm15 taken using a range of inter-plasma 
time delays (as shown on figure 4.1). The length of plasma (above the target surface) scanned 
was increased with time delay, to account for the increased time over which expansion 
occurred.

The four spectra thus contain both spatial and temporal information about the evolution 
of the plasma. With the help of previous work [1 ,216, 3], a selection of the absorption features 
associated with neutral, singly and doubly ionised aluminium (denoted Al°, A1+ and Al2+ 
respectively) have been identified (see table 4.1, see also figure 4.1). While a detailed analysis 
of these spectra is beyond the scope of this present work, a brief examination of them is 
sufficient to demonstrate the usefulness of the system.

Al° Al+ Al2*
1 15.545 13.696 13.556
2 15.727 13.761 13.783
3 15.925 13.816 14.395
4 13.879 14.417
5 14.038
6 14.099
7 14.589
8 14.623
9 15.091
10 15.036

Table 4.1. Transition wavelengths (in nm) for features labelled on figure 4.1.

The advantages of time-resolved studies, as previously described17, are clearly 
illustrated by (a) to (d).

Spectrum (a), probed 90 ns after generating the absorbing plasma (At = 90 ns), 
contains several strong Al2* features, line 2 (Al2+) being particularly intense. Several Al+ 
features can also be seen, most of them being of lower intensity than the Al2+ features, with the 
exception of the lines, 7, 8, 9 and 10 (Al+). These lines appear to be saturated, the strong

,s The emission lines used as references actually occur at 13.041 and 16.007 nm respectively.
One of the plates produced (specifically the Al+ features of spectrum (e)) in the course of the research described 

in this thesis was being analysed for publication at the time of writing.
17 See reference [7], chapter 1.
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absorption broadening the observed linewidth. These observations show that at this stage the 
plasma was highly ionised, containing high densities of Al+ and Al2+ ions. Higher ion species 
may also have been present, but not in sufficient densities to observe their absorption spectra.

By inspection of spectrum (b) (At = 190 ns), the appearance of new Al+ structures 
(lines 1 and 2) and a loss in intensity of Al2+ features (lines 3 and 4 are barely discernible) can 
be observed. Overall, the Al+ features became more dominant at 190 ns. This indicates a drop 
in plasma temperature with time. It can also be seen that lines 7, 8, 9 and 10 (Al+) appear 
narrower in (b) than in (a), indicating that they are no longer saturated. Thus either the 
absorption length or ion density (or both) had fallen with time, allowing some transmission 
where absorption had previously occurred.

In spectrum (c) (At = 310 ns), the Al2+ features have disappeared, leaving a clear, 
intense set of Al+ structures. A large number of new lines has appeared on the right-hand side 
of the spectrum. These lines, attributable to Al°, are of considerably lower intensity than the 
Al+ features. The appearance of Al° features indicates that a further drop in temperature had 
occurred accompanied by sufficient electron-ion recombination to produce an absorbing 
density of aluminium atoms.

Spectrum (d) (At = 410 ns) is similar to (c) in that it contains only Al° and Al+ features. 
The Al+ lines are of lower intensity than those of (c), with some of the weaker structures 
having almost disappeared. Conversely, the Al° features appear more intense, as is clearly 
demonstrated by comparing line 3 (Al°) in (c) to that in (d). Many of the weaker Al° structures 
observed in (d) are hardly seen at all in (c). This indicates further recombination had occurred, 
increasing the density of aluminium atoms.

Having identified a sample of spectral features and examined the spectra in terms of the 
temporal evolution of the plasma, a further examination of the spectra to demonstrate the 
advantages of producing spatially resolved images is presented. The scale on the right-hand 
side of each spectrum indicates the displacement (in millimetres) of the continuum source from 
its initial position. This gives the altitude above the target surface that was probed.

On examination of the Al+ features in (a), it can be seen that they are all of 
approximately the same length (within the resolution limits described in section 4.1.2). This is 
quite pronounced in lines 5 - 1 0  (Al+), which are clearly observed with differing relative 
intensities in the first two continua (at 0 and 0.5 mm displacement respectively) and are not 
present at 1.0 mm displacement or above. In fact, this phenomenon was observed in all such 
spectra and is particularly clear in (c) and (d) where the Al° structures are only observed up to 
an altitude of 1.2 mm.

This observation has two consequences. Firstly, it facilitates the study of the evolution 
of the plasma in terms of the generation and spatial distribution of different ion stages and 
secondly, the consistency of the observations allows unidentified lines to be attributed to a 
particular ion species by their spatial profile.
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Returning to the Al+ features of (a), an obvious change in the linewidths of 7 - 10 (Al+) 
can be observed over the two continua. Thus indicating that the factors producing saturation 
(mentioned above) could be studied spatially as well as temporally. Similarly, the changes in 
the relative intensity of the lines that are observed in all such spatially resolved spectra contain 
a wealth of information about plasma evolution and dynamics.

Particularly striking, for example, is the consistent observation that the lower ion stage 
features of a spectrum were only observed in the region close to the target surface, while 
absorption by the higher ion stage was observed over a broader spatial region. In (d), for 
example, Al° features are only observed within 2 mm of the target surface whereas absorption 
by Al+ ions is observed at up to 4 mm. Similarly line 2 (Al2+) of (b) appears to gain strength 
with altitude, while the Al+ lines behave in exactly the opposite manner. This can be explained 
in terms of the fact that a stream of ions continuously emanates from the plasma during its 
lifetime. This stream primarily consists of one dominant ion species. In an aluminium plasma 
at 310 ns (see spectrum (c)), Al+ was the dominant species, the line intensity indicating that its 
density peaked at about 1 mm above the target surface and was sufficient to be observed up to 
at least 2 mm from the surface. The rapid fall in line intensity close to the surface indicates that 
the ions within the plasma had nearly all recombined to produce aluminium atoms. As this 
recombination had been producing neutrals for up to about 100 ns, the atoms had had time to 
stream out about 1.2 mm from the target.

4.1.4 Concluding remarks

The above examination indicates the broad range of phenomena which could be studied 
with the instrument in question. Restricting the remarks to the area o f photoabsorption 
spectroscopy, for which the instrument was actually designed, it can be concluded from the 
preceding discussion that the plasma scanning technique can be used to attempt to produce 
pure absorption spectra of selected ion species by probing a selected portion of the absorber. 
The success of such experiments (i.e. the purity of the resultant spectra) would depend on the 
choice of element and skill of the experimenter.

4.2 Before and after : an optical comparison
In the literature [4], estimations of the gain in intensity in comparable optical systems 

were made by taking the product of the gain in geometrical focusing, the gain in system 
aperture and the mirror reflectivity. Thus the gain was expressed in terms of the increased 
image brightness achieved by compensating for astigmatism and the increased amount of light 
coupled into the system by adding a light collector (mirror). This was based on the assumption 
that all other things being equal, the above geometrical considerations (adjusted for losses at 
the mirror) account for the optical gains. This clearly does not apply to the two systems in
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question as the insertion of the mirror required that the source be displaced by a considerable 
amount This in turn implied that the increase in aperture could not be directly related to the 
increase in admitted flux The alternative was to make a comparative ray-tracing study of the 
toroidal and non-toroidal systems by applying a standard source model to both and comparing 
the losses at their respective optical elements

The optical gain achieved by incorporating the toroidal mirror into the system is now 
discussed using the results of the ray-tracing analyses presented in sections 2 5 and 3 5 The 
gain was calculated at the optimum by using a monochromatic source emitting at 16 8 nm

4.2.1 Gam m admitted flux

To estimate the gain m admitted flux achieved by modifying the optics of the system, a 
standard source (Source 1, see section 3 5 1) was applied to both the optical systems The 
number of rays transmitted were then compared

5 4 % of the source passed through the slit of the non-toroidal system 65 % of this 
was incident on the grating’s ruled area Thus 3 5 % of Source 1 was incident on the grating

Approximately 20 % of the standard source was mcident on the toroidal mirror 5 0 % 
of the rays incident on the mirror were focused through the slit and onto the grating, ignoring 
reflection losses This figure fell to 4 4 % when losses at the mirror were included (mirror 
reflectivity, R, for 16 8 nm radiation incident at an angle of incidence of 86° was calculated to 
be R = 0 87) Thus 0 8 % of the rays from Source 1 were focused onto the grating

Ignoring losses at the grating, as they will be the same for both systems, the ratio of 
admitted fluxes shows that the non-toroidal system admitted 4.2 times more light than the 
toroidally focused system, i e introduction of the toroidal optics produced a loss in admitted 
flux by a factor of 0 24. This was due to the displacement of the source from 60 mm from the 
slit to 450 mm from the mirror

4.2.2 Focusing gam
This component of the gam is the effect of compensating for astigmatism to concentrate 

the light in shorter, more intense spectral hnes

The length of the astigmatic spectral line (non-toroidal system, see 2 5 3) at 16 8 nm 
was measured at 75 mm (from figure 2 5, the ray-traced astigmatic spectrum)

The length of the stigmatic spectral line (toroidal system, see 3 5.3) at 16 8 nm was 
found to be 0 5 mm (from figure 3.11 (b), the ray-traced stigmatic spectrum).

The optical gain produced by the introduction of stigmatic focusing was in the ratio of 
the line lengths, which was thus equal to a factor of 150.
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4.2.3 Overall intensity gain

An estimate of the intensity gain factor, g, was calculated to be the product of gain 
components described above This can be evaluated as

g = (gain in admitted flux) x (focusing gain)
= 0 24 x 150 
= 36 at 16 8 nm

As this was calculated for the optimum wavelength, it is obviously the optimum gain 
The dependence of g on wavelength was due to the variation of mirror reflectivity and the 
respective line lengths on the Rowland circle. For example, g had a calculated value of 
approximately 30 at 12 nm and 25 at 20 nm

The gain can be termed the increase in speed of the instrument achieved by the 
incorporation of toroidal optics as it represents the increase in the amount of light received by 
the detector at the location of the monochromatic image at a certain wavelength It is thus 
related to the increase in plate density by the response of the photographic emulsion As the 
facilities for measurements of plate densities were not available at the time of writing, the 
experimental gain was not properly determined A rough estimate can be deduced from the fact 
that since the system has been modified, the number of laser shots required to produce a 
spectrum has been reduced by a factor of around 20 Discrepancies between this and the 
calculated value being attributable to imperfections in the models applied and the non-linear 
response of the emulsion

4.3 A critical appraisal
In this section, the results of the modifications made to the spectrograph are discussed 

m a practical framework of its application to the study of the photoabsorption spectroscopy of 
laser plasmas

4.3 1 Theory

From a theoretical point of view, the addition of a toroidal mirror to compensate for the 
main imperfections of the concave grating was an elegantly simple solution to the problem It 
not only allowed the removal of astigmatism without causing degradation of the image at the 
Rowland circle, but facilitated the simultaneous compensation of the three major problems 
posed by using a grazing incidence instrument to produce spectra from small sources.
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4.3.2 Implementation

The accuracy of the implementation of the solution obviously depended on the 
mechanical constraints involved. Not least of these is the manufacture of the mirror. However, 
as the toroidal mirror features two orthogonally arranged circular radii, toroidal surfaces of 
similar quality to spherical ones could be produced.

The nature of the optical system, the elements being separated by reasonable distances 
and the spectrograph being fully self-contained, facilitated the use of a modular housing design 
which featured many standard vacuum components. System components, like the target 
holders, pressure sensors etc., were generally mounted on vacuum flanges which were 
clamped or bolted onto ports or cube faces via O-ring seals. This enabled easy access to such 
components for cleaning, repair etc.. The use of 40 mm ports and piping kept the internal 
volume (and hence internal surface area) small. This, and the relatively large pumping speed 
supplied by the vacuum system, made for rapid evacuation.

The small deflections of the optic axis introduced by the small grazing angles at the 
mirror and grating made the system long and narrow. At almost 2 m, it was considered too 
long to be housed on a single mounting table. The format adopted was that of two heavy steel 
plates supported by box-section frames sitting on adjustable rubber pads, the spectrograph sat 
on one table with the chambers mounted on the other. The absence of a rigid mechanical link 
between the slit and the mirror was possibly the single greatest source of alignment drift. It 
was strongly suspected that the effect of this was exacerbated by a gradual warping of the steel 
plates under their own weight.

While the system design was generally versatile and effective, if a little prototypical, 
the financial constraints placed on the project restricted the attention paid to details, such as 
micropositioners etc., required to achieve a high degree of systematic accuracy.

4.3.3 Experiment

While the system suffered from alignment drift, due to a number of factors, which 
could not be accurately monitored by mechanical means, it could be both monitored and 
compensated for using the operational and experimental alignment techniques described 
previously (see sections 3.4.2 and 3.4.2 respectively). The keeping of written records was 
essential to the monitoring process.

The systematic difficulties encountered while running experiments would probably 
have been considered typical of any such instrument. Time- and space-resolved absorption 
was inherently tricky to achieve, especially when it had to be achieved repeatedly in order to 
record a clear spectrum, as failure to get absorption on one shot would record a continuum that 
could obliterate weak absorption features. The increase in speed of the toroidal system, and 
resultant reduction in the number of shots required, considerably reduced the risk of this.

The reduced number of shots and pumping time combined to make the experiment
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much less time consuming Two full experiments or one experiment with four or five repeat 
exposures could be performed in one day There was little difficulty in recording the individual 
time delay values and monitoring target damage when only 10 shots per exposure were 
required With the careful application of the experimental guidelines described in 3 4, almost a 
100 % success rate was achieved in recording clear, bnght absorption spectra This, coupled 
with the increased amount of information recorded on each plate represented a considerable 
increase in the efficiency of plate usage

4.3.4 Extended stigmatism

From the analysis of stigmatic wavelength location (see 4 1 1) it may be concluded that 
the apparatus would be suitable for the stigmatic spectroscopy of small sources over an 
extended spectral range by simply introducing small variations in the angle of incidence on the 
toroidal mirror Varying the angle between 85 728° and 86 183" facilitates placing the stigmatic 
wavelength anywhere between 9 and 25 nm without any appreciable loss in image intensity or 
having to reposition any of the optical elements A configuration to perform this function over 
a wavelength interval of 1 - 30 nm by varying the distances between the optical elements was 
previously proposed by G Tondello18 While Tondello’s method offers a wider spectral range, 
the practical difficulty in varying the position of source and mirror (relative to the 
spectrograph) would be considerable, not to mention requiring expensive modifications

The system could be modified for high-resolution spatial studies by simply apertunng 
the probe This would, of course, gready reduce the speed, requiring many more laser shots to 
produce a spectrum As increased speed was one of the objectives of this project, this was not 
really considered as part of the work described within these pages

4.3.5 Concluding remarks
To correct the main design fault discussed in 4 3 1 would not require major 

expenditure The most cost effective and stable mounting structure would probably be a cast 
concrete plinth supported on columns to replace the two tables The only other major 
improvement would be to redesign the mirror and target mounts for more precise control 
While this would take some of the art out of the expenmental process, the cost of precision 
stages could make it prohibitively expensive

From the preceding presentation of results and discussions, it is concluded that the 
system was capable of performing the function for which it was designed, i e the production 
of absorption spectra of selected ion species by probing a suitable region of the absorbing 
plasma with a continuum beam Furthermore, the production of such spectra required only 
familiarity with the equipment gained through experience, no special knowledge of toroidal 
optics was necessary

’* See reference [9], chapter 1
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