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ABSTRACT

High density high temperature plasmas produced in the foct of powerful
pulsed laser beams have many applications and have been the subject of

Intensive Investigations since high power lasers first became available

The work described In this thesis is largly concerned with one particular
application of laser generated plasmas that of photoabsorption spectro-
scopy of 1onized species The first chapter provides an introduction to the
subject by reviewing the work done to date in this area and the various
techniques which have been used to obtain absorption spectra The
usefulness of resuits obtained from VUV absorption spectra is aiso deait
with Recent work on the laser produced continuum source and the

various applications which the source has found is also reviewed

A detalled description of the experimental method used to create two
laser produced plasmas on separate targets and study the resulting
absorption spectrum which is observed when continuum radsation emitted

from one plasma i1s absorbed by the second plasma 1s given

New absorption spectra of magnesium aluminium and silicon plasmas
are discussed and results are presented for the third fourth and fifth
members of the neon-like isoelectronic sequence Mg lli AilV and SiV
The VUV absorption spectra of these ions have been recorded in the
wavelength range 250 - 60A This Is the first recorded observation of
absorption features along an extended Isoelectronic sequence The
wavelengths of the principal 2s22pé 18, ~ 2s22p5ns nd transitions have
been measured Also the autoionizing ievels due to inner 2s shell
excitation 2s22p6 1S, - 2s 2pSnplP,; have been recorded and wave-
lengths for these features are given

Many new lines particularly in the spectra of aluminium and silicon
plasmas are reported in this work for the first time Extensive atomic
structure calculations have bean carried out in an attempt to assign these
features Caiculations have also been carried out for the autoionizing

levels of the neon-like sequence from Na Il to SI V




The Xenon isoelectironic sequence has also been studied in absorption
and results are presentied for the absorption spectrum of a lanthanum
plasma The 4d photoabsorption spectrum of La |V has been recorded for
the first ime 1n this work and this spectrum is discussed 1n ierms ol the

previously observed 4d photoabsorption specirum of Ba

Progress on the evaluation of neutron scintillating glasses as new
delecior matenals for the VUV specitral region i1s reporied in Appendix 1
Ths apphcation of laser produced continua is discussed and tentative

results for cerium doped glass scintiilators are presentied

in Appendix 2 computer programs written over the course of this work are

descnbed Examples of input and output data are given
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1 1 PLASMAS IN GENERAL

In general terms a plasma (sometimes described as the fourth state of matter)
is matter in a state of ionization a gas ionized sufficiently so that the charge
separation which can take place in it is small when compared to its
macroscopic charge density On a macroscopic scale therefore a plasma is
approximately neutral aithough its principal constituents are electrons and
charged ions

This condition of overall neutrality 1s given by

N =Nz 2z (D
e z

where Ng is the electron number density and N, is the number density of ions
of charge Z In order to produce and maintain such a medium a sufficient
amount of energy i1s required to dissociate and ionize the (nitially neutral matter
and to give the ions and electrons sufficient kinetic energy to prevent

immediate reattachment and recombination over the cycle of the piasma

The reactions between particles in a neutral gas are both weak and short
ranged whereas in a plasma reactions occur between charged particles and
the Coulomb forces invoived in these reactions are both relatively strong and
act over a considerably longer range Thus plasma reactions are entirely

different from those of the original neutral gas

One of the distinguishing features of a plasma is the exhibition of collective
behaviour Some of the criteria necessary for a plasma to show coilective
behaviour are discussed below and can be summarised In the following four

expressions relating the main plasma parameters




N _ =« N (1 2)

A <« L (G )]

ami N » (1 @

ITAp Ne

er 1 (15
vc

The condition fullfiled by eq(1 2) s the overall charge neutrality of the
plasma Ng and N; are the electron and ion number densities respectively
The range of values of Ng and N; for both laboratory and astrophysicai
plasmas are extensive as can be seen by reference to fig(1 1) In eq(1 3)

Ap is known as the Debye length and i1s given by

e} €, kTe 1-

Ay = —_— 2 (1 6

D N o2

e

Ap is a shielding distance defined as the distance over which Ng can differ
appreciably from NgZ in eq(1 6) €4, is the permittivity of free space Kk is
Boltzmanns constant Tg is the eleciron temperature and e the charge on
the electron When discussing collective effects in plasmas \p IS an
important parameter in that it measures the minimum size of a system in
which collective effects are dominant when compared with singie particle

effects Again reference to fig(1 1) shows the range of A\p values for the

different types of plasma
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Fig (1 1) Shows the various types of plasma both laboratory and
astrophysical together with typical temperature and density ranges.
and carrisponding values of A\p Jet represents the Joint European
Torus (After Carroll and Kennedy (1981) )




In order to obtain an expression for A\p one assumes a smooth change In
electric field in the region of the particle under consideration This
necessarily assumes a large number of particles in the neighbourhood The
third criterion given in eq(1 4) ensures that this Is so The plasma frequency

Wp IS defined by the equation

2

1
w = { Ne & ] 2 ("
P 0

m €

where mg 1s the electron mass The plasma frequency Wp ls one of the main
paramoters used In describing collective osctllations in the plasma wp is
the cut-off frequency for the transmission of electromagnetic waves through
a pltasma In order that colloctive oscillations can develop coltisional
damping must be smalt, this will bo so whon eq(l 6) is satisfied The
dopondence of w the frequency of the Incident waves on the propagation
constant k = 27/\ can be shown from the solution of Maxwells equations for

an ionized medium to be given by

w’= w; + ¢k ? (18
and the phase and group veloscities of such waves in the plasma are found

to be given in terms of the plasma frequency as,
2
w p =
v-—k—c[1——2} 2 (19

L
}2 (1 10)

The subject of waves in plasmas i1s 10 say the least complex and is not dealt




with further in this work This area of plasma physics may however be pursued
in 2 number of general references (see for example Hughes (1975) or Hora

(1980)) given at the end of this chapter

Any account of the fundamental concepts of plasma physics however brief

would be incompiete without reference to the various atomic processes which
occur within plasmas Atomic processes govern the way in which photons

electrons, lons and neutral atoms within the plasma intgract with one
another  Processes such as collisional excitattion and de-excitation

collisional iomzation and recombination photoexcitation and de-excitation,
photoionization and recombination are largely self-explanatory They involve
interactions between photons and electrons on the one hand and ions and
neutrat atoms within the plasma on the other This results in a ioss or gain of
kinetic energy for free electrons and a resuiting exc.:ltatlon, de-excitation or
lonization/recombination ol the electronic structure of an ion or neutrai atom

The process of Bremsstrahlung involves free free transitons within an
electronic structure composed of an electron of charge e and an ion of charge
Ze The resulting tfransitions within the compound system of charge (Z-1)e
give rise fo continuum radiation when a transition from a higher to a lower
continuum state of the system results in the emission of a photon it shouid be
noted here that both Bremsstrahiung and the inverse of the process known
simply as inverse Bremsstrahlung (which involves an electron in such a system
making a transition to a higher state with a resulting increase in tts kinetic
energy) together play a very important part over the cycle of a laser produced
plasma A comprehensive review of atomic processes in plasmas Is given by
Cooper (1966) the subject is also covered more recently in the list of general

references provided at the end of this chapter




The atomic processes determine the macroscopic state of the plasma The
cniterion of equilibrium 1n plasmas is used 10 describe this macroscopic state

lhe ideal plasma is doscribod as boing tn 4 state of complete thermodynamic
equilibrium. for such a plasma the following would hold <(a) all particies

neutral atoms ions, and electrons would possess Maxwelllan velocity
distributions characterized by the same temperature. (b) all population
distributions over the states of atoms and ions would obey the Bolizmann
formula (c) the fraction of ions 1n state Z relative to those in state (Z-1)
would be given by the Saha equation and finally (d) the intensity distribution
of the radiation as a function of frequency and temperature in such an ideal
thermodynamic enclosure would be given by the Planck formula Such
conditions do not of course obtain in real plasmas the fact that a plasma
radiates energy prevents condition (d) from being fulfilied However, plasmas
are found to obey other Iless complete. modeis of equilibrium For high

densily plasmas by which is meant that the plasma obeys lhe density condition

18.0°5 3
N, 2 1 6X10 T X

(r 1)
(Where x i1s the excilation energy in eV of the transition under consideration)
the equilibrium model applied is that of local thermodynamic equilibrium
(LTE) in which electron collisional processes are assumed to dominate At
lower densitios tho coronal model applios and for intermediato plasmas the
collisional radiative model i1s said to hold The various models of plasma
equilibrium and the conditions under which each applies are discussed in more

detail in the general references or for a brief account see Knot (1971) or

Carroll and Kennedy (1981)




1 2 LASER PRODUCED PLASMAS

High density high temperature plasmas produced in the foci of powerful (>MW)
pulsed laser beams have many applications and have been the subject of
prolonged and very intensive investigations since the early to mid sixties when

powerful lasers first became available

Laser produced plasmas have in recent years found a number of interesting
uses One of the major goals of laser plasma physics I1s the possibility of
extracting useful quantities of nuclear power indeed there appears to be a
very definite possibility of producing useful amounts of nuclear fusion energy
by the use of lasers At low to medium intensities (1016~1017Wcm—2) ali
materials are heated vaporized and ionized At high intensities (1020~
1022Wcm™2) the relativistic change in the electron mass when quivering in the
strong laser field (1012volts cm~1) results in relativistic optical constants
which cause quick shrinking of the laser beam to one wavelength diameters
this has resuited in the detection of ions with energies in excess of 10MeV
flying against the laser beam (see for example Hora 1980 ) Also the
excitation of nuclei by lasers has been reported. (lzawa et al (1979)) Laser
produced plasmas have aiso been used to achieve compression of matter to
extremely high densities and as sources of both hard and soft x-rays

neutrons, and highly charged ions

Aiso of current interest is the possibility of achieving laser action at short
wavelengths (in the VUV/soft x-ray regime) The major problem here is the

obtainment of a significant degree of population density inversion between the

L4




jasing states Recently there have been several reporis of population
inversions Iin laser produced plasmas Among the more interesting has been
the observation and measurement of population inversions between the upper
n=4 5,6 and the lower n=3 levels in C4* and C5* ions for potential quasi-cw
lasing in tho A = 35-76 nm wavolength range. (Dixon et al (1977 and 1978))

Hydrogen helium and neon like ions are important as laser media as they
provide metasiable levels which can be populated by either collisionai
excitation or recombination 1n laser produced plasmas, and much work Is
underway in this field Calcuiations for XUV gain in laser produced aluminium
plasmas have been carried out by Pert and Tallents (1981) and show
promising resulls with predictions of significant smali signal gain from the
hydrogen like Al Xiif Baimer @ 38 7A transition More recently Silfvast et al
(1982) have observod some fifty new laser transitions in the visible and near
infrarod 1n difforont metai vapours in the recombination phase of an expanding
laser produced plasma and suggest that all of the reported transitions offer
possibie candidates for the long sought after x—ray laser when i1soelectronically
scaled to higher ion stages Boiko et al (1983) reported the observation of
stimulated emission due to Be I transitions in a recombining laser produced
plasma The stimulated emission was observed as a result of transitions in the
Be Il lon for \ = 467 and 436 nm In an expanding laser produced plasma 2cm
long and approximately 200 um wide formed on a soiid target by a 20J 10nsec
Nd—glass laser There have also been the recent reports of substantial
progress In x-ray lasor technology reported at the Lawrence = Livermore

| aboratory (see Matthews etal (1985))

A roviow of progress and tronds in x—ray laser research with particular attention
to the hydrogen like ion approach is given by Eiton (1981) and Pert (1981)

has reviewed the current state of research in EUV laser action in plasmas in









































































































































































































































































































































































































































































