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ABSTRACT

This paper deals with the effects of high density on measurable quantities,
such as line shapes and level populations, which may be used to derive plasma
parameters in mainly highly-ionised plasmas. The discussion is centred
around plasmas with electron density above 1018 cme and includes vacuum spark
plasmas, laser-irradiated solid targets and the plasma focus. These sources
have in common a high kinetic energy concentration and are capable of producing

the most highly-ionised atomic species observed in the laboratory.

Some of the more topical spectroscopic aspects of high density plasmas are
discussed, including interpretation of satellite line features; the effect of
correlations and screening on line shapes; opacity as a diagnostic for streaming

motion and amplification of XUV line intemsities by stimulated emission.

(Paper to be published in Proceedings of the 13th International Conference

on Phenomena in Ionized Gases, Berlin, 12-17 September 1977.)

December 1977







INTRODUCTION

Our understanding of the physics of high temperature laboratory plasmas has
been greatly assisted in recent years by the accuracy of laser beam scattering
techniques in determining plasma parameters. At very high density, however,
laser probes cease to be effective due to absorption and refraction of the
light beam and one has then to rely on 'classical' methods of analysis, par-
ticularly on emission spectroscopy. These dense plasma sources, where emission
spectroscopy still plays a unique role, include pinch devices such as the
'plasma focus' [l] [2] the low-inductance vacuum spark [3] [4] [5] and those
plasmas created by irradiation of solids with powerful beams of electrons or
photons. In recent laser beam interaction experiments with solid targets,
electron densities as high as those in the solid state have been deduced [6]
while proposals for reaching several orders of magnitude above solid state

densities are being pursued in laser driven thermonuclear fusion research [7].

While their intense luminosity, particularly in the x-ray region of the
spectrum, make these plasmas easy to observe, spectroscopic studies are
inherently difficult due to short plasma sustainment times (fsnanoseconds)
steep density and temperature gradients and often appreciable optical opacity.
The effects of a high density plasma environment on the emission from atomic
systems are twofold. Firstly, collisional rate processes can dominate over
radiative rates at least for transitions in or near the visible region. Binary
scaling of rate processes [8] using reduced parameters fortemperatures,e:Te/z2

and density T « ne/z7 and population of levels ﬂ(p) = = n(p), may become
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inappropriate at the highest range of densities (~1 cm‘s) considered in



this paper. Ground level populations may no longer be considered much longer-

lived than the excited level life times in ions of low charge state.

The second effect is due to the plasma microfield on the shift and broadening
of atomic energy levéls and on the depression of the ionisation potential.
Screening of the ion microfield by the electrons becomes important when the
number of ions per debye sphere is reduced to the order of unity or less at
high density. Non-linear coupling of plasma waveé to the atomic systems can
also affect the spectral line emission even in quiescent plasma conditions at
high densities. While some of these topics are treated in review articles on
plasma spectroscopy [9] [10] [11] perhaps only Vinogradov et al, (1974) [12]
exclusively deals with high density effects.

Several topics of spectroscopy, mainly of highly-ionised matter in high density
plasmas, are treated in this paper. The effects of very high density are
dealt with initially in general terms. This is followed by specific descrip-
tions of satellites, line broadening and opacity. Finally, in section 7, level
populations are discussed.
We choose to ignore the intensive current effort on atomic term stiructure of
highly-stripped ions since this has a zero-order dependence on the plasma
parameters.

2. LIMITATIONS TO LASER PROBE DIAGNOSTICS AT HIGH DENSITIES
Before discussing emission spectfoscopy at very high densities, it is worth-
while recalling the limitations to diagnostics bésed on probe light beams. The
'cut-off' density at which a laser of wavelength KO will cease to propagate

through the plasma is given by

Acg n, = 1.12 x 10M%. g™ s L1)

corresponding to densitiesn -~ 5 x 10°* e¢m > for visible lasers. In order to
avoid severe absorption it is advisable to have a density not more than about
nec/3. While successful interferometry of the 'plasma focus' has been ‘made at
n, ~5 x 10*° cm™ [2] there is some loss of resolution due to refraction and
plasma turbulence [13]. “Refraction of the probe beam itself can be used as a
diagnostic but even here the deviation of the light rays become too grotesque
to handle. For example, for a parabolic density distribution n, = ﬁ
(1-—(r/R)2), the angle of maximum refraction will occur at r/R P 1/k/§ which,
for ruby laser light (ko = 6943 A), gives

-2 I\
e 4.3 x 10

Thus we have very large deflections, ~ 0.5 radians, even for ﬁe - 10°r em™.



3. VERY HIGH DENSITY EFFECTS

kTe (eV) Pressure_ionisation,

€ (eV) \/H, L .
: o

Ordinary plasma Theory ” y
10000 | Boltzmann statistics 4 /
binary Coulomb collisions

1,000 |
100 | Ngoro
Debye SCM
10 | 222

e e
IS S L

1 E. Strong plc{;rrfug/
: /. interactions 7

. 2 )
18 19 20 yal 22 23 24 25 26 27 28
Log Ne (em™)

Figure 1

Schematic diagram of parameter space for conventional plasmas (upper left) and for regions where emission
is modified by high density effects (lower right). Non-Debye plasmas (hatched area) has upper boundary
given by equality of interparticle distance, r,,, and Debye length, A, ; electron degeneracy (cross-hatched
area) has an upper boundary defined by equality between the Fermi energy, g, and the kinetic energy, kTe.

The regions of parameter space where we expect modifications to the emission
spectrum due to 'mon-ideal' plasmas are shown in figure 1. Screening of the
ion microfield by the electrons will become pronounced when the interparticle

distance, r is of the order of the Debye length )\D’ where )LD = Vth/(,\/—é u}pe).
The number of particles in a Debye sphere is given by

3
1.7 x 109Te'/2 o 3/ R
n. (em™) = LT x 10 T (eV) Ile2 (em™) ... (2)

D ; 3
ne2 (1 + Z)/a

the latter expression being the more usual formula with the effect of the
ion charges removed. It should be noted in (2) that screening is more sensi-

tive to a lowering of Te rather than an increase in n,.

Forn, < 1, (hatched area in figure 1), Debye screening results in a splitting

and sgift of the energy levels towards the ionisation limit. Linear Stark
theory may no longer hold in this region (section 5). Oscillator strengths and
photoionisation cross sections are also altered [14]. The shape of the contin-
uum intensity close to w 5 the plasma frequency, is affected [15] and the.

ionisation potential depressed [16]. Finally, non-linear coupling between



electron waves (plasmons) and the atomic levels can lead to induced, two-

quantum transitions, (section 4).

Equating the lowering of the ionisation potential of an hydrogenic ion, charge
state Z, to the potential energy in a bound state, with quantum level 'n', we

have,

n, (em™@) = 4.9 x 10°* Te (eV) 7 (1 + z)™t w7 ... (3)

Pressure ionisation curves, using equation (3) are plotted in figure 1 for
neutral H and Ne E. These curves are illustrative rather than physically
attainable since where they lie above the KD = I boundary line, the inter-
particle distance is already smaller than the radius of the first Bohr orbit,
ie. ro<ag. The significance of the pressure ionisation curves below the
kD = ¥y boundary is also doubtful since the concept of a Debye plasma is
inherent in the derivation of equation (3). A lowering ol the lonisation
potential (1 <n <win equation (3)) is of course physically realisable and

indeed is a common effect in high density plasmas.

The region of parameter space where correlations between particles become sig-
nificant is shown, for Z = 1 in figure 1, as that area below the boundary line
where their Coulomb energy (Ze)z/ro is of the order of kTe where s is now the

ion interparticle distance. This occurs, for nzZ =, when
7° n, (em™@) =1 x 1089 Te3 (ev) e (4)

At frequencies of the order of wpe’ the continuum emission will be reduced by
correlations due to the proximity of neighbouring ions. Due to the Z°
dependence in equation (4), the strong plasma-interaction region in figure 1
can readily spill over to the upper "ordinary blasma theory" region in the
case of highly-charged emitters. Correlations are shown to be important in

line broadening studies, section 5.

At somewhat higher densities, failure of Boltzmann statistics occurs as the
electrons become degenerate. The upper boundary is given by the condition

that the electron Fermi energy, Eps equals kTe, where,

— 2 -
ep (eV) = 1.5 x 107*° n 3 (em™) | e 1B)

In future laser compression experiments, where densities which are orders of
magnitude above the solid state may be reached, electron degeneracy will have
the important effect of removing electrons from the free energy distribution.

However in the present paper such extremes of density are not dealt with.



4, SATELLITE SPECTRA
The term 'satellite' is often used to describe emission features associated
with, and having approximately the same energy as, a transition between two,

well defined quantum states.

The physical processes leading to the appearance of satellite spectra can be
quite separate and distinct however and, in order to avoid confusion, the
features are often referred to as 'plasma' satellites, 'quasi-molecular'
satellites or 'dielectronic' satellites etc. High pressure plasmas often by
virtue of their non-stationary, non-thermal nature exhibit all three types of
these features. The intensity and frequency of the satellites relative to the
parent are the measurable quantities of interest and these can often be used
as an estimate of the departure from a stationary ionisation balance and of

the non-thermal content in the plasma sources.

(i) Plasma Satellites
Non-linear coupling between electro-magnetic fields and atomic systems, pro-
portional to the square and higher orders of the electric field, has been
known for many years as the AC Stark effect. In plasmas, electric fields of
the same order as the Coulomb field in the plasma EF/BH aaZeE/r, can be
imposed by intense beams of photons (transverse EM waves) or by plasmons
(longitudinal plasma oscillations); sometimes even by a coupling between
these two types of oscillations. The detailed theory [17] can be quite com-

plex.

While plasma satellites are generally weak features relative to the allowed
parent, the most likely features to be observed are those predicted by
Baranger and Mozer [18] which occur in the vicinity of an optically forbidden
transition with an allowed line situated nearby. A schematic term diagram of

the forbidden line satellites is shown in figure 2.

If the pump field, intensity E'and frequency ube’ is sufficiently strong a two-
gquantum jump involving either 2 photons or a photon and a plasmon is predicted
to occur at a separation from the allowed line given by A + wpe: vhere A 1s
the frequency splitting between the forbidden and allowed lines. The upper
level of the allowed line acts as a virtual state in the decay of the satel-
lite levels, figure 2. In principle [18] the shape of the satellite line is
determined by the energy spectrum of the plasma waves. Calculations of the
interaction however, are generally based on linear, weak coupling theory which
may be invalid in conditions of strong turbulence. Using a low density

'theta pinch' (ne ~5 x 10'® cm‘a) Kunze and Griem [19] have reported satel-
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Schematic energy level diagram of induced satellites
to a forbidden line.

lites to the 2p-nf forbidden transitions in He I and, following [18], derive
values for the associated level of turbulence to be ~ 10° above the thermal
level. Again at low density Cooper and Ringler [20] Have successfully deduced
the known transverse Elfield in a microwave beam from the intensity of the
induced satellites. Bekefi [15] gives a useful review of this relatively new
field of optical transitions stimulated hy plagma turbulence. Typically, the
pump fields in these low density studies will be E‘m.kilovolts/cm or higher.

At higher densities, collective effects become more pronounced and may even be
used, in certain circumstances, to measure the thermal level of the plasma

waves. The ratio of the satellite to allowed line intensity [18] is given by

kTe mpe
S¢=€4Ry'[aime . Ryp ... (8)

is a dimensionless parameter [18] given in terms of the allowed (mf)

where RLL'

and forbidden (m'{£') quantum numbers, and ¢ is the ratio of the jitter energy of

the electrons in the imposed plasma field to their thermal energy. For a

thermal plasma and wave number K,
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€ = 375 o, * 0.015/nD vee (7)

In equation (7) it is to be noted that as n, 2 1, in high density plasmas with
kT > R (one Rydberg) therma rmally induced satellites can have measurable
1nten51ty Plasma fields, E~2x10° V/cm, have been deduced [21] from the
appearance of thermal plasma satellites.

More recently, and at much higher densities, satellites to the forbidden 1s°
lS0 - 1s 2s 151, transition in He-like ions of the 3rd atomic period elements
have been reported [22] in certain, laser-irradiated, target configurations.
One line feature appears on the blue wing of the allowed 1s® 180 - 1s 2p lfl,
line and is attributed to the anti-Stokes satellite to the forbidden line and
separated from it by w g The density corresponding to this langmuir fre-
quency is n, ~1 x 10°° em™®. These observations [22] remain unconfirmed by
independent measurements of the density, but point the way to a valuable new

diagnostic in such extreme (8 x 107 atmospheres) plasma conditions.

At lower densities, the satellite, if due to plasma waves, would be immersed in
the allowed line and this is perhaps the reason for its absence in plane
target irradiation experiments, see figure 6, where the electron density is

typically ~ 10%* cm™°.

(ii) Quasi-molecular Satellites
At very high densities as the ion separation becomes smaller it is possible
for the ion perturber to form a quasi-molecule with the excited ion (emitter),
the valency electron essentially being shared transiently between the two
particles. The effect of proton perturbers, as calculated for Ly-Q, [23],
to produce satellites in the wings of the transition at the energy separation
corresponding to radii where the inter-atomic potential curves lie parallel.
Satellite formation due to proton perturbers has been reported in the litera-
ture but perhaps the clearest evidence for quasi-molecular satellites comes
from the effect of other ion perturbers, eg. Ar+. In an argon arc plasma
withnp ~1 (o =2 x 107 em™®, T = 1.4 x 10° %%) and 1lightly-doped with
hydrogen, Preston [24] has shown that the far red wings of Ly-o display satel-
lites, figure 3, whose intensity scales as the density product, N(H, n = 2)
N (Ar+). The central frequency of these satellites is independent of Te and n,
but the width weakly increases with Te' Again, in a z-pinch plasma whose
parameters are chosen so that np ~ 1, Baker [25] attributes the appearance of

o)
several satellites, displaced by up to 40 A from line centre, as being due to



the formation of quasi-molecules such as (H, n = 2; Ar+) and even (H, n = 2;
++
Ar)

interpretation of plasma parameters from satellite structure at high densities

. One has to take cognisance of these quasi-molecular states in the
as described in 4 (iii).

102|-

Figure 3

Logarithmic plot of the red wing of Ly-a in a
hydrogen-doped, Ar arc. Two satellite features
are observed, Preston [24].

intensity

Specific

(iii) Atomic Structure Satellites
Satellite spectra due to multiply-excited levels are common features of the
XUV emission spectra from a wide range of plasma sources. In contrast to those
discussed in 4 (i) and 4 (ii) their intensities can be comparable to the parent
line. Satellite features were first reported by Edlen and fyren [26] who inter-
preted them as the parent transitions in the presence of an additional outer
electron. For example, in the case of the first resonance line in H- and
He-like ions we have respectively, ls nf{ - 2p nf and 1s° n'¢' - 1s 2 pn'g'
etc. Each of the higher members of the resonance series also have their
.associated satellite structure. This is shown in figure 4 for a laser-
irradiated carbon target, the spectra from this source being remarkably

similar to that in Edlen's original work [26].

In recent years, a great deal of term scheme analysis of multiply excited
satellites has been carried out, see [27] [28] [29] [30]. The intensities of
the satellites have been calculated in terms of collisional and radiative

decay rates by Gabriel and others [28] [31] [32] [33] [34]. These calcula-



Figure 4 :

XUV spectrum of laser-irradiated (CH,),, solid
target. Satellite spectra to resonance lines of H-
and He-like carbon are shown. Ly-a of CVIis
self-reversed.
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tions, as well as those pertaining to allowed and forbidden lines arising from
radiative decay of 1s 2s 3Sl and of 1s 2p aPélo, form the framework for diag-
nostic measurements based on satellite lines of the He-like ions in high

temperature plasmas.

The detailed appearance of the satellites changes with the relative rates at
which their upper levels are populated and depopulated. Important among the
populating processes are direct, inner shell excitation from the Li-like ion
ground states and dielectronic recombination from the 1s° 'S + e, continuum,
Dielectronic capture [35] followed by a stabilising radiative decay can be

expressed quite generally by

e + X+Z (n,L) - Xf(z_l) (n'2 + 1; n" L)

N X+(Z_1) (n'&; a" {’n) + hu | e (8)

This process is illustrated in figure 5. Clearly, since there is exchange

only between these electrons in the continuum with a specific energy ES and

the doubly excited bound state, energy Ee’ the dielectronic process is tem-
perature dependent (see also figure 8). Satellites, such as those arising from
1s 2p° Zp€ level, which for reasons of parity and angular momentum cannot
couple via autoionising transitions to the continuum, are notably absent in
recombining or steady state plasmas. The 1s 2p2 2P® satellite is present

only in strongly ionising plasma conditions. In view of these considerations

it is a misnomer to refer to all transitions from multiply excited levels as
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Schematic diagram of energy level structure of He-like ions and multiply-excited satellite
levels of Li-like ions. The continuum electrons N(e) recombine by dielectronic capture
Cq, followed by stabilising decay A;. A, is the competing autoionising rate.

'dielectronic satellites'.

In high density plasmas such as those produced by laser-irradiation of solid
targets, atomic structure satellites are intense features of the emission
spectrum. The main contributions [36] come from n' = 2 and 6 > n" > 3 in
equation (8) so that the satellites cluster around the first few resonance
lines as illustrated for the Al ions in figure 6. The effect of high density
is mainly a suppression of dielectronic recombination due to collisional
ionisation of the upper levels [37]. Other, secondary and competing, effects
of high density are stabilisation of the electron capture by collisional
decay and the reversal of this process by possible reabsorption of the
radiation under conditions of optical opacity. There are limits to the range
of parameters over which temperatures can be derived from dielectronic satel-
lites. For very highly charged ions, Z > 17 say, recombination tends to be
dominated by collisional radiative effects. At very high densities

n > 10%° em™2, 3-body recombination becomes important.
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ALUMINIUM SPECTRA.
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Space-resolved spectra from a laser-irradiated solid Al target. Satellites are
clustered to the long wavelength side of the first resonance lines. Intensity
of intercombination line (*S,—>P;) exceeds allowed line intensity in the
recombining plasma > 50um. Target surface is located at Oum.

Figure 7

Ar XVII resonance line and associated
satellite line structure emitted from
plasma focus operated in D, + 5% Ar.
Identifications (below) have intensities
proportional to their gf values calculated
by R.D. Cowan [43].
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Several attempts have been made to derive the parameters of laser-irradiated
solid targets from the relative intensities of the satellites, see eg. [33]
[38] [39]. Derivation of the temperature and of the ionising state of these
highly transient plasmas may be somewhat inaccurate however, due to the purely
experimental complications of opacity in the parent lines [40], the sharp,
spatial inhomogeneity in the émitting region [39] and the relative streaming

velocities of different ion species [41].

R=1(1s22p P, -1s2p?2Ds;, . %,) /] 1(1s2'S -1s2p'P)

1 L T
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Figure 8

4 Intensity ratio of 1s2p? *D satellites to 1s2p ' P, allowed line of He-like ions in the plasma focus.
The Ar XVII values correspond to the plasma condition in Figure 7 while Ne IX corresponds to a gas
filling of 0.5 torr Ne. In this latter case opacity in the allowed line is allowed for using the inter-
combination line as an intermediate (optically thin) reference intensity. Full curves are theoretical
predications of Gabriel [31]. Hatched area and —o— represent other experimental determinations of
Te from the spectral intensity of the free-bound H-like ion continuum.

Screened transitions are prominent features in other high density sources
including the low inductance vacuum spark and the plasma focus device. An
example of satellite structure to Ar XVII in the dense plasma focus [-12]

is shown in figure 7. This source is relatively long-lived, a few tens of
nanoseconds, with a density n, = 10*° em™ , and has been extensively diagnosed

using several techniques including laser beam scattering. The Ar resonance



lines in this case are optically thin and the ion populations are consistent
with mildly ionising conditions ie. approaching their steady-state values
characteristic of the electron temperature which is the order of 2 keV. The
satellite intensities should therefore provide a reasonable test of the theo-
retical models. It is interesting to note, figure 8, that the temperature
derived from the satellite using Gabriel's model [31] is in good agreement

‘with the value deduced by independent diagnostic methods.

5. LINE SHAPES AT VERY HIGH DENSITY
Pressure broadening of lines is widely used to estimate the density of plasmas.
Almost all the experiments and theory, however, are appropriate to plasmas
with density less than about 10*° particles em™" [44]. At much higher densi-
ties, lines in the visible region are often merged with continua emission so
that one is compelled to study XUV emission, inevitably from multiply-ionised
emitters. Theoretical estimates of line broadening for highly charged species,
have ndt been adequately tested. One might expect, however, that effects of
Debye screening of the ions, Coulomb repulsion between emitter and perturbers,
perturber-perturber correlations and quadrupole effects become important

for highly charged ions at densities much exceeding 10*° cm”® [12].

Stark broadening of H-like ions causes much the most significant effect of
density on line shapes and it is the most readily estimated. Vinogradov et al
[12] point out that broadening of H-like ions will be quasi-static over a
range of charge states from Z = 1 2 25 and over a complementary range of
density from 10*% » 10°® cm™ Broadening by electrons which will affect
mainly the line centre is due to impact mechanisms up to n, ~10°% em ®. An
example of the ion broadened wings and electron-broadened core of CV1-LY is

shown in figure 10.

There are two main corrections to the simple Holtsmark, quasi-static theory

[44}. The first, which becomes important as n, = 1, is screening of the ions
(both radiators and perturbers) by the electrons. This causes a reduction in
the perturber ion microfield and therefore in the broadening. Corrections to
the Holtsmark field have been considered in terms of the screening parameter

'a' = 1"o/?kD and the appropriate reduced fields have been tabulated [45]

=

8.3 x 10_4 n

a' = ro/lp =5 N e ; —

(ka)%

o=

z

where kTe is in eV and ro is the ion-ion separation.
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Screening alsc gives rise to line shifts and asymmetries [46] the latter being
due to Coulomb perturbations within the atomic structure of the radiating ion
itself. The shift of the energy levels [12] towards the ionisation limit is
given by

R a 2
_ ¥ [0 i 2 _
PR 1 I O I

In the case of H-like ions, AEnL is less than the Holtsmark line width while
for non-hydrogenic ions in the range 10*® to 20°* em™ it is likely to be of

the same order as the Doppler and impact widths.

A second correction to Holtsmark fields at high densities is required for
correlations between particles, especially between emitters and perturbers.
The criterion for correlations to be important is given in equation (4) and can

be expressed as
2
Np 3 [ite/(2 - 1) 7o ... (11)

For plasma with a mean charge Z = 10 and kTe = 100 eV, for example, the per-
turber density Np = 4 x 10°° c¢m ®. For highly charged ions Z 2.10, the range
of Np where correlations are important is wider than that which leads to
Inglis Teller line merging [44]. The effect of correlations on the whole line
profile has been considered for the case of a two ion component plasma by
0'Brien and Hooper [47]. Line shifts due to plasma polarisation effects have
been predicted [44] when correlations are strong but so far they have proved

illusive to measure [48].

Very few calculations exist for multiple component plasmas at high density; see
however figure 10, in which 0'Brien and Hooper's formalism [47] has been employed.
The overall Stark broadening for H-like Al XIII, has been calculated [49] for

densities in the range lﬂgji,ne = 407% i, Again, in a single ion component
plasma the widths of Ly-a for ions of charge state Z can be estimated [50] as,

2
Aw, (keV) = 9—5@ (5 x 10°%)3
2

Calculations of the range of validity for simple but accurate modifications

to Holtsmark fields experienced by II-like ions are shown in figure 9.

It is probably reasonable to assert that total line profiles, which are ade-
quate for diagnostic purposes, can be constructed with reasonable accuracy
from modified Holtsmark field distributions. Other corrections, especially to

the line centres, are of secondary importance.

14
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Hatched area shows range of density where simple modiﬁcaltions to Holtsmark fields
give accurate line profiles for H-like ions with Z = (kTe/Ry)/z. The lower boundary
is set by equality of quasi-static and Doppler half-widths. The upper boundaries ‘S’
correspond to a screening parameter ‘a’ = 0.2, for perturber charges Zp = I(\\\) and
Zp = Z(///), where field may be readily interpolated by a suitable choice of reduced
field parameter [51] from Hooper’s tables [45]. Upper boundaries ‘C’ correspond
to corrections of 10% to half-widths due to radiator-perturber correlations.

For non-hydrogenic lines Stark broadening is much smaller and impact effects
are likely to govern the line widths for n, < 10°* cm—a, the electrons and ions

making equal contributions.

Experiments on line broadening at very high densities are still relatively
uncommon. The CVI emission from laser-produced carbon plasmas has been studied
however in recent years. Irons [52] measured the Stark broadening of high
quantum number transitions in CVI, in the visible spectrum of laser-produced

; 8 -3
plasmas, in the case where n, < 3 x 10*° em

i Te < 30 eV giving a screening
parameter 'a' ~ 0.15. The half widths fitted reasonably well with the ion
quasi-static estimates in which screening was taken into account, viz.

S M

2 mel (n{' + %) x FO’ wes (12)

Aw; (full half width) =
2

— i 2
where F0 = 8.8 e Z 3 N,3; Z_the mean charge of the perturbers. Aglitskii et
o .
al [53] using the (3—4) transition in CVI at 521 A was able to estimate some-
what higher densities closer to the target surface.
In an earlier study of laser-irradiated solid targets, Burgess et al [54]

)
attributed Stark broadening to the width of transitions in the region 100-200 A
from alkali ions of OVI and KIX. Simple estimates of the half widths due to



electron impact (straight, classical path) broadening gave electron densities
which were self-consistent within a factor of 2. Ion broadening is not too
important for these isolated non-hydrogenic lines and is in any case reduced

still further due to Debye screening.

Broadening of the Lyman and Balmer series of CVI has been studied by Galanti et
Al [40]. It appears that at densities n, = 10°* cm™® only a limited number of
transitions in the series are relatively free from complications of line merging
and optieal opacity. Figure 10 shows the experimental profile of Ly - ¥ of
CVI compared to the computed line shape. In these complex calculations [55]
the ion-microfield due to the main perturbers, N(Cs+) and N(66+), has been cor-
rected for the screening effect of the electrons using Hooper's formalism [47].‘
Electron collisions responsible for broadening in the core, are taken into
account in the impact approximation. While the electron density derived from
the Ly - Y profiles is consistent with that deduced from other spectroscopic
features, these experiments [39] [40], can hardly be regarded as an adequate

test of line broadening theory.

Ly cu 2698 &

O  Experimental points
—— Stark profile

--- Voigt profile

Ne = 102| CITI-3

Te 126 eV

- ANy, (inst) = 002

2\

ANy, =0067 R

A (R)

Figure 10

The full line is the Stark profile of CVI L, (26.98 A) calculated [55] for a
carbon plasma at 126eV and an electron density of 10*! cm™. The Stark
profile is folded with the instrument function to give the dotted line which
is compared to the experimental profile represented by the circles.
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6. OPACITY
Reabsorption of the emission, even in a homogeneous plasmas,.can modify the

spectral intensity of the source profile such that,

I(y) = S(Te; n_; z) (1 - e"T(")) wum {13)

where S(Te; n; Z) is the source function which is determined essentially by

ratio of the upper and lower state populations.
The optical depth T(y) is given by

hy

™(v) =N, L(s) ---(-3-°-.B1:3 . d ... (14)

N,  is the number of atoms in the lower state of the transition, energy th;

and finally L(y) is the absorption line shape within the plasma.

In the high density plasmas considered here T(v) may greatly exceed unity for
the first member of the resonance series. Since the plasmas are in general
inhomogeneous and with streaming motion of the ions, [39] [41] [56], the
effects of opacity on the core of the line can be very noticeable.

Tﬁis is well illustrated in the spectra of CVI from a laser-produced target,
figure 11. Lyman-Q is clearly seen to be self-reversed, the core of the rever-
sal progressively shifting to the blue wing of the profile as the plasma
expands. The explanation can bhe understood by reference to the diagram in
figure 12. Self-reversal can only occur if the source function S(Te’ r) at
the boundary of the plasma corresponds to a cooler Te than that in the core,
ie. S(Te; r) < S(Te; o). In practice an adiabatic relation

Te(r) = Te(o) r—2(Y—1) is often observed in those expanding plasmas.

Expressed as a function of the upper and lower level populations

B ) =
Ef.(r) < I—]:-(r = o)

If again, as has been observed (41], the streaming velocity V(r) increares
with distance from the target, ie. V(r) = Kr, then the centre of the absorp-
tion profile will always lie progressively further out from the line centre as
the plasma expands away from the target, figure 12. Thus, independent of the
direction of observation, one will, on this realistic model, always see a line
assymmetry with a reversal, blue shifted by 6@6 « 6V(r), figure 12. Clearly,
measurement of the spatial variation of the blue shifted absorption region can
be used to derive the functional relation V(r) = Kr. Appropriate model calcu-
lations of the dependence of emission line profiles on the source function and

on plasma streaming have been constructed by Irons [57].
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Figure 11

Space-resolved spectrum from laser-irradiated, solid (CH,),, target, showing (in
5th and 6th order) the self-reversed and broadened lines of the CVI Lyman
series. The cores of the absorption shift progressively to the blue wings with
distance from the target surface.

7/ Distance from critical surface (1m)

a) Expanding plasma from b) Self reversed and
laser irradiated solid broadened profile
carbon target of CVI, Lya
Figure 12

Model of plasma expansion (a); and of Stark broadened line profile in which self-
reversal is shifted progressively to the blue wing as the plasma is viewed further
from the target surface (b).

7. LINE INTENSITIES

The absolute intensity of an emission line may be used to derive either the
temperature or the electron or ion concentration provided that a model can be
constructed for the level populations in terms of collisional and radiative
rate coefficients and provided that all of the other plasma parameters,

including emission volume, are known. In the more usual case when a full
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description of the plasma is not available it is more convenient to use
intensity ratios of line belonging to the same ion. The ratio can generally
be expressed as a function of only the radiative and collisional processes.
In circumstances where these ratios are comparable, we have

>coll_v L
ng <ov>aa (15)

and the model may be used to derive n . In other regions of parameter space
the line ratio is only temperature dependent. Feldman and Doschek [58] have
proposed a number of 'three level' atomic systems such as 2s° 2pq, 2s 2pq+1,
2pq+2, in which two of the transitions are allowed and the third forbidden,
then the ratio of the two allowed transitions is directly proportional to
density. By varying the element and therefore the charge state Z for a fixed
q, the range of n and Te for which the measurements are valid, can be altered.

Using equation (15) we have [58],
1
6.1 x 102 Y (Te)?
n, o () N w oo (16)
g £u u

Elements from Fe to Mo in the atomic table, with emission wavelengths from

2s 2pq+1 configurations which lie in the XUV region may be used to diagnose
plasmas with a temperature of the order of 1 keV. For example, the intensity
ratio of the multiplets 2g” 2p3 - 2s 2p%/2s 2p* - 2p5 in FeXX with wavelengths
= 110 K, has been suggested [59] as a density monitor in the range

10*° < n, < 10°Y em™®. At still higher densities one is obliged to use
shorter wavelengths, equation (16), and therefore more highly-stripped ion
stages. In figure 8 we have illustrated temperature measurements using the
intensities of the parent line of He-like ions and their associated satellite
lines in the X-ray region. In H-like ions the complementary resonance and
satellite line ratios have also proved useful [60]. The ratio of the inter-
combination line to the resonance line in He-like ions has a convenient
linearly-decreasing dependence on density over the limited range when, as in
equation (15), A(23P - 113) ane (0(23 - El)v). Densities.ne ~ 10*° cm_a,
have been determined in this way using Ne IX emission from the plasma focus
[42] and at higher densities, n, = 162 em™, Ar XVII has been proposed [61].

Presnyakov, [61], gives a useful summary of diagnostic experiments using

He-like ions and their theoretical background.

Analysis based on models of line intensities commonly neglect optical opacity
and assume that the internal relaxation times of the excited levels are

shorter than the ion life time in a localised plasma region. Such approxi-
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mations are not always valid for dense plasma sources and the simple models
require a reconstruction to include complications such as non-stationary ion
populations (as in figure 6) or 6pacity (section 6). It is clear that relative
line intensities give a valuable indication of the equilibrium state of the
plasma but the models should be used with caution in the evaluation of precise
densities and temperatures. A line-broadening analysis section 5, is more

appropriate for accurate values of the density.

Precisely because of the non-equilibrium conditions which can prevail in high
energy-density sources it has for several years been speculated that these
plasmas may be used for amplification of XUV light by stimulated emission. In
the plasma expanding away from the surface of plane, laser-irradiated solid
targets, population inversion has certainly been observed. But in this simple
configuration the density of ions with inverted level populations is too low
to observe gain, [62]. A number of suggestions have been made for increasing
the inverted ion density including the use of other plasma sources in XUV

optical pumping schemes, [63].

Until now, there have been several claims of marginal amplification by stimu-
lated emission using the plasma as a gain medium, Jaeglg [64]. However these
claims, in large part, rest on model calculations of radiative transfer
through highly—fransient, multi-component plasmas with inadequately known
radiative and collisional rate coefficients. Clear experimental evidence for
additional gain by stimulated emission, which can be quantitatively related to
longer radiative path lengths in the plasma, is still lacking. A basic
requirement for this is the use of more energetic primary laser systems.
Lasers operating at 1 pm and 10 um wavelengths with several kilojoules of
energy in sub-nanosecond pulse durations are now available for material com-
pression studies. Their application to gain experiments should result in

rapid progress in XUV laser studies in the immediate future.
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