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The high densities obtained in recent laser fusion experiments have created a need for additional plasma

density diagnostics. The ratio of two heliumlike satellite lines, the 1s2p'P~2p "P and 1s2s'S~2s2p'P
transitions, has shown promise as a spectral diagnostic when laser-imploded microballoons are seeded with

medium-atomic-weight gases. In this study results are presented from a collisional-radiative ionization-

dynamics model with photoexcitation processes included that indicate that the emission from these satellite

lines is strongly aA'ected by opacity in density and temperature regimes common to plasmas to which this

diagnostic could be applied effectively. The, radiation emission attenuated by photon reabsorption is

presented for neon, aluminum, and argon plasmas and compared with results predicted when the calculation
is undertaken in an optically-thin-plasma approximation. The opacity effects are seen to cause
multivaluedness in the line ratio at several temperatures, and an overall loss of sensitivity of the ratio with

density is predicted.

In recent years much work has been devoted to
understanding radiation spectra emitted from
dense high-temperature plasmas. Although most
of the available experimental spectra have been
obtained in the past from laser-produced plas-
mas, ' exploding wire plasmas, ' or gas-puff Z
pinches, ' data have recently been obtained by
seeding glass microballoons with a medium-Z
gas to produce x rays from bound-bound transi-
tions occurring during a high-temperature com-
pression of an imploded pellet. ' 'The purpose
of these experiments is to make full use of the
x-ray lines as diagnostic indicators of the tem-
perature and density history of the plasma con-
tained by the laser-imploded glass shell. Un-
f ortunately, the densities being attained at pre-
sent, typically 10' -10"electrons per cubic cen-
timeter, are in a somewhat difficult regime for
their determination. Several techniques are avail-
able 'to the experimentalist, e.g. , Stark broa-
dening of selected lines, ' merging of the series
limit, and such selected line-intensity ratios as
the intercombination-to-resonance line ratio in
heliumlike ions. In the past, these techniques
have been applied to laboratory plasmas under
the assumption that these lines are optically thin.
However, the validity of the density determina-
tions strongly depends on whether these high-
density plasmas are indeed optically thin and,
if not, whether opacity effects vitiate their use-
fulness as density diagnostics.

In this paper, a study is made of the radiation
emitted by two doubly excited levels of the helium-
like ion which show up as satellite lines to the
hydrogenlike resonance line, and the line ratio
formed by them as used to determine the plasma
density. The sensitivity range of this diagnostic
extends over several orders of magnitude in ion

density, but is centered at approximately 10"
ions/cm' for materials presently used for micro-
balloon seeding, making it a logical candidate
for application in density determinations of com-
pressed-laser-pellet experiments. A theoretical
calculation of this line emission as it is genera-
ted in optically thin neon, aluminum, and argon
plasmas is performed. In addition, this line emis-
sion is also calculated in plasmas where photo
excitation is at least equally important as col-
lisional excitation in order to assess the effect
of opacity on the line-intensity ratio at high den-
sity.

I. THEORETICAL MODEL

It has been shown from recent work', »" that, in
the optically thin approximation, the line ratio
under consideration is independent of the hydro-
genlike ground-state population and depends only
on the electron density, electron temperature,
and atomic parameters associated with the levels
being studied. We define an abbreviated level
structure as shown in Fig. 1, and analytically
calculate the line ratio in terms of the popula-
tions of the two doubly excited states of the he-
liumlike ion, the 2s2P 'P and 2P 'P levels, and
their radiative transitions, 1s2s 'S-2s2P 'P and
1s2P 'P-2P' 'P.

First, the atomic rate equations for each of the
doubly excited states are written

dN
& = C,N, N, + YN, N, ( r, +A, +XN, )N, ,

dN~~ = C N, N+XN N —(I', +A +YN, )N .

Here, N denotes the state density, & is the elec-
tron-capture rate coefficient, I' is the autoioni-
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model. The electron-capture rate coefficient is
obtained by detailed balance of the autoionization
rate, giving, for example, for state 2,

C, = I; (g, /2 g ) (2m''/I, kT,) ' e s& r' (4)
1s 2S

1s2p P

1s2s S

where g is the statistical weight and E, is the
energy of the doubly excited state above that of
the hydrogenlike ground state. The electron col-
lisional excitation rate coefficient coupling the
two levels has been calculated by the method of
distorted waves, "and the deexcitation rate coef-
ficient also obtained from detailed balance of the
excitation rate coefficient

FIG. 1. Simplified level structure for analytic treat-
ment of the satellite line emission from heliumlike ions.

zation rate, A. is the spontaneous decay rate, &
is the electron-excitation rate coefficient, Y is
the deexcitation rate coefficient, N, is electron
density, and the subscripts g, 1, and 2 indicate
the 1s, 2s2p, and 2P states, respectively. Note
that at the densities under consideration here,
the electron and ion collisional rates coupling
the individual j components of each of the two
doubly excited levels are sufficiently large that it
is assumed that they will each be populated ac-
cording to their statistical weights, allowing for
their representation as the two n levels in Fig.
I (the j degeneracy has been removed). Under
the assumption that the atomic rates are faster
than the typical hydrodynamic time scale of the
plasma [collisional-radiative equilibrium (CRE)
model], the time derivatives in Eq. (I) are set
t o zero and the solutions for N, and N, are given
by

A2~E2 -~z(r,
LTE A b E y (6)

In the corona limit, radiative processes are
dominant over competing collisional rates. If we
form the ratio N, /N, from Eq. (2) and let 8, go to
a, =A, +I' and 8 go to n =A +I', we get

~N a C o. 0| -PP,XY

&-x(g', /g )e' ~"
where &E is the energy separation of the two
doubly excited states.

As a theoretical check on the calculation, ap-
proximations can be made in Eq. (2) to obtain the
values for the ratio in the local thermodynamic
equilibrium (LTE)~' and corona limits. '4 In the
LTE (high-density) limit, it is expected that col-
lisional rates will dominate over competing ra-
diative rates. Setting the A's and I"s to zero
in the large parentheses in Eq. (8), we obtain the
LTE limit (noting that g, =g,),

N~8q-N N C~

B

N N C2Y+N N Cx8a
(2)

Ignoring the N3 X& term in the numerator, fac-
toring out an o.,/N, I' term from the bracket, com-
bining, and expanding out, assuming that C,n,
»N, C, Y, we obtain the following expression in
the corona limit:

where 8, =A, + I', +XN, and 8, =A, +I",+ YN, . The
line intensity is now given by NAbE, where bE is
the transition energy. Forming the line ratio and
solving from Eq. (2), one can readily show that

N, A, bE, A, bE,

8i 82 -XYN,
YN, C, C, +8,

a, n. z, r, (a, +r, )
A~ b E~ rg (Am+ I', )

(8)

II. IONIZATION-RADIATION MODEL

where we have eliminated C~/C, using Eq. (4). It
is expected that Eq. (6) and (8) will define the
high- and low-density limits of the optically thin
line ratios studied here; comparisons will be
made in Sec. III.

and hence the ratio is independent of N .
For this study, we have chosen to use the ra-

diative decay and autoionization rates of Vainsh-
tein and Safronova" and average over the indi-
vidual j components so as to be applicable to our

In Sec. I, it was determined that the 1s2p'P
-2p2'P to 1s2s 8-2s2p P line-intensity ratio
was independent of the populations of surrounding
ground or singly excited levels. If opacity ef-
fects are included in the model, this is not the
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case. When the optical depths of the two satel-
lite lines exceed 1, photoexcitation is expected to
significantly affect the populations of the doubly
excited states, coupling them to the lower states
of the satellite-line transitions, the 1s2s'8 and
1s2p'P levels. Although previous authors' '
have discounted radiative absorption processes
in forming this ratio with the argument that the
lower states of the lines are excited states of
the heliumlike ion and are expected to be well
down in population from the ground state, and
hence generate small optical depths for these
lines, we have found this not to be the case at
densities and temperatures where the line ratio
is expected to be a valuable diagnostic. Hence
some means must be included in the calculation
to take account of radiative transfer and photo-
excitation when the satellite lines become optical-
ly thick.

As a basis for these calculations, we use an
atomic model based on rate equations describing
the processes populating ground states and selec-
ted excited states for each element studied. The
processes in this model include collisional ioni-
zation; collisional, radiative, and dielectronic
recombinat;ion; collisional excitation; collisional
and spontaneous radiative deexcitation; and stim-
ulated absorption and emission. The equations
are solved time independently for a homogeneous
plasma of constant electron temperature and ion
density to yield fractional populations of the sta-
tes, electron density, and line-emission inten-
sities self-consistently with the radiation-trans-
port calculations.

The photon-absorption processes are taken into
account by a phenomenological frequency-dif-
fusion model which allows an emitted photon to
escape an absorbing plasma by successive col-
lisions with ions, .eventually scattering into the
optically thin wings of a broadened line profile
and escaping the plasma. A photon-trapping fac-
tor can be calculated as a function of the optical
depth through the plasma at a frequency corres-
ponding to the line-center frequency of the photon
transition. This factor can thus reduce the line
source function depending on the opacity of the
plasma. It is also included in the rate equations
to allow for the optical pumping of the upper le-
vels of thick lines. The optical depth of the line
is defined as

effective photon path length through the plasma,
N& is the lower-state population, y is the line
profile function, T, is ion temperature, and M
is the ion mass. In order to accurately determine
the N&'s and hence, the optical depths, a number
of excited states were included in the atomic mo-
del in addition to all the ground states: the n
=2, 3, 4, 5 levels in the hydrogenlike ion, the
2s'8, 2s'S, 2P'P, 2P'P, 3-singlet, 4-singlet, and
5-singlet levels in the heliumlike ion, and the
2p, 3s, 3P, 3d, and 4d levels in the lithiumlike ion.
A complete discussion of the method of calcula-
ting rate coefficients, atomic structure, and the
opacity model has been presented in previous
studies. '"

III. RESULTS

A. Optically thin approximation

In order to obtain a clear understanding of the
role played by collisions in determining this in-
tensity ratio, and also to compare our predictions
with previous work, an initial study of the forma-
tion of the level populations in the optically thin
approximation was undertaken. Hence no re-
absorption of photons and subsequent optical pum-
ping was allowed in obtaining these first calcu-
lations. Since it has been shown in Sec. 0 that
the line ratio is independent of all but the 2s2p
and 2p' populations in an optically thin plasma,
the results are merely the solution to Eq. (3).
The ratio is depicted graphically in Figs. 2-4 for
neon, aluminum, and argon plasmas, shown at
various temperatures over a wide range of ion
densities. As can be seen from the figures, each
plasma produces the same basic behavior in the
line ratio: a relatively constant low- and high-
density limit, connected by a rapidly ascending
transition region over which the ratio provides
its diagnostically valuable density dependence.
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where the Doppler width is given by

0 4

1017 10'9 1021

ION DENSl TY (cm )

I

10

&v~=(2 T,./Mc )'i v

Here, f is the dipole oscillator strength, I is the

FIG. 2. (1&2p P 2p P)l(1s2s S 2s2p P) intensity
ratio for a neon plasma in the optically thin approxima-
tion.
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FIG. 3. (1s2p P 2p P)l(1s2s 8 2s2p P) inten-
sity ratio for an aluminum plasma in the optically thin
approximation.

FIG. 4. (1s2psP 2p 3P)l(1s2s 8 2s2p P) intensity
ratio for an argon plasma in the optically thin approxi-
mation.

The 2s2p level is preferentially populated over
the 2P' level at low densities since the ratio of
the radiative decay rate to the autoionization rate
for the 2s2P state is smaller than that of the 2p'
state. However, the electron collisions coupling
these two states become increasingly important
in the redistribution of the populations as the plas-
ma electron density increases, resulting in an
increase in the 2P' level relative to the 2s2P level
and a corresponding increase in the line-inten-
sity ratio. Finally, in the high-density limit, the
two levels reach a state of. statistical equilibrium
relative to each other with the population ratio
given by e ~~ & and the line ratio given by Eq.
(5)~

Note that for purposes of density diagnostics in
laser-imploded pellets doped with a small amount
of neon, the most effective region for density pre-
dictions is from 3 x 10'~ to 3 x 10" ions/cm',
while for argon-seeded pellets, the region is from
5 x 10" to 5 x 10" ions/cm'. Thus, with the ap-

propriate gas doping, it is conceivable that this
technique would be an effective diagnostic over
three orders of magnitude in density, provided
the pellet fuel can be heated sufficiently to attain
temperatures where the satellite-line emission
is intense enough to be measured.

Also shown in Fig. 3 are the results of an earlier
work by Vinogradov et a/. The model used in
Ref. 9 leading to their predicted line ratio was
applied to an aluminum plasma and the ratio cal-
culated for an electron temperature of 500 eV. In
fact, Ref. 9 includes only the emission from four
transitions in the 2P'-1s2P manifold ('P2-'Pm,
'P, -'P„'P, -'P„'P, -'P, ) for experimental reasons,
while our calculation includes all six of the com-
ponents (the 'P, -'P, and 'P, -'P, in addition to the
four above) from the 2P' state. The curve reflects
the calculation from Ref. 9, however, with all
six lines included, and is seen to be in excellent
agreement with our CRE model predictions.

In order to verify that our calculations approach

TABLE I. Atomic parameters used in the collisional radiative model to analyze the heli-
umlike satellite-line structure.

Parameter Neon Aluminum

Ai (A)
A2 (A)
AE& (eV)
~E, (ev)
AE (eV)
f$
f2
A& (sec+)
A2 (sec-~)

I'& (sec-i)
Z2 (sec-~)

R„TE (500 ev)
A... (5OOeV)

12.307
12.323

1007.4
1006.1

8.64
0.3935
p.2390
5.776 x 10~2

1.p5 x10~3
1.353x ].0&3

4.287x 10~i

1.78
0.100

7.252
7.26

1709.6
1707.8

11.7
0.3974
0.2657
1.68x 1p"
3.362 x 10~3

1.357x 10~3

1.987x 10&2

1.953
0.244

3.763
3.766

3294.56
3292.46

18.74
0.4036
0.2639
6.347x 10i3

1.241x 10'4

1.387x 10
1.352 x 10

1.885
1.031
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the correct limits, the values for the satellite-
line ratio in the LTE and corona approximations
were determined in accordance with the para-
meters given in Table l and Eqs. (6) and(8). Com-
parison between the values obtained in Table I at
electron temperatures of 500 eV and Figs. 2-4
generated by our model also indicates good agree-
ment.

B. Optically thick plasma

2.0
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0.8

0.4

100 eV

At low plasma densities, optical depths of emis-
sion lines are small, as defined by Eq. (9), and,
consequently, the photon-absorption effects are
small relative to competing collisional and spon-
taneous radiative rates and can be neglected. As
the plasma density increases, the photoexcitation
rates become comparable or even exceed com-
peting processes, resulting in significant changes
in the population densities of the excited states
and the subsequent bound-bound radiation emission
from these levels. In previous studies, the effects
of these processes on the determination of the
hydrogenlike satellite-line ratio have been ignored
with the justification that the lower state of each
of the relevant transitions is itself an excited
level, and hence the populations of these levels
should not be large enough in the density range
of interest to contribute to a large optical depth
in plasmas of the physical dimensions commonly
encountered in the laboratory.

In order to test the validity of this assumption,
we performed calculations of the line ratio using
our radiation-ionization dynamics model with
frequency-diffusion radiation transport in a way
similar to those for the optically thin approxi-
mation presented above. The implementation of
an expanded level structure in the model is neces-
sary if the population densities of the lower states
of each transition are to be determined accura-
tely, self-consistently with other states of the
heliumlike ion, as well as with the excited and
ground states of neighboring ions.

As was mentioned, the line source function in an
opaque plasma is attenuated by a factor dependent
on the optical depth and on the mechanism by
which the emission line is broadened. In this
study, we have chosen to describe the optically
thick line shape by a Voigt line profile, taking
into account the collisional and radiative broa-
dening of both the upper and lower levels com-
prising the transition of interest. At very high
densities, Stark profiles are necessary to de-
scribe the line shape accurately. This problem
is currently being addressed by Jacobs and Davis,
but no profiles have been calculated as of this
writing.

1017 1019 1021 '
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FIG. 5. {1s2p P 2p P)l(ls2s S 2s2P P) inten-
sity ratio for a neon plasma of radius 100 pm —with
opacity effects.
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FIG. 6. (1s2p P 2p P)/(1s2s 8 2s2p P) inten-
sity ratio for an aluminum plasma of radius 100 pm-
with opacity effects.

The results of the calculations with opacity ef-
fects included are presented in Figs. 5-7 for a
neon, aluminum, and argon plasma, respectively.
The studies were performed for plasmas with a
radius of 100 p, m over a range of ion densities
and electron temperatures identical to those used
for studying this line ratio in the optically thin
approximation (Figs. 2-4).

Upon comparison of the three figures, certain
aspects of the calculation for each different plas-
ma are seen to be similar, and can be discussed
in terms of a general plasma radiating in this
temperature and density regime:

(i) The line ratio exhibits, initially, a decrease
relative to the optically thin result, which occurs
at an ion density somewhat higher than that at
which departure from the coronal result takes
place. Evidently, the is2P -2P line intensity
must be affected by opacity at a lower density
than the 1s2s 2s2P intensity, despite the fact
that the former has an oscillator strength rough-
ly two-thirds of the latter transition. This effect
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can be understood in terms of the lower-state
population densities as determined by the col-
lisional radiative model. At the densities at which
the opacity effects first manifest themselves, the
lower state of the former transition', the 1s2p'I'
level, is more populated then the lower state of
the other transition, the 1s2s'S level, owing to
the strong collisional mixing of these levels at
these large electron densities. 'The ratio of the
statistical weights is 3:1, but the ratio of these
populations ranges, typically, from 2:1 to 3:1
above 10 ' ions/cm', as is determined by the
actual collisional and radiative rates employed
in our model. Referring to Eq. (9), therefore,
the optical depth at line center for the 1s2P -2p'
transition will be approximately 1.3-1.9 times
greater than that of the 1s2s -2s2P transition,
and, consequently, will experience photon re-
absorption at a lower density, resulting in the
initial decrease in the line ratio. Hence, ac-
curate collisional and radiative rates are neces-
sary for a model to accurately predict the ion
density at which deviations from the optically
thin approximation will first appear.

(ii) The line ratio will exhibit this initial de-
crease owing to opacity, in general, at a higher
density for a higher-temperature plasma. For
example, in Fig. 6, the aluminum plasma will
yield a line ratio which begins to flatten out at
10" ions/cm' for the 800-eV case, but this doesn' t
occur until 8 && 10" ions/cm' for the 800-eV plas-
ma. This effect is simply a manifestation of the
ion temperature dependence of the optical depth,
which can be seen, in Eq. (9), to fall off as T,'~'.
Deviations from this effect can occur at low tem-
perature, however, as is seen in Fig. 5 for a
neon plasma at 100 eV and in Fig. 7 for an argon
plasma at 500 eV. The departure from the opti-
cally thin result occurs at higher densities than

1.8

1.6

it does for the higher-temperature plasmas. What
is occurring at lower temperatures is a major
change in the abundance of the heliumlike-ion
populations. Over a wide range of temperature
(at constant ion density) the heliumlike ion is the
dominant ion population in the plasma '; hence
the 1s2s S and 1s2P'P densities will be large.
At low temperatures, however, these densities
fall rapidly, yieMing to lower stages of ionization;
consequently, the optical depths of the two trans-
itions also decrease rapidly, delaying the onset
of the opacity effects until higher densities, in
spite of the lower-temperature plasma effect de-
scribed above.

(iii) The line ratio will converge, at high den-
sities, to an LTE limit significantly different
from that predicted by the calculation when done
in the optically thin approximation. Although the
upper-state populations of the two transitions will
eventually relax to the same LTE ratio (1:1)in
the high-density limit regardless of the opacity
effects (collision-dominated plasma regime), the
radiation emission will be quite different from
the optically thin prediction. This can be demon-
strated by using an approximate analytic model, "
io which the radiation is attenuated by a factor
y, where""

where a is the Voigt damping parameter, pro-
portional to the sum of all collisional and radiative
rates depopulating the upper and lower levels of
the transitions. From Eq. (6) the LTE line ratio
in the optically thick case now becomes

R«E(thick) =R~»(thin)(ym/y~) ~

Now, from Eq. (9), &, is proportional to the os-
cillator strength and the lower-state densities,
glvlng

ym/yx =( amfj+asms /aifm isa)".
where

(14)

(a and l refer to upper and lower states) and, in
the L'TE limit,

1.2

1.0

10"

500

1019 1021

ION DENSITY (cm )

1023

+1aQs /+lsQp SlsR& /giant '

Noting that the wavelengths are approximately
equal and inserting the appropriate statistical
weights, one obtains

R»E(thick) ~RL~E(thin)( a~A~ /a~A, ) ' ~2 . (16)

(&s2P P —2P I')los2s S—2s2p P) inten-
sity ratio for an argon plasma of radius 100 pm —with
opacity effects.

At high densities, the parameter a is dominated
by collisional rates; we have calculated the re-.
quired electron-collisional excitation rates (de-
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TABLE D. Electron collisional excitation and deexcitation rate coefficients which dominate
the collision broadening of the satellite lines.

T ransition Neon {10 9) Aluminum {10-9) Argon {10-9)

300 eV

500 eV

800 eV

5.7
5.87
7.7
2.6

4.53
4.61
6.1
2.1

3.63
3.67
4.87
1.64

2.7
2.81
3.5
1.24

2.13
2.18
2.82
9.65

1.71
1.73
2.27
7.70

1.43
1.52
0.463
0.173

1.14
1.18
0.47
0.168

0.914
0.936
0.460
0.16

excitation is obtained by detailed balance) using
our distorted-wave approximation, "and the dom-
inant rates are those depicted in Fig. 1 as X, ~,
x, andy and are listed in Table G. Over the range
of temperatures studied here, the ratio a, /'a, is
determined to be nearly constant at high densities
(see Table II) with values of 0.63 for neon, 0.64
for aluminum, and 0.8 for argon. Using the values
given in Table I and Eq, (16) we obtain, for the
LTE line ratio in the optically thick case, 1.05
for neon, 1.105 for aluminum, and 1.2 for argon,
which are seen to agree quite favorably with the
model results in Fig. 5-V. Small discrepancies
occur in the case of argon since (i) the ratio a, /a,
is not strictly constant with temperature owing
to the dominance of the doubly excited-state mix-
ing rates (see Table II), and (ii) the argon plasma
has not yet reached a state of complete LTE at
10' ions/cm' (see Fig. 7).

Although several features of the line ratio in the
various plasmas are similar, there are still some
contrasting features apparent in the optically
thick results. The most obvious physical effect,
although only a slight one, is the increase in the
density at which opacity effects occur with atomic
number 2, as seen in Fig. 5-V. This finds ex-
planation in the actual scaling of electron col-
lisional excitation rate coefficients, which de-
crease in magnitude at threshold with Z. A de-
crease in the populating rates at a given density
corresponds to a decrease in excited-level densi-
ties and, consequently, the optical depths of the
transitions of interest here. Thus at 10" ions/cm'
and a nominal electron temperature of 800 eV,
the 1s2P'I' state of aluminum will be more popu-
lated than the same state of a similar argon plas-
ma. Hence, the optical depth of the 1s2p'P -2p'
transition will be "thicker" in the aluminum plas-

ma than in the argon plasma, and opacity effects
will occur at a lower density.

In Fig. 5, the optically thick line ratio for the
neon plasma at 100 eV displays rather anomalous
behavior at high densities. What is occurring here
is a high-density effect decreasing the abundance
of the heliumlike neon ion until the satellite lines
are no longer optically thick and the ratio rises
to its optically thin LTE limit, an effect similar
to the one described earlier due to low plasma
temperature. Simply stated, an increase in ion
density at constant temperature usually drives a
plasma toward a state of lower ionization. " Once
again, the heliumlike ion, owing to its "closed-
electron-shell" configuration, maintains a rela-
tively large population density over a wide range
of densities. However, at high enough densities,
particularly at low temperatures, the ion abun-
dance shifts toward lower charge states rapidly,
generating a corresponding drop in excited-state
populations and resulting in a line-ratio behavior
as seen in Fig. 5. The same behavior would be
seen for aluminum and argon if curves for lower
temperatures had been of interest in this work.
However, the onset of this behavior in a labor-
atory plasma would usually be accompanied by a
significant decrease in the. line intensities, making
this diagnostic inaccurate at these densities due
to its weak appearance in the spectra.

'The most striking difference between the opti-
cally thick results for the three plasmas, how-
ever, is seen as a single shoulder or "hump"
in neon, the absence of a shoulder in aluminum,
and a double shoulder in argon. Although many
factors affect the line-ratio behavior as have been
discussed in detail above, the ~ scaling of the
value of the LTE optically thick limit and the den-
sity at which LTE is reached are most importa, nt
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in determining this shape. For the argon plasma,
in Fig. 7, the "double hump" occurs as, first,
the ls2P -2P intensity is attenuated by opacity,
decreasing the ratio; second, the 1s2s -2s2p
transition becomes thick, attenuating that line
intensity and thus increasing the ratio; third, the
plasma becomes collision dominated, the line
ratio tends toward its LTE limit, and this limit
is lower than the value the ratio has attained be-
fore entering the L'TE regime, causing the ratio
to decrease and creating the second hump. In the
aluminum plasma in Fig. 6, LTE is reached be-
fore the second shoulder can manifest itself, and
the LTE value for the ratio is approximately
equal to the value the ratio has attained before
L'TE is reached, allowing for only a very mild
shoulder structure, most apparent at 1200 eV.
For the neon plasma, in Fig. 5, the L'TE state
is also reached at relatively lower densities, but
the LTE value of the line ratio is much /osoex
than the value the ratio has attained before en-
tering the L'TE state, hence a single pronounced
"hump" is evident.

Since the occurence of these shoulders and the
value of the LTE limit of the line ratio seem to
be strongly dependent on the actual atomic para-
meters of the particular plasma of interest, pre-
diction of a general shape would seem difficult
in light of the many ways the parameters in Table
I scale with Z. Unfortunately, this seems to in-
dicate that each element requires, to a certain
extent, individual treatment if this line ratio is
to be applied successfully to diagnose laboratory
plasmas in which photoexcitation is an important
process.

m. DISeUSSION

%e have studied the heliumlike-satellite line-
intensity ratio with our sophisticated collisional-
radiative ionization-dynamics model in order to
assess, within the context of an optically thick
plasma, the value of this ratio as a plasma den-
sity diagnostic in the high-density, high-tempera-
ture plasma regime encountered in recent laser-
pellet interaction experiments. The behavior of
the line ratio was first examined under the as-
sumption of an optically thin plasma. It was found
that the density profile of the line ratio was in-
dependent of ion-state populations in this approxi-
mation. In addition, . it was found that the den-
sity-sensitive range of the line ratio occurred
at higher densities with increasing atomic num-
ber, extending the range of applicability of this
diagnostic, depending on the choice of the fill
gas. The results were compared with other in-
dependent work and with limiting values deter-

mined from simple analytic models, and in all
cases the agreement was quite favorable.

Armed with confidence in the model and under-
standing gained from the optically thin analysis,
we proceeded to investigate the effects of stimu-
lated absorption and emission on these plasmas
by "turning on" the opacity calculation. The most
obvious result from this study was that, indeed,
the satellite-line ratio from plasmas of this type
was affected by opacity, despite the fact that the
lower levels of the two transitions are excited
states of the heliumlike ion. Not only did the de-
viations from the optically thin result occur at
densities where the diagnostic is most sensitive
and useful, but many of the line ratios were mul-
tiple valued with density, making accurate diag-
nostics difficult. As further analysis illustrated,
the actual shape and overall behavior of the line
ratio versus density was a sensitive function of
)he atomic parameters pertaining to the indivi-
dual plasma. This finding led to two inescapable
conclusions: (a) accurate theoretical modeling
of this diagnostic in the "thick" case depends on a
comprehensive level structure within the CRE
model and accurately determined cross sections
characterizing the collisional processes linking
the level structure, and (b) owing to the complex
interaction of the various atomic parameters in
determining the level populations and radiation
field, and the various Z dependencies of these
parameters, simple Z scaling of the line-ratio
behavior in a reabsorbing plasma is not likely;
rather, each plasma will have to be characterized
individually.

In light of the results obtained for the intensity
ratio with photoexcitation processes included in
the calculation, it would appear that opacity ef-
fects may cause some departure from optically
thin results at densities presently encountered
in pellet-fusion experiments. The extent of this
departure, of course, will depend on the initial
fill pressure of the admixture. By using very
low-fill pressures, the density of the additive
gas at peak compression will be below the density
at which opacity effects commence to affect the
ratio; however, the trade-off is in the reduced
number of emitting ions, resulting in emission
lines with intensities which may be too low to
measure accurately with existing spectroscopic
methods.

To determine th6 degree of the self-absorption
effects in typical microballoon experiments, a
parameter study has been done for neon and argon
where the source size has been scaled with the
density as N . Plasma radii were determined
by using the law of mass conservation and a set
of initial conditions chosen to model actual micro-
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FIG. 8. (1s2p p 2p &)/(1s2s P) intensity ratio
for a neon plasma corresponding to initial conditions of
a 180-p, m-diam microballoon with 1 atm of neon and 9
atm of DT.

FIG. 9. (1s2p P 2p P)/(1s2s S 2s2p P) inten-
sity ratio for an argon plasma corresponding to initial
conditions of a 230-pm-diam microballoon with 0.4 atm
of argon and 30 atm of DT.

balloon experiments. For the neon study, a bal-
loon diameter of 180 pm and fill pressures of

. 1 atm of neon and 9 atm of deuterium-tritium
(DT) (10%%uc neon gas, by volume) were chosen as
typical initial conditions. ' The argon study was
modeled after recent experiments which em-
ployed 230- p,m-diam glass shells with fill pres-
sures of 0.4 atm of argon and 30 atm of DT. While
the DT gas does not affect the neon satellite-line
radiation directly, the increase in electron den-
sity due to the ionization of the DT atoms will
affect the collisional dynamics which determine
the level populations of the impurity ions, and
must be taken into account. This results in an
increase in the electron density by factors of
approximately 2 and 7 for neon and argon, re-
spectively, compared to that df the seed gas alone
at the temperatures for which the study was done.

In Fig. 8, the results of the neon study are shown

for electron temperatures of 300, 500, and 700
eV, along with the optically thin result at 300 eV
plotted versus neon-ion density. Similarly, the
argon results at 600, 800, and 1200 eV with an
optically thin curve for 600 eV are shown in Fig.
9 versus argon-ion density. The effect of photo-
excitation is seen to cause departure from the

thin result at implosion diameters of between 20
and 30 p.m in the case of neon and at a diameter
of about 45 p, m for argon, representative in both
cases of compression volumes attainable by ex-
isting systems. Clearly, the optically thin re-
sults are not accurate at higher compressions.

The final point of this discussion which -we would
like to emphasize is the necessity for compre-
hensive, detailed calculations of spectral signa-
tures when attempting to determine parameters
from these laboratory plasmas. Opacity effects
on the radiation emission need not render the
spectrum useless for diagnostic purposes; multi-
valuedness, as seen in Fig. 8 and 9, need not
mitigate line-intensity ratios for applicability in
deciphering the plasma-radiation signature. No
single density or temperature indicator should
be relied on, but rather, searching for consis-
tency among several radiation diagnostics in the
spectrum is required in order to draw accurate
conclusions regarding the general plasma state.
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