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The radiation emission from dense, high-temperature aluminum plasmas has been studied to appraise the
influence of photoexcitation on several spectral diagnostics currently used to determine average plasma
parameters. The plasma state is described by a set of collisional-radiative rate equations characterizing the
competing atomic processes occurring in a homogeneous plasma volume of constant density and
temperature. Radiation is transported through the plasma by the method of frequency diffusion, a technique
which employs collision times of the photons as they diffuse through the wings of a broadened line profile.
Line spectra and line-intensity ratios for several pairs of emission lines of the K shell are calculated in
optically dense plasmas and compared with those obtained from the model within the optically thin
approximation. The radiation-trapping effects are shown significantly to modify the behavior of the optically
thin constant-density or constant-temperature line ratio curves, which become double valued in some cases.
Comparisons of state populations obtained from this model and the local-thermodynamic-equilibrium model

are also shown.

L. INTRODUCTION

It has been suggested from recent experiments':2
in which moderate-Z plasmas have been heated
to high temperatures at high density, that the re-
sulting radiation emission may play in important
role in the dynamic evolution of the plasma tem-
perature and density profile. The extent to which
the radiation may represent a significant energy-
loss mechanism is a moot question,® but clearly,
resonance reabsorption of emitted photons in an
optically thick medium will both redistribute the
plasma energy, spatially and spectrally,* and can
alter significantly the radiation signature at the
diagnostic detectors.

In an effort to provide theoretical insight into
some of the effects of radiation and ionization on
the plasma development, several atomic models
have recently been developed®~® which take into
account the various processes occurring in high-
temperature plasmas and which ultimately affect
the radiation emission. While a complete theor -
etical analysis of the radiation dynamics and its
interplay with other basic plasma processes re-
quires a full-scale, detailed, time-dependent
model coupling ionization dynamics with magneto-
hydrodynamics, we feel that the atomic processes
leading to the radiation emission are sufficiently
complex that a better understanding of the radia-
tion physics would be more realizable if the model
were limited, initially, to the basic ionization and
radiation processes, in the absence of convection.

In this work, we present results from our ra-
diation-ionization model as applied to the problem
of diagnostics in a dense high-temperature alu-
minum plasma, with the notion that systematic
trends in the emission features calculated from

this model will lead to conclusions about the na-
ture of the radiating plasma. These results will
be compared with those obtained from different
physical models as well as with other investiga-
tions,o- 1!

II. MODEL PREDICTIONS

The ionization-dynamic model employed in this
study is similar to our earlier model.®1%13 A
general set of time-dependent atomic rate equa-
tions are solved for a stationary volume element
of plasma, homogeneous in temperature and total
ion density. Each equation describes the popula-
tion and depopulation of a particular ion (atom)
species as determined by rate coefficients char-
acterizing the various collisional events the par-
ticles experience. Such an equation, in the ab-
sence of convection, would be

dN;,
a Z WiiN; - ; WiiN; M
J

where W;; is the rate describing a transition from
state i toj (in sec™!). Each ground state and ex-
cited level in the model is represented by an equa-
tion of the form given by (1). The collisional and
radiative processes are described by the rate

W;;- The model currently includes the following
atomic processes: Collisional ionization, col-
lisional (3-body), radiative (2-body), and dielec-
tronic recombination, collisional excitation, col-
lisional and spontaneous radiative de-excitation.
The collisional ionization rates were calculated
using a prescription suggested by Seaton,'* and
the radiative recombination rate coefficients were
calculated by the detailed balance of photoioniza-
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tion rates'® employing effective Gaunt factors.¢
The dielectronic recombination rate coefficients
are those calculated by Jacobs et al.,’” while the
spontaneous decay rates were taken from the NBS
tables!® or from oscillator strength extrapola-
tions.'® The electron collisional-excitation rate
coefficients were calculated in the Born approxi-
mation'® for the hydrogenlike transitions and by
the distorted-wave method?® for the heliumlike
and lithiumlike transitions.. The rates for the
collisional processes from higher to lower energy
states were calculated by the detailed balance of
the corresponding upward collisional rate coef-
ficients.

The processes of photoexcitation and stimulated
emission are taken into account by a phenomeno-
logical transport model which allows photons to
escape from an optically thick plasma by scat-
tering into the optically thin wings of the absorp-
tion line profile. The photon-loss rate depends
upon the optical depth of the plasma,

me? LN;
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where f is the line oscillator strength, N; is the
lower -state density, and ¢ is the line-profile
function; the Doppler width is given by

Avy=(2T,/Mc?) 2y, (3)

where T, is the ion temperature, M is the ion
mass, and v, is the line-center frequency. The
effective photon path length across the plasma is
given by L; in this way an average measure of
the spatial extent of the optically thick plasma
is taken into account. We can write an equation
for the collisional processes undergone by pho-
tons in going from state j to state i, viz.,

dN%, _
— —N,A“ +

1 &N, 1 1
dt

e e @
where A is the Einstein coefficient, N? is the pho-
ton density, and £, and {, are scattering and es-
cape times for the photon, respectively. The
terms on the right-hand side of (4) describe spon-
taneous decay, stimulated emission, stimulated
absorption and escape. We can rewrite Eq. (1)

to include the photon transport terms,

dN, .
d_t, = Z Wi — Z W;N,;
) %
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Assuming that the photon processes occur on a

time scale faster than the other collisional pro-
cesses, the time derivative is set to zero in (4),
N? is solved for and substituted into (5), removing
the A, term from W,,. This yields the probability
that a photon born at plasma center will escape

to the outside (NA times probability); an inte-
gration over 7 is then performed to average over
all photons born throughout the plasma volume
(with I replaced by 7 in the optical depth) to ob-
tain

(4T
y== 1+-5 (1 2L dr. (6)
R J, t g;N;

We incorporate this factor in the rate equations
and in the radiation calculation,

P,=huNjA,;y. (7)

Hence, both the attenuation of the radiation by
opacity and the optical pumping effects on the level
populations are included self-consistently. To
evaluate y, expressions for {, and {, have been
derived as a function of the broadening mechanism
influencing the line profile. For a naturally
broadened line, the plasma is assumed to be opti-
cally thin, 7<1, and ¢,=0. For Doppler and Voigt
line profiles, respectively the expressions can be
used for ¢, /¢! 222

\7o(mInTg)/2(1+1/21n7,)
t,/t.=
T |3(r,/a)t R -1,

where 7, is the optical depth at line center (v=v,)
and ¢ is a damping parameter given by

®)

= Zk>(Ajk +Cyp) +Ek(Aik +Cy) ,

4mA vy,
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with C representing collisional rates. Hence, the
Voigt profile is broadened by both collisional and
radiative processes from emitting and absorbing

states.

Preliminary studies of the radiation emission
using these two broadening mechanisms indicate
that under most plasma conditions, a Doppler line
profile will result in more attenuation of line ra-
diation than will a Voigt profile, primarily because
photons can escape in the extended wing structure
of the Voigt profile.

In order to test its validity, this method of ra-
diation transport has been applied to a two-level
atom for an infinite slab plasma medium?? and
the fluxes and radiation field departure coeffi-
cients compare quite favorably with Hearn’s nu-
merical solution of the exact radiation transport
equation in this geometry.?*

Aluminum was selected for study because of our
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FIG. 1. Aluminum level structure used in the CRE
model.

previous experience and understanding of aluminum
models and the availability of experimental re-
sults.?5"27 Basic to any theoretical calculation of
thiskind is the atomic level structure; for aluminum
we have included the 14 ground states, 4 excited levels
in AL XIII (2=2,3,4,5), 7levels in Al XII (2s°3S,2p
3p, 2s'S, 2p'P, 3-singlet, 4-singlet, and 5-
singlet), and 5 levels in AIXI (2p, 3s, 3p, 3d,

4d). In addition, we include 3 double-excited
levels (2s2p 3P, 2p23P, 1s2p®2D) in order to study
some prominent satellite lines in the spectra of
high-temperature aluminum plasmas; the level
structure is depicted in Fig. 1. Note that we have
represented individual »! components of the hydro-
genlike ion and the higher Rydberg levels of the
heliumlike ion as single degenerate » states. The
collisional rates by both ions and electrons which
couple the Ax =0 transitions for these levels have
been assessed in a previous work'? and have been
found to be sufficiently large over a wide range of
densities and temperatures that the various 7
states are populated according to their relative
statistical weights. Hence, for all AlXIII states
and for »> 3 in AlXII, we have previously avera-
ged the rates which describe processes initiating
or terminating on an individual #l level over all
possible values of ! for a given n, according to

the statistical weights. Thus, the collisional-ex-
citation rate from the 1s? state to the n =3 singlet
level, for example, is obtained from the indivi-
dual rates coupling the 1s? state to the 3s, 3p, and
3d singlet levels.

III. RESULTS
A. Line spectrum from aluminum plasmas

One reason for performing calculations of this
type is to predict level populations and radiation
emission from a plasma characterized by elec-

107!

FRACTION

=
1
~

1073

2 3 4
0 10 10 10
! Tq (eV)

FIG. 2. Aluminum abundance curves vs electron tem-
perature for an ion density of 102 cm™3 (optically thin).

tron temperature, ion density, and size. As an
example of the information obtained from our col-
lisional -radiative equilibrium (CRE) model about
state-density populations, an abundance curve
showing the distribution of ionization-state popu-
lations as a function of temperature at a constant
ion density of 10%° ¢m™3 in the optically thin ap-
proximation is shown in Fig. 2. The higher peaks
corresponding to A1IV and Al XII are due to the
large ionization energy of a closed-shell con-
figuration. These peaks are usually broader in
temperature indicating the propensity of the atom
to remain in such a configuration. In Fig. 3, the
“thin” abundances of A1XI-AlXIV are shown as a
function of ion density for an electron temperature
of 300 eV. Note that over a wide range of densi-
ties, the closed-shell ALXII ion is again the do-
minant species. .

A typical x-ray spectrum as calculated by our
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FIG. 3. Aluminum abundance curves vs ion density for

an electron temperature of 300 eV: CRE-thin (-), CRE-
thick (- .~), LTE (---).
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FIG. 4. Aluminum line emission spectrum, 5-8 &,
for an ion density of 10 em” 3, electron temperature
of 500 eV and radius of 100 um.

model is shown in Fig. 4 and the corresponding
vacuum ultraviolet (vuv) spectrum in Fig. 5, for a
plasma at 300 eV, a density of 10%° ions/cm?® and

a radius of 100 um for a Voigt profile. All lines
in Fig. 4 decay to the 1s or 1s? ground-state levels,
whereas, in Fig. 5, all transitions terminate on
an n=2 level. The AIXII Balmer series lines,
e.g., He (2p'P-3'), are actually a manifold of the
p-s and p-d transitions, but since levels with
principle quantum number greater than 2 are con-
sidered as degenerate in our model, only their
combined intensities are shown in Fig. 5. Also
notice the satellite structure to the long-wave-
length side of the hydrogenlike and heliumlike re-
sonance lines; these satellites are due to the tran-
sitions 1s2s 3§-2s2p 3P, 1s2p 3P-2p%3P, and 1s22p
2P-1s2p?2D, and are important both as relatively
strong emitters and as valuable plasma diagnos-
tics.

In order to illustrate the significance of photo-
excitation on the radiation emission of dense plas-
mas, we have indicated the line intensities for a
plasma with identical equilibrium conditions, but
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FIG. 5. Aluminum line emission spectrum 24—60 A

for an ion density of 102 cm"3, electron temperature of
500 eV and radius of 100 pm.
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calculated in the optically thin approximation by
horizontal lines through the intensity spikes in
Figs. 4 and 5. The differences are seen to range
from a few percent, as in the case of the inter-
combination (IC) line, to more than an order of
magnitude as with the H, line. In general, one
would expect lines with large optical depths to
experience a decrease in intensity due to the large
photoexcitation cross section. This is , in fact,
the case for the heliumlike Lyman lines and li-
thiumlike lines shown in the spectra, including
the He(L,) satellite line. The intercombination
transition is unaffected because, in spite of the
fact that its lower level is a highly populated
ground state, it has a rather small spontaneous
decay coefficient (2.5 x10'° sec™!), and hence, a
relatively small optical depth (7, =0.23) compared
to that of the heliumlike resonance line (7,=83).

The hydrogenlike and heliumlike Balmer-series
lines show a universal increase in intensity when
radiation trapping is included in the calculation.
Since their lower states are excited states of the
ions (7 =2 levels), their optical depths are small,
and little photon reabsorption takes place. In ad-
dition, the Lyman-series lines are so optically
thick that the power levels are “optically pumped”
by the stimulated absorption process and the net
effect of the increase in upper-state populations is
a corresponding increase in intensities of the op-
tically thin Balmer-series lines when opacity is
included. Note, however, the He(L;) line; al-
though it is a Lyman-series transition, and has
an optical depth of about 2.4, the increase in the
5p population due to pumping more than compen-
sates for the attenuation of the line intensity by
photoabsorption.

An apparent contradiction to the above argument
concerning lines with large optical depth is seen
to occur inFig. 4, where it is shown that the hy-
drogenlike Lyman-series lines are universally
stronger in the thick calculation than in the thin,
even though the optical depths of the @, 8, and y
lines are 28.7, 4.6, and 1.6, respectively. In
fact, these lines are somewhat attenuated by photo-
absorption, but an actual increase in the thick
intensities is caused by a significant enhancement
of the Al XII ground state by collisional ionization
from the Al XII excited states, whose populations
are now optically pumped. In order to verify this
effect, a calculation was performed in which the
radiation transport was “turned off” in the hydro-
genlike ion. The intensity of the H(L,) line was
then calculated to be over 2 x 10'®* W/cm?, thus
indicating that the states of Al1XIO receive an in-
crease in population from Al XII states in the op-
tically thick case which exceeds the decrease in
line intensity from the hydrogenlike Liyman lines
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due to photon absorption. Hence, we have a case
where it is possible that an optically thick tran-
sition may radiate at a higher intensity than would
be calculated in an optically thin approximation,
due to the strong collisional coupling between ions
and significant optical pumping.

B. Diagnostic line ratios in the optically thin approximation

Spectral line intensity ratios are a valuable diag-
nostic tool employed by spectroscopists to de-
termine the average temperature and density of
the emitting region of a plasma. Although abso-
lute line intensities are directly linked to the ra-
diation source function, they are difficult mea-
surements to make, requiring extremely accu-
rate calibration of the detector. Taking the ratio
of two emission lines eliminates some of the more
difficult aspects of this calibration; in addition,
if the two lines lie in the same region of the spec-
trum, technical problems due to nonlinearity of
film or crystal response are lessened. We have
chosen to study the behavior of five line ratios
commonly used in the plasma community to diag-
nose laboratory and astrophysical plasma sources.
The ratio of the hydrogenlike resonance line
(1s-2p) to the heliumlike resonance line (1s2-1s2p
'P) and the lithiumlike satellite line (1s22p-1s2p®
2D) to the heliumlike resonance line are both used
to determine electron temperature. Similarly, the
ratio of the hydrogenlike resonance line to the
heliumlike L; line (1s?-1s3p 'P) and the hydrogen-
like L, (1s-3p) to the heliumlike Ly (1s2-1s5p 'P)
are temperature diagnostic ratios. Finally, the
ratio of the heliumlike intercombination (IC) line
(1s2-1s2p 3P) to the heliumlike L, is used to de-
termine density.

In general, a good temperature diagnostic ratio
is relatively insensitive to changes in density while
the converse is true for a good density diagnostic
ratio. We have plotted the density dependence of
several of the ratios against ion density from cal-
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FIG. 6. 1s22p (P)-1s2p2(3D)/1s%-152p ({P) line ratio
vs ion density; optically thin (-), optically thick with
radius of 100 pym (---).
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culations done with the CRE model (as shown in
Figs. 6-10); these calculations have been done
assuming an optically thin plasma, temporarily
neglecting reabsorption, in order to see the ef-
fects of particle collisions on the ratios as the
plasma goes from a coronal to a collisional re-
gime. The AlXI satellite to A1XII L, ratio in
Fig. 6 is relatively flat up to a density of 10?!

for the temperatures displayed. Above this den-
sity, the ratio increases due to a combination of
two effects: The increasing ratio of AIXII ground-
state population to Al XIII ground-state population
and the strong collisional coupling between the
AlIXIII ground state and the 1s2p P level. At low
densities, both the 1s2p AlXII state and the
1s2p%2D AlXI state are strongly coupled to the
AlXII ground state by electron collisions; con-
sequently the ratio is nearly constant with density.
As the density increases, the collisional recom-
bination from the Al XIII ground state becomes the
dominant mechanism populating the 1s2p level,
uncoupling this level to some degree from the Al
XII ground state. At the same time, the fractional
population of the ALXIII ground state decreases
more rapidly with density than the A1XII ground
state (see Fig. 3). This leads to a relative in-
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FIG. 8. 1s-2p/1s%-1s3p (P) line ratio vs ion density;
optically thin (-), optically thick with radius of 100 um
=-=).
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FIG. 9. 1s-3p/1s%1s5p (*P) line ratio vs ion density;
optically thin (-), optically thick with radius of 100 um
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crease in the ratio of the 1s2p 2 to 1s2p popula-
tions and a corresponding increase in the line in-
tensity ratio. Notice that the increase occurs at a
slightly lower density for the higher temperature
curves. This is due to the greater fractional popu-
lation of the hydrogenlike ground state at higher
temperatures; this enhances the coupling of the
1s2p 'P state to this ground state making its popu-
lation less strongly coupled to the heliumlike
ground state, yielding the density-sensitive re-
sult the ratio displays at higher ion densities.

The hydrogenlike L, to heliumlike L, ratio in
Fig. 7, the hydrogenlike L, to heliumlike L, ratio
in Fig. 8, and the hydrogenlike L, to heliumlike
Lg ratio in Fig. 9 all display a definite density
effect at the temperatures studied. As seen from
Fig. 3, the distribution of the heliumlike ground
state is flat at low densities and drops off at high-
er densities; the hydrogenlike ground state is
more peaked with a maximum near 10?2 jions/cm?.
The line ratios in Figs. 7, 8, and 9 reflect these
distributions rather plainly, with definite maxima
occurring in the 10?*-10? jons/cm? range. It is
interesting to note that while these ratios possess
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FIG. 10. 1s%1s2p (P)/1s%-1s2p (\P) line ratio vs ion

density; optically thin (-), optically thick with radius
of 100 pm (---).

this undesirable density dependence, a knowledge
of the density to within an order of magnitude al-
lows one to predict an electron temperature from
the curves with an uncertainty of usually less than
100 eV. Since most experimental plasmas are
able to be diagnosed easily to densities within this
range, these line ratios are still valuable indica-
tions of the plasma temperature.

The intercombination-to-resonance line ratio
in Fig. 10 is a well-known density diagnostic?®
used with reasonable success®® 3 for laboratory
plasma. The intercombination line is usually a
very weak line compared to the heliumlike re-
sonance line due to a relatively small radiative
decay rate. As Z increases, however, this coef-
ficient increases to within less than a few orders
of magnitude of the decay rate of the resonance
line, and a reasonable line ratio measurement can
usually be made for Z>11. At low densities, both
the 1s2p P and 1s2p 3P levels are populated by
electron collisions from the ground state and de-
populated by spontaneous decay, yielding a rather
constant ratio at corona densities. As the density
increases, however, collisional effects coupling
the four » =2 levels become increasingly impor -
tant. The effect is twofold: The density of the ra-
pidly decaying singlet P level is increased from
contributions from the other states, while the
highly populated slowly decaying, triplet P level
suffers depopulation through contributions to other
n=2 states. The ratio thus drops rapidly until a
density is achieved at which the local-thermody-
namic-equilibrium (LTE) state distributions are
reached and the ratio becomes constant again.
This value is given simply by

- (gA) (triplet)

(gA) (smgled)” (10)

Using statistical weights and Einstein coefficients
of 9 and 2.54 x 10*° sec! for the P level, and 3
and 2.83 x 10*% sec™! for the 'P level gives us a
value for R of 2.69 % 10°3, in excellent agreement
with Fig. 10 at 10% jons/cm?. Although the curves
display some temperature dependence, an un-
certainty of 300 eV in electron temperature will
result in, at most, an error in the density de-
termination of less than a factor of 2, reasonably
good accuracy for this plasma parameter. Also
plotted in Fig. 10 is the intercombination-to-re-
sonance line ratio as calculated by Vinogradov

et ql.?® for an aluminum plasma at an electron
temperature of 360 eV. Although the ratio is only
given up to an ion density of 10%° ¢cm™2 in that study,
the agreement between the two calculations is very
good. The small differences between the values
obtained from that work and ours are attributed to
the fact that the collisional-excitation and col-
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FIG. 11, 1s%2p(P)-1s2p2(D)/1s%152p (*P) line
ratio vs electron temperature; optically thin (-),
optically thick for 50-ym (---) and 500-pm (~-~)
plasma.

lisional-ionization-rate coefficients used in the
two studies have been calculated by different me-
thods.'® In addition, the radiative decay rate used
in that work for the 1s2p(%P)-1s? transition differs
slightly from the one used in our model.** How-
ever, the similarities between the predictions of
the two models is encouraging.

The temperature dependence of the four temper-
ature-sensitive ratios have been plotted in Figs.
11-14 for an optically thin plasma (solid lines) at a
density of 10?° jons/cm3. The satellite-to-re-
sonance line ratio in Fig. 11 displays the usual
T,"e -E/T, pehavior resulting from an analysis of
the 1s2, 1s2p'P, 1s2p32D 3-level system. Ba-
lancing the population of the doubly excited lith-.
iumlike state by electron capture with the depopu-
lation of this state by autoionization and spontane-
ous radiative decay yields the dielectronic re-
combination (DR) rate®®
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FIG. 12. 1s-2p/1s%1s2p (!P) line ratio vs electron
temperature; optically thin (-), optically thick for 50-
pm (---) and 500-um (-.-) plasma.
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FIG. 13. 1s-2p/1s%-1s3p (*P) line ratio vs electron
temperature; optically thin (-), optically thick for 50-um
(---) and 500-um (--~) plasma.
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where g, and g, are statistical weights of the dou-
bly excited and heliumlike ground states, A, and
A, are the radiative decay and autoionization rates
for the doubly excited state, and E, is the energy
separation between the 1s? and 1s2p?2D states. A
value for the line ratio can be obtained by di-
viding o, by the electron collisional-excitation
rate from the 1s2 to the 1s2p P level. An ap-
proximate expression for this rate due to Van
Regemorter® is

X=1.Tx10"%(g)AE" T~ V/2e AE/T, | (12)

where f is the oscillator strength, (g) is a ther-
mally averaged Gaunt factor and AE is energy
separation of the transition. The division of the
two rates yields the well-known Bhalla-Gabriel

LINE RATIO

107! L/ ) . 1 | I
0 400 800 1200 1600
Tg (V)

FIG. 14. 1s-3p/1s%1s5p (!P) line ratio vs electron
temperature; optically thin (-), optically thick for
50-pm (---) and 500-pm (---) plasma.
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formula3* for this line ratio,

gAE

88T,
x( A4, )e (aE-Ey)/T, (13)
AT +Ad
This result was first derived for use in astro-
physical phenomena and has been a valuable diag-
nostic when the two excited states are populated
predominantly from the heliumlike ground state;
that is, in low-density regimes. As was stated
earlier, at higher densities, the 1s2p'P level be-
gins to be affected by contributions from the 1s2s
1S and 1s states, and the population density di-
verges slightly from its coronal value. For com-
parison, we plotted the analytical result for this
ratio alongside the CRE result in Fig. 11. One
curve employs a 0.2 value'* for the Gaunt factor
and formula (12) for the excitation rate, while the
other uses the distorted-wave result for the ex-
citation rate instead of formula (12) in obtaining
the ratio. At an electron temperature of 500 eV,
our model predicts the 2s -2p rate to be 50% of
the dominant 1s-2p rate, even at the nominal den-
sity of 10%° ions/cm? for which Fig. 11 was ob-
tained. The neglect of the complete collisional
coupling at these plasma parameters would then
result in a predicted radiation intensity from the
AlXII L, line which is 30% lower than the CRE
model, a significant error in the emission of the
most prominent line in the x-ray region of the
aluminum spectra. Hence, when employing this
ratio for accurate temperature determination of
laboratory plasmas at higher (>10'°) densities,
the analysis requires the complete =2 level
system.

The apparent agreement between the curve using
the 0.2 Gaunt factor with Eq. (13) and the CRE
calculations at lower temperatures is the result
of the missing collisional couplings and the in-
accurate rate coefficient for the 1s-2p transition
canceling each other in the 0.2 Gaunt factor curve.

The satellite-to-resonance line ratio does pre-
sent the plasma spectroscopist with some in-
herent difficulties, however. The sensitivity of
the ratio is diminished somewhat at higher tem-
peratures, the resonance line is quick to be af-
fected by opacity, and some experimental diffi-
culties occur when trying to resolve the satellite
line completely. On the other hand, the major
contribution to both upper levels responsible for
this ratio comes from the same level, the helium-
like ground state. When the two upper levels of
the ratio originate from separate ion ground
states, the danger exists that these ions will ap-
pear as strong emitters in different spatial re-
gions of the plasma, and the ratio will yield a

R=1.212x10"13

meaningless value for the temperature if a tem-
perature gradient exists in the plasma. The va-
lidity of these model predictions would then be
limited, applying only to experimental spectra
which is spatially resolved.

The line ratios in Figs. 12-14 are similar in
that they compare a hydrogenlike line intensity
with a heliumlike line intensity. The basic fea-
ture of all the curves is the monotonic increase
in the ratio as the Al1XIII ground state becomes
more populated, relative to the A1XII ground state.
Of the three line ratios, the hydrogenlike L; to the
heliumlike L; in Fig. 14 is probably the best one
in terms of accuracy. The two transitions which
make up the ratio lie at very similar energies
(6.055 and 6.18 1°\), their spontaneous decay rates
are of the same order (4.77 x 10'2 and 1.58 x 102
sec™!), opacity is not expected to affect either
line in laboratory-size plasmas until higher den-
sities are achieved, the ratio is of order 1 over a
range of electron temperatures (400—-800 eV) com-
monly encountered in laboratory aluminum plas-
mas, and the sensitivity of the ratio in that range
is very good.

C. Line ratios from optically thick plasmas

In order to account for reabsorption of emitted
line radiation for optically thick plasmas, we at-
tenuate the escaping photon flux by a phenomeno-
logical reduction in the radiative source function.
This reduction factor, y, discussed earlier, is
calculated to account for the number of ion scat-
terings the photon undergoes before it diffuses in
frequency to the optically thin wings of the
broadened line profile, where it can escape. While
this model can accommodate the radiation trans-
fer for a natural, Doppler, or Voigt line profile,
the calculations presented here were performed
using Voigt line profiles. )

We have plotted the line ratio behavior versus
density for a plasma with a radius of 100 pm in
Figs. 6-10 (broken curves). Comparing these
with the optically thin curves, it is found that the
thin and thick line ratios are identical at N, =10%®
cm™3, indicating that this plasma is probably
transparent to x rays at these densities. Al-
though this is, in fact, the case here, the true
indication of whether photon absorption is occur -
ring for a particular line can be found from the
optical depth, given by Eq. (2).

An optical depth at line center (v=v,) of less
than 0.1 usually indicates that self-absorption is
negligible. However, larger optical depths can
occur accompanied by significant photoexcitation
in the plasma, yet no effect in the line intensity
be apparent. When the plasma is radiation dom-
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inated, the rate of stimulated absorption may be
quite large due to large 7, but if the downward
radiative processes (spontaneous and stimulated)
dominate over other collisional processes which
destroy the upper state, absorbed photons will be
reemitted again and again. This process will con-
tinue until the photons redistribute in frequency to
the thin wings of the line or in space to the edge
of the plasma, where they escape. Hence, an in-
dication of whether photon absorption will affect
the line intensity is given by the quenching para-
meter for a line whose upper state is 7 and lower
state is &,

De,

pq— ;C” +Aik ’ (14)
where C;; represents collisional rates and 4, is
the Einstein coefficient. When p is small, col-
lisional quenching of the upper state is not appre-
ciable, and the emitted line intensity will be un-
affected by significant reabsorption. A quenching
parameter of near one, on the other hand, indi-
cates that any photon reabsorbed is likely to be
collisionally quenched, resulting in a large re-
duction in the line intensity. However, when 7 is
large, the upper-state population will be altered
due to the large photoexcitation rate, regardless
of whether p_ is large or small.

Comparing the general features of the curves,
all of which include a heliumlike Lyman-series
line as part of the line ratio, a common trend is.
apparent. The curves all display a shoulder struc-
ture beginning at densities above 10%° ions/cm?.
The onset of this shoulder signals the point at
which the AlXII Lyman lines begin to be affected
by opacity. The L, line is usually the first of the
lines considered here to be attenuated by reabsorp-
tion of photons since its radiative decay rate is the
largest and its lower state (which determines the
optical depth) is the ALXII ground state, the level
which is the most dominant fractional density over
a wide range of temperatures and densities. For
example, the intercombination line has an Ein-
stein coefficient which is 3 orders of magnitude
lower while the satellite line and the Al X1 L,
line are due to transitions which end on different,
less populated levels over a significant tempera-
ture range. The curves maximize and then turn
over as the other line comprising the ratio begins
to suffer opacity reduction. In Figs. 6 and 10,
where both the upper levels of each ratio are popu-
lated predominantly from the 1s? level and gen-
eral state abundance variations can be folded out,
the shoulder appears at a higher density for the
high-temperature curves. This is characteristic
of the T ~'/2 dependence of the optical depth [see

Eq. (3)]; at high temperatures, the optical depth
will become large only at higher densities. Hence,
the onset of opacity effects will occur at higher
densities for a ratio at 1200 eV than one at 500 eV.
In Figs. 7-9, where a hydrogenlike and heliumlike
line are compared, the shoulder at 500 eV is lar-
ger than the one at 1200 eV, emphasizing the do-
minance of the AlXII ion at the lower temperature.
However, the most striking feature of many of the
curves, and, in terms of diagnostics, a rather
unfortunate one, is the double-valued nature of

the line ratios. This aspect of these curves could
render them useless as plasma diagnostics unless
either the plasma density is relatively well known
or several of the diagnostics are used simultane-
ously in plasma parameter determinations.

As an analytic check on the model calculations,
line -intensity ratios in the LTE (high density)
limit with opacity effects included have been cal-
culated for the H(L,) to He(L,) ratio and the IC
to He(L,) ratio. To first-order approximation
with a Voigt profile used in the radiation transport
model, the line ratio can be expressed as

_ N:A,AE; (11 \'?
R N,A,AE, (Tz) : (15)

The main assumption here is that the broadening
is nearly the same for the two transitions forming
the ratio. The optical depth is proportional to

the radiative decay rate, the g factors of upper
and lower states, and the lower -state population
density; hence Eq. (15) becomes

R = NAE: (t‘lzgé/gzN{)“2
N,AE, \A, g;/g,N, ’

(16)

where the prime refers to the lower state of the
transition. In the case of the ratio of the two re-
sonance lines, the Saha equation'® can be used to
calculate the ratio of the » =2 and 2p P levels:

N(n=2) - 28n=2 (Mek T, B/Ze-AE/kTe an
N@Y) - N,g,, \ 214 :

A similar expression can be used to get the ratio
of the two lower states, the ALXII and AlXIII
ground states. Inserting the appropriate atomic
parameters, the ratio is calculated to be about
0.26 at 500 eV, which compares quite well with the
model prediction of 0.3 in Fig. 7, even though the
levels considered here are not in a state of LTE
with each other at a density of 10® ions/cm?. Den-
sity criteria for LTE will be discussed in detail

in Sec. IIID.

The LTE limit for the IC line-to-resonance line
ratio is simpler to calculate since (1) the lower
state of both transitions is the AlXII ground state
and, (2) the strong collisional coupling between
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the 2p singlet and triplet levels will equilibrate
their populations to nearly a 1:3 ratio at even
moderate (~10%% ions/cm?) densities. Hence, Eq.
(16) becomes (note that the energies are nearly
equal),

Agc )1/2. (18)

RLTEQ_‘ 3<3ARES

Inserting the appropriate parameters in (18) yields
a value of 0.05 for the LTE ratio of the IC and
He(L,) lines in the optically thick case, while the
curves calculated by the model tend to center
around 0.04, again, quite favorable agreement.

It is often believed that the opacity effects on the
line emission intensities in laboratory plasmas
might be small enough to use diagnostics developed
for optically thin plasmas if the size of the emitting
region of the laboratory plasma was small or the
densities were not extremely high. To illustrate
the opacity effects on laboratory plasmas, we have
plotted the temperature dependence on the line
ratios in the optically thick case in Figs. 11-14 for
a plasma of 10%° ions/cm? and radii of 50 and 500
Lm, typical of a laser-produced plasma and an
exploding wire plasma. In all ratios but the H(L,)
to He(L;), the transport of the radiation has a
significant effect on the values that would be de-
termined for the electron temperature. In fact,
the error incurred by using optically thin calcula-
tions for these plasmas can be as much as 200-300
eV for the 500 um plasma and 100-200 eV for the
50-um plasma. Curiously enough, the ratios may
also be useful in determining the size of the emit-
ting region.

Looking more closely at the optically thick cal-
culations plotted in Figs. 12-14, the results for
the larger-radius plasma yield values for the line
ratios which are larger at low temperatures and
smaller at high temperatures than those predicted
by the optically thin calculation. This is a re-
flection of the shift in abundances from the AlXII
ion to the ALXIII ion as electron temperature in-
creases. At 500 eV, the 1s? level is more popula-
ted than the 1s level; consequently, the optical
depths of the heliumlike Lyman lines are greater
than those of the hydrogenlike Lyman lines, and
the greater attenuation of line radiation from
AlIXII excited states is manifested in the en-
hancement of the line ratios. At 1600 eV, the
opposite is true of the relative abundances of the
1s? and 1s levels; therefore, the line ratios will
be decreased somewhat compared to those calcu-
lated in the optically thin approximation.

D. Comparison with LTE model

Since the ionization-radiation model described

here is characterized both by particle collisions
and photon processes in an equilibrium mode, it
was termed a collisional-radiative model. An-
other model frequently used to calculate the plasma
atomic state is the LTE model.'® The models
differ in that the LTE assumption presupposes

that a radiative process is negligible when com-
pared to a competing collisional process. The
CRE model, however, takes both processes into
account, explicitly. An abundance curve, calcula-
ted using an LTE model, is shown in Fig. 3 (bro-
ken curves) for a plasma at 300 eV, alongside the
CRE results. As would be expected, the higher
ionization stages approach the LTE limiting values
at higher densities; lithiumlike states attain their
LTE values at an ion density of 2 X10?* cm™3, while
this occurs for the heliumlike, hydrogenlike, and
stripped ions at densities of 10?3, 3x 10?3, and 6

%X 10% jons/em®, respectively.

Because of its simplicity, the LTE ionization
model has had widespread applications in the plas-
ma community for the purpose of diagnostics and
effective charge determinations in laboratory plas-
mas. To test the validity of the application of the
LTE model, simple expressions'! have been of-
fered to determine whether plasma conditions are
within the constraints of the LTE regime. The
basis of these expressions is the notion that a
collisional rate depopulating a level must be a

“factor of 10 greater than a competing radiative

rate from this level for the state population to be
within 10% of its LTE value. We will attempt to

show, here, that this can be too strict a density

requirement.

If we consider the rates which couple the AIXIV
ion to the AlXIII ground state, the competing pro-
cesses are collisional (3-body) recombination and
radiative (2-body) recombination. The collisional
recombination rate coefficient is given by,? in
cm®/sec,

B=8.05x10"*(g,/2g,) ¢X~*T;" (19)

while an approximate expression can be used for
the radiative rate coefficient,®® in ¢cm3/sec,

@ =5,2x 10712 (0.43 +5 1nx +0.4691°1/3) | (20)

while g is the statistical weight, ¢ is the number
of outer-shell electrons, x is the ionization en-
ergy, Z is ion charge, x=x/T,, and u and ! refer
to upper and lower states. The ratio BN, /a be-
comes equal to 10 at an electron density of about
1.7 % 10% e¢m~?2 yielding an ion density of about

6 x10%° cm™3. Hence, these two ground states
should attain the population density ratio close to
that predicted by the Saha equation for a plasma
at 300 eV above an ion density of 6 X 10%% ions/cm?.
A similar calculation for the hydrogenlike and
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heliumlike ground states yields an ion density of
about 9 X 10?°cm™3 at 300 eV.

A similar estimate can be applied to excited
states, where the collisional-deexcitation rate
coefficient must exceed the largest competing ra-
diative decay rate by about a factor of 10 for the
upper and lower states to be in LTE with each
other. If we consider the 1s-2p transition in
AlXTI and employ the collisional-excitation rate
coefficient from our distorted-wave calculation,
the ion density required for these levels to be in
LTE with respect to each other is around 1 x 10**
cm™3, A similar calculation with the 1s2-1s2p'P
transition indicates that an ion density of at least
1.5x10%* e¢m™2 is required for these two levels to
equilibrate to their LTE values.

The values obtained from these simple expres-
sions are noticeable higher than those predicted
by the CRE model as seen in Fig. 3. It would ap-
pear that the use of the above expressions neglects
the rather important effect of the interplay between
the levels which lie in energy between the ground
states. Since the density at which states equili-
brate to their LTE values generally increases with
energy separation, many close-lying levels will
reach their LTE population ratios at much lower
densities than the cases considered above which
are typified by large energy differences. In an
apparent “bootstrapping” process, the coupling
between these levels and the ground states is
enough to cause significant equilibration of the
ground states toward LTE at densities signifi-
cantly lower than those predicted by a simple test
involving an isolated 2-level system. Hence, a
collisional-radiative treatment with some excited-
state structure included is necessary to accurately
ascertain at what density and temperature a plasma
can adequately be described by an LTE model.

Although the restrictions on the density required
for LTE are seen to be eased somewhat by the
results of this study with the CRE model, care
must be taken when making theoretical predictions
based on diagnostics from an LTE calculation.

At densities where K-shell excited states have
equilibrated to their LTE population ratios but
the ground states have not, the absolute popula-
tions of the excited states (and consequently the
radiation emission) will be incorrect, since they
are determined relative to the still non-LTE
ground -state densities.

It is well known that photoexcitation in an opaque
plasma will force it toward a state of LTE at lower
densities than would be predicted in the optically
thin approximation. To illustrate, opacity effects
were included in the calculation for a 100-pm,
300-eV plasma, and the fractional distributions
plotted in Fig. 3 (dotted-dashed lines) also. Notice

that the optically thick CRE results are always
between the optically thin CRE and the LTE pre-
dictions, and that there is a substantial change
in the populations in a direction closer to those
for LTE over a density range of 102°~10?2 ions/
cm3. Notice also, however, that the plasma be-
comes collision dominated above 5 X 10?2 ions/cm?
and the CRE calculation with opacity effects in-
cluded does not differ significantly from the CRE
thin prediction of the density at which the plasma
finally attains the LTE state.

IV. DISCUSSION

This work has investigated some of the funda-
mental aspects of line emission from a hot dense
aluminum plasma. In particular, we have ex-
amined the radiation signature by modeling the
plasma ion dynamics using a collisional-radiative
model which includes opacity effects. Line ratios
were calculated and then compared, in two cases,
with older theoretical predictions, and contrasted
with the result predicted when opacity effects are
taken into account. We have shown that what may
appear to be a well-behaved and understood diag-
nostic in an optically thin approximation may, in
fact, be a rather complex double-valued function
dependent on both plasma temperature and density
when the optical depth of a photon through the plas-
ma becomes large. An important result of this
work which we would like to stress is not that
these line ratios may become ineffective diag-
nostic tools when they are taken from a spectra
emitted from an optically dense plasma. Rather,
it now becomes apparent that a comprehensive
treatment of the radiation diagnostics is required.
Close agreement between a number of separate
temperature or density diagnostics can resolve the
dilemma of double valuedness. The comparison of
parameters determined from line ratios and those
obtained from other methods such as series mer-
ging,* Stark profiles,’” or slope of the continuum
can also be an effective technique. However, the
entire spectrum must be analyzed in detail to pro-
perly make use of the plasma diagnostic techniques
available.

The results of this model have also been com-
pared with the LTE result and it has been seen
that the plasma cannot be fully described by an
LTE model until rather large densities have been
obtained. Although, in an opaque plasma,' excited
states may approximate their LTE populations at
a significantly lower density than in an optically
thin plasma, due to optical pumping through re-
absorption of photons, the ground states will still
maintain populations between the LTE and coronal
limits at this lower density, only slightly affected
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by the opacities considered here. Thus, though the
excited -state populations may be correctly deter-
mined relative to the next-higher ground-state
dengity, line ratios calculated from lines which
originate in excited states from different ioniza-
tion stages will be in error since the ground states
are not accurately given by their LTE-determined
values. It is also worth noting that there is a disa-
greement between abundance curves quoted here
and those shown in Ref. 9, which depicts highly
overpopulated AlIl and AlXI ions. This result
appears unphysical in light of the previous dis-
cussion of electron shell configurations and their
effect on the ionization dynamics. The lithium-
like ion with an ionization potential of 442 eV
should ionize easily to the closed-shell Al1XII ion
and should never constitute a major partial density
fraction over a wide range of temperatures at an
ion density of only 10?2 cm~2 as is shown in Ref. 9.
This is in agreeméent with work done previously

by other authors3®3® on aluminum as well as other
materials of nearly the same atomic number. In
addition, the study in Ref. 9 includes a graph
showing that their CRE model is in agreement
with the LTE result for the A1XIV population at an
ion density of about 5x 10?2 ¢cm~3, a factor of 10
lower than in Fig. 3. It is our opinion that this
disagreement is due to their collisional-ionization
rate from AIXIII. An approximate form for the
rate is given in Ref. 6, in cm3/sec,

S chx'zTel’ze'x,"e , (21)

where ¢ is the electron number in the outermost
shell. This would predict a rate for Al1XII which
is about twice as large as that for A1XII (ioniza-
tion potentials are within 10% of each other). This
is in disagreement with Fig. 5 of Ref. 9 which
shows the AlXIII rate to-be about two orders of
magnitude greater than the AlXII rate at 7, =300
eV. The AlXII collisional-ionization rate used

in this study is in good agreement with the one
quoted in Ref. 9, hence it is the questionably large
AlXIII ionization rate which is the cause of their

AlXIV population.

Some discussion of the approximations made in
constructing this model is warranted in order to
properly assess the significance of the analysis
presented here. The equations governing the phy-
sics described above are solved numerically by a
zero-dimension (single-zone) computer model;
this allows only for treatment of plasmas which are
homogeneous in temperature and density at the
time of the radiation pulse. In addition, the rate
equations are solved time-independently; hence,
the assumption is made that the width of the ra-
diation pulse is small compared to the hydro-
dynamic time scale of the plasma. The atomic
level structure used was selected in order to de-
scribe the most important K-series emission lines,
based on analysis of experimental spectra and the
states contributing most significantly to its forma-
tion, either quantitatively or qualitatively (within
the temperature range of interest of this work).
Thus, we have retained some structure which is
less important energetically, for diagnostic pur-
poses. We have not included detailed structure
in most of the L- shell ions, leaving that for later
investigations. Finally, several atomic processes
have been omitted such as multiphoton excitation,
photoionization, and inner-shell collisions. The
model retains the flexibility to include these pro-
cesses in future work, but their contribution to-
ward the determination of the level populations is
considered of less importance in plasmas studied
in this paper.
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