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SPECTRAL DIAGNOSIS OF PLASMAS WITH 2-DIMENSIONAL NON-UNIFORMITIES

I. INTRODUCTION

Recent advances in experimental spectroscopy of dense laboratory
plasmas have aroused renewed interest in radiation diagnostics as a means
to determine plasma parameters. The purpose of this report is to document
preliminary work, first presented at the 1982 Plasma Physics Divisional APS
Meetingl, regarding new diagnostic techniques in theoretical plasma
spectroscopy, in particular, as they impact studies of laser-produced
plasmas. Wnile the results presented here are only preliminary, the treands
are believed to be substantial, and more thorough documentation of a number

of the toplcs discussed here is expected to emerge from more comprehensive

follow—up studies.

The main thrust of this study is to investigate 2-dimensional plasma
non-uniformities and the way in which they affect the x-ray spectrum
emitted by the plasma. Our motivation in this work is twofold: first, we
attempt to clarify some of the assumptions made in early tracer-dot implant

analysis done at NRL; second, we seek to determine if fluid instabilities

(e.g., Rayleigh-Taylor) can be detected and measured using the refined

techniques of x-ray spectral analysis. In this report we discuss three

important phenomena and how they effect the plasma radiation signature:

(1) time—~dependent effects on ionization modeling, particularly in the
blow-off of laser-plasmas where recombination (or ionization) time
scales can be extremely long
(2) Two-dimensional radiation transport effects on the x-ray spectrum
in experimental configurations where photon re-—absorption is signifi-
cant in directions both parallel and perpendicular to the spectrometer
line-of-sight
(3) 1inhomogeneities in plasma temperature and density along the

\ . lateral direction, perpendicular to the laser beam, caused by plasma

: instabilities, non-uniformities in the laser profile, etc.

Before presenting the results of these studies, a brief description of

the theoretical model follows.
Manuscript approved January 10, 1983.

- -~ v

By

SRR TG R e

e e (SN
) . . e e




II. lIonization—-Radiation Model

To solve for the ionization state and radiation environment of the
dense plasma we employ a collisional-radiative (CR) model which solves a
set of atomic rate equations for the ion level population distribution. 1In
addition, a fully-coupled radiation transport scheme employing probability-
of-escape photon transport concepts2 is used to calculate the radiation
emission as well as the radiation trapping effects on the level popula-
tions. The model is one-dimensional and includes no plasma energetics or
motional effects, relying on externally-generated plasma temperatures and
densities for input. Details of this model are well-documented in a series
of published papers3; further elaboration will not provide additional
insight and therefore will be omitted.

The radiation patterns to be Studies here result from the K-shell x-
ray emission of aluminum plasmas, in the 5-8 A (1580-2500 eV) range of the
spectrum. To describe this emission we include the n=1-5 levels in Al
XIII, the lsz, 2s 3S,Zs 1S,2p 3P,Zp lP, 3-tripliet, 3-singlet, n=4 and n=5
levels in Al XII, the 13223, 2p, 3s, 3p, 3d, n=4 and n=5 levels in Al XI,
and the ground states of A1 I - Al X. 1In addition, a number of doubly-
excited levels were recently added to the model, as described in detail in
the followi.: .2ction on satellite lines.

ITII. Satellite Line Model

Dielectronic satellitesa are emission lines found in the K-shell
spectrum of plasmas, lying slightly to the long—-wavelength side of main
resonance (Lyman) series lines of the heliumlike and hydrogenlike ions.
They result from the radiative decay of doubly-excited electronic lavels
and potentially can be extremely useful as plasma diagnostics. In order to
exploit the information contained in these lines, a detailed model has been
constructed which includes several n=2 doubly-excited levels of Al XI and
XI1 (identical models have also been built for carbon and argon), and is

coupled directly to the other level structure in the CR model

calculations. This level structure is shown in Fig. 1 along with the

relevant traansitions which give rise to the satellite lines, which lie to

2 1

the low-energy side of the 1s-2p and 18“-182p P resonance lines in the K-
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shell x~-ray spectrum. The scattering processes included in this model
couple the doubly—-excited levels to: (i) singly-excited levels of the same
ion by inner-shell electron excitation and de-excitation, photo—-excitation,
and spontaneous and stimulated emission, (11) the ground state of the next
highest ion by electron capture and autoionization, (1ii) singly-excited
states of the next highest ion by electron collisional fonization and
recombination, (iv) neighboring doubly-excited levels via electron impact
excitation and de—-excitation. Although we presently neglect ion-ion
collisions between doubly-excited levels, there is reason to believe that
their effect may be important for certain transitions, thus, we plan to
include this process in future studies. The satellite lines, 2] seen in
the x-ray spectrum of a typical aluminum plasma, are shown as calculated by
the CR model in Fig. 2.

Althocugh K-shell satellite line diagnostics in dense plasmas are the

subject of a seperate study now in progress5

» a recently-obtained result of
particular interest and significance to density determinations in dense
plasmas is presented here. A well-known method of measuring fon density in
hot plasmas employs the intensity ratio of the lsz—lsZP 3P (intercombina-
tion) line to the 192-132p lp (resonance) line in the K-spectrum6. As seen
in Fig. 2(a), however, the s, t, m, and n satellite lines are usually
unresolvably blended with the latercombination line. This poses no problem
at low dengities since the four satellites in question are much lower in
intensity than the intercombination line. However, as the density
increases, electron collisions re-distribute the doubly-excited state
populations, as shown in earlier work by our group7, resulting in a marked
increase in the intensity of these satellites. As an example of this
effect, we show two line ratios in Fig. 3 for a cylindrical aluminum plasma
of 100 um diameter with T, = 600 eV at various ion densities: (1) the
intercombination~to-resonance line ratfioj and (2) the intercombinaiion +
20 ions/cm3 (“critical

density for 1.06 uym laser light on aluminum), neglect of the four satellite

s,t,m,n satellites-to~resonance line ratio. Above 10

lines in a theoretical modeling scheme will result in serious errors in the
density determination. The effect shown is purely collisional and not due
to opacity, since the optical depths of the sateliite lines at Ny = 4x1021
tons/cm3 1s still less than 1 for a 100 um plasma. The relative
intensities of the various blended lines at this density is

3
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0.41:0.53:0.43:0.38:1 for the IC:s:t:n:m lines. A more detailed disecussion
of this and other satellite line effects is being prepared for presentation
under separate cover, but experimentalists using previously published
results of this line ratio should exercise caution when drawing inferences

from K-spectra obtained from very dense plasmas.

IV. Collisional-Radiative Non-Equilibrium Model (CRNE)

In many dense-plasma configurations, the time scale for atomic and
radiative collisions is much faster than the time scale for changes in
plasma parameters such as dengity and temperature. In these cases,
collisional-radiative equilibrium (CRE) is a valid assumption, and the

‘ explicit time dependence in the atomic rate equation,

dNi
-~ =L W, N, -L W N

dt 3 ji] 3 ijd
can be omitted to obtain the equilibrium solutions at any time, t, for the
level populations, N; (here, wji is a collision rate from level j to level
1). 1If this atomlc time-scale is not sufficiently fast, however, the time
dependence must be retained8 and the rate equations integrated in time as a
function of the time-varying temperature, density, and size of the

plasma.

Such is the case In the blowoff plasma from a Coz-laser heated
aluminum microballoon. Since the critical deunsity for 10 um laser light is
only 1018

these (and lower) densities to equilibrate the plasma ions to rapid changes

1ons/cm3 in aluminum, collisions are often not rapid enough at

in temperature. As part of a joint program with Los Alamos National
Sclentific Laboratory (LANSL) to :tudy fast-ion emission from gas-laser
heated targetsg, we are attempting to characterize the ionic distributions
in the plasma blowoff region using our theoretical model. As a preliminary
step in this program, output from the hydrodynamic code LASNEX was provided
by LANSL for post—analysis by the NRL Plasma Radiation Branch in order to

i .
1 calculate the relevant ion and photon emission.
4

Using these data, we have made comparisions between the equilibrium

(CRE) and non-equilibrium (CRNE) calculations. Shown in Fig. 4 is the
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calculated effective charge, Zeff’ for a single hydrodynamic zone in the
blowoff plasma as a function of time for both CRE and CRNE assumptions.
Also shown is the ion density versus time in that zone. As one can see, as
the ion density drops below approximately 1020 1ons/cm3 for this plasma,
the charge state "freezes in" while still on the ionizing part of the
curve. This differs significantly from the equilibrium solution which
continues to track with the rising electron temperature under the
assumption that the 1lons respond instantaneously to the temperature
changes. Similarly, as the temperature drops, the time-—dependent solution
shows no change in zeff’ while the time—-indepedent model incorrectly
indicates that significant recombination is occurring. It is clear from
Fig. 4 that any analysis of fast ion emission from COZ laser targets will
require that the atomic rate-equations be integrated in time, and, thus,
the CRNE model will be necessary.

V. 2-D Photon Transport Effects

A basic simplification commonly assumed in analysis of spectra from
laser-produced plasma is that photon transport 1s treated in only one
direction, along the path from the laser spot (on the target) to the
spectrometer. In general, this approximation is a valid one when treating
spherical target implosions. Laser interaction with flat targets, on the
other hand, generates a distinctly "non-radial” plaswma, and, therefore,
cagts doubt on the validity of 1-D codes used to model them.

In recent months, experimentalists at NRL have began using an
innovative diagnostic technique called "tracer-dot 1mplantation"10.
Briefly, a higher-Z plug a dot of material (aluminum, for example) 1is
implanted in a low-Z flat target (carbon). The circular plug has a
diameter smaller than the laser spot-size, hence, both materlals are heated
and blow off from the target surface. The higher energy K-shell emission
from the plug, however, will shine through the low Z target plasma
relatively unattenuated and can be detected in a direction perpendicular to
the target normal (or laser axis). The higher-Z plasma is collisionally
contained by the low-Z blowoff and resembles a cylinder of plasma up to
some distance from the target, as shown in Fig. 5(a) A slitted

spectrometer can image the cylinder so that spectra can be obtained as a




function of distance from the target surface.

The preliminary theoretical analysis of these spectra has been done
using the 1-D CRE model11 by assuming that each spectrum emanates from a
thin (~25-50um) "disc" of plasma at various positions along the cylinder
axis, as shown in Fig. 5(b). Under this assumption, the disc 1is treated as
homogeneous in temperature and density, and radiation is transported along
the disc radially toward the spectrometer, parallel to the foil target
surface. However, this treatment neglects the photon pumping due to self-
absorption along the cylinder axis (in the direction of the incoming laser
beam). To perform the calculation rigorously, a 2-D radiative transfer
algorithm is necessary to treat both radial and axial photon transport, and
model the entire plasma cylinder self-consistently. However, we can gain
some insizht Into the effects of axial photon pumping using our 1-D model
and employing a 2-step procedure:

(1) First, we assume some typical axial temperature and density
profiles, shown in Filg. 6 as solid lines, and perform a calculation in
slab geometry, i.e., we transport the radiation axially. The photon
pumping rates in each zone due to all surrounding zounes are stored for
each line and recombination edge.

(2), Then, we calculate the emission from a thin plasma disc at some
distance from the target surface, say, 400 um. The disc is assumed to
be homogeneous at a temperature and density corresponding to the
profiles used in step (1) at the axial position of the disc. With the
CR model now in cylindrical geometry, radiation is transported
radially, as was done in the earlier analyses of tracer-dots. However,
the stored photon pumping rates from step (1) can be added into the
rate equations to account for the axial photon pumping effects. Bear
in mind that this is a time-independent analysis, hence, assumes that
the plasma at a certain distance from the target surface maintains a
nearly constant temperature and density during the radiation pulse
time.

The calculations described above were performed for a 115 um diameter
aluminum tracer-dot implanted in a carbon target. Step (1) above was
perfomed using the profiles given in Fig. 6. Then, step (2) was

accomplished for five seperate plasma "discs” of thickness 50 um, spaced

evenly every 100 um along the plasma cylinder axis. The spectra from each




of these axially pumped discs were compared with those generated from a
similar disc assuming no axially pumping. As an illustration, the
theoretical spectra corresponding to the disc centered at about 375 um from
the target surface (Te-785 eV and NI-l.7x1019 ions/cm-3) are shown in Fig.
7(a) (no axial pumping) and Fig. 7(b) (with axial pumping). Large effects
due to the axial photon pumping are seen in the Al XII and Al XIII
resonance lines, while only slight differences are evident in the
intercombination (IC) line, satellite (S) lines, and the higher Rydberg

f _ members of the Al XTI and XIII ifons. This 1is due to not only the large

pump intensity of the resonance lines from denser plasma closer to the

———-.

target but also to the larger optical depths of these lines across ths
J thickness of the disc.

In the actual theoretical analysis of tracer-dot spectra, however,
total line intensities are not used, only line ratios. Thus, we wish to
quantify the errors incurred in the temperature and density determinations
of the plasma by assuming isolated, radiating plasma discs and neglecting
the axial pumping effects in the theoretical model. To accomplish this we

analyzed the spectra generated including the axial pumping using our

f . standard analytic techniques; the results are shown as dashed curves in .

Fig. 6. The density calculated from the intercombination-to-resonance line
ratio 1s typically a factor of 2 too large, owing to the preferential axial
z 3? line. This reduces the line
ratio which, using a plot similar to Fig. 3, yields a higher density than

pumping of the 1s“-1s2p 1p 1ine over the

actually occurs, as shown by the dashed line in Fig. 6(b).

The temperature analysis, on the other hand, yielded a very

interesting result. All 3 line intensity ratios used to determine

temperature ylelded values rather close to the actual assumed temperature :

profile, shown as dashed lines in Fig. 6(a) ((1) = ls—2p/132-132p 1P, (2) = :

ls-3p/192-135p 1P, (3) = ls—2p/132-153p 1P). The reasou for this apparent {

good agreement is in fact due to a fortuitous circumstance, since the

. temperature~dependent emission lines also experience significant but
differing levels of axial photon pumping. However, the mis-diagnosis of
the ion density due to this pumping affects the temperature determinationm,

% gince the appropriate line ratio-vs—-temperature curve used to get Te will

be for this incorrect density. Fortuitously, this density error somewhat
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nullifies the error incurred due to the pumped temperature~sensitive lines
(two "wrongs™ result in a "right"), resulting in a fairly accurate
determination of the actual plasma temperature. It is difficult to say, in
general, whether the technique 1s reliable or not, based on a single
diameter case with one unique set of profiles. These axial pumping effects
will increase with increased dot diameter, however, and are certainly
expected to exacerbate the problem of obtaining accurate values with larger

implants.

One also notices the disappearance of axial photon pumping effects on
the diagnostics as one approaches the target surface. This 1is due o two
reasons® (1) as the density increases close to the target, the plasma
becomes more collision-dominated, and photon pumping plays less of a role
in determining the distribution of ionic level populations; (2) the main
source of photons 1s in the dense plasma near the target surface, }
therefore, the flux of radiation across an areal surface is comparable in
both directions, resulting in little net pumping - farther out in the blow-
off, the net photon flux is almost totally away from the target, and the
inclusion of optical pumping Iin the axial direction has a measureable
effect on theoretically calculated spectra and subsequent line ratio

determinations of plasma parameters. -

VI. Spectral Signatures of Lateral Plasma Inhomogeneities

In this final study, our goal is to investigate the effects of lateral
(perpendicular to laser beam) plasma non—uniformities on the K-shell x-ray
spectrum. These non-uniformities can be the result of several phenomena,
including non-uniform spatial laser intensity profilelz, varying lateral

heat flow in the tatget13, and fluid instabjilities such as Rayleigh-

Taylorla’ls.

In previous tracer-dot spectroscopy, it was assumed that that ®
plasma density and temperature were constant in the lateral direction. E
Although this 1s probably a valid assumption for small-diameter dot
{mplants, we questioned whether one could detect lateral inhomogeneities by
increasing the diameter of the dot implant to near the scale length of the

plasma inhomogeneity.

Our first step was to compare theoretical K-spectra from plasma with

and without lateral inhomogeneities and look for drastic changes in the




spectral features. The plasma configuration is identical to that of the
previous section and as shown in Fig. 5. The laser heats a carbon target
with an aluminum tracer-dot implant smaller than the focal spot but on the
order of the inhomogeneity scale length, in this case, 200 pym. A
spectrometer collects aluminum K-shell radiation emitted perpendicular to
the laser beam direction and is slitted to obtain data which is spatially
resolved in the Z-direction (along the plasma column). Since the effects
we wish to study occur predominantly in dense plasma, we concentrate on
emission from a slice of the column or plasma "disc” which lies between the
critical and ablation surfaces. To conduct our spectral comparison, we
calculate the K-shell radiation from three hypothetical profiles for the
plasma temperature and density vs. lateral position, as shown in Fig. 8,
where (1) is the completely homogeneous case, (2) is a mild non—uniformity
and (3) is a rather strong one. Again, we assume that these profiles are
"frozen” in time during the radiation pulse and conduct a time-independent

analyis.

The calculated K-spectra for the three cases considered are shown in

Fig. 9. Because of the high density, the sum of the satellite line
intensities appears as single features which overshadow thelr respective
resonance lines. As the enlarged, finely-resolved spectra in Fig. 10 show,
however, the resonance lines are still the single most prominent features
in the spectrum. Comparing the three spectra in Fig. 9, large differences
are seen in the line and continuum intensities. 1In the homogeneous case,
the hydrogenlike Lyman lines are more intense than the heliumlike Lyman
series. However, as the degree of inhomogeneity is increased, the
heliumlike lines become more intense than the hydrogenlike. The reason is
straightforward: the plasma non-uniformity usually results in some regions }

of higher temperature and lower density than the homogeneous case and other

PR e

regions of higher density and lower temperature. In this temperature and
density regime, the K-shell lines scale more strongly with density than
temperature; hence, the denser regions found in cases (2) and (3)

accentuate the colder plasma features - the heliumlike lines.

Another trend evident from Fig. 9 is the drop in Al XIV recombination i
edge intensity at 2.3 keV. This behavior is for the same reasons discussed

above. These photons result from 2-body recombination from bare nuclei
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which occur at greater abundance in the higher temperature regions of the
plasma. Since the density in these regions is lower for cases (2) and (3),

the intensity of this edge drops with g.eater inhomogeneity.

We have now seen that plasma non-uniformities between the critical and
ablation surfaces can significantly alter the K-shell radiation signa-
ture. However, by using the theoretical model we have been able to
generate a spectrum from both homogeneous and non-homogeneous situatiouns
with which to compare and contrast. The experimentalist, on the other
hand, 1s not afforded the luxury of a homogeneous plasma spectrum with
which he can compare his own result. How can one, therefore, conduct an
experiment to determine whether non-homogeneities exist? We wish to

propose a simple one which, in principle, should work.

Suppose two experiments were conducted keeping all experimental
parameters identical but the tracer-dot diameter. The diameters used could
be on the order of, say, 50 um and 200 um but both of them should be
smaller than the laser focal spot-size. If the laser plasma created was in
fact, free of lateral inhomogeneities, the temperature and density at some
distance from the target surface should be identical for both dot
diameters. Of course, this would not insure that the radiation emission
perpendicular to the plasma blowoff would be identical in both cases, since
the larger diameter plasma will suffer more photon re-absorption due to
opacity and the line intensity ratios would change. We have compared the
temperature-sensitive line ratios for both sizes of plasma at a density of
102l ions/cm3 and found that the effects of opacity would alter the ratios
by only 10-20%. Moreover, one could quantitatively account for these
differences using a theoretical model such as the one described here to
analyze the spectra. Inhomogeneities of the magnitude shown in Fig. 8, on
the other hand, should introduce large changes in the spectrum of a 200 um
tracer-dot as compared to that of a 50 um tracer—dot, assuming the scale-

length of the non-uniformity {3 much larger than 50 um.

To demonstrate the feasibility of this experiment, we calculated two
K-shell spectra from a tracer dot implant of only 50 um diameter for the
plasma parameters of Cases (1) and (2) in Fig. 8. The homogeneous case
(Case (1)) comparison between 50 and 200 pm dots is shown in Fig. l1.
Although noticeable differences are evident, they are small, particularly

10
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between the higher Rydberg series (n»3) lines of Al XII and XIII where
opacity effects are reduced as compared to the resonance lines. Shown in
Fig. 12 are the theoretical K-spectra for 50 and 200 um dots assuming the
slighc‘plasma lateral non-uniformity described by Case (2); the effect of
the inhomogeneity now creates a stark contrast between the spectra. Due to
the cooler, denser plasma now sampled by the larger diameter implant,
heliumlike features are far more intense than hydrogenlike features,
inclueding both line and continuum. Although an experiment of this sort
will not verify the physical phenomena responsible for the inhomogeneity,
it 1is an obvious indicator of its existence. In addition, the diameter of
the dot implant can be systematically varied to assess the approximate
scale length of the non-uniformity. With detailed theoretical modeling of
the spectrum, the prohable temperature and density profile could even be
predicted, shedding light on the most likely cause of the inhomogeneity, be
it Rayleigh-Taylor instabilities, extreme lateral heat transport, or non-
uniform laser profile, Of course, this experiment depends on the fact that
the temperatures in the region of interest are high enough to have
sufficient K radiation for detection. At lower temperatures (Te < 150 eV),
lithiumlike or beryllium emission lines may have to be used to detect
inhomogeneities. Fluid code calculations, however, predict that
significant X-shell emission is usually generated behind the critical

surface and that it is intense enough for easy detection.

VII. Conclusions

Although the studies discussed in this work are preliminary in nature,
several conclusive statements can be made regarding these results. First,
early investigation with a new atomic model designed to treat doubly-
excited levels and satellite line emission has revealed that the plasma

density diagnostic involving the 132—152p 3P/lsz—132p 1

P line intensity
ratio can yleld spurious results at high densities. This {s due to the
effects of unresolvable satellite lines blended with the intercombination
line. Second, we have reaffirmed the result obtained by other authors that
the low density blow-off region of laser-produced plasmas are highly non-
equilibrium in nature. In order to describe the fonization and radiation
dynamics in chese regions, the explicit time-dependence of the level

population rate equations should be included and the rate equations

11
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integrated in time as a function of the changing plasma density,

temperature, and size.

Third, we have substantiated the need for two—dimensional radiation
transport modeling for tracer—dot spectroscopy by including the effects of
axial photon pumping in a laser-produced plasma in a "post-analysis” way
while treating lateral radiation transfer in a self-consistent manner. The
effect on density determinations 1s seen to be about a factor of two in the
region in front of the critical surface, while the temperature determina-
tion gave a fortuitously accurate result. It will be the subject of a more
in-depth study to determine whether this is the case, in general, or
whether it is a result particular to the size and temperature parameters

chosen for this wd}k.

Finally, we have investigated the effects of lateral inhomogeneities
(due to laser beam non-uniformity or plasma effects) on the K-shell
spectrum and found them to be significant for the conditions studied.
Typically, the plasma regions of higher density are weighted more heavily
in the spectral signature. In an effort to inform the experimentalist of
the existence of such plasma inhomogeneities, we have shown that a simple
experiment involving different tracer-dot diameters should give conclusive
evidence. We have demonstrated that the effects of increased path length
(due to larger "dot" diameters) on the photon re-absorption should have a
telatively small impact on the relative intensities of features in the K-
shell spectrum as compared to the effects of lateral inhomogeneities; thus,
these non-uniformities should be straightforward to detect using this
scheme.

We would like to thank J. Rogerson and M. Blaha for their assistance
with the satellite line model, J. Apruzese for valuable discussions
regarding radiative transfer, and F. Begay and R. Goldman of Los Alamos for
supplying us with the hydro code output. We would also like to express our
thanks to M. J. Herbst and R. R. Whitlock for introducing the technique of

spot-spectroscopy to us.
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Fig. 1(a) — Doubly-excited level structure and satellite lines for the lithiumlike ion.
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Figure 2
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(a) — Sketch of laser beam-tracer-dot target interaction
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(b) Schematier for tracer-dot spectroscopy of a laser-heated target

Figure 5

18

R e e R S e R —— -

' .

| .-
= - - ~
K DRI I N BTN R | 17 SR ot e AR R




800

(eV)

600

400

ELECTRON TEMPERATURE

200

1021

—

lam]
~o
o

10N DENSITY (cM™>)

1019

—— T T em— — -

100

200 300

CISTANCE (um)

409 500

Fig. 6 — Axial (normal to target) piasma temperature and density profiles assumed for the
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