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l.B

New Diagnostic Features in the Spectra of Kecent
Argon-Filled-TargetImplosions on OMEGA
Recent argon-filled-target implosions wcre performed for two kinds of target
fills: (a) low-pressure argon in an Ar-DD mixture and ( b ) high-pressure argon.
Thesc experiments provide additional diagnostic signatures for comparison to
code prediclions. Cienerally, the measurements indicate deviation:, from
predictions and can serve as indirect evidence of instability.
Targets of low argon-fill pressure have the distinction of low opacity ofargon
lines. This rneans that the observed line ernission can yield information on the
peak core conditions. In addition. we observe the free-bound continuum, which
in high-pressure shots is indistinct due to opacity effects. This spectral feature
provides additional information on the core electron temperature (through the
continuurnslopeas well as thecontinuumjump) andon thecorc density (through
the reduction in ionization energy).
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Targets with high argon-fill pressure provide information on the cooler,
peripheral argon layer of the core through the observation of absorption lines. In
the past, absorption lines of 1 s-2p transitions in argon ions with a partially filled
Lshell have beenobserved. Here, we alsoobserve 1s-3p transitions in absorption.
These lines provide information on the temperature and pAR of that cooler
region. However, the predicted strong absorption of helium-like argon lines
has not been observed. This is interpreted as due to a cooler-than-predicted
compressed core.
Table 55.1 lists the experimental conditions for the shots used in the analysis.
All targets were polymer shells, overcoated with a0.05-ym layerofAl (to protect
against shinethrough), imploded by 600-ps OMEGA pulses. These shots were
also part of an NLUFexperiment performed by C. F. Hooper andcolleagues from
the University of Florida.

Table 55.1:

Experimental conditions for the shots used in the analysis.
Target
Diameter

Target
Thickness

(pm)

( P I

DD (atm)

Ar (atm)

(J)

2450 1

254

6

20

0.1

943

24498

248

6

0

20

976

Shot No.

Fill Pressure

Laser Energy

Low-Pressure Argon Experiments
Figure 55.8 shows the spectrum for shot 24501, emitted by a low-argonpressure target. The argon lines are generally of low opacity for such low
argon-fill pressure. We can predict this low opacity even without knowing the
degree of target compression. To see that, we note that the opacity of a layer
of areal density pAR due to resonant line absorption is given by
r, = ( n e v 1 Mime pAR b P(v), where r, is the opacity at the frequency v,
f is the absorption oscillator strength, b is the fraction of all ions in the absorbing ground state, M iis the ionic mass, and P(v) is the line profile in inversefrequency units (normalized tounit area) at the frequency v. For Stark-broadened
lines, the line width AE is proportional to p2I3, so that P(v) p-213. Strictly
speaking, this is only true for the ion-broadening component of the profile;
however, for lines like Lyman-P, having no unshifted Stark component (hence,
a central dip), this is practically true for the total profile. Since for a given target
implosion pR = (3M1 4 7 ~ ) "p213,
~
where M is the total argon mass, the linecenter opacity depends only on the initial fill mass (or the fill pressure and radius)
but not on the compression. For the Ar Lyman-P line, the opacity at the two line
peaks (straddling the central dip) becomes r,,, - 0.1 b p 1 l 3 ~ , wherepis
,
the fill
pressure in atmospheres and R, the initial radius in microns. For shot 24501, this
becomes, , ,z
2; hence, opacity is small but not negligible.
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Fig. 55.8
Calibrated spectrum from a low-pressure argon target (shot 24501 ). The target was filled with a mixture of 0.1
atm argon and 20 atn? deuterium. (a?The vertical bars show the unshiftcd positions of the hydrogen-like and
helium-like Kedges (o subscript),as well as the shifted positions, calculated from the experinlentallydetermined
density and temperature. H and He refer to Ar+I7 and Ar+I6,respectively. (b) Determining the temperature from
the continuum slope and a lower bound of the continuum jump (which yields an upper bound on the temperature).
The line marking the continuum jump is arbitrarily placed near 4 keV.

We proceed to fitting theoretical Stark profiles calculated by ~ o o ~ etor the
'
measured Lyman-P profile of shot 24501, shown in Fig. 55.9. Note that these
profiles correspond to the caseof avery small admixtureof argon in an otherwise
deuterium plasma, as is the case in shot 24501. These profiles are somewhat
narrower than the profiles for a pure argon plasma for the same electron density.
For example. the simplified formula for the ion-broadening of hydrogenic lines2
shows that for a given electron density, the linewidth is proportional to z " ~ ,
where Zis thechargeof the plasmaions (the perturbers). Before fitting to profiles
of different densities, we show in Fig. 55.9(a) that Stark profiles are relatively
insensitive to the temperature. The two Stark profiles shown are for the same
~ n 1 - ~but
) , two different temperatures (200 and 800
electron density ( N , =
eV). For an unknown temperature in the range of 200 to 800 eV, using a profile
for an intermediate temperature, the deduced density can be in error of less than
+20%. The Stark profile also depends slightly on the ion temperature (even
before the Doppler broadening is folded in), and we used profiles calculated for
Ti = T,. Once we select a calculated profile closest to the measured one, final
fitting is obtained by stretching or contracting the energy scale and noting that
the profile width changes with density approximately like N,?'~. The Doppler
broadening was also included in the calculated profiles. To account for the
small opacity, we replace the actual profile P(AE) by the expression
1- exp[-z,,
P(U)I P~,,], where P,
is the profile value at either peak and
, , ,z
= 2, as explained above. The best-fit profile corresponds to an electron
density of 0.7 x 1 0 ~ l c m - ~or, p 2.3 g cm-j. The assumed temperature for the
theoretical profile was I .O keV, in anticipation of the results obtained below.
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The spectrum in Fig. 55.8 provides an additional diagnostic feature, the freebound continuum. Note that the intensity scale in Fig. 55.8(a) is linear, whereas
in Fig. 55.8(b) it is logarithmic. This is the continuum due to recombination into
the K shell, and it appears at energies above the K cdgc. There are two, close K
edges here: (a) theAr+I7edge, due to recomhination of electrons a n d ~ r +ions,
'~
at 4.426 keV, and (b) theAr+16edge, due to recombination of electrons andAr+I7
ions, at 4.120 keV. First, the electron temperature in the compressed core can be
deduced from the slope of the free-bound continuum, which in Fig. 55.8(b)
corresponds to T, 1.0 keV. For thc slope determination we look heyond the K
edge of the first continuum ( r -+ ~ r + l ~where
) , the two continua simply add up.
As described below, the edge is shifted into lower photon energies, which
facilitates the slope measurement.

-

Fig. 55.9
(a) Calculated Stark profiles (from Ref. I ) for
the same electron density hut two different
temperatures. For an unknown temperature
in the range of 200 to 800 eV, the deduced
density can he in error of less than f20%. (b)
Fitting of a theoretical Stark profile to the
rneasured Lyman-p line of Ar+17 (at 3 15 1 eV)
for shot 24501.
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An additional signature associated with the free-bound continuum is the
reduction of ionization energy. As is evident from Fig. 55.8, the free-bouno
continua extend well into the low-energy side of the Kedge before falling. This
reduction is due to the interaction with neighboring ions (or the background
plasma) and depends on the density and temperature. Because of the overlap of
the Ar+" edge with the e- + Ar+I7 continuum, it is easier to determine the
measured shift of the Ar+lhedge.Generally, the effect increases with increasing
density and decreasing temperature. Using the theory developed by Stewart and
p y a t t , b e show in Fig. 55.10 the calculated reduction in ionization energy of
helium-like argon ( ~ r " ~for
) the relevant parameter ranges. The calculation is
for the same argon-to-deuterium ratio as in shot 2450 1 (1 :200 in fill pressures).
A similar calculation was done for hydrogen-like argon (Ar+I7). AS seen, the
reduction depends on both temperature and density for the parameter ranges
encountered here. There are two limitingexpressions (defined by the number ND
of particles in the Debye sphere) that arc sometimes used for the reduction in the
ionization energy AE;:

U ,= e2 / YD (for Nn >> 1)

and

Mi = e2 / a (for N D << 1)

.

where ro is the Debye length and a is the ion-sphere radius; the first is given
by the Debye-Huckel theory and the second by thc ion-sphere model. As a rule,
the Stewart-Pyatt model gives smaller energy shifts than either theory. In
addition, thc parameter ranges in Fig. 55.10 correspond to intermediate values
of ND (,IL,- 1). Asa result, AEi in Fig. 55.10 does depend on the temperature,
which is not the case for the ion-sphcre model: however, the dependence on
density is closer to that of the ion-sphere model (-p'I3) than to that of the DebyeHuckel model (-p"?).
Using Fig. 55.10, we estimate the reduction in ionization energy in the
experiment (shot 24501). We use the density value derived from the Stark
broadening of the Lyman-P line [Fig. 55.9(b)l, and the temperature derived
from the continuum slope [Fig. 55.8(b)]. The derived reduction for ~ r +isl ~
M i = 120 cV, and for Ar+I7 the reduction is 130 eV. The vertical bars in
Fig. 55.8(a) show the unshifted positions of the hydrogen-like and helium-like
K edges (o subscript), as well as the shifted positions, calculated from the
experimentally determined density and temperature. As seen, the predicted
rcduction is generally consistent with the shape of the measured continuum. The
shift of the hydrogen-like edge is not clearly seen because of a smaller continuum
jump at this edge.
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~ h s h

Density (g cm-3)

Fig. 55. I0
Calculated reduction in ionization energy of Ar+'6 (heliurn-likeargon) for the relevant
parameter ranges, using the theory of Stewart and Pyatt (Ref. 3).Thecalculation is for the
same argon-to-deuterium ratio as in shot 24501 (1:200 in fill pressures).
The electron temperature can be additionally estimated from the continuum
jump. This is the intensity ratio (If/[-) between the continuum just to the highenergy side of the Kedge and that to the low-energy side. The continuum on the
low-energy side is due to recombination to higher levels (L shell, etc.) as well as
due to bremsstrahlung. The continuum on the high-energy side of the edge is due
to all these processes, in addition to recombination to the K shell. This jump
decreases strong1y with increasing temperature because recombination radiation
at a given frequency varies like ( k ~ ) - exp[(E;
~ ' ~ - h v ) / ~ ] ,whereas
brernsstrahlung varies like (kT)-'I2 exp(-hv/ kT); hence. the ratio of the first
to the second varies like (kT)-' exp(Ei l k ~ ) .
Since the dependence of both recombination and brernsstrahlung on electron
density is the same (-N:), one would expect this dependence to cancel out and
leave only a temperature dependence. This indeed is the case in a calculated
curve of the continuum jump near the Kedge of hydrogen-like ions.4 In that
curve, the density-independent continuum jump is monotonically decreasing
with increasing temperature. However, we need to modify that curve in two
ways. First, the density independence of the continuum jump due to a given
species is only correct for a constant fraction of the relevant ion species. The
K-edge jump of Ar+I7 will start to fall as the temperature decreases because
recombination ( P + Aril8 3 Artl7) will reduce the number of available
Ar+I8 ions. The effect of the varying fraction of Ar+18 ions with temperature
(which also depends on density) was not included in the calculation of Ref. 4.
Thus, instead of one monotonically decreasing curve, the continuum jump as a
function of temperature has a maximum at low temperatures, which is density
dependent. Only at high enough temperatures do the curves for different
densities approach each other. Second, we need to calculate the jump near the
Ar+I6(heliurn-like)edge since this jump is much more distinct than that near the
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Ar+I7 edge and is easier to compare to the experiment. For this continuum jump.
the curves at high temperature decrease faster with increasing temperature than
in the hydrogen-like calculations because here ionization of the type
Ar+I7 3 Ar+lx +e- reduces the number of Ar+17 ions, just as recombination
of the type ( P + Ari" 3 Ari16) reduces the jump at low temperatures.
We calculated the continuum emission for each ion species from Ref. 5,
coupled with the ionic populations calculated with the collisional-radiative code
POP ION.^ 1n Fig. 55.11 we show the calculated continuum jump for the Kedge
of ~ r + 'as~ a, function of temperature, for two electron densities. As seen, the
curves indeed have density-dependent maxima and only at sufficiently high
temperatures become almost density independent. Using the same procedure, we
calculated the jump near the Ar+I7 edge. For the density and temperature values
deduced here, that jump is only about 1.1. This jump is dominated by the ratio
of ~ r + "to Ar+I7 ion populations. which is much smaller than 1 for these
conditions-the reason why this edge is indistinct in Fig. 55.8.

Continuum jump 11' 1at the K-edge of Arf l 6

Fig. 55.1 1
The calculated continuutn jump for the Kedge
of Ar+16, as a function of temperature, for two

electron densities.

In Fig. 55.8. only a lower bound on the continuum jump can be estimated
because the continuum level on the low-energy side of the edge (f)
is below the
background level. To measure accurately the continuum jump as calculated here,
we should have observed a continuum rising from the edge toward lower
energies and having the same slope as the continuum above ttie edge (i.e.,
corresponding to T 1 keV). Such a rising continuum is only seen below -3 kcV,
and even then it is of a lower temperature. This means that the continuum of
- 1 keV below the edge is buried underneath the observed background, due to
time integration, as well as radiation from, and attenuation by, cooler target
regions. To obtain a lower bound on the continuum jump, we draw a line on the
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semilog intensity plot [Fig. 55.9(b)] having a slope of 1 keV and going through
the lowest obaerved continuum intensity. This yields a minimum jump of 14,
which from Fig. 55.1 1 corresponds to T < 1.2 keV. Note that we have arbitrarily
placed the line marking the continuum jump near 4 keV. Because of the high
sensitivity of the jump to temperature, only an approximate slope must be known
to yield a reasonable temperature estimate.
As an additional diagnostic tool, we use the RATION code7 to calculate the
total line and continuum spectrum emitted by an argon plasma of a given
temperature and density. RATION is a steady-state, non-LTE atomic physics
code, which includes the transport of lines through the target using the escapefactor approximation, as well as Stark and Doppler broadening. We vary the
temperature and density to achieve best correspondence with the experimental
profile.Themainvalue in applying this procedure is to test additional consistencies
not checked in the foregoing analysis, such as intensity ratios between lines or
lines and continuum, etc. A complete correspondence between calculated and
time-integrated spectra is not expected unless most of the spectrum is emitted
over time and space where the conditions do not change significantly. This can
be expected to approximately be the case for emission from peak compression.
Figure 55.12 shows the RATION spectrum corresponding to T = I keV and
N , = 0.7 x
(p = 2.3 g cmP3). The effect of opacity was included,
assuming a 40-pm-diam core. Also, an instrumental linewidth of 15 eV was
included in the calculation. The predicted spectrum agrees with the measured
spectrum in general, but not in all details. For example, the line-intensity ratios
are somewhat different and indicate that the temperature in the experiment as
measured by the line ratios is lower than 1 keV. The difference in T, as determined
by the lines and by the continuum is the result of integrating in time and space
over emission from somewhat different temperatures.

Photon energy (keV)

Fig. 55.12
The spectrum calculated by the code RATION with the following assumed parameters:
T = 1 keV and N , = 0.7 x IOz4 cm-3 (p = 2.3 g cm-3).
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High-Pressure Argon Experiments
In Fig. 55.13 we show a comparison between the spectra from a high-pressure
(shot 24498) and alow-pressure (shot 24501) argon target. As mentioned above,
the high or low pressure refers here to the partial pressure of argon. This
difference in pressure affects the resonant (self) absorption of argon lines and
yiclds very different emergent spectra.
One issue needing clarification before analysis can be applied is the emission
from the argon gas trapped in the polymer shell during the filling process. This
gas is heated by the laser and emits argon lines from the ablated region. As such,
it is not relevant to the diagnosis of the compressed core. However, these
lines provide convenient spectral references because their broadening in the
low-density ablated plasma is very small. Figure 55.13 shows that these narrow
lines appear only in the high-pressure shot: the low-pressure shot shows Starkbroadened lines corning from the compressed core. Thiscan be understood by the
severe opacity of theargon lines in the high-pressure case.The lines from thecore
are absorbed on the way out within acooler argon layer, and the narrow lines from
the shell can be observed with no competition from the core lines. In thc lowpressure case, the unabsorbed core lines dominate over the lines from the shell
because the core argon gas has both higher total mass and higher density as
cornpared LOthe argon gas in the shell. On the other hand, the intensity of the
argon lines from the shell should bc proportional to the fill pressure, which is
consistent with Fig. 55.13.

EM81

Photon energy (keV)

Fig. 55.1-3
Measured spectra at low and high argon-fill pressures. For shot 24501. the target was
filled with 0.1 atm argon and 20 atm deuterium; for shot 24498 the target was filled with
20 am) argon. The scale on the left refers to shot 24498; the spectrum for shot 24501 is
on the sarne intensity scale but was displaced upward for clarity. The A and B features are
explained in the lext.
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The high-pressure spectrum shows no lines of helium-like ( ~ r + ' nor
~)
hydrogen-like ( ~ r17)+ species from the core, as is the case for the low-pressure
shots. The absence of these lines cannot be attributed soleIy to self-absorption
(opacity) because under strong opacity conditions these lines should have
appeared as absorption lines. This is indeed the case for lines of lower ionizations
as seen in the high-pressure spectrum. There are two groups of such lines
that appear in absorption. The first is on the low-energy side of the helium-a
line (ls2p-Is2) at 3140 eV. The second appears on the low-energy side of the
helium-P line (ls3p-ls2) at 3683 eV. Whereas the first group has been studied
- ' secondgroup
~
has been studied only recently l 5 and
extensively in the p a ~ t , ~the
has been observed only in emission.I6~heabsorption lines in the first group are
due to transitions of the type 1s2-ls2p in argon ions with partially filled L, shells;
likewise, the absorption lines in the secondgroup aredue to transitions of the type
l ~ ~ - l s 3ls3d
~ , in argon ions with partially filled L shells. These lines are thus
absorbed in a cooler argon peripheral layer, where lower ionizations prevail. The
area enclosed within these absorption lines is proportional to the pAR of that
cooler region.$ However, in typical cases the first group of absorption features
(near the helium-a line) has yielded only a lower limit on that quantity. The
reason is that a relatively smaIl value of pAR is sufficient to absorb these lines
almost completely. In Ref. 8, the flat-bottom absorption structure near the
helium-a line yielded a lower bound of only -5 mg/cm2 for the p M of the cool,
absorbing layer.
The interest in the absorption features near the helium-P line is that their
absorption probabilities are lower than for the comparable absorption lines near
the helium-a line. As a result, the absorption near the helium-P line in Fig. 55.13
is much weaker than that near the helium-a line. The former can thus yield a
better estimate of the pAR of the absorbing layer. Using the methods described
in Ref. 8, we estimate for the pAR of the absorbing layer of Fig. 55.13, using
the absorption features near the helium-a line: pAR > 5 mg/cm2. Applying the
same procedure to the absorption features near the helium-P line we obtain
pAR - 8 mg/cm2. In deriving this value we made use of the absorption oscillator
strength in 1s-3p transitions in hydrogen-like ions, which is 5.4 times lower than
for 1 s-2p transitions. As in Ref. 8, the pAR of the absorption layer consists of the
sum of absorption due to successive charge states, which is proportional to the
total area within the absorption structure.
The spectral features near the helium-P line have been recently measured in
emission (rather than in absorption) and extensively studied. A comparison of
the spectra in the two cases shows a close similarity. In particular, the two
features markedA and B in Fig. 55.13 correspond to the two features calculated
in Ref. 15 as due to transitions of the type A: 1~2131'- ls221, and type
B: ls3/31' - ls231. We note that in type A the "spectator" electron is in the n = 2
shell, whereas in type B it is in then = 3 shell. When the lines appear in absorption,
the absorbing (or initial) state in type A is the ground state of the relevant ion,
whereas in type B it is an excited state. The fact that the A and B features in
Fig. 55.13 have comparable areas indicates strong excitation of the absorbing
ions. The excitation energy of the various ions contributing to the absorption
varies from 200 eV for the lithium-like ion to 250 eV for the nitrogen-like ion.
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Using these values in a collisional-radiative modcl, we estimate the temperature
in the absorption region to vaiy in the range 80 to 160 eV. Other inner layers of
argon fill gas can have a higher temperature: however, for much higher
temperatures the population would have been dominated by helium-like ions.
We know this is not the case since no helium-like absorption lines appear in the
high-pressure spectrum of Fig. 55.13. Using this, we can obtain an uppcr limit
on the temperature in the absorption layer: T < 600 eV.
It is instructive to compare the high-pressure spectrum of Fig. 55.13 to code
prediction. Figure 55.14 shows the spectrum calculated by the LILAC code
coupled to an atomic physics post-processor. Here, strong absorption in heliumlike lines is evident, contrary to the observed spectrum. It should be noted that
the absorption features near the helium-P line are not included in the code
calculations, as are the absorption features near the helium-a line. In particular,
the predicted strong absorption of the Hep line (at 3683 eV) is missing in the
observed spectrum. The narrower He, line (at 3 140 e V ) overlaps the nearby
lower-ionization absorption features, so it is not very clear whether the line is
missing from the high-pressure spectrum. However, the much broader Heg line
(especially its higher-frequency wing) is free from such overlap, and its absence
from the measured spectrum is thus more definite. If the core temperature is
nowhere higher than about 600 eV, no strong ~ r +lines
' ~ would be emitted;
however, these very lines could still appear in absorption due to continuum
absorption on ~ r + "transitions. The absence of such absorption lines can be
explained by acombinationof two factors: (a) cooler-than-predicted temperature
and (b) lower-than-predicted PAR for the absorption region and, by implication,
for the whole core. The lower-than-predicted values could be the result of
hydrodynamic instability, which degrades thecompression and, thus, its resulting
core heating.

Photon energy (keV)
Fig. 55.14

Time-integrated, code-predicted spectrum for
shot 24498 (cornparc to Fig. 55.13).
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