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Ionization Balance in Inertial Confinement Fusion Hohlraums
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We present the first x-ray spectroscopic measurements of the ionization balance in inertial confinement
fusion hohlraums supported by 4w Thomson scattering diagnostics. The experimental data show agree-
ment with non-LTE radiation-hydrodynamic calculations of the averaged Au charge state and electron
temperatures. These findings are consistent with the successful integrated modeling of the hohlraum
radiation fields. Comparisons with detailed synthetic spectra calculations show that the experimental
ionization distribution is slightly shifted indicating nonsteady state kinetics.
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Calculations of the ionization balance of highly ionized
plasmas comprise an important research area for labora-
tory and astrophysical plasma studies. The x-ray emission
spectra from these highly ionized atoms are used for the di-
agnostics of high temperature fusion plasmas, solar flares,
and short-wavelength plasma light sources. In particular,
in indirect drive inertial confinement fusion (ICF) research,
the averaged ionization state Z is an important parame-
ter because it determines basic physical quantities [1], i.e.,
acoustic velocities, electron densities, collision rates, and
the thermal conductivity of the plasma, and is therefore
closely linked to the understanding of the energetics of fu-
sion plasmas.

In the indirect-drive approach to ICF [2], high-Z hohl-
raums are heated with intense laser or ion beams and used
as radiation enclosures to drive the implosion of a fusion
capsule with soft x rays. Calculating the total flux [3] and
spectrum [4] of soft x rays is directly related to the ion-
ization balance in the high-Z wall plasma [5]. Because of
the vast number of atomic states that must be included into
the calculation of the radiation equilibrium, accurate ex-
periments are essential to guide the theoretical treatment of
such high-Z plasmas. This applies particularly to gas-filled
hohlraums, the present baseline design for indirect drive
ICF experiments, where the radiation field and hot elec-
trons must be included into the detailed spectra model-
ing. In addition, testing radiation-hydrodynamic modeling
of the ionization balance is further motivated by the fact
that laser scattering losses by stimulated Brillouin scatter-
ing and stimulated Raman scattering (SRS) [6] are known
to be sensitive to the averaged charge state Z of the plasma
[7]. The growth of these parametric instabilities depends
on the damping of ion acoustic waves in the plasma which
is determined by collisions and by the acoustic velocity and
therefore related to the local value of Z in the plasma.

In this Letter, we present the first measurements of the
ionization distribution in closed-geometry ICF hohlraums.
The distribution is inferred from x-ray spectroscopic mea-
surements (e.g., [8]) of the Au M-shell 5-3 transitions in
the energy range of 3.3 < E < 3.6 keV. The diagnostic
value of these transitions had been first proposed when the
lines were identified [9—11] and established when they had
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subsequently been analyzed with the unresolved transition
array model [12—14]. Recently the nonlocal thermody-
namic equilibrium (non-LTE) synthetic spectra modeling
of these transitions was experimentally verified using
open geometry disk plasmas [15]. In this study, the x-ray
spectroscopic measurements were supported by ultraviolet
Thomson scattering (TS) giving the electron temperature,
T,, of the plasma [16], as well as by diode measurements
of the radiation field, Ty,q, and by bremsstrahlung mea-
surements of the hot electron fraction, fho, and energy,
Epo. We find good agreement between the experimental
data (Z and T,) and non-LTE radiation-hydrodynamic
modeling using the code LASNEX [3]. Consistent with
the correct calculation of these microscopic parameters
we find that the LASNEX simulations successfully model
the overall radiation production of these hohlraums and
show good agreement with the experimental radiation
temperature measurements.

Moreover, our data set has further allowed us, for the
first time, to test detailed synthetic spectra modeling for
hohlraum plasma conditions. Using the independently
measured hohlraum plasma parameters (7., Tiads fhots
Epe) as input into the synthetic spectra calculations re-
sults in an ionization distribution that is slightly narrower
than inferred from the experimental x-ray spectra and with
an averaged charge number 2% lower than the experiment.
The inclusion of the hohlraum radiation field and of hot
electron excitation only slightly increases the abundance
of the more highly ionized atoms. Calculations indicate
that non-steady-state kinetics is a possible explanation for
the shortcomings of the present modeling.

We have used the Nova Laser Facility [17] to heat the
hohlraums with ten 3w (351 nm) laser beams with a to-
tal energy of 27 kJ. The hohlraums were 2750 pum long
with a radius of 800 wm (scale-1) which is the standard
size for capsule implosions [18] and present benchmark-
ing experiments [19]. We have applied kinoform phase
plates to smooth the laser beams and employed shaped
laser pulses of 2.4 ns duration with a 7 TW foot reaching
17 TW peak power at 1.6 ns (pulse shape No. 22: PS22).
The hohlraums were filled with 1 atm of propane (C3Hg)
to tamp the hohlraum wall plasma, and the diagnostic
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and laser entrance holes (LEHSs) have been covered with
0.35 pum thick polyimide. The radiation-hydrodynamic
modeling shows that the C3Hg gas fill slows down the
Au blowoff plasma resulting in a fairly homogeneous Au
plasma close to the hohlraum walls.

A flat crystal x-ray spectrometer [20] has been em-
ployed to measure the Au M-shell 5-3 transitions through
a400 um X 400 wm diagnostic hole cut in the side of the
hohlraum (cf. Fig. 1). The spectrometer has been coupled
to a gated microchannel plate detector [21] giving spec-
tra with a temporal resolution of 150 ps and a wavelength
resolution is A/AA = 600.

Simultaneously we have measured the hohlraum elec-
tron temperatures in the gold and in the gas plasma with
4w TS [22]. We have employed a 4w probe laser with
an energy of 50 J. The probe was focused to a cylindrical
scattering volume with a diameter of ~80 um that is suf-
ficiently small to probe the Au blowoff plasma. The scat-
tering angle has been chosen to be 90° and the scattered
TS light has been observed through the same diagnostic
hole that has been used for the x-ray measurements. A
1-m spectrometer with an optical S-20 streak camera was
used to detect the TS spectra with a temporal resolution of
100 ps and a wavelength resolution of 0.1 nm.

The hohlraum soft x-ray production was measured with
a photoconductive detector (PCD) providing a radiation
temperature measurement through the LEH (1200 um di-
ameter) at a polar angle of 25° [23]. In this study, we find
peak values of Trag = 190 eV * 20 eV. The hot electron
fraction and energy has been inferred from bremsstrahlung
and SRS measurements showing peak fractions of fy, =
10% with Eno = 20 keV.

Although it has been shown in the past that TS can, in
principal, be employed for a local diagnostic of the av-
eraged ionization state Z of a plasma [22], in this study,
TS was applicable only for electron temperature diagnos-
tics. Present probe laser technology limits TS measure-
ments in gas-filled hohlraums to the observation of the ion

Axial view

Hohlraum heated with 10 heater
beams [3w, 10K|PPs, 27 kJ]

2700
| -

scattering

90° Thomson

40 probe | scattering
laser
e i~ 2 xray
spectrometer

FIG. 1 (color). Schematic of the experiment. X-ray and 4w
TS spectra have been measured through a diagnostic hole in
the side of the hohlraum. The locations of the TS volume are
indicated on the gated 2D x-ray image that shows the emission
of the Au blowoff plasma with £ > 2 keV at 1.6 ns.
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feature which shows two ion acoustic wave resonances
whose wavelength separation is determined by the ion
acoustic wave dispersion relation. In the highly ionized
Au plasma (with T;/T, < 1) the wavelength separation
is proportional to /ZT,. The additional 7, measurement
with the electron feature would be required to infer Z from
TS alone [22]. For that reason, we use x-ray spectroscopy
with the added advantage that it measures the distribution
of charge states in the plasma.

Figure 2 shows spectroscopic measurements of the Au
5-3 transitions in the energy range 3.3 < E < 3.6 keV (a)
and a TS spectrum at 263 nm (b). Both measurements
have been performed at the peak of the heater beam pulse
(t = 1.6 ns). The x-ray data are composed of the 5f-3d
transition arrays in Ge-like to Fe-like gold [15]. Using the
HULLAC suite of codes [24] to fit the line emission from
the various ionization states provides an estimate of their
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FIG. 2 (color). X-ray (a) and 4w Thomson scattering data (b)
along with theoretical spectra. In (a) the fit results into Z = 51
and the synthetic spectra modeling for T, = 2.6 keV gives Z =

50.5. In (b) the frequency separation of the two ion acoustic
peaks gives T, = 2.6 keV.
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abundance in the plasma giving Z = 51, which was used
to analyze the TS data. Figure 2 shows a least-squares fit
to the TS spectrum by applying the theoretical form fac-
tor S(k, w) from Ref. [22]. As can be seen, the spectrum
can be fit rather well by assuming scattering on a pure
gold plasma where the width of the ion acoustic peaks
is determined by the instrument function and modest ve-
locity gradients in the Au plasma. When pointing the
probe laser into the gas plasma, we observe broad heavily
damped ion acoustic peaks (e.g., Ref. [22]) different from
the spectrum shown in Fig. 2(b). For our conditions, the
fit is not sensitive to the choice of the electron density and
ion temperature and therefore we use parameters from the
radiation-hydrodynamic modeling, n, = 1.4 X 10*! cm™3
and 7; = 0.8 keV, respectively. We obtain T, = 2.6 keV.
By varying the fits within the noise of the data and by de-
convolving spectral blends for Ge-, Ga-, and Co-like x-ray
features have resulted into a 2% error bar for Z and a 10%
error bar for T,.

In Fig. 3 we compare the measured plasma parameters
with non-LTE radiation-hydrodynamic LASNEX modeling.
Two calculations have been performed. The first one uses a
standard flux limited heat transfer model while the second
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FIG. 3 (color). Comparison of the measured microscopic
plasma parameters, 7, (squares) and Z (@) both measured at
t = 1.6 ns (a), and of the soft x-ray production, T},q (b), with
non-LTE radiation-hydrodynamic LASNEX modeling.
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calculation has used the model of Ref. [22] that includes a
self-consistent calculation of magnetic fields and their ef-
fects on electron thermal transport. The latter also includes
dielectronic recombination but similar to our earlier find-
ings the effects on the calculated plasma conditions are
small while the plasma is hot and heated by kilojoule laser
beams. For both models, the comparison with the experi-
mental plasma parameters Z and T, shows good agreement
in the Au plasma [Fig. 3(a)]. However, in the gas plasma
TS shows that T, decreases which is more consistent with
the magnetic field modeling that calculates low tempera-
tures in this region inside the hohlraum. In the gas plasma
the flux limiter model predicts isotropic temperatures not
in agreement with the TS measurements.

However, the soft x-ray radiation field in hohlraums is
essentially determined by the conditions in the Au blowoff
plasma. We find that both models calculate nearly the same
radiation temperatures. Figure 3(b) shows a compari-
son between the non-LTE radiation-hydrodynamic model-
ing and PCD data from four identical experiments. The
PCD measurements are very reproducible and nearly
overlay with each other. The LASNEX results show agree-
ment with the experiments and are well within the range
of uncertainty of the measurement which is determined
by the calibration error on the diode.

Although the averaged ionization state Z and conse-
quently the hohlraum radiation field are well calculated
by the LASNEX modeling, we find that the experimen-
tal ionization balance is not as well understood. This is
indicated in Fig. 2(a) which compares the experimental
spectrum with a fit using HULLAC and with a calculated
synthetic spectrum for the temperature and density of the
experiment. The latter spectrum has been obtained by first
applying the code RIGEL to determine the steady-state gold
ionization balance with a Monte Carlo method [25] and a
screened hydrogenic atomic model. The ionization distri-
bution obtained in this way has subsequently been post-
processed with HULLAC calculating the individual spectral
lines that belong to the various ionization stages. Dielec-
tronic recombination and radiation transport have been in-
cluded into the modeling but the latter has only a small
effect on the simulated intensities of order 5% for our con-
ditions. Although the Cu- and Ni-like spectral features
are well reproduced, the abundances of the lower ionized
atoms, i.e., Ge-like (Z = 47) and Ga-like (Z = 48) and
of the higher ionized atoms, i.e., Co-like (Z = 52) and
Fe-like (Z = 53) gold, are underestimated [cf. Fig. 2(a)].

Since emission spectroscopy provides spectra that are
averaged along the line of sight we have examined the
effect of modest plasma gradients on the spectrum. We find
that the high intensity of the Ge-like and Ga-like features
can be explained by small gradients in the gold blowoff
such as those shown in Fig. 3(a) and by the fact that these
features are rather weak and blended. On the other hand,
the high abundance of Co- and Fe-like gold cannot be
explained by gradients. Since Ni-like gold is a closed
shell a significant increase in 7, to more than 3.5 keV is
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required to produce these ions. This is not consistent with
the simulations [Fig. 3(a)].

Figure 4 compares the experimental distribution of the
Au charge states that is inferred from the fit of the spectrum
[Fig. 2(a)] with the RIGEL calculations. Three calcula-
tions are shown: The first uses the electron tempera-
ture of 2.6 keV from TS and an electron density of n, =
1.4 X 10*' cm™3 from LASNEX to calculate the ionization
equilibrium. The second calculation includes excitation by
hot electrons that are produced by SRS. The third calcu-
lation also includes excitation of atomic levels by the soft
x-ray radiation field. We observe that including these ef-
fects shifts the distribution slightly to a higher averaged
charge stage without affecting the width of the distribution.
However, even the most sophisticated calculation with an
upper limit for 7,4 of 210 eV falls short in reproducing the
experimental abundance of the more higher ionized atoms,
i.e., Co-like (Z = 52) and Fe-like (Z = 53) gold. The cal-
culated distribution is shifted by about one charge number
to lower ionization stages.

Because we have ruled out high temperatures of or-
der 3.5 keV in the Au blowoff plasma, we have used
steady-state HULLAC simulations to estimate the effect of
higher plasma densities on the spectrum. We find that an
electron density of n, = 10*2 cm™? is required to repro-
duce the experimental abundance of Co- and Fe-like atoms.
These high densities together with kilovolt temperatures in
the gold plasma occur early (¢ = 0.5 ns) in the laser heat-
ing pulse. Later in the pulse atz = 1.6 ns, small plasma re-
gions with such high densities occur at a lower temperature
and ionization stage behind the large-scale gold plasma
shelf of 150 wm length and n, = 1.4 X 10*' cm™3 giving
only a small contribution to the emission spectrum. These

B Data
_Te = 2.6 keV, TR =210 eV, f hot = 10%
- =T = 2.6 keV, f pot = 10%
Ge Ga Zn Cu Ni GCo Fe
401 -
<
e
c -
0
wfd
[¢]
g
w 201
c
o
0
46

Charge State, Z

FIG. 4 (color). Comparison of the measured ionization distri-
bution with detailed modeling using the code RIGEL.
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findings indicate that deviations from steady state might be
required to explain the high Co- and Fe-like abundance at
later times during the heating of the hohlraum.

In summary, we have presented a unique data set that has
allowed us to test radiation-hydrodynamic modeling, as
well as detailed calculations of atomic spectra for high-Z
hohlraum plasmas. We find a consistent model for the
formation of the Au wall plasma in hohlraums showing
that the radiation temperature of 190 eV is consistent with
an averaged ionization state of Z = 51. However, using
the electron temperature from TS, we find that the experi-
mental ionization distribution is shifted to a higher charge
state compared to the detailed atomic physics simula-
tions. These results indicate the importance of developing
non-steady-state kinetic codes for high-Z plasmas to better
understand the x-ray production and radiative properties
of hot dense matter such as encountered in ICF plasmas.
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