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Accuracy of K-shell spectra modeling in high-density plasmas
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We present spectroscopic measurements of the helium-like and lithium-like argon emission supported by
Thomson scattering diagnostics on gas bag targets. These data provide critical tests of plasma spectroscopic
K-shell models. In particular, we have measured the line radiation in the wavelength region of the He-like
Ar 1s?~1s3l transition (Heg) that is of interest for density and temperature measurements of plasmas from
gas-filled targetsr{;=<10?* cm3), laser ablation targetsg=<10?> cm %), and inertial confinement fusion
capsule implosionsn,=10** cm 3%). The spectra show lithium-like dielectronic satellites on the red wing of
the He{ line that are temperature sensitive and are known to influence the shape of the Stark-broadened line
profiles observed from implosions. To examine the kinetics modeling of this complex, i.e., tBeaHe-its
associated satellites, we have performed experiments in gas bag plasmas at densities of (0.6-1.1)
X 10?* cm 3 where we independently determine the electron temperature with ultraviolet Thomson scattering.
The comparison of the satellite intensities with kinetics modeling shows good agreement for satellites whose
upper states are populated by dielectronic capture, but shows discrepancies for inner-shell collisional excited
transitions.

PACS numbeps): 52.70.La, 32.30.Rj, 52.25.Qt, 52.25.Nr

[. INTRODUCTION essary first step toward a critical evaluation of the diagnostic
procedures used at the highest measured plasma density of
Because of the high electron densities encountered it 107,

laser-driven inertial confinement fusion research, x-ray spec- The present study was particularly motivated by observa-
troscopy is often applied to measure the plasma conditions itions of unexpectedly strong dielectronic satellite emission in
fusion capsule implosionsl—10] and in the laser-produced recent implosion experiments. For example, the temporally
plasmas surrounding the capsiild,12. In current indirect  resolved measuremerjti4] of the spectrum of the Hg-line
drive experiments, capsule implosions driven by x rays fronplus satellites from indirectly driven implosions have re-
high-Z hohlraums converge to a final radius that is less thagulted in the diagnostic of peak temperatures-d.8 keV,
0.1 of the original radius (275«m). Consequently, plasma which is lower by about a factor of twi6] than those cal-
conditions similar to those of stars, i.e., extremely high denculated with two-dimensional hydrodynamic modeling using
sitiesn,=10** cm 2 and temperature§,=1-2 keV, have the codeLASNEX [19]. Moreover, some experiments with
been producef6]. The characterization of these dense plasdirectly driven capsules show dielectronic satellites that
mas requires x ray emission or neutron diagnodti&. In  completely dominate the spectrum at late times in the implo-
particular, the spectrum of thesd'S—1s3p 1P° of Ar xvii sion[20]. To test the accuracy of the kinetics models and to
(He-B) with its dielectronic satellites arising from the Li-like rule out that the interpretation of the implosion data is af-
Ar states °n/—1sn/n’/", referred to below as the H8- fected by deficiencies in the models, we have performed new
complex, has been found to be a valuable diagnostic of ele@xperiments in well-characterized gas bag plasf2ds-23
tron densities and temperaturigs14,19. This line is Stark  at densitiesn,=0.6x 10?* ¢cm™3 and n,=1.1x 10?* cm™3
broadened so that densities can be inferred from the width afsee Sec. )l These gas bag plasmas are homogeneous and
the spectral line, and the upper levels of the observable dindependently diagnosed with stimulated Raman scattering
electronic satellites on the red wing of the I8eline are  [22], x-ray spectroscopy23], and temporally resolved Th-
predominantly populated by dielectronic recombination scomson scatteringsee Sec. Il In particular, the Thomson
that their relative intensity is sensitive to the electron tem-scattering diagnostic gives electron temperature data consis-
perature[16,17. Some of the highen satellite features tent with hydrodynamic modeling suggesting that gas bag
overlap with the HeB transition and consequently need to be plasmas are suitable sources to test our kinetics modeling
self-consistently included in the fit of the whole line shapecapability.
with a Stark-broadening code coupled to a kinetics To compare the experimental spectra with synthetic spec-
(collisional-radiative model[14,18. This procedure applies tra, we employed theiuLLAC suite of kinetics code§24—
kinetics modeling to very high densities where the code®8]. In addition, we make comparisons with calculations in
have not been tested against independent measurements.the corona approximation employing atomic data from vari-
this study, we perform critical comparisons of various kinet-ous authorg$26,29—-31. We find for the two different elec-
ics calculations with experimental data from well- tron densities that the kinetics modeling accurately predicts
characterized plasmas at the highest possible densities whettee relative intensity of the measured Li-like dielectronic
optical diagnostics, i.e., Thomson scattering, can be used twapture satellite transitions and of the [@dransition, which
independently measure the plasma conditions. This is a neconsists of the sum of the resonance line (Ble-
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1s215,-1s3p 1PY) and the less intense intercombination
line from the triplet to the singlet system of He-like argon ( )
(He-B,: 1s?15,—1s3p3PY). Spectral line emission origi-
nating from levels whose population is primarily determined
by electron collisional processes, on the other hand, shows
discrepancies of up to a factor of two compared to the mod-
eling. This is observed for inner-shell excited satellite tran-
sitions as well as for the ratio of the intercombination to the
resonance line.

Such discrepancies have also been reported previously
from low density tokamak plasma experimef®&] at den-
sities 10 smaller than the current gas bag plasmas. On the
other hand, in the present study we observe better agreement
between spectral calculations and the experimental dielec-
tronic capture satellite emission than in the previous tokamak (b)
study[32]. This finding could be related to improved diag-
nostics in the present study, i.e., Thomson scattering versus gated crystal
electron cyclotron resonance emission, reduced plasma gra- spectrometer
dients, i.e., the gas bag plasma source versus a tokamak 4 probe
plasma, and to improvements in the spectral mode(des laser
scribed in Sec. IV beloy Moreover, the study of Ref33]
has shown similar discrepancies of experimental inner-shell /
collisional excited satellites and calculations in the coronal

slit ™,

approximation. However, these experiments lack an indepen- 90

dent temperature diagnostic and measure time-integrated

spectra from rather inhomogeneous laser-produced blow-off ko u
plasmas making a quantitative comparison with kinetics K W

modeling difficult. s 4

streaked 1-m optical

Our simultaneous temporally resolved measurements of
spectrometer

Thomson scattering and x-ray spectra test the kinetics mod-
els at densities about three orders of magnitude lower than
those of fusion capsule implosions, but seven orders of magC—
nitude above those of previous studjgg,34]. In spite of the 5
remaining discrepancies between calculated and measur
inner-shell satellite intensities, the fact that the strongest sa
ellite features, i.e., the dielectronic capture satellites, are we . : ) .
modeled by theiuLLAC code may affect the interpretation of s'catt.erlng detection system withkavector diagram, as well as the
. . . L - viewing angle of the x-ray crystal spectrometby.
ICF capsule implosion experiments. Our findings indicate
that we should revisit the analysis of the higher density imthe target where one can see the vertical slits that are
plosions to find if the kinetics modeling is consistent with themounted for the spatially resolving x-ray spectroscopic mea-
results obtained here. Moreover, having proven the techniqueurements.
to benchmark kinetics calculations in laser-produced plasma The gas bags are heated with nine beams of the Nova
conditions, one can hope to extend this method to verifylaser[35], a Nd: glass laser operating at 1.068. For the
critically important aspects of indirectly driven capsule phys-heating of gas bags, the laser light is frequency tripled to
ics by testing the conditions created inside hohlraums.  =351.1 nm. Focusing optics 6f4.3 are used with a defocus
of 6.78 mm. This configuration results in laser beams con-
verging at the center of the gas bags with a laser spot size of
Il. EXPERIMENT each individual beam of 1.7 mm diameter on the surface of
the gas bad21]. A total energy of 21 kJ is delivered in a
1 ns square pulse giving an averaged intensity of
Gas bags consist of two 0.3@m thick polyimide 10" Wcm 2 per beam.
(C14HsO4N;) membranes that are mounted on either side of Gas bag targets convert most of the incident laser energy
a 0.4 mm thick aluminum washer with an inner diameter ofinto thermal energy of the electrons and less into the kinetic
2.75 mm. The membranes in this study are inflated by proenergy of bulk plasma motion than irradiation of a solid
pane (GHg) or neopentane (§;,) plus a small amount of target. Thus, a high-temperature, high-density plasma is pro-
argon(1% by atomic number in each cases spectroscopic duced with temperature and density gradients that have been
test element. The gas concentrations are measured by masgasured with optical and x-ray diagnostics and are found to
spectrometry for each batch of mixed gas. The gas pressut#e small(see Sec. I). When compared with conventional
is kept at one atmosphere by monitoring that results in &ources such as laser-produced blow-off plasmas, exploding
nearly spherical balloon target of 2.75 mx 2.5 mm foils, or tokamak plasmas these characteristics make gas
with a known atomic density. Figure 1 shows an image ofbags a suitable source for plasma spectroscopic studies.

FIG. 1. Gas bag target before it is pressurized witHg or

Hq,. Two vertical slits have been mounted on this target at a
ga;tance of 8 mm from gas bag center. The thickness and the inner
Ei_lameter of the washer is 0.4 and 2.75 mm, respecti@lyAlso
ﬁhown is a schematic of thewdprobe laser and the«l Thomson

A. Gas bag and laser parameters
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B. Diagnostics configuration 2 T T T T

, _ o Te = 2.5 keV
Figure Xb) shows a schematic of the two main diagnos- To/Ti=4

tics employed to measure x-ray spectra using a crossed slit
configuration and temperatures witlw4rhomson scattering.
The spectroscopic measurements have been performed with
a crystal spectrometer coupled to a gated microchannelplate
detector(MCP). The x-ray emission is observed through a
slit of 3 mm height and 150um width cut in a copper shield
(300 wm thick, 3.2 mm diametg¢iand mounted on the target
at a distance of 8 mm, effectively limiting the plasma size
seen by the spectrometd¥ig. 1(a)]. This slit allows a view
through the gas bag center. At a distance of 11.9 cm from the
first slit we used four parallel slits (25@&m width, 2 mm 0 ! !
height to image the emission onto four parallel strips of a 263 264
gated MCP detector with a factor of two magnification. Be-
tween the four slits and the MCP a pentaerythrBET) Wavelength (nm)
crystal is mounted at the Bragg angle to spectrally disperse
the plasma emission. Since source broadening is efficiently FIG. 2. Experimental Thomson scattering spectra from a
reduced by the first slit, a resolution of/AN=800 is CsH; filled gas bag measured from a radial distance of 0.8 mm
achieved by this type of spectromef{ég]. from the gas bag center. The spectra takert=a0.35 ns andt

The gated MCP detect87,3§ has four active rectangu- =0.9 ns with a resolution of 30 ps show increasing electron tem-
lar strips (4 mnx40 mm). A square gate pulse of 0.08 ns Peratures and decreasing electron to ion temperature ratios. The
traverses the length of the strip along the wavelength dispelparameters are inferred from the theoretical fits to the experimental
sion direction in 0.25 ns. At the output of the MCP a p2pdata.
phosphor is mounted, and its illumination is recorded on film
(Kodak TMAX 3200 that is digitized with a resolution of
22 um. The gate pulse results in a time resolution of 0.1 n
for the measurements of the Heeomplex, i.e., because the
lines of interest are only a few millimeters apart on the MCP.
We have chosen a time delay of 0.25 ns between the stripg
but in all cases, data from a maximum of only two strips
were timed properly to achieve a good signal to noise ratio o
the satellite emission. Therefore, data from 32 shots hav
been accumulated and used for the data analysis.

For Thomson scattering, we employed a 50« grobe
laser(operating wavelengthk o=263.3 nm [39]. Early ex-

penmlents:[r\]mth E,D gnd %_Iazetrs hr?ve s:[hqwn that a short—t Additional diagnostics has been fielded on these experi-
wavelength probe IS required to characterize open geometiy,q ;. They include a curved gated crystal spectrometer to

large-scale length ICF plasmas, because of strong laser lig Btain survey spectra, two gated pinh¢k® xm) cameras

absorption, stray light as well as stimulated Raman side sc é:two dimensional x-ray images, an x-ray streak camera for

Te =1.3keV
Ten_| = 7.4

t=0.35ns|

Intensity (arb. units)

265

probe laser wavelength of 263 nm and of the scattering angle
of 90° results in collective Thomson scatteri,41] from
luctuations characterized by wave numbkricf. Fig 1(b)]

such that the scattering parameterdis- 1/k\p>2 for the

as bag electron densities and temperatures. The Thomson
tattering spectra are dominated by the narrow ion feature
hich shows scattering resonances at the ion acoustic wave
requencies shifted from the incident probe laser frequency
6n either side on the frequency scétedshift and blueshift

for copropagating and counterpropagating waves along the
scattering vectok) containing the information offi, andT;

of the plasmd39].

;erlngngrgvn t\?\? r}eaterttr)]ean:sbln tlhe v;/?r:{[eltiggth rar;)ge r;trcr)un e-dimensional imaging with improved time resolution, and
wa - e focus the probe faser Into the gas bag targe crystal streak spectrometer monitoring the reproducibility

oa spot4of 60,uinz>< 120 pm. Itresults in @ & intensity of ¢ o argon emission. Data from these detectors have been
>3x 10" Wem 2 (at 4w) that was shown, in separate ex- ((jjiscussed in more detail in RéR3]

periments, to not influence the plasma as long as it is hot an
heated by kJ laser beams. The pointing accuracy of the 4
probe laser has been demonstrated to be 400 by taking
x-ray images from the é probe together with the emission  To characterize the gas bags plasma temperature, density,
through five backlit fiducial holes that were absolutely posi-and flow, we have applied Thomson scattering, Raman scat-
tioned prior to the shots to within 1@m. tering, and standard Hefjk/ x-ray spectroscopic tech-
The Thomson scattered light has been imaged at an angiques. Thomson scattering observes the scattering of elec-
of 90° with f/10 optics onto the entrance slif @ 1 m  tromagnetic radiation from a probe laser by the electrons of
(SPEX spectrometer. We employed an S-20 streak camerthe plasma. It is a spatially and temporally resolving tech-
to record spectra with a temporal resolution of 30 ps and aique whose interpretation is based on theptg]. In the
wavelength resolution of 0.05 nm. A magnification of 1.5 collective scattering regime, where the wavelength of the
together with the use of a 20@.m spectrometer entrance slit probe laser is larger than the Debye screening length, the
width, and 100 um streak camera slit width, yields a cylin- collective behavior of the plasma is observed. In this case,
drical scattering volume of~70 um in horizontal and the scattered light shows resonances at the ion acoustic and
~120 um in vertical direction. This scattering volume is electron plasma wave frequency. From the measured wave-
small compared to the size of the plasma. The choice of theengths and damping of these features, called ion and elec-

Ill. PLASMA CHARACTERIZATION
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) FIG. 4. Experimental electron temperature data for various ra-
FIG. 3. Electron temperature of &R, filled gas bag as func- s positions measured &t0.35 ns and=0.9 ns. The tempera-

tion of time measured from a radial distance of 0.8 mm from gas,;res from Thomson scattering show excellent agreement with the
bag center. The Thomson scattering data are in excellent agreemegt ,iis from x-ray spectroscopy. &t 0.35 ns the electron tempera-

with the x-ray spectroscopic measurements using the standard rafigre profile is flat indicating the utility of gas bags for spectroscopic
of the Hew to thejk/ dielectronic satellite transitions. The experi- investigations.

ments are also consistent with two-dimensional hydrodynamic

modeling using the codas\sNEX . . . - .
9 9 andrci2 tronic satellite transitions are populated on time scales of

100 ps so that there are only small differences in the time
tron features, respectively, one obtains the electron temperaesolved and steady state analysis of the spectra reducing
tures T, and densitiesn,, ion temperaturesl;, and the possible errors even further. The two techniques are com-
averaged ionization stage Z. Furthermore, the macroscopieared in Fig. 3 together withASNEX and FCI2 simulations
flow velocitiesV can be inferred from the Doppler shift of (discussed belopat a distance of 80Qum from the gas bag
the spectrd39]. center. The error bars for the spectroscopically derived tem-

Figure 2 shows examples of two Thomson scatteringoeratures are in the range of 15%—-20% depending on the
spectra of the ion feature measured at a distance of 860 noise amplitude of the individual spectra at various times.
from gas bag center @=0.35 ns and=0.9 ns. Two ion The Thomson scattering data are accurate to within 10%. We
acoustic resonances are clearly identified. Each peak considied agreement between these two diagnostic methods. In
of two unresolved ion acoustic waves, one belonging to carseparate gas bag experiments, we have also found that the
bon (slow modg and one belonging to hydrogéfast mode  temperatures inferred with the dielectronic satellite technique
[39,43. With increasing time, the ion acoustic peaks showcompare well to the isoelectronic ratid1,45,46 of the
increased separation and broadening indicating increasinige-8 lines of argon and chloring23]. Moreover, the experi-
electron and ion temperatures during the heating of the gawmental data are in reasonable agreement with the simula-
bag plasma. To accurately infer temperatures from thestons. For this comparison, we include the heater beam scat-
spectra, we convolute the form fact8(k,w) for multi-ion  tering losses by SBS and SRS. The simulations show higher
specieg44] with the experimental instrument function and peak temperatures and also a faster rise of the electron tem-
fit the resulting profile to the data. Examples of these fits argoerature than experimentally observed.
also shown in Fig. 2. We obtain an error estimate for the Figure 4 shows the temperatures derived from the Thom-
electron temperature 6f 10% from the fitting procedure by son scattering and from the observed ratio of the emission of
varying the calculated profile within the noise of the experi-the He« to its satellites along with those temperatures pre-
mental data. dicted by hydrodynamic simulations as function of the gas

The experimental electron temperatures show mutudbag radius. At the time of the measurements of thefgHe-
agreement between the results from the temporally and spé&-ansition plus satellites, i.e., 0.3 €1$<0.5 ns, we find that
tially resolved Thomson scattering technique and with tem-gas bag plasmas are homogenedi§,/AR<20%. At the
porally and spatially resolved x-ray spectroscopy using theime close to peak temperature, i.650.9 ns, we find a
intensity ratio of the He-like Ar§2—1s2| (He-a) line tothe  homogeneous center with a diameter of 2 maT /AR
lithium-like jk/ dielectronic satelliteg23]. This intensity <30%.
ratio has many advantages over other spectroscopic tech- Two dimensional, cylindrically symmetric hydrodynamic
niques: the lines can easily be made optically thin by adjustsimulations of the gas bags were performed with the
ing the impurity concentrations; the lines are separated onlyadiation-hydrodynamic codesAasNex and Fci2. Both of
by a small wavelength interval so that the sensitivity of thethese codes employ ray tracing techniques to model laser
instrument does not change drastically reducing errors due tpropagation and include inverse bremsstrahlung for laser ab-
the relative calibration; and the upper states of the dielecsorption. Laser scattering losses of about 20% were assumed
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[47]. Electron heat transport assumed to be dominated byadiative model for highly stripped argon ions. All singly and
diffusion and the heat flux is constrained via a flux limit in doubly excited energy levels with principal quantum number
both codes. Although these two codes have treated the same< 5 have been treatedSome triply excited levels in the
physical processes, the details of the implementation of thei-like ion are considered, these configurations can be ne-
physcial approximations, as well as the details of the disglected in models at the densities of the present experi-
cretization of the problem, may differ. For this reason, usingments) The HULLAC package includesNGLAR, which uses
two different codes offers a more robust comparison. the graphical angular recoupling prograwGRAF [24] to

The laser beam pattern incident on the gas bag is inhegenerate fine structure levels injpcoupling scheme for a
ently three dimensional. Although, the beams are defocuseset of user-specified electron configuratiorsiLLAC then
such that the entire gas bag is irradiated, there are regions génerates atomic wave functions using the fully relativistic,
beam overlap resulting in variations in the laser intensity. Inparametric potential codreLAC [25,26]; RELAC calculates
addition, all of the beams have holes in them due to a bearhe full multiconfiguration, intermediate coupled level ener-
block positioned in the center of each beam. This results igies, and radiative transition rateBELAC also computes
3D inhomogeneities that cannot be modeled by a 2D simusemirelativistic autoionization transition rat¢27] to the
lations. In order to see the effects of nonuniform beam heatground and excited levels of an adjacent ion. Tress|[28]
ing we have simulated beam overlap and holes in 2D simusuite of codes in theluLLAC package uses the factorization
lations. These effects were simulated by irradiating the gatheorem of Bar-Shalom, Klapisch, and Oreg to compute the
bag with rings. The results were that the simulated nonunidistorted wave approximatiofDWA) electron-impact exci-
form heating produced regions where the temperature fell offation rates between all levels of each charge state mentioned
with radius more rapidly than it does for uniform heating. above.
Therefore, we believe that the measured temperature gradient The ionic transition rates above, including the autoioniz-
at t=0.9 ns should, indeed, be larger than the simulatedtion rates from the Li- to He-like and He- to H-like ions, as
gradient(see Fig. 4 We intend to examine this problem well as direct, impact ionization and radiative recombination
with three dimensional simulations in the future using therate coefficients, are used to construct the collisional-

realistic laser beam profiles. radiative rate matrix

In addition to the discrepancies between data and simula-
tions, we find that the two simulations results are not identi- ﬂZE nR_—n S R 1)
cal. First, although both codes use flux limited diffusion the dt R Er e

method in which it is employed differs. In diffusive heat

transport the heat flugQ is given by the well know Spitzer—

Harm formula Qgp= — kV(kgTe), wherekg is the Boltz-  Wheren; is the population in levgl andR; _; is the total rate
mann constant. In regions of large temperature gradients thfer transitions between levelandj, possibly belonging to a
flux can be greater than the free streaming flQ¢,  heighboring isoelectronic sequence. The inverse of each ion-
=nkg TV, Which is unphysical. Therefore, when this con- ization process, namely dielectronic recombination and three

dition occurs the heat flux used is some fractiaf the free ~ body recombination have been found according to the prin-
streaming flux. The quantitf/is referred to as the flux lim- ciple of detailed balance. Radiative recombination from and

iter. In LASNEX this is done by Choosing Q collisional ionization to the bare nucleus 1AT is also in-
=min(Qsy,fQss), Whereas inFci2 this is done by a har- cluded in the rate matrix; the relative populations of the four
monic average, i.e., @'=1/Qgu+ 1/(fQss). charge states and the population in each level of each ion are

While the electron and ion temperatures in these gas baigen found in the steady state. The resulting collisional-
plasmas are well known from the measurements describe@diative line emissiong;;, for each H-, He-, and Li-like
above, the electron density is principally known by the dentransition from leveli to level j, is found (in photons
sity of the gas fill. Measurements of the wavelength of theS “cm °) at the specific transition wavelengtho, for a
Raman scattered light which occurs at the frequency of thiven temperature and density,
electron plasma or Langmuir wave give a value for the elec-
tron density which are consistent with the gas fill density
[22]. The line intensity ratio of the He-and intercombina-
tion line of helium-like argon have also been shown to be in

agreement with the expected densi{i28]. In summary, the  wheren; is the (relative population in the upper level and
detailed measurements and the general agreement with the. is the radiative transition rate from leveto levelj. The
simulations indicate that the plasma conditions in these gage-g transitions has been checked for self-absorption effects
bag targets are known so that it provides a spectroscopic tegf 5 self-consistent manner using the escape factor approxi-
bed for kinetics codes. mation[48]. The Hee and the Heg lines have been found
to be optically thin for a spherical plasma with an electron
IV. THEORY density ofng=1.1x 10?1 cm™3, electron temperatures of 1.0
and 1.5 keV, ion temperatures of 1.0 keV, a 1% concentra-
tion of argon in GH,,, and a diameter of 2.5 mm. To pro-
Ab initio atomic structure data for the lithium-, helium-, duce a spectrum that can be compared to the experiment the
and hydrogen-like isoelectronic sequences of Ar have beegalculated line intensities are convolved with a Gaussian in-
generated using theuLLAC suite of codes. The atomic data strument profileg, with a full width at half maximum equal
from HuLLAC are used to calculate the full collisional- to the resolution of the crystal spectrometer

&ij(No) =NiAj 2

A. Atomic data and kinetics models
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s(N)=2 &;(Ao)b(N), 3 Hebi (a)
ij
0.8 .
where the sum is over all transitions in the model. An ex-
ample of the calculated spectrum at=1.3 keV andn, | i
=1.1x 10" cm 2 is shown in Fig. ¥). The blended line
intensities are integrated in wavelength
0.4r 4 1
o= [ e0van @ | R /\/\
L / n3 \ i
in order to produce the ratio of Li- to He-like intensity listed |
in theHULLAC column in Table |, which are discussed in Sec. 0= L ! ! L 2 L
V.
0.8 | He-br
= / (b)
B. Inner shell and DR satellites "é‘
In the low density limit, i.e., the coronal approximation, 3 4
the lithium-like satellites to the helium-like resonance lines Q
investigated here can be created by two mechanisms, inner (©
shell electron impact excitation followed by radiative stabi- >,
lization e
C
1s’n/+e—1sn/n'/ *+e—1s’n/+y (5) % 0.1t
or dielectronic recombination from the helium-like ion, ) . ) . . ) .
1s?+e—1sn/n'/ *-1s?n/+ v, (6) 0.8 (c)
where n/n’/ " *is a doubly excited autoionizing lithium-
like level, 1s?n/ is a stable lithium-like level, ang is the
observed photon. For the specific transitions observed in the
present workn=2 andn’ =3 in Egs.(5) and(6). The emis-
sivity of a line from levelj of ion Z excited by inner shell
electron impact excitation is given by
g15= NeNZC(Te)IBEfv (7) 0.1t J kA_ y
. N . He-p1 n=3 1 2% 4
whereN, andN; are the electron and ion densiti€4(T,) is . He-B2 ) ) )
the impact excitation rate coefficient aﬁﬁf is the radiative 3.36 3.40 3.44
branching ratio from the upper level of the observed transi-
tion, Wavelength (0.1 nm)
AJ.Rf FIG. 5. High resolution spectra of the Hetransitions plus the
ﬁﬁfzﬁ. (80  n=2 (features 1 through)4andn=23 dielectronic satellites mea-
EiAj,i +2fAj,f sured att=0.35 ns from a gH,filled gas baga). Also shown is

o . the fit to the experimental data that is applied to determine the
The sum overi in Eqg. (8) runs over all levels in the next |q|ative intensities of the spectral lines. The same data are also
higher ion reachable from levelby autoionization, ar_ld the ' shown with a logarithmic scak). Synthetic spectra using the code
sum overf runs over all bound levels reachable frgnby Ly ac for the independently measured paramefBs 1.3 keV
radiative decay. andng,=1.1x10?* cm 2 are shown for comparison with different
The emissivityepg of a lithium-like satellite excited by resolution(c).
dielectronic recombination can be expressed as

. i 2 /n' /' *
eor=NeNuF 1 (To)Fo(j, ), (9  energy d|ﬁerenge _betwe_en thes“llevel ant_d a an/p /
level. The satellite intensity factor due to dielectronic recom-
where all the temperature dependence is contained in bination from leveli of ion (Z+1) via levelj of ion Z to
level f is given by
Fu(To) 1(4wagR)m W-AE /To), (10
1 == exp — i s )
T2l T e Fali )= g AT 1
i

whereay is the Bohr radiusR is the Rydberg unit of energy,
andAE; ; is the capture energy of the free electron, i.e., thewhere theg's are the statistical weights of the intermediate
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TABLE |. Comparison of the experimental line ratiexp, of the dielectronic satellite feature 4,
1s?2p—1s2p(3P)3p to the Hep transition, (4)/I(He-B,+ He-B,), of Ar xvii with kinetics codesHuLLAC,
RELAC [26], Safranovd29], Chen[30], and Nilsen[31] for various plasma conditions.

lon Temperature Density Expt. HULLAC RELAC Safranova Chen Nilsen

(keV) (107 cm™3)

Ar xvii 1.25£15% 1.11%*+10%  0.20-5%  0.168 0.225 0.235 0.214 0.208
(CsH1o) 1.30=15% 1.11*+10%  0.17#5%  0.158 0.207 0.216 0.197 0.193

Ar xvii 1.27+15% 0.63-10%  0.2x+5%  0.180 0.218 0.226 0.207 0.201
(C3Hg) 1.33+15% 0.63-10%  0.17#5%  0.166 0.199 0.207 0.189 0.184
1.48+15% 0.63:10%  0.12:5%  0.129 0.160 0.166 0.152  0.148

(autoionizing and initial (recombining levels, andAjA’i isthe like ground level excitations. These two calculations are con-
rate of autoionization from levglto leveli. trasted in the columns labeledJLLAC and RELAC, respec-

In the limit where all the excitation arises from the H&1 tively, in Table I.
state a lithium-like dielectronic satellite ling-Gf) and the

corresponding helium-like resonance line (M¢an be used V. EXPERIMENTAL RESULTS AND DISCUSSIONS
as a convenient temperature diagnostic of the local plasma o _ o
conditions by dividing Eq(9) by Eq.(7), A. Lithium-like satellite emission

Figure 5 shows an example of an x-ray spectrum in the
wavelength region 0.332 man<0.345 nm measured at
t=0.3 ns from a gas bag filled withs8,, and 1% Ar. The
data have been measured spatially resolved along the slit and
averaged over the region<1.2 mm to reduce noise. The
averaging is justified because at the time of the measure-
where the branching ratio for the helium-like resonance linements the gas bag plasma is homogeneous as shown in Sec.
is assumed to be one. This ratio is independent of the ionHI. The spectrum has been corrected for the wavelength de-
ization balance between the He- and Li-like ions, and is als@endent instrument respon$49], filter transmission, and
independent of the electron density. For the densities of toerystal reflectivity[50].
kamak plasmaf32,34], Eq. (12) is a good approximation of The spectrum is dominated by the-43p resonance line
the satellite to resonance line intensity ratio. We compare thef helium-like argon Axvii at A=0.3364 nm, He3,, the
diagnostic ratio computed by E¢L2) using the atomic data theoretical transition energy of which has been used to de-
generatedab initio with RELAC [26,27] to the same ratio termine the absolute wavelength scale of Fig. 5. A number of
computed with the atomic data of Safrond28], Chen[30], spectroscopic features can be identified on the red wing of
and Nilsen[31]. Results for the §22p—1s2p(3P)3p satel- He-B; that can be easily seen on the logarithmic scale pro-
lite transitions normalized to the H@-transition are shown vided in Fig. 8b). These are the intercombination lines at
in Table I. All four calculations agree to approximately A=0.337 nm, HeB,; dielectronic satellites with an=3
+10% around their average value at the temperatures of thepectator electron at=0.3381 nm; four satellite features
present experiments. with ann=2 spectator electron labeled 1 through 4 accord-

We have integrated the collisional-radiative intensity ofing to Ref.[32]. Feature 1 is observed at=0.3407 nm.
the line transitions(Sec. IV A) because our calculations Features 2 and 3 are not resolved with the present spectrom-
show that a non-negligible flux of population into the uppereter and are observedat0.3422 nm. Feature 4 is found at
levels of the dielectronic Li-like satellite lines, and to a lesser\ =0.3428 nm. The experimental wavelengths agree closely
extent the upper levels of H@; arrives via collisional trans- with the previous high-resolution measurements of Refs.
fer from levels other than the ground level of the He-like ion.[32,34,5].

Thus, the ratios are dependent on electron density and the Figure 5c) shows synthetic spectra with the experimental
relative populations of the He- and Li-like ions. At the den-and at a higher resolution calculated with theLLAC suite
sities of the present experiments, all four of the Li-like sat-of codes for the experimental plasma parametégs; 1.3
ellite features that we analyzpls®2s-1s2s(!S)3p and  keV, n,=1.1x10%* cm 3. The HULLAC calculations were
1s?2s-1s2s(3S)3p, labeled 1 and 3 by Beiersdorfg82],  performed in the steady state approximation. This compari-
fed primarily by  collisional  excitation, and son is justified because the lithium-like dielectronic satellites
1s22p-1s2p(*P)3p and 1s?2p-1s2p(3P)3p, labeled 2 closely follow electron temperature changes on time scales
and 4 by Beiersdorfer32], fed primarily by dielectronic re- less than a 0.1 ns. The intensities of the dominant features,
combinatior are affected by collisional transfer of popula- i.e., the Heg; and satellite feature 4 agree with the experi-
tion from excited levels. The collisional-radiative ratios for ment. However, some discrepancies are apparent for the cal-
the dielectronic satellite lines to He-are more than 25% culated intensities and wavelengths of features 2 and 3. The
smaller than the diagnostic ratios found considering pure Heealculated wavelength of feature 3 is too close to feature 4

ebr_Fu(Te)Fa(i.f)
emn Cw,(Te)

12
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0.3 w w w obtain an estimate for the error bar of the experimental in-
W CgHyodata L . . . S
® Coby B tensmgs of the various s_peptral lines by varying the f|t_W|th|n
the noise of the data. It is in the range of 5% for the intense
transitions(e.g., feature #to 20% for the weak transitions
1 (e.g., feature L In Fig. 5, then= 3 dielectronic satellites at
0.3381 nm have not been included in the fit since we do not
] compare it to modeling. However, we have verified by fitting
then=3 feature with a single line that they do not influence
the intensity of the Hes, line. Furthermore, we expect the
intensities of satellites with increasing principal quantum
number of the spectator electron= 4, etc) to be negligibly
0 small. These satellites are too close to the resonance line to

©) ‘ ‘ ‘ S Gl be resolvable with the present spectrometer. It was shown in
5 M2

. C3 H8 data

=
N

o
e

Feature 4/ He-

Ref.[16], that with increasing nuclear chargedielectronic
. satellites withn>2 spectator electrons become less impor-
tant. According to Gabriel foz> 14, the contribution of the
n=3 dielectronic satellites to the resonance line have be-
come negligible. In the present study the 3 satellites are
intense enough so that we can measure their magnitude in-
dependently, however these satellites are small enough to
indicate that then=4 satellites make a negligible contribu-
tion to the line intensity.
Figure 6 shows the intensity ratio of the various experi-
mental Li-like dielectronic satellites to the Hgtransition as
0 " " " ; ‘ a function of the measured electron temperature together
(c) B CgHyp data . . 2
® CgHg dat with the results of thetuLLAC calculations for the two dif-
0.04t . ferent electron densitiest,=6x 10°° cm™3 for C;Hjg filled
gas bags and,=1.1x10?* cm™3 for CgH, filled gas bags.
In Fig. 6(a), featue 4 / HeB, a pure dielectronic capture
satellite to resonance line intensity ratio, shows excellent
agreement between the experimental data and the kinetics
. modeling. Since the experimental error bar of this line ratio
is the smallest one, i.e., 5%, it can be used for a comparison
with various atomic physics calculations. Table | lists the
ratios for the experimental temperatures and densities to-
gether with calculations using the fully collisional-radiative
0 ‘ ‘ HULLAC modeling as well as calculations after Efj2) using
0 1 2 3 atomic data as discussed in Sec. IV. This comparison shows
Electron Temperature (keV) that theHULLAC calculations agree on average to within 6%
with the experiment while the simplified calculations overes-
FIG. 6. Comparison between the experimental line ratios fromfimate the experimental ratio by 12% —22%.
CsHg-filled (ne=6x10° cm™3) and GH,,filled (n.=1.1 While the comparison of the atomic calculations with the
x 10?2 cm3) gas bags with steady-state kineti¢sollisional-  experimental dielectronic capture satellite intensities suggest
radiative model calculations. The intensity ratio between the Hethat all the atomic models are close to the experimental data,
— B transition (resonance plus intercombination ljn® satellite  we find that inner-shell collisional excited satellite lines are
feature 4, which upper state is populated by dielectronic capturenot well modeled. Figure (6) shows the ratio of the sum of
shows excellent agreement with the modeli@y The ratio be- feature 2 and feature 3 to the Hietransition. It is an inter-
tween the He- 8 line and feature 2capture satelliteplus feature 3 mediate case as it adds dielectronic capture satellites and
(collisional excited satellifeshows marginal agreemet) while  inner-shell collisional excited satellites. In the final compari-
noticeable discrepancies can be seen for the purely collisional exon Fig. 6c) shows the ratio of feature 1, derived from
cited satellite feature 1 over the Heline (c). purely collisional excited satellites to the Hetransition.
Thus, we observe from Fig. 6, a gradually increasing dis-
(this is also true when compared with the high resolutionagreement between the experimental and calculatedAc
experimental data of Ref$32,34]), and the sum of the in- ratios with increasing contribution of collisional excited sat-
tensity of feature 2 and feature 3 is smaller than observed iellites. Since these ratios are all inferred simultaneously from
the present experimefef. Fig. 5b)]. the same spectra they indicate that electron collisional ex-
For a more quantitative comparison, we fit the experimen<ited satellites are not well modeled compared to the dielec-
tal data with a multi-Gaussian profile using a least-squaretronic capture satellites, and in the particular case of feature
method. An example is given in Fig. 5 as the straight blackl the calculated ratios are outside of the error bars of the
line through the experimental spectrighown in gray. We  experiment.

0.08

6 x 1020 cm-3

0.04}

Feature 2+3/ He-B

i 1.1 x1021 cm-3

0.02}

1.1 x 1021 cm-3

Feature 1/ He-
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: for the construction of the kinetics models of the Besom-
plex from high density plasmas than previously used codes.
For example, the temperatures 0800 eV, inferred previ-
ously for ICF capsule implosions using the IBeeomplex
[14], which are not in agreement with 2D radiation-

: hydrodynamic simulations may be themselves in error. In
light of the present study it appears that the intensities of the
0 . ‘ ‘ satellites may be underestimated with respect to the Ble

0 1 o 3 transition by the kinetics modeling used in Rgf4].

K B G Hipdata els. _These discrepancies most likely arise fr_om differenqes in
® CsHg caa the.lc_m ba}ance betyveen model and experiment. Despite re-
0.08! + - maining dlsc_repanue_s, the good agreement between the ex-
. perimental dielectronic capture satellites andHbeLAcC cal-
culations suggests thatuLLAC is a more appropriate code

S~en 6 x 1020 cm-3

o
o
=

1.1 x1021 cm-3

He-B2 / He-B1

Electron Temperature (keV) B. Intercombination line

FIG. 7. Comparison between the experimental line ratio of the. Although the relative intensity of the intercombination

resonance (Hep;) and intercombination line (Hg,) from line, Hes,, is Smalll compared k':o lt.he _resonz_ince .tranfSitiOE'
CiHgfiled (ng=6X10%° cm™3) and GHy,filled (n,=1.1 He-B,, we were able to extract the line intensity ratio of bot

spectral lines with an error of about 20% by our fitting pro-
cedure assuming the same line profile for both components.
are calculations using atomic data of RES4] (dashed curves This ratio is shown in Fig. 7 as a function of the electron

Discrepancies in the range of a factor 1.3—2 are observed similar t mperature for the_ various megsured spectra together with
results from low-density tokamak plasmas. the HULLAC calculations. Interaction between the upper lev-

els of these two transitions is discussed in R8#]. In ad-

dition, we show kinetics calculations using atomic data of

For the comparisons between the ratios determined exgqf. [54] that have been used previously in RES5]. We
perimentally and through atomic physics klnet_lCS modellngfﬁnd that the calculations underestimate the experimental ra-
we have assumed a Maxwellian electron velocity distribution;gg by a factor of 1.5-2 and are clearly outside the experi-

function. However, we know that for gas bag plasmas, hofnental error bars. Using the atomic data of R6#] results
electrons are produced by stimulated Raman scattenngmy in marginal improvements.

(SRS from the heater beams. The SRS losses are constant Thjs result does not agree with the previous collisional-

during the period 0 nst<0.5 ns[47]. Furthermore, it is  5diative modeling of Ref[55] where the ratio has been
also known that hot electrons are a secondary product G ng to increase with increasing electron density. Our mod-
SRS[12,52. To test the hypothesis that the Maxwellian Ve- gjing shows the opposite, namely that this ratio is decreasing
locity distribution yields the correct kinetics, calculations in- {5 densities above 28 cm™3 due to a reduction of the
cluding a modification of the velocity distribution by su- population density of the Bp 3P, state by electron colli-
prathermalhot) electrons have also been performed. For thesjons The radiative decay rate of the triplet level is much
time of the x-ray spectroscopic measurements, the hot elegmajier than that of the singlet level. With increasing elec-
tron fraction is inferred to be constant at the 3% led]. 4 gensities the collisional depopulation rate of the triplet
This value is consistent with time-integrated measurementg, o] assumes the same order as its radiative decay rate.
of the bremsstrahlung in the x-ray spectral region with cali-yjgnce, the relative upper state population and relative inten-
brated diode453] giving a time-integrated fraction of 1% g of the intercombination line decreases compared to the
and a hot electron temperature of 17 kga2]. resonance line whose upper level is predominantly depopu-
To ascertain the potential effects of the hot electrons Weyeq by radiative decay. We note further that, our finding is

use time-dependent calculations to model the experimental;nsistent with other works e.g., Ref86,57, and a study
conditions described above. These calculations show that hgf the discrepancy in Re[55j is warranted.

electrons increase the collisional excitation and therefore the Discrepancies between measured and modeled intercom-

intensity of the Heg transition as well as the inner-shell pination line intensities have also been observed previously
collisional excited satellites only for tim@s<0.1 ns. This is oy the He transition[32). Although it will be interesting to

because at these early times the fraction of He-like ions igompare the various kinetics codes to understand why this
negligibly small so that inner-shell excitation of Be- and Li- giscrepancy occurs, this diagnostic ratio is not of importance
like ions by hot electrons is important. However, at latergince the intensity of the intercombination line is among the

times when the spectra have been measured, i.e., 03(ns gmallest of the detectable spectral lines in the spectrum of
<0.5 ns, the effect of the hot electrons is found to be negling|jym-like argon.

gible because He-like ions begin to dominate the charge state
distribution so that thermal electrons dominate the collisional
excitation process.

These calculations rule out the possibility that inner-shell Experiments in gas bag plasmas with independerand
collisional excited satellite intensities are influenced by hoin, measurements have shown that collisional radiatiie
electrons, leaving the most likely explanation for the ob-neticy modeling of the intensities of the He-line and its
served discrepancies to be errors in the atomic kinetics modiielectronic capture satellites is generally in agreement with

X107 cm™®) gas bags with steady-state kineti¢sollisional-
radiative HULLAC calculations shown as straight lines. Also shown

VI. CONCLUSIONS
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the measured spectra. On the other hand, for the particulanalysis of the implosion data has required Stark broadening
case of Li-like satellites arising from inner-shell electron col-calculations coupled to a kinetics model to calculate the de-
lisional excitation we find discrepancies of up to a factor oftailed line intensities and widths. Our experiments suggest
two between experiment and kinetics models. Similar disthat the codeiuLLAC might be more suitable to calculate the
crepancies have also been found in comparisons for the inevel population kinetics than previously used codest-
tercombination line whose upper level population is also ac results in higher temperatures for the implosion condi-
dominated by collisional processes. We have ruled out posions of Ref.[14] in closer agreement with the 2D radiation
Sible effeCtS on the inner'she” Sate”ite and intercombina.tiorhydrodynamic mode"ng and other Spectroscopic techniques_
line emission due to plasma gradients, radiative transportrhese results indicate that benchmarking kinetics codes with
and Supratherma| e|eCtI’0n eXCitation IeaVing errors in thq’homson Scattering is an important area in present ICF re-
atomic physics modeling to be the most likely explanation. search. Given the verification of the Thomson scattering
These experiments became possible due to accurate chgéchnique presented here, it is clear that the ablation plasma
acterization of these high density plasmagtijravioley 4w conditions created in hohlraums can be determined in the

Thomson scattering39]. The temperatures from Thomson fyture with accuracy shedding light on the crucial x-ray ab-
scattering are in close agreement with the &és jk/" di-  |ation process.

agnostic ratio of helium-like argon. Furthermore, the electron

temperatures obtained with two different two-dimensional

rgdiatio_n-hydrodynamic_ co_des hgve_ also been found qualita- ACKNOWLEDGMENTS

tively similar but quantitatively distinct from the Thomson
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