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X-ray absorption spectroscopy measurements of thin foil heating by-pinch radiation
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Absorption spectroscopy measurements of the time-dependent heating of thin foils exposed to intense
z-pinch radiation sources are presented. These measurements and their analysis provide valuable benchmarks
for, and insights into, the radiative heating of matter by x-ray souiZgsnch radiation sources with peak
powers of up to 160 TW radiatively heated thin plastic-tamped aluminum foils to temperat6fesV. The
foils were located in open slots at the boundary-pinch hohlraums surrounding the pinch. Time-resolved K
satellite absorption spectroscopy was used to measure the evolution of the Al ionization distribution, using a
geometry in which the pinch served as the backlighter. The time-dependent pinch radius and x-ray power were
monitored using framing camera, x-ray diode array, and bolometer measurements. A three-dimensional view
factor code, within which one-dimensionélD) radiation-hydrodynamics calculations were performed for
each surface element in the view factor grid, was used to compute the incident and reemitted radiation flux
distribution throughout the hohlraum and across the foil surface. Simulated absorption spectra were then
generated by postprocessing radiation-hydrodynamics results for the foil heating using a 1D collisional-
radiative code. Our simulated results were found to be in good general agreement with experimental x-ray
spectra, indicating that the spectral measurements are consistent with independent measurements of the pinch
power. We also discuss the sensitivity of our results to the spectrum of the radiation field incident on the foil,
and the role of nonlocal thermodynamic equilibrium atomic kinetics in affecting the spectra.
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I. INTRODUCTION the hohlraum radiation. However, the spectrum, geometry,
and duration of the radiation source are different in laser

In high-currentz-pinch experiments at the Sandia Na- hohlraum andz-pinch hohlraum experiments. It is clearly
tional Laboratorie<Z facility, the imploding plasma creates important to characterize the radiation field in order to fully
an intense source of radiation which emits up+t® MJ of x  exploit theZ-radiation source.
rays in a~6 ns full width at half maximum burst with a peak  In this paper we present results frofhexperiments in
power exceeding 200 TW1-3]. This radiation source can which we investigate the time-dependent heating of thin foils
be used to study physics issues relevant to radiatively heatezkposed to the pinch radiation source. The motivation for
matter, including: radiation propagation, shock physicsthis study is to better understar(d) the radiation character-
opacity, and photoionized plasmas. These topics are imporistics of thez-pinch hohlraum;(2) the processes that affect
tant for inertial confinement fusion, astrophysics, and the unthe radiation seen by a sample near the hohlraum boundary;
derstanding of basic processes in both atomic and plasnmand (3) the response of that sample to the incident radiation
physics[4—6]. Measurements of this type are important for field. In these experiments, the heating of thin, plastic-
benchmarking computer codes designed to simulate radiaticlamped Al foils were monitored by recording time-resolved
heating and energy transport through plasmas. Such investka satellite absorption spectra from the Al, which is a well-
gations have been extensively pursued in prior experimentsstablished method for measuring properties of radiation-
[4-17] using laser-produced x-ray sources. However, théneated materialgl2—15. The pinch served both as the heat-
x-ray energy produced at tt#facility is roughly two orders ing source and the backlighter. Two disparate experimental
of magnitude higher than in present-day laser experimentsonfigurations were employed in these experiments to pro-
The work described in this paper is a first step in examiningvide distinct benchmarks for simulation codes.
the exploitation of this large available energy to investigate The pinch radiation emission is simultaneously measured
radiation-heated matter. using a combination of x-ray diode arr@¢RD), bolometer,

A crucial aspect of any radiation-matter interaction ex-and x-ray pinhole framing camera diagnostics. The radiation
periment is to demonstrate a thorough understanding of thimcident on the thin foil sample is determined by using the
geometry-dependent radiation environment. In the class aheasured pinch radiation as input to a time-dependent view
experiments considered here, thpinch is surrounded by a factor code that has an embedded 1D radiation-
cylindrical primary hohlraum. The primary has slots cut outhydrodynamic model for calculating self-consistent albedos
of the side wall to permit pinch radiation diagnostics. A[18]. Time-dependent synthetic spectra, generated by post-
sample covering one of the slots is exposed to both diregbrocessing radiation-hydrodynamics calculations of the foil
pinch radiation and the primary hohlraum reemission. Thigesponse to the radiation with a collisional-radiative model,
configuration is analogous to laser hohlraum experiments ilmre compared with the measurements. This comparison
which a sample attached to the hohlraum wall is exposedhows that, up to peak power, good agreement is obtained in
directly to radiation from the laser plasma hot spots and teach of two experimental geometries with differing hohl-
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P — such as the physics of thepinch formation. Such ride
& o alongs have the advantage that they can examine interesting
— ( F \ - radiation physics issues without the cost associated with a
Los /\ view dedicated experiment. The disadvantages of such experi-
smele e ey et ments are that the radiation may not be optimized for
~ radiation-matter interaction experiments and the sample de-

sign and location must be chosen to minimize impact on the
main experiment. All the data reported in this paper were

spectrometer | pinch

tos T / inita : acquired using ride-along experiments.
; anay vow Ride-along experiments can be designed with the sample
spertre " either attached to the outside wall of the primary hohlraum
' or located remotely. The former choice maximizes the inci-
— : pan dent radiation and it provides the most direct comparison

| - | with measurements of the primary hohlraum temperature.
The disadvantages of attaching the foil to the hohlraum wall
FIG. 1. Schematic illustrations showing top and side views ofare that current may flow through the sample and the mag-
hohlraum, sample, and diagnostics geometry. netic field may affect the sample expansion. Locating the
sample remotely from the can wall provides lower radiation
raum and pinch characteristics. After peak power, the synintensity, but has the advantages that no current flows
thetic spectra are underionized compared to the data. Thérough the sample, the magnetic field is much lower, and
consistency as a function of time for the two disparate exthere is less potential impact on the main experiment. The
perimental configurations implies reasonably good underexperiments described here employed samples attached di-
standing of both the pinch radiation field at the sample andectly to the can wall.
the response of the sample to the radiation. Consistency be- The results from two differenZ experimentsZ419 and
tween the foil spectral measurements andZipénch radia- Z406, are described in this paper. Both experiments used
tion measurements lends credence to both methods becausested(concentri¢ tungsten wire arrays. The height of the
they both are dependent on the pinch properties, yet they akgire array was 10 mm oZ419 and 20 mm 01Z406. The
based on independent diagnostic techniques. outer array in both experiments consisted of 240 wires with a
The application of these techniques to successfully diag40-mm array diameter and-a7-um wire diameter. The in-
nose relatively well-understood materials and geometrieser array in both experiments was 20 mm in diameter, with
(planar Al foils) is an important step toward demonstrating Z406 consisting of 240 wires with a /m wire diameter and
the utility of intensez-pinch x-ray sources in providing Z419 consisting of 120 wires with a Zm wire diameter.
radiation-matter experimental data suitable for benchmarking The primary hohlraum configuration is important for
simulation codes. These techniques will continue to be reradiation-matter interaction experiments because the hohl-
fined in future experimen{dl9], such as opacity experiments raum reemission contributes a significant fraction of the total
for radiatively heated materials, radiative heating of rela-radiation incident on the sample. The primary hohlraum di-
tively low-density gaseq20], and experiments utilizing ameter was 5 cm. OZ419 this primary hohlraum had 18
tracer spectral diagnostics in more complex geometries.  diagnostic slots that were 4.4 mm wide, while 5406 there
The paper is organized as follows. The experimental setuprere 9 diagnostic slots that were 10 mm wide. The primary
is described in Sec. II. In Sec. lll, we discuss our analysis ohohlraum walls, ceiling, and floor were coated with gold on
the radiation incident on the sample foil. The analysis of thez419 in order to enhance the hohlraum reemission. By con-
foil heating induced by the radiation field is described in Sectrast, onz406 the primary hohlraum walls were boron coated

IV, and a discussion of the results is given in Sec. V. and the ceiling and floor were uncoated stainless steel. The
Z406 coatings were chosdifor the purposes of the main
Il EXPERIMENT experiment to suppress the contribution of primary hohl-

raum reemission to the radiation measured by the radiation

The Z accelerator delivers an approximately 20-MA peakdiagnostic suite, as discussed below. The difference in the
current to a cylindrically symmetric, 1-2 cm tall, 2-cm- primary hohlraum coatings is important because it alters the
radius annular wire array. The current converts the wires intdhohlraum reemission contribution to the total x rays heating
a plasma that forms apinch and emits copious x rays. The the sample. The ability demonstrated in this paper to success-
pinch is surrounded by a slotted canister that provides a cufully reproduce the sample heating with relatively large and
rent return path and also acts as a primary hohlraum thatlatively small hohlraum reemission in the two experiments
confines the pinch radiatidifrig. 1). We exploit the radiation implies that the reemission radiation is reasonably well un-
by locating a sample in one of the slots, between the pinclderstood.
and an x-ray spectrometer. The pinch radiation both heats the The primary purpose of these experiments was to examine
sample and serves as an x-ray backlighter. This geometry the interaction of the pinch plasma with a cylindrical target
conducive to performing “ride-along” experiments, where placed on the axis. The on-axis target was a 5-mm-diameter
the interaction of pinch radiation with various samples cand-um-wall-thickness copper cylinder a#419 and a 5-mm-
be studied using experiments with an independent main goatliameter, 6 mg/cc CHfoam onZ406. These two experi-
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wokb ' ' ' ' ' ' ' ' sured and we consequently rely on simulations. The results
i " described here are only weakly sensitive to the exact pinch
a3 ; diameter during this phase. As the pinch stagnates on-axis,
] the radiation is measured with a combination of an eleven
channel filtered XRD array and a three channel bolometer.
The pinch diameter at stagnation is measured with time-
E gated x-ray pinhole cameras. The time history of the total
pinch power is inferred by normalizing the integral under the
XRD that measures the softest photon enerdiet0—280
eV) to the bolometers. The XRD or bolometer array views
only the lower 58% of the pinch emission, plus a small por-
tion of the primary hohlraum floor. In the determination of
60 65 70 75 80 8 9 95 100 105 110 the pinch power we assume uniform emission along the en-
Time (ns) tire height of the pinch and that the emission arises from a
) ] cylindrical Lambertian source with a Planckian spectrum.
FIG. 2. Pinch power determined from XRD and bo_Iometer meapata analyzed with this procedure has been shown to agree
surements for _shot Z40@lashed curv)ean_d ;419(solld curve, with a more complete XRD array unfold and with
without corrections for Au-electrode reemission. absolutely-calibrated transmission grating spectrometer mea-
surements to withint18% [26]. The pinch emission spec-
ments produced about the same total x-ray energy: 1.2 MJ ainum is inferred by determining the power emitted per unit
Z406 and 0.9 MJ orz419. However, the difference in the area from the normalized XRD data and the pinhole camera
on-axis target produced a radiation time history that was draimages and assuming Planckian emission. In other experi-
matically different. There was a single intense burst of radiaments the spectrum determined in this manner was found to
tion on Z406 and a multipeaked time history @#19, as agree reasonably well with the spectrum measured by a
shown in Fig. 2. Despite the significantly different radiation transmission grating spectrome{&6,27.
flux histories, we were able to successfully reproduce the The sample heated by the x rays consisted of a CH-
evolution of the Al absorption spectra in both cases, therebyamped Al foil in both experiments. OA419, 8050 A of Al
giving confidence in the reliability of the technique. was sandwiched between 1.42%2 CH and 3.98m CH
The pinch radiation can be divided into two phases: thaampers, with the 1.42wum CH side oriented toward the
run-in and final stagnation. The run-in corresponds to thepinch. This relatively large Al thickness was chosen to per-
emission as the annular wire array is compressed from itmit the observation of both the usuak1 to n=2 Al-Ka
2-cm initial radius onto the pinch axis. It lasts for about 100transitions(n is the principal quantum numberas well as
ns and the brightness temperature rises from approximatethe n=1 to n=3,4,5,6 transitions. These hightransitions
20 eV at the beginning to 50 eV just prior to stagnation. Thewere successfully observed and the interpretation of them
final stagnation typically creates a 6-ns full width at half will be presented elsewhere. G106 the thicknesses were
maximum (FWHM) x-ray burst with a peak power above 1.50um CH, 2700-A Al, and 3.96:m CH, with the
200 TW and a near-Planckian spectrum correspondind.50.um CH side oriented toward the pinch. In both experi-
roughly to a 200 eV blackbody. The peak radiation powersments a thinner CH-tamping layer was employed on the
achieved in the experiments described here were 67 and 16fnch side because it was anticipated that the magnetic field
TW on Z419 andZ406, respectively. The difference in peak produced by the current flowing through the pinch plasma
powers is primarily a result of the different target configura-could suppress the foil plasma expansion in that direction.
tions, as opposed to any wall reemission effects. These peak The absorption spectra used to measure the sample heat-
powers were lower than in typical high-power experimentsing were obtained with a time-resolved space-integrated con-
because the primary purpose here was to examine the interex crystal x-ray spectrometer. The portion of the absorption
action of the pinch plasma with the on-axis target, not tospectra recorded near peak pinch poweZdd9 is shown in
produce the largest possible x-ray power. In addition to the=ig. 3. The spectrometer used a potassium acid phlalate crys-
quasiblackbody radiation, the pinch stagnation also producesl with a 26.62-A 2 spacing and bent to a 254 cm radius.
tungstenM-shell emission in the 2—3-keV photon energy re-The crystal was located 6.48 m from the pinch plasma. The
gime. Typically, thisM-shell emission accounts for roughly a detector was a time-gated microchannel p(MEP) framing
few percent of the total radiation emission. Thééeshell x ~ camera with seven Au strip lines that were 1 mm wide and
rays have not been included in the analysis presented below0 mm long. A 2-ns-FWHM 292 V pulse was applied to the
The radiation orZ is measured with a diagnostic suite that MCP strips in an open circuit configuration with a 275-V dc
has been described in detail elsewhig@&—25. These diag- bias, providing a gain FWHM of approximately 1.3 ns. The
nostics measure the radiation on multiple lines of sightinterframe time was 3 ns. The detector was isolated from the
placed at a 78° angle with respect to the pinch axis. Meavisible light and ultrasoft x rays in the line of sight by 2
surements during the run-in phase are accomplished with dayers of 12.5um Be. The detector was positioned 8.6 cm
absolutely calibrated array of filtered Si diodes that detecfrom the crystal and was centered on the 15° Bragg angle
radiation from 1-1000 eV photon energies. The spatial disfay, providing spectral coverage over the 4—8.5-A range in
tribution of the plasma during the run-in has not been meafirst order. The spectral dispersion plane was oriented per-
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wedge. Lineouts were taken separately to average over each
MCP frame. A wavelength scale was applied to the lineouts
using the instrument geometry, with the 7.757-A wavelength
of the Al-He, transition as a reference. The accuracy of the
wavelength scale is better than 10 mA over the 4—8.5-A
range considered here. The spectral resolution was approxi-

- mately N/S\~450-500, determined by measuring the
s widths of emission lines recorded with the same instrument
in other experiments. This resolution is consistent with the

He LU Be B ¢ N instrument dispersion convolved with the100-um MCP-

. resolution element size. We then corrected for the instrument
101 N / geometry[29], crystal reflectivity[30], and Be filter trans-
mission[31], respectively.
- ‘ In order to compare the data with the synthetic spectra
104ns _ described below, it is desirable to convert the measured ab-
h . sorption spectrum into the transmission through the sample

He Li Li Be B

as a function of wavelength. However, in the present experi-
107ns ments it was not possible to record an unattenuated pinch
p : spectrum. Thus, we could not determine the absolute trans-

mission. Nevertheless, we were able to determine the relative
FIG. 3. Measured time-resolved Al&kabsorption spectra from transmission of the Al absorption lines using the following
shot Z419. The times range from 95 to 107 ns, with 100 ns repreprocedureg[20]. We first edit each lineout to remove the Al
senting the time of peak pinch power, as shown in Fig. 2. Theabsorption lines. Then we fit the shape of the remaining con-
wavelength scale ranges from approximately 7.3-8.8Ske also  tinuum with a third-order polynomial. This fit represents the
lineouts in Fig. 10 for wavelengths associated with absorption fromapproximate incident spectrum from the tungsten pinch
each ion) plasma attenuated by the continuuiinee-free and free-
bound opacity of the sample. We obtained the relative trans-
pendicular to the plane formed by the pinch axis and the lindnission of the Al spectral lines by dividing the original lin-
of sight axis in order to minimize source broadening. eout by th_e flt. We consider _such_an analysis to be suitable
The spectrometer viewed the pinch through the x-ra)for Qetermlmng sample heating since _t_he prgpondera_nce of
heated sample as shown in Fig. 1. Thus, the pinch both heat€ information about the sample condition is included in the
the sample and provides a backlighter for x-ray absorptioﬁelat've line mtensfl'Fles, and it is less important to measure
spectroscopy. The advantages of this configuration are tH&€ absolute opacities.
simplicity of not requiring an independent backlighter, the
extreme brightness of the pinch, and the quasiblackbody na-
ture of the pinch radiation over wavelengths longer than ap-
proximately 6.5 A. The pinch brightness enables acquisition The sample attached to the primary hohlraum wall is ex-
of x-ray absorption spectra through relatively thick samplegposed to the entire pinch plus reemission from a large portion
even with the low sensitivity spectrometer configuration usedf the hohlraum floor, ceiling, and walls. In contrast, the
here. The pinch brightness also provides absorption spectginch radiation diagnostics view only the lower 58% of the
that are not altered significantly by sample self-emission, apinch plus a small portion of the hohlraum floor. To deter-
confirmed using a time-integrated space-resolved spectronmine the incident radiation experienced at the sample, we
eter in other experiments. The broad wavelength range oveyerformed view factor simulations, using the experimental
which the pinch produces relatively featureless quasiblackmeasurements of the pinch emission as input.
body continuum emission is important because it enables Our strategy is to first account for the hohlraum reemis-
backlighting multiple elements simultaneously. The mainsion contribution to the power measured by the radiation
disadvantage of using the pinch as a backlighter is that thdiagnostics, using the view factor simulations described be-
geometry is constrained. Future experiments using simultdew. This enables us to determine the emission from the
neous backlighting by plasmas independently produced bpinch alone. Once the radiation emission from the pinch
the Beamlet las€l28] will alleviate this constraint. We also alone is determined, a second set of view factor calculations
note that it may be possible in future experiments to employs performed to determine the radiation intensity at the
a second spectrometer to directly view the pinch through asample, taking the three-dimensional geometry of the entire
uncovered slof19]. This was not done in the current set of radiation source into account. In general this is a time-
experiments due to resource limitations. dependent problem, as the pinch size changes during the run-
The spectra are recorded on Kodak RAR2484 film placedn. The initial wire radius is 2 cm, a significant fraction of the
in contact with the MCP framing camera. The film is devel-distance from the final pinch location to the sample. Accord-
oped with a calibrated step wedge and both were digitizedhg to simulations the wire plasma moves little during the
with a microdensitometer to enable computer analysis. Théirst 50 ns of the experiment. These factors tend to increase
analysis began by unfolding the film response using the stefhe importance of run-in radiation above what one might

IIl. INCIDENT SPECTRAL FLUX ONTO FOILS
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conclude given the low temperature during the run-in com- 8&®F————F————F———F——T T ]
pared to the stagnation. This time dependence of the pinci 4200
size is less important during the stagnation, since the pinct P~ 4 1iss
size change is small compared to the distance between th 6o} ~ o 1"
pinch and the sample. However, the time dependence of thE
primary hohlraum albedo is important during the stagnation.£
The hohlraum reemission typically accounts for 25-50% of & 4
the radiation experienced by a sample. This alters the com@
posite spectrum incident on the sample, since the pinch rag
diation contributes the equivalent of a geometrically diluted £
200-eV blackbody, while the spectrum from the reemission
varies over a 75—200-eV temperature range, depending ol
how close the hohlraum segment is to the pinch.

The hohlraum radiation field was simulated using a 3D %
view factor code that contains an integrated 1D radiation- Time (ns)
hydrodynamics(RH) capability. The elements in the view
factor grid included the top and bottom plates, the return FIG. 4. Dotted curve: Pinch power determined from XRD and
current wall, the CH-tamped aluminum foil, and the pinch_bolometer measurements, without corrections for Au-electrode re-
The code(sYMRAD) [18] computes the time- and frequency- emission. Solid curve: Pinch power corrected for electrode reemis-
dependent hohlraum reem|ss|on by performlng |ndependerﬂ0n DOt-daShe.d curve: Pinch radius for shot 2419, d?termined
1D radiation-hydrodynamics simulations for each surface elffom x-ray framing camera data at 90<6<100 ns, and simula-
ement in the view factor grid. While the hydrodynamics of tion at early times.

each surface element is treated independently,_ radiation ]%r all RH simulations. A total of approximately 600 surface
exchanged between them through the evaluation of theifjements were used to represent the pinch, foil, and hohl-

view factors(or configuration factor integrals82]). One ad-  r5,m walls in these simulations. The pinch is modeled as a
vantage to using an integrated VF-RH approach is that thepatially uniform cylindrical power source that has a time-
hohlraum albedoS§.e., the fraction of incident radiation onto dependent radius and power determined from experimental
a surfage that is reemittkdrg not input parameters in these measurementésee above Since the pinch emission power
simulations. Here, the time-, space-, and frequencyis constrained by measurements, there is no additional con-
dependent reemission fraction is determined from the RHihtion to its output power from radiation incident onto it
simulations. Both the incident spectrum onto a surface ele(i_e_, it has zero albedo
ment and its reemitted spectrum are in general Non- The flux reemitted from each surface element is deter-
Planckian. In addition, this approach does not assum@ined from the RH simulation for that element. In each RH
(steady-stafepower balance between the incident flux, re-gimylation, radiation is transported using a multiangle, mul-
emitted flux, and power source terms. Energy stored in &q6yp radiative transport model based on the short charac-
hohlraum plasma element from earlier times can contributgg istics method33,34). In the simulations discussed in this
tq the radiation field at later times, as can arise W_he_n _th?)aper, 40 frequency groups were used. Test simulations were
pinch power changes abruptly. On the other hand, it is iMmyerformed to ensure the photon energy group structure used
portant to note that energy is exchanged between the surfage,s sufficient for this study. Multigroup opacity tables for
elements only by radiation, and energy and momentum eXpe maerials used in the simulations were generated using
change by other processes.g., conduction and hydrody- (heeosopacode[35]. Equation of state data were taken from
namics are not included in the modeling, such as could besggavie tables36]. These opacity and equation of state data
done using a 3D radiation-hydrodynamics code. were generated assuming local thermodynamic equilibrium
The incident re}dla.tlon flux onto surface elemerat time (LTE) atomic level populations.
tand frequency is given by Figure 4 shows the radius and pinch power as a function
of time for shot Z419. The power history, uncorrected for
Qi(V,t):Z T (t) Fi(nt), (1) reemission, is shown _by the dotted curve, w_hile th(_a splid
] curve represents the pinch power alone. The time axis in all
the results presented here has been shifted so that peak x-ray
whereF(v,t) is the flux emitted from surface elemgnand  power is at 100 ns. The initial pe&ltt~92 ns) in the pinch
['j;(t) is the configuration factor integral, which is defined aspower corresponds to the tungsten plasma striking the Cu
the fraction of energy leaving surfacéhat arrives at surface annulus in this experiment. The maximum power is attained
j- The time dependence &F;(t) in these simulations arises as the plasma stagnates on axis. On Z419 there is a third
due to the changing radius of the pinch, as the hohlraunpeak att~ 108 ns which may be due to a second recompres-
surfaces are considered fixed in these simulations. In prasion of the pinch plasma. For this shot, the reemission-
tice, the time stepping for the individual RH simulations is corrected peak power was 55 TW, while the peak pinch
globally controlled; that is, each RH simulation moves for- brightness temperature was 202 eV. The correction for hohl-
ward in time in a “lock-step” manner. Time step constraints raum reemission results in a 23% reduction in povar
are evaluated globallgi.e., based on the change in properties~5% reduction in radiation drive temperaturéor shot

Radius (cm)
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8 FIG. 6. Time dependence of albedo at two locations on the Au
5 hohlraum bottom plate for shot Z419. Dotted curve: 0.25 cm.
g Solid curve:r=1.75 cm. Also shown is the evolution of the pinch
s = = p- = 205 brightness temperatuxeot-dashed curye
Time (ns)

creases very rapidlyt -80—90 ns and 96—100 nthe albe-
FIG. 5. Top: Calculated incident flux at the foil boundary for qgg drop, while when the pinch power decreases or is flat
shots Z419(solid curve and Z406(dotted curve Bottom: Time t~90—95 ns and 100—104 pshe albedos increase. This is
dependence of pinch brightness temperature determined from XR ue to the fact that energy is being storgu the form of
bolometer and framing camera measurements for Sho.ts .mg thermal energyin the hohlraum walls, which can be released
curve and Z406(dotted curve, corrected for wall reemission. at later imes. Thus, after peak power the drop-off in incident

he el o , h radiation flux produces the higher albedo.
ZA419. For Z406, the electrode reemission correction to the The spectral distribution of the radiation incident on the

pinch power was significantly less-3%), primarily due to foil boundary is composed of two main components: direct

the fact tfh?]t tT)e XRD f|el?j %f \r?lew mclu?led 3nly a sn;au radiation from the pinch, and reemitted radiation from the
portion of the boron-coated hohlraum wall and none of the,hraum surfaces. In our view factor simulations, the radia-

bottqm electrode plate. . tion from the pinch is modeled as a blackbody emission
Figure 5(top) shows the ca!culated frequency—mtegratedsource_ For 2419, roughly 63% of the total radiation incident
flux onto the CH-tamped Al foils for shots Z419 and Z406. , the foil at the time of peak pinch power is due to reemit-

Also shown for each shdbottom panelis the time depen- o yadiation from the hohlraum surfaces. The corresponding
dence of the pinch brightness temperatur_eT@zpmch percentage of the radiation due to reemission on Z406 was
power/pinch surface argaAlthough the peak pinch tempera- 4294, Figure 7 shows the calculated spectr(gulid histo-

tures are roughly the same for the two sh@82 eV vs 217 gram incident onto the foil boundary at the time of peak
eV), the peak incident flux onto the foil is about a factor of 2

higher for Z406. The peak effective drive temperatuigs, 8 T . r . r . r
(where s T =incident fluy are Tp~68.6 andTp~79.5 eV .1 X 1
for Z419 and Z406, respectively. Thus, while the peak x-ray . | AN
powers differ substantially, the differences in effective drive g or / \ 1
temperature between the two experiments are less pro%e s| , \ ]
nounced as a result of the larger hohlraum size in Z406. It is2
also interesting to note that maximum incident flux for Z419 E 4_
occurs slightly after the peak pinch powerl ng, and the 3 s}
pulse width is somewhat broader. This is likely due to energy & [
being stored more effectively in the Au-coated electrodes anc% L e N L T .
side walls, which is reradiated back into the hohlraum over a£ ', - ~.
longer period of time. o e . L . L
The time dependence of the albed®., the ratio of the 0 20 400 600 80 1000
reemitted flux to the incident fluxat two locations on the Photon Energy (eV)
Au-coated bottom plate is shown in Fig. 6. The dotted and g1, 7. calculated incident spectrum onto the CH-tamped Al
solid curves correspond to points located at radii of 0.25 andample at the time of peak flux for shot Z418olid histogram
1.75 cm, respectively. After the albedos increase monotonityo blackbody spectra normalized to give the same frequency-
cally during the first~70-80 ns of the simulation, they are integrated flux are shown for comparison. The dashed curve
seen to oscillate in the range of 0.75-1.0. This oscillatiorcorresponds to a temperature ofT,=67.9eV [Tp
occurs due to the fact that the pinch power does not increase(incident fluxio)¥#]. The dash-dotted curve corresponds to the
smoothly throughout the pulse. When the pinch power in-pinch temperaturel =202 eV.

F
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FIG. 8. Calculated temperature distributions in CH-tamped Al FIG. 9. Calculated mean temperature in the Al layer for shot
foil for shot Z419. Results are shown as a function of areal mas€419 from three simulations. All used the same time dependent,
(fpdr). The pinch radiation is incident from the left. frequency-integrated flux, but had different incident spectra. Solid:

Simulation with spectra computed froayMRAD simulation. Dash
pinch power {,¢,9 for Z419. The frequency-integrated flux dotted: Blackbody spectra based on drive t'empera_tture. Dashed
at this time corresponds to an equivalent blackbody tempergurve: Diluted blackbody spectra based on pinch brightness tem-
ture of 67.9 eV. The extent to which this spectrum is non-Perature.

Planckian can be seen by comparing the total incident spec-

trum with a blackbody spectrum at the effective drive (see Fig. 5. Because of this, the temperature stays fairly
temperaturél, (dashed ling Here, the total spectrum has a constant in time. This effect can also be seen in the Al-K
significantly lower flux at photon energies ohv  spectradiscussed belowAs the pinch stagnates on axis, the
~100-300 eV, while being substantially higheihatabove  foil temperature rises to approximately 55 to 60 eV, and then
600 eV. This is important because for the foil conditionsfalls att>100 ns as the pinch power falls.

relevant to this experimenfl¢-tens of eV, the Al is heated A relatively thick Al layer (~8000 A) was used in shot
most efficiently with hy~200-500 eV photons due to Z419. This leads to a temperature gradient across the Al
L-shell bound-free absorption. Figure 7 also showd a layer at any given time. Thus, a consequence of using a
=202-eV Planckian spectrunidash-dotted ling corre- thicker layer is that & absorption from a wider range of Al
sponding to the pinch brightness temperaturé,af,, nor-  ions is observable. Also apparent in Fig. 8 are fairly distinct
malized to the same frequency-integrated flux as the otherhanges in temperature near the interface of the CH and Al
two curves. It is clear that the spectrum incident on the foil islayers. This occurs because for Al this heating is due prima-
not adequately described by either ttgeometrically di- rily to L-shell bound-free photoabsorption. For the plastic
luted) pinch spectrum or the blackbody spectrum defined bytayers, the heating is due to carbbrshell absorption when

the effective drive “temperature.” the plastic is relatively cool, and-shell absorption at higher
temperatures.
IV. FOIL HEATING ANALYSIS The effect of the incident spectral energy distribution on

o o ) the heating of the foil can be seen by comparing the results
1D radiation-hydrodynamics simulations are used to comfrom radiation-hydrodynamics simulations which use the

pute the heating of the CH-tamped Al foil using the incidentsame time dependent, frequency-integrated flux onto the
power and spectra determined in the Sec. lll. Radiatiorsample boundary, but having different incident spectra.
transport and opacity modeling is as described in the previgpfter spectra are capable of producing higher temperatures
ous section. The temperature distribution calculated for thgy the Al foil because the lower photon energieby(
CH-tamped Al foil for Z419 is shown in F|g 8 at simulation ~200-500 eV) Couple more efﬁcient'y W|th the Al Figure 9
times bounding the peak pinch power. Results are shown asghows the meafmass-weightedtemperature in the Al layer
function of the areal mass to eliminate effects of expansiolrom three simulations: the first using the time-dependent
in the plot. The times shown correspond to those at whickspectra predicted from the integrated VF-RH simulations
spectrometer measurements were recorded. For tin®e®  (solid curve, the second using blackbody spectra with the
8 ns prior to peak pinch powet{92-98 ns), the tempera- temperature defined by the drive temperature onto the foil
ture in the Al is~35 to 48 eV, with the higher temperatures (gash-dotted curye and the third using diluted blackbody
being on the pinch-facing side of the foil. Densities in the Al spectra with the temperature defined by the pinch tempera-
layer are~2-3x10"° g/en? (or ~10"°xsolid density.  ture, but normalized to have the same frequency-integrated
During this time period—which corresponds to the periodflux as the previous casédotted curvi In the case using
shortly after theW strikes the Cu annulus and prior to the non-Planckian integrated VF-RH spectra, the mean elec-
stagnation—the flux incident on the foil is relatively constanttron temperature in the Al layer peaks at 58.1 eV. By com-
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parison, the peak temperature is predicted to be approxi- Figure 10 compares the calculated AkKabsorption
mately 5.5% lessT{=55.1 eV) when the incident spectrum spectra with experimental measurements from g9 at
is based on the pinch temperature. When using blackbodimes ranging from 8 ns beforé¢=92 ns) up through 7 ns
incident spectra defined by the drive temperature onto thafter peak pinch power, at 3 ns intervédaita at 95 ns are not
foil, the peak temperature is 2% high&r£59.1 eV) thanin shown due to low signal level The simulated spectra are
the non-Planckian case. We note also that the magnitude abnvolved with an instrumental broadening XafAX =450.
these differences is somewhat sensitive to the pinch powebp through peak pinch powet 100 ns) the simulated and
For example, in simulations performed using somewhameasured spectra are in good agreement=42 and 98 ns,
higher (~25%) pinch powers, the temperature differencesN-like through Li-like Al are clearly seen in both the experi-
between the three models are approximately twice as largemental and simulated spectra, with a relatively small amount
Figure 9 shows that when thé&/ plasma strikes the Cu of absorption due to He-like Al. These spectra correspond to
annulus and produces an initial increase in the pinch powea period of time where the temperature in the Al changes
to ~18 TW at 8 ns prior to peak powdsee Fig. 2, the  only slightly (see Fig. 9. At t=101 ns, both the experimen-
temperature in the Al layer rises T1o~40-45 eV. Then, for tal and calculated spectra show strong absorption from
a period of about 6 ns, the pinch power decreases slightl-like through He-like Al, modest absorption from C-like Al,
while the Al temperature exhibits little change. At stagnationand virtually no absorption from lower ionization stages.
(t=100 ns) the pinch power rises rapidly to 55 TW and the Similar results are shown in Fig. 11 for sho406, where
temperature in the Al increases to abdut 58 eV. results are shown for times ranging from 6 ns prior to peak
Aluminum-Ka satellite absorption spectra—which mea- power to 6 ns after. In this case, both the measured and
sure bound-bound absorption due tos®2s™2p" computed spectra show a noticeable change in ionization
—1st2sM2p"*1! transitions—were computed for the CH- during the time period from 94 to 97 ns. This is due to
tamped Al foil by postprocessing results from the radiation-differences in the on-axis load for these experiments, which
hydrodynamics simulations using a non-LTE collisional-results in the lack of a low power “foot” foZ406 (see Fig.
radiative codd37]. In these simulations, steady-state atomic2). The calculated spectra are in good general agreement
level populations were computed using atomic models conwith the measurements up to the time of peak power, al-
sisting of ~300 levels distributed over Ne-like through fully though appear to be slightly overionizedtat94 ns(lack of
ionized Al. For F-like through Li-like ions, autoionization significant N-like absorptionandt=297 ns(less C-like ab-
states withK-shell vacancies of the typesi2sP2p% and  sorption.
1s' 2sP 2p9 3m* were included. Fine structure modeling was At times several ns after peak power in both experiments,
included for states up tn=3 (n=principal quantum num- the simulations show a lower ionization distribution as com-
ben, spin-orbit coupling up tm=5, and configuration aver- pared to measurement. This may be due to the assumption of
aging for higher levels. Atomic processes in the collisional-steady-state atomic level populations in our calculations. In
radiative modeling include: collisional ionization and their analysis of laser hohlraum experiments, Megtlial.
excitation (and their inverse processespontaneous emis- [8] showed that time-dependent ionization dynamics can be
sion, radiative and dielectronic recombination, autoionizaimportant in radiation heating experiments, especially so dur-
tion, and photoionization and photoexcitation. For the latterjng the plasma cooling phase, where the plasma undergoes
contributions to the radiation field included both self- recombination. Although the time scales are somewhat
emission from the foil plasma and the incident radiation fieldshorter in their experiments, it seems very possible that the
onto the foil boundary. Additional details of ouraKspectral  relatively high ionization distributions that appear in the
modeling for Al have been reported elsewhg38g]. measured spectra at times several nanosecond after peak
A series of test calculations was performed to assess thgower are due to ionization distributions being “frozen in”
importance of various processes affecting the ionization dis(.e., recombination times are too long for steady-state as-
tribution in the Al. These calculations, which used the radia-sumptions to be valid
tion field and foil conditions typical of times near peak pinch  An important issue associated with utilizing spectroscopic
power, indicate that the Al level populations are not ad-diagnostics of this type is the sensitivity of the measured K
equately described using LTE modeling. For instancey at spectrum to uncertainties in the pinch power, which in turn
=103 p, (po=solid density andT=55 eV, the LTE mean affects the incident radiation flux at the foil. LTE simulations
charge state for Al igZ)=9.55. By comparison, non-LTE for uniform plasmas, with temperatures and densities typical
optically thin modeling(i.e., no photoionization and photo- of those in experiments described here, indicate that, at fixed
excitation predicts & Z)=8.85. By including radiation field ~density, an increase in the electron temperature of 5% leads
effects, both self-emission and an incident radiation figdy, to an increase in the mean charge state of about 0.2, an
was predicted to be 9.11-9.24. This is approximately halfamount that should be discernable from measurement. Since
way between the LTE and optically thin non-LTE values. Inthe temperature in the absorber depends approximately lin-
the latter case, gradients (&) occur in the Al layer because early on the drive temperaturer Tg=incident fluy, this
of the spatial dependence of the radiation field. We also notehange corresponds to a change in the incident radiation
that some of the radiation incident onto the foil is absorbedpower of 22% (1.221.05"). This simple analysis provides
by the carborK-shell bound-free opacity prior to reaching a very rough estimate of the accuracy needed to constrain
the Al; thus, the spectrum incident on the Al portion is al- radiation powers using & absorption spectroscopy.
tered by C absorption. We note that in the above simulations we have not in-
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FIG. 10. (Color) Comparison of measureded curve and cal-

culated Al-Ke spectra for shot Z419. FIG. 11. (Color) Comparison of measureded curve and cal-
culated Al-Ka spectra for shot Z406.

cluded direct heating of the foil by the current and the sup-
pression of the foil expansion by the magnetic field. Experi-Al-K « spectra are reasonably consistent with the pinch ra-
ments are now in progress with foils remotely mountieel,  diation powers determined from XRD and bolometer mea-
located~ a few centimeter outside of the return current)slot syrements.
which significantly mitigates the potential impact of these  Qur simulations indicate that the radiation spectrum inci-
effects. Additional potential inaccuracies in the RH simula-dent on the foil is significantly influenced by reemission
tions arise due to the assumption of LTE built into the equafrom the surrounding surfaces. For both sh@#06 and
tion of state and multigroup opacity tables. In the future, wez419—which utilized stainless steel and Au-coated elec-
will explore utilizing a more accurate inline non-LTE treat- trodes, respective|y_the incident spectrum contained Sig_
ment within the RH simulations. nificant contributions from both direct pinch radiation and
surface reemission. Simulations also showed that the heating
of the Al foil was sensitive to the spectral characteristics of
the incident radiation field. Radiation-hydrodynamics simu-

In this paper, we have presented experimental measurdéations indicate that Al temperatures computed using Planck-
ments of the time-dependent radiative heating and ionizatioran incident spectra based solely on the pinch brightness tem-
of planar Al foils exposed to intensepinch radiation. Using perature were~5-10% lower (depending on the pinch
the well-established diagnostic technique ok ldbsorption  power history than those obtained using incident spectra
spectroscopy, the heating of thin foils was tracked over aletermined from integrated view factor or radiation-
period of~10-15 ns near the time of peak pinch power. Forhydrodynamics simulations.
two different experiments—which had widely disparate peak The consistency between the experimental spectra and
powers, pinch lengths, surface reemission characteristicsimulations suggest it may be possible to deduce pinch ra-
and power histories—the evolution of the Al ionization dis- diation characteristicéor more generallyz-pinch hohlraum
tribution was successfully measured and modeled. Goodharacteristics from Ka absorption spectroscopy of thin
agreement between the spectroscopic measurements afwils. This technique could have advantages, for example, in
simulation was shown up through the time of peak pinchexperiments in which it was desirable to achieve high hohl-
power in both experiments. This analysis indicates that theaum temperatures by closing off diagnostic slots in the re-

V. SUMMARY

046416-9



MACFARLANE et al. PHYSICAL REVIEW E 66, 046416 (2002

turn current structure. Another potential advantage of utiliz-state, accurate determination of the temperature requires an
ing diagnostic foils to determine radiation field independent experimental measurement of the foil density.
characteristics is that they can be put in locations where th&hese issues will be addressed in future experiments.
incident radiation views a large solid angle. By comparison,

XRD and bolometer measurements typically view direct ra-

diation from a relatively small solid angle. ACKNOWLEDGMENTS
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