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Present-day Z-pinch experiments generate 200 TW peak power, 5—10 ns duration x-ray bursts that
provide new possibilities to advance radiation science. The experiments support both the underlying
atomic and plasma physics, as well as inertial confinement fusion and astrophysics applications. A
typical configuration consists of a sample located 1-10 cm away from the pinch, where it is heated
to 10-100 eV temperatures by the pinch radiation. The spectrally-resolved sample-plasma
absorption is measured by aiming x-ray spectrographs through the sample at the pinch. The pinch
plasma thus both heats the sample and serves as a backlighter. Opacity measurements with this
source are promising because of the large sample size, the relatively long radiation duration, and the
possibility to measure opacities at temperatures above 100 eV. Initial opacity experiments are under
way with CH-tamped NaBr foil samples. The Na serves as a thermometer and absorption spectra are
recorded to determine the opacity of Br with a partially-fillgdshell. The large sample size and
brightness of the Z pinch as a backlighter are also exploited in a novel method measuring
re-emission from radiation-heated gold plasmas. The method uses a CH-tamped layered foil with
Al +MgF, facing the radiation source. A gold backing layer that covers a portion of the foil absorbs
radiation from the source and provides re-emission that further heats thigl@#,. The Al and Mg

heating is measured using space-resolk@dabsorption spectroscopy and the difference between

the two regions enables a determination of the gold re-emission. Measurements are also performed
at lower densities where photoionization is expected to dominate over collisions. Absorption spectra
have been obtained for both Ne-like Fe and He-like Ne, confirming production of the relevant
charge states needed to benchmark atomic kinetics models. Refinement of the methods described
here is in progress to address multiple issues for radiation scienc002 American Institute of
Physics. [DOI: 10.1063/1.1459454

I. INTRODUCTION tion is highest when multiple radiation hydrodynamic phe-
. . . .. . nomena are intermingled. In ICF or astrophysics measure-
X-ray generation, propagation, heating, and ionization, o s isolating one effect from another is often not an option

C(r)]ntr_lbulte t% tlheb for;natmnl and evoSIutlort1 of many aslro-and those effects must be unraveled when interpreting the
physical and faboraloly plasmas. Spectroscopy Measurge., - por radiation science experiments on isolated phe-

ments of these plasmas provide intrinsically-interestin . . o
. . - : : gpomena bolsters confidence when interpreting integrated re-
atomic and plasma physics. In addition, the interpretation osults

inertial confinement fusiolCF) and astrophysics observa- . . . .
Rapid radiation science progress occurred in the last two

tions often must rely on radiation-hydrodynamic simulations. ok high i 1 develobed and
Realistic simulations depend on an accurate treatment of rgeca as high intensity lasers were developed an

diation absorption and re-emission, properties controlled b{omic models capable of analyzing complex spectra were
the atoms that compose the plasma. Measurements of theggnstructed. However, the available radiation source energy
properties are a central aspect of radiation science. Approxhas limited the experiments that were feasible. In this paper
mations for radiation transport must often be used and th#/€ summarize the new capability to investigate radiation sci-
suitability of these approximations can be tested in radiatiofence provided by the intense x-ray bursts emitted by Z-pinch
science experiments. Furthermore, plasma spectroscopy ispéasmas at the Sandia National Laboratories Z faciliy.
key diagnostic and the information quality is only as good asThese plasmas are presently the most energetic x-ray source
the atomic and plasma physics models used to interpret thavailable for laboratory experiments, emitting up to 1-2 MJ
data. The importance of reliable radiation science informaof x rays in a typically 6 ns full width at half maximum
(FWHM) burst. The “ride-along” experiments described
apaper GI1 2, Bull. Am. Phys. So0é6, 133 (2000. here have exposed samples with a radiation flux equivalent
Pnvited speaker. to a 20—70 eV blackbody. This is comparable to laser plasma

1070-664X/2002/9(5)/2186/9/$19.00 2186 © 2002 American Institute of Physics
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experiments;*but the Z-pinch radiation-heated sample sizeand is composed of 120-3607—-12 um diam tungsten
and radiation duration are typically an order of magnitudewires. The wire array is converted into a plasma and emits
larger. This promotes the ability to measure conditions irf‘run-in” radiation as it implodes. The “run-in” phase lasts
multiple samples simultaneously, to achieve more unifornfor approximately 100 ns. This radiation has an equivalent
conditions, and to approach closer to steady state results. Aiackbody brightness temperature that is initially 10—-20 eV
the experiment capability at Z matures, we expect that futur@nd rises to 50—60 eV just prior to stagnation. As the plasma
dedicated experiments can expose samples to much highgfagnates on axis, the Z pinch emits a radiation burst. The
radiation temperatures, while maintaining the characteristigeak power in this burst can exceed 200 TW, the duration is
large sample size and long duration. typically ~6 ns FWHM, the total energy is 1—2 MJ, and the
The objective of this paper is to provide a description ofgpectrum is comparable to a 180—200 eV Planckian.
the Z radiation source characteristics needed for designing  The return path for the injected current is a cylindrical
radiation science experiments, illustrating the opportunitie$,eta| canister that surrounds the pinch plasma and acts as a
and challenges with examples of ongoing research. In Sec. iimary hohlraum. Diagnostic slots or holes located in the
we describe the radiation intensity and spectrum obtained Ride or top of the primary enable measurements of the pinch

th fdgferef?t gxper;rr(;gnt con.flg_uratlons, alqng V\gth a Velrﬁ'properties. There are two classes of radiation environments
rief description of diagnostic instrumentation. Section Ill ;o0 0 7 the Z-pinch primary and secondary hohl-

Povies 3 descrblon o Slelle sbsorlon Shecos gaums. n Zpinch prmay experimentfigs. 1 and %
Py amples located outside the diagnostic apertures are exposed

ence experiments. Measurements with the simplest possibjg th to direct Z-pinch radiation and to wall re-emission from

sample are used to evaluate integrated understanding of the .

L ) : . the hohlraum. The spectrum therefore consists of a compos-
radiation environment. Section IV describes a measurement " . " 500 oy Z-pinch Planckian and the cooler emis-
of ionized bromine opacity. These bromine measurements. P

are the focus for developing a general ability to measuré'" from the primary. The rad|gt|qn flux at the sgmple IS
opacity of operM-shell atoms. In Sec. V we describe a new geometrically diluted so that the incident spectrum is always
method developed to measure radiation re-emission that efarder than t_he spectrum O,f a Planckian source W'th,a t.em-
ploits the brightness of Z as a backlighter and the benefits df€rature equivalent to the incident flux. Geometric dilution
large samples for simultaneously measuring transmissiof€'e refers to the decrea§e in rad|at.|0r.1 intensity without any
through multiple sample thicknesses. Section VI describe§oMmensurate change in the radiation spectrum, as the
the development of Z to study atomic kinetics in photoion-Sample distance from the source increases.

ized plasmas. Section VIl gives a brief conclusion. The Z-pinch primary geometry is conducive to perform-
ing “ride-along” experiments, where the interaction of pinch

radiation with various samples can be studied using experi-
ments with an independent main goal, such as the physics of

The Z radiation source is form&d by injecting an ap- the Z-pinch formation. Such ride-alongs have the advantage
proximately 20 MA current through an annular wire array.that they can examine interesting radiation physics issues
The array is typically 20—40 mm diam, is 10-20 mm tall, without the cost associated with a dedicated experiment.

I

.'.—'-'——‘!Z‘“‘

symmetry axis

Il. Z RADIATION SOURCE CHARACTERISTICS



2188 Phys. Plasmas, Vol. 9, No. 5, May 2002 Bailey et al.

FIG. 2. (Color) Photograph of apparatus used to expose two samples to Z-pinch radiation. The approximate location of the final pinch is indicated in red.

Multiple samples can be exposed to the radiation generatettie measured power due to aperture closhté!® Uncer-
in a single experiment. The disadvantages are that the raditainties reported for the pinch emission power are approxi-
tion may not be optimized and the sample must be designeahately +25%2*
to minimize impact on the main experiment. Almost all the The x-ray spectroscopy reported in this paper was per-
data reported in this paper were acquired using ride-alonfprmed using convex crystal spectrometers that provide
experiments. broad spectral range and easy alignment. The brightness of
The Planckian radiation spectrum required in some exthe Z-pinch source allows us to overcome the low sensitivity
periments can be achieved by using a secondary hohlraunf this geometry. A typical configuration at Z is a 25—-100
attached to the Z-pinch primary. Secondary configurationsnm radius crystal located-6 m from the source. Time-
examined at ZRefs. 8—1] have reached radiation tempera- integrated space-resolved spectra are recorded over a rela-
tures between 90-150 eV, for time durations of 3—30 nstively large spectral range~4—14 A with KAP) on Kodak
These secondaries have mainly been developed for ICF, bEF film. The spectral resolution is typicall\\/SA
future radiation science experiments could exploit them. ~800-1000. Space-resolving slits provide magnification
The diagnostic suite in use at Z has been described ir 0.5 imaged spectra with 150—10Q@0n spatial resolution
detail elsewheré&? Z diagnostics must cope with a harsh at the source. Time-resolved space-integrated spectra are re-
x-ray background, mechanical shock due to the dissipation aforded with microchannel platdiCP)-based framing cam-
~10 MJ of electrical energy, and debris created by the vaeras. The MCP limits the spectral range and resolution to
porization of relatively large targets. The total power andtypical values 64 A and N/ 8\ ~500, respectivelywith a
energy emerging from a diagnostic aperture is measured witKAP crystal centered at 8 A The time resolution of these
filtered arrays of bolometers, x-ray diodé$RD), calorim- instruments is typically~1 ns. In recent experiments we
eters, photoconducting diodéRCD), and Si diodes?~**The  have implemented an elliptical crystal spectrométevith
power per unit area is determined by combining this meahigher sensitivity and reduced noise due to the isolation of
surement with time gated x-ray framing camera picturesthe detector from the line of sight. This permits simultaneous
This enables determination of the equivalent blackbodytime, space, and spectral resolution.
temperaturé® The x-ray power and spectrum are also mea-
sured with a transmission grating spectromé&tefhe two
measurements generally agree quite WelCorrections to
the nominal measured power are usually required. This in- The sample in a Z-pinch primary radiation heating ex-
cludes accounting for the fact that 5%—20% of the total sigperiment is exposed to a combination of direct Z-pinch emis-
nal detected by the diagnostics is contributed by the walkion and primary hohlraum re-emission. The relative frac-
re-emission rather than the pinch itself and also reduction itions of these two components are different for the sample

Ill. RADIATION-HEATED SAMPLE DIAGNOSIS
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FIG. 4. Typical time-integrated x-ray spectrum emitted by a tungsten

FIG. 3. Irradiance and equivalent blackbody temperature incident on a raZ Pinch plasma. The quasi-continuum extending aboves.5 A'is used as
diation science sample foil. The foil in this experiment was attached to the* Packlighter for absorption spectroscopy.
Z-pinch primary.

transitions. Sample diagnosis was accomplished uking

than for the radiation source diagnostics, since the sample satellite x-ray absorption spectroscdpy’ K a satellites are
typically close to the source while the diagnostics view thels? 2s'2p™—1s2s'2p™"! transitions that appear on the
source on a different line of sight and from a greater dis-short wavelength side of the pareftx line associated with
tance. We therefore developed the following strategy. Startthe neutral atom. The satellite from each charge state is
ing with the measurements of the radiation source intensityshifted in wavelength because the nucleus screening changes
we account for the wall re-emission contribution to the ra-as the number of electrohsn in then=2 shell changes. The
diation diagnostic signal using a view factor calculatfn. wavelength shift enables resolution of the transitions from
This enables a determination of the Z-pinch emission alonddifferent charge states and thus a measurement of the charge
We then use a second 3D time-resolved view factor calculastate distribution, which can then be related to the plasma
tion to compute the radiation intensity and spectrum at thelensity and temperature.
sample, from both the Z pinch itself and from the primary  The evaluation of the sample heating understanding be-
hohlraum re-emission. The primary hohlraum re-emission igins by using the incident radiation as input to a one-
calculated self-consistently with the pinch emission by em-dimensional radiation-hydrodynamics simulatfdn. The
bedding a 1D radiation-hydrodynamics calculation withinsimulation calculates the sample density and temperature as
each element of the view factor code. The incident irradiance function of time. A collisional-radiative atomic modf®
and the equivalent blackbody temperature for a typical exis then used to generate synthetic spectra that can be com-
periment are shown in Fig. 3. pared with the measured time-resolved spectra. Generally

The complex analysis needed to determine the incidenjood agreement has been obtained in these comparisons.
radiation at the sample from the Z-pinch radiation measureThis demonstrates reasonable understanding of the integrated
ments makes it imperative to establish the reliability of thesample-heating problem, including the incident radiation in-
method. This was accomplished by exposing the simpledensity and spectrum and the response of the sample to the
possible sample, constructed from the best-understood el@cident radiation. The examination of the quantitative
ment, to the Z-pinch radiation source. The sample consistedounds that this comparison places on our knowledge of the
of 1000—8000 A Al tamped on both sides by 1z CH. Al radiation conditions at Z will be published elsewhere. We
was chosen because atomic models for Al spectroscopy havegard this ability to be extremely important for advanced
been extensively developed in laser plaSm&! and ion  experiments using a more complicated geometry or less-
beanf? experiments. An x-ray spectrometer was aligned towell-understood elements. Therefore, we are continuing to
view the pinch through the sample, so that the pinch servegerform similar experiments with variations in sample irra-
to both heat the sample and as a backlighter for absorptiodiation and fabrication that can serve to further strengthen
spectroscopyFig. 1). The Z-pinch spectrum used for back- our knowledge of the incident radiation conditions.
lighting consists of a relatively-smooth quasi-continuum Ka satellite spectroscopy is a powerful diagnostic
above 6.5 A, along with a few Ni-like W lines and the promi- method that is the basis for many radiation science experi-
nent 3—4 unresolved transition arra$TA) in Ni-like and  ments. However, the directly measured quantity is the charge
the adjacent charge states of(fig. 4). The brightnes¢typi-  state distribution. The charge state distribution is most sen-
cally ~200 kJ total energy above 1 ke¥nd the relatively- sitive to plasma temperature, but it also depends on the
featureless spectrum aboves.5 A makes the pinch an ex- plasma density. Radiation hydrodynamic simulations can be
cellent source for absorption spectroscopy. Note that thesed to provide the density, but accurate calculations are dif-
UTAs can also serve as a reasonable backlighter in the 5.1ficult and the density uncertainty can be hard to assess. The
5.8 A region and also that care must be exercised in analysimost commonly use€d method for a density diagnostic in
of absorption lines in the vicinity of thed-4p Ni-like W  these types of experiments is to measure the sample expan-
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a) lateral extent along the foil surface of 2 mm. Data from this
. I spectrometer LOS sample confirm the ability to measure the foil expansion.
: sRImary R Detailed analysis of this experiment has not yet been per-

; foil formed, but the method has been applied in Fe photoioniza-
s : tion measurements,

singh g support structure
/
/2 IV. RADIATION ABSORPTION

Absorption opacities are a key to understanding radia-
tion interaction with plasmas and provide a means of testing
models for atomic physics in plasmas. Z-pinch radiation ex-
periments offer great potential for opacity measurements.
The large sample size enables simultaneous measurements
through multiple sample compositions or thicknesses. The
large sample size also enables measurements at low
density?® where long path lengths are needed in order to
perform an accurate transmission measurement. Planckian
| radiation temperatures up t6140 eV in 50 mm volumes

| are availablé;1° dimensions that are compatible with rela-
c) J tively large samples while extending the temperature range
for opacity measurements by about a factor of 2—3 above

(<))

foil absorption ~~

Fe XVII 2p-5d |

@ prior published resultéfor example, see the references given

St 1 in 1—4, 2. Samples with thick tamping can be probed using

£t . the Z pinch as a backlighter, possibly enabling extension of

=t ] opacity measurements to higher densities than previously

% achieved.

€F ] The requirements of a high quality opacity experiment
0G50 were described in Ref. 21. Most experiments to date, includ-

ing those in this paper, have not simultaneously met all of
these requirements. The experiments described here aimed at
FIG. 5. Edge-on foil experiment used to simultaneously record foil expanddentifying the issues and problems associated with opacity
sion and absorption spectra. The experiment geometry is shoya). ifihe experiments at Z, while providing initial measurements im-
gbsorption by .the expanded foil is clequy visible in a space resolved s'pectreﬁroving understanding of ions with a partially-filldd shell.
image (b). A lineout across the continuum absorpti¢r) shows that in . . .
response to the radiation heating, the foil has expanded from its initial 500 ,Z(A‘toms V_V'th a Partla”y'f'"edM shell were selected because
thickness to approximately 2 mm. calculations with such atoms are a tractable, but extremely
challenging, problem for present day atomic physics
modelst™ The experiments were performed using the
sion. Knowing the initial sample composition and size en-“sample 3” configuration shown in Fig. 1. A sample consist-
ables determination of the density. The experiment geometring of 1500-A-thick NaBr tamped by 2 microns CH on both
shown in Fig. 1 requires a separate backlighter/detector sysides was located 42 mm from the Z-pinch axis. NaBr was
tem operating along a line of sight parallel to the samplechosen because of the expectation that Br would be ionized
surface. Such measurements have not yet been performediato theM shell, while Na can serve as a “thermometer” for
Z, although the recent implementatfrof the Z beamlet the plasma temperature.
laser makes future measurements feasible. The NaBr data demonstrate the utility of Z-pinch back-
An alternative method for determining sample expansiorlighter measurements with time-integrated detectors. The ap-
while still permittingK o spectral measurements is shown in proximate relative time history of the blackbody temperature
Fig. 5. We reorient the sample foil so that the surface isequivalent to the incident flux is shown in Fig(ah Also
parallel to the diagnostic line of sight. Space-resolved specshown in Fig. a) is the relative time history of the Z-pinch
troscopy measurements using the Z pinch as a backlightgrower emitted with photon energies above 800 eV. Accord-
then permit determination of the expansion and the desirethg to these measurements, the estimated sample heating
absorption spectrum simultaneously. The requirement is thainly changes by approximatelz4% during the FWHM of
the foil location must be far enough from the source so thathe keV Z-pinch backlighter emission. Therefore, measure-
the incident radiation intensity does not vary significantlyments with time-integrated detectors should reflect condi-
across the sample, while it must still be close enough tdions at the maximum temperature. This is important because
maintain interesting conditions. An initial proof-of-concept the time-integrated spectrometers at Z are capable of record-
measurement using this technique is shown in Fig. 5. A CHing both greater spectral range and superior spectral resolu-
tamped sample foil was located 27 mm from the pinch. Thaion data than similar time-resolved convex crystal
sample was 200 A Fe mixed with 300 A thick NaF, with a instruments.

distance (mm)
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spectra shown irib).
FIG. 7. Transmission measured as a function of wavelength for a radiation-
heated CH-tamped NaBr sample. The entire spectrum is shova and
blowups of the Br absorption lines, the Na highransitions, and the Na

A comparison of NaBr absorption spectra recorded in g2 fransitions are shown i), (), and(d), respectively.
single Z-pinch experiment with a time-resolved space-

integrated spe.ctrometer'and' a time-integrated Space'resow?z&’diation-hydrodynamic simulations using the measured ra-
spectrometer is shown in Fig(t§. The time-resolved data jation as input to calculate the sample density. Knowing the
used a 1.3 ns gain FWHM dra 3 nsinterframe time. The  yangity the Na absorption spectra can be used to infer the
frame times are indicated in Fig(&. The time-resolved data gample temperature. The density and temperature will then
i o t8rrovide the input for an atomic physics calculation of the Br

defect spoiled the data. We clearly observe a shift in both the.; hsmission. The necessity of using radiation-hydrodynamic

Na and Br absorption features towards shorter wavelengthsy o ations to determine the sample density is clearly not
as the sample is heated and the ionization increases. The data although we note that prior experiments with Al

recorded with the time-integrated spectrometer are very Simiéamples demonstrated good fidelity between simulated and

lar to the time-resolved data recorded near the peak x-ray,easyred Al spectra. An additional weakness is the use of
power, as expected based on the considerations describgdn,rate 7-pinch experiments to determine the transmission.
above. Nevertheless, the present results are suitable for a first order

An initial measurement of the absolute spectrally-omparison of Br opacity calculations with measurements,

resolved transmission through the NaBr sample is shown i jje jlluminating the improvements needed for future more
Fig. 7. The transmission was determined from t'me'stringent tests.

integrated backlit data recorded on two essentially identical

Z-pinch experiments. One experiment was performed wit

the NaBr sample described above and the other used r%' RADIATION RE-EMISSION

sample. The transmission was determined by dividing the The efficiency of radiation absorption and re-emission
two spectra, after correcting for the instrument and film re-governs radiative energy transport in plasmas. Re-emission is
sponse and accounting for the x-ray background. kel sensitive to spectrally-resolved opacity and emissivity, prop-
ton=2,3,4 Na features are well-resolved and should providerties controlled by the atoms that make up the plasma. Mea-
an accurate sample charge state distribution measuremestrements of re-emission can therefore be a useful way to
An independent density measurement was not performed itest understanding of atomic properties in plasmas, while si-
this experiment. Our strategy is therefore to employmultaneously determining one of the key quantities for ra-
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1000 eV photons that provide most of the heating flux, yet

(a CH AI+MgF20H we must still be able to measure an absorption spectrum at
) the 1200-1600 eV photon energies corresponding to the Al
W -~ d and MgK « satellites.
£ B Sosstrometer Data from a proof-of-concept experiment are shown in
(PO VAWAS & . . . .
= Fig. 8b). Spectra were recorded using a time-integrated
= = e R - * space-resolved convex KAP crystal spectrometer with a spa-
M tial resolution of approximately 75Qm and a spectral reso-
NN\ —

lution of approximatelyx/S\~800 in the 7—-10 A range.
The FWHM of the pinch backlighter was approximately 4 ns
at the relevant photon energies. Absorption spectra were re-
corded from the two regions and converted into relative line
transmission using the procedure described in Ref. 30. A
clear increase in the charge state distribution was observed in
the region backed by the 2400-A-thick Au foil. Thelike Al
feature is comparable to the O-like Al feature in the Au-
backed region, while th&\-like Al is barely visible in the
] region without the Au. Similarly, th&-like Mg feature is
O-like ] comparable to thé\-like Mg feature in the Au-backed re-
" N ] gion, while it is barely visible in the region with no Au.
\l' 2400 A Au The charge state increase in the Au-backed region pro-
vides qualitative proof that this concept is valuable for re-
F-like emission measurements. However, a quantitative interpreta-
0.7IN-like N-ike i ti_on requires deFaiIgd analysi_s with radiation-hydrodynamics
O-like 1 simulations. This is essential because we must evaluate
8.0 85 10.0 whether the density evolution in the two regions is different.
The Au-backed region of the foil may tend to remain at
FIG. 8. Re-emission experiment. The experiment design is showa).in higher density than the region without Au because of the
The- reiative line transmigsion is s.hown(im) Ff)or the foil reg?on without A.u a_ddl_tlo_nal tamp'”g provided by the Au. NOte_ that if the den-
re-emissior(top) and with Au re-emissioitbottom). A clear shift in the foil  Sity IS in fact higher, then the temperature difference needed
ionization is caused by the Au re-emission. to cause the observed shift in the charge state distribution is
even larger. On the other hand, the higher temperature in the
Au backed region may reduce the tamping effect on the den-
diation transporf. Unfortunately, re-emission measurementssity, since higher temperature will tend to cause faster expan-
are extremely difficult in the 10—-200 A spectral range that ission and lower density.
the most important for typical laboratory plasmas. The re-  In addition to basic interest, this method may have sev-
emission measurements described here avoid this difficultgral interesting applications. First, the use of an Au re-
by using absorption spectroscopy at 8—10 A in a mid-zZemission layer will reduce the temperature gradient in any
plasma to determine the wavelength-integrated re-emissioabsorption spectroscopy experiment with single-sided illumi-
from an adjacent high-Z plasma. nation by the heating x-rays. If the Au layer is thick enough,
The method exploits the brightness of Z as a backlighteit may also help bring the test foil regiofin this case, Al
and the ability to measure transmission through multiplet MgF,) electron temperature into closer equilibrium with
samples simultaneously. The concept is schematically illusthe incident radiation temperature. Second, such foils offer a
trated in Fig. 8. A CH tamped sample foil is positioned new means of reduced-leak hohlraum temperature measure-
outside the Z pinclisee Fig. 1. An Al+MgF, mixture fab- ments. A diagnostic aperture covered with a Au-backed Al
ricated by coating three alternating 250 A thick layers, for a+MgF, foil would reduce the radiation leaking out of the
total thickness of 750 A of each element, extends across thaperture, while still permitting temperature measurements
entire foil. A portion of the foil is covered with a 1600—3200 through the analysis of thik« satellite spectra. Such hohl-
A thick Au overcoat. The entire sample is heated by theraum measurements also would not suffer from the need to
Z-pinch primary. The blackbody temperature equivalent toapply aperture closure corrections. The principal weakness of
the incident flux peaked at approximately 37 eV in this ex-a Ka satellite based hohlraum temperature measurement is
periment. Part of the AtMgF, region is also heated by that the measured quantity is the charge state distribution.
re-emission from the Au backing. The temperature differencd herefore, we require some independent knowledge of the
between the two regions depends on the Au opacity, the Adensity. At high enough densities, it may be possible to de-
re-emission, and the AIMgF, opacity in the 10-200 A termine the density with Stark broadening measurements.
regime. The temperature difference is measured using space-
resolvedK « satellite spectroscopy of the Al and Mg lines. V. PHOTOIONIZATION
The challenge of successfully implementing this concept is Many spectroscopy experiments have studied atomic ki-
that the Au layer must be thick enough to absorb##0—  netics in plasmas where the ionization distribution and ex-

re-emission AU

relative line transmission

9.0
wavelength (A)
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cited state populations are controlled by electron collisions. (@)
In contrast, very few experiments have studied photoionized
plasmas.’ 2% Spectroscopic measurements are needed to
benchmark atomic physics models of the photoionized
plasmas'~*3Beyond intrinsic interest in the atomic physics,
these models will be applied to the interpretation of data
from the new generation of satellite x-ray spectrographs that
will promote the understanding of accretion-powered objects Fe XVl

such as x-ray binaries and active galactic nutiiloreover, 105 710 115 12.0
this information is needed for x-ray laser reseattt® In Wavelength (A)

this section we describe experiments aimed at determining (b) T

the feasibility of benchmarking atomic kinetics models with
photoionized neon and iron plasmas produced by intense

Relative intensity

-
[=]

5 1.0|
[7] L
Z-pinch x-ray radiation. § 0.8fF
The lack of data from laboratory photoionized plasmas is & o6k
due mainly to the need for a high intensity radiation source, ‘é i Lya? L
as the incident radiation field must be intense enough so that % 04f 1'5;_4 1-3 He a
photoionization dominates over collisional processes. For £ ook
testing astrophysics models the ionization conditions must be & He - like
comparable to astrophysical regimes, which translates into 0 19 i 3 14

radiation fields high enough to yield dominant photoioniza- Wavelength (A)
tlon_ an_d into densities low er_]OUQh SC_' that 3'b9dY recombl'FIG. 9. Spectra from Z photoionized plasmas. An Fe plasma absorption
nation is small compared to dielectronic and radiative recomspectrum is shown i) and a Ne spectrum is shown ).
bination. To characterize the radiation intensity we use the
ionization parameter defindd33 as é&=4=!1/N, wherel is
the irradiance at the sample expressed in erffenn com-  experimentd’ have used the edge-on foil configuration
mon usageN is the ion density, typically approximately the shown in Fig. 5 to provide simultaneous density measure-
same as the electron density for astrophysical plasmas due teents and absorption spectroscopy data.
the preponderance of hydrogen; however, here we use the The second approach for photoionization experiments
electron density, since this equation is intended to reflect thases a gas cell that is filled to the desired atom density. This
balance between photoionization and recombination. The rdias the advantage that the initial atomic density is static,
gime of interest—33is £~1-1000 ergcm/s. The ionization known, and easily adjusted to be quite low. The main disad-
parameter in the experiments described here is approxifantage is that a thin windowtypically a CH foil) must
mately 7-50 ergcm/s. contain the gas and the hydrodynamic expansion of this win-
Laboratory photoionized plasma experiments require thelow may affect the gas cell plasma. A spectrum from an
production of relatively low-density plasma, since the radia-initial neon-filled gas cell experiment is shown in Fighp
tion intensity needed to reach a desired value of the ionizak this experiment we used ax12x2.34-cm gas cell, with
tion parameter is lower. Further, for astrophysics model comthe 1-cm dimension oriented along the radial line of sight
parisons, a density as low as possible is desirable since tHeOS) to the pinch and the 2-cm dimension oriented perpen-
density encountered in astrophysics applications is typicallglicular to the plane formed by the radial line of sight and the
10°-10"° cm 3. However, operating at low densities re- pinch axis. The front, rear, and one side consisted of 1.5
quires that the sample be large enough to provide measurahteicron mylar windows held by a stainless steel frame with
absorption or emission spectra. There are two general amn O-ring seal The front window surface was located 57 mm
proaches to generating the low-density plasma. The approadtom the pinch axis. The cell was filled with 30 Torr of neon,
used to study iron plasmas is to preheat a tamped thin fokquivalent to 1.0& 10'® atoms/cm. This density is at the
with the low intensity x-rays from the Z run-in radiation, so upper limit for photoionization to dominate the ionization
that the foil expands to the desired density prior to the appliprocess. Lower densities are feasible, but the time scale for
cation of the main photoionizing radiation field. An absorp- equilibrium between recombination and photoionization may
tion spectrum obtained with a sample configured as in Fig. then exceed the duration of the radiation pulse. The total
is shown in Fig. @a). The sample foil in this experiment was peak irradiance at the front gas cell window was equivalent
200 A Fe mixed with 300 A NaF and tamped by 1000 A CHto a 48.3 eV blackbody, although the spectrum was a convo-
on both sides. The sample was located 16 mm from the pinchution of the pinch and wall re-emission spectra, as noted
axis in a dedicated experimefthe only data from a dedi- above. The irradiance at the rear gas cell boundary was cal-
cated experiment shown in this papekbsorption features culated to be a factor of 1.5 lower, or equivalent to a 43.7 eV
from Ne-like Fe clearly appear in this spectrum, confirmingblackbody. The He-like and Li-like neon lines are clearly
that the Z radiation is sufficient to ionize the Fe into thevisible in the spectrum, again demonstrating that the Z radia-
desired charge states for testing atomic kinetics models. Thigon is intense enough to ionize neon into the desired regime.
required independent density measurement was not available The main result of the work presented here is that pho-
in the initial experiments depicted in Fig(éh. More recent toionized plasma experiments using the Z radiation source
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