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The Z acceleratofR. B. Spielman, W. A. Stygar, J. F. Seamenal, Proceedings of the 11th
International Pulsed Power Conference, Baltimore, MD, 198dited by G. Cooperstein and |.
Vitkovitsky (IEEE, Piscataway, NJ, 199Aol. 1, p. 709 at Sandia National Laboratories delivers
~20 MA load currents to create high magnetic fie{ds1000 T) and high pressure@negabar to
gigabaj. In a z-pinch configuration, the magnetic pressiiee Lorentz forcg supersonically
implodes a plasma created from a cylindrical wire array, which at stagnation typically generates a
plasma with energy densities of about 10 MJ?camd temperatures-1 keV at 0.1% of solid
density. These plasmas produce x-ray energies approaching 2 MJ at pe2@0dsTW for inertial
confinement fusioflCF) and high energy density physi6dEDP) experiments. In an alternative
configuration, the large magnetic pressure directly drives isentropic compression experiments to
pressures>3 Mbar and accelerates flyer plates 130 km/s for equation of statéEOS
experiments at pressures up to 10 Mbar in aluminum. Development of multidimensional
radiation-magnetohydrodynamic codes, coupled with more accurate material f@delguantum
molecular dynamics calculations with density functional thgohas produced synergy between
validating the simulations and guiding the experiments. Z is now routinely used to drive ICF capsule
implosions (focusing on implosion symmetry and neutron productianmd to perform HEDP
experiments(including radiation-driven hydrodynamic jets, EOS, phase transitions, strength of
materials, and detailed behavior of z-pinch wire-array initiation and impl@sitims research is
performed in collaboration with many other groups from around the world. A five year project to
enhance the capability and precision of Z, to be completed in 2007, will result in x-ray energies of
nearly 3 MJ at x-ray powers300 TW. © 2005 American Institute of Physics

[DOI: 10.1063/1.1891746

I. INTRODUCTION hold in 1983 because of the belief that ions offered a more
reasonable route to inertial confinement fusigiCF),

The z pinch was one of the earliest techniques used as anpinch research continued on fdst100 ng pulsed power
attempt to heat plasmas to thermonuclear temperahxkes. generators in order to create intense, energetic x-ray sources
an alternative to these direct heating mechanisms, Sandfar radiation-material interaction studies. A wide variety of
National Laboratories began a program in the 1970s on theylindrical z-pinch loads were used in these early experi-
Proto Il (Ref. 2 pulsed power generator to study the efficacyments, including thin annular foils, gas puffs, low-density
of using x rays from pulsed-power-driven z-pinch implosionsfoams, and low-number wire arraydhe z-pinch loads effi-
to compress a DT-filled spherical capsule. In a z pinch, theiently converted 10-15% of the stored electrical energy into
azimuthal magnetic field associated with the axial flow ofx rays, and the x-ray power was roughly equal to the electri-
current through a cylindrically symmetric plasma creates &al power that drove the z-pinch implosion. A breakthrough
magnetic pressuré) X B or Lorentz force that accelerates in the x-ray power was achieved in 1995 when a series of
the plasma radially inward at high velocities. X rays are pro-experiment$ performed on the 7 MA, 20 TW electrical
duced when the imploding plasma stagnates on the cylindriSaturt pulsed power generator revealed that the x-ray power

cal axis of symmetry. While this research path was put orffom an imploding z pinch could be greatly enhanced by
using a cylindrical array containing a very large number of

Tpaper ARL 1, Bull. Am. Phys. S0d9, 19 (2004). wir_es (=100. This breakt_hrough tgchnolog@Fig. 1) was
Pnvited speaker. quickly adapted for testing at higher currents when a
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FIG. 1. Gas puff implosions on Saturn in 1988 provided a significant in-
crease in x-ray power over early, smaller pulsed power generd@@amsble

I, Pithon, Proto Il, Blackjack, Double EagleHigh-number wire arrays
(192-wire Al and 120-wire W increased the x-ray power on Saturn to

85 TW in 1995. This technology has produced over 200 TW x-ray sources
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and materials equation-of-sta(fEOS experiments via 2D
and three-dimensiond&BD) magnetohydrodynamicdMHD)
codes?>*° (4) development of theories to explain the com-
plex wire-array dyna\mic§1,'36 and (5) generation of accu-
rate, first-principles-based quantum molecular dynamics cal-
culations of the electrical, optical, and thermodynamic
properties of metal¥’

The advances in modeling and simulation, in turn, have
led to more sophisticated HEDP experiments on Z and the
approval of and commencement of a refurbishment dt z,
which is scheduled for completion in early 2007, and to the
design of a high-energy petawatt capability for ZBL to ex-
tend the photon energy available for radiography experi-
ments and enable fast igniti%?mxperiments. The refurbish-
ment of Z is being designed to deliver 26 MA load currents
to a 4 cm diameter, 2 cm long wire array and should produce
soft x-ray pulses approaching 300 TW. Other complemen-
tary research efforts have includediarsitu cryogenic cool-

with nested wire arrays on the Z facility. Inset shows photograph of a singléng SySterﬁ on Z, advances in the deS|gn and fabrication of

wire array.

modificatiof of the Particle Beam Fusion Accelerator
(PBFA 1) (Ref. 7) to allow z-pinch experiments was com-
pleted in October 1996.

Research in high energy density physieeDP) encom-

large ICF capsules and uniform foams by General Atomics
and Schafer Corporatio”ﬁ,and use of Z to obtain accurate
EOS and phase transition measureniénfisr a variety of
ICF- and HEDP-relevant materials.

Selected pulsed-power-driven HEDP and ICF research
on Z during the last few years is reviewed in the following
sections. Section Il describes the progress on ICF experi-

passes a regime that is typically associated with energy demients and simulations to achieve high-temperature implo-

sities =10° J/cnP=1 Mbar® At the time that the review

sions and symmetric drive, as well as initial work on pulsed-

article’ on Sandia z pinches as intense x-ray sources fopower-ggiven fusion fuel assembly techniques for fast
HEDP applications was written in 1996, the z-pinch mode ofignition™ concepts. Section Ill reviews radiation science and

PBFA Il [the 20 MA PBFA Z, now called ZRef. 6] had
been operational for one month, and x-ray energiést MJ
and powers>160 TW had been produced from wire-array

plasma spectroscopy on Z. Section IV describes progress in
understanding z-pinch physics and Sec. V reviews the ad-
vances in measuring, simulating, and modeling the properties

z-pinch sources. Subsequently, x-ray powers in excess @¢ff dynamic materials. The paper conclud&gc. V) with a
200 TW were obtained using nested arrays of 200-40@hort summary of the ongoing effort, which began in 2002,

wires®

to improve the capability of Z.

In this paper we review progress on ICF and HEDP ex-
periments in pulsed power and research on radiation sciencl, INERTIAL CONFINEMENT FUSION

z-pinch physics, diagnostic development, and modeling an

simulation that pertains to these experiments. Three majqrqav
diagnostic improvements in the experiments occurred afte

1997.(1) The multi-kilojoule, multi-terawat{0.3—20 n$ Z
Beamlet Lasér (ZBL), originally a scientific prototype at

Lawrence Livermore National Laboratory for the laser sys-

tem of the National Ignition Facility (NIF), was completed
and implemented at Z. Moreover, an associated high-spati
resolution, monochromatic spherical crystal imaging syste

a
m

d The flexible, efficient x-ray sources demonstrated on Z

L e sparked interest in several z-pinch fusion concepts. In
this section we summarize results of high-temperature cap-
sule implosions in the dynamic hohlraum configuration, ra-

diation symmetry studies in the double-ended hohlraum con-
figuration, and z-pinch-driven hemispherical compression

?_tudies for a fast ignition concept in which the compressed
core of the fuel would be further heated by a short-pulse

laser beam.

for backlighting that was pioneered for z pinches on smaller

facilities™® became operationdiwith ZBL. (2) Spectroscopic
diagnostics to determine absorption and emission from ph
toionized z-pinch plasmas were addéd’ (3) Shockless

d@. High-temperature capsule implosions with

dynamic hohlraums

pressure-loading techniques were developed to measure dy- In a z-pinch dynamic hohlrauntDH) a high-Z, high-
namic materials properties based on isentropic compressiaspacity, annular plasma formed from a cylindrical array of

and magnetically launched flyer platés® Experiments in
magnetically driven HEDP and radiation-driven ICF have

wires stagnates on an inner cylinder of low-density, low-Z
foam (Fig. 2). The impact of the high-Z plasma shell on the

stimulated advances in simulation and modeling. These adeam launches a radiating shock that propagates toward the

vances have included) detailed circuit models of 2°%1(2)
two-dimensional2D) simulations of the hohlraum and cap-
sule systeni??*(3) interpretation of wire-array implosions

cylindrical axis of symmetry. The high-opacity pinch plasma
traps the radiation and serves as the hohlraum wall. This
concept was independently developé&tin the late 1970s to
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FIG. 2. Schematic of z-pinch-driven dynamic hohlraum configuration show-
ing imploding tungsten shell that launches a radiating shock in a low-density
foam. The shock creates the x-ray environment that implodes a spherical
capsule on the cylindrical axis of symmetry.

early 1980s by researchers at Sandia, Los Alamos National
Laboratory, and in Russia. The dynamic hohlraum is an effiFIG. 3. (Color). End-on x-ray images of radiating shock in low-density
cient means of delivering intense radiation from the z pincHam of & dynamic hohlraum on Z attimes from 7.9 to 3.29 ns before peak
. . of radial x-ray intensity.
to a capsule embedded within the foam: 3 mm diameter cap-
sules in recent experiments absorbe80 kJ of x rays. As
reviewed below, x-ray spectroscopy and imaging, combineghined the shock conditions. The small effect of pinch non-
with detailed one-dimensionallD) and 2D simulations, uniformities on the radiating shock was an important
have provided a benchmarked understanding of dynamipreakthrough for DH ICF.
hohlraum physics. Although many challenges remain, this  The relatively large(10 mm diameter, 15 mm talidy-
improved understanding has enabled us to tailor capsule imramic hohlraums in these experiments reacheti35 eV
plosions to produce measurable thermonuclear neutropeak radiation drive temperatures, too low for capsule implo-
yields from x-ray-driven capsule implosions on Z. sions capable of emitting measurable x rays or fusion neu-
In the first DH experiment on Z, x rays exiting the end of trons. However, the insights gained by comparing the data to
the dynamic hohlraum were used as a source for radiation
physics experiment§. The encouraging results then moti-
vated interest in diagnosing conditions within the hohlraum 120 ¢ ' ~ Black = data
itself.*> A DH was created by accelerating a tungsten z-pinch [ 'TEoals Red = simulation
plasma onto a cylindricgl0 mm diameter 5 mg/cn? CH, 100

foam. Time-resolved x-ray images of self-emission from a = [

radiating shock propagating at35 cm/us in the foam 2 80p

showed that the shock was remarkably uniform with an an- -."=3 [

nular width less than-200 um (Fig. 3). The narrow width = 0

implied that variations in shock launch time or shock _g [

strength along the 15 mm tall foam, induced by hydromag- § 40

netic Rayleigh—Taylor instabilities in the accelerated tung- &’ [

sten plasma or by any other nonuniformity, were quite small. I

(The corrugated structure associated with the instabilities had 207

been expected to imprint on the shockurthermore, 2D 0 [

LASNEX (Ref. 49 simulations accurately reproduc¢fig.

4) the measured spatial profile of the shock self-emission and 60 05 10 15 20 25
shock propagation through the hohlragi? The simula- R (mm)

tions also indicated that the shock characteristics were insen-

e ; i ; ; ; FIG. 4. (Color). Comparison of measured intensity of x rays emitted from
sitive to the instability amplitude and that the interaction 0fradiating shock(black to simulated intensityred on Z at two different

th? tungsten p!asma with the ab|ate.d foam tamped the inSt@mes(6.09 and 5.15 nsbefore peak of radial x-ray intensity for a dynamic
bility. The relatively smooth magnetic pressure largely deterhohlraum.



055503-4 Matzen et al. Phys. Plasmas 12, 055503 (2005)

4586
: MCP Z962 spectra 24 mm
TREX1 frame 6

Heo.

.

Lyo|

13-17 mm

elliptical
crystal

10 mm

FIG. 6. Schematic of high-yield double-ended hohlraum configuration,
FIG. 5. Schematic setup of spectroscopic experiment on Z. Time-resolvediriven by a double-sided pulsed-power feed architecture. TP denotes top
high-spatial-resolution elliptical crystal spectrometers are oriented to meapinch and primary hohlraum, SH denotes central secondary hohlraum con-
sure the implosion core size along the equatorial ax&nd polar axisp, taining the DT-filled capsule, BP denotes bottom pinch and primary hohl-
respectively, inside the dynamic hohlraum. Microchannel plate framesaum. Radial-spoke electrodes and on-axis shine shields located at either end
record space-resolved spectra at 1 ns intervals. Ar spectra were recordedaitthe secondary hohlraum separate the top and bottom z-pinch implosion
peak emission time. and stagnation regions from the capsule.

simulations motivated new hohlraum and capsule de%gfgnsTe~o,8_1_1 keV. By leveraging the understanding provided
that could produce measurable x-ray emission from the impy the x-ray imaging data and comparisons of thend T,
ploding capsule core and thereby provide data on electrofata to LASNEX simulations, the performance of the implo-
temperature, electron density, and symmetry. sion core was optimized to obtain the first measurements of
A cylindrical hohlraum tends to drive a spherical capsulethermonuclear neutrons from a z-pinch-driven ICF capsule
with equator-hot radiation that, if uncorrected, would pro-implosion in 2003"° Neutron energy and yield data verified
duce an implosion elongated along the cylinder axis. Howthat the energy2.45 MeV) and isotropic nature are consis-
ever, symmetry corrections, including radiation shields andent with a thermonuclear origin. Based on neutron time-of-
noncylindrical foams, require diagnostics that can measurlight measurements of the energy spectrum, the ion tempera-
the effects of such corrections. Published laser-driven capure is 4.5+1.5 keV. More evidence of the thermonuclear
sule implosion&’ have shown that x-ray core imaging data of character came from the addition of trace amounts of xenon
the equatorial radius, as compared to the polar radius  to the standard B+Ar fill. The xenon cooled the implosion
reflect the x-ray drive asymmetry. Applying such methods tocore and reduced the thermonuclear neutron yield by a factor
the DH was complicated by the difficulty in viewing the of ~20, in agreement with simulatio.
capsule implosion through the luminous, high-opacity  |n experiments with z-pinch and plasma focus devices
z-pinch plasmdFig. 2). However, a second-generation serieSover many years, the neutrons had been nonthermonui@lear;
of experiments that used 6 mm diameter, 12 mm talldirected energetic ions created during plasma disruption re-
14 mg/cn? CH, foam with ~2 mm diameter CH-shell cap- sulted in nonthermal ion-beam-generated DD neutrons. In
sules filled with CQ} or D, and a trace amount of argon addition to being thermonuclear, the measured neutron yields
successfully recorde(Fig. 5) time- and space-resolved x-ray in the DH experimentg1—5x 1019 were also the largest

spectra from the tracer atorﬁ%.ln these experiments the produced in an%} |aboratory X-ray-driven @impk)sion_
radiation temperature peaked at 215 eV. This technique re-

quired two separate spectrometers, one viewing along the , i ,
polar axis and the other along the equatorial plane, to deteﬁc‘)hﬁgm:semc drive with double-ended
mine ther/r, ratio. The two spectra lay the foundation for a
future tomographic reconstruction of the 2D electron density = The double-ended hohlrau(®@EH) approach to pulsed-
n. and temperaturd, spatial profiles within the implosion power-driven high-yield ICF described by Hammer al >
core and have already benchmarked the accuracy of 1D anges a z-pinch-driven vacuum hohlraum at each end of a
2D LASNEX simulations. central coaxial hohlraum containing the ICF capdiHig. 6).

The measured peak average core density and temperBer high yield, the calculations predict that two z pinches
ture in these experiments werg~ (1-3) X 10%%/cm® and  with peak electrical currents of 63 MA would release a total
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of 16 MJ of x rays in a shaped pulse, driving the secondary 26 mm
hohlraum to 220 eV radiation temperatures. About 1 MJ of x
rays are absorbed by a 5 mm diameter cryogenic DT-filled
capsule, which is ablatively driven to a convergence ratio of
35, igniting a central hot spot from which the fusion burn
propagates radially outward with a total fusion vyield of
400 MJ. This ICF approach separates the physics issues as-
sociated with the z pinch, hohlraum, and capsule, allowing | Al
some independent optimization and validation of each com- | ' LN
ponent. ﬂlih
Over the past five years, z-pinch-driven vacuum hohl-
raums have been extensively characterized on Z. Experi-
ments have measured the z-pinch power, primary hohlraum
radiation temperatures, and primary-to-secondary hohlraum
coupling efficiency for configurations relevant to this
concept®>® The relationship of the measured pinch power
history to the hohlraum temperatures is well understood
(£20% in flux) within zero-dimensional hohlraum power bal-
ance modeld®*® 2D  time-dependent view-factor
calculations and 2D radiation-hydrodynamic§RHD)
simulations>* This same research also demonstrated ad-
equate radiation flow through the radial-spoke electrode
separating the primary and secondary hohlraums. The mea-
sured effective radiation transmission through the beryllium
spokes >(71+7)%] is sufficient for capsule implosion ex- FIG. 7. Schematic of double-ended hohlraum configuration as fielded on Z.
periments, agrees with 2D RHD simulatio'?"fsalnd scales to Hohl_raum is driven from the botto_m by a single-sic_ied pulsed-powgr feed
architecture. Secondary hohlraum is attached to a single tungsten wire array

. . 52 . .
hlgh yleld' From a hohlraum energetics standpomt, the re_that is strung the entire length of the load and forms the top and bottom

maining key qUEStion_ relates to the scaling of pinch perforyinches, Electrical current flows up the bottom pinch, around the outside of
mance(as discussed in Sec. J]\from the 20 MA level pres- the secondary hohlraum, up the top pinch, and returns via the outer wall of

ently possible on Z to the 63 MA level envisioned for high the hohlraum.
yield with a DEH.

Capsule radiation symmetry is a crucial physics issue for
this concept because central hot-spot ignition capsules typi-
cally require<1-2% overall fluence asymmetfg.g, the
point design capsule for the NIF tolerates1% time-

temperatures agree within £5% instrumental error bars. The

R flux asymmetry as measured by foam ball burnthrough
averaged asymmeﬁ%). The polar angle distribution of ra- was <15% maximum-to-minimum in  double-pinch

diation fluence on a spherical capsule in an axisymmetriq, ., ., 8960 4 the fimit of detection for the self-backiit
hohlraum is typically expressed in terms of Legendre pon-teChn. e Higher resolution techniques were therefore
nomials P;. For double-pinch hohlraums, odd Legendre \que. Hig ut lques - w

1 _ 40,
mode asymmetryP;, Py, etc) results from power imbalance needed to measure the predicted 2—4% fluence asymmetry

and mistiming of the two z pinches, whereas even LegendrleeveISfSl ) ) ) )
mode asymmetryP,, P,, etc) is governed by hohlraum ef- ZBL proylded.hlgh-resolutlon capsule symmetry dlggno-
fects (geometry, time-dependent wall albedo, and wall mo-SiS Py creating high-energid.7—6.7 keV x rays for point
tion). Time-dependent 2D view factor and 2D RHD simula- Projection backlighting of the capsule implosions. X-ray
tions have predicted that superimposed primary ana)qc!(ht |_mplod|ng _capsules as a symmetry dlagnostlc has its
secondary wall reemission onto the capsule creates a radi@figins in laser-driven hohlraun?g,whert_a ultrathin spherical
tion drive with a uniformity that depends on the primary andshells have been used to measure radiation asymmetries, par-
secondary geometf:*® Self-backlit foam ball burnthrough ticularly higher orderPs and Pg modes. The use of highly
experiments have partially validated these simulation techcollimated shielding to reduce the high-energy bremsstrah-
niques, demonstrating gross modifications of radiation symlung background and an electromagnetically driven fast shut-
metry via geometric changes in single-pinch hohlraitns. ter for debris mitigatioﬁ3 allow high-contrast film images to
Two advances have enabled high-quality capsule implobe obtained in the harsh multi-megajoule x-ray environment
sion experiments in a DEH of the same physical scale as thef Z. Backlit capsule images with 50m spatial resolution
high-yield concept:(1) development of a robust double- and 0.6 ns temporal resolution have enabled measurements
pinch wire-array load for Z an@2) adaptation of ZBL(Ref.  of in-flight distortions at the percent le¥&in z-pinch-driven
11) for 5—7 keV x-ray backlighting on Z. Shown schemati- hohlraums. A hohlraum length scan demonstrated the behav-
cally in Fig. 7, the double-pinch wire-array lodd§ provides ior as a function of convergence ratio and hohlraum
balanced upper and lower pinch x-ray power histories suclyeometry’® This demonstration of capsule asymmetry trends
that the upper and lower primary hohlraum wall emissionwith hohlraum geometry is somewhat analogous to earlier
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8 ' length and case-to-capsule ratio. Including the effects of
a) 6r time-dependent wall motion was a key to obtaining this level
4 L of agreement with the data. The 2.15 mm diameter capsule
g > data in Fig. 8a) show that the time-integrate®, asymmetry
a™ can be zeroed by the proper choice of hohlraum leigtth
S O all other parameters held constanin agreement with
® -2 calculations’ Experiments are currently underway to inves-
§’ 4! tigate the use of hohlraum geometfigngth, on-axis shine
— 61 shield radius, and thicknest tune symmetry for the larger
£ bl T <l 4.7 mm diameter capsules and to compare the measured
k-8~ trends with simulations.
-10 ! ! * ! ' As seen in Fig. &), the P, mode is more weakly de-
1.50 155 160 1.65 1.70 1.75 1.80 pendent on hohlraum length thé& for the 2.15 mm diam-
Secondary hohlraum length/radius ef[er capsules and may be unacceptably large for the 4.7 mm
diameter capsule$P, asymmetry at a level of 5% would, in
b) ! ' ' ' ! ] fact, cause the baseline high-yield capsule to)f&bnven-
2r I 12-15 o tional symmetry control methods such as hohlraum geometry
_ [ = } L ] design and additiond -specific permanent shine shields are
2 OT; - ‘_;_I - ] being investigated. In addition, capsule shimming experi-
N i T ] ments in collaboration with Lawrence Livermore National
2 2r e = ] Laboratory are validating 8, control method that is appli-
‘g 4_ _ cable not only to z-pinch ICF but also to heavy-ion fusion
k) L &€ 4.7mm and possibly to ignition on the National Ignition Facility.
-E 6 ___//’j Originally conceived as part of a heavy-ion fusion target
E : B : design®® a thin (submicrometer layer of high-Z material
= 8l , 1 with angular-dependent thickness directly deposited on the

150 1.55 1.I60 1.I65 1.]70 1.}5 1.80 ablator surface may allow percent-level early-time asymme-
tries to be nullified with the least overall energetics penalty.
Secondary hohlraum length/radius Backlit shimmed-capsule experiments in the DEH on Z are

currently validating this concept at drive temperatures simi-
FIG. 8. (Color). Time-integrated radiation asymmetryin Legendre mdeles lar to the foot pulse required for ignition capsules. In addi-
and P, for double-ended hohlraum on Z. Data points with error bars are_. . . . . .
from Z experiments, solid lines are from time-dependent view-factor simution to the physics issues being tested via comparisons of
lations.(a) P, mode vs secondary hohlraum length-to-radius ratio for differ- Simulated and experimental backlit images, practical issues
ent capsule sizes. Insets show two example backlit capsule imfay&ame  of target fabrication, capsule mounting, and capsule orienta-
plot for P, mode. tion are being addressed.
DEH implosion experiments with deuterium-filled,
3.3 mm diameter capsules designed to absorb 14 kJ of x rays
laser-driven hohlraum experiments that demonstrated syniave also begun on Z as an integrated test of drive tempera-
metry control via laser pointing, hohlraum length variation, ture and symmetry. These capsules are complementary to the
and shine shield® thin-shell symmetry diagnostic capsules described above. At
The combination of a robust double-pinch hohlraumthis capsule size, the time-integrateg and P, asymmetries
with now-routine x-ray backlighting has enabled quantitativemay be tuned to low enough levelsee Fig. 8 to permit
studies of capsule drive asymmetry over a range of hohlraurnonvergence ratios of 10-20 with measurable neutron yields
parameters and capsule sizes. Experiments in symmetry tufer comparison with 2D calculations. High-sensitivity neu-
ing with 2.15 mm diameter plastic ablator capsules absorbtron detectors are being designed and calibrated to measure
ing 5—7 kJ of x rays have demonstraegsymmetry control  expected DD thermonuclear neutron yields>ef x 10° for
to +2%°" maximum-to-minimum fluence asymmetry of these integrated testS.
3.0+0.7% for the most symmetric casésind convergence The ability to separate the physics issues for the DEH
ratios of 14-21 inferred from the size of the assembled abhas allowed progress in understanding on several fronts over
lator plasma in x-ray backlit imagéé. Larger-diameter the last five years, as summarized in a recent conference
(4.7 mm, thin-shell (25—30um) capsules are currently be- paper’* The experimental hardware, diagnostics, and simu-
ing used to study radiation symmetry control via hohlraumlation capability development have produced understanding
geometry tuning at a high-yield-relevant case-to-capsule rasf hohlraum energetics at the 15-20% level and of low-mode
dius ratio of ~4. Figure 8 shows the measured time-capsule asymmetry at the 2% level. Mature DEH capsule
integratedP, and P, asymmetry modes as functions of both symmetry experiments are now exploring the subtle effects
the capsule diameter and the secondary hohlraum length-tof small changes in hohlraum geometry and the use of sub-
radius ratio. Also plotted for comparison are the results ofmicrometer shim layers for early-time symmetry control with
time-dependent view-factor calculatiotfswhich show rea- applications to multiple indirect-drive ICF approaches. Fi-
sonable agreement with the sensitivity to both hohlraummally, the systematic trends in radiation asymmetry measured
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in the Z DEH are being used for quantitative validation of trophysical observations must often rely on RHD simulations
models that will be used to design hohlraums and capsulethat depend on an accurate treatment of radiation absorption

for higher-current z-pinch accelerators. and reemission properties. The measurement of these prop-
erties, which are controlled by the atoms composing the
C. Fast ignition plasma, is a central aspect of radiation science, and the data

Short-oulse laser-matter interactions produce eleBron are of special importance when multiple radiation and hydro-
P P drynamic phenomena are intermingled. The properties must

or ion™ beams that can heat high-density compressed matt%ften be approximated, and the suitability of such approxi-

to high temperatures and therefore reduce the implosion _.. . L ; .
svmmetrv. compressed fuel densitv. and  radiation ulsmatlons can be tested in radiation science experiments.
y Y. P -NSI, PUISB1asma spectroscopy is a key diagnostic, and the information
shape requirements for hot-spot ignition of the fuel core. The . . . .

. quality is only as good as the atomic and plasma physics
advent of the technology to produce large-aperture, h'gthodeIs used 1o interoret the data
energy(>1 kJ), short-pulsgfemtosecond to picoseconta- P )

) X Rapid progress in radiation science has occurred in the
sers with high peak powerd00 TW-1 PW has renewed 88 .
interest in the decade-old fast ignition conééjorr ICF. last two decadéS >* because of the development of high-

In 2001 a short-pulse laser energy coupling efficiency Oigntensny lasers and atomic models to analyze complex spec-

30% to a compressed ICF capsule was demonstrated at ﬂ:{? However, the available radiation source energy limited

Institute for Laser Energetics in Japan. This efficiency was e experiments that were feasible. With the advent of the

obtained by imploding the capsule along the surface of a GOJntense x-ray.l_aurst emitted by. Zé%éncr] plasmas ?t Zin .1996’
high-Z cone by direct laser drivé. The high-Z cone main- a new capability became availabieln *ride-along” experi-

tained a path free of low-density plasma so that the Iaselpwents(defined as ex_periments _that are_pe_rformed ir.] such a
could be focused onto the dense core of the implosion. way th_at they do not interfere _W'th the principal experimental
In a series of Z experiments, z-pinch-driven secondar)Pb]ec'F'V(_a of the Z shp)smater|al samples can be exgé)sed to
hohlraums using wire-array z-pinch sourée€® (as dis- a rgdlatlon flux eq_uwalent to a 20-70 eV blackbodyn
cussed in Sec. Il Bare being applied to indirect-drive cap- dedicated Z experiments, samples can be exposed to much

sule implosion concepts compatible with fast-ignition fuel higher radiation temperatures. The flux level in Z ride-along

heating’®’® Hemispherical capsules can be imploded on Lxperiments _is comparable to present-day laser plasma

planar surface with the x-ray drivé,and the capsule implo- exper!mentg?‘ssHovyever, .the Iarger Sa".‘p'e size and longer
sion symmetry controlled with the hohlraum geomé?rff’m radiation pulse possible with z pinchégpically by an order

Achievable capsule symmetry in optimal systems is bein%): magnitude allow measurement of radiation conditions in

measured using the high-spatial-resolution crystal imagin ultiple (sjz_j}[_mples S|dmultlaneously, achrl]etventwen(; oftmtore unllt-
system for backlighting? orm conditions, and a closer approach to steady state results.

A cryogenic Dy capsulé7 is being developed with a thin A typical radiation-science configuration on(Eig. 9) con-

inner shell to contain the Player, based on the system pre- sists of a sample located 1-10 cm away from the z pinch,

viously developeﬁ’ for cryogenic 3 EOS measurements on where it is heated to 10_190 ey by the pinch rad.|at.|on. The
7 197879 5 diation symmetry control in this system may be spectrally resolved absorption is measured by aiming x-ray

sufficient to produce densities of 135 g/&rfor a com- spectrographs through the sample at the pinch. The pinch
pressed fuepr of 0.8—1.1 g/crAwith hemispherical implo- plasma thus both heats the sample and serves as a back-

. : . lighter.
sions on the refurbished %. Dynamic hohlraum ; . :
drive?345:48.768081 55 discussed in Sec. I)Acan produce With the addition of an extremely bright, broad-

higher radiation temperatures than vacuum hohlraum drivgvavelt_ar}lgth-cov_er_age be:}qkl;}ghter, otpac@y T]]easureTentsDare
and may produce densities of up to 300 gfcta pr of ~ SSPECIally promising on high-currént z-pinch generators. Le-
velopment of the capability to measure opacities in relatively

1.3 g/cnt at 180 eV. . . .
Recently, state-of-the-art simulations of the coupling of aumform samplegspatially and temporaljyover a wide spec-

short-pulse, high-intensity laser pulse to matewith the tral range on these generators will enhance the understanding
LSP cod&® have been used to model the fast ignition experi-0f (€ atomic physics of HEDP plasmas. The opacity of a
ments of Kodamat al’™ The development of a high-energy material controls thg flow of energy 'W|'th|n the plasma.anc.i
(2 kJ), short-pulsdpetawatt laser coupled to the refurbished hence can strongly influence the radiation hydrodynamics in

Z should allow exploration, on the 2008 time frame, of fastICF hohiraums and z pinches and as well as in astrophysical

ignition science issues such as the production of high-energglasmas' The first opacity experiment on a Sandia pulsed

electron and ion beams, beam-matter coupling at high dens ower ac_celerator was In .1995 on Saturn. The iron opacity
data obtainetf resulted in improved computer code models

tes and temp(_eratuzes, and fuel heating and sub-ignition fut_o simulate the behavior of Cepheid variable stars. More re-
sion neutron yield&? . I .
cently, we have been developing the capability on Z to obtain
accurate opacity data for medium- and high-atomic-number
materials that are heated by the z-pinch radiation source. For
example, the opacity of a medium-Z atom with a partially
X-ray generation, propagation, heating, and ionizatiorfilled M shell, bromine, was measured on Z using CH-
contribute to the formation and evolution of many laboratorytamped NaBr foil sample¥. The CH tamping of the foils
and astrophysical plasmas. The interpretation of ICF and asllowed higher densities to be accessed. The electron tem-

Ill. RADIATION SCIENCE AND PLASMA
SPECTROSCOPY ON Z
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perature and density of the fofb0 eV and 3x 10°Y/cm®)  and excited state populations are controlled by electron col-
were diagnosed from the spectral lines of the relatively wellisions. Spectroscopic data are also needed to benchmark
understood(low-Z) sodium, and the opacity of Br under atomic physics models of photoionized plasmas—in particu-
these known plasma conditions was determined from the alja, to interpret data from accretion-powered objects such as
sorption spectra. Recent work has focused on measuring theyay pinaries and active galactic nuclei. However, such plas-

opacity of CH-tamped Fe+Mg foils at temperatures COM®imas have been studied in few laboratory experiments be-

sponding to the radiation z_one_ln_the sun. Th? technique use&ause the incident radiation field must be intense enough that
for these measurements is similar to that in Ref. 92. The S . -

. . hotoionization dominates over collisions, the plasma den-
temperature and density are determined from the Mg spectr

. 3 . i
lines, and iron opacity models are tested with the Fe absorps-Ity must be relatively low(<10"%/cn for typical astro

tion spectra. In this study, the dynamic hohlraum x-rayPhysical plasmasand the sample must be large enough at

source appears promising for heating samples to an electrd@W density to provide measurable absorption or emission
temperature of~150 eV. Once fully developed, such a ca- SPectra.
pability can be used to investigate many materials of interest Absorption and emission spectra from a photoionized
to high energy density physics. For example, this capabilityron experiment on Z have already provided charge state dis-
could be used to develop models that elucidate the role aofibution and plasma conditions suitable for initial tests of
opacity in the performance of an ICF capsule that contains astrophysical atomic kinetics models. The approach to gen-
medium-Z dopant in the outer shell. . erating a low-density Fe plasitd®was to preheat a tamped,

The large sample size and brightness of the z pinch as @ foil with low-intensity x rays from the Z run-in radia-
backlighter are also being exploited in a novel method 19, 0 the foil could expand to the desired density prior to
measure reemission frqm r_ad|at|0n-heated gold p'agﬁ‘?‘s- application of the main photoionizing radiation field. For
CH-tamped, layered foil with Al+Mgkfaces the radiation : . . :

. . neon, a gas cell filled to the desired atomic deriityas

source. A gold backing layer that covers a portion of the . . . -
layered foil [Fig. 10(@)] absorbs radiation from the z-pinch produgeq a ;pectrum with .Vls.lble He_.“ke and Li-like neon
source and provides reemission that further heats Al+MgF !lnes, |nd|F:at|ng that the rad|a_t|on was intense e_”O‘th_tO lon-
The Al and Mg heating is measured using space-resdiyed ize _neon into the desired r_eg|me. Future photoionization ex-
absorption spectroscopy, and the difference between the tR£Timents on Z may provide even stronger model tests by
regions[Fig. 10b)] allows the gold reemission to be deter- improving the plasma characterizations, increasing the
mined. photoionization, and possibly reducing the density. The re-

Many past spectroscopy experiments have studiegults for Fe and Ne provide a basis for designing these im-
atomic kinetics in plasmas where the ionization distributionproved experiments.
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FIG. 11. Sequence of radiographs obtained with ZBL and the high-spatial-
Au resolution, monochromatic spherical crystal imaging system shows the
edges of imploding 20 mm diameter tungsten arrays on Z with high wire
numberg300 wires. The long-lived, “fingerlike” structures of trailing mass
contribute to the broadening of the radial mass distribution of the wire-array
plasma.

re-emission

duce axially nonuniform ablation of the wires and directly
confirm the presence of trailing ma@g.x-ray backlighting
may also provide clues for resolving an important issue for z
pinches, that is, the degradation of performance with too

relative line transmission

F-like i ] many wires in the cylindrical array®**
, Nlike An improved understanding of wire-array physics is re-
ik | . : ] quired to scale these sources to larger facilities for two of the
8.0 85 9.0 95 0.0 S ; i .
wavelength (A) ICF applications that are discussed in Sec. Il. In particular,

recent work suggests that the peak power from the higher-

FIG. 10. (a) Sample config_uration for opacity experime_nt_on Z in which a mass (5.8 mg/crr), 20 mm diameter arrays used for the
CH_—ta_mped, layered foil W!th Al and MgHaces the ra(_j|at|on source. Re- _double-ended hohlraum approach scales subquadratically
emission from a gold backing layer that covers a portion of the layered foil*" 112 0 ] .
further heats the sampléo) Al and MgF, spectra with and without the gold ~ With current.” This scaling may be produced by wire abla-
backing layer. tion effect$'?™3that result in trailing mas& and current®
that are not coupled to the axis at peak x-ray power. As
further support for the conclusion that trailing mass may re-
sult in the slower scaling of power with currefit, lower-

Since the initial results obtained in 1995 and 1996 onmass (2 mg/cm, 40 mm diameter arrays show quadratic
Saturf and z199%the z-pinch community has made great scaling of the power and energy with currétit. These
strides in advancing the understanding of wire-array dynamlower-mass arrays were estimated to have onl6+6)%
ics and developing the MHD codes required to model wire-of the trailing mass of the higher-mass, 20 mm arr4ys.
array implosions. Experiments on the 1 MA MAGPIE The effort to improve the performance of 20 mm diam-
facility95 at Imperial College have elucidated the dynamicseter arrays for the double-pinch concépec. Il B) has been
of arrays with a low number of wire$®' These results con- guided by these observations of discrete wire ablation and
firmed earlier measuremefits'®* that the wires remain trailing material. For example, when nested arrays are used,
“wirelike” for a large fraction of the implosion time and the discrete core/corona behavior of the arrays can allow a
ablate material in an axially nonuniform process that ejectselatively transparent mode of interaction between the
material towards the array axis. The process was quaritifiedarrays™>*'"rather than the inelastic collision necessitated by
by introducing the “rocket model” to describe the early-timethin-shell approximation%‘f Recent observations of an ex-
ablation dynamics of the arrays. This semiempirical descriptended ablation period and discrete inner-wire cores in a
tion is supported by more detailed theoretical studies on wir@ested-array geometry for 20 mm outer-diameter, 12 mm
ablation dynamic&®**3® Measurements on MAGPIE also inner-diameter nested arrdy$confirm operation in a current
indicated that the early-time behavior delays the implosiortransfer mode, even with high outer-wire numbers. These
trajectory and causes mass to be left behind during the maitmansparent nested arrays are being used to produce a shaped
acceleration towards the axs311%2 radiation puls&®*?°for ICF hot-spot ignitiort? A second

Experiment§°3‘l°80n higher current facilities, the 3 MA area of research involves the use of deliberately undermassed
Angara-5(Ref. 109 and the 20 MA 2 have indicated that wire arrays with short implosion times that are not well
the same dynamics of long wire-ablation phase, delayed amatched to the generator’s current pulse. This research has
ray acceleration, axially nonuniform wire ablation, trailing demonstrated that low-mass arrays that reach peak currents
mass, and trailing current are manifested at high currents anaf only 14 MA can radiate nearly as well as heavier arrays
high wire numbers. Interpretation of the Z wire implosion that reach 18 MA peak currents; implying improved scal-
experiments has been aided by the availability of the ZBLing of peak power with current.
and the high-spatial-resolution, monochromatic spherical An experiment that can be performed at high currents on
crystal imaging systertf: The x-ray backlighting datésee  Z, but not on smaller current experiments, is the comparison
Fig. 11) show the onset and growth of instabilities that pro-of the array dynamics with foil dynami&é? since the higher

IV. Z-PINCH PHYSICS
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mass requirement for Z experiments enables fabrication of Another example of the contributions that small facilities
high quality foils. A comparison of data from foils and wire can provide is in understanding the hydrodynamics and tur-
arrays of equivalent mass demonstrated that, in spite of itbulence in plasmas. Extremely detailed experiments with a
complex dynamics, a wire array appears to have a loweB0O kA gas pufjfz“:’at the Weizmann Institute in Israel have
level of initial perturbation than a foil. The foil implosions recently shown the details of the implosion physics and the
may be plagued by classic hydromagnetic-Rayleigh-Taylofon heating and cooling in the stagnated z pinch. High ion
grov\rth.123 Early-time images indicate that the foil has a co-temperatures have been measured by Doppler broadening
herent perturbation prior to implosion. The equivalent-masspver the last 20 years, but it is unclear how a local ion tem-
300 wire array has a much less pronounced level of pertuperature can be differentiated from turbulence. On the
bation at the same early time. Experiments and calculationgebrd?® experimental facility at the University of Nevada,
are underway to understand these phenomena. Reno, wire arrays have been imploded with a localized NaF
The foil implosions do, however, provide the opportu- dopant that is coated on the array with 1 mm axial extéht.
nity to model the dynamics with a standard 2D MHD calcu- Spatially resolved spectroscopy can measure the axial trans-
lation in ther-z plane. Such calculatiofis* have been suc- port of NaF in the stagnated z pinch, thereby putting a bound
cessful in the past in replicating general implosion dynamicspn the wavelength of the turbulence. Future experiments will
X-ray outputs, and energetics and in contributing to the deuse varied dopant configurations with time-resolved imaging
velopment of new load concepts.g, nested wire arrays and high-resolution spectra to obtain data to validate the tur-
Nevertheless, these calculations cannot capture the 3D natubelence models.
of wire-array implosions. Over the last five years, the com-  ICF experiments require the use of high-Z materials such
munity has made great strides in developing 3D MHD codess tungsten to provide a near-Planckian x-ray sotfice.
to model wire arrays. Even with modern computational plat-Mid-Z materials driven to high temperature in high-velocity
forms, physics trade offs are still required to ensure reasorimplosions are used in another class of experimtéhts
able run times, but recent pap&® have indicated that produce multi-keVK-shell x rays for the study of material-
these codes can accurately simulate the 3D dynamics of radiation interactions. These experiments with mid-Z materi-
pinches. To have a complegepriori predictability, however, als require very large diameter arrafgs50 mm compared
we must fully understand what physics has to be includedto those for ICF experiments(20 mm for vacuum
For example, the natural wavelength that is selected in wirehohlraum&" and 40 mm for dynamic hohlraui?s, and the
array ablation seems consistent for a given material and gemproduction and radiation transport is very comptékSuch
erally appears to be a multiple of the wire core stv&’  implosions are highly supersonic-Mach 10, but must be
Haineg* has developed a theory based on a thermoelectrigery stable to produce the desired x-ray yields. Nested wire
instability to explain this observation. In addition, Oli¥2r arrays have enabled implosions from 60 mm diameter arrays
has pointed out the need to consider additional two-fluid phethat have produced 3.7 keV iron plasmas witk 0°%/cm®
nomena in the physics of wire-corona formation, linearion densities. These nested arrays operate with very sparse
bubble breakthrough, and nonlinear saturation amplitudes ofiire numbers and yet can still produce x-ray pulse widths as
instabilities. short as 5 ns and hot plasma diameters as small as 1.5 mm.
Answering fundamental questions about z-pinch physicMAGPIE experiments®*"**%sing laser imaging and Sat-
is a challenge for facilities the size of Z because of the lowurn experiments® using dopant spectroscopy have shown
experimental shot rate and the harsh x-ray environmenthat such low-wire-number nested arrays operate in a
Small university facilities thus serve a critical role. To vali- current-switching mode. MHD calculatioff$ indicate that
date 3D codes and understand the formation of naturahe outer array material has a magnetic Reynolds number of
modes in wire arrays, innovative experimental designs are-1 at the time of interaction, thus allowing rapid field dif-
needed. Preinscribing perturbations on wire arrays providéusion from the outer to the inner array. In recent Z experi-
the opportunity to address these issu@he laser-plasma ments nested arrays begin to lose their efficacy to improve
community had employed a similar technique to study thémplosion quality at large diameters>75 mm).*** Experi-
early development of Rayleigh-Taylor or Richtmeyer—ments are being performed to understand and mitigate this
Meshkov instabilities, by using preformed targets of a knowreffect.
wavelength and amplitudeRecent MAGPIE experimeriltzs4 K-shell emitting plasmas provide unique opportunities
have used chemically etched, modulated wires to provide #r spectroscopic investigation of plasma parameters, and re-
known initial seed for the array implosions so the behaviorcent data have added to the understanding of z-pinch ener-
can be imaged and compared to 3D calculatforiBhe ex-  getics. Numerous measurements have indicated that z
periments indicated that, even with a 1 mm wavelengthpinches radiate more energy than can be accounted for by the
modulation, the natural 50@m wavelength grew. This sug- radial implosion kinetic energy. Moreover, estimates of elec-
gests that, in order to influence the natural wavelength antton internal energy and pressure, when compared to the ra-
differentiate between a MHD or a thermoelectric origin, thediation rates and the magnetic pressure, indicate that the
modulations must have a wavelength significantly less thastagnated plasma should continue to compress. Experiments
1 mm. Techniques to produce controlled, 1@® wave- on Z have shown that an ion temperature of 200 k&,
lengths are being explored. These modulated wires may alssufficient to maintain pressure balance against the magnetic
provide a method to pulse shape the x-ray output for ICHoressure on axis, is maintained during the plasma lifetime on
applications™ axis. It has been proposEdthat the high ion temperature is
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Sample Flyer Plate beration and reshock, could also be emplo{fed. These
Ancde /a other techniques also gave data that are self-consistent with
NI —aaa— the mea}s_uremepts of the principal Hugoniot. o
-— B B Field | A critical regime of interest for many HEDP applications
\ extends from moderate compression over solid density down
Target to 100-fold expansions from solid and at temperatures from
ambient up to several eV. An integral part of Sandia’s pulsed
power HEDP research is therefore computational modeling
(a) (b) of the complex configurations in ICF, isentropic
compressiort® and magnetically launched flyer plate EOS
FIG. 12. Schematic Qf configurations fielded on Z to use the _high magneti(‘experimentég
field pressure associated with large current flow(dpperform isentropic

compression experiments o) accelerate flyer plate at solid density to very For expeﬁments on pulsed power devices, accura_te com-
high velocity for impact experiments. puter modeling has been hampered by large uncertainties in

the electrical properties of materials, particularly if the mod-

eling begins near the cold solid state. For example, electrical
conductivity measurements of metals are not available for
énuch of this regime, and analytical results are limited by

uncertainties in treating strongly coupled and degenerate, or
weakly degenerate, systems. To improve the capability to
simulate experiments in this warm dense matter regime, Des-

Cathode

a signature of short-wavelength MHD turbulence.

Although much progress has been made, remainin
z-pinch physics issué® will challenge the plasma commu-
nity for the foreseeable future. These include measuring th

current within the imploding z-pinch system, developiag ) 46 e dd
priori models of implosion dynamics and plasma heating@'1&is compared the datd and existing theories” with the

5 . .
rates on axis at stagnation, and numerically modeling th&€€-More modéf* that was widely used in MHD codes.
cold start of wire arrays through the supersonic implosionModifications were made to the Lee-More algorithm in or-

that ends in complex radiation transport in the stagnated®' t0 better model the physics in the vicinity of the metal-
insulator transition, resulting in what is now called the Lee—

pinch. s
More—Desjarlais, or LMD, modéf® Subsequent MHD
simulations using LMD gave a better match to experiments
V. MEASURING, SIMULATING, AND MODELING in the warm dense matter regime. More recently, to further
PROPERTIES OF DYNAMIC MATERIALS improve the understanding of this warm dense matter re-

gime, ab initio quantum molecular dynami¢®QMD) calcu-

An important application of magnetohydrodynamics andlations have been done for several metals.
theJ X B force generated on Z is to drive material samplesto  These QMD calculations, which are based on density
high pressure to obtain EOS data. In the late 1990s, Asay functional theory(DFT), provide the total energy and pres-
al.® proposed using the large magnetic fields produced bgure as a function of density and temperature for a material,
the 20 MA currents to generate ramp pressure loadings tthereby allowing refinements to existing EOS or generation
megabar-class pressur@sg. 12). Pressures of hundreds of of new EOS, if needed. The QMD calculations also provide
kilobars were attained in the initial experiment5At higher  atomic configurations, electron orbitals, and density distribu-
pressures, the sample thickness was limited to prevent shotions that can be analyzed within the Kubo-Greenwood
growth*® Recent advances in shaping the current drive on Zormalism*’ to generate electrical and optical properties of
have enabled isentropic compression experiments witimaterials. Under conditions for which conductivity data is
multi-megabar pressure drives, which allow the use of muclavailable**® the agreement is very goddMoreover, using
thicker material samples without shock formation. In addi-the QMD results, in conjunction with data and theory, the
tion, this shockless loading technique has enabled the accateneric LMD conductivity algorithrrjréﬁare being “tuned” to
eration of magnetically driven flyer plates to ultrahigh ve- generate accurate, wide-ranging, SESAME-type tables for
locities (>30 km/39. the conductivity. QMD-based tables for materials such as

Hugoniot experiments using high velocity flyers havealuminum, tungsten, and stainless steel are now available,
significantly improved our understanding of the behavior ofand several other materials are under active study. An EOS
liquid deuterium subject to dynamic loading. For example, infor stainless steel has been generated and is available in tabu-
an initial series of experiments, Al flyer velocities in the lar format. The QMD approach is also being used to improve
range of 20 km/gRef. 139 produced up to 1 Mbar pres- low-energy opacity models of both simple metals and of
sures in liquid deuterium by flyer plate impact on Z. The complex plastics and foams. An important aspect of this ap-
measured response of the deuteﬁ?mgreed with the deu- proach to determining the electrical, optical, and thermody-
terium EOS in the standard SESAME datadaend with  namic properties is that the physics models generated are
most models of deuterium, but disagreed with experimentaianifestly consistent, something not usually found in stan-
datd** on the Nova* laser. The magnetically launched flyer dard materials libraries.
plates in the Z experiments were about 0.5 cm in effective A dramatic illustration of the potential of the QMD ap-
diameter and a few hundred microns thick. Consequently, giroach is in the modeling of magnetically launched flyer
impact the shock pressure drive was constant for 20—40 n;alatesf’0 Advanced simulation codes, such as Sandia’s

With such long drive times, other techniques, such as reveALEGRA codel*® using the newly generated conductivity
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! ] of various materials and their phase transitions, especially
when coupled with a preheat capability. Two examﬁme

d the identification of two phase transitions in zirconium in a
] single loading and measurement of the variation in the phase
transition pressure of tin with initial temperature.

] Because the QMD/DFT simulations represent molecules,
. atoms, dissociation, and ionization on a self-consistent foot-
] ing, they are well suited to exploring the evolution of mate-
rials through different phases. An example is the transition of
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] liquid deuterium from molecular fluid, to atomic fluid, to
] plasma along the principal Hugoniot. The QMD simulations

of shocked deuteriumi* have found the principal Hugoniot
0L L . ] and reshock properties to be in very good agreement with
0 100 200 300 gas gun data from Lawrence Livermore National Laboratory

. and with magnetically launched flyer plate data from Z.
Time (ns)

FIG. 13. (Color). Comparison of measured and predicted velocities in aVI' REFURBISHMENT OF Z

dynamic materials properties experiment on Z with a 0.085 cm thick alumi- Z began its service as PBFA7||With initial operation in
num flyer plate. The multi-megabar drive pressure was obtained by shapin

the accelerator current waveform to avoid shock formation in the Al. Becember 1985. PBFA Il had been designed as a high-
voltage ion beam drive(10—30 MV) for ICF research.
Modification$ were completed in September 1996 to the

. L r§>ower flow and transmission line sections to enable a high-
tables and algorithms, are achieving excellent agreement

with experiment, thereby permitting increasingly complexCurrent (18-20 MA) configuration o test the scaling of

i . : 9 . x-ray output from z-pinch loads as a function of current.
and optimized designs for experimeiit&®® and providing b . :
o o . Although these modifications were intended to be in place
predictive capability. Because of progress in 2D MHD mod

. . C 0 . “for just six months, the results were so successful that the
eling and in particle-in-cell modeling of the power flow on

20, - . ulsed-power generator was never converted back to an ion
Z,7” it is now possible to shape the current pulse for as Ion%river and the facility was renamed “Z” in July 1997
as 560 ns. Thi_s capabili_ty has_ allowed 3 Mbar in an isentr_o- The z-pinch applications described in this papér have
giﬁmicr?L:Trflr“%S:\f:I s(i:gnglfg?r:ztlggtaf%rasac:ri‘gmnz d Fiﬁ:’te th'gbrought many challenges to the facility. Today, Z must be a
material béin co% ressed is loaded on the isentrope stable, precision platform for a large nhumber and variety of
In the Iagst ea?r the improved 2D ALEGRA pM.HD reliable, reproducible HEDP experiments. However, its op-
. . 130 13% ! Imprc , erational efficiency is limited because most of the hardware
simulations?*3* in conjunction with pulse shape

optimizatior?o'zl‘l‘r’o using detailed circuit modeling of Z, is of 1985 vintage, it was not optimized for these applica-

. ; . . . tions, and it was not designed for the rigors of daily use. To
have guided the design and implementation of aluminum fly- o

. . : extend the lifetime of Z and update the pulsed power com-
ers to ultrahigh velocitieSup to 33 km/s so far using

shaped multi-megabar magnetic drive pressures that preclu&)é)nents with modern technology, a refurbishment project be-

shock formation in the flyer during acceleration and have ganm February 2002. The goals arg(1) to provide the

sufficient fraction of flyer material that remains intact at solid capacity to perfo_rr_n more experimental shcﬁﬁ_é,tp_ improve
. .~ “the overall precision and pulse shape variability for better
density to allow accurate EOS measurements. Experimen-

tally, the desired current waveform has been achitiey reproducibility and data qual!ty3) to increase the dellvere.d
. . . . . current, and(4) to accomplish these improvements with
firing the 36 laser-triggered switches on Z in a timing se-

quence determined by the circuit calculations and the desireré“mm.al disruption to ongoing expe_nmental programs. The
. . ; refurbished components should be installed in 2006 and, af-
magnetic pressures have been achieved using an asymmetric

026 Th 0,085 o ick A fyer s subjecied 0 pk gy ord 125 2 Wl € 0 oeratery st
magnetic pressure of-4.8 Mbar without shock formation ) yp P 9 '

L . ; rent should increase more than 30%, which corr nds t
(shockless or quasi-isentropic acceleratiohhe measured © uld ease more 0%, corresponds 1o

. 0 )
flyer velocity matched the predicted waveform to better thanan energy increase of70%, thereby allowing access to a

3% over 98% of the-250 ns trajectory, as shown in Fig. 13. Ee\?]’ high energy_densny physics regime. Moreover, the
. . er currents will allow access to higher-pressure EOS
These higher-velocity flyers have created pressure states 8“9
; . ) T . ata.
up to 1.4 Mbar in deuterium, again confirming a stiff re-
sponse by the equation of state. The Al flyers have als%\
yielded accurate EOS data in quartz and sapphire samples a
pressures of 11.5 Mbar and 14.6 Mbar, respectively. Future The authors are grateful to a large number of colleagues
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