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We present observations for 20-MA wire-arrayz pinches of an extended wire ablation period of 57% ±3%
of the stagnation time of the array and non-thin-shell implosion trajectories. These experiments were performed
with 20-mm-diam wire arrays used for the double-z-pinch inertial confinement fusion experimentsfM. E.
Cuneoet al., Phys. Rev. Lett.88, 215004s2002dg on theZ acceleratorfR. B. Spielmanet al., Phys. Plasmas
5, 2105s1998dg. This array has the smallest wire-wire gaps typically used at 20 MAs209 mmd. The extended
ablation period for this array indicates that two-dimensionalsr-zd thin-shell implosion models that implicitly
assume wire ablation and wire-to-wire merger into a shell on a rapid time scale compared to wire acceleration
are fundamentally incorrect or incomplete for high-wire-number, massives.2 mg/cmd, single, tungsten wire
arrays. In contrast to earlier work where the wire array accelerated from its initial position at,80% of the
stagnation time, our results show that very late acceleration is not a universal aspect of wire array implosions.
We also varied the ablation period between 46% ±2% and 71% ±3% of the stagnation time, for the first time,
by scaling the array diameter between 40 mmsat a wire-wire gap of 524mmd and 12 mmsat a wire-wire gap
of 209mmd, at a constant stagnation time of 100±6 ns. The deviation of the wire-array trajectory from that of
a thin shell scales inversely with the ablation rate per unit mass:fm~ fdmablate/dtg /marray. The convergence
ratio of the effective position of the current at peak x-ray power is,3.6±0.6:1, much less than theù10:1
typically inferred from x-ray pinhole camera measurements of the brightest emitting regions on axis, at peak
x-ray power. The trailing mass at the array edge early in the implosion appears to produce wings on the pinch
mass profile at stagnation that reduces the rate of compression of the pinch. The observation of precursor pinch
formation, trailing mass, and trailing current indicates that all the mass and current do not assemble simulta-
neously on axis. Precursor and trailing implosions appear to impact the efficiency of the conversion of current
sdriver energyd to x rays. An instability with the character of anm=0 sausage grows rapidly on axis at
stagnation, during the rise time of pinch power. Just after peak power, a mildm=1 kink instability of the pinch
occurs which is correlated with the higher compression ratio of the pinch after peak power and the decrease of
the power pulse. Understanding these three-dimensional, discrete-wire implosion characteristics is critical in
order to efficiently scale wire arrays to higher currents and powers for fusion applications.
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I. INTRODUCTION

Tungsten-wire-arrayz pinchesf1–5g on theZ accelerator
f5g generate a 100–220-TW soft x-ray sourcef2,3,5–7g when
imploded in 100 ns with a 20-MA current pulse. Rapid
progress has been made evaluating this source for high-yield
indirect-drive inertial confinement fusionsICFd f6–16g, for
radiation sciencef17g, laboratory astrophysicsf18g, and
other high-energy density applicationsf19g. Some key issues
for progress relevant to fusion ignition withz pinches are to
determine how the performance scales with drive currents
f20g, the proper way to scale the wire array parameters, and

what factors optimize wire array performance. X-ray powers
of 1–1.2 PW, for example, are needed to meet the secondary
hohlraum temperature requirements of the double-z-pinch
approach to high-yield ICFf6,8g.

Simple modelsf19,20g and two-dimensionals2Dd radia-
tion magnetohydrodynamicf21,22g simulations predict that
the radiated pinch energy should scale quadratically with the
current delivered to the wire arrays~I2d. Recent work has
demonstrated subquadratic scaling of the radial soft x-ray
power s~I1.24±0.18d for the massives.2.5 mg/cmd 20-mm-
diam, single tungsten arrays currently used to drive the
double-z pinch f20g. This slow scaling implies that currents
considerably in excess of 60 MA would be necessary to
achieve the hohlraum temperatures required for capsule ig-
nition, if single tungsten wire arrays were scaled to higher*Electronic address: mecuneo@sandia.gov

PHYSICAL REVIEW E 71, 046406s2005d

1539-3755/2005/71s4d/046406s43d/$23.00 ©2005 The American Physical Society046406-1



currents keeping a constant 95 ns implosion time. Scaling to
higher powers requires further optimization of wire array
performance, an identification of the many factors that affect
performance, and a more fundamental understanding of the
wire-array initiation, ablation, implosion, stagnation, and
thermalization dynamics at higher currents. Array dynamics
will also affect methods for radiation pulse shaping for ICF,
and may affect both secondary hohlraum coupling efficiency
f6,9g and ICF capsule drive symmetry at the,2% level for
the double-pinch ICF approachf10–13g.

Implosions of high-wire number arrays at high currents
s7–20 MAd have been approximated as a 2D cylindrical
plasma shellse.g., see Refs.f1,3,5,6,8,21–24gd. These mod-
els implicitly assume that the wires ablate and merge on a
time scale much less than the array’s stagnation time on axis
stablate!tstagd. Under these conditions, the power pulse rise
time is thought to be controlled by the magneto-Rayleigh-
Taylor sMRTd instability in ther-z plane, growing from an
initial random density perturbationsRDPd of undetermined
and unspecified origin. Wire-array experiments on the
,1-MA Magpie f25–33g and the ,3-MA, Angara-5-1
f34–40g accelerators have, however, revealed a long wire
ablation periodstablate,0.8tstagd and therefore a delay in ac-
celeration compared to a simple 1D thin-shell implosion
modelf28,32,34g. A critical question has been whether these
discrete-wire effects apply to high-wire-number, small wire-
to-wire gap arrays at 20 MA.

The present experimentsf41–44g confirm observations of
a delay in array acceleration at 20 MA, even at the smallest
wire-to-wire gaps typically useds209mmd. Observations and
modeling show that both precursorf26,27,45–47g and trail-
ing implosionsf32,33,36g are present and that only a portion
of the initial mass participates in the main implosion at 20
MA, as in experiments at low currents. Since the rate of
production of x rays from a pinch depends strongly on the
amount of mass and current that simultaneously assembles
on axis, the result is that the conversion of currentsi.e.,
driver energyd to x rays is less efficient than predicted by
simple 1D modelsf19,20g. This deviation from a 1D model
must be understood in order to efficiently scale to higher
currents and powers needed for high-yield fusion applica-
tions. The work in this paper will aid in this understanding.

This paper is a comprehensive report of part of our efforts
to understand wire-arrayz-pinch physics on theZ accelerator
at 20 MA. Data were compiled from various experiments
with the extensiveZ diagnostic setf49g, over a period of
about three years. A recent paper by Stygaret al. f20g reports
on a number of further and significant advances in the study
of power scaling and shot-to-shot performance variation of
wire arrays for double-z-pinch ICF. Other publications will
describe advances made by Sinarset al. f50,51g for the study
of wire arrays with bent-crystal-imaging x-ray backlighting.
We have characterized the implosion dynamics for two of the
wire arrays most frequently employed for ICF experiments:
the double-z-pinch approach and the dynamic-hohlraum
approach.

The double-z-pinch or double-ended hohlraum ICF con-
cept uses 10-mm-long, 20-mm-diam single tungsten wire ar-
rays to maximize the ratio of the radiated powersPd to the
hohlraum wall areasAhd f6–10g. This results in the highest

achievable hohlraum radiation temperaturesfTR
3.3~ sP/Ahdg

f6,9g for ICF and radiation physics experiments that employ
the radiation of a pinch after stagnation on axis. These arrays
employ 300 11.4-mm-diam tungsten wires giving a wire-to-
wire gap of 209mm, the smallest gapsstypicallyd used onZ
in any configuration. The total masss5.9 mg/cmd implodes
in 95 ns with 19 MA drive currents, yielding peak radiation
powers of 125 TWf6,20g. Secondary hohlraum temperatures
of 70–90 eV are obtained in configurations driving capsules
with this sourcef6,9–13g. Rapid progress has been made on
hohlraum energeticsf6,9g, secondary couplingf6,9,12g, and
radiation symmetry and capsule implosionsf10,11,13g. Com-
pressed capsule densities of 40 g/cm3 have been achieved at
convergence ratios of 14–20f11g with this concept.

The dynamic-hohlraum ICF source achieves 150–200 eV
effective drive temperatures for ICF by locating the capsules
internal to a nested wire array. The collapsing array material
acts as a moving hohlraum wallf14,15g. Dynamic hohlraums
have recently produced imploded capsulesf16g with conver-
gence ratios of about 6. Dynamic hohlraums are also used for
driving radiation experiments with the 220 eV internal tem-
peratures, out the end of the pinch, just prior to array stag-
nation on axisf48g. Dynamic hohlraum arrays employ 10- to
14-mm-long nested wire arraysf3g imploding onto foam tar-
getsswith embedded capsules for ICF experimentsd. The 40-
mm-diam outer array consists of 240 7.4-mm-diam tungsten
wires giving a wire-wire gap of 524mm and an array mass
of 2 mg/cm. The 20-mm-diam inner array consists of 120
7.4-mm-diam tungsten wires, with identical wire-to-wire
gaps.

Although rapid progress has been made on both of these
concepts with incomplete understanding of the wire array
behavior, further progress will require improved understand-
ing of wire array dynamics.

The organization of this paper is as follows. Section II
provides a summary of the experimental setup and diagnos-
tics. We also present the measured implosion characteristics
for both 20-mm- and 40-mm-diam single tungsten wire ar-
rays. We have the most complete data set for the 20-mm
array used for the double-z pinch f6,10g. Most of the conclu-
sions and analysis in this paper directly apply to the 20-mm
single arrays. We also present results from a 2.2-mg/cm,
40-mm-diam array, described previouslyf3,5g, and with
about the same mass per unit length of the outer array of a
dynamic hohlraum. Both of these arrays show significant de-
viations from a 1D thin-shell trajectory model with a wire
ablation periodtablate,s0.44–0.59dtstag, implying the exis-
tence of discrete, slowly ablating, wire cores. Results from a
12-mm-diam wire array with an ablation timetablate
,s0.68–0.74dtstagare also described. This array produces the
largest deviation from a thin-shell model for any array onZ
and approaches, for the first time, the very late accelerations
observed on Magpie and Angara-5-1. Most of the data from
radiation emission, pinch power, electrical, and laser diag-
nostics are described in Sec. II, for the purpose of demon-
strating discrete-wire behavior. Section II also provides
comparisons of the data to a thin-shell implosion model.
Some comparisons to more sophisticated 2D-radiation-
magnetohydrodynamicss2D-RMHDd simulations are made
in Sec. II to aid in the interpretation of some of the
diagnostics.
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The remainder of the paper compares this data with a
variety of models. Section III compares the ablation period
data to two different 2D-magnetohydrodynamicss2D-MHDd
simulations of wire array ablation in ther-u plane. Section
IV compares the ablation, trajectory, and precursor data, and
power increase during run-in, with the phenomenological
rocket ablation-snowplow model of Lebedevet al. f32g and
with results from a 1D-MHD simulation. Section IV includes
trajectory scaling of wire arrays onZ and from lower current
accelerators as a function of ablation rate per unit mass using
a rocket model argument. Additional data are introduced in
Sec. V for a discussion of stagnation physics including the
current compression velocities and pinch stability. Section VI
summarizes and provides a future outlook.

Equivalent circuit models for theZ accelerator are dis-
cussed in Appendix A. A glossary of symbol definitions is
given in Appendix B.

II. IMPLOSION CHARACTERISTICS FOR 12-mm-,
20-mm-, AND 40-mm-diam TUNGSTEN ARRAYS

A. Experimental configuration

The electromagnetic power pulse produced by theZ ac-
celeratorf5g is delivered to a four-level vacuum insulator
stack and four magnetically insulated transmission lines
sMITL’s d sFig. 1d f52–55g. As shown in the inset, a vacuum
post-hole convolutef5,52,56g connects the four MITL’s in
parallel to a short inner MITL that delivers power to the
wire-arrayz pinch. This system can be represented as the two
lumped-element circuit modelsf53,54g shown in Appendix
A, neglecting transit time effects. Voltages are measured at
the insulator stackf55g. Total currents are measured 80 cm
from the wire array, prior to the post-hole convolutef55g.

Load currents are measured 6 cm from the array in the final
MITL feed f55g. The voltage and current probes and circuit
model are used to determine the wire array inductance during
the implosionf57g.

The wire-array geometry and diagnostic plan is shown in
Fig. 2. The wire-array implosions are observed via radial,
chordally integrating, and axially integrating lines of sight
with a variety of instruments. TheZ accelerator diagnostic
suite is reviewed in Ref.f49g. The wire array is shown at its
initial position s1d in Figs. 2sad and 2sbd. As the implosion
proceeds, a rapidly moving radiation emission fronts2d is
observed on radial, chordal, and axial lines of sight. The axis
of the wire arrays3d swhere the main implosion and any
precursor implosions stagnated is viewed with both radial
and axial lines of sight.

FIG. 1. Schematic of the four-level,Z magnetically insulated
transmission linesMITL d section and plastic insulator stacks1.8 m
radiusd. The inset shows the post-hole convolute which adds the
current from the four transmission lines, with a 6-mm-wide final
anode-cathode feed gap, and a typical 40-mm diam, 20-mm-long,
wire array load.

FIG. 2. Experimental wire array geometry and diagnostic lines
of sight. sad Wire array hardware in cross section shows the radial
and axial diagnostic views with x-ray diodessXRDd, bolometers
sBOLOd, time-resolved x-ray pinhole camerassXRPHCd, transmis-
sion grating spectrometerssTGSd, and time-integrated crystal spec-
trometerssTIXTL d. The critical dimensions are givensin mmd for
both 20-mm and 40-mm arrays; the 20-mm number is first. 12-mm
arrays are fielded in the 20-mm hardware. Also noted is the anode-
cathodesAK d power feed gap at the base of the pinch.sbd A cut-
away view from the top showing the chordal lines of sight for the
radial optical streaksROSd, the streaked CW laser, the TGS and
filtered silicon diode arraysFSDAd viewing the wires early in the
pulse, and the position of the Be and Au markers for
axial-self-backlighting.
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The radial views are at a 12.5° polar angle through a
cylindrical return-current electrode with nine slots, located
coaxially with the wire array. Slot widths were 5.6 to 7.5 mm
for the 20-mm array and 10 mm for the 40-mm array. Radial
diagnostics are x-ray diodessXRD’sd f58g and bolometers
sBOLO’sd f59g for pinch power and energy. Filtered silicon
diode arrayssFSDA’sd f60g and transmission grating spec-
trometerssTGS’sd f61,62g measure the wire array tempera-
ture at its initial position along a chordal line of sight, up
through about 30 ns prior to stagnation. These four instru-
ments are combined to determine the radiated pinch power
back to about 60 ns prior to the pinch stagnation on axis.
Pinch spectra at stagnation are measured with TGS’s and
time-integrated crystal spectrometerssTIXTL’s d f49g on ra-
dial lines of sight. A time- and space-resolved x-ray pinhole
framing camerasXRPHCd on a radial line of sight measures
the structure and extent of the x-ray emission region on axis
f63,20g. Optical streaks of the brightest and most rapidly
moving radiation emission front are taken along chords using
a fiber-optic imaging array coupled to a streak cameraf64g.
Time- and space-resolved shadowgraphy is obtained with a
streaked cw laserssimilar to the setup in Ref.f47gd in a
5-mm-wide chordal view at the array edge. This instrument
is sensitive to electron density and density gradients. Axially,
the radiation self-emission from the implosions is viewed
through a 17.4-mm-diam Be spoke arrayse.g., see Ref.f6gd
for the 20-mm arrays and through a 15-mm opening in the
top electrodesno spokesd for the 40-mm array. Axial diag-
nosticsf65g include time-resolved XRPHC’s, XRD’s and bo-
lometers for power and energy, and TIXTL’s.

B. Implosion phases

Figure 3 shows a typical load current measurement and

the pinch soft x-ray power from an average of four shots for
the 20-mm array. We align the multiple x-ray power pulse
curves at the time of peak power. Averaging the powers from
each curve as a function of time produces the average power
pulse shape. The stagnation timef66g is defined as the time
interval between the linearly extrapolated leading edgesssee
the dotted linesd of the load current and pinch power. The
stagnation timetstag=94.7±0.8 ns for the 20-mm data in
Figs. 4 and 6, 106±1 ns for the 40-mm data in Fig. 7, and
100.4 ns for the 12-mm data in Fig. 5. The time axis for most
of the data presented in this paper is normalized to the stag-
nation times.

These data show four main phases of the implosion pro-
cess as observed in previous experimentsf32g. In Fig. 3 and
subsequent figures, Roman numerals are used to denote the
four different phases. PhasesId is a ,50-ns wire initiation
phase during the current prepulses30–40 A/ns/wired. Based
on previous single-wire experimentsf67–74g, this prepulse
is believed to set up the initial state of the wires, prior to
the more rapid wire ablation rate accompanying the
higher dI /dt of the main accelerating current pulse
s700–1000 A/ns/wired. PhasesII d is the wire ablation and
precursor injection phase during the main current pulse.
PhasesII d is defined to startsas a convenient reference pointd

FIG. 3. Wire array load current and radiated powersaverage of
four shots: 566, 567, 665, 667d, from a typical 20-mm, 6-mg load,
showing the definition of the stagnation time and the implosion
phases:sId is the wire initiation phase,sII d is the wire ablation
phase,sIII d the implosion or acceleration phase, andsIV d is the
stagnation and thermalization phase. FIG. 4. sad–sed. Axial x-ray pinhole framing camera images at

various normalized timesst /tstagd during the implosion of the 20-
mm-diam, 6-mg/cm wire array from shot 747. The position of the
Au and Be markers are shown on partsad. The 18 Be spokes are
apparent insbd–sed. The precursor pinch is observed on axis in
sad–sdd. Cold-ablated tungsten fills the center of the array insad–scd,
obscuring the contrast between the Au and Be markers. The implod-
ing shell implodes onto the cold-ablated tungsten at smaller radii in
sbd–sdd. The imploding shell has nearly merged with the precursor
in sdd. Trailing mass obscures the Au and Be markers inscd andsdd.
The broad radial pinch profile at stagnation is shown insed.
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at the linearly extrapolated leading edge of the current pulse
sat t /tstag;0.0d. PhasesIII d is the wire array acceleration or
implosion phase occurring onto the precursor material in-
jected in phasesII d. PhasesIII d starts when the array begins
to move from its initial radius and will be determined below
based on emission diagnostics and electrical data. PhasesIV d
is the wire-array stagnation and thermalization phase. Again,
as a convenient reference point, phasesIV d is defined to start
at the linearly extrapolated leading edge of the pinch power
sat t=tstagd. During phasesIV d, the kinetic energy of the in-
coming array and the magnetic energy stored near the axis of
the pinch system are converted into radiation and the pinch
power rises rapidly to peak in 3–6 ns, after which the radia-
tion pulse rapidly terminates.

This paper presents data and models primarily for phases
sII d and sIII d. Initial conditions and material properties cho-
sen for the 2D-MHD models allow inference of some prop-
erties of wires at the end of the initiation phasesId. Under-
standing the behavior during these three phases that
comprise the first 97% of the wire array’s history is an es-
sential prerequisite because these set up the “initial” condi-
tions for the thermalization processes near the axis.

Presently, however, few direct measurements have been
made that can experimentally verify the various physical
processes and conditions proposed for the rapid risesand
falld of the radiation pulse during phasesIV d, e.g., the dis-
crete wire ablation process at the array edgef25,27,32g and
the MRT instability f21–23g, both of which can spread the
imploding shell, coupling and conversion of ion kinetic and
magnetic field energy at stagnationf22,23,75,76g, subsequent
electron heating and radiation ratesf77g, and termination of
the pulse by MHD instabilities of the compressed pinch on
axis f33g.

The wire-array configurations used in these experiments
are summarized in Table I. Hence forth we refer to the arrays
by their diameter. Various array implosion trajectory data are
presented in Figs. 4 and 6 for the 20-mm array and in Fig. 7
for the 40-mm array. Figure 5 compares array acceleration
times obtained from electrical data for 40-mm-, 20-mm-, and
12-mm-diam arrays. In Fig. 4, we present evidence for the
formation of a precursor pinch on the axis of the array ob-
tained with an axial x-ray pinhole-framing camera and for
cold-ablated tungsten plasma filling the center of the array.

C. Phase II: Precursor pinch formation

Figures 4sad–4sed show axial XRPHC images
s,250 eVd at five times on the normalized time scale, for the
20-mm-diam array. These data were obtained looking axially
down along the pinch with a 17.4-mm-diam field of view

sFOVd in the top electrode. The spatial resolution was about
200 mm. The XRPHC gives the axially integrated, radial
spatial profile of the x-ray power. Camera gate widths were 2
or 4 ns. These images were obtained through a structure in
the top electrode consisting of 18 radial Be spokessone
spoke and 16.7 wires every 20°d, similar to those used in
double-pinch ICF workf6g. Each of the spokess200 mm by
250 mm in cross sectiond ends 1.5 mm from the axis. These
spokes act as a transparent electrode, conducting current to
allow the pinch to implode to the axis, preventing axial ac-
celeration of the pinch plasma, and allowing a view of the
imploding pinch through low-opacity materialf6g. The
spokes cause no measurable change in the wire array stagna-
tion time to the axis or to the pinch power pulse shape and
amplitude compared to shots with a solid top electrodef6g.
The individual spokes are most clearly visible in Fig. 4sed at
peak powers1.05tstagd when increasing radiation has burned
through the ablated Be spoke material.

We observe a 1.5–3-mm full width at half maximum
sFWHMd hot region on axis at.0.50tstagwhich is defined to
be a plasma precursorf26,27,35,45–47g. The precursor per-
sists in all frames. We have not looked earlier in time than
0.5tstag. Thus, material may have arrived earlier. Similar
axial pinhole camera data for the 40-mm arraysnot shownd
indicate a precursor on axis at.0.36tstagf78g. Again we did
not look earlier than this time. We observe an imploding
shell-like object in the axial view with the XRPHCfFigs.
4sbd, 4scd, and 4sdd for the 20-mm arrayg. Figure 4sbd is the
first frame for which the 2–3-mm-wide imploding shell has
moved completely within the 17.4-mm FOV.

The data in Fig. 4 also represent an axial, self-
backlighting experiment, utilizing reemission of the elec-
trode at the bottom of the wire array. The pinch implodes on
the surface of a 20-mm-diam electrode coated with 10mm of
gold fFigs. 2sbd and 4sadg. A 50-mm thick, rectangular beryl-
lium marker f5 mm316 mm, Figs. 2sbd and 4sadg was
placed over this Au surface. One-dimensional radiation burn-
through calculations with a 2D-RMHD codef79g indicate
the Au and Be would not burn through until 1.07tstag, after
peak power. The higher albedo of the Au compared to the Be
would provide a factor of 1.7–2.9 emission flux contrast dur-
ing the periods0.50–1.02dtstag, as measured in the axial pin-
hole camera. The contrast between this Be marker and the
Au-coated electrode at the bottom of the array could, in prin-
cipal, be observed between the Be spokes in Fig. 4sbd. Lack
of observed contrastsor emission of any kindd in experi-
ments with both 9snot shownd and 18 spokessas shownd
indicates that the center of the array is filled with a cold,
high-opacity material.

Previous experiments have shown precursor formation on
the axis of wire array implosionsf26,32,35,45–47g. Related

TABLE I. Array configurations.

Array diameter
smmd

Height
smmd

AK gap
smmd

Mass
smg/cmd

Wire
number

Wire-wire
gap sµmd

Wire diameter
sµmd tstag snsd

40 20 5 2.0–2.2 240 524 7.4–7.7 106.6±1.8

20 10 1, 2, 3, 4 5.9–6.0 300 209 11.4–11.5 95.5±1.1

12 10 3 14.9 180 209 23.4 100.4
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modeling shows that a precursor can arise fromJÃB accel-
erated wire coronal material collecting on axis, inertially
confined by impinging plasma streams from each wire
f27,29,30g. In these simulations, the wires form a heteroge-
neous, core-corona structure. High core resistivity and high
corona conductivity shunts current into the corona, leading to
a slow core ablation rate and long-lived wire cores, and a
delayed motion. Simulations of the ablation phasesII d in 2D
sSec. IIId show that a 10–30-eV,,0.1–10-mg/cm3 tungsten
plasma is ablated and accelerated into the center of the array.
This tungsten has sufficient opacity, and the electrode re-
emission temperature is such that it will not burn through on
a 100-ns time scale, consistent with the axial-self-
backlighting observations.

The presence of a hot x-ray emitting region on the axis is
not, strictly speaking, sufficient to distinguish between mod-
els of wire array implosions. Two-dimensional RMHD simu-
lations of imploding shellsse.g., those done for calculations
presented in Fig. 9sad, discussed in Sec. II G 2d, show that
the magnetic piston launches a rapidly moving, low-density
material off the inner surface of the shells,10−5 g/cm3d,
which reaches the axis quite early. However, a hot emitting
region on the axis, coupled with a low-opacity region be-
tween the axis and the edge of the array,and a delayed
acceleration of the edge of the arraysboth the emissive re-
gions and the current, described nextd is sufficient to estab-
lish that this hot region on the axis arises from the ablation of
stationary wire cores and is a plasma precursor as observed
in lower-current experiments. It also implies a distribution of
ablated wire material between the precursor and wire array.

D. Phase II: Array acceleration times

The clearest demonstration of a delay in wire array accel-
eration, and thus a long wire ablation phasesII d, is provided
by the electrical data. The time-dependent convolute voltage
Vconvstd is derived from the measured insulator stack voltages
and MITL currents using an equivalent circuit model for the
four-level Z transmission lines, described in Appendix A
fFig. 24sadg. The convolute voltage reflects the time-
dependent impedance of the transmission line feedsout to
about 6 cm from the loadd and the wire array. In one method
of determining the convolute voltage, we average the voltage
from each level of the four-level transmission line onZ, de-
riving the results in Fig. 5. In a related methodf57g, used
below in Sec. II E to derive inductances in Figs. 6 and 7, we
assume that the currents from each transmission line level
are equal at the convolute. The two methods give very simi-
lar results forVconvstd. The circuit model inductances, volt-
ages, and current probes were calibrated for consistency with
a static short-circuit loadf57g. Convolute voltages directly
measured by an inductive-wire probe agree with those calcu-
lated from the stack voltage, MITL currents, and circuit
model, to within 10%, giving confidence in our methods.

If we neglect resistive effects that occurspresumablyd
early in the pulse and assume that the array voltage results
from a purely inductive load, we can write the post-hole
convolute voltage as follows:

Vconvstd = sLfeed+ dLd
dI,std

dt
+

d

dt
fLastdI,stdg. s1d

In this expression,Lfeed is the constant initial transmission
line inductance downstream of the convolute in the final
MITL feed gapswithout the arrayd, I, is the measured load
current, andLastd is the time-dependent array inductance.
The inductancedL is a small correction to account for cur-
rent convection inside the initial array radius via the ablated
plasma precursor observed in 2D-MHD simulations
f35,80–82g prior to array motion. Current convection is esti-
mated to increase the inductance of the wire array by
0.17 nH/cm assuming that 57% of the array current is con-
vected into the interior of the array as in a static analytic
MHD model f35,82g for wire array equilibria and is uni-
formly distributed over the entire diameter. Two-dimensional

FIG. 5. Comparisons of convolute voltagesVconvstd ssolid linesd
with initial voltagesV0std sdotted linesd indicating the times of array
acceleration whenVconv.V0 for sad 40-mm-sshot 846d, sbd 20-mm-
sshot 818d, andscd 12-mm-diamsshot 931d wire arrays. The pinch
power pulseshapessdashed linesd are shown for reference. The ac-
celeration time is later in the pulse for heavier, smaller diameter
arrays.
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MHD simulations discussed in Sec. III show that 30%–40%
of the array current is convected into the interior of the array,
resulting in a smaller correction. This correction is a maxi-
mum of 0.2–0.3 nH for these arrays in steady state, once the

precursor mass reaches the axis of the array. This is only
5%–10% of the inductance inside the convolute. Prior to the
precursor mass and current reaching the axis, the correction
is much smaller than this. This inductance correction there-
fore results in a voltage much smaller than the typical
±15%–±20% error inVconvstd.

Prior to array motion, the array inductance is fixed and
dLa/dt=0. SettingdLa/dt=0 in Eq.s1d, the initial convolute
voltage is given by

V0std = fLfeed+ dL + Last0dg
dI,std

dt
, s2d

where Last0d is the constant initial inductance of the wire
array load. BothLfeed andLast0d are determined by the initial
geometry of the transmission line and array hardware. The
load currentI,std is measured. The initial convolute voltage
V0std can therefore be calculated as described by Eq.s2d. The
time-dependent convolute voltage with changing array in-
ductance,Vconvstd, described by Eq.s1d, is determined from

FIG. 6. sColord Data from a 20-mm-diam, 6-mg/cm array show-
ing sad array trajectories versus normalized timest /tstagd from four
methods. Trajectories are from a radial optical streakfROS, blue
circles, typical of four shotss665, 674, 684, 747d, shot 674 showng,
the edge of the x-ray pinhole framing camera radial profilesXR-
PHC edge, green circles, from shots 728, 747d, and the peak of the
moving shell from the radial profilesXRPHC peak, red circles,
from shots 728, 747d and from the inductance unfoldssorange line,
average of three shots: 724, 817, 818d, compared with a thin-shell
modelsblack lined. Trajectory data show the delayed start of accel-
eration with respect to a thin shellsblack lined but earlier arrival at
the axissred circlesd than a thin shell and the currentsorange lined,
indicating trailing mass and current.sbd Radial pinch power from
two different measurements: x-ray diode’ssPXRD, the blue line is
average of shots 566, 567, 665, 674, the black line is corrected for
slot collimationd, and silicon diodesPSD, light blue, average of
shots 198, 199d. The pinch power is on a log scalesleft axisd and a
linear scalesin red, right axisd. scd Precursor radiussblack circles,
from shots 728, 747d and XRPHC peaksred circles from shots
728, 747d.

FIG. 7. sColord Data from a 40-mm-diam, 2.2-mg/cm array
showingsad array trajectories versus normalized timest /tstagd from
the same four techniques as in Fig. 6. The radial optical streak
sROSd is a composite obtained on shots 685 and 846. Inductance
unfolds are from shot 846. As for the 20-mm array, trajectory data
show delayed acceleration with respect to a thin shellsblack lined
but earlier arrival at the axis than a thin shellsred and green circlesd
and the currentsorange lined, indicating trailing mass and current.
sbd Streak shadowgraphysand fitted trajectory in light blued from a
532-nm laser transmission through the edge of the array on shot
846, showing the individual wires early, transmission cutoff, and
the gradual clearing of the lower density trailing plasma at the edge
later. Where unmarked, curves are the same as in Fig. 6.
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independent measurements at the accelerator insulator stack,
as noted. These two voltagesVconv and V0 diverge when
dLastd /dtÞ0.

Figure 5 compares the convolute voltagesVconvstd with
the initial measurementV0std for 40-mm-, 20-mm-, and 12-
mm-diameter arrays. The soft x-ray pulse shapes are shown
for reference. Early in the pulse prior to array motion,Vconv
ssolid linesd agrees withV0 sdotted linesd over a long plateau
in the initial load impedance. The time whendLastd /dtÞ0
and Vconvstd.V0std is clearly evident in Fig. 5. There is
sometimes a clearly discernable resistive phasefsee Fig.
5sadg whereVconvstd.V0 early in the pulse. We chose times
that are clear inflection points in both the convolute voltage
and initial voltage to give an error range in determining
when the array inductance changes.

Acceleration begins atta=s0.44–0.47dtstag for the 40-mm
array in Fig. 5sad, atta=s0.56–0.59dtstagfor the 20-mm array
in Fig. 5sbd, and atta=s0.68–0.74dtstag for the 12-mm array
in Fig. 5scd. These times define the end of the wire ablation
phasesII d and the start of the implosion phasesIII d. The long
plateau withdLa/dt=0 clearly shows that high-wire-number
arrays onZ have a long wire array ablation phase during
which the wires are stationary at their initial positions. Thin-
shell trajectories would show a resolvable acceleration in the
periods0.3–0.4dtstag. The 40-mm array accelerates closest to
the thin-shell model. What is remarkable about these results
is that the time of acceleration is later in the pulse for the
smaller-diameter, heavier arrays.

The change in acceleration times is likely related to mass
ablation rates. We increased the wire array mass as the array
diameter decreased to keep the implosion time constant
sTable Id. The wire ablation rate does not appear to increase
as rapidly as the mass is increased. Thus the ablation rate per
unit mass is actually smaller for smaller-diameter arrays and
the time of acceleration later. The peak voltage and rate of
rise of voltage decrease as the radius of the array decreases,
indicating a slower implosion.

These represent the first results showing scaling of the
wire array acceleration time. A key feature of earlier obser-
vations of wire array trajectories was a delayed acceleration
of the edge of the array compared to a thin-shell model,
corresponding to a long wire ablation phase. Arrays on the
Magpie f25g and Angara-5-1f34g accelerators, at 1–3 MA,
begin movement at,s0.76–82dtstag. However, for both the
20-mm and 40-mm arrays onZ, the beginning of accelera-
tion deviates less strongly from the thin-shell trajectory, be-
ginning acceleration ats0.44–0.59dtstag. This difference im-
plies that the ablation rate per unit mass of theZ wire arrays
is larger than on Magpie and Angara-5-1, the wires ablate
faster and burnthrough earlier in the pulse, and the implosion
begins earlier. The shorter pulse length of the current drive
on Z s88 ns to peakd may be an important factor in increasing
the ablation rate onZ in comparison with Magpies250 ns to
peakd. The heavy, small-diameter, 12-mm array approaches
the very late beginning of acceleration observed with wire
arrays on Magpie and Angara-5-1. The small-diameter array
on Z behaves similar to the heavy, smaller-diameter arrayss8
mmd studied on Angara 5-1 that also show a delayed implo-
sion, even with a short current drives70 ns to peakd.

The scaling of trajectories onZ for the 40-mm, 20-mm,
and 12-mm arrays gives confidence that wire array accelera-
tion times can be scaled because all the data were taken on
the same accelerator, with the same methods. The ablation
rate per unit mass and its relationship to scaling of the accel-
eration time are discussed further in Sec. IV D.

E. Phases II and III: Array acceleration times and implosion
trajectories

Once the wire cores ablate and burn through, possibly at
axially nonuniform locationsf25,26,28,32,33,35–40g, the
implosion starts, beginning phase III. Four different methods
are used to determine the array implosion trajectory. Three
are based on spatially resolved optical or x-ray emission, and
one is based on electrical data. Array implosion trajectories
obtained from the four techniques are plotted on the normal-
ized time scale in Figs. 6sad and 7sad.

One-dimensional axially and chordally averaged, radially
resolved opticals400-nmd streakss1D-ROSd view the implo-
sion from the side, through slots in the current return elec-
trodessee Fig. 2d. We plot the trajectory of the peak intensity
of this visible emission as blue circles in Figs. 6sad and 7sad.
We also plot the trajectory of the peak and edge of the im-
ploding shell-like object observed in the axial XRPHCfas in
Figs. 4sbd, 4scd, and 4sdd for the 20-mm array, composite of
two shotsg. The outer edge of the moving x-ray shell is plot-
ted as green circles, while the peak intensity is plotted as red
circles fboth shown in Figs. 6sad and 7sadg.

Time-dependent load inductances are derived by a method
described in Ref.f57g. Equationss1d and s2d are subtracted
and integrated to deriveLastd directly. Again, the circuit
model inductances, voltages, and current probes were cali-
brated for consistency with a static short-circuit load. The
measured plateau of constant initial inductancefat Last0dg is
averaged over 20–40 ns, and the time of acceleration is given
by the deviation from this initial plateau. The acceleration
times are within 2–3 ns of those from the method of the
previous section.

The mean or effective radius of the current sheath radial
profile is calculated from the inductance. Inductance errors
of ±10% lead to absolute errors of from ±15 to ±20% in the
radius because the conversion from inductance to radius in-
volves an exponential relationship. The array current radius
Rcurstd=R/expfDLastd / s2,dg, whereR is the initial array ra-
dius, DLastd is the calculated change in inductance from the
initial plateau in nHfDLastd=Lastd−Last0dg, and, is the ar-
ray length in cm. The error in the current radius shown on
Figs. 6sad and 7sad is the error based on the shot-to-shot
variation in the average ofRcurstd for three identical shots.
The shot-to-shot variation in the averageRcurstd is smaller
than the absolute errors inRcurstd from the errors in the elec-
trical data.

Linear extrapolation of the 1D radial optical streak trajec-
tory to the initial array radius is used to define the end of the
wire-array ablation phasesII d and the beginning of the im-
plosion phasesIII d. sROS data are not available between 9.5
and 10 mm for the 20-mm array.d A 1D thin-shell model
fblack lines Figs. 6sad and 7sadg assumes that the mass is
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concentrated in a shell at the initial radius and accelerated
from the beginning of the current pulse. The beginning of
load inductance increasesdecreasing mean current radiusd
agrees to within 10 ns with the extrapolation of the 1D-ROS.
The outer edge of the 20-mm arrayfFig. 6sadg begins to
move ats0.55±0.03dtstagffrom Lastd, average of six identical
shotsg to 0.66tstag sextrapolated optical emission location
from 1D-ROS, typical of four shotsd and deviates from the
thin-shell model by,15–20 ns at the initial radius of 10
mm. With the 40-mm array, the ROS trajectory data are a
composite obtained on two shots and are available out to the
20-mm initial array radius. The implosion phase begins at
s0.47±0.02dtstag ffrom Lastd, average of six identical shotsg
to 0.57tstag semissive, 1 shotd for the 40-mm arrayfFig.
7sadg. The beginning of the load inductance increase agrees
to within 7 ns with the 1D-ROS.

Hence both the 20-mm and 40-mm arrays have an ex-
tended ablation periodtablate,s0.44–0.66dtstag confirmed by
both emissive and current diagnostics. The earlier accelera-
tion time for the 40-mm compared to the 20-mm array was
also confirmed by both diagnostics. No optical streak data
were obtained with the 12-mm array because the visible
emission from the delayed trajectory merged with that from
the power increase during the implosion. Table II summa-
rizes acceleration times obtained from both electrical meth-
ods and the radial optical streaks.

The ROS emission trajectory accelerates inward
,7–10 ns later than the current front for both arrays. This
difference is not understood. The size of the inductance in-
crease required appears to be larger than the maximum pos-
sible effect caused by current convection into the center of
the array. We assume that the implosion of the brightest front
observed with the optical streak represents the location
where current heats some rapidly moving mass. One possi-
bility is that the wire cores could carry some current and
begin to move prior to complete wire core burnthrough.
Complete core burnthrough at some axial locationsf28,32g is
possibly associated with the more rapid and bright implosion
observed with the ROS. This difference might also be a sig-
nature of nonuniform ablation at the array edgef28g. Axial
modulation of the ablation rate leads to an axially periodic
perturbation of the wire coresf28g. Current flows along the
perturbed surface prior to acceleration, increasing the induc-
tance. The ROS gives an image integrated over the array
length and the boundary remains stationary until the wire

cores burn through at some axial locations. Once the wire
cores burn through completely, the current does not follow
the perturbed core surface but penetrates into the array inte-
rior f32g, and the ROS shows the start of the implosion. A
different starting time for acceleration and different implo-
sion velocities are evidence for 3D effects on wire array
trajectories, discussed more completely in Sec. III G.

Wire ablation times are compared with the predictions of
2D MHD simulations in Sec. III and with phenomenological
models in Sec. IV.

F. Phase II-IV: Pinch power and precursor expansion data

The pinch power ramps up from,0.05 to 5 TW during
phases II and III as the pinch implodesfFig. 6sbdg. Radiated
powers of .1–3 TW are observed while the array radius
rstd,s0.8–0.5dR, well away from the axis. Radiated power
that ramps up during the implosion phase, well before final
stagnation, was observed on Magpie and was proposed as a
possible signature of interaction with and snowplow accre-
tion of preablated wire materialf19,32,33,83,84g. We de-
scribe two methods to determine the pinch power during the
implosion phase, at powers of,5% of peak.

The pinch soft x-ray pulse shape is measured with an
XRD. The pinch power is determined by normalizing these
pulse shapes to the pinch energy measured with a fast bo-
lometer. This method is in agreement with absolute unfolds
of filtered XRD data to within ±20% in flux at peak power
f6,48g. An average of four 20-mm shots is shown in Fig. 6sbd
fPstdXRD, blue lineg. The pinch power measurement is done
through a 7.5-mm-wide slot in the electrode. Prior to
,0.95tstag, regions of the radiating mass are at a diameter
larger than the slot width. The power is therefore corrected
for collimation of the diagnostic viewing slotf48g assuming
a Lambertian emitter(PstdXRDCORR=fRpistonstd /3.75gPstdXRD,
black line). This correction uses a radius from a rocket model
f32g trajectory fit,Rpistonstd, shown on Fig. 15sad sSec. IV Bd.

The pinch power is also estimated from a pinch brightness
temperature measurement,TPstd, with a filtered silicon diode
array f12g fPSD, light blue line, Fig. 6sbdg, e.g., PSDstd
=2pRpistonstd,sBTP

4std where Rpistonstd is again the rocket
model trajectory,, is the pinch height, andsB is the Boltz-
mann radiation constant. The XRD power corrected for geo-
metric collimation nearly agrees with that estimated from the
pinch temperature measurement. The sensitivity of the XRD
sfiltered with 4mm Kimfold to the soft x rays falls off rapidly
at radiation temperatures below 60 eV. This might account
for the underestimate of the filtered XRD measurements
compared to that of the silicon diode. The error in these
estimates of power, prior to 0.93tstag, is s+30% ,−50%d. The
combination of silicon diode and XRD measurements gives a
composite pinch power history over the last 60 ns of the
implosion history.

The power increases from 0.05 to 0.4 TW during the ab-
lation phasesII d, equivalent to a,15–30-eV wire region
temperature. During the implosion phasesIII d, the power in-
creases from 0.4 to 5 TW. The radiated power for 40-mm
wire arrayssnot shownd also ramps up in a similar way from
0.1 to 6 TW during phasessII d and sIII d, prior to final stag-

TABLE II. Acceleration times from electrical and ROS data.

Array
diameter

smmd

ta/tstag

selectricald
Sec. II D

ta/tstag

selectricald
Sec. II E

ta/tstag

sROSd

40 0.44–0.47 0.47±0.02 0.57

ssix shotsd
20 0.56–0.59 0.55±0.03 0.66

ssix shotsd
12 0.68–0.74 0.74 NA

sone shotd
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nation. All primary and secondary hohlraum temperature his-
tories observed onz-pinch-driven hohlraums show a foot on
the drive from the pinch radiation during the implosion
run-in phasesIII d f6,10g. If this foot pulse can be measured
accurately, understood, and controlledf33,84g, it may be pos-
sible to harness this radiation to generate a foot pulse for the
isentropic compression of ICF capsules.

Figure 6scd shows the half width or radius of the precursor
as a function of time from the XRPHC. The diameter is
initially stable over a period of about 20 ns, from the time it
is first observed. The precursor starts to expand at,0.75tstag,
just after the implosion phase starts, as also observed in pre-
vious experiments on Magpief26,32g. Precursor expansion
correlates with the increase of the power during run-in. A
model for the precursor expansion is presented in Sec. IV E.
This model balances the thermal pressure of the precursor
against the incoming kinetic pressure of the ablated ions. The
precursor expansion occurs because of absorption of run-in
radiation. The increase of precursor temperature and thermal
pressure leads to an increase in the precursor equilibrium
radiusf32g.

The end of the implosion phasesIII d and the beginning of
the stagnation phasesIV d are approximately when the peak
of the accelerating shell from the XRPHCfred circles, Figs.
6sad, 6sbd, and 7sadg strikes and merges with the expanding
precursor. This occurs ats0.96±0.02dtstagfor the 20-mm and
0.92tstagfor the 40-mm array, about 4–8 ns prior to the rapid
power increase at the start of phasesIV d, which is, by defi-
nition, at 1.0tstag. The precursor radius appears to compress
at the start of stagnation in Fig. 6scd. At stagnation, the
power pulse may begin to increase with the compression and
shock heating of the precursor plasma by the incoming mass
and currentf32,33g. Several models of the pinch power in-
crease during implosion will be presented in Sec. IV.

G. Phases III and IV: Trailing current and mass data

Direct measurements of the trailing mass have been made
on Magpie at 1 MA and Angara-5-1 at 3 MA with laser
imaging diagnostics. For example, fingers of trailing mass
are observed to extend to the initial array radius at stagnation
on Magpief32g. One definition of trailing mass would there-
fore be mass distributed between the axis and initial radius at
stagnation. Recent measurements on Angara-5-1f35g indi-
cate that 54% of the current resides at a radius.R/2 for a
heavy 20-mm-diam array, at stagnation. Again,R is the ini-
tial array radius. Features of these data have been reproduced
with both 2D f35g and 3D MHD f85g simulations. Trailing
mass and current are fundamentally three-dimensional is-
sues, are probably related, and will impact the scaling of
radiated pinch power with mass and current.

The trailing mass appears to result from axially nonuni-
form ablation of the wire coresf32,35g. The origin of the
trailing mass is unknown and a subject of active investiga-
tion. Regions of the core that ablate through first, implode,
and allow more slowly ablating regions to trail behind the
implosion front or implode at a slower rate. This process
may create an effectively wider imploding sheath, distribut-
ing the mass and current over a larger radial extent. The

distributed mass may also allow a shunting path for some of
the current at larger radiusf86–88g, bypassing the main im-
plosion. Current shunting at larger radius would reduce the
convergence or compression ratio of the current. Sinarset al.
have observed axially nonuniform ablation of wire arrays on
Z with bent-crystal radiographyf50,51g.

Aspects of trailing mass observed in these experiments
are mass distributed outside the radius of the brightest emis-
sion regions, mass distributed well outside the effective po-
sition of the current sheath out to the edge of the array early
in the pulse while the implosion is underway, or mass de-
tected at a radius 50% larger than the effective position of the
current sheath at stagnation. Aspects of the trailing current
observed in these experiments are an effective radius of the
current sheath well outside the radius of the brightest im-
ploding front, as well as current distributed over a significant
fraction of the initial array radius.

1. Three-dimensional implosion characteristics and trailing
current

The trajectory of the outer edge of the axial XRPHC pro-
file fgreen circles, Fig. 6sadg agrees with that from the
chordal 1D-ROSfblue circles, Fig. 6sadg, for the 20-mm ar-
ray. Early in the implosion phase, the effective radius of the
current profile also agrees with that determined for the outer
array edge from both these emission diagnosticssROS and
XRPHCd for the 20- and 40-mm arrays. There is, however, a
progressively larger deviation between the effective radius of
the current and that of the emissive regionsfe.g., the peak of
the XRPHC, red circles, Figs. 6sad and 7sad, or ROS, blue
circles, Fig. 7sadg. These deviations become apparent at an
array radiusrstdøR/2 for the 20-mm array andrstd,0.8R
for the 40-mm array.

The brightest and most rapidly moving emission feature
fthe peak of the XRPHC shell, red circles, Figs. 6sad and
7sadg arrives on the axis well ahead of the thin-shell model
fblack line, Figs. 6sad and 7sadg and ahead of the mean posi-
tion of the currentforange line, Figs. 6sad and 7sadg. Delayed
acceleration of and earlier arrival of the peak of the XRPHC
compared to the thin-shell model and the current indicates
that it is not carrying the entire initial array mass or current at
the moment it first arrives at the axis. This means that there
must be current and mass distributed at radii outside this
brightest and most rapidly moving front. As noted, the ROS
datafblue circles, Figs. 6sad and 7sadg appear to have a de-
layed start of acceleration compared to the current. The tra-
jectory of the ROS also crosses over the current and thin-
shell trajectoryfin particular in Fig. 7sadg, indicating it does
not carry all the mass or current. These observations all re-
quire a 3D explanation. We refer to this mass and current as
“trailing” without specifying either its quantity or actual ra-
dial distribution.

We hypothesize that the visible 1D-ROS and electrical
data show the position of the outer edge of an optically thick
object, while the axial diagnostics detect features moving
internal to the outer, optically thick edge of the implodingz
pinch. For the 40-mm array, with only 37% of the mass per
unit length of the 20-mm and a lower optical depth, the ROS
data may not entirely coincide with the outer edge of the
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imploding mass at smaller radiifsee Fig. 7sad where the ra-
dius of the ROS is less than the radius of the effective current
positiong.

The velocity of the peak of the emission layer at the axis
s40 cm/msd is significantly larger than the velocity of the
ROS s24–33 cm/msd or the currents28 cm/msd ssee Sec.
V A d. The different velocities are evidence consistent with an
axially inhomogeneous implosion. This bright front may be a
shock launched into the precursor plasma by the magnetic
piston at the moment the acceleration starts. Lebedevet al.
first observed this shock, in an axial view of aluminum wire-
array implosionsf32g. Shocks may not be observed if the
precursor plasma temperature is too highf89g. The bright
front may also correspond to the implosion of the array at
some axial locations prior to others, because of axially non-
uniform ablationf32,33g. The heating by this shock and/or
heating and snowplow accretion by the magnetic piston may
contribute to the power increase during the implosion phase
ssee Sec. IV Dd.

At stagnation, the effective radius of the current, deter-
mined from the inductance unfoldsf57g, is more than twice
as large as that for the brightest radiation emission observed
radially. The radius of the current at peak power isRcur
=2.8±0.4 mm for the 20-mm arrayfaverage of six identical
shots, from the database of Ref.f20g, with anode-cathode
sAK d gaps of 3 and 4 mmg, corresponding to a diameter of
5.6±0.8 mm. The convergence ratio of the currentsCR
=R/Rcurd is 3.6±0.6:1fFigs. 6sad and 16sadg. This is signifi-
cantly less than theù10:1 typically inferred from x-ray pin-
hole camera measurements of the size of the brightest radi-
ating region at peak powerf3,5,89g. This is discussed more
completely in Sec. II G 4.

This effective radius is calculated assuming that the in-
ductance of the imploding wire array can be represented as a
collapsing thin shell in a concentric return-current conductor.
This provides a physically meaningful result, since the re-
sulting radius, as a function of time, is well behaved and
monotonically decreasing. This technique does not give in-
formation on the profile of the current, without further as-
sumptions. There could be current distributed both inside and
outside the effective radius. Since the inductanceLa
, lnsR/ rd, most of the current is distributed inside this effec-
tive radius. The observation that the current converges to a
factor of 2 larger radius than the brightest emission region on
axis again indicates trailing current, even at stagnation, near
the axis.

Load currents are measured 6 cm from the wire array,
prior to the final, smaller AK gap at the base of the wire array
ssee Figs. 1 and 2d. Anode-cathode gap current loss at the
base of the array might lead to systematic errors in interpre-
tation of the electrical data as a lower inductance. Larger
load currentsssmaller convolute voltagesd can be produced
by both a resistive path in parallel with the pinch inductance
se.g., AK gap or convolute current lossd f22,23,6g or by trail-
ing currentse.g., a lower pinch inductanced. If one assumes
that the current flow results only due to load inductance and
there is actually AK gap or convolute current loss in parallel,
a mistakenly larger current radius and smaller convergence
ratio would result. Also, if the pinch were resistive at stag-

nation and we neglected this effect, the decrease in load cur-
rent would look like a smaller radius of current and a larger
convergence ratio.

We unfold electrical data from 20-mm arraysfFig. 6sadg
with the largest AK gaps3 or 4 mmd, for which the radiated
power and energy no longer increase with increasing AK gap
f20g. However, this could simply indicate that current loss
across the 3- or 4-mm gap has become small and fixed, not
necessarily zero, leading to some small but systematic error
in determining the radius of the current. We also caution that
the load current measurements may have a somewhat larger
systematic error beyond peak. Despite these caveats, we in-
terpret the electrical data from 20-mm arrays after the peak
of the current at,0.8tstag as a strong indication of trailing
currentscurrent outside the radius of brightest emissiond be-
cause the mean current radius shows reasonable agreement
with the ROS and XRPHC edge measurements down to
rstdù0.5R sat tø0.95tstagd, well beyond peak current. Also,
other observations, discussed below, directly or indirectly in-
dicate trailing mass.

By comparison with the 20-mm data, the 40-mm AK feed
gap has an,40% weaker initial magnetic insulation of the
feed gap and, hence, possibly more current loss in parallel
with the load inductance compared to the 20-mm array.fThe
magnetic insulation of the feed gap scales asdstd /R, where
dstd is the time-dependent AK gap.g The 40-mm current ra-
dius valuesfFig. 7sadg may therefore underestimate the con-
vergence ratio relative to the 20-mm array. The radius of the
compressed current is 4.2 mm at peak power, for the 40-mm
array, which corresponds to a CR of 4.7:1. This is a larger
current radius at stagnation than for the 20-mm array. Soft
x-ray pinhole camera measurements in the radial direction,
however, typically show a smaller FWHM of the brightest
emitting regions at peak power for the 40-mm arrays
s1.5±0.2 mm, CR=26.7:1; see Ref.f3gd, compared to the
20-mm s1.7±0.2 mm, CR=11.8:1; see Ref.f20gd, which
suggests a tighter pinch. Also, axial XRPHC datasnot
shown; see Ref.f78gd indicate a tighter compression of
40-mm s6.9:1d compared to the 20-mms4.7:1d. Larger AK
gapss8–10 mmd are recommended to increase magnetic in-
sulation and test for systematic effects of current loss on
inductance unfolds for larger diameter arrays.

2. Trailing mass: Axial diagnostics

As an indirect test for trailing mass, we utilized the thick
Be and Au foil reemission markers on the electrode at the
bottom of the 20-mm pinch as described in Sec. II C. Recall
that 1D radiation burnthrough calculations indicate that these
foils would provide a factor of 1.7–2.9 reemission contrast
between 0.50tstag and 1.02tstag. Two-dimensional RMHD
simulations of tungsten array interaction with the electrode
surface show a maximum Rosseland mean optical depth of
tungsten left behind on the electrode oftR,0.1–0.3stotal
for both the upper and lower electrode surfacesd. The lack of
observable contrast between the Au and Be at large radii
after the shell has moved byfFigs. 4scd–4sed, tù0.85tstagg
therefore indicates that the emission is not coming from the
bottom electrode, but from the emission of hot trailing mass
which appears to extend to the limit of the field of view.
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Radial profiles of x-ray intensity are obtained from the
axial XRPHC data shown in Fig. 4. Axial XRD’s and bolom-
eters normalize the radial intensity profilesf65,78g, giving
the power density profiles shown in Fig. 8sad and 8sbd. Early
in the pulse, we see a precursor radiation brightness tempera-
ture of ,25–30 eV. The moving shell feature, with a width
of 2–3 mm, enters into the axial view at 0.76tstag. The ma-
terial on axis at the center of the collapsing region, including
the precursor, heats up. The precursor broadens as the implo-
sion proceedsfFig. 6scdg. Shell widths are difficult to extract
later in the implosion because of the broadening of the pre-
cursor, the heating of material in the center, and the shelf or
plateau at large radius. Nevertheless, it appears that the shell
does not widen as the implosion proceeds and may actually
narrow spossibly from snowplow mass accretion; see Sec.
IV D d. The moving shell eventually merges with the precur-
sor region at 0.96tstag fFig. 6scdg. The precursor reaches a
brightness temperature of 75 eV just prior to merger. The

increase of the precursor temperature prior to merger is
qualitatively similar with the model of precursor expansion
in Sec. IV E.

A shelf or plateauslabeled trailing massd is observed on
the XRPHC radial emission profile at a radius larger than
that of the,2–3-mmFWHM moving shell for.0.85tstag
fFigs. 8sad and 8sbdg. The radius of the edge of these profiles
fgiven in Figs. 6sad and 7sad as the green circlesg is well
outside the peak of the moving shellfgiven in Figs. 6sad and
7sad as the red circlesg. The edge radius, however, coincided
with the effective position of the currentforange lines on
Figs. 6sad and 7sadg. The mean position of the current is at a
larger radius than the brightest and most rapidly moving
front. As noted, the lack of contrast between the Au and Be
markers implies that this emission cannot be from the bottom
electrode surface. Further evidence that this plateau must be
hot mass, trailing in the wake of the imploding shell or mass
imploding more slowly, is provided by a calculation of the
maximum possible reemission flux of the bottom electrode.

For this calculation, we assume the system is a hohlraum
with no plasma fill other than a tightly compressedz pinch
on the axis driving the systemse.g., a so-called vacuum hohl-
raumf7gd. The measured pinch powersfFig. 6sbdg are used in
a 0D hohlraum power balance modelf9,90g. We calculate a
conservativesmaximum possibled bottom electrode reemis-
sion temperature given the range in error for the measured
powers and wall albedo.

We find that the plateau of the x-ray emission at the edge
of the distribution has a from 2.1±0.9 to 4.1±1.8 greater
reemission flux than the maximum possible bottom electrode
of the equivalent vacuum hohlraum would have, between
0.85tstag and 0.98tstag. This is independent and strong evi-
dence that the emission comes from hot plasma in the hohl-
raum at large radius, andnot the bottom electrode. The ratio
increases from 2.1±0.9 to 4.1±1.8 in the period from
0.85tstag to 0.93tstag as the trailing mass heats. Between
0.93tstag and 1.05tstag sabout 11 nsd the ratio falls from
4.1±1.8 to 0.9±0.2 as the trailing mass either moves out of
the way and implodes or burns through with the rapidly ris-
ing pinch power at stagnation.

Some mass appears to trail to the edge of the field of view
sr =0.87Rd between 0.85tstag and 0.90tstag and at least 2–4
mm behind the moving shell between 0.94tstagand 0.98tstag.
At stagnation, the full width of the emission profile is 8.3
mm fFig. 8sbdg, implying some mass located out to 4.2 mm,
50% larger than the effective position of the current. If this
mass has a large magnetic Reynolds numbersRm=m0vl /h,
wherem0 is the permeability of free space, andv , l, andh
are some characteristic fluid velocity, length, and resistivity,
respectivelyd, there could be current frozen into this mass,
out to 4.2 mm.

At peak power, the reemission flux of the plateau is equal
to that from the hohlraum modelsa ratio of 0.9±0.2d, con-
sistent with the measured power and calculated albedos.
Near peak power, the hohlraum indeed behaves as a vacuum
hohlraum. This conclusion is consistent with previous work
that confirmed the energy balance and secondary coupling of
these systems at peak pinch power, to within ±20%f6,9,12g.
Prior to peak power, as well as for smaller diameter second-
aries f12g, we may not be able to neglect pinch plasma

FIG. 8. Radial profiles of axial x-ray pinhole framing camera
imagessfrom Fig. 4, for the 20-mm array from shot 747d, plotted as
power densitysTW/cm2d by normalizing the images to the mea-
sured axial power from an x-ray diode and bolometer. The numbers
on the curves are normalized timesst /tstagd. sad used 4-ns gates
between 0.58tstag and 0.93tstag; sbd used 2-ns gates between
0.90tstag and 1.05tstag. The error is ±20% in power density. The
precursor is observed on axis. A 1.9–3.1-mm FWHM shell-like ob-
ject implodes onto the precursor. A plateau of hot trailing mass is
observed outside the shell between 0.85tstag and 0.98tstag. The ra-
dial extent of the pinch at peak powers1.05tstagd is very broad.
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blocking the entrance to the hohlraum and its potential im-
pact on secondary couplingf12g and capsule drive symmetry
for ICF applicationsf11–13g.

Direct interpretation of the radial profiles from the axial
XRPHC is difficult because of radiation transport integrated
along the length of the pinch implosion system and because
of an a priori unknown mass and temperature distribution.
Figure 9 gives two illustrations of this issue in
2Dsr-zd-RMHD simulations of imploding shells. A multi-
group radiation diffusion treatment was useds28 groups
spanning from 10 eV to 10 keV logarithimicallyd. These are
not intended to be exact simulations of the implosions, but to
incorporate different elements as approximate model prob-
lems as a guide to interpreting the axial XRPHC data. Al-
though we suspect that 3D models are ultimately required,
the 2D simulations have the most advanced radiation trans-
port models and are our best tool at present.

The Eulerian simulations were run in ther-z plane. The
array was initialized as a 1-eV, 1-mm-wide, 6-mg, tungsten
shell. A random density perturbationsRDPd of this initial
shell is used to initiate the growth of the 2D-MRT instability
f21–23g. This instability spreads the mass out during the im-
plosion. The size of the RDP is chosensin the conventional
or classical manner as in Refs.f21–23gd so that the peak
power, risetime, and FWHM of the actual power pulse at
stagnation during phase IV are reproduced. The 1-mm shell

compresses to 0.5 mm under acceleration by the magnetic
pressure. Synthetic XRPHC profiles are then produced which
account for axial radiation transport, motional blur during the
XRPHC gate widthss2–4 nsd, and XRPHC filter response. In
general, these effects broaden the x-ray image and shift the
peak of the x rays to a somewhat smaller radius
s,0.2–0.9 mmd compared to the width and peak of the im-
ploding density profile.

Figure 9sad is a simulation of the implosion of a 1.0-mm
tungsten shell. Figure 9sbd is a simulation of the implosion of
a 1.0-mm shell with delayed acceleration to approximate a
wire ablation period and incorporating a uniform prefill, with
25% of the initial array mass. The shell mass is decreased to
75% of its initial mass to approximate a decrease from wire
ablation and precursor injection. The acceleration history of
this simulation was modified to begin at 0.6tstag as in the
experiment. The size of the RDP required to produce agree-
ment with the power pulse was a factor of 3–5 larger for the
delayed trajectory with the uniform prefill. The increase in
the RDP is consistent with a lower integral number of linear
MRT growth timesf30,41g for a delayed trajectory with a
higher acceleration and lower mass. Delayed trajectories that
have an overall higher average acceleration—e.g., those of
the inductance or the emissionssee Sec. IV Bd compared to
the thin shell—have a 25%–30% lower number of linear
MRT growth periodsf,eÎkastddt, wherek is the MRT wave
number andastd the array accelerationg and therefore in-
creased stability. In addition, a pinch that accretes mass dur-
ing the implosionssee Sec. IV Dd could be more stable to
the MRT compared to a simulation without a prefill
f21,32,91–94g.

At a radius of rstdù0.65R sat tø0.85tstagd the density
from the simulations has not broadened significantly beyond
the 0.5 mm width produced initially, for either case. In Fig.
9sad spure shell implosiond the simulation shows a low-
opacitysRosseland optical depthtR,0.1d material inside the
collapsing shell, accelerated at high velocity down to the
axis. A low-density, hot, precursor-pinch-like feature is also
observed on the axisfFig. 9sadg, a possibility we noted in
Sec. III C. Were the opacity this low in the center of the
array, the contrast between the Be and Au markers should be
visible internal to the array in Fig. 4sad Figure 9sbd, however
sshell implosion onto a cold 10–30 eV, uniform tungsten pre-
fill d, shows a high-opacity material inside the collapsing shell
stR,1.1d, similar to what is observed in Fig. 4. We did not
include a precursor pinch region on the axis of this simple
model of ablated material in Fig. 9sbd.

Neither simulation included trailing mass or electrode re-
emissionfsee Fig. 9sadg, which accounts for the rapid falloff
in the synthetic XRPHC profiles at large radius. This is in
contrast with the plateau of bright emission at large radius
that we concluded was from pinch plasma emission. The
plateau of bright trailing mass, an example of which is added
schematically in Fig. 9sbd, therefore indicates a broad gradi-
ent of plasma, trailing off toward the initial array radius. This
is inconsistent with the steep gradient at the outer edge pro-
duced by the implosion of an MRT unstable 2D shell with an
RDP selected to match the power pulse width at stagnation
fFig. 9sadg.

FIG. 9. Radial profiles of the densitysdashed linesd and corre-
sponding synthetic axial x-ray pinhole camerasXRPHCd images
ssolid linesd from 2Dsr-zd-RMHD simulations of a 20-mm, 6.0-mg
array seeded by random density perturbationssRDPd for sad a shell-
like implosion with a 1% RDP andsbd a shell implosion onto a
uniform, cold, prefill with 25% of the array mass, with a delayed
trajectory and with a 4.5% RDP.tR is the Rosseland opacity of the
material located radially between the axis and imploding shell,
when viewed axially.
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The difference between the peak of the moving shell
fXRPHC, red circles, Fig. 6sadg and the radius of the outer
edgef1D ROS, XRPHC, blue or green circles, Figs. 6sadg or
currentforange lines, Fig. 6sadg gives a measure of the shell
width. The shell is wide initiallyf,1.9–2.8 mm FWHM,
from Fig. 6sad, 1.9–3.1 mm FWHM from Fig. 8sadg at large
radius rstd,s0.8–0.75dR fcorresponding to times t
,s0.80–0.85dtstagg. Based on the two model 2D-RMHD
problems, at these times and radii, only about 0.3–0.9 mm of
this width results from broadening due to radiation transport
and motional blur during the camera gate pulse. Two-
dimensional MRT in the conventional or classical sensese.g.,
Refs. f21–23gd, with the RDP adjusted to match the power
pulse fpure shell case, Figs. 9sadg, will only significantly
broaden the apparent shell width in the XRPHC view to
ù2 mm later in the implosion as the array gets closer to the
axis, rstd,0.5R sat t.0.9tstagd. Two-dimensional MRT
therefore does not appear to be a factor broadening the shell
at large radius, based on these simulations. The remaining
width at large radius may reflect axially nonuniform wire
ablation and axially nonuniform implosion at the array edge,
as observed at smaller currentsf26,32g. Axially nonuniform
ablation and implosion could create an effectively wider im-
ploding object by the end of the ablation phase.

The comparisons of data and this 2D-MRT model are pre-
sented to indicate that the conventional or classical MRT
picture does not describe the observed large initial shell
width. These 2D-RMHD simulations also do not include
trailing mass, trailing current, a realistic prefill density, tem-
perature or current profile, or azimuthal effects on instability
growth and are not very good approximations of the further
development of single-array implosions. Trailing mass and
current imply that 3D models are required to appropriately
model powers during run-in and at stagnation. Lacking a 3D
wire ablation model and imaging diagnostics we cannot be
more specific about contributions of 3D-MRT, motional blur,
radiation transport, nonuniform ablation, and trailing mass to
the width of the shell observed with the XRPHC or at stag-
nation. X-ray radiographyf50,51g and time- and space-
resolved spectroscopy data are needed to truly interpret these
x-ray emission profiles in detail.

At peak powerf1.05tstag, Figs. 4sed and 8sbdg, the FWHM
of the emitting region is 4.3 mm, when viewed axially. The
width of the profile at the level of the electrode reemission
temperature is 8.3 mm, indicating a very broad object with
significant wings. The on-axis peak power density
f,21 TW/cm2, from Fig. 8sbdg corresponds to a 120 eV
brightness temperature. The FWHM of the hot radiating re-
gion at stagnation is 1.7±0.2 mmsCR=11.8:1 from analysis
of five shots from the database of Ref.f20g at full current,
with available x-ray pinhole camera datad when observed
radially saveraged along the axial directiond, with a time-
resolved x-ray pinhole camerasmeasured at,250 eVd
f63,20g. The radiated power of,124±15 TW f20g corre-
sponds to a 220±6 eV surface brightness temperature when
assumed to be emitted from a 1.7-mm-diam cylinder.

This suggests that the sources viewed by the axial and
radial instruments are quite different. In addition, the radial
XRPHC data show low-temperature wings on the emission
profile, with a width of 4–5 mm, discussed in Sec. II G 4

below. Time-integrated crystal spectroscopy continuasmea-
sured between 1 and 1.8 keVd also indicate that the axial and
radial source spectra are different. Average spectral continua
brightness temperatures observed axiallys,120–170 eV,
over a 4–2-mm diameterd are lower than those observed ra-
dially s,250 eV, over a 2-mm diameterd. The axial crystal
spectroscopy also suggests the presence of a smaller-
diameter hotter core within the larger-diameter softer emis-
sion.

3. Trailing mass at the array edge: Chordal diagnostics

The transmission front of a 532-nm cw laser through a
chord at the edge of the 40-mm array is observed on a streak
camerafFig. 7sbdg. This instrument gives a direct measure of
the trailing mass. These data show individual wires early in
the implosion, consistent with a wire ablation phasesId
fs0.15–0.30dtstagg. Transmission is then cut off by increasing
refractive gradients and absorptionsne,1018–1019 cm−3d.
During the period that transmission is cut offsbetween
0.3tstagand 0.85tstagd, emission and current diagnostics show
that the implosion is well underway. Thus there is a signifi-
cant density of material left at radii between 15 and 20 mm
even while the current and emission front are rapidly implod-
ing toward the axis. The reappearance of laser transmission
well after the edge of the array has begun imploding
s.0.8tstagd is consistent with plasma densitiesne

,1017–1018 cm−3, containing at most a few percents0.5%–
5%d of the array mass trailing near the initial radius at peak
x-ray power. Again, if this mass has a large magnetic Rey-
nolds number, some current would be frozen in.

The observation of a rapidly imploding front with emis-
sion and current diagnostics, while the laser diagnostic is cut
off, suggests axial inhomogeneity of implosion. As Fig. 7sbd
shows, once the density has dropped allowing transmission,
the plasma is highly nonuniform axially and turbulent. These
data also imply that mass is distributedswith some unknown
profiled between the axis and initial radius of the array at
peak power. This suggests that the outer edge of the mass
distribution is not as sharply defined as for a 2D-MRT un-
stable pinchfFig. 9sadg, as we concluded based on the axial
XRPHC profilessFig. 8d.

A spread out mass distribution is consistent with Saso-
rov’s 2D-MHD model of the trailing current observed at
Angara-5-1f35g. These simulations produced a density pro-
file that falls off slowly toward the initial radius. The trajec-
tory of the clearing frontfblue squares, Fig. 7sad; dotted line,
Fig. 7sbdg is extrapolated to the axis assuming 0.5% of the
mass and 10% of the currentflight blue line, Fig. 7sadg and
appears to arrive during the tail of the power pulse, reaching
the axis at,1.15tstag. This trajectory is also consistent with
larger mass at larger currents—e.g., 5%–15% of the mass at
30%–50% of the current.

Observations of trailing mass or a very broad imploding
shell are clearly related to the observations of trailing cur-
rent. The laser shadowgraphy data demonstrate that even for
the lightest array, with the earliest wire burnthrough and ac-
celerationsthe highest ablation rate per unit mass; see Sec.
IV Fd, some mass lags at least 5 mm behind the effective
current front. It is unknown to what extent these electron

CUNEO et al. PHYSICAL REVIEW E 71, 046406s2005d

046406-14



densities of 1017–1019 cm−3 sand the corresponding ion den-

sities of 1016–1018 cm−3 for an average ion charge stateZ̄
,10d at the edge of the array actually impede the rate of
current transfer to the axis and impact the array performance
at peak power. These data point to behavior earlier in the
implosion that spread out the mass and possibly could limit
the convergence of the mass and current at stagnation. Esti-
mates of the clearing time or the time it takes different quan-
tities of trailing mass to compress or accelerate inward are
given in Sec. IV B.

4. Broad mass profile at stagnation: Radial diagnostics

The trailing mass near the edge of the array during the
implosion can influence the mass profile near the axis at
stagnation. Data from a time and space-resolved XRPHC
viewing the pinch in the radial direction through the diagnos-
tic slots give information on the spatial structure, uniformity,
and radial extent of the pinch within 3 mm from the axis.
The data are obtained with two different x-ray filters on the
same shot. Data from shot 665 are shown in Fig. 10. These
data were obtained with a 64-mm-pinhole-limited spatial
resolution and a 100-ps gate pulse. Motional blur is esti-
mated to be about 25mm. The total spatial resolution is
70 mm. Figures 10sad–10sed show images from 4.8mm Kim-
fol and 193 Å of aluminums“soft” filter d. Figures 10sfd–10sid
show images from 4.8mm Kimfol with 1313 Å of aluminum
s“hard” filterd. The thicker aluminum filter attenuates emis-
sion below the carbon edges284 eVd by an additional factor
of 6–60 depending on the energy.

Comparing the images from the two filter levels, we ob-
serve a large diameter cold halo surrounding a hotter core
region. The “core” consists of 5–15 hot regions or “hot
spots” of varying sizes. Some of the hot spots could be over-
lapping and not individually discernable. The halo emission
is effectively suppressed with the somewhat thicker Al filter.
Al filters at least 1300 Å thick effectively stop UV and VUV
radiation, and are also known to be pinhole free, effectively
preventing the transmission of visible light.

In Figs. 10sbd–10sdd the structure of the hot spots and the
shape of the intensity contoursswhite linesd appear to show
an instability with anm=0 sausage character growing up
rapidly during the rise of the pinch power. Figure 10sdd ap-
pears to indicate the formation of a mildm=1 kink instabil-
ity, just after peak power. The kink instability is never ob-
served before peak power in any framing data. We also
observe in Figs. 10scd and 10sdd the presence of a number of
“bubble” regions labeled “b1” through “b3,” defined for this
discussion as a cold region surrounded by hot material.
These aspects of Fig. 10 will be discussed in Sec. V B.

The times corresponding to each image for Fig. 10 are
given with respect to peak radiated x-ray power rather than
normalized to the stagnation time. Peak power is at 1.05tstag.
Figure 10sdd, obtained 0.2 nss1.052tstagd after peak x-ray
power, shows cold material trailing outside of the hotter core
region at a 2- to 3-mm radius, almost out to the edge of the
slot in the electrode. Figure 11sad compares axially averaged,
radial profiles from the soft filtered data in Figs. 10sad–10sed.
The FWHM rapidly decreases from 5.2 mm, 6.6 ns prior to
peak powers0.98tstagd, to 1.3 mm, 2.4 ns after peak power

FIG. 10. sColord X-ray pinhole camera data with a radial view
of the pinchsnormalized exposured from shot 665: pinhole images
were filtered with 4.8mm Kimfol and 193 Å aluminum in parts
sad–sed and with 4.8mm Kimfol and 1313 Å aluminum in parts
sfd–sid. Times are given as time with respect to peak radiated power,
rather than normalized to the stagnation time. Partsad was obtained
at 6.6 ns prior to peak power, partssbd and sfd at −4.6 ns, partsscd
andsgd at −1.1 ns, partssdd andshd at 0.2 ns, and partssed andsid at
2.4 ns. The images all use the same color table. Cold material sur-
rounds a hot core region insad–sed. Only the hot core is observed
with the thicker filter in sfd–sid. “Bubble” regionsscold material
surrounded by hotter materiald are labeled b1, b2, and b3.
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s1.084tstagd. The intensity of the wing drops from 20% to
10% of the peak intensity between −1.1 ns and 0.2 ns
s1.039tstag–1.052tstagd, corresponding to about 50% of the
peak temperature. The radial profile observed at 2.4 ns
s1.084tstagd falls quickly to 1% of peak, indicating little or no
wing compared with earlier times.

Peak radial compression of the self-emission is after peak
power fFigs. 10sed and 10sidg, in agreement with the trajec-
tory of the currentfFig. 6sadg. Since wall reemission peaks
about 1.5 ns after peak pinch powerf6g, the rapid decrease of
the profile implies that the emission is not wall reemission
from the inside of the electrode or emission from the edge of
the diagnostic viewing slot, but the emission of trailing mass.
Also, wall reemission would result in a flat plateau at large
radius, not a rapidly decreasing profile. We cannot observe
whether these wings extend beyond the edge of the 6-mm-
wide diagnostic slot.

The FWHM of the profile from the hard filtered images
fFigs. 10sfd–10sidg actually increases from 0.5 to 0.9 mm
between −4.6 nss,1.0tstagd and 0.2 nss1.052tstagd, as the
compression and heating proceeds. This is consistent with

the growth of the diameter of the stagnation region after
0.98tstag, observed in the axial XRPHCfFig. 6scdg.

The series of radial profiles from the soft filter in Fig.
11sad implies a compression time scale of about 9 ns for the
mass located between 2 and 3 mm from the axis. The trailing
mass either continues to implode or burns through and be-
comes optically thin. If interpreted as implosion, the velocity
is ,s0.2–0.25d cm/9 ns or,22–28 cm/ms, about equal to
the effective implosion velocity of the current observed at a
similar time fsee Fig. 21sbd, Sec. V Ag.

Figure 11sbd compares the axially averaged, radial profiles
of the soft- and hard-filtered pinhole images near peak
power. The hard profile is normalized to the peak intensity of
the soft profile. The soft profile is fit with the sum of two
Gaussians: one with a FWHM of 4.0 mm representing the
wings and one with a FWHM of 1.4 mm representing the
core hot-spot region. The FWHM of the core fit is somewhat
larger than that of the corresponding hard-filtered profiles0.9
mmd, but about that of the soft-filtered profile 2.4 ns after
peak powers1.3 mmd. We speculate that these wings on the
mass profile at stagnation may result from the trailing mass
profile near the outer edge of the array earlier in the implo-
sion history.

We normalize the radial XRPHC images to the measured
pinch power at that time, determined with the radial XRD
and bolometers. The result is converted to radiation bright-
ness temperatures assuming each pixel in the image acts as a
cylindrical Planckian emitter. This procedure is only in-
tended to be an approximate, visual aid, but has some physi-
cal content. We neglect emission integrated over one optical
depth into the pinch boundarysa Milne boundary conditiond
and assume that the emission simply comes from a surface
emitter. We also neglect the XRPHC filter response, assum-
ing that the normalized exposure just gives some appropriate
and flat weight of the contribution of each pixel to the total
radiation.

Figure 12sad shows the brightness temperature distribu-
tion for Fig. 10sdd, obtained just after peak power. Figure
12sad is essentially Fig. 10sdd plotted on a logarithmic color
scale. The wings are more clearly shown as temperature. We
observe halo region brightness temperatures of 50–150 eV
and core region brightness temperatures of 150–300 eV. Fig-
ure 12sbd gives a 3D representation of the data, showing very
clearly the broad wings of the low-temperature trailing mass.

The 4–6 mm extent of the wings at peak power is consis-
tent with the diameter of the effective position of the current
s5.6±0.8 mmd. The data are also consistent with the effective
diameter of the pinch from the axial XRPHCs4.3 mm
FWHMd and with the 8.3 mm maximum extent of the wings
fFig. 8sbdg. The wings on the radial profile are observed in all
images with soft filtering. The detection sensitivity to wings
on the profile is enhanced in the axial viewfFig. 8sbdg be-
cause of integration along the 10-mm length of the system.
The wings are more difficult to detect in the radial view
because of a decreased integration path length, increased
axial nonuniformity, and decreased optical depth due to heat-
ing by the hot core.

Other published radial XRPHC data taken with soft filters
show wings on the radial profilef3g. Some previously pub-
lished XRPHC data show only a small, tightly pinched core,

FIG. 11. sColord sad Axially averaged, normalized radial x-ray
exposure profiles from Figs. 10sad–10sed. Times given are with re-
spect to peak radiated x-ray power in ns.sbd Normalized soft-
filtered ssolid black lined and hard-filteredsdotted black lined radial
profiles at 0.2 nsfFig. 10sddg. The soft-filtered profile is fit by the
sum of two Gaussians, showing a wingsblued, a coresgreend, and
the total sredd. Numbers on the plots are the FWHM. The pinch
reaches maximum compression after peak power.
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because of the use of thicker Be filters which transmit only
radiation above 1 keVf5,89g. For example, in the case of the
data in Figs. 10sfd–10sid with the thicker Al filter, the FWHM
at peak power is,1 mm, implying a convergence ratio of
.10:1.

Sometimes, bright spots observed in the hard filtered im-
agesfe.g., the three observed at the top in Fig. 10shdg are
dimmer in the softer filtered imagesfFig. 10sddg. This indi-
cates cooler halo material in the path between the camera and
bright spot or surrounding the hot spot. Detection of halo
emission is reduced with the hard filter. Since the figures
have the same color table and are each normalized to their
respective peaks, the relative emission of the regions of the
image containing hot spots increases.

The intensity of the pinch emission is not uniform with
length. Calibrations of the nonlinear XRPHC instrument gain

with pinch length were taken into account for the data in Fig.
10. The pinch appears brightest near the cathode in Figs.
10scd–10sed sz=0 mmd. The intensity falls as the pinch nears
the anode. Although the last 2.2 mm of the pinch nearest the
anode is not observed in Fig. 10, the data are consistent with
the trend towards a lower temperature observed for the anode
end of the pinch in the axial XRPHC data of Fig. 8. The
hottest spots, observed radially, appear to be at least 3–5 mm
from the end of the pinch, perhaps preventing their observa-
tion in the axial XRPHC.

Measurements of the pinch spectral power density were
made between 0.2 and 2.3 keV with a transmission grating
spectrographsTGSd, in the radial directionf61,62g. The
spectra at peak power are shown in Fig. 13, from shot 987.
The TGS spectral resolution and accuracy are sufficient to
resolve a spectrum well fit by the sum of two Planckians
f6,62g. The radiated soft x-ray power at peak is estimated to
come, partlys37%d from a 115-eV source with a,60-mm2

emitting area, and partlys63%d from a 244-eV source with a
,5-mm2 emitting area for the 20-mm array. The area of the
low-temperature spectral component is an upper bound be-
cause of 10%–20% flux contamination from electrode re-
emission at a Planckian temperature of 80–90 eV.

The 12-times-smaller area of the hot area compared to the
colder area is either consistent with emission from hot spots
or a hot core. We know from the radial XRPHC images that
the core region consists of a number of hot spots of varying
sizes. Assuming cylindrical emission areas, the equivalent
FWHM of the cold halo is 5–6.2 mm, while that for the hot
core is 0.5 mm. The power emitted by the halo may simply
be reemission of cold material at larger radii, pumped by the
hot-core emission.

An equivalent pinch emission spectrumsred lines, Fig.
13d was produced from the radial XRPHC image from a
nominally identical shot at peak powersshot 719d, converted

FIG. 12. sColord sad Temperature distribution obtained from nor-
malizing shot 665 radial x-ray pinhole camera imagef0.2 ns after
peak power, Fig. 10sddg with the measured radial power andsbd 3D
representation of the 2D image. The broad wings of the colder halo,
the outside edge of the slot in the current return electrode, and the
cold slot material expanding from the slot edges in a few places are
clearly seen.

FIG. 13. sColord Spectral power from a wire array at peak
power, viewed radially with a transmission grating spectrometer
from shot 987scircles with ±20% error barsd. Unfolds assume the
superposition of two Planckian distributionssdashed and dotted
black linesd possibly representing a cold halo and hotter core. The
red linessdashed lines show ±35% error ranged are the equivalent
pinch spectrum obtained from normalized radial x-ray pinhole cam-
era data from shot 719s0.3 ns after peak powerd, using the same
method as for Fig. 12sad.
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to brightness temperature as in Fig. 12sad. The pinch spectra
are determined from these data by summing the spectra from
each pixel, over the entire image, assuming each pixel radi-
ates as a Planckian. This gives an equivalent pinch spectra
such as would be observed in the TGS instrument. Although
the temperature map was only intended to be an approxi-
mate, qualitative guide, the equivalent spectra compares fa-
vorably with the TGS spectrum.

This procedure appears to underestimate the higher-
energy tail perhaps because we simply assume thermal emis-
sion for each pixel. Other spectral measurements show a
harder, nonthermal tailf95g. The error in these spectra is of
course much larger than the direct TGS measurement
s±20%d because multiple instruments are involved
sXRPHC, XRD, BOLOd. In addition, assumptions about the
emission geometry and source characteristics of each pixel
are unverifiable. Although this process is only approximate,
the comparison gives confidence in the interpretation of the
TGS spectra as emission summed over a pinch with a non-
uniform temperature distribution, approximated as a colder
halo and a hotter core, and with a high optical depth thermal
radiator.

The three independent brightness and size measurements
at stagnation from the axial and radial views are summarized
in Table III. As noted, one possible explanation for the dif-
ference in brightness temperaturesand emission region sizesd
between axial and radial measurements is that the hot core or
local hot spots are not observed axially because of greater
optical depth. The plasma may also expand axially after stag-
nation and radiatively cools as it doesf96g.

The convergences of the cold halo or wing region from
the axial XRPHCs4.3 mm FWHM, CR=4.7:1, 8.3 mm
width at the base of the wings, CR=2.4:1d, from the wings
of the radial XRPHCs5–6 mm, CR=3.3–4:1d, and from the
TGS radiallys5.0–6.2 mm FWHM, CR=3.2–4:1d are simi-
lar to the convergence of the currents5.6±0.8 mm FWHM,
CR=3.6±0.6:1d at peak power for the 20-mm array. These
observations provide additional evidence that a smaller CR

of the current sheath at peak powers,5:1d is a reasonable
result, consistent with other experimental evidence. Conver-
gence ratios ofù10:1 that have been historically inferred,
based on radial pinhole camera measurements of the size of
the brightest hot regions at stagnationf3,5,89g, appear to be
overestimates of the CR of the mass and current for massive
tungsten wire arrayss.2 mg/cmd.

In some respects, this picture of a colder halo surrounding
hot spots or a hot-core region is similar to that proposed by
Apruzeseet al. to model the x-ray emission spectra of
K-shell radiatorsf95g. In that work, a halo of colder material
surrounds a hotter core region, and only a small amount of
masss,5 to 15%d is at a temperature that can efficiently
produceK-shell emission. In this work, less than 10% of the
emitting area of the pinch is at the highest brightness tem-
perature, but results in more than half the radiated power.
Some aspects of the picture of Apruzeseet al. apparently
apply to high-mass tungsten thermal radiators, but in addi-
tion we find that the radius of the cold halo seems to corre-
late with the effective radius of the current.

Trailing mass has been suggested previously as a cause of
secondary implosionsf32g. Trailing mass, or mass spread out
during an extended wire ablation phase, may limit the power
by shunting current away from the axisf32,35,86–88g, cre-
ating a broader current sheath, or by creating a broader as-
sembly of mass and current at stagnation, reducing the rate
of rise of magnetic energy density near the axis, and there-
fore reducing pinch heating rates and conversion of magnetic
energy to radiation. Quantitative measurements of the radial
profiles of trailing masssand currentd within a factor of
,2–3 would be helpful.

Models of array trajectories with trailing mass and snow-
plow accretion will be presented in Sec. IV. Additional data
on trailing current is presented in Secs. IV and V.

H. Summary of array implosion characteristics

We observe precursor pinch, a long wire ablation period,
and delayed acceleration of the wire array edge, a from 2- to

TABLE III. Summary of pinch radiation brightness temperatures and sizes for 20-mm arrays.

Diagnostics

Energy
range of

measurement Axial view Radial view

X-ray pinhole camera
X-ray diode
Bolometer

,250 eV

,220 eV

1.7±0.2 mm

120±8 eV core: 150–300 eV

4.3–8.3 mm 0.9–1.4 mm

halo: 50–150 eV

4–4.8 mm

Time-integrated
crystal spectroscopy

1–1.8 keV ,120–170 eV ,250 eV

4–2 mm 2 mm

Transmission grating
spectroscopy

0.2–2.3 keV None 244±12 eV at 0.5 mm

115±6 eV at 5–6.2 mm

Current NA NA 5.6±0.8 mm
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3-mm-wide imploding shell-like object early in the implo-
sion possibly prior to significant MRT growth, a ramp up of
the power from 0.1 to 5 TW during the implosion phase, and
a limited compression ratios,5:1d of the current. We also
see indirect and direct evidence for trailing mass and a slow
falloff of the mass density profile at the outer edge of the
array, rather than a sharp edge, as well as axial modulation of
the late-time density at the edge of the array. The observation
of a cold halo surrounding a hotter-core region at stagnation,
in multiple instruments, from axial, radial, and chordal lines
of sight, appears to be consistent with the wings of trailing
mass earlier in the pulse and the lower convergence ratio of
the current at peak power. Prior to peak x-ray power, we
observe an instability with anm=0 sausage character grow-
ing to large amplitude in the compressed-pinch on axis. Just
after peak x-ray power, at a tighter compression, the pinch
also exhibits a mildm=1 kink instability.

These results indicate that two-dimensionalsr-zd thin-
shell implosion models assuming wire ablation and wire-to-
wire merger into a shell on a rapid time scale compared to
wire acceleration are incorrect or at least incomplete when
applied to massives.2 mg/cmd, single, tungsten wire ar-
rays. Wire merger does not occur rapidly. When the shell
does begin to implode, simulations need to consider the pos-
sible 3D nature of the perturbations generated during a long
wire ablation periodf25,26,50,51,97–99g as initiation for fur-
ther growth of instabilities and the effect of a long ablation
phase on the effective width of the imploding shell, as well
as the impact of trailing mass on the rate of transfer of cur-
rent to the axis of the system. These results also suggest that
2Dsr-zd models of nested wire array behaviorf23,48g may be
incomplete and that the possible impact of discrete wire be-
havior of both the outer and inner arrays should be evaluated
f29g.

We summarize these and previous observations of wire
array implosion characteristics on the Magpies1 MAd,
Angara-5-1s3 MAd, andZ acceleratorss20 MAd in Table IV.
Areas marked with an “X” show confirmation of the particu-
lar observation on that accelerator. Areas marked with a
“NY” have not been observed at the present time. Those
marked with an “ND” are not presented in this paper and
represent observations discussed in other publicationsf51g.
Areas marked with a “P” represent possible observations. In
this case more work is recommended. Based on this sum-
mary, a working hypothesis is that the behavior of wire ar-
rays at 20 MA is qualitatively similar to those at 1–3 MA, in
all aspects. The observations in common suggest that the
missing observations could be confirmed with appropriate
experiments. The observations in Table IV also apply to the
outer array of nested array configurations. Investigations of
the interaction of outer and inner arrays and the ablation rate
and implosion dynamics of the inner array are in progress,
guided by our new understanding of single-array dynamics.
Refer to Secs. III and IV for modeling of the data with 2D-
MHD simulations and the Lebedev rocket ablation model
f32g.

III. PHASE II–III TRANSITION: 2D-MHD MODELING
OF WIRE-ARRAY ABLATION

In Secs. II D and II EsTable IId, emission and electrical
diagnostics determined the initial time of wire-array accel-
eration. In this section, comparisons of the acceleration times
are made with the Alegra-3D-MHD codef80g shown in Fig.
14sad and the Gorgon-3D-MHD codef81,85g shown in Figs.
14sbd and 14scd to validate predicted wire ablation rates.
Both simulations were run in 2Dsx,yd coordinates. These
simulations show the sensitivity of the predicted core burn-

TABLE IV. Summary of observed characteristics of wire array implosions.X: observation confirmed.NY:
no published observations.ND: no observations presented in this paper.P: possible observations made. More
work recommended.

Observation
Magpie f25–33g

s1 MAd
Angaraf34–40g

s3 MAd
Z f41–44,50,51g

s20 MAd

Implosion trajectories with a delayed acceleration
of the array edge

s0.78–0.79dtstag 0.8tstag s0.44–0.74dtstag

Precursor plasma on the axis of the array at
.0.5tstag

X X X

Nonuniform axial ablation of the wires X X ND

Nonuniform jetting into the center of the array X X ND

Precursor expansion during acceleration phase X NY X

Rapidly moving shock into ablated prefill X NY P

Radiated power that ramps up during the
acceleration phase and interaction with ablated
wire material

X NY X

Inference of trailing mass from trajectory fitting
and/or from other indirect meanssopaque emission
frontd

X NY X

Direct measurement of trailing mass X X X

Direct measurement of trailing current NY X X
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through and the starting time of acceleration to the initial
core and corona conditions assumed and to the equation-of-
statesEOSd and conductivity models.

The Alegra-MHD code is a three-dimensional, arbitrary
Lagrangian-Eulerian, finite-element code developed at San-
dia for radiation-MHD modeling. Ther-u simulations are
Eulerian and conducted on a 2Dsx,yd, Cartesian grid with
,1.0 mm resolution near the wire. A single wire from the
array is modeled in a periodic wedge. The relevant physics
included is one-temperature resistive MHD, with thermal
conduction and single group radiation diffusion. The EOS
model is Kerley-Sesame and the conductivity model is Lee-
More-DesjarlaissLMD d f100g. The wire-core–corona den-

sity, temperature, and velocity profiles are initialized via
mapping of the variables from 1Dsradiald cold-start wire
initiation simulationsf29,80g. The 1D cold-start simulations
are conducted on a highly resolveds,0.02mm cell sized,
radial, Eulerian grid. A single wire is driven by the 50-ns-
long current prepulse during phase I. It is heated, melted, and
eventually vaporized by the prepulse current, forming a core-
corona plasma structure. After the formation of the core-
corona structure, the 1D simulation is stopped and the rel-
evant variables mapped to the 2Dsx,yd geometry used for the
r-u simulations.

These “cold-start” initiation simulations give a hot, preex-
panded core with a temperature of 1.2 eV for the 20-mm
array. When these simulations are used to initialize, in turn, a
highly resolveds,1 mm cell size near the wired 2D simula-
tion of the array implosion, the wire cores rapidly overheat
and explode, and the trajectory of the peak density is only
slightly delayed from that of a thin shell, accelerating at
,0.44tstag fshown in Fig. 14sad as the “hot-core” model,
dashed green lineg. We use peak density since this is close to
the position of peak radiation emission. This trajectory
would be difficult to distinguish from a thin-shell experimen-
tally and is more than 10–15 ns earlier than the optical streak
or effective current position begins to move from the initial
array position.

Similar “cold-start” calculations were performed for the
40-mm array with the earliest implosion fta

=s0.44–0.47dtstagg. The predicted acceleration time was
0.36tstag, earlier than experiment. Predicted acceleration
times for the 12-mm array with the latest implosionfta

=s0.68–0.74dtstagg were 0.45tstag, a larger discrepancy. We
can readily conclude that “cold-start” simulations have a
much higher wire ablation rate than we observe experimen-
tally, for all the arrays. There appears to be a progressively
larger deviation between the experimental results for accel-
eration time and the cold-start prediction for the heavier ar-
rays with larger diameter wires. Deviation for the 40-mm
array s7.7 mm wiresd was 28%, for the 20-mm arrays11.5
mm wiresd 30%, and for the 12-mm arrays23.4mm wiresd
64%.

Single-wire experiments performed atdI /dt’s relevant to
the current prepulse show termination of resistive heating
after 29 ns when only 13%–21% of the vaporization energy
is deliveredsfor 11.5-mm-diam W wires used for the 20-mm
arrayd, estimated to bring the material to the 0.32 eV melt
temperature, assuming the energy was deposited uniformly
in the wiresf69g. For the case of the 7.5-mm wire used for
the 40-mm array, the single-wire experimentsf69g show a
23-ns-long resistive phase depositing 21%–28% of the en-
ergy required to vaporize the wire. At this point, the cores are
a resistive, inhomogeneous solid-liquid-vapor mixture
f67,101g.

Discrepancies between single-wire experiments and cold-
start simulations could be caused by uncertainties in the
treatment of wire resistivity and EOS for possible 3D condi-
tions with mixed phases and boilingf67,101g. This wire is at
or near solid density and the melt transition and is perhaps
not correctly treated as completely melted tungsten metal.
Mixed-phase material may have both higher resistivity and

FIG. 14. sColord Wire array trajectory measurements compared
with 2D-MHD models of wire array ablation forsad Alegra simu-
lations shot core, cold core, and cold core pluss /10 modelsd and
20-mm array data from Fig. 6sad, sbd Gorgon simulations and
20-mm array data from Fig. 6sad, and scd Gorgon simulations and
40-mm array data from Fig. 7sad.
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higher specific heat capacity than uniformly melted tungsten
f102–104g. Both of these changes would reduce the ablation
rate of the wire in the simulations compared to the experi-
ment.

To estimate the effect of a colder, more resistive core or
slower heating because of coronal contaminant plasma
shieldingf37,105,106g, other Alegra simulations reduced the
cold-start core temperature by a factor of 10, to 0.125 eV,
without preexpansion. The trajectory of the peak density
from this simulationf“cold-core” model, Fig. 14sad, solid
green lineg is delayed by about 8 ns from the “hot-core” case,
accelerating at 0.53tstag. This is about as early as the effec-
tive current position starts to move, but not as late as the
optical streaks.

It may be that higher core resistivity is required to further
delay the ablation and beginning of the implosion for the
20-mm Alegra simulations. A simulation with an initial tem-
perature of 0.125 eV and with a factor of 10 reduction in
wire conductivitys is also shown in Fig. 14sad. These simu-
lations show a further reduction of core heating and a further
delay in array acceleration until about 0.60tstag.

Three-dimensional, axially nonuniform ablation with a
high frequencyf25,26,32,36g might also lower the average
ablation rate by more than a factor of,2 from that obtained
in 2D f80g, further delaying the start of the trajectory from
that of this 2D simulation, possibly in improved agreement
with the start of the optical streak. Alegra simulations may
also be overestimating the wire core ablation rate, even in
2D, because of assumptions used in initializing the core-
corona structure or because of limitations in the treatment of
heat flow to the core. Discrepancies between the wire abla-
tion simulations and experiment might also be caused by
desorption and ionization of surface and bulk contaminants
from the wiref37,105,106g.

The Gorgon-MHD simulation is initialized assuming that
the core has already expanded to form a cold, nonionized
resistive vapor and uses a perfect-gas-based EOS. Radiation
is treated by a probability of escape model. Simulations of
single wires were run in 2Dsx,yd to resolve initial core ex-
pansion and ablation rates. These simulations were subse-
quently used to initialize 1D radial simulations of a single
wire. These simulations show decreased core heating and a
delayed core ablation, about the extent of the reduced con-
ductivity case in Alegra-MHD. The low ionization state of
the core in this model reduces resistivity compared to the
standard LMD case.

An initial core temperature of 0.125 eV was chosen to
give a best fit of the implosion of the peak density to the
implosion start time from the optical streak for the 20-mm
experimentfFig. 14sbd, red linesg. With this value the code
also reproduces the start of the implosion for the 40-mm
experimentfG-MHD, red lines, Fig. 14scdg, as well as data
from aluminum Magpie arraysf32,81g. Subsequently, these
same simulations predicted a 0.74tstag acceleration time for
the 12-mmZ arrays, prior to the experiment, in quite reason-
able agreement with the data.

As surprising as this isse.g., one adjustable parameter, the
core temperature, to fit both aluminum and tungsten trajec-
tory results at about the same current per wire, but across a
factor of 20–300 in mass, 2.5 in pulse length, and up to a

factor of 6 in wire sized, this may indicate that for a resistive
enough core, the 2D G-MHD simulations capture enough of
the physics to be relevant and that the trajectories may not
sensitively depend on the precise details of the models. Also,
the model may not necessarily capture the particular reasons
that the core-corona structure or material conditions so dras-
tically reduce core ablation rates in experiments. In this 2D-
MHD model, when the core is highly resistive, the trajecto-
ries are insensitive to the initial core temperature and only
vary by at most 5 ns.

In the Alegra-MHD treatment, a slower core heating was
created by a reduction in material conductivity by a factor of
10. Both a change in specific heat and resistivity could be
consistent with the change in material properties resulting
from the mixed-phase nature of the wire produced by the
current prepulse initiationf67,101g. Recent work on the
simulation of flyer platesf102,103g required quantum mo-
lecular dynamic correctionsf104g to the LMD model to
properly treat the solid-liquid phase transition.

The significance of these simulations is that the core must
be highly resistive and/or heat inefficiently to permit as long
a life as we infer from the trajectory measurements. It ap-
pears that wire resistivity and/or EOS models need to be
improved to match the initial state of the wires produced
during the initiation phasesId. These states may drastically
reduce wire-heating rates and dominate the further evolution
of the wire-array behavior. More work on core and corona
conditions during wire initiation is indicated in order to ar-
rive at these resistive conditions from a cold start. Beyond
this conclusion, the trajectory data are not sufficient to con-
strain further either the choice of the various properties used
in the simulationssEOS or resistivitiesd or the actual con-
figurations of the wire core and coronastemperatures, densi-
ties, diameters, or constituentsd. Both the wire properties and
core-corona configuration appear to impact the ablation rate.

Additional experimental data, such as x-ray backlighting
f50,51g, are required to validate the models by comparing
measured core sizes. In addition, pulsed gas desorption mea-
surements are recommended to establish contaminant inven-
tories to evaluate their possible importance. Since the trajec-
tory data exhibit 3D effectssdifferent diagnostic techniques
have different starting times, different velocities, and pro-
duce trajectories which cross over each otherd, 2D models
may ultimately be inadequate to model ablation rates.

IV. PHASES II AND III. MODELING OF ABLATION,
IMPLOSION, AND ACCRETION OF INJECTED

MASS

We compare the trajectory implied by the emission front,
or the current sheath, and the power increase during implo-
sion with the phenomenological rocket ablation and snow-
plow accretion model due to Lebedevet al. f32g. We also
compare the pinch power increase during the implosion
phasesdata discussed in Sec. II Dd with a 1D MHD simula-
tion. The MHD models suggest that current convection is an
important factor in Ohmic heating of the material inside the
array. The 1D-MHD simulation is unable to generate powers
much above 1 TW, however, while the measured powers are
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1–5 TW prior to stagnation. These simulations and models
show that inelastic snowplow accretion of the preinjected
mass potentially contributes significantly to the power in-
crease during the implosion run-in. A phenomenological en-
ergy balance model is presented to explain the expansion of
the precursor radius as related to increasing absorption of
energy as the power increases during implosionf32g.

A. Rocket ablation model

Lacking a predictive method for calculating wire ablation
rates in 3D we turn toward phenomenological modeling. Ab-
lation rates have been estimated by two other techniques.
The Lebedev rocket modelsRMd f32g assumes that the abla-
tion rate per unit length of the wires is given by the follow-
ing expression:

dmablate

dt
= −

m0I,
2

4pRVa
, s3d

wherem0 is the permeability of free space,I, the array cur-
rent,R the array radius, andVa a constant precursor injection
velocity. This model is an expression of momentum balance,
assuming that theJ3B force is transmitted entirely to the
corona, which is continuously ablated from the wire cores,
and that the cores are stationary. The ablation velocity is
assumed to remain constant. This expression does not explic-
itly have a dependence of the ablation rate on wire number.
Wire number variation may cause a change inVa in this
model f81,91g.

A similar scaling for the ablation rate was found from a
numerical fit to 2D-MHD simulations of Sasorov, assuming
the tungsten plasma generation rate can be modeled as the
ablation of a uniform tungsten shell or linerf35g:

dmablate

dt
fmg cm−1 ns−1g = 0.4p

I1.8 fMA g
R0.8 fcmg

. s4d

We note that Eqs.s3d ands4d scale similarly with current and
array radius. The two formulas give equal ablation rates as-
suming

Va fcm/msg = 12.6S I fMA g
R fmmgD

0.2

s5d

in Eq. s3d. This gives a range of ablation velocities of
7–15 cm/ms for R,4–10 mm andI ,1–20 MA. This range
shows thatVa may be a weak function of wire array condi-
tions f81g. Given this formula, ablation velocities would be
8.3 cm/ms for Magpies1 MA, R=8 mmd, 12.3 cm/ms for
the 40-mmZ array, 14.2 cm/ms for the 20-mmZ array, and
15.4 cm/ms for the 12-mmZ array. This is also similar to the
weak dependence of ablation velocity derived in a recent
study of the relevance of Eq.s3d to wire-array ablation rates
from 2D-MHD simulationsf81g. Both 2D simulations ablate
all the wire-array mass. The velocity of the precursor flow
measured by end-on laser probing on Magpie was 15 cm/ms
f32g, nearly a factor of 2 higher than the velocity from Eq.
s5d. Nonuniform ablation may be equivalent to a higher ef-
fective ablation velocitysa lower average ablation rated, in
this model.

B. Rocket model fitting of emission and current trajectory
data

In the rocket ablation model, the ablation velocity was a
constant parameter chosen to relate the ablation rate to the
force on the array. A choice ofVa also sets the mass profile
inside the array. The density profile is given by the expres-
sion f32,91g.

rsr,td =
m0

8p2Va
2Rr

FI,St −
R− r

Va
DG2

. s6d

This expression uses an ablation rate calculated at a retarded
time given byt−sR−rd /Va. Here, the density profile is al-
lowed to move as the array continues imploding. The rocket
model allows one to assume that some of the initial array
mass trails behind the implosion front and so can approxi-
mate 3D effects on the array dynamicsf32g. This expression
neglects possible acceleration of the prefill internal to the
wire array via current convection with the ablated plasma.
The trajectory is found by integrating the snowplow equa-
tions of motionf19,32g, transformed to the moving frame of
the snowplow. A portion of the mass is ablated, at a rate
given by Eq.s3d, with a prefill profile given by Eq.s6d.

This is obviously a highly simplified model of the actual
experimental conditions. The wire array implosion is more
complex than a simple 1D ablation front and 1D implosion
trajectory model can capture. The implosion trajectory data
described in Sec. II showed a variety of implosion trajecto-
ries with different techniques. We found that the trajectories
from visible emission, x-ray emission, and current had some-
what different initial acceleration times and very different
velocities of approach, arrival times on the axis, and conver-
gences. The evidence for a trailing mass profile from the
XRPHC and shadowgraphy at the outer edge of the array
requires a 3D explanation. Trailing mass and current data
from lower current arrays also implied different implosion
velocities along the length of the array, initiated by nonuni-
form axial ablation. Nonuniform axial ablation along the
length of the wire array corresponds to a variation of ablation
velocity along the length of the wire, in the rocket model.
The actual array might be thought of as having a distribution
of plasma ablation and injection velocities and a distribution
of implosion velocities along the length of the array.

The rocket model, as used in this paper, is a three-
parameter fit. We vary the time of acceleration, the ablation
velocity Va, and the fraction of mass left behind at the array
edge or trailing behind the implosion front. This is a nonu-
nique set of parameters that can vary over some range. We
evaluated the goodness of fit for these three parameters by
comparing to three independent measurements from the
20-mm array data described in Sec. II.

The model parameters are chosen to match the trajectory
as follows. We match the starting time of the acceleration to
the radial optical streakse.g.,,0.60tstagd. We match the end-
ing radius and time of the acceleration to the peak of the
axial XRPHC, when the shell merges with precursor
s,1.5 mm at 0.96tstagd. We chose ablation velocities such
that the distribution of densityfEq. s6dg and the implosion
trajectory produce an increase of the power during implosion
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to match sif possibled the measured power. The calculated
power is assumed to be entirely from an inelastic snowplow
accretion of the injected massf32g. This last requirement
greatly narrows the range of ablation velocities required to
match the datassee Sec. IV Dd.

The rocket model is used to obtain estimates for the mass
that corresponds to the various trajectory measurementssthe
involved massd. By implication, this also gives us the mass
that trails behind or is outside the front corresponding to
those measurements. We do not know from this model how
far outside the trajectory fit the mass could be. The model
assumes an infinitesimally thin current sheath, while the real
object has a finite sheath width. Simulations of an MRT un-
stable 2D shellf22,23g with an RDP do show a slightly
smaller inductanceslarger radiusd than that associated with a
1D thin-shell model. This 2D trajectory lags minimally be-
hind a thin shell during the implosion, until MRT broadens
the distribution very near the axisf22,23g. These effects are
not sufficiently large to allow a 2D shell model to agree with
the Z trajectory data, which show significant differences
from 1D or 2D behavior, well away from the axis.

Figure 15sad compares a rocket model trajectory with the
trajectory data from the emission diagnostics. Ablation ve-
locities of 14±3 cm/ms, ablation times of,0.6tstag, and a
final radius and time of 1.5 mm at 0.96tstag allowed reason-
able agreement of the rocket model with the emission trajec-
tory data. The chosen trajectory fits the outside edge of the
array early and the peak of the XRPHC later, as shown in
Fig. 15sad sRpiston, purple lined. Ablation velocities in this
range also allowed agreement of inelastic snowplow power
with the measured power increase during the implosion, over
a 20-ns period just prior to stagnationfsee Sec. IV D, purple
lines in Fig. 17sadg.

These ablation times and velocities imply a range of
47% ±8% of the initial array mass could be ablated and
injected as a precursor for the 20-mm array. In order to have
a trajectory accelerating as fast as the peak of the XRPHC,
assumed to be driven to the axis by all the measured load
current, only about 24% ±5% of the initial mass could be
accelerated as a moving piston into the ablated prefill. A
higher mass would have resulted in a slower implosion, not
matching the emission data and not arriving on axis near the
foot of the power pulse. The accretion of mass ahead of this
piston produces radiationfe.g., the shell-like feature in Figs.
8sad and 8sbdg. This trajectory corresponds to the trailing of
29% ±4% of the absolute array masss1.7±0.2 mg/cmd.

Since 47% of the array mass is ablated and injected as a
precursor, only 53% is left at the edge at the start of accel-
eration. The piston masss24% of the total array massd cor-
responds to 45%s=24% /53%d of the mass left at the array
edge at the end of the ablation phase. The trailing masss29%
of the total array massd corresponds to 55%s=29% /53%d of
the mass at the edge of the array at the end of the ablation
period, which appears to arrive on axis only after the arrival
of the bright XRPHC front. According to this model, when
this bright front arrives on axis it has assembled 4.2 mg. The
trailing current appears to be accelerating the remaining 1.7
mg into the mass already assembled on the axis.

These results may give reasonable estimates of the ablated
mass prior to the start of accelerationsabout 50% of the

totald. This particular fit provides an upper bound on the
piston mass and a lower bound on the trailing mass because
it assumes that all the current is driving the acceleration of
the emission front. Measurements of the load inductance in-
dicated that the effective radius of the current lags well be-
hind this brightest emission front. This rapidly moving and
brightest emission front does not in fact carry the entire load
current down to the axis, as shown in the circuit modeling of
electrical data presented in Sec. IV C. This is another indi-
cation of axial inhomogeneity of the implosion. The differ-
ence between the radius of the brightest emission and the
effective radius of the inductance is the best evidence for
trailing mass and current.

We also fit a rocket model trajectory as closely as possible
to the trajectory of the inductance or current as shown in Fig.
15sbd sred lined. We match the starting time of the accelera-

FIG. 15. sColord sad Comparison of wire array emission trajec-
tory measurements corresponding to the brightest implosion front
fpeak of the radial profile from the axial x-ray pinhole camera
sXRPHC peakd from the 20-mm array data from Fig. 6sadg with a
Lebedev rocket model fit. This trajectory involves,60%–80% of
the initial array mass.sbd Comparison of wire array inductance
trajectory measurements corresponding to the array edgefinduc-
tance, radial optical streaksROSd and XRPHC edge from 20-mm
data from Fig. 6sadg with a rocket model fit. This trajectory involves
90%–100% of the initial array mass.
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tion to the effective current trajectorys,0.54tstagd. We match
the ending radius and time of the acceleration to the radius
corresponding to the load inductance at peak power
s2.8±0.4 mm at 1.05tstagd. Ablation velocities of
10–14 cm/ms, wire array ablation periods of 0.54tstag, and
an initially ablated mass of 40% ±6% match, within experi-
mental error, the trajectory of the currentfdown to rstd
,R/2g and radiation emission data from the array edge
sROS, XRPHCd. These fits leave trailing mass of 0%–7%
and therefore encompass most of the array mass. These esti-
mates are again upper bounds on the mass of the piston and
lower bounds on the trailing mass, because not all the current
is located at the radius of the effective inductance. The last
30% of the mass of the array appears to come in between the
foot of the power pulse and peak power, and may determine
the effective inductance of the mass at stagnation.

The trajectory of the current still lags behind the model
trajectory for rstd,0.5R, even including all the massfFig.
15sbdg. This possibly indicates trailing mass, a thicker current
sheath, or some mass that leaves the edge of the array after
0.54tstag. The discrepancy could also be explained by a sys-
tematic error in the inductance unfolds because of current
loss in the AK gap or convolute later in the pulse, aftert
.0.93tstag. This is difficult to rule out. The rocket model fits
and current trajectory data together imply that no more than
of order 10% of the mass can be outside a diameter of about
6 mm at peak power.

Similar fits to the emission and inductance data were
made for the 40-mm arraysnot shownd. For the trajectory
of the emission diagnosticsfFig. 7sadg, fitting Va
=27±3 cm/ms suggests 41% ±5% is ablated and injected,
32% ±5% is accelerated as a piston, and 28% ±3% is trail-
ing. The trailing masss28% of the total array massd corre-
sponds to about 47%s=28% /59%d of the mass at the edge
of the array at the end of the ablation phase. Although the
fraction of mass that trails appears to be about the same as
for the 20-mm array, the absolute trailing mass is
0.6 mg/cm, which corresponds to only 36% ±6% of the ab-
solute trailing mass per unit length compared to the 20-mm
array. The inductance trajectories, even including all the
mass, lag somewhat farther behind the trajectory of the cur-
rent than was the case for the 20-mm array. This discrepancy
is consistent with a larger systematic error in the inductance
unfolds for the 40-mm array, compared to the 20-mm array.

To match Magpie emission trajectories with the moving
prefill model f91g, 40% of the initial array mass is injected,
20% is in the piston, and 40% trails. The trailing masss40%
of the initial array massd corresponds to 66% of the mass at
the array edges=40% /60%d at the end of the wire ablation
period trails behind the main implosion front, based on emis-
sion data. The longer ablation period of Magpie arrays com-
pared toZ arrayss,0.8tstag vs ,0.55tstagd correlates with a
larger fraction of trailing masss40% vs 30%d, but within the
error of the fitting technique, these are about the same.

Table V summarizes the rocket model fits for arrays onZ
and Magpie. Based on the average of these fits to three dif-
ferent arrays on two accelerators, about 40%–60% of the
initial array mass is ablated in phasesII d, a piston mass of
20%–30% of the initial mass accelerates into this ablated

prefill during phasesIII d, and 30%–40% of the initial mass
trails behind the brightest implosion front. This trailing mass
corresponds to 45%–66% of the mass left at the edge of the
array at the end of the ablation phase. The rocket model fit to
the peak of the axial XRPHC data indicates that about 30%
of the array mass trails behind this front, at the foot of the
power pulse, for both the 20-mm and 40-mm arrays. The
rocket model fit to the ROS, current, and XRPHC array edge
data shows, down torstd,0.5R–0.25R, the location inside of
which up to 90%–100% of the mass residesfFig. 15sbdg. The
inductance trajectories onZ appear to contain almost all the
initial wire array mass, within about 10% at peak x-ray
power.

The differences between the rocket model fits to the emis-
sion and current data illustrate the limitations in trying to
piece together 1D models and various chordally integrated
2D measurements or global inductance unfolds to understand
a fundamentally 3D object. The rocket model provides an
interpretation of the trajectory data as a distributed implo-
sion, with precursor, main, and trailing implosions. Based on
these fits, we conclude that the emission front observed on
the ROS shows when the initial implosion onto the precursor
prefill begins. As observed in experiments on Magpie, this
likely occurs at only some axial locations as the cores are
nonuniformly ablated. The axial XRPHC shows a very rap-
idly moving and hotter emission front, accelerating away
from the fronts implied by the ROS and current data. This
surface may be the snowplow shock, propagating into the
ablation prefillf32g, or evidence of the implosion beginning
or proceeding more rapidly at some axial locations than
others.

Assuming that the current is constant on the time scale of
the plasma motion, we can estimate the plasma clearing or
compression timetC between radiiRi andRf by f89g

tC =Îp

2
erfHÎln

Ri

Rf
JtA, s7d

wheretA is the Alfvén transit time for the initial radiusRi:

tA fnsg =
Ri

VA
=

316Ri fcmgÎm0 fmg/cmg
I fMA g

=
Ri

2 fcm2gÎAni fatoms/cm3g
4.38e7I fMA g

. s8d

In Eq. s8d, VA is the Alfvén velocity,m0 is the plasma mass
per unit length,ni is the ion density,A is the atomic mass

TABLE V. Rocket ablation model fits to wire array trajectory
data.

Fractions of total masss%d
Array smmd ta/tstag Va scm/msd Ablated Piston Trailing

40 0.54–0.57 27±3 41±5 ,32±5 .27±5

20 0.60 14±3 47±8 ,24±5 .29±4

Magpiea 0.80 15 40 20 40

aCourtesy of S. V. Lebedev.
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number, andI is the current at that radius. Given ratios of
Ri /Rf ,1.3–6 relevant to experiments,tC,s0.7–1.2dtA.

The shadowgraphy data of Fig. 7sbd s40-mm arrayd
showed mass trailing for 20 ns in the outer 5 mm near the
array edge, prior to clearing. SubstitutingRi =2.0 cm,Rf
=1.5 cm,A=184, I ,15 MA, and ni ,1016–1017 cm−3 in
Eqs.s7d and s8d, we find tC=0.69tA=6–18 ns. Ion densities

of .1017 cm−3 sor ne.1018 cm−3 for Z̄,10 or m0
.0.5 mg/cm, about 24% of the initial array massd can there-
fore effectively impede the rate of current transfer toward the
axis for .20 ns near the edge of the array, atRi =2.0 cm
here. This is about the same as the 27% ±5% trailing mass at
the foot of the power pulse estimated from rocket model
trajectory fitting, summarized in Table V.

This trailing mass at the edge of the array, once com-
pressed, may produce the wings on the density profile at
stagnation observed with the radial XRPHC. Recall in Fig.
11sad s20-mm arrayd that a compression time scale of 9 ns
was observed to bring the mass located about 3 mm from the
axis in the wings of the profile, to within a 0.5 mm radius.
SubstitutingRi =0.3 cm,Rf =0.05 cm, andI ,15 MA at ni
=1019–231019 cm−3 sm0,0.9–1.8 mg/cm or about 15%–
30% of the initial array mass distributed in the wingsd in Eqs.
s7d and s8d, we find tC=1.18tA=7–10 ns. This estimate is
about the same as the 29% ±4% trailing mass at the foot of
the power pulse estimated from rocket model trajectory fit-
ting, summarized in Table V. Ion densities of.1019 cm−3 in
the wings of the mass density profile at stagnation can effec-
tively impede current transfer to the axis or hold up current
at a larger radius on a.5 ns time scale.

This time scale is relevant to pinch thermalization rates
because it is of order or greater than the typical pinch power
rise times of 3–6 ns. Trailing ion densities as low as
1018 cm−3 near the edge of the array increase to 9
31018–1.631019 cm−3,sRi /Rfd2 once compressed near the
axis with a convergence ratio of 3–4. We showed that den-
sities in this range are clearly able to influence the rate of
transport of current to the pinch and therefore the final pinch
compression and thermalization rates. Rapid transfer of cur-
rent to the axis and rapid compression of the pinch requires
lower ion densities and a larger magnetic fieldshigher Alfvén
velocityd. A larger magnetic field requires a smaller effective
radius of the current, which implies we should strive to limit
mass profiles with trailing wings and trailing current.

The fraction of trailing mass may depend on the scale
length and amplitude of the nonuniform ablation, on the
length of the ablation period, or on the time scale for accel-
erationf81g. Direct measurements of the quantity and spatial
distribution of trailing mass will determine how the nonuni-
form ablation and trailing mass actually limits the compres-
sion of the mass and the convergence of the current. X-ray
radiography with bent-crystal imaging is one possible
methodf50,51g.

C. Equivalent circuit modeling of electrical data

A trajectory model including the rocket model and the
thin-shell model as limits was coupled to an equivalent cir-
cuit model for theZ acceleratorf41g. This allowed us to

generate predicted machine electrical datasvoltages and cur-
rentsd with various assumptions for the trajectory of the cur-
rent. The equivalent circuit is shown in Appendix AfFig.
24sbdg f54g. Within the confines of this model, no choice of
ablation velocity, starting and ending radii, and time for ac-
celeration can simultaneously fit the total current, load cur-
rent, convolute voltage, either emission or current trajectory,
and power increase during the implosion. Again, this is a
fundamental problem of using 1D models to interpret 2D
diagnostic views of a 3D object.

The convolute data from Fig. 5 are compared with the
predicted voltages in Fig. 16. The measured peak convolute
voltage of the 20-mm array was 2.0±0.1 MV. A thin-shell
trajectory modelsblue lined assumes that the mass and cur-
rent converge simultaneously to a 10:1 convergence ratio.
This model ramps up faster than the data to a peak of 2.6
MV. A trajectory matching the emission datafpurple line
from Fig. 15sadg, starting att /tstag=0.60 and rapidly con-
verging to a 10:1 ratio at the moment the peak of the XR-
PHC shell strikes the precursor, ramps up very quickly to a
peak of 2.7 MV spurple line, Fig. 16d. Clearly all of the
current does not follow a trajectory with this high anLa and
dLa/dt. A trajectory matching that of the load inductance
unfold fred line, Figs. 6sad and 15sbdg converging to a 4:1
ratio matches the peak voltage of 2 MVsred line, Fig. 16d.

We note that the voltage from the inductance model does
not entirely agree with the measured convolute voltage
throughout the pulse. These circuit models incorporate a
voltage and current-dependent impedance modelf54g to
approximate the current loss in the post-hole convolute. The

impedanceZconvstd=Vconvstd /ÎIa
2std− I l

2std whereIa is the up-

FIG. 16. sColord Comparison of measured convolute voltages
for the 20-mm arrayffrom Fig. 5sbd, shot 818g with models of
convolute voltages for three cases: thin shell at a convergence of
10:1 sblue lined, emission at a convergence ratio of 10:1spurple
lined, and trajectory of inductance at a convergence of 4:1sred
lined. The load impedance is consistent with a smaller convergence
of the current.
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stream or accelerator current andI l is the downstream or load
current, andI loss= Ia− I l. Zconvstd was held fixed at 0.2V to
match the convolute current loss at peak current. The data,
however, imply that a time-dependent flow impedance is re-
quired to model the convolute loss throughout the entire
pulsef102,103g. As discussed in Sec. III G, sources of cur-
rent loss in parallel with thez pinch at the convolute and in
the AK gap at the base of the pinch need to be modeled
properly in order to arrive at the correct effective conver-
gence ratio of the current. AK gap loss at the base of the
pinch was also neglected. In addition to a time-dependent
convolute impedance, improved modeling of the electrical
data may require a model of the current loss at the base of
the pinch.

D. Pinch power increase during the implosion run-in

Several different models for the power increase during
implosion are shown in Fig. 17. The composite pinch power
curve, discussed in Sec. II F, is plotted in Fig. 17sad sblack
lined. This curve is obtained by joining the silicon diode data
searlyd with the XRD/bolometer dataslaterd at t=0.85tstag.

We consider two main sources of energy for radiation during
the implosion run-in phasesIII d: inelastic collisions and
Ohmic heating. The models indicate that both together could
account for the power radiated during the implosion phase.
Inelastic collisions dominate Ohmic heating for these
models.

The MHD models for wire ablation, described in Sec. III,
show a magnetic Reynolds numberRm,1 near the wires and
largeRm.10 in the bulk of the precursor plasma inside the
array. SmallRm near the wires limits current convection in-
side the array. LargeRm in the bulk plasma implies that
whatever field does convect inside the array with the precur-
sor would be frozen in. The 2D-MHD models show convec-
tion of up to 30%–40% of the total current inside the array
diameter with the precursor. In these simulations, the ablated
plasma continues to heat and accelerate inside the array, be-
cause of the entrained current. The acceleration of the pre-
cursor plasma results in a much smaller velocity difference
between the velocity of the piston and the ablated plasma
sVp−Vad, which greatly reduces the inelastic snowplow
power.

Resistive heating of the wire coronal material and the
mass inside the array therefore produces 95% of the radiated
power in the Gorgon-MHD modelfPG-MHD, green line, Fig.
17sadg, in reasonable agreement with the data at,0.7tstag.
Ohmic heating of the corona or precursor plasma may be
responsible for the,0.5 TW radiation of the array during
phasesII d, prior to array motion. Ohmic heating produces a
maximum of,0.5 to 1 TW of radiated power from the array
between 0.7tstag and 1.0tstag, during phasesIII d, with this
model.

The 0.5–1 TW of Ohmic deposition is only about 20% of
the total power radiated during the pinch run-in. The bulk of
the power may result from inelastic collisions of the moving
piston with the injected precursor mass. The snowplow ac-
cretion modelf19,32g fPSP, purple lines, Fig. 17sadg assumes
that the power is generated from inelastic collisions between
the imploding pistonsvelocity Vpd and precursor with mass
density profilersr ,td stransformed to the moving frame of
the precursord:

PSPstd =
1

2

dm

dt
Sdr

dt
− VaD2

~
1

2
rsr,tdsVp − Vad3, s9d

where power is generated ifdr /dt.Va and the mass density
profile rsr ,td is generated via the constant ablation velocity
Va fEq. s6dg.

Three different snowplow cases are compared with the
measured power in Fig. 17sad. The purple lines correspond to
the rocket model fit to the emission trajectory data shown in
Fig. 15sad and discussed in Sec. IV B. The three curves cor-
respond to different ablation velocities. Ablation velocities of
14±3 cm/ms produce a reasonable match to the measured
power with the inelastic collision model over the 20-ns pe-
riod leading up to the stagnation time.

The rocket model has been modified from the previous
treatmentf32g to allow the ablated prefill mass to redistribute
at a constant initial velocity, while the array implodesf91g.
In the previous treatment, the prefill profile was fixed at the

FIG. 17. sColord sad Comparison of a composite pinch power
history during the implosion phasefPcomposite, black line, from Fig.
6sbdg with a 1D-resistive MHD modelsPG-MHD, green lined, and a
snowplow accretion modelfPSP, purple lines, from trajectory of
Fig. 15sadg. Triangles correspond to an ablation velocity of
10 cm/ms, circles to 14 cm/ms, and squares to 20 cm/ms. sbd
Comparison of the measured increase in precursor diameterfblack
circles, from Fig. 6scdg with a simple precursor energetics model
sorange lined. The peak of the radial profile of the axial x-ray pin-
hole camera radial profile peak is shown in red circles, rocket model
trajectory shown with a purple line.
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initial time of array motionfthe retarded time in Eq.s6d was
given by ta−sR−rd /Va, with ta being the time acceleration
startsf32gg. Allowing motion provides an increasing density
ramp toward the axisf91g. Prefill motion was required for
generating inelastic powers that agreed with the measured
power for the 40-mm array. Ablation velocities of
27±3 cm/ms produce a reasonable match of the inelastic
collision model with the measured power over the 20-ns pe-
riod leading up to the stagnation time, for the 40-mm-diam
array.

The ramp up of the power as stagnation nears can only be
reproduced, if inelastic collisions are assumed to dominate,
by a density profile that peaks towards the axis and for a
particular narrow range of ablation velocity. Ablation veloci-
ties of ,12 cm/ms s,19 cm/msd do not produce a ramped
density profile for the 20-mms40-mmd array, hence the fall-
off in power for the 10 cm/ms velocity in Fig. 17sad. Assum-
ing that the power results entirely from inelastic collisions,
one can invert Eq.s9d using the measured power, the piston
velocity from the trajectory fit in Fig. 15sad, and the ablation
velocity, to determine the density profile encountered by the
imploding piston, as a function of radius. This profile is self-
consistent with that generated from Eq.s6d, for velocities in
the range of 12–17 cm/ms, and ramps up towards the axis.
The requirement that the power agree with that generated
from inelastic collisions provides strong constraints on the
fitting parameters for the rocket ablation and snowplow mod-
els. The peaking of the density towards the axis may contrib-
ute to snowplow stabilization of wire array implosions
f21,32,91–94g. It is interesting to note the similarity of Eq.
s6d to analytic estimates by Hammeret al. f21g and Douglas
et al. f94g of the mass density required to tamp the growth of
MRT by the accretion of mass.

Ohmic heating power might be increased by axial nonuni-
formities in the plasma density or currents3D effectsd or
resistivities higher than Spitzer. If there is actually entrained
current in the experiments, collisional effectsf107g not in-
cluded in MHD codes might reduce the precursor velocity
near the axis, increasing the contribution of the inelastic
power towards the limit of the constant-Va snowplow model.
Also, analytic workf108,109g indicates thatRm,1 near the
cores, which could limit both current convection inside the
array and acceleration of the injected plasma. MHD codes
could therefore overestimate the current convecting inward
from the region near the wires and therefore overestimate the
plasma acceleration internal to the array. More work is re-
quired.

In conclusion, it is reasonable to suppose that some com-
bination of power generated by Ohmic heatings0.5–1 TWd
and inelastic collisionssup to 4–5 TWd, possibly including
3D nonuniformities, can account for the 1–5 TW of power
radiated during the implosion phasesIII d. Other heating
mechanisms may exist based on 3D effects producing hot
spots or other phenomenonf38,39g. The pessimistic conclu-
sion of a previous work was that the implosion could not be
represented as a snowplow implosionf39g. Although this is
probably accurate in the strict 1D sense, the results presented
in Secs. IV B, IV C, IV D, and IV F, following, indicate that
the snowplow picture is, in fact, helpful for interpreting 2D
trajectory and pinch power data. An important area for future

development is to determine the current distribution inside
the array, as a test of the MHD predictions.

The pinch power is the most highly integrated experimen-
tal measurement made on pinches and as such depends on
many factors. The pinch power is therefore likely to be the
most difficult measurement to model. The mechanisms for
the pinch power ramp up during the implosion phase need to
be determined and models further developed. Improved pre-
dictive models are important because we might be able to
control this phase of the implosion in such a way as to pro-
duce radiation pulse shapes appropriate for ICF applications.
Some progress in this direction has been reportedf84g.

E. Precursor expansion model

Figure 17sbd compares the precursor radius with a phe-
nomenological model. We observe the precursor radius be-
gins to expands,0.75tstagd fFig. 6scdg. As discussed previ-
ously f32g, the equilibrium precursor diameter may be a
balance between the thermal pressure and the kinetic pres-
sure of the incoming ablated mass. The kinetic pressure of
the plasma flow, arriving on the surface of the precursor, is

Pkin =
Va

2pRp

dmablate

dt
, s10d

whereVa is the ablation velocity,Rp the precursor equilib-
rium radius, anddmablate/dt is the mass ablation rate per unit
length. The thermal pressure in the precursor pinch balances
this kinetic pressure:

Pth = sZ + 1dniT. s11d

Equations11d can be rewritten through the total thermal en-
ergy E of the precursor:

E =
3

2
sZ + 1dnipRp

2,T, s12d

where, is the pinch length,ni the precursor ion density, and
T the precursor temperature. Substituting Eq.s12d into Eq.
s11d gives the following expression for the thermal pressure:

Pth =
2

3

E

pRp
2,

. s13d

Equating the kinetic pressurefEq. s10dg and the thermal pres-
surefEq. s13dg we find the following expression for the equi-
librium radius of the precursor:

Rp =
4

3

E

,Va
dmablate

dt

. s14d

Before the start of the implosion phasesIII d, the increase of
the thermal energy of the precursor by the accumulation of
mass is balanced by the increase of the kinetic pressure, and
the precursor column radius is almost constantf33g. The pre-
cursor column will absorb some fraction of the snowplow
radiation from the piston during the implosion phase, leading
to increase of the thermal energy,

SCALING OF TUNGSTEN-WIRE-ARRAYz-… PHYSICAL REVIEW E 71, 046406s2005d

046406-27



dE

dt
= Fs1 − adPSP, s15d

and to a corresponding increase of the equilibrium precursor
radius:

dRp

dt
= 1 4

3,Va
dmablate

dt
2dE

dt
= 1 4

3,Va
dmablate

dt
2Fstds1 − adPSP.

s16d

HereFstd,s2Rpd / s2pRpistond is a view factor,PSP is the
radiation power from the imploding pistonfFig. 17sad,
purple line with circlesg, Rpiston is the radius of the imploding
piston fFig. 15scd, purple lineg, and a is the albedo of the
precursor column. The albedos=0.88d was adjusted to match
the measured rate of precursor expansion. Precursor expan-
sion was also observed attù0.80tstag with laser diagnostics
on 1-MA Magpie arraysf26,32g, e.g., as acceleration begins.
The precursor expansion data and this model provide addi-
tional evidence consistent with a rapidly increasing total ra-
diated power well above 1 TW, during run-in.

F. Trajectory scaling

We noted that wire arrays onZ appeared to have a higher
ablation rate per unit mass compared to arrays studied on
lower-current accelerators. We found array implosions begin-
ning at 0.5tstag–0.6tstag compared to arrays on Magpie and
Angara-5-1 accelerators that began movement at,0.8tstag.
We also showed that heavier, smaller-diameter arrays accel-
erated later than the larger-diameter, lighter arrays, onZ.
These observations can be explained by a higher ablation
rate per unit mass for arrays that accelerate earlier in the
current pulse. This conclusion does not depend on the model
used to interpret the mass ablation rates.

Based on the rocket model, the ablation rate per unit mass
is simply Eq.s3d divided by the initial array mass/ lengthm0:

fm =
Udmablate

dt
U

m0
=

m0I,
2

4pRVam0
. s17d

This expression implicitly contains time in the load current.
Load currents on Magpie can be represented by

I,Mstd = Imsin2Sp

2

t

tm
D , s18d

whereIm is the peak current driving the array andtm is the
time of peak currents240 ns for Magpied. TheZ accelerator
has a faster rate of rise of currentsand ablationd than this
function. Load currents forZ can be fit byf15g

I,Z
2 std =

Im
2

2
S t

tm
D2F3 −S t

tm
D4G , s19d

whereIm is the peak load current andtm is the time of peak
current.Z current pulse shapes are well fit withtm=90.4 ns
for 12-mm-, 20-mm-, and 40-mm-diam arrays, through about
100 ns.

Also, time is implicitly contained in the choice for the
initial array massm0. These parametersm0, Im, and a char-
acteristic time of the implosion,t, are related through a di-
mensionless similarity variableP f19g:

m0 =
m0Im

2 t2

4pPR2 . s20d

P will vary for different current pulse shapes and array con-
figurations. We lett=tstag.

Substituting Eq.s20d into Eq. s17d, we find

fmstd =
PK

tstag
S I,std

Im
D2

, s21d

whereK=R/ fVatstagg is the wire array ablation similarity pa-
rameter proposed by Lebedevet al. f32g, derived by combin-
ing Eqs. s3d and s20d in differential form. Lebedevet al.
suggested that arrays with the same value ofK might have
the same deviation of wire arrays from thin-shell trajectories
and the same radial redistribution of ablated mass. The vari-
able K is ~kVarrayl /Va, where kVarrayl is the average array
implosion velocity. AsK increases, the array motion ap-
proaches a thin-shell limit, with less radial extent of the in-
jected massslarge array velocity, small ablation velocity, and
a large ablation rated f91g.

The ablation rate per unit mass,fm, is ~PK /tstag
~ Im

2 / fRm0Vag. Higher values ofP andK and shortertstagor
higher peak drive current, smaller array massm0, and smaller
ablation velocityVa lead to a higher ablation rate per unit
mass and therefore a shorter absolute time for wire burn-
through. If the array mass is scaled to keep the stagnation
time constant, thenm0~R−2 and fm~R. The normalized cur-
rent wave formsfEqs.s18d ands19dg are higher forZ on both
the absolute and normalized time base; hence,Z arrays ablate
through at a faster rate than Magpie, even for the same value
of PK /tstag.

The fraction of the total initial array mass that is ablated,
fa, can be found by integratingfmstd:

dmstd
m0

= fastd =
PK

tstag
E

0

t S I,

Im
D2

dt. s22d

Integrating Eq.s22d, we find for Eq.s18d the following ex-
pressionf42,44g for the mass ablation fraction for the sin2

current pulse, appropriate for Magpie:

faMstd =
3PK

8
FS t

tstag
D −

4b

3p
sinS pt

btstag
D +

b

6p
sinS 2pt

btstag
DG

=
3PR

8Vatstag
gMstd. s23d

Lebedevet al. also presented a similar analysisf91g, and we
adopt his notation. For Eq.s19d we find, appropriate forZ,

faZstd =
PK

2
F 1

b2S t

tstag
D3

−
1

7b6S t

tstag
D7G =

PR

2Vatstag
gZstd,

s24d

where the variableb= tm/tstag is introduced to express Eqs.
s23d and s24d in terms oft /tstag.
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Table VI summarizes the analysis of Eq.s23d as applied to
Magpie tungsten array data from Refs.f28,32g and Eq.s24d
applied to theZ array data. We measure the time at which the
array accelerates from its initial position,ta, the array implo-
sion time,tstag, and know the variablesP andR based on the
initial setup of the accelerator and wire array. We can there-
fore solve Eqs.s23d and s24d, with the product of ablation
fraction x ablation velocitys=faVad as the only unknown.
Using fits to the trajectory and power, discussed in Secs.
IV B–IV D, we estimated that the ablated fractionfa was
41%–47% at the moment of initial acceleration. This was
similar for Magpie arrayssfa,40%d f32g.

The ablation velocity obtained in this way can be thought
of as giving the average or effective ablation rate along the
length of the wire, taking into account axially nonuniform
ablation. This velocity is not necessarily the actual velocity
of the ablated mass. Figure 18 plotst /tstag for tungsten ar-
rays onZ, versusgZstd=2faVatstag/ sPRd from Eq. s24d. The
data points are plotted at the experimentally observedta/tstag
and at the requiredfaVa to fit the acceleration by the ablation
of a given fraction fa of the initial array mass, giving a
graphical solution to Eq.s24d. The curves are similar to each
other because the experimental conditions were changed to
keepP andb roughly constant.

As the wire number increasesswire-to-wire gap de-
creasesd in the Magpie experiments, the required ablation
velocity from a solution to Eq.s23d decreasessincreasing
wire ablation rated f91,81g. In a similar way, ablation veloci-
ties are smaller for the 12-mm and 20-mm arrays compared

to the 40-mm array perhaps because of the smaller wire-to-
wire gap f91g. The ablation velocities for the 12-mm and
20-mm arrays are approximately equal, perhaps because of
identical wire-to-wire gaps. The ablation velocities onZ ap-
proach those for the higher wire number Magpie arrays. The
effective ablation velocities show small changes over large
changes in experimental conditions betweenZ and Magpie
f81g.

TABLE VI. Mass ablation rate fitting for Magpie andZ tungsten arrays. We apply the fitting technique of
Eq. s23d to Magpie tungsten array trajectory data from Refs.f28,32g, and Eq.s24d to Z tungsten trajectory
data to find the product of ablation fractionfa and ablation velocityVa.

Array P tstag snsd
ta/tstag

b gsta/tstagd
faVa Va

Kta snsd scm/msd scm/msd

Magpie tungsten array datasRefs.f28,32gda

64 wires 7.4 270 0.78 0.89 0.705 5.8 14.5 0.20

220 sfa=0.4d
32 wires 10.7 230 0.79 1.04 0.516 7.2 18.0 0.19

190 sfa=0.4d
16 wires 16.1 200 0.78 1.2 0.351 8.5 21.3 0.19

165 sfa=0.4d

Z tungsten array data

12-mm 5.57 100.5 0.74b 0.90 0.469 7.8 16.6 0.36

74 sfa=0.47d
20-mm 5.17 95.5 0.61c 0.94 0.253 6.8 14.5 0.72

58 sfa=0.47d
40-mm 4.92 106.6 0.52c 0.85 0.192 8.8 21.5 0.87

55 sfa=0.41d
aIn order to define the stagnation time for Magpie experiments of Refs.f28,32g in the same manner as forZ
experimentssbased on the extrapolated leading edge of the current; see Fig. 3d subtract 40 ns fromtstagand
ta. Only the values ofta/tstag above are already corrected for this shift.
bNo optical measurement available. This number is from the electrical measurement of Table IIsSec. II Ed.
cThese fractions are the average of electricalsSec. II Ed and ROS measurements from Table II and near the
starting times used for the rocket model results in Table V.

FIG. 18. Plot oft /tstag vs gZ fEq. s24dg for Z tungsten arrays.
Array mass and radii were changed to keep the measured implosion
time roughly constantsP roughly constantd.
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Using the results of this analysisse.g., the particularfaVa
and K values found aboved, Fig. 19 plots the mass ablation
fraction for these six arrays versus timefFig. 19sadg and ver-
sus the normalized timeft /tstag, Fig. 19sbdg. These curves
were adjusted to pass through the measured ablation timeta
fin Fig. 19sadg and the measuredta/tstagfin Fig. 19sbdg at the
relevant ablation fraction by selecting a different value ofVa
for each curvessee Table VId.

The normalized and absolute ablation times appear to de-
crease inversely with the ablation parameterK; e.g., the
higher K, the earlier in the current pulse the array begins
implosion. Arrays on MagpiesKM ,0.20d start to implode at
s0.76–0.82dtstag. Z arrays sK20,0.72,K40,0.87d have an

increased ablation rate per unit mass compared to those on
Magpie largely because of smallertstag by ,2.5, ablate
through, and begin implosion earlierfs0.52–0.60dtstagg. Ar-
rays on Angara-5-1 with a similarK to MagpiesKA,0.30d
also show a delayed trajectorys,0.80tstagd f34–36g. In this
case, although the stagnation time is similar to the,100 ns
on Z, the ablation rate per unit mass is smaller because of a
smaller array diameters8 mmd by a factor of 1.5–5. The
12-mm-diam array onZ sK12,0.36d had an ablation rate per
unit masss~1/fm0RVagd smaller by 46% compared to the
20-mmZ array, and so burned through and accelerated rela-
tively later, approaching the Angara and Magpie results.
These results presented in Table VI are strong evidence in
favor of the hypothesis by Lebedevet al. in Ref. f32g, con-
cerning scaling of the wire array trajectory with the param-
eterK.

These equations make it apparent that if the rocket abla-
tion model is correct in a global or average sense, there
should be a one-to-one correspondence between measured
values of the ablation timeta and the productfaVa. We de-
termine the values of ablation velocity required to fit the
experimentally measured ablation times by construction. Di-
rect measurements of the flow velocity of the plasma precur-
sor on Magpie with axial interferometryf32g showed that
Va=15 cm/ms, roughly consistent with the above analysis
using fa,40% and, in turn, possibly consistent with the ob-
served high periodicity of the axially nonuniform ablation
f32g.

If Va could be directly measured experimentally, it might
give insight into whether the rocket model is a reasonable
representation of the effective or global ablation rate and, if
so, help to determine the fraction of the array mass ablated
prior to acceleration. Also x-ray backlighting or shadowgra-
phy f50,51g could provide direct measurements offa. Recall
we inferred values of the ablation velocity based on the re-
quirement to provide a density ramp towards the axis, gen-
erating inelastic power in agreement with the measurement
ssee Sec. IV Dd. These values of velocitys14±3 cm/ms for
the 20-mm and 27±3 cm/ms for the 40-mm arrayd are in
reasonable agreement with those from the above analysis.
Direct measurements ofVa are critically important to provide
an independent confirmation of the above model.

Direct experimental measurements of howVa might scale
with experimental conditions such as array geometrysradius,
array mass, number of wires, wire diameterd, accelerator
configurationsI , dI /dt, current prepulse length and ampli-
tuded, as well as on wire material or wire alloy properties
ssuch as conductivity, EOS, and other factors possibly seed-
ing the growth of the nonuniform ablationd would also be
helpful. The ablation velocity apparently strongly controls
the dynamics of the array, but has shown significant varia-
tions only to wire number in 2D-MHD simulationsf81g.
Also the source of the initially nonuniform ablation is un-
known. If Va could be decreased or, equivalently, iffa could
be increased, higher values ofK would result, burning
through the array at an earlier fraction of the stagnation time,
possibly resulting in a reduction of trailing mass.

Presently, lacking any obvious experimental control over
either the productfaVa, fa, or Va, these equations still give

FIG. 19. sColord sad Mass ablation fraction as a function of time
for Z ssolid linesd and Magpie arrayssdotted linesd. The value ofVa

was adjusted to produce agreement with the measured time of ac-
celeration at the appropriate value of the ablation fraction. Ablation
fractions are noted with horizontal liness41% for the 40-mm array,
47% for the 20-mm and 12-mm arrays, and 40% for Magpie; see
Table VId. Magpie curves and acceleration times are shifted earlier
by 40 ns so that thet=0 point is defined in a similar fashion for
both Z and Magpie.sbd Mass ablation fraction as a function of
normalized timest /tstagd for Z ssolid linesd and Magpie arrayssdot-
ted linesd. The Magpie acceleration and stagnation times from Table
VI were decreased by 40 ns in calculating theta/tstagratio. Magpie
arrays ablate and burnthrough later in the pulse thanZ arrays.
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guidance on an appropriate direction to increase the ablation
rate per unit mass. Based on Eq.s21d, a high ablation rate per
unit mass requires highP, high K, and shorttstag. Fixing the
radius relevant to a particular applicationf10g, only a de-
crease in the initial array mass or an increase in the driving
currentsor bothd can modify the ablation rate per unit mass.

V. PHASE IV: STAGNATION AND THERMALIZATION

A. Current compression velocities and stagnation
times

The effective velocity of current compression can be ob-
tained by differentiating the effective current radius curves.
Figure 20 plots the effective velocities of the current com-
pression for the 12-mm, 20-mm, and 40-mm arrays, with the
soft x-ray pulse shape for comparison. We find that the peak
velocity of compression of the mean current radius
s28±2 cm/msd for the 20-mm arraysgreen line, Fig. 20d is
lower than the velocity of the emission front near the axis
s40 cm/msd fFig. 6sadg. The same is true for the 40-mm ar-
ray. The peak velocity of current compression is 46 cm/ms
sblue line, Fig. 20d for the 40-mm array. The peak velocity of
the current is lower than the velocity of the emission front at
62 cm/ms fFig. 7sadg.

The effective current velocity for the 40-mm array is an
underestimate of the peak velocity, considering the previous
discussion about increased AK gap current loss for the
40-mm array, relative to the 20-mm array. The current veloc-
ity of the 20-mm array is also likely an underestimate. We

saw in Sec. IV C that the inductance trajectory still lagged
behind the rocket model and the measured edge of the mass
distribution with the ROS and XRPHC, including all the
massfFig. 15sbdg.

The time at which the current reaches peak velocity in
both cases is 3–6 ns later than the observed time of merger of
the peak of the radial x-ray profilesaxial view with XRPHCd
with the precursor and just prior to the stagnation times of
the arrays. For the 20-mm array, the velocity of the current
peaks at −0.4±1.7 ns prior totstag, while the peak of the
radial x-ray profile merges with the precursor at −3.8±1.9 ns
prior to tstag. For the 40-mm array, the velocity peaks at
−2.6±0.9 ns prior totstag, while the peak of the radial x-ray
profile merges with the precursor at −8.6 ns prior totstag.
After this time, the rate of pinch current compression de-
creases, perhaps because of the stagnation pressure increase
as most of the mass is compressed and heated on axis or
because of the onset of instabilities which spread the sheath.
The effective velocity of the current compression at peak
pinch power is always lower than and later than the peak
velocity of the current.

These observations are further evidence consistent with
the hypothesis that the collision of the shell with the precur-
sor begins the pinch thermalization phasesIV d. Recall that
we chose the extrapolated leading edge of the pinch power as
a convenient method to define the start of the pinch thermal-
ization phasesIV d sSec. II Bd. This was useful as a demarca-
tion of rapid power increase, but arbitrary. A physically mo-
tivated criterion might be when the shell strikes the precursor
or when the acceleration of the current compression is ob-
served to decrease. These three observations are within 3–9
ns of each other for both arrays.

Figure 20 also shows that the peak velocity of current
compression for the 12-mm array is 23 cm/ms sred lined and
that this occurs 14.5 ns prior to peak radiation. This is the
longest time delay between peak velocity of the current and
peak radiation for any of the single arrays discussed in this
paper. The rate of current transfer to the axis and rate of
compression appears to decrease for the 12-mm array. For
example, compare with a 5.8±1.8 ns delay between peak
velocity of the current and peak power for the high-current
20-mm arrays. This might be consistent with a larger trailing
current and mass for arrays with a longer wire ablation
period.

If the fraction of trailing mass for the 12-mm array is the
same as we inferred for the 20- and 40-mm arrayss30% at
the foot of the power pulse; see Sec. IV Bd, as much as 4.5
mg may be trailings0.3314.9 mgd. This is a factor of 2.5
times that inferred for the 5.9-mg, 20-mm array, in absolute
quantity. Interestingly, the acceleration of the currentsdv /dt
from Fig. 20d for the 12-mm array is highest, implying the
smallest involved mass and thus indirectly indicating a
higher fractionalsand absoluted trailing mass than the 20-
and 40-mm arrays. This is consistent with our speculation
that the fraction of trailing mass could increase for longer
ablation periods. Magpie arrayssta,0.8tstagd were estimated
to have a trailing fraction as high as 40%. If this fraction
applies to the 12-mm array onZ, as much as 6 mg might be
trailing. This is a factor of 3.4 increase in absolute quantity
compared to the 20-mm array.

FIG. 20. sColord Comparison of the effective velocity of current
compressionsdotted linesd with the normalized power pulsesssolid
linesd for the 40-mmsblue, shot 846d, 20-mmsgreen, shot 818d, and
12-mm-diamsred, shot 931d arrays. We observe a later acceleration
time for smaller radius arrays. Faster initial acceleration of the cur-
rent and a longer time between peak velocity of the current and
peak power for the 12-mm array may indicate a higher trailing mass
compared to the other arrays. Faster deceleration of the current near
peak velocity for the 40-mm array may indicate less trailing mass
compared to the other arrays.
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If we assume that the “clearing time” for final compres-
sion of the trailing mass is proportional to the time period
between peak velocity of the current and peak power, we can
use Eqs.s7d ands8d to estimate the required increase in trail-
ing ion density. Compared to the 20-mm array, a factor of
14.5/s5.8±1.8d=2.5±0.8 increase in the final compression
or clearing time requires an increase in trailing ion density
by a factor of 6.3±4. This is within a factor of 2–3 of the
2.5–3.4 increase in trailing mass estimated above, based the
assumption of 30%–40% trailing mass fractions from rocket
model fitting.

Further data consistent with a change in the radial distri-
bution of the current are obtained by comparing inductance
unfolds for the low-current and high-current cases from the
recent current scaling work of Stygaret al. f20g. In that
work, scaling of power with current was determined for 20-
mm-diam tungsten wire arrays with a fixed implosion time
s95 nsd. Radiated power scaled subquadratically with current
s~I1.24±0.18d between 13 MA s2.7 mg/cmd and 19 MA
s5.9 mg/cmd where only array mass and current were varied.
Multiple-shot averages of current trajectoriesf57g and ve-
locities for the low- and high-current cases of this data are
compared in Fig. 21. This is a better relative comparison than
the 20-mm and 40-mm cases discussed previously since we
used identical and large AK gapss3 or 4 mmd for which no
discernible effects of AK gap on radiated power and energy
were observed.

The comparison of current trajectories and velocities in
Fig. 21 indicates a tighter pinching of the current for the
lower-current array, as well as a higher implosion velocity of
the current. At peak radiated soft x-ray power, the radius and
CR of the current are, respectively, 1.4±0.4 mm and 7.1±2.0
for the lower current casesaverage of three shotsd. The radii
and CR of the current are 2.8±0.4 mm and 3.6±0.6 for the
higher current casesaverage of three shotsd, showing reduced
compression. We measure a peak velocity of the current
compression of 35±0.3 cm/ms for the low-current casesap-
proaching the thin-shell model limit of 40 cm/ms at a 10:1
compressiond and 28±2 cm/ms for the high-current case.
Were the arrays behaving as a thin shell, a fixed stagnation
time scaling would result in identical trajectories, compres-
sion ratios, and implosion velocities for the two currents.

Figure 22sad compares time-dependent FWHM from the
radial XRPHC camera with the soft filter, for both low- and
high-current shots. The time axis is plotted as time with re-
spect to the peak power. The final compression of the
FWHM from of order 4–5 mm down to 1 mm occurs in
about 2–3 ns for the low-current case, at about 45 cm/ms,
consistent with the peak velocity of compression of the cur-
rent f35 cm/ms, Fig. 21sbdg. The final compression of the
FWHM for the high-current case occurs in about 5–7 ns,
about a factor of 2 slower than the low-current case, but at a
factor of 5 reduced velocitys9 cm/msd. The peak velocity of
current compression for the high-current array is 28 cm/ms
fFig. 21sbdg.

We argued in Sec. IV B that the wings on the mass den-
sity profile at stagnation determine the final compression
time sFig. 11d and that the size of the wings are relevant to
the compressionsand final velocityd of the current at peak
power. The wings are below the level of the FWHMfFig.

11sadg. The difference between the peak velocity of compres-
sion of the FWHMs9 cm/msd and that of the current for the
high current cases28 cm/msd argues for a reduced efficiency
of compression and heating of the main pinch mass on axis.
Since the velocity of FWHM compression for the low cur-
rent cases45 cm/msd is consistent with the final current
compression velocitiess35 cm/msd, we would therefore in-
fer a lower mass distributed in wings to delay the final com-
pression. A reduction in trailing mass and in the time period
for compression is consistent with the shorter rise time of the
power pulses for the lower-current case, shown in Fig. 22sbd.
A reduction in trailing mass is also consistent with the
smaller delay between the peak current and stagnation time
st=1.0tstagd for the low-current casefFig. 21sbdg and with the
faster deceleration of the current after peak velocity for the
lower-current casefFig. 21sbdg. fIn a similar way, the decel-
eration of the current after peak velocity for the 40-mm array

FIG. 21. sad Comparison of the trajectory of the effective posi-
tion of the current from the current scaling experiment of Ref.f20g.
Wire array experiments at 13 MAsdashed line, average of shots
725, 819d and 19 MA saverage of shots 724, 817, 818d. Higher
convergence is noted for the lower-current case.sbd Effective ve-
locity of current compression for the trajectories from partsad. A
higher peak velocity and a more rapid deceleration of the velocity
near peak power is observed for the low-current data.
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is faster compared to the 20-mm and 12-mm arrayssFig. 20d,
also consistent with smaller trailing mass.g

B. MHD stability at stagnation

In Figs. 10sbd–10sdd, the structure of the hot spots and the
shape of the intensity contoursswhite linesd appear to show
an instability with anm=0 sausagelike character growing up
rapidly during the pinch power rise time. These images are
obtained after the beginning of phase IVse.g.,.tstag, after
the acceleration of the system has ceasedd; thus, anm=0
MRT mode is not indicated. This sausage mode may be ini-
tiated by the wavelength of the axially nonuniform ablation
set by the ablation process at the array edge and/or by an
MRT wavelength at stagnationf24g. Axial profiles from Fig.
10sad snot shownd suggest thatl,1.8 mm just prior to stag-
nation.

A pinch with current and pressure profiles peaked on axis
is stable to them=0 sausage instabilityf110–112g. However,
since the effective radius of the current is off axissat 2.8
mmd, the pinch mass at stagnation is unstable to both the
m=0 sausage andm=1 kink perturbationsf111,112g. Trail-
ing mass and distributed current, however, do reduce the
growth rate ofm=0 and m=1 instabilities by creating a
broader, more diffuse current profilef113,114g.

The overall shape of the bright core region or intensity
contours also clearly show the onset of a mildm=1 kink
instability in Figs. 10sdd sjust after peak powerd and 10sed.
The radius of peak emission as a function of axial position
sdefined as the pinch centroidd is plotted as the green line in
Figs. 10sbd–10sid. The centroid shows an overallm=1 insta-
bility with a wavelength of about the pinch length. Anm
=1 kink, when observed, is always on all frames obtained
after peak power, never on frames before, for the 20-mm
arrays. Thus there may be some relation between the occur-
rence ofm=1 and the termination of the rapid rise of the
power pulse.

The peak compression of the self-emission is always after
peak powerssee Fig. 10d and hence also associated with the
appearance of the kink. The peak radiation temperature of
the pinch after peak power is similar to those at peak power,
but the total power radiated lower, perhaps because of a
smaller surface area. Perhaps one reason the total radiated
pinch power begins to decrease is simply because of the final
assembly of all the mass into a tighter pinch after peak
power. The conditions for the maximum growth of the kink
instability may not occur until peak compression is reached.
Also, the growth rate of the kink instability may be some-
what lower than for the sausage, independent of the current
profile f113,114g. The spectra of the pinch emission become
progressively harder throughout the pulse, in particular after
peak power, possibly related to the growth of MHD instabili-
ties and the production of axially directed electron beams
between the cathode and anode.

On a more speculative note, we observe in Figs. 10scd and
10sdd the presence of a number of “bubble” regions, defined
for this discussion as cold regions surrounded by hot mate-
rial. These bubble regions, labeled “b1”–“b3” in Fig. 10,
appear to be correlated frame to frame and are similar to
structures produced in nonlinear simulations of them=0 sau-
sage mode in 2D by Vikhrevet al. f115g. Vikhrev et al.
proposed that the sausage mode could produce small bubble-
like torroidal cavities in a compressed cylindrical pinch on
axis. Rudakovet al. and Velikovichet al. f75,76g sRVd fur-
ther proposed that should these torroidal cavities close off or
bridge at the entrance and trap some current that the buoyant
transport of the bubbles or magnetic flux tubes to the axis
deposits energy in thez-pinch plasma through either dis-
placement worksPdVd or drag heatingsviscosityd. This was
proposed as a mechanism that might account for the total
radiated energy by pinches up to 23–43 the kinetic energy
at stagnation.

For example, we see a bubble “b1” in Fig. 10scd, which
appears to correlate with a similar feature in Fig. 10sdd. This
bubble apparently fails to form a closed cavity and does not
appear torroidalsaxis enclosingd. Bubble “b2” observed in
Fig. 10scd appears to compress in Fig. 10sdd and also appears

FIG. 22. sad Comparison of the pinch FWHM obtained from the
soft-filtered radial x-ray pinhole camera data for low-current
sdashed lines with diamonds, shots 647 and 648d and high-current
ssolid line with circles, shots 646 and 665d configurations.sbd Pinch
power pulse at low currents648d and high currents646d, both with
otherwise identical hardware configurations and AK gapss1 mmd.
The low-current arrays implode faster, correlated with a narrower,
faster rising pinch power pulse.
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to be torroidal in the harder filtered image of Fig. 10shd. In
Fig. 10sed this bubble has disappeared, but the associated hot
spot has increased in intensity. The cluster of three bubbles
“b3” in Fig. 10scd appears to shrink and merge by the time of
Fig. 10sdd, and is correlated with an increase in intensity of
this hot spot. These bubble regions are observed in all pin-
hole pictures at peak power.

The RV mechanism must have a source of convective
MHD instability—for example, anm=0 sausage—to provide
the magnetic field curvature required to drive the bubbles
toward the axisf75g. The radial XRPHC data convincingly
demonstrate the existence of some kind of MHD instability
with a dominantm=0 character. The obviously 3D pinch
structure and the presence of trailing mass and current imply
that the application of this mechanism, in practice, should
take into account 3D effects and the actual profile of trailing
current. The RV enhanced power is increased for higher
Alfvén velocity, e.g., at larger magnetic fieldsshigher cur-
rent, smaller radiusd and for smaller pinch masses. A faster
rate of increase of magnetic field near the axisshigher cur-
rent, smaller radiusd is obtained for decreased trailing mass.
Decreased trailing mass may also be obtained in general, for
lower initial load masses.

There may be a relationship between trailing mass and
current ffaster final compression time scales for higher
VA, tC,1/VA, Eqs.s7d ands8dg, an increase in MHD growth
ratesG near the axissG,VAd f89g, and increased coupling of
magnetic energy into pinch power on the time scale of the
initial thermalization or pinch power rise timesPRV

, I2VA/Rd f75,76g. Although there is no generally agreed
upon pathway for pinch plasma heating by the magnetic en-
ergy on axis at stagnation, it is agreed that the coupling of
magnetic energy is critical to explain the large radiation
yields of z pinches. Any mechanism coupling magnetic en-
ergy into the pinch at a velocity proportional to the Alfvén
velocity should likewise be improved by these kinds of
modifications.

C. Possible signature of trailing mass in pinch power pulse
shapes

We speculate about signatures of trailing mass and current
in observed x-ray power pulse shapes. X-ray pulse shapes
have a secondary pulse or tail in general; e.g., see Fig. 3 or
6sbd. Figure 23 compares the normalized soft x-ray pulse
shapes for a variety of single wire arrays, averaged over
multiple shots. The secondary pulse or tail is smaller for
smaller AK gaps and for hotter feed electrodesf6,20g be-
cause of a decrease in the driving current resulting from AK
gap current loss or complete AK gap closure. We speculate
that the amplitude of the secondary pulse on the radiated
power might also be related, in part, to secondary implosions
of trailing mass and current or to reduced pinch compress-
ibility. A larger tail relative to the peak power could correlate
with increased trailing mass and current. If true, this would
imply the converse: increased power in the main pulse rela-
tive to the tail correlates with improved simultaneity of ar-
rival of the current and mass at the axis.

Figure 23sad compares pulse shapes for the 20-mm low-
current and 20-mm high-current arrays from the current scal-
ing study of Ref.f20g. We average multiple shots all with 3-
and 4-mm AK gaps. The multiple soft x-ray pulse shapes are
normalized to peak powers;1d and then aligned in time at
half peak amplitudes0.5d. The averaged curves are found by
averaging the values of each curve as a function of time. The
peak power and total energy are constant at these large AK
gaps, so changes in the amplitude of the late time tail are not
due to variations in AK gap current loss. In Fig. 23sad, a
smaller tail sand smaller FWHMd is observed for the low-
current experiments that had a higher implosion velocity of

FIG. 23. sad Comparison of normalized radiation power pulse
shapes for the current scaling experiments of Ref.f20g. Normalized
power pulses from 3- and 4-mm shots are averaged. High-current
shots are 594, 683, 723, 724, 817, 818. Low-current shots are 647,
725, 819. sbd Comparison of normalized radiation power pulse
shapes for three different initial array diameters: 12 mmsdashed
line, shot 931, 3-mm AK gapd, 20 mmsdotted line, average of shots
719, 726, 728, 747, 749, 3-mm AK gapd, and 40 mmssolid line,
average of shots 160, 161, 165, 168, 169, 234, 235, 269, 281, 326,
394, 5-mm AK gapd. The power pulses are aligned with the 50%
point on the leading edge at 100 ns. Peak radiated power for the
12-mm array is,50 TW, for the 20-mm array,125 TW, and for
the 40-mm array,165 TW. Error bars are reduced byÎN−1 for a
sample ofN independent measurements. Larger relative tail ampli-
tude is observed for arrays with greater trailing mass.
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the current and a tighter pinching of the current at peak
power.

Figure 23sbd compares normalized pulse shapes for 12-
mm, 20-mm, and 40-mm single arrays. Except for the
12-mm case, these data are multiple-shot averages. These
experiments all have approximately the same ratio ofd0/R
representative of the initial magnetic insulation strength of
the feed gap. The insulation for the 12-mm array is about
20% stronger than the 20-mm case. The insulation for the
40-mm array is about 30% weaker than the 20-mm case. The
secondary pulse is a smaller fraction of the peak power for
arrays that ablate and accelerate sooner. In particular, the
10% tail for the 40-mm array is much smaller than the 35%
for the 20-mm array. Although the 40-mm array probably
shows increased AK gap current loss relative to the other two
arrays, which would decrease the tail, the much lower tail is
also consistent with less trailing mass and an improved si-
multaneity of implosion of the current and mass. Increased
FWHM of the radiated power is correlated with longer abla-
tion periods.

This argument does not suggest what mechanism gener-
ates the late-time radiation, just that it may be correlated with
the implosion of an array with trailing mass profile and the
arrival of all the current near the axis. The pinch is more
tightly compressed during the tail of the pulsesFigs. 10 and
23d. Spectrally resolved x-ray emission data indicate that the
radiation from the tail has a significantly harder spectrum
than the main pulse. The energy in the tail of the radiation
pulse, possibly associated with the arrival of trailing mass
and current, might be useful for ICF if we can understand the
generation mechanism and thermalize this energy on a more
rapid time scale during the main pulse to increase the peak
power and improve the scaling of pinch power with current.

VI. SUMMARY AND DISCUSSION

In summary, for high-wire-number, single, tungsten arrays
at 17–19 MA, at diameters of 12–40 mm, with masses
.2 mg/cm we show a number of discrete-wire implosion
characteristics. The wire arrays from which the particular
observations are derived are noted in parenthesis in the list
below. We observe the following:s1d a precursor pinch on
the axis of the array and cold tungsten in the centers20-mm,
40-mm arraysd; s2d a long wire ablation periods12-mm, 20-
mm, 40-mm arraysd; s3d a corresponding delayed accelera-
tion of the wire array edge from that of a thin-shells12-mm,
20-mm, 40-mm arraysd; s4d a wide imploding shell-like ob-
ject early in the implosion, possibly prior to significant MRT
growth s20-mm arrayd; s5d a plateau or shelf of trailing hot
mass during the implosion out to the limit of the field of
view s8.7 mmd, early in the implosions20-mm arrayd; s6d
other indirect and direct evidence for trailing mass and a tail
on the mass density profile at the outer radius, rather than a
sharp edges20-mm, 40-mm arraysd; s7d a ramp up of the
power from 0.1 to 5 TW during the implosion phases12-mm,
20-mm, 40-mm arraysd; s8d a limited compression ratio of
the current at stagnationstrailing currentd and smaller implo-
sion velocities of the current compared to a thin-shell model

s12-mm, 20-mm, 40-mm arraysd; s9d a cold halo of material
at a diameter consistent with the trailing current, around a
smaller diameter hot core or hot spots, at stagnations20-mm
arrayd; and, s10d low-density material at the array edge and
an axial modulation of the late time density at the edge of the
array, at stagnations40-mm arrayd.

Trailing mass at the array edge early in the implosion
appears to produce wings on the mass density profile at stag-
nation once compressed. These wings, which may contain of
order 30% of the total array mass according to simple trajec-
tory models, impact the final compression and thermalization
rate. We observe the growth of an instability with anm=0
sausage character growing up rapidly during the rise of the
power pulse. We also see a mildm=1 kink instability near
to, but always after, peak x-ray power, correlated with a
tighter compression of the self-emission, increasingly harder
pinch x-ray emission, and the emission of hard x rays
.100 keV.

In contrast to work where the array accelerated from its
initial radius very late in the pulses,80% of the stagnation
timed f25–40g, our results show that very late acceleration is
not a universal aspect of wire array behavior. We demon-
strated a scaling of wire array trajectories, for the first time,
and varied the wire ablation time between 46% and 71% of
the array stagnation time by changing the initial diameter of
the wire array at constant implosion time. Wire arrays onZ
have a higher ablation rate per unit mass, and ablate and
implode earlier in the current pulse compared to arrays on
Magpie and Angara-5-1.

The behavior of the arrays is dominated by the long wire
ablation period, even for the smallest wire-to-wire gaps used
on Z s209 µm for the 20-mm arrayd. This suggests that two-
dimensionalsr-zd models that implicitly assume wire abla-
tion and wire-to-wire merger into a shell on a rapid time
scale compared to wire acceleration are incorrect, or incom-
plete, for high-wire-number, massives.2 mg/cmd, single,
tungsten wire arrays. These results also suggest that
2Dsr-zd models of nested wire array behaviorf23,48g may be
incomplete and that the possible impact of discrete-wire be-
havior of the outer and inner arrays should be evaluatedf29g.

The primary significance of this work is improved under-
standing of the 3D conditions during wire initiation, wire
ablation, and array implosion, during the first 97% of the
array implosion history. This work leads to a more quantita-
tive understanding of what the initial conditions for pinch
thermalizationsplasma heating and radiation ratesd and the
termination of the radiation pulse are and how they are set up
near the axis of the array at 20 MA.

Although we have an improved understanding of the wire
array dynamics, both 2D and 3D models still require that we
assume initial conditions to generate, for example, the axial
perturbation on the individual wiresse.g., see Ref.f80gd.
Also we were able to match the wire array ablation rates
observed in experiments, only with adjustable constants
within the material models used in the 2D-MHD codes. No
simulations are as yet entirelyab initio. We need improved
material models to begin to understand the long-lived wire
cores. The key initial conditions need to be adequately deter-
mined and characterized to achieve a truly predictive capa-
bility for scaling pinch output to higher currents and to de-
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termine how to optimize wire-array implosions and scale the
parameters.

High peak radiated power requires rapid and simultaneous
assembly of mass and current on the axis. We see clear dif-
ferences in the velocity and simultaneity of assembly be-
tween the current and radiation emission for the various ar-
ray configurations discussed. We infer a somewhat higher
fraction of trailing mass at the start of stagnation for arrays
with a longer wire ablation period by comparing rocket
model fits on Magpies40% trailingd with Z s30% trailing for
the 20-mm and 40-mm arraysd. However, there is not a very
strong change in the fraction. Within the error of the esti-
mates from the rocket model it is possible that all the arrays
simply leave a fixed fraction of trailing mass. The longest
delay between peak velocity of the current and peak radia-
tion was observed for the 12-mm array, the heaviest array
with the longest ablation period. The 12-mm array had the
largest acceleration, implying the largest absolute trailing
mass and a larger fraction of trailing mass compared to the
20-mm and 40-mm arrays. We also observe a correlation
between longer wire ablation periods and arrays with larger
FWHM and increased tail power relative to the peak power.

We observed a slower apparent velocity of the current, a
lower convergence of the current at peak radiation, and a
longer delay between peak velocity and peak radiation for
the high-current 20-mm case compared to the lower-current
20-mm case, consistent with an increase in trailing mass and
current for higher-mass arrays. We showed that the trailing
mass at the edge of the array leads to wings on the mass
profile at stagnation for the 20-mm array, causing a slower
rate of current transfer to the axis of the array and therefore
a slower rate of increase of the magnetic energy density
sLaI

2/2d and magnetic pressure near the axis. This could re-
duce the rate of delivery of magnetic field energy available
for conversion to radiation.

Trailing massf32,85g leading to trailing currentf36g is
therefore proposed as the most likely cause of the subqua-
dratic scaling of radial power with currents~I1.24d for mas-
sive sù2.5 mg/cmd 20-mm arraysststag,95 nsd observed
by Stygaret al. f20g. As further support for the conclusion
that trailing mass results in slower scaling of power with
current, we note that the radial power scales quadratically
with array currents~I2d for lighter sø2 mg/cmd 40-mm ar-
rays ststag,105 nsd in the experiments of Nashet al. f78g.
Recall that the 40-mm arrays were estimatedsSec. IV Bd to
have only 36% ±6% of the absolute trailing mass per unit
length of the 20-mm array using rocket model fits to trajec-
tory data. Lower trailing mass correlates with the improved
power scaling with current.

We need improved characterization of pinches at stagna-
tion to test models of pinch thermalization and radiation ter-
mination. MHD simulations are primarily predictions of the
location of mass and current; properties of radiation are
second-order predictions of radiation models within those
codes. Code validation is eased by comparisons to direct
measurements of mass and current. Recently, crystal-imaging
backlighting techniques have greatly improved our knowl-
edge of the mass distributionf50,51g. Direct, quantitative

measurements of the trailing mass distribution and areal den-
sity and mass distribution of the pinch at stagnation are
needed to complement the chordally and axially integrated
self-emission measurements presented in this paper. Mea-
surements of plasma injection or ablation velocity or direct
measurements of wire ablation rates would also be useful.
Spectroscopic measurements of the densities and tempera-
tures of both electrons and ions will also be critical to under-
stand pinch stagnation physics.

Future applications of wire arrays to ICF for ignition and
high fusion yields with the baseline double-pinch approach
f8g will require scaling to powers of,1 PW/pinch at cur-
rents of about 60 MA. This level can only be reachedf9g if
the present powers achieved onZ with a 20-mm array
s,125 TWd scaled with current no slower thanI1.85. The
demonstrated scaling of power with currentf20g for these
single tungsten arrays at a 95-ns stagnation time is slower
than this and implies peak array currents larger than 75–100
MA would be required, considerably in excess of those for
which accelerators have been designed. Although hot-spot
ICF or fast-ignition compression schemes require radiation
pulse shaping, for which it is likely that nested wire arrays,
nested shells, or arrays imploding on shells would be used,
andnot a single high-mass tungsten wire array scaled to keep
the implosion time constant, it is clear that further optimiza-
tion is required.

Trailing mass might affect performance on next-
generationz-pinch accelerators such as the planned ZR ac-
celerator f116g and future accelerators at high-yield-scale
currentss50–60 MAd f117g. Were the 20-mm arrays scaled to
ZR keeping the implosion time at,100 ns, the array mass
would increase from 5.9 mg to about 20 mg. Since the cur-
rent is scaled up accordingly, the time of ablation and accel-
eration might be unchanged compared to arrays onZ, based
on the discussion in Sec. IV.

This is consistent with predictions of the “tuned” 2D
G-MHD modelsnormalized toZ trajectory measurements in
Sec. IIId of a high-yield-scale 20-mm array. Assuming the
trailing mass fraction is no smaller than the 30% observed on
Z, a 20-mm array on ZR would have a trailing mass of
6 mg/cm. This is as large as the entire array mass forZ. The
higher dI /dt of the current pulse on ZR might improve the
uniformity of ablation or the acceleration of any trailing
mass. However, the increase in absolute trailing mass and in
axial electric fieldsa 60% larger voltaged might instead in-
crease shunting of current to larger radii. We have no simu-
lations or models that can actually predict the performance of
arrays at larger currents.

In addition to potential effects on wire array and current
dynamics, this increase in absolute trailing mass, if present,
would affect the vacuum hohlraum energeticssspecific heat
lossd and secondary coupling efficiencyf9,13g. We need a
way to scale wire array performance to higher currents at
constant radii, which reduces either the fraction of trailing
mass or the absolute trailing mass or both, preferably. The
long ablation period and poor performance of the 14.9-mg,
12-mm-diam arrays and the current scaling experiments of
Ref. f20g also suggest caution when scaling the mass up-
wards to keep a constant implosion time and couple effi-
ciently to the accelerator. A recent wire-array experiment that
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lengthened the implosion time showed a reduction in radi-
ated pinch powers with an increase in wire array mass, also
consistent with this trendf118g.

We want to maximize the rate of delivery of and simulta-
neity of arrival of mass and current at the axis. This requires
a minimization of the trailing mass. Although this work
strongly suggests a relationship between wire array ablation
rate per unit array mass, wire-array dynamicssthe normal-
ized acceleration timesd, trailing mass and current, the peak
compression of the current, and the scaling of power with
peak load current, it is not clear what physical processes
actually control the relationship or how the process itself
scales. We speculate that trailing mass results from axially
nonuniform wire ablation in the same manner as observed at
lower currents. In this mechanism, regions that ablate
through, first, implode and allow more-slowly ablating re-
gions to trail. It may be that a longer wire ablation period
modifies the amplitude and/or wavelength of the instability
controlling the axial nonuniform ablation of the wires, sub-
sequently leading to variations in trailing mass and trailing
current.

These results suggest that a larger ablation rate per unit
mass ffm~PK /tstag~ Im

2 / fRm0Vag, Eq. s21dg will decrease
the ablation time period. Higher ablation rate per unit mass is
obtained with higher drive current, smaller array mass, and
smaller ablation velocitysor conversely, higherP, higherK,
smallertstagd. Decreasing the mass of the arraysfor a fixed
radiusd would decrease the stagnation time, increase the ab-
lation rate per unit mass, increase the wire burnthrough rate,
and the array would ablate earlier, possibly with a lower
fraction of trailing mass. Even were the fraction of trailing
mass a constant of the array dynamics, a lower initial mass
would imply a lower absolute amount of trailing mass. It is
interesting to note that decreasing the mass of the array with
fixed wire number results in the use of smaller-diameter
wires. Data from single-wire experimentsf119g show a
higher wire ablation rate with smaller diameter wires.

The heuristic model of Stygaret al. f20g suggests that
optimization of array performance requires shortening the
array implosion time by increasing the array mass with in-
creasing current more slowly than them0, I2 rate that main-
tains constant implosion time. Hence, a decrease in array
mass is suggested based on an independent line of argument.
Previous experiments on the Saturn acceleratorf120g and
several more recent experiments on Magpief121g and Z
f122,123g show that higher radiated powers are obtained for
smaller array masses and shorter implosion times. Accelera-
tors with faster risetimes to optimally drive lower-mass ar-
rays with shorter implosion times might further increase the
mass ablation rate and implosion velocityf124g. Shorter cur-
rent pulse rise times improved axial uniformity of wire ex-
plosions in single-wire experimentsf70g and might alter the
dynamics of the process that allows mass to trail. Also, if the
application permits, increasing the array radius would also
increase the ablation rate per unit mass and decrease trailing
mass, for a fixed stagnation time.

In conclusion, we do not necessarily want to maximize
the kinetic energy at stagnation. This optimization would in-
crease the array mass and implosion time to optimize energy
transfer from a given accelerator, which is opposed to the
direction suggested by scaling of the ablation rate per unit
mass. The peak power may depend more strongly on the
radial distribution of the current rather than the peak current.
Future work needs to explore the relationship between trail-
ing mass and current and ablation rates to maximize power.
We need a more complete understanding of wire ablation
rates, the physics of trailing mass and its scaling, the influ-
ence of ablation on the effective width of the imploding
sheath, and the influence of trailing mass on the rate of trans-
port of the current to the axis of the array and the final
implosion velocities. We should continue to explore the re-
lationship between trailing mass and current, the onset and
rapid growth ofm=0 instabilities on axis, the conversion of
magnetic energy into radiation, and the possible termination
of the pulse by the growth of MHD instabilities. Future work
should also evaluate the observed correlation between the
onset of anm=1 kink instability, higher compression, and
the evolution of the harder x-ray spectrum.

FIG. 24. sad Equivalent circuit for the four-levelZ transmission
lines from the water-vacuum insulator stack convoluted into a
single feed to the load. VA, VB, VC, and VD are the stack voltages
for each level. The horizontal inductors are the transmission line
inductances from the insulator stack to the convolute. The vertical
inductors are the coupling inductances between the transmission
lines in the convolute.sbd Equivalent circuit for theZ accelerator
with a single constant impedance voltage sourceVOC, a variable
impedance element to model current loss in the convoluteZconvstd,
and a variable inductance arrayLastd.
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TABLE VII. Symbol definitions.

Symbol Definition

A atomic mass number of plasma ions

Ah hohlraum wall area

B magnetic-field induction

CR radial convergence ratio

E precursor total thermal energy

F precursor view factor

Ia accelerator total current

I ,I, wire array load current

I loss convolute loss current

I,M load current waveshape for Magpie accelerator

I,Z load current waveshape forZ accelerator

Im peak load current

J current density

K dimensionless array ablation similarity parameter

KA ablation similarity parameter for Angara accelerator

KM ablation similarity parameter for Magpie accelerator

K12 ablation similarity parameter for 12 mm array onZ

K20 ablation similarity parameter for 20 mm array onZ

K40 ablation similarity parameter for 40 mm array onZ

La,Lastd wire array load inductance

Last0d geometric wire array load inductance before array acceleration

Lfeed transmission line inductance upstream of convolutesnot includingLad
N number of shots

P radiated pinch soft x-ray power

PCOMPOSITE composite pinch power waveform fromPXRDCORR andPSD

PdV rate of work done on plasma from a change in volume

Pkin kinetic pressure of ablated plasma flow at the precursor surface

PG-MHD radiated power from Gorgon 1D-MHD simulation

PRV power from Rudakov-Velikovich model

PstdSD pinch soft x-ray power inferred from silicon diode measurement

PSP radiated power from mass accretion by the imploding snowplow piston

Pth thermal pressure of the precursor plasma

PstdXRD pinch soft x-ray power from an XRD measurement

PstdXRDCORR XRD power corrected for collimation by the diagnostic viewing slot

R initial radius of wire array load

Rcur effective radius of the current flow

Rf final radius of plasma

Ri initial radius of plasma

Rm plasma magnetic Reynolds number

Rp precursor equilibrium radius

Rpiston radius of the piston from a snowplow mass accretion model

T precursor temperature

TP pinch brightness temperature

TR hohlraum radiation temperature

VA,VB,VC,VD Zaccelerator insulator stack voltage for levelsA,B,C,D

VA plasma Alfven velocity

Va effective plasma ablation velocity from rocket model

kVarrayl average array implosion velocity

Vconv convolute voltage determined from stack voltage and circuit model
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TABLE VII. sContinued.d

Symbol Definition

Vo initial convolute voltage determined from load current

VOC accelerator open circuit voltage

VP mass accretion piston velocity

Z average charge state of the ions in a plasma

Zconvstd convolute impedance

astd pinch acceleration

do initial anode-cathode gap distance

dstd time-dependent anode-cathode gap distance

dE/dt rate of change of precursor thermal energy

dmablate/dt wire array mass ablation rate per unit length

dI /dt,dI, /dt time derivative of wire array load current

dLa/dt time derivative of wire array load inductance

dv /dt acceleration of the effective radius of the current

fa mass ablation fraction

faM mass ablation fraction for Magpie

faZ mass ablation fraction forZ

gaM mass ablation function for Magpie

gaZ mass ablation function forZ

fm fractional mass ablation rate

k wave number

, wire array length

l characteristic plasma length

marray initial mass of wire array per unit length

mo wire array or plasma mass per unit length

m azimuthal mode number

ne plasma electron density

ni plasma ion density

r ,rstd time dependent wire array radius

ta,tablate starting time for array acceleration or time at end of ablation phase

tm time of peak load current

v characteristic plasma velocity

DLa change of array inductance from initial geometric inductance

G growth rate of MHD instabilities

P dimensionless pinch acceleration similarity parameter

a precursor pinch albedo

b normalized time of peak load currents=tm/tstagd
dL change of inductance from current convection with precursor plasma

dmstd total mass per unit length ablated from wire array

mo permeability of free space

h characteristic plasma resistivity

rsr ,td precursor mass density profile

sB Boltzmann radiation constant

s wire material conductivity

t characteristic timescale for implosion or motion

ta,tablate array ablation or acceleration time normalized to stagnation times=ta/tstagd
tA Alfven transit time

tC plasma clearing or compression timescale

tR Rosseland mean optical depth

tstag stagnation or implosion time of wire array

SCALING OF TUNGSTEN-WIRE-ARRAYz-… PHYSICAL REVIEW E 71, 046406s2005d

046406-39



ACKNOWLEDGMENTS

This paper is based on an invited talk given at the 5th
DenseZ-pinch Conferencef44g. We thank J. F. Seamen, T. L.
Gilliland, J. L. McKenney, D. O. Jobe, and theZ accelerator
operations and data acquisition teams for their superb and
tireless technical efforts to provide perfect experimental
hardware, wire arrays, and instrumentation. We appreciate
the programmatic support of M. K. Matzen, D. H. McDaniel,
R. J. Leeper, and J. P. Quintenz. We are also grateful to the
Alegra-MHD development team for their careful work. We
thank H. C. Harjes for calculating the load mass for 20-mm
arrays on ZR with a 100 ns implosion time. We acknowledge
helpful discussions with J. E. BaileysSandiad, M. Dunne
sAWEd, M. G. HainessImperial Colleged, J. H. Hammer
sLLNL d, R. W. LemkesSandiad, M. G. MazarakissSandiad,
N. PereirasEcopulsed, D. L. PetersonsLANL d, and T. W. L.
SanfordsSandiad. We thank Ray Lemke for a thorough tech-
nical review of this paper and T. L. Cutler for technical ed-
iting. Sandia is a multiprogram laboratory operated by San-
dia Corporation, a Lockheed Martin Company, for the U.S.
Department of Energy under Contract No. DE-AC04-
94AL85000.

APPENDIX A: CIRCUIT MODELS FOR THE Z
ACCELERATOR

Figure 24sad shows an equivalent circuit diagram for the
four z transmission lines from the vacuum insulator stack to
the z-pinch loadf53g. Four estimates for the convolute volt-
age can be derived, one from each branch of this circuit. At
the convolute, all these voltages must be equal, so we simply
average as one estimate for the convolute voltage. An
equivalent method of deriving the convolute voltage is to

assume that the current in each one of the four transmission
lines is equal at the convolutef57g. The convolute voltage
determined from this circuit is independent of the load im-
pedancese.g., independent of current conducted across the
AK gap and/or through the pinchd. Current is known to be
lost at the convolute. This method is also independent of
convolute loss if it is assumed to be small or if the effective
position of the loss is at the top of the convolute. Figure
24sbd gives a circuit diagram forZ as a single voltage source
f54g, which is effectively identical to Fig. 24sad but simpler
to implement in a trajectory circuit model. The voltage
source for this model is derived from insulator stack voltage
and current measurements and projected back to the constant
impedance section of the accelerator in the water section. An
impedance element is included to model current loss in the
convolute.

This circuit model and the monitors were calibrated to
produce self-consistency with an independently measured
time-dependent inductance of a short circuit load
f57,101,102g. We adjusted the stack voltages by −7%, the
accelerator feed inductance by +4%, and the measured cur-
rents by +2%. All of these changes are within the ±7% 1s
srandom plus systematicd errors of the various probes and
±5% tolerance of the calculated inductancessrandom plus
systematicd. An inductive wire voltage monitor was also de-
veloped. Direct measurements of the voltage at the convolute
with this monitor are consistent with values derived from the
circuit and adjusted values of the stack and transmission line
electrical data.

APPENDIX B: TABLE OF SYMBOL DEFINITIONS

Table VII provides definitions of symbols used throughout
the text.

f1g T. W. L. Sanford, G. O. Allshouse, B. M. Marder, T. J. Nash,
R. C. Mock, R. B. Spielman, J. F. Seamen, J. S. McGurn, D.
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Rev. Lett. 77, 5063s1996d.
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