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X-ray emission from z pinches at 107 A: Current scaling, gap closure, and shot-to-shot fluctuations
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We have measured the x-ray power and energy radiated by a tungsten-wire-arrayz pinch as a function of the
peak pinch current and the width of the anode-cathode gap at the base of the pinch. The measurements were
performed at 13- and 19-MA currents and 1-, 2-, 3-, and 4-mm gaps. The wire material, number of wires,
wire-array diameter, wire-array length, wire-array-electrode design, normalized-pinch-current time history,
implosion time, and diagnostic package were held constant for the experiments. To keep the implosion time
constant, the mass of the array was increased asI 2 ~i.e., the diameter of each wire was increased asI ), where
I is the peak pinch current. At 19 MA, the mass of the 300-wire 20-mm-diam 10-mm-length array was 5.9 mg.
For the configuration studied, we find that to eliminate the effects of gap closure on the radiated energy, the
width of the gap must be increased approximately asI . For shots unaffected by gap closure, we find that the
peak radiated x-ray powerPr}I 1.2460.18, the total radiated x-ray energyEr}I 1.7360.18, the x-ray-power rise
time t r}I 0.3960.34, and the x-ray-power pulse widthtw}I 0.4560.17. Calculations performed with a time-
dependent model of an optically thick pinch at stagnation demonstrate that the internal energy and radiative
opacity of the pinch are not responsible for the observed subquadratic power scaling. Heuristic wire-ablation
arguments suggest that quadratic power scaling will be achieved if the implosion timet i is scaled asI 21/3. The
measured 1s shot-to-shot fluctuations inPr , Er , t r , tw , andt i are approximately 12%, 9%, 26%, 9%, and
2%, respectively, assuming that the fluctuations are independent ofI . These variations are for one-half of the
pinch. If the half observed radiates in a manner that is statistically independent of the other half, the variations
are a factor of 21/2 less for the entire pinch. We calculate the effect that shot-to-shot fluctuations of a single
pinch would have on the shot-success probability of the double-pinch inertial-confinement-fusion driver pro-
posed by Hammeret al. @Phys. Plasmas6, 2129~1999!#. We find that on a given shot, the probability that two
independent pinches would radiate the same peak power to within a factor of 16a ~where 0<a!1) is equal
to erf(a/2s), wheres is the 1s fractional variation of the peak power radiated by a single pinch. Assuminga
must be<7% to achieve adequate odd-Legendre-mode radiation symmetry for thermonuclear-fusion experi-
ments,s must be,3% for the shot-success probability to be>90%. The observed (12/21/2)%58.5%
fluctuation inPr would provide adequate symmetry on 44% of the shots. We propose that three-dimensional
radiative-magnetohydrodynamic simulations be performed to quantify the sensitivity of the x-ray emission to
various initial conditions, and to determine whether an implodingz pinch is a spatiotemporal chaotic system.

DOI: 10.1103/PhysRevE.69.046403 PACS number~s!: 52.58.Lq, 52.59.Qy, 52.25.Os, 52.80.Vp
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I. INTRODUCTION

Wire-arrayz pinches are being developed as intense x-
sources for inertial-confinement-fusion~ICF! experiments
@1–118#. Severalz-pinch-driven fusion concepts have be
proposed and are being investigated@11,22,25,44,48,
49,52,55,63,76–78,87,88,96,100,108,110–112,114,118#. In
the base-line approach, x-ray radiation from two coline
pinches drives a centrally located hohlraum that contain
thermonuclear-fusion fuel capsule@44,48,87,88,110–
112,118#. This system, referred to as thez-pinch-driven hohl-
raum, requires that the x-ray power radiated by each pi
reach ;1200 TW, and that the total energy radiated p
pinch exceed 8 MJ, to achieve a 400-MJ thermonuclear y
@44#.

Radiation-symmetry requirements for this system
1539-3755/2004/69~4!/046403~20!/$22.50 69 0464
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functions of the peak radiated x-ray power, total radia
x-ray energy, x-ray-power rise time, hohlraum-case-
capsule ratio, capsule design, etc., and are still being de
mined @44,48,87,88,110–112,118#. Preliminary estimates in-
dicate that, under the conditions described in Ref.@44#, the
peak powers radiated by the two pinches must differ by l
than 7% to achieve the requisite odd-Legendre-mo
capsule-drive symmetry.~Even-Legendre-mode symmetry
determined by thez-pinch, hohlraum and capsule geometri
@18#.! Consequently, development of a success
z-pinch-driven hohlraum requires not only that the x-ra
power and energy requirements be met, but that shot-to-
fluctuations in the radiation emission be at or below acce
able levels.

Presently, wire-array pinches relevant
z-pinch-driven-hohlraum research radiate as much as
TW and 1.6 MJ of x rays from plasmas with 210-eV brigh
©2004 The American Physical Society03-1
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ness temperatures@24,35–37,67,87,88,102,110–112,11#.
ICF experiments with;100-ns pinch-implosion times ar
being conducted at 17–19-MA@24,35–37,67,87,88,110–
112,118# on the Z accelerator@119–127#. Higher-current ma-
chines are being proposed to increase the radiated powe
energy@128,129#.

To optimize the design of the next generation of accele
tors, it is necessary to understand how the radiation emis
from a pinch, and the statistical fluctuations in the emissi
vary with the peak pinch currentI . It is usually assumed tha
both the peak radiated x-ray power and total radiated x-
energy are proportional toI 2. These are the two most impo
tant and fundamentalz-pinch-physics assumptions mad
when projecting the performance of future higher-current
celerators. However, it appears that the precise origins
validity of these two assumptions are not well defined a
must be reexamined.

The notion that the radiated power and energy scale aI 2

stems, in part, from arguments similar to the following. W
consider a wire-arrayz pinch and model the array as a
infinitely thin perfectly stable cylindrical foil. When such
foil carries current and as a result accelerates inward tow
its axis of symmetry, the kinetic energy of the foil increas
as the foil radius decreases. When the foil stagnates u
itself on axis, the foil’s kinetic energy is thermalized an
subsequently radiated as x rays@1#.

For such an imploding-foilz pinch, we have the follow-
ing:

m0,I 2f 2~ t !

4p
52mr~ t !

d2r

dt2
~ t !, ~1!

t i[E
b

a dr

v~r !
, ~2!

Ek~r ![
1

2
mv2~r !5

2m0,I 2

4p E
b

r F2~r !dr

r
, ~3!

wherem0 is the free-space magnetic permeability,, is the
axial length of the pinch,I is the peak pinch current,f (t) is
the normalized pinch current as a function of time,m is the
pinch mass,r (t) is the pinch radius as a function of time,t i
is the pinch-implosion time,b is the initial pinch radius,a is
the final pinch radius,v(r ) is the pinch velocity as a function
of r , Ek(r ) is the pinch kinetic energy as a function ofr , and
F(r ) is the normalized pinch current as a function ofr ,
whereF„r (t)…[ f (t). ~Equations are in SI units throughout!
We definea to be the effective radius at which the pinc
stagnates and its kinetic energy is thermalized.

If ,, a, b, andF(r ) do not change asI is increased, then
the peak pinch kinetic energyEk(a) is proportional toI 2. If
the fraction ofEk(a) that is thermalized and radiated as
rays is independent ofI , then the total radiated x-ray energ
is proportional toI 2. If in addition the time constants asso
ciated with the thermalization ofEk(a) and subsequent ra
diation emission are independent ofI , then the peak radiate
x-ray power is also proportional toI 2.
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The above arguments, however, do not consider o
two-, and three-dimensional effects, instabilities, wir
ablation processes@8,9,10,12,17,19,31,32,39,47,57,58,60,6
74,80,85,86,91,92,98,109,113,116#, parasitic currents@17#,
PdV work performed on the pinch plasma after stagnat
@27#, etc. Hence it is not clear that the total radiated x-r
energy and peak radiated x-ray power are always prop
tional to I 2.

It has been reported in the literature that the measu
radiated x-rayenergy}I 2 @22,49,101#. The I 2-scaling data
presented in@22,49,101#, however, were not obtained in
controlled manner. The data presented are that obtained
pinches that wereoptimizedfor each accelerator. The fou
measurements presented in@22,49,101# were obtained on the
Supermite, Proto-II, Saturn, and Z accelerators, each
which produced a different normalized-pinch-current tim
history. In addition, although the axial length of the pin
was held constant, other critical pinch parameters, such
the pinch material, initial pinch diameter, pinch electro
configuration, and implosion time, were changed to optim
the radiated energy. Specifically, the Supermite and Prot
data were taken with argon gas-puffz-pinches; the Saturn
and Z data were taken with tungsten wire-arrayz pinches.
The Saturn and Z data were taken with wire-array diame
that differed by more than a factor of 2. The implosion tim
for these four accelerators ranged from;50 to;100 ns; the
accelerator-circuit designs were also significantly differe
Consequently, theI 2-scaling data presented in@22,49,101#
have a significant spread in pinch parameters and are
entirely physically meaningful.

Moreover, recently reported Saturn measurements sug
that I 2 energy scaling has, in fact,not been demonstrated
between optimized pinches on Saturn and Z, presently tw
the world’s most powerfulz-pinch drivers. The highest yield
achieved on Saturn at 6.4 MA is 0.53 MJ@20#; at 7.6 MA the
highest yield is 0.8 MJ@40#. These yields are to be compare
with the 1.9 MJ that has been achieved on Z at 19 MA@34#,
which is less than the 4.7–5.0 MJ expected assumingI 2

scaling from the Saturn results.
Furthermore, even though it is commonly assumed t

the peak radiated x-raypower }I 2, no data have been pre
sented that support this assumption. In fact, recent meas
ments indicate thatI 2 power scaling hasnot been demon-
strated between optimized pinches on Saturn and Z.
highest x-ray power achieved on Saturn at 8 MA using
optimized pinch is 75 TW@20#; the highest power achieve
on Z at 19 MA is 230 TW@26#. The 230 TW is less than the
420 TW expected, assumingI 2 scaling from the Saturn re
sult. HenceI 2 scaling for neither energy nor power has be
demonstrated foroptimizedpinches between Saturn and Z

The physics of current scaling might be better explor
through examination of the results ofcontrolledscaling ex-
periments; it appears, however, that the literature does
describe such results. Information on shot-to-shot fluct
tions in the radiation emission from pinches also appear
be incomplete. In addition, to optimize the design of t
next-generation accelerators, it is important to underst
how the x-ray emission from a pinch varies with the anod
cathode gap of the vacuum transmission line that deliv
3-2
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X-RAY EMISSION FROM z PINCHES AT 107 A: . . . PHYSICAL REVIEW E69, 046403 ~2004!
electromagnetic power to the pinch. The literature, howe
contains little discussion of the effects of gap closure on
x-ray emission.

In this paper, we presentcontrolledmeasurements of th
peak radiated x-ray power, total radiated x-ray energy, x-r
power rise time, and x-ray-power pulse width as functions
the peak pinch current and the width of the anode-cath
gap at the base of the pinch. We also present measurem
of statistical fluctuations in the power, energy, rise tim
pulse width, and pinch-implosion time as functions of c
rent. The experiments were conducted on the Z acceler
the highest-current 1027-s pulse generator developed to da
@119–127#. The pinch configuration used is the tungste
wire-array design first characterized by Deeney and Sp
man @130#, Porter@24#, and Bakeret al. @35–37,67#, and is
the base line presently being developed as the driver
z-pinch-driven hohlraum experiments@87,88,110–112,118#.

The experimental arrangement is described in Sec.
Measurements of the x-ray power, energy, rise time,
pulse width as functions of the peak pinch current a
anode-cathode gap are presented in Sec. III A. In Sec. I
we develop a time-dependent model of an idealized optic
thick pinch at stagnation, and demonstrate that the obse
subquadratic x-ray-power scaling is not due to radiation tr
ping or the energy sink represented by the pinch’s inter
energy. We discuss the implications of the observed po
scaling in Sec. III C 1. In Sec. III C 2, we develop heuris
scaling relations for the wire array described in Sec. II. T
relations suggest that the x-ray-power scaling will improve
the pinch implosion timet i is decreased asI is increased. In
Sec. III C 3, we speculate thatpredictive three-dimensiona
radiative-magnetohydrodynamic~MHD! simulations might
ultimately be required to design an optimized pinc
accelerator system.

Measurements of shot-to-shot fluctuations in the pow
energy, rise time, pulse width, and implosion time as fu
tions of the peak pinch current are presented in Sec. IV
We also present images of the pinch~recorded with an x-ray
framing camera! that show significant shot-to-shot variation
in the spatial structure of the x-ray emission. The radiat
measurements described in Secs. III A and IV A~except
those made with the camera! were performed on one-half o
the pinch. The inference of shot-to-shot fluctuations for
entire pinch from these measurements is discussed in
Appendix. In Sec. IV B, we estimate the effect that rando
fluctuations in the radiation emission from a single pin
would have on the shot-success probability of the doub
pinch ICF driver. In Sec. IV C, we briefly describe two
dimensional MHD simulations that are in qualitative agre
ment with the observed fluctuations in the radiati
emission. We also propose that a systematic computati
study be initiated to quantify the source and nature of
apparently random fluctuations, and to determine whe
the evolution~in time and space! of a z pinch is chaotic.

II. EXPERIMENTAL ARRANGEMENT

The experiments described below were conducted on
Z pulsed-power accelerator, the highest-current 1027-s pulse
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generator developed to date@119–127#. The results of 17
accelerator shots are described: 6 shots were taken w
13-MA peak pinch current; 11 shots were taken at 19 M
On each of these shots, the current pulse drove the implo
of a single tungsten-wire-arrayz pinch. The higher peak cur
rent is the most that could routinely be delivered to t
pinch. The lower was achieved by reducing the Z-accelera
Marx-charge voltage, gas-switch pressures, and water-sw
gaps@131#. As indicated in Fig. 1, these changes were ma
in a manner that kept the shape of the Z forward-goin
voltage pulse~which ultimately drove the pinch implosion!
the same at 13 and 19 MA. The normalized standard de
tion of the pointwise difference between the shapes of
forward-going pulses at 13 and 19 MA is less than 2%.~The
pointwise difference between the normalized pinch curre
at 13 and 19 MA is also less than 2%, as discussed in S
III C 2.!

The wire-array design used for the experiments is outlin
in Fig. 2. The wire material, number of wires, wire-arra
diameter, wire-array length, wire-array electrode desi
normalized-pinch-current time history, implosion time, a

FIG. 1. ~Color! Normalized Z-accelerator forward-going vol
ages for the 13- and 19-MA peak-current shots. The 13-MA dr
voltage is an average of the voltages measured on the six 13
shots; the 19-MA voltage is an average of the voltages measure
the eleven 19-MA shots. The normalized standard deviation of
pointwise difference between the two pulses is less than 2%.

FIG. 2. Schematic of the wire-array geometry.~Drawing is to
scale.!
3-3
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STYGAR et al. PHYSICAL REVIEW E 69, 046403 ~2004!
diagnostic package were held constant for all of the sh
taken at both 13 and 19 MA. Since we held the pinch geo
etry and implosion time constant, we also held thenominal
inter-wire-gap, time-dependent implosion velocity, tim
dependent pinch inductance, and number of Rayleigh-Ta
growth periods@21# constant.

To keep the implosion timet i constant, we increased th
mass of the arraym asI 2; i.e., the diameter of each wire wa
increased asI . This is the most straightforward possible co
trolled current-scaling experiment, assuming the ze
dimensional pinch model given by Eqs.~1!–~3!. These equa-
tions predict that whenm is increased asI 2 and ,, b, and
f (t) are held constant asI is increased, thenEk(r )}I 2, and
r (t), v(r ), F(r ), andt i also remain constant. (t i is, for all
practical purposes, independent ofa whena!b.)

Equations~1!–~3! predict that whena!b, the peak ki-
netic energyEk(a) is a weak function ofa. We do not,
however, have direct control over the value ofa or how a
changes withI . Consequently, for the experiments, we i
creasedm asI 2 and held,, b, andf (t) constant for all of the
shots to determineunder these conditionshow the radiation
emission varies with current. This is not only the mo
straightforward but also the most relevant possible sca
experiment, since this scaling is that which is presently be
assumed for the design of future higher-currentz-pinch ac-
celerators.

The circular tungsten-wire array~Fig. 2! had a 10-mm
axial length, a 20-mm diameter, and consisted of 300 equ
spaced tungsten wires. The array was contained within a
ted cylindrical electrode. The radial gap between the wi
and the inside surface of the slotted electrode was held
stant at 4 mm. The electrode had 9 equally spaced 5.6-m
wide slots that provided diagnostic access to the pinch.
radial gap at the base of the array is shown as 2 mm in
2, and was varied from 1 to 4 mm.

The anode and cathode electrodes of the wire array,
the vacuum transmission line~outlined in Fig. 2! that deliv-
ered electromagnetic power to the pinch, were made of st
less steel and were machined to a finish with a root-me
square roughness of less than 0.41mm. After machining, the
electrodes were mechanically scrubbed with a mild alka
detergent, electropolished, mechanically scrubbed again
drogen fired, and vacuum baked. The power-flow surface
the wire-array electrodes~except for the slotted electrode!
were subsequently coated with 10mm of gold; the
transmission-line electrodes were coated with 3mm. ~The
slotted electrode was not coated.! The experiments were con
ducted at nominal pressures that ranged from 0.331025 to
1.831025 torr ~from 0.431023 to 2.431023 Pa).

A modified version of the original 20-mm-diam tungste
wire-array design was developed for these experiments
the original design, the gap between the wires and slo
electrode was 2.5 mm, and the slots introduced a630%
azimuthal variation inB2 at the wires~whereB is the abso-
lute value of the magnetic field!. In the modified design use
for the experiments, the gap between the wires and slo
electrode was 4 mm~as indicated in Fig. 2!, which decreased
the azimuthal variation inB2 to 610%. The modified design
also reduced azimuthal variations~due to fabrication toler-
04640
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ances! in the anode-cathode gap at the base of the pinch f
60.23 mm to60.09 mm, and variations in the diameter
the upper and lower 20-mm-diam wire-array electrodes fr
60.025 mm to60.013 mm. These changes improved t
concentricity of the wire-array hardware and reproducibil
of the implosion time. The modified design also improv
the current contacts between the wires and upper and lo
wire-array electrodes. The design was used on all of
shots except 566; on this shot, the anode-cathode gap
tween the wires and slotted electrode was 4 mm, but
fabrication tolerances and current contacts were those of
original design.

Although the wire-array hardware was fabricated with t
erances controlled more carefully than for any previous w
array experiment, there nevertheless remained pote
sources of shot-to-shot fluctuations that were not addres
For example, the wire-array massm was determined by mea
suring 1% of the wire used to fabricate the array. This m
have allowed more variation inm and therefore the implo-
sion timet i than desired. Also, although thenominal inter-
wire gap was held fixed at 209mm, theactual wire-to-wire
gaps exhibited random variations of6(8 – 12)% @88#. The
7.7- and 11.4-mm-diam wires~used on the 13- and 19-MA
shots, respectively! were located in;70-mm-wide slots that
were electric-wire-discharge machined in the wire-arra
electrode hardware. In addition, the wires exhibited rand
variations in angle with respect to vertical on the order
6(0.5° – 1°). Effects on the x-ray-power rise time from de
liberate inter-wire-spacing perturbations resulting from t
manner in which the wires were positioned and tension
have been noted at the 30% level@88#. Recent confirmation
on Z of delayed wirelike implosion trajectories for these w
arrays@132# suggest that array performance may be sen
tively dependent on small-scale azimuthal variations in
wire locations.~We note that an interesting discussion of t
effects of large-scale symmetry-breaking perturbations
the x-ray emission is presented by Marder, Sanford,
Allshouse in Ref.@32#.!

Both x-ray and electrical diagnostics were fielded on ea
shot. The x-ray-diagnostic package included a five-chan
x-ray-diode ~XRD! array @133#, two nickel bolometers
~which were used to integrate the radiated power ove
;40-ns time interval! @134#, a calorimeter~which was used
to integrate over a ;2-ms interval! @135#, and a
microchannel-plate x-ray framing camera@136,137#. The
pinch power was determined by normalizing a spectra
equalized linear combination of the five XRD signals to t
average of the two bolometer energy measurements@138#.
The x-ray powers and energies inferred from the meas
ments assume that the pinch was a Lambertian emitter
both the 13- and 19-MA peak-current shots. The x-ray di
nostics~except for the x-ray camera! viewed one-half of the
pinch at a 12° angle above the pinch’s equatorial plane.
camera observed almost the entire height of the pinch
was filtered with 4.8mm of Kimfol and 0.13mm of alumi-
num.

The electrical-diagnostic package included two reces
magnetic-flux (dB/dt) monitors that measured th
Z-accelerator load current 6 cm from the axis of the pin
3-4
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TABLE I. Summary of the experimental results. The gap-closure time is relative to peak x-ray power.

Z shot
number

Peak
pinch

currentI
~MA !

Anode-
cathode

gap
~mm!

Peak
x-ray

powerPr

~TW!

Bolometer
x-ray

energyEr

~MJ!

Calorimeter
x-ray

energyEr

~MJ!

X-ray-
power

rise time
t r

~ns!

X-ray-
power
pulse

width tw

~ns!

Pinch-
implosion

time t i

~ns!

Gap-
closure
time
~ns!

Total
pinch

massm
~mg!

648 12.9 1 84 0.66 0.73 3.5 7.8 94 21.4 2.64
820 13.1 1 92 0.63 0.79 3.1 6.9 95 21.8 2.72
649 12.9 2 85 0.85 0.97 3.7 10.0 94 2.63
647 12.6 3 69 0.81 0.92 5.3 11.6 96 2.62
725 13.0 4 73 0.76 0.99 5.4 10.4 93 2.74
819 12.7 4 89 0.86 1.09 5.3 9.7 96 2.74

646 19.2 1 88 0.92 1.16 5.0 10.4 96 21.5 5.85
684 18.6 1 112 1.07 1.17 4.2 9.6 94 5.3 5.85
566 19.3 2 142 1.28 3.8 9.0 97 5.89
597 19.5 2 137 1.30 1.45 4.7 9.5 95 5.86
682 19.3 2 84 1.04 1.09 4.5 12.4 93 5.91
594 18.8 3 120 1.50 1.74 5.5 12.5 94 5.85
683 18.1 3 135 1.55 1.65 4.4 11.5 96 5.85
723 18.3 4 121 1.53 1.84 5.0 12.6 95 5.91
724 19.1 4 153 1.76 2.00 5.5 11.5 95 5.87
817 18.2 4 92 1.28 1.52 8.1 13.9 96 5.85
818 18.6 4 143 1.70 1.97 4.5 11.9 97 5.87
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~We define the load to be all of the hardware located insid
6-cm radius; hence the load includes the wire-array pinc!
The load monitors were fielded 150° apart; one such mon
is shown in Fig. 2. On shots taken with a peak current of
MA, we used these current measurements, and elect
measurements made in the Z magnetically insulated tr
mission lines~MITL’s ! and insulator stack@139#, to normal-
ize a circuit model of Z. The load-current measurements
19 MA were increased by 2% to be consistent with the ot
electrical measurements on these shots, as indicated b
circuit model. ~We believe that the load-current measu
ments were slightly more accurate at 13 than at 19 M
because the monitors were more damaged by MITL fl
electrons@140–143# at the higher current.!

The magnetic field in the anode-cathode gap at the bas
the pinch was 260 and 380 T at 13 and 19 MA, respectiv
According to circuit simulations with an infinitely thin per
fectly stable cylindrical-foil-pinch model@Eqs. ~1!–~3!# and
a 10:1 pinch-radius convergence ratio, the mean electric fi
in the gap ~when it was 1 mm! reached ;50 and
;70 MV/cm on the 13- and 19-MA peak-current shots.~We
note that the configuration outlined in Fig. 2 can serve a
laboratory source of high magnetic and electric fields
atomic-physics research.! The simulations suggest that th
electric field increased rapidly as a function of time near
end of the implosion and peaked immediately before
pinch stagnated on axis. Using thez-pinch-driven hohlraum
model given by Eq.~41! of Ref. @102#, we estimate that the
temperature of the surface of the gap electrodes peake
;90 and;100 eV for the 13- and 19-MA shots, when th
x-ray power radiated by the pinch reached its maxim
value.
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III. CURRENT SCALING AND GAP CLOSURE

A. Measurements

Measurements of the peak radiated x-ray powerPr , the
total radiated x-ray energyEr , the 10%–90% x-ray-powe
rise timet r , and the effective x-ray-power pulse widthtw
[Er /Pr as functions of the peak pinch~load! currentI and
the anode-cathode gap at the base of the pinch are pres
in Table I and Figs. 3–9.

Figures 3 and 4 plotPr andEr as functions of the curren
and gap. The error bars in Figs. 3 and 4 are standard de
tions estimated from the shot-to-shot fluctuations represe
in Figs. 7 and 8, respectively, and assume these fluctuat
are independent ofI . ~A more detailed discussion of shot-to
shot fluctuations is presented in Sec. IV and the Append!

It appears that the x-ray power and energy are more
fected by gap closure at the higher current.~For this discus-
sion, we define gap closure to be a decrease in the imped
of the gap.! For the system oultined in Fig. 2, the voltag
across the gap as a function of timeV(t) is approximately
d@L(t)I (t)#/dt, where L(t) and I (t) are the pinch induc-
tance and current as a function of time, respectively. Wh
the nominal pinch inductance and implosion time are h
constant, as they were for the experiments,V(t) scales ap-
proximately as I (t). Under these conditions, the rati
V(t)/I (t) is independent of the peak pinch currentI . Since
the results presented in Figs. 3 and 4 imply that at cons
initial gap, the fractional current lost across the gap increa
with increasingI , it appears that the effective gap impedan
decreases asI is increased.

Time-resolved current and x-ray-power measurements
presented in Figs. 5 and 6. As indicated in these figures,
3-5
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STYGAR et al. PHYSICAL REVIEW E 69, 046403 ~2004!
decrease in the radiated energy as the gap decreases
companied by a reduction in the tail of the x-ray-pow
pulse.~As indicated in Table I,Pr also decreases as the g
is decreased.! The 1-mm-gap current wave forms in Figs.
and 6 show evidence of an abrupt decrease in the load
ductance due to gap closure during the radiation pulse.
parent closure times relative to the peak of the x-ray po
for these 1-mm-gap shots are listed in Table I.

We note that the 1- and 2-mm-gap 13-MA current wa
forms of Fig. 5 show clearer evidence of gap closure than
corresponding 19-MA wave forms of Fig. 6. This observ
tion and those made previously suggest that there may
two mechanisms for current loss across the gap:~1! a loss
that begins before peak x-ray power, which Figs. 3 an
suggest increases asI is increased, and~2! an abrupt loss tha

FIG. 3. ~Color! Measurements of the peak radiated x-ray pow
Pr as a function of anode-cathode gap and peak pinch current.
standard deviation due to shot-to-shot fluctuations is estimated
the data to be 12%, assuming the fluctuations are independe
current.

FIG. 4. ~Color! Measurements of the total radiated x-ray ener
Er inferred from the bolometers as a function of anode-cathode
and peak pinch current. The standard deviation due to shot-to-
fluctuations is estimated from the data to be 9%, assuming the
tuations are independent of current.
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begins near peak x-ray power, which becomes more se
asI is decreased, as indicated by the 1- and 2-mm-gap wa
forms in Figs. 5 and 6. The observation that the seco
mechanism becomes more severe asI is decreased might be
consistent with the gap-closure model described by Cu
et al. @87#. We caution, however, that the load-current mo
tors become less accurate after peak current asI is increased,
as discussed in Sec. III C 2.

It appears that larger gaps will be needed as the curre
increased in future accelerators if identical electrode desig
electrode treatment, and materials are used, and if the de
of the MITL’s is the same as that presently being fielded
the Z accelerator@120,122,127#. ~When the MITL design is

r
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m
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FIG. 5. ~Color! Time-resolved measurements of the current a
x-ray power as a function of anode-cathode gap for shots 648,
647, and 725, which were taken with a 13-MA peak pinch curre
The traces have been normalized and time shifted to facilitate c
parisons of the current and x-ray-power time histories.

FIG. 6. ~Color! Time-resolved measurements of the current a
x-ray power as a function of anode-cathode gap for shots 684,
683, and 818, which were taken with a 19-MA peak pinch curre
The traces have been normalized and time shifted to facilitate c
parisons of the current and x-ray-power time histories.
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X-RAY EMISSION FROM z PINCHES AT 107 A: . . . PHYSICAL REVIEW E69, 046403 ~2004!
held constant, as it was for the experiments, the electron-
current launched in the MITL’s@120,122,127,140–143# in-
creases approximately withI . When the peak current wa
increased from 13 to 19 MA in the experiments, the cor
sponding increase in the flow current contributed to the
crease in the gap impedance, although it is presently
known to what extent.!

We estimate from the data presented in Fig. 4 that
minimum gap required forEr to be unaffected by gap clo
sure is, to zeroth order, proportional toI . For example, for
the wire array outlined in Fig. 2, a;4.7-mm gap will be
needed for shots taken withI 530 MA. Assuming, as sug
gested by Fig. 3, that a;1.5-mm gap is required at 19 MA
for Pr to be unaffected by gap closure, and that this mi
mum gap is also proportional toI , we estimate that a
;2.4-mm gap will be required at 30 MA. Preliminar
double-pinch experiments are being performed on Z@110–
112,118# at 17 MA, with a 3-mm gap to optimize the radia
tion emission from the two pinches.~The double-pinch sys
tem described in@110–112,118# produces, at the gap, 2–
times the electric field of the single-pinch system describ
in Sec. II.! We estimate that to achieve the same relat
radiation emission with the double-pinch configuration at
MA as at 17 MA would require a 5.3-mm gap.

Figures 7–9 plotPr , Er , t r , andtw as functions ofI . To
isolate just the effect of current scaling on the x-ray prod
tion, we use for these figures only measurements that ap
to be unaffected by gap closure: for Fig. 7 and the plot
t r5t r(I ) in Fig. 9, we use all of the shots except 646, 68
and 684; for Fig. 8 and the plot oftw5tw(I ) in Fig. 9, we
use shots 647, 649, 723–725, and 817–819.

The results presented in Figs. 7–9 can be summarize
follows:

Pr}I 1.2460.18, ~4!

Er}I 1.7360.18, ~5!

t r}I 0.3960.34, ~6!

FIG. 7. ~Color! Measurements of the peak radiated x-ray pow
Pr as a function of the peak pinch currentI , for shots unaffected by
gap closure.
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tw}I 0.4560.17. ~7!

Equation~5! is obtained from the bolometer data and is e
sentially equivalent to the scaling observed with the calor
eter. As discussed above, these relations apply whenPr , Er ,
t r , and tw are unaffected by gap closure. The uncertain
given in each of these equations is the 1s value estimated
from a least-squares fit to a power law. It appears that for
conditions studied, neitherPr nor Er scales asI 2 , and thatt r
andtw are increasing functions ofI .

B. Model of an optically thick pinch at stagnation

As described above, we increasedm as I 2 to keep t i
constant. Hence the internal energy and radiative opacit
the pinch were increased substantially as the peak pinch
rent was increased. In this section, we estimate under th
conditions to what extent the internal energy and opac

r FIG. 8. ~Color! Measurements of the total radiated x-ray ener
Er as a function of the peak pinch currentI , for shots unaffected by
gap closure.

FIG. 9. ~Color! Measurements of the 10%–90% x-ray-pow
rise timet r and effective x-ray-power pulse widthtw[Er /Pr as
functions of the peak pinch currentI , for shots unaffected by gap
closure.
3-7
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affect the scaling ofPr , t r , andtw with current. For these
calculations, we make the simplifying assumption thatEr
}I 2.

Extending results presented in@87,102#, we develop be-
low a time-dependent model of an optically thick tungstez
pinch at stagnation. We idealize the pinch as a cylinder w
a radius that, over the time interval of interest, remains c
stant @87,102#. Assuming that power is conserved and th
the pinch electrons, ions, and radiation field are at the s
temperature, we write@102,144#

dU

dt
5Pth2AsSBTb

4 , ~8!

U5
3

2
NZkBTave1N(

j 51

Z

I j1
4

c
VsSBTave

4 , ~9!

Z;0.02~Tave
1/2 !, ~10!

(
j 51

Z

I j[ZIave;2ZkBTave , ~11!

whereU is the pinch’s internal energy@144#, Pth is the total
thermal power delivered to the pinch,A is the pinch surface
area,sSB is the Stefan-Boltzmann constant,Tb is the pinch
brightness temperature,N is the number of tungsten ions i
the pinch,Z is the tungsten ionization charge state,kB is the
Boltzmann constant,Tave is the average pinch temperatur
I j is the j th ionization potential of tungsten,V is the pinch
volume,c is the speed of light, andI ave is the average of the
first Z ionization potentials. The expression forU @Eq. ~9!#
neglects the ion thermal energy, which is valid whenZ@1.
Equation~9! also neglects the energy of excited electro
states, the energy of the electric and magnetic fields, and
decrease inU due to the Coulomb-interaction energy b
tween the charged particles@144#.

We supplement Eqs.~8!–~11! with the following simpli-
fying assumptions:

Pth5P0 sin2S t

t th
D , ~12!

P0[CS I

I 0
D 2

, ~13!

N5N0S I

I 0
D 2

, ~14!

wheret th is the thermalization time constant—i.e., the ch
acteristic time over which the energy made available to
pinch is thermalized. We normalize Eqs.~12!–~14! to the
experiments conducted at 13 MA: we set the constantsI 0 and
N0 to 13 MA and 931018, respectively, and adjust the con
stantsC andt th to obtain the measured values ofEr andPr
at 13 MA. As implied by Eqs.~12! and~13!, we assume for
these calculations that the total radiated energyEr ~which
equalspt thP0/2) is proportional toI 2.

We also assume that either the pinch is isothermal@102#,
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Tave5Tb , ~15!

or that @87#

Tave50.7S a

l D 1/4

Tb , ~16!

l5
1.06310211

K0r1.3 Tave
3/2 , ~17!

wherea is the pinch radius,l is the Rosseland mean fre
path~as given in@145#!, K0 is an opacity multiplier, andr is
the pinch mass density. Equation~15! applies when the pinch
temperature is independent of radius, which would be ap
cable when there is sufficient turbulent mixing of the co
with the outer regions of the pinch@44#. Equation~16! ap-
plies when the pinch-temperature distribution is given by
one-dimensional steady-state radiation-diffusion equat
and the thermal power source is independent of radius@87#.
~When turbulent mixing and other forms of convection c
be ignored, we estimate that the steady-state profile is a g
approximation near peak x-ray power.! Equation ~16! also
assumes thata/l.5 @87#. For the conditions describe
above, we find thata/l.7 for peak pinch currents
>13 MA.

We assumea51 mm, which we estimate from images o
the pinch recorded with the x-ray camera. Three sets of
culations were performed: forTave5Tb , TaveÞTb and K0
51, andTaveÞTb and K052. The equations were solve
numerically. The numerical energy-conservation error
peak x-ray power whenI 560 MA is less than 1 part in 106.
Results are presented in Figs. 10 and 11.

For all three calculations, the peak x-ray powerPr}I 2.00

between 13 to 19 MA~Fig. 10!. ~Between 19 and 60 MA, the
power-scaling exponents are 2.00, 1.97, and 1.94 for
three cases, respectively.! The calculated rise times decrea
between 13 and 19 MA~Fig. 11!, and the calculated puls
widths are constant to within less than one percent. Henc
appears that the internal energy and radiative opacity of
pinch as modeled above cannot account for the obse
subquadraticPr scaling, and the observed increase oft r and
tw with I .

If we assume in our calculations thatP0 is proportional to
I 1.73,—i.e., that the total radiated energyEr}I 1.73 ~as ob-
served experimentally!—we must also assume that the the
malization time constantt th increases approximately asI 1/2

~i.e., asm1/4) to reproduce the measured power scaling.
other words, the observed power scaling would be consis
with a thermalization process that lengthens in duration aI
~andm) are increased.

C. Discussion

1. Motivation for improving the power scaling

For the experiments described in Sec. III A, the measu
peak x-ray power at 13 MA is;80 TW ~Fig. 7!. Assuming
that the power could be made to scale asI 2 for peak currents
greater than 13 MA, the peak power at 50 MA would
1200 TW. This is the power required per pinch to achiev
3-8
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400-MJ thermonuclear yield with thez-pinch-driven hohl-
raum @44#. Assuming instead thatPr}I 1.24 for currents
greater than 13 MA, we estimate that;115 MA would be
required to achieve 1200 TW.~Of course, we only measure
the scaling between 13 and 19 MA and do not know how
power scales for currents greater than 19 MA.! Since the
difference in size and cost between 50- and 115-MA ac
erators is a factor of 5, it is of interest to understand
subquadratic power-scaling results presented in Sec.
and to attempt to achieveI 2 scaling for currents greater tha
13 MA.

2. Heuristic scaling relations

Following arguments developed by Yadlowskiet al. @17#,
Chittenden and co-workers@68#, and Cuneoet al. @132,146#,
we propose that effects due to wire ablation@8,9,10,
12,17,19,31,32,39,47,57,58,60,68,74,80,85,86,91,92,98,
113,116# be investigated as possible contributors to the
sults presented in Sec. III A. These arguments are consis
with recent experiments conducted on the Z acceler
@132#, which have shown the existence of a plasma precu
and an array-implosion trajectory delayed@from that pre-
dicted by the imploding-foil model, Eqs.~1!–~3!# due to
wire-ablation effects.

When the peak current delivered to a wire-array z pin
is increased, the wire-mass density, number of wires, w
array diameter, diameter of each individual wire, normaliz
pinch current time history, and implosion time cannot sim
taneously be held constant. Hence the wire-ablation proc
must change as the peak current I is changed. For example,
if the wire-mass density, number of wires, wire-array dia
eter, normalized pinch-current time history, and implos
time are held constant asI is increased~as they were for the
experimental arrangement described in Sec. II!, then the di-
ameter of each individual wire must be increased asI . In
such a system, at very early times in the current pulse,
current density in each wire is proportional toI 21, and the
initial heating rate of the wires is proportional toI 22.

A complete understanding of wire ablation and curre
scaling will likely require a systematic set of numeric
r -u-z wire-array simulations as a function ofI and other
critical wire-array parameters. It might be useful, however
consider the following heuristic scaling relations for the w
array described in Sec. II.

For the discussion below, we assume that the wire-m
density, number of wires, wire-array diameter, and wi
array length are held constant as described in Sec. II.
assume as in Sec. II that the wire-array massm is changed by
changing the diameter of each wire. We make the simpl
ing assumption thatF(r ) ~the normalized pinch current as
function of r , as defined in Sec. I! is held constant, so tha
m/t i

2}I 2, as indicated by Eqs.~1!–~3!. We also assume tha
the total radiated x-ray energyEr}I 2.

The peak radiated x-ray powerPr is proportional to
Er /t th :

Pr}
Er

t th
}

I 2

t th
, ~18!
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wheret th is the thermalization time constant~i.e., the char-
acteristic time over which the energy made available to
pinch is thermalized!, as defined in Sec. III B. We approxi
matet th as

t th ;
d

v f
, ~19!

where d is an effective radial thickness of the imploding
wire-array plasma, andv f is an effective final pinch-
implosion velocity. We assumed is a power-law function of
the ratiota /t i ,

d}S ta

t i
D z

, ~20!

where ta is the characteristic time required to ablate t
wires, andz is a constant.

Analytic ablation calculations for a single frozen deut
rium filament~not in an array! by Bobrova, Razinkova, and
Sasorov@147# suggest thatta}ms

g@dIs(t)/dt#2h, wherems

is the mass of a single filament,I s(t) is the current in the
filament as a function of time, anddIs(t)/dt, g, andh are
constants. According to the numerical results presented
Chittendenet al. in Fig. 1 of Ref.@39#, h;1/2 for a single
aluminum wire not in an array. Assuming these scaling re
tions also apply to tungsten wires in an array, we have
following:

ta}
ms

g

S dIs~ t !

dt D 1/25
~m/n!g

S dI~ t !

ndt D 1/2, ~21!

wherem is the total-wire-array mass,I (t) is the total-wire-
array current as a function of time, andn is the number of
wires in the array. Using Eqs.~19!–~21!, we approximate the
thermalization timet th as follows:

t th ;
d

v f
}S ta

t i
D z

t i}
~m/n!gz

F S I

nt i
D z/2

t i
zG t i , ~22!

where v f is assumed to be proportional tot i
21 , and the

characteristic value ofdI(t)/dt is estimated asI /t i , whereI
is the peak pinch current.

Coverdale et al. @148# have demonstrated that fo
aluminum-wire arrays, there exists a value ofn that maxi-
mizesPr —i.e., thatPr does not continue to increase inde
nitely as n is increased. Mazarakis and co-workers@149–
151# have shown that an optimumn also exists for the
tungsten-wire-array system described in Sec. II. A polyn
mial fit @149–151# to the tungsten data suggests thatPr has a
broad maximum atn;355 and thatPr varies from 130 to
133 TW for 300<n<400. SincePr is proportional toEr /t th
@Eq. ~18!#, the expression fort th @Eq. ~22!# must be indepen-
3-9
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dent of n for arrays that have a near-optimum number
wires. Hence for such arrays we have@according to Eq.~22!#
that g51/2:

t th}S m

I t i
D z/2

t i . ~23!

As discussed at the end of Sec. III B, the measured sca
of the peak x-ray powerPr with I suggests that for the ex
periments described in Secs. II and III A,t th}I 1/2}m1/4.
Since for these experimentsm was increased asI 2 and t i
was held constant, we have from Eq.~23! that z51. Since
we have assumed thatm/t i

2}I 2, we obtain from Eqs.~18!–
~23! the following approximate expressions:

d}
ta

t i
}S m

I t i
D 1/2

}m1/4}~ I t i !
1/2, ~24!

FIG. 10. ~Color! Simulated peak radiated x-ray powerPr as a
function of the peak pinch currentI , for three cases.Tave is the
average pinch temperature,Tb is the pinch brightness temperatur
andK0 is an opacity multiplier.

FIG. 11. ~Color! Simulated 10%–90% x-ray-power rise timet r

as a function of the peak pinch currentI for three cases.Tave is the
average pinch temperature,Tb is the pinch brightness temperatur
andK0 is an opacity multiplier.
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t th ;
d

v f
}ta}S mt i

I D 1/2

}
m3/4

I
}I 1/2t i

3/2, ~25!

Pr}
Er

t th
}I 2S I

mt i
D 1/2

}
I 3

m3/4}S I

t i
D 3/2

. ~26!

As discussed above, Eqs.~24!–~26! assume that the wire
mass density, number of wires, wire-array diameter, wi
array length, and normalized pinch-currentF(r ) are held
constant, and that the number of wires is near the value
optimizesPr . Equation~26! also makes the simplifiying as
sumption thatEr}I 2. Since Eqs.~24!–~26! assume thatd is
determined byta ~and hencem), we expect these expres

FIG. 12. ~Color! Normalized pinch currents for the 13- an
19-MA peak-current shots. The 13-MA current trace is an aver
of the currents measured on shots 725 and 819; the 19-MA cur
is an average of the currents on shots 723, 724, 817, and 818.
normalized standard deviation of the pointwise difference betw
the two currents is less than 2%. Also plotted is the normaliz
simulated current, assuming the load can be modeled as an
nitely thin perfectly stable cylindrical foil.

FIG. 13. ~Color! X-ray power as a function of time for fou
nominally identical shots. The time is from the extrapolated beg
ning of the load current; hence, the plots directly show shot-to-s
fluctuations in the implosion time.
3-10
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X-RAY EMISSION FROM z PINCHES AT 107 A: . . . PHYSICAL REVIEW E69, 046403 ~2004!
sions to become inaccurate whenm ~or more generally, the
mass per unit lengthm/,) is sufficiently small—i.e., when
wire ablation no longer determinesd.

Each of Eqs.~24!–~26! leads to an interesting observ
tion. According to Eq.~24!, if m is increased asI 2 to keept i
constant~as we did for the experiments described in Secs
and III A!, thenta}m1/4}I 1/2: i.e., ta increases asI 1/2 while
t i remains fixed. At sufficiently high current, such scali
leads to an ablation time that is longer than the implos
time, which may not be the optimum manner in which
increaseI in future accelerators.

According to Eq.~25!, to keept th constant asI is in-
creased,t i would have to be scaled as follows:

t i}I 21/3, ~27!

which is equivalent to increasingm as I 4/3. If Eq. ~25! is
valid, Eq. ~27! might be one approach to achieveI 2 x-ray-
power scaling. Such an approach would, in addition, incre
the implosion velocityv f as I 1/3, which would increase the
thermalization efficiency of the pinch’s kinetic energy.

According to Eq.~26!, Pr can be made to scale asI to a
power higher than 2. For example, when

t i}I 21, ~28!

which requires holdingm constant asI is increased, thent th
is proportional toI 21 andPr increases approximately asI 3.
Decreasingt i as I is increased@according to either Eq.~27!
or ~28!# would, however, increase significantly the size a
cost of future accelerators, since to zeroth order acceler
voltages near the pinch scale asI /t i . In addition, we note
that if I 3 power scaling could be demonstrated forI
.13 MA, the 1200-TW x-ray-power requirement for high
yield ICF would be met at 32 MA, but a higher curre
would still be necessary to meet the;8-MJ x-ray-energy
requirement.

Equations ~24!–~26! appear to be consistent with th
pinch-current measurements presented in Fig. 12. In this
ure, we plot the normalized pinch currents measured for b
the 13- and 19-MA peak-current shots. We also plot the n
malized calculated current assuming that the wire array
be modeled as an infinitely thin perfectly stable cylindric
foil @Eqs.~1!–~3!#. The normalized calculated current is o
tained from a circuit simulation and is essentially identica
both 13 and 19 MA when the pinch massm in the simula-
tions is scaled asI 2.

The standard deviation of the pointwise difference b
tween the normalized current measurements at 13 and
MA ~plotted in Fig. 12! is less than 2%. Until peak curren
all three normalized wave forms are similar. After peak c
rent, however, the 19-MA measurement is significantly l
like the simulation than that at 13 MA. If the measured c
rents are accurate after their peaks, this difference wo
imply that, late in the implosion, the pinch inductance
greater at 13 than at 19 MA. This would be consistent w
the mass ablating and assembling on axis over a longer
riod of time at the higher current, producing a more diffu
pinch and a softer~less-well-defined! implosion @17,68#.
04640
II

n

se

tor

g-
th
r-
n

l

t

-
19

-
s
-
ld

h
e-

We caution, however, that as indicated in Fig. 2, t
pinch-current monitors were located 6 cm from the axis
the pinch—i.e., in a severe environment. The voltage n
the location of these monitors increased rapidly after p
current and, in addition, was;50% higher at 19 MA than a
13 MA. Because of the corresponding increased elect
deposition in the anode hardware near the pin
@120,122,127,140–143#, the current measurements are le
accurate after peak at 19 than at 13 MA. As discussed in S
II, we estimate that at 19 MA, the error~due to electron
damage! at peak current is 2%.

3. Suggestions for future work

Equations~24!–~26! suggest that for the wire array de
scribed in Sec. II, quadratic x-ray-power scaling will b
achieved ift i is scaled asI 21/3. Quadratic scaling might also
be demonstrated with the use of an alternate wire mate
@146,152#, an optimized nested wire array@146#, a foil @152#,
or an optimized current pre-pulse@57,68,153#. Because wire
ablation evolves in ther -u plane and the Rayleigh-Taylo
instability develops in r -z, predictive three-dimensional
radiative-MHD simulations of the ablation, implosion, an
stagnation of an array may ultimately be required to des
an optimized pinch-accelerator system. The experime
configuration~Fig. 2! was kept relatively uncomplicated t
facilitate use of the measurements at 13 and 19 MA to v
date such simulations.~We note that present two-dimension
pinch simulations arenot predictive, since they assume a
arbitrary amplitude for the seed of the Rayleigh-Taylor ins
bility. The peak x-ray power and power rise time are stro
functions of the initial seed. In the present simulations,
seed amplitude is arbitrarily adjusted until results match
periment. At this time, there is noa priori method for deter-
mining what the seed amplitude should be or how it sca
with I .)

IV. SHOT-TO-SHOT FLUCTUATIONS

A. Measurements

Measurements of the 1s shot-to-shot fluctuations inPr ,
Er , t r , tw , andt i as functions ofI are summarized in Table
II. We define the implosion timet i to be the time interval
between the extrapolated beginning of the load current
the extrapolated beginning of the x-ray-power pulse. Shot
shot variations in the temporal and spatial structure of
x-ray emission are presented in Figs. 13–15.

The 1s fluctuations inPr listed in Table II are determined
as follows.~The fluctuations inEr , t r , tw , andt i are ob-
tained in a similar manner.! As discussed in Sec. III A, it
appears that gap closure did not affectPr on shots 566, 594
597, 647–649, 683, 723-725, and 817–820. We assume~as
in Sec III A! that the data for these 14 shots can be fit to
power-law function ofI and use the least-squares method
estimate thatPr5b1I 1.2428, where b151.1873105 ~in SI
units!. This power-law scaling is discussed in Sec. III A a
is plotted in Fig. 7.~For the calculations in this section an
the results listed in Table II, we use more precise values
3-11
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TABLE II. Summary of the measured shot-to-shot fluctuations. The fluctuations are those observed for one-half of the pinch a
been corrected for the fluctuations inherent in the diagnostic systems. Assuming that the half observed radiates in a manner that is
independent of the other half, the fluctuations for the entire pinch are a factor of 21/2 less than those listed here.~In SI units,b151.187
3105, b253.87331027, b352.01731026, b457.508310212, b556.162310212, andb657.3953102.)

1s
fluctuation,

assuming it is
independent of
the peak pinch

current
Z shot

numbers

1s
fluctuation

at
13 MA

13-MA
Z shot

numbers

1s
fluctuation

at
19 MA

19-MA
Z shot

numbers

1s
random

fluctuation in
the response

of the
diagnostic

system

Peak radiated
x-ray powerPr

(Pr5b1I 1.2428)

(1262.5)% 566, 594, 597,
647–649, 683,
723–725, 817–

820

(1264.1)% 647–649,
725, 819,

820

(1464.1)% 566, 594,
597, 683,
723, 724,
817, 818

2.3%

Total radiated
x-ray energyEr

~bolometers!
(Er5b2I 1.7342)

(9.162.6)% 647, 649, 723–
725, 817–819

(8.764.4)% 647, 649,
725, 819

(1366.7)% 723, 724,
817, 818

1.8%

Total radiated
x-ray energyEr

~calorimeter!
(Er5b3I 1.6451)

(7.462.1)% 647, 649, 723–
725, 817–819

(7.964.0)% 647, 649,
725, 819

(1165.6)% 723, 724,
817, 818

4.5%

X-ray-power
rise timet r

(t r5b4I 0.3883)

(2665.3)% 566, 594, 597,
647–649, 683,
723–725, 817–

820

(2769.6)% 647–649,
725, 819,

820

(2968.5)% 566, 594,
597, 683,
723, 724,
817, 818

2.9%

X-ray-power
pulse widthtw

(tw5b5I 0.4544)

(8.762.5)% 647, 649, 723–
725, 817–819

(1065.1)% 647, 649,
725, 819

(1165.6)% 723, 724,
817, 818

2.3%

Pinch-implosion
time t i

(t i5b6m1/2/I )

(2.460.5)% 566, 594, 597,
647–649, 683,
723–725, 817–

820

(1.160.4)% 647–649,
725, 819,

820

(3.360.9)% 566, 594,
597, 683,
723, 724,
817, 818

0.5%
p

er

.
is

or-
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the power-law exponents than were given in Sec. III.!
To quantify the fluctuations inPr , we assume the follow-

ing statistical model. We express thej th measurement ofPr
as

Pr j 5b1I j
1.24281« j , ~29!

where« j is the random fluctuation inPr j , and I j is the j th
measurement of the peak pinch currentI . Assuming Eq.~29!
and using all 14 data points in Fig. 7, we estimate the sam
fractional standard deviations of the measurements ofPr as
follows:

s5F 1

1422 (
j 51

14 S Pr j 2b1I j
1.2428

b1I j
1.2428 D 2G1/2

. ~30!

~We subtract 2 from 14 since two degrees of freedom w
used to obtain the power-law curve.! We find thats, which
we also refer to as the 1s shot-to-shot fluctuation, is 12.3%
The estimated 1s variation due to the detector system
04640
le

e

2.3%; subtracting this in quadrature gives 12.1% for the c
rected value fors. ~We include only two significant figures
in Table II.! We estimate the uncertainty ins to be
s/@2(1422)#1/252.5% @154,155#.

The 1s fluctuations inEr , t r , tw , andt i are estimated
using expressions similar to Eqs.~29! and ~30!. To estimate
the 1s fluctuation int i , we assume as indicated in Table
that without fluctuations,

t i}m1/2/I . ~31!

Equation~30! and similar equations forEr , t r , tw , and
t i assume that the fluctuations are independent ofI . Treating
the 13-MA shots separately from the shots at 19 MA, we fi
~as indicated in Table II! that within statistical uncertainties
the fluctuations inPr , Er , t r , andtw are the same at both
13 and 19 MA—although there appears to be a trend w
increasingI . Additional measurements would be needed
improve the precision of these results.

The 1s fluctuations presented in Table II are for the ha
of the pinch viewed by the x-ray diagnostics. If the ha
3-12



de
ld
is
in

en
-

th
is
5
m

am

e

nts
nd
lots
ts
t
of
ted
ts

y
th

ha
th

for
ned
the
the

n
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observed radiates in a manner that is statistically indepen
of the other half, the fluctuations for the entire pinch wou
be smaller by a factor of 21/2 than the values presented in th
table.~A more complete discussion of this point is given
the Appendix.!

We note that the 1s fluctuations inPr and Er listed in
Table II are consistent, within experimental error, with rec
measurements by Cuneo@146# using a similar pinch configu
ration. However, the fluctuations that were obtained@146# for
one-half of the pinch int r and t i are (8.863)% and (0.8
60.3)%, respectively, which are significantly less than
values reported here. The source of these discrepancies
yet understood. Our results appear consistent with the 1
shot-to-shot fluctuations in the peak radiated aluminu
K-shell power reported by Sanford and co-workers@61# for
various aluminum wire arrays.~The fraction of the pinch
viewed in these experiments was 70%.!. The 1s fluctuations

FIG. 14. ~Color! Time-resolved x-ray images for two nominall
identical shots. The time is from the extrapolated beginning of
load current. Each image represents a 3.9 mm38.5 mm field of
view. The distance listed beneath each figure is the full width at
maximum of the pinch obtained by integrating the image in
axial direction.
04640
nt
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e
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in Pr and tw reported by Sanfordet al. in Ref. @114# for a
tungsten wire array imploding upon a centrally located fo
target are~for one half of the pinch! (2265)% and (25
66)%, respectively, which are within a factor of 2–3 of th
values listed in Table II.

Temporally and spatially resolved x-ray measureme
obtained on shots with nominally identical geometries a
pinch currents are presented in Figs. 13–15. Figure 13 p
the peak x-ray power as a function of time for four sho
~723, 724, 817, and 818!, and shows significant shot-to-sho
fluctuations in the x-ray-power time history. For each
these four plots, the time is referenced to the extrapola
beginning of the pinch current; hence the plo

e

lf
e

FIG. 15. ~Color! The axially integrated full width at half maxi-
mum of the x-ray emission from the pinch, as a function of time,
four nominally identical shots. The measurements were obtai
from images such as those shown in Fig. 14. The time is from
extrapolated beginning of the load current. The symbols indicate
measurements; the lines are included to aid the eye.

FIG. 16. ~Color! The approximate probability that on a give
shot, two independent pinches~in a double-pinch ICF driver! would
radiate the same peak x-ray power to within a factor of 16a
~where 0<a!1) as a function ofs ~the fractional 1s shot-to-shot
fluctuation in the peak power radiated by a single pinch!. Curves are
plotted for three different values ofa.
3-13
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directly display shot-to-shot fluctuations in the implosi
time. For two of these shots, Fig. 14 presents images of
pinch obtained with the x-ray camera, which exhibit sign
cant shot-to-shot variations in the spatial structure of
x-ray emission. Such images were used to determine the
ally integrated pinch diameter as a function of time presen
in Figs. 14 and 15. Figures 13–15 illustrate that significa
apparently random shot-to-shot fluctuations are possibl
the implosion and radiation histories of nominally identic
shots.

B. Calculation of the shot-success probability of the
z-pinch-driven hohlraum

Random fluctuations in the x-ray emission of the tw
pinches in the double-pinch ICF driver@44,48,87,88,110–
112,118# would affect the symmetry of the radiation drivin
the capsule implosion. In this section, we estimate the ef
of such variations on the probability that a shot taken w
this configuration would be successful. We begin by cal
lating the probability that on a given shot, the two pinch
would have the same peak x-ray powerPr to within a factor
of 16a, where 0<a!1. We assume first that the x-ra
powers emitted by the two pinches would have identical n
malized time histories, with peaks that occur at exactly
same time. Hence we assume that only the amplitudes o
two x-ray-power pulses would differ. The effect of diffe
ences in the normalized time histories is briefly discusse
the end of this section.

We assume that the peak powerPr of a single pinch
would have a normal probability distribution@156# with
mean valuem and fractional standard deviation~1s varia-
tion! s. We assume that the two pinches in the double-pin
system would be independent of each other and have id
cal Pr probability distributions. Letx denote the peak radi
ated power of the first pinch andy the power of the second
on any given shot. Then the probabilitydp(x)dp(y) that the
power of the first would lie betweenx anddx and the power
of the second betweeny anddy is given by@156#

dp~x!dp~y!5
1

smA2p
expS 2~x2m!2

2s2m2 Ddx

3
1

smA2p
expS 2~y2m!2

2s2m2 Ddy. ~32!

@Equation ~32! differs from the expression given in@156#
because here we defines to be thefractional standard de-
viation.# The probability p that the power of the secon
pinch y would lie within a factor of 16a of x is given by

p5
1

2ps2m2 E
2`

1`

expS ~x2m!2

2s2m2 Ddx

3E
x(12a)

x(11a)

expS ~y2m!2

2s2m2 Ddy. ~33!

The quantityp is the probability that the two pinches in th
z-pinch-driven hohlraum would radiate the same peak po
to within a factor of 16a.
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For a typical experiment to be successful, the x-ray po
ersx andy must not only be similar to each other, but al
within a few standard deviations of the meanm. Strictly
speaking, the above integral should be carried out only o
x-ray powers of interest~i.e., near the peak valuem!, but
since the integrand is negligible outside this region,
above is a reasonable approximation.

Defining s[(x2m)/sm and u[(y2m)/sm, we can
simplify Eq. ~33! as

p5
1

2p E
2`

1`

expS 2s2

2 DdsE
s2as2(a/s)

s1as1(a/s)

expS 2u2

2 Ddu.

~34!

If 1/s@1, then the integrand is significant only whens
!1/s. Hence Eq.~34! can be approximated as

p5
1

2p E
2`

1`

expS 2s2

2 DdsE
s2(a/s)

s1(a/s)

expS 2u2

2 Ddu.

~35!

This expression can be evaluated in a coordinate system
tated 45° counterclockwise from the (s,u) system. This
transformation@w[(u1s)/21/2,z[(u2s)/21/2# allows us to
write Eq. ~35! as

p5
1

2p E
2`

1`

expS 2w2

2 DdwE
2a/s&

a/s&

expS 2z2

2 Ddz

5erfS a

2s D . ~36!

Hence the probabilityp that x and y are within a factor 1
6a of each other is approximately equal to erf(a/2s).

Figure 16 plotsp as a function ofs, with a as a param-
eter. To achieve a 90% probability of success would requ
thata/2s51.16@156#. Thus, if the peak x-ray powers of th
two pinches in a future ICF driver are to be within 7%
each other (a<7%) on at least 90% of the shots, then t
1s fluctuation in the power radiated by a single pinchs must
be less than or equal to 3%.

Presently, as indicated in Table II,s;12% for one-half of
the pinch, assumings is independent ofI . As discussed in
the Appendix, we estimate that for the entire pinchs
;(12/21/2)%58.5%. Whena57% ands58.5%, the suc-
cess probabilityp is 44% @156#. Consequently, to develop
z-pinch-driven hohlraum with a 90% shot-success proba
ity, it will be necessary either to reduce the random fluctu
tions inPr below present levels, to decrease the sensitivity
the capsule and hohlraum designs to a power imbalance
to make progress in both areas. We note, however, th
44% success rate may be acceptable for experiments
ducted on a prototype thermonuclear-fusion driver.

The calculation above gives the probability that on
given shot, the two pinches would radiate the same p
power Pr to within the factor 16a. The symmetry of the
3-14
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radiation-drive history in a double-pinch system would, ho
ever, also be a function of differences in the normalized ti
histories of the two x-ray-power pulses—i.e., differences
Er , t r , t i , etc. We estimate that the probabilityP that a
double-pinch shot would simultaneously meet all of the
quirements to drive a capsule symmetrically is given by

P[)
i

pi[)
i

erfS a i

2s i
D , ~37!

where the product is over all of the relevant factors, assu
ing that thepi ’s are statistically independent of each oth
The symmetry requirements (a i ’s! for the relevant variables
~such asEr , t r , t i , etc.! are presently being develope
When these have been determined, Eq.~37! can be used to
estimate the shot-success probabilityP as a function of the
a i ’s ands i ’s.

C. Discussion

1. MHD simulations

The observed shot-to-shot fluctuations described in S
IV A are consistent, to within a factor of 4, with two
dimensional MHD simulations performed by Hammeret al.
@44#. These simulations assume lithium deuteride instead
tungsten for the pinch material and a peak pinch curren
;63 MA. Random-mass-density perturbations were int
duced to initiate growth of the Rayleigh-Taylor instabilit
As indicated in Table I of Ref.@44#, the simulations show
that with a 1% perturbation amplitude, changing only t
random numberseed~while holding theamplitude of the
perturbation level constant at 1%! can change both the pea
radiated x-ray power and the x-ray-power pulse width
30%. MHD simulations performed by Petersonet al. @157#
for an aluminum-foil pinch with a 3.4-MA peak current an
a 1.9-ms implosion time demonstrate that changing thepat-
tern of the random-mass-density perturbations while keep
the amplitudeconstant can have a significant effect on t
mass-density distribution at stagnation~Fig. 7 of @157#.!
These results@44,157# are in qualitative agreement with th
measurements presented in Table II and Figs. 13–15.

2. Suggestions for future work

The calculations described in Refs.@44# and @157# dem-
onstrate that the evolution of a pinch is a sensitive funct
of initial conditions. This sensitivity, the simulated mas
density profiles of an imploding pinch presented
@44,157,158#, and Figs. 13–15 are suggestive of spatiote
poral chaos@159–162#. We propose that additional MHD
simulations be performed to determine whether the evolu
of a z pinch is, in fact, chaotic.

Specifically, we propose that simulations quantify mo
completely the sensitivity of the evolution and radiati
emission of a pinch to the random number used to seed
Rayleigh-Taylor instability, and to small changes in the ma
wire-array diameter, peak current, and other pinch par
eters. It would be interesting to determine the sensitivity
various pinch materials and to quantify how the sensitiv
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changes as the peak current is increased above 19 MA.
ultimate goal, of course, would be to develop for ICF app
cations a new pinch configuration that is less sensitive
initial conditions. Because the ablation of the wire ma
evolves in ther -u plane and the Rayleigh-Taylor instabilit
develops inr -z, three-dimensional radiative-MHD simula
tions may ultimately be required for such numerical stud
to be meaningful. We also propose that kinetic effects
considered as possible contributors to the shot-to-shot fl
tuations.
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APPENDIX

The results presented in Table II are based on the ra
tion emitted from one-half of the pinch. Thus it is approp
ate to examine how we might infer from these measureme
the 1s fluctuations for the entire pinch. The discussion belo
is given in terms ofPr ; similar discussions can be develope
for Er , t r , tw , andt i .

We idealize the pinch as one dimensional with length,.
We envision the x-ray emission occurring fromL segments,
each with equal length,/L. Let j i denote the x-ray powe
emitted from thei th segment when the total x-ray power is
its peak value. The total powerJL radiated by the pinch is
then given by

JL5(
i 51

L

j i . ~A1!

As a result of an aperture near the pinch, the diagnostics
view the pinch do not view allL segments but rather a con
tiguous set ofK,L, constituting a lengthK,/L5k and
yielding a peak powerJK :

JK5 (
i 5 j

K1 j 21

j i . ~A2!
3-15
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We denote the ratiok/,5K/L as the view factor, which is
1/2 for the experiments described above.

Any estimation of the fluctuations inJL from observa-
tions of JK depends on a statistical model, which mak
assumptions about the emission from each segment an
lationships between segments. We consider three such h
thetical models and estimate in each casesL , the fractional
standard deviation inJL , from sK , the observed fractiona
standard deviation inJK .

Model 1. Statistically independent emission. We assume
first that each x-ray-emitting segment of the pinch is ind
pendent of the others, and that thej i ’s all have the sample
normal probability distribution with the same mean and st
dard deviation. It is then easy to show that the mean va
^JL& and ^JK& of JL andJK , respectively, are related a
^JL&5(,/k)^JK&. The fractional standard deviations are r
lated assL5(k/,)1/2sK . According to this model, if the
x-ray diagnostics view one-half of the pinch (k/,51/2) and
if the measurements of the average peak power and its
tional standard deviation for the half observed are 65 T
and 12%, respectively, then one would infer 130 TW for t
average peak power from the whole pinch, with an ass
ated fractional standard deviation of 8.5%.

Model 2. Statistically coupled emission. For this model
we assume that the emissionj i from each segment can b
expressed asj i5hL, whereh is a constant thatdoes not
fluctuate from shot to shot andL is a random variable tha
doesfluctuate from shot to shot. Thus, each segment of
pinch fluctuates in brightness from shot to shot, but fluct
tions from different segments are in phase. As in mode
the mean valueŝ JL& and ^JK& are related by^JL&
5(,/k)^JK&. However, since the fluctuations in emissio
from each segment derive from the single random varia
L, the fractional standard deviations are equal:sL5sK . If a
z pinch behaved in this manner, one would infer that
relative shot-to-shot fluctuations in the peak power radia
by the entire pinch would be the same as in any measu
portion of the pinch.

Model 3. Emission constrained by a conservation la.
One might speculate that most segments in az pinch radiate
randomly and almost independently but that some phys
constraint~e.g., the total current transferred or total electric
power! fixes the peak radiated x-ray power from the who
pinch. In this case,JL is fixed andsL50. Yet depending on
K, the measured quantityJK may fluctuate from shot to
shot, which makessKÞ0.
-

tt

pl.
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At best, each of these simple models only partially ch
acterizes thez-pinch plasma. Model 1 assumes there is
correlation between x-ray-emitting hot spots in the pinc
This cannot be entirely true, since physical variables~e.g.,
the magnetic field! exist that connect points within th
plasma. Moreover, as each hot spot radiates, energy is
moved from the plasma system. By contrast, model 2
sumes that all of the emitting points are statistically coupl
suggesting that shot-to-shot variations in the x-ray emiss
are dominated by effects other than the pinch process its
For example, there may be some parasitic electrical cur
path@17# that bypasses the pinch and that varies from sho
shot. However, framing-camera pictures indicate different
rangements of hot spots as a function of time and from s
to shot, suggesting that more than one variable is at wor
causing peak-power fluctuations. Model 3 assumes that s
over riding conservation law limits the peak power emitt
from the whole pinch. This may represent an efficiency co
straint: that is, while the locations and brightness of hot sp
may vary from shot to shot, only a certain amount of to
power can be radiated for a fixed input. Estimates of the p
radiated power from the whole pinch, but derived from me
surements of a fraction of the pinch, could fluctuate beca
of the changing locations of the hot spots. In addition, ap
tured measurements would not suggest the existence
conservation law.

We make the tentative assumption that model 1 is m
correct with respect to peak-x-ray-power emission—in p
ticular, that shot-to-shot fluctuations for the entire pinch ar
factor of 21/2 less than fluctuations measured by diagnos
viewing only 1/2 of the pinch. This is consistent with pr
liminary experiments performed with the slotted electro
shown in Fig. 2 replaced by a nearly solid enclosure to fo
a hohlraum. For such a configuration, measurements of
hohlraum-wall temperature in effect integrate over the rad
tion emitted from the entire pinch. Such measurements
eight Z-accelerator shots@146# suggest that the 1s variation
in the peak radiated power from the entire pinch is (7
62.1)%, which is reasonably consistent with the value (
62.5)%/21/25(8.561.8)% inferred from the results pre
sented in Sec. IV A. These, however, are preliminary obs
vations, and additional experiments are needed to determ
more precisely how the fluctuations from an entire pinch c
be inferred from measurements made on a fraction of
pinch length.
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