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X-ray emission from z pinches at 10 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-pimak 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 increasdd éis., the diameter of each wire was increased)asvhere
| 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.aBor shots unaffected by gap closure, we find that the
peak radiated x-ray powe?,«|124018 the total radiated x-ray enerdy,«I'7%%18 the x-ray-power rise
time 7,193%034 and the x-ray-power pulse width,,o |24 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 implosiom tisecaled as™ %, The
measured & shot-to-shot fluctuations iR, , E,, ., 7, andr; are approximately 12%, 9%, 26%, 9%, and
2%, respectively, assuming that the fluctuations are independénfTéifese 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 22 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 Hammeet al.[Phys. Plasma8, 2129(1999]. We find that on a given shot, the probability that two
independent pinches would radiate the same peak power to within a factdr @f(vhere O< «<1) is equal
to erf(a/207), whereo is the 1o fractional variation of the peak power radiated by a single pinch. Assuming
must be<7% to achieve adequate odd-Legendre-mode radiation symmetry for thermonuclear-fusion experi-
ments, o must be<3% for the shot-success probability to Be90%. The observed (12/2)%=8.5%
fluctuation inP, 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 implodimginch is a spatiotemporal chaotic system.
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[. INTRODUCTION functions of the peak radiated x-ray power, total radiated
X-ray energy, Xx-ray-power rise time, hohlraum-case-to-
Wire-arrayz pinches are being developed as intense x-ragapsule ratio, capsule design, etc., and are still being deter-
sources for inertial-confinement-fusioiCF) experiments Mined[44,48,87,88,110-112,11&reliminary estimates in-
[1-118. Severalz-pinch-driven fusion concepts have been dicate that, under the conditions described in Réd], the
proposed and are being investigatddl,22,25,44,48, peak powers radiated by the two pinches must differ by less

49,52,55,63,76-78,87,88,96,100,108,110-112 113,118 1an 7% 10 achieve YEthe requisite odd | egendre-modle

RPN RN o capsule-drive symmetryEven-Legendre-mode symmetry is
the base I|.ne approach, x-ray radiation from two COI'r.]eardetermined by the-pinch, hohlraum and capsule geometries
pinches drives a centrally located hohlraum that contains

X fls].) Consequently, development of a successful
thermonuclear-fusion  fuel capsule[44,48,87,88,110~ ; ninch_driven hohlraum requires not only that the x-ray-

112,118, This system, referred to as taepinch-driven hohl- 56 and energy requirements be met, but that shot-to-shot

raum, requires that the x-ray power radiated by each pinchyctyations in the radiation emission be at or below accept-
reach ~1200 TW, and that the total energy radiated pergple levels.

pinch exceed 8 MJ, to achieve a 400-MJ thermonuclear yield Presenﬂy' Wire-array pinches relevant to

[44]. o _ . z-pinch-driven-hohlraum research radiate as much as 130
Radiation-symmetry requirements for this system areTw and 1.6 MJ of x rays from plasmas with 210-eV bright-
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ness temperatureq24,35-37,67,87,88,102,110-112,118 The above arguments, however, do not consider one-,
ICF experiments with~100-ns pinch-implosion times are two-, and three-dimensional effects, instabilities, wire-
being conducted at 17-19-MA24,35-37,67,87,88,110— ablation processg$,9,10,12,17,19,31,32,39,47,57,58,60,68,
112,118 on the Z acceleratdi19-127. Higher-current ma-  74,80,85,86,91,92,98,109,113,11¢arasitic currentd17],
chines are being proposed to increase the radiated power apdiVV work performed on the pinch plasma after stagnation
energy[128,129. [27], etc. Hence it is not clear that the total radiated x-ray
To optimize the design of the next generation of acceleraenergy and peak radiated x-ray power are always propor-
tors, it is necessary to understand how the radiation emissiotipnal to|2.
from a pinch, and the statistical fluctuations in the emission, |t has been reported in the literature that the measured
vary with the peak pinch curremt It is usually assumed that radiated x-rayenergy«=I? [22,49,10]. The |?-scaling data
both the peak radiated x-ray power and total radiated x-rayresented if22,49,101, however, were not obtained in a
energy are proportional . These are the two most impor- controlled manner. The data presented are that obtained from
tant and fundamentag-pinch-physics assumptions made pinches that wer@ptimizedfor each accelerator. The four
when projecting the performance of future higher-current acmeasurements presented #2,49,10] were obtained on the
celerators. However, it appears that the precise origins angupermite, Proto-Il, Saturn, and Z accelerators, each of
validity of these two assumptions are not well defined andvhich produced a different normalized-pinch-current time
must be reexamined. history. In addition, although the axial length of the pinch
The notion that the radiated power and energy scalé as was held constant, other critical pinch parameters, such as
stems, in part, from arguments similar to the following. Wethe pinch material, initial pinch diameter, pinch electrode
consider a wire-array pinch and model the array as an configuration, and implosion time, were changed to optimize
infinitely thin perfectly stable cylindrical foil. When such a the radiated energy. Specifically, the Supermite and Proto-II
foil carries current and as a result accelerates inward towardata were taken with argon gas-pufipinches; the Saturn
its axis of symmetry, the kinetic energy of the foil increasesand z data were taken with tungsten wire-armpinches.
as the foil radius decreases. When the foil stagnates uponhe Saturn and Z data were taken with wire-array diameters
itself on axis, the foil's kinetic energy is thermalized and that differed by more than a factor of 2. The implosion times

subsequently radiated as x rays. for these four accelerators ranged frens0 to~ 100 ns; the
For such an imploding-foiz pinch, we have the follow- accelerator-circuit designs were also significantly different.
ing: Consequently, thé?-scaling data presented {122,49,101
have a significant spread in pinch parameters and are not
wol1212(t) d?r entirely physically meaningful.
T ar mr(t) W(t)’ D Moreover, recently reported Saturn measurements suggest

that 1% energy scaling has, in fachot been demonstrated
between optimized pinches on Saturn and Z, presently two of

= fai ) the world’s most powerfut-pinch drivers. The highest yield
po(r) achieved on Saturn at 6.4 MA is 0.53 JR0|; at 7.6 MA the
highest yield is 0.8 MJ40]. These yields are to be compared
1 — wobl? [T F2(r)dr with the 1.9 MJ that has been achieved on Z at 19 [4,
Ek(r)EEmvz( )= fb — (3)  which is less than the 4.7-5.0 MJ expected assunhing

scaling from the Saturn results.

Furthermore, even though it is commonly assumed that
where i is the free-space magnetic permeabilityis the  the peak radiated x-ragower =12, no data have been pre-
axial length of the pinchl, is the peak pinch current(t) is  sented that support this assumption. In fact, recent measure-
the normalized pinCh current as a function of tHTTEJS the ments indicate thatz power Sca“ng hasot been demon-
pinch massy (t) is the pinch radius as a function of timg,  strated between optimized pinches on Saturn and Z. The
is the pinch-implosion timeh is the initial pinch radiusa is  highest x-ray power achieved on Saturn at 8 MA using an
the final pinch radius; (r) is the pinch velocity as a function optimized pinch is 75 TW20]; the highest power achieved
of r, Ex(r) is the pinch kinetic energy as a functionrofand  on Z at 19 MA is 230 TW26]. The 230 TW is less than the
F(r) is the normalized pinch current as a functionof 420 TW expected, assuming scaling from the Saturn re-
whereF (r(t))=f(t). (Equations are in Sl units throughout. sult. Hencel ? scaling for neither energy nor power has been
We definea to be the effective radius at which the pinch demonstrated fooptimizedpinches between Saturn and Z.
stagnates and its kinetic energy is thermalized. The physics of current scaling might be better explored

If ¢, a, b, andF(r) do not change akis increased, then through examination of the results obntrolled scaling ex-
the peak pinch kinetic enerd,(a) is proportional tol. If ~ periments; it appears, however, that the literature does not
the fraction ofE,(a) that is thermalized and radiated as x describe such results. Information on shot-to-shot fluctua-
rays is independent df then the total radiated x-ray energy tions in the radiation emission from pinches also appears to
is proportional tol 2. If in addition the time constants asso- be incomplete. In addition, to optimize the design of the
ciated with the thermalization dE,(a) and subsequent ra- next-generation accelerators, it is important to understand
diation emission are independentlofthen the peak radiated how the x-ray emission from a pinch varies with the anode-
x-ray power is also proportional ti&. cathode gap of the vacuum transmission line that delivers
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electromagnetic power to the pinch. The literature, however, 1 ——— T ]
contains little discussion of the effects of gap closure on the —19-MA drive voltage
X-ray emission. —-13-MA drive VOltage
In this paper, we preserbntrolled measurements of the
peak radiated x-ray power, total radiated x-ray energy, x-ray-
power rise time, and x-ray-power pulse width as functions of
the peak pinch current and the width of the anode-cathode 4
gap at the base of the pinch. We also present measurements
of statistical fluctuations in the power, energy, rise time,
pulse width, and pinch-implosion time as functions of cur-
rent. The experiments were conducted on the Z accelerator,
the highest-current 10-s pulse generator developed to date

(relative units)

voltage

[119-127. The pinch configuration used is the tungsten- 0 L
wire-array design first characterized by Deeney and Spiel- 0 40 80 120 160 200
man[130], Porter[24], and Bakeret al. [35-37,61, and is time (ns)

the base line presently being developed as the driver for

z-pinch-driven hohlraum experimenii87,88,110-112,118 FIG. 1. (Color) Normalized Z-accelerator forward-going volt-

The experimental arrangement is described in Sec. [129€s for the 13- and 19-MA peak-current shots. The 13-MA drive

Measurements of the x-ray power, energy, rise time, andoltage is an average of _the voltages measured on the six 13-MA
pulse width as functions of the peak pinch current anoshots; the 19-MA voltage is an average of the voltages mgasured on
anode-cathode gap are presented in Sec. Il A. In Sec. Ill Bthe_ ele_ven _19-MA shots. The normalized star_1dard deviation of the
we develop a time-dependent model of an idealized opticallymmw'se difference between the two pulses is less than 2%.

thick pinch at stagnation, and demonstrate that the observed

subquadratic x-ray-power scaling is not due to radiation trapgenerator developed to dafe19-127. The results of 17
ping or the energy sink represented by the pinch’s internaficcelerator sh_ots are described: 6 shots were taken with a
energy. We discuss the implications of the observed powet3-MA peak pinch current; 11 shots were taken at 19 MA.
scaling in Sec. IIIC 1. In Sec. I11C 2, we develop heuristic On €ach of these shots, the current pulse drove the implosion
scaling relations for the wire array described in Sec. IIl. Thedf @ Single tungsten-wire-arraypinch. The higher peak cur-

relations suggest that the x-ray-power scaling will improve iff€nt is_the most that could routinely be delivered to the
the pinch implosion timer, is decreased dsis increased. In pinch. The lower was achieved by reducing the Z-accelerator

Sec. 1IIC 3, we speculate thatredictive three-dimensional Marx-charge voltage, gas-switch pressures, and water-switch
radiative-magnetohydrodynamidMHD) simulations might gaps[131]. As indicated in Fig. 1, these changes were made

ultimately be required to design an optimized pinch-in a manner that kept the shape of the Z forward-going-
accelerator system. voltage pulsgwhich ultimately drove the pinch implosipn

Measurements of shot-to-shot fluctuations in the powertn€ same at 13 and 19 MA. The normalized standard devia-
energy, rise time, pulse width, and implosion time as function of the.p0|ntW|se difference betwegn the shapes of the
tions of the peak pinch current are presented in Sec. IV Aforward-going pulses at 13 and 19 MA is less than 2Vhe
We also present images of the pingacorded with an x-ray ~Pointwise difference between the normalized pinch currents
framing camergthat show significant shot-to-shot variations &t 13 and 19 MAis also less than 2%, as discussed in Sec.
in the spatial structure of the x-ray emission. The radiatiod!! € 2.) ) ) . . .
measurements described in Secs. IIIA and IM@xcept The wire-array design used for the experiments is outlined
those made with the camenaere performed on one-half of N Fig. 2. The wire material, number of wires, wire-array
the pinch. The inference of shot-to-shot fluctuations for thediameter, wire-array length, wire-array electrode design,

entire pinch from these measurements is discussed in tHiPrmalized-pinch-current time history, implosion time, and
Appendix. In Sec. IV B, we estimate the effect that random

fluctuations in the radiation emission from a single pinch 20-mm-diameter wire array current
would have on the shot-success probability of the double- monitor
pinch ICF driver. In Sec. IVC, we briefly describe two- slotted

dimensional MHD simulations that are in qualitative agree- Y electrode

ment with the observed fluctuations in the radiation

emission. We also propose that a systematic computational
study be initiated to quantify the source and nature of the anode
apparently random fluctuations, and to determine whether
the evolution(in time and spageof a z pinch is chaotic. \‘
\
IIl. EXPERIMENTAL ARRANGEMENT 2-mm anode-cathode gap cathode

The experiments described below were conducted on the FIG. 2. Schematic of the wire-array geometfrawing is to
Z pulsed-power accelerator, the highest-current’d8 pulse  scale)
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diagnostic package were held constant for all of the shotancegin the anode-cathode gap at the base of the pinch from
taken at both 13 and 19 MA. Since we held the pinch geom=0.23 mm to+0.09 mm, and variations in the diameter of
etry and implosion time constant, we also held tieeninal  the upper and lower 20-mm-diam wire-array electrodes from
inter-wire-gap, time-dependent implosion velocity, time--+0.025 mm to+0.013 mm. These changes improved the
dependent pinch inductance, and number of Rayleigh-Taylogoncentricity of the wire-array hardware and reproducibility
growth periodq21] constant. of the implosion time. The modified design also improved

To keep the implosion time; constant, we increased the the current contacts between the wires and upper and lower
mass of the arragn asl?; i.e., the diameter of each wire was wire-array electrodes. The design was used on all of the
increased ak. This is the most straightforward possible con- shots except 566; on this shot, the anode-cathode gap be-
trolled current-scaling experiment, assuming the zerotween the wires and slotted electrode was 4 mm, but the
dimensional pinch model given by Eq4)—(3). These equa- fabrication tolerances and current contacts were those of the
tions predict that whem is increased as? and ¢, b, and  original design.

f(t) are held constant dsis increased, thei,(r)=12, and Although the wire-array hardware was fabricated with tol-
r(t), v(r), F(r), andr also remain constantr{is, for all  erances controlled more carefully than for any previous wire-
practical purposes, independentaofvhena<b.) array experiment, there nevertheless remained potential

Equations(1)—(3) predict that whera<b, the peak ki- sources of shot-to-shot fluctuations that were not addressed.
netic energyE,(a) is a weak function ofa. We do not, For example, the wire-array masswas determined by mea-
however, have direct control over the valueaobr howa  suring 1% of the wire used to fabricate the array. This may
changes withl. Consequently, for the experiments, we in- have allowed more variation im and therefore the implo-
creasedn asl? and held¢, b, andf(t) constant for all of the  sion time 7; than desired. Also, although th@minal inter-
shots to determinender these conditionsow the radiation wire gap was held fixed at 208m, the actual wire-to-wire
emission varies with current. This is not only the mostgaps exhibited random variations ¢f(8—12)% [88]. The
straightforward but also the most relevant possible scaling.7- and 11.4um-diam wires(used on the 13- and 19-MA
experiment, since this scaling is that which is presently beinghots, respectivelywere located in-70-wm-wide slots that
assumed for the design of future higher-currestinch ac-  were electric-wire-discharge machined in the wire-array-
celerators. electrode hardware. In addition, the wires exhibited random

The circular tungsten-wire arra§Fig. 2) had a 10-mm variations in angle with respect to vertical on the order of
axial length, a 20-mm diameter, and consisted of 300 equally- (0.5°—1°). Efects on the x-ray-power rise time from de-
spaced tungsten wires. The array was contained within a sloliberate inter-wire-spacing perturbations resulting from the
ted cylindrical electrode. The radial gap between the wiresnanner in which the wires were positioned and tensioned
and the inside surface of the slotted electrode was held corrave been noted at the 30% ley8B]. Recent confirmation
stant at 4 mm. The electrode had 9 equally spaced 5.6-mnon Z of delayed wirelike implosion trajectories for these wire
wide slots that provided diagnostic access to the pinch. Tharrays[132] suggest that array performance may be sensi-
radial gap at the base of the array is shown as 2 mm in Figively dependent on small-scale azimuthal variations in the
2, and was varied from 1 to 4 mm. wire locations.(We note that an interesting discussion of the

The anode and cathode electrodes of the wire array, aneffects of large-scale symmetry-breaking perturbations on
the vacuum transmission lifeutlined in Fig. 2 that deliv-  the x-ray emission is presented by Marder, Sanford, and
ered electromagnetic power to the pinch, were made of stairAllshouse in Ref[32].)
less steel and were machined to a finish with a root-mean- Both x-ray and electrical diagnostics were fielded on each
square roughness of less than Og4th. After machining, the shot. The x-ray-diagnostic package included a five-channel
electrodes were mechanically scrubbed with a mild alkalinex-ray-diode (XRD) array [133], two nickel bolometers
detergent, electropolished, mechanically scrubbed again, hywhich were used to integrate the radiated power over a
drogen fired, and vacuum baked. The power-flow surfaces of-40-ns time interval[134], a calorimetef(which was used
the wire-array electrodegexcept for the slotted electrode to integrate over a~2-ms interval [135, and a
were subsequently coated with 1@m of gold; the microchannel-plate x-ray framing came[436,137. The
transmission-line electrodes were coated withu®. (The  pinch power was determined by normalizing a spectrally
slotted electrode was not coatedhe experiments were con- equalized linear combination of the five XRD signals to the
ducted at nominal pressures that ranged fronx@@ ° to  average of the two bolometer energy measuremgis].
1.8x 10 ° torr (from 0.4x 10 % to 2.4x 102 Pa). The x-ray powers and energies inferred from the measure-

A modified version of the original 20-mm-diam tungsten- ments assume that the pinch was a Lambertian emitter for
wire-array design was developed for these experiments. Iboth the 13- and 19-MA peak-current shots. The x-ray diag-
the original design, the gap between the wires and slottedostics(except for the x-ray cameraiewed one-half of the
electrode was 2.5 mm, and the slots introduced30%  pinch at a 12° angle above the pinch’s equatorial plane. The
azimuthal variation irB? at the wires(whereB is the abso- camera observed almost the entire height of the pinch and
lute value of the magnetic fieldin the modified design used was filtered with 4.8um of Kimfol and 0.13um of alumi-
for the experiments, the gap between the wires and slottedum.
electrode was 4 mrtas indicated in Fig. 2 which decreased The electrical-diagnostic package included two recessed
the azimuthal variation iB? to = 10%. The modified design magnetic-flux @B/dt) monitors that measured the
also reduced azimuthal variatiodue to fabrication toler- Z-accelerator load current 6 cm from the axis of the pinch.
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TABLE |. Summary of the experimental results. The gap-closure time is relative to peak x-ray power.

X-ray- X-ray-
Peak Anode- Peak Bolometer  Calorimeter power power Pinch- Gap- Total
pinch cathode X-ray X-ray X-ray rise time pulse implosion  closure pinch

Z shot currentl gap power P, energyE, energyE, T width 7, time 7 time massm

number (MA) (mm) (TW) (MJ) (MJ) (n9 (ns (n9 (ns (mg)
648 12.9 1 84 0.66 0.73 35 7.8 94 —-1.4 2.64
820 13.1 1 92 0.63 0.79 3.1 6.9 95 —-1.8 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 -15 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 55 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 55 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

(We define the load to be all of the hardware located inside a [ll. CURRENT SCALING AND GAP CLOSURE

6-cm radius; hence the load includes the wire-array pjnch.
The load monitors were fielded 150° apart; one such monitor
is shown in Fig. 2. On shots taken with a peak current of 13 Measurements of the peak radiated x-ray poRer the
MA, we used these current measurements, and electricidtal radiated x-ray energ,, the 10%—-90% x-ray-power
measurements made in the Z magnetically insulated trangise time 7., and the effective x-ray-power pulse widt),
mission lines(MITL’s) and insulator stackl39], to normal- =E, /P, as functions of the peak pindtoad currentl and
ize a circuit model of Z. The load-current measurements athe anode-cathode gap at the base of the pinch are presented
19 MA were increased by 2% to be consistent with the othein Table | and Figs. 3-9.
electrical measurements on these shots, as indicated by the Figures 3 and 4 ploP, andE, as functions of the current
circuit model. (We believe that the load-current measure-and gap. The error bars in Figs. 3 and 4 are standard devia-
ments were slightly more accurate at 13 than at 19 MAfions estimated from the shot-to-shot fluctuations represented
because the monitors were more damaged by MITL flowin Figs. 7 and 8, respectively, and assume these fluctuations
electrong140-143 at the higher current. are independent df. (A more detailed discussion of shot-to-
The magnetic field in the anode-cathode gap at the base shot fluctuations is presented in Sec. IV and the Appendix.
the pinch was 260 and 380 T at 13 and 19 MA, respectively. It appears that the x-ray power and energy are more af-
According to circuit simulations with an infinitely thin per- fected by gap closure at the higher currdfr this discus-
fectly stable cylindrical-foil-pinch moddlEgs. (1)—(3)] and  sion, we define gap closure to be a decrease in the impedance
a 10:1 pinch-radius convergence ratio, the mean electric fieldf the gap) For the system oultined in Fig. 2, the voltage
in the gap (when it was 1 mm reached ~50 and across the gap as a function of tifwgt) is approximately
~70 MV/cm on the 13- and 19-MA peak-current shdisle  d[L(t)I(t)]/dt, whereL(t) andI(t) are the pinch induc-
note that the configuration outlined in Fig. 2 can serve as &nce and current as a function of time, respectively. When
laboratory source of high magnetic and electric fields forthe nominal pinch inductance and implosion time are held
atomic-physics researghThe simulations suggest that the constant, as they were for the experimenét) scales ap-
electric field increased rapidly as a function of time near theproximately as|(t). Under these conditions, the ratio
end of the implosion and peaked immediately before thé/(t)/1(t) is independent of the peak pinch curréntSince
pinch stagnated on axis. Using theinch-driven hohlraum the results presented in Figs. 3 and 4 imply that at constant
model given by Eq(41) of Ref.[102], we estimate that the initial gap, the fractional current lost across the gap increases
temperature of the surface of the gap electrodes peaked waith increasing, it appears that the effective gap impedance
~90 and~ 100 eV for the 13- and 19-MA shots, when the decreases dsis increased.
x-ray power radiated by the pinch reached its maximum Time-resolved current and x-ray-power measurements are
value. presented in Figs. 5 and 6. As indicated in these figures, the

A. Measurements
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FIG. 3. (Color) Measurements of the peak radiated x-ray power
P, as a function of anode-cathode gap and peak pinch current. The FIG. 5. (Color) Time-resolved measurements of the current and
standard deviation due to shot-to-shot fluctuations is estimated frorr-ray power as a function of anode-cathode gap for shots 648, 649,
the data to be 12%, assuming the fluctuations are independent 647, and 725, which were taken with a 13-MA peak pinch current.
current. The traces have been normalized and time shifted to facilitate com-

parisons of the current and x-ray-power time histories.

decrease in the radiated energy as the gap decreases is ac-
companied by a reduction in the tail of the x-ray-powerbegins near peak x-ray power, which becomes more severe
pulse.(As indicated in Table IP, also decreases as the gap asl is decreasedas indicated by the 1- and 2-mm-gap wave
is decrease@l.The 1-mm-gap current wave forms in Figs. 5 forms in Figs. 5 and 6. The observation that the second
and 6 show evidence of an abrupt decrease in the load imnechanism becomes more severe @&sdecreased might be
ductance due to gap closure during the radiation pulse. Apeonsistent with the gap-closure model described by Cuneo
parent closure times relative to the peak of the x-ray poweet al.[87]. We caution, however, that the load-current moni-
for these 1-mm-gap shots are listed in Table I. tors become less accurate after peak currehtisncreased,

We note that the 1- and 2-mm-gap 13-MA current waveas discussed in Sec. 11 C 2.
forms of Fig. 5 show clearer evidence of gap closure than the It appears that larger gaps will be needed as the current is
corresponding 19-MA wave forms of Fig. 6. This observa-increased in future accelerators if identical electrode designs,
tion and those made previously suggest that there may belectrode treatment, and materials are used, and if the design
two mechanisms for current loss across the gapa loss of the MITL's is the same as that presently being fielded on
that begins before peak x-ray power, which Figs. 3 and 4he Z acceleratof120,122,12T. (When the MITL design is
suggest increases hss increasegdand(2) an abrupt loss that

19-MA shots

2 . . T .

—_
T

—1-mm gap
— -2-mm gap
---3-mm gap
----- 4-mm gap

- current

total x-ray energy E, (MJ)
(bolometers)
@
current (relative units)
x-ray power (relative units)

> e
®»©
<
>>

O 1 1 1 1 1
0 1 2 3 4 100 200

anode-cathode gap (mm) time (ns)

o

o

FIG. 4. (Color Measurements of the total radiated x-ray energy  FIG. 6. (Color) Time-resolved measurements of the current and
E, inferred from the bolometers as a function of anode-cathode gag-ray power as a function of anode-cathode gap for shots 684, 597,
and peak pinch current. The standard deviation due to shot-to-shé83, and 818, which were taken with a 19-MA peak pinch current.
fluctuations is estimated from the data to be 9%, assuming the flucFhe traces have been normalized and time shifted to facilitate com-
tuations are independent of current. parisons of the current and x-ray-power time histories.
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FIG. 7. (Color) Measurements of the peak radiated x-ray power FIG. 8. (Color) Measurements of the total radiated x-ray energy
P, as a function of the peak pinch currdntfor shots unaffected by E, as a function of the peak pinch currdntfor shots unaffected by
gap closure. gap closure.

held constant, as it was for the experiments, the electron-flow 7
current launched in the MITL'$120,122,127,140-143n-

creases approximately with When the peak current was Equation(5) is obtained from the bolometer data and is es-
increased from 13 to 19 MA in the experiments, the corresentially equivalent to the scaling observed with the calorim-
sponding increase in the flow current contributed to the degter. As discussed above, these relations apply wherE, ,
crease in the gap impedance, although it is presently un; = andr, are unaffected by gap closure. The uncertainty
known to what extent. o given in each of these equations is the Value estimated
We estimate from the data presented in Fig. 4 that therom 3 least-squares fit to a power law. It appears that for the

minimum gap required foE, to be unaffected by gap clo- ¢onditions studied, neithd?, nor E, scales a$?, and thatr,
sure is, to zeroth order, proportional ko For example, for  and 7, are increasing functions df

the wire array outlined in Fig. 2, a4.7-mm gap will be

needed for shots taken with=30 MA. Assuming, as sug-
gested by Fig. 3, that & 1.5-mm gap is required at 19 MA
for P, to be unaffected by gap closure, and that this mini- As described above, we increasedas 12 to keep

mum gap is also proportional tb, we estimate that a constant. Hence the internal energy and radiative opacity of
~2.4-mm gap will be required at 30 MA. Preliminary the pinch were increased substantially as the peak pinch cur-
doublepinch experiments are being performed orf120—  rent was increased. In this section, we estimate under these
112,119 at 17 MA, with a 3-mm gap to optimize the radia- conditions to what extent the internal energy and opacity

tion emission from the two pincheéThe double-pinch sys-

7,001 0455017

B. Model of an optically thick pinch at stagnation

—_
SN

tem described i(110-112,118 produces, at the gap, 2-3 o TA—T
times the electric field of the single-pinch system describedw £ 5 A
in Sec. 1) We estimate that to achieve the same relative 5,_ PB g A
radiation emission with the double-pinch configuration at 30 ¥ 18 ral \ 4 17
MA as at 17 MA would require a 5.3-mm gap. GE’ © 8 Ty © |0. 5+0. .
Figures 7-9 ploP, , E,, 7,, andr,, as functions of. To = 3
isolate just the effect of current scaling on the x-ray produc- _8 g 7
tion, we use for these figures only measurements that appee. 3 6 -
to be unaffected by gap closure: for Fig. 7 and the plot of °;’ 5 5 L ]
7.=7,(l) in Fig. 9, we use all of the shots except 646, 682, 8 % //::'—‘
and 684; for Fig. 8 and the plot of,=7,,(1) in Fig. 9, we > & 4 X
use shots 647, 649, 723—725, and 817—819. S 2 % t o [0-39 £0.34 °
The results presented in Figs. 7—9 can be summarized a™> ; 3 [ . r . . . L
follows: 12 13 14 15 16 17 18 19 20
P, oc| 1:24£0.18 (4) peak pinch current | (MA)
173018 FIG. 9. (Color Measurements of the 10%—90% x-ray-power
Erxl ’ 5 rise time =, and effective x-ray-power pulse width,=E, /P, as
functions of the peak pinch curreht for shots unaffected by gap
7,00 0395034 (6)  closure.
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affect the scaling oP,, 7,, and 7, with current. For these Tave=Th, (15)
calculations, we make the simplifying assumption tEat
|2, or that[87]

Extending results presented i87,102, we develop be- 14
low a time-dependent model of an optically thick tungsten T. =0 7(5 T (16)
pinch at stagnation. We idealize the pinch as a cylinder with ave A b
a radius that, over the time interval of interest, remains con- -
stant[87,104. Assuming that power is conserved and that N 1.06x10 T3 17
the pinch electrons, ions, and radiation field are at the same T Kpt® e

temperature, we writg102,144
wherea is the pinch radius) is the Rosseland mean free
du 4 path(as given in145]), K, is an opacity multiplier, ang is
dat Pin—Acsgly, (8) the pinch mass density. Equatittb) applies when the pinch
temperature is independent of radius, which would be appli-
3 z 4 cable when there is sufficient turbulent mixing of the core
U=2NZksTapet NY 1+ =VoseTae, (9)  with the outer regions of the pind4]. Equation(16) ap-
=1 Cc . . L . . L
plies when the pinch-temperature distribution is given by the
one-dimensional steady-state radiation-diffusion equation,
and the thermal power source is independent of raiBid§
7 (When turbulent mixing and other forms of convection can
S =271, ~2ZksT (11) be ignored, we estimate that the steady-state profile is a good
s T B ave: approximation near peak x-ray poweEquation(16) also
assumes that/\>5 [87]. For the conditions described
whereU is the pinch’s internal energyl44], Py, is the total  apove, we find thata/A\>7 for peak pinch currents
thermal power delivered to the pincA,is the pinch surface =13 MA.
area,osg is the Stefan-Boltzmann constafi, is the pinch We assume@=1 mm, which we estimate from images of
brightness temperaturd| is the number of tungsten ions in the pinch recorded with the x-ray camera. Three sets of cal-
the pinch,Z is the tungsten ionization charge steitg,is the  culations were performed: foF =Ty, Taye# Tp andKg
Boltzmann constanfT,, is the average pinch temperature, =1, andT,,.# T, and K,=2. The equations were solved
l; is the jth ionization potential of tungsteiy, is the pinch  numerically. The numerical energy-conservation error at
volume,c is the speed of light, ant},, is the average of the  peak x-ray power wheh=60 MA is less than 1 part in £0
first Z ionization potentials. The expression fdr[Eq. (9)] Results are presented in Figs. 10 and 11.
neglects the ion thermal energy, which is valid wh&n 1. For all three calculations, the peak x-ray povirge: |2
Equation(9) also neglects the energy of excited electronichetween 13 to 19 MAFig. 10. (Between 19 and 60 MA, the
states, the energy of the electric and magnetic fields, and thsower-scaling exponents are 2.00, 1.97, and 1.94 for the
decrease inJ due to the Coulomb-interaction energy be- three cases, respectivéliihe calculated rise times decrease

Z7~0.02T%2), (10)

v

tween the charged particl¢$44]. between 13 and 19 MAFig. 11), and the calculated pulse
We supplement Eqg8)—(11) with the following simpli-  widths are constant to within less than one percent. Hence it
fying assumptions: appears that the internal energy and radiative opacity of the
pinch as modeled above cannot account for the observed
P="Po sinz(L), (12) subqgadraticP, scaling, and the observed increaserpfind
Tth Tw With |,
If we assume in our calculations thRag is proportional to
B ( | )2 1173 —j.e., that the total radiated enerds; =13 (as ob-
Po=C|—| , (13 :
lo served experimentally~we must also assume that the ther-
malization time constant,, increases approximately &%2
1)\2 (i.e., asmY to reproduce the measured power scaling. In
N= N0<G> , (14 other words, the observed power scaling would be consistent

with a thermalization process that lengthens in duratioh as
wherery, is the thermalization time constant—i.e., the char-(andm) are increased.
acteristic time over which the energy made available to the

pinch is thermalized. We normalize Eqd2)—(14) to the C. Discussion

experiments conducted at 13 MA: we set the consthyasd _ _ . .

N, to 13 MA and 9< 10'8, respectively, and adjust the con- 1. Motivation for improving the power scaling

stantsC and 7, to obtain the measured values®©f andP, For the experiments described in Sec. Il A, the measured

at 13 MA. As implied by Eqgs(12) and(13), we assume for peak x-ray power at 13 MA is-80 TW (Fig. 7). Assuming

these calculations that the total radiated endfgy(which  that the power could be made to scald &for peak currents

equalsmr,Po/2) is proportional td 2. greater than 13 MA, the peak power at 50 MA would be
We also assume that either the pinch is isotherrh@g], 1200 TW. This is the power required per pinch to achieve a
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400-MJ thermonuclear yield with the-pinch-driven hohl-  where 7, is the thermalization time constafite., the char-
raum [44]. Assuming instead thaP,=I1?* for currents acteristic time over which the energy made available to the
greater than 13 MA, we estimate that115 MA would be pinch is thermalized as defined in Sec. Il B. We approxi-
required to achieve 1200 TWOf course, we only measured matery, as

the scaling between 13 and 19 MA and do not know how the

power scales for currents greater than 19 MS&ince the S

difference in size and cost between 50- and 115-MA accel- Tth ™~ —, (19
erators is a factor of 5, it is of interest to understand the vt

subquadratic power-scaling results presented in Sec. Il A

and to attempt to achiev@ scaling for currents greater than Where & is an effectiveradial thickness of the imploding
13 MA. wire-array plasma, and; is an effective final pinch-

implosion velocity. We assumé&is a power-law function of
2. Heuristic scaling relations the ratior, /7,

Following arguments developed by Yadlowsdtial. [17], c
Chittenden and co-workef$8], and Cuneet al.[132,144, 5“(2) , (20)
we propose that effects due to wire ablati¢8,9,10, Ti
12,17,19,31,32,39,47,57,58,60,68,74,80,85,86,91,92,98,109,
113,114 be investigated as possible contributors to the rewhere 7, is the characteristic time required to ablate the
sults presented in Sec. Il A. These arguments are consistefifires, and{ is a constant.
with recent experiments conducted on the Z accelerator Analytic ablation calculations for a single frozen deute-
[132], which have shown the existence of a plasma precursafum filament(not in an array by Bobrova, Razinkova, and
and an array-implosion trajectory delaygfiom that pre-  SasoroV{147] suggest that,om2[dI(t)/dt]~ 7, wherem
dicted by the imploding-foil model, Eq91)—~(3)] due to s the mass of a single filamerit(t) is the current in the
wire-ablation effects. . _ filament as a function of time, andli((t)/dt, y, and 7 are
_ When the peak current delivered to a wire-array z pinchconstants. According to the numerical results presented by
is increased, the wire-mass density, number of wires, wirechjttendenet al. in Fig. 1 of Ref.[39], 7~1/2 for a single
array diameter, diameter of each individual wire, normalized g yminum wire not in an array. Assuming these scaling rela-

pinch current time history, and implosion 'Fime cannot simul-tions also apply to tungsten wires in an array, we have the
taneously be held constant. Hence the wire-ablation procesg|jowing:

must change as the peak current | is changeor example,
if the wire-mass density, number of wires, wire-array diam-

Y
eter, normalized pinch-current time history, and implosion o Ms — (m/n)? (22)
time are held constant ass increasedas they were for the T dIgn)|\ "2 [di(t))
experimental arrangement described in Seg.then the di- dt ndt

ameter of each individual wire must be increased .a
such a system, at very early times in the current pulse, th
current density in each wire is proportional Ito?, and the
initial heating rate of the wires is proportional ko2.

A complete understanding of wire ablation and curren
scaling will likely require a systematic set of numerical
r-0-z wire-array simulations as a function éfand other

fiherem is the total-wire-array mass$(t) is the total-wire-
array current as a function of time, amdis the number of
wires in the array. Using Eq$19)—(21), we approximate the
tthermalization timer,, as follows:

critical wire-array parameters. It might be useful, however, to o ioc Ta gT.oc (m/n)7* - (22
consider the following heuristic scaling relations for the wire e ) | \&72 [ v
array described in Sec. Il. n_r, 7i

For the discussion below, we assume that the wire-mass
density, number of wires, wire-array diameter, and wire- . . 1
array length are held constant as described in Sec. Il. W}Q’herevf .|s-assumed to be .propc-:rt|onal tq *, and the
assume as in Sec. Il that the wire-array mass changed by f:haracterlstlc. value dal(t)/dt is estimated ab/; , wherel
changing the diameter of each wire. We make the simplify:S the peak pinch current.
ing assumption thaf (r) (the normalized pinch current as a C‘?"efda'? etal. [148] have_ demonstrated that _for
function ofr, as defined in Sec) s held constant, so that &Uminum-wire arrays, there exists a valuerothat maxi-

m/ 7212, as indicated by Eqg1)—(3). We also assume that mizesPr—i_.e.,_ thatP, does not continue to increase indefi-
the Itotal radiated x-ray enerds; 12 nitely asn is increased. Mazarakis and co-workéist9—
ol 2.

. i . . 151] have shown that an optimum also exists for the
The peak radiated x-ray powd?, is proportional to tungsten-wire-array system described in Sec. Il. A polyno-

Er/7in: mial fit [149—15] to the tungsten data suggests tRathas a
£ |2 broad maximum anh~355 and that?, varies from 130 to

P, L — (18) 133 TW for 306=n=<400. SinceP, is proportional tcE, / 7,
Tth  Tth [Eqg. (18)], the expression fory, [Eq. (22)] must be indepen-
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FIG. 10. (Color Simulated peak radiated x-ray powef as a FIG. 12. (Color) Normalized pinch currents for the 13- and

function of the peak pinch currert for three casesT,,. is the 19-MA peak-current shots. The 13-MA current trace is an average

average pinch temperaturg, is the pinch brightness temperature, pf the currents measured on shots 725 and 819; the 19-MA current
andK, is an opacity multiplier. is an average of the currents on shots 723, 724, 817, and 818. The

normalized standard deviation of the pointwise difference between
dent of n for arrays that have a near-optimum number Ofthe two currents is less than 2%. Also plotted is the normalized
wires. Hence for such arrays we hdeecording to Eq(22)] simulated current, assuming the load can be modeled as an infi-

that y=1/2: nitely thin perfectly stable cylindrical foil.
¢r2 N\ 12 3/4
m o mr m
Tth* ( |—) Ti- (23 Tth ™~ X T ( I—') w 127802 (25)
Ti Ut
As discussed at the end of Sec. Il B, the measured scaling E, | \¥2 3 | |32
of the peak x-ray poweP, with | suggests that for the ex- P, T—oclz(m—T_) o Hmoc(;) (26)
periments described in Secs. Il and I Ay, | Y2cm, th ' '

Since for these experimenta was increased ak’ and 7;
was held constant, we have from E@J3) that {=1. Since
we have assumed that/ 7%|2, we obtain from Eqs(18)—
(23) the following approximate expressions:

As discussed above, Eq&4)—(26) assume that the wire-
mass density, number of wires, wire-array diameter, wire-
array length, and normalized pinch-currenfr) are held
constant, and that the number of wires is near the value that

112 optimizesP, . Equation(26) also makes the simplifiying as-
T m ; . .
ox —aoc(—> semoc (1 7,) 12, (24) sumption thatE,«12. Since Eqs(24)—(26) assume thab is
7o\l determined byr, (and hencem), we expect these expres-
_ 6 T T T — 160 . . :
@ —shot 723 \
= — -shot 724 i
vo5t ] S 120 | |---shot 817 A ]
3 g [ - shot 818
= B
S = 80¢
Es 4r 1
5 2 >
8 X 40t
>
o
x
3 1 1 1 L 1 0 1 1
10 20 30 40 50 60 80 90 100 110 120
peak pinch current | (MA) time (ns)
FIG. 11. (Color) Simulated 10%—90% x-ray-power rise ting FIG. 13. (Colon X-ray power as a function of time for four

as a function of the peak pinch currdnfor three casedI ., is the nominally identical shots. The time is from the extrapolated begin-
average pinch temperaturg, is the pinch brightness temperature, ning of the load current; hence, the plots directly show shot-to-shot
andKg is an opacity multiplier. fluctuations in the implosion time.
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sions to become inaccurate wham(or more generally, the We caution, however, that as indicated in Fig. 2, the
mass per unit lengtim/€) is sufficiently small—i.e., when pinch-current monitors were located 6 cm from the axis of
wire ablation no longer determines the pinch—i.e., in a severe environment. The voltage near

Each of Eqs.(24)—(26) leads to an interesting observa- the location of these monitors increased rapidly after peak
tion. According to Eq(24), if mis increased ak” to keepr;  current and, in addition, was 50% higher at 19 MA than at
constant(as we did for the experiments described in Secs. 113 MA. Because of the corresponding increased electron
and Il A), thenr,em'1V2 j.e,, 7, increases as*?while  deposition in the anode hardware near the pinch
7; remains fixed. At sufficiently high current, such scaling[120,122,127,140—-143the current measurements are less
leads to an ablation time that is longer than the implosioraccurate after peak at 19 than at 13 MA. As discussed in Sec.
time, which may not be the optimum manner in which to|l, we estimate that at 19 MA, the errddue to electron
increasd in future accelerators. damage at peak current is 2%.

According to Eq.(25), to keepry, constant ad is in-

creasedy; would have to be scaled as follows: .
3. Suggestions for future work

ol ~ 13, (27) Equations(24)—(26) suggest that for the wire array de-
scribed in Sec. Il, quadratic x-ray-power scaling will be
which is equivalent to increasing as |%3. If Eq. (25) is  achieved ifr; is scaled a$~ 3. Quadratic scaling might also
valid, Eq. (27) might be one approach to achielex-ray- be demonstrated with the use of an alternate wire material
power scaling. Such an approach would, in addition, increasgl46,153, an optimized nested wire arr§¥46], a foil [152],
the implosion velocityv; as |3, which would increase the or an optimized current pre-pul$67,68,153. Because wire

thermalization efficiency of the pinch’s kinetic energy. ablation evolves in the-6 plane and the Rayleigh-Taylor
According to Eq.(26), P, can be made to scale o a  instability develops inr-z, predictive three-dimensional
power higher than 2. For example, when radiative-MHD simulations of the ablation, implosion, and
stagnation of an array may ultimately be required to design
d (28) an optimized pinch-accelerator system. The experimental

configuration(Fig. 2) was kept relatively uncomplicated to
which requires holdingn constant a$ is increased, them,,  facilitate use of the measurements at 13 and 19 MA to vali-
is proportional tol 1 and P, increases approximately &% date such simulation§We note that present two-dimensional
Decreasingr; as! is increasedaccording to either Eq27) pinch simulations araot predictive, since they assume an
or (28)] would, however, increase significantly the size andarbitrary amplitude for the seed of the Rayleigh-Taylor insta-
cost of future accelerators, since to zeroth order acceleratdtlity. The peak x-ray power and power rise time are strong
voltages near the pinch scale Hs; . In addition, we note functions of the initial seed. In the present simulations, the
that if 13 power scaling could be demonstrated for seed amplitude is arbitrarily adjusted until results match ex-
>13 MA, the 1200-TW X-ray-power requirement for h|gh_ periment. At this time, there is mi)pl’iori method for deter-
yield ICF would be met at 32 MA, but a higher current Mining what the seed amplitude should be or how it scales
would still be necessary to meet the8-MJ x-ray-energy ~ With I.)
requirement.

Equations (24)—(26) appear to be consistent with the
pinch-current measurements presented in Fig. 12. In this fig- IV. SHOT-TO-SHOT FLUCTUATIONS
ure, we plot the normalized pinch currents measured for both
the 13- and 19-MA peak-current shots. We also plot the nor-
malized calculated current assuming that the wire array can Measurements of theslshot-to-shot fluctuations iR, ,
be modeled as an infinitely thin perfectly stable cylindricalE,, 7, 7, and7; as functions of are summarized in Table
foil [Egs.(1)—(3)]. The normalized calculated current is ob- Il. We define the implosion time; to be the time interval
tained from a circuit simulation and is essentially identical atbetween the extrapolated beginning of the load current and
both 13 and 19 MA when the pinch massin the simula- the extrapolated beginning of the x-ray-power pulse. Shot-to-
tions is scaled a¥’. shot variations in the temporal and spatial structure of the
The standard deviation of the pointwise difference be-x-ray emission are presented in Figs. 13-15.

tween the normalized current measurements at 13 and 19 The o fluctuations inP, listed in Table Il are determined
MA (plotted in Fig. 12 is less than 2%. Until peak current, as follows.(The fluctuations irg,, ,, 7,, andr; are ob-
all three normalized wave forms are similar. After peak cur-tained in a similar mannerAs discussed in Sec. Il A, it
rent, however, the 19-MA measurement is significantly lessppears that gap closure did not affégton shots 566, 594,
like the simulation than that at 13 MA. If the measured cur-597, 647—-649, 683, 723-725, and 817-820. We asdase
rents are accurate after their peaks, this difference woulih Sec Il A) that the data for these 14 shots can be fit to a
imply that, late in the implosion, the pinch inductance ispower-law function ofl and use the least-squares method to
greater at 13 than at 19 MA. This would be consistent withestimate thatP,=3,11?4?8, where 8;=1.187<10° (in SI
the mass ablating and assembling on axis over a longer pemits). This power-law scaling is discussed in Sec. Il A and
riod of time at the higher current, producing a more diffuseis plotted in Fig. 7.(For the calculations in this section and
pinch and a softefless-well-defineflimplosion[17,6§. the results listed in Table I, we use more precise values for

A. Measurements
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TABLE Il. Summary of the measured shot-to-shot fluctuations. The fluctuations are those observed for one-half of the pinch and have
been corrected for the fluctuations inherent in the diagnostic systems. Assuming that the half observed radiates in a manner that is statistically
independent of the other half, the fluctuations for the entire pinch are a factdf?degs than those listed hergn Sl units, 8,=1.187
X 10, B,=3.873x10° 7, B3=2.017x 10 ®, B,=7.508x 10 2, Bs=6.162<10 2 andBs=7.395< 10%.)

lo
lo random
fluctuation, fluctuation in
assuming it is 1o 1o the response
independent of fluctuation 13-MA fluctuation 19-MA of the
the peak pinch Z shot at Z shot at Z shot diagnostic
current numbers 13 MA numbers 19 MA numbers system
Peak radiated (12+2.5)% 566, 594, 597, (12£4.1)% 647-649, (14£4.1)% 566, 594, 2.3%
x-ray powerP, 647-649, 683, 725, 819, 597, 683,
(P, =112 723-725, 817— 820 723, 724,
820 817, 818
Total radiated (9.1£2.6)% 647, 649, 723— (8.7:4.4)% 647, 649, (13+x6.7)% 723, 724, 1.8%
X-ray energye, 725, 817-819 725, 819 817, 818
(bolometers
(Er:BZI l.7343
Total radiated (7.4£2.1)% 647, 649, 723— (7.9:-4.0)% 647, 649, (11+5.6)% 723, 724, 4.5%
X-ray energyg, 725, 817-819 725, 819 817, 818
(calorimetey
(E,=Bsl***)
X-ray-power (26+5.3)% 566, 594, 597, (27+9.6)%  647-649, (29+8.5)% 566, 594, 2.9%
rise timer, 647-649, 683, 725, 819, 597, 683,
(7,=B,1°3883 723-725, 817— 820 723, 724,
820 817, 818
X-ray-power (8.7+2.5)% 647, 649, 723— (10+5.1)% 647,649, (11+56)% 723, 724, 2.3%
pulse widthr,, 725, 817-819 725, 819 817, 818
(7w=Bs1***)
Pinch-implosion  (2.4+0.5)% 566, 594, 597, (1.1+0.4)%  647-649, (3.3t0.9)% 566, 594, 0.5%
time 7 647-649, 683, 725, 819, 597, 683,
(7= BsmY1) 723-725, 817— 820 723, 724,
820 817, 818
the power-law exponents than were given in Sec) lll. 2.3%; subtracting this in quadrature gives 12.1% for the cor-
To quantify the fluctuations if, , we assume the follow- rected value foto. (We include only two significant figures
ing statistical model. We express thia measurement d®,  in Table 1) We estimate the uncertainty i to be
as al[2(14—2)]¥?=2.5%[154,159.
The 1o fluctuations inE,, 7., 7,, andr; are estimated
Py=B1l*r e, (290 using expressions similar to EqR9) and (30). To estimate

the 1o fluctuation in7;, we assume as indicated in Table Il
whereeg; is the random fluctuation if,;, andl; is thejth  that without fluctuations,
measurement of the peak pinch currenfssuming Eq(29) 72
and using all 14 data points in Fig. 7, we estimate the sample Tiem= 1 3D
fractional standard deviatiom of the measurements &, as

Equation(30) and similar equations fcg,, r,, 7, , and
follows:

7; assume that the fluctuations are independent dfeating
12 the 13-MA shots separately from the shots at 19 MA, we find
(30) (as indicated in Table )lthat within statistical uncertainties,
the fluctuations inP,, E,, 7., andr, are the same at both
13 and 19 MA—although there appears to be a trend with
(We subtract 2 from 14 since two degrees of freedom weréncreasingl. Additional measurements would be needed to
used to obtain the power-law cury&Ve find thato, which  improve the precision of these results.
we also refer to as theolshot-to-shot fluctuation, is 12.3%.  The 1o fluctuations presented in Table Il are for the half
The estimated & variation due to the detector system is of the pinch viewed by the x-ray diagnostics. If the half

o=

14
14-2151 | Bl
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4 T T T

y |®shot 723
/ -A-shot 724
3L ’ -¥-shot 817
d -¢-shot 818

pinch diameter (mm)
N

1l |
0 : : :
92 96 100 104 108
99.4 ns 101.7ns 104.9 ns time (ns)
1.86 mm 1.51 mm 1.42 mm
120 TW 118 TW 68 TW FIG. 15. (Colon The axially integrated full width at half maxi-

mum of the x-ray emission from the pinch, as a function of time, for
four nominally identical shots. The measurements were obtained
from images such as those shown in Fig. 14. The time is from the
extrapolated beginning of the load current. The symbols indicate the
measurements; the lines are included to aid the eye.

in P, and 7, reported by Sanforét al. in Ref.[114] for a
tungsten wire array imploding upon a centrally located foam
target are(for one half of the pinch (22=5)% and (25
+6)%, respectively, which are within a factor of 2—3 of the
values listed in Table II.

Temporally and spatially resolved x-ray measurements
obtained on shots with nominally identical geometries and
pinch currents are presented in Figs. 13—15. Figure 13 plots
the peak x-ray power as a function of time for four shots

shot
818

98.7 ns 101.0 ns 103.8 ns (723, 724, 817, and 8)8and shows significant shot-to-shot
1.80 mm 1.93 mm 1.09 mm fluctuations in the x-ray-power time history. For each of
49 TW 129 TW 107 TW these four plots, the time is referenced to the extrapolated

] . . beginning of the pinch current; hence the plots
FIG. 14. (Color) Time-resolved x-ray images for two nominally

identical shots. The time is from the extrapolated beginning of the © 1
load current. Each image represents a 3.908% mm field of
view. The distance listed beneath each figure is the full width at half
maximum of the pinch obtained by integrating the image in the
axial direction.

observed radiates in a manner that is statistically independen
of the other half, the fluctuations for the entire pinch would
be smaller by a factor of%# than the values presented in this
table. (A more complete discussion of this point is given in
the Appendix).

We note that the & fluctuations inP, and E, listed in
Table Il are consistent, within experimental error, with recent
measurements by Cungb46] using a similar pinch configu-
ration. However, the fluctuations that were obtaifib4b] for
one-half of the pinch inr, and r; are (8.8:3)% and (0.8
+0.3)%, respectively, which are significantly less than the
values reported here. The source of these discrepancies is NotrG. 16. (Color) The approximate probability that on a given
yet understood. Our results appear consistent with the 15%not, two independent pinchés a double-pinch ICF drivewould
shot-to-shot fluctuations in the peak radiated alUminUmTadiate the same peak x-ray power to within a factor of d
K-shell power reported by Sanford and co-workgg$] for  (where 0<a<1) as a function ofr (the fractional I shot-to-shot
various aluminum wire arrayqThe fraction of the pinch fluctuation in the peak power radiated by a single pjn€urves are
viewed in these experiments was 709Fhe 1o fluctuations  plotted for three different values ef.

to within a factor of 1 +
o
(@) ]
I

L [---a=10% d

radiate the same peak power

probability that two pinches wou

0 0.05 0.1

shot-to-shot fluctuation ¢ in the
peak power of a single pinch
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directly display shot-to-shot fluctuations in the implosion For a typical experiment to be successful, the x-ray pow-
time. For two of these shots, Fig. 14 presents images of thersx andy must not only be similar to each other, but also
pinch obtained with the x-ray camera, which exhibit signifi- within a few standard deviations of the mean Strictly
cant shot-to-shot variations in the spatial structure of thespeaking, the above integral should be carried out only over
X-ray emission. Such images were used to determine the axk-ray powers of interesti.e., near the peak valug), but

ally integrated pinch diameter as a function of time presentedince the integrand is negligible outside this region, the
in Figs. 14 and 15. Figures 13-15 illustrate that significantabove is a reasonable approximation.

apparently random shot-to-shot fluctuations are possible in Defining s=(x—u)/ou and u=(y—pu)/ow, we can

the implosion and radiation histories of nominally identical simplify Eqg. (33) as

shots.
B. Calculation of the shot-success probability of the S+ as+(alo) —u? q
z-pinch-driven hohlraum T on ex s ws(alo) exp ——/du.
Random fluctuations in the x-ray emission of the two (34)

pinches in the double-pinch ICF driv¢d4,48,87,88,110—
112,118 would affect the symmetry of the radiation driving If 1/¢0>1, then the integrand is significant only when

the capsule implosion. In this section, we estimate the effeck 1/o-. Hence Eq(34) can be approximated as
of such variations on the probability that a shot taken with
s+(alo) —u?
expg ——|du.

this configuration would be successful. We begin by calcu-

lating the probability that on a given shot, the two pinches = _j ex;{ )

would have the same peak x-ray povgrto within a factor s (al0) 2

of 1+ a, where 0<a<1. We assume first that the x-ray (35
powers emitted by the two pinches would have identical nor-

malized time histories, with peaks that occur at exactly theThis expression can be evaluated in a coordinate system ro-
same time. Hence we assume that only the amplitudes of th@ted 45° counterclockwise from thes,() system. This
two x-ray-power pulses would differ. The effect of differ- transformatiorf w= (u+ s)/2Y? z=(u—s)/2'?] allows us to
ences in the normalized time histories is briefly discussed ajrite Eq. (35) as
the end of this section.

We assume that the peak powBf of a single pinch 1 [ _ w2 o 2
would have a normal probability distributiofil56] with J' exp{ ) ex;{ )dz
mean valueu and fractional standard deviatiddo varia-
tion) . We assume that the two pinches in the double-pinch
system would be independent of each other and have identi- —erf ) (36)
cal P, probability distributions. Lek denote the peak radi- 20
ated power of the first pinch andthe power of the second
on any given shot. Then the probabiliyp(x)dp(y) that the  Hence the probability thatx andy are within a factor 1
power of the first would lie betweenanddx and the power  + 4 of each other is approximately equal to efffo).
of the second betweenanddy is given by[156] Figure 16 plotsp as a function ofr, with « as a param-

eter. To achieve a 90% probability of success would require
dp(x)dp(y) = F{ (X—u) ) that @/20=1.16[156]. Thus, if the peak x-ray powers of the
UM\/_ 20°u° two pinches in a future ICF driver are to be within 7% of
each other §<7%) on at least 90% of the shots, then the
1o fluctuation in the power radiated by a single pinemust
U \/— F{ 202 2 )dy (32 pe less than or equal to 3%.
® Presently, as indicated in Table &~12% for one-half of

[Equation (32) differs from the expression given if156]  the pinch, assuming is independent of. As discussed in
because here we defineto be thefractional standard de- the Apeendlx, we estimate that for the entire pinoh
viation] The probability p that the power of the second ~(12/2/9%=28.5%. Whena=7% ando=8.5%, the suc-

pinchy would lie within a factor of -« of x is given by ~ cess probabilityp is 44%[156]. Consequently, to develop a
z-pinch-driven hohlraum with a 90% shot-success probabil-

(X—u)? ity, it will be necessary either to reduce the random fluctua-
P= zqmzluzf xR 24 2u? tions inP, below present levels, to decrease the sensitivity of
the capsule and hohlraum designs to a power imbalance, or
X(1ta) (y—w)? to make progress in both areas. We note, however, that a
L(l_a) X ZUZM? d (33 44% success rate may be acceptable for experiments con-
ducted on a prototype thermonuclear-fusion driver.
The quantityp is the probability that the two pinches in the  The calculation above gives the probability that on a
z-pinch-driven hohlraum would radiate the same peak powegiven shot, the two pinches would radiate the same peak
to within a factor of - a. power P, to within the factor = «. The symmetry of the

—alov2
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radiation-drive history in a double-pinch system would, how-changes as the peak current is increased above 19 MA. The
ever, also be a function of differences in the normalized timeultimate goal, of course, would be to develop for ICF appli-
histories of the two x-ray-power pulses—i.e., differences incations a new pinch configuration that is less sensitive to
E,, 7, 7, etc. We estimate that the probabiliB that a initial conditions. Because the ablation of the wire mass
double-pinch shot would simultaneously meet all of the re-evolves in ther-6 plane and the Rayleigh-Taylor instability
quirements to drive a capsule symmetrically is given by  develops inr-z, three-dimensional radiative-MHD simula-
tions may ultimately be required for such numerical studies

a; to be meaningful. We also propose that kinetic effects be
PEH piEH erf 20, (37 considered as possible contributors to the shot-to-shot fluc-
tuations.

where the product is over all of the relevant factors, assum-

ing that thep;’s are statistically independent of each other. ACKNOWLEDGMENTS
The symmetry requirementsy(’s) for the relevant variables

(such ask,, 7., 7, etc) are presently being developed.
When these have been determined, 7)) can be used to

estimate the shot-success probabiftyas a function of the

a;'s and ay’s.
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C. Discussion Tri-Tech Machine Tool Company, Gull Group, Bechtel,
1. MHD simulations C-Lec Plastics, Cornell University, EG&G, Imperial College,
) ] ] Lawrence Livermore National Laboratory, Los Alamos Na-

The observed shot-to-shot fluctuations described in Segiona| Laboratories, Mission Research Corporation, Naval
IVA are consistent, to within a factor of 4, with two- Research Laboratory, Prodyn Technologies, Titan-Pulse Sci-
dimensional MHD simulations performed by Hamnetral.  ences Division, the University of California, the University
[44]. These S|mula}t|ons assume lithium deutepde instead ofy Nevada, the University of New Mexico, Votaw Precision
tungsten for the pinch material and a peak pinch current ofechnologies, and the Weizmann Institute for critical discus-
~63 MA. Random-mass-density perturbations were introsjons, Sandia is a multiprogram laboratory operated by San-
duced to initiate growth of the Rayleigh-Taylor instability. gjg Corporation, a Lockheed Martin Company, for the U.S.

As indicated in Table | of Ref{44], the simulations show Department of Energy under Contract No. DE-AC04-94-
that with a 1% perturbation amplitude, changing only thea; g5000.

random numberseed (while holding theamplitude of the

perturbation level constant at 2%an change both the peak
radiated x-ray power and the x-ray-power pulse width by APPENDIX
30%. MHD simulations performed by Petersenal. [157]

. T . The results presented in Table Il are based on the radia-
for an aluminum-foil pinch with a 3.4-MA peak current and b

1.94s implosion time d hat chanai tion emitted from one-half of the pinch. Thus it is appropri-
a 1.9us implosion time demonstrate that changing fag- ate to examine how we might infer from these measurements

:ﬁren;r;g;ﬁurggggggﬁsigeEZ'\% p:g:gf?%ggﬂ‘:’ \évfrf]ellst koer?ﬂ]ne%e 1o fluctuations for the entire pinch. The discussion below
) Lo 2 is given in terms oP, ; similar di ion n vel
mass-density distribution at stagnati¢hRig. 7 of [157].) s given interms of, ; similar discussions can be developed

. han ! forE,, 7., 7y, andr;.
These result§44,157 are in qualitative agreement with the P we ! . . .
measurements presented in Table Il and Figs. 13-15. We idealize the pinch as one dimensional with length

We envision the x-ray emission occurring frdmsegments,

each with equal lengtli/L. Let & denote the x-ray power

emitted from thath segment when the total x-ray power is at
The calculations described in Refé4] and[157] dem- its peak value. The total powé&, radiated by the pinch is

onstrate that the evolution of a pinch is a sensitive functiorthen given by

of initial conditions. This sensitivity, the simulated mass-

density profiles of an imploding pinch presented in

[44,157,158 and Figs. 13—-15 are suggestive of spatiotem-

poral chaos[159-163. We propose that additional MHD

simulations be performed to determine whether the evolution

of az pinch is, in fact, chaotic. _ _ As a result of an aperture near the pinch, the diagnostics that
Specifically, we propose that simulations quantify moreyiew the pinch do not view all. segments but rather a con-

completely the sensitivity of the evolution and radiation tiguous set ofK<L, constituting a lengthK¢/L=k and
emission of a pinch to the random number used to seed th@elding a peak poweE :

Rayleigh-Taylor instability, and to small changes in the mass,

wire-array diameter, peak current, and other pinch param- K+j—1

eters. It would be interesting to determine the sensitivity for _ E & (A2)
. . . . o . K —d [

various pinch materials and to quantify how the sensitivity =

2. Suggestions for future work

Il

L
L=i§1 &. (A1)

I

046403-15



STYGAR et al. PHYSICAL REVIEW E 69, 046403 (2004

We denote the rati&/€ =K/L as the view factor, which is At best, each of these simple models only partially char-
1/2 for the experiments described above. acterizes thez-pinch plasma. Model 1 assumes there is no
Any estimation of the fluctuations i from observa- correlation between x-ray-emitting hot spots in the pinch.
tions of E¢ depends on a statistical model, which makesThis cannot be entirely true, since physical variatfes.,
assumptions about the emission from each segment and rgre magnetic field exist that connect points within the
lationships between segments. We consider three such hypgtasma. Moreover, as each hot spot radiates, energy is re-
thetical models and estimate in each cage the fractional moved from the plasma system. By contrast, model 2 as-
standard deviation i, , from o, the observed fractional symes that all of the emitting points are statistically coupled,
standard deviation iy . o suggesting that shot-to-shot variations in the x-ray emission
~ Model 1. Statistically independent emissiohle assume 516 qominated by effects other than the pinch process itself.
first that each x-ray-emitting segment of the pinch is index example, there may be some parasitic electrical current

pendelnt ofbthglgthgr?,_gntq that.tthbfﬁ' all have the samdplte path[17] that bypasses the pinch and that varies from shot to
normar probabifity distribution wi € same mean and stangy, o However, framing-camera pictures indicate different ar-
dard deviation. It is then easy to show that the mean valu

es . )
— —_ —_ — - ngements of hot t function of time and from shot
(E.) and(Ek) of E_ andEg, respectively, are related as angements ot ot spois as a tunction o e and from sho

(E.)=(€/k)(E ). The fractional standard deviations are re. 10 shot, suggesting that more than one variable is at work in
Ie;eLd aSULZFk?e.)lIZUK. According to this model, if the causing peak-power fluctuations. Model 3 assumes that some

x-ray diagnostics view one-half of the pinck/¢ = 1/2) and over riding conservation law limits the peak power emitted

if the measurements of the average peak power and its fra®°™ the whole pinch. This may represent an efficiency con-
tional standard deviation for the half observed are 65 Twstraint: thatis, while the locations and bng_htness of hot spots
and 12%, respectively, then one would infer 130 TW for theMay vary from shot to shot, only a certain amount of total
average peak power from the whole pinch, with an associPoWwer can be radiated for a fixed input. Estimates of the peak
ated fractional standard deviation of 8.5%. radiated power from the whole pinch, but derived from mea-

Model 2. Stat|st|ca||y Coup|ed emissioRor this model surements of a fraction of the pinCh, could fluctuate because

we assume that the emissign from each segment can be Of the changing locations of the hot spots. In addition, aper-
expressed ag;=hA, whereh is a constant thatloes not tured measurements would not suggest the existence of a
fluctuate from shot to shot andl is a random variable that conservation law.
doesfluctuate from shot to shot. Thus, each segment of the We make the tentative assumption that model 1 is most
pinch fluctuates in brightness from shot to shot, but fluctua€orrect with respect to peak-x-ray-power emission—in par-
tions from different segments are in phase. As in model 1ticular, that shot-to-shot fluctuations for the entire pinch are a
the mean valuegZ,) and (Ex) are related by(E,) factor of 2 less than fluctuations measured by diagnostics
=(£/k)(Ek). However, since the fluctuations in emission viewing only 1/2 of the pinch. This is consistent with pre-
from each segment derive from the single random variabléiminary experiments performed with the slotted electrode
A, the fractional standard deviations are equal=o . Ifa  shown in Fig. 2 replaced by a nearly solid enclosure to form
z pinch behaved in this manner, one would infer that thea hohlraum. For such a configuration, measurements of the
relative shot-to-shot fluctuations in the peak power radiatedhohlraum-wall temperature in effect integrate over the radia-
by the entire pinch would be the same as in any measuretibn emitted from the entire pinch. Such measurements on
portion of the pinch. eight Z-accelerator shof446| suggest that thed variation
Model 3. Emission constrained by a conservation.law in the peak radiated power from the entire pinch is (7.3
One might speculate that most segments mpanch radiate  +2.1)%, which is reasonably consistent with the value (12
randomly and almost independently but that some physicak 2.5)%/2/>=(8.5+1.8)% inferred from the results pre-
constraint(e.g., the total current transferred or total electricalsented in Sec. IV A. These, however, are preliminary obser-
powel fixes the peak radiated x-ray power from the wholevations, and additional experiments are needed to determine
pinch. In this caseZ, is fixed ando| =0. Yet depending on more precisely how the fluctuations from an entire pinch can
K, the measured quantit, may fluctuate from shot to be inferred from measurements made on a fraction of the

shot, which makesry # 0. pinch length.
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