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TWO-DIMENSIONAL SIMULATIONS OF FOIL IMPLOSION
EXPERIMENTS ON THE LOS ALAMOS PEGASUS CAPACITOR BANK

D. L. Peterson, R. L. Bowers, J. H. Brownell,
A. E. Greene, H. L.ee, and W. Matuska
Los Alamos National Laboratory, Los Alamos, NM 87544

ABSTRACT

A number of z-pinch experiments have been conducted at Los Alamos on
the Pegasus capacitor bank in which 2-cm higl, 5-cm radius, thin foil loads were
imploded with currents in excess of 3 MA. Two-dimensional radiation magne-
toliydrodynamic (RMIID) sinulations of thesc implosions have been perforined
to model the implosion dynamics and subsequent generation of an x-ray pulse.
Clomparison of the simulation instability development with visible light framing
caera photographs show good agreement and iilustrate the instability evolution
from short to long wavelengths and a final disruption of the imploding plasma
shell. The caleulations also show good agreement with experimental titning and
measured current and voltage waveforins, and also reproduce features character-
istic of the x-ray outpm. These include a broad pulsewidth, and the presence of
multiple peaks and sinall time scale structures, features which cannot be repro-
duced by one-dimensional models. X-ray spectra obtained from the caleulated
pinch also reproduce qualitative features in the measnred spectra,

INTRODUCTION

The magnetic implosion of eylindrical, conducting loads has been used in
pulsed power experiments for decades as a source of soft x-rays.l The Lox Alaimos
Foil hplosion progriun is developing imploding plasimas as an x-ray source, with
the ultimate goal being a | to 10 MU radiation source, delivered in a pulse of
greater than 100 TW power. The prime power source could be a large capac-
itor hank or an explosive {lux compression generator.? Experiments have heen
designed and fielded with thin (several thonsand angstrom thick) eylindrical alu
mimun foil loads, typically 5 e in radius and 2 cm high,  In this paper we
disenss computational modeling and the resnlts of experiments in which 4.9 mg
and 13.0 mg aluminmn loads were imploded on the Pegasus capacitor bhank fa
cility. In these experiments the bank delivered about 4 MA to the load over a
period of about 2 s,

One dimensional (1 D) models of these implosions generally prediet eflicient
conversion of magnetic energy into x ray output and radiation pulsewidths that
are very short (full width at half maxinmm under 5 ns). The imploding plasina
i, however, suliject to the development. of magnetically driven Rayleigh 'Taylor
instabilities, As a result of this instability growth, the radiation prlse is broad
cned and the maxinnmun power i redueed, aderstanding the development of



the instabilities and how they effect the radiation pulse, as well as being able to
properly siinulate experiients which show the effects of the instabilities, is the
first step in designing implosion loads which will produce higher quality radiation
pulses.

We have studied the physics of the imploding plasmas using two codes: a
1-D RMHBD Lagrangian code, which can simulate the development of the solid
foil through melt, vaporization, and the formation of the plasmra; and a 2-D
RMIID Eulerian code which is well suited to examining instability growth. Both
codes use SESAME equation-of-state tables and are self-consistently coupled to
ladder circuit networks, which simulate the capacitor bank and associated power-
flow hardware. The 2-D simulations begin with profiles of density, teinperature,
velocity, and magnetic field provided from the 1-D simulation at a point after
the plasma lias expanded fromn the original thin solid foil (typically, the point of
maximum expansion of the plasma is used). Perturbations in the density of the
plasina are then imposed to mock-up variations which arise in the experiment.
These perturbations then seed the growth of riagnetically driven Rayleigh-Taylor
instabilities. The simulations can then be compared with experiments where the
cffeets of the instability development are seen not only in the observed radintion
pulse, but in current and voltage waveforis, in visible light framing camera photos
of the imploding plasina, in time-integrated x-ray pinhole photos of the stagnation
region, and in thee-dependent spectroscopy measurements.

2-1) INSTABILITY DEVELOPMENT

In a typical 2-D simulation, the instability development is seeded by the
iposition of random density variations on the 1D density profile in a range
bhetween -6 and -té (typical values of & are between 5% and 20%). Random
perturbations allow the developiient of i vange of instability wavelengths, with
shorter wavelengths growing fastest. In general, the results are nsensitive to the
exaet pattern of the initial random perturbations.

Figure | shows the instability growth in a simlation using a 20% random
density perturbation. Shown in IFig. 2 are the enrrent and radiation pulse proliles
for a I D simulation and for the 2 D perturbed simulation. ‘I'he peaks of the two
radiation pulses in Fig. 2 have heen nonmalized to a value of 2.0 in carh vase for
cise of comparison (the 2 D peak is much lower than the 1-D peak, representing,
a lower peak temperature). Figure 2 also shows structure in the 22D radiation
pulse el currnt waveforins which is absent in 1 1.

Asmay be seen i the density contours in Fig. T, the initial short wavelengih
mades satwate and give way ta longer wavelengths, with a dromatie "hursting”
of a Rayteigh Taylar bubble through the plasina shell shown at the last time,
Iron. the viewpoint of the external eirenit drive, the induetanee change in the
unplosion remaing essentially like that in 1 D until about 1.5 gis (thived time shown
in FMig. 1h). Note that the linear instability prowth reginie ocenes during, the initial
part of this tiime, and thus it is ihe nonlineay development that is paramonnt in the
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Fig. 1. (a) 2.D simulation isodensity contours in the » — = plane for a perturhbed
implosion of a 4.9 mg load at times ¢ = 1.1, 1.5 and L7 ps. (b) Current streamlines
(contours of 7ly) at the same times as shown in (a).
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Fig. 2. Corrents (solid and datted enrves, in MA) and radiation power (ot dash
I

aned dash eurves, arbitrary units, scaled taa peak value of 2.0) for D and 21
sinmlations of a L4 my, load.
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Fig. 3.  Experimental current (solid) and x-ray diode (XRD) radiation mea-
surcment (dot-dash) compared with a 2-1) simulation current (dot) and radiation
power (dash) for the 4.9 ing implosion experiment.. Current is shown in MA, and
the XRD signal and radiation power have both been scaled to a peak value of 2.0
in arbitrary units,

dynamies of the imploding shell. Significant. effects hegin to arise at the pont of
bubble hurst when magnetie field and a siall amount. of material are driven to the
axis. 'The change of inductanee in this process causes the current to drop, or rise at
a reduced rate, and at the same Lime the radiation pulse begins (as seen at 1.7 ps
in Fig. 2). The current path then changes to allow flow hetween the instability
spikes, which effectively saturates further developuent of the instability. When
sufficient material drifts into the region between the spikes to support current
flow, a re acceleration ocenrs of the main plasma shell, resulting in a final pinch
and radiation pulse, and a local enveent minimmm. This may be seen at 2.2 ps
in Fig. 1. The relative thining, radintion pulse shape and width, and carrent
wavelorm thus veveal information about the instahility growth

EXPERIMENT WIT'H A 2500 A Al FOLI,

The lirst experiment to be diseassed here was conduetel with o 5 v radins,
2 em high, 2600 A thick alumimunm foil with a 1000 A backing of parylene (for
a total mass ot L9 ). Sinmlation coraparisons with this experiment (Fig. )
show gond agreement in tiiming, and peak current and in the radiation pulsewnlth.
Nute in particular the beginming of the x ray pulse comneides with the point a
which the enrrent heging to turn over, in agreement with the mecdhanisim of the
bulible harst through the phieana shell desevibed enrlier,

Fignre 4 shows a comparison between the compntational model and the op
tiral frames camera data at severnl times duting, the implosion "The comparizan



Fig. 1. Visible light franing caera pictores (above) paired with density contours
from the corresponding 2-D simlation (below) at four times during the 4.9 g
implosion (carliest time at upper left, last time at lower right ). "The pictures and
plots are to scale and viewed side-on. Three return conductors block part of the
view in the photos (at extreme left, near the center, and at the right).

shows the developiuent of short to long wavelength modes in both the experiment
aned the simmlation with good agreement in the jnstability wavelengih and am
plitude. Tn the last frime shown, lahille harst his ocenrred, caneident with the
start of radiation and the turn over in the current. Also at this tiine, o tilt i
the pinch can be perecived, exhibitiae 3 D effects. We hnd excellent agreement
hetween amptetmle amd lepgthseale of the featares in the instabiliny growth prior
to the onset of 3D eflects,

T'he data T the 240 mg iplasion demanstriates tal nagsetie instabilities
are present, that the x ray pulsewidth i braader than predicted by 1D madels,
aned that a simple randuoaly pertiched itial moldel can reproduce many of the
alwerved featmes of the baplosion, In this madel the aldjostabile pavineter s the
anplitude of the density perturhations, aml the best v to the data s ohtainel
widcacmuplitinde of 6 20%.

EXPERIMENTS WITH 7500 A AL FOUS

R.eas] npon the exgeenience af the st experinent, sipmlations wene per
fonmed e foils ol tveased s, These stmalatnns inlicated that for o sl
mntial pertarbatum level, there shonld he snletantially less instabialay develap
et ael a nattowing, of the padiidion palse "Pwoc expetineents avane i Al
thickieses o CtE A with a0 backing of 1000 A of parvlene (ha oo e of
S0 v s dieaasmaed o Has s tion



Fig. 5. Visible light friming ciamera pictures (left) paired with density contours
from the corresponding 2-1) simmlation (right) for the first 13,0 g nmplosion,
The pictures and plots are o seale and viewed side on Threee return current
conductors block part of the view in the photos (at extreme left, center left, and
center right),

The tirst of these experiments sulfered a shart (prebably cansed by a vacnmn
leak, which miay also have introdaced additional material into the system) in the
power How systemn This resnlted ina reduced cwrresd delivered to the load,
especially ot late time when the instability growth is most dramatie, The 2 D
sinmlation of the experiment therefore impased the measnreed emrem to drive
the load, rather than using the self consistent eirenit odel, sinee the nature of
the shart s unkrown. The nstalility development, as captured hy the framing,
catmera photagrapdiv, providel an excellent eomparison with that of the sinmlation
i van e seen in Fig 5. The photas show elear evidenee ol hamliig, which
naey he mterpreted an vortations asseciated with 2D acisynnnetrie instalilities,
Apain, the evalutiom from short ta loag wavelength prowth van be seen, as well
as paod carrelation hetween the aliservel] il caloolateld instahility aoplitndes,
Wir dovnat expueet the exact distrihatincin the - plane to be the same in the
expetiment iand sinmbation as this distribation winld depend on the exaet vanlom
density pattern inposed mtialy, Phis impheaon seeted to lave Teetter stahility
prapetties, thonpgh the reason for this may have Leen due tocthe redmetion at chee
duve rarient.

Tl sevom] experiment, alsa using it A AL ol faded togealace iaming,
caaneric dida, b was otherwise sicoeselal diapneeael . The vadiation pulewnlth

woes it pedaced, bat vather oonease], supeesting a laehier level ol antial jpos tinhia
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Fig. 6. Experimental current (solid) and two XRD radiation incasurcments
(dot-dash and short-dash, representing two energy filterings) compared with a
2-D simulation current (dot) and radiation power (long-dash) for the the second
13.0 mg implosion experiment. Current is shown in MA, and the XRD siguals
and radiation power have been scaled to a peak value of 2.0 in arbitrary units,

tion than hiad been seen previously. i this case, the experiment was best watched
computationally by assmuing an initial perturbation consisting of four “notehes™
unposed carly in the implosion. These wmay correspond to wrinkles which were
observed in the foil. Comparison between this simulation and measured current
and two XRD traces (representing differing filters) is shown in Fig. 6. ‘I'iming,
peak cureent, and features in the radiation polse are all in very good agreement,
Comparisons of '.‘T:' and the inferred voltage at the load (Fig. 7) also show agree
ment. with the features of bubble burst and re-acceleration of the shell evident
in their structure. ‘e integrated x ray pinhole photos also indicate two bright
regions neiar cach clectrode, consistent with i examination of time-integrated
radiation energy on-axis in the siumlation.

Another diagnostie, the time dependent x-ray speetrometer, is currently un
dergoing a period of develapmen as applied ta Pegasus experiments. Side on
spectra from the evlinderically synnunetrie 2 D simulation were caleulated using,
ray tracing and SESAME mmlti gronp opacities. 'This comparison showed an en
courging vorrelation of major features (main peak, valley and high ke peak) in
the experimental spectrum which also appear in the caleulat i_(;u. A more detailed

discussion of thiy colparison is given in a companion paper.
CONCLUSIONS

Comparisons hetween the experimental results of Pegasns implosion data
with 2 D simulations reveal goad agreement in timing (especially telative tinnng,
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Fig. 7. Experimental (solid) and 2-D siulation (dot) curves of % (left) and
voltage (right) for the second 13.0 mg implesion experiment.

between features in the drive current. and the radiation pulse), waveform shape,
and radiatior. pulsewidth. There is substantial difference between 2-D and 1-D
results, due to the development of the Rayleigh-Taylor instabilities which show
a patteru of growth from short to long wavelength, a “barsting” of the bubble
regions through the plasina shell, and finally electrical shorting across the spike re-
gions allowing a re-acceleration of the plasna shell. These features are evidenced
in the current and radiation pulse shapes. In addition, framing camera pictures
have verified the presence of instabilities as indicated in the 2-1D) simulations.
Time-dependent. spectroscopy incasurements have also been compared with the
simulation with encoureging results. The experiments have thus provided an im-
portaut benchmark in verifying our capability to sitlate the implosion physics,
and the understanding provided 1, the simulations has helped to explain the
complex development seen in these experiments.
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