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COhfPUTATIONAL SIMITLATIC)NS OF THE LACIJNA

FOIL IMPLOSION EXPERIltfENTS*

A. E. Greene, R. L. Bowers, J. 11. Browncl], T. A. Oliphallt,
D. L. Peterson, and D. L. Weiss

Los Alamos National Laboratory, P.(). Box 1663, Los Alamos, Nhl 87545

A13STRACT

The Los Alamos foil implosion project is intended !,o produ(e a source
of intense laboratory x-radiaticn for physics and fusion studies. Following the
Pioneer shot series, the project is now embarking on the Laguna foil implosion
experiments. In this series a hlark-IX helical generator will be coupled to all
explosively-formed-fuse opening switch, a surface discharge closing switch, and a
vacuum power flow and load chanlbcr. The system design will bc discussed and
an overview of zero-, one-, and two-dimensional hlIII) preshot simulations will bc
presented. ‘1’hc generator should provide more than 11 MA of whic}l *5.5 NIA
will be switched to the 5-cm-radius, 2-cm-high, 250-nm-thick aluminuln foil
load, This should give rise to a 1.1 ps implosion with tens of kilojoules of kinetic
crlcrgy.

Zer&dimcnsional calculations serve to optimize the pulse-power systcrn.
One-dimensional, Lagrangian, MIID calculations are made to estimate tcrnpcr-
ature, densities and radiation output. The temperature and density proiilcs
prcdictcd by the 1-D code arc used as initia! conditio,w for our 2-I) Eulcrian
Co[l(’.

The 2-1) calculations predict a small amount of radiated energy from a
docouplcci plasma associated with ~taylcigh-’raylor bubbles. This matter is prc-
dictcd to have electron and ion tcmpcraturcs in the kc\’ regime as the bubt)l(
matcria] thcrrnalizcs ahead of the bulk of the plaslrla.

IN TROI)lJCTIOPI”

Tht-’ goal of tl)v !,(N+ Aliirnos Trail ltla-stcr proj~rt i:, the develol)r]l(’f~t of all
ini.cns(’ source of soft x-rays for fusior; and rnatrrials :;tudics, The x-ray source
in ‘1’railrl:astcr is a foil irltiatcd z-l)irlctl. The Trail tmstcr project is unique ill
ttlat the prinlc power source is dn cx])losiv(’-(iriv(’n rnagl,ctic [Iux corn~)rcssioll
g(’11(’~iltor.

Ilui!ding on tllc results ac}licvcd in the I)ionccr shot, series (ilrf. 1 3), tl)(~
Traiirrla. stvr projrct is ~]ow c[l]bark(~(l on ~‘lc Laguna shot st’rics, ‘1’hv I,agl]lla
seri(’s will bc ~)crforrrlcd at ~ignilicantly high(’r cncrgics arl(i will I)v ])rotoly])if”
of a Illcg;{joulc syst(.rll,

‘1’])(I I,aguna pulsr ~mwcr systcrrl cf)rlsists of a hfark IX tl~’lic;kl Kt’llrra-
t , , a 1()() -rlll slnragc in(illctor w})i(l) illrlll(l(~s a p(wf-}]o14~ rnrlvollltc fl(~sigll, aII

(Jx])lt)sivf’ly-ff)rlrlv(l ills(~ opcr]ill~ switch, a surface (li SCtliirK(’ closirlg switch, arl(l
a Viti’ll(lrll powerliow cll;trlrlcl. ‘1’tlf’ ill]ljlotlil]~ I)tivirrlit Z-])irlctl is irlit~i~l,(’(1 f’r(~rrl it

2-C III IIigll, $crrl riL(li\l S, 25(J l~rr] thick, I]lll)it(k(’(1 illll[r)i])~lrl) foil. l“igur~~ I stlt)lvs
ii l)llotogri~~)ll” of tll” l,il~ll:lil S~Sl(’111 011 tlI(~ Iirilig ~)iif] i~t 1,OS A]iir])os (!llrirlg

i)Il (’iirl~ slllj-syst(lrll t(’!il. l“iKilr(’ i! is ;1 I)l\l(’ ])ril]l (,I Lll(’ tf)w(’r l)orlioll” of this

S)’st(,rll. ‘1’tl( tow(, r ( orll;iills I,IIv stor;l}~(j irl(lll(l,or, till’ SW’~1(”11(’S iirl(l (11(’ Ioil(l,

* \f’(~lk l~t’rf{)rrllt’(1 llr](l(~r tt)(’ ;\l]:<])i((,s of t,l)(~ Ilrliv(rsily of (~,lliforlliil for tl)(’

[’. S I?(l)lrtrl)(’r)t of l’11)(’rg~ 1]11(1(’r (’olllril(’t rlrl;,ll)(’r M’7 ,1(1.’) I’:N(; :1(;.
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‘l’he purpose of the opening/c losil]g switch corl)bi[latiori is, t~f course, IJUISC
shaping. The capacitor bank at firing point 88 at Los Alanlos requires sorrw
]35 US to put a 45(J kA seed current into the 7.2 ptI initial induc arlct* of thr
\lw-k IX generator. The ge]]erator is a sweeping wave helix which has a run
time of 210 US. We wish to switch the current to the imploding load in about
i ps.

\Ve ha,c carried out pre-shot computer simu]atiorls of this system will]
o-D-slug, 1-D Lagrangian, and 2-D Eulcri~n 31111) codes. The rcsu]ls of thcso
calculations are the subject of this paper.

ZERO-DIMENSIONAL. SLIJG MODEL, PREDICTIONS

The 1-D Lagrangian code RAJ’EN contains an extensive circuit modeling
c apdbi]ity and a O-n slug option. The purpose of making the @D calculations is
really tw~fold. First, these very quick and simple calculations provide implosion
kinetic energies that are t}]c same m the 1-L) results Therefore, the load can be
optimized, at le=t to a first approximation, using the @D calculations. Secondly,
the O-L) implosion provides a dI. /dt voltage pulse for the rest of the circuit model.
‘1’his has allowed us to make hundreds of quick, incxpc]lsive, calculations to
optimize timings within the circuit and cxar~li[lc the sensitivity of the systcm to
tirrling errors and other possible systcrn problcrns. In the present work, however,
wc will discuss only the behavior of ~hc z-pinch rather than the circ,l it.

The ()-D n-mdcl is just

,,li, P(1 ~~2(f)——
47r r(t) --

-where rll is thv mi~ss of t}lc inlplodin

Y

Ioa(l, h is tll(I ht~igl]t of the cylilldcr, r(()
is tile tirllt’-d{’~J4’rItl(’Ilt radius a:ld I(I is the tirll~, dv])v!](lcl)t, cllrr(’llt. ‘1’hc tillw
d,’l)cllf]vrlcc of lhc in~]uctancc is dctcrrrlirlc(i from r(t) using tll(’ coaxii+] forrrlll]a.
‘1’hc sl(ig irnplo~iofl is arbitrarily tcrr[lillattd whc[l tllc ra[lo of tllc irlitiitl radius
to I,]]c irn~)]()(]irlg radi(ls rcachcs 10:1. Wc ~ssurrlc t]liit irlsla])i]itit’s \vil] dorrlirli~l(”

l]IC (]yrlalrlics of the irni)losior~ bcyofld this ~)oirlt.

‘1’tlc O-1) calculations ])rvdict tlliit this 10:1 illl])losioll” poirit will ho rcacllcd
ir~ 1.1 ps frorll th[~ tirnc that the current first r(’iL(}l(’S 1]1(’ foil it)a(j. Fig(lrc 3 S])(JWS
ttl(l cir,.uit/O-1) prediction of the Ioa(l rurrcrlt AS a furlctiorl of tirll{). NOI(I tlliit

cllrtcnt first r(’il(’11(’s LI)(J !OA(I at :1,10.2 //.s; I,llis is fr(~lll tll(’ 1){’gir]llillg of Lll{.
(iil)ii(itor I)ilr]k discllargc.

‘1’]lis ~j.-) hlA of curr(’llt will (Iriv(’ tl)(i i~r]l)]()(]illg l)liL%lllil to iL v(’]ocit. v of
2i (rrl/~/sl wIII(.~1 is ii killctic crlcrgy of 1’.20 k.]. l’i~~(, (’.x])(’ri(ill((i illlli(ilt (’s tt)iLl,

(Jv(’rl slo~)l)ill~ LIII’s(’ 1’ t,l I(I 10:1 illll)losi or)” r;ll,io will ov(’rt’s(illl,il{i,(’ill (’llliillorl.’i ,:

III’ ,1., rilll(tl ;LS ii fil(’lor of I,W(), III(’ (’11{’rgv 111;11is giv(ll ()[1’;1S riL(liiltioll W’ll(ill t,ll(’

illl\Jl(l(lillg l)];~+:llii Ltlorl.liLti Z(’S.

(J NI’;-I)l?.I 1l;NSIONAI, NIOI)l’;!, IN(; l{ II;SII1;I’S



RAVEN is a fully implicit Lagrangian code. \\c arc modclijlg the 25&rlrIl
thick Laguna foil with 30 ~ones of eq[lal radial spacing. The positions of the zone
radii as a function of time arc shown in Fig. 4. This implosion &ime is idcnt.ical
to the zerG dimensional! result. R’e should emphasize that we do not ,rust the
1-I) results beyond t.hc 10:1 implosion ratio that wc set x the limit for the 01)
calculations. ln the 1-D simulation this 10:1 point !s rcachcd at 341.33 ps, which
is 1.13 ps after current first reaches the load. There is nothing magical about
tt,c 10:1 implosion ratio. The 2-D calculations indicate tha~ instabilities may bc
important well before the 10:1 point is reached.

Figure 5 shows t.hc calculated temperatures as functions of time. The
code calculates that the zcnes of aluminum will vaporize and then ionize during
the 340.2 to 340. $ ps period. After this time the plasma is basically isothermal
with its temperature increasing from 4 eV up to about 12 CV by 341.3 ps.
The temperatures of the zones then jump rapidly to very high values as thr
plmma pinches. A mere detailed examination of this temperature spike on
the graph rnakcs it clear that the plasma is no Iongcr isothermal. The rapid
incrcmcs occur almost ertircly after the implosion has passed the 10:1 point
and the peak values predicted are certainly overestimates. Wc have arbitrarily
capped the temperature rise in Fig. 5 at 100 eV because we doubt that the
actual temperatures in the experiment will exceed this value. The effect of
the instabilities will be to spread out the time over which the kinetic energy is
released as radiation. This will, in turn, lower the effective tempcriiture of the
radiation.

Figure 6 shows the optical mean-free path calculated by RAVEN using
the Rosscland rncan opacity values for aluminum from the Los Alarnos SESAXIH
tahlcs. The behavior of the plasma tcmpcraturc is clearly ex~laincd by its radia-
tion properties. W’hcn the plasma is isothermal and its temperature is relatively
low it is opticall thin (the radiation mean-free path is much larger than the

1pl~srna thic.kncss . l)uring this timr prriod thr cn(’rgy d(~positiod through Joulv
heating is qu~ikl~ radiated away. When the density incrcaws ~~’ring the pinch
tc t.}lcpoint that the plasma I.wcomcs optically thick, this energy is trapped ill
th(* plasma and rapidly drives up t}w tcmprrat.urt’.

TWO-DIMENSIONAL RESIJLTS

The quality of the x-ray pu]sc obtainvd in these cxpcrin]cnts will t.irp~]l(i
in part on the d(’grw to which the imploding plasma is disruptml by nlagn(’ti-

Cilllydriv(’n Raylcigh-’l’itylor im+tabilitirsm W(I havr examined thr growth of ttwsc
instabilities by 2-1) simulations of th implosion~ }wginnin~ with random density
or vrl(x-ity p(’rturl)ikti(~l)s illl~ms(vl 011 ttl(’ profil(w of d(’llsily, v(’locity, k’lllp(’riL-

tllrv, and nmgn(*tic Ii(’1(1provi(!(vl irm 1-1) SIIllllliltioIIS at t,h(’ ~milll of Illimiullllll
~)li~+lllit cxpallsiorl. ‘1’11(’s(1 2-II UillClll;Lt, ioll$i ilr(’ (Iisrusswl in ~lotail in I{(’f. 4. Ill
this pa])rr wc will attclll~~t to K[lllllll;lrizr tll(’ iill])i~rtiil]l r(viult,s and collcllisions.

‘1’tlr irliliiil srl II]) for 11](J2-I) (’illC(J ]iili[)ll?i is il]ust. ral.rd in Fig. 7. W(I
%Ilolll(l Ilot(” tllilt tll(’ l);~w’lill(’ l-l) Hillllll;kl.ioll for illl of tll(’s(’ 2-1) r(w+ults WiL’i

llIiMlc m)rllr tirlw a~(), MI(I involvr(l ail (wrli(*r rlm(l~’1 01” t,t]c .Nlilrk1X g(’llt’rilt(;r.
:“or this rvj~son, I ().() /Ls for tilt’ 2-I) sif]lllliilit)l)s corr(’s]~oll~ls” to ttl(’ I]oirlt

/ :{I!).7Y )lH ill this, f’ilrlit’r, 1- 1) silllulatioll. W(’ !’{’11 tllill Lllf’ tilllc’ Ilistorivs
of t)ic’rurrrllt illh~ tllr Ioilfl itll(l tll(I ifll[)l(wioll w(’r(’ sllflici(’llllv Hirlliltlr to tll(’
rllor(” rvcv]lt rrslllts tlliltl wt. (’0111(1 II(JI. jllsl, ily ttlt’ c(~llll)lltt’r lillw tllilt Wolllfl I)(’

illvolvwl ill rmlt)iIl~ thr cilltlll;ll.i~}rls for tlIt’ l~r(wll]l SYSI(’111.

A k(Ij* {lllkllo~lt ii! I,tlk I.itiir is tlI(~ l(Iv~Il (II ]>vrlllrlml,i(~ll tliiit (itrl rrw
s(~rl:ll)ly II{’ t’xlltv”t[’[1 ill tilt’ illl]jlfwif]ll. ‘]’111. (illtlll;ll.ioll!; llrc~(li[l t,llil[ ;1 If*\’!*] 01
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perturbation of 30% in the density will seri~usly degrade the thermal ization of
the pl~ma and the resultant x-ray pulse. We estimate from this simulation
that such a perturbation will lead to a thcrmalization time of 0.5 ps. In Fig. 8
a comparison is made between an unperturbed implosion, one with a 30T0 level
density variation, and one with a 1.0’% level of density variation. These calcu-
lations indicate that a perturbation at the 10% level will also seriously degrade
the thermalization (the pulse width can be estimated at about 0.25 ps). Ran-
dom variations in velocity in the range up to 1.0 cm/~s produce instabilities
of about the same size as those for the 10~0 level of density perturbation. The
effects of anomalous resist ivity, which could enhance current crossover between
the spike regions and reduce the glowth rate of the instabilities, have not been
included in these simulations. The unperturbed calculation will subsequently
also be referred to as the 1-D Eulerian calculation.

Figure 9 shows time histories of the kinetic energy in the plasma, the
material energy in the plmma (kinetic +internal) and the radiation energy output
for the unperturbed implosion. The low level of radiation output, essentially
linear in time, during the first 0.4 ps is from bulk emission from the plasma
during the run-in ph=e of the implosion. The majority of the radiation output
in this 1-D Eulerian cwe occurs over about 0.02 VS when the plasma assembles
on axis, and, in this calculation, exceeds 135 k.1.

Radiation output h= also been calculated for the simulation with an initial
level of perturbation of 30%. Figure 10 shows material, kinetic and radiation
energies for this 30% initial perturbation level. For t < 0.26 I.LSthese results are
essentially the same u those shown in Fig. 9. However, Fig. 8 shows that by
0.3 KS these results are essentially the same w those shown in Fig. 9. However,
Fig. 8 shows that by 0.3 VS the bulk of the plasma has been disrupted at three
points, As the connecting material in these regions thins its reduced density
lez.ds to an increued magnetic acceleration relative to the denser surrounding
material. The velocity of this low density material that is thrown forward varies,
but is in the range of 60 to 150 cm/~s. At about 0.26 ~s the low density bridge
at z = 0,25 cm begins to accelerate ahead of the main body of the plasma.

About 2 x 10-6 g reache~ the axis by t = 0.28 Ks. The thermalization of this
hot, low density plasma corresponds to tile marked increase of radiation output
seen at t e 0.28 MS in Fig. 10. A slight decrease in the slope of the kinetic energy
rise is also visible at this time, corresponding to the thermal ization of this low
density plasma. The low density plasma continues to accumulate on axis and
by t = 0.32 ps the radiation energy autput from this low density material has
reached about 30 kJ.

Our calculations indicate that this low density-, optically thin plasma is
not in local thermodynamic equilibrium (LTE). Instead, t}lc ion, electron and
radiation tcmpcrat.llres decouple. l’hc ions and electrons have temperatures ili
tllc range of a few kcV while the radiation tcr~~pt;raturc is much lower, only a
frw tens of cV, The ]atcr radiation, t}lat arising from thr t,}l{:rrr]ali:zatiorl of t}]c
dcnspr, optically thick, plasrria is in L1’l;. It has physical proper tics that arc
CSSCI)Iially idcntica] to those prct]ictcd by tho I-I) lllodc]s. ‘1’hc unperturbed im-
~)losion simulation acllicvcs a Ii]lal peak ra{l:ltion tcmpcraturc of about 200 cV.
‘1’llc 2-1) si[]lula[ ions with insti~l)iliti(’s prr(]ict [il]al peak tcrr]])eraturm irl the
rallgc from GO to 80 cV.

(: ON(:LIJS1ONS”

11] this IJa])(’r WI’ r(~j)ort tl]o rrs(]lls of ])rfsl)otj CiLl(’llliltioTIS lrla(lt’ for tll(’

l,ilK(IIIa sh(~t scri(,s ()[ thl’ ],os ~larIlos ‘1’riiillrl;~slcr ])roj{’rt. ‘l’ll(’S(l (’ill(’ (lliilioll’i
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have been made using o-D, 1-D Lagrangian, and 2-D Eulerian MHD codes. Our
o-D and 1-D simulations have included detailed, self-consistent circuit mode!ing.
The 2-D calculations start from conditions predicted by the 1-D simulations and
use the current history predicted by the 1-D code. The 2-D calculations allow
us to predict the effects of magnetically driven Rayleigh-Taylor instabilities.

Our circuit modeling predicts that the Mark IX generator will put nearly
12 MA of current into the Laguna system. The combination of opening and
closing switches will transfer about 5.5 MA of this current to the foil/plasma
load while shortening the pulse from over 340 KS to 1.13 vs.

The @D and 1-D calculation predict that this 1.1 ps implosion will have
a kinetic energy of about 120 kJ. However, Fast experience indicates that these
estimates may be optimistic by as much as a factor of two, at le=t in terms of
the x-ray output irom the implosion.

The 2-D calculations predict that Rayleigh-Taylor instabilities, starting
either from Jensity or ve!ocity perturbations, will seriously disrupt the imploding
plzusma. We show that these disruptions can lead to actual breakthroughs that
drive low density plasma in well ahead of the bulk of the plasma. We predict
that this low density material will not be in thermodynamic equilibrium. It will
have electron and ion temperatures m high x a few keV. However, the early
radiation temperature from this low density material will be only a few tens
of eV. When the bulk of the plasma thermalizes orl axis it may have radiation
temperatures in the range of 60 to 80 eV.
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