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ABSTRACT

Two-(li]]~(!l~ti~lli\l “cold-start” resistive MHD computations of formation
and evolu tion of dcutcrium-fiber- init iatcd Z-pinches ]‘z have been extcmhd to
include sepmratr ion and electron energy equations and finite-Larn]or-radius
ordm-mi tm-nx#’4. In thr Ohm’s I.aw (mngnctic field evolution) equation, Hall
and diumaglmtir pressure terms have been added, and corresponding terms havr
been ad(hx-1 to the enrrgy cqlmtion~. Comparison is mdr of thr rcslllts of thcsr
coml)lltations with prcvims computntims and with cxpcrimmts.

INTRODUCTION



growth rate of such instabilities is dependent on radial pressure profiles of the
plasma; indeed, “Kadomtsev” profiles exist which are m=O stable. Any actual
experiment is likely to move ‘hrough several non-ideal regimes (e.g., resistive
MHD, Hall MHD), as density, temperature, etc., vary during the di~ch~gr;
nonlinear effects, as WC1l,are likely to be encountered.

‘1’’hcrcforc, it is highly desirable to simulate such experiments startix r from
time zero (zero current, frozen fiber) if possible, in order for realistic plasma
pr~,files to form and develop linearly/nonlinearly, as they will. Energy ierms
such as thermal conduction, Joule heating and radiation are clearly going to be
importitnt. The plasma column must be free to develop as if in vacuum, without
the influence of an unrealistically confining or insufficiently resolved grid.

METHOD

The cmnput at ions reportrd h(=rc iu~ an extension of previous mm-16 and
two-dimensional] ‘z deuterium-fiber-initiated Z-pinch modeling. Wc have used
an alternating- direction-implicit nunwrica] mctlmd, utilizing Nrwton-Raphson-
like iteration to dmd with nonlinear quantities, to sol~w the twmdimcnsiorml (r,z)
MHD equations for maw density, specific internal cnrrgy, azimuthal magnetic
field, mld ]lf’rl)(’xl(iicllli~x vrlcx-ity (I’r, vZ)17:



where Ca, pa, 1“, and Klm refer to the appropriate ion or electron quantit its,
Qei is the electron-ion energy equilibration term, and Q,~OC~is au ion shock-
heating term. Because of problems encountered with the SESAME electron
and ion equations of state at very low temperatures, it wa~ necessary to use
ideal gas equations of state; in one-temperature runs, this was found to have
no major effect on the results, compared to SESAME one-temperature. runs.
Resistivity, radiation loss, and ionization level were still taken from SESAME.

Hall MHD r~ms replace the above magnetic field evolution equation with:



resolved grids did show fine-scale instability growth starting earlier than the
larger grids, saturation of shorter wavelengths resulted in larger grids ultimritcly
showing fder expansion. Hence the timing of instability development and
expansion varied by as much as 20 nsec for different grid sizes, but this is
comparable to experimental timing uncertainties (e. g., the. relation between
driving voltage, c~wrcnt, rmd diagnostic images in time). Extended model runs
to date have only been done with 1 mm and 1 cm, 31-point axial grids; more
complete coverage of potential instability scales is planned.

RESULTS

Our single-tcmpcraturc MHD simulations of the Los Ala,rnos experiments
HDZP-I (250 kA peak at 125 nsec)l’z” and HDZP-11 (750 kA pCE&at 100
nsec] 2’5’8 showed carly development of m=O imtahilitics in the plmrna corona,
which carries most of the current as thc fiber ablate.s, These mst abili t its, atld
~soc.iatml cx pransicm of thc plssma column in terms of m,ww or current ~ werr
not w(!11reflrctrd in t11(’sh adowgram imngcs of thc early cxpcrimrnt (Fig. 1(a-
[1)), Thr lat(lr, lliglwr-cllmtv~t t~x])flri]llc]lt HDZP- 11 r~i~~l](~d c(m]l)lt~tc ionization
of the fiber much nmrr quickly, at which point full nonlinear instability dcvcl-
Opln(’xlt lml to illt(l]lsf’ lmlll~niform h~id,illg mI(] rnpid rx~m.nsi(m of t]w ])lmsnul
column (Fig. 2(11-d)). Tlw ngrccmcnt brtwccn sim~llation-gcrlcratr(l diagrms-
tic im~gtw (slmrlowgrmm aml i~ltrrfrrogr:ulu+), and actlml rxprrimcnt,ld (Iiktrl, is

str(mg. Tlw V[lliiltio[ls w(* ]M~v(’IIm(h*h*(l to dntc in fibrr thickmvis, clmr(’llt rm]l]),

and plawrm initi~~tion show sorer diffmmwcs in timing of the i:lstl~l)ilitly-(lrivrll
(!X])iUISi(Ml, l)lltl (’X1)iUISioIl sooil” aftrr cOml)lot,(* ioni;mtiou :llwnys n~q)~wrs,

As t{~lll])t~r~~t,llr~~srisv n]l(l (Ivlwit.y (Ir(q)s (r,g,, ill nn.rrow 1]~=() “lwrks” ), t!](’
[l])ljro])ri~itlt’l~(’ssof tll(’ ct)llisioIlul Illli(l Il]fxl(’1 (r(vllliring i(m-i(n] rollisioll” t.i[l]f’

<< i(ul tlllrrlll:ll tri:llsit tiliw)~’i’ I)r(’ilk!+(lowII. EWIII l)t’for(” this, ]Iowtwrr, is ]()~t,
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plaamas generally seen in our sirnulatiom {particularly in areas of high electron
density gradient) where these terms will bc important. In our simulations with
these terms, we do see small-wavelength instabilities appear at the edgr of
the plasma corona, before any instabilities were seen in the simple MHD runs
(Fig. 4(a-b)). However, the ultimate pattern of instability-driven heating and
expansion is still scxm in the Hall runs done to date, There is a strong convection
of magnetic field in the axial (current) direction, leading to a visible depletion
of field at the cat hork and build-up at the anode. Alt bough somct hing like this
might actually occur at the true experimental axial boundaries, it is probi~ldy
unrealistic at computational “mirror” boundaries only 1 mm apart, WC may
implement periodic axial boundary conditions, in order to allow a more realistic
field flow through the comp~ltationnl axial section taken, in addition to doing w
variety of axial sm-tion hmgths (computing an Bctutil 5-cm axial section COU1(I
lx done, but would require a coarse sxird grid which would potentially suppress
sxllallw[lvclrllgtil instabilities).

Thorc arr other flui(l terms of fil~it(~-L~rrllor-mfli~ls order: the transvrrsr
tl](*rlx]t)t~lt~ctric(Nrrnst and Ettinghamwn) cffccts, an rnrrgy convoct,ion by (cloc-
tron ) currmlt term, and trrms in the viscous stress tensor. Wc Impc to implr-
mcnt t.hc first two of thcsr soon, although M wc found with the Hall t.crm, ncw
pl]ysics IIMiy clltmil XICWnmncrical diffirultics of unknown wwcrity. Within tlm
collisiomd fluid rcginw trcmtrd hrrc, wc argur thnt viscous stress will bc mJg-

‘4 such m] argum(!llt Ixlny not 1101(Iligildr r(’liltiw’ to ])rrssllr(’ grmlitwt, cf~rcts .
in tlw “collisioilhw+” h41{D” rrgimr, ill wllirh rx]wrinwnt.s I)rop(wctl l~y Hililws
11!1(1others’’”J” ;mt ])IIrlMW((I~lto (Iw(*II. A flu-thrr rxttv~si(m of tl](~ l)r(’si’x)t work
w(NIl~lIw i]]t.o thr “collisi(mlws MHD” rcginw, pmhn])s f~dl(~wing ml cxporimcn -
t.:1]I)liL%lll;L :1S it l)il.’+Sf’S frolll ColliSioIliLl”h) C:)llisiolll(ws.

A fil)(~].-iilitiftt(.(l Z-l)illrl] ld[mnn nlny lmwidr W] nl)l)r(q}rintf*!y lwntml [UNI
lllilgIl(’ti Zf’(1 ])llLsllIu f(m illll~hwi(m insi(lr u IIrnvy Iillrr to fusit)ll roll(liti(nls, ill :1
“llmglwt.izt’(1 tnrg(’1 fllsi(ul” srll(’i~l(~. III n[lflitio]l, inll)l(jsi(~ll of n ll(dh)w, initinlly
s(Ji(l tl(’ll~,crilll]j Cyli[]flrr Iy u fil)(~l”-Z-] Jillcll-st,yl(* fu.,t clwrr]ll rn[ll]) I!lily I)(’ n
rf~llt(~ t,(] fllsi(]ll t ]IILI,;l~’oi~ls t,]l(. ilwitiil)iliiy])l”ol~hvlls smvl ill t,lli. Iil)f’r “L-])illrll(’s

Hillllllilt(’(] ll(SI(). WC itrr rllll]]oying tl)r c{~~ll])lll.~itioll:t]t,t)fdh (!{’vf~hq)(vl f(,r t]lr
work rrl)ortt’(1 IIf’1”(’Ill t.11(’(’viLlllttt.iolI of tll(w 1“(’lllt(’(1 (“oll(”f’])t.s.
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is to reach potentially stabilizing conditions in a “collisionless MHD” or other
regime, it would appear desirable to avoid the dangerously unstable collisional
MHD area explored in mm simulations. Fiber-initiated Z-pinchm may havr
potential in magnetized target fusion and related concepts.
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l(a)

l(d) 1(mm)

Fig. 1 (a) Exper”mentd shdowgmms,EDZP4: kft-
hand image, +0 IWIEC(+0 kA); right-hand image,
+0 M ( 45 kA); each grid block b 0.1 mm qwe;
{b) Sirmhtion shadow-am from wtion of same eize
UJ 1(R), HDZP-1, 20 nsec (50 kA); (c) Corresponding
●irnulation demity contoum, 20 nsec (5o kA); right-
most contour contdxu 9s% of the total IIWB; (d) Sim-
ulation =W current contourw, 20 nsec (50 kA); right-
most contour contd.na 95% of the total UM current.
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Fig. 2 (a) Experimental Lnterkrogmm, HDZP-11, 40

-1.0’
m (+X) kA); each grid block h 0.25 mm ~U~; (b)

as p’
Slxmktion Intmferogmm, HDZP-11, S2 ruec (230 kA);

/ (c) Simulation density contours, HDZP-1, 50 nMC (85
.“,’
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kA); (d) SI.muktion UW current contours, HDZP-1,

. 2 d) ‘f(mmj
50 ma (85 kA).
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