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THE EIGH DENSITY Z–PINCH

by

Gene H McCall

University 0( California

Los Alamos National Laboratory

Los Alamos, Ncw Mexico

USA

INTRODUCTION

During the past few years techniques have been

developed for producing pinches in solid deuterium. Th~

conditions which exrst in these plasmas are quite different

from those produced earlier. The pinch is formed from a

fiber of solid iieuterium rather than from a low density gw,

and the current is driven by a low impedance, high voltage

pulse generator, Because of the high initial density, it is

not necemar y to compress the pinch to reach

thermonuclear conditions, and the crmfinement time

required for energy production its much shorter than for a

gas This system was proposed by Hammel, Scudder, and

Schlac@rl in 1984, and the first experiments were reported

by them in 19852. The ~xpcrimental results, which have

been ver]fied by expcrlmcnts performed at higher current

by %th]an, Robs(n, and [)cSilva3, were quite surprising

and enu uraglrg The pinch appeared to bc stahlc for a

time much Iongcr than the Alfvm radial transit time In

this paper, however, I argue that the pinch IS not strlrtly

s’able, but it does not appuar to rl]sassemtdc in a

catastrophic fash]on 11 appears that there may bc a

distinction between stablli!y and confirwmcnt in the h]gh

dcnslty pinch

In the dlscusslfm bvlow I will prmwnt the status of

the high dcnuity Z–pinch exprrimcnts at Iatwratfjrlcs

around the world, and 1 will dcscrl!~ some of the

calrulati[mal and cxpcnmcntai rctults ‘rhr literature on

the Z-jnnch is crrtrl,;lvr wrd a bibliography I)u Iwcn

COII1 P!hd t)y A E Rol)s[)n ~~f ttw Naval Research

Latx~ratory4 1 will not rcvlrw thr 7, -plnr-h in general,

hut, rather, 1 will confinr n,y remarkn to rmvnt wori 011

ttw high (irnslty plncb ‘1’hr-rr has als.(} h,yn recrnl work

donr on the r-actor asprcts of thr h]gh drnn)ty Z pIn(h,

hut I WIII Icnvr a ,l~nrussI(ItI t}! ttlls work to re((,rrnrc 5

FACILITIES

Although the interest In the high density pinch is

increasing rapidly, much of the work on the science ana

technology is now primarily done at three installations,

They are: the Im~ria.i College of the University of London

in the United Kingdom, the Naval Research Laboratory In

Washington, DC, USA, and the Los Alamos Nat]orml

Lab-oratory in Los Alamos, New Mexico, USA. An

experiment h~ nlso been done at Dusseldorf in the Federal

Republic of Germany, but the effort there is considerably

smaller than at the other three Iaboratorien. I will

describe the facilities which are in operation or planned at

these lahoratorics in this section, and I will discuss the

results of theory and experiment in a later section,

The group at lmperird College has done

cxpcrimwrts and theory on gas pinciles for a number of

years, and ttmy have contr]butcrl strongly to the theory of

the dense ‘&pinch and to diagnostic developmrmt for the

pinch”, They are currently planning an experiment which

CM be increased to 1 MA hy adding standard modules.

The group at the Naval Research Laboratory baa

performed crrpcrimcnts at currents at currentn up to 040

KA using thr J’OSEI1)ON” pulse generator, A diagrnn, of

,!w POSEIDON water Ilnc, pulse !’orming m’ctiwrs and

fiber makm arc shown In fig, 1, ‘rhr gtmrrator applied *

voltage of 400 to 600” k \f to a i3011d dcutcrium column 10

produrc a currcnl rising n,,arly linearly in a time of 130 IIS

Th(’ frhrvrnakrr’/ was a crjop,tat whlrh produced hlwrn at

11 K Thr filmrn rangml In dlanlvtm from 80 to ‘20(1 Iml

The I’OSEII)ON” g(,t]vrator }Ims Lecn disasrimnblwi tr)

pr[)vl(!r r(xml for a rww nyxtrm which is dfwl~r~rd to

product-d a current of I MA with a rurrrwt rntr of risv,

dI/dt, thr sanw nrnthIIl t)f thr l>OSljll)()~~ rnachinv ‘1’11(.

new dcvtcc will uw a watt,r (Ilrlt,rtltu rnpiIi nor ch~lgctl h,v
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Ibgurc 1 l)lagram of thr }’(ww]don pU~8(’

generator ue.rd in ihc NR1, cxpwlmont

a Marx bank rather than the watt-x insulated transmission

line used in earlier cxpcr]rncrts It w]I1 hc intrrrstlrrg to

W, whetht:r the cha )gc In pulsrr charartcr]stics WIII aff~wl

plasma twhavior.

The e~peiiin?ilts iit 1,06 Alam08 have !Kcir d[:rw S:

currrntrr up to 250 KA ufilrrg the 111)7,1’I systwn which in

mrn!lnr to l) OSEI1)ON” A diagram of ihr end of ttw water

lint and the frher rnakcr arc ~h,jwn in fig 2 ‘I*Iw Ilnr wan

ri)ti+~(,d hy B() rf~g~e(,rr U(Jthat gravity c[~uld lx, un{,d to ti(l

In thr ~xtrumon n( tht’ fltwr Thp curved clhow {If the

watvr llIW lim~te the vIJtagr i)]ai ran ho applird tt~ thr

frlwr, and machlnrn currvntly uodrr c{mntrurtl{m arr

vrwtlc,ll rathm than rljrvr[i ‘1’hr appllrd v{)ltngIs w~~ UIIII

K V ‘i’hr fltmrrnnkr,r prlducrd fihcrn having dlamctrrn 20

10 ~() ffir! ‘rhun, ●llh{,ut;h thI’ rurrrol wmn h)wr’r than ttw

[’()!i},ll)(l N rutrcnt l~y n (a(l{)r (If lw~), thr rc,lllfr,[l IInr

denrilty pr(duw,d a tclrltwrnll]tv higher ihan thin! IJf thr

NRL experiment. The HI)ZP 1 syntcm has been morlifird

recently so that gradual iocrrasca In current to 500 KA can

be obtained. The tiDZI)2 systcm i, in operation, and a

new system, ZEIIRA, is under construction at a sItr

:HX(IW% (:OIR :ha: Of l]r)’~r~o ‘rhc Z,FJ?!?A ays!rrn ‘s, 8,,, , *

dewgncd to prorfur-c current l);) to I 2 MA at a voltrigr of

lMV. Tbe componrnt n of ‘LEI)RA were t.mtrd at the

!hnrha Natlond Laiu)ratory h]~h vol~agv test facihty urilng

frhorrr Of Wd vrthylrnr Pr,rf dummy Ioarim The hulldlo~ has

bctir~ prq)arrdl and thr water tanf. ti havr Iwcn lrln(l~!~r(i

Firnt exp(’rlmrllts rrhIJIIIIl twRin in aIK tI~ tr.n rl).)n’hs A

diagrarrl I)f 7,F,I)IIA in r.hIIWII IF f)g 3

At I)unndd(lrf an rxlwrlll,rni wat~ (h)nr III I!JM’7

urring thr SIWW1 2 ra~)a(l((>r tr~ drlvr II frlrr[ ,Jr[l[iuf{~l lIy

lhr Nlil, fil M,I mnkrr, WI II(II WAR trann~)ortr!l III (: CI:!IAIIY

and rr[lalt(v{l 1(I ;}1[, SlwI~fl ;} ,xl~rrllll(,ntal I hmIIIMT It W:l!i

Iutm{lc{l t{) pl(}llli(’v * ( 1111{,111 hlKhrl thntl t Ill’



il I!l

HV 1’

1 E%S~l10 Dz EXTRUDER

~

“w
GROUND
ELECTRODE

= D, FIBER

ELECTROPE
F

\

WATER

:\\_ WATER

1 6fJ 9!) El fN)W ~’-
\LL.

EXTENSION T()
~—%’1~

THAN!MISSIUN I INE u

Figrrrc 2. I)laRrrim of the water lint’ and fitwr
maker uocd ;n th(’ Los Alarrms }II)ZJ’I
expcrimcnl,

Pease- llraginsk, i current, which in reqolrcd to pro,iuce

rafilativcc.{)lla[)n{’ ‘rhccxpcrimrvrt gwcrcinconclusi vc, urd

they wcrcdiscontinucd,

EXI’ERIMltN’f AI,RESULTS

A typical currmt pulnc used in the 111)%1’1

cxpf’rimcnts ia ahtlwn in fig 4 !ichllcren photographs” wrrc

takrll I)y Sruddcr uning B rrlfj[lc I[xkcd Iaficr as a ptllrml

hackllg}]tirrg st)urr-r nnd a atr(,ak carnrrn to record the

imnkrri Thv spa(inR Iwtwwrl (Ian]en wan 10 nn

[Jrlf[~rtunatrly, the pll(jt[lgraph~ arc not s:lltalJi’ for

r(’])ri)(lll(llon in l}WNC pr[xcwllngfi ‘1’tw planrnii cxl:andrd

nlI)wly fin 40 h) W nn, awd thvn tmgan to rxp RnI m~)rr

rnl~l{llv Ily 00 nm aftt’1 1111,nl~rt (i rurrcnt, a p,Iltf’fll

all~flf’ltlv(’ of a Illillllwr ,11 “III (1”, or “*811WIRI’”,

lrlritnl)llltlmi wart rvldrt]t A1th(IIIKh thr rrl{)dulntlt}n of thr

1)1111’11 (Ilanlttiv[ was l:Ir Kr I)y 0(1 nfi, t)wrr Wah no II Iti III III II III

of IIIC (i}rrf,nl, an{l thr 11111111 I{,lt)nllj!,tl 1111(,11 M,}rc r{.{(,111

chadowgraphs takrm hy I,ovhcrguslnga CCI) camera and

a laser backlighting S(mrr-c, which hc dcvclrrpcd, arc shown

in fig 5, :rr thcric photographs, the be$inmng of rn.=()

behavior ia ~vldmrt at ho ns In rmrnc shots and wvll

dcvclopcd hy 00 nfi Murv WIII Im aaid shout thmc results

In the diocusslon of calrul~tlorls trvlow, The expcrln](, nts

pr(lducvd ncutr(m yields which wrrv, typically, 107 with :L

~wak(]f loRatar ljrr{’11tof2!, ()” KA

The NR1,rxpcllrrwnts US(YI a currcnl p,ilrw nlmllar

to t}~rit r)h~)wn in fig (l ‘1’hf$ plafima (Ilnnwt(!r wiifi

mf’a!illr(’d afi a [U[l(’tl[)ll ()[ tlr[l(, t)y (Irl[}rltlllg Lh($ F,)lt (If a

streak carrlcrn prr~wlldl[ulll to lIIC rAXIP, of lIIV plnuh ~N(I

rcrordlrlg thfI VI SItIltI Ilghl rmlttwl hy ttw pliwima ‘1’111

r(wult (,f the ;rlcanllr(,rrlfril In shown In fig 7 ‘1’11(’pllsln;i

cxhillltn s ml{~w rxl)nnnl,jn rrt m vclo(rty of 1 (1.1[)5 (111/s

unt)l a tlmc nrnr th~, iwak t~f thr rllrrrn( ,11 lwnk cuircnt

tb I’XIIAIII!II III VII(M Itv II II I(,;I,, {VI to ~ [). ![)” ( Ill/h 11 11:1X

Iw(’11 nlw{ulaimi I)y 111(, Nl{l p,rolll) (I, at III III HtiilIIIIl V

..
,,
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Figure 3. Ilaglam of the ZKII1tA device under
construction at Los Alamm

occurs when r!l/dt=O, bu! at present, no convincing

hmrret]cal argum~nt han been made to explain the

behavior,

‘I’he neutron yield aI a function of current is shown

in fig 8. Yieldn up !O 3. 10”~neutrons were observed ‘Ihr

dciwndenrc of yield ori curlcnt was quo~cd m 110, and,

indeed, ● dope this large does fit the data, but becaurw of

the variatnllty of yield at a given current the accuracy of

the l]t la nnt h]gh ‘1’he yield at 250 K A WJM Iowrr ihan

that of thr 111)’{1’1 experiments Comments related 1(] ‘ 41H

d] ffrrcncv and ur cxplanatwn of the phynicd cffrctn w,,, cII

pr(durc the m’utronn will br givrn 1X4(JW

NUMEIU(;AL (: AIA:UI,ATIONS

(~alculatl~m of pinch Ix’havit)r han hem rf[mf! wiih

M 11[) cornput(r r-~,dm ‘1’hrwo calculatiorsn s.Mumr

atnhil]ty, urd, M w&A shI)wn alM)./v, Ilich m axsun)~)tlorr IS

nf)t wmplelvty sc-uralr Thrsr Calr,. ]atloIIil hnv{’,

h~lwrv(’r, Iwrrr au(.(.I,fisfIIl in (1(.rl)opntrat)ng nom(, featurrn of

llw hlKh drntiily Z ptn{h (~ Al(’ll]JIllollII of Stabli!ty &rl’

Ull(ll’lwny At Wvrral !al){)ralorlfvi, an[l 1111, rrfluitn art,

interesting, but there is, as yet, no consensus on the

growth of instability, or lack of it, in these plasmas

Therefore, I will prc.mnt X4111) caJculat,ions done by this

author, and I will take respons]hllity for the Iesults,

The coi.nputcr code used for the M1i D calculations

shown here is tbe RAVEN code” written by Tom Oliphant

at LOS Alamon, ‘The code has an implicit hyd~oriynarmcs

+ymthrn which is quite useful in prohlcrns of th]s type

whcr~ the plasma rcr,lairlfl near equilibrium for long

pctiods of tirn(’ If the r-od(, timmtep were limited by the

(hmrant condition, the calculations would re(iuirr much

m!)re computrr t]mc Thr radlatlon trrat.rwr,t in RAVEN

io mrc tcmpmature dlffusi{)n using mthm R!lsseland ln[$an

or l)lanck avrragmi {)parltl(w Thr d] ffutu(,n tr,’a(nwnt IS

not acrura(r for optl[ ’ally 111111 planfrla, illl(l il

brmlmtrahlung l(mrr tr(’almenl in twlng Inslidl(vl ‘III(’

tranni)[)rt c(wffr(i(ntn trml Ix)th dqpm.~t(’ and

m)n drgmf’ratv plasmk ‘1’!1(’(i(’~enrwmtf tr(,atnlrnt i~ thml

of I,m, and Mor(, C(lllf,(’l(, il for (.](y.tron t,l(,(.lror, ({)\llh](,l]f

for I(IW 7, pl~snim!), ;III(I lIIV 11111141(,K(,nerxl(, casr 19 tII,:It I(l

IIRI Pg ttw I’okk(l I’IAIII k (Iuiinllt](ri (IIIIIli\lf,Il I)v

4
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Figure 4. Current as a function of tilne applird to
a solid deutcrium fiber In the LOR Alarnos lIDZP1
experiment.

Fpperkin ~rrd }iaineslO, The effect of the rnagnctic rkld

on the tlanaport was irrcludcd These coefficients do not,

in general, agr~ with the Spitzm or Iiraginskii coefficienl,n,

Fig 9 shows a calculation o! the NRI, exprrimcnt

using the curlent pulse of fig 6. There ie a curve for each

cdl in the prutrlcm, and the pair of graphs on the left arc

for the cam where radiation dlffusiorr was turnrd on and

the Rumcland upacitwti wrrr used, The calrulati(m

brrx)rnra irmccuratc at trvnprvaturcri ah(wc, approximately,

1S eV and the dccrrasc of thr radiug at Iatv timr in t}lr

upper left pltJt irrdlrutrs thr inapplicahlllty of tht’

calculation The radlatiim l{MS callulatrv! in far hlghcr

~hrm thr actual h)8B Thr impf)rtaot point in thlfl

rmlculation in that thr innrrll,[~fit cell of thr flbrr hoat,N

rapi(il,y at 90 nn ‘1’hr ~~alr of r.lrvcfi at t hr right wrrc

produrrd by a rnl ulltI{jn w}lrrf, tt,r ratilmtit,n (i]ffurlltjll

was turnr~i off, ~liIOUf,il iiit. ion anti r+,ctr[)n tiIr IIII;Ll

r-oll(iu(’~,lon” Wrlr Clll)wrti It rlkll iw Wr’n tilnt thr r’rutrr (If

the fiber was ritill unhcatml at 150 rrs, It is clear that

radiatiun transport could bc an impnrtant effect at early

time in these plasmaz The assumption of the appilratnilty

of one-temperatur~ diffusion must be examlnrxi carefully,

but the :nterprctat](m of the ex~rlmwrt moy dcprnd on

whc!hcr the fitrcr is mrnplrtc]y ionizmi, and tiic ruhiltl~~n

transport ran be important in tile ionization

The ra~id rwparrriion of thr outer r-cil,q at early tlrnc

is n~t phyriird. ():Ic to fivr low dcnslty crlls at an lnttlal

tem~:~ratrrrc of () 2 to 1 (,V werr placmi at thr p(>rli)hcry t)f

lhe plaarna to proviti(, an lnltld cf]rlrfucti{)u pmth for thr

current Th(’ ~[)tl(i,tl{)tl~ III til(~fi(, C{~ll~ dl(i IIOt afi(,it th(>

Iwhavi[jr [If tbv i]u!h of tilr pl~~nla, but (II(J rapl(l

clparrsion, whlril i~ not r(]nfirnlt,~i I)y Cxpcritllt,llt, ln[ilratrs

that the ch[mrn m{)[i~,l f{)r til(, III ItIRI of thr Iil)rr IS nt)t

arrurntc Tile rxplnslotl V(l[wlty of lIW r(igr of thr 111/:11

[irnnlty rrR:on IH 1 1?.10!) rlti/ti Ill g(MIIi a~rrrrnrllt wllh

?Mprrin:rnl afl ailowll III fIfl ‘i

!)
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Figure6. Current as a function ofti~neappiied to
arwrlid deuterium fiber in the NRLexperlmmrt

Fig. 10 !;hows the resuft of a calculation for an

HDZP1 experiment using the current pulse of fig. 4 and a

fiber 30 pm in diameter ‘I’he case where radiation was

considered is at the left, The upper curve shows that the

inner cell of the fiber heats at a time of 50 ns. The lower

curvp in a plot nf the elwtron rfrnsity an m fllnrtinn Of

radius at 50 ns The cxpcrlrncntaf result from the Lovberg

measurement is shown by a!] arrow. The calculation is

conslstrvrt with the measured diameter and with the

app(.ararrce of light transmlttvd through the centrv of the

fi twr The curvrs on the right were calculated with

radiation diffusion tul ,wd off The titrw is treen to “burn

through” after 50 nn, and the centrv ig quite dcnsr,

consistent with a dark cvnter The final resolution awaitri

further anatysi~ of htv erperlmcnt, but it apvars that

rarf)atimr transport cann(ut bc neglected as a factor in

plasma ft)rrrlati(ln and twallng Ihcaurw of thr srndl fitwr

dlarnctcr In the 111)7,1’1 exprvlmcnts, the fitwr In

complef,ely ionised by 70 ns whether or not the radiation

transport is considered. The one–temperature treatment

of the radiation transport can lead to substantial

inaccuracy, and the results should be considered

preliminary

MODELING Ok’ NEUTRON YIELD SCALING

Phenomcnolugicaf modvllrrg of the m= O instability

was d[me in an attempt to undcrstancf the behavior of tt!r

plasma, at least qualitatively, It wan assumed that the

instability growth waii the result of pinchlrrg of a sect](]n of

the plasma Ionn win{’ assumed to flow out of the plnchrd

region at thrir thcrmid vcl{)city The fl{~w of mass is ril~jw

enorrgh, howrvcr, that ttl(, pinch is rx~)vctw{ to r(wi:uu III

D(’nnett equilibrium (furi:lg th(, growth of ht(, instiil)lllty

‘1’h(* rvduced line ~(.IItiItY r(~(lujrvs th(, pl~rillla to tl(~;it to

remain in rquilihrium The enrrgy ft)r lhls Ilvatlllu Ifi

Supplled hv I’(IV w[)lk which rrviullti fl{)rll [IlaSIII,I

7



0.6

0.5

04

-E
g

gj 0.3
n
g

02

0.1

0.0

f —
1 I

1
I

t

.

i

I
i
I

c 20 40 60 80 100 120 140 160 180 200
TIMEblS)

Pigure 7. Radius as a function of time of a fiber of
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contraction. The power input from the current as 12R

los~es was also included in numerical calculations, but it

was found to be unimport~nt late in the development of

the instability. If the ohmic heating is neglected, an

analytic description of the collapse of the instability can be

given,

It is assumed that as the unstable region pinches,

the length of the pinched region is equal tc, its radius, a,

The 9(I no photograph of fig, 5 is consistent w h ttus

assumption, although one could use ‘la for the length. The

rhfferenc~ for the purpose of this calculation is

unimportant. The total pl~ma energy in the pinched

region is given by,

R’”~(n@ +nJ)V=3ftak’~ (1)

whmc, n~,, and, n are thr ck’rtrmr and ion densities,
1’

respectively, N, ia the ion line density, T, is the

temperature, V, is the volume of the unstable region and,

k, is Boltzmann’s constant. It can be seen that the total

number of ions in the pinched iegion is Na. The rate of

change of energy is g]ven by the sum of the power loss as

the lesult of mass flow orit of the unstable region and the

PdV work done on the collapsing plasma by ‘,he magnetic

field. Therefore,

(2)

where, P, in the pl~rna prmsurc, ]f lt ILI 8.9hUM(’d thiit

mass flows out of the pinched region at the th$rm~l

velocity of the ions, the partirlr loss term can lx) w[ltt(w

as,

d 2
~i(Na) = -nv xii =

1 th N (kT/n#/2

(3)



b-

1-

i

109:
—

●—

8igmm~
●

● ●—

108=

1
1

9 i

-/

8 1
1

*7 ~— n 1 I

0.1 CURRENT (MA) 10

Figure 8. Neutron yield as a function of current
for a fiber of initial radius of 40 pm in the NRL
experiment

‘here’ ‘th’ is tbe ion thermal velocity ~nrl, mi, a
= a. (1 – T)2/3is the ion

mass.

The Bennett relation is given by, where,

(4)
r= t/to

andwhere, I, is the current , which is assumed constant,

It is eeen that three equations in three unknowns

rault. Tbe equations can be Eolved to give the time

dependence of the dynamical variables, kT, N, and, a. If

the initial values are kTo, NO, and ao, respectively, the

solutions are,

tO = $ a. (mi / kTo)
1/2

(6)

Note that to is, approximately, the time {or an ion to

move an initial ~;ldius at the initial ihermal velooty

Although a .-inracteristic time this short raises some

doubts about the assumption of equilibrium, the radius

dccream with time, and the th~rmal velocity increases

with time. Thcrcfcrrc, th~ equilibrium assumption bcc[)nl[’s

more valid at later tinw

kT = kTo / (1 - ~)2/3

N == N() (1 -- T)2/3 (5)
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Next, the neutron yield can be calculated by

amumirrrj that the neu!rons are pro ‘uced in the thermal

plasma of the instability. The yield rate can be written as,

(7)

It is well k~,own that t!re D–D ~ can be approximated by
11

an analytic fit ,

z: A T-2/3 exp( -C T-1/3) cm3/s

(8)

where, A, and, C, are constants. If T is the temperature in

keV, A=2.33M1(J-14 and C=18.76.

Substituting eq. (8) into eq. (7) and integrating

over time, the y]eld is,

C/(kT) ]/3

Y= constant .r~~(kTO)2j0
~ 17/2 e–Xdx

(9)

The upper limit of the integral is large for initial

temperatures of interest here, and ih~ integral can bc

writtrm as an integral from O to infinity, The integral,

therefore, is a gamma functmr 1’(19/2) which is

independent of the parameters of the problcm. Using thr

Lfennctt relation of cq. (5), thr ylcld IS,

Y = urn6tant .14 (10)

The neutron yield in, thrrrf(jtrl lndepenrfmrt of tht !irw

density, and depend” only on the current to the fourth

powrr Thig graling appr~r~ t,j explain the yMJlrl of :hr

dcnrw plaama focus. The ]4 scallng for th(? plasma forms
12

was derived by Nlilarwsr and 1’OUZI) , but their rclatimr in

?IV, indcprrr{Jcnt of thr lmtlat cmrdltions of the plasma,

hrrausr thry used a constant length rather than a

tlm--varying Irmgth Thcil pa,rrr on neutron yIr4rJ frorr

thr plasma foct;n
13

prowrh a good rr .Iirw of thr’

dvpmdence of yl! ld (m rurrrrrt and rih~]wu tho indt-prnrirnrr

of ykld and fill prrumrrrr Thr (Icrivati(]n Rlvmr here alm

twplains thr 2-3 krV trrnprraturrw mrMured fr~)m thr

nmrtron uprrtrum of thr f[N us, but that drrlvatltm WIII I)r

given In a later puhllcatl{m It ran hr mrrn thllt thr

eqUatlOnE descritw a plasma which is kated by PdV work

and in which particles flow out at a velocity which is

probational to the ion thermal velocity. Also, the length

of the plasma ig proportion~l to its diameter. These are

the conditions which exist in a plmma locus, but the rate

at which the mass flows out of the pinch region can be a

small fraction of that calculated from the ion thermal

speed i !cause of the longitudinal confinement produced by

the magnetic field. For the Z-pinch, however, the

longitudinal confinement is small, and this mechanism

should not be significant. The NRL experiment appears to

confirm this conclusion.

The purpose here is to explain the yie!d of the dense

Z-pinch which operates ur der conditions quite different

from those of the focus. Therefore, 1 will now conside~

neutrons generated by ions acceleratc~ by the Inductive

voltage generated across the instability as the plasma

collapses. A similar mechanism waa used by Anderson, et
14

al in their 1958 paper , but they d]d not produce a

unllied model of the acceleration process, and it is not

possible to calculate ~,he current scaling from their wmk

The voltage across the instability is given by,

v++ .. (11)

where, V, in the voltage and, L, is the time-depmrdcnt

inductance across the lnstab]llty. The current is ascurncd

constant; therefore, dl/tJt = (). Th: inductance IS,

L = ~ a Iog(rw / a) (12)

where r w is tbc radiub of thr ch~mhcr wall Suhst]tutlng

cq (12) into eq (11) thr rrsult is,

‘() da ,(,

v~l~;[~t( fdrw/a) 1) (1:{)

Thr waJl radiuri in much larger than the plasma rad]us, arl[l

log(rw / a)>> 1 ovrr thr rangr [If intrrmt thr I(jgorlthnl

variwj only 30 pcrrrnt, and tt WIII IM asnunwd to INS

ron~tant Anuumlng that ions ●rr arrdrrirtr[i to thr

wdtage across th,, inctnt)lllty, thr nrutri~n pr[xlu, ti( n rntr

ran be Calrulatrd Again, thr purpr)nc hrrr 1~ t~l

drr)lonntr~tr thr rrrnllng of yI~,lIl with currrnt, nn(l ;L 111011”

drta]lcd Oxlj{mitlon *III Iw rnadr in a Iatrr pultl II ,It I~In, 11111



the general features of the model will be given beJow.

Assuming that the accelerated ions stop in the high

density plasma outside the instability in a way which is

independent of placma conditions and ion energy (an

assumption which will be removed in the forthcoming

publication) the rate at which particles strike the high

density column is give)) by the product of flux and area

and the yield rate is,

2 v ’12
E [1

= Bnvna2 = BNu ~ (14)

where, B, is a constant, n, is the time dependent density in

the instability, N, i~ the time dependent line density, v, is

the velocity, u, is the neutron production cross section, V,

is the voltage across the instability, m, is the ion Lnass,

and, a, is tl,e instability radius Substituting the usual

analytic expremion fcr, u, and substituting eq, (5), eq ( 14)

can be inte~rated to give an expression of the form,

Y=B’
a. ,9

I

b Xs e–x &

N~ ()
(15)

The upper limit IS not, strictly, intinltc, but for the

present purposes it ma~ be ass~med so The sctilng of

yiclrf with current to the ninth puwcr is in exccllcnt

agrcmrwnt with the N](I, mcasurcmcnt, The y)c]d is not

completely indqsmrdcnt of the )rutird condrtiuns as was thr

case In th( exprcsslrm of rq ( 10) The drprmdenrx rti

plasma corrrfltions cxplarns, qualltat]vcly, the f~ct ~.hdt thr

L(,s A!amos expmlrncnt gave a h)gher ylclri at 250 KA

than rlld the N!{I, cxprwmrnt

1 bcllcve that the dlsrussmn above shows

con{lusivc]y that the neutrons measured in the h)gh

(it’nslty L plnr-h cx!wrlmrnts were produrd by a MT()

Instablllly

ILA1)IATIVE COLliA1’Sft

The nrw pulrw Et,nrrltf)rs UO(I{.J r[)llstrljr’tl{]n air

lntcndtvi to appr(mch ttm currrnt where (Iw l)hmic hvat)ng

IS smaller than thr hrcmss!tahlun~ IIISR Whvll ttll*

rxmdlli[m In aat(rrftc,l thr plrinma (4}IUMII Munt rmlucr Iln

radlun 10 pr,lvid($ I)(IV hratlrrg E(J thrst It can rrim. arn In

Pquillbriuni ‘1’hc rc IIlt InK ]n(rcAtw In d(,nRI\Y Incrr’arms

lhv radlatl{m hmn, WIII( h Ih pr~)t~~}ill(mal t{) the nqual(. of

thr drn*ltv, SIIII Lh(’ c(~lll]ww TAlr lnrrf’nnvn III thr almcncr

{If l“lritillllllly, ttw rad!,lf, ~an lIrIIIIIIr vnnl;. hin~ly nnlall

This author believes, however, that asymmetries in the

collapse will limit the collapse to a diameter no smaller

than 10 or 20 percent of the initial radius, at best. The

phenomenon is quite intriguing, however, and it is worth

pursuing. 4 publication submitted by Haines15 treats the

dynamics of the collapse, and only the threshold WII1 be

calculated here. The power deposited in the plasma

column by ohmic heating, assuming Spitzer resistivity, ]s,

P. X ]2R = 12~K log ~ T –3/2
In

xa
(16)

where K is a constant, al,d 1 is the length of the column

The bremsstrahlung loss is,

Pb=BZ2n2T’12rra21 (17)

If Pin = Pb, t$en eq (17) can be equ~ted to eq (18) and

the curlent required to satisfied the equality is,

‘PB=.& [+’]”2
(18)

where, C, ig a constant The current, lPD, is known as the

16)17 after f,hc authors who,Pease-- Braginskji current

lndrpendcrrtly, calculated it in 1057 and 1958, For a

hydrogen plasma, 11,D y 1 MA, and it is indepcndrmt of

the lirw dens)ty and othm plasma condltins except through

log A It should bc noted that the rate of collapse does

depend on the Iinc density, which the high density Z pinch

should bc a useful vchiclc fi)r lnvcstigntlng thr rx)llaptw

phrnomrmon It rcmarns to be sews, howevrr, If the

C(Jl]ISpN’ WII] & fast cn[nrgh to be (Ihsrrvrd At thrrshold

current thr timf rrqulrrd for r(dlapnr id lnfrnitf!, and the

thrmhold currrmt d(rm dqwnd gllghtly or] thr rurrcnl

d]fitrlbutlorr In the plfismml

CON(:LIJ!; ION”

Tho drmnc Z ~nnch pr(~vldlw n rl(ti varlrtv of

u lY61Cal ~ffcf’t~ wtllt’11 aw Lr(tnww}lat dltf(vrnt. 11{1111th~w

usllz]ly rvlrx~l,lntorvd Ii) mngnvlirnlly r-{)nflnt,{l I)lostrll, all(l

many of thrwr ph(,n{~rrirn,l arc not yc: ur}dcrxt~}{lll ‘!’11(’

rwxt r~)und (): ex~Ir[lmI, ntn WIII ●ltrmpt 1(I nlIIIIV thr

radlatlvv rx~llapw (If thr Ijlrlth whvn the ra{li:itlv( lIIss

Iw(’(mlrs lnr Kcr thilll tlw 111111111 input ‘1 11(. qllrhtl(lll {11

Ktllllllty alltl th;it of !Iinllrl{,ril(,ti( arr vcl (II 111’Illlkw(’f, II

Ii



definitively. It is cfear from the measurements which have

been made thkt the plasma is not completely stable, but

the cot,ilnement of the pinch appears to occur for times

much longe] than mlcrdated instability growth times

The next few years promise to be exciting ones for

this new field.
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