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AWX, Ive ex~ine magnetic field penetration in the Plasma
Opening Switch, ●xploring. in particular, advect ivc field penet ra-
tion arising in conjunction with radial density gradients across
the cathmk anmk gap. Our calculations hnve been compktcd
with t]w implicit multi-fluid, AX THENf code. W’Cshow favored
pcnet rnt km ahmg a radial density jump, unstaMc plain wave pcn-
etrnt ion for a 1/( y - ym+, ) density dependence (with y measured
from catlwlc to m-iodc nt V.) in phmcir switches, and the pen-
etration of fingm-like mngnctic fkld perturbations, when the fill
p)mmn Lmnrs iuit id sinusoi(hd dist urlxmccs on its generator in-
tcrfacc.

Rrccnt ly, the Phr+ma Clpcning Switch (POS) lms ke,~ under scrutiny at a
fumhinmlt al lcvrl’. Thr POS b~sicrdly consists of a plasma injected between the
sumdr rmd cat IImk of u hi-cylindrical transrnission line. A pulse supplied at the
gcn~riit~~ side of the line is short cirruitrcl through plasmn during the ~calkd
“conduct ion t imc”’. Ewmt utilly, t ho plwm is disrupted, current pa..sagc through
it is sul}st ant idly rmlurwi, and power passes down the transmission lirm to tho
load.

Numerical calcuhiticm with the ANTHEhf implicit multi-fluid codca have
SIIOWIIth~it disrupt ion of thr plasmn is assrwiatml with three main effects: ( 1) The
formntio:l of a pla.sIIIa gap which propagntcs along the cathode, with fast opening
ensuing as this gnp rcachm the load siclc of the plasmn, (2) hfagnctic insulation
of thr duct mm dimg tlw a,nodc, so that thry return to the anode at progressively
deqmr poil]ts. and tlm fornmt ion of m amociatcd amxk gap M mngnctic pressure
pusim tlw plnsnin WRY from thr a.node, (3) Aclvmtivr pcrmtraticm, by whicl~
.k strean~ing Ck” mns trnnqmt D-WI i;it o the plastnn. Here, we arc ccmccrnml
pril)cipd]y with t’.m third rfkt.

Kingwp ●t al,3 u)mwrd some ticw ago that in thr clcctrodynnmic limit ckctrcm
ndwvt i(u] mmld result in non-linrnr mngnrt ic field pmmtrnt ion of plnsmas. In n
drns(’ C(dlisi(n)lv+s plhsmn with Rx(K1ifms IIICrlm-lrir ficl(l rfuI rmlum to



E = ‘Ve X ~/C.

TYith Faraday’s Law, cartesian geometry, and a single, Ii?z field component
this yields

~Bx/& = –V . (VCBZ),

which advects 13Z with the electron velocity VC. Ref. 3 showed that, since the
electron velocity is constrained to obey

vc C2 –c/(47rmc)V x B,

the full effect of this advective transport should be null, i.e. 813x/& = O, if the
cartesian plasma density is constant, because, then, V” V x B = 0. More generally,
the field will chang~ according to

.Accordingly, one dimensional plane ~vavc propagation of magnetic field should
be possible in a POS for a slvitch density rising as l/(y – y.+, ) from the cathode
and to the anodr at ya. Magnet ic field ad~wct ing wit h the electrons would bc
essentially “piled up.” as t IN-electrons arc slowed upon entering the denser plasma.
Even with a constant plasma density plasma, field should pile up at the anode,
since its prcscncr effectivcly represents a strep density rise. Also, radial factors
in cylindrical gcomet ry can allow the advect ive field pmwt ration to proceed at
const:int density,

Chuklmr and }’arl’km.’ first associatml SUCI1non-linear waves with POS opcT-l-
ing. w]d Gor(lcm. rt al .5 havv been part icu]arly concerned with fk]d accurmdat ion
at !Ilc anode,

-.. ——.-—

\\’c have cxtin]i]l(’(1 sIlcl~ dfrcts w-it!] t II(’ .4NTHEII simulat ion model 1. Typ-
ical results for a short conduction time, bi-cylindrica] switch with constant fill
dc~lsity arc dis~~ltiycd i~i Fig, 1. Thr powr is s~l]q)lid from the left. ‘he cathode
and a.nmlc radii arc 20 al~d 2S cm, respectively, Thr fill ~dasrna is C++ at a den-
sity of 1013 electrons/cm 3, It initially fills t}lc region bctwccn z = 2.6 to 13,6 cm.
Herr, zero injrct ion velocity is assumed, A const nnt dri~~c voltage of 4 hiV is ap-
plied, t hroug]l an ext vr~ml induct ancc of M) NH, so t hut by 50 ns thr rurwmt would
rcarl) 4 N!.4 for a magllct ic field of 4 Trsla, if tlw the plasma rcmainrd a perfect
corldl]ct or, Similar c~~x]ditions have I,wct] mm)tl~lt mm] OIAt hc PBFA 11 accclcmt or
at Snilditi Nntional I.al~orntoriw+. Fig, 1(a) SINmW the ctdcul~tcd mngnrt ic fkld
contmlrs at t = 20 Ils, wllilr Fig. 1(l)) git’rs t 1]0 corrrspm]ding clrctron drnsity
prdi 10.
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Fig. 1
The cathode and anode ektrodes have been represented by thcuse a high

density, massive ion, wall plasma 0.5 cm just above and below the simulation
boundaries. Thus, elect ron emission can procemi either electrode, The developing
cathode density gap is clearly evident, as is t IM density gap near the anode. A

1/r drop-off of magnetic field is apparent in the ~“acuurn region near the generator.
Near t hc anode the field cent our tipprar to brrak il]t o two pieces. Th~ iowest level
contours run to the right. the higlwst levels shift back toward the generator. At

radii just below the breakup point, a fingrr of magnrtic field lines has very nearly
pm-wt rated to the load region on thr right. hfany similar features have been noted
in long tin~e scale nmgnet ic probe results recently reported by Byst rit.skii” for the
DOUBLE dcvicc at Tomsk.
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If’hen, for the sake of examinatmn, we assume that the switch density jumps
by a factor of t~vo from 1 to 2 x 1013 electrolls/cm3 along a line mid-way across dle
switch at r = 24 cm, as plotted in Fig. 2(c), The magnetic field rapidly penetrates
across the density interface to the load. Thus, there is both anode penetration
and mid-s~vitch penetration by t = 20 ns [Fig. 2(a)]. Figure 2(b) shows contours
of the concomitant electron density profile. The magnetic field front starts at the
end of the electron density gap, passes across the 10] 3 density region, but then
back nearly to the drive end of the switch in the 2 x 1013 plasma.
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Fig. 3
Altmmtivel:., ~vl]cll the v x B ternls arc suppressed in AIiTHEh12, the en-

hanm-d nmgrwtic fkld penetration along the mid-radial density jump ceaws, as
evid(vlt fr(ml Fig. 3 [(a) B-contours and (b) elrct ;~m density contours at t = 20
ns], S(I t ]Ii-it t])e fit’](1 is COIlfIINY] Princi])a]]y to within n skin depth of the fill plasma

,qncrator surfucc.

Figtlrr 3(c) slm~vs t lie field pwwt ration result at t = 14, when the initial
pl[iSIIiil de:)sity rises as 1/(?/ – 710+, ) toward tl)r alw!r at y., [Fig. 3 (d)]. From
tlw Kil]gwl) tlmmy7 wc exprct ed t f) rrnml n st r[iight planr wave of pcnet rating

rntigxi(’t ic fic](l. But lwro wv diffvr from tlw t hwrrt icd sit untion i~~that the ions
ctin rli(n.c. As n result. a grip forms Rhmg t lw cat hock, favoring field pcnctmt ion
there. Thr incrc~iscd plwm]n drnsity rmar the anode certainly dehiys the field
pcnrt rot ion t lmrc sl)l)st ant ifillj’, Howovcr. t hc ant icilmt et] p]nnc wave appears to
bc unst :il)lr in tv:o diliwllsi(nls

Fi~ltilly, w rx[iiilil)r tlw Cli~l!(l~iir-l”a11”kov4 suggest ion t lint a periodir[il]y ciis-

turkd switch plasn]lt Wmhl rxhihit mlhnncrd iw!wt ration. In our sinmlftt ion w
l(J&d ill all NM dwlsity distl]rl)fillc( lIl(n)g tl]r first 1 cm of a 5 cm widr kmd of
fill plnsln[i, \Yr {illIJ\\’(vlfol fit{’ (It’llsilj’ 111/lXilIlil licl(~ss tllr 8 CII1wide switch.
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Fig. 4
Figurr 4 collects our results, The sinusoichd ch~r~ctcr of the initial dist urbemce

is shown in Fig, 4(d). Frames (a) to (b) show that by ]8 ns under our standmd
inpu: pulse the density disturbance hns pmpngatcd to the back side of the plaamn.
There is an accompanying “snake-like” pattern in the 138 contourn. By t = 28 m,
there is an army of axial density grips across the full fill plasma, nnd current is
nmning principn!ly up I}m back side of thr ~hsrna, so that the switch is esscniially
oprn. The opcnillg timr has not been ~ffccted by the density perturbations, but
the field history ilwidc the switch phnmm has ken a!tered significantly.

I!’(I COIKIIA tkt t}w advcctivc firhi penetration mechanism does, indcw-1,
favor mngwt ic prrwt riltion along drnsity intcrfnces, m tImwet icaIly predictcda - 5,
hf~gnd k i[isuli~t ion tit the armdc, first not t-d by W’aisman et IsI.7, is n by-product
of thr density dqcnrlcrarc of the achcctive mrchrinism. In practice, magnetic
prmsurc grndirnts fron) thr currents in an opening switd] will move the ion so that
density grndicx,ts mm rsta}Jis}wd that further hid thr wlf-consistent pen~tration of
the magnetic fklds in the P(X, The fart thsit so rnnny rffrcts arc in competition
duri]lg ty]~icd opmat ion of n POS rrrt ifkw ttm rwrd for global switch simulht ions,

Gordrev and \’.
Rnd v, By F4nt -



skii at the lHCE. Tmnsk. This work was performed under the auspices of the
U. S. D.O.E.
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