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MODELING OF HIGH-EXPLOSIVE DRIVEN PLASMA
COMPRESSION OPENING SWITCHES”

A. E. G:eene and 1. R. Lindemuth, X-10
J. H. Goforth, M-6

Loo Al~moe National Laboratory
P.o. Box 1063
Loo Almnoe, New Mexico 87545 USA

L INTRODUCTION

In 1977 Pavlovekii et d,,] reported on a highaxploeive (HE) driven opening
ewitch with which they achieved ● rmistance increase of 0,2 fl in 0.45 Ps, interrupting
● current of 7.S MA and ewitching 4 MA into ● 30 nH Iosd. Tho geometry, u
pictured by Paviovakii et ●l,, h thown ‘m Fig. 1, From the dimension cited in
Ref. 1 we calculated ● linear current density of 0.12 MA/cm for the Pm40vskii
Bwitch. The channel that u labeied Foil/PIuroB u a current curying channel that
struteu ● metaiiic foil. Thb foii h quickly vaporised by the high ●lectrical current
and ● pleema channel ie formed, Thir plaems clmmel is the current path until the
high exploeive ie detonated. The high expioeive expan& to cloee off the piasma
chanrel and biow through the dielectric ●t the bottom to mde an ●iternate current
path anilsble. In their wticle, Pavlovekii et d,, cuggat that it II the compression
of the plasma channel by the ●xploeion producte thht cauom the resistance increase,

There have been eeveral ●xperimental efforte in the United Statee with ey~tems
that are corr.puable to Pavl~wkii’s but thue far they hsve not uhieved reeults that
ue u good. ‘Mrnun ~d Tucker’ report that with a cylindrical eystem 4,5 cm in
diameter and 3 cm in length they Aieved rahnce increuee of u much u 30 to 40
mn with currenti of en much ae 2 MA (or linear current denoitiee of 0.15 MA/cm).
More recently firman, ‘IMer, wd Skogmo’ hwe reported reeietance increeme of
nearly 90 mn in a cylindrical ewitch that ie 20 cm in diamter, 10 cm in length, md
carrying ● current density of 0.06 MA/cm,

(loforth et d.,’” have deveioped ● donut ehtped, pluw geometry version of the
plums coraprasion ewitch. With MI donut ewitch they have echieved reeist~nce
Increuee of 50 mfl in WI no with h Iineu current denoity of the order of 0,13 MA/cm.
Thie ewitch hte been euccemfully ueed in the recently completed eeriee of experiment
in the Loo Alunoe Foil Implaion Project, “’Ihilmuter.”

The comput~tiontl modeling work of Greene ●t ●l,,e17euggeote that moat of the
euly time raietance increue in theee ewitchee, ●t least the iweh uhhed in the
United Stat-, CM, indeed be explained by cornpraeion of the piuma, This, coupled
with recent sdmncee in the computational modeling of the ●lectrical reeistivitiee of

OThia wrk was performed under the NMpica of the U,S, Department of EnerCy.
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Fig. 1, Qualitative depiction of the Pavlomkii switch before and dur-
ing owitching, The high cxploeiv~ ●xpande to cloee off the
plasma chnnal and blow through the dielectric ●t the bot-
tom to mde an ●lternste current path ●vailable.

metais,”o haa made it poesible to create ● relatively eimpl~, sero.dimensiorml, model
tha. ●xphiru much of the beha+; @ ttwM awitchu. Such s modol ie puticuhrly
useful in expioring the poesibl!l:.;+ JI’zcaiint theee cwitchee to higher current ievels.
In the praent work we deecribe thw = ~*\ md compare ite predictions with ruulta
horn both planar and cylindrical geometry experiments.

II, THE MODEL

The initisi path of the current through ● plasma compreeeion switch h through ●

thin (SOO-nmthick) metal foil, The current explodes the foii to form the oeed for the
conducting plasma. The behavior of the foil ●t thh point b the eunc u an mtploding
meta! fw for which we hwe ● eimple model.’” We have, thmfore, choeen thie model
u our etuting POIW The fwe modal aesuma that the foil material is homogeneous
and in chuacterisod by o eingie temperature and density. The thicknaee of the foil h
eseumed to be much ieu tlmn the megnetic difhion skin depth w that the munetic
field WiU Iincariy acme the foii. For the p-nt ●pplication we aesume that the
side of the foil ●way from the cimnnei is 6A in epsce whiie th~ side by the channel
h untsmped. The foii/piuma wiii, therefore, croee the channel d the ●qmnsion
wiochy u the foii expiodee. Equations for the ●iectricd raistutce of the foii, the
magnetic 9ei&, the motion of the foii, md the kinetic and internal energia ue ●il
eoived eeifconeietuhlyi The oiectricai ruistivity, the praeure, snd the specific energy
of uiuminium ue ttian from the La Aiuna SESAME EOS Iibruy, 1: In the ceee of
aluminum we have created ● SW3AME-styie t~bie beeet! on th~ theory of More ud
Lo@ which we have modified to agree with experiment whore pouibie. Dotsiis Me
provided in Ref. 10 and, therefore, ue not rep~ated here.



Ae the aluminum expande acroee the channel the background gee, typically oxy-
gen in our calcu]atione, ie added to it, The amount of the background gee u baaed
on the initial deneity and the volume ewept out by the expanding mixture during ●

timeetep, The mixing ie aeeumad to uhieve lnstantummeequilibrium eo the back-
ground gae that ie added each timatep ie given the temperature that hw ●lready
been achieved by the mixture, Once the ●xpuuion begine the total mace in the mix-
ture ie the eum of the meae of the alumlnum and the CM ucreted. The mace of the
●luminjum ia, of couree, fixed, whereas the mace of the gee increeaee until the volume
of the channel Ie filled. The totalw praeure ie the sum of the two partial prasuree.

Once the mixing hae begun in the channel, the electrical reaistivity is taken to
be the mm of the reaiativity of the aluminum and the gee (cf. Froet 12). That is:

R+,+ R,=V1,

where 1,, w, and 6, are the length, width, and the thicknae respectively of the
conducting plaema, To obtain the rdetivitieq P.I and Pe, ww c*I1 the SESAME
tablee separately with the density of the aluminium and the deneity of the gM.

Or.ce the conducting plums hu expanded to fill the entire channel the expaneion
ie stopped by eetting the expansion velocity to sero, From this point on the reelstance
of the #wItch drops u the pleama heate due to Ghmic heating, We found that in
comparison to experiment our model ewitch reached too low a resistance during this
plaema conductivity phase. This ouggested that some piece of physicu which we
had ignored in our fuse mod.d wae playing an important role here, The meet likely
candidate to provide significant cooling would eeem to be radiation. To ●now for
radiation cooling we have included s very eimple radiation cooling model.

where x is the Planck opacity, and d ie the denalty. The product ~d b taken to be
the l~rser of either the alumlnium or gm valuee. The V, term Ie ● radiating volume:

v, = WJ,6,

where 4, Ie the smaller of 4, and the radlstion mean free path which w take to
be (xd)-i, The f~ term b an adjustable factor that mocks up the fraction of the
radiation that h tranemltted by the wane, The temperature in tha plums is very

eensltlve to thio factor, By comparing model reeulte with the meaeured conduction
phaee ruletance of cwltchee we have tuted, we have set fWto only 0,04i

To open the ewltch we compreee the plums at the detamtlon veloclty of the
high exploelve, ● quantity that depende on the typ~ of high ●xploelve, In the preeent
caee, w are using 0,88 cm/pe, The reeiatance goa up becauee we have ● smaller 64 h

1,
R.p— .

w.6,



However, the temperature dao goee up rapidly, In part, thiz occurz becauee the
increaze in R drivez up the Ohmic heating. Primarily, however, the d=reaze in the
volume rapidly drivee up the internal energy. The increaee in the temperature, of
cowze, reduc~ R because

for an ionized plaanm.

A simple, ideal CM, udyais of this compremion phase indicated that the rezis-
tivity decieaae due to the temperature increase would offset the resistance rise due to
compremion .0 Our model, relying on the SESAME tablea, does predict ● rapid resis-
tance increaze during compression. Our previous Worke” indicates that this increue
can occur because much of the increue in internal energy in the plaema goes into
repeated ionization, increasing the E, rather than ]uet increuing the temperature.

In our model we terminate the comprezaion phaee when the pressure in the
plazma reachee ● predetermined value, We freeze the r~istance at the value it hzs
achieved ●t this point, Thie is ● vary considerable simplification in the model in
that it permite w to avnid the inciuaion of a high explosive equation-of-etate, The
behavior of the actual switch- after the initial reziztance rice haa not been consistent.
In many cesee there hu been otwerved ● emall reduction in raiztance followed by
● considerable increaae, We have interpreted this eecond increaee to be the reeult
of mixing between the hot p!uma and relatively cool HE detonation products,’ We
have, however, had shote in which thi- second resistance rise did not occur. In our
model we have set the cutoff prewure to 3 x 10°JVt/m2 for planar geometry and
2 x 10°1Vt/m2 for cylindrical geometry to match the resistance increun obterved in
our exp ~riments,

T tis entire model haz been included az ● part of the electrical circuit in the 1-D
MHD c~de RAVEN.lS

III. RESULiS F.ND CONCLUS1ONS

The time dependent behavior of the plazma compraeion opening switch used in
the moat euccaeful experiment to date in the La Alama Foil Imploeion Project is
shown u eolid linu in Figs. 2 and 3, Detailz of the switch are ●vailable in Ref. 5,
We have modeled this ewitch az having s lb cm Icngth and :, 67 cm width, Since
the utual switch iz ● donut geometry thie width is w weragc of the inner and outer
circumferences. The thickneze of the plaema channal la 0,3 cm, Our model rezults

ue shown u duhed Iinee in thae flguree,

The modified More.Lee raistivity tabie ciearly overatimatee tha reelstivity of
the aluminium in the fusing phaae, but we do reach this phue and recover from it ●t
about the right timee, Tho model reeiativity drops from the fusingphue romewhat
fester than the actual ewitch. We ●ttribute this discrepancy to the inadequuy of
our very mimple mixing model, A more realistic model would delay the time for the
background gu to come to ●quilibrium uid, hence, the reeiatance would fall more
810wly,

The experimental raulti shown in Figei 2 and 3 ue the on= used LO●djust the
wall tranemieoion factor for our radiation cooling model, With thie factor properly
●djusted our model clearly doec quite well during the long conduction phaze. This



phaae is extremely important in our project, We are evaluating thee owitchee for use
with luger high-explcmivc generator, come of which have very long (> ICNJAs) run
thee and relatively low dL/dt valuea. Furthermore, we ue hoping to reach currents
in exceea of 10 MA in our next series of experiments and ●t thst level any resistance
can represent ● co~iderable energy Ioea. Indeed, our preliminary analysis using this
model indicates that these switches may not work ae well u some other candidate
in thie next experimental seriee,

Figure 3 showe the agreement that our model achieves during the opeuing of the
twitch. The oneet time of the compression hae been set to the time of the minimum
reeiatance in the experimental curve. Considering the simplicity of our model we
consider this agreement to be quite remuhble. It would seem to eliminate any
queetion that the opening resist-ce rise of the twitch u due to compression of the
plasma.

In Fig, 4 we show the comparison between our model and another experiment
during the opening phase. This switch wu s cylindrical model, 12.7 cm in length,
with the plasma chaxmel having ● 12.7 cm inner diameter and ● 0.3 cm thicknean,
Again the onset of the compreeaion phase in the model WMset to agree with the time
of the raisthce minimum in the actual switch, In thin cue the model predicts the
resistance rise to o:cur slightly Aead of the experiment. The rah of rise shown good
egreement, It memn likely that the slight diecrep~cy in the reshnce rise between
the model and experiment b due to the cylindrical geometry which our model does
not take into account in any way. We ueed the experimental reeulte shown in Fig. 3
to met the murimum pr,wure cutoff in PIUIU geometry so it is not wrprizing that
the theory and experiment agree quite well in that data set. For cylindrical geometry
w used s very rough averege of the rdetuce peak from sevaral experiments to get
the prasure cutoff m the match is not u good for the particular experiment shown
in Fig. 4.

We conclude that our sjmple model expldne the aeential featurea of these
mwitchee,

1
00

Figi 2. Compuleon of the ●xpdmentd IWWlti (solid he) and model
raulte (daehed line) for the conduction phee of the planu ge-
ometry ewltch uead in the recent‘Thilmuter” experlmentr.
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Fig, 3. Comparison of thee~erimental raulti(solid line) ~dmodel

rmulte (daehed line) for the opening phase of the planar ge-
ometry switch used in the recent “’hilmaatern experiments.
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Compuieon of the wcperimental meulte (solid line) and model
remdte (duhed line) for the opening phue of a cylindrical
geometry switch,
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