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LASL TOROIDAL REVERSED=FIIILD PINCIH PROGRAMY
JeAe Bakor, C.J. Buclhienauer, LeUe Burkhardt, CeKe Chu,®** J.N. DiMarco,
JoN. Dowming, Ae NMaberstich, ReB. Howell, AJRe Jacobion, H..0. Farr,
PeCo lLicwer,” .M. Little, McDe Machalek, We Parks* AJE. Schofleld,
AGe  gro, KeSe Thomas, and PeCeTe Van cder Laan:ds
Las Alamos Sclenti{fie Laboratory, Los Alamon, New Mexleo Fab.A.

ABRSTRACT

The determination of the absolute  enercy Lo doe o
radlatfon Jrom Impuritics In the LALSL toroldal reversed=ficld
plarh experiment ZT=8 {3 reportoed. e meaanrenents  show
over hall ol the enerpy loss  Ls accountod  for by thia
techan lsme Thomson seattering eleetron density  aeisiuretont o
Indleate only a pradunal  increase in tesperature  as the
filling pressure Is reducod Indieating an Iners cod ener »
lass at lower  prossures. Cylindrical and toroidal
sirmlatifons of the experiment Indleate elther that a highly
radiat {ve pinch boundary or anomalous triansport are needed to
miteh  the  experimental  resultus. New  offoects on the
vqullibrim due to plasma flows  Induced by the toroidal
gramet ry are predieted by the torobdal  sfmulation The
proliminary resgultad on the low temperature discharge eleanlog
of the ZT=3 torus are reporteds A dedcript fon of Lhe apgrade
of the Z2T<85 exporiment and the objoectiven, construction and
theoretieal predictlons for the new  2T=40 experiment  are
plven.

*ork performed under the suwbptees of th 8. Departmeat of FEnerpy.
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I. INTRCRLCTION

The terolilal rueversed=-fieléd  ach approach eontinues to be motivated
by {ts premise of hiph=beta, stable equllibrium configuration with the
naguihiliey of ohmde heating ro {gnition with moderate magactic flelds.
Furel:er advantases gtemt from the freedom of cholee of aspect ratio that
1% . dn esaape from possible adverse trapped=particle effects and can lead
ty a simpler medular  construction with casier dccess as compared to a
comnart teris.

The Lous Alarmos propram 8 currently centered around tae  15-cm bore
2T-: exporfrent (a mediffcation of the ecarlier 10 em bore ZT=I experiment)
and tine d0=cm hore 47=40 oxperiment presently under constructions Stud Les
hevw v the ZT=1 and ZT-S experinents showed the confinement time scaling
propertiona! te the gquare of the minor diameter are reported In Refo [1].
Yorn recopt  offorts on the ZT=5 experiment have been concentrated on the
merareneat of the radiation loss From fmpuritios and in the study of  the
rafsing  of the electron temperiature by operating at lower fi111ng pressure
ol Ly the nae of Tow terperature dlacharge eleanling.

e TS0 cxserivent s expected  to bepin preliminary physfes  in
catendar ovear 1947 The oxperiment has been destpned to allow versatil ity
in g ramge of rlsetimes (Ge" Ha=1 mu). Tt will allow the study of
procccwmel reversed=ticels prediles as well as confipgurations obtained by
G0 roveraale e oeeneral alm of ZT=40 18 to obtailn physles  inforwat ion
Nnecid ta prediet the optinm desipgn of subsceguent larger devicoes.

ile 7ZT=a

Ae  Tireral

A SHE N riactor it toy the cenfinement time In the  Z7-8
reveorccd=tiold vxperlazeat atior favorable plasma=Sield  proflles are pro-
Jues fo the deveneratfon ofF the stabillty af the confisurati:nm with time

due 1 resietive ieets [ The veanured olectron temporaturess . are lTow
amd rieli diftaion rates are il the The pgeneral objoctives have heen Lo
(LY dororelne tae nnre and mienditade of the radlatien lems, (DY eperate
i e C i pressares Inoan atternpt ta ral=e electron tenperatuares,
() dewsicn vl test a diselarse cleandng schene,  (3) 0 destpn, bulld,  and
tes! a0 power  cerowbar elrcecit to Tenpgthen uwsetol tine of the flelds The
v rfmeat owies Lhen upperaded to Improve the Tollowiage: vacum cloanl Iness,
ver itrbity Ia the changing of the fleld prograsming, and diaepostics.

%o  Fadlation Losy Measurements

de _Matnre and Level o) Tupurities. Spoctroscople and mass analyeer
peasuroient:a ol the 2T=8 dtacharge hive shown that the main Impurity I
oxyan with  smaller amomnts of carbon and nitropens The fmpurity number
densley s I the ranee fren ~ 00780 o ~ 17 of the denterimm ritl.
Theorotlteal  calenlationn [2] prediet serfons onerepy tonaes that can caaie
Thaft vfons on (e elestron temperatures Jor the current and  plasma
deanities helae atwd fed.

0 Methed, A uurvey  of  the tepartey  Tnes  wan made
spectrosenpleal ly to determine the apectral ramge of the Hoe radiatfon
enltted trow the AT=8  plasnn. The  wavelepsth  regfon ceatainfng the
subst it tal pertion of radfation [ between 200=1600 Ad A fast system that
wan sensitive to vaean ultravielet radlatlion wis arransed to view the Z71-8
i Ineh throwgh a pump porte A achemat fe of  the detector arranpement {4
thown {n Fige 1o Basieally the detecting svatem consists of o fasty, inear
phoetadiode ol wide dynamle ranpes The detector s aensitive  to visible
wavelenpgths and  is uned with a  sodium salfeviate phosphor wavelongth
ghirtter that  Intercepta the  photons erperging from the  planmae. The
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fFlurrosecwnee  erf4sion spoarram of the phoscie v vardies by o faetor of 1245
from 253 A to 1200 2 apd vhen Is rlat dewn to 200 A. The  Sivore: cence
speetrum centers at o~ 4200 &2 we!]l within the hlph sensitdvity rangce of the
phorodd. o,

Tie radiatlon {ram the plasma {n the ZT-8 discharse passes throagh Lhe
aporture: in the alumina plag Insrted [ata the punp sort and then tu+oiazh
tron wgecesalve l=co=diam apestures Lo the deteetars The: Jast two apertures
are coversl with a wire mesh grid to Irprove the Jdoteezor shielding opaiae
elocirical nofuaes The siaral from thee detectnr s ampllricd osnd then
transnitted to an osclliobseope display.

W Resnles. The  malysis and Interpretation of the resules of the
roasiurerien: 5o invalve several facters:s (1) che ealibration of the deteetor,
(2) t'e source aud detailed solid angle corrections, (1) the dietermiaaticen
of rmean pheton energye  Sinee the neasuremnent was  made throngh  a siasle
port, assumptlons  abount the sonrce distribotlon are neeted to pake deter=
olnctions of the absolnbe  value of  the total radiacive  caerpgy  loss.
Torolial  syrreeavy T ananaed and comparfcons with a varlety of reanondl.
radial sonree aistriont Lo show these to alter the deduecd  loss over  a
ranege of abont a laetor oi two,

Par an asswaed ronres distreibot on having a0 sharp bowaalary ploeima with
a flar cmignlon prot!fley the measurceeab:s pizse a radlative Toss or 5 to
0 per meter lensth durang: the ~ 30 pg stable tiese of Lthe discharpees e
tatal eror; e bal mes fer o saaple discharpe fs shown In Fig. 2o Ti ¢ tw,
gurves show the onerer fapat md eperey centeat per acter ol Lensth (phae e
borteld caeree) of i d et s o funetthon oo tiee an delieed reen
urrent . volt ey, and mveeaetle probe et e For cessarinon, the dbitepenen
et Pae Wwe enevesy, wWhilch representss the encrpey lossy 1s siow: In
Tive ol wdith the radicion loss oan deduecd rrom the above Lerortaor
e U et s e e ranliation Yong o eurve I corporeel owig L
eal al o ol el heatiog tere T IV oda Vloe we e corurves Indbeato

ot oo et dalle all o the 1oay f0 dae to the vactlations I view of  the
rtar o o0 20 wpeertagnary o e aralnte radia fon o veanuneer ol gt ol
carlb ey thils agrecicont Is 'artufton. e roasureewnt does indiear
“leweser tett the radiatlon cortribmtes dall or more of the eneres logs.

Foroplacca temperatures of 19=200 eV as memsnred tor S0=5 Do Thosion
qeatteringg Geee next section)  and spectral Impurlty Tondzatlon state
poasaresent:s, a0 calealation of the theoretical radiation Toss rate piven
dalmes of 2=10MY por metore e radiatlon Toss rates were couputed for
assurcd - valuen of Toonsing Ortolant®s POVRAD eode [2] based on MeWhilrter®s
rotelitt fon Toss equat fen [V with o multiplcing Factor ol 5 as mgepested Ly
the Marvt.nd Group resaltse [S] Thia sorecement 1o bettor than expected In
view of the meertainties In the measiorenents and cle approxfmatfons ade
in the funectlong msed  In determining the Tonizattony exeitatlion, and
cnlasion procesnes.

(e _Conclngfonae  The conclusions of these stwlies are as ol lows:
For ZT=% operating at 1 - o6 kA and a tHHHnge presaure of 20 prorr, (1) the
radlation losg a3 507 arf the energy losa, GD) the radlattion Is pricarily
fn e vacuue v with g mean enerpgy of ~ 90 oV (A~ 500 ), (3) the chiler
fmpurilica are oxyvpea and carbon, (4) thedge lTosses are copparvable ta those
prodicted by theorys

Co Eloctron Temperatnre Measurement

de Geveralse Thomson seattoerfup measurements of clectron tewperature
at FilHig pressures of 18 and 34 mtorr in ZT=8 have  been reportoed
carllere [1] Operatton was stuwdfed at lower fI1 prosaures to see 0f hiigher
cloctron tomperatures and lower diffasion rates can he  obtained. Farlier
measurecents at lower densitios were then hampered by fnst ramental seatter-



far. TRe nronlen Bas been reselved hy the diltien of  twa #0923 0 paech
viltors te the seattered spectrun detector.  Tbee width ac hatf maxinum of
i Sliter 1 1602 A0 The averall sensftivity o1 the detecter 13 raeduced
e a fetar o 2, whereos the instrumental zesttering gipnal s dewn by a
factor oF 1S Cood dtta Lave bheen obtiained at flillne onressures  of
L0 ormrorre. Dath acyuisitieon ot 5 ntorr fx liedted by the reproducibility of
e piney rather than by the sensitivity ot the dianostie. Mo field
Aitfunien or € 5 prorr gas TLll and Tewer was oheerved s be very rapid.
2o Pusvmitse The  temneratare teasurers obf o shown o Fij. 5 have been
cheataed with a2 Filling pressure of Dyoof 16 etare, and a pear teroidal
curmeat of 6 kA with an foit!d risc of 35 xa/use The fnitial bias field
W et At 006 T oand the toroidal f1eld at the aill reversed o =0.979 T

in lent Bedour, The  pasticplosion plasme radius as  catinatoed freer
proceours prefiles was ot the orfer of & em.

e oneugare data points bhave  been ohvtajaced with  a pelychronmater
arsien uf 33 Sfmem oamd e cizelos with o alspersiop of 66 A/mm. The

i

cetil edreles are rhe resule of a least squoares fit te 70 polyeliromator
el el e Thee  apen cirelos are based on ae soame Gdata, hut using the two
chee L channel s only on osach o side o0 tiae 00533 A channee ! The differcnee
Viegwrongr 10 owe s Teeseey d5 relativedy sfaer ot Iate tloe 10 the discharees

ol a)e At carle tines, however, the qoialveia Bured on 4 data points

v oo lover tesperature ant, perbass, a hettor repr ssentation of the

vafn Todv oo the eleetren distriberiog thoan tiee J=pcint anilvsis.
Froure 3(0a) shews a peag central walae of 0 of 23 oV which  then
Jevavn arelan Ty to 1% oV oae T ug. T cloctrooa temperature at 1.5~ and

A=y radi] Toveis a’f az abont 17 oVe Tiore T30 tadication of a4 hicheer
Poepor tar e cheatl At 102 e emoat varly tioe -

Ao v dndionye Gopparicon of o LI aeond with the provieoas T
oorores o . [adileates only o oseadl o Ineroase o the clectron tewperature s

'I
E o

e DPNUe pressr ot deereases The pent sl of T oreperted earlfer [1
ol e mLorr a0V a0 1 etorr. Jwe ooperation at lower
ifitine oren nren de g not ghow tesperatures sealing freersely with the
T aneeriee g Lfaste podol s owonld | rediet. Aopeseiats ewalanat e s
tioere do eltier onteeedd therea] o tranpert oo mere owlll frmaritties

ool e the Tower 111 pressure operiticn.

e Machar e Cleaniag Stad s

Joo FMativarfone The torencine radlation leass ard T, stieaies fadfeate
the we e for Jdoeterainine 1 suftal:le disebarese clheamig methads can he
Geveloped Inoonder ro oredaee e depurity devel ta acceptathle lindtse A
proellonary Davestipation  was pade to detersfne the asel ilaess of the Tow
Coeperatare disesarse teehnfgue [9) Ter tie remevd of the Teerely bound
surdaes dppurities from oa alwaiag diselharse yossels Precioas sork in thils
ared fns been Tis [rea to o metad=wal foed swsteews I s known, howevor,  frem
te resulia orf the Fewula oproap at Grenoble tha! the replacemont of a
tusater Tindter with an alumina one can redoce the estoen in the dischare
A Yactor of tree to four Lo tae Petula tekamak [vj.

2o Disebharge Cleaning Cirenir. e direlarpe cleanine elreult
copst it o eapacltor aad switesinn elrealt capable of odeliverin, ~ 110 J

per pulue wo a se=fcs cenuestion of the worabial and poletdal fleld
cliregttae Thils arvangement toras a 2 kA serow plach and is capable of
froducing one to Flve pnlses por seconds. The elreaft can be quickly
recovid trom the experizent by the wse ot a palr of pueimarically  oporated
switehes  thus  minimbaiagey the tee between the eleanup diacharpges amd the
norizal  freinpg of ST=8.
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The enerey lnput per pulze varied from 50 J ar 0.7 oturr to 160 1 at
40 nrorr pgas fill.

The confirmatfon o the required 1low celectron temperature of the
plaama during discharye cleaninge was ebtained by two  nmethods. First the
reslistivity of the plasma was  caleulated frem the voltage and current
tracas. Using the Spitzer cquation and ebtainfap thee plasra radius  fFros
the streak pletures we [Ind 2=3 ¢V for the filling pressures »f 1, 10,
and 20 mtorre  The second metlod was a liac=to=continuiil measurencnt  usinsgy
L2 4861 .« Fron this we fourd 3.0 oV at 12 ntorr and 2.0 eV at 1 mtorr.

3. Results. The mass analwrzer has been used to obuerve the gasos
that are numped from the toras he:ore and during discharpe cleaning. Th:
principal mass nambhers observed ares 14, 14, 18, 19, "0, and 2B. Thirse
cerrespond to 4, 0 or CH,, ), ii'o, D, and CO or XN.,. The auhisuniltly

hutwe-on nzn and cnh uas pesulved by comparineg results between hydrosen aad
donteriusn dischar:es.

The nass analryzer was used to nonitor the Dy Hpe during the dis-
eharase eleaning. With the turn on of disahar e cleaning there s an {a=
creage: Ia DaDe The amplitut o of this slonal leerei ses rapldly In the First
few =lantes and  then levels of ©e When thu dlbscharege elesning ic teriin-
ated, Liw Do) decreanes inmsllatelye Rhen the o8 1w [ terminated ol
L, further Jeereise s uswally bolow the {nitinl level prescht.

T 4s_fonclusbonss

(!) Ozveen !spurlty was convert o to water geerated by tlee 2-5 oV
plasma and {3 pumped from the sysvrem as has hern obrorsed with  oeps!
tostoms [S]e Thia was done withour overbeatine the polyetizlene eleetric:l
Insulatlon of ZT=S.

(2 Five Lonra of Jdifcharse cleanis s redured the ef Soctive outs snlne
rate a farcor of two or mares Further rvenctions in toea? out assin , race
were Timitoed by tis: tores eopctracst fen (seo Soce Fohelew).

(3) Tn additicn to vater, the next rost aibee ot Imjurits ob: orved on
the mats spoctropragi, was Soumd te Be maes 29 (0 or N,

(%) A simpl, cagaeltive divciorse efreuds allewing  Aneed L.
switeling between discharge eleaning: and nereal hish voleage oporaticn Lo
bueen demonserated £y be practical for this applicatien.

| P ZT=5% 'averade

Je__Bescrdntlon of Iporids

Since Impuricy radiatinn lusses may be demisatIng the phesfes of rhe
plasmpa hohavior, it was deeliled to upzrade the eleamliness  of  the  vacuns
syntems The alumineg Lorus was made from ninety sepeents Joined usin- viten
Nepringse.  Althousl these O-rings were well protected frou e placsma,  they
de conntitute a  signifleant outgassing load which canneot be cervected by
discharpe cleaning.  Idealiy one weuld solve fiats preblen by using a  soli:
torus. Although the procurement of such 4 torwa with adequate diasnostic
windows =ay be a Tuture prospect, it {5 net possible on a short tline bhasis.
Instead the pember ol O=rloas eon sipnflicantly be reduced by a speetal
slaas Jolning technique [7]. The elements of the present Z2T-S upgprade wero
an follows:

) Improved Vacuum Svater, (1) Reduction of nnmber of O=-rings in
the svsten from 20 to 23 (2) Yo vacuun pgroase peraitted.  (3) The use of
a new alr bearine  totally oll=free  turbomelecular puap.  (4) Laproved
ef fective punplny speed a factoer of threes  (5) Fae of a quick change=over
low temperature discharge eloaning svatoem,

O Toproved Clrenitry. (1) Power crowbar system (2) New coroidal
fiedd clrealt allewlng more Flexibilioy In sottiog up the REP
con{ LiuratLo .
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f2Y  Toproved NMoacposticr. (1) Yew small, hish resolurion magneil:
profesa (2) New arpreve! data aonuisition svten. (2 Newly  doevelajed
Tieee chamnel  fnterseronater [(8l. mis will ailow the measurcient of thoe

fn*rerit.d wloctron density alens fine parallel cherds  sfrultancoutly. A
aci-Tatle of the arragoment s shown 1a Fip. 6.
At the tine of this writiny the npsraded nefrine has Just hocene

arer tfonal,.

?"l ..:-_" i
de 'h:'.": 5
The D=0 gxyerirent L e next step Seyead the Zi=3 in the Reverse

9t
feld fineh pronram o at 1aSLhe The {nitlal objective of ZT=40 will be to
S rorrate weniinesont tine ecaline frem the results of 2T<0 and ZT-85. If
thee  renflresont tfie sealan ne “he nouare of the minor bore, ZT-340 will be
#raf’os fer ot least 150 to 2™ use A second ebjective will be to  operate
In & resiue elean ecaouri: to overoere tlhe (mrurity radiation barrler and
rof worhe rempeature T oot Teasc Ty =7T,~ 107 to 200 V. The actual
ter eratnres ast Levabls will desend upon the useful upper limit on curreat
doetiatyy Rl Loser 1indr of the exoratise plarn. dinsity  and  the  logses.
7 thee dfffmten eaciijedon hosesieg Tower due to che hisher T, values
porocer nafneaont times can Y oexpecteds The pewer-erowbarrod  ficlds  of
U=t ey b oreeepainet ferpoee 305 18e An unper limit en 14 and T, to "o
cortees e aenimnine elassicnl olinic beatine aud cood enafinement Tor 3 ms for
vasiews  ioan densities can M o 3een frem the cnrves in Fis. 7 obtained from
the Teprad code [2]. Siewn also is the offect of 0,5° axygen impuricy. Yo
thernni Sransors loesae . :Ir-,'.!:‘.'l'-il_!:fu‘d- Tn paximize che fon terperature, an
aperstog density of § x 10 =180 exT? Is indicated. I addition, ZT-.C
will e udgd te deteoraine the ranees o the enrrent and eloctron denaltiles

wvalh allow  the prwit tion of  stable confiwarasion:. 0L particuiar
fnivraat Is to dete snfue whorther there are any mierolnaeabilicies whisg
f=ror oo oyeer Tinfr en th . narie obiafe heagint current. Anothaer
ehiostdve iy Lu onerate with roducad ratos of rise of currens in orler ee
ottt ch v ity saale o ovep Wil cl st st Loy ran o contrelled by
nre ovews=fn oAb e ernnl oenrs ot The sedt revs raal fechsd ef oreduct!oon

e peversed Eleid condipuratdons wiil he stedlsd as a fueecti s o risetime.
Ar overall oL jective of the Stwdfes {5 to detersine the opudran operation
botween tivs venerally eorpeting reacto” reguirements of slow  risctime  and
low .tart up cacrpy lesied.

Be Neseription

2= has oa G0=en einor bero torus with plasoa aspect rarfo of 5.7.
The torms ecan e fed at o aomanivum of 12 peints aad has 12 maguetic cores
vl ly spaced about the teruse A drawfog of the HT=a0 (iperfacatr 1= ohoewn
In ™1, . ¢ The mavlrare mmther of Teedplates allewed  in the desfaun was
determiioad by the reguirement that the minfaun allewable foltial risctine
ef o cureent bhe the smme as Z2T=8 0 (265 Hn). The curvrent risctine 1a
Tepethened  te ~ 20 lis by removing fecdplates and shorting the respectlve
taor~ial feed pelnts, and by series-paralleling; the poleidal field
winlinese Very slow operatien (30 us to 1 ems) ean be attaloed by removing
Aall fecdplates ar! dndue by the toreidal  current by means of  torofdal
windines en the ontazide of ! primary e2 by.enerpiaing the ticld only with
the pover crowbar hies.

The Inftial experinents on ZT=40 will utilice a cerasie  diascharpe
tubue. Purtler  «Xperimmts with metal  tubes are plasned For the slower
expert~mts (I thelr use ean be shown to Lead to elemer discharpos,. T:e
diseharee tube s lTocat o] Inside a 2-er=rhilok aluminum stabilizing shell
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which gerved as Lthe prirary conductsr of a tr.msrformer with tle- plasca  as
the secondarr.

The vacuea  sysiler hae been doesipned to ke oll=frec and allows rapid
pulas dlachars~e cieaning and insitn haking of the vacnmr: chamber.

The hasic machine parascters for ZT-40 are sgsiven in Tabhle 1.

TAkLe=I

AT=40 HNEICN PARXILTERS

Major Palius B =]l4dcem
Minor Vacunn Chamier Padius a= 20 r
Gas Fill (Da.) p = 530 rtorr 3
Elcetron Denairr n, = 10°*-10'" en”
Tornidal Current Ip ~ 150=600 kA
Mean Toroldal

Current ensicy Jrp g2 kA/nmz
wnitial (toroidal) Tleid BY v 02 = 00T
tovers.-d=-toroldal Fl.-14 Bin =< =0.5T
P-loidal Fleld B)'m < 0.0 T
Aange of PMlasma

Current Risetlre " m 2.5 us to 1l N
Bisce Prosaure p, ~ 1077 torr

Y. TErY
A e Dimensfonal lybrid Simulations

T TASL one=-fzenii nnl hybrid code [9,10] has be-a used 1o study the
evolutfon of th pavncetic fleid and temperature praflles of tiee Z.0=¢
cxperisent.  Anormolons bulk transeort ecellicicats were requirsd to nchifcve
anri-rnnt with the measurad profil o Tue amozaleun electrical resdstlvicy
Wi, ™ ovieus calewlatiags of ST=1 (8] were fenn® U adegnne sty dener e
the Jeplasle-n ool early pesat Implesisn Lleld diffudon In 2T=3F (fere, np ta
3 pu), as [liustrated In Flpe 20i)e  Alao ag Cennl sopr AT=I [%] lascfoq]
reslativits alone did not account for the ohserce! dd5nston be g e
heatln;y in the 1ow denalty outer portfon ol the sheatl. ecaneced  the
resl stleicy to drop, inhibliting [ucther diffuslon. IncludIne  oxw:en
irpurity radiation with the assumption that the oxyeen denslty is elther
propori.inial  to the corprossed deaterion demsity nr rconstan! (the 1atter
Intendial Lo meck up wall erlasion of oxyien) lowers T, fn the dense core of
the plaszma but  deoes not eliminate the hish tesperature (~ 100 oY) in the
sheatiis It presumably would bo pessible to deviae, with rmea trial  and
aerrer cumputing, a2 wall emisston rate that would laad the rogion with
oxwuan In sucih a4 way as ro reduee the high sheath tesperature. Fxeopt fior
the Lacter pussibility, the obrerved ficeld diffusion tinat be a rosal! of
anuomalons resistivity.

A larte anormalony reaistivity e pvuired to F{t the Lleld data derine
the 1implosion. llowever, nt later times the reslstivity must docreade.s A
calculatlon usine the Chordura Eermula with the  aame  coef!iclonts
througheut the caleulation showed that the axial Efeld profile collapsed ta
about 30 tn 50 of the ohaerved fFleld at 10 ps and remained much Tower than
the ohanrved fleld thercaflter. In addition it 18 found that T, > 100 oV
cvervwhere in the plasma at 15 pu, whercas the obuwerved T, 19 Jess  than
30 ¢Va Thearctically this drop in anomialous reasistivity la . pwocted, since
the hizh velocitlies and steep pradients walch may drive the turbanlence
during: the implosion decrvade afterward. In fact, measnrements by Conminso
and ‘riem [l1]) demonstratoed a factor of 5 to 10 deerease In the turbulent
fluctuation cnergy and realatlvity after the implegion on the University of



Yarvland f=plach. Field profiles it 12.7% us frem a ZT=8 calceulation with
Ctedura esefficfonts decrensed  hy oo factor of five afoer the flrac peax
cetrression are cospared witl experiment in Fige 9(h). Yote that now i
Loftht of the axial field profile aprees with experiment (althow:h the
wildth of the proriie i{s a hit tee narrow) and the cexperimental ar.l
rheor-tical  : proliles show a slmilar scractures. In this calculatisn
raliocior froe oxeeen {npuritie: having 2 constant density protfile with a
valine M7 ar F1°1 Jepaity was inclideds In a previeus calculatlen wlitheut
che radfativie loss the plasma  tewperature  reached 100 eV evervwhere at

tazihoush the Fiold profiles were similar to these in Fige 9()). Ta
Five 17T, at 1.5 en is plotted as a function of tire for the calculatien
whilah Includet lossoes. Mot that these tempo ratures are qulte consistent
with the reasurcments in Flge 3(b)e iuring the 15 us  calculation for a
power  loss of  abour 10 MY per met.r which is cozparable to tae average
meastred wower 1ess renerted in Sce. IT(R).

In ¢conclanlon, the anemalaus resistiviety usdd to medel the ecarly tice
Foavior of Z21-f also desecribes the early ti-e fleld diififusien in ZT-S.
a0 Tater time boebhavier of ZT-5, with fts enhancued confinement tiee, can
Atxa e oaedeied providid that the recistivity is deereasci at late tire to
Acerunt Sor the enpecte! decrease 1 the  turbulent fluctuation  eneray.
Yhen franarfry radfation rrom oxyveen is ineluded in the calculation, and the
coveoen W ocdty i3 chiogen o be within 1ts cxpericentally deterained  range,
tie caionlited and measured T, are cerparable.

Sizulations with this code heve nlso bewvn done for ZT=-40 parametors.
Tin wrodicted Tfinld distributions for a 2% !5 current risc and a pregrazned
rrveraed ivld are shewa 1o Fige 11. Chodura anomalous resistivie: 13
vriede The simulations <how that sheath thlcuness Is  cemparatle to  those
roed  In the  previeas 2T experiamts so thaco with the larger radius of
7T~y the »~elafdal field s well exclwled from the main body of the picch
for wel! over 20 ase The eateulations indicate indtial wear temperatures
e Lho order of 100 oVe  Turther propramming and «<tudies oo rhe  stabiiiey
nl ghe rosultine egnillbrin proriies are Ia proarora.

15 5.5

e T Topestdimt Tor-Lial 0D Sl gtions
o General. Tyo=dimensional MED  simulatlens  of the LASL reversed
ficll pioches ZT=0, 27=5, and &7=30 have been rade.

e mmdel uwied s the  single=fluid, timge=diopendoent, axisyoeerrin
ruraactabsdrodynanfe equations: with dissipatlon.  Taitfal ceadition: assume
A Jully fenjzoed lew tepperatare plasma at rest, wit®:  appropriate bias
toroidal  fleld. The  oquations are driven by time=dependent boundary
copditicns: the toroldal icld and tie peloidal flux are prescribed as
furctions of 1{me  In asgrecaent with  ele experiseocal cenditions.  Thae
rolafl:l flex is Iadirectly  extrapolated  frem the presedfboed teraiial
crrruent.

The oniv  adjustable  trassport and  dissipation parametlers were the
Fallowle:

(1) Fleeteteal conduetivity==hoth scalar classaieal Spitier
conduetivity and Chardura [12] anomalous values were studicds

(2) Thermal conductivity=—a censtant  value  abomt equal to  the
clati{eal parallel heat conductivity for a 4 eV plasma aceounts  for
auemilous effects as well as  radiation, not otherwise accounted for
explicitlye Remarkably, the same constant value (2 x 10" ¢ps  units)  waa
found te  apj-ly to both ZT-L and &7-8 (a: well as the ltalian RFI NTA BUTA
anml thie Duteh scerew pineh =13 in the  sense that  the predicted mean
temporatures axree reasonably with experimental values.




-0

(1) Nunerical viscosity was used In nmoementqora et foma coc -ive
stability, but 1is small in effect compared o other dissipation:.

(4) Low density cut=ofi in vacuum  regpion equal te 57 of  laludal
fillin,; densitye.

The equations are solved nunericallry in an Duleriam erid  In
t. reidal=polar coordinates, and the stan-lard ADI methcd is uscde [13=] 7]

2. _Fesnlts for ZT=L and Z7-S

(a)__Field=nenatration. The diffesion of the mannetic fioll!l i. nmere:
direc~ly centrolled by the electrical ecomductivity than hy the other
transnort coeffiecieonts, and {t Is Instructive to oxanine dirforent
experiments at the same  time. Figures 12 and 13 shiow I, and B. ar
fun:tions of position at different tinme fastants for Z7=1 and  20=3
roaspectively. The dashed lines 1in Fip. 12 ar: ohtains! Jer a prrels
elassical  resistivizy with a lew T, doe to the asorcal ms Lhor oo
conductivinsy uscd. Cne concludes that  for the terperature ad currst
density ransies of these exporinents, hoth elassfcal (with snemadonnty 1o
Tu) md Chudura resistivity zive reasonabhle anreomont, alrhon - Inrins e
iaftial usetting up plase, the Chodura resistisicy pfieex sor-vhal el r
currarisonse.

M Loneror time Yehaviore The slzulation runs  are carri.d cut oo
near=couilibriume For this later phase the anom.ilous reristivitvy —cave poer
cemparisons and  the actual resistivity appears to he close to clas- feal.
For ZT-5 the radial osecillations in the calculatlon darped in o~ » oun In
agrecment with observatlon.

() _Tornidal offccts. Thiz sizulation dons not have  the o
dot:iled phrsles as Iin wmany 1-=D slnulations, hut It deos ofee oD o
nfrocts automnti-allv. The following partfcelavi: (ot resgine Laeidal
phenoniena should be noted. Fipure 14(a) sbows tie tersfo:1 shifr of 7
punctic axds verms time, and  Fia. 1a(Dd)  shown thee wfde s e
current proftles sices 1 vertical diare s o pond alunge g horedeonra® 8L or
of the pnloldial plare, as a consequence of  the Loroidal Lhiii.
toroidai "Lttt in ~ 1 emy about twice the siIfl cosput.J o aewguslae o 0d s
cquilihrium. This  larser shift is evident!s due oo the rorcid il ol
flow thet can be seen {n Five 19 These differences  are feporiant Ua
Interprecving  measured  rosults  from experiments. In Fioe 15(0) are shown
the tiwrre compouents of velerity In toroidal ecvordinates as lLimetiens  of
time at tha two pointd indicated In Fige 15(h)e Prominently vizib'- ls a
shicar {low in the toroidal direction, induced by the § x B [oree in  the
poloidal plane (the toroi-lal  curvature causes j and B to be not axactl:
parallel in the poloafdal pline)s It wonld be interesting to oebuocrve thia
flow In actunal cxperinents.

3. Predigtinns fnor 2T-"0.

Figurae 16 shows the predicted carly tinme ficld profiles for 27-30
usinpg Chadnra resistlvity. The temperature at early times s about 70 oV.
In this case, the preseul method of calculation can at best give the
correct inftial behavior and dynamics but the correct late time behavier
mist be ohtained frem quasi-cquilibrium type of diffuslon calculativns.
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