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Los Alamos, New dexico 87545

ABSTRACT

The engineering design of the toroidal magnetic
field (TF) Aystem for a 2-MA Raversed-Field Pinch
experimen: (ZT-ll) is described, 2ZT-H im designed with
ma jor radius 2.15 meters, minor radius 0.40 meters, and
a peak toroidn! magnetic fleld of 0.85 Tesla. The
roguirement for highly unifors fields, with spatial
ripple & 0,2% leads to a dealgn with 72 equally spaced
circular TF colls, located at minor radius 0.6 meters,
carrying a maximum current of 9.0 MA. The coils are
driven hy a 12-M] capacitor bank which is allowed to
ring in order to ald the reverdal of magnetic field.

The mechanical design emphagizes casy accens to
the liner and avolds the interlocking of TF and PF coll
structures, thus allowing ceasy removal of the coll
asnemblies. Two alternative design conceptws are consi-
dered for the TF colls. The firet conce;t utilizes a
I=inch square prefabricated cable wound onto a rotat{ng
spunl which {s structurally supported by wedpes and
boi,* tastened to the machine frame. The other concept
ut flizes more convent lonal preformed 1809 wegments  of

J=Inch conductor  comnected  through balted current
Jointn,
A BLress ana'yeir s presented, based  upon

teanion, centerfug force, and over-
turning moment, treacing thewe as . comblnation  of
wtatie  loads  and connfdering that the pertodic nature
of the loading causes 1ttt ie nmplitleation, The  laad
transfoer ol toreen and momentn {8 consldered an o
atrens d{atribut foa  resf{sted by the cofls, wsupport
structares, wedpes, and the structural shell.

caleatated  hoop

INTRODUCTION

2T 4 a propomed . MA reversed -1 fold piaels (RFP)
devlgned  to wake  signtticant  oxtrapolation ol the
present  REF data bawe toward  hiph energy ddeoasfty
Feactor systems. An oall core aranstorme T will be  uned
tao fwleee a0 planma catrent  of - 2=MA and a toroldal
wolene il will produce a peak toroldal magnet{e fleld o!
0K Terla.s The phvateal dimenutonn ot the placma will
he ma yor vadlus L0 metern and mlnor radive & 040
meterra, (e Pl 1)

Slnee an RFE operates o o Tower value of torabida?
mapaet b b leld than o comp rable Tokamak tor tae  name
plasma cvrient, tThe destpn of an REEY typleally beonm
Tomftod by omes antd wl atprensos on the torobdal  1ield

cntln, The most fmportuant Tactor (o the deslpn of the
magnet {o wyatem then beeares the  allowable  magoet |
fleld erveew In the plaume reglon, For the toroldal

Piehd ayatem, this amamts oo wintmtsting  the radial
wpat tal fleld pipple and to
comtrell oy meo hantoal tolerancen.

magnet v (leld
Fioat e crftienta tor maguet be fleld
crrarn are dincanned, an well an the planma phyaien
ailpann ol The crlterta, Second, the conpegquenoen ol
the cifterta witn sapeard *o the umbey oi colle and
padtal  pontt fontuy are examined,  and weveral  cotl
cont Tpatat fonn e compatml by caloulat tng the magnet {e
fledbd dfstntbat fons cmmertoally, Thitndy the mapnet i

Thirn paper dlncusaes the torabdal
nyntea lor ST W,

*
ot perboreed onder the aunplees ol e 1, e

Depatr fment ot "nerpy.

B :411“&.!!:. b

Fipure |
(VERALL, VIEW OF ZT=1l MACHINE STRUCTURE

fleld forces actiog on the torofdal field colls and the
suppurt {ng torus are analyzed. Next, a novel vcofl
denign {8 proposed wherebhy pretabricated coflu ire
wound in place oato the wmachine by utilizing "
"ataging" sapool next to the machine, thus eliminating
the need for multiple conductor current jolots  fn the
cillu. Finally, the resultn of a tinfte element stress
analvefs for the main support frame, bulkheads, amd Uhe
support fnp aluminum shell  re presented.

A silmplificed analvt e analvain, supported by wore
detalled numerical 1{eld Tine tracing, todicates  thal
In order to avold magnet (e fulandn above a plven 6l
the radial  component of  anlsvmmetvic tleld eriomes,
normalfzed to the polofdal camponent of the mapnet b
{{eld, nhould watislv the {neguallity

Ao, ety
AL L (:ll/.l) o
By I
whe ¢ &b In the 1tadial component of the W't e
field mm']u-
K, In the potofdal componen of the mapnet o Hehd,

nola the mode numbey

a 1 the minor radfan ol the plawna,

0 i the derlvat tve dyfde of the g profble, and
Ar/a In the mantmum s llowed 1 wdial width ot the
mapnet e falamly,

The tnegquatfty muad be wabt bt fed at the bt foal
reversal surtace, where the toroldal mapnet o el ae
VO TN, Howeved , for vonnereal bve desdpn put poses e
regquive that 't e watinf fed  al the
p lamma,

Melng  numhers appropriate tor ST 0, acaay, Wb,
and teqelilng Mya v 000 Claee that the falamd widih
he  lean than the diataper hetgee the teveraal laven
amd the planmn tallowling crtrer bon
1eanltn,

i laee) 1l
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The maximum field errors tor various
mode numbers are summnrized i{n Table 1.

pertinent

TABLE 1|
MAXIMUM PERMISSABLE FIELD ERROR

Mode Number Marimum Error

S D oAb/ R
| it
1. AN
T4 90
\y 1.4
AN 1.81
1. 20

The  mont dmportant moude numbers in Table 1 are
woe bamt s 1 o= ! bhecauns the maximam permisdable
crror s wo o small, and o= 17 becaune the maln support
structure tor the torns connlste ot twelve  vertical
hulheads spaced equally torotdallv around vhe machine,
(See Flpe D)1t fs dittleult to weet the noe 1 mode
ciliterfon almply becawse of dittfealties o mechanteal
toleranees, The 0= 1 mode, While not o ditt leult
will apprar wien the machitne {8 fired and the torue
tries ta tlex Inoan n o= 10 mode, In view ol the
ditttenlte o analyzbog the stat o and dyvnamle proislem
vxactlyv, ot tleld ertar wan ket an oa o preliminee
tarypel. The tollowlap crlterta woere
et abhlisched,

dedlpn

1y The vadbal vomponent ot the spatfal ripple ot the
mapgnet! e Plebhd ahall be loan than W0 pauns at the
plasma sartace,  Thia cortesponds 1o 0,82 of  the
polaldal  mapnette tleld 0 Tesba) produced by o
St NN planma o connrent ot o mines radiue ot a0 cm,

D The vaddbal componeat ot the error Telds
by the carten® toeds gl {nteteonnecttons to the TF
colle shall  alao not (LI Thin
tewtenn tion plaven an upper Halt on the cunent tyn

Phee comec o ta the T colln, aml alun placen a
Tawer  Timft an the toial namber of tornn that mual
e waed Ao the 1 wiwdinge,
1 Thee v PHelds due o oant L |||.-|||-|| toletan en {n
the ettt fombe s amd altpmment of vhe TEocolle ahall

ot enceml W e,
Compan fnon ot Several TF oll Coed |u|||. o

Several 10 oot cond fpanat fonn werte coan bdetad o
S i v oot tparat foa, the pontr fine ol che TH
ol et apec HE el and the Y D omagnel b Hleia o
LIEE wan aned 1o oplonbate the rattal componeat ol th

Three ot ITluntiated in
Phene b Yol comfdpnrat fon allown wpactog ton
the voopmubatfon of % b diapgnont s and/Zor womp
porta o twelve tortobdal locat bann, Flpare 0 A nhown o
view af W Uatratphit™ oot medulben equally apaced every

10 depreen aronm!l the torun with e modate contatnlng

Hotatnn, Fipime Wt wbmtlay, oxcept the colln ae

taperad in order to reduce the spacing beitween coils on
the outside of the torus. Figure 3 shows 72 stralght
coil modules spaced every 5 degrees around the torus
with each module containing 4 turns.

The spatial ripple amn a function of radial
position of the coils for each of these configurations
is shown in Fig. 4. While there s an evident
advantage tn tapering the coils, there 1ls a greater
advantage to increasing the number of coll wmodules.
The 72 coil configuration waW seiected for the 2T-H
denign, and for a coil radius of 60 cm, the radial
error field 1im only 0.12Z, which {a well within the
target criterion of 0.32. This allows a wmargin for
future design changen, and for tolerances in
poriLioning the TF colls, ar well ns allowing for vome
uncertainty concerning the precisfon of the eriterion
Ithe't,

Tield Errurs from curreat Feeds
The error fleld from the current feeds to the TF

colin can be entimated by assuming that the error tield
{n predominant 'y a dipole, and Intepgratiog the dipol
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Figure 1
TF Cofls Arramged as 72 Coill Modulex
Showing coll locations and magnetic {lux 1ines

e00

800 ~ \u -
gmo H l’\ h
g |\ \
:l 190 '\“ 18 ATRARINT RS
= \,
nh-_-ou IAF:.IUI' \ \-\

100 et k' -\.. (L.}

R U R
ol e N T

S0 A0 ro #o
MINOR HADIUS (1:m)
OF TOHOINDAL FIELD GOILY
Flpure 4
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tongtth ol the eutient teods,  The
A fotmala ot the net Hield v,

contyfbat b avey e
.I"ll‘l' |'-

1] 1 .
n - [T (11} - tn

whrde 1w = aotal pelobda) ampese Tuine
N - mmber of tarne per modale
i numbet ol coll molulon
A= chomn b dlatamee to plane
= nwpae Inp between cnrrent feals,
NM - ot nl neber ol FF turnm

the  tortmaba can be wned Vo detormioe the wiy (s
by af total tainn wecenary to hald (e ervan el
helow o glven vaane:

My Lpar 6
>o'm1'

NM TR WL (4)
¥or ZT=il, the perk reverse current will be

Ipgr = 3 % 10t ampere-turns, for which NM » 104 turns.

The error tiald from the interconnectiuns hetween
the coll wodulen 1is approximately the net {leld frm
two antiparallel currents,

byl . ¥g Lror 8
Sl T Li/R=1/ky ) = I8 NN a7’ )
where & = apacing b2iveen Interconnect and roturn
u = dintance between current  path  and  plasma

surfuce.

Ry fixging the nuabes of turnk, Eq. (%) can b uaeld
to detoraind how far the interconnects should he trem
the plasma;

at e Lol 4, (n)

For erample, 11 NM -~ 2HH turna, then a2 0.0
melein,  For this cade, the Interconmeotn could bhe mule
ar b ewmootslde of the eofl radius,.

The tloal  deslpn cont lgurat fen tor 2T=H conelars
of 73 coll mrlules, radine 60 om, ewaly spaced overy &
degreen around the torun, each cotl module contalning
turns, tor a gtotal ot 'RR rurnn, aml wilh the
fnterconnectn hetween oodales welng made at o mlnm
radiun ot hd rm ur greater,

venign Devcriptfon of the Torofdal Windfags Suppar
Stiwcture amd Loads

The  eronr sect fon of e toraldal voll tury was
townd to he 9K (07 tain baned on a0 total  torfdal
varrent ol B MA, & current densbry of WA Lo, aml
JRE twinn,

Recauue of  the whort (0, wecond?  egofvaleat
it e wave  and the W0 pecond repet ftfon ate, (0 ds,
ut neeepnary (o conl the torotdal  comductorn, The
ciatrent  joint wan tealed at 0,000 ampr tor [0
dirat lon, and then repeated tor qeveral  haes ol Won
wecomd  Intervale wlth a sesult Tag averape temperat e
tiae o the order of R I, Computatlons b
values  af temperatuies of lens than ' between pul e
for 3 meeond equivalenl » pue wave,

Placement of the AR coppor tarns s Cledaton oy
magnet i ({eld e wpeeifioal Lonn, They mand In
nulloraly mpaced alony the chivumtetenee ol the tore,
tn achfeve (e apeclfted ertor fleld, The asfmsthal
and aadial portttous of the teratdal collp are Turthe
ol luenced by the sl Tor wesws t the abell and
Tuer, amd the apace allocaies (o0 vAcvium nnpls and
dlapuont te tubulat tonn, St inlving there  desipn



condicions resulta in 72 evaniy spaced locations for
the toroidal windings, and requires adjacent 2 x 2 turn
coils. Each turn will be prefabricated from 1|5 strips
of 1/16" thick x 1"-wide Formvar coated copper to be
overwrapped with insulation and us¢ed as a 17 asquare
cable. Because of che differencial length developed
between inner and outer copper st ips, only the first
2" of the copper strip will be roldered into a current
joint to allow the remainder of the 25-foot long strips
to be wound into 4 two-turn col.. [he ends of the 15
stripa are then trimmed to suit, and the other current
Joint 12 formed and soldered. A threaded sleave insert
is silver braced into each end of the 1" square copper
cable, so that the beginning and end of each two-turn
copper ntrap can be bolted to the next coil in seriea
or to the incoming power lead (mue Fig. 5).
Tranuferring the profsbricated cable from a wooden
#ponl  anto the machine co!l form yields easy machine
ausembly and reducen the mumber of current joints.

-t

“_. e
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Flgure %Y.
Tepleal bour Turn Toroldal coll Anneshlv,

The eofl support torm In mule trom two  partet o
thigeeringe bolted  to the shell; amd the coll support
torm.  Toe vall support tore can be rotated unt il cach
ol the tomr TF-cofl turnn are wound, amd can then e
wenulely bolted to the flange ring. The (nalde  leads
ot the twedwn cofls are electileally conpee:ed 1o
el other throupgh o tecess In the 1aDe ol the (oll
tormg  thereby creating o toar-turn coll.  The leads at
the coll 0.0, are conpectod (o metfen (o the  adjacent
trt turn cally and the tloal eoll lead Rtarte the
Tetain taee 1ipe 0Y. the Lurenls toreen at the  leads
ity tesistodl by Lampu, amd by meann ol mechanteal ly
taielay the lncomiag aml return powsr THnens.

vl pe
vring toree and & toppling moment .
Thewe totoes weve tpeated an a combinat fon of - wtat e
Foaday and vhe peviodic natare of loading const raed to
b e an v canne vory 1L Le ampl il {eat Lon,

The vertlboal aml radfal torees, m outward
mapne? | bring about hoop  tennton In the
vollve Because the magnet ic foreen are nlrongesr on the
Insbeles than the ovcilde ol the machine, they o
corterfng tomees Thin can e goen from the  eguat Lan
III i Wl-JtrR, fndleatfng that  the tarnldal sagnet e
tield farcane with decrvaning major 1adtun of  the
el me, The  tomamula tor the rmdtal Tores per unit
L h of condu 1oy T

L}
Figure &
Arrangeasent ol Toroldal Coiln and Puower Lepds.

to= IR /00 4 ; contt) (r;

where;
|" = 119 kA/voll
= 1 Tenln
||’Il = 0,1

[ 4N m
Agchine

tn the outslde of the gachine (v = 0V 1 |y
(i Ibu/in)  amnd on the tnebde ot he
(u = 189"), 198 kN/m (11790 D1be/in).

forved over the entire coll
'n torce  of K9 kN (0,
pounda).  Due to the Tateract fon of vertfeal (leld (Ilv\
and  the poloidal I‘Ilrl'l'lll (1) eich cotl {1 Hubjectod
to A torque = wr’ IpBys or the equivalent  of 1l
toppling woment lu-mllnu to overturn the cofl (nere
Flus /7)o For k, = O, 01 T, the torque la '.% kNm
¢ Ih,000 ||-“'III¥ The resulting miafonm loree per unft
Tength at the top and bottom of the coll, 1 = M6
lin/In.

Integrat ing these
rennlts o na aet

Houp and Gont vilug Foree Strerpen

The loop load, which 1u aked on o hoop toree of
mun Lhwfin, tn distribited over the copper windtngs and
the  tenklon bhawding ot the cofl tosulation, ..l
restrained by the tigh Iy tirtling elips along the coll
circumlerence. Avnuming the cuopper tarwn to b anoa
Jow trfiction intertace wiirh renpect to each other, anld
bhe comparing the relative atiitnesn ol copper and eling
on the banin ol thelr r dial deflect lons, we find  (he
copper to 1o subjected to o bepding wtress of R 700 puai
aml hoop atrenn of &, W00 pai, e selectfon of 0L
vl worked copper witn an allowable vield stress of o
kul will provide a 2:1 aafety factor.  The thlckneas ot
the angle cl'pa will he VH", and the *ilern al the
wnt erial no orfented that they oppone {lerne o
to atrlve At A mate sargin to1r the beadiog stiesn.

The net (~utering toree o each T, Fo coll in
trannfereted trom the ecoll support foim 1o the nherl,
The calvulated value ot 5 In" for the mapport 1iny
moment of Incttia vesults (o a centeting fotee attedn



Flgure 7
(A) Toppling Moment Acting ou Kach Torofdal Coil
(B) P'ressure BMiferential Hovp and Centering
Force Dagram,

ot Jom rwl. KFeery derall amd bolt t'n the entl
support form subjected 1o redial ceptering loads waw
fuvest [gated  for whear and binding  wtressen. The
resulte assume ol of  the radial  load 1o he 1iiut
resiated by the enll support, sml then  transierred to
the toroldal dahell,

Preloaded rpacer anpemblies will be  installed
between al jaeeat toroldal colls to 1epint the st fect of
the toppling mom nt (Ree Fips B),  The emphasis will be
on plaefng Sk o, thene wedpe #pacers along bhoth  the
Lop amdl bhottom cfreumterence ot the torue. It s
uiderntoml, however, that al!' dpacers mast be In place
and  preloaded  ta accomplish the braclng agalnst the
nud=directfoaal toree along the major anfn ot the
tolus. The i [b/'tn foiee venulting from the
nrepturning wgent , oceurs at the toy and bottom of the
T toll, creattng Lateral onltng o shear at resses.
The lateral bepding atrens on the support form alde
Vhangen  bu on the order of 7KK pel, As {n Lhe case
ol the centerlng toree, thane  loads sunt firat b
reafated by the coll support form, then transtered to
other niructur, i clemsentes The toppling soment  Toadn
are absorbed by tne wedpgen amd the torotdat shell,

A finfte comblwnl clome. ' aualvein war perioreed
ta fnvent fgnte the ofinet of torees Irom maguet i aml
viicnum  lands  on the maln guppost 1pam, hulkheads aml
the auminum shell  (kee  Flg, 9), The amlynin
toneentrat e on the di11erent lal pressvure loadisg, the
torobdal cofl contertn, 1oree and the toppling  moment
whivh  coaene ntrednen an the dhell o oth the torofdal
id polotdal diyrect fons For swake of clarfty vt denln
weparately with edther the toratdal shell o= the upper
unpat Htuetare,  hat mmulders common Toad
g

Ruck oo cmanents of e vacoum toran, connint tog
of whell pwt bellows Tiner ) wan conductedd by conulid-
g i ) the prewsure difterenttal of 1y pul el ween

Figure B
Preloaded Wedge Assembly to Remiut Ocorturning Moment,

Flpure 9,
Sealed Deflectod Shape of Finfte Element Madel,

TARLE 2

EQUIIVALENT LINE LOADS DUE T VAGUIIM, CFNTERING FORCE
AND WERTURNING MOMENT,

Equivalent External  Equfealeot Line

Luad Premmue (puf) Loed (1h (o)
Vacuum 14 LTI
CGemtertng Voree Ell] 1, han
Tuppl tng Wadgoes L hn
Total B3] a,

the vaivum sl preamsure wide of  the Hper, H) he



toroidal coil centering forca and, c¢) the transforma-
tion of the toroidal coil owrturning moment into wedge
rreload forcas on the toxus.

The centering force (20,000 lbs) and the toppling
noment (36,000 fr-1bs) are converted intn an equivalent
e>.arnal nressure or line load acting on the shell.
The o«xternal pressurc was used to calculate overall
torus buckling, and the 1line load for nonsymmetric
buckliing evaluation.

Buckling Calculation

The theoretical buckling calculation was parformed
in four wavs. The first {a based on a long cylinder
the name diameter as the minor diameter of the torus.
The theoretica buckling pressure is from:

LB (ni= 1)
Per Ty (8)

Two wethods of comput ing the buckling pressure of the
Lorus were used:

t 7

\
Per 007 ME T . 9)
LATeeT)

P - .*'..'.' . (1)
r

And  tinallv, the ickling of the curved beam sub ject o
to acentering Hne nad toree wan computed,

ey ~ L] » (11)

Analvaln

Eal Lure Mol Gromet 1y

Lol Buck ity Lamg evllnder

Lo B kllag Turun
Loeal wwe Axlaymmet) [ Torus
ekl 2 of tomn !

Aul favmmitty 1y Curvail heam

Thearet leal
Buckling lLond

Vaho puld
H0 pal
YA g nl

141,000 1h, In.

whare

Young’s modulus;

Poisson’s ratio;

wall thicknass;

radius of cylinder or minor radius of torus;
major radius of torus;

moment of inertia of baam cross section, the
minor croms section of the torus In this case;
buckling mode number.

MEN T C >

Results of Toroidal Shell Analysis

The torus was wmodeled without joints . 1 diagnos-
tic ports (unconservative), and did ner consider
stiffening supports =t 30° intervals (conservative).
The losds on the 1.,875=Iin. thick shell arc summarized
in Table 2 and the results of the buckling analysin are
ahown 1in Table 3. The differences between theoretical
huckling and design buckling are based on an
imperfection factor of c¢wo and a safety factor of twn.
As can be seen from the table, the aequivalent applied
load 1is batween 1/3 and 1/4 of the design load and
therefore shows the torus design to be conservative.
The shell astrasses were alano computed from a bulkhead
finite element model resulting in an actual stress of
7,000 psl, which compared to the yield atresn of 30,000
pal reonfirme a &:1 safety margin.

Connideration was given to the use ot 1"
Holid copper bar pre-shap=d to fors 1809 gogments,
Juined by tungue nnd greove bolted conpect fonn. Thin
would be & mure desirable approach from a wtress point
ol view, the copper having the capablility to carry more
load, thereby transferring lean load to  ad jacem
Ntructuril elements. UHowever, the consequame would be
a  greater mmber of current jolnts, and the ditticulty
ol bullding four-turn coils, two turns high with proper
fusulat fon  between  turns. uring anscably ol the
machine {1t would be diti{cu’t to torque holted  joints,
whicrh hy wnecesaity would have to be olt=set from one
anmnther. The bolted arrangesent of eight 180" turny tn
form a four-turn enil would he more expendive aml pose
mote mpace lmitationn on diagnost le accenn.
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