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Abstract
The design of the 2XI1-B pulse enﬁ system {s pre-

santed, Development of the coll geometry 13 given as
well as the results of mignetic ﬂeld :nlcullthms A
discesston of the forces dewelaped by this high energy
coil set #nd the electrical stress on the magnet insu-
Tation 1s presented. The results of materials selec
tion for bath the coi) drsulation and structure fs in-
cluded and also a description of the fabrication proe
cedura,

Introduction

The 2411 {s a pulsed emperiment designed to study
plasma confinement in open ended geoostry. The machine
i3 currently being modifiad by the fnstallatfon of a
Tew pulse magnet set into tha existing apparatus. The
new arrangemant is designated 2Xii-B.  Several chanpes

_{n the magnet aesign have been incorporated ta imprave
both the operation and reliability nf the system as
well as its performance as a plasma compressicn and
containment device. The coll set 1s part of an overall
sachine which Inclades: & nan-conducting high vacuum
chambar, end tanks and associated vatuum pi l. :ryu-
genfc lfners and sublimators: large neutral
sources; and the energy distribution/supply mhmrl

and dfagnostic apparatus.

previous machine has been described! and ts

thown in Hwn 1. The 2%11-B Tayout 13 given in Fi.
ure 2 which shows the four active componants: dc qug
f1ald solenalds, Yin-Yanp? plasma coepression coil pair,

ses {t ay neutral fons are Snjected,
:hlnpn heve been saje to the corpression cof) pasr
which forp the haart of the machine, The sost ctvious
impravecent fs the lnllrve‘nt of the transverse aper-
tures ylefding sbout 4.5 times the area availabla for
nlntnl beam {njectfon. Larpe sourcas are now being
7"" for intensities up to 800 acperes r.uwlm to
the 0 ualru source presently used with 2X11
cospression colls are constructed ullh 2-1f2
turn -mdinys which has increased the {nductance over
6 tiews from the single tum 2XII cails. This wiNl
anhance longer plasma contairment tims as the lntrin-
sic L/R time hes Increased vp to B0 ms, Many
Seprovesents have been made that reduce -duniul w
wctrical stressas. The m-pmllen colls are wound
f41ar 5o that tha current my be split yp into four
wads per winding, reducing Yead stresses by & factor
af 12, Thr gate magnels are canstructed with lasy con-
ductar, much Simpler to fabricate, and with reduced
coupling to the main coils to minfmlze fnduced poten
1] of the pulse coils are wound -m« 814 fnch
square hotlow coppar conductor. Much effort has been
made in materials selection, sapecially -m- regand to
alsctrical {ntulation and the structural material, The
bulk of the magnat construction effort for the project
goes {nto the magnet ruinforcesent $o that particular
attantion was given ta fabrication methods ia &n at~
to reduce construction time and sisultaneously
bulld & stronger, more ralistile magnet snu-. The

i Tures are
v-urly lwllbln to rapair making nllalliv & kay
raqui remen

Magnet Geometry
The geometry of the compresifon cofls was deter-
-\ud by making magnetic Pield ul:ulnmu lor
of geomtric paramiers 3¢ wern furl terated
te atcount for various conductor sizes and |lurlllml

rrlur-d under (e avipices of the
.S. toait Enargy ComiSsion

‘ lhum ln Fipu

1in the number of turns and filars in the winding. The
geomatric model used in the calculatians s shown in
Flguru 3. The principle concern was what effect vary~
ing the minor vadius had on the mirror ratio and field
1fne shapa. Field calculations were made using MAFCO?Y
which represents finite conductors with filamentary
currents. Generally 8 2 x 2 on reg
lpprnxlmaud by & single filament, In all, f
lva bean computed tor over 50 different :unﬂgurniuns
nd the miryor ratios, well depths and flux tube shopes
m ared, A1l calculations were made with a 2 ki so1-
unnidﬂ base fisld and ! MA in edch of the campression
sat pairs. The 2XII geometry was used a3 a hasu for

- comparison which has R2 = 65 em and Ry = h = 21

Figure 4 iz a plot of the mirror ratio as a ﬁmcnnn af
the minor radivs for two caves {Ry = 65 srnd Ry = 70 om}
The mirror ratio 1s a !rh-lly' mk function of the minor
radius but !ncrllses in both directions from a minimum
value. As the minor radfus hecomes largs the mirrar

ratio incresses because the pofnt of maximum field is
sn"ted farther from the center of the magnet, The
-wel) depzh isa :tmng function of the minor radius as
{shown tn Figure 5, The f1eld 1ine shape remairad con-
vex toward the plasma {hydromagretically stable} for
a1l cases considared. The effect of 1n:rau|ng the
ainor radfus {3 to spread out the "fan® mors, but only
by a smal? amount.

Thesa calculations showed that tha minor radius
could be nmmy increased and sti1] maintain, and
even improva, tha plasma confining field, The geo-
metry i3 1n fnt Vimited by gther considerations such
a3 intereferance of the ulndings or excessive forces
4 windings become close. The
geonatry selected has a major rnﬂus of 70 oo and &
afnor radfun of 42 on, which greatly improvas the
uinble volupe of the magnet. This mnf(guntinn
"a)ows for Increasing the base field from 2 to 3 K
while maintafning a mirror ratfo of about 2. thn
atcount 16 made of tha Anter~turn {ssuletion
current density 15 reduced slighlly 0 that the final
¢oll paramaters compared to 2XII a

n-8 an
major radius R2 70.00 e £5.00
' uinor radiuy Rl 42.00 21.00
Tobe separatfon & 26.18 23.00
14 aparture  a 22.54 .36
cof] width w 23.50 20.32
coll thickness t 2.3§ 1. 21
obp angle (BTN

®hen operated at 1 MA per winding with a 3 kG bazs the
calculated 101 values are:

=912 46
o 7.60 16

mirrer rati 93
wil dlnﬂ! ® W% ot the vacum wall

plot of m 1101 lines nnd lll cnntnuﬂ h
& for the verticel plane. The
mss-nuinm and 1imiting ucm- u nu |n-
cluded, The dotted 1ine represents the -lrrur ar re-
Pection pofnts along the field THoes.
The gate magnats are simple coils of rectangular

aperture ut curved to confarm to the shape of the

main comoression mégnets. The slow gate {1 a single
turn coil and the fast gate is & 174 turn wignat to re-
duce {nductance pmdu:lng s short rise time. These
sagnats hive 8 )T aperture of 76.7 om and are curved




on a 104 ¢m radius, The field pmdu:ed by the gates
{13 about 14 G/kA and they will typically peak at 5.6
kG. The currant decay for both of the gates i5 rela-
tivaly fast so that their field components are n!gH-
y(hle by tnz time the main compression mn?

. {e e geomatric 1nput used far fiald :Alcula-

fons Is given in Figure 7 to show tha relative sizes

and locations of the coils. The compressfon mapnets
and fast gate coil are connected to feed rings which
are required to minimize lead fnductance and evenly
distribute the current flowing from the capacitar
banks, This arrangement is shown in Figure B for the
compression coils. The new pulse coil assembly is
somewhat Jarger in dfameter s0 two new § ft l.D
solenoids have been designed to supplement the exis-
ting 6 ft 1.0. colls for operation &t 3 kG.,

Duggetic Forcas

Assaclated with the high current resuired in the
pulse magnets are large magnetic forces which consti-
tute the primry mzchanicll design and fabrication
problem for f 6.7 B 1s dumped into
these cofls of uhi:h 82t qa:s into the compression
wagnets, Tha co{ls must ba restrained by a non-
conducting Structure that can absorb the shock of
each pulse and Vimit deflections to a tolerable amount,
The structure myst have machnnlr.al praperties to with-
stand a Joad that fs applied in a few microseconds
:ndd:usmned for several mi11iseconds, or static

[

The wafn coil set has, at any section through
the winding, 10 conductors in close proximity and each
clrrylng about 100 kA, Any forcas trying to cause a
conductor to “jump-over” its neighbor must be re-
strained,

Zaleylations have been made using FORCE" compar-
ing the forces on 2XI1-A to tha previous set on an
equivalent currant basis. Tha forces of course sary
at any location arcupd the coil, but in total magni-
tude ara Tess than those in 2Xii, This is due to the
increase {n both mdjnr and minor radit rasuiting In
Tower energy den:

Turn-ta-tum forces ol exist in 2KI1-8 which
ave rag present in 2X13.  Yhess must be determined
accuralely bacause excessive stresses could damage
the turn-ta-tu=n insulation causing voltage break-
down and subsequent coil faflure, These forves have
been calcula for every location on the magnet and
the cumulative comprassive stress an the jnsvlation
13 found to range from 4500 to 5700 psi. The mapnetic
pressure on the face of the winding is an order of
ragnitude lower with a maximum valus of 760 psf. In
ganeral, the forces in each af the 10 conductors ta
vary simflar to those of 2 single layar solenoid: an
nuhurd (radial) aressure trying ta enlarge the m?nu:

rture and strong actracti ve“? xial) forces with

winding Inmdll. Fi rl 9 comparison of the
force vactors sing 42 cn radius solenoid
'Ith thosa of lel B ll Ihl f the minor vadivs

Th lrluu in the col) structure for both the
M magnets s dlﬂ‘lcu:t to analyza
e non-

unn‘nu ludlnq.
n & cosmon “sea” of ralnrarmi epoxy whic
stress analysis indetersinate in nature,
llng'uuing the geomatry and J0ading 1o & more trace

but canservative case shows that stresses are
reducing daflection is the key

n: f the cof) structura. The farce on each

inbe of the compression coils {s about 550,000 1b.
The'core of the compression cull uructuu is I *bean®
of :uwlh. -urrhl bullt up bDeiwesn each of the
Yin-Yang The forces a:tlnq on this bean per
unft hngm are approximetely canstant and

_ discussed by Ki117.

upgrnximately radlally outwards, from the center of the
phere, as pointed out by Last and SkelletS, The lobe
deflection {change in halF aperture} has been measured
far the 2XI1 coil to be .09 inch. This deformation is
expected to be reduced with 2XII-B due to improvements
in the cafl structure.

Magnet Insulation

The multi-turn/multi-filar construstion of the
comprassion cofls {s used to achieve sufficient ther-
mal mass and inductance but of course 31lows for both
electrical and methanical stresses on the turn-to-turn
dielectric, The compression coils nominally operate
at a potential of 60 kv mkln? turn-to-turn voltages

This value 13 further increased due to coupling
u‘lth the fast gate magnet. The gates are canstructed
5o that electrical stressas exist only at the leads.

A testing program was inftiated {nvolving: di-
electric samples stressed mechanically and electrically,
measuremant of mechanical properties of resin systems.
and test coils cycled on 3 high energy capacitor bank
for several thousand shots. The results of these tests
were conclusive and the following insulation system
hes heen select

1. each l:oniuctur is covered with three woven
dacran sleeves

2. polyester f{lm/web composite strip is {nser-
ted betwean turns
3. the tundle is double wrapped with fiberglass

4, the dr_v windtng 15 vacuum impregnated with
epoy per LBL specification M208

Dacron sleeving 1s used because it is a rugged muleriul
permitting the conductor to be bent srnund mandrels
otheruisa formed, Three sleevas butld 5o that mre
1s_approximately .10 inch between turns, A strip
yester compus(te commonly called OMO (chrnn-ﬂylur-
cron) {s placed betwsen the turns, This added di-
electric will permit some {mperfections in the casting
without destroying its electrical integiity. wrapping
the winding with fiberglass tape adds in outer thick-
ness af materfal Yor protecting the nswlation during
subsequunt operations such as sanding or grinding on
gnet, The resin formulation dzs!vlted in su!:l-
ﬂutinn H20 pravides a low viscosity (150 C!nupu!sn).
Tong u 1{fe (over 4 hr), tough e syst
arriving at the abave huugltinn s,ys::n u total
of lhuut 40 1ndividual slm‘ﬂes were made and tested.
Frlllmlnary tests on parallel conductors yielded a wide
ranga of treakdown voltages. Conductors covered with
4tree dacron sleaved and impregnated with epoxy by a
hand wet-lay-up technique brokedown at 16-17 kv A
35 k¥ breakdown was measurad for a vacuum impregnated
sanple with the same sleeving. Subsequent dielectric
strangth tests on larger, mru complicated samples
resulted {n breakdowns ranging from 5 to 105 kV. Thiz
lack of unifarmity grmmted an extensive serfes of
sample testing fnvolving two epoxy systems and several
types of T1im and fibrous matertais, A fatigue test
described hera tavalved preparing specimens of parallel
copper conductors {.814 inch square) and insulated
#n a manner applicable to the pulse cofls, The samples
ware stressed electrically with a high voltage power
supply throughout a mechanical laading cycle which com-
prnxu :m {nsulation material to 8O, , 150 then
2003 of the working level in the :wussiwn magnets
for sueral thousand cycles.
samplas were tested. tmprovements in materials
and techniques ware made so that we wera finally able
to achisve good unlfor-lty in the specimen parformance.
A significant improvement was achinved by nultninn
tha vesin during dtm'n(w pr(nr to impregration
This test gave only a qualmuu
indication of the ovarall sasple performince.
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Ihl Tider contants for the 2X11-0

roperties
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psl modulus whan the
ly oty fabric.
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for the
o-e glamn cloth and roving. The glass i3 praimgragma-
with the epaxy system, fncluding curing dgent, by
'] lnul Firm (Meazel Corg.) and shipped ta LLL oA dry
1:- 10 that the remaing non-redctive in the
-3tage, Tha materisl i3 storad 4t the wce point lu 0
Tiqutd uumnn coolad traller at 0°F. When msteria)
1% required, 4 7o)l 13 resoved from the trafler and

e presrag
nwzm €11mg which lrma t condensed water vepor
and lllu lnr utlly CNELing the material with & rap
Elade or A _techaician can then steip the
plnli: iﬂ- oIl and Tay-up the cloth.
vallers of qrooved sluminum on & paint ro'ler type
hendle arg used to work out lrl.lm sir and comprass
the saturated cloth. ystaa rmdinc Lacky

18208 u ~Tace

per or
mang 11ty contro) tests dre luc fron randem
uq Wit mieria) safore 1L 13 vied.

Fold Fabefcagion
h of the cosprasaion sagnal pairs dre wound
lultvuu"_v on § aylti-anfs winding mandral. Prior
ta wi <! N conduckor §8 drewn through
lml;ﬁmln nllm then pnud s sand
blaster ta remave surfice bonding
the epexy. nu " nmm !1 3 thrae n:un
annealing furnace with an srgon atmosphars and & water
quench, m—« to daterming both
apring Nck

» Wl
and haystoning of the sanshlad tonducior on
an inside radivs bend 01 3 inches. Spring Back of
Hli qnch and lmmln of 020 inch were Adserved

th J00 1 lansion cn the tonduciors. A alnimm
rum of 3 inchas wis selectad Yor the Dends (n Lhe
Teads ad hey3toning b1 Twmgued by & Wyeraulic press.
Priar 20 berding, the condutter 1 Sriple sleered with
Cacron. The conductor 15 wound with minjmm tention
One of the windingy 43 shown in Hm

The complated windingt are thea transfared fo a
ullln umlun o maintsln dioenslens and The in~
ternal mandral coltapies and Is removed. At WS
s uﬂ»ﬂ uith ﬂmlus wusu,

1lpt yiese sheeis for
lmm fa (v cot)

fecher i3 added, It con-

g .f Ill Inch afumirum sheet and thicker tary for
The Jacker 13 sealed with KTV illnll:.
The cull s evacuated and baked out for several hou
and conti~ually chechad for ledds. Bakic) i3 l«u-
plished by circulating hedted water
ductor, which 13 #1390 the &aat source for nrln IM
tmy. fasin Teed i3 regulated so ThAaL the impragna-
tlon contuses appronisately 2 hr.  Sight glasies are
located (n the Jachet to wnlur the restn Tevel. The
Jockated winding 13 shown in Figure 12,

4

Cul
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n

Kelaforced Plastics/
7. ¢

he curnd ¢ re nnt tranifered to & 18

sindral and nM.nnd as shown in Figure 13, Ae thha
nln: a styroform form i3 butllt vp in the regfon ba-

turen the cofl pairs to shape the inoer surface ur
team.  The praprag lay-up 43 then tarted &

showm in l'l;u U Il. When the bads 13 built nul 1o fes
final shapa it §3 bound with reving up- which 1§ ur-
tally lhum in Figure 15. BSeass Of prapreg are also
conttructed for the gate calls. !M 18 gate mugnat
at this stage Is shown 4n Figure 16. Whes the co! I
subunits sra completed IM{ arg all anembled on the

lirge mandenl and the fina) structursl huna-uu Is

The 2X11-D pulse coil set M3 on Inproved 5

metry for accepting high current neutra) bu:s. M
coll desfgn has decreased mechanical and ulcc:rml
stresses spacificslly on the magnet L.
er insulation has bemn developsd to 1-mm the ratta-

1141y of Uw <011, The satarials ané thy method cf
!uhrluuon -amn w1l ,mgly Teduce deformacion
af the calls during operation.
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I-wmlng magrat saterials and Fabrication tech-
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Lafyrences
. Anderson. &t 81, “Unginesring Design of the
tlll . llh Sywpasium af Engineering Froblees of fusicn
Resmarch, mn Pesearch Lib., Mashimton, D.C., fprt)

zﬂ-z:

2 and A, F. rm. 'nn-u Rinjmm |0

mmm mu tul)' r Fugion, 3 {1969), p 2
u, A, Perking

[l - A Mg~
natic Fiaid Code for Nandding Cmrll tumn: ll—nnu
in Theee nlnmlm s UCRL=2748, Rev 11 (1968

. €. ﬂ Menning, "FORCE - A tmllr 'mr- tor
Calouisnd Nnmu: Forces Devaloped in Clectrosag-
netst, um-ml? (1968).
. J. R Lestand 8. sunm. A Tennis Balt Setm
Cafl for Masas Mmu Resed nd Internatienal
Confacance on Hagne! Mﬂm Cafard (1962).
University of tal forn{s Lawrence I«'nlu l.nur-
'Flnunlnl Lpony rnrulnln. Uali]led,
ts n Yagim llornnll(m of Mnll tcill . (I’lo)A
o o ML WYY 118, “Factors Balaving to
Deseration af !nlr lnlnl . mc Anval Technical
Conferenca, slt. Yol X l 81 m

eIty Al Gun and

:IIIU . Kll-llm {1971).
n_in Salll!-

isa and R, L. Moote, *A RoowIpeperature-
nm‘rg-y for uun:u Fider Compositas”, UCRL-

+ A, N, Siedert. at 21, “Toughness v, Fleaiditity
1n Epaay Resing®, 20th Anmual Technical Conferences
31tey lnunun. SN gm)
L.F. Goodrich Cham!

Gl
[C1 ::mln. nllfarnln. Privite :n-unln:lon.



Captiens

b 2XI1 Device
2. ZxL1-F Device
1. Gromgtric mode? of compresaion cofly
4. Mirror ratfo as & function of minor radivs
*  tell depth as a function of ainor radius
:;‘ llll-: {ll:.“ 1inet and {8] contors At Rl = 1 WA

1. tric computer Enput
l. Compression coils showing feed rings
Comparison a7 force vectors on the compretsion
mu uinding ta thots ef l strgle taysr solencid
10. 12 Ich tert solena
. Compressfon magnet an the windar
12. Compression magnet ready for vacuus !lpngnnlon

[l
13, th compraision :nﬂs nn the assmmdly mandrel
18, Partfally completed

Complated beam is plrr.ully tound with roving
tape
16. Fast gate magnet with baax nearly cosplets



- EAST COMPRESSION WAGNET

RETRACTABLE CENTER

[~FAST GATE MAGNEY
j SUBLIMATOR

4

WEST COMPRESSION MAGNET —

BARRIER MAGNET — 2
L /‘PI.ASMA INJECTORS

—

\
-1 ¢ MAGNETS
10FT DIAMETER

d
\pu.sm DIAGNOSTIC ACCESS

FIXED END TANK /¥

SUBLIMATORS ~GUARD VACUUM

PYROCERAM VACUUM WALL

OIFFUSION PUMPS LIQUID NITROGEN COOLED SURFACES

FIGURE 1



 Pyroceram
~ vacuum wall
Fixed end tank
- titanim sublimators

LN, cooled surfaces



5
D

.2 Mejor rodi T
Ry = Minor rodiva +
°



Longitudinal Hirror Ratio

2.3

2.2

2.1

2.0

1.9

| L L L N L T
a=22¢cm 1
%= 20 cm -1
i
*
R2-65cm |
1

PRRSES U WS R N R SR RTINS N SR |

26 30 M 38 42 46
Minor Radius, Rl cm

Flauni *



Well Depth,

100

49

20

Hinor Radius, Rl on

fFiular ]

S0



I
3 /JL N
- SO \_
R TSRO )
b S~ ...,.f./U/ U
— 1~ R
|~ ] b _— @ S
i
— >
r [4
LT 1 4 \\ 7 v
.v».\\\
- 7
V=










ZF{§ = 1880 Ib/cm = 540 psi
If-=0
7. =4430 ped
: P AV A WA
A=A/ TV N N R

(o)

250 Ib/ em ZF) = 2360 b/ cm = 760 psi
Ef~= 570 Ib/ cm = 1830 psi

. =540p

/// PASL

A A/ FEV N N~

v

¥ .-z == Comparison of the force vectors on (a) a single layer 42-cm radius solenold
with (b} the forces at the center of the minor radius bend on 2XIB,

FIGURE 9



FIGURE 10



.l
—
L
[~
s
(3>
—
L




o
r—
L
o
o |
(L]
—
L




FIGURE 13

FIGURE 14



FIGURE 15

FIGURE 16



