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Abstract 

The design of the 2XII-B pulse coll system Is pre
sented Development of the coll geometry Is given « 
well as the results of magnetic f ie ld calculations. A 
discussion of the forces developed by this high energy 
col l set and the electr ical stress on the magnet insu
lat ion Is presented. The results of materials selec
t ion fa r bath the coll insulation and structure is I n 
cluded and also a description of the fabrication pro
cedure, 

Introduction 
The 2X11 Is a pulsed experiment designed to study 

plasma confinement fn open ended geometry. The machine 
is currently being modified by the instal lat ion of a 
new pulse negnet set into the existing apparatus. The 
new arrangement Is designated 2X[[-B. Several changes 
in the magnet oeslgn have been incorporated to Improve 
both the operation and r e l i a b i l i t y of the system as 
well as I t s performance as • plasma compression and 
containment device. The coll set is part of an overall 
machine which Includes: a non-conducting high vacuum 
charter, end tanks and associated vacuum pumps, cryo
genic Hn i rs and subltmators; large neutral beam 
sources; and the energy distribution/supply network 
and diagnostic apparatus. 

Tha previous machine has been described1 and is 
shown In Figure 1 . The 2XII-B layout 1s given in Fig
ure 2 which shows the four active components: dc guide 
f i e l d solenoids, Tln-Vang1 plasma compression coll pair, 
slow gate barrier magnet, and the fast gstt magnet. 
This cal l system f i r s t f a n s i guide f ie ld for t warm 
plasma then sequentially trips the plasma and cospres-
ses i t as neutral Ions a r t injected. The major design 
changes hive been raJe to tha coesirasston ca l l pair 
which form the heart of the machine. The most obvious 
Improvement Is the enlargement of the transverse aper
tures yielding tbout 4.5 times the area available far 
neutral beam Injection. Larpe sources are now being 
designed fa r Intensities up to 60O amperes compared to 
the 10 ampere source presently used with 2X11. 

The coepresston colls are constructed with Z-VZ 
turn windings which has increased the Inductance over 
G times from the single turn 2XI I ca l l s . IMS w i l l 
enhance longer plasma containment times as the I n t r i n 
sic L/A time his Increased up to 60 ms. Many design 
Improvements hive bean made that reduce mechanical and 
e lectr ica l stresses. The compression colls a n wound 
4-f11*r so that the current may bt sp l i t up Into four 
laads per minding, reducing i iad stresses by * factor 
o f 1Z. Tht gate magnets are constructed with less con
ductor, «jch simpler to fabricate, and with reduced 
coupling to tht main colls to minimize induced poten
t i a l . Al l o f the pulse coils are wound with .814 Inch 
•quart hollow copper conductor. Much ef fort has been 
made in materials set action, especially with regard to 
e lec t r ica l insulation and th t structural u t e r i a l . The 
bulk or tht magnet construction e f for t for tht project 
goes Into tht magnet reinforcement so that particular 
attention was given to fabrication methods In an a t 
tempt to rtovce construction time and simultaneously 
build a stronger, norm rel iable Monet system. The 
nature of tht 21 coll set Is such that fa Hurts a r t 
nearly laptnslblt to repair making r e l i a b i l i t y a key 
requirement. 

Kaonet Ceomttry 

Tht geometry of the comprtsiton colls was deter
mined by making magnetic f ie ld calculations for t range 
of geometric paramiurs. These were further Iterated 
U account for various conductor s i n s and alterations 

E Energy tcmmls'slon 

1n the number of turns end f i l a r s In the winding. The 
geometric nodal used in the calculations Is shown 1n 
Figure 3 . The principle concern was what ef fect vary
ing the minor radius had on the mirror rat io and f i e l d 
l ine shape. Field calculations were made using MAFCO3 

which represents f i n i t e conductors with filamentary 
currents. Generally a 2 x 2 cm region of a winding Is 
approximated by a s i i g l e filament. In a l l , f ie lds 
have been computed for over 50 different configurations 
and the mirror r a t i o s , well depths and flux tube shapes 

• compared. Al l calculations were made with a z kG sol -
enoldal base f ie ld and 1 HA In each of the compression 
set pairs. The ZXII geometry was used as a basis for 

• comparison which has Ra - 65 an and R\ » h • 23 cm. 
Figure 4 1s a plot of the mirror ra t io as • function of 
the minor radius for two cases IR? • 65 and Rg " 70 cm). 
The mirror rat io 1s a f a i r l y weak function of the minor 
radius but Increases In both directions from a minimum 
value. As the minor radius becomes large the mirror 
ra t io Increases because the point of maximum f i e l d Is 
shifted farther from the center of the magnet. The 
well depth 1s a strong function o f the minor radius as 

'shown fn Figure S. The f i e l d l ine shape r e w i n d con
vex toward the plasma (hydromagntttcally stable) for 
i l l cases considered. The effect of Increasing the 
nlnor radius is to spread out the "fan" more, 6ut only 
bjr a small amount. 

Thess calculations showed that the minor radius 
could be greatly Increased and s t i l l maintain, and 
even Improve, tha plasma confining f i e l d . The geo
metry 1s i n fact l imited by other considerations such 
as inter ference of the windings <"* excessive forces 
I n the region where the windings become close. The 
geometry selected has a major radius of 70 cm and a 
trinor radius of 42 cm. which greatly improves the 
usablt volume of the magnet. This configuration 

'allows for Increasing the base f i e l d from 2 to 3 kG 
while maintaining a mirror rat io of about 2 , When 
account I t made of the Inter- turn insulation the 
current density is reduced sl ightly so that the f ina l 
col l parameters compared to 2XII are: 

2XU-B 2XII 

M j o r radius R2 70.00 en 65.00 cm 
• Inor radius Rl 42.00 23.00 
lobt separation « 26.IS 23.00 
hslf kptrv i r t a 22.54. 22.36 
coll aldth » 21.50 20.32 
coll thickness t 2.35 1.27 
l o t * anglt s 12.26" -

Ho - 9.11 kG, 
fteuu - 17.60 kG 

mirror ra t io - 1.93 
wall depth • 341 at the vacuum wall 

A plot of tht f i e l d lines and |8 | contours Is 
1 shown In Figure 6 for tht vertical plane. The co l l 

cross-lections and l imi t ing vacuum wall are also I n -
eluded. Tht dotted l i n t represents tha mirror or re 
f lect ion points along tht f ie ld l i n t s . 

The gate magnets a r t staple colls of rectangular 
aperture but curved to conform to tht shapt of the 
main comprtsslon magnets. The slow gate is a single 
turn col l and tht fast gate Is a 1/4 turn magnet to r t -
duct Inductance producing a short r ise tlmt. These 
magnets hurt t half aperture of 26.7 cm and a r t curved 



on a 104 cm radius. The f ie ld produced by the gates 
l i about 14 G/kA and they w i l l typically peak at 5.6 
kG. The current decay for both of the gates Is rela
t ive ly fast so that their f i e ld components are negli 
gible by the time the main compression magnets have 
?salted. The geometric Input used far f ie ld calcula-

lons Is given In Figure 7 to show the re lat ive sizes 
and locations of the col ls . The compression magnets 
and fast gate coll are connected to feed rings which 
are required to minimize lead inductance and evenly 
distribute the current flowing from the capacitor 
banks. Thl£ arrangement Is shown in Figure 8 for the 
compression col ls . The new pulse coil assembly Is 
somewhat larger In diameter so two new 9 f t l .D. 
solenoids have been designed to supplement the exis
ting 6 f t l .D. colls for operation at 3 kG._ 

Magnetic Forces 

Associated with the high current r e a r e d In the 
pulse magnets arc large magnetic farces which consti
tute the primary mechanical design and fabrication 
problem for EX. A total of 6.7 HJ Is dumped Into 
these colls of which 821 goes Into the compression 
magnats. The colls must be restrained by a non
conducting structure that can absorb the shock of 
each pulse and l imi t deflections to a tolerable amount. 
The structure must have mechanical properties to with
stand a load that Is applied In a few microseconds 
and sustained for several milliseconds, or stat ic 
loading. 

The main col l set has, a t any section through 
the winding, 10 conductors In close proximity and each 
carrying about 100 fcA. Any forces trying to cause a 
conductor to "Jump-over" I ts neighbor must be re
strained. 

Calculations have been made using FORCE1' compar
ing the farces on 2X1t-a to the previous set on an 
equivalent current basis. The farces of course vary 
at any location around the c o l l . but 1n total magni
tude are less than those In 2X1t. This 1s due to the 
Increase in both major and minor radi i resulting In ' 
lower energy density. 

Turn-to-turn forces w i l l exist In 2XII-B which 
a r t not present I n 2X11. These must be determined 
accurately because excessive stresses could damage 
the turn-to-tu-n Insulation causing voltage break
down and subsequent coll fa i lu re . These farces have 
been calculated fur every location on the magnet and 
the cumulative compressive stress an the insulation 
1i found to range from 4600 to 5700 ps1. The magnetic 
pressure on the face of the winding Is an order of 
magnitude lower with a Mxtswn value of 760 n t 1 . In 
general, the farces In each of the 10 conductors Is 
very similar to those of a single layer solenoid: an 
outward (radial ) pressure trying to enlarge the magnet 
aperture and strong at t ract ive (axia l ) force) within 
the winding bundle. Figure 9 is a comparison of the 
force vectors on a single layer, 42 cm radius solenoid 
with those Pf M H - B at the center of the minor radius 
bend. 

The stresses In the coll structure fa r both the 
compression end gate magnets Is d i f f i c u l t to analyze 
accurately tweausa of the complex geometry and non
uniform loading. AH of the pulse coils a r t embedded 
in a cannon "sea" of reinforced epoxy which makes 
•tress analysis Indetemfnate In nature. However, 
ifcmlyfying the geometry and loading to a mora t rac
table but conservative case shows that stresses are 
m t severe and that reducing deflection Is the key 
requirement of the col l structure. The force on each 
lobe of the compression c o l l i 1> about 550*000 lb . 
Tht'core of the compression coll structure l i a "beam" 
of composite matrrtal b u i l t up between each or the 
VlR-yang pairs. Ihe forces acting on this beam per 
uni t length ar t approximately constant and 

Approximately radial ly outwards, from the center of the 
sphere, as pointed out by Last and Ske l le t 5 . The lobe 
deflection (change In half aperture] has been measured 
far the 2X11 cnll to be .09 Inch. This deformation Is 
expected to be reduced with 2XII-B due to Improvements 
In the coi l structure. 

Magnet Insulation 

The mult i - turn/mult l - f l lar construction of the 
compression colls is used to achieve suff icient ther
mal mass ttnd inductance but of course allows for both 
electr ical and mechanical stresses on the turn-ta-turn 
d ie lectr ic . The compression colls nominally operate 
at a potential of GO kV making turn-to-turn voltages 
6 kY. This value is further Increased due to coupling 
with the fast gate magnet. The gates are constructed 
10 that electrical stresses exist only at the leads. 

A testing program was in i t ia ted Involving: d i 
electr ic samples stressed mechanically and electr ical ly , 
measurement of mechanical properties of resin systems, 
and test colls cycled on a high energy capacitor bank 
for several thousand shots. The results of these tests 
were conclusive and the following Insulation system 
has been selected. 

1 . each conductor is covered with three woven 
dacron sleeves 

2 . polyester ftlm/web composite str ip Is Inser
ted between turns 

3. the bundle 1s double wrapped with fiberglass 
tape 

4. the dry winding Is vacuum impregnated with 
epoxy per LBL specification H20 6 

Dacron sleeving 1s used because i t 1s a nigged material 
permitting the conductor to be bent around mandrels or 
otherwise fanned. Three sleeves bui ld so that there 
IS approximately .10 inch between turns. A str ip of 
polyester composite, commonly called OHO (DacrDn-Hy'ar-
Mcron) Is placed between the turns. This added d i 
electr ic wi l l permit some imperfections in the casting 
without destroying i ts electrical In tegr i ty . Wrapping 
the winding with fiberglass tape adds an outer thick
ness of material far protecting the Insulation during 
subsequent operations such as sanding or grinding on 
the magnet. The resin formulation designated In speci
f icat ion HZO provides a low viscosity (ISO centapolse), 
long pet l i f e (over 4 h r ) , tough epoxy system. 

In arriving at the above Insulation system a total 
of about 40 individual samples were made and tested. 
Preliminary tests on parallel conductors yielded a wide 
range of breakdown voltages. Conductors covered with 
three rfacron sleeves and Impregnated with epoxy by a 
hand wet-lay-up technique brokedown a t 16-17 kV A 
35 M breakdown was measured for a vacuum Impregnated 
sample with the same sleeving. Subsequent d ie lectr ic 
strength tests on larger, more complicated samples 
resulted in breakdowns ranging from 5 to 105 kV. This 
lack of uniformity prompted an extensive series or 
sample testing involving two epoxy systems and several 
types of f i l m and fibrous materials, A fatigue test 
described here involved preparing specimens of parallel 
copper conductors (.814 inch square) and insulated 
in a manner applicable to the pulse col ls . The samples 
were stressed electr ical ly with a high voltage power 
supply throughout a mechanical loading cycle which com
presses th l insulation material to 60, 100, 150 then 
ZOOS of the working level I n the compression magnets 
for several thousand cycles. 

As samples were tested, improvements In materials 
and techniques Here madt so that we were f ina l l y able 
to achieve good uniformity In the specimen performance. 
A significant Improvement was achieved by agitating 
thf resin during detent ion prior to impregnation as 
discussed by H i l l 7 . This test gave only a qualitative 
Indication or the overall simple perfonMnce. 
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fiber by Nt. . whereas for tin a i l samples the liber 
content Is •tout 901 by tit. Compressive properties 
measured at hlfh n i t Impact by the Hopklftson *o11t-
M r Mchftteju* art 41.SQ0 e*t t U M t l t , 2.1 * 10* p\\ 
modulus when the load is elIgned.wlth tht fibers end 
75,000 esl strength and 1.4 * ID* pit modulus when the 
load H applied treuvoriely ts Ura fabric. 

In adJHIOfl to changing the resin system, a nw 
technique (Ml bttn developed for tht Impregnation of 
the g l i i i cloth and roving. The f l a n I t prilm-rtgna-
tod Kith the tpoiy system. Including curing agent, by 
• lout f Ira ( M u t t Corp.) and shipped to U L on dry 
let so that thi orepreg remains non-reactive In thi 
A-stegt. Tht Mter l i l Is stored at tht ict point Is a 
liquid nitrogen cooled trailer at 0*f. When M U r l a l 
Is required, a rol l 1i removed from tht t r i l l t r and 
tht cloth quickly norm up to r?ga temperature when 
unrolled. Iht prepreg 1i sandwiched between poly 
tthyltnt films which keep out condtntad water wapor 
and allow for easily cutting tht Mt t r la l with a raier 
blade or (elisors. A technician can then Strip the 
p in t le Film off and lay-up (he cloth. laminating 
•rolltrs of grooved aluminum on a paint roMer typt 
handle art uitd to work out tripped air and compress 
tht saturated cloth. Tht epoiy lyitem remain* ucky 
for ever I hr so that grinding erf a glued M •face 
ts not required frequently, this attnod of w-prog-
nation has several advantages. Hie fiber conttnt Is 
well controlled and alalng l a m quantities at w i n 
1s not required. IE* U U l volume ef Mt t r la l nec
essary (s about 130 w f t which wil l weigh about J 
tons. Vh$ prtprtg eliminates much of the discoafort 
to the tachnlclans that c a l m with the usual «tt l a y 
epMthod, The tout coil of M t t r l a l t , refrigeration 
and the processing Is 12.04 per pound er 1222 ptr cu ft 
of prtertg. Quality control tests 4ra Mde fron random 
temples of this M t t r l a l before I t H used. 

Coll fabrication 
Cach of iht compression wgntl pairs are wound 

Individually «n a multi-anil winding Mndrel- rrtor 
to winding, tht .114 Inch conductor Is drawn through 
straightening rolltrs then patted through a land 
Master to remove surfact oaldtt and enhance bonding 
W thai ettxy. This Is followed by a three stctlan . 
annealing furnace with an argon e&mpbare and a water 
quench. HMtwrvawMU were nada to determine both 
taring back and fctyttoning of the annealed conductor on 
an Inside radius bend of H Inches. Spring back of 
2/11 inch and teytloalng of .020 Inch were observed 
with MO lb tension en the conductors. A mlnlaum 
radius ef J Inches was tt l tettd for tht bends In the 
leads and fctyitonlna. I t rawed by a hydraulic press. 
fr ier u bending, the conductor U triple tletrtd with 
Deem. The conductor I t wound with minimum tension 
and over bent. One of (he windlngi l i shown In figure 
I I . 

Tht completed windings art than train'ired r o a 
holding structure u maintain dlMnsleni and tht in
ternal Mndrel coltapsti. and Is reweved. At th'i 
po'nt tht winding (s wrapped will' f ibt t i ta i* tare. 
' Vaytrs 1/2 lapped. Slotted polyethylene sheru for 
decreasing pumping resistance *r» attached to tnt cell 
surface and then iht vacuum Jacket Is addfd. I t con
sists of l / l Inch aluminum ihett and thkter **r» for 
iht edge teal. Tht Jacttt Is st i l t f with RTv t l U u l c . 
The coll is evacuated and baked out for several hours 
and ceatl-uelly checked far leaks. Mklcj Is eccew-
pushed by circulating heated water through tht con
ductor, which Is also tht Mai source for curing tht 
cpoiy. t t i ln feed is regulated to that the impregne-
tlon contuMi ipprtatM'.ely 2 nr. Sight giants are 
I Kited 1n the Jacket to nantier the reiln level. Tht 
jackaled winding is shorn in figure iz. 

Mndrat and aligned as shown In Figure 13. At tnlt 
point a styroform fom la built up In tht region be
tween inn coll pairs to shape the Inner surface ef 
the beam. Tht prtpreg lay-up 1i then started as 
shown In figure 14. when the b e * Is built out to I ts 
final inapt I t Is bound with roving tape witch it par
t ial ly shown In figure IS. Stews of prepreg are also 
constructed for the gate col l i . Iht fast gate Mine! 
at this stage l i shown 1n figure IB. When the ceil 
subunlti are cowplattd they ai t a l l aiieabled on the 
large Mndrel and the final structural build-up Is 

Summary 
The Z I l l - l pulse coll set his an Inpreved gee 

Miry for accepting high current neutral ewes. The 
coll design hat decreased Mthanlcal and t lectrltal 
•tresses specifically on the Mtntt leads. A Mthod 
of Insulation hai betn developed to Iwprove the relia
bi l i ty of the col l . The Mterlals ant the aethod of 
fabrication OMlPyed wil l greatly reduce defoliation 
of the colls during opera^on. 
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I F l = H60lb/cm = S«0pii 
IF—=0 
i -=«30pt! 

I 250 lb/on £F I » 2340 lb/cm - 740 pil 
SF-- 570 lb/cm -1830 pil 
» -5440 pi! 

Comparison or the force vectorB on (a) a single layer 42-cm radius solenoid 
wlih (b) the forces at the center of the minor radius bend on 2XIIB. 
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