SUPERCONDUCTOR CABLES FOR PULSED DIPOLE MAGNETS
G.E. GALLAGHER-DAGGITT

Superconductor cables employed in the construction of the RHEL series of

i

e

superconducting dipole magnets AClii{, iV and V have undergone & process
Ssuperconddc ole magn JALiii, 1V &Rt .unagergone & pi

The object of this paper is to trace this evclution which has cuiminated

the development of the current ''Flat 15" type cable which is to be used

in

the construction of the next generation of pulsed superconducting dipol

magnets.

The manufacturing process employed in the cons

also to be briefly described.
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Filamentery supercondeciing composite conductors developed in a collaboratil

\(8]

between RHIL and ii4i Limiced have typicai cuirrent carrying capab' itics in
the range 50-200A at 3-6 Tesla and in order to achleve the higher currents,
3000-5000A at 5 Tesia, reguired In the construétion.of‘thevRHEL series of
pulsed dipole magnets for a superconducting synchrotron, it has been

necessary to assemble the composite conductors in the form of multistrand

cables. e rr———————— | "

2.1 Genersl Cousxce* tions ‘ » ]
The geometry of asscmbly o. strands into a cable is arrived at from con- |
£17am dlameter-o : d . he

c) Cable Construction Criteria - that the probability of strand breakage
during maﬁufactune be negligible; that the denSify of superconductcr’
strand in the volume of tﬁe cable be high for reasons of economy,
good heat transfer and posffional éf%bility é&d finally that any

degradation of the current carryingwcapacity due to deformation of

.

the strand cross-section be acceptabl
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pulsed dipé]e magnets for & superconducting synchrotron, it has been
necessary to assemble the composite conductors in the form of multistrand
cables. | |

fhe geometry of assembiy of strénds‘intova cable is arrived at from con=
sideration of the foliowing:- |

(1,2,3)

a) Electromagnetic Criteria - operating current, magnetic field,

magnetisation iosscs, stability and current sharing between the

... .Strands. The current sharing criteria dictates the need for trans-

T

‘ P
rands in the cable.

Liposition* of st

PC

b) . ‘Magnet Construction C fer,
- wof the ‘turns in the winding, ease of winding, .and support against:
the forces obtaining .in operation. - Gt Cootrard,

c) Cable Construction Criteria - that the probability of strand breakage

during manufacture be negligible; that the densitynof'supékconductor

_strand in the volume of the cable be high for reasons of economy, -

;
|
?
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degradation of the current carrying Capacity due to deformation of

the strand cross-section be acceptably small. . ﬁ

2. SURVEY OF CABLEZS FOR PULSED DIPOLE MAGNETS

2.1 General Consicerations

A filament diametver of 55 Is necessary In order to keep the hysteresis loss

transposit.on - cablie geometry which enables all strands to heve
identical symmetry with respect to the axis of the cable..




of a pulsed dipole magnet within acceptable ]imits; and since 30 mA is the
current it will carry at 5 Tesla, a large number, (105) snch filaments must
be connected in parallel in order to produce a cable suitéble‘for 3000A

5 Tesla operation.

The geometry of the cable designed to carry this current nill depend on the

number of strands which need to be connected in parallel dnd thls In turn

depends on the number of filaments accommodated within each strand.

The number of fllaments accommodated N"d supe f“onductwng‘ttTand"ha:

SLranG psutho‘ .n.t.quuu.. intcrstrand 59355 cance and i‘(‘*"\flﬁﬂf‘ braid was

*the past four years and successfvetsuperconduct|ng

dipole magnets, ACIlI, ACIV and ACV utalsse strand having 1045, 2035 and 891
filaments respectively. These changes in conductor design have stimulated .

the development of special cable geometries requiring?uncénVentionalzmanu*

'
sk e s B

facturing techniques.

2.2 ACII!l Superconductor Cable
The general from of;tﬁ{§n9pfx;0;h mm diameter sttand*cqb}é‘qangbefseentinw

the picture Figure-lb, and the construction and operating parameters -are

A six bobbin planetary strander, Figure 2, was employed to construct the
cable that consists of a basic unit of three strand which were simul-
tnnéouﬁlyydrown andktwngted tonotm a trnplet havnng the form shownafn’
Figute I&,((B} stage.Five triplets were then twisted together over a 0.5 mm
diameter coppzr filler strand in a second operation,(SXB)'stage. Finally
six eiements naving the (5x3) stage configuration were twisted over a seven
sttand copper filier“gablgltnen compacted in the (6x5x3) stage of the proces

qive the final square section shown in Figure lb. An oxide coating on each




The geometry of the cable designed to carry this current will depend on the
number of strands which need to be connected in parallel Snd this In turn‘
depends on the number of filaments accommodated within each strand.

" The number of filaments accommodated fn u superconducting:strand'has
increased steadily during the past four years and successgve superconducting
dipole magnets, ACIIl, ACIV and ACV utilise strand having'lOQS, 2035 and 891

filaments respectively. These changes in conductor design have stimulated

the development of special cable geometries requiring unconventional manu-
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facturing techniques.

2.2 AC!!1 Superconductor Cable,

The general from of this 90 x O;Akmm‘diamefefrétfahduéa
the picture. Figu;gK}b,,apg the gggstructIOn addfébg;atipg;pgrametgrs\are
1xster \ (Jbge 2. . | ; o L .

A six bobbxn p]anetary strander, Figure 2, ‘was employed to construct the

cable that consists of a basic unit of three strands which were simul-

taneously drawn and twisted to form a triplet having the form shown in

rerover:and,

renptwisted-toges
diameter coppar filler strand in a second operation,(SX3) stage. Finally
six elements having the (5%3) stage configuration were twisted over a seven
strand copper filler cable then compacted in the (6x5x3) stage of the proce!
give the final squafe section shown in Figure lb. An oxide coating on each
strand providad adequate interstrand resistance and terylene braid was

woven cver thz cable in order to provide interturn insulation in the magnet

2.3 ALIV Cabie

bowprzscs 25 x 0. 55 m d:aﬂetcr superconductor wire strdnds and has the




form shown in the picture, figure 3b. The sjénificant constructional and
operationai parameters are listed in Tables 1 and 2 while the steps in the
construction can be seen from the cross-sections shown in Fiqure 3a.

A six bobbin planetary strander, figure 2; was again used and wire drawing
techniques‘were employed in the first stage of construction to obtain the
compact group of five shaped strands shown. Five such elements were
combined in the second stage and compacted to give the rectangular section
—cablev-—An—-oxide- %ayeﬁ?ﬁgasnwprovIdedwtheuindLyldual strand insulation _ang

The distorticn method provides the conditions whereby a layer of con-

a terylene brazd the overall cable Insulation. ,
39w PR Lo ¥V Ensmm Fad R o nn ﬂ@ﬂ‘\!‘"&"‘l(" I\l;*‘hn'lr rhp ‘RHDDQ!"'Q'

2.4 ACV Cable

The cable wnxch has been deve]oped for use in the prOJected ACV pulsed
dnpole magnet consists of 15 % I 06 mm dnameter strends and will have the
form shown in Fagure 4b. The techniques employed in Its constructlon are

new to the teehnology of cable manufacture and wlll be described in the

Xt sect lOn

The finished section is that shewnmin Figure ha; a;kis a t}uncated dtahond
orﬁggggeggeﬂ, - During the manufacturing process the 15 strands are
temporarily supported on the periphery of a circle as shown in Figure ha,,
then they are supported on the periphery of an ellipse before being com=
pacted to the final shape shown.

The interstrand insulation is to be an aromatic polyimide polymer enamel

film and the overall cable insulation a terylene or glass braid.

3. ACV CABLE (“FLAT 15') =~ METHOD OF MANUFACTURE

3.1  The Distortion Method. "+ .. ... - . L L TR TR




combined in the second stage . and compacted to give the rectangular section

cable. An oxide layer again provided the indlvidual strand insulation and

a terylene braid the overall cable Insulation.

2.4 ACV Cable .

The cabletwhiah has been developed for use in the brojected ACV pulséd
dipole magnet consists of 15 x 1.06 mm diameter strands and will have the

form shown in Figure 4b. The techniques employed in its construction are

new to the technology of cable manufacture and will be described in the

r “lozenge“. During the manufacturing process. the 15 strands are

temporarxly supporged on the perlphery of a circ]e as shown in Figure ha,

m»’m

then they are supported on the pertphery of an ellipse before benng com-

pacted to the fanal shape shown.

che :ntcrstrand lnsulatnon is to be an aroma’nc polytmxde polymer enamel

Tilm and the mverall cable insulation a terylene or glass braid.

3.  ACV CABLL (“FLAT 15') - METHOD OF MANUFACTURE

3.1 he Distortion Method

The dastortxow method< ) provides the condntaons whereby a layer of con-
tiguous circular cylindrical helixes can be generatec without the support o,
other internal layers. The support is provided instead by a '‘core pin",

Figure 5, which is rigidly supported on the axis of a stranding die’having

il
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circular aperiure. At the exit of the stranding die the circular cylindrica

helixas pess over the “elliptical transition’ attached tc the end of the

1

Weore pin'' and are deformed to become elliptical cylindrical helixes before

they enter the aperture of the turkshead roller dle whérein final deformatio

to the required section occurs.
After the final deformation, which can give 95% metal density In the cross-

..section, the cable becomes self supporting by virtue of its shape and the
up to the exi: where the intermediate state coimences aﬁﬁ“Teaue qenTTy

‘hardenxng which occurs during compaction.
) “rhetfins 1rstates of defnrmat on bv the turkehead roller die.u__he

The sequence )

Fsgure 6 Strands l 2 and 3 wh:ch are conctraaned to pass through polnts

I, 2 and 3 of a cxrcular frame rotat:ng with constant angular velocity,

Lw g vi‘“w\ 'Eéw

w radxans per second, are formed :nto c:rcular cylindrncal hellxes at the

= l

strand:ng dte whlle beung temporar‘ly supported on the ”core pln

Condxtnons for the generatlon of spiral curves whnch are circu]ar helixes a:

i

constant linear velocity at which the junction of the strands 1, 2 and 3 is*

hauled t1mrthe diréction:zaved strands showt. Five such elements were
In machines o° the types depicted in Figures 2 and 9 the source of supply
of each strand is supported in a cradle which.''floats' on. the rotating

frame. This arrangement ensures that each strand is not Fwisted about its

own axis whilz being formed into a helix and prevents torsional stress in

the resultant cable. L ‘ W l

Cross-sections of the cable during processing are shown in Figure La.,  The

initial state shown occurs at the entrance to the stranding die and continu

P}




section, the cable becomes selt supporting Dy VIrtue OT 115 sidpe diu uhe

harden;ng wh:ch occurs during compaction.

The sequence of the strandlng operation is shown in sump]nf:ed form in
Figure 6. Strands 1, 2 and 3 which are constrained to pass through. points
1, 2 and 3 of a circular frame rotating with constant angular velocity,

+

w radians per second, are formed into circular cylindrical helixes at the

stranding die while being temporarily supported on the '"'eore pin'

Conditions for the generation of spiral curves which are circular helixes ar

haulediin:the direction z.
[numachines of the types'depicted-in Figures 2 and 9 the source of supply’
of éachistrand is supportedvin a cradle which "'floats' on. the rotating

~

framel "This arrangement ensures that each strand is not twisted about its
own'axis while being‘fﬁrmed into a helix and prevents torsional stress in
‘iheé?esuﬂxaht cables o oo 0 | :

Cross-sections of the/Cable‘during processing a}ewshown“In Figure 4a.'/Theﬁ
indtial:state showhgotcursiatzthe,entrance;;pwghgwggrandipg die and continu
hpﬁﬁoﬁthe exi: whereithe intermediate state commences. and, leads gently

into-the final statesof deformation by the turkshead‘roi}er die. The:

g.aaua] trans ition from a csrcular section throuoh to an elliptical section

is accompln h d'by the ''core pin'' transition shown In Figure 7. It ensureﬁ%
that the straad formatton IS supported and adJusted to the correct aspect

fi(“’v “hm;? bl el Lur o oot Lher Lads
i

L}




ratio Dufore “inal deformation occurs in the turkshead roller die. The

nuerlock:ng formation of this die which enables adJustment of the.aperture

is shown in Figure 8. A lozenge sect;on is obtalned by sultable shaping

of the vertical rollers as shown in Flgure .

3.2 The Stranding Machine

The operation described is executed on a stranding machine of the type showr

in a sxmp]e form In F:gure 9. The core pin is supported upon a shaft which

o F e Yo e s

“shown) and tha stranding die is attached to the face of the roller diegblogj‘

‘Tﬁé turkshead roller die is rigidly attached to a flrm upright frame (not

3.3 Special Tools

associated with it four interdependent design parameters:-

rs located on the axis of the rdtatlng frame by~ rolIer“Eﬁa“fﬁ?ugt”bearTn95wvw
hich also nas the virtue of indicating the likely effect of chanaglna a
H% i1
1Ised against rotation by’a stabllusing weight as shown.

R R A

A rectangular or '"lozenge' section, coreless, multistrand cable has

" ‘Number of strands .
"7 gtrand diameter .

| Twzst pntch

gt

Density of”metal in the cross- sect!on

THe relationship between these parameters is taken into consideration in

"designing the special set of tools which are requifed in order to produce

a cable of this type.
A stranding die, core pin, core pin transition and an alignment jlg for

setting up the turkshead roller die are uniduely aschiated with a cable

“having a par:icular combination of the parameters listed.

The desian o-ocess is facilitated by a tool .design computation programme,




in a simple form in Figure 9. The core pin is supported upon a shaft which
is located on the axfs“ef the rotating frame by roller and thrust bearings
and stabillsed agafnSt rotation by a stabilising weight as shown.

The turkshead roller die is rigidly attached te a fiTm upright frame (not

shown) and the stranding die is attached to the face of the roller die block

3.3 Special "ools

A rectangular or ''lozenge'’ section, coreless, multistrand cable has

associated with it four Interdependent design parameters:-

Weka g Al ameter

{Twist piﬁch o ‘

Densnty gf metal»in the cross-sectlon

§oEy Mg
vég‘.

.

The relat:onsn!p between these parameters is taken into consxderat?on in .
The oneratio fe o« o Py

,3

'desxgnlng the special set of tools whlch are requxred an order to produce

s
iab ;%r‘ggg

a cable of thxs type.

-

{,}«w‘x £ ¢ * P o Al
s TRy E I

A strand:ng dxe, core pxn, cpre‘pin transntion and an alagnment jlg for

- gk g 15 g e
oy }ts LNy ,'a i k';, 7 i b 3

setLang up tho turkshead roller dIe are uniquely assocnated wlth a cab]e

havnng a partxcular combinatson of the parameters4listed

%
i 2 T *

The desngn process is fac:lltated by a tool .design computatlon programme,

wh:ch’a so hoS the virtue of :ndncating the likely effect of chang!ng a

e B e 4
{:*Z Q{*m%;@{ ¥ ‘3 it talite

parameter durang manufacture.“
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4, PERFORMANCE TESTS AND MEASUREMENTS

Superconductor cables manufactured at RHEL are subject to the followling
tests and measuremcnts after manufacture:~

a) Strand continuity tests conducted at h 2°K

b)  Short sample tests comb ined with resistance transftion neasurements.

Continuity tests locate any gross damage that may have occurred during

cabling whtle the resnstsve transition measurements prov:de a basis for

il \nl\—uhll PTG W(V’!v r

comparlng the properties of the cab]ed and the, uncab]ed strand
Vhen maKing such comparisons It {s to be noted that »ucsc i5 some 20%

(7)

< \P .

AClV and ACV

T

Typlical.nesy lts.. carried out on ACi11

cab]es,are shown ‘in Figures 10, 11 and 12 respectively. Many such

measurements are required in order to optimise the heat tFeatment cycle
“which is carried out after the cabling process.

The time and temperatdre of this heat treatment is uniquely determined forf

eachrnewrcab]e‘geometry and each new type of suPerconductor used in its

consgngc;lon. mral i vhe o

.Heat treatment optimisation was not carried out on the ACLIl cable. The

jnagnwconcern was to minimise strand damage during the sucgessive stages of

constructlon, therefore heat treatment cycles were interpgsed between stag

‘ ‘E" %
This may part:ally account for ‘the 20% d;fference in the ¢ritical current ?

densxty of cabled and uncabled strand when compared at 4 Tesla and 10~ ]“ Qc

Citan dmameihad 15 sverutad on g stranding machine ol the type chown o
resnstnvuty -

i

(A sxmllar dnfference occurs for AClV cable whxle for ACV the difference is
>oniy 10 ]1/ deszte the fact that the tests were carried out on a batch of

research ma: erual and that no attempts have as yet been made to optimise t

| P B s e s down o am e ﬁl:ﬁ1b




cabling whilz the resistive transition measurements provide a basis for
comparing the properties of the cabled and the uncabled strand

Typica] resuits of such measurements(7) carried out on AC!II,‘ACIV and ACV
cables are shown in Figures 10, 11 and 12 respectively. hany such
measurements are required in order tc optimise the heat treatment‘cycle
which is carried out after the cabling process. E

The time and temperature of this heat treatment is uniquely determined for

each new cable geometry and each new type of superconductor used in its

tmeht‘optimisation was not carried out on the ACIIl cable. The .

main concern was to mxnlmlse strand damage durtng the sucgessnve stages of

e M £ 8

constructlon thereforeﬁheat treatment cycles were |nterpqsed between stag

‘This may par.la]ly account for the 20% d;fference nithe ¢rstrca] current

densnty of cabled and uncabled strand when compared at 4 Tes]a and 10 1“99

resnstsvxty -

5

A sxm:lar dl ference occurs for ACIV cab‘e whzle for ACV the dxfference is

I

only 10-11 jespxte the fact that ‘the tests were carr;ed out on a batch of

B -

research matarial and that no attempts have as yet been made ‘o optumnse t

« Jo . B
§ﬁ ?f “' ’%Qw‘ Zeﬁ,j;ai 5}{?;? €

heat treatment cycle. o ) | C

H

“Vhen maklng “such comparisons it is to be noted that there.is some 209 ?E
)

difference batween the guaranteed and typical short sample propert:es of t

superconducting strand [n manufacturers quotatlons. Co




5. CONCLUSION

Superconducting cable technology has adyanced rapid]y,over the periad of
the past thre=2 years_ |t has been stimulated by the rapxd advances in

superconductor research and manufacture while at the same time belng sthect

to the increasingly stringent requlrements of successive pulsed dipole

magnets.

Advances in superconductors have permitted fewer strands to be used in orde

to achxeve 3 §iven-performance as" meastured-in-terms_of the short sample
anu!arturn rables having as few as 5 strands and as many as 25 strands.

clrve anure 13+ “Theiltrend: | towardszfewer strands has cu]mxnated in the
IRTDYS P A Y R NN ; odiiarme rahlae of thls tvoe m

development of the ‘ACV' (F1a£WHSJMtype cable shown” 3" and ub

xn;anures
This single ‘ayer;*boreﬂe§3§geometry“meets(the'electromagnetic;need:fon
‘strand transposntnon while at the same time being capable of thhstanding é
‘high degree of compaction during’ manufacture. A matrix density of 95% has
been achieved in a“15 strand superconductor cable-without;serlous
deterioration in performance. Resistive transition: ‘measurements nndlcate
that ‘the short sampJenproperties remain: constant for cables having matrix
densxtnes of 85%, 90% and 95%. High matrix density in the cable is

|mportant from economic considerations related to the construction of

superconduct:ng synchrotrons( ). It 1s also important In order to mect. §%
the strnngert field uniformity requtrements in synchrotron magnets and of
Lotk §“§i by Lastg ga,)iaum ity Ui uns tdegilied Efi ihi Shou i TS TN

ensurzng gooa heat transfer from within the cable. . Recent manufacturing
trlals have :ndtcated that lt is possible to manufacture to a dumens:ona]
accuracy of +0.01 mm over A 200 metre length of cable and that this tolera
is mannta:nwd provnded that the cable xs annealed after ‘manufacture to

relieve buiit in stresses. The geometry has been successfully applied to




Advances in superconductors have permftted fewer strands to be used in order
to achieve a given performance a3 measured in terms ef the short sample
curve, Figure 13. The'trend towards fewer strands has culminated in the
development ¢f the ACV (Flat 15} type cable shown in Figures 4 and hb.

This single layer, coreless geometry meets the electromagnetic need for
strand transposition while at the same time being capable of withstanding a

high degree of compaction during manufacture. A matrix density of 95% has

been achieved in a 15 strand superconductor cable without serious

§sTRaving matrixX

}densities of 85%, 90% and 95%. High matrix density in the cable is
’Jmportant from econemlc conszderataons re]ated to the constructlon of

\superconduct ng synchrotrons( ) It Is also |nportant in order to meet

H e

the stringent fne]d unuformxty requrrements sn synchrotron magnets and of

ensurnng goou heat transfer from within the cable. Recent manufacturang

N A B

trnals have :ndxcated that lt ss possible to manufacture to a dumensnonal

gt =
[

accuracy of +0. 01 mm over A 200 metre length of cable and Lhat thts tolera

g § 1 £ ;
i LUy s ; s LA

,,,,,

is malntanncd provided that the cable ns annealed after manufacture to

# &
H '\"”z« ’; i‘“ ; & ;{<§f f’*‘}\‘hggy‘rpi gz ; : 3 N f“"fﬁw

drelaeve buli in stresses. . The geometry has been successfully applled to

ST Y R ’ ‘;;"'4.”~\’;’§5"§{§;¥% ey ;:”

smanu,actun cables. havlng as;few as 5 strands and as many as 25 strands.

There is good reason to belleve that superconductor cables of this type mé

'
factured by the method described will meet the need of future pulsed dipol

magnets empioying niobium titanium sunerconductors,,unt?l such time as a




solid conductar containing ]05 filaments {s deyeloped and.successfully

manufactured.
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Tasle . Summary of ACLI1, 1V and V Conductor Parameters

Conductor Aprlicatizn AClLIt Dipole ACIV Dipole " "ACV Dipole:
Strand Diameter (mm) 0.4 ‘ 0.85 1.06
Mumber of fi aments 1045 © 2035 8917
Fiiament Dianeter €U) 8 1'.9 7.6
Strand Twist Pitchimm) 3.6 L. L 7.5

Comnosite Constituents

Niobium Titanium % ) Lo ) 46,7
Cooper %) 43 52 38.3
Cupro-nickel %) 7 8 15.0
MatrixaSCeranhbllng) i T IR T -t} 50 * loold.
Conductor Geometry aNC55C19C . aNCSSC37C aNZQlNC37C
d lnsulx;aon Oxide Oxide Polyimide en

1.9 x 10 1.95 x 10

Table 2. Summary of ACII1l, 1V and V Cable Parameters

Cable Application AVIII Dipole ACIV Dipole  ACV Dipole
*Mégnéf‘Parameters‘J A , |
Magnet I (&) T 5200 . .. 5400
Magnet Field (T) 4,0 , 4.0 4,5
Magnet rise time (secs). 1.9 1.0 2.0
Cable Dimensions (mm) 5,2 x 5.2 .~ 5.83 x 3.85 8.1 x 1. 92(1.
Cable shape Square Rectangular Lozenge

@ Number of SC strands 90 25 15

" Cable Insulation Terylene braid - Terylene braid Terylene breg
insulation thickness (mm) 0.115 0.115 0.115 '%
Cable Construction : ‘
Twist Pitch {(mm) (3)Stage 12 (5)Stage 16.4  (15)Stage 11

' (5x3)Stage 20 (5x5)Stage 63.8

(6x5x3)Stage 63
Cable Dentity

Including Fillers %) 60 - -
Composite Only %) 46 63.2 90

Current Density

Jc at 4T 0-129cm in

SC 152
(A/m ) L= i23 1 oo 1n3 1 2 x I(
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liobium Titanium % ) Lo f Lo . L6.7
Jopper % ) 43 52 38.3
‘upro-nicke! % ) 7 8 15.0
tatrix SC ratio 1.25 , 1.50 1.14
jonductor Geometry aNC55C19C - . aNC55C37C aN24INC37C
trand Insulation Oxide Oxide Polyimide enamel .
c at 4T 10-12Gcm in SC

(A/mm2) 1.9 x 107 1.95 x 103 . 1.45 x 10°

Table 2. Summary of ACIIIl, IV and V Cable Parameters

Cable Application AVIIl Dipole ACIV Dipole. ACV Dipole

LeMagne ()
mpagne Poiieddes T )@&w i L 4.0 .
sagnet rise time (secs). 1.0 1.0, Z%WW e
Cable Dimensions (mm) , 5.2 x 5.2 5.83 x 3.85 8.1 x 1.92(1.74)
Cable shape Square Rectangular Lozenge
Number of SC strands' 90 25 15
Cable Insulation - Terylene braid Terylene braid Terylene braid
insulation thickness (mm) 0.115 0.115 0.115
Cable Construction - | ‘ . .
Twist Pitch {(mm) (3)Stage 12~ (5)Stage 16.4- (15)Stage ‘117.5
' (5x3)Stage 20 (5x5)Stage 63.8 et
, (6x5x3)Stage 63
Cable Density ﬁ
Including Filiers %) ’ 60 — -
Composite Only %) 46 T e3.2 : 90

Current Density

Je at 4T 10-140cm ih
sC (A/mm2) | 3
(after cabling) 1.5 x 10

g

sk ke

S i i iy g
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