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UPGRADED COIL CONFIGURATION FOR ISABELLE MAGNETS

H.'Hahn, P.F. Dahl, J .E. Kaugerts, and A..G. Prodell

abstract - Achievement of the design field of 5 T
in the 1SA3ELLE dipole Tiagnets i^furning out to be
more arduous than expected and several avenues of im-
provement are being pursued. One possibility for im-
proving training and peak field performance is dis-
cussed in t'jiis paper* It has been recognized that the
inert spacers with their adjacent active turns in the
cosine magnet windings can be, replaced by a double
thickness braid operating at approximately half-current
density in 46 of the 190 turns. Since the high-field
region occurs in the low current density turns near the
ooies, a performance improvement can be expected. It
has been verified that the proposed coil configuration
satisfies the field requirements and details thereof
are given. Results from an experimental magnet in
•A-hich superconducting spacer turns are used to simulate
haif-current density windings are presented. Construc-
tion of thicK' brsid coils is being, planned and the sta-
tus of these :naanets is reviewed.

BNL 29307

A proton-proton colliding beam racility ISABELLA
is under construction at 3rookhaven National Laboratory
l l | . The t'wo rinas. are each almost 4 km in circumfer-
ence and will reauire a total of over 1000 superconduc-
ting magnets. The dipoles ire 4-3/4 m lorn;, have a
coil aperture oi about 13 cm, and must operate at 5 ir
in order to achieve the desien energy of 400 GeV pev:
ring. The major requirements for the Tlaar.ets, in addinl
tion to operational lield strength, can be summarised'
under acceptable training, static and dynamic field
quality, reproducibility from magnet to magnet, ramp
losses, self-protection auring quenching, absence of
electrical shorts, and manulacturability witnin a lim- ;;
it'-d budget. The development of superconducting di-
poles is turning out to be more arduous than expected.
Experience frith developmental -ua^nets has shown that
the above requirements have been -net individually on
particular magnets; However, they'1 have not as c yet
been achieved consistently in a series 'it magnets. The
most visible difficulty in the present dipoie magnet is
the large number of training quenches required to reach
design field, although all magnets seera t.i reach short-
sample current if trained long enough. A substantial
,'Ai.T program has been mounted to develop in adequate un-
derstanding oi the limitations and to improve the per-
tormance of the ISABELLE magnets [2J. In spite of con-
siderable progress which has been -nade so far it seems
jcvisable to investigate solutions which depart from
tne original design concepts. In this paper a proposal
for improving training and peak field performance of
'he dipoles involving only substifitional changes is
discussed. „ u '

UPGRADED COIL CONFIGURATION

The coil configurations for dipole and quadru-
pole magnets are single layer multiple block approxi**1

mations to cosine current distributions, Wound from a
high aspect ratio non-keystoned braided conductor. The
azimuthal current density variation is obtained by an
appropriate distribution ->f braided inert Spacer0 turns.
The cross section of recent test magnets is
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shown in Fie* l« The coil is shrink-t'itted into a
cold iron core which is assembled from unsplit lamina-
tions held in a heavy wall stainless steel tube.

It has been recognized that the spacers with
their adjacent active turns can be replaced by a dou-
ble thickness braid operating at approximately half
the current density [3]. Since the high-field region
occurs in the low current density turns near the
poles, a performance improvement can be expected.

Graded conductor has been used in the past to re-
duce cost by operating at approximately constant prod-
uct of current density times local field* The pro-
posed scheme ̂ on the contrary lias the objective o£
packing the maximum possible amount ot" superconductor
into1 a given cross section; I:j our particular case,
about a 28^ addition of NbTi in the entire coii is a-
chiev»»d. The cross section of ;;ie proposed dipole

, coil is shown in Fig. 2. The configuration uses a
live-block J5 turn per quadrant solution with" the up-
per two blocks containing the 23 double thickness
turns (4| . Incorporating a single thick metal «edge
between block 3 and 4 satisfies the field shape re-
quirements. It must be emphasized that the overall
coil geometry remains unchanged and thus all improve-
ments in assembling ind shrink fitting the colls de-
veloped for the standard coil will be applicable.
While the arguments are developed in this paper for
the dipole case, they apply also to the quadrupole al-
though "nodifieations are here less pressing.

The use,_pf>Lnick braid is expected to improve the
performance "iff1 several ways; '; (i

i) The two blocks operating at half-current ciensity
will have an increased stability margin against quen-
ching, thus reducing the number of training quenches
required. The enthalpy .^reserve of a thick braid is
almost an order of magnitude larger than for the thiriA
braid at equal current and field [5 | . Making plaus-JI
ible assumptions on the quench inducing disturbances;
one can expect that no training quenches will occur
in the thick braid region. In order to obtain .,an es-
timate ot the likely reduction in training, the quench
origin has been located in four recent magnets (MK-13,
23, -'4, 25). From Fig. 3 it can be seen that in the
average 4')% (7 of the first 18) 3uencr.es originate in
multifilar turns and presumably could be eliminated

Fig. 1, Cross section of R&D dipoles.



by adopting the thick braid solution.
ii) The top field performance of a trained ,/nagnet is

ulti'ri.atej.y li-nited by the short sample .characteristics
ot Ŷhe braid at ".he point ot highest local magnetic
field, B.,.1... Considering the *xamnle of the coil in

• Fi", 1, 'fc''"lt.- inriiar ;i»--- t-:;•-, ^ apercon.ductor plus
- -=Dacer t u n s j i.ist-^d ot the t,hi-r. braid one tir.ds a

tA-"j-J.inensioniI field •ir.haaceme:r. si 7.7^ and in the
1 ends 11*. in the proposed solution the Ii-niting field,

B'>».., occurs in the •nonotiiar tarns and the respective
.-d^Ies *re 2.4i and -oi , U ioil-.j'v* n«it the proposed
solution nas its short sample per tor'nance improved by
about 4£.

.-> Ui) The iield in the braid of tne upper blocks near
the pole is" more or less constant with radius and par-
allel to the braid, whereas in tne lower blocks the
field diminishes along the radius and is primarily per-
pendicular to the braid. The -Tionotilar turns at the
location ot the limiting field fl^ are in a nonuniform
field. In fact, the field here cnanges by about 30%
over the braid width which suggests that the local
enthalpy reserve and stability against quenching is
enhanced. Counteracting this ^ain is the anisotropy of
the critics' current in the briid. which is about 10%
lower ;or 3 perpendicular to the briid l i .e . the usual
test condition). It is conceivable Mat the -nassnet re-
gains stable in -. the current-sharing state, but opera-
tion in this mode is not recommencJsc.

iv) Incidental :o this solution, but nevertheless of
considerable practical importance, is the possibility
ot using prei.nsulated braid thereby eliminating the
need tor handwrappini; of nuititilar turns, and making
possible preA'indi-Tj; insuiation tests o! the lull length
ot conductor.

CONDUCTOR DEVELOPMENT

The upgraded coil configuration requires, in addi-
tion to th<? standard braid, a conductor essentially of
t vice thickness, that is 1.47 instead of Qrfl Tim. It
ii intended to produce the new con duct o^-n- the foril of
i 54 strand braid with the nominal cross section of
16.5 '< 1.5 n?.m including insulation. A comparison of
the braid parameters is given in Table I .

: I ^e development J^ thick liraid r-.as been undertaken
1 :n rollaboration vith mciustrv {AIK.CO, Murrav Hill, New
: Jersf.-) and urst te^t TIOCUS Have Seen produced and
' .-sir': *. ; «.'3iar;lis:i r.vz'n inicai ind electncal prooertje's
• i t t i tC.- ' '1 . -513 3 IOC < 3 *

. . - • - \

' i r iss .section >t upgraded dipd'e
incorporating thick braid.

Table 1.

Br*ii dimensions
?fo.' jf strands
'lire iiaraeter
Filaraat diameter
"to. "'ilatnents/wire
3ati> natrix/SC

C.3 j I 4 4.2 X
I,, /braid

j J I S 4.2 K
Transposition

length
Interstrand

Elastic modulus

• Filled with staybrite

Braid Parameters
Standard Thick

15.3 •«• 0.7 • 16.3 x
97

O.'JO
g

500
1.5

55

-..5

30

S

25

(SnAg) but without

Sraid
1.5

59
0.^7

I*,
500
1.6

200

12

40

0 3
14

high

unit

ma
* . ii :

v ,•

A"

kA

ca

GPa

r e -

Parenthetically it should be remarked that it is,
of course, possible to increase the matrix/SC ratio
some**hat in. order to reduce the additional cost i'n-
curred trom using more superconductor. Thii;would re-
tain the winding simplifications, but may come .i*.the
expense of the full stability gain, otn the case. ,of
quadrupoles 5uch a modified thick braid would certain-
ly b«* acceptable.

COIL DESIGN CONSIOERATIONS

Whereas, it can be expected that, the thick braid
&ill lead to""an improved" training and peak field per-
formance, ;t is necessary to investigate other aspects
entering the coil design, such as quench propagation,
•nagnetization, B-dot effects, insulation, ends, joint
of thick'thin braid, etc.

— H«R0 ASSEMBLY
' MK-IS ft 24
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QUENCH NUMBER

Fig, 3. Training curves -it' recent test iipoles.
Open circles represent quenches o-. jinatin
in Tiultifila*" turns.



Ot primary concern here is azimuthal quench p ro -
pagation velocity which, to a large extent , determines
magnet self-protect ion cduring a quench . The maximum
toraperature reached in the coil during a quench is r e -
lated to the / I 2 d t integral and depends, inversely on
a.:iir.uzaai ;'jen.cn velocity;. An upper liiut on this
integral is about 3.5 '<A~ sec In the monofilar t u rns
i o i , which in the design according to Fig. 1 is' the
;i-itici! region. The tolerance to1 heating of a thick,,
braid is la rger by a factor of 4 whereas the t u r n - t o -
turn a^i'puthaj ,. quench propagation time has been
i>stiraated I71 to increase only by a factor 2 . 3 . These
scaling arguments indicate that the monofilar t u rns r e -

: main the critical region in the thick braid design of
Fig. 2 . Experiments on propagation through thick met-
al wedges indicated that their delay is equivalent to 3
>o 4 monofilar t u r n s 1 8 | . Result.1? of more detailed
calculations l»] : of maximum temperatures in the
oroposed. design are shown in Fig. 4, suggest ing that
the nagriet will be self-protecting during a quench p r o -
vided that the nominal monofilar t u r n - t o - t u r n t rans i t
time is less than about 2 msec. With proper fabrication
techniques this requirement can be satisfied. It has
been observed that azimuthal quench propagation depends
strongly (up to factor 10 variation) on

- the presence of Helium witfxin the^v ind ing , i . e . the
coil porosi ty, and

- ^ood contact between tu rns which is helped by p res -
sure during the coil winding process and assembly.

Eddy cu r ren t s induced in the superconducting
braid whiie the magnet cur ren t is being ramped can p ro -
duce substantial field distortions and power losses .
The total power dissipation per unit length of the di -
pole is aiven by 110J

2 » -2
n , . 1 M O

P

2 •»

360

where n, v, I are number of wires, width and transpo-
sition length of braid respectively, R the interstrand
resistance, N! the total number of turns, and 6 the ramp
rate. Induced field harmonics are minimized by an ex-
ponential ramp rate, with fi/B = 5.4 * 10"3 sec"1 during
the 8 min ramp time from 0.37 to 5 T. Under these con-
ditions, the standard braid exhibits a maximum) power

9UENCH CURRENT C«*l

Fig. 4. Calculated maximum temperaturesduring a qkench
which starts at the pole. Parameter is the

,; nominal turn-to-turn transit time at 3.1 kA.

loss1 of 60 W/m, which-tis unacceptable• Heat treatment
and iiechanical cracking of braic\ filler is expected to
produce "the desired nigh resistance braid= with an or-
der ' of magnitude increased interstrand resistance
111). This treatment would also have to be applied to
the :hick braid. The incremental paver loss due to
the iopIication,;Of thick braid can be'estimated to be

•P

P - l l
-vth

where the index "th" refers to the thick braid values
and rhe geometrical weighting factor is given by

r /2 -v/2 -
/ / cos 5 d6 - 0.08

with t • arc cos ( > L L / N ) . Using the numbers ot Table
I one finds a 15% increase ot the loss- Similar ex-
pressions, but with changed weighting factors apply to
the induced field harmonic coefficients. We conclude
that reducing the interstrand resisiar.ce is :ho ore-,
vailing concern, whereas the use o: thicK braid oy it-
self causes only minimal changes. ;

Induced SC magnetization currents in the fila-
ments are the cause ot power losses and rield changes
at injection. An upper-limit estimate ot the increase
in the field coefficients is given by -'

where d, n, 1 are the filament diameter, total number
of filaments,' and the critical current of the °braid
respectively. In the worst case, the dipole term,
Wo = 0.35 neglecting <the azimuthal field variation in
the coil. One finds that the dipole error due to mag-
netization increases by less (presumably by much less)
than a factor 3. which would seem acceptable. Note
that magnetization effects could be reduced by going
to more filaments of smaller diameter.

The upgraded coil configuration is substitutional
for the standard coUp3nd few changes in fabrication ;
technique are-expected. The thick braid will be insu-
latea m the same way as the standard braid with ,.
S-sta»e epoxy-irapregr.ated tiberglass tape 50am thick.
Consideration is i$iven to adding a single 25um kapton
iayer if better insulation is judged necessity. The
necessary overlap joint between thick and standard
braid will be located at one end, and made by routine
practice. The higher stiffness of the thick braid re-
quires additional tooling to form the ends, but no se-
rious complication is expected.

TEST MAGNETS

In order to verify the increased stability argu-
ments, two full-size test magnets (MK-1<> and 20) were
built in which the inert spacers were replaced by
superconducting turns. SC spacers were used in ear-
lier short magnets 112| and more recently in Nb^Sn
magnets 1131 to increase the current stability of the^
turns near the pole. The winding scheme for the test
magnets is shown in Fig, ! (with MK-19 being insigni-
ficantly different) and the important parameters are
listed in Table 2. Both magnets were soft assembled
with MK-20 directly comparable to MK-23 and 25. MK-19
in contrast, was assembled like MK-5 (the best per-
forming dipole) with stress relieved fiberglass bands,

: masking tape between coil and band*, and the bore tube
supporting the coil. MK-19 was wound with natural
ends, MK-20 with e,nd spacers.



Table 2.' Full Size Test Magnecs
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The particular arrangement with superconducting
iner-t-^ESrns is subject to substantial eddy current
•itfects uur.;i^ ramping and the magnets .ire effectively
cic Tiagnec= .jnly. The maximum induced current is. in
steady state ramping, estimated to be

with T the time cnnstanr, w the braid width and A!\
tne t ransfer function« The observed time constant is
>n the order ->: >r.e hour resulting in 800 A induced
current in the i ra id at the ramp rate or 0.01 A/sec .
Th*1 induced cu r ren t s are additive to the t ranspor t
cur ren t and the critical cut-rent is easily exceeded^du-
nr.-4 ramping* Interchanging active and spacer tu rns
would have resulted in a subtraction of the eddy ' cu r -
i*'jnt i nd a substantial improvement of performance1. The
ti-ne constant depends quadratically on the spacer turn
'.en^tr.; cut t ing the spacer length would practically
eliminate the eddy cur rent effects.

The effectiveness of the superconductinij t u rns in
suppress ing training quenches depends on the time r e -
quired to switch the cur ren t locally from the ,active
into the superconducting spacer turn ( the cu r ren t dif-
fusivity is about 10^ m 2 / s e c ) . It has been estimated
that a minimum propagating zone can be bypassed within
A few milliseconds, which may well be marginal at top
tVrjid, At lower fields quench recovery has been

The ttist magnet \(K-l° underwent about 40. law field
uliunc.ics -il ;ist rarnp ritea until the eddv current ef-
fect v33 cirrectiv iiagiosed. MK-i-* had then its tirst
training iiuencn at 39.i <O (2.3*1*? K\) anc) trained in
one stap to 42.5 kG when ramped at 11.01 \ / sec . Train-
ing A-as stopped due to -nagnet damage caused by a fail-
ure o: the quenc.i protection circuit. Testing ot MK-20
is forthcoming.

A noninductive sirr.ulation coil, ;;50 cm long, was
wound with thick braid in order to test training beha-
vior snei quench '-•elocities. .No training quenches were
observed at 5.5 T up to the magnet design cut-rent of 4
kA. [3].

CONCLUSION

It is*" in our opinion, justified to discount the
eddy current quenches observed on MK~I9." Under this
assumption, its performance would seen tq be superior
to all other standard dipoles tested recently (Fi§.
1). However, it is noc possible, without further
work, to attribute it to the presence of superconduc-
ting spacer turns rather than s o w other aspects of the
magnets* such as the particular asemblv technique ap-

he results are in any cade suffi-
id l

plied to MK-19. Th~ ... - . . ,
ciently encouraging to pursue the thick b
with vigor.

Thick braid has been delivered by

s f f
aid solution

industry to

this laboratory in quantities. adequate for construc-
tion of a dipole and several quadrupoles. In view of
its greater simplicity, the construction of a full'
aize quadruDole, 1 .a 11 long. is under consideration
(Fij . ^ ) . Th-r -jr.-iarv ourcose of this test maanet is
to ,iir. : m nation experience ^nd to verity the
trhi\ir.jj behdvi-jr 3f na^ners containins '-.nick braid.
It : : expected t'-.at this first step will lead to the
cons:ruction of :ull-size dipole -nagnets*

.^ 5

Fig. 5, Cross section ot thick braid quadrupole.
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•\bstrict - Ac:i".ev^"ient of the design field of ? T
in the ISA3EJ-LE dipule magnets is turning1 out to be
•r.ore arduous Than expected and several avenues of im-
provement are being pursued. One possibility for im-
proving training ana peak iieid performance is dis-
cussed in this paper. It r.as been recognized that the
ineri spacers with their adjacent active turns in rhe
cosine magnet windings can be replaced by a double
zr.ickness eraid operating at approximately half-current
density in 4b of the 140 turns. Since the high-field
region iccars in the low current density turns near the
•soles, n. performance improvement can be expected. It
has ceen verified that the proposed coii configuration
satis lies trie :ieH requirement? \nd details thereof
are sjiv^n. Results from an experimental magnet in
•A-r.ich superconducting spacer turns are used to-simulate
hail-current density windings are presented. Construc-
tion of thicn 'yrnid coils is being-.planned and tne sta-
tus ?{. these magnets is reviewed.

A proton -proton colliding oea.m facility IS.*1. ."5 ELL E
is under construction at 3rookhaven National Laoorato**v
[1] The two rinas are each almost -1 ---""l m circuTifer-
er.c .nd .vill reaair or i total of over 1000 superconri'ic-
tin na^nets * T*ie di^oles ire 4-5*4 m long, have a
coi inerture of anoui \ i TTI, a P. a must iperats it 3 1
:n order to achieve the iesijr, ertergv of 4')0 Je'/ per r

rin-*. The major requirements tor the masriets, in addi-
tion try ope rational tield strength, can be summarized
under -Acceptable tr lining, SUHC ar.d oynamic field
n ua.it y, reproducibuity from .manner to magnet, ramp
losses, self-protection auring quenching, absence of
e:octr.;cal shorts, and nanuiact irability witnin a lim-
it; i budget. The development of -superconducting di-
poles is turning out to be -nor-; arduous than expected.
Experience jvith developmental magnets has shown that
the aoove requirements have been me: individually on
particular magnets; however, tney Have not as yet
been achieved consistently inua series of magnets. The
most visible difficulty in the raresent -iipole ma2net is
the large number oi training quenches required to reach
design field, although all magnets seem "t.> reach short-
sample current xi trainee long enough. \ substantial
-\«.) oroararn has oeen -nountea to develop in adeq.uate un-
derstanding o: the limitations and to improve the per-
tomance oi the ISABELLE magnets {21* In spite of con-
siderable progress which has been made so far it seems
advisable to investigate solutions Ahich depart from
tne original design concepts.^ In this paper a proposal^
tor inoroving trainine and peak field oerformance of
the iipoles ;nvoiving .̂ nly 5UOstit*:tional changes is •
iiscusiea* J

UPGRADED COIL O N FIG': NATION

The coil configurations ior iipole and quadru-
po!«* magnets are single iaver ~uitiole ;iock approxi-
mations to cosine current 'Jistributions, 'voiind from a
high aspect ratio non-keystoned braided cond;iuctor. The
azimuthai current density variation is obtained by an
approoriate distribution >f branded inert spacer turns.
The cross section of recent test 'na^r.ets isf ||
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show.- i- rm, 1. r.;-.e coil is shrinK-titted into a
cold iron core which "is issembled from unsplit lamina-
tions heid in a heavy wall stainless steel tube-

It has been recoginiz&d that the spacers 'with
their adjacent active turns can be replaced by a dou-
Sle thickness br aic operating at approximately half
the current density | 3 ] , Since the high-field region
occurs in the low current der.sitv turns near the
poles, a performance iTr.ps-overr.c'nt can be expected-

Graced conductor has been used in the past to re-
duce cost by operating at approximately constant prod-
act of current density tirr.es loci I Held. The oro-
poseci scheme on the contrary "ias the objective of
packing che maximum possible ami/j.nt r»t superconductor
into \ 2iven cross section. In our particular case,
about a 28*j addition of NbTi m ".he entire coil is a-
chuv—i.. The cross secti-i--. )f tne prooosed dtpole
roii :SJ shown in Fig. 2. The configuration uses a
tive-sljcrt i=~ t jrn per i aacirant solution *vitn the up-
per two blocks containing the 23 double thickness
turns (41. Incorporating a single thick metal wedge
between block 3 and 4 satisfies the field shape, re-
quirements. It murit be emphasized that the overall
coil i-2 iT.etrv remains unchanged and thus all improve-
ments in assembling md shrin* fitting :he coils de-
veloped tor the standard coil will be applicable,
'.'.'bile the arguments ire developed in this paper for
the .iipole case, they apply also to the quadrupole al-
though modifications are here less pressing. :

The ise of thick braid is expected to improve the
performance in several ways:

i) I he two blocks operating at half-current density
will have an increased stability margin against quen-
ching, thus reducing the number of training quenches
required. The enthalpy reserve of a thick braid is
almost an order of magnitude larger than for the thin
braid at equal current and field (5 | . Making plaus-
ible assumptions on the quench inducing disturbances,
one ca.n ̂ expect that TO training quenches will occur
in the thick braid region. In order to obtain'an es-
timate ol the likely reduction in training, the quench
on^\n has been located in four recent magnets (MK-13,
23,v^J, 25). From Fig. 3 it can be seen that in the
average 4')% (7 ol the first 18) quenches originate in
multifilar turns ana presumably could be eliminated

Fig. 1. Cross section at R&D dipoles.



by adopting in** chick ^raid solution.
ii) fie t jp fiela ^er tor-nance ot a trained "lagnet is
iit:™iatei.' a~ntea ov the short s'iTple characteristics

or the br tii at trie point •;£ highest local magnetic
n-1!•-•. *V . . . C;".»:•i*1!'iik; the ••:-camnie of the coil in
;- '.•'-... L, "":.- ; : :Jir i. ?. •-;•*. • jpercorductor plus
-c'.-j-er t^r i* i i -;at-_-1-: o* the '-'-.:*.'. -:raid one rinds a
r *>--.: ner.slon. il tielJ -imincem-1:'.' JI ? • 7"> md; ;n the
•_-ms 1.' *. !.i :he proposed solution the- li-mtins» field,
.3' „. , Occurs :n the -nonotiiir t ir is ana the respective
. dVJ*s ii" ^ .4 o a:i'.l —i',. It j.l ^-> n idt the ;).-j'jused
-jijiution rias its ^h,'j'"t saTipli* *>»rto.r ic.ice improved by
about -In. , -,

Hi> i'.ne iield :n tne braid of tne upper blocks near
the pole *a Tiore or less constant vitn radius and par-
allel to the braid, whereas in tne lower blocks the
field diminishes along the radius irH is primarily per-
pendicular to the braid. The nonolilar turns at the
Loation ol tne limiting field B ^ . are in.., a nonuniiorm
t:eld • In :act. the rield here" cnanges by about 30%
over ;:.ie braid wioth «n:ch suggests that I he local
enthalpy reserve and stabilitv against quer.cnin^; is
i?nh.mcea. Counteracting this 4am is the anisotropy of
the critical currp.it in the oraid, which is about 10*5
lower :or 3 oerpeni:cular to the .braid ; i .e . the 'isual
to&t condition 1. It :s conceivable : i.it tne nagnet re-
~iams stable in the current-shann ^ state, but opera-
tion in tnis mode is not recommencer,.

iv) Incidental to this solution, but nevertheless oi
considerable practical iTiport^nce, is the possibility
J: using prvinsulaied braid thereby eliminating the
need tor hand wrapping or muititiiar turns, and makini*
possible pre A'indint; insuiitinn tests 01 the lull length
ot conductor. 1

DEVELOPMENT

Table!• Braid Parameters

The upgraded coil contiguration requires, in addi-
tion to the standard braid, a conductor essentially of
twice thickness, that is 1.47 instead ot 0.71 TITI. It
is intended to produce the rv»w conductor in the lorm of
1 54 strand braid with the nominal cross section of
16.5 x 1.5 T.m including insulation. A comparison of
the braid parameters is given in Table 1.

t he development of thick braid has been undertaken
in collaboration -vith industry (AIHCO, \!urrav Hiil, ,\'ew
Jersov) and rirst test oieces have been 'produced and

>: : lid-: Triia oioc;<5 *

2, Cross section ">t upgraded dipoie coil
incorporating thicK braid.

Brat; dimensions
tlo. ii strands
wire lianeter

Vo. "ilimenct/vire
^ati) nacrix/SC

C5• i T i 4.2 <

I ; I S 4.2 S
Transposition

lenqch
Incerstrand

Elastic modulus

"rilled with staybrite

Standard
16.3 « 11.7

97
0.30

300
l.i

55

-•.6

30

5
25

(SnAg) but

Thick Braid
16.3 * 1.5

59
0.57

500
1.6

200

12

40

0.3
14

without high

unit
nni-

nun

A

kA

c a

GPa

r e -

Parenthetically it should be remarked that it iSi
of course, possible to increase the matrix/SC raiio
some A-hat .in order to reduce the additional cost in-
curred Jrom using -more superconductor. This would re**
tain -he winding simplifications, but may cor̂ e at the
expense of the full stability gain- In the case of
quadrupoles such a modified thick braid would certain'*
ly be acceptable-

COIL DESIGN CONSIDERATIONS '
!

iVhereas it can be expected that tne thick braid
will lead to an improved training and peak field perr
formance, it is necessary to investigate other aspects
entering the coil desizn, such as quench propagation,
•nagnetization, B-dot effects, insulation, ends, joint
of thick/thin braid, etc.

- - SOFT ASSEMBLY
MK-23 ft 25

• MK-19

O QUENCHES IN MUlTlFtLARS

M K - 16

UK- 23

M K - Z*

UK- 23

I

BJiB

4/18

S/fS

OUENCH NUMBER

Fig. 3. Training curves of recent test dipoles-
Open circles represent quenches originating
in -nultifilar turns.



.'» primary concern here is asiinuthal quench pro-
pagation velocity whica, to a large extent, determines
"na^net self-orotection during a quench* The maximum
ti'T.perature reached in tne coil during a quench is re-
lated to r.he ."1-dt integral and deoends inversely on

>np
:-.:-• rr%l is about ^.5 <A~ sec *.n the -nonoriiar turns
, - i. .vhicn ir, :he -iesi^n .lccorair.a to l-~i 5 - 1 is the,
:.-i:tc il f1-J'.JII. Tie tolerance tu r.catin^ ot a thicK
>-ji.z :5 '.".r-j.-;r by 1 tictor o: 4 whereas, the turn-to-

t i*-n •>:: -u:nal r-iencn propagation tine has been
•• ̂ mat^r: I.7] to Increase on*v by a tactor 3.8. These
acahn^ arguments indicate trial the •nonotiiar turns re-
"n.airs *he critical regian in the thick braid design oi
iv:2. ' • Experiments on propagation through thick met-
a.J vetiges indicated that their rielay is equivalent to 3
to 4 T.ono'filar turns 1*5] -r Results of more detailed
calculations j J j 0* maximum temperatures in the
'jpooofed iesign are shown ir. Fi?. 4, sua^estine that
tie Ta^net vili be seit~protecting during a quench pro-
v;iei t.iat tne nominal Tionofilar turn-tcj-turn transit
*-:-ne is L«ss than about 2 msec. With proper ta^rication
recnn; j'ies.. this requ:renent can oe satisfied. It has
Oeen oDserv-̂ d ...tat azirr jthal quench propagation depends
iti-on^.v ' up to taot.-jr i;i variation) on
- :r.«* presence oi neiium *-itnin the A'mdini;, i.e. tne

z ill oorosity. ana
- -̂Kid ;;->ntact iet*'»«i.n turns vhicn ;a heiped by ores-

= ure ^•jrinq the coii .vir.dm^ process and. assembly.

"ddv currents induced m tne superconauctins;
"^ritfi A>nue tne Tiajr.et current is oeing ramped can pr i-
j.;ce SLiDstantiai iuila aistortions and power ws.-;e$.
1 ".*» : jt.i- oower dissipation per Jrtit length o; the d:-

b v

360 R

where n, w, L are number oi *ires, width and transpo-
sition ,eni*:n ot braid respectively, A the mterstrsnd
resistance, \' the total number jf turns, and S the ramp
-•*it«?. Induced !ield harmonics are minimized by an ex-
;)onen*.:al ra/np rate, with 6/E = ^,i y i )~ ' sec""* during
tnt_* S min ramp time rrom 0.17 IJ '- f. ••_ nder these con-
ditions, the standard .^raid exhibits 1 -naxi-rriifn now-r

loss 01. bO W/m, which is unacceptable. Heat treatment
and nechanical cracking ot braid iiller ia expected lo
produce the ^j i red aign reiiistance braid with an or-
der of magnitude increased inter strand resistance
t i l l . This treatment would also have to be applied to

the implication ot t-iick h*-aid can be estimatea to oe

P • '"V , 2. " l ,
ch

where the index ''th'1 refers to the thick braid values
and the ^eometrfcal weighting factor is given by

T / 2
s •." cos • dv/ .' cos'e if * 0.08

•Artth 5 - arc cos (NV^-'^/- L'sing the numbers oi Table
1 or.e finds a 15% increase oi the loss. Similar ex-
pressions, but •Jvith changed weighting factors applv to
the induced iield har'nonic coefticientg. H'e conclude
that reduces the mterstriria r^sis'.j.-.ce ;s :.".c prĉ r
vailinu concern, whereas tne . s - or tn:c* l)ru4 oy it~
self causes only minimai changes. ,.

Induced SC -na^netization currents in the iila-
-nents are :!-.e cause .*t noier Losses and r.eld chan^es
at injection. An upoer-inm estimate or tne increase
:n t,:e fiela coefficients ;s ^* v e " ^y

1b
' dth"ch1th

1

•vher« d. n. 1 are the :ilaTit'nt diameter, total number
of tiianer.ts, ind the critical current of the braid
respectively. In the worst case, the aipoie term,
W, = 0.3i neglecting the azimuthal held variation in
the coil. One finds that tne dipole error due to Tiag-
netitation increases by less (presumably by much less)
than a ractor 3, which *rould seem acceptable. Note
that -nagnetization etiects could be reduced by going
U> -nore filaments o! smaller diameter.

; i

00 L

f ig . •). Calculated maximun temperature during
which starts at the pole. Paramese
nominal turn-to-turn transit time at

.j'jencri
is the

1 kA.

Tn.o upqradea coil c ̂ nilgurition :s substitutional
tor l-.e standard coil \n.l tt»w c.'ianges :n rabrication.
tech".:q'J«» are .>xoecTed. ^ne th'.ck sra:G xill oe insu-
.ilr: :i -he sme i-a.- j * :-,e -tandard nraid vitn
•i-^ti^v *»p .•'(V-irrprt^r.ate'i r:">er.iiaas tipe -i^..rrt tniCK.
Con^-.ieration :s <iver. to icaini; a single 2ZUT- kapton
. a v - if better insulation is judged necessary. The
necessary cv»rlao ;oint Detween thick and standard
SraiJ M'Lli f.e licated it )ne en0, and cade^by routine
practice. I'r-.e higher stiitiess o) tne thick braid re-
quires adaiti^nai tooUni< to !om the ends, but no se-
nous^omphcitiun :« expectea.

V \ _ ' TEST MAoVETS

In order to venfv the increased stability irtja-
•ner.tj, two !ull-size test magnets (\1K-1J and 2'11 ,,;*ore
built m wnicn the men spacers were replaced bv
superconducting turns. SC spacers were jsed in ear-
Uer ihort magnets {*2\ and more recently in Nb3$n
nagnets I i 31 to increase the current stability of the
turns near the pole. The »inding'/||scheme for the test
•nastnets is snown m Fi?. '. i with MK-li being insigni-
hcantly different) and the important parameters are
Usted in Table 2. Both magnets were soft assembled
with '.IK-20 directlv comparable to MK-23 and 25. MK-19
in contrast, was assembled like MK-5 (the best per-
for-mni! dipole) with stress relieved fiberglass bands,
masking tape between coil and bands,, and the bore tube
supporting the coil. MK-19 was wound witn natural
ends, MK-20 wich^end spacers.



FulL Size Test Magnets
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:i'r in '>-

: . - - . • ! . • ! . : : - : • ) * J .;?i

"Fuii orestress a re venting coil -notion at the pole
v>,;id require ri*2D-j* J} Mpq..

The particular arrangement with .-uperconductine;
inert tu rns is subject to substantial eddy current
iitects aur:.-.4 ravr.pini; ano tr.e -na^nets are effectively
•JC -nainets >r.l\'. The maximum induced current is, in
steady stale r.iT.jjing, es'irnaiea to be

'eddy o , I , T

with
lie
>n t

c LI rr
Thr

r :h«* tiT.e constant, v the braid width and .1 I
transfer I'1.:-.c'-wn. The observed time constant is
he prder •>: ir.e hour resulting in tJOO A induced
nt in tho -i ri:c at the rarjp rate oi 0.01 A / sec .
induced currents are additive to the transport

?nt ind iHv cnticii current is easily exceeded da-
rimping. iiti*rchanginfl[ active and spacer turns

have resulted :n a subtraction ot the eddy cur-
ma a substantial mpr-jvement oi perfor.TianCf. Jhv
cunstant depends quadratic ally on trie spacer turn
r.; cutting the 'spacer length would practicaliv
ate the eddy current effects*

The effectiveness ot the superconducting turns in
•iuppress;n^ training quenches depends on the time re^
quired to switch the current locally from the active
:nta the superconductire spacer turn (the current dii-
usivity :s abjiut 10̂  n*- 'sec). It has been eslimate(d
that a mini mum propagating j;one can be bypassed within
4 few Tiiiliseconds, which -nay -well be marginal at top
tn;l.d. At lower fields quencn recovery has been

T-.e *.*s! iia^net MK-t1* 'inder-vijnt ab^ut 40 low t'ield
j'-i-r.:."!:-,- it -ist ranr> ri1 .^ 'intii t".*« eddv current •*:"-
;->•(; t '•is ^ jrrecttV iiaz^. JSCJ • ' !K*i J **.ad tnen its !irst
trdinin.; la^ncri at 5^. i <u : J.^'^o <\f and trained -n
->ne 5ter> lo 4J.5 /tG y-ner. ramped at ).01 ^ 'sec. Train-
• ni; AIS stoiiped due to -nas?net damage caused by a fail-
lire o: the q jencn protection circui*. Tostinjis Ji MK-20

\ no^inductzve sirruiation coil, 50 cm lon^, was
j-ound -J-'itr. tnicK braid ;n order to test training beha-
vior ma quencn velocities. Vn tratmna quenches .vere
joservvi at >.6 T up to the -naanet design current of 4
kA. ;4i.

It :s, ;n our opinion, justified to discount the
eddy current quenches observed on MK-14?* 'Jndj^r this
assumption, its perror'nance *ouid seem to be superior
to all other standard dipoles tested recently!! (Fig.
3} • However, it is not possible* without further
work, to attribute :t to the presence of superconduc-
ting spacer turns rather than some other aspects ** *'•"
magnets, such as the particular aaernbly techniq
plied to \1K-11*. The results are in anv
ciently encouraging to pursue the t hie it br
with vigor* .,

Thick braid h«s been delivered by indui

ap-
iffi-

olution

try to

this laboratory in quantities adequate for construc-
tion jf a dipole and several quadrupoles. In view of
its zreater simplicity, the construction •>£ a full
iize quadruDole, I.a T i l ing , is under consideration
(F i j . * ! . ,.T'i* -jr.-iarv -jarcose of this test masr.et is
to .ur. :i~-.cV.nn a i p e r i ^ c - -ind to verify the
:r*i: :ri^ bt-r.jvijr if -na^nets zor.',unina, thick braid.
-t . : expected that this Hr^t step will lead to the ;
construction of':ull-sue iipole -la^nets.

I

Fig. r>. Cross sect^n oi thick braid quadrupole.
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