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Abstract -~ Achievement of the dg

in the ISABELLE dipole magnets V(a
more arduous than expected and ssveral avenues of im-
provement are being pursued. One possibility for im-
proving trgining and peak
It has been recognized that the

Conf.

cussed in tnis paper.

inert spacers with their a.d]acent active turns in the
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UPGRADE.D COIL CONFIGURAT[ON FOR ISABELLE MAGNETS

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

field oerformance is dis—

~ ' | GOROF YI0BHO -

xgn field of 5 T shows in Fig., L. The coil is shrink-fittéd tnto a
urning out to be cold iron core which is assembisd from unsplit lamina-
tions heid in a heavy wall stainless steel tube.

3

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

cosine magnet windings can be, replaced by a double  the current density {3]. Since the high-field region
thickness oraid operating at a.pproxl.mately half~current occurs in the low current density turns near the
density in 46 of the 190 ‘turns. Since the high-field poles, a performance improvement can be expected.

region occurs in the low current density turns near the
poies, 2 performance improvement can be expected. It
has been verified that the proposed coil configuration
requiremeats and details thereof uct of cur"t'r,z density times local field.
posed schemeXon the contrary has the nbjective |
packing the maximum possibie amoant of suoe*conduc:o' N
In our particular case, ¢
addition of NbTi in the entire coll is
chiavad, The cross section of tiae proposed dipole

satisties the lield
are given. Results from an experimental magnet in
which superconducting spacer turns are used to simulate
haif-current density windings are presented. Construc- intov a given cross sections:
tion of thick’ braid coils is being. planned and the sta- about a 28%
tus of these magnets is reviewed.

. coi 15 shown 0 Fig. 2.

Graded conductor has been used in the past to re-
duce cost by operanng at approximately constant prod-
The pro-

of .

a-

The configuration uses a

INTRODUCTION : . tive~block 9B su¥n per juadrant solution with 'the up- v
3 . per two blocks containing the 23 double thickness
A proton-proton colliaing heam facility ISASELLE turns (4]. _lncorporating a single thick metal wedge ° .

is under construction at Brookhaven National Laboratory
1)« The two rings are each almost 1 km in circumfer=~ quirements. 1t must be emphasized that the overall

ence and will reauire a total of over 1300 superconddC'

betwesn block 3 and 4 satisfies the field shape re-

ceil seometry remains unchanged and thus all improve-

ting magnets. -The dipoles are 4-3/4 m lonyg, have a ments in assembling 1nd shrink fitting the coils de~
coil perture nf about 13 zm, and must Jperate at 3 F veloned ior the $tandard coil will e applicable.
in order to achieve the design energy of 400 GeV e\ ‘While the arguments are developed in this paper for
ring. The major requirements for the maa=nets, in addx\ the dipole case, they apply also to the quadrupole al-

tion to operational rield strength, can be summarized’
t—alrmg.
quaiity, reproducibility from magnet to magnet, ramp The 15¢,_of
lnsses, self-protection auring nuenching, absence of performance™i’ several ways: - \

i) The two blocks operating at half-current
will have an increased stability margin against quen—
ching, thus reducing the number of training quenches

under acceptable

electrical shorts,

" particular magnets;

and manutactirabudity witnin a lm-
ited budget. The development »f superconducting di-
poles is turning out to be more arduous than expected.
Experience with develoomental magnets has shown that required. The enthalpy.reserve of a thick braid is

_the above requirements have been me: individually on

static and dynamic field

though modifications are here léss pressing.

ck braid is expecteq to xmyrq/-e the

censity

almost an order of magnitude larger than for the thin,
however, tney’ have not as_vyet braid at equal current and ficld [3]. Making plaus-\

been achieved consistently in a series >f magnets. The ible assumptions on the quehch inducing disturbances?

most visible difficulty in the present-dipoie magnet is

the iarge number of training quenches required to reach in the thick braid region. In order to obtain ,an es-
design field, although all magnets seem to reach short- timate of the likely reductisn in traiming, the quench
sample current if trained ‘.on'g enough. A substantial oangin has been located in four recent magnets (MK-I§,

Ra&D orogram has been mounted to develop an adequate un-
!:iersr.anding or the limitations anc tn improve the per-

one can expect that 7o training quencnes will occur

23, 24, 25). From Fig. 3 it can be seen that in the
average 4% {7 of the first 18) juenches originate in

tormance of the ISABELLE magnets {2!. In spite of con- multifilar turns and presumably could be eliminated

siderable progress which nas been made so far it seems

1cvisable to investigate solutions which depart from

tne original design concepts.
for improving training and peax field performance of

the dipoles .avelving

discussed.

GPGRADED COIL CONFIGURATION omacin o
L5

The coil configurations
pole magnets are single layer multiple' 3lock approxi=
mations to cosine current distributions, wound from a swere wsmaron— "
high aspect ratio non-keystoned braided conductor. The
azimuthal current density variation is ob;ained by an
appropriate distribution 3f braided inert spacer’ turns.
The cross section of recent test magnets i

anly substititional changes is
(S

In this paper a proposal
. llhDS\\
.

3
& 3

= 230, N TS

W
for dipole and quadru-
ceas aome g
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Fig. 1. Cross section of R&D d;poles.
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Fige 24

by adoptlnb the thick braid solution.
ii} Ihe top field pertormance of a trained, magnet is
dltm,atex limited by the short sample characteristics
“the brmd at the point ot =zighest local magnetic
'1"1(“, 8 Considering the wnxamnle of the coil in
Fig, 2 pifilar ({2 s 1perconductor plus
soacer iu iastzad ot the thilt Sraid one :irds a
anhancemen: 3 7.7% and in the

e

ris)

swo-dinensionil fleld
ends 11%., In the sroposed solation the limiting field.
3'...,a9ccurs in the monntilar tarns and the respective
vd 1es ire 2434 ang ~od. LU Joilwws tiat the proposed
spiution nas its .short sample sertormance improved by
about 4%.

» iii) T'he field in -the braid of the upper blocks near
the nole is” more or less constant with radius and par-
allel to the braid, whereas in tne lower blocks the
field diminishes along the radius ind is primarily per-
pendicular to the braid. The monotilar turns at the
iocation o1 the-limiting field By, are in a nonuniform
field. I{n ‘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 gain is the anisotropy of
the critical curreat in the braid., which is about 10%
lower :or 3 perpendicular to the Sriid (i.e. the usual
test condition). It 1s conceivable :nat tne Tagnet re-
mains stable in-the

current-sharinz state, but qpera-
tion in this mode is not recommendec.
iv) lncidental to this solution, but nevertheless of

considerable practical importance, is the possibility
of using preinsulated braid thereby climinating the
neec tor handwrapping of muititddar turns, and making
possibie prewinding insulaton tests of the tull length
ot conducior.

CONDLCTOR UEVEL.()P‘.IE.\‘T

[he upgraded coil contiguration requires, in addi-
tion to the standard braid, a conduétor essentially of
twice taickness, that 18 1.47 insiead of 471 mm. It
i3 intended to pronduce the new conductevsin the form af
1 39 strand braid with the nominal cross section of
6.3 = 1.5 ==m including insulations A comparison of
the briid patameters is ziven in Table 1. .

! 2e development af thick Lraid nas been undertagen
i onllabnration with 1naustrs {AIRCO, lurras Hill, “vew
tderser) and nurst test oleces have bYeen vroduced and
i estanidsh and electrical prooertiés
22

Techanical

[T ST T3

>rass section of upgraded dipaie ol

.ncorporating thick bSraid.

=T SR L
& \ e
- h i ’fl
Table 1. B8raid Parameters = _
- Standard Thick Braid unit
Brail dimensions 5.3 x 0.7 - 16.3 X 1.% mm-
Ho." 3 strands 97 ose
dire 1iameter 0.30 0.57 ‘mn
filament diametar 9 17, i
Mo, “ilaments/wire 560 500 g
Rati> matrix/SC 1.5 1.5 '
I /wize -
e’
25T E 42K 35 200 A°
I, /braid
I5T84.2K 4.5 12 kA
Transpaosition
langth 30 40 =]
Interstrand
resistance¥ 5 0.3 U
Elastic modulus 25 14 GPa:

*Filled with staybrite {(SnAg) but without high re-
sistance heat treatment.

Parenthetically it should be remarked that it is,
of course, possiole to increase the matrix/S8C ratio
somew~hat ir arder to reduce the additional cost in-
curred from using more superconductor. This
tain the winding simplifications, but may com
expense of the full stability gain.. oln the case. of

quadrupoles such a modified thick braid would certain-
ly be acceptable.

‘ COIL DESIGN COI\SIDERr\[‘IONb

Whereas, it can be ewcpected that the thick bra.ld
\1'111“ lead to” /a.n improved” training and peak field per-
‘for.‘nance, it is necessary to investigate other aspects
‘entering the cod design, such as quench propagation,
magnetization, B-dot effects, insulation, ends, joint

of thick/thin braid, etc.
i B ,
¥ 13 iy T
o
-
- £
<
= »
= o
- 3
z i
& <
g - >
2 2
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5 =
z } — HARD 2SSEMBLY 3 o
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Fig, 3. Traning curves »f recent test iipoles.

Apen circles represent

juenches o'.zinating
in —wultifila- turns. B




Ot primary concern here is dzimuthal quench pro-
pagation velocity which, to a large extent, determines
magnet self-protection<during a quench. ‘The maximum
temperature reached in tne coil during-a quench is re-
lated o the ;12dt integral and depends, inversely on
asimusnal zuencn veioeity.  An upper iimit an  this
tntearal is about 3.5 XA” sec in the monofilar turns
121, which in the desizn according to Fig. 1 is the
seitical region. “The tolerance
Sraid is larger by a. factor of 1 whereas the turn-to-
turn aziuthal , quench propagation time has Dbeen
wstimated 17} to increase only by a factor 2.8. These
:cahng arguments indicate that the monofilar turns re-

* main the critical region in the thick braid desigh of

Fig. 2. Experiments on propagation through thi¢k met-
al wednes indicated that’ their delay is equivalent to 3
to 4 monofilar turns 18f.  Results of more detailed
caleulations. (%' of maximum temperatures in the
nroposed. design’are shown in Fig. 4, suggesting that
the magnet will be self-protecting during a quench pro-
vided that tne nominal moneofilar turn-to-turn transit
time is less than about 2 msec. With proper fabrication
tachniques this requirement can be satisfied. It has
been observed that agzimuthal quench propagation depends
strongly (up to factor 10 variation) on
- the presence of helium witain the\\wndmg. iees the
coil porosity, and
- good contact betweea turns which is helped by pres-
sure during the coil winding process and assembly.
Eddy currents induced in the
duce substantial field distortions and power losses.
Tae tatal power dissipation per unit length of the di~
pole 15 given by |10}

P - o1 ¥ #
360 R - o 2

where n, w, 2 are number of wires, width and transpo-
sition length of braid respectively, R the interstrand
resistance, N the total number of turns, and B the ramp
rate, lInduced field harmonics are minimized by an ex-
puncnnal ramp rate, with B/B = 5.4 x10-% sec™! during
the 8 min ramp time from 0.37 to 5 T. Under these con-
d:mons. the standard braid exnibits a maxxmum\ power

/,—\\
3
400k STANDARD muec 4
BRaiD
. _ , .
x /
ot 2 .
&
€ 300} | /\ E
2 y
1 /e ,
& P
3 087,
[~ a
=" R
X 2000 k
z
z .
2
o —— 1
~ ~
~ .
THICK T ——— i
Z 1000 BRAID - i
ot —— ‘
e e —— .
s i
, ;
- 4 N T— 1.

| -
QUENCH CURRENT (x4]

Fig. §. Calculated maximum temperature>during a guench
which starts at the pole. Parameter is the
:  nominal turn~to-turn transit time at 3.1 KA.

% heating of a thick,

superconducting . at injection.

braid whiie the magnet current is being ramped can pro-_

© listed in Table 2,

loss' of 60 W/m, whxchns nnacceptable. Heat treatment
and . mechanical cracnung of braic, filler is expected to
produce«the desired nigh resistance braid- with an or-
der' of magnitude increased interstrand 'resistince
111}, This treatment would also have to-be apphed to
the thick draid. The incremental powver loss lue o
the ioplication;of thick braid can be “estimated to de

B
ﬂ

2 2
t:h
2,

ni XN '{Ch .
where the index "th" refers to the thick braid values
and the geometrical weighting factor is given by

’.1.! { - ) BN
2. ]

?

n/2 ‘3 w/2 3
W, = f cos™? de/ [/ eos’5 48 = 0,08
o [ o

with § = arc cos (N, /N). Using the numbers of Table
1 one f{inds a 15% increase of the loss. Similar ex-
pressions, but with changed weighting factors apply to
the induced field harmonic coefficients. WWe conclude
that reducing the interstrand resisiance is the pres
vailing concern, whereas the use of thick braia oy it-
self causes only minimal changes. i

Induced SC magnetization currents in the [ila-
ments are.the cause of power losses”and rield changes
An upper-limit estimate of the increase
in the field coefficients is g.ven by

d n I EN
where d, n, I are the filament diameter, total number
of filaments,” and the critical current of the “braid
respectively. In the worst case, the dipole term,
= 0.35 neglecting «the azimuthal field variation in
the coils 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 efiects could be reduced by going
to more ‘filaments of smaller diameter.

@

The upgraded cm.l configuration is substxtuhonal

for the standard coil -and few changes in fabrication :

technigue are- ‘e‘cpected. The thick braid will be insu-
latec 1n the same way as the standard braid with
B-staze epoxy-impregnated tiberglass tape 50ym thick.
Cons:deration is given t0 adding a single Zaum Aapton
layer if better insulaticn is judged necessary. The
necessary overlap joint between thick and standard
traid will be located at one end, and made by routine
practice. “The higher stiffness of the hick braid re-
quires additional tooling to form the ends, but no se-
rious comphcanon is expected. 0

TEST MAGNETS

In order to verify the increased stability .J'Lrgu.-
ments, two full-size test magnets (MK-19 and 20) were
built in which the” inert spacers were replaced by
superconducting turns. SC spacers were used in ear-
lier short magnets [12] and more recently in NbjSn
magnets |13] 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 differén;) and the important parameters are
Both magnets were soft assembled
with MK~20 directly comparable to MK-23 and 25. MK-19
in contraat, was assembled like MK-5 (the best per-

forming dipole) with stress relieved fiberglass bands,

. magking tape between coil and banda, and the bore tube

supporting the coil. MK-19 was wound with natural

"ends, MK-20 with end spacers.

5




Y

PR
3

Table 2. Full Size Test Magnets
MK=~19 MK=~20 anit
Ne. af furas 32 132
Transfer Function 1.+23 1,al3
Tuilr in he - 18 « 15
b - stow 5.8 1
3y - 29 - ah -
3 -1 9,24
Laminatisn o.d. 4.7 = +1.9
157, 2K 4023 % 2,35 alis s a5
Ilactn:: Modulas p i3
Prascrss Sstimaze’ - b)

*Full prestress preventing coil rnotien at the pole
vould require about 3) \Pa.

The particular arrangement with superconducting
inert--%%rns is subject to substantial eddy
zifects during ramping and the Tagnets are effectively
de¢ magnets orly. The maximum induced current is, in
steady state ramping, es:i'na:ed o be

I __.*_ B

Tegay 7T 7 11 } LIRS
with T the time cnnstant, ¥ the braid width and 3.1
tne transfer function. Thne observed time constant ig
on the order of ne hour resulting in 800 A induced
current in the Sraid at the ramp rate of 0.01 A/sec.
The induced currents are additive to the transport
current and the critical current is easily exceeded du-
ring ramping. Interchanging active and spacer tiras
would have resulted in a subtraction of the eddy’cur-
s2nt and a substantial 1mprovement of performance. The
time constant depends guadratically on the spacer turn
lengtn; cutting the spacer length would practicaliy
eliminate the eddy current effects. -

The etffectiveness of the superconducting turns in
suppressing training quenches depends on the time re-
guired to switch the current locally from the _active
into the superconducting spacer turn (the current dif-
fusivity is about 103 m?/sec). It has been estimated
that a minimum propagating zone can be bypassed within
a few milliseconds, which may well be marginal at top
fizld, At lower fields guench recovery has been
abserved. ' -~

The test maznet \IK-19 underwent about 40 low field
guencaes at {15t ramp rates 'nil the eddy curreat ef-
fect wvas correctliv ilagnosed. MEK-i? nad then its rfirst
training quencn at 39.3 <G (2.3% «A) and trained in
one stap to 42,5 kG wnhen ramped at D.0]1 i/sec., Train-
ing ~as stopped due to magnet damage caused by a flil-

ure of the quencha protection circuit. Testing ot MK-20
is forthcoming.
A noninductive simulation col, ;50 cm long, was

wound with thick braid in order to test traiming beha-
vior ind quench velocities. No training guenches were
abserveq at 5.5 T up to the magnet design current of 4
kAL {3]. 3

Cu‘\leUSlO‘\I

i

It is,"' in our opinion, ]ustxfled to discount the
eddy current quenches observed on MK-19." Under this
assumption, its performancé would seem tg be superior
to all other standard dipoles tested recently (Fig.
3). However, it is not possible, w1th05ut further
. wdrk, to attribute it to the presence of spperconduc-
ting spacer turns rather than some other aspects of the
magnets, such as the particular asembly technique ap-
plied to MK-19. The results are in any|| case suffi-
ciently encouraging to pursue the thick hraid solution
with vigor,

Thick braid has been delivered by |lindustry to

[

current:

this laboratory in quantities adequate for coastruc-
tion
its sreater
size
(Fiz,

o»f a dipole and several juadrupoles. In view of
simplicity, the construction of a full”
quadrupale, l.a m lang, is  under consijeration
3}. The wrmmarv surcose of this test maznet is
2xperiencs and to verify the
maznets containing thick hraid.
'his first step will lead tn the

Dinncition
benavior Of
t=at

Fig. 5.  Cross sectinn ot thick braid quadrupole.
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UPGRADED COIL COMNFIGURATION FOR ISABELLE MAGNETS
J.E. Kaugerts, and A.G. Prodeil
By ‘
rz, 1. e cold is shrink-fitted int2 2

Abstract - Actevemen: of the desizn fiela of 5 T
in the I[SABELLE dipole magnets is turning sut to be
nore ardunus than expected and several avefnues of im-
provement are being pursued. One possibility for im-
proving training ana peak feld vperformance is dis-
cussed in this paper. It sas been recognized that the
inert spacers with their adjacent ictive turns in the
cosine maznet windings can be replaced by a double
tnickness craid operating at approximatelv half
Jensity in 46 of the 1YV turns. . Since the high-field
region »ccurs in the low current density turns near the
acles, 2 performance improvement can ke expected. It

has ceen verified that the proposed coil configuration
satislies tne teld reguirements ‘and deiails thereof
are given. Results from an experimental magnet in

wnich superconducting s2acer turns are used to: simulate
haif-current density windings are presented. Construc-
tion of taick draid coils 1s being-pianned and :ne sta-
tus of these magnets is reviewed.
INTR2ODUCTIoN

A proton-proton coilicing “eam racility [SA3LLLE
1s under construction at 3rovkhaven Naticnai Lanoratory
1 The twvn rings are each almost 4 = in circumfer-
.nd will resuire a total of nver L00) superconduc-
nagnets. Tne dipoles are 4~3.4 m lonyg, have 1
aperture of abou:t '3 <m, and must dperate at 3 |
order to achieve tne desigrn energy of 470 GeV
ring. The major requirements tor the maanets, in addi-
tion t3 nperational tield strength, can be summarized
under 1ccep.ab,e treining, stafic and aynamc  field
auality, reproducibiity f{rom magnet to maznet, ramp
.z:se;. self-protection Guring Juenching, aosence of
eingtrical shorts, and Danuiactirabdity witawnn a lm-
t j budget. The development of >uperconducting di-
puies is turning out to be mors arduous than expected.
Experience with deveiopmental magnets nhas snowzn that
the aoove requirements have been we: individually on
particular magnets; “owever, tney have not as yet
been achieved consistentlv i1nta sermes of magnets. The
mest visible Jdifficulty in the nresent dipoie magne: is
the .arge number of training quenches required to reach
design field, although all magnets seem 'ty reach short-
sample current :f trainec lonyg enough. A substantial
Ru.) orogram has seen mountea to devaiop an adeguate un-
derstanding of the limitations iand t> improve the per-
tarmance of the ISABELLE magnets [2). In spite of con-
siderable »rogress which has been made so far it seems
aévisable ta investigate solutions which depart from
tae original design concepts.) In
tar impraoving training and peax
the iinoles inveiving ‘only substit
iiscusseq.

eng
tin
<ol
in

{ield performance of
:tional changes is
5

UPGRADED COIL CONFIGIRATION

The coil’ configurations for dipole”and quadru-
onle magnets are single laver wuitinle ciock approxi-
mations 'to c¢osine current -istributions, wolind ‘rom a
high aspect ratio non-keystoned braided condhcwr- The
azimuthal-current density vanation is obtained by an
approoriate distribution >f braded inert spacer turns.
The cruss section of recent test naghets is,
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tnis paper a proposal

cold iron core which'is 1ssembled from unsplit lamina-
tions *heid in a heavy wall stainless steel tube.

It nas been recognized that ihe spacers with
their adjacent active turns can be repiaced by a dou-

ble thickness braic operating at approximately half
the current density |3} Since the high-field region
accurs in the low current densitr turns near the

iprovement ¢an be expected.

poles, a performance
g
Graded conductor has been used :n the sast to re-
duce cost Dy operating at approximatelv constant prod-
act of current density times local feld. The oro-
posed scheme on the contrary las the odjective of
pack:ng the maximum possidbie amuant ~f superconductor

In

into a1 zlven cross cection, our particular case,
about a 28% addition of NbTi in the entire coil is a-

1 The crnss section ae proposed dipole
o 5 shown 1n rig. 2. Tne confizuration uses a
ve=2.3¢k 43 turn per suadrant solution witn the up-
per two blocks contamning the 23 double “thicknees

turns {4]. Incorperating a single thick metal wedge
betwesn block 3 and 4 satisiies the f{ield shape, re-
quire-nenis. It must e-emphasized that the overall
ceil “:eometrv ‘remains unchanged and thus all 1mprove-
the coils de-

ments {n assembling i1nd shrink !'xtting
veloned for the standard coil will »e appiicable.
‘“hde the arguments aire developed in this paper for

the dipole casp, thev apply also to the nuadrupole al-
though modifications. are here less pressing.

Che se of thick braid is expected to improve the
pertaormance in several ways:

i) lhe two blocks operating at nalf-current density
will have an increased stability margin a an:t quen-
ching, thus reducing the number of trainifig quenches
required. The enthalpy reserve of a thick braid is
almust an order of magnitude larger than for the thin
braid at eqnal current and field {3). Making olaus-
ible assumptions on the quench inducing disturbances,
ane can .expect that no training quencnes will occur
in the thick braid region. In order to obtain’an es-
timate of the likely reduction in training, the gquench
arigin has been located in four recent magnets {MK-18,

i, 25). From Fig. 3 it can be seen that in the
averagze iM% {7 of the first 18) juenches originate in
multifdar turns ana presumably could be eliminated
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by adopting tne taick raid solution.
1)  ine top ‘lela nertormance ot a trained magnet is

Ltimatery  Jimited pv the short simple characteristics
ot the braid at tae aoint st 2ighest local magnetic
aald, 3, Cunsriering the <xamnie of the coil in

ie2s 71 nerconduciar slus
"I the < = =raid one rds a
field -=nnancer 23 Te7% and: the

a the »2roposed solitwien the limiting field,
n the morotilar tirns and the ressective
sdh dn muhe G oo s g1al the nropused
sowition nas 1ts snort sample serior nace wmproved by
about 4%. .

iif) lne feld :n tne braid of tne apper bloc“s near
~the nole .3 more or less constant witn radius and par-
"ailel to the braid, whereas in tne lower blocks the
field dimimishes along the radius in-d is primarily per-
pendicular to the hraid. The -aonotilar turns at the
iocation o! tne limiting fleid B,y are i3, 2 nonuniform

fields ln :act, the :ield here changes 5y about 30%
over ‘tac braid wiath which suggests that the local
enthalny reserve and stabilitv against quencning is

ernhancea. Counteracting this zain is the anisotropy of
<ne critical curreat in the oraid, which "is about 10%
tower or 3 perpendicular to the_Yriid (i.e. the usual
test condition). It :s conceivable iat ine Magnet re-
-ains stable in the current-sharin: state, bui opera-
tior. in tnis mode i3 not recommencea.
iv) lIncidental 0o this solution, hut nevertheless af
considerabie opractical importance, is the possibility
of using preinsulated braid thereby celiminating the
need tor handwrapping of muititdar turns, and making
pussible prewxinding insuiation tests or the :ull length,
ot conductor. , N

us

CONDULCTOR DEVELOPMENT

[he upgraded coil contiguration requires, in addi-
tion to the standard braid, a2 conductor essentially of
twice thickness, that s 1.47 m“jstead of 9.71 mm. It
is intended to produce the new conductor in the ibrm of
1 59 strand braid with the nominal cross section of
16.5 % 1.5 mm including insulation. A _comparison of
the braid parameters is 3iven in Table L.

.

tme development 5¢ thick braid %as been undertaken
in collaboration with incu (AIRCE, ‘urray Hifl, New
Jersev) and rirst test oieces have been ‘vroduced: and
wsert o 'estaBish mechanical and clectrical properntes
3T TAiCA Irard dlucKs,. .

cm
.3

J
Fig. 1. Cross section 21 upgraded dipoie coi \\
incorporating thick braid.

o

Table:l. B8raid Parameters

Standard Thick 8rsid  unit
Braii dimensions 15.3 % 0.7 16.3 « 1.5 amr
“ o, >f strands 97 59
‘iire liameter 0.30 9.57 mm
Filament <4iamerar a 37 T
Yo. Tilamencs/wire 560 500 ,
Ratis =atrix/sc 1.5 1.9
I.c,’;.-ize
25T 543.2K 55 200 A
/braid ‘
IT&L2K +.6 12 kA
Trarsposition
lanach 30 40 ca
Interstrand
resistance¥® 5 0.3 i
Elastic modulus 25 14 GPa

*Filled with staybrite (8nAg) but without high re~
sistance heat treatment.

Parenthetically it should be remarked that-it is;
of course, possible to increase the matrix/SC ratio
somexhat .in order to reduce the additional cost in:
curred from using more superconductor. This would re-
tain the winding simplificatinns, but may come at the
expense of the full stability gain. In the case of
guadrupoles such a modified tnick braid would certain-
lv be acceptable.

COIL DESIGN CONSIDERATIONS !

|

whereas it can be expected that tne thick Srad

will lead to ‘an improved training and peak field per-
formance, it is necessary to investigate other aspects
entering the cou design, such as quench propagation,
ends, joint

magnetization, B-dot eifects, insulation,
of taick/thin brad, etc.
T T T
'
! I
< -
- K
- €
-
z -4
= -«
g -
w 3
z gt
z I . — HARO ASSEMBLY ~3 o
82 ” M-8 B 26 -
a b=
- SOFT ASSEMBLY =
Py MK-25 828 ©
® Mk-i9 ~2
' O QUENCHES iN MULTIFILARS ‘
i MN- 18 6/18
I g
o MK~ 23 a8 i
K- 24 818
MK- 25 10r18
L L 1
$ 0 5
DUENCH NUMBER
Fig. 3. Training curves of recent test dipoles.

Open circles represent

juenches originating
in multifilar turns. !




<3+ orimary concern here js azinuthal quench pro-
pagation velocity whicn, to a large extent, determines
~aznet self-orotection during a quench. The maximum
temperature reached in tae coil during 2 quench is re-
the ["15dt integral and deoends, mverselv on
: velcity. : > rads
3.5 <A% sec in the monordar turns
n accorainz D
tu neiating

4 denien
about
17 tne des
Tae toterance

By 1 tactor 9f 4 whereas, the

tirn o oar al  quenca  pdropagation time has  veen

ttnaten |7 to increase cmv hy a tactor 2.3. " These
sScaiing arguments indicate tnat the =mcnofilar turns re-
~mala the critical regisn in the thick braid design of
¥iz. 2. Experiments on propagation through thick met—

a}l wedges indicated that their delay is equivalent to 3
t3 1 monoflar turns (8). Results of more detailed

calculations  {?] ot maximum temperatures in the
uronosed -design are shown in Fig. 4, susgesting tnat

st 1 thick
tarn-ta-

tae ragner wili he seit-protecting durin: 2 quench pro-
tnat

tae nominal monofilar turn-to-turn transit

time is less than about 2 msec. With proper takrication

tacan:iyues. this requ:rement can pe satisfied. [t has

neen opservad caat azir sthal quench propagaticn depends

strong.v “up lo tastor I varnation) on

- tne sresence of tehium wxitnin the winding, l.e. tne
cod oorosity, ana

- z200d sontact netween turns icn 15 helped Sy pres-
sure furing the coil winding process and assembiy.

vizedd

“ddy currents indwced in tne superconaucting
2rad rhue tne mazxnet current 1s deing ramped cin pro-
substantia; field cistortions and opower lasses.
Uan t)ta. power dissipatian per unit ‘ength ot the di-
e s 2iven by 119}

212 5]
nTw i N BT
F 360 R

where n, w, i are number ol aires, 'ulglh and transpo-
sition .engin of Sraid respectivelv, R tne iaterstrznd
resistance, v the total number of turns, and the ramp
#ate.  induced tield harmonics are rmmmned by an ex-
nonential ramp rate, with B/B =3 » 1077 se ‘: during
tne 3 min ramp time trom 0.37 s > '. _nder these con-

iitions, the standard praid exnibits 1 maximum pow-r
f -
+
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Fig. 4, Calcuiated maximur temperature duringfa juencn
which starts at the pole. Parameter is the
nominal turn-to-turn transit time at 3il kA.

iz, 1 is tae,

“.ave- if better insulation is

Heat treatment
and —nechanical cracking of braid tiller is expected to

lass ot 60 W/m, which is unacceptable.

produce the <’Sired nign veSistance braid with an or-
der of magnitude increased interstrand resistance
{11]. This treatment would also have to be applied to
the Iaick Ddraid. ‘ b

The incrzmental pever wss iie U3
the ioplication of taick braid can be estimatea to ode

v

where tne index ":h" refers to the thick braid values
and the zeometrical weighting factor is given by

/2 3 /2 a
- Soeos”r d%/ [ cosTs d% = 0.08
2 o

with s = arc ¢os (N, *N;. Using the numbers ot Table
i_ore finds a 15% increase of the loss. Similar ex-
"esamns, but with changed weighting factors applv to
the :nduced field harmonic coeificients. We conclude
that reducing the interstrang resistasce i3 the ore~
vailing concern, whereas tne _se of tnrcx w1 oy -
seif causes only minimai cnanges. B

Induced SC maznetization c¢urrents in the iila-
ments are ihe cause of nower osses and iteld changes
at injection. An upoer-limt estimate of the increasc
in toe fleld cnefficients is given dy

wnere d, n, I are the :ilament diameter, ‘otal numbes
of fdaments, and the critical current of the braid
respectively In tne worst case, the dipoie term,
W. = 9.35 neazlecting 1z1muthal field variation in
the coil.  One tinds that tne dipole error due to mag-
netization increases by less (presumably by much less)
than a tactor 3, which ﬁ'uuld seem acceptable. Note
that magnetization ef:ects couid be reduced bv going
to more tilameats or smaller dameter.

Tne apgradea coul 2ontiguraton s substitutional
tor tn
technigue are exnected. The thick raie a1l De iasu-
Rter 17 the same wav a5 the stangdard orad  vita
S-stige epoxvmimuregnated tioergzlass 1ipe Syum tnick.
Zonsideration s given o acaing a single 23um kapton
Judged necessary. The
necessary cverlap 'oint oetween thick and standard
araid wii be licated it one end, and rade, by routine
practice.  I'ne Righer stiftness of tne thick braid re-
quires adaitional toolkng to tarm the ends, but no se-
r ouS\\_omDh-. itlon i€ expected.

\ - TEST

N

in or:;%r 0 veniv the jincreased stabiity argu-
ment., two tull-size test magnets (MK-19 and 2") . ware
bullt 1n wnicn the 1ner: spacers were replaced bv
supercanducting turas. SC spacers were used in ear-
ider snert magnets 2] and more recently 1in Nba%n
magnets |i13] to increase the current stability of the
tarns near the pole. The alxndmg//’]scheme for the test
Magnets is snown in Fig. ! 'with MK-19 being insigni-
ticantly different) and rthe :important parameters are
isted in Table 2. Both magnets were soft assembled
witir UK-20 directlv comparable to MK=-23 and 25. MK-19
in c¢ontrast, was assembied like MK-5 (the best per-
for'nmg dipole) with stress relieved fibergiass bands,
masking tape between coil and bands., and the bore tube
supporting the coil. MK-19 was wound witn natural
ends, MK-20 with_end spacers.

\\

o Y

MAGNETS

standard cou nd tew changes :n rabrication,




SRR T N |

Tabla ?. Full 3ize Test Magnets

YR-19 NR=20 mit
Ne. 57 suras 132 32
Transfer Uunstian 1,423 1.al3 T/ %4
T1i'r in ba - - 15 19=6cn=2
. - 5.3 15T
N - 9 - ey 19"Bip-6
-1 0,22 19=9:5-8
43,7 +1.7 m

FUUR SO - S S AP %A

) 23 371

o . 3 MPa

*Fu.i prestress oreventing coil ‘notion at the poie
vouid require aboutl 3) \MPa.

The particular arrangerent with :uperconducting
turns s subject to suDstantial 2ddy current
ramping and tne magnets are effecuvely
The maximum induced current is, in

ert
sifects
JC Mmagnels

P—

time cnonstant, w the Sraid width and 3}
ine transier funciun, The observed ume cnnstant 1s
»n the prder -1 sne hour resulting in 890 A 1nduced
current in the oraid at the ramp rate of 0.0l A/sec.
The induced currents are additive o the transport
turrent ang the critical current is easily @xceeded du~
mnz ramping. isterchanging active and spacer turns
voild have resulted i1n a subtraction of’ the eddy cur~
samt ana a substant:al improvement of performance. The
*iTe zunstant depends juadratically on ine spacer turn
WMt cutting the ‘spacer length would practicaliv
miiminate the eddy current effects.

with © the

The effectiveness of the superconducting turns in
suppressinyg training gquenches depends on the time re~
juired to switch the current locally from the acnve
into the superconductirg spacer turn (the current d:i-
rusivity :s abput 109 =7 /sec).
that a mmimum propagating zone can be bypassed within
2 few mlbseconds, which may well se marginal at top
feld. At lower fieids nquencn recovery has been

yoserved, i

T-e t2st magznet MK-=19 underwent about 40 jow feld
TLensoes ‘a5t rameo rales unty tee eddy curreat a7

vas orrectsy UK=1? nad tnen its frse
trazning iuencn at ¥ed <G 12.8% <4) ana trained .n
»ne st=p to 2.3 «G wnen ramped at 3.9]1 ifsec.’ Train~
.ng #1s stopped due to magnet damage caused hv a ‘fail-
ure o: the guiencn pratectian circuit. Testing ot MK-20
is forthcomng.

1227050¢d.

Y

A1 nominductive simulation col, 30 em long, was
wouad with thick braid in order to test trainming beha-
vior 1n¢ juencn velocities. No training juenches were
s>pservea at 3.5 T up to the maznet design current of
KA. [3i.

17

CONCLUSION

It :s, in onur opinion, justified to discount -the
eddy current juenches observed on MK-19. Undfer this
assumption, its performance would seem to be s#perior
to all »ther standard dipoles tested recently; (Fig.
3}, However, it 18 not possible, without further
work, to attribute st to the presence of supercpnduc-
ting spacer turns rather than some other aspects|of the
magnets, such as the particular asembly technique ap-
plied to MK-~19. The results are in anv case| suffi-
ciently encouraging to pursue the thick bhraid solution

with vigor. o

Thick braid has been delivered by industry to

7 A

=

it has been estimated °

this laboratory in quantities adequate for construc-
tipn >f a dipole and several juadrupoles. In view_o(
its sreater simplicity, the construction +f a full
size quadrioole, l.a m.1ing, is uncer considzration
(Fiz. %Y. .The- =rnmarvy ourcose of this test maznet is
to .an = 1cation experiesce  2nd  to verify  the
tFaliing Senavior of ‘magnets containing thiek hraid.
1t .: expected that this first step will lead o the -

consiruction of :ull-size dipole magnets.

Fig. 3. Cross sectipn ot thick braid ‘quadrupole.
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