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TESTS OF A 3 METER CURVED SUPERCONDUCTING BEAM TRANSPORT DIPOLE MAGNET*
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In addition to this curvature, other differ~

Summarv
ences in design comparad to the earlier window
Initial tests of one of the curved 3 m long frame magnets are: sextupole bias windings are
superconducting dinole maznetsl intended to connected electricallv in series with the main
senerate 5.0 T and produce a 20.4° bend in the dipole windings; the two outer lavers of the main
orimarv oroton heam to a new N-target station at dipale coil are wound with "graded" conductor,

tne Brookhaven National Laboratory AGS have been i.e,, conductor whose cross-sectional area is about
completed. Although this magnet, whose window 60% of that of the conductor in the inner lavers;

frame desien renarallv follows that of the the main dipole conductor is largzer and approxi-
successful "8°" and "Model T" superconducting matelv 2.4 times stiffer than conductor used in
GlDOlr’:-,"’3 demonstrates manv of the desirable nrevious magnets,

characteristics of these earlier magnets such as
axc~llent quench propagation and zood ramping
oroperties, it has onlv reacaed a disappointingly
low magnetic field of 3.5 to 4.0 T. Because of the
great interest in superconducting mamnet

Test Arrancement

The arranegement of the nower supplv and the
ingtrumentation connections to the "D" bend dinole

technoloev, this report will describe the magnet in its crvostat are shown in Fig. l. 1In
diaznostic tests verformed and plans for future ACIAE
aodifizacions. e LEWLETT  PACKARD
125V- 2p00MA AN- 2000AMP SuPPLIES
CTNTETED AT PONTS A

Introduction

The design of the 3 m long curved supercon- i__ 1
ducting beam transoort dipole magnat is based on - T EBQ—sZ
that of the 3° window frame magznets which have been l___1
anarating for aover 7 wvears in a srimarv »roton heam A
line 1t the AG5. The parameters of che 3 m mamnet

sra ziven in Table I and a more complete descrip- b 40 e ST
ticn >f the maznet is found in reference 1. e ‘mw‘v/_,, A ’_"H“’m
TREOSON SHUNT T Cp —
ZEND SUPSRCONDUCTING MAGNET PAPEMETERS - R N
4
o e YOLTAGE _TAPS
DIPOLE YAGNETS - 2 £a(w i To comr TER.
AERD ANGLE 19,220 o2 uaguET | et
YAGNET [PON 0.7, 19,257 148,356 )
YAGNET IRON LENGTH 297 (3w
CGRE PACKING FACTOR 23
CCLD BORE DIAMETER 2.875% (2,303 ew)
ANET 4 itd 2 o (1n 2
VAGNET RAP HEIGHT 5.3507 (14.359 cm) l')“”"\a e ——
YAGHET £OIL HEIGKT 5,725 (14,542 o) ~ereozes |
VAGHET (OIL 1.3, 3,250 (B.255 o)
La AESLMED 125.067(3.075 W)
5 AT 30.9 seV/e 807
2 AT 28.5 Zev/c HE R .
tars) Y 1654, AMPS
N ATEAT 883.2% AT, Fie, 1. Schematic showing the arrangement of the
power supolv and the instrumentation
STORED ENERAY 3 5.0 T ~ 700 xJ P A . :
T - 359 ! connections for the "D bend dipale
UCTANCE 3 8.0 T =05 casts.
Table 1,
addition to the 123 ¥ ACME nower supplwy, a 1W Hew-
Zonstriiats imposed 9v athar components in the D~ lett~Packard oower sumczly was used in cases where
b“ean required that the orimarv oroton beam be it was desirabls to have an uneround2d supplv. In~
i vary low liverzence, a divergence however which strumantation siznals from voltage taps, search
' ta a heam size at the superconducting maenet of coils, aad temperatur2 sensors on the nmagnet svsiem
- %o S cm when 89.8% 5¢ the intensitv distribution wera lad to a control trailer to indicate on meters
of the bean 3 included. To minimize the overall and oscilloscnzas or for itizing and recordine
e magnets, the maenat was curved throurn with a PDP comput the later test
inllow 2ractlv the trajectory of the beam series, acoustic cienals f-: maznet h2lium
honas counled to the

vessel wer2 monitored b

avoidinz the jimensicnal increases
3icht bendine maznets Ivom sagi:ta mounts or the vacuum ta ‘.ar the chains supoorting
the maenat vessel in the vacuum tinx. Stran

2auges were ilso —wounted on the iron wore of the

12e28s5aer i s
cansideraticas.

“ark dane cander ausoices of T.8, D.OLE. magnet .



The helium vessel and vacuum tank utilized in
the magnet tests constitute the curved horizontal
crvostat to be installed in the orimarv proton
line.! The innovarive desien of the vacuum tank
incorporating a removable lid and separatelv
nackaged superinsulation blankets has, as intended,
permitted both rapid disassembly and reinstallation
of the magnet and helium vessel. The cooldown time
for the magnet in its crvostat is three davs and
the measured heat leak to the crvostat
aoproximately 20 w,

Test Historv

In the initial test period, the magnet was
irst rapidly cvcled to about 730 A ( 3 7) in an
ttempt to break the bonds of and shake out quick
ettineg adhesive which had been used in small
uantities in a number of places to hold the
cnductor during the winding of the curved magnet,
fter approximatelv 100 fast cvcles, the magnet was
amped slowlv until a quench accurred at 755 A.
This value was less than one-nalf the 1630 A
ragquirad for the desizn ooerating {iald of 6 T,
Nuring this first period, the magnet was quenched
30 times. The measured quench current is plotted
agzainst the auench number in Fig. 2. Ag can be
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x. 2 Nuench current versus auench number for

wne "7 pend dinole maaret.

seen frem this figure, aftar 4 quenches, the auench
currant settled into a 130 A wide band of currents
«antarad about SRS A and did not improve with time.
Altrouzh Fiz 2 mizht he interpreted as showing two
distinct sub=hands of current up to auench ¥No. 30,
this interpretation does not appear to have
statistical significance. Quench No. 17 and guench
Yo, 23 ara designatad bv asterisks in Fiz, 2
hacause 2 low Ye level was detectad in the first
zases and a rapid ramp rate used in the second,

tap measurements made usine storage
cezopes derinz this sequence of auenches
snawad 2 sattern which was consistent with all the
menches Yaginnine in the Helmholtz sextuoole
windings, Since such windings had appeared to be
lags stabla than the main dipole coils in earlier
~<indow fram2 magnats, it was decided to disconnect
ani »vnass these windines and test azain.

The guench curreats during this s
nerind waich includa guench fHos. 31-i0
failad to inzraase bv anv staristical
amounts and %Zasts 4t ramp ratas up to 3 A/

—
<
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indicated no ramp rate dependence. Most of the
quanches in this sequente were recorded bv the
computer svstem and showed a consistent pattern of
auench initiation in the innermost laver of the
main dipola coil. Discernible noises were also
heard when the magnet was being powered hv usine a
stethoscope at the room temperature ends of the
chains supporting the magnet in the crvostat.

To affect a measurable chanee in auench
carrent, the first four inper lavers of the main
dipole coil were neat disconnected leaving H5% of
the orieinal number of turns in the masnet circuit.
The input lead to the new innermost laver was also
replaced since there appeared to be a sltight
possibility that lead heatine was initiatinz the
quenches.

During the next test period which included
quench Nos. 41-50 in Fig. 2, the quen:h currents
moved to a new band approximatelv 50% higher than
before. “he increased currents and reduced
number of turns corresponded to a maenetic field
intensitv which was approximatelw the same as in
the previous tests., The quenches observed in this
perisd were initiated in different coil lavers.
Acoustic signals were strong both on current rise
and fall. Some auenches occurred 10 to 20 minutes
after the dipole coil current had reached a set
value.

The pattern of quenches seen in these tests
includine the larse variations and long time delavs
seemed to indicaie that elastic motion was taking
olace when the magnet was charged. This elastic
motion could then be followed dv much smaller
inelastic motions which, either through time and
space coincidences or fluctuations in amplitude,
finally renerated enough enerzvy to exceed the
aduench threshold. Acoustic signals also seemed to
support this scenario. A mechanisn suggested to
describe such behavior recuired the straightening’
of the entire magnet voke and coil structure under
nagnetic pressure followed bv a stick-slip movement
of individual superconducting wires in the coil
windines. Ootical sights were placed in the cold
bore tube of the magnet assemblv and ar one end of
the helium crvostat to chec for this straightaninz
affect. YNo movement was obserwved to within the
limits of measurement (< 0.08 mm).

Following this test, the maznet was removed
from the helium vassel and its effective Young's
modulus measured to be 5x10% psi Bv observine the
deflection of the woke =when a force was aopliee at
its center perpendicular to the magnet axis usine
an hvdraulic iack. The maznet coil assemblv was
then ramoved from the iron wvoke and inspected, It
was discovered that a number of the holts through
the side plates of the assembly which retain the
coil windings were loose. The bolts were retarcued
pulling the side nlates in a tatal of 7.33 mm and
oroducad a metal-to-metal f£it with the too and
botzom nlates, a fit which had Heen desiened for
but not achievad in the orevious issemblv of the
coil, The end braskets of the coil assemblv were
also modifiad to zive improved support of the coil
windirz ends. The coil assemblv was carafully
shimmed and reinserted in the iron voks. Strain
Zzauges were mounted on the inside radius of the
curved maznet vcke.

The ru2nch currents reached in the next tast
neriod with all coil turns powered are shown in
Fiz, 2 {rom aquench Yo, 51 to 39. No imporovenment

magnet parformance was achieved, the wvarious guench




currents falling within the band observed in the
first test period. However, the auench currents
showed considerablv less variation than previously.
The sextupole windings and the first four inner
lavers of the main dinole coil were once more dis-
connected from the magnet circuit and again, the
quench currents under these conditions from quench
No, 60 to 66 fell essentially within the same band
as quenches 41 to 50. Ramping the magnet at

6 A/sec produced quenches (Nos. 68, 69, and 70) at
approximatelv one-half the quench currents reached
at a ramp rate of 0.25 A/sec. The quenches indica-
ted by *'g in Fig. 2 are attributed either to low
halium level or power supolv malfunction. The
aoise lavels from the magnet as the current was
ramued uo and down were substantially lower than
during oravious tosts but were clearlv audible each
rime as the limitinz quench current value was
avproached. The noise is described as similar to
zravel baing ooured into a bucket, No noise was
Jdatect>d from the magnet orior to a quench in cases
where the magnet auenched after the current had
been set at a constant value., The strain zauges
msanzed on the magnat zave no indicatien (< 0.002 mm)
strain and no sipnificant electrical activity was
ved fust orior to the start of a quench with
7oltags tans across coil lavers. Similar aceustic
t2sts, perfsrmed subseauentlv on the straizht "9°"
sunercenducting window frame maznet, detactad no such
noise from that magnet.

3ecause of the emphasis placed on understandina
the reasons for the low auench currents, a major
27f9rt to measura the fiz2ld aualitv was not made.
ralitati no avidence ~I long time constants
associated with sharted turns was seen. The magnet
could be ramped to full field in a few miautes,
was =vidence af eddv curreats in the poles
h wers onlw osartially laminated.

Possible Causas for Nuenches at Currents Below the
sign Value

ssible mechanism for the observad nattern
, 3s =ugrested above, might be a1 2rass
ion in the -qagnet structure followed bv a
2f 3mall random inelastic movements. These
movzments tnrouzn fluctuations in time ar seace
carrelatisne sventuzalle avcezd the enerav thrashold
required to initiate a quench (astimated to be
nproximately 10 2l zm of eonductor for this well

aled magnes?).

The azoustic siznals appear to fit the hvpe-
t7asts that the entire nagnet structure is being
stratzhtened.  in analogy with fluid oressure inside
2 Sourdon tuybe shows that the maganetic pressure of
tha cails mizht osroduce a straiphtening moment. with
1 serias of gootical sights in the magnet bore tube,
an uposer limit of < .38 mm can be set on changes in
ttead of the magnet woke. Measurements of the
;2 Yaung's modulus of the woke (Sx102 nsi) and
ated axpected :ninges
Measure=-

the «:

nppar 11ts -1 zde momen: ind
~% anoroximat2lv N0.27 m in the sae:itta.
n oatrain zauzes gn e Magnat voke <et an

AtT

menss .

par l:mit a0 :tanzes in the saesitta of 40 times

fass,

Ta anhar martaets OF the window {rame tvoe, the
vika forwad 3 "maralero-mezal' around the con=-
ductar windinzs, t.a,, the snate Satween th2 iron
sid2 nlatzs »f the zentral agsembly was ore-

»f the mandrzl, the
sheets. Ini-

nlates coald nlv he
an hegausa of

adhesive used during coil assemblv, raisine the possi-
bilitv that the conductor was not sufficiently con-
strained bv the woke. As noted above, the central
coil assembly was carefullv refitted but this refit-
ting did not result in an improved magnet performance.

The failure of the quick-settine adhesive used
during the coil assemblv under electromagnetic pras=-
sures at low temperature is considered an unlikelw
possibilitv as a cause for the erratic quench currents
observed., Such failure would probablv lead to a more
consistent "training" behavior.

Although the clamping arrangement for the side
support of the saddle-shaped ends of main dipole coil
is verv similar to that used in earlier magnets, the
curved structure of this magnet and the increased
stiffness of the conductor used resulted in a bowing
out of the conductor bevond the ends of the side
plates. Some modifications of the end clamps were
made prior to the last tests but the possibilitv of
conductor ootion in the saddle~shaped ends requires
further investigation.

Electrical shorts also appear to be unlikely
initiators of the maenet auenches because of the
lack of any significant ramp rate deosendence and
the absence of anv indication from either direct
alectrical or magnetic €ield measurements. Finatlwv,
it is possible that a construction errar uniaue to
this maznet resulted in an insufficientlv supported
conductor, However, the fact that the quenches were
initiated in diffarent lavers of the maenet windinas
cast some doubt on such an error beine a cause of the
magnet nuenches.

Future Plans

Since the performance of this curved magnet
contrssted markedlv with the consistent success of
srevious straight window frame magnets in reachinz
or exceeding their desizn specifications, it mav be
that the below desien value performance is related
to the curved structure. An =2ffort is therefore
being undertaken to design and build a straight
magnet approximatelv one-half (1.5 m) as lonsz,
Testing of this magnet is exocected to begin in
April, 1981l. Future pians for the curved magnat
include impreznating the coil ends in epoxv or wax
imize motien in the coils ends, and, if no
inorovement in performance results, impregnating
the entire magnet windings to reduce conductor
retion =2verv where.
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