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Summary

Ini t ia l tests of one of the curved 3 m long
superconducting -iioole magnets* intended to
generate ^ .0 T and produce a 20,&a bend in the
pritnarv proton beam to a new n-carget station at
tne Brookhaven National Laboratory AGS have been
completed. Although this nagnet, vAose window
frane design eenerallv follows that of the
successful "fl°" and "Model T" superconducting
dipoles , - '^ demonstrates manv of the desirable
characteristics of these earlier magnets such as
exc-M lent quench oropagat ion and good ranming
properties, it has onlv reached a disappointingly
low -laanetic field of 3.3 to 4.0 T. Because of the
art3at interest in superconducting magnet
technoloev, this report will describe the
diasnost ic tests performed and plans for future
'aoiiif i ;ac ions .

Introduct ion

The design of the 3 m long curved supercon-
ducting beam transoort dipole magnet is based on
that of the 8° window frame m.ignets which have been

on beam
line it the AGS. The parameters of zhe 3 m magnet
ir? -»iven in Table I and a more complete descrip-
tion ji the magnet is found in reference 1.
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Table I .

r^str^iLnt^ Lnoosed TV Tther components in the 0"*
ne ^-ean rs iui red that the orimarv nroton bean be
v.?rv I.-JV iivpr^ence, a divergence however which
" t^ a '-earo ^ize at the superconHuctinc rnaenet of
to 5 en vliei QQ.Q* of the intensi tv d i s t r ibu t ion
the bean van incL'idt?d. To ninimi^a the p-era l l

ze of the nagnets, the nacnet was curved throusn
.2* to foLLow exact lv th*» t r a i sc to ry of the bearp
erdbv avoid ins the -it men signal increases
C-*ssar" in s t ra igh t bending Tuî neLs fron .^aeiit-i
ns idera t ions .

In addition to this curvature, other differ-
ences in design compared to the earlier window
frame magnets are: sextupole bias windings are
connected electricallv in series with the main
dipole windings; the two outer layers of the main
dioole coil are wound with "graded" conductor,
i.e., conductor whose cross-sectional area is about
60^ of that of the conductor in the inner lavers;
the main dipole conductor is larger and aporoxi-
mately 2.6 times stiffer than conductor used in
previous magnets.

Test Arrangement
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The arraneement of the cower supplv and the
instrumentation connections to the "D" bend dinole

at are shown in Fig. 1. In

HEWLETT i
P SOPPLlst
W FOMTS A,

FLR. 1. Schenatic showing the arrangement of the
power SUDDIv and the instrumentat ion
connect ion1.* for the D bend dipolo
t e s t s .

addition to the 125 V AilME oower supply, a l^v Hew-
lett-Packard Dnwer sutislv was used in cases -..-here
it was desirable to have an unerounded supplv. tn-
strumantation sianals from voltsey taps, search
coils, and temperature sensors tp. the naenet .svstem
ver= led to a cont rol t ra i ler to ind icatp on meters
snd osci!loscoces ir for disit iaina and recording
witi 3 PDP T.SI-11 connuter. In the later test
•ieri-is, acoustic signals fr-̂ m t'r.e nasnet heliun
ves Fft I vere *non itoreii b*-* "nicronriones conn led to Che
counts or the vac turn f.ar.k for the chains support i^g
the Tiacnet vesse L in the vac-mm t^nk. ̂  Strain

naenet .



The helium vessel and vacuum Lank utilized in
the magnet tests constitute the curved horizontal
crvostat to be installed in the primary proton
line.* The innovative desien of the vacuum t3nk
incorporating a removable lid and separately
packaged suDerinsulation blankets has, as intended,
permitted both rapid disassembly and reinstallation
of the magnet and helium vessel. The cooldown time
for the Tnaenet in its crvostat is three ciavs and
the measured heat leak to the crvostat
3otiroxinatelv 20 w.

Test History

In the initial test period, the magnet was
first raoidly cycled to about 730 A ( 3 7) in an
attempt to break the bonds of and shake out quick
settine adhesive which had been used in small
quantities in a number of places to hold the
conductor during the winding of the curved maenet.
After approximately 100 fast cvcles, the magnet was
ranoert s lowlv unt.il a quench occurred at 7 55 A.
This value was less than one-half the 1630 A
reauired for the design ooerat ine fie Id of 6 T.
^urina this first period, the magnet was quenched
30 times. The measured quench current is plotted
a2ainst the auench number in Fig. 2. As can be
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~i». 2. nuench current versus auench number for
•he "~)" bend dioole na^r.et.

«^en from this figure, aft-sr i ouenches, the quench
c-.irrent se t t led into a 130 A wide band of currents
• :«e*"itererf about S85 A and did not improve with time.
Altrough Fi2 2 mi ant be interpreted as showing two
dis t inc t sub-bands of current up to quench So. 30,
this in terpre ta t ion does not appear to have
s t a t i s t i c a l s ignif icance. Quench Mo, 17 and auench
\> . 23 are iesi^nated bv as te r i sks in Fig. 2
S-»cau??e a Vow He level was detected in the f i r s t
ras-e and a rapid ramp rate used in the second,
7-tl;,i^» : . IP measurements nade us ine storage
?••.£ i 11oscooes ojr in* ih is seouence of nuenches
;howed i pat tern which was consistent vith a l l the
ii.it»ncin*s beeir.nintj in the HeltihoLcz sextuDole
•vip.dinas, ^ince such vir.dir.es had appeared to be

vindow f ran-? maenet s, it was decided to disconnect
ani bvisass these windings and tes t =i2ain.

The auench c.irrents during this second t ^ct
period vni.cn include auench "o<s. 31--0 in Fie. 2,
failed to increase bv anv s t a t i s t i c a l l y s igni f icant
.•mounts .ind tes ; s at ramp rates up to 5 A/sec

indicated no ramp rate dependence. Most of the
quenches in th i s sequence vere recorded bv the
computer system and showed a consistent pattern ot
quench i n i t i a t i o n in the innermost layer of the
main dipole c o i l . Discernible noises were also
heard when the magnet was beini» powered bv us i ne a
stethoscope at the room temperature ends of the
chains support in? the magnet in the c rvos ta t .

To affect 3 measurable change in auench
current , the f i r s t four inner lavers of the main
dipole co i l were next disconnected leaving ^^°' of
the orieina 1 number of turns in the* ma a net c i r c u i t .
The inptit lead to the new innermost I aver was also
replaced since there appeared to be a s i i ah t
pos s ib i l i t y that lead heat ine was i n i t i a t ine the
quenches.

During the next test period which included
quench Nos. 41-50 in F ie . 2, the quen:h currents
moved to a new band approximately 502 higher than
before. The increased currents and reduced
number of turns corresponded to a magnetic field
in tens i ty which was approximate Iv the same as in
the previous t e s t s . The quenches observed in t h i s
period were in i t i a t ed in different coil lavers .
Acoustic signals were strong both on current r i se
and f a l l . Some quenches occurred 10 to 20 minutes
after the dipole coil current had reached a set
value.

The pat tern of quenches seen in these t e s t s
including the laree var ia t ions and Ions time delavs
seemed to indicate that e l a s t i c mot ion was taking
olace when the wa^net was charged. This e l a s t i c
motion could then be followed bv nuch smaller
ine las t i c mot ions wh ich, e i ther throueh titne and
space coincidences or fluctuacions in amoli tude,
f ina l ly venerated enough energy to exceed the
quench threshold. Acoustic s ienals also seemed to
support th is scenario. A mechanism suggested to
describe such behavior reouired the s t ra ightening
of the en t i r e magnet yoke and coil s t ructure under
natinetic pressure followed bv a s t i c k - s l i p movement
of individual suDerconductina wires in the coil
v indines . Optical sights were placed in the cold
bore tube of the magnet assembly and at one end of
the helium cryostat to check for this s t ra izhtenin2
ef fee t . Mo movement was observed to within the
limits of measurement (< 0.03 nun).

Following this t e s t , the magnet was removed
from the helium vessel and i t s effect ive Young's
modulus measured to be 5x10^ psi bv observine the
def lect ion of the voke "ifhen a force was .ipolieu at
i t s center perpendicular to the naenet axis Msine
an hvdraulic iack. The masnet coi1 assenb1v was
then removed from the iron voke and inspected. I t
was discovered that a number of the bolts chroueh
the side P la tes of the assemblv which re ta in the
coil windings were loose. The bolts were retnrcued
pulling the side plates in a to ta l of 1.38 mm and
produced a metal-tp-meial f i t with the top and
bottom pLates, a f i t which had been iesiened for
but not a c h i e v e in the previous is^emblv of the
c o i l . The end brackets of the coil assemblv were
also "nodified to give improved support of the coi 1
winding ends. The coi l assenblv was carefullv
shimmed and reinserted in the iron voke. Strain
gauges were mounted on t^e insiHe radius of the
curved magnet voke.

The cuench currents reached in the next test
oeriod with a l l coi l turns powered are shown in
?iz. 2 trora Quench Mo. 51 t o 5Q. ^o improvement in
na



currents fa l l ing within the band observed in the
f i r s t Lest oeriod. However, the quench currents
showed considerablv less var ia t ion than previously.
The sextuDole wind ings and the f i r s t four inner
la vers or the nain dipole coil were once more d i s -
connected from the magnet c i rcu i t and again, the
quench currents under these conditions from quench
No. 60 to 66 fel l essen t ia l ly within the same band
as quenches 41 to 50. Ramping the magnet at
6 A/sec oroduced quenches (Nos. 68, 69, and 70) at
approximately one-half the quench currents reached
at a ramp rate of 0.25 A/sec. The quenches indica-
ted bv * ' s in Fig. 2 are a t t r ibu ted e i ther to low
he Ii urn level or power SUDD Iv maI function. The
noise levels from the magnet as the current was
r^m^ed 'ID .ind down were subs tant ia l ly lower than
•Jurine previous t - s t s but were c lear lv audibLe each
r. Lne .IF the limiting quench current value was
approached. The noise is described as similar to
gravel being soured into a bucket. Mo noise was
detected from the maenet prior to a quench in cases
where the maanet ouenched after the current had
b(»en set at i constant value. The s t r a in gauees
n.-iinte'i on the naenet save no ind ication (<" 0.002 mm)
st rn in -ind no signif icant e l e c t r i c a l a c t i v i t y was
•nerved nisi i r i o r to :he s ta r t of a quench with
/ J I taee t.ios across coil la ve rs . Similar aeons t ic
l ^ s t s , p^rfnrned subsi'auent lv on the s t ra ight "3°"
snoercor\«iuc* ins window frame Tnasnet, detected no such
noise fron that rraznet.

3-?eaijse of the emphasis placed on understanding
the reasons f ir the low quench currents , a major
-? r'f i r t to neasure the t ieid oua Lity was not made.
'Vial it.it ivelv, no evidence -*f long time constants
associated with shorted turns was senn. The magnet
couH be ramoed to i<i 11 field in a few n inu tes .
Tilers was -*vi.i<?nce of e-irfv currents in the poles
w'nirh were onlv part ial ly laminated.

Possible Causes for Quenches at Currents Below the
Design Value

nne -ossible mechanism tor the observed pattern
ff quencher, 3S suggested above, -nieht be a gross
e l a s t i c notion in the -lagnet s t ructure followed bv ,i
".tinber of ~-ia 11 rand on : :i*» last ic movements. These
s-na 11 rcov-ipnts through f luctuations in time j r snact?
C.T r-j lat i ">n= ^v^ntual 1" pvceed the enerjv threshold
r^qui rerf to i n i t i a t e a quench 'esc i mated to be
!:ior.-?xiTTate'iv 10 ^J.-'CTI of conductor for th is well
;.>?!e'i nasner ^.

Tho 3cc"i«5t i.c si^na Is -apnear Cn fi t the hvpe-
:-05i s '.hat the .»nt ire -lagnt't s t ructure is beine
^ t r i i sn tened . \n .inalo^/ with fluid oressure inside
i 3u!ir-ion tube ^hows that the Ttasnetic pressure or
:'rii: cii. Is ni rHt produce .T s traightening moment. With
i ser ies .if optical sights in the magnet bore tube,
an upn^r I in it of < 0.3.S mm can be set on changes in
che *.iiitta ot *'ifl -laanet voke. Measurements of th>i
e ' r»c : :ve Vaung'^ -odulus of the voke (5x10^ nsi> and
upp^r i in: t *? n̂ the monen* indicated expected c'r. :nges
•>: anprjxiTat-21 v 1.21 -m in the saei t t .a . treasure-
nenta w: *.h ?tra ir. taiiae*; on z'Tte nagnet voke set in
•:rpt»r 1 n i t ~-n :?.ap.2«?s in the i a c i t t a of -*0 t inus

adhesive used durine coil assemblv, rais ing the possi-
b i l i t v that the conductor was not suff ic ient ly con-
strained by the voke. A.s noted above, the centraL
coil assembly was carefullv re f i t t ed but this r e f i t -
ting did not resul t in an improved maenet Derformance.

The fai lure of the quick-set t inc adhesive used
during the coil assemblv under electromagnetic pres-
sures at low temperature is considered an anlikelv
poss ib i l i tv as a cause for the e r ra t i c quench currents
observed. Such fa i lure would probably lead to a more
consistent " t ra in ing" behavior.

Although the clamping arrangement for the side
suDport of the saddle-shaped ends of main dioole coil
is verv s in i lar to that used in ea r l i e r magnets, the
curved s t ruc ture of th is magnet and the increased
st iffness of the conductor used resulted in a bowing
out of the conductor beyond the ends of the side
p la tes . Some modifications of the end c lamps were
made prior to the last t es t s but the poss ib i l i tv of
conductor notion in the saddle-shaoed ends requires
further invest ieat ion.

Elec t r ica l shorts also aooear to be unlikely
i n i t i a t o r s of the maenet auenches because of the
lack of any s ignif icant ramp rate dependence and
the absence of any indication from ei ther direct
e l ec t r i ca l or magnetic field measurements, r inai . lv,
i t is possible that -i construction error unique to
ch is magnet resulted in an insuff ic ient iv supported
conductor. However, the fact that the auenches were
in i t i a ted in different lavers of the magnet windings
cast some doubt on such an error beine a cause of the
magnet nuenches.

Future Plans

Since the performance of th is curved magnet
contrasted markedlv with the consistent success of
previous s t ra ight window frame maenets in reaching
or exceeding thei r design spec i f i ca t ions , i t nay be
chat the below design value performance is re la ted
to the curved s t ruc tu re . An effort is therefore
beine undertaken to design and build a s t ra ight
maanet approximately one-half (1.5 m) as long.
Testing of th is magnet is expected to begin in
Apri l , 1981» Future plans for the curved magnet
inc lude imDregnat ing the coil ends in epoxv or wax
to minir-ii^e mot ion in the coi Is ends, and, if no
improvement in performance r e s u l t s , impregnating
the ent i re naenet winriinss to reduce conductor
notion ever." where.
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