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Abstract ceded by either a quench or a thermal cycle or both. The
b, change is independent of current. This eliminates yoke
A change in field harmonics after quench and thermalaturation and persistent currents as possible sources as
cycles has been observed in superconducting magnets lbath would produce a current dependent change. A simi-
the Relativistic Heavy lon Collider (RHIC). This paperlar current independent change is seen in other harmonics
presents the results of a systematic investigation of thés well. This observation indicates that the change in
effect in a number of RHIC dipole and quadrupole madiarmonics is related to the change in magnet geometry.
nets. These changes in field harmonics may limit the ul-
timate field quality and its reproducibility in supercon- 3
ducting magnets. A change in pre-stress has also be
observed after quench and thermal cycles. A possible lir
between these two changes is explored. 25 1

bs (units)

1 INTRODUCTION

To satisfy high field quality requirements in RHIC 21
interaction region (IR) quadrupoles, a magnetic tunin
shim method is used to compensate harmonic errors aft
measurements [1]. However, it has been observed thatt  1°
harmonics changes after quenches and thermal cycles 1000 2000 3000 4000 5000 6000
larger than the capability of the tuning shim correction Current (A)

The stability and resolution of the measurement systemfdg. 1 : The current dependence bp during six up
known to be sufficient for the observations. In the folfamps (separated by quench and/or thermal cycles) in
lowing sections we present the results of a systemafc4 m long 130 mm aperture RHIC IR quadrupole

study made to understand and quantify this effect. QRK102.
The skew &) and normal l§) components of field
harmonics are defined as follows : 3 HARMONIC CHANGES IN DIPOLES

o iv]" The mechanical design and assembly of RHIC quad-

. 4 . X+1y o !
B, +1B, =10 BRZ:[bn + |an] R , rupoles are similar to those of the dipoles. For example,
n=0 _ the quadrupole yoke and collaring scheme has a two fold
whereB, andB, are the components of the field afyf ~symmetry. Therefore, the dipoles may also show a corre-
andB, is the magnitude of the field of the fundamentakponding change in harmonics. This indeed was found in

harmonic at a reference radiRs both 80 mm aperture and 100 mm aperture dipoles in
terms of the observed changesjnthe skew quadrupole
2 CURRENT DEPENDENCE harmonic, which is related to up-down asymmetry.

During the calibration runs to obtain the harmonics pro-  Fig. 2 shows a significant change in integrzt 31
duced by tuning shims at the design field, it was discoym reference radius in RHIC 100 mm aperture insertion
ered that two runs produced two different harmonics. THépole DRZ106 after a number of quenches and thermal
magnetization of the tuning shim iron was ruled out as @cles. No change was, however, observed in repeated up
possible source because the difference in harmonics sd down ramps (dc loops) which is important for a sta-
tween two runs was nearly the same at all currents. Te accelerator operation. “LN2 Run” are the measure-
confirm this inference, the tuning shims were removefents in the range of 20-90 K and represent the change in
and the measurements were repeated with a numbergsometry due to cooldown. Persistent current induced
interleaving quenches and thermal cycles. Fig. 1 shogrmonics are not expected as the cable is in a non-
the variation in integrab, at 40 mm reference radius as asuperconducting state. Warm harmonics return to their
function of current during six up ramps in 130 mm aperoriginal values. This has been seen in many (but not all)
ture RHIC IR quadrupole QRK102. Each ramp was préhagnets.

* Work supported by U.S. Department of Energy under contract No. DE-AC02-76CHO00016.

0-7803-4376-X/98/$10.00 0 1998 IEEE 3347



0.8 LS
1o s A
0.6 [ 7 ‘5
QJ
. . . 2
04"”"8"”réég’f’?”f’f’
™ . Ao g g0 X LN2 Run
= 1l - ‘g o '8
= 0.2 e 52T - : ET, ¢ Warm Run
VOO i ‘é §§’i e i , Es‘x A Up Ramp
< VUT 2" 3 2 - S Cas
S s 'g © S S C as © Dn Ramp
L O L _igAg O O pala-ach- -
0271 2 " doto & T SAoAGAGAGAGAS
g 4 £ £ dcloops only,
a4t 5 - - - £ + _ £, dcloops only DA
-0. z 3 2
F K =
| :
-0.6 T

0 5 10 15 20 25 30 35 40 45

Measurement Sequence No.

Fig. 2 : Variation in integrah, at 31 mm reference radius
in RHIC 100 mm aperture dipole DRZ106 from quenct
and thermal cycles.

4 AXIAL DEPENDENCE OF CHANGE

In Fig. 3, we show the measured before and after a
thermal cycle (thin lines) and the change between the tw
(thick line) in five sections of magnet DRZ106. This axial
scan was done to determine if the changes are lump
locally or distributed uniformly. The large in the first
position is from the lead end. The change in harmonic |
about the same at all locations. This means that the coil
a whole is changing its geometry.
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Fig. 4 : Change in harmonics in eight 130 mm aperture
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Fig. 3 : Axial dependence of the changeaj(@31 mm)
caused by a thermal cycle in DRZ106.

5 CHANGE IN A SERIES OF MAGNETS

In this section the results of measurements in eight 1.4
meter long 130 mm aperture Q1 magnets are presented
statistically quantify this effect. Since the issue is mosi
critical in IR quadrupoles a number of these magnet:
were measured before and after quench and thermal ¢
cles. Fig. 4 shows the change in integrated harmonic
from quench and Fig. 5 from thermal cycle. The solid line
represents the mean and the dashed line one sigma arot
the mean. One can see that generally a thermal cycle ge
erates smaller changes than a quench. The magnitudes
the observed changes in harmonics are acceptable
RHIC [2].
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F'@. 5 : Change in harmonics in eight 130 mm aperture
insertion quadrupoles caused by a thermal cycle.



For quenches (Fig. 4), the changes are of random 7 DISCUSSION

nature except for a small systemaic(the first allowed |, 4qgition to the 130 mm aperture quadrupole and 100
_harr_nonlc in quadrupoles). A _S|m|Iar behav_|or is also segim aperture dipole magnets, harmonic changes of simi-
in dipoles where the change in all harmonics except for|g, magnitude have also been observed in 80 mm aperture
_small systematib, (the first allowed harmonic in dipoles) dipole and 80 mm aperture quadrupole magnets for
is of a random nature. _ RHIC. All these magnets were made using a similar de-
In the case of thermal cycles (Fig. 5), the chang&§gn and construction techniques. Therefore, it implies
are of a random nature except for a systengt{@ways ¢ it is a common phenomenon in such magnets. These
a negative change). The magnet QRI105 was subjectediynges are larger than the measurement uncertainties.
five thermal cycles to further study. The net drop sta- The changes are smaller than the RMS variations in har-
bilized at 0.3 units after three thermal cycles meaning thgtsnics in a series of magnets. The effect, though of
the collared coil geometry stabilized. This magnet hadyjier magnitude, has also been observed in SSC dipole
showed small change in other harmonics (~0.1 unit Qpagnets [3]. The SSC design was based on stainless steel
less) aftgr first therma_ll cycle. The_change remained Sm%llars, whereas the RHIC magnets use the yoke as a
(~0.1 unit or less) during the remaining thermal cycles. 413 and phenolic spacers (which are not as strong as
stainless steel) between coil and yoke. Though this is an
6 CHANGES IN AZIMUTHAL STRESS important difference, we can not say definitely that this is
A change in azimuthal coil stress on pole faces has altfte sole reason for smaller changes in SSC dipole har-
been observed after quench and thermal cycles. We arenics. SSC magnets also had a smaller aperture.
amine the change in azimuthal stress as independent eMiereover, we have examined this effect in only one
dence of the change in coil geometry. In Fig. 6, we hawvaeagnet.
plotted the azimuthal coil stress on four pole faces The following mechanism may explain the observed
(dashed lines) after successive quenches together witlthleanges. Quenches and thermal cycles generate a pres-
thermal cycle in between in 100 mm aperture dipolsure shock which may cause a change in the internal ge-
DRZ105. The magnet was cold but not powered. Wemetry of the collared coil by a small amount (+i5).
have also plotted the average stress on four pole faddsless overcome by large mechanical forces (such as
(solid line) and the difference between the average of tgmother shock), this small change may get locked into a
two and bottom two (thick solid line). Though the absonew and slightly different coil geometry, particularly
lute values of these stresses (measured by strain gaugekgn the magnet is cold and the stresses are small. A
may not be reliable to a few hundred psi, the relativeniform change in thea, harmonic along the magnet
change is. One can clearly see a change in behavior aftemgth (see Fig. 3) means that effectively the coil mid-
each quench. Most interesting is the difference betwe@iane moves as a whole.
top and bottom (thick solid line) as this is related to In most cases (but not all), the harmonics returned to
change ina, harmonic (Fig. 2 and Fig. 3). A one to onetheir original values when the magnet was warmed up to
correlation can not be established betwagmd stress as room temperature. The azimuthal stresses are much larger
the stress measurements were done in DRZ105 and thleen the magnet is warm as compared to when it is cold.
magnetic measurements in DRZ106. However, both theis possible that larger azimuthal stresses at room tem-
harmonic and stress changes can be explained, dependiegature are enough to overcome the friction to bring the
on the computer models, by a geometric change which nsagnet back to its original geometry.
of the order of 0.001” (2fim).
8 CONCLUSIONS

The ultimate field quality in superconducting magnets
may be limited by the dynamic changes caused by quench
and thermal cycles. These changes are much larger than
the resolution of tuning shims and as such can not be
compensated by the static nature of tuning shim correc-
tion. The measured harmonic changes, though significant,
are acceptable in RHIC magnets.
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