FIELD QUALITY CONTROL THROUGH THE
PRODUCTION PHASE OF RHIC ARC DIPOLES

R. Gupta, A. Jain, S. Kahn, G. Morgan, P. Thompson, P. Wanderer, E. Willen
Brookhaven National Laboratory, Upton, NY 11973, USA

Abstract WARM—UP
HEATER

ELECTRICAL BUS SLOT

The field quality in the arc dipoles built thus far for the Rel- .o, NSULATOR

ativistic Heavy lon Collider (RHIC) not only meets machine NoTeH
requirementsbut is significantly better than that expected from  Losoine
scaling laws based on previous large scale superconductingFW
magnet production for particlaccelerators. In this paper we
describe the evolution of the present cross section and the de-
sign philosophy that has led to these improvements. The tech-
nigues described here have been found quite efficient to adoptin, ..~
the production environment, where schedule and cost considert PLANE
ations become important. Moreover, the techniques developed
during the R&D program have resulted in making the saturation
induced harmonics negligible, despite the fact that the iron is

very close to the coil. FIELD SATURATION
CONTROL HOLES

COIL

BEAM TUBE

HELIUM PASSAGE

I- INTRODUCTION CONTAINMENT VESSEL

The Relativistic Heavy lon Collider being built at the ) ) )
Brookhaven National Laboratory will require 288 superconduct- ~ F19ure 1. The cross section of the RHIC arc dipoles.
ing dipole magnets in the arcs. The cross section of these ) ) o
magnets is shown in Figure 1 and the basic design parart& superconducting properties of the cableS&iration in-
ters are given in Table I. About half of them are already bufticéd multipolesiue to non-linear properties of the iron yoke,
by Northrop-Grumman Corporation and the field harmonics i@ Coil deformation multipoleslue to changes in the shape of
measuretl The field harmonics are defined in the followinghe collared coil due to Lorentz forces.

relation: Il. COIL DESIGN ITERATIONS

By +iB, = 107*B, Z[bn + iay] (x ; Z y) ) To obtain a high field quality such as that measured in RHIC
0 magnets, the conductors must baqad at the appropriate lo-

whereB, andB, are the components of the field(at, y) and ~cation to an accuracy 6£50 um (0.002"). However, after the

By is the central fielda,, are the skew harmonics ahgl are the coils are manufactured, they go through significant deformation

normal. R, is the normalization radius which is chosen to be 2during curing, collaring and cool down processes and there is no

LAMINATED YOKE

n=0

mm in these magnets. direct control on where an individual turn will exactly go. The
mechanical deformation in the coil and iron shape during manu-
Table | facturing is not calculable to a combined accuracy ¢f/a0 To
Basic design parameters of RHIC arc dipoles overcome this limitation, we empirically remove the influence

of these distortions by calculating the offsets in measured field
harmonics from the computed values after including all known

Coilinner, outer radius 40 mm, 50 mm sources. These offsets are subtracted out during the cross sec-
Yoke inner, outer radius | 59.7 mm, 133.4 mm tion iterations. In addition, the required changes in the iterated
Field, current at injection 0.40T, 0.57 kA design are specified in terms of relative changes in dimensions

Maximum design field, current  3.46 T, 5.09 kA as compared to the previous design so that the errors in tooling
Computed quench at 2% 8.25 kA etc. get subtracted out. ) )

; The successful outcome of this approach is clear from Ta-

Magnetic length at 3.46 Tesla 944 m ble Il where the measured averages for the allowed harmon-

ics are given for the Prototype, Phase 1, Phase 1A and Phase

The major sources of harmonic content in superconductip@ipoles. The Phase 1 cross section was the initial cross section
magnets are : (€peometric multipoledue to a non-ideal mag- ysed in the first 19 industry-built magnets which was based on
net geometry, (lersistent current induced multipolésie to the cross section used in the last two prototype magnets built at

*Work supported by the U.S. Department of Energy under the contract I\%NL The coil midplang gap V_Vas de”berately made Iarge_r by
DE-AC02-76CH00016. 0.05 mm than the requirédaninimum value of 0.10 mm. This



was to compensate for a potential change in field quality assor’
ated with the change in tooling between the prototype and indL
try built magnets. An adjustment in the midplane gap is muc T
more powerful than an alternate method of adjusting coil pol i
shim, particularly for the crucidls harmonic. In fact, this ad- &
justment got quickly implemented in the Phase 1A cross sectit , « “
(used in the next 86 magnets), when the coil midplane gap w & .
changed from 0.15 mm to 0.10 mm to reduge The change <
in midplane gap back to 0.15 mm together with a change in o1 &2
wedge by 63.5m was incorporated in the Phase 2 cross se(qf I |
tion. The current production is pteeding on this design and 24 2 i
dipoles are included in Table Il. In all cases good agreement h

been found between the calculations and measurements.
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Injection : 0.57 kKA i
Maximum : 51 kA L
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Table I o 1 2 3 4 5 6 7
The average and RMS values of field harmonics in various Current (kA)

cross section designs for RHIC arc dipoles. The b2 harmonic ..
given at the maximum field (3.46 T) and the other harmonics gfy, re 2. The measured current dependence of harmonics during
injection (0.4 Tesla). The measured warm cold correlation Oﬂp ramp (and 20 second wait) in RHIC arc dipoles.
40 magnets is used to estimate harmonics in 129 magnets

measured warm. :
and that these are probably the best harmonics one may hope

for with reasonable values of mechanical tolerances and normal

| Design | b, | ba | be | bs | variations in the manufacturing process.
Prototype | 1.3+0.8 | 0.340.2 | -0.140.05 | 0.40+0.03
Phasel | 0.4+1.6 | -1.040.4 | -0.38:0.09 | 0.20+0.06 IIl. YOKE DESIGN ITERATIONS
Phase 1A| 1.2+1.2 | -0.440.30 | -0.10+0.08 | 0.24+ 0.03
Phase2 | -0.3+1.3 | 0.14+0.32 | -.21+0.09 | 0.00+0.03a In RHIC magnet designs, the yoke has been brought very

close to the coil in an attempt to get the maximum contribu-
tion from the iron. The conventional wisdom against such at-
tempts in the past had been that the saturation induced harmon-
would become unavoidably large. However, the results from
IC magnets show that despite a high36%) contribution
from iron (50% to 100% higher than those used in majrel-
erator magnets) the saturation induced harmonics can be con-
trolled to a small value. In Figure 2, we have plotted the average
Parameter ‘ by ‘ S5ba ‘ Sbe ‘ Sbs ‘ values of field harmonics as a function of current during the up

Table 11l .

The computed changes in the values of harmonics producedI

a systematic azimuthal error of +2& (0.001") in crucial
parts in RHIC arc dipoles.

ramp in 129 magnets. Only 40 of them are actually measured

Wedge 1 -0.98| 0.122| 0.061 | 0.043 cold and for others an already well established warm-cold cor-
Wedge2 | 0.69 | 0.423 | 0.022 | -0.050 relation from 40 magnets is usedrhe dominant source for the

Wedge 3 1.42 | -0.090| -0.068 | 0.041 current dependence below 2 KA is the persistent current in the

Pole Width | -1.11| 0.154 | -0.039| 0.014 superconductors, whereas above 2 KA it is the iron saturation

Midplane Gap| -1.68 | -0.557 | -0.156 | -0.050 and the change in coil and iron shape when Lorentz forces are

unloading the pre-compression on the coil. In the present cross
section, the deviation from the average in the design range of
In RHIC magnets, the specified tolerances in the dimensiaperation is+2.5 unit inb, and 0.4 unit inb,. These val-
of the most crucial parts are typicatly25um (0.001'). In Ta- ues are comparable to those generated Byum error in more
ble 11l we list the harmonics produced by a systematic#25 than one part (Table 11l). Except for thte harmonic, all har-
azimuthal error in the three wedges, pole width and the coil mighonics were optimized at the injection field. Theharmonic
plane gap. The coil midplane can not have such a large error avab minimized at the maximum field where it is 2.5 units higher
is given for 25:m only for consistency. Moreover, field harmonthan at the injection. In addition, the variation in them is also
ics are also created by other parts used in the magnets, suctnismized at the intermediate fields. The saturation induged
the errors in yoke dimensions etc., but they are generally édarmonic was not optimized, as long as it did not become too
pected to have a smaller impact on harmonics. In a few magnletge.
the spacers used between the coil and iron were just outside thia Figure 3, we show the current dependence inithand
thickness tolerance and caused a noticeable change in the transrarmonics in various yoke designs. The harmonics are an
fer functior?. average of up and down ramps to remove the persistent current
The harmonics in Table Il are comparable to those in Table lihduced harmonics to first order. Also, an offset is added in each
This suggests that the harmonics are not limited by the desigagnet so that they coincide at 2 kA for easy comparison. One



can see an order of magnitude improvement.

The first yoke design was used in four (DRA series) magne
— the last one (DRA004) had a minor modification at the yok
outer surface. This cross section had a coil locating notch
the pole and a small coil-to-yoke gap of 5mm. Both of thesq,
features contributed to a large saturation. In the second desi==
used in two (DRB series) magnets, the coil-to-yoke gap was il &
creased to 10 mm and the notch was moved to the midplane-
reduce saturation. Then in the next two (DRC series) magne
the material of the yoke-yoke alignment key was changed fro
non-magnetic stainless steel to magnetic steel. This rhade
very small andh, significantly smaller but still large enough to
require the external decapole correctors. Moreover, in order
improve the coil pole definition/location, it was decided to mow o8
the coil locating notch back to the pole from the midplane. A 5 T :'3 T lll- T é Y é -
this stage, the yoke cross section was completely redesigned
the next two (DRD series) magnets andsaturation was made Current (kA)
small enough to consider dropping thexdpole correctors from
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the lattice. However the pole notch, as expected, gave a re Y] C
tively largeb, saturation. Finally, a saturation control hole was j FINAL DESIGN : DRGIOL+ DRGLOL+ -
added at a critical location near the yoke inner radius in the la S g Ty ~
two prototype magnets (DRE series) to make saturation induc : “4_‘"?;\:\’_. T - i
b, andb, practically zero. However, in the DRG series yoke de<2 oY ] \"‘x ~ DRCOO;,‘OOG —
sign, which is used in the industrially built magnets, the materi; & ] . DRBO05.008 r
of the yoke-yoke alignment key was changed from the magne! _8 T - :—
low carbon steel to non-magnetic stainless steel to match t g ] 3 -
thermal contraction of the shell during cool down. The locatio = < ] -
R - | ] i
of the saturation control hole was changed to compensate 1 ] -
extra saturation introduced by this change. 2 @ ] o008 -
In the RHIC arc dipoles, the cold mass is not vertically cen ] . _ 51 KA -
tered in the cryostat. At high field this creates a skew quadrupc S ] Max‘m[ur? ?pfr?tl,ngl Current ; Sl
harmonic of~ 2 units. In the present design, the yoke weigh ! 2 3 4 5 6 7
difference between the top and bottom halves is adjusted to co
pensate for this effect. Current (kA)
IV. CONCLUSIONS Figure 3. The current dependencebgfand b, in various de-

i _signs of RHIC arc dipoles after removing the persistent current
The R&D program carried out at Brookhaven has resulted igects.

significant improvement in field quality of the critical arc dipole
magnets for RHIC. In Figure 4 the net field error on the mid-

plane in these magnets is compared with the similar apertt 0.02
dipoles for other large accelerators.
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