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The first four full-length (9.7 m) R&O dipoies tor the pro-
posed Relativistic Heuvy Ion Collider (RB1C) have been success-
fully tested. The magnets reached a quench plateau of approxi-
mately 4.5 T with very reasonable training - a field level
comfortably above [he design field of 3.45 T required for operation
with beams of 100 GeV/amu gold nuclei. Measured field multipoles
are considered to be quite acceptable for this series o» R&D
magnets.

Introduction

A Reialivistic Heavy Ion Collider is presently in the concep-
tual design stage at Brookhaven National Laboratory [1]. It would
enable collisions between beams of nuclei as heavy as " Au,
accelerated in two storage rings tc energies between 7 and 100 GeV/
iunu. The conventional facilities and injectors for the collider are
largely in place at BNL. These include the 3.8 km long (formerly
CBA) tunnel enclosure, four of six planned experimental halls, a
large control center buildicg, a 25 IcW helium refrigerator, and
injection tunnels from the AGS. (The AGS is presently engaged in
a fixed-target program of heavy ion experiments; a booster syn-
chrotron under construction will allow extending the mass of ion
species from sulfur to gold.)

The collider lattice reflects the need for strong focusing to
maintain a small beam size while coping with the severe intrabeam
scattering of heavy ion beams. It is based on one dipole per half
cell. The regular arcs comprise 72 cells per ring, requiring a total
RHIC arc magnet inventory of 288 dipoies and 276 quadrupoles.
Adjoining each quadruple will be a separate sexcupoie as well as a
multipole corrector. In addition, there is a large complement of
standard and large-aperture magnets associated with the interaction
regions. Although fewer in number than the quadrupoles and cor-
rection magnets, thr; dipoies remain the dominant cost item for the
facility and. consequently, the R&D effort has focused on them.
Here we review th« dipole design, and report on the performance of
initial prototypes. Among these are several built in a successful
collaborative effort with industry.

Magnet Design

Figure I shows a quadrant of the dipole coil cross section, and
Fig. 2 depict; [he magnet cold mass. The magnet design incorpo-
rates several features which set it apart from that of other supercon-
ducting accelerator magnets - e.g., those for the Tevatron, HERA,
or the SSC. It has a relatively large boie (80 mm) to accommodate
the emittance growth associated with intrabeam scattering, a modest
operating field (3.4S T). a single layer cosine theta coil, an iron
yoke assembled as collars, and no internal trim coils. The effective
magnetic length is 9.46 m. Other parameters are listed in Table 1.
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Table 1

Dipole Parameters

Bo, minimum operation

Bo, 100 GeV/amu

Current, 100 GeV/amu

Inductance

Stored energy

Length, effective

Sagilta

Coil, cumber of turns

Coil, inner radius

Iron, outer radius

0.24 T

3.45 T

4.56 kA

43 mH

490 kj

9.46 m

47.2 mm

33

39.9 mm

133.3 mm

To minimize cost and to take advantage of technology at BNL,
the magnet uses superconducting cable of the same type as the
cable developed for the outer coil layer in the dipoles for the SSC.
This is a flat, Iceystoned 30-strand cable of the Rutherford type. The
(bare) cable width is 9.73 mm and its average thickness is 1.17 mm,
wiih a keystone angle of 1.2 degrees. Each wire is 0.65 mm in
diameter, containing high homogeneity NbTi filaments 5-8 urn in
diameter. For (he initial R&D magnets described here, the copper-
to-superconductor ratio was 1.7-1.8:1 and the critical current density
of the wire (@ 5T, 4.2K) was 2200-2600 A/mm2. For reasons
described below, in new specifications the copper-lo-
superconductor ratio is 2.23:1 and the current density will be above
2600 A/mm2.

Prestress is applied to the coil directly by the iron yoke
through a 5 mm thick molded glass-phenolic insulator-spacer sur-
rounding ihe coil and keyed into the yoke lamination — i.e., not by a
non-magnetic collar as is common in accelerator dipoles. A stain-
less steel shell which is split and welded at the vertical midplane
lakes over the compression of the yoke when it is at cryogenic
temperature. The relatively radially narrow iron leads to iron satu-
ration at (he highest operating field that is corrected with lumped
correctors outside the dipoles. A recent small adjustment of the
design spaces the coil an additional 5 mm from the iron and reduces
the saturation effects. The 9.7 m long magnets are assembled in
fixtures that introduce the requited 47 mm sugitta; this sagitta is
locked in place via (he outer stainless steel weldment referred to
above which also serves as the helium pressure vessel.

The cryostat housing the cold mass consists of the carbon steel
vacuum vessel (610 mm outer diameter), an aluminum heal shield
maintained at 55 K, blankets of multilayer aluminized Mylar,
cryogenic headers, and the magnet support system. The design calls
for the cold mass :o be supported at three locations by means of the
folded, insulated post-type support developed at Fermilab for the
SSC magnets. The present R&D magnets, however, are supported
by fiberglass straps and assembled into HERA cryostats.

Model Magnets

Previous Models

The RHIC R&D program has focused on model magnets in
three stages of development. The first models utilized, for expedi-
ency, coils wound at Fermilab to the pattern of inner Tevatron coils
using CBA/Tevatron cable, but 4.5 m long. One of these coils was
inserted into a CBA iron yoke, adapted to the correct coil diameter
by means of laminated iron spacers. Four other 4.5 m long coils
were collared at DESY, inserted into bent HERA yokes at Brown,
Boveri & Cie. (BBC), Mannheim, West Germany, and returned lo
BNL for testing. Two were assembled with aluminum collars be-
tween coil and yoke, and (wo wiih iron collars. All of the magnets

met their expected conductor short sample performance wilhout
training [2J. Next came a single 4.5 m long magnet which served as
a shorter prototype for the magnets described below which a>e,.he
featured pan of this paper. This magnet also reached a quench
plateau in good agreement with short sample prediciions, and its
harmonics were well within the expected error distribution [3],

Current Models

The most recent group of R&D magnets consists of four full-
length dipoles, designated DRA-001 through DRA-004. The cold
mass of the first of these tested, DRA-004, was constructed entirely
at BNL (utilizing a keyed yoke) and installed in a horizontal HERA
cryostal supplied by BBC. Coils for the remaining three were also
produced at BNL. They were subsequently sent to BBC for cold
mass assembly (with welded yokes) and insertion into cryostats,
and were returned to BNL for testing. Two of these dipoles utilize
conductor with 5 |im filaments, one supplied by Furukawa (DRA-
004) and one by Supercon (DRA-003). Test results for these mag-
nets are discussed in the next section.

Test Results

Training History

The quench data for these dipoles are shown in Fig. 3. The
tests were made with magnets cooled by supercritical helium at 12
atmospheres. As can be seen, the quench fields were all well above
the operating field, and training was minimal. The quench plateaus
for these magnets are 4.4 - 4.6 T. Examining (he data more closely
shows that the maximum field reached in the first dipole (DRA-
004) was 4.6 T, compared to 5.0 T expected on the basis of short-
sample tests of the conductor. The maximum quench field in the
second dipole (DRA-003) was slightly lower. However, as the cable
short sample current was lower the magnet performed up to its
expected limit. The plateaus of the tbird and fourth magnets are in
good agreement with their expected limits. It is believed that

5

3

-

•
•

•

-

i i

DRA-004

Operating Field

i > i i i i i i t i

-

• •

-

DRA-003

Operating Field

5 O 15 *
QUENCH NUMBER

S 10 15
QUENCH NUMBER

o 4

DRA-002

Operating Field

a>4
m

DRA-001

Operating Field

5 10 15
QUENCH NUMBER

5 10 15
QUENCH NUMBER

Fig. 3. Dipole Training History.



Table 2

Measured Harmonics (10 Bn) at 2.5 cm

Measured Calculated Minus Measured Est.

bK>a D R A - 0 0 4

-0.9

-35.4

0.1

1.7

-3.8

-0.3

-2.3

0.1

DP.A-003

-0.9

-40.07

-0.19

2.01

0.73

-0.75

-0.89

-0.12

DRA-U.J2

0.00

-41.41

-0.51

2.77

0.09

-1.10

0.79

-0.29

DRA-001

-46.9

3.3

DRA-004 DRA-003 DRA-002 DRA-001 Magnet-to-
Magnet o

-1.9 -13.9

-0.2 2.7

-11.5

1.1

-8.1

1.5

a.,

2.1

4.6

1.3

2.2

4.3

1.3

2.2

0.6

somewhat more stabilizing copper is nseded in the superconducting
wire for the magnets to reach the higher quench plateaus made
possible by higher current densities now available in Nb-Ti super-
conductor. This feature will be included in future magnets by
increasing the copper-to-superconductor ratio to 2.25:1.

Field Quality

Field quality measurements were made with a field measuring
probe [4], a 60 cm long rotating coil of -I cm radius, pulled in 60
cm increments through a warm bore inserted in the magnet for this
purpose. The transfer function, Bg/I, measured at 1.85 T, is 0.77
T/kA. (about 0.5% higher than the calculated value). The average
angle of the dipole field is about I mrad from the vertical (i.e., with
respect to gravity) in the first magnet, about 8 mrad in the second,
I.S mrad in the third, and 5.2 mrad in the fourth. The goal is 1 mrad
mis. The source of the offset in the second dipole is not understood,
though lite offset is perhaps not surprising considering the diffi-
culty of aligning the vertical axis of a curved magnet and the
procedures used to assemble these early prototypes into HERA
cryostats. As noted above, future magnets will be assembled with
folded posts.

Table 2 summarizes the allowed and unallowed harmonics,
designated by the usual notation (b, = normal quadrupole term,
etc.), given in the by now standard "units" (10"* Bo) quoted at 2.5
cm. The values are summed over the length of the magnet straight
section, excluding ends, with centering corrections applied to the
unallowed terms. (Lack of centering will cause spurious mullipoles,
a^ and bn, by feed-down from allowed bn + , term*.) Allowed
multipoles were measured at 1200 A (about 0.9 T), while unallowed
mullipoles were measured at currents chosen CO minimize the neces-
sary amount of centering correction. The uncertainties in the mea-
surements are estimated to be - 0.1 unit. Calculated multipobs, not
explicitly listed, differ from magnet to magnet, as they were ob-
tained using as-built coil dimensions. This variation will be elimi-
nated in future models with use of an improved coil cross section
which uses a more representative cable thickness and by manufac-
turing cable to the correct dimension. As can be seen, allowed
measured values for DRA-004 generally agree with calculations
within the estimated magnel-to-magnet variation expected from
construction tolerances (column 10). Similarly, the unallowed mea-
sured terms differ from zero by less than the amount expected from
construction errors. The conspicuous exceptions are the normal
sextupole and decapole terms for the BBC magnets (DRA-003, 002,
001), due probably to a misunderstanding between BNL and BBC of
the size of the coil shim near the pole. Note that since the field
measuring probe radius is only 1 cm (this particular probe was
designed for SSC magnets), while multipolcs are quoted at 2.5 cm,
the measured muilipoles beyond b4 are not reliable.

Conclusions

This paper highlights the successful performance of four full-
length R&D dipole magnets for the RHIC Project at BNL. Using a
number of ideas concerning how to simplify the design and to
reduce production costs, a number of models have been built,
culminating in full-length magnet construction. These magnets
were built by a cooperative arrangement between BNL and an
industrial vendor, BBC in Mannheim, West Germany. BBC was
able to keep their construction costs low by utilizing tooling for
HERA magnets available at shsir facility. After air or sea shipment,
the magnets were tested at ENL and found to have met all of the
expected performance goals. Ba.ied on this experience there will be
a few improvements to the desi^ii which will be tested in subse-
quent models.

References

[1] Conceptual Design of the Relativistic Heavy Ion
Collider, RHIC, Report No. BNL 51932, Brookhaven
National Laboratory (Upton, N.Y. 1986), unpublished.

[2] P. A. Thompson et al, "Status ol Magnet System for
RHIC", Proc. 2nd Conf. on the Intersections Between
Particle and Nuclear Physics, Lake Louise, Canada
(May, 1986) and BNL 38459.

[3] E. H. Willen. "Magnets for RHIC", Proc. ICFA Work-
shop on Superconducting Magnets and Cryogenics, P.
Dahl, Editor, BNL (May. 1986), BNL 52006.

[4] G. Ganetis et al, "Field Measuring Probe for SSC Mag-
nets". Presented at 1987 Particle Accelerator Confer-
ence, Washington. D.C., March 16-19, 1987.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


