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Abstract

The interaction region (IR) quadrupoles [1] for the
Relativistic Heavy Ion Collider (RHIC) [2] are the best
field quality superconducting magnets ever built for any
major accelerator. This field quality is primarily
achieved with the help of eight tuning shims [3] that
remove the residual errors from a magnet after it is built
and tested. These shims overcome the limitations from
the typical tolerances in parts and manufacturing. This
paper describes the tuning shims and discusses the
evolution of a flexible approach that allowed changes in
the design parameters and facilitated using parts with
significant dimensional variations while controlling cost
and maintaining schedule and field quality. The RHIC
magnet program also discovered that quench and thermal
cycles cause small changes [4] in magnet geometry. The
ultimate field quality performance is now understood to
be determined by these changes rather than the
manufacturing tolerances or the measurement errors.

1 INTRODUCTION
To increase the design luminosity of RHIC, the design
beam size was made smaller at the crossing point [5]. An
unavoidable consequence was an increase in the good
field aperture required in the interaction region
quadrupoles. A magnet aperture larger than the design
130 mm would have caused delay and increase in cost. A
tuning shim method that extended the good field region
was developed. As compared to the 80 mm aperture
main arc quadrupoles, the increase in beam size in these
magnets is ~400%, whereas the increase in aperture is
only 63%. In the high luminosity lattice configuration,
the field errors in these magnets are more critical than
those in the rest of the RHIC machine magnets combined
[5]. The skew (an) and normal (bn) field harmonics are
defined (in units) as follows:
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where Bx  and By  are the components of the field at (x,y),
G is the gradient at the center of the quadrupole and R  is
the reference radius, which is 40 mm in these magnets.

Fig. 1. Cross section of the 130 mm aperture RHIC
interaction region quadrupoles. 1A, 1B, etc. are the
locations of eight gaps for tuning shims. The tuning shim
area at location 2B is shown in more detail.

2 MAGNET CROSS SECTION
The cross section of the 130 mm aperture insertion
quadrupole is shown in Fig.1. In this design the yoke acts
as a collar, a cost saving feature which is common to
most RHIC magnets. An identical cross-section is used
for 24 each of quadrupoles Q1 (1.44 m), Q2 (3.4 m) and
Q3 (2.1 m). The parameters of these magnets are given
in an earlier paper [1]. A 2-radius aperture yoke reduces
the computed saturation-induced b5 from about 17 units
to less than 1 unit up to 8 kA. The design current is 5 kA
and measurements performed to ~7 kA agree with these
calculations. The tuning shims are inserted at eight
angular locations (see Fig. 1) between the yoke and the
RX630 spacers.

Another cost saving feature of all RHIC quadrupoles is
the use of a 2-fold symmetric yoke design and collaring
operation. This simplifies the magnet construction but
breaks the 4-fold quadrupole symmetry. A large (~7
units) measured octupole (b3) harmonic in the first
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assembly was compensated by deliberately introducing
an asymmetry in the coil to coil ground plane insulation
(midplane gap) in later designs.  This, however,
generated a higher order b7 harmonic. A proper choice of
asymmetric tuning shim configuration and asymmetric
midplane gaps removed both b3 and b7 harmonics.

3 A FLEXIBLE MAGNET PROGRAM
In a program where only a small number of magnets are
required, a significant cost is associated with the magnet
R&D to achieve the required quench and field quality
performance. A large field margin, a flexible approach
and an inherently inexpensive design were the primary
factors in keeping the program cost low while producing
high field quality for these insertion magnets.

Fig. 2. A flexible design accommodated large changes in
harmonics and parts without iterating the coil cross
section in Q1 magnets. The figure shows the b5 error
from nominal value before (warm measurements) and
after tuning shims (cold measurements at 5 kA).

At the time when this quadrupole cross section was
being designed, the choice for cable insulation could not
be made between two that would make the effective
cable  thickness differ by about 22 micron (~0.9 mil).
This is about an order magnitude larger than that
required before a typical magnetic design can be
specified. This problem was solved by choosing a unique
cross section in which such a large difference (620
micron over 27 turns) was absorbed in a rectangular
wedge while maintaining a constant b5 and pole angle.
Since the pole angle did not change, the coil curing
tooling and the spacer dimensions could be specified and
the magnet design and construction were not delayed.

In Q1 magnets, the midplane gaps were adjusted
between 150 micron and 390 micron (rather than a fixed
typical value of 100 micron) and pole shims between 430
micron and 630 micron. This flexibility was used in a
combination that kept the pre-stress on the coil within
the desired range, while adjusting the field harmonics
and accommodating variation in parts. As shown in
figure 2, a large change in b5 in design#2 and onward
(required from beam dynamics considerations), a mid-

course correction for drift in b5  (design#4), and a large 9
micron change in cable size or 243 micron in coil size
(design#3), were accommodated. As mentioned in the
last section, a large b3 harmonic was also removed by
adjusting midplane gaps. In the past, such changes
required an iteration in the coil cross section, causing
delay in production and increase in cost.

4 TUNING SHIMS
Eight tuning shims of adjustable iron thickness to adjust
eight harmonics (a2 through a5 and b2 through b5) are used
in each magnet. The nominal resolution of the harmonic
correction, determined by the minimum thickness of iron
lamination (0.125 mm) in the tuning shim package, is
given in Table 1. The resolution in certain harmonics is
better for certain location of tuning shim, but that may
not always be realized when eight harmonics are
optimized together. The resolution given in Table 1 is
generally comparable to the uncertainties in the
measured harmonics within a factor of 2. The
reproducibility of the harmonic measurements itself was,
however, an order of magnitude better than that listed in
Table 1.  The maximum thickness of iron in each tuning
shim package is 6 mm.

Table 1. Resolution in the harmonic correction from the
tuning shim package at the design current.

a2 a3 a4 a5 b2 b3 b4 b5

0.2 0.1 0.07 0.03 0.2 0.08 0.07 0.02

 The iron fraction for eight tuning shims is computed
to minimize the harmonics at the maximum design
current (nominal value 5 kA) based on warm magnetic
measurements. The tuning shim specifications required a
series of tasks to be performed in a synchronous and
iterative way. These tasks include: (a) an error function
minimization using the weighted contributions of eight
primary and eight higher order harmonics, (b) a series of
non-linear iron calculations (which automatically
generated input for a finite element mesh program), (c)
transferring data between a number of computers, (d)
generating an electronic spec-sheet for manufacturing
tuning shims, and (e) computing the expected warm and
5kA harmonics after installation of tuning shims.

Each tuning shim is actually a package of fifteen (four
0.125 mm thick and eleven 0.5 mm thick) laminations -
iron (magnetic) and brass (non-magnetic) – having a
width of 6.6 mm. In the initial magnets, the laminations
were bonded with epoxy that was found to delaminate on
cool down. In the later magnets, the laminations were
simply welded in the front end. The full-length tuning
shims are inserted through eight holes in one end of the
magnet. The magnetic forces in the iron assure a proper
contact for the tuning shim iron inside the magnet once
the magnet is energized.
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The tuning shims significantly reduced b5 errors in Q1
magnets (see Fig. 1). Table 2 gives the systematic and
standard deviations from nominal value in normal
harmonics (bn) before and after tuning shims in all
magnets. A significant improvement can be seen in
harmonics b2 through b5. However, as a result, the higher
order harmonics (b6 through b9) get worse, as expected,
but remain of the order of 0.1 unit. A similar effect has
been seen in skew harmonics also. Fig. 3 shows the
standard deviations of field errors from nominal skew
harmonics before and after tuning shims.

Table 2. The errors from the nominal values of the
normal harmonics before and after tuning shims.

Fig. 3. Measured improvements in the Std. deviations of
the lower order skew harmonics with tuning shims.

5 DYNAMIC CHANGES
The RHIC magnet program found that the field
harmonics change after quench or thermal cycles [4].
Though these changes are relatively small, they are an
important limitation in these high field quality magnets.
An estimate of the magnitude of these changes (based on
limited measurements) is given in Table 3. For non-
allowed harmonics the variation is of a random nature.
For the allowed b5 harmonic and to some extent also for
the semi-allowed b3 harmonic, the change is also
systematic and seems to approach an asymptotic value.

Table 3. Standard deviation (σ) of the changes in
harmonics due to quench and thermal cycle in RHIC 130
mm aperture quadrupoles. σ of warm-cold (W-C)
correlation is also given.

a2 a3 a4 a5 b2 b3 b4 b5

Quench 0.4 0.3 0.1 0.01 0.4 0.1 0.1 0.1
Thermal 0.3 0.1 0.1 0.01 0.3 0.1 0.05 0.1

W-C 0.7 0.3 0.2 0.1 0.5 0.4 0.25 0.2

Similar changes have been observed in other RHIC
magnets, in SSC magnets (but having smaller
magnitude) and recently  in 5-block LHC dipoles [6].

6 ULTIMATE FIELD QUALITY
Although the field errors in these magnets are
significantly smaller than ever measured before, there is
still a room for improvement. The tuning shim resolution
(see Table 1) did not limit the performance and the
harmonic measurement system has made large progress
over time [7]. One source of remaining errors was the
uncertainty due to warm-cold correlation as the tuning
shim correction was based on estimating cold harmonics
from the warm measurements. “W-C” in Table 6
includes the errors because of different measuring coils
and a different setup of the lead configuration in two
cases. In principle, this error could have been reduced, if
desired, by applying harmonic correction to the cold
measurements and measuring harmonics in a setup
similar to that in the machine. This would, however,
have improved the situation only moderately. The
ultimate limit is now placed by the changes due to
quench and thermal cycles, as discussed in the last
section. To fully utilize the capability of the tuning shim
method in future magnets, these changes must be studied
systematically so that they can be made smaller. It
appears that the magnitude of these changes depends on
the details of magnet construction.

Sorting [8] allowed a better field quality in the critical
magnets as only 2 out of 6 interaction regions will be
operated in the high luminosity configuration.
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n NO-shim(W) Shims(W) Shims(5kA) NO-shim(W) Shims(W) Shims(5kA)

2 0.41 0.01 0.05 1.74 0.41 0.56
3 0.87 -0.76 0.08 1.19 0.60 0.49
4 0.06 0.03 -0.17 0.42 0.20 0.27
5 -0.07 0.00 0.05 0.78 0.78 0.36
6 0.01 0.05 0.05 0.11 0.21 0.18
7 -0.26 -0.07 -0.14 0.04 0.17 0.14
8 0.00 0.01 0.04 0.03 0.04 0.06
9 -0.03 -0.30 -0.14 0.17 0.18 0.19
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