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Abstract

A series of superconducting dlpole Magnets for
the BNL Colliding Beam Accelerator which were manu-
factured to have the proper iield-quality characteris-
tics has been tested. This repart presents the analy-
sis of the field harmonics of these Magnets.

Introduction

In this paper we report on the magnetic field
analysis of a series of dlpole magnets constructed in
the research and development program for the BNL Col-
liding Beam Accelerator (CBA). This series of magnet*
includes as a subset ten magnets specifically built to
demonstrate the ability to achieve the field quality
requirements of a storage ring accelerator. The mag-
nets in this report ware constructed with coils made
to a uniform size with a standard design.1 No varia-
tion in coil placement is expected and these magneta
should produce similar field properties. All such
magnets that have been tested at this time are includ-
ed in this report. There are differences in the con-
struction of the magnets.2 One magnet (LH10) used an
early yoke which is of the current design and another
(LM26) reuses the yoke of an earlier magnet. These
two magnets, which are included In this study, arc not
in the field quality series.

The field analysis is based on the harmonic de-
composition of the magnetic field at any point (r,9):

B - Bo E (f-) n <bn cog ne ~

Bx"B°
f^n <- cos ne + b_ sin

The definition of the bn, an that Is used corresponds
to ro - 4.4 cm, the effective aperture of the accele-
rator. The bn (a,,) specify the normal (skew) multi-
pole component. The symmetry properties of the dlpole
magnets suppress the odd b Q and all the a n harmonics.
These non-allowed harmonics are to be compared to
zero. The even bn (tho allowed harmonics) are not
zero by design. They are to be compared to the sample
average. There are two requirements currently Imposed
on the magnets to satisfy the accelerator field quali-
ty: (1) The standard deviation of a specific harmonic
for the ensenble of magnets must be less than or equal
to one random tolerance3 for that harmonic. (2) If
any harmonic Is more than three random tolerances from
the mean of the ensemble of magnets that magnet Is
rejected for field quality purposes. The above crite-
ria are applied to the integrated field /B«dl and to
the integrated harmonics of the order n-4 and below.
Although these criteria are more stringent than those
which will eventually be applied to the machine, we
shall see that they can be met.

The Allowed Harmonics

The allowed harmonics for a dipole magnet are the
dlpole (BQ), the sextupole 0> 2), the decapole (b^) and
the "14-pole" (b6). Higher terms can exist but are

* Work performed under the auspices of the U.S.
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believed to be unimportant to the CBA machine. In
Figures 1 and 2 b2 and bk are shown as e function of
the magnet current. In the low current region bnlow
1000 amps superconducting magnetisation la a signifi-
cant contribution to these harmonica. Above 1500 amps
the effects of saturation of the iron take over. In
these figures the dashed (solid) lines represent a
variation of ±1 (±3) random tolerances from the mean.
One magnet, LM26, (which is not in the field quality
series) has a aextupole moment which la juat outside
the three tolerance limit. Another magnet, LM11, la
outside the three tolerance line In the low current
region for the decapole. Omitting these magnets re-
duces the sextupole and decapole ensemble standard
deviations to approximately one random tolerance.

Figure 3 gives the distribution of the deviations
from the mean of the allowed harmonics normalised In
units of rms raudom tolerances. These harmonics are
integrated over the length of the magnet and Include
the effects of the ends. Tim shaded region represents
the field quality series.* The mean and standard
deviations of the distributions are given in Table I.
Figure 4 shows the distribution of all the allowed
harmonics at three currents. The low current (I»264
amps) corresponds tc the Injection field and the high
current (1-3500 amps) is near the high energy operat-
ing region. The spread In the harmonics varies only
•lightly uith the current.

The Hon-Allowed Harmonica

The non-allowed harmonics should be zero by
design. These include all of the skew hirmonlcs (a^)
and the odd normal harmonics (b^,b,,bs..e). The
appearance of aon-sero values for these harmonics
indicates imperfections in the manufacture of the
magnets. The odd b harmonics Indicate a breaking of
left-right (perpendicular to the magnetic field direc-
tion) symmetry whereas the odd a^ harmonics break the
up-down symmetry (along Che magnetic field). The
existence of an even a^ harv-^lc requires the breaking
of both simultaneously. Figure 5 shows the deviation
from sero of each non-allowed harmonic in unite of
tolerances for that harmonic. Th* shaded histograms
indicate the eight field quality1* magnets. All of
these distributions have standard deviations that are
narrower than one random tolerance. It Is interesting
to note that although they remain within the estab-
lished tolerance the odd skew harmonic (a, ami a 3)
have larger variances than the othere emgematlmg a
small up-down asymmetry. One woele1 expect a larger
up-down asymmetry, which compares different colls,
than a left-right asymeatry, which compares the left
and right halves of the same colls. This indicates
that the upper aud lower sets of colls are •efficient-
ly similar In else to meet the requirements.

In figure 6 we have plotted all of the mea-ellov-
ed harmonics normalised to their tolerances at three
different currents. The shading as before Indicates
the field quality series. The ransom verlatlome
appear to be largest in the lew entrant region which
corresponds to the bean injection
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a certain size and the variation in this sice has a
standard deviation of 2-1/2 mils. The colls have
different epoxles and there are SOB* variations in
modulus. One sees a range in the precomgiresslon
necessary to close the magnet yoke during the assembly
process. The total coil stress (sum of inner and
outer coil stress) varies by a factor of approximately
2 for the magnets. In Figure 7 the sextupole and the
decapole are plotted against the total coil stress.
There appears to be a correlation between these
harmonics and the coil stress. The statistics are too
small to make a strong conclusion, however one would
like to keep the coil stress in a relatively narrow
window.

Conclusion

As indicated in Table I the standard deviation of
the harmonics is less than 1-1/2 tolerance for all
eleven magnets. For the restricted field quality
series all harmonics are within approximately one
tolerance. The results of this analysis imply that
the magnet to magnet variations of the field meet the
requirements of the CBA intersecting storage ring
accelerator.

Table I
Integrated Field Harmonics at 1200 Amps

Harmonic

\
<

b.
bj
ai1
a,

a6

/B«dt 8

All
Magnets

no-)
-28.1 ± 2.4
2.96 ± 1.05
0.36 ± 0.21

-0.01 ± 1.00
-0.16 ± 0.24

0.07 + 2.78
0.57 ± 0.44
0.37 ± 1.33
-0.03 ± 0.21
-0.04 + 0.10

.2368 ± 0.005
Tesla-m

Field
Quality
Magnets
(10-}

-29.0 ± 1.76
3.39 ± 0.73
0.38 ± 0.24

0.23 ± 0.84
-0.18 ± 0.24

-0.15+ 2.44
0.46 ± 0.45
0.30 + 0.72

-0.02 ± 0.19
-0.02 ± 0.10

8.2362 ± 0.005
Tesla-m
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RMS
Random

Tolerance
(10-)

1.6
0.75
0.35

2.9
1.0

2.9
1.6
1.0
0.75
0.35

0.004
Tesla-m
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The early magnets (LM10,ll,12) use a different
epoxy from subsequent magnets.

CBA. Parmeter List (unpublished),
tolerances are given in Table I.

The harmonic

The field quality series Includes the eight mag-
nets I«12,13,14,17,18,19,20,21. LMio «nd IM26
were not in this series for reasons Indicated in
the text, mil which should have been in this
series failed the field quality requirements.
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Figure 1. Sextupole moment as a function of current.
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Figure 2. Decapole moment as a function of current.

- I - I 0 I 1 9 TOUIUNCCS

-I -a -I 0 I t 9 TOLCMNCtt

n n W
-9 -t -I 0 1 t > TOUfUNCa

-1 - I -I 0 I t ) TVLEMNCt*

I M U M n - M M H l / T O t m JtLLOMO IIIIM1TU HMWOIKt
AT I • «OO»

Figure 3



n
- > - • • • 0 I t > TtLWMMI

- * - I 0 I 1 S « 1

f H IM » ALLOW* NMMOMCS IN

Figure 4

*if)ii • f^

Figure 6

O I X 3

- I -I -I 0 f 2 3 TOLI

I * 1 TK^UNCIS

JO
TOTAL MIL ITM

ram. con. H I M

Figure 7. 'Correlation of b 2 and b. with coil stresa.
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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.
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