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Abstract 2.1 Allowed Harmonics and Pre-stress on Coils

The expected field quality in superconducting mag- Ty allowed harmonics can be adjusted by adjusting
net_s for Ia_rge particle accelerators has |mpr0v¢d OVer(@) the coil-to-midplane gaps (or midplane shims) and
period of time due to the development and application ?E) the coil pole shims. This is an efficient technique for

a number of techniques. These design techniques will Qﬁwall adjustments in lower order harmonics (dag.and
described and as an example the expected harmonics.in. . .
P P 504 in dipoles). It may be used either for normal cross-

an improved design of the 50 mm aperture dipole Made ction iteration or to compensate for the differences in

nets for the Superconducting Super Collider (SSC) wi ) . .
be presented. This field quality is based on experien IeQId quality of the magnets built by different vendors

; L . ased on the same magnetic design.
with the Relativistic Heavy Io_n_ _Colllder (RHIC) anq The pre-stress on g[]he collaregd coil, however, will
SSC magnet programs. The initial results Of_ a des'.gcrhange if there is a net change in the combined thick-
approach will also be presented where the first design

itself is adopted to produce good field quality in RHI ess of the pole and midplane Sh'”?s-. A small variation
. . in pre-stress may be tolerated but if it is larger than a
DO insertion magnet.

few kpsi, then to avoid it one should adjust the coil cur-
ing pressures to change the cured coil size. The first
1 INTRODUCTION magnet of a series usually requires larger adjustment in
The purpose of this paper(& to give a brief outline field harmonics. This is further complicated by the ex-
of the concepts which either have been used or can perience that the desired pre-stress on the coils may also
used in designing and then assuring good field quality itot be obtained by the nominal size pole shims. A
accelerator magnetgp) to present a design conceptchange in pole shims in order to get the desired pre-
which avoids the need of a normal magnetic design isiress also changes the field quality.
eration which is both time consuming and expengieke, To deal with the above difficulties, an approach has
to present methods which can be used to control aRgen developed for the RHIC 100 mm aperture insertion
match the field quality in the magnets built by severgfipole DO [5] with the goal that the first design itself can
vendors,(d) to present techniques which overcome th&e adopted for production by applying small adjustments
influence of normal errors in parts and assembly(apd Which are part of the initial design. A third parameter to
to apply these concepts in a quantitative way to estima_‘PéOV'del the desired pre—strgss on the coils is obtained by
field quality in a magnet which can be used as a refef?creasing the effective thl_ckness of one (or more) se-
ence for the next generation machines. !ected _wedge.(s) by changlng.the nqmber of Iayers_ of
The field quality in accelerator magnets is charactefosulation on it. This resulted in low field harmonics in

ized in terms of the normal and skew harmorticsand ~ the body of the magnet as good as those expected after a
a.. They are defined in the following expression number of cross-section iterations. Also the magnet had

© the desired pre-stress on the coils. The first DO magnet is

B, +iB, =107 x B, Y} (b, +ia,)[( x+ iy)/ R", being used in the RHIC machine. Based on measure-

n= ments in the first magnet, small adjustments were made

whereB, andB, are the components of field aty) and in the thickness of the midplane insulation caps and pole
B,,is the magnitude of the field due to fundamental hashims to compensate the end harmonics and 0.4 mm

monic at a “reference radiug. radius magnetic rods were inserted in the saturation
control holes to reduce small values of saturation in-

2 METHODS FOR CONTROLLING ducedb, andb, harmonics.
FIELD QUALITY A regular cross-section iteration generally requires a

large mechanical change in several wedges and is asso-
The methods for Controlling field quallty are Onlyciated W|th(a) a Change in too"ng an(b) a Change in
discussed briefly here (see references [1] to [9] for dgne end design. Both of these are time consuming and
tails). expensive and are avoided in the above approach.
Moreover, this approach requires only small mechanical
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2.2 Integral Transfer Function that the harmonics can be corrected within their repeat-

. . . i ability and measurement errors.
A difference in the integral transfer function (or ef-

fective length6L/L) between the magnets built by dif- 2.6 Current Dependence in Field Harmonics
ferent vendors has been observed in HERA magnets ) i ) .
[10]. A similar situation was observed in RHIC when At high field the harmonics change as a function of

different length magnets were built for the insertion re€Urent due to iron saturation and also due to Lorentz

gions. Even though the magnets were built by the sanfyces on the coil. A larger variation is expected in
vendor (Northrop Grumman Corporation) and on th HIC type magnets where the iron contribution to the

same design, the integral transfer function was off by Rt@l field is large. However, the saturation induced har-
small amount from the expected values. monics can be minimized by forcing the yoke iron to

In most magnets the coil ends are enclosed by nosaturate uniformly with the help of holes, cutouts, efc. in
magnetic stainless steel laminations instead of magnelft€ YOke geometry. A good parameter to examine [9] the
low carbon steel in order to reduce the field on the colfOn saturation isj(-1)/(u+1). The value of this parame-
ductor. It is proposed here that the axial location whet€" 1S ~1.0 at low field (no saturation p~1000) and
the transition between the low carbon steel laminatiori€r0 at very high field (complete saturatiorper). The
to stainless steel laminations takes place be used a¥adation in this parameter as a function of azimuthal
parameter to adjust the integral transfer function. Thngle should be small, particularly near the yoke inner
adjustment may be applied after the first few magnef@dius. In RHIC magnets, despite a large contribution
are built and measured. A rough estimate suggests thdf @M the yoke, the saturation induced harmonics are
50 mm adjustment on each end should be adequateSRall (see references [2] to [5]).
most cases.

An adjustment in the change in transfer functon 3 EXPECTED FIELD QUALITY IN
between low field and high field due to iron saturation SSC-TYPE DIPOLE MAGNETS

can be obtained by changing the iron packing factor (i.e. The expected field quality presented in this section for

the number of yoke laminations for the same yoke i . R
length). This technique has been used in adjusting tﬁ1e50 mm aperture SSC-type dipole is significantly better

. o . an previously assumed in SSC beam tracking studies
:}qgeé;r::istransfer function in the different leng®HIC [11]. The improvement comes frofa) the use of the

above methods for controlling field qualifh) a feed-
2.3 Skew Quadrupole in Dipole Magnets back from the measurements in the SSC prototype mag-
~nets and(c) the use of revised methods of estimating
The presence of a skew quadrupole harmonic in dire|d errors. The methods that are commonly used for
pole magnets reflects a top-bottom asymmetry. A diffefsstimating the field harmonics tend to over-estimate the
ence in the yoke length between the top and bottogypected field errors. This has been discussed in detail in
halves can similarly be used to compensate for thigference [4] where the possible sources for this over-
asymmetry [8]. The current dependence in the variatiofstimate are discussed and the experience RHIC
of this harmonic can be adjusted by adjusting the yokg,q SSC magnets is presented. The expected field har-

packing factor between the two halves [7]. monics are described Kj) the expected meafii) the
2.4 Twist in Field Angle of the Magnets uncertainty in mean an(i) the expected RMS width or
) sigma 0).

A change in field angle (or twist) along the axis of The expected integral values of field harmonics in a
RHIC magnets has been reduced by applying slant&) mm aperture, 15 meter long, 2-layer SSC-type dipole
welds on the outer diameter of stainless steel shell. Theagnet built along the lines discussed here are given in
weld moves the magnet in the direction it is appliedTable 1 at 10 mm reference radius for an operating range
Slanted weld in opposite directions on the two sides af 2000 A (2 tesla) to 6600 A (6.6 tesla). At injection
the shell effectively generate a torque which takes o@@60 A), the allowed harmonics are dominated by the
the twist of the magnet. effects of the persistent currents. Since the issue of per-

. . . sistent current is not discussed here, the harmonics are
2.5 Harmonic Correction after Initial Assembly given only at or above 2000 A, where their influence is

In a perfect design, the field quality is limited onlyn€gligible. The last row gives the expected systematic
by the errors (tolerances) in parts and assembly. flifference in the integral transfer fuqctlon or effective
overcome these limitations, a "tuning shim method" i€ngth L/L) between the magnets built by two or more
being used in 130 mm aperture RHIC insertion quad/_endors; theo is _for .the who_le agcelerator. For refer-
rupoles [6]. Eight tuning shims of variable iron thicknes§"ce, SSC specifications at high field are also given.
are inserted to cancel out the measured values of eight 1he use of the RHIC insertion quadrupole type tuning
harmonics. The test results of the first five magnets shodims [6] is not assumed here. The tuning shims may



reduce those harmonics selected for correction by abadgveloping these concepts. The engineering efforts in
a factor of five, as long as they are reproducible. incorporating these ideas into real magnets from M. An-

erella, J. Cozzolino, E. Kelly and J. Schmalzle are also
Table 1. The expected normdl)(and skew harmonics acknowledged. The feedback on field quality require-
(a) in 50 mm aperture SSC type dipole magnets at rents in RHIC magnets was provided by S. Peggs and J.
reference radius of 10 mm in an operating range of 200§ei. G. Morgan, P. Wanderer and E. Willen made a
Ato 6600 A. b > and | > are the expected meanpg( careful review of this manuscript.
and dé,) are the uncertainty in the mean as(th) and
o(a,) are the expected sigma. The last two columns show
the SSC tolerances/specifications for the mean (ssc < >) REFERENCES
and sigma (sso) at high field. Since k> and 4> are
zero db,) and d) should be compared to the ssc < >[1] R. Gupta, et al.’SSC 50 mm Dipole Cross Sec-
The last row gives the expected systematic difference in tion”, Proceedings of the Third International Indus-
the effective lengthdL/L) between the magnets built by tLrjlngymposmm on Super Collider (IISSC), Atlanta,

, pp. 587-600 (1991).

two or more vendors arwifor the whole accelerator.

SSC Expected Harmonigs SSC Toleranges[2] R. Gupta, et al., "Field Quality Improvements in
Superconducting Magnets for RHIC", Proceedings
n <b>) db,) | ob,) | ssc<>) ssca of the 1994 European Particle Accelerator Confer-
1 0.0 0.04 0.2 0.04 0.5 ence, London, UK, pp. 2928-2930 (1994).
2 0.0 0.2 0.4 0.8 1.15 - | old i
_ 002 _ _ _ 3] R. Gupta, et al., "Field Quality Control Through the
i 88 %%02 803 0.026 0215 Production Phase of RHIC Arc Dipoles", Proceed-
: : .05 0.08 0. ings of the 1995 Particle Accelerator Conference,
5 0.0 0.001 | 0.002| 0.016 0.02 London, UK, pp. 2928-2930 (1994).
6 0.0 0.002 | 0.005| 0.013 0.02 (4] R. Gupta, "Estimati d Adjusting Field Qualit
. Gupta, "Estimating an justing Fie uality
7 0.0 0.0004| 0.001 0.01 O'OE in Superconducting Magnets", Presented at the 1995
8 0.0 | 0.0005| 0.001 0.02] 0.0045 LHC Collective Effects Workshop, Montreux, Swit-
n <a>| d@) | o) | ssc<>| ssco zerland; to be published in Particle Accelerators
1 | 00 | 004 | 05| o004] 125 (1996).
2 0.0 0.02 0.15) 0.032 0.35 [5] R. Gupta, et al.'RHIC Insertion Magnets", Pro-
3 0.0 0.01 0.07 0.026 0.32 ceedings of the 1991 Particle Accelerator Confer-
4 0.0 0.002 0.02 002 0.05 ence, San Francisco, USA, pp. 2239-2241 (1991).
5 00 | 0.002| 0.008] 0.016 0.03 [6] R. Gupta, et al., "TuningShims for High Field
6 0.0 0.001 | 0.005| 0.013 0.07]] Quality in Superconducting Magnets”, presented at
7 00 | 0.0004| o0.001 o0.01 0.01 the Fourteenth International Conference on Magnet
P 0.0 0.0004] 0001 0008  0.0015 Technology (MT-14) at Tampere, Finland (1995).
oL/L -- 0.0003 | 0.0004 -- 0.0006 [7] A. Jain, R. Gupta, P. Thompson and P. Wanderer,

"Skew Quadrupole in RHIC Dipole Magnets at High
Fields", presented at the Fourteenth International
4 CONCLUSIONS Conference on Magnet Technology (MT-14) at

The expected field quality shown in Table 1 is gen- 'ampere, Finland (1995).

erally a factor of 2 to 5 better than that previously agg] R. Gupta, "Correcting Field Harmonics after Design
sumed in SSC beam tracking studies [11]. Such im-" in Superconducting Magnets", Proceedings of the
provements should have some influence on the expected Fourth International Industrial Symposium on Super

performance of the machine. Most concepts pre- Collider, New Orleans, USA, pp. 773-780 (1991).

sented/reviewed in this paper have already been success- R. Gupta, "Field Quality Improvements in Super-
fully teste_d in RHIC or SSC magnets. T_he spirit behln_ conductin'g Magnets", Ph.D. thesis, to be published
the techniques presented here is that simple mechanical as a BNL report (1996).

adjustments can make significant improvements in the _ _ _

performance of a series of magnets, if they are plannét0]P. Schmuser, "Field Quality Issues in Superconduct-

h m t of the initial ian. ing Magnets", Proceedings of the 1991 Particle Ac-
ahead and made part of the initial design celerator Conference, San Francisco, USA, pp. 37-

41 (1991).
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