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Abstract 2 ERRORS DUE TO COIL GEOMETRY

The stability of the geometry of the superconducting coilset us consider the LHC dipole with the 6-block and 40-

is essential to the field homogeneity of the LHC dipoleurns coil design described in Ref. [1]. The nominal shape
magnets. Mechanical stresses during coil assembly, thefthe coils allows to minimise the odd harmonbgsbs, b;

mal stresses during cool-down and electromagnetic stressesgib,, taking into account the expected effect of persistent
during operation are the sources of deformations of the cailirrents. The various contributions to the systematic field-
geometry. Additional sources of field-shape errors are thshape imperfections are given in Table 1.

dimensional tolerances of the magnet components and of

the manifacturing and assembling tooling. To provide gable 1: Systematic errors expected in the LHC dipoles.
realistic evaluation of the field-shape imperfections of thenit 10— at the reference radius of 17 mm.

LHC dipoles arising from the above effects, appropriate

finite-element computations were carried out to model the nominal geom4e§ré|1c Pers. clurrelnt
dipole cross-section in presence of stresses and a prelim- bs —6.50 | —10.6
inary insight of the effect of the manifacturing tolerances bs 0.37 —0.88 —1.25
was achieved as well. br 0.08 0.62 —0.53
bg 0.34 0.10 0.24
b11 0.58 0.58 -

1 INTRODUCTION

In superconducting hadron colliders, the stability of the Errors in coil positioning within mechanical tolerances
single-particle motion is dominated by nonlinear errors ifnduce field-shape imperfections randomly varying from
the main magnets. This phenomenon is particularly harngipole to dipole. It is usual to estimate them in a rough
ful at injection, when the beam size is maximum. approximation, by varying the position of each supercon-
There are three main sources of field imperfections iducting block in an independent manner along the radial
a superconducting magnet, the non-ideal geometry of tlaad the azimuthal direction with a Gaussian distribution.
coils, the persistent currents and the iron saturation. Th&e also used this procedure paying attention to avoid, in
iron saturation is almost irrelevant at the excitation level obur computer simulation, interferences between the dis-
the injection plateau. The persistent currents, mostly detgstaced blocks. All our random diplacements are centered
mined by the size of the superconducting filament adoptedround the nominal positions, have an r.m.s. valué(of
produce multipolar errors that are eventually minimised bym and a distribution cut at 1 &. With 500 random real-
an appropriate design of the cross-section. In this papésations, we obtain the results shown in Table 2. They are
we concentrate our attention on the detrimental effects @bnsistent with similar results reported in Ref. [1]. In Ta-
a non-ideal shape of coils in the LHC dipole and suggesie 3 there are the random errors obtained by extrapolating
a possible cure to reduce them. The nominal shape of thethe LHC dipoles the harmonics measured in the HERA
coils already introduce significant systematic harmonics idipoles and the estimated variations of the average field er-
the magnetic field. In addition, the mechanical toleranca®rs from vendor to vendor [5]. This last information give
of the magnet components produce random deviations af indication of how different can be the systematic field-
multipolar harmonics from magnet to magnet. Coil deforshape imperfections in the various production lines. In-
mations resulting from the assembly prestress and to thieed, our simple estimate of the random errors in Table 2
thermal shrinkage during the cool-down are another sourie consistent with the data of Table 3, except for high or-
of field errors which must be known and possibly conder components. This is likely to be due to the moderate
trolled. We first evaluate the magnetic errors induced bprecision of the magnetic measurements amplified by our
geometrical imperfections, then we suggest possible caextrapolation rather than to a not yet understood structural
rective actions based on the use of an appropriate setrmfason. The distributions of some random multipoles are
shims to be inserted during the assembly of the coils.  shown in Fig. 1. Looser mechanical tolerances generate
Note that the multipolar harmonics will be given at thdarger random field errors. Indeed, the multipoles increase
reference radiug,.; = 17 mm, which is the new standard quasi-linearly for r.m.s. displacements uRt um.
adopted for LHC. Another source of magnetic errors varying from dipole
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Table 3: Random errors extrapolated from Hera and uncer-

120 120 .
b ok tainty from vendor to vendor. Unit0~* at the reference
1:0 i Wb radius of 17 mm.
60 s extrapolations| uncertainty
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o bbb o e fumpoiey 3144 043087084
o b3 distribution o a3 distribution 4 0 49 0.49 0.34 0 49
o b o b 51065| 0.33]042 042
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obredalh b ] ot | 10| 024 | 0.24 - -
b4 distribution a4 distribution 11 020 0'20 - -

Figure 1:b3 andb, errors distribution fo600 realization of
random blocks displacements (white background) and f
collar deformations (dark background).

formations seems to be the leading source of random er-
rors; for high order harmonics, instead, this effect becomes
smaller and smaller and can be neglected above n=7.
Table 2: Random errors expected in the LHC dipoles. Unit

10~* at the reference radius of 17 mm.
3 ERRORS INDUCED BY STRESSES

statistical model
n| o, Oa, Collaring, assembling and thermal stresses induce a non-
31087 0.90 negligible deformation of the coil conductors. The defor-
41053 0.55 mations can be computed by a finite element code like AN-
51031 0.34 SYS [3], and a program like ROXIE [4] can be used to
6| 0.18 0.20 evaluate the induced multipolar errors.
71011 0.12 We computed the magnetic errors at three successive
810.07 0.06 stages of the magnet production, namely for a collared coil,
9| 0.04 0.03 for a yoked warm magnet, and finally for a cold magnet at
10 | 0.02 0.02 low excitation (B=0.5 Tesla). In Tab. 4 we give the new
11 | 0.02 0.02
Table 4: Multipoles with deformed coils. Unib—* at the
reference radius of 17 mm.
to dipole is related to the imperfect shape of the collars. To COLLARED | ASSEMB. | COOLED
estimate this effect in a proper manner we need a statisti- || 5, +2.98 +4.31 +4.03
cal model of the possible mechanical defects of the collars, || b4 +7.24 +8.01 +7.87
which is not yet available. With a simplified model, how- ba +0.53 +0.65 +0.38
ever, we can estimate the expected errors at least in a crude || b5 —1.18 —1.17 —1.18
approximation. We assume, somehow arbitrarely, that all be —0.01 +0.02 +0.13
the collars of a given dipole have the same shape with some || 5, +0.80 +0.81 +0.82
deformation localised in a precise azimuthal sector of the bs —0.01 - +0.02
cross-section. For instace, we assume that the upper exter- || 5 +0.08 +0.09 +0.09
nal quadrant of one aperture is too large or too inclined and bio —0.01 +0.02 +0.15
so on. We also assume that the deviation from the nominal || b, +0.59 +0.59 +0.62
position is as large as the allowed mechanical tolerance, i.e.
50 pm. values of the multipoles at the three stages considered. The

The magnetic errors induced by the considered modesechanical deformations are always quite large,i.e. a few
of collar deformations are shown in dashed in Fig. 1. Outenth ofmm, and the deformed shapes are different from
analysis is by far non-exhaustive. However, it is alreadgne situation to an other. However, the resulting multipoles
sufficient to show that the magnetic errors due to collar tolare similar in size, at least for the allowed odd harmonics.
erances have the same order of magnitude as the rand®hre even harmonics, instead, vary quite considerably. This
errors of Table 1. It is intersting to note however that foresult is qualitatively confirmed by the available magnetic
low order harmonics, i.e. below n=4, the effect of the collameasurements of a few 10 m long prototype dipoles [6].
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4 SHIMING AS CORRECTIVE ACTION of the multipolar errors is given in Table 7. The effect on

A iol to red the field-sh . facti low order harmonics, like the normal quadrupole and oc-
possibie way to reduce the ield-shape impertection Corfl]pole is significant but unfortunately not independent. A

sists in changing the coil geometry by an appropriate s . . .
of shims [2]. We investigate this possibility in the I_Hcfﬁdependent control of the harmonics requires again more

dipole using a computer model based on ROXIE. Our aimtgan one shim in appropriate locations.
are twofold: find the range of tunability of the multipoles
and verify their dependence on the shim size.

We assume that shims up 2600 um thickness can be
inserted at the mid-plane and at the pole of both the inner
and the outer coils. We also assume that we can vary in the
same range the size of the four copper wedges. With these
hypothesis, the multipolar components vary almost linearly
with the thickness of both the shims and the wedges. As an
example, in Table 6 we give the change of multipoles due
to various changes of coil dimentions. In the first four cases
we add shims 000 pm at the inner midplane, at the inner
pole, in the outer midplane and in the outer pole respec-
tively. In the last four cases, instead we increasd &y

um the size of the four wedges between the blocks. In all s e = = 4 = =
the considered cases we assume that the change of the caill
geometry is uniform along the azimuth. The shims have a Figure 2: 6 blocks coil cross section

Table 5: Effect of shims on multipolar errors. ROXIE cal-

culations v6-1. Unit0—* at the reference radius of 17 mm.
5 CONCLUSIONS

bs bs bz by bi1

imid | +1.41 | —0.06 | —0.02 - - The geometrical coil imperfections of the LHC dipole play

ipor | —1.31 | —0.17 | —0.01 - - an essential role in the determination of random and sys-
Omia | +1.94 | —0.36 | +0.01 | —0.05 - tematic field-shape impefections. Random multipoles are
Opol | —3.43 | —0.95 | —0.27 | —0.01 | —0.02 due to the variation of the coils and collars geometry within
wed; | —0.63 | +0.01 | +0.02 - - the allowed tolerances. We pointed out that low order mul-
weds | —1.61 | +0.13 | +0.20 | +0.09 | +0.02 tipoles may be more affected by the collar imperfectons;
weds | +1.97 | +0.67 | —0.08 | —0.07 | +0.02 instead, high order multipole may be more affected by the
wedy | —2.72 | —0.28 - | +0.04 - positionning errors of the individual blocks. Systematic

multipoles already present in the nominal design vary sub-
Table 6: Effect of left-right asymmetric shims on multi- stantially due to the deformation of the conductor resulting
polar errors. ROXIE calculations v6-1. Unio—* at the from mechanical and thermal stresses. Methods to reduce
reference radius of 17 mm. the multipoles can be based on the use of set of shims by
which one can vary the coil geometry. Shims of one or two

inner coil | outer coil hundred ofum size are already adequate for our needs.
b +1.75 +2.94 However, we would like to suggest in the near future slight
bs +0.71 +0.97 changes of the collar geometry so to prevent at least the
by +0.13 —0.18 increase of the systematic field-shape errors.
bs —0.03 —0.18
bg —0.03 +0.04
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