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Analysis of Warm Magnetic Measurements in a LHC Main Dipole Prototype
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Abstract— The data relative fo the magnetic
measnrements at room femperature of the MBP2N1
prototype of the LHC dipele arc presented. The
measyred field harmonics are compared to the
resulis of the numerical model of the dipole cross
section. The contribution from different effects are
evaluated and compared te experimental data.
Relevant quantliies on the mechanical structure and
on the expected field guality are worked out,

I. INTRODUCTION

The 15-m long MBP2N1 LHC dipole prototype has a
cross-section close to the one chosen for reries production
[1], i.e. 6-block coil design and collars without embedded
magnetic insert, but featuring aluminum alloy collars
(instead of austenitic steel ones) for reasons of component
availability. :

Magnetic measurements were performed at  rcom
temperature during the assembly and after the first powering
tests. The results are used to study the field-shape
performances of the dipole and to compare them with the
expected values of the field harmonics computed with a
magneto-static model [2]. References [3,4] inspired our
analysis of the field-shape quality.

Alfter a short description of the main features of the hybrid
prototype in Section II, we present the results of the
magnetic measurements in Section III. In Section IV we
discuss them in detail. First, we distinguish between
systematic and random effects. Then, we analyze the
multipole changes induced by the thermal and powering
cycle. Finally, we investigale correlation between multipoles
mensured at different stages of the dipole assembly. In
Section V we present our conclysions.

II. MaIN FEATURES OF THE DIPOLE

The 15-m long MBP2N1 prototype of the LHC main
dipole features a cross-section ¢lose to the one chosen for
series production, but for reasons of component availability,
it is equipped with aluminum alloy collars instead o
austentic steel ones. For the same reasons, the geometry of
the collars, inserts and laminations is not the final one, thus
making the conttibution of the iron yoke to the dipole field-
shape different from the design one.

The coil presents a 6-block geometry; it consists of an
tnner and an outer layer, each wound with a keystoned cable,
as shown in Fig. 1. Wedge-shaped copper spacers are
inserted between conductor blocks to correct the multipoles
generated by the non-perfect cosine-8 geometry, The coil
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layers are assembled into poles, which in tum are assembled
into dipoles. Magnetic coupling between the two apertures is
a feature of the two-in-one design, leading to the presence of
even harmonics {quadrupole, octupole, decapole,...) in the
dipole field. The contribution of the iron yoke enhances the
strength of the
imperfections.

magnet and limits the field-shape
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Fig. 1 Nominal design of the 6-blocks collared coil

I 'WARM MAGNETIC MEASUREMENTS

The magnetic measurements are made al room
temperature using a probe containing 0.75 m long rotating
coila. The field shape is described in terms of relative
multipoles expressed at a reference radius R.e = 17 mm, in
units of 1077, At the selected excitation current of 20 A, the
measurement sensitivity is expected to be of the order of 107
units. The field-shape is measured in both apertures, at 20
consecutive positions along the dipole length. However, the
first and the last measurements are discarded to avoid fringe-
field effects, since the first and the last positions include the
dipole ends.

Measurements are performed on the cotlared coil, on the
assembled cold mass and after the first cryo-powering test at
Ligh current. The resulis are summarized in terms of average
and r.m.8. harmonics, computed over each aperture length.
They are shown in Table [ and II respectively.

During the measurement process, field harmonics induce
a feed-down effect to lower harmonices if the mechanical axis
of the measurament coil is not coincident with the magnetic
axis of the harmonics themselves. In peneral the largest
induced harmonics are one order below the driving harmonic
and they are linearly proportional to the mechanical offset
between the magnetic axis and that of the measuring coil.
The design of the 6-block coil is such that:
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e The allowed harmonics b, s, s, #nd by are about a
few 10 ynits at 17 mm reference radivs.
« The non-aliowed harmonics B, b2, D, bie and aye,
a1z, s, g6 e gbsent.
& Mechanical tolerances induce very small changes in the
. + th
amplitude of harmonics greater than 107 order.

TaBLL 1
MEASURED MULTIPOLES 1N THE MBP2IN] pROTOTYER:
AVERAGE OF 1 B MEASUREMENTS ALONG THE MAGNET AXIS.
Twrs or L0* AT R, = 17 mm.

Collarcd Assembled After cryo
I\E 2 A;E Ap.2 Ag; 1 [5‘
('lf é o7 3 0 'J’ 0.81
-0.96 -5.48 -4.99 S 13
011 [}.2‘) -0.38 —0 01 -0.46

bj' 208 271 509 868 817 3271
ad .06 0.05 0.05 0.10 .07 0.11

b4 007 020 066 075 067 077
as 006 005 -007 -0.02 -0.08 -002
b5 063 060 060 -0.64 -076 -07%

an 003 003 002 003 002 003
b6 000 001 002 (03 .
a7 003 003 002 000 002 001
b7 065 070 057 06l 038 061
24 025 026 026 026 021 020
bl Q73 073 0463 062 063 062

TapLr 11

MEaSURED MULTIFGLES [N THE MDP2N1 sRovOTYRE:
STANDARD DEVIATIONS OF 1B MLASUREMENTS ALONG THE MAGNET AXIS.
Unrrs op 10 AT R, = 17 mm,

Collared Asgsertled Aller cryo

QE“"AE? AL%Z AE:E A%Z EéI"”“ﬁ'%’l_

036 043 039 044 040 046

044 0S50 039 028 041 Q30
b.i’ 039 032 034 032 03t 033
a4 026 017 023 015 025 015
b 014 013 012 011 012 Q11
as 007 07 007 010 007 009
4] 013 o012 013 011 013 0l}
a6 003 004 003 003 002 003
s o8 006 007 004 007 005
a’ 002 015 002 002 002 002
&7 006 003 005 003 005 0.03
50 001 001 001 002 002 - 002
bl 000 006 001 000 DOl 000

It is natural to determine the local magnetic centre at
different longitudinal positions in each aperture by assuming
that the non-allowed harmonics are only due to first order
feed-down of odd normal harmonics according to:

X0 vl
bZJl = 213!92”,_[ 0( ) 0‘2,, =2H’b2ﬂ+1 0( )
Rr!f ref

where n= 5, 6, 7, 8. It follows that the magnetic cenire
{xe, ¥4 18 given by :

aﬂn
ef 2n b2n+l

o(n)= Yoln)=

Wzbm

We identified the offset between the axis of the rotating

coil and the magnetic #xis by applying these formulae to the

feed down of &7 in each aperture and in each axial position
and we subtracted its effect in the resnlis of Tables I and IL.

1V. ANALYSIS OF THE DATA

A Systematic Effects

The data of Table I have been compared with the
multipoles expected in the nominal collared coil, see Table
HI, and in the nominal assembled cold mass, see Table [V,

The simulations neglect the following contributions to
the field-shape errors:

¢ Geometrical tolerances of the collars and coils.
e Deformations induced by mechanical stress during
manufacturing.

Tanre 111

MULTIPOLES IN THE COLLARED DIFCLE! NUMERICAL SIMULATIONS VURSUS DXPURIMENTAL
DATA FOR BOTH APPRTURRS, Unies o 107 ax R, 8 17 mi,

S mutations Pifterence 10 Measirements

Ap. 1 Ap. 2
b2 0.00 -0.96 1.25
bi 4,16 2.08 .45
b5 -0.98 -0.35 -0,38
b7 .30 0.15 Q.10
ho 015 -0.10 -0.11
bi] 0,72 -0.01 -0.01

The first effect is the same for the ¢ollared coil and for the
assembled cold mass. The second one is in principle different
since the yoke transmits an additional stress to the coils. In
our case this fact can be rather relevant since the collar is in
aluminum. Indeed, the values of columns 3 and 4 in Table
III ate rather different from those in Table IV and it is not yet
clear if this can be interpreted only in terms of the increased
deformation indueed by the yoking process. This discrepancy
is at present the limit of our model for fleld-shape ertor
estimates,

The simulated multipoles agree with the averages within
* 3-standard deviations (ses Tables II and IIT} of the measured
data, with the only exceplions of &y and by Corrective
actions may be needed if this offset will persist and if it will
appear 1o be detrimental for the circulating beam.

Tante IV

MULTIPOLES 1N T4E ASSEMBLFD DIFOLA: NUMBRICAL SIMULATIONS VRRSUS AXPERIMENTAL
DATA FOR HOTH APERTURRS, Livars or 107 aT B = 17 mum,

B uations Diftctence Lo Teasurements

Ap. 1 Ap. 2
¥} 4,25 -1.23 -1.48
5] 732 -0.77 -1.36
i 0.00 -0.66 -0.75
b -1.05 -0.36 -0.41
b7 .63 0.06 002
b 0.10 -0.18 -0.16

il 0.61 -0.02 -0.01




B. Random Effects

Random multipoles can be interpreted in terms of random
displacement of the blocks. Tn Ref [5] it is shown that this
interprefation gives rise to a very simple sealing law for the
induced multipoles. The standurd deviation o, of the
multipole distribution of order » scales linearly with the
amplitude of the random displacement ¢ according to the
following three-pararueter expression:

logwow=a+bn +en,
or equivalently
Op = A'Bn 'Cﬂz,

with @, & and ¢ (or 4, 8 and () independent of 4. In
addition, normal and skew components of the same order n
have ahout the same standard deviation o,

The standard deviations of Table II can thus be compared
to the predictions of the multipole scaling law, assuming
independent block displacements normally distributed, with
zero mean and standard deviation 4 along the dipole axis. In
Fig. 2 the experimental data are compared to simulations
obtained by varying d from 6§ to 100 pm. The observed
multipales are compatible with a value of 4 in the range of 6
to 25 pm, such as in the previous S-block coit prototypes
[5]. This implies that the geometrically induced random
multipoles are the same in the S-biock and in the 6-block
coil design,
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Fig. 2. Standard deviation of random multipoles versus harmonic order a;
Experimental data (dots) and numerical simulations Ffor different
amplitudes of random displacemenis f (solid curves).
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C. Effect of Cyele ta Cryogenic Temperature

The shift of the average multipole harmonics measured at
room temperatire befors the first eryogenic and poweting test
are shown in Table V. The effect is very small compared to
that observed in the 5-block prototypes [5].

If we 1y to interpret it in terms of systematic movements
of the blocks we find displacements of the order of a few tens
of fim, i.e. of the same order as the random displacements
discugsed in Subsection B, .

In comparison, coherent movements of about 50 pm were
deduced from the average multipole shifls observed in the 5-
block coil prototypes [5]. This result confirms that the
present 6-block coil design is mechanically more stable than
the previous S-block coil design.

Tanry V

DHEFERENCES I MULTIPOLES BETWEEN REFORE AND AlER
THE FIRST TI ML CYCLB, FOR BOTH APERTURES,
Unims or 104 ATR = 17 nem,

Ap, | Ap. 2
[ -0.00 0.06
b2 0.49 -0.60
a3 -0,08 0.01
b3 0.07 0.03
ad 0.02 0.01
i -0.01 0.02
a5 -0.01 0.00
L3 -0.07 -0,07
a6 0.00 0.00
b6 -0.01 0.00
a7 0.00 0.01
b7 0.01 : 0.00
24 0,05 -0.06
bilt -0,00 .00

D. Correlation batween Multipoles

In Table VI we quote correlation between multipoles
measured along the dipole axis, in the two apertures, for the
collared coil and the cold mass. A linear law, as shown in
Figs. 3, 4 and 5 for the harmonics b3, b5 and a2,
respectively, very well interpolates experimental results. The
coefficients p and ¢ in Tabie VI are the siope and the ordinate
at the origin of the interpolating line and » is the correlation
coeflicient for the experimental data.

Tantr VI

CORRELATION BITWLEN REILBVANT MULTIFGLES, COLLARND COMLS
AND ASSEMBLELS INTERPULATION CONSTANTS  AND
AMB CORRELATION COPFFICIERT F.

q P ’
al 0.1 009 (14
b2 452 098 093
al -0.20 0.86 0.95
b3 6.30 0.82 0.97
ad 004 0.35 0.95
bd 058 0.84 097
b5 -0.08 .96 0.99

b7 -0.03 0.6 0.09
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The slope p is always close to one: this implies that the
main effect of the yoke assembly is a shift of the harmonics
that is particularly significant for b, b; and &,.

We observe that the correlation is always excellent and
that the harmonics have the same behavior in both apertures.
This gives us confidence that measurements made in the
collared coils give a reliable early indication of the fisld-
ghape quality to be expected in the final cold mass. OF
course, this indication can be exploited to propose an
economic and efficient quality control progess during series
production. The identification of corective actions is still
limited by the phenomenon discussed in Subsection A.
Further studies in the final dipole design with stainless steel
collars may clarify this point,
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Fig. 3. Correlation of by, coltated coil versus assembled cold mass data (§8
measuremenis along the dipole axis for both apertures), Units of 107 at
Rt = 17 mam
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Fig. 4: Correlation of b;, collared poil versus assembled cold mass data (18

measurements along the dipole axis for both apertures), Units of 107 at
Reer = 17 mun

V. CONCLUSION

We discussed the magnetic measuirements of the
MBP2N1 dipole prototype. Although this magnet still
differs from the final LHC dipole design, we could obtain
numerous information that is expected to hold it general.

The order of magnitude of the systematic field-shape
errors induced by geometrical imperfections is rather well
predicted. The random variations of the multipoles along the
dipole axis are quite limited and are induced by small
geometrical misplacements of the conductors, characterized
by a standard deviation in the range of 6 to 25 um. In this
respect the 5- and 6-block coi! designs are identical. On the
other hand, the coil deformation induced by the first
cryogenic test of the dipole at high cument is almost
negligible. This confirms that the 6-block design is very
stable and almost immune to systematic block movemenits,
conttary to what was previously observed in the 5-hlock coil
[5).

The atrong correlation observed in the field harmonies of
the collared coil and of the fully assembled cold mass opens
the way to an economic and efficient strategy of field-shape
quality control during series production,
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Fig, 5: Correlation of a2, coltared coil versus assembled cold mass data {18
measurements along the dipole axis for both apertures). Units of 107 at
Rys= 17 mm,
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