EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
European Laboratory for Particle Physics

Large Hadron Collider Project LHC Project Report 425

ANALYSIS OF WARM MAGNETIC MEASUREMENTS
OF THE FIRST SERIES-DESIGN PROTOTYPES
OF THE LHC MAIN QUADRUPOLES

M. Peyrot’, S. Redadlli’?, V. Remondinc’, J. M. Rifflet!, W. Scandal€’,
F. Simon', E. Todesco’ and T. Tortschanoff?

Abstract

The room temperature magnetic measurements of the first series-design prototypes of the LHC main
guadrupoles are analysed. Data relative to the collared coils and to the assembled cold mass are
considered. The averages of the multipoles along the magnet axis are interpreted as the systematic
components. The agreement with the nominal design is verified, and possible explanations for
discrepancies with regard to the multipole allowed by symmetry are worked out. The standard deviations
of the multipoles along the axis are interpreted as the random components. We show that the latter can
be interpreted in terms of random movements of up to 25-35 um of the coil blocks, because of
components and assembly tolerances. A good correlation between measurements made on collared coil
and the assembled cold massis found. The influence on field quality of a systematic radial misalignment
of the coil conductor is also evaluated.

1 CEA-Saclay, France. Member of the CERN-CEA-IN2P3 Collaboration to the LHC Project
2 CERN, LHC Division, Geneva, Switzerland

Presented at the Seventh European Particle Accelerator Conference (EPAC 2000)
26-30 June 2000, Vienna, Austria

Administrative Secretariat
LHC Division

CERN

CH - 1211 Geneva 23
Switzerland

Geneva, 23 September 2000



ANALYSISOF WARM MAGNETIC MEASUREMENTSOF THE FIRST
SERIES-DESIGN PROTOTYPESOF THE LHC MAIN QUADRUPOLES

E. Todesco, S. Redadlli, V. Remondino, W. Scandale, T. Tortschanoff, CERN, 1211 Geneva 23, CH
M. Peyrot, F. Simon, J. M. Rifflet, CEA-Saclay, France

Abstract

The room temperature magnetic measurements of the
fir¢ seriesdesign prototypes of the LHC main
quadrupoles are analysed. Data relative to the collared
coils and to the assembled cold mass are considered. The
averages of the multipoles along the magnet axis are
interpreted as the systematic components. The agreement
with the nomina design is verified, and possible
explanations for discrepancies with regard to the
multipole allowed by symmetry are worked out. The
standard deviations of the multipoles along the axis are
interpreted as the random components. We show that the
latter can be interpreted in terms of random movements
of up to 25-35 um of the coil blocks, because of
components and assembly tolerances. A good correlation
between measurements made on collared coil and the
assembled cold mass is found. The influence on field
quality of a systematic radial misalignment of the coil
conductor is also evaluated.

1INTRODUCTION

Three LHC quadrupole prototypes 3.25 m long,
respectively assembled in the short straight sections
called SSS3, SS$4 and SSS5, have been built in Saclay
in view of the series production [1-4]. All of them have
been measured at room temperature in order to assess
their field-shape performance and one of them has been
also successfully tested in operational conditions [3]. In
this paper we analyse magnetic measurements at room
temperature, made at CEA in Saclay. The analysis of
these measurements provides relevant information on
coil geometry and on its reproducibility, that plays an
important role in the determination of both systematic
and random components of multipolar errors. Moreover,
it allows the determination of correction strategies and an
early detection of drifts in the series production. In this
paper we assess some of the methods used in this
analyss, and we give results for the quadrupole
prototypes. A more detailed analysis can be found in [5].

In Section 2 we compute the field shape harmonics
expected for the nomina cross-section, distinguishing
the different contributions. In Section 3 we present the
experimental data. A comparison with nominal values is
given in Section 4. In Section 5 we analyse correlation
between harmonics of the same order measured in
collared coils and in the assembled cold mass. In Section
6 we consider the random components of the field,

proposing to interpret them as due to random movements
of the coil blocks. Some conclusons and
acknowledgements are given in Section 7.

2 CALCULATION OF THE HARMONICS

In Fig. 1 we show the cross section of the quadrupole,
with the conventional numbering of the coil blocks. The
transport current of the coils induce field-shape
harmonics of order n=2(2k+1), with k = integer, due to
the four-fold symmetry. Non-allowed normal harmonics
induced by the two-in-one design are very small (i.e, less
than 0.1 units). Table 1 shows the computed allowed
harmonics at a current of 12.5 A. The multipoles are
given in 10* units, at the reference radius R« = 17 mm,
using the standard 2D field expansion:
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Figure 1. One quarter of the quadrupole cross section

Table 1. Allowed harmonics at room temperature,
with | =125 A (R«=17 mm, 10* units).

Caoil Collared [Assembled| Outer
Geometry | Aperture | Aperture | Alignment

b 411 3.46 325 6.27

b1 -0.21 -0.16 -0.15 0.31

b4 -0.15 -0.15 -0.14 -0.18

big -0.02 -0.02 -0.02 -0.02

We first give the allowed harmonics induced by the
coil geometry (Table 1, column 1). In column 2 we
compute the harmonics of a collared aperture, including
the magnetic effect of stainless sted collars (,=1.0022)
and shims (1,=1.0048). The harmonics of the assembled
aperture, taking into account the yoke contribution, are
given in column 3. In column 4 we consider the case of
an alignment of the conductors on the two layers outer
radii instead than on the winding mandrel as expected in
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nominal design. In principle, this unwanted situation
may happen during the coil production, since the
keystone angle of the cableis small and turns of the inner
layer could dide towards the interlayer during the
magnet energization.

We also evaluated a sensitivity matrix that provides the
multipole change due to small rigid movements of the
blocks. In Table 2 we give the effect induced on b and
by by four-fold symmetric rigid displacements of 50 pm,
using the block coordinates of Fig. 2. Effects on the
higher order allowed harmonics are negligible.

Table 2: Sensitivity matrix for 50 um rigid displacements
of the blocks. (R«=17 mm, 10 units)

dr 4 dr, or 5 Or 4

dbg | -025 | 0.87 | -0.12 | 0.5
dby, | 011 | -0.10 | 0.00 0.00
0, [P 03 00 4

dbg | 213 | 018 | -0.15 | -0.15
dby | -0.14 | 0.06 0.00 0.00
5al 5a2 5a3 5(]4

dbg | -1.22 | 006 | -0.07 | -0.09
dby | -0.09 | 0.04 0.00 0.00
2
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Figure 2: Parameters defining the block position.

3 EXPERIMENTAL DATA

The fidd-shape was measured at room temperature
with | =125 A, using a0.75 m long rotating cail, at five
positions along the quadrupole axis. We considered only
the three central positions to characterise the harmonics,
since fringe field effects affect the first and the last
positions. In Table 3 we give the averages and the
standard deviations measured for the left aperture of
SSH4, both for the collared coil and for the assembled
cold mass. In Table 4 we analyse the average of each
aperture and we compute their global average and
standard deviation for the six avail able apertures.

4 COMPARISON TO NOMINAL VALUES
AND INVERSE PROBLEM

One observes a systematic discrepancy of around 3
positive units in b, whilst higher order allowed
multipoles are very close to the nominal values. The
discrepancy in bg could be explained by a shift of the
inner layer turns towards the outer layer (see Table 1),
but in this case one would have a by with an offset of
around —0.5 units, that seems unlikely. Using the
sensitivity matrix (see Table 2) we worked out two rigid

block displacements that give rise to the observed bs and
byo. They can be explained by an azimuthal shrinkage of
the inner layer of about 100 pm or an azimuthal
shrinkage of block 1 combined with a radial shift of
block 2 towards the outside, both of about 60 um. Both
solutions feature an azimuthal length of block 1 shorter
than the nominal one. This is confirmed by mechanical
measurements in Saclay showing that pole pieces are 50
pm larger then the nomina design. The observed
discrepancy is reproducible in all magnets, and therefore
acorrection, if needed, should be feasible.

Table 3: Harmonicsin the | ft aperture of SSS4. Collared
and assembled cases (R.=17 mm, 10 units).

SS$4 Collared | SS$4 Assembled

Avg o Avg o
bj -1.28 0.34 -0.92 0.36
a; 115 0.43 1.02 0.47
b, -0.09 0.14 -0.04 0.14
a, -0.38 0.64 -0.37 0.61
bs 0.19 0.04 0.17 0.04
as -0.01 0.28 -0.01 0.28
bs 6.32 0.23 5.95 0.23
ag 0.05 0.56 0.04 0.53
b -0.13 0.02 -0.12 0.02
by | -0.18 0.00 -0.17 0.00

Table 4: Harmonicsin the three quadrupol e prototypes.
Collared and assembled cases (R.«=17 mm, 10™ units).

Collared Apert. | Assembled Apert.

Avg o Avg o
b, 0.54 1.76 0.50 1.62
as 0.46 2.02 0.41 1.83
b, 0.03 0.15 0.09 0.16
a, -1.17 220 -1.10 2.06
bs -0.27 0.34 -0.25 0.33
as 0.28 0.47 0.27 0.42
be 6.06 0.72 5.68 0.69
ag -0.04 0.07 0.11 0.28
by | -011 0.03 -0.10 0.03
by, | -0.18 0.00 -0.17 0.00

For the non-allowed harmonics bs, a; and a, we have
somewhat relevant values that randomly vary from
aperture to aperture. This gives rise to a sigma of the
averages of the about two unit (see Table 4). Indeed, for
al apertures, we find inverse solutions corresponding to
block displacements not exceeding 30 to 40 um. This
means that it is very difficult to correct these effects,
since they are within the design tolerances (see aso
Section 6). We also notice the unexplained feature that b,
is always much smaller than bs, a3, and ay.

5 CORRELATION

There is an excellent correlation between the average
harmonics measured for each aperture in the collared
coils and in the assembled cold masses. The correlation
coefficient is always close to one, the dope of the
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interpolating straight is close to one and the offset close
to zero. The only exception is bg (see Fig. 3) which has
an offset of 0.4 units; our modd predicted an offset of 0.2
units due to iron yoke effect (see Table 2). The same

correlation holds in each magnet for single
measurements along the axis.
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Figure 3: Collared-assembled correlation for the average
values of bg for the six apertures.

6 RANDOM EFFECTS

It has been shown [6] that random block displacements
induce random harmonics of order n, the standard
deviations g, of which are given by the following scaling
law:

o (d)=daB",
where d is the r.m.s. of the random displacement, and A
and B arefit constants that depend on the coil design.
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Figure 4: R.m.s. multipole variation versus the order n

for assembled prototypes, (R.«=17 mm, 10 units)

We can work out the value of d by comparing the
sigmas of the experimental data to the previous law.
Using the longitudinal variation of the harmonics for a
single magnet, we deduce a value of d of the order of 25-

35um, see Ref. [5,6]. We have a similar situation for the
r.m.s. of the harmonics from aperture to aperture, with
the exception of the values relative to a, and bg (Fig. 4).
This means that for these multipoles the longitudinal
variation along an aperture is smaller than the variation
of the averages from aperture to aperture. These results
are the same for the collared and the assembled cases.

7 CONCLUSIONS

We have analysed warm magnetic measurements of
three quadrupol e prototypes built in CEA Saclay in view
of the series production for the LHC. The agreement
between systematic components and the design values
has been considered. Some offset in the bg is
systematically observed in all magnets and apertures, and
should be corrected easily through a change of the
azimuthal length of the coil of the order of 0.1 mm.
Higher order allowed harmonics are in good agreement
with nominal design.

Non-allowed low order harmonics feature relevant
values that randomly vary from magnet to magnet, and
from aperture to aperture. They give rise to a random
component in ag, bs, and a, of about two unitsr.m.s. We
show that such harmonics can be due to block
movements of about 30-40 um: this means that a tighter
control of these harmonics seems not feasible. Indeed, the
impact of these random components on beam dynamics
should be evaluated.

In general random variations from magnet to magnet
can be interpreted as due to uncorrelated block
movements with a rm.s. of 25-35 um, i.e the
components tolerances. Correation between the collared
coils and the assembled cold mass measurements are very
good, with dope one; the offset is different from zero
only in the case of the bg, as expected from simulations.

We gratefully acknowledge G. Peiro, A. Russo,
S. Russenschuck and C. Wyss from CERN for useful help
and suggestions.
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