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Field Quality of the Short Superconducting Dipole
Models for the LHC

W. Venturini Delsolaro, Z. Ang, L. Bottura, S. Sanfilippo, A. Siemko, D. Tommasini, and L. Walckiers

Abstract—A full characterization of the magnetic field in warm TABLE |
and cold conditions was performed as a part of the standard test on COLLARING FEATURES OFMBSMT MAGNETS
the LHC 1-m long superconducting dipole models. Furthermore,
dedicated measurement campaigns addressed the effect of current
cycles and quenches on field quality. Powering and quenches were
found to generate characteristic instabilities in the geometric har-

MAGNET  Pre-stress after collaring [MPa] Pole Shims [mm]
Inner Layer  Outer Layer Inner Layer  OQuter Layer

: ; . MBSMT4.V1 56 86 0.15 0.25
monics. Detailed results are presented on this phenomenon, as well

lati b dcold d field MBSMTS5.V1 56 69 0.05 0.23

as correlations between warm and cold measurements and field re- g6y 50 93 0.05 023

constructions. MBSMT7.VI 59 87 0.1 0.18

Index Terms—Field quality, superconducting magnets. MBSMTS.V1 62 89 0.0 0.08

MBSMT9.V1 70 83 0.0 0.08

MBSMTI10.V1 54 94 0.0 -0.03

MBSMT11.V1 64 77 -0.15 -0.23

. INTRODUCTION

HE LHC short dipole program was mainly dedicated to
study the power performance of some variants of the LHBe first training quenches (see Section 1V). A standardized cur-
dipole design [1]. Prestress targets determined the choice of p@at cycle up to 11 750 A, corresponding to nominal dipole field
shims and thus the coil sizes. On the other hand, the perfof-8.33 T, was performed before each load line measurement,
mance of the LHC requires accuracy and stability of the field bring the superconducting filaments into a well reproducible
harmonics of the main dipoles to a level where coils deformatate of magnetization. The magnet current was then ramped up,
tions due to temperature, prestress and Lorenz forces contribgtepping at pre-defined plateaus (load line currents), where the
The magnetic field quality of model magnets was systematicafigld was measured after 1 minute waiting time to allow decay
measured at room and cryogenic temperatures. We report hefréhe eddy currents generated during the ramp. A direct cur-
measurement results on the last eight twin aperture short dipmet-current transducer (DCCT) provided precise reading of the
models with six-block design, called MBSMT magnets. Thmagnet current. Warm measurements have been carried out at
collaring parameters of MBSMT magnets are summarized 300 K with the same test set up, supplying the magnet with
Table I. The other characteristics of these magnets are reporte3D A to cancel the residual iron magnetization. As customary,
in [1]. we express the two-dimensional magnetic field in the straight
part of an accelerator magnet as a complex Taylor series whose
II. EXPERIMENTAL coefficients are the field multipoles expressed in units at the ref-
. : . erence radius [3]. Following [4], we considered three different
Magnetic measurements were performed in vertical cryostats , -~ ! . : D
at temperatures ranging from 1.7 Kto 1.9 K. Details on the macc_)nt_rlbutlons to the field muIFlpoles, €. _cat_)Ie positioning er-
) . . rs in the magnet cross-section, magnetization of the supercon-
netic measurement system are given in [2]. In short models the

end effects were found to influence strongly the field harmonigsuctIng filaments, and saturation of the iron yoke.

) . : . eometric harmonics are defined as averages between the
integrals. Therefore special measuring shafts, featuring central . o

. : : . Iwo branches of the hysteresis cycles at 5 kA. Magnetization
coils 116 mm long, were built, allowing to isolate the contri-

: . ) .. and iron saturation effects are quantified by the deviations from
bution of the straight part of the magnet to the field quallt){ . - :
: S his average at the injection current (760 A) and at the nominal
116 mm is the twist pitch of the LHC Rutherford cable. The . o . )
S . current respectively. The three contributions are illustrated in
measurements reported in this paper were taken with the CRIL ) tor the normal sextupole
tral coil. The magnetic field at cold was measured at different>” pole.
currents between 100 A and the quench level (“full load line”).
Standard measurements were always carried out at the end of the Ill. STANDARD FIELD QUALITY RESULTS

magnettraining, as the geometric field quality is unstable durirp Measurements

The allowed harmonics averaged over the family of magnets
Manuscript received September 25, 2001. considered are summarized in Table Il. Noteworthy is the high
W. V DeIsoIarp, L. Bottura, S. Sanfilippo, A. Slemko, D. Tommasini, and Lyg|ye of the average geometric b3, whichis comparable with the
Walckiers are with CERN, CH-1211 Geneva 23, Switzerland. f d in the first 15 | tot 51 A tri
Z. Ang is with TRIUMPH, Vancouver, BC, Canada. one found in the first 15-m-long prototypes [5]. A geometric
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Fig. 1. Hysteresis loop of the normal sextupole in the MBSMT10.V3 magnet, with the three contributions to the field multipole.
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Fig. 2. b2 and b3 warm-cold correlations.

TABLE I B. Analysis
AVERAGE FIELD MULTIPOLES OFMBSMT MAGNETS i i i
As for the previous generations of dipole models [6], the geo-

metric multipoles were reconstructed starting from the collaring
Harmonics 2] b3 (] b7 b9 b1l data of shimming and prestress. The deformation of the collars
was estimated according the following equation, valid for stain-
less steel collars [7]

Ave. Geom. 3.62 8.26 0.41 0.73 0.19 0.58
S(geom) 0.96 1.60 0.64 0.17 0.13 0.14

Ave. magn. 0.09 -1.67 1.11 -0.3 0.20 0.01 660”.[mm] — 0.0036 o
o(magn) 024 085 029 024 0.04 0.03
Ave. sat 485 026 021 000  -005 0.01 whereo is the prestress in MPa averaged between the two layers.
G (sat.) 227 0.69 0.09 0.05 0.02 0.01 The variation of azimuthal coil size was then calculated, as in

[6], by a — a9 = 1/26.011. — 8snim, Wherea andag are the

real and the nominal azimuthal coil sizes, respectiv&ly;. is
in the two apertures (see Fig. 2). The table reports the averdige collar expansion, antl;,;,, is the shim thickness variation
absolute values of b2. The high scatter of data is mainly duewith respect to the nominal value. The sensitivity (jacobian) of
the variety of coil sizes issued from the implementation of thée first allowed harmonics to azimuthal coil size variations was
different design variants. The warm cold correlations are showalculated by means of a simulation program [8]. Table Ill re-
in Figs. 2 and 3. ports the calculated slopes of geometric harmonic dependences
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Fig. 3. b5 and b7 warm-cold correlation.

TABLE Il i
CALCULATED SLOPES OFGEOMETRIC HARMONICS DEPENDENCES ON - o
AZIMUTHALCOIL SIZE VARIATIONS IN THE INNER AND IN THE OUTER LAYER 15 ¥ il

&
i) : .
i | |

Slopes (units/
0.1 mm)
Inner layer -1.716 0.362 -0.1276 0.0476

Outer layer -1.252 0.0724 0.01408 -0.00207

b3 3b3 b7 b9

L&
=
=
o
=
e
=
=

s, |

6 blouks 55 fit

on azimuthal coil size variations. These results were used to re 0 Hnoeks A
calculate the geometric harmonics, only considering the defor 13 | / & blocks 58
mation mode of azimuthal stretch in the inner and in the oute! e i

layers. The twin aperture magnets behave in this respect as the 0 .38 0 1% g & o | Oblecks S5
single aperture counterparts, displaying comparable dispersior i {Lwan}
around the ideal correlation line. As an example, the case of th computcd by (undts & 17 mm)
normal sextupole is shown in Fig. 4. A similar result is obtained

for b7, whereas for b5, the correlation is less good, as showrFig. 4. Field reconstruction: b3 calculated versus b3 measured for three
Fig. 5 families of short model dipoles.

micasured by (anits G0 1T mms
i
L]

IV. STABILITY STUDIES 1
$ & blocks Al

A. Motivation

One of the issues so far unresolved in relation with the field
quality of the LHC superconducting magnets is the degree o
geometric stability to be expected throughout the life of the
accelerator. The coils are subjected to large electromagneti
forces that can lead to settling of the cable stacks in the collars || f o
The forces are gradually applied and released during magn B '-*/ “:’ 6 blocks Al fit
charging and discharging, and they are abruptly released in ca: i F = \\
of quench. Such perturbations have an effect on the geometri|  : V i L
field quality. A LAY 6 blocks 55 fit

<

& hlocks 55

L & blocks 55
{twami

L=

mezasured by {units & 1T mm)

[

B. Experiment and Results . 0 1 - % 4 5

1) Training of the Field Quality:In order to follow the evo- compated by (umits i@ 17 mim)
lution of the magnet field quality in the early stages of training,
magnetic measurements were carried out before and after the
first quench, after the second, and after the third quench. Tiig 5. Field reconstruction: b5 calculated versus b5 measured.
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goometric b3 (units & 17 mm)

quench mmmber

Fig. 6. Evolution of the geometric normal sextupole during training.

geometric b3 (units (@ 17 om)

quench mirmber

Fig. 7. Evolution of the geometric normal decapole during training.

field was then measured again at the end of the training. Thiaining. The values are maximum excursions defined by
test was executed on a subset of the family of magnets consibi = max(bi) — min(bi) during training.
ered here (see Table IV). The last digit in the magnet names refers to the aperture.

A clear trend showed up for the allowed harmonics. In Figs. 6 2) Accelerated Life TestThe field quality of a few magnets
and 7, the geometric sextupole and decapole are shown asaa measured as a function of the powering history, to study the
function of number of training quenches for the MBSMT4.V1effect of cyclic mechanical loads on the geometric harmonics.
Similar results were obtained for the other magnets: in Table IV In a typical test the measurement of the magnetic field was
we summarize the geometric harmonics variations due dtiernated with series of current cycles between 760 A and
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Fig. 8. Lifetime variations of the geometric sextupole (example).
TABLE IV V. DISCUSSION
A. Field Reconstruction
MAGNET Ab2  Ab3  AbS  Ab7 The field reconstruction presented in Section I1I-B relies on a
MBSMT4vlal 022 027 013 0.05 simple model of the coil deformation, only taking into account
MBSMT4vla2 021 061 011 0.17 the azimuthal stretches of the inner and of the outer layers to
MBSMT4v2al 028 058 020 0.9 form the jacobian. Including the correction of the estimated coil
MBSMT4v2a2 015 036 0.12 004 size given by the collar expansion is an important ingredient of
MBSMT5vlal 0.16 063 0.09 0.03 the model, improving significantly the final correlations. How-
MBSMT5vl1a2 012 022 007 004 ever, the sensitivity to other deformation modes can jeopardize
MBSMT5v2al 025 079 005 004 the results for some of the multipoles. In particular b5 is highly
MBSMT5v2a2 019 063 007 0.04 sensitive to the radial modes, as reported in [9]. As one can see
MBSMT9vlal 0.17 021 007 0.02 in Fig. 5, the points appear to be correlated, though with a slope
MBSMT9v1a2 069 072 001 013 different from 1. This suggests that the jacobian is not complete,
MBSMT10vlal 014 022 009 009 that is, not all the relevant deformation modes are taken into ac-
MBSMT10v1a2 011 013 010 0.01 count.
MBSMT10v3al 006 017 0.04 001 .
MBSMT10v3a2 0.16 012 003 001 i B. Stability

MBSMT11vla2 008 022 0.05 0.03

During training, the geometric normal sextupole invariably
follows a rising curve reaching saturation after the first few
11750 A (lifetime cycles). After some hundreds of currerquenches. The opposite trend is displayed by the geometric
cycles were accumulated, a magnetic measurement was p@rmal decapole (see Figs. 6 and 7). The effect, though small,
formed, then the magnet was quenched, and the field wiaswell above the measurement sensitivity {20units). It
measured again. As a result of this procedure the geometyiglitatively corresponds to a reduction in azimuthal coll
harmonics were systematically found to drift monotonically dength. Indeed the electromagnetic forces tend to compress the
a function of the current cycles, and to recover after quench,@sl toward the mid-plane. According to the slopes presented
shown in Fig. 8. The direction of the drifts was not systematio Table Ill, and considering only one deformation mode, a
as in the training experiment. Some tests were dedicated to fiev tents micrometers compression is enough to explain the
termine the effect of parameters such as the maximum curremtasured shift of geometric b3 and b5. After training the
in the current cycles and the quench energy on the shifts. Whealues are stabilized. However, a nhonmonotonic behavior was
the maximum current was lowered to 8350 A, correspondimipserved in those magnets where the initial rise was larger. The
to half of the Lorenz force, the drift of b3 was reduced begffect of current cycles after training seems to be of different
about 20%. On the contrary, the quench energy does not hawaigin. The harmonic shift dependence on the maximum current
systematic influence on the observed amount of recovery. in the cycles is closer to a linear one, than to the quadratic law
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