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Abstract-- The LHC main dipoles will be equipped with sex-

TABLE |
tupole corrector magnets with a field strength of1700 ¥ (T,m)

MAGNET PARAMETERS

and a magnetic length of 110 mm to ecect sextupole field ~Nominal strength 1700 T/m
errors. Within the LHC magnet programme CERN has devel-  Qverall length with the shield / Magnetic length 160 mm / 111 mm
oped in collaboration with CAT a cosined type of design where  Nominal current 550 A
much emphasis has been put on the cost reduction. The magnet Working temperature 19K
features a two-layer racetrack coil, without end spacers, wound Turns per coil 2x13
from a rectangular NbTi-wire. The two layers are wound Peakfield in the coil in 3D 27
simultaneously turning in opposite directions. The yoke is made Quench currentat1.9K/4.2K 1380 A/ 1010 A
of a scissor-type of lamination, which allows bringing the iron ~ Seff inductance . 0.769 mH

. . . . Inner / Outer diameter of the coil 56 mm /66 mm
close to the coil for field enhancement. In this paper we review Inner / Outer diameter of the yoke 66 mm /90 mm

the manufacturing experiences with the first 12 prototypes built
at CERN and CAT. The results of the training at 4.2 K and
1.9K are presented along with the magnetic field quality

Inner / Outer diameter of the shrink ring
Inner / Outer diameter of the screen
Cable dimensions bare

89.86 mm /96 mm
110 mm /120 mm
1.13 mmx 0.726 mm

measured at room temperature and at 1.9 K. Insulation thickness (PVA) 60 um
Cu/Sc ratio 1.6
. INTRODUCTION RRR-value 100
Filament diameter 7um
700 A /800 A

In the LHC ring each bore of the main bending dipole -4 T.4:2 K) and // to broad side

equipped with a superconducting sextupole (MCS) and de-

capole (MCD) corrector magnet, so called spool-pieces, 4% mins before the temperature stabilises in the curing mould.
correct systematic sextupole and decapole field errors in #hecording to the manufacturer a shear strenght of 27MPa
dipole field. There are some 2500 magnets of each type. Hgffould be attained with this curing temperature.

the MCS-magnets will be built by Indian industry under the

supervision of CAT. The first prototype spool-pieceshe major drawback of the used wet winding technique is that
10 MCD and 12 MCS magnets, have been built and test@wet wire is not very convenient to work with. We have
They will be mounted in the end of the dipole models th&xplored unsuccessfully different pre-preg coatings on the
will be used for the second LHC test string. In this paper wére and coated tapes to develop a cleaner winding process.
review the manufacturing experiences on the MCS prototypgwever the tested materials had several disadvantages; a too
only, since the design principles are the same for the td@ng curing time for series production, low shear strength, or
magnet types. bonding under too high a pressure. Therefore it has been
decided stick to the present method and to further develop it.
3) Actual production time and the aiffihe aim is to produce

a coil in 20 minutes. Presently the whole winding process
including the impregnation in an oven, cool down and
o ) ] cleaning of the tooling takes about 5 hrs per coil. The long
1) Principle: The coil features two radial layers each conme is mainly due to the present curing tooling, which has
sisting of 13 turns. The winding starts in the middle of thgot heen designed for mass production. In the future it is fore-
wire a_nd the tvyo layers are wound S|mult_aneously turning gen to replace the separate curing fixture by pneumatic
opposite directions around a G11 central island. The epoxyciamps integrated on the winding mandrel and to impregnate
applied on the wire continuously during the winding. Aftefne coil by passing a current through the windings. It has been
the winding the end filler pieces are positioned and the coil igticed that a significant gain cannot be obtained in the coil
clamped in the curing mould [1]. winding itself, since the actual winding time is only 20-

2) Epoxy systenithe used epoxy system is Araldite AW10630 mins per coil with the simple hand driven machine.
+ Hardener HV953U from Ciba-Geigy. The epoxy system has

been chosen due to its short curing time of 10 min. at 100°C.
However the coils are kept 1h in the oven, since it takes about

[I. MANUFACTURING

A. Coil Winding
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Fig. 1. MCS-magnet in the magnetic shield: A) Sc-coils B) Fibreglass bandage C) Scissor-laminations D) Aluminium shrinkibiegl&)s end flange
F) Dowel pin G) Inter-coil connections on circuit boards H) Fixation clamps [) Magnetic shield J) End plate of the maglegd Shipport of the connec-
tions L) Bus-bar connections secured by a copper grip

4) Releasing agenfA semi-permanent Zyvax releasing agenallows a faster curing than the pre-preg bandage but has a risk
from Zyvax inc. has been applied on the impregnatioof undesired resin rich areas next to the coils. However there
tooling. The agent is composed of two parts; a mechanieaére not observed any differences in training due to this.

part that hinders the resin from bonding mechanically, and3a ConnectionsThe inter-coil connections are soldered with

chemical part that hinders from bonding chemically. a PbSn-solder on pieces of a printed circuit board. The cross-
ing of the wires, required for the connection in series, are
B. Assembly of the magnet done by sandwiching the circuit boards and screwing them on

the end connection flange. The inter-coil connections are se-
1) Assembly of coilsthe coils are mounted around a tUbU'aEured mechanically by copper grips so that there is never a
aluminium assembly mandrel. A Bn thick PTFE coated danger of an open connection, which would stop operation of
fiberglass foil is put between the coils and the mandrel I the 154 magnets in series and ultimately might leave LHC
facilitate the extraction of the mandrel after the assembly. Thgthout the needed controllability. Finally the connections are
coils are pressed on the mandrel, since they are slighfiiotected by a G10 plate. The leads for the bus-bars are
distorted due to the internal winding stresses. The possikléidered to a thicker sc-wire, which is clamped on the
voids between adjacent coils are filled with G11 shims anglagnetic screen.
the coils are glued together with a G11 connection plate.  The PVA-insulation on the wire is removed chemically by
2) Fibreglass bandage around the coila: fibreglass pre- sulphuric acid. The validity of this method must be further
preg cloth, ISOPREG EP11200 from Isovolta, has beensidered, although the wire is afterwards carefully rinsed
wrapped around the coil assembly. The resin content of f@&h purified water there is a risk that the residual acid con-
cloth is 45% (weight). A thermo-retractable STTI polyestefinues to migrate between the enamel and the copper. This
tape is wrapped around the pre-preg cloth to provide curidguld make the insulation brittle in the course of time and
pressure. Although the pre-preg requires to be helB@IC could lead to short circuits.
for 10 hours for complete curing, sufficient curing for ourhe heat generation of the magnet is defined by voltage
purposes is obtained in 6 hours at 120°C. The glass transitipeasurements over the magnet. In order to filter out the pos-
temperature of the cured bandage is about 150°C. Finally #iBle perturbations e.g. due to a ripple of the current, the
outer diameter of the bandage has been turned to the rigifnal is integrated over five seconds. The measured heat
dimensions and the assembly mandrel has been extracted. generation at 600 A varies between the magnets from 20 mwW
In three magnets built by CAT, the glass fibre bandage hgs 56 mW. These values are substantially higher than the
been replaced by gluing a G11 tube on the coils, using thfaximum desired value of 10 mW for the heat generation in
previously described epoxy system. The tube has a slightéythe LHC helium bath. In future the contacts are hoped to be
larger inner diameter than the outer diameter of the cihproved by using ultrasonic welding instead of the
assembly. A 3 mm wide longitudinal slit is machined over thepldering.
length of the tube, so that the tube can be clamped intaspshrinking cylinder and yoke laminatioriEhe pre-stress,
contact with the coils and the inner surface of the tube jgeded to avoid any conductor movements during a magnet
roughened to improve the bonding of the glue. A possibigcitation, is created by mounting an aluminium shrinking
residual gap, after the clamping, is filled with G11 shims, teylinder over the yoke laminations. The slightly eccentric
avoid resin rich areas in the periphery. The assembly is cuigsissor-type of laminations transfer the compressive forces
in an oven at 100°C for 1 h. Flna"y the outer diameter of trfﬂ)m the aluminium Cy”nder to the C0|[§] At room tem-
G11 tube is turned to the desired dimension. This systejarature the radial interference between the yoke and the



cylinder is 0.07 mm, which introduces into the coils #ensile forces, above the operating current of 1050 A. The
maximum azimuthal compression of 40 MPa. At liquid hetensile stresses might cause epoxy cracking and movements of
lium temperature, due to the cool down contraction, thbe wire, which initiate the premature quenches. However
compression further increases to 65 MPa. For mounting ttieere is no need for any modifications on the design
aluminium cylinder is heated up to 2@) using electric parameters, since the training starts far above the nominal
heating collars clamped around it. operation area af600 A. The current decay was measured at
The laminations used in the magnets built by CERN werk2 K to calculate the MIIT’s and furthermore define the hot
produced by an electro-erosion machining of 1 mm thickpot temperatures, which proved to be at maximum around
ARMCO-plates. A phosphation done on the plates turned &80 K. The measured quench voltages were a couple of volts.
to be insufficient as protection against corrosion. In the

magn@.‘sll built b% CAT, the Ia.mmagons are F;]unlfheld ?:flg. 2. Training of three magnets at CERN. The magnets have been tested
organically coated non-grain oriented 0.5 mm thick si ICOByrlier at 4.2 K. MCS_BA was the only magnet, which showed retraining.

steel as per standard AISI M45. The coercive force of bokfics BB did not have any training quenches at 4.2 K. At 4.2 K and 1.9 K
materials is about 100 A/m at 1 T and saturation starts abgbecritical currents are 1010 A and 1380 A respectively.

2.1 T. Both steels are perfectly acceptable, since all the

magnets behaved similarly irrespective of the yoke material. IV. MAGNETIC FIELD QUALITY

5) Magnetic shieldFor protecting against fields of bypassing 1350 [ jor @ 1.9K |
bus-bars and the fringe field from the dipole ends, the spo 1250
pieces are shielded by a low carbon steel screen, which ¢ 1.9 1.9K 1.9K
also as a support of the magnet. Thguwdar alignment of the = J’wl- lor @ 4.2K
magnet is given by three dowel pins, which are attached to = 1050 — e
connection flange. o 950 f{‘“ 49K 40K 49K

3 850 ' ' '
C. Inspection 750 MCS BA MCS BB MCS IP2
1) Electrical inspection:The individual coils and the com- 650
plete magnet were tested for ground and inter-turn insulatic 550 ‘ ‘ ‘ ‘
The measured resistance of the ground insulation for the 1 0 20 Q“L?ench nun?l?er 80 100
dc was more than 1@ The inter-turn insulation of
individual coils was checked by discharging a 500 V througR General

a capacitor (an LCR-circuit) and observing the decay of the
voltage on a oscilloscope. The decay curve is smooth for

ideal coil. The number of turns can be derived from th .
measured time period. The measured values of the magné S ROXIE-Code developed at CERES]. The integrated

self inductance were of the order of 0.73 mH, which is S%rength of thg sextupole component is 0.01887 Tm at the
lower than the calculated value. nominal operating current of 550 A. The calculated, measured

2) Mechanical inspectionAfter the assembly of the magnet,and maximum aIIovyed multlpole§ are listed in Table I

the radial displacements of the aluminium shrink ring hﬁrSourcgs .Of the field errorin this type of mag.net there; are
been measured, in order to verify that the pre-stress is tra ee principle sources of the field errors; the winding
ferred in to the coils. The increase of the aluminium cylind

outer radius is about 0.035 mm, which corresponds to t
above mentioned 40 MPa compression in the coils.

Electromagnetic-desigrifhe 3D em-design is done with

ometry, the filament magnetization and the iron saturation.

oreover, the sextupole correctors will produce quadrupole
and dipole terms if misaligned in respect to the dipoles [4].
The alignment errors should be taken into account when the
maximum allowable multipole errors are defined. The
alignment is however beyond the scope of this paper.

CAT has tested all magnets at 4.2 K before shipping them to
CERN. The magnets built by CERN were first trained at
4.2 K by CEDEX, since the measuring facilities at CERN
were not available. All the magnets are further tested at 4.2 K
and 1.9 K in CERN. Fig. 2. presents the measurements done
on three magnets at CERN. Altogether the magnets showed
very little training at 4.2 K and some of them such as
MCS_BB reached the short sample limit at 4.2 K without any
training. None of the 12 magnets except MCS_BA showed
any retraining at 4.2 K. At 1.9 K all the magnets showed very
slow training which started only a few dozens of amperes
above the plateau at 4.2 K. The long training is believed to be
due to insufficient azimuthal pre-stress in the coils. According
to a finite element analysis a part of the coil is subjected to

I11. TRAINING



B. Transfer function TABLE II
MEASURED FELD QUALITY oF MCS_IP6IN UNITS

. . Iculat All A@ 19K 2A@ 293K
The measured and calculated transfer functions are showr}]m |h?|a culated owed  600A @ 1.9 @ 293

X ) ; : | Modulus  [R| |an] |ty ||
Fig. 3. The difference petween this particular measuremet - - 6500  58.14  41.29 57 15
and calculated values is 3.5% and can be explained by the - - 200 0.844  0.489 0.8 0.5
fact that the individual measuring coils did not cover thé - - 38 142-9124 1045274 4551 383-35
whole magnet length but were built of consecutive coils wi ) ) 9 091 238 11 234

gaps in between. The persistent currents (filamens . . 0.18 052 0186 04
magnetization) are biggest at low excitation levels [5]. The - - - 0.05  0.026 0.08  0.057
measured value of persistent currents at 5 A, after a cycledto 0.011  0.002 - 0.7 ~ 0.0003 069  0.029

: 6 o - : 10 - - - 0.014 0.004 0.01 0.0054
1100 A, is 1210° Tm, which is negllg|ble. The saturation of; i i i 00018 0013 00008 0.0149
the yoke starts beyond the operation rangeco0 A. 12 - B, - 0.0006 0.0006 0.0002 0.0023
13 - - - 0.0004 0.0002 0.0004 0.0007
14 - - - 0.0003 0.0001 0.0003 0.0002
15 0.004 0 - 0.006  0.0004 0.0056 0.0001

36.5

The values are relative to the main compor@fB,/Bs]. The calculated
skew components are from the connections. The maximum allowed system-
atic field errors are provisional including misalignment errots [The
measured values of all the magnets are same order of magnitude.

355 F
345 F

335 -
; V. CONCLUSIONS
325F - - -

315 Twelve prototype superconducting sextupole corrector mag-
nets have been built and tested. All the magnets were training
free within the maximum operation area £800 A. Some
magnets reached the short sample limit at 4.2 K without any
training. All the magnets showed very much training at 1.9 K,
robably due to insufficient azimuthal pre-stress in the coils.

he magnetic field quality measured at liquid helium

Transfer function [1E-6Tm/A]

30.5 L.
-12-10 -8 6 4 -2 0 2 4 6 8 10 12
Current [100A]

Fig. 3. Transfer function of the MCS_IP5. The operation ares6@ A.
A) Effect caused by persistent currents that flow in the sc-filaments. B) Ir
saturation. The difference between the calculated and the measured valu

about 3.5% see text. temperature and at room temperature showed a good corre-
lation. The measured heat generation of the magnets exceeds
C. Measured Field Quality the maximum allowed one, due to too high inter-coil contact

resistance. In the future the connections might be done by

The field quality of the magnets is measured both at rooutirasonic welding instead of soldering.
temperature and at 1.9 K, by using a rotating coil. We tried to
establish a correlation between the cold and the room ACKNOWLEDGMENT
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