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Abstract

The Large Hadron Collider (LHC), the world’'s largest proton and lead-ion
accelerator, is currently under construction at CERN, Geneva, Switzerland. To

extract the particle beams at the end of a physics run and in emergency situations

2 beam abort systems, built of 14 fast high-power kicker magnets each, are

required. These magnets will operate at 35 kV and 30 kA with a pulse length of
90 us and a rise time of 3 ps. A prototype magnet with a single turn high voltage coll

has been built and tested. The magnet closely surrounds a ceramic vacuum tube. In

order to insert this beam pipe into the magnet, the coil and the magnet have to be

built in two halves which can easily be separated. The paper describes the design

principles of the high voltage colil, the different options for the coil insulation

material, as well as details concerning the adopted manufacturing process. The

paper also discusses the extensive loss-factor measurements which have been

carried out as part of the acceptance tests. Finally it reports on endurance tests of

the coil when mounted inside the magnet yoke and working in pulsed mode.
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The Large Hadron CollidefLHC), the world’s largest  a ceramic vacuum tube. In order to insert téam pipe
proton and lead-ion accelerator, is currently under into the magnet, the coil and the magnet have to be built
construction at CERN, Geneva, Switzerland. It is in two halves which camasily be separatedhe paper
located in an undergroundunnel. To extract the describeghe design principles of th@gh voltage coil,
particle beams athe end of ghysicsrun and in the different optiondor the coil insulationmaterial, as
emergency situations 2 beam abort systems, built of 14vell as details concerninthe adopted manufacturing
fast high-power kicker magnets each, are required.process.The paper alsdiscusseghe extensive loss-
These magnets will operate at 35 k¥d 30 kA with a  factor measurements which have been carried out as
pulse length of 9@is and a rise time of 3. A part of the acceptance tests. Finally it reports on
prototypemagnet with a singleurn high voltage coil endurance tests of theoil when mounted inside the
hasbeen builtandtested. The magnetoselysurrounds ~ magnet yoke and working in pulsed mode.
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Fig. 1 Schematic layout of the CERN accelerator chain

1. INTRODUCTION

The maximum storeénergy in each athe two LHC
beams amounts to 334 MJ. Reliabledaccurate beam
dumping is of prime importance. Uncontrolledam
losses will cause damage or destruction of adjacent
superconducting  magnets and will  induce
unacceptable healbsses inthe cryogenic cooling
system. [ 1 ] Twodumping systemsare required to
remove the counter-rotatingpeams safely from the
collider during setting up of the accelerator, at the end
of a physicsrun, and incase of emergencies. They
consist of two groups of 14 fast pulsed magnets, with a
total length of 50 m.

The high voltage coil ahe beam dumpingystem has
to meet several difficult criteriand isone of the key
elements of the system.

The operatingvoltage ofthe magnet depends on the
energy ofthe protorbeamand varies between 2 kV
and 35 kV. lItrises within 50 nsand decays in 3us.
The current pulsdas 30 kA amplitude, a rise time of
3 us and aflat top duration of 9Qus. The magnets
work at lowrepetition rate (dew pulses peday) and
must have a lifetime of about 2@ulses.



2. KICKER MAGNET DESCRIPTION

The magnet (Fig. 2) consists of a stgeke composed
of 2 tape-wound steel cores of @ thin Si-steel, into
which an opening is cut. A ceramic vacuum chamber
is placed in the centre of the magnet. Toees are
moulded in epoxy to provide mechanical stability. Two
times 20 cores of 50 mm widHreassembled, to form

a magnet of 1 m length. The magnep@vered by a
one-turn excitation coil.

In order to insert the ceramic chamber, with its two
large vacuum flanges at both ends, the magndtits
excitation coil can be opened horizontally.
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Fig. 2 Cross-section of kicker magnet
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3. DESIGN OF HIGH VOLTAGE COIL

3.1 Description

The one-turn excitatiorcoil (Fig. 3) consists of two
solid high purity copper conductors of 51x12 mm
cross-section, connected with cross-over rods. One
conductor is L-shapednd the otheone is straight.
The minimum insulation thickness is 5 mm. Tdw!
terminates in a coaxidligh voltage socket, to which
the transmission line from the pulse generator is
connected.

In order to fix theearth potential to theurface of the
insulation a high resistive carbon paint is applied.

The straight conductor is equipped at both ends with
moulded sockets and stress rings (Fig. 4).

The L-shaped conductor comprises at one enditite
voltageinput connectoand at the other endoulded
socketswith stresgings. Thebend of the conductor is
designed with the maximum possible radius in order to
facilitate the wrapping with insulation tape. Along the
concave surface ofhe bend, the thickness of the
conductorhasbeen reduced from 12 mm to 7 mm to
compensate for build-up of additional insulation
thickness.

The insulatectross-over rods dafircular cross-section
provide the openingacility of the coil to insert the
ceramic chamber and to assure the electrical contact to
the opposite straight conductor.

Fig. 3 High voltage coil
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These rods are mounted into fim@ulded sockets and
fixed with screwsThe access holes tilve screwheads
are closed by removable plugs.

The design of thessocketshad toallow for sufficient
distances to avoid flash-over ¢arth potential, and to
permit a satisfactory solution tending the high
resistive coating without considerably increasing the
electrical fringe field. Vacuum mouldsere used to
mould thecross-over sockets. Stredags, made of
dolomite filled epoxy, coatedvith resistive carbon
paint, were used tdinish off the ends of the carbon
painting. They were bondedvith highly conductive
epoxy tothe body of the coil, ensuring excellent
electrical contact betweethe carborpaint on the
rings and the conductive layer on the coil and sockets.
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Fig. 4 Cross-section of the coil end with cross-over
rods and stress rings

The methodused for mouldinghe insulatosocket of
the highvoltage connector othe end of the L-shaped
conductor, wasimilar to thatused forthe cross-over
sockets.The cylindrical entrance conducteas made
of CuCrZr copper-alloy (0.4%r, 0.1% Zr), which
hasgreatly improved hardness, but, comparedigh
purity (OFHC) copper, almost equivalent electrical
conductivity.

3.2 Preparation of the conductors prior to
wrapping
In order to assure the best possible adhesion of the tape

to the copper surface, the following cleaning procedure
was applied:

Rough degreasing with industrisblvent followed by
degreasing with hot (60°C) alkaline solvent. Washing
in demineralized waterand neutralizatiomvith
sulphuric and chromiumacid type Sulfamic8.
Rinsing in demineralized wateand drying with
methanol. This treatmemémovesthe oxide layer on
the surface of the copper. A layer of varnish
(Isola 798) is applied. Thisprocedure was chosen
rather thanfine grain sandblastingwhere the result
depends to a great extent on the workmandbig to
the softness ofthe copper, thereas also aisk of
modifying the shape of the conductand finding
minute sand particles stuck in the surface.

3.3 Insulation material

The coil insulation is made of isostatically hot-pressed
resin-rich glass-mica tape. The insulation tape is a
class F, Samicathefhj2] tape with modified
characteristics according to the requirements of
Ansaldo [3],(Type Ansaldo#4675). This tape has a
lower resin content, buthas improved mechanical
properties. It is specifically used for insulation of stator
bars of electric machines with voltages up to 12 kV.

Main characteristics of the insulation tape:

Thickness 0.215 mm
Weight 330+ 25 g/n?
Mica content 145+ 6 g/n?
Glass content 34 3 g/n?
Dracon content 22 4 g/n?

max. pull strength 100 N/cm width
Stroke cure time of the resin
at 130C

Dielectric strength (2%)

630s
> 35 kV/mm

3.4 Radiation resistance

During theservice-life,all components of these kicker
magnets will beexposed to arintegrated radiation
dose of at least $0Gy. Asthe radiation behaviour of
this type of insulation was unknown, samplegere
irradiated at adose rate of 220 kGy/hand were
submitted to flexural tests, IEC Standard 544 and
ISO 178. The test resultwere satisfactoryand are
equivalent to a Radiation Index (RI) of 7.6.

3.5 Conductor wrapping

The Samica tape is heated with kot during the
winding process, which makes Hkecome slightly
sticky. It then adheresbetter and withfewer air
inclusions, to therevious layer of tape. To protect the
fragile mica insulation on thesurface against
mechanical damage during handlirmnd magnet
assembly, a last layer of dry glass tape is applied.
Once the componetiasbeen prepared ithis way, it

is then wrapped in sacrifice layers of tedlar tape.



To ensure tight mechanicdblerancesand smooth
surface finish,two L-shaped steel profilesre put
around the insulated conductnd held inplace with
another layer of tedlar tape. The sacrifiagers serve
as a leak tight barridsetweenthe insulation and the

hot liquid, during hot-pressing, itfacilitates
demoulding.
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Fig. 3 Schematic view of hot-pressing

3.6 Hot-pressing

The isostatic hot-pressing techniqueb@sed on the
idea of wrapping the conductors with tape which
contains somewhat lesssin, but contrary to classical
hot-pressing, all resin remains inside the insulation. It
consists of a vacuum vessato which the wrapped
conductor is inserted. A rough vacuum is established
and the remaining aievacuatedThen thevessel is
filled with hot liquid and pressure is applied. The

vessel is then heated and the resin in the tape liquefies.

Thedry glass tape is completelppregnated with the
resin which is seeping out of the mica tape. The
outside pressure causixe L-shaped profiles tmove
until they touch eachother, thus limiting the
compression of the insulation taped ensuring the
required mechanical tolerances. Generally tolerances
in the range of +0.1 mm and®.3 mm are obtained.
Normally insulation thickness varidsetween 2 mm
and 3 mm.After several tests it was fourttat this
technique can also hesed for an insulation thickness
of up to 6 mm.

3.7 Conductive coating

The resistivity of the conductive coating, which is
applied to thesurface ofthe coil, variedbetween
150Q/[1 and 300Q/L1, depending to a large extent on

its thickness. As the coating consists mainly of carbon
particles, it is best applievith a spay-gun.This
resistive coating is connected to #erth potential by
metal clamps.

3.8 Alternative options concerning insulation
material and techniques

In order to keep the magnet as smalpassibleand to
ensure homogeneity ahe magnetic field, it was
decided to allow a maximum insulation thickness of
5 mm.

Epoxy impregnated glass tape, which is usually
employed for coilinsulation,was not suitable as its
dielectric strength istoo low. Typical values for
equivalent glass tape with comparable conductor
geometry are 10 kV for 3 mm insulation thickness.

VPI Insulation:

Previous experiences with glass-mica insulatégh
voltage coils showed excelleimtsulation quality with
the vacuum pressure impregnation technique (VPI).
However,the mould which surrounds tlteil must be
vacuum leak-tightand isvery expensive. In addition,
very precise workmanship is required for the
application of thedry insulationThe method ignly
cost-effective for large numbers of insulated
conductorsaand VPI is difficult to use ifthe insulation
thickness is mor¢han 3 mm. Thalifferent layers of
tape are tightly wrapped around the conductor,
ensuring the maximurpossibleamount of mica in the
insulation.Epoxyresin cannot penetrate through mica
flakes and mustseepthrough the differentayers of
tape whilst at the same time evacuating theRasults
depend as well othe tractiorforce ofthe tape during
wrapping. If a slight gap remains between the wrapped
coil and the impregnatiomould, the resin tends to
pass through this channeind does not penetrate
sufficiently into the layers of mica insulationVery
slow filling, over severalhours, and continuous
evacuation of anyemaining air,allows high quality
insulation.

Hot-pressing:

Hot-pressing with tapes, where the resin content varies
between 100 g/f and 180 g/fmhas also been
considered. The project specific tooling is less
demanding. A relatively complicated hot-press is
nevertheless required. iasbeen used previously on
similar high voltage coils. [4] It was difficult to
adapted the pressurand thetemperature to the
thickness of the insulation. Theelatively large
amount of resin ensurescamplete soak ahe whole
insulation. Theexcesgesinflows out during the hot-
pressing and the insulationthickness varies
considerably from one coil to the next.



Small variations in temperature and/or pressure lead to

dry spots.

Above all, the L-shaped geometry ¢he conductor, is
not suitable for anormal hot-press. lwwould have
made this process very complicated.

Isostatic hot-pressing:

As result, a combination of resin-rich tape and
isostatic hot-pressing, which requirestanimum of
tooling, wasthe best compromise fdhis type of coil
insulation.

4. ELECTRICAL TESTS
4.1 Loss factor (tand) measurements

The testvoltage forthis magnetcoil hasbeen set to
26 kV r.m.s. 50 Hz. Thequality of the conductor
insulation is determined by the taén loss factor,
measurements. In thabsence of annternational
standard, the French (EDF) Standard j&s closely
followed. The parametersere: voltagerange from

O kV to 26 kV r.m.s. 50 Hz with 2 kV intervals and
total variation of tan & <20*10° with < 4*10°
variation per interval. All insulated conductors met
these requirements.
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Fig. 5 tamd loss factor measurements

It might be of interest teompare thdoss factor for
different types of insulation methods. In Fig. 5, %8s
shown as a function of the electrical field in the
insulation for three different procedureshe VPI
system, withepoxyimpregnated glass-mica materials,
has alow and constantan é due to thehomogenous
impregnation under vacuum. The- - curve for hot-
pressing is characteristic foresin-rich glass-mica
type. The isostatic hot-pressingurve -x-, is most

suited to series production of generator bars with a

maximum of 3 mm insulation thickness. Aswbuld
be very costly to varthe parameters of the processing
plant for a small quantity of special conductors, the

high voltage coil was produced in &tandard
manufacturingcycle of generator bars with relatively
thin insulation. The evacuation peridor the air was
insufficient forthe insulation thickness of 5 mm. This
resulted in ahigher tand compared with the other
processes. Nevertheless, the voltage holdiag tested
from 40 kV to 50 kVr.m.s. 50 Hzfor 100 hours
without failure. Isostatic hot-pressing is ceftective
for any quantity of conductors, providitige geometry
remains simple.

4.2 Long term tests

A long term (30'000 pulses) pulse testscarried out
at 30 kV, with a pulse length of & and aepetition
rate of 3 pulses per minut&his is equivalent to 10
years of operationThe coil was mounted in the
magnetyoke, nofailure occurred on any insulating
part. Thetests revealethat greatcare has to be taken
in the design of the electrical contacts of thess-over
rods as well ashe highvoltage connectorThe high
current of 30 kA, the fast pulse rise time ofi§ and
the pulse length in theange ofabout 2 ms require
high contact pressurend silver coating. For the
copper conductor material CuCrZr copper is
preferable.

5. CONCLUSIONS

The design of thaigh voltage coil forthe LHC beam
dumping system is influenced by several factors.
Most important is the consideratiathat this coil is
one of thekey components of theafety system of the
new Large Hadron Collider. In case of failure
anywhere in the accelerator complex, theam
dumping system must operate totally reliable and
function under all circumstances.

Furthermore, a cost-efficierslystem, whichdoes not
need servicingndwhich functions without failure for
at least 10 years, was required.

Radiation resistance of the insulating mateaiadl its
long term behaviour had to be taken into account.

The excellent results of theigh voltage tests have
demonstratedhat very reliable excitation coilgan be
built by using the isostatic hot pressing method.

References:

[1] L.R. Evans: The Large Hadron Collid&2ERN
AC/95/02

[2] ISOLA, CH 4226 Breitenbach, Switzerland

[3] Ansaldo Cie. Magnet & Special Product Division,
Via N.Lorenzi, 16152 Genova, Italy

[4] E. Carlier et al. Th&EP Beam Dumpingystem
CERN SL/94-49(BT)

[5] Electricité de France (EDF) Standard H-103



