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1. TYPES OF STORAGE-RING MAGNETS

1.1 What is a storage ring?

A storage ring is the last stage in a chain of accéerators designed to produce beams of
charged particles for experimentsin nwclea or high energy physics[1]. The bean is prepared
in various pre-acceerators before being injeded at low energy into the main storage ring. At
the end d injedion, the bean is accéerated to the desired energy. Oncethe nominal energy is
readed, the bean is circulated in the storage ring for as long as possble (typicdly up to
24 hous) and the physics experiments are performed. There ae two types of experiments:
1) fixed-target experiments, for which the bean is extraded from the storage ring to be
blasted against a fixed target, and 2 colliding-beam experiments, for which two courter-
rotating beams are blasted at ead ather. The wllision poducts are analyzed in large detedor
arrays which surround the targets or the collision points.

A storage ring is designed as a synchrotron-type accéerator and the beam is circulated
on an idedly circular orbit which remains the same throughou injedion, acceeration and
storage. The dharged particles are accéerated by means of eledricd fields and are guided and
focused by means of magnetic fields. The dedricd fields are provided by RF cavities. In
large particle accéerators, the bending and focusing functions are separated: the former is
provided by dpoe magnets while the latter is provided by mirs of focusing/defocusing
guadrupde magnets (seebelow). The magnets are aranged aroundtheringin aregular lattice
of cdls, constituted of a focusing quedrupde, a set of bending dpoles, a defocusing
guadrupde and another set of bending dpades. During accéeration, the field and field
gradient of the magnets are raised in propation to particle momentum to maintain the bean
on the design orbit and to preserve its size and intensity.

1.2 Bending and focusing magnets

1.2.1Coordinate system definitions

Let (O,uU,v,w) designate aredanguar coordinate system and let (C) be acircle of
center O, locaed in the (U,v) plane ad representing the design abit of a storage ring.
Furthermore, let P be a given pant of (C) and let (P,X,y,Z) designate a redanguar
coordinate system associated with P, such that X isaunit vedor parallel to (OP), y and w are
one and the same and Z istangent to (C) at P. The x-axis defines the horizontal diredion, the
y-axis defines the verticd diredion and the z-axis corresponds to the main dredion d particle
motions.

1.2.2 Normal dipole magnet

A normal dipole magnet is a magnet, which, when pasitioned in P, produces within its
aperture a magnetic flux density parallel to tkey() plane and such that

Bx=0 and By =B1 Q)



whereBy andBy are thex- andy-components of the flux density aBglis a constant.

According to Lorentz' law, a charged particle traveling aongthe diredion d the z-axis
through the gerture of such a magnet is defleded on a drcular trgjedory parallel to the

horizontal &,Z) plane. The trajectory radius of curvatugeis given by
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Here, y isin meters, By isin teslas, qisthe particle dnargein unts of eledron charge, andp is

the particle momentum in GeV/c, where cisthe speed o light (2.998 16 m/s). The dfed of
a dipole magnet on a beam of charged patrticles is similar to that of a prism on a light ray.

Equation (2) shows that, to maintain a cnstant radius of curvature & the particle is
accelerated, the dipole field must be ramped up in proportion to particle momentum.

1.2.3 Normal quadrupole magnet

A normal quadrupde magnet is a magnet, which, when pgsitioned in P, produces within
its aperture a magnetic flux density parallel to thgj() plane and such that

Byx=gy and By =g x 3)

whereg is a constant referred to as thwadrupole field gradientin T/m).

According to the Lorentz law, a bean of pasitively charged particles traveling alongthe
diredion d the z-axis through the goerture of such a magnet is horizontally focused and
verticdly defocused when g is paositive, and verticdly focused and haizontally defocused
when g is negative. In referenceto its adion alongthe x-axis on abeam of pasitively charged
particles traveling in the z-diredion, a magnet with a positive gradient is cdled a focusing
quadrupde, while amagnet with a negative gradient is cdled a defocusing quadrupde. To
obtain a net focusing effed along bdh x- and y-axes, a pair of focusing/defocusing
quadrupoles must be used. For both types of quadrupole, the focal feisgiven by

N
f_0.3qglq (4)

Here, f isin meters, p isin GeV/c, q isin urits of eledron charge, g isin T/m and | is the
guadrupde magnetic length in meters. The dfed of focusing/defocusing quedrupdes on a
beam of charged particles is similar to that of convex/concave lenses on a light ray.

Equation (4) shows that to maintain f constant as the particle bean is accéerated, the
guadrupole field gradient must be ramped up in proportion to beam energy.

2. STORAGE RINGS AND SUPERCONDUCTIVITY

2.1 Why superconductivity?

Throughot the yeas, the quest for elementary particles has promoted the development
of accéerator complexes produwing beams of increasingly higher energies. Equetion (2)
shows that, for a synchrotron, the particle momentum is diredly related to the product (yB1).
Hence to reat higher energies, one must increase ather the accéerator radius or the dipole
field (or bath). Increasing the accéerator radius means a bigger tunrel. Increasing the dipole
field above 2 T implies the use of supercondicting magnets. The trade-off between tunreling
costs, magnet development costs and acceerator operating costs is, since the late 19705, in



favor of using supercondicting magnets generating the highest posshle field and field
gradient [2].

Supercondtctivity is aunique property exhibited by some materials at low temperatures
where the resistivity drops to zero. As a result, materials in the supercondicting state can
transport current withou power disgpation by the Joule dfed. This offers at least two
advantages for large magnet systems such as those nealed in storage rings: (1) significant
reduction in eledricd power consumption and (2) the possbility of relying onmuch higher
overal current densities in the magnets coils. There ae, however, a least threedrawbads in
using supercondicting magnets: (1) the supercondictor generates magnetization eff eds which
result in field distortions that have to be rreded (see sedion onfield quaity), (2) the
magnets must be woed dovn and maintained at low temperatures, which requires large
cryogenic systems (see sedion onmagnet cooling) and (3) it may happen that an energized
magnet, initially in the supercondicting state, abruptly and irreversibly switches bad to the
normal resistive state in a phenomenon referred to as a quench (see sedion on qench
performance).

The occurrence of a quench causes an instantaneous beam loss and requires that all or
part of the magnet ring be rapidly ramped down to limit conductor heaing in the quenching
magnet (seesedion on qench protedion). Once the quenching magnet is discharged, it can
be maed davn again and restored into the supercondicting state, and the macdine operations
can resume. A gquench is sldom fatal but is aways a serious disturbance Everything must
be dore to prevent it from happening and al precautions must be taken to ensure the safety of
the installation when it does happen.

2.2 Review of superconducting storage rings

2.2.1 Tevatron

The first large scde @plicaion d supercondictivity was the Tevatron, a proton
synchrotron with a drcumference of 6.3 km built at Fermi National Accderator Laboratory
(FNAL) nea Chicago, lllinois and commissoned in 1983[3]. The Tevatron nov operates as
a protor/antiproton colli der with a maximum energy of 900 GeV per beam. It relies on abou
1000supercondicting dpoe and quadrupde magnets, with a maximum operating dpole field
of 4T [4].

2.2.2 HERA

The next large particle accéerator to rely massvely on supercondicting magnet
techndogy was HERA (Hadron Elektron Ring Anlage) built at DESY (Deutsches
Elektronen—SY nchrotron) nea Hamburg, Germany and commissoned in 1990[5]. HERA is
an eledron/proton collider with a drcumference of 6.3 km. It is composed of two storage
rings. (1) an eledron ring, relying onconventional magnets (maximum energy: 30 GeV) and
(2) a proton ring, relying on superconducting magnets (maximum energy: 820GeV). The
maximum operating field of the supercondwcting dpole magnets is 4.7 T [6]. The dipadle
magnets of the proton ring were developed at DESY, while the quadrupde magnets were
developed at CEA/Saclay (Commissariat a I'Energie Atomique at Saclay near Paris, France).

2.2.3 UNK

Sincethe ealy 19805, the Institute for High Energy Physics (IHEP) located in Protvino,
nea Moscow, Rusda is working on the projed of a proton accéerator named UNK
(Uskoritelno-Nakopitelniy Komplex). The drcumference of UNK is 21 km for a maximum
energy of 3 TeV in afixed target mode[7]. The maximum operating dpoefieldis5T [8]. A
number of supercondwcting dpole and guadrupde magnet prototypes have been bult and



cold-tested and the tunrel is amost completed, bu, given the eonamicd situation in Russa,
the future of the machine is undecided.

2.2.4 SSC

In the mid 19808, the USA started the Supercondicting Super Colli der (SSC) projed, a
giant protoryproton colli der with a maximum energy of 20 TeV per bean [9]. The SSC would
have been constituted of two identicd storage rings of supercondicting magnets installed on
top d ead ather in atunngl with a drcumference of 87 km. The maximum operating dpole
field was 6.8 T. The projed was eventually cancded in October 1993 by @&asion d the
United States Congess after 12 miles of tunnel had been dug rea Dallas, Texas, and a
successful superconducting magnet R&D program had been carried out [10].

2.2.5 RHIC

Brookhaven National Laboratory (BNL), locaed on Long Island, New York, will
complete in 1999the @nstruction onits ste of the Relativistic Heary lon Collider (RHIC).
RHIC is designed to collide beans of nuclei as heavy as gold, acceerated in two identicd
storage rings to energies between 7 and 100GeV per beam and per unit of atomic mass[11].
Each ring has a circumference of 3.8 km; the maximum operating dipole field is 3.4 T [12].

2.2.6 LHC

Finally, in Decanber 1994, the European Laboratory for Particle Physics (CERN)
approved the nstruction d the Large Hadron Collider (LHC) in its existing 27#km-
circumference tunrel locaed at the SwisgFrench bader, nea Geneva, Switzerland [13].
LHC will be aprotor/proton collider with a maximum energy of 7 TeV per beam. It will
consist of aring d so-cdl ed twin-aperture supercondwcting magnets, howsing within the same
medhanica structure, the pipes for two courter-rotating poton keams [14]. The maximum
operating dpole field is 8.36T. The dipde magnets are developed a8 CERN while the
guadrupole magnets are developed at CEA/Saclay. Commissioning is planned for 2005.

2.2.7 Prominent features of superconducting storage ring magnets

Seleded parameters of the major projeds of supercondicting storage rings are
summarized in Table 1, while Figs. 1(a) through Xe) present crosssediona views of the
Tevatron, HERA, SSC, RHIC and LHC dipole magnets [15].

Table 1
Selected parameters of major superconducting storage rings

Laboratory FNAL DESY | IHEP SSCL BNL CERN
Name Tevatron | HERA | UNK SSC RHIC LHC
Circumference 6.3 6.3 21 87 3.8 27
(km)

Particle type pp ep pp pp lons Heavy PP
Energy/beam 0.9 0.82 |3 20 upto 0. | 7
(TeV)

Number of dipoles| 774 416 2168 7944 264 1232)




Aperture (mm) 76.2 75 70 50 80 56
Magnetic  length | 6.1 8.8 5.8 15 9.7 14.2
(m)

Field (T) 4 4.68 5.0 6.79 3.4 8.36
Number of quads. | 216 256 322 1696 276 3860
Aperture (mm) 88.9 75 70 50 80 56
Mag. lengt®) (m) | 1.7 1.9 3.0 5.7 11 3.1
GradientT/m) 76 91.2 97 194 71 223
Commissioning 1983 1990 | undecided| cancelled | 1999 2005

a) per unit of atomic mas¥) two-in-one magnet§,) quadrupoles come in several lengths

(a)

Fig. 1 Cross-sectional views of superconducting dipole magnets for large particle accelerator
magnets [15]: (a) Tevatron, (b) HERA, (c) SSC, (d), RHIC antHe&).

The magnrets rely on similar design principles which are detailled in the oncoming
sedions. The field is produced by sadde-shape wils that, in their long straight sedions,
approximate @s¢ condwtor distributions for dipoe magnets and cos2¢ conductor
distributions for quadrupde magnets. The il s are woundfrom Rutherford-type cdles made
of NbTi multifilamentary strands and are mechanicaly restrained by means of laminated
collars. The ollared-coil assembly is placel within an iron yoke providing a return peth for
the magnetic flux. In the cae of Tevatron, the wllared-coil assembly is cold while the iron
yoke iswarm. Starting with HERA, the iron yoke is included in the magnet cryostat and the
cold massis completed by an outer shell delimiti ng the region d helium circulation. The wld
mass of the LHC magnets include two collared-coil assemblies within a common yole.
Tevatron, HERA, UNK, SSC and RHIC magnets are @oed by baling helium at



1 atmosphere (4.2 K) or supercriticd helium at 3 to 5atmosphere (between 4.5and 5K) while
LHC magnets are cooled by superfluid helium at 1.9 K.

2.3 Superconducting storage-ring magnet R&D

A number of laboratories are presently involved in R& D work on highfield or highfield
gradient accéerator magnets. Among them is Twente University, locaed nea Enschede in
the Netherlands, which, in 1995,cold-tested at CERN a short model dipode (made with NbzSn
cable) which readed 11T onits first quench at 4.4 K [16]. Soon after, in 1996,Lawrence
Berkeley National Laboratory (LBNL), locaed in Berkeley, California mld-tested a short
mode dipoe (aso made with Nb3Sn cable), referred to as D20, which, after a number of

training quenches, reached a record dipole field of 13.5 T at 1.8 K [17].

3. CONDUCTOR AND CONDUCTOR INSULATION

3.1 Superconducting material

3.1.1 NbTi

The most widely used supercondwcting material is a metallic dloy o niobium and
titanium (NDbTi), with aTi content between 45and 53% in weight [18]. NbTi iseasy to mass
produce and has good medhanicd properties. It isatype-ll supercondwctor, with a wherence
length,&, of 5 nm, and a London penetration degthof 300 nm (Chapter 2 of Reference 2).

The upper criticd magnetic flux density, Bcp, can be etimated as a function d
temperature], using

Bco(T) = Bczo[l - (TLCJN} (5)

where Bcog is the upper critica magnetic flux density at zero temperature (abou 14.5T) and
Tcols the critical temperature at zero magnetic flux density (about 9.2 K).

The aiticd current density, Jc, can be parametrized as a function d temperature,
magnetic flux densityB, and critical current density at 4.2 K and S)def, using [19]

Jc(B.T) _@[ B } a[l B J ﬁ[l (L)L?} y "
Jecref T B [BcAT) ~ BeA(T) ~\Tco ()
whereCy, «, andy are fitting parameters.

Sincethe time of the Tevatron, afador of abou 2 has been gained onthe aiticd current
density at 4.2K and 5T and values in excess of 3000A/mm? are now obtained in industrial
production [20]. Typicd fitting parameters values for LHC strandsare: Co = 30T, o = 0.6,
£=1.0andy=2.0.

The highest dipole field reached on a NbTi magnet is 10.53 T at 1.77 K [21].

3.1.2 NgSn

Magnet designers consider that 10 to 11 T is abou the limit for NbTi and that to
produce higher fields, it is necessary to change the material. The only other material that is
readily available on an indwstrial scde is an intermetallic compound & niobium and tin
(NbzSn) belongng to the A15 crystalographic family [18]. Nb3Sn presents interesting
supercondicting properties, which may be enhanced by a small addition d titanium or
tantalum in the niobium. However, the compound formation requires a hea treament at
temperatures up to 700°C for times up to 300 hows in a vaaium or in inert atmosphere such




as argon. Furthermore, orce readed, the cmmpound leoomes brittle and its properties are
strain sensitive.

The upper criticd magnetic flux density, Bcp, can be estimated as a function d
temperature], and straing, using [22]

Bc(T,¢) T T T
= 7~ =|1- 1-031=——=||1-1.77In 7
ity =) |10 )| T @
whereBcopis the upper critical magnetic flux density at zero temperature
Bc2o(e) = Bc2om(1—aldl-) (8)
andTcq is the critical temperature at zero magnetic flux density
1/3
Tco(e) = Tcom (1 —a [ef7) ©)

Here, ais a parameter equal to 900for compressve strain (¢ 2 0) and to 1250for tensile strain
(0 2 &), Bcoom is the upper criticd magnetic flux density at zero temperature and zero strain
and Tcom is the aiticd temperature & zero magnetic flux density and zero strain. For binary
compounds, Tcom and Bcoom can be taken equal to 16 K and 24 T, while for ternary
compounds, they can be taken equal t&KEhd 28 T.

The aiticd current density can be parametrized as a function d temperature, T,
magnetic flux densityB, and straing, using [22]

_C(g) B 2 T \2]°2
BT ="j5 [“BCZ(T,eJ [1_(Tco(8)ﬂ (10)
where
C(9) =Co (1—-aldth™? (11)

HereCy is a fitting parameter.

In recent yeas, significant R&D work has been caried ou to improve the performance
of Nb3Sn multifilamentary wires, thanks to the International Thermonuclear Experimental
Reador (ITER) program [23]. Criticd current density values of 750A/mn? at 4.2K and 12T
with effedive filament diameters of 15 to 20 um are now readed in indwstrial production
[24]. Such values correspondto a Cq of the order 12000ATY2mnr2. Note that the strainin a
free standing NgBSn multifilamentary wire is estimated at abeQt25%.

Given that readed Nb3zSn conductors are very fragile and canna be bent on small radii,
the manufaduring o NbsSn coils cdls for spedal fabricaion processes which are risky and
onerous and which, so far, have limited the use of this material. In the cae of accéerator
magnet coils, the conduwtor is wound unrreaded, and the whole @il is subjeded to hed-
treatment, according to the so-callegohd-and-reactechnique.

As aready mentioned, the highest dipdle field readied ona Nb3Sn magnet is 13.5T at
1.8 K[17].

3.1.3 High-temperature superconductors

Although gea progress has been made in the development of so-cdled high
temperature supercondwctors (HTS), such as bismuth copper oxydes, Bi>SroCaCuoOy and

(Bi,Ph)2SroCapCuzOy, and yttrium copper oxides, YBapCuzO7, these materias are not yet



ready for applications requiring low cost, massproduction and hgh criticd current density
[25].

3.2 Rutherford-type cable

Supercondtcting particle accéerator magnet coil s are woundfrom so-cdled Rutherford-
type cables. As illustrated in Fig. 2a), a Rutherford-type cdle wnsists of a few tens of
strands, twisted together, and shaped into aflat, two-layer, slightly keystoned cable [26]. The
strands themselves consist of thousands of supercondtcting filaments, twisted together and
embedded in amatrix of normal metal [18]. Except for the cdles used in afew R&D model
magnets, the filaments are made of NbTi and the matrix is high-purity copper. Filament
diameters range from 5 to 15um. Fig. 2(b) presents a qosssediona view of atypicd SSC
strand.

Fig. 2 Rutherford-type cable for storage ring magnet: (a) cable sketch and (b) cross-sectional
view of a cable strand.

The small radii of curvature of the @il ends predude the use of a mondithic condictor
because it would be too hard to bend. A multi-strand cable is preferred to a single wire for at
least four reasons: (1) it limits piecelength requirement for wire manufaduring (a il wound
with a N-strand cable requires piece lengths which are 1/N shorter than for a similar coil
woundwith asinge wire), (2) it allows drand-to-strand current redistribution in the cae of a
locdized defed or when a quench ariginates in ore strand [27, 2§, (3) it limits the number of
turns and fadlit ates coil winding, and (4) it limits coil inductance (the inductance of a il
woundwith a N-strand cable is 1/N2 smaller than that of a similar coil woundwith a single
wire). A smaller inductance reduces the voltage requirement on the power supdy to ramp-up
the magnets to their operating current in a given time and limits the maximum voltage to
groundin case of a quench (seequench protedion sedion). The main dsadvantage of using a
cableisthe high operating current (over a few thousand amperes) which requires large aurrent
supplies and large current leads.

The main issues for NbTi strand design and manufaduring are: (1) copper-to-
supercondictor ratio, which shoud na be too small to limit condwctor heding in case of a
quench while adieving a high owrall criticd current, (2) filament size to limit field
distortions resulting from supercondwctor magnetizaion at low field (see field quality
sedion), (3) supercondictor criticd current density, which can be improved by improving
pinning and filament uniformitj18] and (4)piece length.

The main isaues for cable design and fabricaion are: (1) compadion, which shoud be
large enoughto ensure good mechanicd stability and hHgh owral current density while
leaving enough vad for helium codling, (2) control of outer dimensions to achieve suitable
coil geometry and mechanicd properties, (3) limitation d criticd current degradation [29, 3Q
and (4) control of interstrand resistance, which shodd na be too small to limit field
distortions induced by couging currents while ramping (seefield quality sedion) and shoud
not be too large to allow current redistribution among cable strands.



The interstrand resistance can be modified by oxdizing a by coating strand surface[31,
32]. Also, athin, insulating foil (such as dainless $ed) can be inserted between the two
strand layers of the cdle [33]. The strands used in HERA and LHC cables are wated with a
silver-tin solder, cdled Sabrite. Half of the strands of the Tevatron cable ae wated with
Stabrite, while the other half is insulated with a bladk copper oxide, cdled Eband. UNK,
SSC and RHIC cables rely on natural oxidation. Up to now, nofoiled cable has been used in
a magnet.

Note that at the end d cabling, the high puity copper of the strand matrix is heavily
cold-worked and that it may require an annealing procedure.

3.3 Cable insulation

3.3.1 Insulation requirements

The main requirements for cable insulation are: (1) good deledric strength in helium
environment and undar high transverse presaure (up to 100 MPa), (2) small thickness (to
maximize overal current density in magnet coil) and good phgicd uniformity (to ensure
proper conduwctor pasitioning for field quality), (3) retention d medhanicd properties in a
wide temperature range, and (4) ability to withstand radiations in an acceéerator environment.
In addition, the insulation system is required to provide ameans of bondng the il turns
together to gve the wil arigid shape and fadlit ate its manipulation duing the subsequent
steps of magnet aseembly. It is also desirable that the insulation be somewhat porous to
helium for condwctor codling. Note that the dieledric strength of helium gas at 4.2 K is far
worse than that of liquid helium and that it degrades sgnificantly with increasing temperature
[34].

3.3.2 Insulation of NbTi Cables

The insulation d Tevatron, HERA and UNK magnets, of most SSC magnets and d the
ealy LHC models is constituted of one or two inner layers of payimide film, wrapped
helicdly with a 50-t0-60% overlap, completed by an ouer layer of resin-impregnated dass
fiber tape, wrapped helicdly with asmall gap. The inner layer is wrapped with an owerlap for
at least two reasons: (1) the polyimide film may present pin hdes which have to be mvered
(the probability of having two superimposed pin hdes in the overlapping layer is very low)
and (2) the Tevatron experience has down that it was preferable to prevent the resin
impregnating the glasswrap from entering in contad with the NbTi cable (the energy released
by cracks in the resin is believed to be sufficient to initiate aquench) [p. 784 ¢ Reference4].
The outer layer is wrapped with a gap to set up helium coding channels between coil turns.
The resin is of thermosetting-type and requires hed to incresse a@osslink density and cure
into arigid bondng agent. Curingis dore dter completion d the winding and in amold of
very accurate dimensions to control coil geometry and Young's modulus [35].

RHIC magnets and the most recent LHC models used a so-cdled all-payimide
insulation where the outer glassfiber wrap is replacal by anather layer of payimide film with
apayimide alhesive on its surface[36]. The dl-payimide insulation hes a better resistance
to purcture but the softening temperature of the alhesive can be higher than the temperature
needed to cure a onventional resin (225°C for RHIC-type dl-padyimide insulation compared
to 135°C for SSC-type polyimide/glass insulation).

3.3.3 Insulation of NgSn cables

Theinsulation d Nb3Sh cablesis usually based ona glassfiber tape or sleeve put onthe
conductor prior to winding. At the end d the hed treament needed for Nb3zSn formation, the
readed coil is transferred to a predsion molding fixture and is vaauum impregnated with



resin. The glass fibers used for the tape or the sleeve must be &le to sustain the hea
treament withou degradation. Also, al organic materials, such as szing a finish, must be
removed from the fibers to prevent the formation o cabon compounds that may lower the
dieledric strength. The sizing removal is performed by carbonisationin air prior to conductor
insulation.

Using such an insulation system adds to the difficulty of manufacuring Nb3Sn coil s for

at least two reasons. 1) de-sized dassfiber tapes or sleeves are fragile and easy to tea off by
friction and 2 vaauum impregnation is a deli cate operation. Furthermore, a full impregnation
prevents any helium penetration in the coil greatly reducing cooling capabilities.

4. MAGNETIC DESIGN

4.1 Field produced bysimple current distributions

4.1.1 Single current line in free space

Let (O,X,y,Z) designate aredanguar coordinate system and let (-I,R,6) designate a
current-line of intensity (1), parallel to the z-axis, and located at a pasitions=R exp (i6) in
the omplex (O,X,y) plane, as represented in Fig. a). The magnetic flux density, B,

produced by this current-line in freespace ca be coomputed using Biot and Savart's law. It is
uniform in zand perallel to the (X,y) plane and its x- and y-comporents, By and By are given

by

|
By +iBe =5 (le) (12)

wherepg is the magnetic permeability of vacuume{® 7 H/m) andz = x + iy.
The above expression can be expanded into a power series of the form [37]

By+iBX=2(Bn+iAn) zn-1 forz=x+1y, 7| <R (13)
n=1

where A, and B, are mnstant coefficients, referred to as normal and skew 2n-pdle field
coefficients, given by

Bn+iAn =1 ORIn [cosfif) —i sin(A)] (14)

@ Y

Fig. 3 Representations of a single current-line
(a) in a vacuum and (b) inside a circular iron yoke.

4.1.2 Single current line within a circular iron yoke

Let us now asume that the arrent line of Fig. @) islocaed inside acircular iron yoke
of inner radius, Ry, as represented in Fig. 3b). The cntribution d the iron yole to the



magnetic flux density can be shown to be the same as that of amirror current line, of intensity,
(<lm), and positionsy, in the complex plane, where

="

2
- Ry
M=+l s'

I and Sm = (15)

Here 1 is the relative magnetic permeability of the iron yoke and s* the complex conjugate of
s. Note that the mirror image methodis only applicable if the iron yole is not saturated and
its permeability is uniform.

4.1.3 Quadruplet of current lines with dipole symmetry

Using the &ove expressons, the magnetic flux density produced by the quadruplet of
current lines (-,R,0), (+1,Rn—6), (+1,Rn+6) and (-,R—0), represented Fig. 4a), can be
estimated from the power series expansion

+

By +iBx = Z Bok+1 22K forz=x+1y, |z7| <R (16)
k=0
where
2upl
Bok+1= oy €09 (2k+1)d] (17)

The first term (k = 0) of the series corresponds to a pure normal dipdle field parallel to
the y-axis. The Bok.1 coefficients are cdled the all owed multipole field coefficients of this
current distribution.

{b)

(a} | Y
K 1|
+I -1
¢ s “le -1
- 5 B —
. . Te e -]
+I -1
[ ] [ J
+I +I

Fig. 4 Examples of current-line distributions with seleded symmetries (a) quadruplet of
current-lines with an even symmetry abou the x-axis and an oddsymmetry abou the y-axis
and (b) octuplet of current-lines with even symmetries with respead to the x- and y-axes and
odd symmetries with respect to the first and second bisectors.

4.1.4 Octuplet of current lines with quadrupole symmetry

Similarly, the magnetic flux density produced by the octuplet of current lines
represented in Figk(b) is given by

+
By +iBx=), Basrpzdk+l forz=x+iy, || <R (18)
k=0

where

4uol
Bak+2 = RAk+2 coqg (4k+2)4| (29)



Thefirst term (k = 0) of the series corresponds to a pure normal quadrupde field whaose
axes are parallel to the first and second bsedors. For this current distribution, the dl owed
multipole field coefficients are the normak(# 2)-pole field coefficients.

4.1.5 Cop# and sipd current sheets

Let us now consider a g/lindricd current shed of radius, R, carying a linea current
density of the form [cos(pd)] where j is a @mnstant (in A/m). The magnetic flux density
produced within the shed can be computed by dviding the shed into elementary current lines
of intensity HRcosf#)dé] and by integrating their contributions over)2 We get

By + iBx :Bp:%g_l forz=x+1y, k| <R (20)

Hence, a cop@)-type current sheet produces a pure normpade field.

Similarly, it can be shown that a g/lindricd current shed of radius, R, carying alinea
current density [jisin(péd)] produces a pure skevp-pole field

. Hol .
By+|Bx:Ap:Fp-1 forz=x+1y, gl <R (21)

4.1.6 Cylindrical current shells

Let us finally consider a gylindricd current shell of inner radius, R;, outer radius, R,
poe ange ¢y, carying a uniform current density (=J) for x, x > 0 and (+J) for x, x < 0, as
represented Fig. 5@). The magnetic flux density produced within the o/linder can be
computed by dviding the shell into quedruplets of current lines having the symmetry of
Fig.4(a) and by integrating their contributions over a shell quadrant. It follows that the
magnetic flux density is given by Eq. (10), bu the epressons of the multipde field
coefficients become

2
B =2 Ro—R) sindo (222)
and
2u0d 1 1 .

Note that B3 (first allowed multipole field coefficient after By in a arrent distribution with a
dipole symmetry) is nil fotpy = n/3.
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Fig. 5 Current shell approximations for the generation of multipole fields: (a) dipole field and
(b) quadrupole field.

Similarly, it can be shown that magnetic flux density produced by the arrent shell of
Fig. 5(b) is given by Eq12), where



By :% In(%j sin26y (23a)
and
__kd 1 1 : .
Bak+2 = k(2k+2) (R@4K_Ro4k) sin[ (4k+2)6o] fork,k 3 1 (23b)

Note that By corresponds to the quadrupde field gradient, g, and that Bg (first alowed
multipole field coefficient after B2 in a aurrent distribution with a quadrupde symmetry) is nil
for 6y = /6.

4.2 Two-dimensional geometry

4.2.1 Symmetry considerations

The field computations caried ou in the previous sdion have shown that current
distributions with the symmetries of Fig. 4a) (i.e., even with resped to the x-axis and odd
with resped to the y-axis) were fitted to the generation d dipde fields, while arrent
distributions with the symmetries of Fig. 4(b) (i.e., even with resped to the x- and y-axes and
odd with resped to the first and seaond bsedors) were fitted to the generation o quadrupde
fields. Startingfrom these premises, the @il geometry can be optimized to oltain the required
dipde or quadrupde field strength within the magnet aperture, with the smallest possble
contributions from non-dipole or non-quadrupole terms.

4.2.2 Current shell approximations

The il geometries the most commonly used for dipoe and quadrupde magnets are
approximations of the glindricd current shells iown in Figs. 5a and Hb). The
approximation is obtained by stadking into an arch the slightly keystoned cables described in
the conductor sedion. The low field and field gradient magnets for RHIC rely onasingle il
layer while Tevatron, HERA, UNK, SSC and LHC magnets rely on two coil |ayers whaose
contributions add up. The highfield LBNL model magnet D20 court four layers. In addition,
in most acceerator magnet coil designs, copper wedges are introduced between some of coil
turns to separate the wndwctors into bocks. The blocks angles are then opimized to
eliminate high ader multipoe field coefficients and approach the ided cosd and cos26
conductor distributions [37]. By extension, such coil geometries are referred to as cosé and
cos26 designs. They are very compad and make the most effedive use of condwctors by
bringing them close to the useful aperture.

In the cae of Tevatron, HERA and UNK magnets, the cdle keystone angle is large
enoughto alow the formation d an arch with the desired aperture. Furthermore, ead coil
turn is paositioned radialy. In the cae of SSC and LHC magnets, the il aperture is reduced
to minimize the volume of superconduwctor. This results in a keystone angle requirement
deamed uraccetable from the point of view of cabling degradation. Hence, in these magnets,
the cadles are nat sufficiently keystoned to assume an arch shape and the wedges between
conductor blocks must be made asymmetricd to compensate for this ladk [38]. Also, the il
turns end up eing nonradia, as illustrated in Fig. (6), which shows the cnduwctor
distribution in a quadrant of a 50-mm-aperture SSC dipae magnet coil (the vedors represent
the components of the Lorentz force discussed in the mechanical design section).

Note that the magnetic flux density produced by the il of Fig. (6) can be acarately

computed by dviding ead turn into two rows of elementary current lines parall el to the z-axis
and approximately equal in number to the number of cable strands (p. 226 of Reference [39]).



4.2.4 Iron yoke contribution

The mils of particle accéerator magnets are usually surrounced by an iron yoke, which
provides a return path for the magnetic flux while enhancing the central field or field gradient.

Asanillustration, let us placethe g/lindricd current shells of Fig. 5a) within a drcular
iron yole of inner radius, Ry. The cntribution d the iron yoke to the normal (2k+1)-pole

field coefficient,B;ilfj, can be estimated as (p. 53 of Reference [2])

yoke  u-1 (RRo 2+L ghell
Baket =1 (Ryz Bak+1 (24)

where p is the relative magnetic permeability of the iron yole, R and Ry are the arrent shell

inner and ouer radii and Bzrlz“l Is the (2k+1)-pale field coefficient produced by the airrent
shell alone.

The aowve formula shows that the smaller Ry, the larger the field enhancement.
However, there ae two limitations on hav close the iron can be brougtt to the wils: (1) room
must be left for the suppat structure, and (2) iron saturates for fields above 2 T, resulting in
undesirable distortions (see field quality section).

As dready mentioned, the Tevatron magnets use awarm iron yoke (i.e., placed ouside
the helium containment and vaauum vessl), bu starting with HERA magnets, the iron yolke
isincluded within the magnet cold mass For SSC dipae magnets, the field enhancement due
to the iron yoke is of the order of 20%. In LHC magnets, two coil assemblies (of oppaite
paarity) are placed within a mmoniron yoke. This twin-aperture design resultsin left/right
asymmetries in the yoke surroundng ead coil asseembly taken individualy which must be
taken into account.

4.2.5 Operating margin

Equations 14(a) and 15a) show that to achieve high fields and highfield gradients, it is
desirable to maximize the overall current density in the magnet coil. This can be dore by
three means. 1) maximizing the supercondictor performance 2) minimizing the pper-to-
supercondwctor ratio in the cdle strands and 3 minimizing the turn-to-turn insulation
thickness As explained in ather sedions, there ae lower bound on the values of copper-to-
supercondictor ratio and insulation thicknessin arder to limit conductor heding in case of
guench and to ensure proper eledricd insulation. Asfor the superconductor, the upper limitis
the critical current density at the given temperature and magnetic flux density.

The magnetic flux density to which the conduwctor is expaosed is nonruniform over the
magnet coil, but the maximum current-carrying cgoability of the cnductor is determined by
the sedion where the magnetic flux density is the highest. In most cases, this corresponds to
the pae turn of the innermost coil layer. Let By = f(l) designate the pesk magnetic flux
density on the il as a function d suppied current, |, and let Ic = f(B) designate the
suppcsedly known cable aiticd current as a function d applied magnetic flux density, B, at
the operating temperature, To. The intersedion ketween these two curves determines the
maximum quench current of the magnet@tl qm(To).

In pradice, magnets must be operated below Igm SO as to ensure that the supercondtctor
is in the supercondicting state and as to limit the risks of quenching. Let |op designate the
operating current, the aurrent margin of the magnet, mj, at the operating temperature, To, iS
defined as



|
my = 1‘&;7?%) (25)

The ecdlent quench performance of the HERA magnets [6] suggests the airrent
margin can be set to as little as 10%, but it is safer to aim for 20%.

In comparisonto ather supercondicting magnets, a arrrent margin of 10to 20% is quite
small. This implies that storage ring magnets are operated very close to the superconductor
criticd surface ad that they are very sensitive to any kind d disturbances that may cause a
surface crossing and lead to a quench.

A particularity of atwo-layer, cosé dipoe magnet coil designisthat the pefield in the
outermost layer is quite abit lower than in the innermost layer. Hence, when using the same
cable for both layers, the outer layer is operated with a much higher current margin than the
inner layer, which can be considered as a waste of costly supercondwctor. SSC and LHC
dipole magnet coil s use asmaller condictor for the outer layer than for the inner layer. This
results in a higher overall current density in the outer layer and reduces the difference in
current margins. Such adion is referred to as conductor grading. The main disadvantage of
grading is that it requires splices between inner and outer layer cables.

4.2.6 Limits of cog coil design

The wsé coil design hes been very successul until now, with arecord dpade field of
13.5 T readied by the LBNL short model magnet D20 (using Nb3Sn cébles at 1.8 K).
However, it has two main drawbadks. (1) the il ends are difficult to make (see sedion on
coil ends), and (2) due to the Lorentz force distribution, there is a stressacaimulation in the
azmuthal diredionwhich resultsin high transverse presaures on the midplane cndctors (see
Fig. (6)). For very high field magnets, requiring the use of A15 (or even posshly HTS)
superconductors, which are strain sensitive, these high transverse presaures can result in
significant critical current degradation [40].

Fig. 6 Conduwctor distribution in a
guadrant of a 50-mm-aperture SC
dipole magnet coil38].

Alternative il designs are being investigated which may alow a better stress
management within the magnet coil. As an ill ustration, Fig. (7) presents a anceptua block
design ceveloped at BNL for a twin-aperture dipole magnet relying orly onsimple, racetrack
coils[41]. Note, however, that such designs make a less effective use of superconductor.

4.3 Coil-end design

One of the main dfficulties of the msné design is the redizaion d coil ends. In the
coil straight sedion, the conduwctors run perallel to the magnet axis, bu, in the @il ends, the
conduwctors must be bent sharply with small radii of curvature to make U-turns over the bean
tube that is inserted within the magnet aperture. This confers to the wil a sadde shape as
illustrated in Fig. 8.
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Sophisticated algorithms have been developed to determine the mnductor trgjedories
which minimize strain energy [42]. These dgorithms are couped with eledromagnetic
computations to minimize field dstortions. SSC and LHC magnets use predsely madcined
end spaces, designed by the optimization programs, which are paositioned between conductor
blocks [43]. In addition, the iron yoke does not extend ower the @il ends to reduce the field
on the conductors.

4.4 Sagitta

To limit the number of coil ends and d magnet interconreds around the accéerator
ring, the ac dipae and quadrupde magnets are made & longas posshble. The drculation d a
charged beam in adipoe magnet, of magnetic length, |4, results in an anguar defledion, ¢, of
the particle trajectory which can be estimated as

_039Bi1lg
- Y

Here, ¢ isin radians and lg isin meters, By is the dipde magnetic flux density in teslas, q is
the particle charge in units of electron charge,@istthe particle momentum in GeV/c.

As a result, long dpoe magnets must be dightly bent to accompany the particle
trajectory. This bending, which is implemented in they() plane, is referred to asgitta

(26)



5. FIELD QUALITY

5.1 Multipole expansion

Except nea the short coil ends, the magnetic flux density produced in the bore of a
particle accéerator magnet can be @nsidered as two-dimensional. It is conveniently
represented by the power series expansion

= z n-1
By + iBx = Bref 104 D, (bn + i an) (Rr_ef) forz=x+1y, | <R (27)
n=1

where By and By are the x- and y-comporents of the magnetic flux density, Rref is a reference
radius representative of the maximum beam size (Ref = 10 mmfor SSC and LHC), Byt isthe
absolute value of the dipale or quadrupde comporent at Ryef, an and by, are the dimensionless
normal and skew 2n-pole mefficients expressed in so-cdled units and R; is the @il inner
radius. Note the presence of the*1stale factor.

Given the symmetries of magnet assemblies, ony seleded namal multipole wefficients
are epeded to be nonzeo. These dlowed multipoe wefficients can be tuned up by
iterating onthe dedromagnetic design. In pradice, howvever, nonuniformities in material
properties and manufaduring errors result in symmetry violations which produce un-all owed
multipole mefficients. For instance, a top/bottom asymmetry in a dipole magnet produces a
nonzero skew quadrupde efficient (ap), while aleft/right asymmetry produces a nonzeo
normal quadrupde mefficient (bp). These unwanted coefficients can oy be diminated by
improving material selection, tooling and assembly procedures.

5.2 Field quality requirements

On the accéerator point of view, the beam optics is primarily governed by integrated
field effeds over the magnet ring. The main field-quality requirements are: (1) suitable
dipde-field integral and small dipde-field angle variations (the former to ensure that the
integrated bending angle over the magnet ring is (2r) and the latter to ensure that the particle
trgedory is plane), (2) acarate quadrupde dignment and suitable quadrupde field integra
(the former to avoid couding d particle motions along the x- and y-axes and the latter to
ensure proper focusing), and (3) small high-order multipole wefficients (to ensure large beam
dynamic goerture). Inthe cae of high-order multipoe wefficients, it is customary to spedfy
tables of mean values and standard deviations over the entire magnet popuation [44]. The
tables of mean values are referred to as systematic multipole spedficaions while that of
standard deviations are referred to as randam multi pole spedficaions. The spedfied values
are all expressed at the reference radius,

In large madines guch as SSC or LHC, the dipole and quedrupde field integrals must
be cntrolled with a relative predsion d the order of 103. The variations in dpade field
angles must be kept within afew milli -radians and the tolerance on quadrupde dignment is of
the order of 0.1 mm. Systematic and randam multi pole spedficaions are given upto the 18th
or 20th pde and et tighter with increasing pde order, typicdly from afew tenths of a unit for
low order coefficients to a few thousandths of a unit for higher order coefficients.

5.3 Geometric errors

5.3.1 Types of geometric errors

The spedficaions on multipoe wefficients require that the individual conductors and
the yoke surroundng the wil assembly be positioned with avery goodacarracy (typicdly: a
few hundedths of a millimeter in the two-dimensional crosssedion). Improper paositioning
results in geometric errors that distort the central field.



The geometric erors can be dasdfied in at least five cdegories: (1) errorsin coil i nner
and ouer radii and in yoke inner radius, (2) errors in coil poe aage, wedge ange ad
condwctor anguar distribution, (3) symmetry violations in coil assembly, (4) centering errors
with respect to the iron yoke and (5) residual twist of magnet assembly.

5.3.2 Effects of azimuthal coil size mismatch

A common cause of geometric eror is a mismatch between the azmuthal sizes of the
various coil s constituting a @il assembly. Such mismatch results in dsplacements of the il
asembly symmetry planes which produce nonzero, low-order unralowed multipole
coefficients [45]. For instance, a mismatch between the azmuthal sizes of the top and bdtom
coil s used in a dipde-magnet coil assembly causes an upvard o downward dsplacement of
the il parting danes which produces a nonzeo skew quadrupde efficient (ap).
Similarly, a systematic mismatch between the left and right sides of the wils used in adipde
magnet coil asembly causes a rotation d the wil parting danes which produces a nonzeo
skew sextupde wefficient (agz). The dfeds on a; can be limited by randamly mixing coil

production, while the occurrence of a systemagican only be avoided by correcting tooling.

5.4 Iron saturation

When thefield in theiron yolke islessthan 2T, the relative magnetic permeability of the
yoke can be mnsidered as uniform, and the iron contribution to the centra field increases
linealy asafunction d transport current in the magnet coil. For fields above 2 T, parts of the
iron start to saturate and their relative magnetic permeability drops. As a result, the iron
contribution beames a lessthan-linea function d transport current. Thisrelative deaease in
iron contribution appeas as a sag in the magnet transfer function [38]. (The transfer function
is defined as the ratio of Byef to the transport current.) The transfer function sag can exceea a
few percent in dipole magnets but is usually negligible in quadrupole magnets.

In the cae of a single-aperture magnet with a symmetrica iron yoke, the saturation first
ocaurs in the poe aeas produwcing a positive shift in namal sextupde wefficient (bz). At
higher currents, the saturation reades the midplane aess, produwcing a negative shift in bz
which compensates partialy the dfeds of pole saturation. The midplane saturation can be
forced to occur soorer by purching ndches (i.e., removing matter) at appropriate locaions in
the yoke. As an ill ustration, Fig. (9) presents measurements of bz as a function d current in
the ceantral part of a SSC dipole magnet prototype. The measurements clealy show the dfed
of pole saturation at high currents (the origin of the hysteresis is explained in the next section).
In the cae of a twin-aperture dipade, the central part of the yoke saturates before the outer
parts, resulting in left/right asymmetries in the yoke antributions which affed the normal
quadrupde wefficient (bp). The saturation effeds in by are of oppasite sign in the two

apertures.

In any case, the iron contribution degpends on the pading fador of the yoke laminations
which must be tightly controlled over the magnet length. Also, the iron yoke must be
carefully aligned to limit magnet assembly twist.
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5.5 Superconductor magnetization

5.5.1 Critical-state model

According to the so-cdled critical-state model, bipdar magnetization currents are
induced at the periphery of the supercondicting filaments in the cdle strands ead time the
field to which the filaments are exposed is varied [46]. The magnetization currents distribute
themselves with a density equal to the supercondictor criticd current density at the given
temperature and field, Jc, in order to screen the filament cores from the gplied field change.
Unlike regular eddy currents, the magnetizaion currents do nd depend onthe rate of field
variations. Also, because they can flow with zero resistance, they do nd decg as onas the
field ramp is stopped. They are calfggtsistent magnetization currents

5.5.2 Effects of superconductor magnetization

In an acceerator magnet cycled in current, the bipdar shell s of magnetization currents
induced in the filaments behave & gnall magnetic moments which contribute to — and dstort
— the cantral field. The magnetic moments depend onJc and are propational to filament
diameter. Their distribution foll ows the symmetries of the transport-current field (i.e., the field
produced by the transport current in the magnet coil) and, if the supercondtctor properties are
uniform, ony the dlowed multipole wefficients are dfeded. Computer models have been
developed which can acarately predict the field distortions resulting from superconductor
magnetization [47].

The field dstortions are the most significant at low transport current, where the
transport-current field is low and Jc is large. They are progressvely overcome @ the
transport-current field increases and Jc diminishes and kecome negligible & high transport
current. They change sign and regain influence a the transport current is ramped dovn. Asa
result, the dlowed multipoe efficients exhibit sizable hysteresis as a function d transport
current, which depend on magnet excitation hstory. This is illustrated in Fig. (9) which
shows measurements of bz as a function d current in the central part of a SSC dipole magnet
(as explained in the previous dion, the distortions at high field result from iron yole
saturation).

The field dstortions resulting from supercondwctor magnetization are one of the major

drawbadks of using supercondicting magnets in a particle accéerator. They can be reduced
by reducing filament size (typicdly, to 5 um for SSC and LHC strands), bu they canna be



eliminated. The powering cycle of the magnets must be aapted to avoid brutal jumps
between the two branches of the multipoe wefficient hystereses while the beam circulates.
Also, elaborate beam optics corredion schemes must be developed, which can include
superconducting, high-order multipole magnets (Chapter 9 of Reference [2]).

5.5.3 Time decay

In addition, the dfeds of supercondictor magnetizaion are not indefinitely persistent,
but exhibit a slow time decgy, which, at low transport current, can result in significant drifts of
the dlowed multipole wefficients [48, 49. These drifts are particularly disturbing duing the
injedion phase of madine operation, where the magnet current is maintained at a constant
and low level for some period d time [50]. Also, they complicae the ealy stages of
acceeration, for, as the aurrent is increased at the end d injedion, the drifting multipoles
snap-badk rapidly to values on the hysteresis curves [51]. Part of the observed time deca/ can
be dtributed to flux cree in the supercondictor [52], bu flux cregp canna acourt for the
large drifts observed after a high current cycle [49]. The nature of the other medanisms that
may be involved is not well understood.

5.6 Coupling Currents

As described in the @nduwctor sedion, acceerator magnet coils are wound from
Rutherford-type cdles, which consist of afew tens of strands twisted together and shaped into
aflat, two-layer dightly keystoned cable. The cale mid-thicknessis snaller than twice the
strand dameter, which results in strand deformation and large @ntad surfaces at the
crosovers between the strands of the two layers. Furthermore, and as explained in the
mechanica design sedion, the wils are pre-compressed azmuthally during magnet assembly.
Large presaures are thus applied perpendicularly to the cdle that keep the strands firmly in
contad. Thelarge contad surfaces and the high presaures can result in low contad resistances
at the strand crossovers.

In the steady state, the transport current flows in the superconducting filaments which
offer no resistance When the cdle is sibeded to a transverse varying field, the network of
low interstrand resistances allow the formation d current loops which are superimposed on
the transport current. The loop currents, referred to as interstrand couging curr ents, circulate
along the supercondwcting filaments and crossover from strand to strand through the
interstrand resistances. Unlike persistent magnetization currents, the interstrand cougding
currents are diredly propational to the rate of field variations and they start to decgy as on
as the field ramp is stopped.

Interstrand couding currents have three main effeds on magnet performance [39]:
1) quench current degradation (for they are superimpased on the transport current), 2) hea
disgpation (when crossng the interstrand resistances), and 3 field distortions. This last issue
is the most critical for accelerator magnet applications.

The ooupging current contribution to the central field daes not depend on transport
current and increases linealy asafunction d current ramp rate. If the interstrand resistanceis
uniform throughou the il assembly, the uging current distribution follows the
symmetries of the transport-current field and orly the dlowed multipoles are dfeded. In
pradice, howvever, there can be large wil-to-coil differences as well as large non-uniformities
within the ®ils themselves which result in sizable dfeds in the un-alowed multipoe
coefficients. This is illustrated in Figs. 10(a) and 1(b) which present plots of skew and
normal sextupde field coefficient (Az and B3) as a function d current, measured at various
ramp rates in the central part of a SSC dipole magnet prototype (note that the transport-current



contribution hes been subtraded from the data). No particular treament was applied to the
strands of the cable used in this prototype.

The dfeds of interstrand couding currents can be limited by ensuring that the
interstrand resistances are not too low. However, and as mentioned in the cnductor sedion,
the interstrand resistances shoud na be too large ather to alow some possbility of current
redistribution among cable strands.
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Fig. 10 Effeds of interstrand couging currents on multipole field coefficients as measured as
afunction o ramp rate in the central part of a SSC dipde magnet [39]: (a) skew sextupde
field coefficient (A3) and (b) norma sextupde field coefficient (B3). The transport-current

contribution is subtracted from the data.

5.7 Longitudinal periodicity

When measuring the field along the ais of an acceerator magnet with a fine spatial
resolution, all multipole wefficients appea to exhibit periodic oscill ations [53, 54. The
amplitude of the oscill ations vary as a function d space transport current, excitation history
and time, bu the wavelength is aways approximately equal to the twist pitch length of the
cable used in the innermost coil layer.

The longtudinal periodic oscill ations are believed to result from imbalances in the
current distribution among céble strands. The aurrent imbalances may have & least three
origins: (1) nonuniformities in the properties of cable strands, (2) nonuniformities in the
solder joints conreding the wils in series to the aurrent leads and (3) large and longlasting
interstrand cougding current loops superimposed onthe transport current [55]. Such current
loops could be induced by spatial variations in the time-derivative of the field to which the
cable is exposed as it turns around the coil ends or exits towards the current lea8ls [56

The oscill ation wavelength is too short to affed beam optics but may be an issue for
magnetic measurements. It is recommended that the measurements be averaged over an
integer number of cable pitch lengths. Also, the slow deca of the large interstrand couging
current loops associated with these periodic oscill ations may contribute to the drifts of the
allowed multipole mefficients observed at low and constant transport current (seesedion on
superconductor magnetization) [59].

6. MECHANIC AL DESIGN



6.1 Support against the Lorentz force

6.1.1 Components of the Lorentz force

The high currents and fields in an acceerator magnet coil produce alarge Lorentz force
on the wnduwtors. In adipde wil, the Lorentz force has three main comporents which are
represented Fig.6 (38, 6Q: (1) an aamuthal comporent which tends to squeezethe il
towards the il asseembly midplane (which, in the @ordinate system defined previoudly,
corresponds to the horizonta (X,Z) plane), (2) a radial comporent which tends to bend the
coil outwardly, with a maximum displacanent at the il asseembly midplane (along the
horizontal x-axis), and (3) an axial comporent, arising from the solenoidal field produced by
the conductor turnaroundat the @il ends and which tends to stretch the @il outwardly (along
the z-axis).

6.1.2 Stability against mechanical disturbances

Since acckerator magnets are operated close to the aiticd current limit of their cables,
the dedromagnetic works produced by minute wire motions in the @il are of the same order
of magnitude & the energy depositions needed to trigger a quench [61]. If the motions are
purely eastic, no hea is disspated and the il remains supercondicting, bu if the motions
are frictional, the asciated hea disspation may be sufficient to initiate aquench. This
leaves two passhiliti es: either to prevent wire or coil motions by providing a rigid suppat
against the various comporents of the Lorentz force or to reduce to a minimum the friction
coefficients between potentially moving parts of magnet assembly.

6.1.3 Conceptual design

The mecdhanicd design concepts used in present accéerator magnets are more or lessthe
same and were developed at the time of the Tevatron [4, 63. Inthe radia diredion: the wils
are onfined within a rigid cavity defined by laminated collars which are locked around the
coil s by means of keys or tie rods. In the azmuthal diredion: the wllars are assembled so as
to pre-compressthe wils. In the aia diredion: the wils either are freeto expand a are
restrained by means of stiff end-plates.

The use of laminated collars pioneged at the Tevatron was a red breathrough in
adiieving a rigid medhanicd suppat while keeping tight tolerances over magnet assemblies
which are afew meters in length and which must be massproduced. The laminations are
usually stamped by a fine blanking processallowing a dimensional acarracy of the order of
one hundredth of a millimeter to be achieved.

6.2 Azimuthal pre-compression

6.2.1 Preventing collar pole unloading

As described abowve, the azmuthal componrent of the Lorentz force tends to squeezethe
coil towards the midplane. At highfields, it may happen that the @il pale turns part from the
collar pales, resulting in variations of coil poe aage which dstort the central field and
creding arisk of mechanicd disturbances. To prevent condwctor displacanents, the wllars
are a®mbled and locked aroundthe wils 2 as to apply an aamuthal pre-compresson. The
pre-compresson is applied at room temperature and must be sufficient to ensure that, after
cooldown and energization, there is still contact between coil pole turns and collar poles.

6.2.2 Pre-compression requirement

To determine the proper level of room temperature azmuthal pre-compresson, at least
three défeds must be taken into acourt: (1) stressrelaxation and insulation creep following



the mllaring operation, (2) thermal shrinkage differentials between coil and collars during
coddown (if any) and (3) stressredistribution die to the azmuthal comporent of the Lorentz
force In addition, the mllaring procedure must be optimized to ensure that the pe&k presaure
seen by the wils during the operation (which may be significantly higher than the residual
pre-compression) does not overstress insulation (p. 1326 of Reference [60]).

The pre-compression loss during cooldowe, can be estimated from
Ac A Ecoil (acoil - acollar) (28)

where Eggjl is the @il Youngs moduus in the azmuthal diredion, and acoil and ocollar &€

the thermal expansion coefficients of the @il (in the azmuthal diredion) and d the mllars,
integrated between room and operating temperatures.

6.2.3 Choice of collar material

To limit cooldown loss it is preferable to use for the llars a material whose integrated
thermal expansion coefficient matches more or less that of the @il. For NbTi coils with
payimide/glass or al-payimide insulation, this suggests the use of auminum aloy (see
Table2). However, and as will be described in the next sedion, it is also desirable that the
collars be asrigid as posgble or have an integrated thermal expansion coefficient approacing
that of low carbon sted. This favors the use of austenitic stainless $ed, which has a lower
integrated thermal expansion coefficient and whaose Youngs moduus is 195 GPa & room
temperature and 203GPa & 4.2K, compared to 72 GPa & room temperature and 80GPa &
4.2 K for aluminum alloy.

When asesdgng the respedive merits of austenitic stainless $ed and aluminum al oy, it
shoud be noted that austenitic stainless $ed presents a better resistance to stresscycling at
low temperature [63], bu that it has a higher density (7800 kgm3 compared to 2800 kgms3
for aluminum alloy) and that it is more expensive.

Thereisnoided solution between stainless $ed and auminum alloy and magnets with
baoth types of collar materials have been bult: HERA dipoe magnets and most LHC dipale
magnet prototypes use duminum alloy collars while Tevatron dpoe magnets and most SSC
dipoe magnet prototypes rely on stainless $ed collars. In any case, and whichever collar
materia is chosen, a thoroughmedanica analysis of the structure under the various loading
conditions is required.

6.3 Radial support

6.3.1 Limiting radial deflections

As described abowe, the radial comporent of the Lorentz force tends to bend the il
outwardly, with a maximum displacement at the il assembly midplane. At high fields, this
bending results in shea stresses between coil turns and in an ovalizaion d the il assembly
along the horizontal x-axis which generates field dstortions. To prevent displacaments or
deformations, the radial defledions of the il aseembly must be limited to, typicdly, less
than 0.05 mm.

6.3.2 Seeking yoke support

The main suppat against the radial comporent of the Lorentz forceis provided by the
collars, whaose stiffness and radial width must be optimized to limit collared-coil assembly
defledions. However, in the magnetic design d high field magnets, the field enhancement
provided by the iron yoke is maximized by kringing it as close & posdble to the wil. This
reduces the spaceleft for the mllars, whose rigidity then bemmes insufficient to hdd the



Lorentz force In such magnets, the yoke and helium containment shell must also be used as
part of the coil support system.

The medhanicd design d magnets where the yoke is needed to suppat the oll ared-coil
asembly is complicaed by the fad that the wllar material (stainless $ed or aluminum)
shrinks more during cooldown than the low-carbonsted used for the yoke (seeTable 2). This
thermal shrinkage differential must be compensated to ensure that, when the magnet is cold
and energized, thereis aproper contad between the oll ared-coil assembly and the yoke dong
the horizontak-axis.

The aforementioned thermal shrinkage differentia),can be estimated as
Ar =Reollar (collar - @yoke) (29

where Reollor is the wllar outer radius and ayoke IS the therma expansion coefficient of the
yoke, integrated between room and operating temperatures.

To limit contad lossalongthe horizontal diameter it is preferable to use for the wllars a
material whaose integrated thermal expansion coefficient approadhes that of low-carbon sted.
This suggests the use of austenic stainless sed (seeTable 2). However, and as was described
in the previous fdion, it isaso desirable to limit the cadown lossof coil pre-compresson,
which favors the use of aluminum alloy.

Table 2

Integrated thermal expansion coefficients between 4.2 K and room temperat8ira/(tp

Low-carbon steel 2.0
Stainless steel (304/316) 2.9
Copper (OFHC) 3.1
Aluminium 4.2
Insulated cable (polyimide/glass) 5.1a)
Insulated cable (all-polyimide 5.6 a)

a) transverse direction; design specific

6.3.3 Mechanical design with positive collar/yoke interference

If the thermal shrinkage differential between collar and yoke is nat too large (as in the
case of stainlesssted collars), it can be cmpensated by introducing a positive ollar-yoke
interference & room temperature. The ais alongwhich this interferenceis introduced drives
the dhoice of yoke split orientation: the SSC dipole magnet prototypes built at BNL use a
horizontall y-split yoke with a paositive ollar-yoke interference dong the verticd y-axis as
shown in Fig. 1X(a), while the SSC dipole magnet prototypes built at FNAL use averticdly-
split yoke with a positive @llar-yoke interference dong the horizontal x-axis as sown in
Fig.11(b) [64]. Both types of magnets performed very well.
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6.3.4 Mechanical design with yoke midplane gap

For large thermal shrinkage differentials (as in the cae of aluminum collars), the
required pasitive ollar-yoke interference d room temperature would owerstressthe ll ared-
coil assembly and a diff erent mechanicd design must be used. The twin-aperture LHC dipde
magnet prototypes with aluminum collars rely on a verticdly-split yoke with an open gap at
room temperature and a welded outer shell made of a material (stainless $ed or aluminum)
that shrinks more during cooldown than the low carbon steel yoke [65].

In these magnets, the yoke is designed so that, when pacel around the llared-coil
asembly at room temperature with no pesaure gplied to it, there remains an opening
between the two yoke halves of the order of the expeded thermal shrinkage differential.
Furthermore, the outer shell is designed so as to apply onthe yoke halves a mmpressve load
which forces a progressve dosing d the yoke midplane gap duing cooddown. This
compressve load arises from weld shrinkage & room temperature and from thermal shrinkage
differential between yoke and shell during coodown. As aresult, the two yoke halves foll ow
the shrinkage of the ollared-coil assembly and maintain a @ntad aong its horizontal
diameter.

A crucia issuein such adesignisthe aility of keguing atight tolerance (of the order of
0.1 mm) on the yoke midplane gap duing magnet production (for a gap too close may result
in coil overstressng while agap too open may result in contad loss during cooldown). In
some LHC prototypes, the yoke midplane gap is controlled by means of aluminum spaces
locaed between the two yoke halves[66]. The spaces are dimensioned to have aspring rate
similar to that of the mllared-coil assembly and they prevent the gap from closing at room
temperature. During coodown, havever, they shrink more than the yoke and cease to be
effective.

6.3.5 RHIC magnets

In RHIC magnets, collar and yoke designs are dtogether simplified by repladng the
collars by reinforced plastic spaces and by wsing dredly the yoke to pre-compressthe one-
layer coils[67]. It remains to be seen if this gructure wmuld be scded-up to higher field
magnets.



6.4 End support

As described abowe, the axia comporent of the Lorentz force tends to stretch the il
outwardly alongthe z-axis. In magnets where the yoke is not needed to suppat the wllared-
coil asembly, a deaance can be left between the two. If the aial stresses resulting from the
Lorentz forcedo nd excee the yield stress it is posgble to let the allared-coil assembly free
to expand within the iron yoke. This is the cae of the quadrupde magnets designed at
CEA/Saday for HERA, SSC and LHC [68]. However, in magnets where there is contad
between collar and yole, it is esential to prevent stick/dlip motions of the laminated collars
against the laminated yoke and to provide atiff suppat against the aial comporent of the
Lorentz force[60, 69. The ends of SSC and LHC dipde magnet coil s are amntained by thick
stainless steel end plates welded to the shell.

7. MAGNET COOLING

7.1 Superconductor critical temperature

The supercondicting state only exists at temperatures below the so-cdled critical
temperature, Tc. For NbTi, Tc can be estimated as a function d applied magnetic flux

density,B, using

B 1.7

Tc=Tco (l _—BCZOJ (30)
where Tco is the aiticd temperature & zero field (abou 9.2 K) and Bcog is the upper criticd
magnetic flux density at zero temperature (about 14.5 T).

7.2 Boiling and supercritical helium cooling

To achieve low temperatures and ensure stable operation against thermal disturbances,
the accéerator magnet coils are immersed in liquid helium. Helium is a ayogenic fluid
whose presare-temperature phase diagram is presented in Fig. 12 [70]. Its baling
temperature is 4.22 K at 1 atmospherat(hosphere A 0.1 MPa).

Small supercondiwcting magnet systems wusualy rely on baling heium at
1 atmosphere[71]. Using baling helium offers the advantage that, as long as the two phases
are present, the temperature is well determined. However, in large scde gplications, such as
supercondicting particle accéerators, the fluid is forced to flow through numerous magnet
cryostats and long cryogenic lines, where hea le&ks are unavoidable. The hea le&s result in
increases in vapor contents and crede arisk of gas pocket formation that may block
circulation.

The dorementioned dfficulty can be drcumvented by taking advantage of the fad that
helium exhibits a aiticd point at a temperature of 5.2 K and a presaure of 0.226 MPa (see
Fig. 12). For temperatures and presaures beyondthe aiticd paoint, the liquid and vapor phases
bewmme indistingushable. The single-phase fluid, which is cdled supercritical, can be
handed in a large system withou risk of forming gas pockets. However, its temperature,
unlike that of bailing helium, is not constant and may fluctuate as the fluid circulates and is
subjeded to hea losses.
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The ayogenic systems of Tevatron, HERA, and RHIC combine singe-phase and two-
phase helium [71]. In the cae of Tevatron and HERA, the inside of the magnet cold masss
are ooled by aforced flow of supercriticd helium whil e two-phase helium is circulated in a
pipe runnng a the mld mass periphery (around the ollared-coil assembly for Tevatron
magnets, in a bypasshale in the iron yoke for HERA magnets). In the cae of RHIC, only
supercriticd helium is circulated throughthe magnet cold masses, while so-cdled re-codlers,
consisting d heda exchangers using two-phase helium as primary fluid, are implemented at
regular intervals alongthe ayogenic lines. In these systems, the bailing liquid is used to limit
temperature rises in the single-phase fluid.

7.3 Superfluid-helium cooling

A particularity of helium is the occurrence of superfluidity [70]. When coodling davn
bailing helium at 1 atmosphere, it stays liquid urtil a temperature of the order of 2.17K,
where there gpeas a phase transition. For temperatures below 2.17 K (at 1 atmosphere)
helium looses its viscosity and becomes a supercondictor of hea. This property, urnique to
helium, is cdled superfluidity. Superfluidity is very similar to supercondctivity, except that,
instead of eledricd conductibility, it is the therma conductibility that becomes infinite. The
transition temperature between the liquid and superfluid phaeses depends on presaure. It is
called thdambda-temperaturer;.

The LHC magnets are cadled by superfluid helium and their operating temperature is st
a 1.9K [72]. Deaeaing the temperature improves dramaticdly the aurrent carying
cgoability of NbTi and allows higher fields to be readed. (For NbTi, the aurve "criticd
current density as a function d fied" is difted by a @&ou +3 T when lowering the
temperature from 4.2K to 1.9K.) The feasibility of large scde ayogenic installation relying
on superfluid helium has been demonstrated by Tore Supra, a supercondwcting tokamak built
at CEA/Cadarache (Commissariat al'Energie Atomique a& Cadarache nea Aix en Provencein
the South of France) and operating since 1988

7.4 Magnet cryostat

To maintain the magnet cold masses at low temperature it is necessary to limit hea
loses. There ae three medhanisms of hea transfer [74]: (1) conwvedion, (2) radiation and
(3) conduwction. The mnwedion losses are diminated by mourting the @ld masss into
cryostats which are evaauated [71, 79. Theradiationlosses, which vary like the fourth power
of wall temperature, are reduced by surroundng the mld masss with thermal shields at
intermediate temperatures. The main sources of condiction losses are the suppat posts, the
power leals and the ayogenic feedthrougls which must be designed to present high thermal
resistances.



8. QUENCH PERFORMANCE

As explained in the operating marging sedion, the maximum quench current, lgm, of a
magnet at a given operating temperature can be estimated from the aiticd current of the cdle
and the pe&k field onthe il. It corresponds to the ultimate aurrent carrying cegpability of the
cable and can only be raised by lowering the operating temperature.

When energizing a supercondicting magnet, the first quenches usually occur at currents
below Igm (Chapter 5 of Reference [76]0. In most cases, however, it appeas that, upon
successve energizaions, the quench currents gradually increase. This gradual improvement
is cdled the magnet's training. The training dften leads to a stable plateau correspondng to
the maximum quench current.

Quenches below the expeded maximum quench current have & least four origins:
(1) energy depasition in the magnet coil resulting from frictional motions under the Lorentz
force (2) energy deposition from beam losses, (3) hea disspation from cougding currents in
the cdle and (4) current imbalances among cable strands. Quenches of the first origin are
reveding d flaws in the mechanicd design a in the asmbly procedures which must be
anayzed and correded. The dfeds of beam losses can be reduced by implementing an
intercepting screen within the beam tube. Couping losses and current imbalances are only of
concern for fast current cycles.

When operating an acceerator made of several hundeds or even severa thousands of
supercondicting magnets, it canna be tolerated that magnets quench at randam. Hence, the
magnets must be designed with a safe margin above the maximum operating current of the
madhine. In addition, systematic tests must be caried ou before installing the magnets in the
tunrel to ensure that their quench performance is adequate and dces not degrade upon
extended current and thermal cycling [77].

9. QUENCH PROTECTION

9.1 The effects of a quench

Althoughmost R&D programs have been successul in developing magnet designs that
can be massproduced and med accéerator requirements, quenches do cccur in acceerator
operations. These quenches must be handled in arder to avoid any damage of the quenching
magnet, to ensure the safety of the installation and to minimize down time.

The most damaging effeda of a quench is that, once avolume of conductor has switched
to the norma resistive state, it disspates power by the Joue dfed (Chapter 9 of
Reference[76]). Most of this power is consumed locdly in heding the conductor. In avery
short time (typicdly: a few tenths of a second), the condwctor temperature can read room
temperature, and, if the magnet is not discharged, keeps on increasing.

To discharge aquenching magnet, all its gored magnetic energy must be disspated into
resistive power. If the quench propagates very slowly, there is arisk that a large fradion o
the stored energy be disspated in a small volume of condwctor. In the cae of a string o
magnets conreded eledricdly in series, it may even happen that the energy of the whole
string be disgpated in the quenching magnet. Hence to prevent burnou, it is necessary to
ensure that the normal resistive zone spreads rapidly throughou the quenching coil. This can
be dore by means of heaers, implemented nea the magnet coil s andfired as onas a quench
is detected. These heaters are referred quesch protection heaters



In comparison to ather supercondicting magnets, storage ring magnets do require an
adive quench protedion system because of the rapidity of the temperature rise resulting from
the high current density and the low fraction of stabilizing copper in the cable strands.

9.2 Conductor heating

9.2.1 Maximum temperature requirement

The temperature rise cnseautive to a quench must be limited for at least threereasons:
(2) to restrict the thermal stresses induced in the quenching coil, (2) to prevent degradation o
superconductor properties, and (3) to avoid insulation damage.

For most materials, thermal expansion starts to be significant for temperatures above
100K. The aiticd current density of NbTi is affeded by exposure to temperatures above
250°C. The degradation amplitude depends on the temperature level and onthe duration o
the expaosition: at 250°C, it takes of the order of 1 hour to get a significant degradation, while
it may take lessthan a minute & 400-450°C [78]. Finaly, the payimide materials used to
insulate NbTi cables loose most of their mechanical properties for temperatures abt®@e 500
It foll ows that an upger limit for condwctor heaing conseautively to a quench is 400°C. Most
magnets are designed na to exceald 300to 400K, and whenever possble, the limit shoud be
set to 100 K.

9.2.2 Estimating hot spot temperature

The volume of condctor that heas up the most significantly during a quench is the spat
where the quench first originated. It is cdled the hat spot. An upper limit of the hot spot
temperature, Tmax, Can be determined by assuming that, nea the hot spat, al the power
disgpated by the Joule dfed is used to hea up the cmndwctor. Integrating the hea balance
equation yields

T c(m =
2 [ dTQZf dt 1()2 (31)
To p(T) 1o

where C is the overall speafic hea per unit volume of conductor, p is the overall condictor
resistivity in the normal state, Sis the cnductor crosssediona area | isthe airrent, Tg isthe
coil temperature before quench dpds the time of quench start.

The left member of Eq. (31) depends only on conduwctor properties while the right
member depends only on the dharaderistics of current decay. The right-hand side integral,
divided by 1@, iscdled the MII T integral (Megal times| versus Timeintegral) and its value
isreferred to as number of MIITs. The maximum temperatures computed from the numbers of
MII Ts have been shown to be in fairly goodagreement with acdual measurements of hot spat
temperatures on quenching magnets [79].

9.2.3 Limiting hot spot temperature

The hot spot temperature can be limited by ading on either member of Eq. (31).
Regarding the left member, the only conceivable adion is to reduce the overall condwctor
resistivity by increasing the mpper-to-supercondictor ratio. However, and as explained in the
condwctor sedion, the apper-to-supercondictor ratio must also be optimized to ensure ahigh
overal criticd current. Regarding the right member, the MIIT integral can be minimized by
(1) deteding the quench as onas paossble, (2) turning df the power suppy (case of asingle



magnet) or forcing the aurrent to bypass the quenching magnet (case of a magnet string),
(3) firing the quench protedion heaers and (4) discharging the quenching magnet or the
magnet string.

9.3 Quench detection

The magnets are onreded to quench detedion systems which monitor the occurrence
of aresistive voltage in the il windings or the wils leads. The resistive voltage has to be
discriminated from inductive voltages arising from magnet ramping. The inductive
comporents are caxcded ou by considering vdtage differences aaoss two identica coil
asemblies or two identicd parts of a given coil assembly (e.g., the upper and lower half coils
in a dipoe magnet). When the resistive voltage exceeals a preset threshold ower a time
excealing a preset duration, the detedion system generates a trigger which signals the
occurrence of a quench.

9.4 Protection of a single magnet

9.4.1 Time constant of current discharge

Let usfirst consider the cae of asingle magnet. Once aquench is deteded, the power
supdy is turned off and the magnet is switched to an external dump resistor, Rext. The time
constant of the current decay s given by

Lm
T =Ry + Rext (32)

where Ly, is the magnet indwctance and Ry(t) is the developing resistance in the quenching
coils. Furthermore, the total voltage across the mayprgts given by

Vim = Rext 1(1) (33)
wherel is the current intensity.
To limit the number of MIITs, it is desirable to have ashort time cnstant. Equation
(32) showsthat small 7 values are obtained either by means of alarge Rext or by ensuring that
Rq(t) increases rapidly. For some magnets, an externa resistor can be used to extrad a
significant fradion d the stored magnetic energy. However, it is also required to kegp Vi, to
areasonable level (typicdly: lessthan 1kV) to avoid insulation kreakdown. Given the order
of magnitude of | (up to 15 KA), this impases a small Rext (typicdly: a few hundedth of
ohms) which, in case of aquench, is oon overcome by Rq(t). Hence, in storage ring magnets,
the aurrent decy is largely dominated by the resistance development in the quenching coils
and the time constant can only be reduced by speediRg()p

9.4.2 Maximum voltage to ground

The developing resistance in the quenching coil separates the il impedance into
several parts (p. 137 ¢ Reference[2]): unquenched parts aaosswhich the voltage is mainly
inductive and quenched parts acosswhich the voltage is mainly resistive. The resistive and
inductive voltages compensate eat ather partialy so that their sum equals Vin. The voltage
distribution with resped to ground apends on the respedive sizes and locaions of these
various parts. The more uniform the quench development, the lower the maximum voltage to
ground. As an illustration, Fig. 13 shows the voltage distribution in a quenching magnet.
Here, Vim is assumed to be nil and Ry is assumed to be concentrated at about two-thirds of the
magnet length.
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9.4.3 Quench protection heaters

As described ealier, to spead up and uriformize quench development, acceerator
magnets rely on guench protedion heaers which are fired as ©on as a quench is deteded.
The heders are usualy made of stainlesssted strips, which are cpper clad at regular
intervals aongtheir lengths and which are placal onthe outer surfaceof the il assemblies.
Note, however, that the heaer firing unt relies on a cgadtor bank and that it takes sme time
for the energy to berelessed. Note dso that the heaers have to be dedricdly insulated from
the il and that this eledricd insulation introduces a thermal barrier. As aresult, thereis a
nornegligible delay between the firing d the heaers and its effed onthe wils, during which,
one hasto rely on retural quench propagation [80]. The heders and their implementations in
the magnet assembly are optimized to reduce this delay.

9.5 Protection of a magnet string

In an accéerator, the magnet ring is divided into several sedors constituted of series-
conreded magnets. The sedors are powered independently and are dedricdly independent.
Once aquench is deteded in a magnet, the power suppdy of the sedor to which the magnet
belongs is turned off and the sector is discharged over a dump resistor.

Unlikein the cae of asingle magnet, the aurrent decay rate in the sedor must be limited
for at least two reasons: (1) prevent the indwction d large wuging currents in the magnet
coil s (which may guench the remaining magnets in the sedor, resultingin goba warming and
significant helium venting), and (2) avoid the occurrence of unacceptable voltages to ground
(because of the large overal inductance of the sedor). A too slow deca rate, however,
credes the risk that a significant fradion d the total energy stored in the sedor be disgpated
in the quenching magnet, resulting in destructive overheating.

These mntradictory considerations can be cnciliated by forcing the aurrent to bypess
the quenching magnet and by ramping the aurrent down at the desired rate in the remaining
un-quenched magnets. The bypass elements consist of diodes (or thyristors) conreded in
parale to individual or small groups of magnets, as s1ownin Fig. 14. Aslongas the magnets
are superconducting, the aurrent flows throughthe magnets. Once amagnet has quenched and
starts to develop aresistive voltage, the main current is bypassed throughthe diode mnreded
in parallel and the quenching magnet is discharged ower the diode drcuit. The time constant
of the discharge is smilar to that given by Eq. (32), except that Rext has to be replacel by the
resistance associated with the bypass elergnt,
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Fig. 14 Electrical circuit of a quenching magnet in a magnet string [2].

HERA, RHIC and LHC rely on silicon dodes which are mourted inside the helium
cryostats and operate & cryogenic temperatures. The main requirements for these cld dodes
are[81]: (1) small forward vdtage and low dynamic resistance (to limit power disspation in
the diodes), (2) good radiation hardness and (3) large badkward vdtage. In the cae of
Tevatron, which has a short current ramp time resulting in large inductive voltages aaossthe
bypass elements, the diodes are replacel by thyristors operating as fast switches [82]. The
thyristors are locaed ouside the magnet cryostats and require alditional power leals and
cryogenic feedthroughs.

The protedion system of the magnet ring must be caefully designed and thorougHy
tested before starting upthe maciine. The system tests are usually carried out ona cdl or a
half-cell representative of the magnet lattice and all failure modes are investigai®sl] [83

10. BRIEF SUMMARY

As of today, two large supercondicting storage rings, Tevatron and HERA, have been
built and are reliably operating, and work is under way on two ather supercondcting
colliders: RHIC and LHC. The mnstruction d RHIC is nea completion and the industrial
contracts for the mass production of LHC magnets will soon be awarded.

Sincethe time of Tevatron, afador of abou two has been gained onthe aiticd current
density of NbTi at 4.2K and 5T and a dipde field of 10.5T has been reated on a short
model magnet relying onNbTi cables at 1.8 K. In the last yeas, encouraging results have
been oltained ona wupe of short dipole magnet models relying onNbzSn cables, which may
open the 1@o 15 T range.

ACKNOWLEDGMENTS

The aithor wishes to thank L. Bottura, H. Desportes, JM. Rifflet and F. Simon for their
comments on the manuscript.



REFERENCES

[1]

[2]

[3]

[4]

[S]

[6]

[7]

[8]

[9]

[10

[11]

[12]

[13]

D.A. Edwards and M.J. Syphers, An Introduction to the Physics of High Energy Particle
Accelerators New York: John Wiley & Sons, 1993.

K.-H. Mess P. Schmuser and S. Wolf, Supercondwcting Accderator Magrets,
Singapore: World Scientific, 1996.

H.T. Edwards, The Tevatron energy douber: a supercondcting accéerator, Ann. Rev.
Nucl. Part. Sci.35: 605660 (1985).

A.V. Tollestrup, Supercondicting magnets. In R.A. Carrigan, F.R. Huson and M. Month
(eds.), Physics of High Energy Accderators, AIP Conference Procealings. 87: 699-804,
1982.

B.H. Wiik, The status of HERA, Conference Record o the 1991 IEEE FRarticle
Accelerator Conferen¢géEEE catalogu®1CH3038-7: 29052909, 1991.

R. Meinke, Superconduwcting magnet system for HERA, |IEEE Trans. Magn, 27(2):
1728-1734, 1991.

V.l. Babekov and G.G. Gurov, IHEP accderating and storage @wmplex: status and
posshility of B—fadory, Nuclear Instruments and Methods in Physics Research, A 333
189-195, 1993.

A.V. Zlobin, UNK supercondicting magnets development, Nuclear Instruments and
Methods in Physics Researéh333 196-203, 1993.

R.F. Schwitters, Future hadron colli der: the SSC. In JR. Sanford (ed.), Procealings of
the 26th Internationd Conference on High Energy Physics, AIP Conference
Proceeding272 306-320 (1993).

R.l. Schermer, Status of supercondicting magnets for the supercondicting super
collider,IEEE Trans. Magn.30(2): 15871594, 1994.

H. Foelsche, H. Hahn, M. Harrison, S. Oz&i and M.J. Rhoades-Brown, The relativisitc
heavy ion collider, RHIC. In H. Schopper (ed.), Advances of Accderator Physics and
Tedhndogies, Advanced Series on Diredions in High Energy Physics 12, Singapore:
World Scientific, 104131, 1993.

A. Greene, M. Anerdla, J. Cozzolino, J. Escdlier, D. Fisher, G. Ganetis, A. Ghaosh,
R. Gupta, A. Jain, S. Kahn, E. Kdlly, R. Lebel, G. Morgan, A. Morgillo, S. Mulhall, J.
Muratore, S. Plate, A. Prodell, M. Rehak, W. Sampson, R. Thomas, P. Thompson, P.
Wanderer and E. Willen, The magnet system of the relativistic heavy ion collider
(RHIC), IEEE Trans. Mag.32(4): 20412046, 1996.

L.R. Evans, The large hadron collider projed. In T. Haruyama, T. Mitsui and
K. Yamafuji (eds.), Procealings of the 16th Internationd Cryogenic Engineeing



[14]

[19]

[16]

[17]

[18]

[19]
[20]

[21]
[22]

[23]

[24]

[23]

[26]

[27]

[28]

ConferencéInternationd Cryogenic Materials Conference, London Elsevier, 45-
52 (1997).

R. Perin, Status of LHC programme and magnet development, IEEE Trans. Appl.
Supercond.5(2): 189-195, 1995.

M.N. Wilson, Supercondicting magnets for acceerators. a review, |IEEE Trans. Appl.
Supercond.7(2): 727732, 1997.

A. den Ouden, S. Wessl, E. Krooshoop and H ten Kate, Applicaion o Nb3Sn

supercondictors to high-field accéerator magnets, IEEE Trans. Appl. Sugrcond, 7(2):
733-738, 1997.

R. Scanlan, private communication, 1997.

E. Gregory, Conventional wire and cable techndogy. In M. Month and M. Dienes (eds.),
The Pysics of Particle Accderators, AIP Conference Procealings 2492): 1198-1229,
1992.

L. Bottura, private communication, 1997.

D.C. Larbalestier and P.J. Lee New development in niobium titanium supercondtctors,
Procealings of the 1995 IEEE PRarticle Accderator Conference, |EEE caaogue
95CH35843 1276-1281, 1996.

D. Leroy, private communication, 1995.

L.T. Summers, M.W. Guinan, J.R. Miller and P.A. Hahn, A model for the prediction d
NbzSn criticd current as a function d field, temperature, strain and radiation camage,

IEEE Trans. Magn.27(2): 20412044, 1991.

R. Aymar, Overview of the ITER projed. In T. Haruyama, T. Mitsui and K. Yamafuji
(eds.), Procealings of the 16th Internationd Cryogenic Engineeing Conference/
International Cryogenic Materials Conferendeondon: Elsevier, 5359 (1997).

P. Bruzzone, H.H.J. ten Kate, C.R. Walters and M. Spadoni, Testing d industrial Nb3Sn
strands for high field fusion magnelSEE Trans. Magn.30(4): 1986-1989, 1994.

D.C. Larbaestier, The road to condictors of high temperature supercondtctors: 10 yeas
do make a differencelEEE Trans. Appl. Supercond(2): 90-97, 1997.

JM. Royet and R.M. Scanlan, Manufadure of keystoned flat supercondicting cables for
use in SSC dipole$=EE Trans. Magn.MAG-23(2): 480483, 1987.

M.N. Wilson and R. Wolf, Calculation d minimum quench energies in Rutherford-type
cables]EEE Trans. Appl. Supercond(2): 956-953, 1997.

A .K. Ghosh, W.B. Sampson and M.N. Wil son, Minimum quench energies of Rutherford
cables and single wirekEEE Trans. Appl. Supercond(2): 954957, 1997.



[29]

[30]

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

[39]

[40]

[41]

T. Shintomi, A. Terashima, H. Hirabayshi, M. Ikeda and H |i, Development of large
keystone ange cdle for dipole magnet with ided arch structure, Advances in Cryogenic
Engineering (Materials)36(A): 323-328, 1990.

R.M. Scanlan and JM. Royet, Recent improvements in supercondicting cable for
acceerator dipole magnets, Conference Record o the 1991 IEEE Farticle Accderator
ConferencelEEE catalogu®1CH3038-7: 2155-2157, 1991.

D. Richter, J.D. Adam, JM. Depond,D. Leroy and L.R. Oberly, DC measurements of
eledricd contads between strands in supercondcting cables for the LHC magnets,
IEEE Trans. Appl. Supercond(2): 786-792, 1997

JM. Depond,D. Leroy, L.R. Oberly and D. Richter, Examination d contads between
strands by eledricd measurement and topogaphicd anaysis, IEEE Trans. Appl.
Supercond.7(2): 793-796, 1997

JD. Adam, D. Leroy, L.R. Oberly, D. Richter, M.N. Wilson, R. Wolf, H. Higley, A.D.
Mclnturff, R.M. Scanlan, A. Nijhuis, H.H.J. ten Kate and S. Wessl, Rutherford cables
with anisotropic transverse resistance, IEEE Trans. Appl. Sugrcond, 7(2): 958-961,
1997.

R.A. Haaman and K.D. Williamson, Jr., Eledricd Bre&kdown and tradking
charaderistics of pulsed high vdtages in cryogenic helium and ritrogen, Advances in
Cryogenic Engineerin21: 102-108, 1975.

P. Védrine, JM. Rifflet, J. Perot, B. Gallet, C. Lyraud, P. Giovannon, F. Le Coz,
N.Siegel and T. Tortschanoff, Medanicd tests on the prototype LHC lattice
quadrupolelEEE Trans. Magn.30(4): 2475-2478, 1994,

M. Anerella, A.K. Ghash, E. Kelly, J. Schmalzle, E. Will en, J. Fraivilli g, J. Ochsner and
D.J. Parish, Improved cable insulation for supercondwcting magnets, Proceeadings of the
1993 Particle Accelerator Conferend&EE catalogu®3CH3279-7: 27906-2792, 1993.

G.H. Morgan, Shaping d magnetic fields in bean transport magnet. In M. Month and
M. Dienes (eds.), The Pysics of Particle Accderators, AIP Conference Procealings
2492): 12421261, 1992.

R.C. Gupta, S.A. Kahn and G.H. Morgan, SSC 50 mm dipole adoss £dion. In J. Nonte
(ed.),Supercollider 3New York: Plenum Press, 5899, 1991.

A. Devred and T. Ogitsu, Ramp-rate sensitivity of SSC dipole magnet prototypes. In S.I.
Kurokawa, M. Month and S. Turner (eds.), Frontiers of Accderator Techndogy,
Singapore: World Scientific, 18308, 1996.

H.H.J. ten Kate, H. Weijers, S. Wessl, H. Boschman and L.J.N. van de Klundert, The
reduction d the aiticd current in Nb3Sn cables under transverse forces, IEEE Trans.

Mag., 28(1): 715-718, 1992.

R.C. Gupta, private communication, 1997.



[42]

[43]

[44]

[49]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

JM. Cook, Strain energy minimization in SSC magnet winding, IEEE Trans. Mag.,
27(2): 1976-1980, 1991.

J.S. Brandt, N.W. Bartlett, R.C. Bossert, JA. Carson, J.J. Konc, G.C. Leg J.M. Cook, S.
Caspi, M.A. Gordon and F. Nobrega, Coil end design for the SSC collider dipde
magnet, Conference Reaord of the 1991 IEEE Rarticle Accderator Conference |IEEE
catalogue91CH3038-7: 21822184, 1991.

T. Garavaglia, K. Kauffmann and R. Stiening, Applicaion d the SSCRTK numericd
simulation pogram to the evaluation d the SSC magnet aperture. In M. MacAshan
(ed.),Supercollider 2New York: Plenum Press, 586, 1990.

T. Ogitsu and A. Devred, Influence of azmuthal coil size variations on magnetic field
harmonics of supercondwcting particle accéerator magnets, Rev. i, Instrum., 65(6):
1998-2005 (1994).

C.P. Bean, Magnetization d high-field supercondictors, Review of Modern Physics,
36(1), pp. 3139 (1964).

H. Brick, R. Meinke, F. Miller and P. schmuser, Field dstorsions from persistent
magnetization currents in the supercondwcting HERA magnets, Z. Phys. C — Particles
and Fields 44: 385-392 (1989).

R.W. Hanft, B.C. Brown, D.A. Herrup, M.J. Lamm, A.D. MclInturff and M.J. Syphers,
Studies of time dependent field dstorsions from magnetization currents in Tevatron
superconducting dipole magneiSEE Trans. Magn.25(2): 16471651, 1989.

A. Devred, J. DiMarco, J. Kuzminski, R. Stiening, J. Tompkins, Y. Yu, H. Zheng,
T. Ogitsu, R. Hanft, P.O. Maaur, D. Orrisand T. Peterson, Time decay measurements of
the sextupde comporent of the magnetic field in a4-cm aperture, 17-m-long SSC dipale
magnet prototype, Conference Rewrd o the 1991 IEEE FRarticle Accderator
ConferencelEEE catalogu®1CH3038-7: 24806-2482, 1991.

F. Willeke and F. Zimmermann, The impad of persistent current field errors on the
stability of the proton keam in the HERA proton ring, Conference Record of the 1991
IEEE PRarticle Accderator Conference, IEEE caaogue 91CH3038-7: 2483-2487,
1991.

L. Bottura, L. Walckiers and R. Wolf, Field errors decay and "snap-badk" in LHC model
dipoles,|IEEE Trans. Appl. Supercond(2): 602605, 1997.

P.W. Anderson, Flux creep in hard supercondictors, Phys. Rev. Letters, 9(7): 309-311,
1962.

H. Brick, D. Gall, J. Krzywinski, R. Meinke, H. Preissner, M. Halemeyer, P. Schmiser,
C. Stolzenbug, R. Stiening, D. ter Avest, L.JM. van de Klundert, Observation d a
periodic pattern in the persistent-current fields of the supercondiwcting HERA magnets,
Conference Record of the 1991 IEEE PRarticle Accderator Conference |IEEE cataogue
91CH3038-7: 2149-2151, 1991.



[54]

[59]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

A K. Ghaosh, K.E. Robins and W.B. Sampson, Axial variations in the magnetic field of
superconducting dpales and quadrupdes, Proceedings of the 1993 Particle Accderator
ConferencelEEE catalogu®3CH3279-7: 2742-2743, 1993.

A. Akhmetov, A. Devred, R. Schermer and R. Mints, Current loop cecay in Rutherford-
type cables. In P. Hale (edupercollider 5New York: Plenum Press, 44816 (1994).

L. Krempanski and C. Schmidt, Influence of a longtudinal variation o dB/dt on the
magnetic field distribution o supercondicting accéerator magnets, Appl. Phys. Lett.,
66(12): 15451547, 1995.

A.P. Verwej, Boundary-induced couding currentsin a 1.3 m Rutherford-type cdle due
to a locally applied field changlsEE Trans. Appl. Supercond(2): 276-273, 1997.

L. Bottura, L. Walckiers and Z. Ang, Experimental evidence of boundry induced
couding currents in LHC prototypes, IEEE Trans. Appl. Sugrcond, 7(2): 801-804,
1997.

R. Stiening, private communication, 1991.

A. Devred, T. Bush, R. Coombes, J. DiMarco, C. Goodzeat, J. Kuzminski,
M. Puglisi, P. Radusewicz, P. Sanger, R. Schermer, G. Spigo, J Tompkins,
J. Turner, Z. Wolf, Y. Yu, H. Zheng, T. Ogitsu, M. Anerell g, J. Cottingham, G. Ganetis,
M. Garber, A. Ghosh, A. Greeng, R. Gupta, J. Herrera, S. Kahn, E. Kelly, A. Meale,
G. Morgan, J. Muratore, A. Prodell, M. Rehak, E.P. Rohrer, W. Sampson, R. Shuit,
P. Thompson, P. Wanderer, E. Willen, M. Bleadon, R. Hanft, M. Kuchnir, P. Mantsch,
P.O. Maaur, D. Orris, T. Peterson, J. Strait, J. Royet, R. Scanlan and C. Taylor, Abou
the mechanics of SSC dipde magnet prototypes. In M. Month and M. Dienes (eds.),
The Pysics of Particle Accderators, AIP Conference Procealings 2492): 1309-1374,
1992.

T. Ogitsu, K. Tsuchiya and A. Devred, Investigation d wire motion in supercondtcting
magnets|EEE Trans. Magn.27(2): 21322135, 1991.

K. Koepke, G. Kaberfleisch, W. Hanson, A. Tollestrup, J. OMeaa and J. Saaivirta,
Fermilab doulber magnet design and fabricaion techniques, IEEE Trans. Magn, MAG-
15(1): 658661, 1979.

D. Perini, N. Gaante, J. Gilguin, G. Patti and R. Perin, Measurements of the resistance
to stresscyclingat 4.2K of LHC dipde wllars, IEEE Trans. Magn, 30(4): 1754-1757,
1994.

A. Devred, T. Bush, R. Coombes, J. DiMarco, C. Goodzet, J. Kuzminski, W. Nah, T.
Ogitsu, M. Puglisi, P. Radusewicz, P.Sanger, R.Schermer, R. Stiening, G. Spigo,
J. Tompkins, J. Turner, Y. Yu, Y.Zhao, H.Zheng, M. Anerdla, J. Cottingham,
G. Ganetis, M. Garber, A. Ghosh, A. Greene, R Gupta, A. Jain, S. Kahn, E. Kdly,
G. Morgan, J. Muratore, A. Prodell, M. Rehak, E. P. Rohrer, W Sampson, R. Shuitt, R.
Thomas, P. Thompson, P. Wanderer, E. Willen, M. Bleadon, R. Bossrt, J. Carson, S.
Delchamps, S. Gourlay, R. Hanft, W. Koska, M. Kuchnir, M. Lamm, P. Mantsch, P.O.



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]
[73]

Maaur, D. Orris, J. Ozdis, T.Peterson, J. Strait, M. Wake, J. Royet, R. Scanlan
and C. Taylor, Review of SSC dipde magnet mecdhanics and guench performance In
J.Nonte (ed.),Supercollider 4New York: Plenum Press, 141336 (1992).

D. Leroy, R. Perin, D. Perini and Y. Yamamoto, Structural analysis of the LHC 10 T
twin-aperture dipde. In T. Sekiguchi and S. Shimamoto (eds.), Procealings of the 11-th
Internationd Conference on Magret Techndogy, London Elsevier Applied Science,
159-164 (1990).

E. Acerbi, M. Bona, D. Leroy, R. Perin and L. Ross, Development and fabricaion o
the first 10 m long supercondicting dpole prototype for the LHC, IEEE Trans. Magn,
30(4): 1793-1796, 1994.

P. Wanderer, J. Muratore, M. Anerella, G. Ganetis, A. Ghash, A. Greene, R. Gupta, A.
Jain, S. Kahn, E. Kdly, G. Morgan, A. Prodell, M. Rehak, W. Sampson, R. Thomas, P.
Thompson and E. Will en, Construction and testing o arc dipdes and quadrupdes for
the relativistic heavy ion collider (RHIC) at BNL, Procealings of the 1995 Particle
Accelerator Conferen¢géEEE catalogu®5CH35843 1293-1297, 1995.

JM. Baze D. Cacait, M. Chapman, J.P. Jacquemin, C. Lyraud, C. Michez Y. Pabat, J.
Perot, JM. Rifflet, J.C. Toussaint, P. Védrine, R. Perin, N. Siegel and T. Tortschanoff,
Design and fabrication d the prototype superconducting quedrupde for the CERN LHC
project,IEEE Trans. Magn.28(1): 335-337, 1992.

J. Strait, B.C. Brown, R. Hanft, M. Kuchnir, M. Lamm, R. Lundy, P. Mantsch,
P.O. Maaur, A. Mcinturff, JR. Orr, J.G. Cottingham, P. Dahl, G. Ganetis, M. Garber, A.
Ghaosh, C. Goodzet, A. Greaene, J. Herrera, S. Kahn, E. Kdly, G. Morgan, A. Prodell,
W. Sampson, W. Schneider, R. Shutt, P. Thompson, P. Wanderer, E. Willen, S. Caspi,
W. Gilbert, R. Meuser, C. Peters, J. Rechen, R. Royer, R. Scanlan, C. Taylor, J. Zbasnik,
M. Chapman, A. Devred, J. Kaugerts, J. Peoples, J. Tompkins and R. Schermer, Tests of
full scale SSC R&D dipole magnet&EE Trans. Magn.25(2): 1455-1458, 1989.

S.W. Van SciverHelium CryogenicsNew York: Plenum Press, 1986.

Ph. Lebrun, Cryogenic systems for acceerators. In S.l. Kurokawa, M. Month and
S. Turner (eds.), Frontiers of Accderator Techndogy, Singapore: World Scientific,
681-700, 1996.

Ph. Lebrun, Superfluid helium cryogenics for the large hadron colli der projed at CERN,
Cryogenics34 ICEC Supplement:-8, 1994.

G. Claudet and R. Aymar, Tore supra and He Il codling d supercondLcting magnets,
Advances in Cryogenic Engineerjr8H(A): 5567, 1990.

W. Frost (ed.)Heat Transfer at Low Tempearturééew York: Plenum Press, 1975.

T.H. Nicol, Cryostat design for the supercondtcting super collider. In M. Month and M.
Dienes (eds.), The Pysics of Particle Accderators, AlP Conference Procealings 2492):
1230-1241, 1992.



[76]
[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

M.N. Wilson, Superconducting Magnet®xford: Clarendon Press, 1983.

P. Wanderer, M. Anerella, G. Ganetis, M. Garber, A.K. Ghash, A. Greene, R. Gupta, A.
Jain, S. Kahn, E. Kely, G. Morgan, J. Muratore, A. Prodell, M. Rehak, E.P. Rohrer, W.
Sampson, R. Shutt, R. Thomas, P. Thompson, E. Willen, A. Akhmetov, T. Bush, W.D.
Capore II, R. Coombes, A. Devred, J DiMarco, C.Goodzdt, J. Krzywinski,
J. Kuzminski, W. Nah, T. Ogitsu, P.Radusewicz, R.Schermer, R. Stiening,
J.C. Tompkins, M. Wake, J. Zbasnik, Y. Zhao, H. Zheng, Partial lifetime test of an SSC
collider dipole |EEE Trans. Magn.30(4): 17381741, 1994.

T. Schneider and P. Turowski, Criticd current degradation o a NbTi-multifilament
conductor due to heat treatmdBEE Trans. Magn.30(4): 23912394, 1994.

A. Devred, M. Chapman, J. Cortella, A. Desportes, J. DiMarco, J. Kaugerts,
R. Schermer, J.C. Tompkins, J. Turner, J.G. Cottingham, P. Dahl, G. Ganetis,
M. Garber, A. Ghash, C. Goodzet, A. Greene, J. Herrera, S. Kahn, E. Kelly, G. Morgan,
A. Proddl, E.P. Rohrer, W. Sampson, R. Shutt, P. Thompson, P. Wanderer, E. Will en,
M. Bleadon,B.C. Brown, R. Hanft, M. Kuchnir, M. Lamm, P. Mantsch, P.O. Maaur, D.
Orris, J. Peoples, J. Strait, G. Todl, S. Caspi, W. Gilbert, C. Peters, J. Redhen, J. Royer,
R. Scanlan, C. Taylor and J. Zbasnik, Investigation d heaer-induced quenches in afull-
length SSC R&D dipade. In T. Sekiguchi and S. Shimamoto (eds.), Proceadings of the
11-th Internationd Conference on Magret Techndogy, London Elsevier Applied
Science, 9495 (1990).

A. Devred, M. Chapman, J. Cortella, A. Desportes, J. DiMarco, J. Kaugerts,
R. Schermer, J.C. Tompkins, J. Turner, J.G. Cottingham, P. Dahl, G. Ganetis,
M. Garber, A. Ghash, C. Goodzet, A. Greene, J. Herrera, S. Kahn, E. Kelly, G. Morgan,
A. Proddl, E.P. Rohrer, W. Sampson, R. Shutt, P. Thompson, P. Wanderer, E. Will en,
M. Bleadon,B.C. Brown, R. Hanft, M. Kuchnir, M. Lamm, P. Mantsch, P.O. Maaur, D.
Orris, J. Peoples, J. Strait, G. Todl, S. Caspi, W. Gilbert, C. Peters, J. Redhen, J. Royer,
R. Scanlan, C. Taylor and J. Zbasnik, Quench charaderistics of full-length SSC R&D
dipole magnetsAdvances in Cryogenic Engineerji@p(A): 599-608, 1990.

L. Coull, D. Hagedorn, V. Remondno and F. RodriguezMateos, LHC magnet quench
protection systemEEE Trans. Magn.30(4): 1742-1745, 1994.

R. Stiening, R. Flora, R. Lauckner and G. Tod, A supercondwcting synchrotron pover
supdy and quench protedion scheme, IEEE Trans. Magn, MAG-151): 670672,
1979.

K. Koepke, C. Rode, G. Tod, R. Flora, J. Jolstlein, J. Saaivirta and M. Kuchnir, Two
cell doubler system tedEEE Trans. Magn MAG —-17(1): 713-715, 1981.

W. Burgett, M. Christianson, R. Coombes, T. Dombed, J. Gannon, D. Haeni,
P. Kraushaa, M. Levin, M. McAshan, A. MciInturff, G. Mulhdland, D. Murray,
W. Robinson, T. Savord, R. Smellie, F. Spincs, G. Tod, J. Weisend Il and J. Zatopek,
Full-power test of a string d magnets comprising a half-cdl of the supercondicting
super colliderPart. Accel, 43: 41-75, 1993.



[85] F. RodriguezMateos, L. Coull, K. Dahlerup-Petersen, D. Hagedorn, G. Krainz and
A. Rijll art, Eledricd performance of a string d magnets representing a half-cdl of the
LHC machine]EEE Trans. Magn.32(4): 2105-2108, 1996.



