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SUPERCONDUCTING ELECTROMAGNETS
COMPRISING COILS BONDED TO A
SUPPORT STRUCTURE

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough indi-
cates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND

The present preferred embodiment relates to supercon-
ducting electromagnets comprising coils of superconducting
wire bonded to a support structure.

In particular, the preferred embodiment relates to improve-
ments 1 such assemblies which reduce thermally-induced
stresses between the coils and the support structure 1n cases of
abrupt temperature changes to the assembly.

The present preferred embodiment particularly relates to
clectromagnets comprising essentially cylindrical assemblies
of annular coils, aligned about a common axis, but displaced
with respect to one another along that axis. Such arrange-
ments are commonly referred to as solenoidal magnets,
although they may not be solenoids 1n the strict sense of the
word.

FIGS. 1-4 schematically 1llustrate certain arrangements of

coils bonded to support structures as solenoidal magnets.

FIG. 1 shows a very well known, conventional arrange-
ment 1n which coils 10 of superconducting wire are wound
into annular cavities within a former 12. The structure essen-
tially has 360 degree symmetry about the A-A axis, and also
essentially has reflection symmetry about the plane B-B. The
former 1s typically a turned aluminum tube 1n which annular
channels are formed. In other less common variants, the
former may be molded, or turned 1n a composite material such
as glass fiber reinforced epoxy resin. In a typical manufactur-
ing process, the coils 10 are impregnated with a hardening
matenal, typically an epoxy resin, which bonds the wire in the
coils together. The coils 10 are typically 1nsulated from the
former 12 on their radially mner surtace (known as the Al
surface); the axially inner surface (known as the B1 surface)
and the axially outer surface (known as the B2 surface) using
materials to create slip planes between the coil and the former.
These dimensions are defined with respect to the magnet
center. In an alternative embodiment the coils may be bonded
to the support structure on all faces.

Surfaces Al and A2 are respectively at radin Al, A2 from
axis A-A, and surfaces B1 and B2 are respectively at axial
displacements B1, B2 from the plane B-B, as shown 1n FIG.
1. A so called ‘central coil’ 1s defined with respect to the B-B
as symmetry plane as having B1=0 and B2 reflected by the
symmetry plan. All other coils can be defined by B1 and B2
which are reflected in the symmetry plan.

FIG. 2 shows an alternative arrangement, in which such a
former 1s not provided. Instead, coils 10 are bonded on their
radially outer surface (known as the A2 surface) to a support
structure 14, typically 1n an essentially cylindrical shape. This
structure may be manufactured by winding the coils 10 1nto a
mold, winding a filler material such as glass fiber cloth over
the radially outer surface of the coils, and impregnating the
whole structure with a hardening material such as an epoxy
resin. The coils 10 are accordingly bonded to the support
structure 14 only by their radially outer (A2) surfaces.
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FIG. 3 shows another possibility. Here, coils 10 are wound
between support elements 16. The coils 10 are bonded to the
support elements 16, for example by a hardening material
such as an epoxy resin. The coils 10 are accordingly bonded
to the support structure comprising support elements 16 only
by their axially inner (B1) and axially outer (B2) surfaces.
Such a structure may be formed by temporarily attaching
support elements 16 to a winding tube, winding coils 10 onto
the winding tube between the support structures, and impreg-
nating the coils 10 with a hardening material such as epoxy
resin, which also serves to bond the coils 10 to the support
clements 16.

The support elements 16 of F1G. 3 may be annular pieces of
aluminum, composite material or any material which has
suitable properties of mechanical strength, coetlicient of ther-
mal expansion, and density. Suitable materials include met-
als, typically, aluminum and stainless steel; composite mate-
rials such as those known under the Trademarks Tuinol and
Durostone; various epoxy resins lilled with either glass halls
or cloth; or any other combination of materials which have
suitable properties of mechanical strength, Young’s modulus,
and coeflficient of thermal expansion.

FIG. 4 shows a partial cut-away view of a variant of the
arrangement of FIG. 3, 1n which annular support elements 16
of FI1G. 3 are replaced by support blocks 18, which are spaced
circumierentially around the axial faces of the coils.

This structure may be manufactured by a process similar to
that described for manufacturing the structure of FIG. 3, but
in which spacer blocks (not shown) are positioned between
the support blocks 18 to ensure the correct spacing of the
support blocks, to support the winding of the coils, and to
displace resin during the impregnation process. These spacer
blocks may be removed from the structure after resin impreg-
nation.

In this arrangement, the coils 10 are accordingly bonded to
the support structure comprising support blocks 18 only by
their axial inner (B1) and axial outer (B2) surfaces, and then
only at circumierentially spaced locations.

The support blocks 18 of FIG. 4 may be pieces of alumi-
num, composite material or any material which has suitable
properties of mechanical strength, coefficient of thermal
expansion and density. Suitable materials include metals,
typically, aluminum and stainless steel; or composite materi-
als such as those sold under the trademarks Tuinol and Duro-
stone; various epoxy resins filled with either glass balls or
cloth; or any other combination of materials which have suit-
able properties of mechanical strength, Young’s modulus, and
coellicient of thermal expansion.

Thecoils 10 are made up of superconducting wire, which 1s
typically made up of a matrix of NbTi filaments in a copper
matrix. The turns of the wire are separated by a very thin layer
of electrically insulating material, such as an epoxy resin.
However, the thermal expansion coelficient and thermal con-
ductivity of the coil are close to those of copper in the cir-
cumierential direction. In the radial and axial directions the
thermal expansion coelfficient 1s determined by a combination
of the thermal expansion coetlicients of the composite layers
of wire and resin.

The matenals of the support structure—ifor example alu-
minum or GRP (glass fiber reinforced plastic)}—will have
rather different thermal conductivities and thermal expansion
coellicients. When the assembly of coils and support structure
undergoes an abrupt change of temperature, the coils and the
support structure will expand or contract to differing extents,
and at differing rates. For materials with a relatively low
thermal conductivity, the change 1n temperature will only
take effect slowly, while temperature changes will take etffect
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more rapidly for materials with a higher thermal conductivity.
Furthermore, materials with a greater coetll

icient of thermal

expansion will expand or contract as a result in the change of
temperature to a greater extent than materials of lower ther-
mal expansion coellicients.

As materials expand or contract with temperature, a value
of strain may be defined as the proportion by which a dimen-
sion of the material changes. For example, 1f an object of
length d changes length by Ad, the associated strain may be
expressed as Ad/d.

The strain values for the different materials will be differ-
ent even though their temperature changes may be similar.

In any of the coil assemblies described above, the strain in
the coils will be different from the strain 1n the adjacent
support structure. This risks damage to the bonded interfaces
between coils and support structure because of a shear strain
at the bonded interface. The resulting mechanical forces on
the coils may risk a movement of the coils when in use,
cracking at the interface of the coil bonded to the support
structure, and bending of the coil causing stress and internal
cracking, which may lead to a quench.

During a quench, the energy stored 1n the magnetic field of

a superconducting magnet 1s suddenly dissipated into heat
within the coils and magnet structure because of a disturbance
to the superconducting state, typically caused by heat created
by a mechanical interaction with the support structure or
internal cracking of the resin within the coils, or over stressing
the wire. Many known arrangements provide for the energy to
be spread across several coils, following a quench 1n one coil.
However, this will result in rapid heating of the coils, but the
support structure bonded to the coils will not heat as quickly.
This will result 1n a difference of surface strain between coil
and support structure, risking damage to the bonds between
coils and support structure.

In magnet structures such as shown in FIG. 1, with slip
planes between the coils and the support structure the coils
may be free to move independently of the support structure,
and therefore damage between the coil and the former 1s
restricted to stick slip 1ssues. In magnet structures similar to
that shown 1n FIG. 1 with the coils bonded to the former,
damage to the bond between the coil and former may lead to
a quench.

In magnet structures such as shown in FIG. 2, damage to
the bond between coil 10 and support structure 14 may allow
the coil some axial movement, which may 1n turn lead to a
quench.

In magnet structures such as shown 1n FIG. 3 and FIG. 4,
damage to the bond between coil 10 and support structure 16,
18 may damage the mechanical integrity of the structure as a
whole, which 1s held together essentially only by bonds
between coils and support elements. Damage to the bond may
take the form of cracking which may result in the magnet
quenching.

SUMMARY

It 1s an object to provide methods and apparatus for reduc-
ing the difference 1n interface strains between coils and adja-
cent support structures as the coils undergo an abrupt change
in temperature. Examples of such changes in temperature
include 1itial cooling of a magnet to operating temperature,
and the heating of the magnet during a quench.

In a superconducting electromagnet, coils of supercon-
ducting wire are bonded to a support structure. A number of
support blocks are positioned at circumierentially-spaced
locations between adjacent coils. Electrically resistive heat-
ing elements are provided in thermal contact with the support
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blocks for heating the support blocks. In another embodi-
ment, a former has annular cavities into which the coils are
wound, and electrically resistive heating elements are pro-
vided 1n thermal contact with the former for heating the
former. In another embodiment, coils of superconducting
wire are bonded on the radially outer surface to a support
structure of essentially cylindrical shape. Heating elements
are provided 1n thermal contact with the essentially cylindri-
cal support structure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-4 show examples of solenoidal superconducting,
clectromagnets comprising coils bonded to support struc-
tures;

FIG. 4A shows profiled support segments which may be
employed 1n certain embodiments of the mvention;

FIG. 5 shows an example of a conventional quench protec-
tion circuit;

FIG. 6 shows another example of a conventional quench
protection circuit;

FIG. 7 shows an axial part-cross section through an ‘end’
coil 70 of the conventional construction;

FI1G. 8 shows the structure of FIG. 7, deformed due to
expansion of the end coil; and

FIGS. 9-12 show example arrangements of heating ele-
ments bonded to support structures, according to certain
embodiments of the present invention.

DESCRIPTION OF PREFERRED EXEMPLARY
EMBODIMENTS

For the purposes of promoting an understanding of the
principles of the invention, reference will now be made to the
preferred exemplary embodiments/best mode 1llustrated in
the drawings and specific language will be used to describe
the same. It will nevertheless be understood that no limitation
of the scope of the mvention 1s thereby intended, and such
alterations and further modifications in the 1llustrated
embodiments and such further applications of the principles
of the invention as illustrated as would normally occur to one
skilled 1n the art to which the invention relates are included.

According to the present exemplary embodiments, heating
clements are provided in thermal contact with the support
structures, and are arranged to heat the support structure
during abrupt transitions 1n temperature to reduce the differ-
ence 1n interface strain between the coils and the support
structure.

In some embodiments, heating elements are also provided
in thermal contact with the coils, and are arranged to heat the
coils 1f requu'ed durmg abrupt transitions 1n temperature to
reduce the difference 1n iterface strain between the coils and
the support structure.

The two most common events causing abrupt changes in
temperature are quenches and mitial cool down.

During quench, as described above, the coils will suddenly
heat, and will tend to expand further and faster than the
support structure, because of the energy dissipated in the coils
due to the transition from the superconducting state to the
resistive state, and the typically greater thermal expansion
coellicient of the coils.

During mnitial cool down, the coils and support structure
will contract at different rates, depending on the respective
thermal conductivity and thermal expansion coellicients of
the materials involved.

The eventual change 1n sizes of the coils and the support
structure as a result of the change 1n temperature, and the
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resulting steady-state interface strains, will depend on the
respective coellicients of thermal expansion of the coils and
the support structure.

According to one exemplary embodiment, an arrangement
1s provided for heating the support structure to minimize the
difference 1n surface interface strain between coils and sup-
port structure during the change 1n temperature of the coils.

According to one exemplary embodiment, this arrange-
ment for heating the support structure will also minimize the
internal stress of the coils, due to structural bending, during
cool down and ramping, thus reducing one of the causes of
cracking of the epoxy resin within the coils.

In one embodiment of the present invention, a resistive
conductor, such as a length of wire, 1s provided within, or on
the surface of, the support structure for use as a heating
clement. The particular arrangement will depend on the mate-
rials used for the support structure. For example, 1f the sup-
port structure 1s of a composite material such as GRP, 1t 1s
relatively simple to embed a resistive wire 1nto the support
structure as it 1s manufactured. On the other hand, if the
support structure 1s made of aluminum, 1t may be more prac-
tical to attach a resistive wire to the surface of the support
structure, 1n such a way that 1t 1s electrically 1solated from the
aluminum support structure, and in thermal contact with 1t.

In certain embodiments, the resistive conductors are
arranged to carry a proportion of the current flowing in the
coils, by appropriate connection to a quench protection cir-
cuit.

FIG. 5 shows one example of a typical quench protection
circuit as provided i known superconducting magnets,
which may be employed 1n an embodiment of the present
invention. Coils 10 are connected in series, through two
superconducting switches, 22 and 24. Each superconducting
switch includes a length of superconducting switch wire,
schematically represented at 26, and a switch heater repre-
sented at 28. In use, switch 22 1s 1n 1ts closed state. The
superconducting wire 26 of the switch 22 1s cooled to below
its superconducting transition temperature by the refrigera-
tion arrangements applied to the coils 10. No power 1s sup-
plied to the heater 28 of the switch 22 as 1t 1s bypassed by a
superconducting coil and a superconducting switch 1n its
closed state. Superconducting switch 24 1s used to control
introduction of current into the magnet coils 10 and removal
of current from the magnet coils 10. If current 1s to be 1ntro-
duced or removed, power 1s supplied to the switch heater 28.
This quenches the switch wire 26 and allows an external
magnet power supply unit (not shown) to introduce or remove
current from the coils 10 as required. Once the desired current
level 1s reached, power to the switch heater 28 1s removed, the
switch wire 26 cools to below 1ts transition temperature, and
the superconducting circuit 1s completed.

If a quench occurs in a coil 10 while current 1s flowing
through 1t, a voltage will appear across that coil. The current
flowing through 1t will begin to drop, and opposing voltages
will appear across the other coils. These voltages will cause a
voltage to appear across the switch heater 28, and power will
be supplied to switch heater 28. This will cause the switch
wire 26 to quench, becoming resistive. A voltage will appear
across the switch wire 26, and some current will be diverted
through connection 30 to the heating arrangement 40 of the
present exemplary embodiment. As 1s conventional, some
current will also be provided to quench heaters (not shown)
thermally linked to the coils 10. This current will heat any
unquenched coils, causing them all to quench, so spreading,
out the heating caused by the quench and protecting the
original quenching coil from overheating. By connecting
heaters of the present exemplary embodiment to the quench
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protection circuit, the support structure may be heated and the
difference 1n the interface strain between coils and support
structure may be reduced, thus reducing the risk of damage
due to a quench.

FIG. 6 shows an alternative, somewhat simpler, arrange-
ment. Here, only one superconducting switch 24 1s provided,
for use when introducing current into, or removing current
from, the coils 10. Inthe case of a quench occurring in any one
of the coils 10, that co1l will suddenly become resistive and a
voltage difference will appear across that coil. Opposing volt-
ages will appear across the other coils, as the inductive coils
oppose the reduction in current caused by the quenched coail.
A voltage will accordingly appear at the output 32, which may
be employed to power a heating arrangement 40 provided
according to the present preferred embodiment. As 1s conven-
tional, some current will also be provided to quench heaters
(not shown) thermally linked to the coils 10. This current will
heat any unquenched coils, causing them all to quench, thus
sharing the dissipation of the stored energy caused by the
quench across all of the magnet coils, and thus protecting the
originally quenching coil from overheating. By connecting
heating elements of the present exemplary embodiment to the
quench protection circuit, the support structure may be heated
and the difference 1n 1nterface strain between coils and sup-
port structure may be reduced, reducing the risk of damage
due to a quench.

In another application of the present invention, heating
clements may be employed to heat a supporting structure to
reduce a difference 1n surface strains during quench on con-
ventional magnet end-coils, which are supported by their
radial outer surfaces.

FIG. 7 shows an axial part-cross section through an ‘end’
coil 70 of conventional construction. In such a conventional
arrangement, the end coil 1s supported on its axially inner
(B1) surface and radially outer (A2) surface by a support ring
72 attached to the remainder of a coil support structure 74.
The co1l 1s not bonded to the support structure, but has layers
of material between the coil and the support, which form slip
planes allowing the coil to move relative to the support struc-
ture. In use, such end coils have a tendency to expand due to
hoop stresses caused by the interaction of the magnetic field
generated by the end coil and with the magnetic field gener-
ated by the remainder of the magnet.

In the event of a quench occurring 1n end coil 70, the coil
will suddenly heat and expand. The increase in diameter
caused by this expansion will press against the support ring 72
as shown 1n FIG. 8, causing deformation of the coil and the
support ring. Such deformation may cause mechanical dam-
age to the structure of the coil, for example by breaking resin
bonds between turns of the coil 70.

Such expansion of the coil may also cause the support
structure to yield, causing permanent deformation of the sup-
port ring and result 1n incorrectly supported coil 70, 1n turn
causing the coil to quench because of large coill movement.

In one exemplary embodiment of the present invention, a
heating arrangement 1s provided in thermal contact with the
support ring 72. In case of a quench, the heating arrangement
heats the support ring and causes 1t to expand more rapidly
than would otherwise occur, reducing the difference 1n strain
between the end coil 70 and the support ring 72.

The following calculation illustrates that sufficient energy
may be derived from a typical magnet such as 1illustrated in
FIG. 4 to heat the support structure 18 to a temperature which
results 1n a thermal strain similar to the thermal strain reached
by the coils, in a similar time, thereby reducing the shear
stress between the coil and the support structure, according to
an embodiment of the present invention.
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The heat ), required to increase the temperature of the
support structure, 18 can be calculated from the change 1n
enthalpy from the 1nitial to the final temperature of the mate-
rial, for a grven mass m. The change 1n enthalpy 1s calculated
from the integral of the specific heat capacity, C, over the
temperature change:

7
Q=m f >, dT = m[H(T2) - BT,
Ty

where m 1s the total mass of the structure, T1 and T2 are the
initial and final temperatures, respectively, and H(T) 1s the
enthalpy of the relevant matenial at temperature T, which 1s
the 1integral of the heat capacity.

The electrical energy stored 1n a typical 3 Tesla supercon-
ducting magnet 1s about 12MJ and a fraction of this electrical
stored magnet energy can be extracted from the magnet and
made available to heat the support structure 18.

Given the coil quench temperature change, the coellicients
of thermal expansion, the mass of the support structure, and
the enthalpy change during quench, the energy required to
mimmize the differential thermal strain can be optimized for
specific magnet designs and coil quench scenarios, and heater
clements designed and provided to ensure differential surface
strain minimization.

Certain examples of heater elements according to certain
exemplary embodiments of the present invention will now be
described, by way of examples.

In the example of FIG. 9, for heating of a segmented
support structure by the magnet current, as in the examples
discussed above, the support structure segments 18 are each
provided with a heater element 42 formed by a resistive wire
wound 1nto or onto each segment. Alternatively, as illustrated
in FI1G. 10 a resistive heater 44 may be bolted or otherwise
attached to the support structure 18, which acts as a heat sink.
Upon quenching, a percentage of the coil current 1s diverted
into these resistive wires or heaters, using circuits such as
illustrated 1n FIGS. 5 and 6. The resulting ohmic heating heats
the support structure 18 and provides the energy required to
create the required strain 1n the support structure.

In an alternative arrangement shown in FI1G. 11, the heating,
clements provided for heating the support structure 18 are not
clectrically connected to the quench protection circuit or to
the coils of the magnet structure. The heating elements 46 for
the support structure 18 are each formed by an electrically
shorted closed loop of wire wound into the support 18. Upon
quenching, the changing magnetic field inductively couples
to this closed circuit within the support structure, thus induc-
ing eddy currents and resistive heating of the support struc-
ture. This closed loop inductive circuit 46 1s designed to
create the required heating and therefore strain in the support
structure by approprate selection of conductivity, and ther-
mal expansion of the composition of which the support struc-
ture 1s constructed, as compared to the energy to the structure
by the resistive heating provided by the inductive coils.

FIG. 12 shows another alternative, where resistive wire 48
1s wound circumierentially around the whole support struc-
ture between adjacent coils.

For a support structure that 1s bonded to two coils, the
clectrical circuit within the structure can be varied along 1ts
length to compensate for any differences 1n the strain of the
two coils. Stmilarly the distribution of resistive wire 42 or
resistive heaters 44 may be adapted to provide the required
strain adjacent to each coil. The 1dea can be applied to any or
all of the axial, radial and hoop strains.
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The problem of different thermal strain between the coils
10 and the support structure 18 also occurs when a supercon-
ducting magnet 1s cooled from room temperature to low tem-
perature, to induce the transition 1n the NbTi filaments from a
resistive to a superconducting state, in preparation for the
introduction of current 1into the coils. This 1s particularly true
in cases where the magnet 1s pre-cooled by addition of a
sacrificial cryogen such as nitrogen, in preparation for the
addition of liquid helium, as cooling takes place very rapidly.
The problem may also occur 1n arrangements 1n which the
magnet 1s cooled more slowly, for example by operation of a
cryogenic refrigerator. The different rates of thermal contrac-
tion of the different materials, due to differences in both
coellicients of thermal expansion and thermal conductivity,
can result 1n high mechanical stresses at interfaces between
coils 10 and support structure 18 during cooling. A solution to
this 1s to control the cool down rate of the support structure
and the coils by using a heater within each of these materials.
These heaters cannot be powered by inductive coupling to the
magnet, as there will be no changing magnetic field from the
superconducting magnet during the cooling of the magnet.
Rather, the heaters must be powered by electrical connection
to the magnet or a suitably adapted separate quench protec-
tion circuit, or to a circuit provided for this specific purpose
during the cool down process.

Spacers of similar form to the aluminum spacers 18
described above may be constructed of resin-impregnated
coils of aluminum, stainless steel or copper. These coils may
be electrically connected together and connected to a quench
circuit or a circuit for providing current during a cool-down
phase. Alternatively, the coils 1n the spacers may be electri-
cally short circuited to form conductive loops, which 1induc-
tively couple with a dimimishing magnetic field during a
quench event, such that electric current 1s induced in the coils
during a quench event, thereby heating the spacers. Alterna-
tively, or 1n addition, the spacers may be arranged to receive
clectrical power inductively from a dimimishing magnetic
field of the superconducting magnet during a quench. For this
purpose, a number of the spacers may be electrically con-
nected 1n series, or the coil 1 each spacer may be short-
circuited into a closed loop.

According to one present exemplary embodiment, heating
1s provided to a support structure retaining superconducting
coils such that both the coils and the adjacent support struc-
ture have a similar strain during quench, and also or alterna-
tively during the cool-down phase 1n certain embodiments of
the invention. In embodiments of the present invention, con-
sideration should be given to the thermal conductivity and
thermal expansion coelficient of the spacers, not only to the
mechanical strength and tolerance of cryogenic temperatures
of the material used for the support structure.

While the present exemplary embodiments have been
described with particular reference to embodiments 1n which
the superconducting coils are annular, the present embodi-
ments may be applied to superconducting electromagnets
having coils of any shape.

The present exemplary embodiments may be applied to a
support structure of a conductive material such as aluminum,
and to a support structure of non-conductive materials such as
glass fiber reinforced plastic composite.

While the present exemplary embodiments have been
described with reference to certain types of support structure,
the present invention may usefully be applied to any super-
conducting magnet structure in which coils are bonded to a
support structure.

Although preferred exemplary embodiments are shown
and described 1n detail 1n the drawings and 1n the preceding
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specification, they should be viewed as purely exemplary and
not as limiting the mmvention. It 1s noted that only preferred
exemplary embodiments are shown and described, and all
variations and modifications that presently or in the future lie
within the protective scope of the mvention should be pro-
tected.
We claim:
1. A superconducting electromagnet, comprising:
coils of superconducting wire bonded to a support structure
comprising a number of support blocks positioned at
circumierentially-spaced locations between adjacent
coils; and
clectrically resistive heating elements provided 1n thermal
contact with the support blocks for heating the support
blocks.
2. The superconducting electromagnet according to claim
1 wherein the heating elements include closed loops of wire
arranged to recetve energy by electrical induction during a
change 1n magnetic field strength produced by the electro-
magneit.
3. The superconducting electromagnet according to claim
1 wherein the heating elements comprise electrical resistors
mechanically mounted on the support structure and provided
with electrical connections to thereby receive electrical
energy when required to heat the support structure.
4. The superconducting electromagnet according to claim
1 wherein the heating elements comprise coils of resistive
wire mechanically mounted on or 1n the support structure and
provided with electrical connections to thereby receive elec-
trical energy when required to heat the support structure.
5. The superconducting electromagnet according to claim
3 wherein the heating elements are connected to a quench
protection circuit to thereby recerve electrical energy 1n case
of a quench of the electromagnet.
6. The superconducting electromagnet according to claim
2 wherein the closed loops are arranged such that 1n case of a
quench of the electromagnet a changing magnetic field of the
clectromagnet induces current 1n the closed loops thereby
causing ohmic heating of the closed loops and so also of the
support structure.
7. The superconducting electromagnet according to claim
1 wherein the support structure 1s of an electrically non-
conducting material.
8. The superconducting electromagnet according to claim
1 wherein the support structure 1s of an electrically conduct-
ing material.
9. The superconducting electromagnet according to claim
2 wherein the loops or coils of wire are each placed 1n a hole
or cavity formed 1n the support structure, the hole or cavity
being filled with a hardening material.
10. The superconducting electromagnet according to claim
1 wherein a source of electrical power 1s made available to
heat the support structure during a cool-down phase of opera-
tion of the superconducting electromagnet.
11. The superconducting electromagnet according to claim
1 wherein the support structure comprises a support ring
retaining one of the coils on a radially outer surface thereotf,
and at least one of the electrically resistive heating elements 1s
arranged for heating the support ring.
12. A superconducting electromagnet, comprising;:
coils of superconducting wire bonded to a support structure
comprising a former having annular cavities into which
the coils are wound: and
clectrically resistive heating elements 1n thermal contact
with the former for heating the former.
13. The superconducting electromagnet according to claim
12 wherein the heating elements include closed loops of wire
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arranged to receive energy by electrical induction during a
change 1 magnetic field strength produced by the electro-
magnet.

14. The superconducting electromagnet according to claim
12 wherein the heating elements comprise electrical resistors
mechanically mounted on the support structure and provided
with electrical connections to thereby receive electrical
energy when required to heat the support structure.

15. The superconducting electromagnet according to claim
12 wherein the heating elements comprise coils of resistive
wire mechanically mounted on or 1n the support structure and
provided with electrical connections to thereby receive elec-
trical energy when required to heat the support structure.

16. The superconducting electromagnet according to claim
14 wherein the heating elements are connected to a quench
protection circuit to thereby recerve electrical energy 1n case
of a quench of the electromagnet.

17. The superconducting electromagnet according to claim
13 wherein the closed loops are arranged such that in case of
a quench of the electromagnet a changing magnetic field of
the electromagnet induces current in the closed loops thereby
causing ohmic heating of the closed loops and so also of the
support structure.

18. The superconducting electromagnet according to claim
12 wherein the support structure 1s of an electrically non-
conducting material.

19. The superconducting electromagnet according to claim
12 wherein the support structure 1s of an electrically conduct-
ing material.

20. The superconducting electromagnet according to claim
13 wherein the loops or coils of wire are each placed 1n a hole
or cavity formed 1n the support structure, the hole or cavity
being filled with a hardeming material.

21. The superconducting electromagnet according to claim
12 wherein a source of electrical power 1s made available to
heat the support structure during a cool-down phase of opera-
tion of the superconducting electromagnet.

22. The superconducting electromagnet according to claim
12 wherein the support structure comprises a support ring
retaining one of the coils on a radially outer surface thereof,
and at least one of the electrically resistive heating elements 1s
arranged for heating the support ring.

23. A superconducting electromagnet, comprising:

coils of superconducting wire bonded on their radially

outer surface to a support structure of essentially cylin-
drical shape; and

heating elements 1n thermal contact with the essentially

cylindrical support structure.

24. The superconducting electromagnet according to claim
23 wherein the heating elements include closed loops of wire
arranged to recetve energy by electrical induction during a
change 1n magnetic field strength produced by the electro-
magneit.

25. The superconducting electromagnet according to claim
23 wherein the heating elements comprise electrical resistors
mechanically mounted on the support structure and provided
with electrical connections to thereby receive electrical
energy when required to heat the support structure.

26. The superconducting electromagnet according to claim
23 wherein the heating elements comprise coils of resistive
wire mechanically mounted on or 1n the support structure and
provided with electrical connections to thereby receive elec-
trical energy when required to heat the support structure.

277. The superconducting electromagnet according to claim
25 wherein the heating elements are connected to a quench
protection circuit to thereby recerve electrical energy 1n case
of a quench of the electromagnet.
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28. The superconducting electromagnet according to claim
24 wherein the closed loops are arranged such that in case of
a quench of the electromagnet a changing magnetic field of
the electromagnet induces current in the closed loops thereby
causing ohmic heating of the closed loops and so also of the 5
support structure.

29. The superconducting electromagnet according to claim
23 wherein the support structure 1s of an electrically non-
conducting material.

30. The superconducting electromagnet according to claim
23 wherein the support structure 1s of an electrically conduct-
ing material.

31. The superconducting electromagnet according to claim
24 wherein the loops or coils of wire are each placed 1n a hole
or cavity formed in the support structure, the hole or cavity 15
being filled with a hardening material.

32. The superconducting electromagnet according to claim
23 wherein a source of electrical power 1s made available to
heat the support structure during a cool-down phase of opera-
tion of the superconducting electromagnet.

33. The superconducting electromagnet according to claim
23 wherein the support structure comprises a support ring
retaining one of the coils on a radially outer surface thereot,
and at least one of the electrically resistive heating elements 1s
arranged for heating the support ring.

34. A superconducting electromagnet, comprising:

coils of superconducting wive bonded to a support struc-

ture comprising an annular support element positioned
between adjacent coils; and

at least one electrically vesistive heating element provided

in thermal contact with the annular support element for
heating the support element.

35. The superconducting electromagnet accorvding to claim
34 wherein the heating element comprises closed loops of
wire arranged to receive energy by electrical induction dur- 35
ing a change in magnetic field strength produced by the elec-
fromagnet.

36. The superconducting electromagnet accorvding to claim
34 whevrein the heating element comprises an electrical resis-
tor mechanically mounted on the support structure and pro-
vided with electrical connections to thereby receive electrical
energy when requirved to heat the support structure.

37. The superconducting electromagnet according to claim
34 wherein the heating element comprises a coil of resistive
wire mechanically mounted on or in the support structure and 45
provided with electrical connections to theveby receive elec-
trical energy when required to heat the support structure.

38. The superconducting electromagnet accorvding to claim
36 wherein the heating element is connected to a gquench
protection circuit to theveby receive electrical energy in case
of a quench of the electromagnet.

39. The superconducting electromagnet accorvding to claim
35 wherein the closed loops are arranged such that in case of
a quench of the electromagnet a changing magnetic field of
the electromagnet induces curvent in the closed loops thereby 55
causing ohmic heating of the closed loops and so also of the
SUpport struciture.
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40. The superconducting electromagnet according to claim
34 whevrein the support structure is of an electrically non-
conducting material.

41. The superconducting electromagnet according to claim
34 whevrein the support structurve is of an electrically conduct-
ing material.

42. The superconducting electromagnet according to claim
35 wherein the loops of wire are each placed in a hole or
cavity formed in the support structure, the hole or cavity
being filled with a hardening material.

43. The superconducting electromagnet according to claim
34 wherein a source of electrical power is made available to
heat the support structure during a cool-down phase of
operation of the superconducting electromagnet.

44. The superconducting electromagnet according to claim
34 wherein the support structurve comprises a plurality of said
annular support elements with a rvespective one of said sup-

port elements being positioned between respective adjacent

coils.

45. A superconducting electromagnet, comprising:

coils of superconducting wire bonded to a support struc-
ture; and

an electrically vesistive heating element in thermal contact
with the support structure.

46. A superconducting electromagnet, comprising.

a plurality of annular coils of superconducting wive which
are arranged in an axial direction, each of said annular
coils having spaced apart axial surfaces;

an annular support element positioned between and
bonded to the adjacent axial surfaces of adjacent ones of
said annular coils of superconducting wire for support-
ing said annular coils; and

a plurality of said annular support elements being pro-
vided with a respective one of each of said support
elements being positioned between vespective coils.

47. The superconducting electromagnet according to claim

46 wherein the annular support elements each comprise a

40 plurality of support blocks arranged apart from one another

in a circumferential divection between the adjacent annular
coils.

48. A superconducting magnet, comprising:

a plurality of annular coils of superconducting wire which
are arranged in an axial direction, each of said annular
coils having spaced apart axial surfaces,

an annular support element positioned between and
bonded to the adjacent axial surfaces of adjacent ones of
said annular coils of superconducting wire for support-
ing said annular coils; and

the annular coils being bonded to the annular support
element only by said axial surfaces.

49. A superconducting electromagnet according to claim
48 wherein the annular support element comprises a plurality
of support blocks arranged apart from one another in a cir-
cumferential direction between the adjacent annular coils.
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