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(57) Abstract

A magnetic field generating assembly comprises a number of self-contained modules (1) formed from relatively high tem-
perature superconducting material. A magnetic flux guide such as a yoke (9) is positioned relatively to the modules (1) so that
magnetic flux generated by the modules (1) is coupled into the guide.
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MAGNETIC FIELD GENERATING ASSEMBLY AND METHOD

The invention relates to a magnetic field generating
assembly and a method of constructing such an assembly.

Magnets for generating high strength magnetic fields
are used in a wide variety of applications includiﬁg
nuclear magnetic resonance (NMR). 1In the case of whole
body imaging and the like, large magnet structures are
required ieading to very high costs. One o0f the
significant reasons for these high costs is the need to
provide superconducting material which historically has
comprised copper cooled to ligquid helium temperatures.
This requires the provision of efficient cryostats and
the like.

Low temperature superconductivity is difficult to
maintain in large structures because of the small
"packets" of heat that can raise the temperature of the
conductor above the critical temperature for
superccnductivity. Elegant <£forms of the conductor
design have been created to minimise electromagnetic
sources of heat arising within the conductor during
operaticn. However, as magnets become larger, and the
systems in which they are incorporated more complex,
support engineering to avoid macroscopic heat pulses from
structural movement and heat leaks from the environment
become costly.

Recently, relatively high temperature
superconducting materials have been discovered. By
"relatively high temperature" we mean temperatures higher
than for example liquid nitrogen temperatures (77K) at
which the materials superconduct.

In order to duplicate conventional approaches using
coils of wire it would be necessary to produce long

lengths o0of wire made from the high temperature
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superconducting materials. In practice, this is not

possible since the high temperature materials only

carry
useful current densities if they are made by very
specialist fabrication routes, particularly those that

apply to thin films. There would be nc possibility of

providing many kilometres of thin film like material to

wind the magnet conventionally.

In accordance with one aspect o0f the present
invention, a magnetic field generating assembly comprises
at least - one magnetic <field generating module of
relatively high temperature superconducting material; and
a magnetic flux guide positioned relative +c the module
so that magnetic flux generated by the module is coupled
into the guide and conveyed to a position remote from the
module. '

We have devised a new concept in which the
relatively high temperature superconducting materials are
used in efficient, small elements or modules which are
assembled with a magnetic flux guide so as to construct a
useful magnet structure. This enables thin f£film
formation techniques to be used and avcids the problem cf
the structural frailty cf the materials.

Each module can be considered as a soufce of
magneto-motive force (mmf) so that when the modules are
combined, the summed mmf can be obtained and be usefully
directed.

The assembly can be arranged in a variety of ways to
achieve different generator configurations. For

xample, there may be provided a number cf modules and
associated flux guides arranged spaceé apart irn a two
dimensional array so as to generate magnetic fields in
the same sense and to project into a working region a
magnetié field of controlled charactefistics.

In another example, a generally U-shaped flux guide

may be provided with one or more modules at each end and
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arranged so as tc generate a magnetic field of controlled
characteristics in the mouth of the U. In this
configuration, which can be realised as a C-magnet, the
modules will wusually be arranged to face each other
across a gap with the magnetic field of controlled
characteristics being generated in the gap. _

In ancther configuration, a pair of magnetic flﬁk
guides are provided with one or more modules positioned
adjacent one end of the guides while magnetic fluxes are
conveyed by the guides to their other ends so as to
generate a magnetic field of controlled characteristics
in a working region defined between those other ends.
This arrangement is particularly suitable for
constructing a pincer magnet.

Typically, the or each magnetic .flux guide will be
made of iron.

Typically, the modules are in the form of solenoids
(with or without magnetic cores) and these may be
arranged either in a plane cr in "crates" one above the
other.

It should be noted that where more thar one module
is provided, these need not necessarily generate fields
cf the same strength. Furthermore, where the module has
a core, this could be filled by the magnetic flux guide
itself. Furthermore, the modules could be powered in
series or in parallel and can be powered so that
diffierent energy densities exist in the modules so that
higher currents and energies can be obtained where the
field of the total array is lowest, in order to maximise
the cverall efficiency of the array.

In one important application of the inventicn, the
magnetic field generated 1in the working volume is
substantially uniform. This enables the assembly to be
used in nuclear magnetic resonance apparatus and for

example the modules may be positioned to enable at least
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a part and preferably all, of a humar body to be
positioned within the working volume.

The modules may be formed from a wire or tape formed
by thin £ilm processing and typically the material
comprises a ceramic.

It should be noted that in operation at the high
field 1levels obtained wusing these high temperature
superconducting materials, electro-magnetic forces are
very large. This is particularly severe if a winding is
configqured -to enclose the working volume and hasg,
therefore, substantial dimensions, for example,rtwo or
three metres. The modules can be much more easily
engineered to be involved with the high electro-magnetic
forces that would be encountered ir the magnet taking
advantage of the intrinsic perfcrmance of high
temeperature superconducting materials.

In accordance with a second aspect of the present
invention, a method of constructing a magretic £field
generating assembly comprises arranginc at leéﬁ% one
magretic field generating module of relatively high
temperature superccrducting material relative to a
magnetic flux guide so that when a working current £lows
in the or each module a resultant magnetic field is
generated in a working volume defined by the flux guide;
and positioning the assembly in a magnetic field having a
predetermined form to cause the or each module to take up
a working current such that upon removal of the assembly
from the magnetic field, the magnetic £f£ield is duplicated
in the working volume.

This method enables a magnetic £ield of a particular
form to be "memorized" by the modules.

Some examples of assemblies and methods according to
the invention will now be described with reference to the

accompanying drawings, in which:-
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Figure 1A illustrates schematically current flow in
an array of modules and Figure 1B the equivalent circuit;

Figure 2 illustrates a module in more detail;

Figure 3 illustrates an example of a C~shaped
magnet;

Figure 4 illustrates an example of a pPincer magnet;
and,

Figure 5 is a block diagram of nuclear magnetic
resonance imaging apparatus. '

The principle behind the invention is illustrated in
Figure 1 in which an array of nine modular solencids made
from high temperature superconducting material is shown.
This is equivalent to the circuit shown in Figure 1B.
It should be noted that each module mus+: possess the same
number of ampere-turns as the reguired equivalent
circuit. In the case of the C-magnet described with
reference to Figure 3, the number of ampere-turns needed
to drive flux across the air gap of the C-magnet is:

N1 = Pg
o
where: NI = ampere-turns
g = air gap, meters
Lk, = permeability constant, 4 x 1077
B = flux density, Tesla

The construction of a module 1 is shown in more
detail in Figure 2. ©Each module 1 is formed from a
number of spirally wound sections of a high temperature
superconducting material in the form of a tape, the
sections 5 being stacked together concentrically. A
suitable material is YBa2Cu3O7 made by Du Pont.
Electrical contacts are made with the sections 5 via an
inner copper cylinder 6 which is mounted in the bore 7 of
the module and an outer copper cylinder 8 which contacts
and surrounds the sections 5.
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In practice, each module is immersed in a liquid
nitrogen bath so as to reduce the temperature of the
material sufficiently to achieve supercenducticn. Fer
clarity, the cryostat arrangemeﬁt has been omitted from
the drawings.

The arrangement shown in Figure 1 can be adapteéd to
produce homogeneous magnetic fields in working volumes
positioned at a variety of locations. Commonly, the
working volume is at the geometric centre of the solencid

but other arrangements are possible as described, Zor
?

~example, in EP-A-0160350. A further arrangement is

described in EP-A-0186998.

Figure 3 illustrates C-shaped magnet based on the
use of modules. In this case, a C-shaped iron yoke 9 is
provided with a set of iron cored, high temperature
superconducting medules 10A mounted under one arm of the
yoke 9 and a second set of iron core modules 10B mounted
against the other arm of the yoke 9. A pair of iron
plates 132, 13B are positioned adjacent the modules 103,
10B to define pole faces. In this example, a working
velume 14 is defined between the pole faces 13, 13B
centred at the centre of symmetry 0f the modules 102,
10B.

The assembly so far described is houseéd in a
cryostat 15 having an outer vacuum jacket 16, a 77°K
radiatior shield 17, and a liquid nitrogen tark 18.
Thermal links 19 connect the radiation shield 17 with the
tank 18. The tank is filled thrcugh an inlet corduit
20 extending through the yoke 9, the shield 17 to which
it is thermally connected via links 21 and the vacuum
jacket 16.

In order to achieve a magnetic field in the werking
volume 14 of 0.2T where the air gap g is 0.3 metres, the
formula set out above indicates that the total number of

ampere-turns required is 4.77 x 104'_
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It has been found that this field can be achieved if
each module (having an iron core) has 2.46 x 104
ampere-turns while the maximum field seen by the modules
is 0.15T.

Since the flux density is at saturation level (2.16
T) in the iron near the coil, we can conclude that an
iron cross-section equal to 50% of the pole face area is
about right £for the modules. We will assume that eaéﬁ
module will require the same ampere-turns as a singlé
large equiValent coil, 2.5 x 104 ampere-turns.

If 50% of the area occupied by modules is to be
iron, what space does this leave for windings? We can
envision at least two ways that the modules can be packed
together: a circular array or a hexagonal close-packed
array. It can be shown that for the circular arrav the
maximum module packing density in the pole-face area is
about 76%, and for the hexagonal array, it is about 75%.
We will assume, then, that the module packing density can
be 75%. Thus, with iron occupying 50% of the pole-face
area, we are left with 25% for the windings, ie.:

Ac = 2Aw
where: Ac = cross section area of iron cores
Aw = circular cross-section area of
windings
Therefore, it can be shown that:
2 ; 2
= 2 = 2
dw /[(3/‘)dc ] or dc Y [ /3)dw ]
where: dw = cuter diameter of winding
dC = diameter of iron core
And the thickness of the winding, t = ¢y = S
2
For a module of length, Lm’ the conductecr area,
A =T x L. Thus, the average current density over
con W m
the coil area,
J = NI
ave —
A

con
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If we assume that the HTSC material can only occupy
some portion Psc' of the winding cross-section and that
the superconductor can only be operated at some portion,
Pocr of its critical current, we can define the required
critical current density, Jc, for the superconductor as:

J = Jave
c =~ —2vVe
P X P
sc cc
The above relationships have been used to calculate

the results shown in the Table below.

Apere-imms, NI 25000

Pc 0.7

Qeerating to Critical

Omrent Ratio, B~ 0.7

PRole-Fece Diameter,

Dp-an 8.0

Modie Iegth, Lmean 16 30 16 30 16 30 16 30
Di-am 12.86 12.86 10 10 838 818 6.92 6.92
Tron Core Diameter

Do~ 10.56 1050 8.16 8.16 6.68 6.68 5.65 5.65
Wirding Thidkress

Tw-an 118 118 0.2 0.2 075 0.7 0.6 0.63
Winding Cross-section

Area, Bt 18.88 /.40 14.68 27.53 12,01 2.8 °10.16 19.05
Averae Winding Quoent

Dersity, Jaed/a 134 706 1703 908 2082 1110 2461 1312
Required Critical Quvent

Derssity Jc AT 703 1441 U 184 449 266 K2 2679
Nirber of Modiles per

FRile-Face Arvay 37 3% e e 9 9 1 127

Module diameters (dw) have been chosen so that an
exact odd number of modules will £fit across the

pole-face, as required by either of the module arrays
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9
discussed above. The two module lengths, Lm’ were
chesen arbitrarily. Note the values chosen for Psc anc
Pcc'

Figure 4 illustrates a pincer magnet having two iron
yokes 22, 23 which define a first, bore section 24 in
which are stacked a series of the modules 25 some of
which can be seen in the drawing, the modules beiﬁg
surrounded by a cryostat 26. The iron yokes 22, 23 are
tapered outwardly at 27 to define a wider bore section 28
having parallel sides, the facing surfaces of the sides
of the yoke 22, 23 being provided with iron pole pieces
29. The pole pieces define a working region 30. In
use, the stacked modules 25 are energised (by a means not
shown) to generate a magnetic field which is ccupled via
the yokes 22, 23 to the pole pieces 29 so that a magnetic
field is generated within the working region 30. The
precise construction of the cryostat 26 has been omitted
since this will be of a conventional form. Similarly,
the power supply and other conventional features have
been omitted from both Figures 3 and 4 although it will
be readily apparent to a person skilled in the art how
these can be provided.

One of the most important applications for the
magnet assemblies Jjust described is in NMP imaging
apparatus. Figure 5 illustrates in block diagram form
such apparatus which is otherwise of a conventional form.
The apparatus comprises a magnet system 54 including one
of the magnet assemblies previously described and
incorporating a power supply 54°', The cryostat is
connected to a conventional cryogeric control system 55.

A number of gradient coils (not shown) are mounted
on a former around the homogeneous region generated by
the magnet assembly so that different gradients of
magnetic field can be set up through the homogeneous

region to enable NMR imaging experiments to be carried
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out. These gradient coils are not superconducting ccils
and are also of a conventional form. They are &riven by
respective power drivers 56 controlled bv control logic
57 via a waveform generator 58. .Coils (not shown) for
generating and receiving RF energy are mounted on the
same former as the gradient coils, the RF transmitter

being connected to an amplifier 59 which is connected to

a spectrometer 60. NMR data from the spectrometer 60

passes to a data acquisition system 61 which is
controlled by the control logic 57. Data fram the system
61 then passes to processing logic 62.

The overall control of the NMR apparatus is provided
by a computer 63 which is connected via & conventional RS
232 interface to an operator input station 64.
Information for the computer 63 is stored in a disc drive
65 while the results of the imaging experiments are
passed by the computer 63 to a display system 66 which
can display "slices" through the patient's body on a
monitor 67.

In ore method £for energising the svstem, the
assembly shown in Figure 3 or Figure 4 can be positioned
within a magnetic field having particular,  desirable
characteristics so that the field is impressed cn the
short-circuited superccnducting mcdules. At this stage,
the field is "memcrized" by the modules which, when the
assembly is removed from +the magnetic £field, will
continue to generate a simulation of that field and this

avcids the need for separate energisation of the modules.

o
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CLAIMS
1. A magnetic field generating assembly comprising at
least one magnetic field generating module of relatively
high temperature superconducting material; and a magnetic
fluz guide positioned relative to the module so that
magnetic flux generated by the module is coupled into the
guide and conveyed to a position remote from the module,
2. An assembly according to <claim 1, wherein the
modules ccmprise solenoids. A
3. Arn assembly according to <claim 1, wherein the
magnetic field generated in the working volume is
substantially uniform.
4, An assembly according to claim 1, wherein the
assembly comprises a C-shaped magnet.
5. An ascsembly accerding to «claim 1, wherein the
assembly comprises a pincer magnet.
6. An assembly according to «claim 1, wherein the
modules are positioned to enable at least a part of a
human body to be pcsitioned within the working volume.
7. An assembly according to claim 1, wherein each
module is formed £from a wire of the relatively high
temperature superconducting material.
8. An assembly acccrding to «claim 1, wherein the
relative high temperature superconducting material is a
ceramic.
9. Nuclear magnetic resenance imaging apparatus
comprising a magnetic field generatirg assembly according
to claim I, and means for performing an NMR experiment on
an obiect p.aced in the working volume generated by the
assembly.
10. A methed of constructing a magnetic field generating
assembly comprising arranging a number of spaced,
self-contained modules Zormeé from relatively high
temperature superconducting material relative to one

another so that when working currents flow in the mcdules
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a resultant magnetic field is generated in a working
volume; and positioning the assembly in a magnetic field
having a predetermined form to cause the modules to take
up working currents such that upon removal of the

assembly form the magnetic field, the working currents

.cause the magnetic field to be duplicated in the wcrking

volume.
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