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(57) Abstract: A magnet system is described for use in magnetic resonance imaging. In use the system generates a resultant mag-
netic field, within a working region, of sufficient homogeneity to enable magnetic resonance imaging to be performed. The system
comprises a primary magnet comprising a pair of coils positioned upon a common axis passing through the centre of the working
region, the coils being spaced symmetrically about an origin upon the common axis and having dimensions such that each coil is
at or adjacent a nominal position at which the second order derivative of a corresponding magnetic field in the working region is
substantially zero for a coil pair located symmetrically about the origin at such a position. A shielding magnet comprises a pair of
coils positioned upon the common axis, the coils being spaced symmetrically about the origin and having dimensions such that each
coil is at or adjacent a nominal position at which the second order derivative of a corresponding magnetic field in the working region
is substantially zero for a coil pair located symmetrically about the origin at such a position, the shielding magnet being operative
in use to reduce the resultant magnetic field at locations distal from the magnet system. A compensation magnet comprises at least
one pair of coils positioned upon the common axis, the coils being spaced symmetrically about the origin and having dimensions
such that each coil is at or adjacent a nominal position at which at least one even order derivative of a corresponding magnetic field
having a magnitude of 6 or above, in the working region, is substantially zero for a coil pair located symmetrically about the origin

at such a position.
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MAGNET SYSTEM FOR USE IN MAGNETIC RESONANCE IMAGING

Field of the Invention
The present invention relates to a magnet system for use in magnetic
resonance imaging (MRI).

Background to the Invention

Magnets for MRI systems have evolved with a typically tubular
examination space, derived from the use of “solenoid” magnet geometry. This is
because the solenoid arrangement provides excellent uniformity of the magnetic
field. For practical applications the “solenoid” arrangement has been effected
using quasi-solenoids in which sets of circular coils are distributed along the axis
of the solenoid.

In designing magnet systems it is known to use adapted Legendre
polynomial functions to describe the way in which the magnetic field intensity
due to a circular current loop behaves along a radius projected from the origin of
a solenoid. The magnetic field vector can be described as rotating about a
current carrying conductor, whereby the magnetic flux presents a closed path
about the current source. At any point in the maghetic field, the rate of rotation of
field can be described by the curl of the field vector. The designer of a magnet
intended to produce a uniform field seeks to reduce to near zero the rate of field
rotation at the origin of the solenoid. This is done conveniently by describing the
field via a series of field derivatives and spatial coordinates and the dimensions
and current value of each coil (expressed as a series of current loops). In
general, values of the field derivatives describing rotation (uniformity) of the
central magnetic field may be calculated and plotted against (for convenience) a
given coil radius and current, at points along a uniform cylindrical bore tube.
Such plots show that the value of field derivatives exhibit harmonic profiles with
bore length, and that there are zero value positions, where the field derivative
profile changes from a positive to negative value, or vice versa.

To develop central (origin) field uniformity, the design process seeks to
balance a number of coils with respect to their strengths of field derivatives each
side of such zero points, the result being that chosen field derivatives sum to
zero for the coil set. Similar harmonic plots of field derivatives may be obtained

against coil radius at a particular bore length. Again, sets of coils may be
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chosen to provide that the sum of a particular order field derivative is zero, and,
consequently, this order does not contribute to field non-uniformity at the origin.

Standard tubular MRI magnets are therefore formed from a series of co-
axial magnetic field coils, all of similar diameter. The coils, considered as pairs
across the mid-plane, contribute magnetic field to the working total field for MRI
at the origin, or centre of the magnet, along with characteristic non-uniformity in
the central magnetic field. By judicious placing of the coil pairs, non-uniformity
due to one coil pair may be cancelled out by the non-uniformity of another pair,
when all coils carry current in the same sense. The non-uniformities can be
described by nth orders of derivatives of the magnetic field, considered as an
expansion of increasingly high orders.

We have realised that standard, high field MRI magnets cannot be made
substantially shorter without reducing the uniformity of the magnetic field at the
origin of the magnet (the centre of the working region), which would in turn
cause reduction in the NMR signal quality. If a tubular magnet is made shorter,
but the coils are retained on approximately the same diameter, it becomes
increasingly difficult to cancel out higher order field derivatives. This is true even
if an additional degree of freedom is added in allowing some coils to carry
current in the reverse sense to that of the whole magnet.

There is therefore a need to produce shorter magnets without incurring
the problems of non-uniformity that results when a solenoid design is shortened
axially. '

Summary of invention

In accordance with the invention we provide a magnet system for use in
magnetic resonance imaging, the magnet system being adapted when in use to
generate a resultant magnetic field, within a working region, of sufficient
homogeneity to enable magnetic resonance imaging to be performed, the
system comprising:-

a primary magnet comprising a pair of coils positioned upon a common
axis passing through the centre of the working region, the coils being spaced
symmetrically about an origin upon the common axis and having dimensions
such that each coil is at or adjacent a nominal position at which the second order
derivative of a corresponding magnetic field in the working region is substantially

zero for a coil pair located symmetrically about the origin at such a position;
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a shielding magnet comprising a pair of coils positioned upon the
common axis, the coils being spaced symmetrically about the origin and having
dimensions such that each coil is at or adjacent a nominal position at which the
second order derivative of a corresponding magnetic field in the working region
is substantially zero for a coil pair located symmetrically about the origin at such
a position, the shielding magnet being operative in use to reduce the resultant
magnetic field at locations distal from the magnet system; and,

a compensation magnet comprising at least one pair of coils positioned
upon the common axis, the coils being spaced symmetrically about the origin
and having dimensions such that each coil is at or adjacent a nominal position at
which at least one even order derivative of a corresponding magnetic field
having a magnitude of 6 or above, in the working region, is substantially zero for
a coil pair located symmetrically about the origin at such a position.

We have realised that it is possible to produce very short tubular
magnets, that is, magnets powered by preferably, circular coils, by separating
the coil pairs into two groups. The two groups are clustered, or “anchored” at or
adjacent, respectively, the positions along the tube at which the lowest order
field derivative is zero, and the positions along the tube at which the highest field
derivative to be cancelled is zero. Preferably the coils are at or adjacent in the
sense that each coil has a corner of its cross-section within a distance of the
nominal position line in radial and axial co-ordinates, wherein the said distance
is not greater than the maximum of the radial or axial extent of the coil section,
whichever is the larger. More preferably, the coils are at or adjacent the nominal
position in the sense that the coils have at least part of the coil cross-section
intersecting the nominal position.

Typically this highest field derivative may be sixth order, or more typically,
eighth, or even tenth order. The first group comprise the primary magnet and the
shielding magnet, whereas the second group comprise the compensation
magnet. The said “nominal positions” which cause the cancellation of nth order
magnetic field gradients are nominal positions derivable from magnetic theory.
The coils of the magnets according to the invention are positioned at or adjacent
these positions, the differences between the actual positions and the nominal
positions being due in particular to the finite size of the coils and the fact that, in

order to produce a desired geometry, whilst minimizing the use of coil material,
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some non-zero magnitude in the particular field derivative may be
advantageous, practically.

The respective nominal position is typically defined by a frusto-conical
surface of rotation about the common axis, wherein the said derivative of the
respective magnetic field is zero for a nominal set of ideal coils defining a circle,
each part of which intersects with said surface. Such ideal coils have zero radial
and axial thickness. The frusto-conical surface is preferably defined by a cone
angle, the cone angle being the angle at the cone vertex between the common
axis and a line lying parallel to said surface and passing through the vertex, and
wherein the cone angle for each of the pairs of coils of the compensation
magnet is in excess of that of the primary magnet.

The innovation of anchoring coil pairs in radial/axial space along the
“tube” results in very short magnets with the ability to cancel high order field
derivatives. To great advantage for access, the anchoring of coils to co-
ordinates of radial/axial space with zero values of lowest and highest order field
derivative produces a conical set of coils, in two separate groups. This is
because the zero value of field derivative of order n has a characteristic ratio of
radius (a) to axial length (b). All nth orders have at least one zero value for a
ratio of a/b greater than one.

This means for a chosen order, as the diameter of the coil is increased,
there is a proportionaily smaller increase in coil length. However, for a given
order n of field derivative, and considering the ratio a/b which provides zero
value of the n order field derivative, all other orders of field derivative have finite
values. Thus it is possible to groups coils on a chosen a/b “line” (cone in three
dimensions) of order n, such that as pairs across the mid-plane of the tubular
magnet (that having a normal parallel to the common axis and positioned
passing through the centre of the working region), can be combined to cancel
non-uniformities at the centre of the magnet for all orders other than the chosen
nth order.

A magnet system with extremely short tubular bore has therefore been
invented using “conical” arrangements of coils along the bore of the magnet.
Typicaily the smallest diameter coils of the magnet are nearest to the mid-plane
of the tubular bore, and the largest diameter coils furthest from the mid-plane of

the tubular bore.



WO 2009/001084 PCT/GB2008/002182

10

15

20

25

30

Preferably, each coil is defined by a circle centred upon the common axis
and wherein each part of said circle is equally at or adjacent the nominal
position.

Because the coils are typically circular in geometry, they have optimum
(well known) mechanical properties. Thus high values of MRI field can be
obtained when the coils will operate at high internal stress values.

A hitherto unobtainable combination of access to the subject being
examined is achieved, with very high image quality, because of the high signal
to noise provided by the high magnetic field strength obtainable. A high image
quality and access to the “patient” subject is particularly valuable to the research
community who wish to use MRI as a gauge of experiments in molecular
medicine. For example it may be used to observe brain activity during
investigation of the effect that drug compounds may have on cognitive ability.

In general the net current within at least one pair of the coils of the
compensation magnet is caused when in use to flow about the common axis in a
counter-running manner with respect to the net current in the primary magnet.
The coil arrangement of the present invention provides for only a small amount
of counter-running current which prevents the magnets unnecessarily working
against one another. The efficiency of the system is therefore improved.
Typically the compensation magnet comprises a number of pairs of coils, such
as three pairs, each pair having a different radius. Advantageously, the pair of
coils having the smallest radius is preferably counter-running.

Whilst the coils are provided at or adjacent the respective nominal
position, a pair of coils for one or more of the primary, shielding or compensation
magnets, typically has coil windings at the respective nominal position. This is
particularly the case for the compensation magnet where it is preferred that each
coil has windings at the nominal position. The windings may be distributed
substantially uniformly within the coil cross-section and it is the centre of the said
cross-section (at the average position of the windings) that may be used to
define the position of the coil.

It will be appreciated that typically the shielding magnet has coils having
the largest radius. Each of the shielding and primary magnets typically has coils
having a radius in excess of those of the compensation magnet. The large

radius coils of the shielding and primary magnets is operative to produce a
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relatively small high order (such as 8" order) derivative of the magnetic field in
the working region. The primary magnet typically provides the largest
contribution to the resultant magnetic field, such as in excess of 75% of the
resultant magnetic field strength.

it will be appreciated that the primary, shielding and compensation
magnets are operative together to produce a sufficiently homogeneous magnetic
field in the working region for performing magnetic resonance imaging. It should
be noted however that the arrangement is such that, when taken alone, each of
the primary, shielding and compensation magnets do not produce a sufficiently
homogeneous magnetic field in the working region for imaging.

The shielding magnet is provided so as to limit the extent of the resultant
magnetic field at locations distal from the magnet system. The shielding magnet
is adapted when in use to have a net current flow in its coils which is counter-
running with respect to the net current flowing within the coils of the primary
magnet.

In some arrangements the coil pair of the shielding magnet is placed
adjacent the nominal second order derivative position so as to cause a non-zero
magnitude second order derivative having a first polarity and the coil pair of the
primary magnet is placed adjacent the nominal second order derivative position
so as to cause a non-zero magnitude second order derivative having a polarity
opposite to the first polarity, such that the second order magnetic field
derivatives of the primary and shielding magnets cancel.

In other arrangements the combined effect of the primary and shielding
magnets is to cause a non-zero value of the second order magnetic field
derivative. Thus in this case, the coil pair of the shielding magnet is placed
adjacent the nominal second order derivative position so as to cause a non-zero
magnitude second order derivative which is not fully cancelled by the primary
magnet. The shielding magnet may comprise two sets of coils spaced apart
along the common axis. These may each be upon one side of the nominal
position. Each of the sets of coils of the shielding magnet may be positioned
closer to the origin at the centre of the working region than the nominal second
order derivative position.

As will be appreciated, although each of the magnets could be powered

separately, typically they are each powered together by electrically connecting
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them in series. A suitable controller is preferably provided to control the electrical
current within at least one and preferably each of the primary, shielding and
compensation magnets.

In order to produce a magnetic field within the working region of high
uniformity it is necessary to accurately position the respective coils of the
magnets. We have further realised that it is advantageous to provide one or
more of the pairs of coils of the compensation magnet with additional coils.
These may be controlled by a second controller independently of the pair to
which they relate in each case. It is advantageous to provide such additional
coils for the compensation magnet because the compensation magnet has the
highest engineering tolerance requirements. It is also possible to provide the
additional coils for the primary or shielding magnets, although this typically
requires greater use of conductor material. The additional coils may be used in
one of two ways. They may be adapted to allow the positions of the magnetic
centres of the said at least one pair of coils to be modified by controlling the
current within the additional coils. They may alternatively, although preferably
additionally, be adapted to allow the strength of the magnetic field of the
compensation magnet to be modified by controlling the current within the
additional coils. The additional coils may therefore modify the strength and/or
position of the effective centre of the pairs of coils. At least three additional coils
may be provided for each coil in question, these being preferably distributed
symmetrically about each coil. Four additional coils are preferred, these
additional coils being positioned upon either side of each of the éaid at least one
pair both radially and axially with respect to the common axis. The powering of
the coils independently of the coils to which they relate can be performed using
the controller (or the controller and second controller) and suitable switching
apparatus. Typically the second controller is adapted in use to provide electrical
current to the said coils such that the corresponding strength of the magnetic
field generated by the said additional coils alone is up to about 10% of the
magnetic field strength of the compensation magnet.

In order to perform MRI procedures additional known apparatus is also
required, this including a set of gradient coils. Thus, in order to maximise the

benefit from the present invention, typically the system further comprises a set of
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gradient coils, each gradient coil being positioned at or adjacent the nominal
second order derivative position.

Preferably, each magnet coil within the system is positioned substantially
within a geometrical envelope defined by two symmetrical conical surfaces
representing the second order position that extend away from the centre of the
working region. Such an envelope may be further bounded by a cylindrical
surface at the largest radius of the magnet coils. Typically the coils are enclosed
within a common housing. The geometry of the apparatus may be such that the
primary and shielding magnets are arranged in a first part of the housing which
has a substantially annular geometry. The compensation coils may be arranged
in a second part of the housing having substantially annular geometry of smaller
axial and radial dimensions than the first part. The second part of the housing
may be provided with walls which taper in axial dimension towards the common
axis.

It is known in MRI apparatus to have a horizontal table upon which a
subject to be imaged is located. This is then typically passed into the bore of a
solenoid MRI magnet system. By contrast, the present system preferably further
comprises a table upon which a subject is positioned for imaging when the
system is in use, the table defining a table plane, and a system mounting,
adapted to allow the magnets to be rotated with respect to the table plane, such
that the common axis is rotated within a plane substantially normal to the table
plane. Either alternatively or additionally the magnets may be arranged to be
rotated in a plane substantially parallel to the table plane.

The coils of the magnets described above may be formed from high
conductivity resistive wire. Preferably however, they are formed from
superconducting wire, this being cooled when in use, using a coolant. We have
further realised that the axial space between the respective coils of particularly
the shielding and primary magnets can be used to accommodate a reservoir for
coolant, such as a cryogen in the form of helium or nitrogen. The reservoir may
be divided into two separate reservoirs, the reservoirs being positioned upon
either side of a mid-plane of the system, the said plane passing through the
centre of the working region and having a plane normal parallel to the common

axis. This allows the system to operate in a wide range of orientations since the
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use of two dedicated reservoirs, one for each half of the magnet system,
ensures a supply of coolant to the magnets during use.

We also provide a method of constructing such a magnet system, the
method comprising the steps of:-

i) mounting one coil of each pair of coils of the primary, shielding and
compensation magnets to a first support;

ii) mounting a first coolant reservoir to the first support, the first coolant
reservoir being adapted to supply the said one coil of each of the primary,
shielding and compensation magnets with coolant during use;

iii) mounting the other coil of each pair of coils of the primary, shielding
and compensation magnets to a second support;

iv) mounting a second coolant reservoir to the second support, the
second coolant reservoir being adapted to supply the said other coil of each of
the primary, shielding and compensation magnets with coolant during use; and,

v) mounting the first and second supports together.

Thus the first support, coils and first reservoir may comprise a first half of
the magnet system and the second support, coils and second reservoir may
comprise a second half of the magnet system. The first and second halves are

preferably arranged as substantially mirror images of one another.

Brief Description of the Drawings

Some examples of magnet systems according to the present invention
are now described with reference to the accompanying drawings, in which:-

Figure 1 is a schematic section through a first example system;

Figure 2 is a table showing the field derivatives and required
compensation magnet for a first coil pair;

Figure 3 is a table showing the field derivatives and required
compensation magnet for a second coil pair;

Figure 4 is a table showing the field derivatives and required
compensation magnet for a third coil pair;

Figure 5 is a table showing the field derivatives and required
compensation magnet for a fourth coil pair;

Figure 6 is a table showing the field derivatives and required

compensation magnet for a fifth coil pair;
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Figure 7 is a table showing the field derivatives and required
compensation magnet for a sixth coil pair arranged as a shielding magnet;

Figure 8 is a table showing the field derivatives and required
compensation magnet for a seventh coil pair arranged as a shielding magnet;

Figure 9 is a table showing details of an example full magnet system;

Figure 10 is a table showing details of other example full magnet
systems;

Figure 11 shows a coil with a set of additional coils;

Figure 12 shows the steps of a method of constructing the magnet
systems;

Figure 13 shows a section through a magnet system;

Figure 14 shows relative movement between the system and a subject;

Figure 15 shows a first schematic perspective view of a magnet system;

Figure 16 shows a éecond schematic perspective view of the magnet
system;

Figure 17 is a table showing calculated magnetic field values;

Figure 18 is a table comparing exact and calculated field values;

Figure 19 shows the effect of tolerances in coil fabrication; and,

Figure 20 shows the compensation of the tolerances using additional
coils.

Detailed Description of Examples

We now describe a number of example magnet systems. We emphasize
here that the magnets comprise three magnets. The first is a primary magnet (for
generating the majority of the magnetic field) and the second is a shielding
magnet to reduce the stray field. Each of these first and second magnets has
coils which are positioned at or adjacent a theoretical position at which ideal
coils would produce a zero second order derivative (order n=2 or “B2”), of the
magnetic field B produced by such coils. The third magnet is a compensation
magnet having coils at or adjacent an n=8 or B8 theoretical position.

This combination produces a very axially short magnet system where all
the coil winding volumes lie outside a cone shaped region whose apex is the
magnetic centre of the magnet system. In practice, the angles between the lines
joining the geometric centres of the coil sections (the winding cross sections)
and the magnetic centre of the system, and the magnetic axis, is greater than

10
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about 63 degrees. Taking into account the finite size of the coils, all the winding
volumes typically lie outside a cone shaped region whose apex is the magnetic
centre, whose axis is the magnetic axis and whose angle is greater than 45
degrees.

Each of the magnet systems described below produce a working region
of sufficient uniformity to be suitable for MRI. Some of the coils of the magnet
system are energised in opposition to others so that the combination produces
the required magnetic field homogeneity and at the same time reduces the net
magnetic moment of the system so as to effectively screen the system when
viewed from a distance substantially greater than the radius of the largest coil
(shielding).

The coils described may be resistive and continuously energised
although they may be superconductive. Superconductive coils may be fitted
with persistent mode switches, allowing them to be used in persistent mode
(without being in constant connection to a power supply). Conventional
superconductors or high temperature superconductors may be used to construct
some or all of the magnet coils.

Practically, the systems described produce a short MRI magnet, with the
length of the “patient” examination bore less than 'z the diameter of the
examination bore (typically % the diameter). This is achievable even though the
coil sets of the primary, shielding and compensation magnets by themselves are
not sufficiently uniform for MRI. The magnetic fields from each of the magnets
need to be combined to produce a designed central field (at the origin of the
short tubular bore) that is sufficiently uniform for MRl. When the coil sets are
combined, the short nature of the tube allows a patient with their head in the
central field to have line-of-sight to the examination room, external to the magnet
system. This is a great advantage in the reduction of physiological stresses
which otherwise may distort results from MRI observations.

Reference is now made to Figure 1 in which a first example magnet
system 1 is illustrated. Figure 1 is schematic and representative of all examples
described. it shows the system in section when viewed from the side. The
system coordinates are defined by a common axis (Z) upon which the
geometrical centre of each coil of the magnets are positioned. A mid-plane XY is

also shown, this having a plane normal coaxial with the axis Z. The position of
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intersection between the plane XY and the axis Z defines an origin of the system .
which is also, by design, the centre of a working region of the magnet system 1.

Unless otherwise stated herein, the coils which comprise the respective
magnets are of circular geometry having a centre upon the common axis and
lying in a plane normal thereto (parallel with the mid-plane XY). Each coil is
described by a radius “a” and a half-length “b”. The radius a defines the distance
of the effective centre of the muitiple windings of the coil from the common axis
Z, whereas the half-length b describes the distance along the common axis Z
from the origin at which the geometrical centre of the respective coil is located.

In designing the example systems according to the present invention, it
will be understood that the higher the order n required for cancellation of that
particular order of magnetic field derivative, the greater the ratio a/b needed. It
will be further understood that the examples of magnet coils discussed herein
are symmetrical about the magnetic centre, and thus in order to produce a B2 of
zero for example, an ideal coil is placed at thé respective position on each side
of the origin. The ideal coil zero lines (for the respective order) are shown in
Figure 1 as B2, B4, B6, B8.

It will be seen from Figure 1 that coils of the primary, shielding and
compensation magnets are positioned at or adjacent the B2 and B8 lines. The
primary magnet coils are illustrated at 2. Note that only one quadrant of the coil
set is shown in detail. Thus the coil 2 encircles the axis Z and the second coil 2
(of the pair) is positioned at a similar mirrored position upon the other side of the
origin. In this example the cone of rotational positions about the Z axis defining
the line B2 passes through the middle of the primary magnet coil 2.

The coils of the shielding magnet are shown at 3,4. It will be noted that
this comprises a set of two coils, with each having a similar radius a (in excess
of the coils 2) but positioned in a split formation axially (different b). The coils 3
intersect the B2 line, whereas the coils 4 are positioned adjacent the line B2 (a
short distance therefrom). Since the coils 3,4 form the shielding magnet, the
current within them is counter-running with respect to that within the primary
coils 2.

Turning now to the compensation magnet, this has three different coils
5,6,7, each of different a and b values. Notably, each of the coils of the
compensation magnet is intersected by the B8 line. It will be understood that,
with respect to the 8" order of the magnetic field, very minor movements have a

12
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large effect for coils having small a and b values. Typically therefore, the B8 line
intersects the coil windings of the compensation coils, although it should be
noted that, due to their finite size, the B8 line may not pass through the
geometrical centre of each coil section. The coils 6 and 7 each carry an
electrical current having a flow sense similar to that of the primary magnet 2. The
coil 5, is counter-running with respect to the coils 2,6,7.

In this example the coils are enclose in a support structure or housing 10,
this having an approximate “T” shape in section (above the Z axis). The upper
part or cross piece of the “T” accommodates at least the coils at or adjacent the
B2 line, whereas the stem of the “T” accommodates the B8 coils. Thus the “T"
has a distal part from the Z axis which has a greater axial dimension than the
proximal part nearer the axis.

The purpose behind the design of the magnet systems of the present
invention is to produce axially short magnets, which are economical to build and
which are effectively open access in comparison with standard tubular magnets.
This is shown in Figure 1 where a dotted envelope 11 illustrates the geometry
required by known short solenoid magnet MRI systems.

A subject under examination (which is typically an animal, or more often a
human patient) is illustrated in Figure 1. The head of a human subject 12 is
shown positioned at the origin of the system 1. It will be understood from Figure
1 that the subject has line-of-sight out of the bore of the magnet system, in
particular due to the axially short arrangement of the housing 10. Furthermore,
the axially narrow part of the housing (the stem of the “T”) enhances the open
nature of the system. A person located as illustrated may therefore read a book
held slightly above them (adjacent the axially short part of the housing). In
addition, other measurements and interventions may be performed upon the
subject located in this position because the short arrangement of the magnet
now makes this possible.

The design can be arranged in this manner since the positioning of the
coils on the B8 line allows very good access to the patient. The primary and
shielding magnets are anchored about the B2 line on a larger diameter, and
have a lower a/b ratio (which can also be thought of as a lower conic angle).
This is less convenient for access, so the diameter is made large. In the present
system we have arranged that the large diameter magnets comprise the coils
that provide the main proportion of the MRI field intensity (more than 75% from
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the primary magnet), as well as the external shielding field coils (for the shielding
magnet). It is known that the magnetic moments of the primary and shield
magnets are similar for optimum shielding (Bm x Area m ~ Bs x Area s) and this
approach is adopted here also.

An important benefit of the large diameter of the magnet anchored about
B2 is that the intermediate even orders of n, B4 and B6, are well within the range
of values that the compensation magnet will compensate. There are distinct
benefits in designing the larger diameter magnets anchored to B2 arising from
the necessity to run the shield coil with reverse current, in that the values of the
field derivative B2 can be chosen to cover a wide range. In particular, the
magnet anchored on B2 is physically much shorter in axial length than a
standard MRI magnet, but it can produce values of B2 typical of a standard
magnet. This can make the compensation of B4 and B6 errors by the smaller
magnet, with larger conic angle, particularly efficient in terms of ampere turns.
This is because the smaller diameter magnet does not have to “waste” its own
ampere turns compensating for its own value of field derivative B2, as it
compensates B4 and B6 of the larger diameter magnet. o

The precision required to build the compensation magnet with the
greatest conic angle (B8=0) is such that special techniques may be used.
However, this precision means that a strategy for clustering coils about nth order
field derivative zeros is needed to group coils in radial/axial space whilst being
aware of the sensitivities of the magnetic field properties that affect the central
field uniformity achieved.

It is not possible to provide very short tubular magnets using prior art
techniques without reversing the current relative to the current direction for the main
field to correct field derivatives up to eighth order. This can be costly in ampere
turns and cause high magnetic stresses in the coils. Our innovation is to separate
the coil system into groups of coils, based on two performance requirements of MRI
magnets. These are that:-

i) a high field intensity is required, which for efficiency means the coils
should be located close to the mid-plane of the tubular magnet. In our designs we
put these on a large diameter to avoid high order field derivatives in the working
region; and,

ii) a high field uniformity at the origin of the tubular magnet is also required.

The latter requirement usually means locating some coils remote from the
mid-plane so as to provide possibilities for cancellation of particular field derivatives
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between sets of coils, without these coils producing their own high order field
derivatives. However, we have shown that it is possible to place small diameter
coils close to the origin of the tubular magnet, to correct those intermediate orders of
field derivatives produced by the large diameter coils, without introducing high order
field derivatives usually associated with small diameter coils near the mid-plane.
Our basic approach to reconcile these requirements is to use both cancellation of
field derivatives between, at least two coils, and to avoid values of certain field
derivatives by placing some coils on or adjacent “zero locations”. In particular,
higher order field derivatives are also reduced to acceptable values by the use of
large diameter coils.

Because it is possible to design sets of coils to control field derivatives by
these means using predominantly radius as a position variable, with some use of
axial position, a radially balanced magnet set can be achieved. This gives the
desired short bore tube design. Adoption of coil positions placed at some naturally
occurring zero points in the field derivative profile leads to an economic set of coils
in which the magnitude of reverse ampere turns is at a minimum. This also provides
the opportunity for effective zeroing of high order terms along conic projections from
the origin of the bore tube. Considering a conic projection associated with a zero
value of a high order field derivative, such as B6 or B8, the increase in the distance
a coil is located from the mid-plane of the tube increases slowly for substantial
increase in radius. This is useful in providing good access to the central region to
provide an imaging volume with “line of sight” to the examination room.

It should be noted that the primary and active shield magnets on the smaller
conic angle (with larger diameter coils) provide the main field for MRI and the
external shielding. Each has only the second order field derivative controlled to be
either zero, or a finite target value. Residual errors in field uniformity, described by
4" 6" and 8" order field derivatives are minimised as far as is practical by using
large diameter coils, but achieving zero value for these orders only occurs when the
fields of the first and second magnet are combined. In addition, the compensation
magnet is chosen such that the radial and axial dimensions of are located on the
zero of the highest order of field derivative required to be cancelled (eighth order for
example).

There are three strategies for positioning the coils of the primary and
shielding magnets so as to control of second order field derivative.

(i) Both the shielding magnet and primary magnet coils are located on B2=0.
B4 and B6 are then cancelled by the compensation magnet that has no BS;
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(ii) Both the shielding magnet coils and the primary magnet coils are axially
just closer to the origin than the B2=0 line. For example the primary magnet may
have a non-zero negative B2 value for a positive ampere turns (“Nl) value, whereas
the shielding magnet has a a positive B2 for negative NI. The sum of the coils B2
can be made to be zero. Thus the compensation magnet has only to compensate
B4 and B6 while presenting no B8, which requires fewer coils in the compensation
magnet; and,

(iii) Shielding magnet coils and primary magnet coils are on opposite sides of
the B2=0 line in radial and axial co-ordinates. The primary coil, spaced further
axially than the B2=0 line has positive B2 for a positive value of ampere turns. The
shielding magnet coils (inside the line) have a positive B2 for negative NI.  The sum
of the coils B2 values is that normally provided by a tubular magnet of approximately
twice the length, when using two coils with NI in the same sense. The conical
magnet “looks” longer at its origin with respect to field uniformity described by B2
than it actually is. This reduces the ampere turn correction “load” required of the
compensation magnet that compensates high order field derivatives.

The coils of the shielding magnet are placed in the vicinity of the conic angle
projected from the origin of the bore tube that coincides with the lowest even order
of field derivative (second order), so that adjustments of each coil in radial and axial
space, along with adjustments in relative ampere turns provide controlled target
values of the second order field derivative. As discussed above, it should be noted
that because the largest diameter coils run in opposition to the primary magnet coils,
the second order field derivative can be summed to zero by choice of current ratio
and radial/axial space coordinates. It is also possible to create a sum value of
second order field derivatives which is typical of a longer tubular magnet. This
makes subsequent field uniformity at the origin easier to achieve when the
compensation magnet is used to generate the full resultant field. In particular, the
compensation magnet needs fewer ampere turns than otherwise needed, although
the precision of the coil build is more demanding.

It is also a feature of the combination of magnets that the shield magnet is
preferably divided into two coils, both with negative current (with respect to the
primary magnet coils). The purpose of this is to achieve optimum values for the
radial and axial shielding of magnetic field, while also achieving, where required, the
option of a maximum value of B2. For the latter requirement, the inner shield coil is
moved a controlled distance from the B2=0 projection from the magnet origin,
towards the mid-plane XY of the magnet. This move also improves radial shielding

efficiency.
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It is preferable to arrange the compensation magnet to have at least one coil
carrying current in a direction opposed to the current producing the main field. This
is to compensate field values described by intermediate orders of field derivative
such that the combined coil sets of the magnets have these intermediate values of
field derivative compensated in sum to zero (i.e. no field non-uniformity at the origin
of the tube due to these orders of field derivative). In addition, the compensation
magnet has the coils arranged on the radius (from the origin of the bore tube) that
coincides with a zero value for the field derivative of the highest order of field error
that the magnet is intended to have near to or equal to zero. 'Typically this is eighth
order (B8), although tenth order is feasible also, particularly using the current and
geometry control technique described below.

For example, let the primary and shielding magnets be chosen at such a coil
diameter that the 8th order field derivative tends to zero, and in any case the 8th
order is chosen smaller than would produce unacceptable MRI image distortion.

"~ Then the compensation magnet is placed on the conic angle projected from the

origin of the bore tube that coincides with the first zero value of the 8th order field
derivative. Thus the compensation magnet coil set can be organised to compensate
the intermediate orders of field derivative produced by the larger diameter coil set,
without contributing unwanted high order field errors.

We now return to Figure 1. This provides a 30cm diameter working region
15 for imaging centred upon the origin of the bore tube. The primary magnet has a
positive ampere turns values with the shielding magnet providing a negative ampere
turns value. We note here that each of the primary and shielding magnet coils may
be centred upon the conic projection of B2=0, this giving some B4, B6. However in
the arrangement of Figure 1 the primary coils are positioned slightly closer to the
origin. The shielding magnet coils are also closer to the origin. This produces an
overall shorter magnet axially. The resultant B2 of the primary and shielding
magnets together is cancelled by non-zero (positive and negative values of the
ampere turns of the primary and shielding magnets). Again there is some residual
B4,B6. In this arrangement and the arrangement where each (primary and
shielding) magnet is on the B2 line the diameter is chosen such that B8 and above
are close to zero. Typically therefore the primary and shielding coils have a radius of
the order 80cm. The compensation magnet comprises, in this case, two positive NI
coils and a small counter-running trimming coil on the smallest diameter. Each of the
three coils of the compensation magnet are located on the closest to the centre
conic projection for B8=0. The coils have, respectively, positive (coil 7), positive (coil
6) and negative (coil 5) ampere turns and sum B2=0. The B4 and B6 produced by
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the compensation magnet are equal and opposite to the combined primary and
shielding magnet, B4 and B6. The compensation magnet coils are set in a radius
range from 28cm to 50cm.

Thus the combined magnet system balances B2 to B6 to zero, and controls
B8 to an acceptably low level. The compensation magnet may also be provided with
additional coils (see below) to produce a net resultant B6 or B8 to “sharpen the
imaging field of view”.

Some tables of field profiles are shown in Figures 2 to 10. These are
expressed in terms of field derivatives to show how a system of coils can be
organised to give a uniform central field, and how grouping coils in particular regions
of radial/axial space give emphasis to control of either low or high orders of field
derivatives.

The tables each comprise the error term orders (calculated field derivatives)
BO to either B6, or in some tables to B10 or B12, for finite coil cross-sections (radial
build and length), where the Bn (with “n” being the derivative order) are tabulated
against axial position of the coil. Each table represents one coil of one mean radius.
Figures 2 to 6 illustrate tables for coils configured as a primary magnet, with Figures
7 and 8 being for a shielding magnet. Note the values of BO to Bn are for half of the
magnet, these being the sets of coils along the axis of the magnet to one side of the
mid-plane. All Bo values are given in Gauss, with dimensions in centimetres. The
Bn values given are those taken on a 15cm radius position from the origin, that is, at
the edge of the working region 15.

The coil finite dimensions are typically those of a whole body, 2 Tesla,
magnet, for main field and a shield field. Cross-section (inner radius at; outer
radius a2; inner half-length b1; outer half-length b2), ampere turns (NI), turns per
coil (“T coil-1”), turns per square centimetre (“T cm-2") and current () are
appropriate examples for this type of magnet.

Each table also shows the necessary strength in terms of ampere turns (NI)
required by a three-finite-coil compensation magnet. The dimensions of the
compensation coils are given on the left hand side of each table (these being “L” for
large radius, “M” for middle radius and “S” for small radius). Note that the same
compensation coil dimensions are used for all of the included tables. The centroids
of the cross-section of each coil are located close to the B8=0 line, defined in a/b
terms. The compensation coil dimensions are chosen to be practical in engineering
terms with convenient spacing between coils along the B8=0 line.

For each tabulated value of error term orders of a "main 2T type coil of mean
radius a", against length b, there are given the necessary ampere turns (NI) of each
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coil of the compensation magnet required to cancel B2, B4 and B6 of a “main” coil.
Tables are given for a “main” coil with a mean radius (“a mean”) of 65cm, 70, 75, 80,
90, 100 and 110 cm respectively (Figures 2 to 8). The tables show the
compensation NI for the large, middle and small radius compensation coils for axial
positions of a main coil. Note that the “main coil” discussed here may be a primary
magnet or a shielding magnet as appropriate, although for a shielding magnet the
signs of the values would be reversed since the current is reversed.

As an overview, firstly we consider the table for a chosen main coil with a
given mean radius a. We then look down the table of main coil values of B2, B4, B6
against coil axial position (mean b) (fourth to sixth column). The compensation coil
NI required to provide equal magnitude B2, B4, B6 but of opposite sign are shown
against the b position of the main coil (see columns 11 to 13 of Figure 1 for
example). Thus, it is possible to select a desired position and radius of the main
coil to create a given bore field Bo, and find the "ampere turns" cost of the
compensation magnet. The outcome is the engineering parameters of a combined
magnet system, corrected to B8. B8 is zero in the compensation arrangement, and
small for the set of main coil radii in the tables by virtue of the absolute magnitude of
main coil radius, a mean. Note also that small (sub-millimetre) b changes of the
inner radius compensation coil can cancel small B8 arising from the main coil,
without significant changes in the NI values of the compensation coils required to
compensate B2, B4, B6 of the main coil. Note further that the compensation magnet
produces its own Bo value when the NI set provides the required B2, B4, B6
compensation. The combined main and compensation magnet have B2, B4, B6, B8
cancelled to zero, and the combined Bo is the signed sum of the respective value in
the Bo column and that of the “Comp Bo” column. Whilst the procedure may be
used to compensate a primary magnet, similarly it is used to compensate a shielding
magnet (whilst taking the polarity reversal into account).

We now look at an example of using the tables in more detail.

As a first step a general decision is made about the overall magnet
dimensions. In this example we select “a mean” for the main coil (primary magnet)
= 75cm and “a mean” for the shield coil (shielding magnet) = 100cm. Note that the
compensation three coil set for all tables has a minimum radius “a“ mean of
41.48cm. This sets the internal bore as about 40cm radius. Of course other
compensation magnet dimensions could be calculated to use in look-up tables.

In a second step the main coil (primary magnet) is selected using the table
with the mean radius = 75cm (Figure 4). We select the mean haif-length b towards
the top of the table where compensation NI are smaller and Bo from the
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compensation magnet is positive, for efficiency, but not the shortest possible length.
For example, we take “b mean” = 54cm.

We then select the active shield coil. Using the table with “a mean” = 100cm
(Figure 7), we select “b mean” towards the middle of the table where compensation
NI are of similar magnitude to those selected for the main coil, and a negative value
of Bo is about an average value in the tabulated list Bo. For example, we take “b
mean” = 33cm. Note that the shielding magnet coils will have its NI run in opposition
to the main coil, so all NI and Bn have a sign change when used as a shield.

We then combine the tabulated “Bo” and “Comp NI” properties arithmetically,
thus:-

amean bmean NI Bo CompNIL CompNIM CompNIS Bocomp
75cm  54cm  3E6 12745 -810123 1165685 -251435 2254
100cm 33cm -1.4E6 -8092 1034356 -688391 103020 3595
Half-System total: 4653 224233 477294 -148415 5849

This tells us that the available Bo from the half-system is the sum of Main,
Shield, and Compensation magnets is:-

4653 + 5849 = 10502 (Both halves = 21004)

The actual ampere turns in coils of the Compensation magnet are:

L=224233 M=477294 S=-148415

Figure 9 gives the details of the primary, shielding and compensation magnet
coils of this example, together with all Bn values up to n=12. Note that there are
slight differences in NI because the exact dimensions were recalculated. In the table
of Figure 9, the axial re-adjustment of “Comp inner” to cancel B8 exactly has not
been performed, but is a straight forward extra step.

In this case therefore it will be seen that the only counter-running coils are
those of the shielding magnet and the innermost coil of the compensation magnet.
In the lower right part of Figure 9 the homogeneity of the resultant field is shown to
be about 5 parts per million at a working region radius of 15cm, and about 100 parts
per million at 20cm radius.

It should be noted that the compenSation magnet coils L and M both have
positive NI values, and because these coils are closest to the main coil, peak fields
should be low, meaning high field systems are economically practical. Note further
that, by interpolation of the tables it would be possible to exactly cancel the NI of the
smallest compensation coil, thereby achieving a system magnet with increased bore
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radius. Figure 10 shows some details of other example systems derived using a
similar process.

In order to construct physical coils having the dimensions given in
Figures 2 to 10, precision engineering is needed to ensure the correct size and
position of each coil cross-section. ‘This is particularly the case for the coils of
the compensation magnet which are located close to the XY plane (small axial
displacement). Figure 11 shows the cross-section of a coil 20 which is
representative of a generic coil of the compensation magnet (although similar
principles can be applied to the primary and shielding magnets). The coil 20 has
a rectangular cross-section with dimensions defined by maximum and minimum
radial (a2 and a1 respectively) and axial dimensions (b2 and b1 respectively).
The Z direction is also indicated in Figure 11. Additional coils 21,22,23,24 are
positioned upon each face of the coil 20. These are intended to have an ampere
turns (NI) value which is a fraction of that of the coil 20, each typically having an
NI value of 10 percent or less that of the coil 20. The coils 21,22,23,24 can be
used in two possible modes. The first is to provide a net change to the effective
ampere turns of the coil 20 in total, without changing the centre of the coils
section as a whole. It will be appreciated that all main coils of the magnets are
preferably connected in series and therefore adding currents to specific coils is
not possible in such an arrangement. It is also undesirable to have separate
main coil power supplies. The arrangement in Figure 11 solves this problem by
allowing a current flow within the additional coils 21,22,23,24, and this may be in
the same sense as that flowing in coil 20 so as to increase the strength of the
magnetic field from coil assembly as a whole. The net current may also be
reduced by providing a counter-running current in each of coils 21,22,23,24.

The second mode is the powering one or more individual coils of the
additional coils 21,22,23,24. This may also include providing normal running current
in one or more coils and none or counter-running current in others. The effect of this
is to change the effective geometrical centre of the coil cross-section which provides
the ability to produce very small effective movements of the coil without any physical
movement being required. Thus the precision needed for the compensation coils in
terms of location accuracy may be conveniently achieved. The additional coils are
distributed symmetrically with respect to the cross section of each coil. Specifically,
additional windings controlled by switches are placed on the inner and outer radial
faces of each coil cross section in equal amount, and on the axial inner most and
axial outer most longitudinal faces of each coil in equal amount. The radial and
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longitudinal additional coil faces may be separately adjusted. An efficient
compensation of build tolerances is thereby created. In Figure 11 an additional
(second) coil controller 25 is illustrated to control the current flowing in each of the
additional coils. This may form part of a general controller for the other coils of the
magnets, or it may be a separate device. Note that this includes suitable switching
apparatus, particularly to effect the use of superconductors in persistent mode (if
required).

Each coil may therefore have its net ampere turns increased by switches
across the auxiliary turns of the additional coils, independently from the other coils of
the set. To prevent stresses from the use of counter-running current, each of the
coils of the compensation magnet is preferably organised such that with no current
through its own additional coils, the coil in question provides a lower value of the
field derivatives (that it contributes) than is required for full compensation. Thus in
that condition the compensation magnet “under-compensates” the intermediate field
derivatives of the combined primary and shielding magnets. The network of
switches is therefore preferably used to increase the effective ampere tums in each
coil of the compensation magnet. It should be noted that the changes in effective
ampere turns do not produce pure changes in field derivatives for compensation of
the field derivatives of the primary and shielding magnets. The ampere turn
changes for each coil are made to adjust the sum of the field derivatives for the
compensation magnet to “meet and compensate” as a whole the field derivatives of
the primary and shielding magnets in combination.

In addition, the compensation of the field derivatives of the shielding and
primary coils is improved as the relative strength of intermediate order field
derivative for each coil of the compensation magnet may be changed. Additional
field derivatives may be included in the correction list by moving the electric centres.
This allows for change to be made in the volume of the working region at the origin
of the tubular bore of the system. For example, if the compensation magnet coil set
is placed to coincide with the first zero value of the 8th order field derivative, the
volume of the uniform zone suitable for MRI is at a maximum (all other lower even
orders being also zero in sum between the magnets). In some experimental
situations it may be desirable to reduce the field of view derived by reducing the
volume of uniformity. This might be relevant to getting “focussed” high quality
images more quickly by reducing the size of the data set gathered. Allowing the
electric centres of the compensation coil set to be displaced using the additional
coils could provide some 8th order field derivative that would reduce the diameter of
the uniform field region suitable for MRI.
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We now discuss a beneficial assembly method for systems according to the
invention in association with Figure 12. There are six basic steps to the assembly of
the magnet system, such that the combined fields of the three magnets produce a
central region suitable for high quality MRI. It is given that the magnet coils
discussed below are previously wound on structural formers and encapsulated for
mechanical integrity using well known vacuum impregnation techniques.

Figure 6 shows the major steps in the construction of a generic magnet
system of the types described above, each of the coils being superconducting. The
principle is to construct the magnet in two halves, these being two halves upon
either side of the mid-plane XY.

At step 200, one set of primary coils 2 of the primary magnet are positioned
horizontally upon a main support structure such that the their common axis points
upwards. The coils 3,4 of the shielding magnet are likewise positioned co-axially
upon the main support.

At step 201 a compensation support is added, to which coils 5,6,7 of the
compensation magnet are attached. The main and compensation supports are
mounted together such that all coils have a common axis orientated upwards.

At step 202, the first part of the cooling system is added, this being the
helium system which provides helium coolant for each of the coils so that they may
operate in superconducting mode. The helium system is shown schematically as a
bold outline in Figure 12, and is illustrated at 30. This is achieved by placing the
magnet coils into a bottom half of a horizontal “helium can”; foliowed by placing a
top half of the helium can on top of the bottom half. The two halves of the helium
can are then closed by welding.

At step 203 a liquid nitrogen cooling system 31 is added, this having an
annular geometry analogous to that of the coils. The liquid nitrogen system
comprises a liquid nitrogen coolant reservoir which is positioned at a similar axial
location, although radially outwardly of the compensation magnet coils (with respect
to the common axis). In this case a “can” for liquid nitrogen (for absorbing
environmental heat at intermediate cryogenic temperatures) is placed horizontally
on the top of the helium can, using appropriate insulating fixtures. It is also
understood that appropriate nitrogen temperature (and other lower intermediate
temperature) shields are assembled to surround the helium can, to further improve
thermal insulation.

By adopting the storage of the cryogen within the space provided by the coils
the outside diameter of the magnet system may be kept to a value similar to that
established for standard MRI magnet of “long bore” tube design. Inserting the
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cryogen storage in this way makes good use of the space and allows easily
fabricated cylindrical storage tanks to be used, along with conventional top filling
service turrets.

At step 204, a second instance of the system produced by step 203 is
generated, this forming the second of the two halves of the system. The two halves
are then brought together such that they represent mirror images of one another
across the mid-plane XY (requiring the inversion of the second). The halves are
appropriately located by a fiduciary plate on the mid-plane of the magnet system.

At the final step 205, the two halves are encapsulated within a cryostat 32.
The two halves are mounted horizontally in the bottom half of the vacuum cryostat
structure, and appropriately fixed by a support insulation structure. The top half of
the vacuum cryostat is subsequently mounted horizontally. The two halves of the
vacuum cryostat are joined by welding at the mid-plane. Thereafter the system is
ready for additional support apparatus to be added and it will be understood that

~ detailed electrical and cryogenic liquid handling conduits are installed as appropriate

during steps 200 to 205.

Figure 13 shows a further diagram of the magnet system, similar to that of
Figure 1, although in this case with all four quadrants ilustrated. It will be noted that
the system is indeed significantly shorter than a more conventional tubular magnet
illustrated at 11. In addition to the magnets shown in Figure 1, in this case the
location of gradient coils 60 is also illustrated. The gradient coils are situated on the
face of the magnet where the conic angle is largest. The gradient coils arcs
contributing the main gradient field components are located on a similar diameter to
standard systems, but do not intrude into the bore of the short magnet. Thus similar
gradient field strength to a standard system may be achieved without adverse
impact on the view to the exam room afforded the patient.

The gradient coils arcs are provided with additional turns under separate
control (using suitable apparatus) so as to provide odd order field derivatives, both
in an axial direction and a transverse direction. Normally only first order gradient
fields are provided in scanners to reference the source of NMR signals in the
imaging volume. in the system of the present invention, there are desirable uses
that require the field of view to be limited to a small central volume to speed up the
overall imaging process, and focus on a particular volume of interest. This is
facilitated by adjustment of the values of high order field derivatives using the
compensate magnet coil set on the larger conic angle (small diameter coils). This
produces a focussing effect on the image field of view by reducing the volume of the

uniform zone suitable for MRI. However, surrounding the uniform zone there is, for
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example, a spherical hollow zone with a uniformity of field insufficient for good signal
to noise, containing local volumes with alias values of magnetic field. A radio
frequency (rf) receive coil may be able to receive from these alias regions. It is an
intention of the present invention to apply imaging pulse gradients that are non-
linear in the hollow sphere surrounding the imaging field of view such that alias
regions are overcome and unwanted NMR resonances avoided.

It should be noted that non-linear pulse gradients (or nmr spatial reference
gradients) may be used in this invention either alone, or in conjunction with rf
“preparation pulses” which can augment the avoidance of alias effects when using a
focused field of imaging view inside a large diameter rf coil. For example, the outer
hollow spherical volume, where the nmr resonance frequency generally has a value
different to that of the central uniform zone (or “sweet spot”), may be prepared by a
saturation rf pulse, before application of the spatial reference gradient pulses. Then,
when the reference gradients are applied for localisation of the nmr signal, there is
no magnetisation located outside the sweet spot which can be brought back into the
rf band width detected for constructing image data.

It is important to note that the method of assembly shown in Figure 12 allows
for the high field, open access, magnet system to be operated either vertically, or
horizontally, or at any intermediate angle, without cryogenic handing problems.
Thus is provided a very flexible MRI magnet, which can, for example, facilitate
scanning patients either standing or lying down.

In this regard reference is made to Figure 14 which shows an example use
of the system in a medical procedure. A human subject 50 is positioned upon a
horizontal table and undergoes a head scan whilst the head of the subject is located
within the working region of the magnet system 1. Conveniently, due to the short
axial length of the magnet, it is possible for a medical practitioner 51 or technician to
interact physically with the subject. In the case shown in Figure 14, the common axis
of the magnet system is not horizontal, but angled with respect to the horizontal,
such that the upper part of the system moves away from the feet of the subject.
This, coupled with a recess in the floor where the medical practitioner or technician
is standing (or alternatively by raising the scanner and subject), allows good access
to the head of the subject. Conceivably, this would allow a surgeon to perform
simultaneous brain surgery whilst performing an MRI scan of the brain without
moving the scanner or subject. It is this sort of breakthrough in scanning practice
that is now achievable as a resulit of the short axis of the magnet combined with the

imaging capability of a conventional tubular scanner.
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If, as discussed above, the magnet is tilted such that the upper half moves
away from the feet of the patient, then during head scanning the patient subject has
a further improvement in view to the examination room, as well as there being more
space around the head of the subject for experimental equipment.

Furthermore, if the magnet system is tilted such that the upper haif moves
towards the feet of the patient subject 50, it becomes more convenient for a medical
attendant to reach into the “imaging zone”, namely the working region. This is
particularly the case if the floor standing place of the medical practitioner is lowered,
so the pétient table and magnet are raised relative to the medical attendant.

The extremely short parallel bore tube also allows the patient table to be
skewed to right or left about the origin of the magnet and the working region.
The patient table is skewed to the right or left about the vertical axis of the
magnet, or the magnet may be skewed with the table remaining stationary. In
either case, this feature improves access for medical practitioner or technician
when the MR field of view concerns the torso or lower limbs. Figures 15 and 16
are schematic perspective views of example systems which illustrate the
extremely short axial nature of the magnets, allowing the much improved access
to the subject whilst providing line-of-sight outside the magnet system for the
subject.

It will be further recognised that the invention provides benefits in that the
working region produced by the magnet system is similar in form to that
produced by a conventional tubular magnet. This means that the established
imaging technology used with tubular magnet systems may be also used with
magnet systems of the present invention.

In the attached Appendix further discussion is provided relating to the
mathematical theory underlying the invention, together with a consideration of
the accuracy of the calculations used in designing the disclosed short tubular

magnets.
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APPENDIX

1 Calculation accuracy

The outline magnet designs discussed herein are dependent on the calculation

of the field derivatives. If we consider the variation of the field in the axial (Z)
direction only, we can write down the value of B_ at any point on the axis using

a Taylor expansion (see section 4):

B(2)=B,+Bz+B,z’ +..= ) B,

n=0

1 9"B.

where By is the field at the origin and B, = £5>=|

The object is then to achieve field uniformity by arranging for as many of the
derivatives as possible to be zero. The design calculations assume uniform
current density within a cylindrical region of conductor characterised by inner

and outer radii, ¢,, a,, and the positions of the ends b, b,.

Hitherto, the derivatives have been calculated using a general-purpose program
which allows for non-coaxial elements of arbitrary orientation. The method is to

calculate 2n+1 values of B over a length 2r, and to fit a Taylor series of nth

order to these values. The accuracy of the results can be influenced by the

choice of n and r, and also by the precision of the calculation of B. For
example,r, must not extend into the conductor, where there would be a

discontinuity in the derivatives, nor should it be so small that the variation of the
n th derivative is lost in the error in B.

The field values are calculated by integrating the contributions from elementary
hoops over the conductor cross-sectional area. When the field point is on axis,
only one (radial) numerical integration is required, but the result is not exact.
Also, the calculation depends on using library functions such as “sqrt()” and
“log()” which are performed numerically. The precision of these depends on the
number of bits used in the arithmetic. Using “"double" floating point arithmetic (64
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bit) and comparing it with "long double" (96 bit) suggests that the "double"
functions used in the magnetic field calculations are accurate to 1 x 107°.

If we confine ourselves to the axial derivatives of coaxial, cylindrical systems, it
is possible to arrive at exact analytical expressions for the derivatives. The
method is as follows:

We can write down the on-axis field due to a hoop:

B, (a,b)=2L <
L ? (az+bz)/2

and integrate this over a conductor cross section to find the field of a

solenoid:

Bs (al’az ’bpbz) = _[:2 EZ Bh(a,b)dbda

We now make the substitution by = by — z, b> = b, — zand differentiate:

B = %Bs (a,,a,,b, = 2,b, - Z)l z=0

n

This can be done with the help of computer algebra.
These expressions can now be used to compare the results of the Taylor fit
to those of the analytical expressions.

As an example, take a near-Helmholtz coil with ¢, = 0.99, a,= 1.01, by =
0.49, b, =051 and J =1X 10° (all units amperes and metres). The values

are shown in Figure 17.

This is generally fairly good, except that the 8th order is a bit unreliable, and
a long way out for rp= 0.1, nmax = 16. Notably, this is for a coil of small section
which is almost a hoop.

A comparison between exact and calculated “Taylor” values is shown in Figure
18.

Given that we are only interested in the order of magnitude of the 8th order,

this is satisfactory, and we can have confidence in the method of calculation.

28



WO 2009/001084 PCT/GB2008/002182

10

15

20

25

2 Practical tolerances

The engineering tolerances are concerned with the positions of the coils, the
dimensions of the coils and spatial variations of the winding densities. Having
evaluated the possible errors arising from these illustrate how a strategy for
correcting them is devised.

2.1 Position accuracy

The effect of an axial movement on the derivations may be calculated as
follows:-
The derivatives are defined as:
2"B(z
Bn = #%l z=0
We can therefore recover -aa—’i‘—) by replacing b with (b-z) in the expression
for B,:

soo -0 where S0)=1,

Fb—z) __ _ I(h-2)
% dz

Therefore:

n+l -
=128 =—(n+1)B

z=0 n! a7ln+l

n+l

Hence:
&;n = _(n+ I)Bll+l&

From this, the relative field excursion at r, due to the error in the nth order
from a shift of Ab is:

_ _n#l .n By
O = n! rO B,

For the case of Helmholtz coils,b = a/2, and writing p=r,/a and of=0db/a

these are simply:
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D,

0
11.520%683
18.430%08
-5.38p°08

-45.420°5
-43.35p0°58
24.54p'683

NGO~ WOIN|—=|D

Similarly, for an error in radius of & and putting da = da/a

__ry OB,
5 @, =12 5

n! da

0,
-2.4 pda
-1.92p20a
2.816p30a
6.298p"°6a
2.494p°6a
-7.734p0°6a
-8.611p'6a

NOIO|AIWIN|—(3

If we want a homogeneity of 1ppm over a radius of a/3 or a/2, the

maximum error in position is then:

10

This implies that micron precision is needed, which is clearly very difficult.

n Mla
p=al3 p=all

3

2 9.65x 107/ 3.47 x 10"
3 2.01x10° 4.34 x 10”7
4 -2.29x 107 -2.97 x10°
5 -9.06 x 10° -7.05x 107’
6 3.16 x 10° 1.48 x 10°
7 1.86x 10™ 5.22 x 10°
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2.2 Finite coils

The above discussion is for thin hoops. For finite or “thick” coils, errors arise
from dimensional errors and also from irreguiarities in turns density within the
cross-section of the windings. These can be represented by a superposition

of the effects of a multiplicity of thin hoops, so that the above arguments hold.

Figure 19 shows a misplaced thick coil (solid line) superimposed on the
correct size and position (broken line). The regions contributing to the errors
are confined to the hatched areas.

3 Correction schemes

In general, the lower order gradients are relatively easy to correct using
“shim” coils. First, second and third order correction coils can be made
sufficiently powerful to correct those gradients in short magnets. The size of
the useful working volume is determined by the higher order gradienté, such
as the fourth, fifth, sixth and seventh, and these are much more difficult to
correct. In the very short magnets under consideration these can be
significant due to the practical working tolerances.

The proposed scheme has additional correction coils associated with each
main coil. Consider a main coil whose effective centre is positioned at r =a,

z=b.We position a set of four correction coils around this at
(a,b—Ab), (a,b+Ab), (a—Aa,b), (a+Aa,b) denoted by 1, 2, 3 and 4.
Alternatively, the four coils could be at

(a—Aa,b—Ab), (a—-Aa,b+ Ab), (a+ Aa,b— Ab), (a+ Aa,b+ Ab).

The first of these arrangements is illustrated in Figure 20.

It can be seen that the correction coils are close to, or even coincident with,
the regions responsible for errors. Correction is achieved by choosing the

currents in the correction coils, I, I, I, I,so as to cancel the errors from the

misplacement of the main coil. There are four degrees of freedom so that a
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linear combination can always be found to cancel at least four orders of
gradients. The correct strategy is to correct the most significant high orders,
for example 4th, 5th, 6th and 7th order gradients. Because the lower orders,
although strong, are relatively less sensitive to the position of conductors, the
discrepancy between the positions of the correction coils and the regions
responsible for the errors is less significant than the higher orders.
Consequently, fairly good correction is achieved for the lower orders, with
imperfections being manageable by conventional shim coils.

4, Mathematical Basis of Calculations

Finally, we provide the mathematical basis for the calculations underlying the

systems of the present invention.
Laplace’s equation — Solution in terms of spherical harmonics

The magnetic field vector, H, can be defined in terms of a scalar potential
V:

H=-VV

In the absence of an electric current, or magnetised materials

V.H =0hence V> =0which is Laplace’s equation.

In the spherical coordinate system, the complete solution to Laplace’s

equation is

V=S|A,.0 +2Y",0)]

o
l.an

where the functions ¥, are spherical harmonics.
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The field and its derivatives contain no discontinuity at p =0 so that all the

coefficients B, =0:

Im

V = ZAlmplYlm(a’ ¢)

[

5 Associated Legendre functions and Legendre polynomials
The functions ¥," can be written as:
10 Y (8,0) = (-1)" [ = bex p(im) P (cos )
The functions P are the associated Legendre functions:
P ()= (=) 5 P
15

Where the Legendre polynomials are:

B (u) =P’ (1) - 35 (u' =1

2 gy

20 These spherical harmonics form a complete, orthonormal set, so that:

myk _ 1 I=j
Yl 'Yj —dlj'é‘mk 5Ij {0 %]

This means that any continuous function can be expressed as a series of

25  spherical harmonics:

FO.H=33 fu¥"(6.9)

(=0 m=-1
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In particular, an arbitrary magnetic potential, or its magnetic field can be

expressed as a series of spherical harmonics. The first few terms of a series

are generally all that is required. These are:

0 _
Yo =7z
Y. =& cosé Y, = —\/gexp(i(b)siné?

Y, = 7=Bcos’ 0-1)

Y, = —\/g exp(i@)sin @ cos @
Y] =3 exp(2ig)sin’® 6

5  The Legendre polynomials are:

The Legendre polynomials (and their derivatives) have zeros at the values of

cosf:

10

Py(cos@) =1

P (cos@) =cos@

P,(cos8) =L (3cos’ -1)
P,(cos 8) =1 (5cos’ §—3cos )

P,(cos @) =+ (35cos* @ —30cos* 6 +3)

P,(cos 8) = 1 (63cos’ @ —T0cos’ & +15cos 6)
P,(cos ) = - (231cos® § —315cos* 6 +105cos* 6 - 5)

n P, (cos@)=0 P .(cos@) =0

1 0

2 0.57735027 0

3 0 0.44721360

0.77459667

4 0.339981044 0
0.861136312 0.65465367

5 0 0.28523152
0.538469310 0.76505532
0.906179846

6 0.238619186 0
0.661209387 0.186156788
0.932469514 0.935113127

7 0 0.20929921
0.405845151 0.59170018
0.741531186 0.87174015
0.949107912
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Application to cylindrically symmetric systems

Writing the magnetic potential as:

S V = Z Almpl Y'[”' (9’ ¢)

I.m

there is no ¢ variation so that m =0.

Therefore:
V=) 24 P (cos6)
i

10 Now H =-VV hence:

H, =Z A4 Ip'™ P (cos )
H,=Y —4Alp" ! sin &L=

0(cos @)

Using the relationship:

15

L = L Py (1)~ B ()

H, Z A A pt L[ P, (cos 6) —cos 6F, (cos 0)]

20  Transform from spherical to cylindrical polar coordinates:-

H,cos@+H,sin@

H. =) 542 Ap" 1P, (cos6)

25 ‘ H,sin@+ H,cos8

H, =3 72240 " l[(cos’ 8 —sinO)P,(cos ) — 4 P, ,(cos )]

sin@
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Evaluating the coefficients — on-axis

If we consider the variation of the field in the axial (Z) direction only, we can

write down the value of H_ at any point on the axis using a Taylor expansion:

oo

H (z)=H, +H1z+H2zz+...=Zan"

n=0

where His the field at the origin and H, = 52=|

10 This must be identical to the previous equation using spherical harmonics, if

we put d=0and p=z.

Hence:
15 H:(Z) = Z l(il;l) Alzl—l =ZH"Z"
1

so that A, =22-H, , and:

12U+

H. = ian"P,,(cosﬁ)
0

20
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CLAIMS

1. A magnet system for use in magnetic resonance imaging, the magnet system
being adapted when in use to generate a resultant magnetic field, within a
working region, of sufficient homogeneity to enable magnetic resonance imaging |
to be performed, the system comprising:-

a primary magnet comprising a pair of coils positioned upon a common
axis passing through the centre of the working region, the coils being spaced
symmetrically about an origin upon the common axis and having dimensions
such that each coil is at or adjacent a nominal position at which the second order
derivative of a corresponding magnetic field in the working region is substantially
zero for a coil pair located symmetrically about the origin at such a position;

a shielding magnet comprising a pair of coils positioned upon the
common axis, the coils being spaced symmetrically about the origin and having
dimensions such that each coil is at or adjacent a nominal position at which the
second order derivative of a corresponding magnetic field in the working region
is substantially zero for a coil pair located symmetrically about the origin at such
a position, the shielding magnet being operative in use to reduce the resultant
magnetic field at locations distal from the magnet system; and,

a compensation magnet comprising at least one pair of coils positioned
upon the common axis, the coils being spaced symmetrically about the origin
and having dimensions such that each coil is at or adjacent a nominal position at
which at least one even order derivative of a corresponding magnetic field
having a magnitude of 6 or above, in the working region, is substantially zero for

a coil pair located symmetrically about the origin at such a position.

2. A system according to claim 1, wherein each nominal position is located

such that the respective magnetic field derivative is zero at the origin.
3. A system according to claim 1 or claim 2, wherein each coil is defined by a

circle centred upon the common axis and wherein each part of said circle is

equally at or adjacent the nominal position.
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4. A system according to any of claims 1 to 3, wherein the nominal position is
defined by a frusto-conical surface of rotation about the common axis, wherein
the said derivative of the respective magnetic field is zero for a nominal set of

coils defining a circle, each part of which intersects with said surface.

5. A system according to claim 4, wherein the frusto-conical surface is defined
by a cone angle, the cone angle being the angle at the cone vertex between the
common axis and a line lying parallel to said surface and passing through the
vertex, and wherein the cone angle for each of the pairs of coils of the

compensation magnet is in excess of that of the primary magnet.

6. A system according to any of the preceding claims, wherein for the
compensation magnet, the nominal position is with respect to the 8" order

derivative of the magnetic field of the coils at the nominal position.

7. A system according to any of the preceding claims, wherein the net current
within at least one pair of coils of the compensation magnet is caused when in
use to flow about the common axis in a counter-running manner with respect to

the net current in the primary magnet.

8. A system according to claim 6, wherein two or more pairs of coils are
provided within the compensation magnet, each pair having a different radius,
and wherein the pair of coils having the smallest radius is operated when in use

in the said counter-running manner.

9. A system according to any of the preceding claims, wherein the coils are
at or adjacent the nominal position in that each coil has a corner of its cross-
section within a distance of the nominal position not greater than the maximum

radial or axial extent of the coil section, whichever is the larger.

10. A system according to any of the preceding claims, wherein at least part

of the coil cross-section intersects the nominal position.
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11. A system according to any of the preceding claims, wherein a pair of coils
for one or more of the primary, shielding or compensation magnets, has coil

windings at the respective nominal position.

12. A system according to any of the preceding claims, wherein, when in use,
the primary magnet provides in excess of 75% of the resultant magnetic field

strength.

13. A system according to any of the preceding claims, wherein the individual
respective magnetic field from each of the primary, shielding and compensation
magnets is of insufficient homogeneity within the working volume for performing

magnetic resonance imaging.

14. A system according to any of the preceding claims, wherein the shielding
magnet is adapted when in use to have a net current flow in the coils which is
counter-running with respect to that flowing within the coils of the primary

magnet.

15. A system according to claim 14, wherein the coil pair of the shielding
magnet is placed adjacent the nominal second order derivative position so as to
cause a non-zero magnitude second order derivative having a first polarity and
wherein the coil pair of the primary magnet is placed adjacent the nominal
second order derivative position so as to cause a non-zero magnitude second
order derivative having a polarity opposite to the first polarity, and wherein the
second order derivatives of the primary and shielding magnets are arranged in

use to cancel.
16. A system according to claim 14, wherein the coil pair of the shielding
magnet is placed adjacent the nominal second order derivative position so as to

cause a non-zero magnitude second order derivative.

17. A system according to claim 16, wherein the shielding magnet comprises

two sets of coils spaced apart along the common axis.
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18. A system according to claim 17, wherein each of the sets of coils of the
shielding magnet is positioned closer to the origin than the nominal second order

derivative position.

19. A system according to any of the preceding claims, wherein the primary,
shielding and compensation magnets are electrically connected in series, when

in use.

20. A system according to any of the preceding claims, further comprising a
controller adapted to control the electrical current within at least one of the

primary, shielding and compensation magnets.

21. A system according to claim 20, wherein at least one of the pairs of coils of
the compensation magnet comprises a set of additional coils and a second
controller, wherein the second controller is adapted to control the electrical

current within the additional coils independently of the said at least one pair

22. A system according to claim 20, wherein the set of additional coils are
adapted to allow the positions of the magnetic centres of the said at least one

pair of coils to be modified by controlling the current within the additional coils.

23. A system according to claim 21 or claim 22, wherein the set of additional
coils are adapted to allow the strength of the magnetic field of the compensation

magnet to be modified by controlling the current within the additional coils

24. A system according to claim 22 or claim 23, wherein at least three additional
coils are provided for each coil and are distributed symmetrically about each coil

of the said at least one pair.

25. A system according to claim 24, wherein four additional coils are provided
for each coil of each at least one pair, the additional coils being positioned upon
either side of the said at least one pair radially and axially with respect to the

common axis.
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26. A system according to any of claims 22 to 25, wherein the second controller
is adapted in use to provide electrical current with the said coils such that the
corresponding strength of the magnetic field generated by the said additional
coils alone is up to about 10% of the magnetic field strength of the compensation

magnet.

27. A system according to any of the preceding claims, further comprising a set
of gradient coils, each gradient coil being positioned at or adjacent the nominal

second order derivative position.

28. A system according to any of the preceding claims, wherein the magnetic

centre of each magnet coil section defines the location of each magnet.

29. A system according to any of the preceding claims, wherein each magnet
coil within the system is positioned substantially within a geometrical envelope
defined by two symmetrical conical surfaces representing the second order

position and extending away from the centre of the working region.

30. A system according to any of the preceding claims, wherein the primary and
shielding magnets are arranged in a first part of a housing having a substantially
annular geometry and wherein the compensation coils are arranged in a second
part of the housing having substantially annular geometry of smaller axial and

radial dimensions than the first part.

31. A system according to claim 30, wherein the second part of the housing has

walls which taper in axial dimension towards the common axis.

32. A system according to any of the preceding claims, wherein the system
further comprises a table upon which a subject is positioned for imaging when
the system is in use, the table defining a table plane, and a system mounting
adapted to allow the magnets to be rotated with respect to the table plane, such
that the common axis is rotated within a plane substantially normal to the table

plane.
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33. A system according to any of the preceding claims, wherein the system
further comprises a table upon which a subject is positioned for imaging when
the system is in use, the table defining a table plane, and a system mounting
adapted to allow the magnets to be rotated with respect to the table plane, such
that the common axis is rotated within a plane 5ubstantially parallel to the table

plane.

34. A system according to any of the preceding claims, wherein the magnet

coils are superconducting coils.

35. A system according to claim 34, wherein the superconducting coils are
cooled using a coolant and wherein the coolant is held within a reservoir

positioned at an axial location between that of the coils of the shielding magnet.

36. A system according to claim 35, wherein the reservoir is divided into two
separate reservoirs, the reservoirs being positioned upon either side of a mid-
plane of the system, the said plane passing through the centre of the working

region and having a plane normal parallel to the common axis.

37. A method of constructing a magnet system according to claim 33, the
method comprising:-

i) mounting one coil of each pair of coils of the primary, shielding and
compensation magnets to a first support;

i) mounting a first coolant reservoir to the first support, the first coolant
reservoir being adapted to supply the said one coil of each of the primary,
shielding and compensation magnets with coolant during use;

iii) mounting the other coil of each pair of coils of the primary, shielding
and compensation magnets to a second support;

iv) mounting a second coolant reservoir to the second support, the
second coolant reservoir being adapted to supply the said other coil of each of
the primary, shielding and compensation magnets with coolant during use; and,

v) mounting the first and second supports together.
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38. A method according to claim 34, wherein the first support, coils and first
reservoir comprise a first half of the magnet system and wherein the second
support, coils and second reservoir comprise a second half of the magnet
system and wherein the first and second halves are arranged as substantially

mirror images of one another.
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Fig.10.

PCT/GB2008/002182

Finite 8th order CYCLOPS Main outside B2=0, Shield inside B2=0
[ I

Expanded all coil dimension by 1.48 x to get min coil am a mean 40cm
This is intended to remove B10 B12 B14 by diameter effect
FOV 50cm dsv
After step 4 Main outside B2=0, AS inside B2=0
Coil Main AS Quter Middle Inner 8th nudge

a 70 110 50 36 28

at 59 102 49 34 27

a2 81 118 51 38 29

b 42 25 8.33 6 4 665

b1 31 17 7.33 4 3.665

b2 53 33 9.33 8 5.665
Tcoil-1 4840 2560 14.029] 276.174 42.282
Tem-2 10 10 3.507 17.261 10.571
NI 1/2 mag 3000000 1400000 8249.27| 162390.2| 24861.95 4595500
| 588 -588 588 588 -588
Coil sec  |22x22 16x16 Target 2x2 4x4 2x2 Comp sum  |Combined
B0 1/2mag | 16094.0000 -7965 |Float 99.0000! 2718.0000{ -535.0000| 2282.0000{10411.0000
B2 =15 253.4339| 159.1958| -412.6297| -11.3008| -595.2066{ 193.8823| -412.6251 0.0046
B4 -41.8749 -1.6958| 43.5707 0.9112 92.4991 -49.8410{ 43.5693 -0.0014
B6 1.1250 -0.009 -1.116 -0.0499 -9.7646 8.6988 -1.1157 0.0003
B8 0.0213 0.001|Float 0.0001 0.0571 -0.0777 -0.0205 0.0018
B10 -0.0025 -0.0003 0.0005 0.3223 -0.7916 -0.4688 -0.4716
B12 0.0007 0 0.0000 -0.1130 0.4595 0.3465 0.3465

78ppm erro

Coil Main AS Outer Middle Inner 8th nudge

a 103.6000 163 74.0000| 53.2800 41.4400

a1t 87.32 151 72.52 50.32 39.96

a2 119.9 175 75.48 56.24 4292

b 66.65 37.02 12.33 8.88 6.904

b1 459 25.2 10.85 5.92 5.424

b2 87.4 48.84 13.81 11.84 8.384
Teoil1 4840 2560 14.029] 276.174 42.282
Tem-2 4,565 4.565 1.601 7.88 4.826
Ni 1/2 mag 3000000/ 1400000 8249.27| 162390.2| 24861.95
| 588 -588 588 588 -588
Coil sec |33x33 24x24 3x3 6x6 3x3 Totals
B0 1/2mag 10861 -5439 67 1836 -361 6964
B2 r=15 78.0273| 49.5371 -3.4856| -183.5972 59.8072 0.2889
B4 -5.89 -0.2406 0.1283 13.026 -7.0192| 0.0045
B6 0.07224 -0.0006 -0.0032 -0.6278 0.5593( 0.00001
B8 0.0006f 0.00003 0] 0.00168 -0.0023 0.00004
B10 -0.00003 0 0.00001 0.0043 -0.0106 -0.0063
B12 0 0 0 -0.0007 0.0028 0.0021
B14 0 0 0 0 0 0

error 30cm dsv B2reshimmed =0 1ppm
error 50cm dsv B2reshimmed =0 300p m
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Fig.11.
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