
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

56
8 

47
5

A
1

TEPZZ 568475A_T
(11) EP 2 568 475 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
13.03.2013 Bulletin 2013/11

(21) Application number: 11180836.6

(22) Date of filing: 10.09.2011

(51) Int Cl.:
G21K 1/093 (2006.01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME

(71) Applicant: Université Catholique de Louvain
1348 Louvain-La-Neuve (BE)

(72) Inventors:  
• Dehez, Bruno

5310 Liernu (BE)
• Elhaut, Thibault

1330 Rixensart (BE)

(74) Representative: Pecher, Nicolas et al
Pecher & de Groote sprl 
Centre Monnet 
Avenue Jean Monnet, 1
1348 Louvain-la-Neuve (BE)

(54) Magnet and method for designing a magnet

(57) The invention relates to a magnet for guiding a
beam of charged particles along a curved path in a path
plane, comprising a first (210) and second (220) coil (pole
coils) disposed symmetrically with respect to said path
plane, at a first and second distance of said path plane,
and adapted for producing a magnetic field in a direction
perpendicular to said path plane along said path ; a third
(230) and fourth (240) coil (flux return coils) disposed

along said path plane, at an inner and outer side respec-
tively of said curved path and at a third and fourth distance
thereof, and adapted for producing a magnetic field in
same direction perpendicular to said path plane along
said path. Said first (210) and said second coils (220)
have an outer shape limited by a linear portion on a side
towards the path plane, and parallel thereto, and a curved
portion in the opposite direction. The invention also relate
to a method for designing such a magnet.
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Description

TECHNICAL FIELD

[0001] The present invention relates generally to a magnet and more specifically to a magnet for guiding a beam of
charged particles along a curved path. The invention also relates to a method for designing such a magnet and to a
magnet obtained by the method.

DESCRIPTION OF RELATED ART

[0002] The development of cyclotrons, MRI or particle therapy systems leads to the design of different kinds of resistive
and superconducting bending magnets. Most designs are based on an a priori choice of a geometrically defined solution
whose characteristic parameters are then optimized to minimize a cost function while meeting some constraints on the
magnetic field distribution. The main drawback of this approach is that the geometry and the topology of the solution
cannot evolve during the optimization. The optimality of the final solution is therefore strongly conditioned by the initial
choice of the designer.

PRIOR ART DISCUSSION

[0003] The publication "M. Conte et al., Indirectly cooled superconducting dipole for a ion gantry. INFN Note, Published
by SIS-Pubblicazioni Available: http://www.Inf.infn.it/sis/preprint/pdf/INFN-TC-01-13.pdf" describes a magnet for guiding
a beam of charged particles along a curved path. As shown on Fig. 6 and 7 of this publication, the design starts from
the assumption that the coils have a rectangular section. This leads to solutions that may not be optimal regarding the
field distribution in the magnet/dipole aperture, and the conductive material volume. Moreover, no attempt has been
made for minimizing the field outside of the magnet.
[0004] In addition, a beam guiding magnet for deflecting a particle beam is know from US 7812319. This magnet
comprises a first coil system having curved individual coils, disposed along the particle path, which are arranged in pairs
in mirror symmetry to the path plane, the first coil system including two saddle-shaped first primary coils with side parts
elongated in a direction of the particle path and end parts bent upward on a face end, at least two secondary coils, which
are curved and surround an inner region, and at least two correction coils, which are curved and are located in the
respective inner region of the secondary coils, and a second coil system having two second primary coils, which extend
laterally of the particle path and are curved and which are located between the first primary coils and include a first and
a second elongated side part, the first elongated side part is located close to the particle path and the second elongated
side part is remote from the particle path. However, the design of these coils start from the assumption that the coil
sections are rectangular. This leads to solutions that are far from optimal regarding performance criteria like the stored
magnetic energy, the volume of conductive material, since less degrees of freedom are available for reaching the specific
field distribution requirements in the beam region, and low field values outside the magnet. Moreover, as shown on Fig.
4 of this document, the first primary coils 201, 202 have end parts (401) bent upwards. These kinds of coils are more
difficult to produce. When the magnet is a superconducting magnet, which is the case in the embodiment described, it
is more difficult to design the cryostat, and it is more difficult to design the means for supporting the forces resulting from
the high currents.
[0005] The present invention aims at providing a magnet and a method for designing a magnet that overcomes the
above-discussed drawbacks of the prior art.
[0006] In particular, it is an object of the present invention to provide a magnet structure and a design method for
obtaining a structure meeting requirements as to manufacturability, e.g. planar coils, as to magnetic field and field gradient
inside the magnet, and optionally low field values outside of the magnet, while minimizing the cost, the stored energy
in the conductors and/or the overall size of the magnet.

SUMMARY OF THE INVENTION

[0007] According to a first aspect, the invention relates to a magnet for guiding a beam of charged particles along a
curved path in a path plane, comprising

- a first and second coil (pole coils) disposed respectively above and below with respect to said path plane, at a first
and second distance of said path plane, and adapted for producing a magnetic field in a direction perpendicular to
said path plane along said path ;

- a third and fourth coil (flux return coils) disposed along said path plane, at an inner and outer side respectively of
the curve of said curved path and at a third and fourth distance thereof, and adapted for producing a magnetic field
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in same direction perpendicular to said path plane along said path.

According to the invention, the section of the first and said second coils have an outer shape limited by a linear portion
on a side towards the path plane, and parallel thereto, and a curved portion on the opposite side. It has been found by
the applicant that magnets having such a feature can produce a required field with less conductive material than prior
art magnets.
[0008] The magnet may comprise a beam guiding tube. The third and fourth coils may then have parts contiguous to
said beam guiding tube. A branch of these coils leans against the beam guiding tube.
[0009] The magnet may further comprise a fifth and sixth coil (gradient correction coils) disposed symmetrically with
respect to said path plane, at said first and second distance of said path plane, inside said first and second coils, and
adapted for producing a magnetic field in same direction perpendicular to said path plane along said path.
[0010] The magnet may also comprise a seventh and an eighth coil (shielding coils) disposed symmetrically with
respect to said path plane, at a larger distance of said path plane than the first and second coil, and adapted for producing
a magnetic field in opposite direction perpendicular to said path plane along said path.
[0011] The magnet may also comprise a ninth and tenth coil (shielding correction coils) disposed along said path
plane, at an outer side of said third and fourth coils respectively, and adapted for producing a magnetic field in opposite
direction perpendicular to said path plane along said path.
[0012] When the magnet comprises shielding coils and/or shielding correction coils, the magnet may then also comprise
further passive shielding material such as iron enclosing all the coils of the magnet. The shielding coils may then ensure
a low magnetic field in the region of the shielding material, which will be in a field below saturation. Such a magnet will
then produce a field depending linearly on the current in the coils.
[0013] The coils may be adapted for producing a uniform magnetic field in a region enclosed between said first, second,
third and fourth coils.
[0014] The coils may also be adapted for producing a magnetic field having a uniform component and a component
having a gradient along a radial direction of said curved path in said region.
[0015] The coils are preferably planar coils.
[0016] The coils may be a superposition of coils having a rectangular section and together approximating coils having
a section with a curved portion. This makes the manufacturing of the coils easier, while keeping the advantage of the
effect of coils having an outer shape with a curved portion.
[0017] In a preferred embodiment, the coils axisymmetric symmetry along an azimuthal range.
[0018] According to a second aspect, the invention relates to a method for designing a magnet for guiding a beam of
charged particles along a path, comprising the steps of:

(a) in a planar section pependicular to a section of said path, dividing the section in :

I a first region (GFR) wherein the required magnetic field for guiding the charged particles along said path is
defined;
II a separation region enclosing said first region;
III a design region wherein electrical conductors are provided for producing said required magnetic field when
electrical currents are flowing through said electricla conductors, enclosing said separation region;

(b) dividing the design region in a set of k cells;
(c) selecting a cost function to be minimized, the function being a combination of one or more functions selected in
a set comprising:

- the surface in said planar section of the electrical conductors needed for producing the required manetic field;
- the magnetic energy stored in the electrical conductors;
- the outer size of the design region;
- the difference between the obtained field and the required magnetic field in said first region;

(d) defining a set of constraints to be met while minimizing said function, said set of constraints comprising:

- upper and lower limits for the positive and negative currents in each of the cells k;
- obtaining the required magnetic field in said first region GFR, within a tolerance;

(e) minimising said cost function, while meeting said constraints, by using an optimization algorithm, for obtaining
the distibution of electrical currents in said design region.
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[0019] In a preferred embodiment of the method, said step of dividing the section further comprises dividing (IV) a low
magnetic field region LFR wherein the magnetic field is lower than a limit, and enclosing said design region; and in that
the set of constraints further comprises obtaining a magnetic field lower than said limit in said low magnetic field region LFR.
[0020] The step of dividing the section may further comprise dividing in four areas: area ’A’ above a plane parallel to
the path plane, and located above the separation region; area ’C’ a corresponding region below the path plane; areas
’B’ and ’D’ at the left and right of the separation region, between areas ’A’ and ’C’, and in that in each of these areas
and for each line of cells parallel to the path plane in these areas, the sum of the current in each cell located on these
lines is zero.
[0021] According to a third aspect, the invention relates to a magnet obtainable by the method of the invention.
[0022] In this description, the orientation of the various coils discussed are qualified by the orientation of the magnetic
field they produce at the curved path, in the center of the GFR region. This field may either be the central field of the
coil, e.g. for the first and second coil, or the return field of the coil, e.g. for the third and fourth coil.

BRIEF DESCRIPTION OF THE DRAWING

[0023] Fig.1a is a schematic sectional view, in a plane orthogonal to the curved path, of a magnet according to the
invention, where the different regions are represented. Fig.1b is a similar view, representing different areas.
[0024] Fig.2 is a perspective view of a section of the coils of a magnet according to an embodiment of the invention.
[0025] Fig.3.1 to 3.13 are sectional views of various embodiments of magnets according to the invention, obtained by
the method of the invention under different conditions.

DETAILED DESCRIPTION OF THE INVENTION

[0026] We describe hereunder an embodiment of the method of the invention applied to the design of a shielded
superconducting bending dipole magnet. The magnet presents an axisymmetric symmetry along a bend angle of typically
90°. This magnet must be capable of bending beams of charged particles of different masses and of different energies.
These requirements impose some specifications to the design that are discussed hereafter.
[0027] The cross section of the bending magnet in the radial-axial plane (i.e. in a plane passing by the symmetry axis)
is illustrated in Fig.1a. The particles travel on or around a particle path 10 in a path plane 20. The particle path 10 is
curved around a symmetry axis 40 at a bend radius Rb. The curved path 10 of the charged particles is orthogonal to the
radial-axial plane of the figure. Starting from the center, the magnet is composed of:

- a central region (Zone I) that is called the good field region (GFR) because it is the region where the charged particles
travel; the field level and optionally the field gradient is therefore imposed there;

- an empty layer (Zone II) called the empty zone because this region is reserved for insulation and other structural
elements;

- the design region (Zone III), in which the optimization/method will put some conductive material;
- and finally the so called low field region (LFR), which is outside a limit of a predefined dimension (Zone IV).

In the present example, the central region is a square region, and the design region is limited by a circular outer limit.
Other shapes and shape combinations may be applied in the inventions, and will be discussed. Exemplary dimensions
of the regions are listed below.

[0028] The two regions in which magnetic field specifications are imposed may be the GFR and the LFR. In the GFR,
the field has to be such that the charged particles beam is bent but without refocusing it. In other words, a particle that
is at the entry of the magnet with a speed normal to the entry section has to exit at the same radial position with a speed
normal to the exit section. This goal can be reached with a field of the form: 

Bend radius Rb 2.5 m

Bend angle θb 90°
Good field region size Lb 0.2 m
Insulation thickness Li 0.05 m
Magnet radius Rm 0.45 m
Low field region circle Rl 0.55 m
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with  the nominal field level and  the radial nominal field gradient. The value of the nominal field level and

its radial nominal gradient depend of course on the particle beam that has to be bent, but it can be assumed that the
gradient is proportional to the nominal field level. The maximal/nominal chosen values in the particular case of the current
problem are presented below:
Specifications for the good field region

Specifications for the low field region

The specifications for the low field region may be imposed first of all when cryocoolers are used for cooling down
superconductive material but also to avoid any influence of ferromagnetic materials that may be located in the vicinity
of the magnet. This constraint can be satisfied through passive shielding, using soft ferromagnetic parts disposed around
the magnet or active shielding, using additional coils disposed around the magnet.
For application as in the present example, in view of the different field levels, and of the proportionality of the field gradient
to this field level, it is preferred to have a linear solution, i.e. a solution producing a field proportional to the currents in
the coils. Active shielding is the best and easiest way to obtain this linearity since it avoids the non-linearity due to the
magnetic saturation in the soft ferromagnetic materials. However, a combination of an active and a passive shielding
could also be satisfying if the active shielding is used to limit the magnetic field in ferromagnetic parts so as to keep
them non-saturated.
[0029] Unfortunately, it may occur that a solution that satisfies all the specifications above be not manufacturable or
even not functional. To prevent these problems, the final design should preferably respect the following specifications:

- for superconducting magnet, the maximal field in the conductors must be kept under a limit depending on the
superconducting material;

- the coils should preferably be planar coils, i.e. without end parts bent upwards;
- the coils have to be such that the ends of coils do not pass in the GFR;

Additionally to all the specifications, the final design has to take into account the following performance criteria:

- The minimization of the conductive material quantity because it can be linked to the magnet cost, and in the particular
case of a resistive magnet to the electrical power consumption;

- The minimization of the magnetic stored energy notably because the thermal problems related to quench are reduced;
- The minimization of the magnet radius since it is preferable for the structure supporting the whole magnet, e.g. the

gantry, and for the cryocoolers that should be as close as possible to superconductors that have to be cool down.

According to this, the "best solution" will be a solution that satisfies all the specifications and that is a good compromise
between all these performance criteria. All the constraints for the design have been listed above. The invention provides
a method for finding a solutions meeting all these constraints.
[0030] In the method of the invention, topology optimization is used to find new solutions that are not influenced by
human prejudices. According to the invention, the design region (Zone III) is divided in cells. Each cell can be filled with
conducting material or not, and the final scope of the optimization is to find the distribution of conducting materials that
minimizes an objective function according to some constraints. This optimization problem can therefore be written as

Nominal field 
2.546 T

Radial nominal gradient 
-0.407 T/m

Tolerated relative field error δBγ 1.2 %

Maximal low field 
0.05 T
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follows: 

with q the design variables, f the function to minimize, h and g vectorial functions, and l and m vectors. In topology
optimization methods, the design variables are the proportions of materials in each cell. The number of design variables
is therefore directly linked to the number of cells and can become quickly excessive, leading to huge computing time.
To limit this problem, the model is in this particular embodiment restricted to a 2D axisymmetric geometry. This restriction
prevents the analysis of the influence of the coils ends, however the optimization produces high performance coil designs.
[0031] Each cell of the design region can only be filled with air or superconductor (NbTi in the present example). The
currents flowing in a direction normal to a radial-axial plane, the algorithm will have two design variables for each cell:

- The proportion of NbTi with positive normal current density (ρkp);
- The proportion of NbTi with negative normal current density (ρkn).

The current density in each cell can be calculated as follows:

with jk the local current density for cell k, Jmax the maximal tolerated current density in the magnet.
[0032] Objective function: All the preferences cited previously, like the stored magnetic energy or the volume of con-
ducting material can be used as objective function. In this particular example, one restricts to the minimization of the
superconducting material quantity to take advantages of linear algorithms that are often more quick and that give the
global optimum instead of a local one. Indeed, the superconducting quantity can be linked to the design variables ρkp
and ρkn by the linear expression: 

with rk the radial position and Sk the surface of cell k.
If all the cells have the same surface, the expression can be reduced to: 

[0033] Constraints: The use of a linear optimization algorithm implies that all the constraints have to be linear with
respect to the variables. To be as general as possible there are three types of constraints:

- the ones that are related to the boundaries of the optimization variables,
- the ones that come from the magnetic field specifications,
- the ones that implement the specifications related to the coil manufacturability.

[0034] Boundaries constraints: Variable’s boundaries are immediately converted to linear inequality constraints. The
boundaries come from the tolerated maximal current density in each cell. Starting from (3), these constraints are formu-
lated as follows: 
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for each cell k of the design region.
[0035] Magnetic constraints: To specify the magnetic constraints, the finite elements method is used to formulate the
equations. Referring to publication «T. Labbé and B. Dehez, "Convexity-oriented mapping method for the topology
optimization of electromagnetic devices composed of iron and coils," IEEE Transactions on Magnetics, vol. 46,n°. 5, pp.
1177 - 1185, Dec. 2009.» we can write the relation : 

with m the vector of the magnetic permeability, u the magnetic vector potential, j the vector of the local current densities,
M and C the finite element matrices. Considering an active shielding or a passive shielding combined with an active
shielding ensuring that, for the nominal field, the ferromagnetic parts do not saturate, the equation (8) establishes a
linear relation between the local current densities and the magnetic vector potential since the magnetic permeability can
be supposed independent of the current level. The magnetic field required by the optimization problem can obtained
from equation (8) through: 

with Fi the rotational operator giving the component i of V 3 u, bi the vector of the component i of the local fields. As the
rotational operators are linear, the relation between the magnetic field and the design variables, linked to the local current
densities through linear equation (3), is also linear.
The magnetic constraints of the problem enclose all the magnetic specifications listed above, the first linked to the field
distribution in the good field region and the second linked to the field amplitude in the low field region.
[0036] Good field region constraints: The distribution in the GFR has to be constrained with a specified tolerance. To
reduce computer memory consumption, this constraint may be applied only to some control points, uniformly distributed
in the GFR. For the control points k, the magnetic field are imposed with the tolerance δBg ; the constraints takes the form:

with  the ideal values of the axial component of the magnetic field at the control point k obtained through equation (1).

[0037] Low field region constraints: In the same way, the low field constraint may be applied only to some control
points for which a maximal magnetic field is imposed. These points are uniformly distributed on the inner limit of the
LFR. For the control point k, the constraint takes the form: 

This formulation being not linear, it is transformed to the linear following conservative formulation: 
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[0038] Coils constraints: As discussed previously, a particular attention has to be taken to the coils: the coils should
preferably be planar and their ends should preferably not pass in the GFR. To implement these constraints, the design
region is divided in four areas, as shown on Fig.1b: Area ’A’ is the area above a plane parallel to the path plane, and
located above the separation region; Area ’C’ is the corresponding region below the path plane; areas ’B’ and ’D’ are at
the left and right of the separation region, between areas ’A’ and ’C’. Areas ’B’ and ’D’ are at the inner and outer side
respectively of the curve of the curved path of the particles. In each of these areas and for each line parallel to the path
plane in these areas, the sum of the current in each cell located on these lines is imposed to zero. If all the cells have
the same surface, this constraint can be reduced, for a given lines i of area j, to: 

[0039] The applicant found that it was possible to meet all above requirements and obtain improved solutions by using
the optimization method. Fig.3.1 to 3.13 are radial-axial sectional views of various embodiments of magnets according
to the invention, obtained by the method of the invention under different conditions and constraints explained hereunder.
In all these figures, the section of the coils where the current flows outwards the radial-axial plane are represented in
black, the sections of the coils where the current flows in the opposite direction are represented in white. In the coil
sections, the current density is uniform, and may be obtained by a plurality of individual conductors wound in coils, as
known in the art. First to tenth coils are designated by reference numbers 210 to 300, respectively. The granularity of
the outer shape of the coils results from the cell discretization (i.e. the mesh size) used in the optimization. The applicant
has observed that when performing the optimization with different mesh size, results showing very similar shapes are
obtained. It will be understood that a finer granularity may be obtained at the cost of more computing time and memory,
but that the in the actual implementation, these shapes may be smoothed without impairing the quality of the magnets.
[0040] Fig.2 is a perspective view of a section of the coils 210, 220, 230, 240 of a magnet resulting from the application
of the method of the invention with the cost function to be minimized being the volume of the electrical conductors needed
for producing the required magnetic field, the good field region (GFR) is a square area wherein the field is a dipolar field
with a low radial gradient, the low field region (LFR) outside a circular limit where no field limit is imposed and the design
region has an circular outer limit and a square inner limit. The coils are planar "race track" coils, with the return bends
in the same plane as the coils.
[0041] Fig.3.1 shows a section of the coil of Fig.2 It is to be observed that the sections of the first and second coils
have an outer shape limited by a linear portion on a side towards the path plane, and parallel thereto, and a curved
portion in the opposite direction. This feature is present in all other examples 3.2 to 3.13 discussed below.
[0042] Fig.3.2 shows the result obtained with same conditions as in Fig.3.1 except that the low magnetic field region
LFR is outside a rectangular limit where no field limit is imposed and the design region has an rectangular outer limit.
[0043] Fig.3.3 shows the result obtained with same conditions as in Fig.3.1 except that the low magnetic field region
LFR is outside a truncated circular limit where no field limit is imposed and the design region has a truncated circular
outer limit.
[0044] Fig.3.4 shows the result obtained with same conditions as in Fig.3.1 except that the first region (good field
region GFR) is a circular area.
[0045] In these four solutions of the method, one observes similar structure of the coils: a first set of coils, the pole
coils, producing a magnetic field for guiding the particles, comprising first coil 210 and second coil 220. At the sides of
the path are a second set of coils, the flux return coils, comprising third 230 and fourth 240 coils. The shape of the coil
sections are similar, varying only in dependence of the shape (square, circular or others) of the inner and outer limit of
the design region.
[0046] Fig.3.5 and 3.6 show the result obtained with same conditions as in Fig.3.1 and 3.2 respectively, except that
the field gradient has a higher value. One observes the appearance of a third set of coils, the gradient correction coils,
comprising fifth 250 and sixth 260 coils. These small coils are located inside the first 210 and second 220 coils, respectively.
[0047] Fig.3.7, 3.8 and 3.9 show the results obtained with same conditions as in Fig.3.1, 3.2 and 3.3, respectively,
except that the in the low magnetic field region LFR, an upper field limit is imposed. One observes the appearance of a
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fourth set of coils, shielding coils, comprising seventh 270 and eighth 280 coils. These coils are located symmetrically
with respect to the beam guidance plane, at a larger distance of said plane than the first 210 and second 220 coil, at
the outer limit of the design region and produce a magnetic field in opposite direction to the field produced by the first
and second coils.
[0048] Fig.3.10 shows the result obtained with same conditions as in Fig.3.7 except that a lower value for the upper
field limit is imposed in the low magnetic field region LFR. One observes the appearance of a fifth set of coils, the shielding
correction coils, comprising ninth 290 and tenth 300 coils. These coils are located at an outer side of said third and fourth
coils respectively, and produce a magnetic field in opposite direction perpendicular to said plane along said path. The
inner part of these coils are next to the outer parts of the third and fourth coils, while the outer parts of these coils are
near the outer limit of the design region.
[0049] Fig.3.11 shows the result obtained with same conditions as in Fig.3.7 with the additional feature that the coils
are segmented in layers parallel to the path plane.
[0050] Fig.3.12 shows the result obtained with same conditions as in Fig.3.11 with the additional feature that each coil
are approximated by a plurality of rectangular cross section coils.
[0051] Fig.3.13 shows the result obtained with same conditions as in Fig.3.8 with the additional feature that the upper
field limit in the LFR is such that a passive shielding material 50
located in said region will not reach saturation. In these conditions, the magnet will behave linearly, i.e. the magnetic
field value in any point in space will be proportional to the current density in the electrical conductors.
[0052] The applicant has observed that the shape of the coils remains stable with respect to the parameters. Although
the results of Fig.3.1 to 3.13 have been obtained with the volume of the electrical conductors as the cost function, very
similar results would have been obtained with other cost function, such as the magnetic energy stored in the coils, or
the overall size of the section of the magnet. The terms and descriptions used herein are set forth by way of illustration
only and are not meant as limitations. Those skilled in the art will recognize that many variations are possible within the
spirit and scope of the invention as defined in the following claims, and their equivalents, in which all terms are to be
understood in their broadest possible sense unless otherwise indicated. As a consequence, all modifications and alter-
ations will occur to others upon reading and understanding the previous description of the invention. In particular,
dimensions, materials, and other parameters, given in the above description may vary depending on the needs of the
application.

Claims

1. Magnet for guiding a beam of charged particles along a curved path in a path plane, comprising

- a first (210) and second (220) coil (pole coils) disposed respectively above and below with respect to said path
plane, at a first and second distance of said path plane, and adapted for producing a magnetic field in a direction
perpendicular to said path plane along said path ;
- a third (230) and fourth (240) coil (flux return coils) disposed along said path plane, at an inner and outer side
respectively of the curve of said curved path and at a third and fourth distance thereof, and adapted for producing
a magnetic field in same direction perpendicular to said path plane along said path;
characterized in that
the section of said first (210) and said second coils (220) have an outer shape limited by a linear portion on a
side towards the path plane, and parallel thereto, and a curved portion on the opposite side.

2. Magnet according claim 1 further comprising a beam guiding tube characterized in that said third (230) and fourth
(240) coils have a parts contiguous to said beam guiding tube.

3. Magnet according to any of preceding claims characterized in that it further comprises

- a fifth (250) and sixth (260) coil (gradient correction coils) disposed symmetrically with respect to said path
plane, at said first and second distance of said path plane, inside said first (210) and second (220) coils, and
adapted for producing a magnetic field in same direction perpendicular to said path plane along said path.

4. Magnet according to any of preceding claims characterized in that it further comprises

- a seventh (270) and eigthth (280) coil (shielding coils) disposed symmetrically with respect to said path plane,
at a larger distance of said path plane than the first (210) and second (220) coil, and adapted for producing a
magnetic field in opposite direction perpendicular to said path plane along said path.
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5. Magnet according to any of preceding claims characterized in that it further comprises

- a ninth (290) and tenth (300) coil (shielding correction coils) disposed along said path plane, at an outer side
of said third and fourth coils respectively, and adapted for producing a magnetic field in opposite direction
perpendicular to said path plane along said path;

6. Magnet according to any claims 4 or 5 characterized in that it further comprises passive shielding material enclosing
the coils of the magnet.

7. Magnet according to any one of preceding claims characterized in that said coils are adapted for producing a
uniform magnetic field in a region enclosed between said first, second, third and fourth coils.

8. Magnet according to any one of preceding claims characterized in that said coils are adapted for producing a
magnetic field having a uniform component and a component having a gradient along a radial direction of said
curved path in a region enclosed between said first, second, third and fourth coils.

9. Magnet according to any one of preceding claims characterized in that said coils are planar coils.

10. Magnet according to any one of preceding claims characterized in that said coils are a superposition of coils having
a rectangular section and approximating coils having a section with a curved portion.

11. Magnet according to any one of preceding claims characterized in that said coils have an axisymmetric symmetry
along an azimuthal range.

12. Method for designing a magnet for guiding a beam of charged particles along a path, comprising the steps of:

(a) in a planar section pependicular to a section of said path, dividing the section in :

I a first region (GFR) wherein the required magnetic field for guiding the charged particles along said path
is defined;
II a separation region enclosing said first region;
III a design region wherein electrical conductors are provided for producing said required magnetic field
when electrical currents are flowing through said electricla conductors, enclosing said separation region;

(b) dividing the design region in a set of k cells;
(c) selecting a cost function to be minimized, the function being a combination of one or more functions selected
in a set comprising:

- the surface in said planar section of the electrical conductors needed for producing the required manetic
field;
- the magnetic energy stored in the electrical conductors;
- the outer size of the design region;
- the difference between the obtained field and the required magnetic field in said first region;

(d) defining a set of constraints to be met while minimizing said function, said set of constraints comprising:

- upper and lower limits for the positive and negative currents in each of the cells k;
- obtaining the required magnetic field in said first region GFR, within a tolerance;

(e) minimising said cost function, while meeting said constraints, by using an optimization algorithm, for obtaining
the distibution of electrical currents in said design region.

13. Method according to claim 12, characterised in that said step of dividing the section further comprises dividing
(IV) a low magnetic field region LFR wherein the magnetic field is lower than a limit, and enclosing said design
region; and in that the set of constraints further comprises obtaining a magnetic field lower than said limit in said
low magnetic field region LFR.

14. Method according to any of claims 12 to 13 characterised in that step of dividing the section further comprises
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dividing in four areas: area ’A’ above a plane parallel to the path plane, and located above the separation region;
area ’C’ a corresponding region below the path plane; areas ’B’ and ’D’ at the left and right of the separation region,
between areas ’A’ and ’C’, and in that in each of these areas and for each lineof cells parallel to the path plane in
these areas, the sum of the current in each cell located on these lines is zero.

15. Magnet obtainable by the method of any of claims 12 to 14.
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