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Abstract: The design, fabrication and field measurement of 11 DC curved dipole magnets for the PEFP

Beam Line have been completed. In this paper, a design method for a complex end chamfer using OPERA-3D

is proposed. The conventional method for estimating chamfer shape is extended and applied to a curved dipole

magnet by a coordinate transformation. Using the interface with CAD software, the complex end chamfer is

modeled and fully determined by 3D simulation to meet the field uniformity requirement. The magnetic field

measurement results are in good agreement with the simulation. The design considerations, field simulation

results, end chamfer development process and measurement results are presented in detail.
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1 Introduction

The Proton Engineering Frontier Project (PEFP)
is the first high power proton linac development
project in Korea. Its primary goal is to develop a
100 MeV proton linac and supply 20 MeV and 100
MeV proton beams to user groups [1]. The collabo-
ration between the Institute of High Energy Physics
(IHEP) and the Korea Atomic Energy Research In-
stitute (KAERI) has been established for the design,
manufacture and measurement of the beam line DC
dipoles for the PEFP project.

For conventional magnets, the end chamfering (or
shimming) is usually performed to improve the three-
dimensional field quality. The end chamfer for a
dipole magnet is typically used to compensate the
sextupole components, and the shape is quadratic.
However, it is difficult to model an end chamfer of a
complex shape, so normally it is experimentally de-
veloped using a prototype with removable poles [2-7].
The end chamfer for a curved magnet is more complex
than for a straight magnet, which makes it a chal-
lenge, especially for a magnet with small radius and
a large bending angle. In designing the PEFP beam
line dipoles, the end chamfer is fully determined by
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3D simulation. After optimization, the field quality
specification is met and a proper end chamfer shape
can be provided. Then the end chamfer is fabricated
accurately on a CNC machine. This chamfering pro-
cess replaces the conventional one.

2 Magnet design

2.1 Design requirements and overall consid-
eration

The design requirements of the dipole magnets are
listed in Table 1.

For a 20 MeV proton at 0.35 T and a 100 MeV
proton at 0.8 T, the bending radius is almost the
same. In order to facilitate the magnet design and
fabrication, the same magnet operating at two field
levels is used both for 20 MeV and 100 MeV protons.
All the magnets are designed to have the same cross
section but with two different lengths corresponding
to different bending angles. The same design method
is applied to the two types of magnets.

2.2 Yoke and coil design

Soft iron is used for the magnet core, which is
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Table 1. Design requirements of the PEFP beam line dipoles.

) proton energy/MeV

item 100

bending angle 25°/45° 25°/45°
quantity 4
central magnetic field/T 0.35 0.8
magnet shape curved magnet with parallel ends
pole gap height/mm 90
good field width/mm +50
integral field uniformity 0.1%
curved according to the bending radius of the beam. 3
The C-type structure is chosen to accommodate the . f
vacuum chamber, and the coils can be assembled Lo
through the magnet gap. The excitation coils for each x :})
pole are made of three pancake-type coils with a to- € 5
tal of six layers, and every pancake is cooled by one % —4
water circuit. The coils are wound from 16 mmx 16 =2 :2
mm square OFHC copper conductor with a 10 mm 7
diameter water-cooling channel. —8 c ' : '
—-60  —40 =20 0 20 40 60
2.3 Magnetic field analysis without an end x/mm
chamfer Fig. 2. The transverse distribution of integral

The magnetic field calculation is performed using
OPERA from Cobham Technical Services. The 2D
calculation is used to optimize the pole profile and
the magnet cross section. Fig. 1 presents the homo-
geneity of the magnetic field along the transverse axis
at two field levels. It is shown that the field unifor-
mity of 0.1% is achieved in 2D simulation.
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Fig. 1. The 2D transverse field homogeneity.

In the following sections, the 45° magnet is taken
as an example to illustrate the field quality optimiza-
tion process. Firstly, the three-dimensional magnetic
performance is investigated before the end chamfer-
ing using OPERA-3D/TOSCA. The integral field is
obtained by integrating the magnetic field along the
ideal beam path, and its distribution in the median
plane is shown in Fig. 2.

The maximum field error in the good field region is
about 0.7%, which significantly exceeds the require-
ment. Multipole coefficients are extracted from the

field without an end chamfer.
integral field distribution by polynomial fitting:

s (2)

n=2

~—

where x, is the half width of the good field region, and
b, is the normalized multipole field content compared
with the central integral dipole field (see Table 2).

Table 2. Multipole coefficients before end chamfering.
n bn, @0.35 T bp @0.8 T
2 0.0032 0.0039
3 —0.0016 —0.002
4 0.0004 0.0005
5 0.0005 0.0003
6 0.00002 0.00006

3 End chamfer development

3.1 Baseline chamfer shape

First of all, a baseline end chamfer shape is gener-
ated according to the 3D simulation result of the un-
chamfered model. There are two methods to estimate
the end chamfer shape: one is the effective length
method [6-8], another is the harmonic end chamfer
analysis method [9, 10]. The latter method is used
here because it can provide more useful guidance not
only in the pole end chamfer process, but also in the
pole profile design.
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Table 2 indicates that it is sufficient to reduce the
quadrupole field, sextupole field and octupole field
together to get the required field quality. According
to the harmonic analysis method, the ideal chamfer
curves for compensating the three multipole fields are
shown below [9]:

Lz
Aly = —by=—— 2
2 22.@0, ( )
L3x?—y2
Alz = —bngcga (3)
L x® —xy?
Al = —b 2L "M 4
p= b P @)

0

where Al,, Alz, Al, are the chamfer lengths at trans-
verse position x for the quadrupole field, sextupole
field and octupole field, respectively. y, denotes the
half pole gap and L represents the magnetic length.
The positive value of the chamfer length means ad-
ditional iron is needed (end shim), while the nega-
tive value means that the iron needs to be removed
(end chamfer). The negative sign before b, means
that the end chamfer will produce a multipole field
that is exactly opposite to the existing large multi-
pole field. In theory, a combination of Egs. (2), (3),
(4) can reduce the quadrupole field, sextupole field
and octupole field simultaneously. However, the ac-
tual curve of the total chamfer depth is expressed as
follows:

d:OL(AZQN+A13N+Al4N)_lmax' (5)

where « is the scaling factor reflecting the chamfer ef-
ficiency determined by the chamfer angle. The com-
monly used 45° is adopted in chamfering and an ini-
tial value of 2 is set for the scaling factor. The minus
sign before l,,, in Eq. (5) implies that the chamfer
curve is moved down to make d negative at all trans-
verse positions, i.e., the iron is removed and no iron
should be added.

The chamfer width is also an important parameter
in the chamfering process. According to the harmonic
end chamfer analysis, the width of the end chamfer
should be larger than the zero chamfer positions of
each multipole field [9]. For example, the largest zero
chamfer position of the octupole field along z-axis is
equal to half the pole gap.

3.2 Coordinate transformation and chamfer
optimization

For the curved magnet, the magnetic field is in-
tegrated along the beam orbit, so the chamfer depth
is also “measured” along the curved beam path. The

chamfer curve expressed in this way is hard to model
or machine and should be given out in a convenient
method. A coordinate transformation from Polar co-
ordinate system to Cartesian coordinate system is in-
troduced. The sketch map of the chamfer in the pole
end region is shown in Fig. 3.

central beam path
|

half pole

Fig. 3. Sketch of end chamfer.

Point C is the bending center of the central beam
path, the curved line DB indicates the chamfer shape
and B is an arbitrary point on it. The curved line AB
is a section of an arbitrary beam path, whose length
is determined by Eq. (5). The origin of the Cartesian
coordinate is located at the intersection of the central
beam orbit and the pole end edge, and the x, y axes
are parallel and perpendicular to the pole edge, re-
spectively. The coordinates of point B are expressed
as follows:

zp = x4+ R(cos(0; —0,) —cosb,), (6)

Yp = yA+R(Sin91—SiH(91—92))7 (7)
Lcorc - d

91 - 2R 5 02_E7 (8)

in which L. is the magnet core length, and R is the
bending radius. Applying formulas (6)—(8), the coor-
dinates of the numerous points on the chamfer curve
are obtained in a Cartesian coordinate system.

It should be noted that the chamfer depth on the
right hand side is very large.
not be stopped inside the iron, so the chamfer curve
should continue and gradually approach zero. A sim-
ple inclined straight line is added to the ideal chamfer
curve. The pole end edges outside the chamfer region
are still rectangular. In order to reduce the magnetic
saturation, a 5 mm x45° straight cut is set as the first
step of the chamfering process. Hereto the generation
of the entire chamfer curve is finished.

According to the chamfer curve, the section of
the iron needing to be removed from the pole end
is modeled in SOLIDWORKS. Then it is exported as
a sat format file and imported into OPERA-3D. Af-

A real chamfer can
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ter Boolean operation, the modeling of the chamfered
magnet is completed. The chamfer width and scaling
factor need to be adjusted, and the chamfer shape
is modified according to the simulation result. Af-
ter several iterations, the field uniformity is achieved
and the suitable end chamfer curve can be obtained.
The machining of the pole end region is processed in
accordance with the chamfer curve on a CNC ma-
chine. The chamfered pole end in 3D simulation for
45° dipoles is illustrated in Fig. 4.
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Fig. 4. The chamfered pole end in OPERA-3D
simulation.

4 Comparison of the simulation and
measurement results

4.1 Hall probe system measurement result

The fabrication of the first two 45° magnets was
finished in March 2009, and the magnetic field mea-
surement was performed using the Hall probe system.
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Fig. 5. Comparison of the simulation and Hall

probe measurement results.

In order to verify the accuracy of the 3D calcu-
lation and take account of the possible fabrication
error and uncertainness in material property, firstly
a conservative method of using removable pole ends

was adopted. After the machining of the end chamfer
determined by the 3D simulation, the field was mea-
sured along the beam path. The comparison of the
measured and simulated integral field distribution is
presented in Fig. 5, where the pole centerline corre-
sponds to z=0.

It is shown that the measurement result agrees
well with the simulation. The required field unifor-
mity is met and no further chamfer development is
necessary.

4.2 Translating long coil measurement result

It was decided that no removable pole end was
used for the rest nine magnets. Although the end
chamfer curve for the 25° dipole is different from
the 45° dipole, it is directly manufactured according
to the 3D simulation.
is done by the translating long coil system with a
newly fabricated curved measurement coil as shown
in Fig. 6. The measurement of the five 45° magnets
repeats the result of the first two magnets well and
the measurement result of the four 25° magnets is

The magnetic measurement

presented in Fig. 7.

Fig. 6. Translating long coil measurement.
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Fig. 7. Comparison of the simulated and mea-

sured results for 25° magnets.

Figure 7 shows that the peak-to-peak field unifor-
mity of each magnet is within £0.1%, which satisfies
the specification, and the small deviation of the inte-
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gral field distributions of the four magnets is accept-
able. Again, good agreement between the simulated
and measured results is achieved. All the field mea-
surement data had been checked by the PEFP side,
and the magnets were delivered on schedule to Korea
in October 2009.

5 Conclusion

All the PEFP beam line DC dipoles are designed,
manufactured and measured successfully. A proper

end chamfer for the curved magnet is developed
and fully determined by 3D simulation to meet the
The validity of the
end chamfer method for the curved magnet using
OPERA-3D is confirmed by the field measurement
result. This method can be applied to similar dipole
magnets.

field uniformity requirement.

The authors would like to thank Prof. YIN Zhao-
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leagues of the Magnet Group.
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