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MAGNETIC FIELD MEASUREMENT OF THE AIR SLOT DIPOLE MAGNET
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Abstract The dipole magnet for a compact proton
synchrotron[5], which has two air slots in its magnet pole,
Field measurement results of the air slot type dipolkas been investigated by two- and three- dimensional
magnet are presented. The vacant portion, called the airmerical calculations[1]. In order to verify this new
slot, located in the iron core controls the flow of thelesign principle, that is the effect of the air slots, the
magnetic flux and improves uniformity of the magnetigrototype of this magnet was constructed and magnetic
field. This magnet realizes a better magnetic fielfield measurements were made with the Hall-probe for
distribution over a wide range of field strengths. Thanagnetic field strengths from 0.27T to 1.82T. The
prototype of the magnet had been fabricated and testedrteeasurement results showed that the air slots had their
verify the design principle. The results of measurementdesigned effect.
by the Hall-probe showed good agreement with the

numerical calculations for magnetic field strengths 2 DESIGN OF THE MAGNET
ranging from 0.27T to 1.83T. The field uniformity B/B
was below 0.04% in the good field region. 2.1 Design Principle
1 INTRODUCTION The scheme for improving the magnetic field distribution

) _by introducing air slots in the magnet pole is outlined
We have proposed a new design concept for bending,y, The magnetic susceptibility of the air slots is

magnets which can improve magnetic field distribution[1], ,ch lower than that of the iron core. At high magnetic
The de§|gn copcept is based on contr(_)l of the.flow of thFf'eld, the perimeter of the iron pole saturates earlier than
magnetic flux in the magnet pole by introducing vacanhe central area as excitation goes up. On the other hand,
portions into the magnet iron core. This new concept WaSioducing air slots in the central area leads to an
proposed originally to develop a combined functionn rease of the magnetic flux density in the iron region
bendm_g magnet[2]. Effectiveness had been conflrm_ed ound the air slots. If the position and shape of the air
numerical study[3] and the results of further study will b are adjusted to equalize the magnetic flux density in
presented[4]. , , ) .. the whole pole iron at high field, the magnetic field
In the conventional dipole bending magnet, applicatiogisgipytion can be flattened. At low magnetic field where
of Sh'.ms to the mfagnet pole face hgs b.een CODSIde_YEdtﬂB magnetic flux does not saturate, the effect of air slots
effective way of improving magnetic field uniformity. js yery small and the magnetic field distribution is
However, the shape of the shims for very high fieldg,ntrolied only by the shape of the pole surface. This new
often hqd a bad |nﬂuenc§ on the field dlstrlbptlon_at |0V\6oncept is useful for improving the dynamic range of the
magnetic field, and their shape for low field is NOty, gnetic field and extending the good field region size, if

suitable for high magnetic field. In order to obtain a googp, slotting and shimming would be used together.
field distribution over a wide range of magnetic field

strengths, it is necessary to overcome this probler®. 2 Design Requirements
Therefore, we applied the present design concept to ) i i
dipole bending magnets and confirmed by numerical/€ designed the air slot type bending magnet for a

study that the vacant portion in the iron core can improv@®MPpact proton synchrotron[5]. In this synchrotron, the
the magnetic field distribution at various excitation leveld?€@m can be accelerated from 7MeV up to 270MeV at a
Additionally, the air slot type pole width can be narrowef€Petition cycle of 0.5Hz for proton radiography as well
than that of the conventional type and the yoke size arftf cancer treatment. The magnet yoke is made of stamped
weight of the magnet can be smaller. Because of thel@ninated steel of 0.5mm thickness to reduce the eddy
advantages, the air slot type magnet is widely applicabﬁa“”em effect. The mean radius and the circumference of

as a synchrotron magnet and for beam transport, rotatiffgfé Synchrotron are about 3.5m and 23m, respectively, so
gantry, and so on. the curvature radius of the bending magnet is 1.4m. In

order to shorten the straight section for the extraction
deflector, the deflection by the 2@efocusing edge angle
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of the bending magnet is needed. The minimum magnetierformed using the computer code TOSCA. Both ends
field strength is 0.273T for beam injection and thef the magnet are designed to approximate Rogowski's
maximum is 1.808T for extraction. The good field regiorcurve to avoid the saturation at the sharp edge of iron
is determined based on our analysis of the beam sizedare by 4 step cuts in a 60mm long region along the orbit.
the synchrotron. The specifications of the magnet are

listed in Table 1.

0.04 [
Table 1: Specifications of the dipole magnet : : :

0.02 ooy o R IEEEEEEEE
Minimum Magnetic Field (T) 0.273 S : :
Maximum Magnetic Field (T) 1.808 7 0 [ A A O ]
Curvature Radius (m) 1.4 2 r
Bending Angle (degree) 60 L 002 F----- '
Field Length (m) 1.466 i ol o~ 92101
Edge Angle (degree) 22 PPN —A—1.333T
Gap Height (mm) 56 i I LA
Good Field Region (mm) +50 I . %'833T .
Required Magnetic Field Uniformity (%)| 0.04 -0.06 ——— e
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2.2 Calculation Results
igure 2: Two-dimensional magnetic field distributions of

e F
Based on these specifications, the magnet shape i the air slot type magnet

determined using the computer code PANDIRA. The air
slot type magnet design is shown in Fig. 1. The pole 3 FIELD MEASUREMENT AND

width is 300mm and quarter circles are used to prevent ANALYSIS

the local edge effect at both ends of the pole. This pole ) _

width can be narrower than that of the shimmed typEigure 3 shows the prototype dipole magnet which was
magnet[1] due to the effect of the air slot. Air slots havébricated to verify the design as mentioned above. The
an oval shape with 70mm length and 10mm width. Figur@agnetlc field measurements were made using the Hall-
2 shows two-dimensional magnetic field distribution. Th@robé mounted on the arm of a computer-controlled
horizontal and vertical axes show, the radial distandePSitioning x-y-z table. The absolute calibration of the

from the design orbit and the deviation of the magnetigyStem was established by comparison with NMR probe
field strength from the value on the design orbit (r=0)Measurements. The interval of the mesh point for the

respectively. The packing factor is assumed to be 0.98. Midplane measurements was less than or equal to 10mm
inside the gap and 500mm outside it in beam direction.

1000 Analyses of measurement results at various excitations
R87 R1400, R1870  were performed in the same way as for the calculation
results.
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Figure 1: Cross-sectional view of the air slot type magnet

As shown in Fig. 2, the good field region is wider than
+60mm, and the magnetic field distribution does not ]
change very much from 0.27T to 1.81T. The position, Figure 3: The prototype dipole magnet

length and width of the air slot are adjusted to flatten the
magnetic field distribution at various field strengths. Results of the excitation are compared with the results

In order to decide the magnet end shape and estimatgiculated by PANDIRA in Fig. 4. The vertical axis
the effective edge angle and multipole components of th#ows the magnetic field strength at the center of the
magnetic field, three-dimensional field calculations werenagnet. The excitation current measured at 1.83T is 10%
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larger than that of the linear case because of saturationstfength 1.83T because of the saturation effect at magnet
the iron core. end. These values can be expected based on three-
dimensional calculations. We confirmed by particle
tracking calculations that the operation of the synchrotron
from injection to extraction can be done on the
assumption that the multipole components mentioned
: : g above are included in the magnetic field at fringing
........ S B LT . region.

4 CONCLUSION

We carried out magnetic field measurements of the air
slot type magnet to verify our design principle. The air
slots in the magnet pole improve the magnetic field

Field Strength at Magnet Center[T]

Calculated by distribution by controlling the flow of magnetic flux.
; PANDIRA(Packing=0.9§ Using the air slot type design, we can obtain the magnet
. O Measured . ) S L
------------------- which has a good field distribution at several excitation

[e;
0 10000 20000 30000 40000 50000 levels. The size and weight can be reduced because of the
narrower pole width achieved by the effect of the air slots.
Because of these advantages, this magnet design can be
applied widely to synchrotron, beam transport, rotating
gantry, and so on.

The prototype of the magnet was constructed for the
main dipole of a compact proton synchrotron.

Figure 5 shows the measured uniformity of th§eaqurements using the Hall-probe were consistent with
magnetic field at various excitations. Deviations of th‘?wo- and three- dimensional calculation results. The

field strength are less than 0.04% in the good field regionq its verified that the design principle which we

at all excitation levels. Comparing results of the,,,,seq was valid and the air slots in the iron core
calculation (Fig. 2) and measurements (Fig. 5) ShOWSyrtormed as desired. Detailed analysis of the
some deviations, about 0.01% order, which can Bge,q rement results showed that the model magnet will

expected from uncertainties in the manufacturing procesg pieye the specifications of the compact synchrotron we
These results show that the effect of the air slots perfo”HEsigned

Excitation Current[A/pole]

Figure 4: Magnetic field strength as a function of
excitation current

as designed.
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To estimate the effect of the non-linear components,
the field strength as a function of distance in the radial
direction is fitted by a Taylor expansion and the
components are integrated along the beam reference orbit.
The sextupole component normalized by magnetic
rigidity is -0.03 nf at injection and over -0.2 frat field
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