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Abstract The SC200 proton therapy superconducting
cyclotron was developed by ASIPP (Hefei, China) and
JINR (Dubna, Russia). A measurement system was
designed to assess the average radial component of the
magnetic field (B,,,) with 15 search coils in the median
plane. The winding differences of the search coils affect
the measurement accuracy of the B,,,. Based on the elec-
tromagnetic induction principle, to measure the B,,, accu-
rately, this paper focuses on the design and commissioning
of the B,,, measurement system. The preliminary results
confirm that the system design is reasonable and suitable.
After testing the search coil at different speeds, the optimal
speed was determined as 2.5 mm/s. The relative error was
approximately 0.1% under the maximum radial component
of the magnetic field B, of 7 G. The measurement precision
was up to 1.0 x 1073, which can provide the required
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measurement tolerance of 3-7 G for B, in the median
plane. The commissioning of the B,,, measurement system
is an important step for B, measurement. It can check and
adjust the asymmetry of the superconducting coils (SCs).
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1 Introduction

The SC200 proton therapy superconducting cyclotron
will be able to accelerate protons to an energy of 200 MeV
with a maximum beam intensity of 1 pA. The average
magnetic field of the cyclotron is up to 3.6 T [1, 2]. As a
key component of the cyclotron, the superconducting
magnet provides the isochronous magnetic field with a
strong focusing force to restrict beam movement. However,
the asymmetry of sectors and the superconducting coils
(SCs) generates a radial component, B,, of the magnetic
field in the median plane, directly affecting the vertical
deviation of the beam orbit from the median plane [3-6].

A number of measurement methods have been proposed
to measure the average radial component of the magnetic
field (B,.y), including nuclear magnetic resonance (NMR)
[7], hall probes [8—10], and flux measurements with search
coils [3, 11-14]. To design such a measurement system, the
field strength, homogeneity, variation in time, and required
accuracy should be considered. Search coils are highly
sensitive and less strongly influenced by the vertical com-
ponent of the magnetic field (B,), which is more accurate
than the hall probes for magnetic field measurement. The use
of a variety of search coils is the most-often used tool for
characterizing field qualities in cyclotrons [15-18].
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For SC200, the B,,, measurement system was designed
to measure the B.,, of the magnetic field by using search
coils with a high testing accuracy. The B,,, measurement
system mainly includes a drive system, control system, and
data acquisition system. In particular, based on the elec-
tromagnetic induction principle, there are 15 search coils
moving in the magnetic field to measure the B, The
minimum and maximum measurement radii were 30 mm
and 620 mm, respectively. The search coils are made of
copper and covered with an insulating varnish. Owing to
the quality differences in the winding process, it is neces-
sary to perform the commissioning of the search coil out-
side of the SC200 cyclotron.

In this study, we present a detailed design and investi-
gate the required commissioning work to improve Bi,,
measurement accuracy. This paper describes the B, tol-
erance analysis, the commissioning platform design, and
research. The analysis and results are of great significance
for the B, measurement of the SC200 proton therapy
superconducting cyclotron.

2 B,.y tolerances for SC200 superconducting
cyclotron

Owing to the asymmetry of sectors and SCs, the B,
existing in the azimuth-varied field cyclotron, which causes
the effective median plane (EMP) of the magnetic system,
does not coincide with the median plane of the cyclotron.
The EMP was formulated by Botman and Hagedorn for the
cyclotron work region [3]. Thus, the tolerances for the B,
of the magnetic field should be estimated.

When the magnetic system symmetry is broken,
stable vertical oscillations exist near the EMP. The hori-
zontal field component exists in the median plane. To
separately identify the tolerances for the horizontal field
components from the permitted vertical beam offset, the
B,,, can be written as:

Brav = effBzani/Ra (1)

where Z.g is the vertical position of the EMP, B,,, is the
average vertical component of the magnetic field at radius
R, O, represents the vertical betatron frequency, and R is
the magnetic field radius.

The SC200 superconducting cyclotron has been pro-
posed and designed [17, 19-21]. The isochronous field B,,,
distribution is shown in Fig. la, and the maximum mag-
netic field was approximately 3.54 T [20, 22]. From the
computed vertical betatron frequency Q, in Fig. 1b, Eq. (1)
shows the tolerance distribution of B, for the accept-
able vertical offset of the beam of 1 mm shown in Fig. 2.

With the frequency Q, close to 0.32 in the extraction
region, the isochronous field B,,, was approximately 3.54
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T. The B,,, tolerance in the median plane was approxi-
mately 3-7 G, as shown in Fig. 2. Consequently, the test-
ing resolution of the B,,, measurement system should be
smaller than 1 G.

3 Commissioning platform design
3.1 Testing principle

The magnetic flux distribution produced by the test coil
had an excitation current of 2 A, as shown in Fig. 3. It
generates a magnetic field of 3-7 G, the same as the
magnetic field B,,, tolerance of SC200 superconducting
cyclotron.

A commissioning diagram comprising a test coil and 15
concentric search coils is shown in Fig. 4. According to the
electromagnetic induction principle, when the search coils
move in the magnetic field, the induced voltage U is gen-
erated, which can be integrated by the fluxmeter. The
testing flux change A®, can be written as:

AD = / Ud. (2)

The radial component change AB, can be calculated
using:

AB, = AD/A. (3)
The effective sensitive area of the search coil A is:
A =N 2nR-2AZ. 4)

where N is the number of search coil turns, R is the coil
radius, and AZ is the distance shift from the median plane.

The search coil was first connected to the fluxmeter,
which was shifted from its initial position of — Az to a
terminal position of + Az. The fluxmeter acquired the
magnetic flux generated by the coil. Subsequently, the
other coils were changed to connect to the fluxmeter, and
the previous steps were repeated.

3.2 Platform design

Based on the testing principle, the search coils must be a
priority during design. The search coils comprised copper
wire, with a diameter of 0.3 mm, covered with insulating
varnish. The search coils were numbered from C1 to C15.
Each coil could be connected to the LINKJOIN LZ840
fluxmeter by a coil selector. Then, the coil parameters,
including the radius, the number of turns, and the coil
resistance, were sent to the fluxmeter. The distribution of
the search coils on the disk is shown in Fig. 5.

The input coil parameters are shown in Table 1.
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Table 1 Search coil parameters
Coil no. Cl1 C2 C3 C4 C5 C6 C7 C8 c9 C10 Cl11 C12 Cl13 Cl4 C15
Radius R (mm) 30 55 80 105 130 155 180 205 230 255 280 305 330 355 380
Number of turns N 34 26 20 16 10 10 8 8 8 6 6 6 6 6 6
Coil resistance () 7.705 7.822 8.038 7.847 7914 8.15 8.051 8236 8.547 791 8.108 8237 853 8.622 8.855
1 | 8
(’ N 1 —4— Brav of 1 mm/s
z —#— Brav of 1.5 mm/s
Brav of 2 mm/s
- o —e— Bravof 2.5 mm/s
- o= Bravof 3 mm/s
Fluxmeter 5 Beth
A 0
=4
g N - 3
“ 2
&) :
Gy
o L—H ?
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Fig. 7 (Color online) B,,, measurement results under different search
coil speeds
Self-aligning system Drive system Coatrol and data must be less than 0.5 mm. In this way, the B, value will not

acquisition system

Fig. 6 (Color online) Commissioning platform

The commissioning platform of the B,,, measurement
system was designed with a drive system, control system,
and data acquisition system, as shown in Fig. 6. The self-
aligning system includes two groups of cross screws and
linear guide structures. These institutions can adjust the
disk center coinciding with the geometric center of the
superconducting cyclotron. The drive system can drive the
search coils to move along the vertical axis of the cyclo-
tron. The control system comprises the parameter settings
area, the data and status display area, and the logic control
area. The data acquisition system is responsible for col-
lecting the measurement signals. The LINKJOIN LZ840
fluxmeter collects the flux signal with high sensitivity,
which should be warmed for 5 min and done zero setting
and drift setting before using.

To avoid the magnetic field influence from B,, it is
necessary to adjust and confirm the relative position
between the test coil and search coil. An angular error of 1
mrad will produce an approximately tenfold error in the B,
value. Therefore, the parallelism of the search coil and test
coil must be less than 0.4 mm, and that of the concentricity
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be influenced by the B, value.

4 Commissioning and discussion

To confirm that the B,,, measurement system operates
well, based on the testing principle above, system com-
missioning should be conducted outside the cyclotron. The
drive system made the search coils move from their initial
position of — 10 mm to the terminal position of + 10 mm.
The fluxmeter acquired the first flux @1 generated by the
first search coil C1. Subsequently, the second flux @'1 was
generated when the disk moved in reverse. Following this,
C2 was switched to connect to the fluxmeter, and the
previous steps were repeated. This was performed
sequentially until coil C15, and all the measurement data
were collected for further analysis.

We found that the coil speed affects the Bi,, results.
Thus, the testing was conducted with five different speeds
in the range of = 10 mm. The collected flux was fitted by
the least-square method. The B, is calculated using Eq. 3
in Fig. 7, and the trend of the B,,, curves is consistent. The
theoretical value (B,y,) was provided by the TOSCA soft-
ware. The B.,, was closer to the B, as the coil speed
increased from 1 to 2.5 mm/s. There were no obvious
relative error changes between the 2.5 and 3 mm/s speeds.
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Compared with By, the relative error of B,,, was cal-
culated and is shown in Fig. 8. The relative error of B,,,
with a speed of 2.5 mm/s was the smallest. The relative
error of the curves is greater in two edge radius ranges.
When increasing the coil speed, the flux variation within a
unit time will increase correspondingly. Thus, the signal-
to-noise ratio will be promoted. For the fluxmeter, the
disturbance caused by noise will comprise a smaller pro-
portion and the measurement results will be more accurate
at the points where the value of the signal-to-noise ratio is
larger. Otherwise, owing to the structure parameters of the
fluxmeter, the original right signal completely becomes the
interfering signal. In the case of a severe signal drift, the
effective signal is often submerged. Therefore, 2.5 mm/s is
considered to be the optimal speed for the search coil.

Following this, the search coils were shifted four times
with a speed of 2.5 mm/s. The B,,, distributions were
deduced and are shown in Fig. 9. The By, and B,,, curves
are consistent, as shown in Fig. 10. The B,,, denotes the
average measured value from four B,,, values.

As shown in Fig. 11, the relative error curve first
increases and then decreases with the increase in radius.
The minimum error occurred at R = 205 mm, corre-
sponding to C8. The minimum relative error was 0.09513%
with a B, of 7 G, which continued to be increasing to
approximately 12.37% for B,,, of 1 G at the edge point. In
addition, the smallest absolute error and biggest absolute
error of AB,,, were 0.006857 G and 0.05402 G, respec-
tively, both less than 1 G.

The measurement accuracy of the B,,, changed with the
radial location. For the radial range of 0-205 mm, the
magnetic field intensity increased together with the mea-
suring accuracy. For the radial range of 205-380 mm, the
measuring accuracy decreased. There is a low intensity at
both ends of the B, distribution curve as the measurement
accuracy is susceptible to interference. The measurement
accuracy was high under the high-intensity field in the
middle radial position.
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Fig. 8 (Color online) Relative error results under different search
coil speeds

~*= Bravof the Ist shift
—®= Bravof the 2nd shift
Brav of the 3rd shift

*— Bravof the 4th shift
—— Brth

By (G)

0 50 100 150 200 250 300 350 400

Radial location (mm)

Fig. 9 (Color online) B, measurement results with a vertical move-
ment of + 10 mm

B (G)

0 50 100 150 200 250 300 350 400

Radial location (mm)

Fig. 10 (Color online) Theoretical curve and measured curve
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Fig. 11 (Color online) Relative error of the search coil

5 Conclusion

In summary, this paper presents the detailed design and
commissioning for a B,,, measurement system. The com-
missioning platform was designed to verify the measure-
ment precision based on the electromagnetic induction
principle. Under the testing magnetic field, the coil speed
of 2.5 mm/s is considered to be the optimal speed for the
search coil. The relative error was approximately 0.1%
under the maximum B, of 7 G. The measurement precision
reached 1.0 x 10_3, which satisfies the measurement
requirements.

The analysis and results are of great significance for the
B, measurement of the SC200 proton therapy supercon-
ducting cyclotron. However, the measurement error of the
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system exceeds 10% in edge radius ranges; thus, in the
future, we must improve the measurement precision by
optimizing the system structure or researching a reasonable
optimization method.
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