This article has been accepted for publication in IEEE Transactions on Applied Superconductivity. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TASC.2022.3160152

THU-PO3-117-04
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Abstract—The evaluation of a new shift bump magnet for re-
placement of the J-PARC (Japan Proton Accelerator Research
Complex) RCS (Rapid Cycling Synchrotron) confirmed that the
measured magnetic field waveform was different from the excita-
tion-current waveform. The reason for this is the eddy-current ef-
fect due to the fast trapezoidal excitation pattern of approximately
1.5 ms. The same result was confirmed by OPERA-3D. A high-
precision injection-beam orbit that suppresses device radiation due
to beam loss was necessary. Therefore, in the excitation waveform
of the injection bump magnet, the variation range at the flat-top
must be less than £1.0 %. We evaluated the effectiveness of the dy-
namic-magnetic field analysis of OPERA-3D comparison with the
measurement results. An agreement with a 0.06 % deviation in the
magnetic field distribution, the effect of eddy currents on the mag-
netic field waveform, and the potential of the analysis software for
system design were confirmed. We also calculated the amount of
heat generated by the bump-magnet coil and the necessary
measures for operation. Furthermore, we verified that probes can
accurately evaluate the pulsed excitation waveforms.

Index Terms—Accelerator magnets, Electromagnetic analysis,
Eddy current, Magnetic field measurement, Probes

l. INTRODUCTION

HE 3-GeV RCS (Rapid Cycling Synchrotron) at the J-
PARC (Japan Proton Accelerator Research Complex)
[1],[2] has successfully accelerated a high-power beam that is
equivalent to 1-MW at 25 Hz repetition [3],[4]. On the other
hand, a new problem of high residual dose around the beam-
injection area became has been encountered. To realize con-
tinuous 1-MW operation, shielding is required to reduce the
radiation exposure during maintenance work. A proposal to
replace the existing bump magnets with a new and smaller one
to provide space for shielding is being considered [5]-[7]. On
the other hand, the high flatness, which was less than £1.0 %
relative to the magnetic field waveform, fixed the orbit of the
injection beam [8], [9].
We compared the results of dynamic electromagnetic simu-
lations, which were performed by OPERA-3D [10], using
measurements of the new shift bump magnet. OPERA-3D can
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analyze a time-varying magnetic field such as eddy currents,
steady AC, and transient currents. As a result, we found that
the current-excitation and measured magnetic field waveforms
differed due to the eddy currents. By checking the variation of
the flat-top due to the eddy current effect, the optimized pa-
rameter waveform for the power supply can be obtained. In
addition, the heat generation of the coil was calculated to iden-
tify the problems of the cooling system and to calculate the
operating parameters.
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Fig. 1. New bump-magnet model of the OPERA-3D. The yoke is made of
0.2 mm electromagnetic laminated steel sheets with a length of 800 mm, and
the endplates are 25 mm thick. The coil has four turns. The gap is 310 mm,
and the distance between the inside surfaces of the coils is 600 mm. The 25
mm thick fringe section of the yoke and the end plates have 2 mm wide slits at
12 mm interval to prevent eddy currents.

Il. COMPARATIVE EVALUATION OF THE ANALYSIS AND MEAS-
UREMENT RESULTS

A. Dynamic magnetic field analysis using ELEKTRA by
OPERA-3D

We used ELEKTRA [10] in OPERA-3D for the dynamic
magnetic field analysis. The OPERA-3D model is shown in
Fig. 1. The base-analysis electromagnet model was a new
bump magnet intended for replacement. The structure of the
electromagnet differed from the conventional ones in that it
used an integrated yoke and a four-turn coil. The electromag-
netic steel sheets used, the shape of the slit, and also the analy-
sis of the OPERA-3D in the present study such as eddy current
effect, skin effect, current drift, and waveform pattern depend-
ence were based on the results of [5] and [7]. Magnetic field
distributions B, were calculated for X=Y=Z=0 mm at the cen-
ter of the yoke and for X=Y=0 mm, and Z=480 mm at the
fringe position immediately below the coil. We also analyzed
the time variation in the current-density distribution at the in-
ner and outer coil cross sections outside the yoke.
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Fig. 2. Input waveform of OPERA-3D and the magnetic-field time variation

results. (a) Input waveform. The rated current of 16 kA is set to one. The
marks on the waveform indicate the analysis time. (b) Analysis result of the
time variation in the magnetic field at X=Y=0 mm. Z=0 mm represents the
center of the yoke. Z=480 mm indicates the fringe position.
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Fig. 3. Time variation in the current-density distribution in the coil, which
shows the difference from immediately after the transition to the flat section.
The current density was large in the shortest path at the bottom of the coil and
gradually decreases. The width of the coil is 12 mm and the height is 140 mm.

The input waveform of the OPERA-3D and the results of
the time variation in the magnetic field at the center and fringe
positions are shown in Fig. 2. The marks on the waveform in-
dicate the calculation time. In the trapezoidal waveform of
1450 ps, the results were calculated every 100 ps, whereas a
shorter time of 50 ps was used in the transient part.

In the OPERA-3D results, the magnetic field at the center of
the yoke varied with time by less than 0.1 %, whereas the
magnetic field in the fringe region increased with time,
indicating a change of 1.3 %. The magnetic flux that crossed
the face of the electromagnetic steel sheet and edge plate was
much higher than that in the central region where the flux was
almost parallel to the steel face. The effect of the eddy current
was larger at the peripheral fringe regions. However, the eddy
currents gradually decayed along with the heat generated by
the resistive component. The original magnetic field, which
was partly cancelled by the eddy currents, was gradually re-
stored, and the magnetic field appeared to increase.

The rapid change in the waveform approximately T=400 ps
indicated an overshoot. OPERA-3D performs magnetic field
analysis using an ideal excitation current waveform. At the
timing when current waveform changes from slope to flat
curve, overshoot then occurred in the simulation because no
suppression elements/circuits were implemented to mitigate
the sharp transient. However, in the real circuit, the voltage
control loops to avoid such transients are provided, resulting
in no overshoot. This point may cause uncertainty in the pre-
cise comparisons between the simulations and the measure-
ments in the following sections. However, the eddy currents
induced in the rising period of overshoot are estimated to be
2.5 % of those by the main field ramp between 0 and 400 ps,
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where the overshoot amplitude is 2.5 % of the main field.
Moreover, in the subsequent falling period, the polarity of the
induced voltages is changed to be negative, which cancels the
effect in the preceding rising period. Therefore, it is consid-
ered that the effect of the overshoot is far less than 2.5 % of
that by the main field and the following discussions will not be
affected by the conditions whether there is an overshoot or not.
Eddy currents during overshooting should be studied by de-
tailed analysis.

The analysis results of the current-density distribution in the
coil cross section are shown in Fig. 3. The current density after
the transition from increasing to a flat shape at T=450 us was
high at the bottom of the coil where the current path was the
shortest. Then, at the end of the flat top at T=1050 ps, the cur-
rent density was small, which indicated that the time variation
in the current-density distribution was related to that in the
magnetic field distribution, as shown in Fig. 2.
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Fig. 4. Waveform of the excitation current used in the measurement. (a)

Overall waveform. (b) Enlargement of the flat-top section. The output current

is 4 kKA because of the limitation in the experimental power supply, and the

peak is set as one. The chopper-type switching power supply suppresses over-

shoot by adjusting the voltage pattern. Flat top flatness is less than +0.25 %.
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Fig. 5. Comparison of the (red dotted line) measurement and (blue solid

line) analysis results of the integrated magnetic-field distribution using a long

search coil. The width of the long search coil is 6 mm, the length is 3000 mm,

and the number of coil turns is four. It is located at Y=0 mm. The largest de-

viation is 0.06 %, which very well agrees with the OPERA-3D results.
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Fig. 6. Comparison of (red dotted line) measurement using a short search
coil and (blue solid line) analysis results of the magnetic-field distribution at
T=875 ps. The short search coil is 20 mm in diameter, contains 20 coil turns,
and is located at Y=0 mm. (a) Center of the yoke. (b) Fringe region. The max-
imum deviation is the same as the one of the long search coil, which is small
and in very good agreement.



This article has been accepted for publication in IEEE Transactions on Applied Superconductivity. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TASC.2022.3160152

B. Comparison of the analysis and measurement results

We evaluated the analysis results of OPERA-3D by com-
paring them with the measurement results. The power supply
used for the measurement contained a pattern-adjustment
function, which could suppress overshoot at the transient from
a rising slope to the flat top of the current [9]. To obtain close
to ideal flatness in the analysis model, we adjusted the flatness
to less than +0.25 %, which was the limit of the 600 kHz
chopper method of this power supply.

The excitation waveform is shown in Fig. 4. The OPERA-
3D analysis was performed at 16 kA rating of the actual power
supply. However, in the experimental measurement, the exci-
tation current was 4 kA because of the voltage limitation of
the experimental power supply. For the magnetic field analysis
between 4 and 16 KA using OPERA-3D, previous studies [5]
and [7] confirmed the linear behavior and absence of satura-
tion. The excitation waveform exhibited the same trapezoidal
pattern, and the magnetic field at the center of the flat top
T=875 us was measured using the handmade short and long
search coils of 0.1 mm wire [7]. The integrated magnetic field
of a long search coil was used to evaluate the overall magnetic
field, and a short search coil was used to evaluate the magnetic
field distribution. The comparison result of the integrated
magnetic field is shown in Fig. 5, and the magnetic field dis-
tribution is shown in Fig. 6. The maximum deviation between
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Fig. 7. Measurement results of the time variation in the magnetic field us-

ing a flux meter and a Hall probe. (a) Flux meter. (b) Hall probe. Uncertain-
ties of the instruments were smaller than 0.2 %. The switching noises by the
power supply influence the measuring probes equally whether they are locat-
ed at the center or fringe. However, the magnetic-field at the fringe position is
lower than that at the center position. Thus, errors of the normalized ampli-
tude value appeared to be larger at the fringe. The amplitude difference at the
same position indicates a noise-tolerance characteristic of the probes. The
change in the center at Z=0 mm is small, whereas that in the fringe position at
Z=480 mm is large.
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Fig. 8. Measurement results of the time variation in the magnetic field using
short and long search coils. (a)Short search coil. (b)Long search coil. The
change in the center at Z=0 mm is small, whereas that in the fringes at Z=480
mm is large. This trend is the same as those in the other probes. The long
search coil is evaluated by integrating the distribution of the magnetic field on
the Z axis from Z=-1500 mm to Z=+1500 mm,; thus, the effect of fringing ap-
pears to be small.
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the analytical and measured results was less than 0.06 %,
which confirmed agreement with that of OPERA-3D.

C. Measurement results of the pulsed magnetic field distribu-
tion using four different measuring instruments

We tested the best probes to measure the bump magnet. The
measurements were made using a Lake Shore Type 480 flux
meter, a Type 475 Hall probe, and the short and the long
search coils. The offset and common-mode noises in the
search-coil measurements were eliminated [11], and the meas-
ured signals were then integrated to obtain the magnetic field.

To compare the analysis results with those of the OPERA-
3D, we measured the time variation in the magnetic field at
the center and the fringe positions of the yoke. The results are
shown in Figs. 7 and 8. The measurements of all probes exhib-
ited the same tendencies upon the magnetic field time varia-
tion as those of the OPERA-3D. The amplitude deviations of
the magnetic field measured at the fringe positions of the flux
meter and Hall probe were both 2.0 %. These measurements
were larger than the analysis results of Fig.2(b). OPERA-3D
includes the eddy current effect of the steel sheet in its calcula-
tions. The packing factor of the ratio of the steel plate thick-
ness to the yoke length was set to 97%, and the conductivity of
the electromagnetic steel plate was anisotropic with X=Y=
1.0E+7 S/m and Z=0. Further consideration will be needed to
yield any findings about the difference of approximately 0.7 %
between the analysis and the measurement.

D. Probe pulse characteristics

The characteristics of each probe were evaluated using Fast
Fourier Transform (FFT) analysis, and we found that among
the three tested probes, the short search coil could capture the
frequency response of the experimental power supply. The
analysis results are shown in Fig. 9. The fundamental switch-
ing frequency of the power supply is 50 kHz, and the compo-
site frequency is 600 kHz with 12 multiplexes [12]. The FFT
analysis results of the search coil verified the harmonics. The
short search coil was used to check the spot magnetic field,
and the long search coil was used to evaluate the effect on the
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Fig. 9. Effective-value spectrum of the FFT analysis of the flux meter, Hall
probe, and short search coil outputs at the flat-top center of the measured
waveform. The graph shows a magnified view of the 50 kHz fundamental fre-
quency of the switching power supply. The search coil best captures the har-
monics. The flux meter has low harmonics due to the integration circuit. The
Hall probes do not exhibit high frequency characteristics (50kHz).
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whole beam. These two of search coil types were found to be
suitable for fast pattern excitation of bump magnets and meas-
urement of the time variation in magnetic field.

E. Probe-temperature characteristics

Fig. 10 shows the results of the time variation in the tem-
perature and magnetic field distribution during 8 h of continu-
ous operation. The peak current of 8 kA was used by applying
the slower ramping rate of current, where rise and fall times
were 800 s, and the flat top time was 100 us (800-100-800)
in a trapezoidal waveform at 25 Hz repetition. Each tempera-
ture was measured with a thermocouple [5]. The magnetic
field strength was affected by the resistance and shape of
changes in the coil due to the temperature increase. Only the
Hall probe deviated by 0.4 %, which exceeded the specifica-
tion value of £0.015 %/°C for the temperature-drift compensa-
tion. Accurate measurement was not possible because of over-
heating of the Hall elements due to the eddy currents. The Hall
probe is not suitable for pulse measurements.
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Fig. 10. Measurement results of the time variation in the electromagnet tem-

perature and magnetic-field distribution during 8 h of continuous operation.

As the temperature changes, the magnetic field strength also changes. Only

the Hall probe significantly changes, showing a deviation of 0.4 %.
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I1l. TEMPERATURE EVALUATION OF THE ELECTROMAGNETS

The temperature rise of the coil was fitted with the root-
mean-square current (effective current), where the power
dissipations in the coil are proportional to the square of the
effective current. The effective-current of 1 kA corresponds to
the 8 kA peak, and the coil temperature was measured every
0.25 KA. The effective-current of 2.6 kA corresponds to the
maximum rated current of 16 kA in the waveform pattern for
beam control. The temperature-measurement results and esti-
mated values are shown in Fig. 11.

The cooling method of the new bump magnet did not have a
water-cooled type due to the measures against leakage of acti-
vated water. The self-cooling temperature exceeded the tem-
perature characteristic AT=200 °C of the Rika Lite IGL-T (Ri-
ka-Lite) insulation material of the coil [9],[13]. Air-cooling
fans were fixed at the bottom of the coil outside the yoke and
blew air from the bottom up. The fans were installed at four
locations upstream and downstream of the beam-axis direction
of the electromagnet. TYPE-A is an AC fan, and TYPE-B is a
DC fan. The wind speed of TYPE-B was 9.3 m/s, which was
approximately twice that of TYPE-A. The estimated coil tem-
perature of the TYPE-B fan was 185 °C.
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The analysis result using TEMPO [10] in OPERA-3D was
190 °C. Fig. 12 shows the coil model and results from the
analysis. The measurement and the analysis results agreed
with a high-accuracy temperature difference of 5 °C. The
maximum temperature at the rated current was as expected,
i.e.,, AT=200 °C even with the cooling. Satisfactory operating
conditions could not be achieved with this test cooling system.
However, the excitation current was assumed to be 12 kA for
a 1-MW operating parameter using this new bump magnet.
The effective-current at this time was 1.6 kA, and the coil
temperature could be expected to be AT=75 °C. This tempera-
ture is within the acceptable range for long-term operation.

IV. CONCLUSION

We have confirmed that OPERA-3D, which performs
dynamic magnetic field analysis, can design pulsed magnets
with high accuracy by considering the effect of eddy currents.
In addition, OPERA-3D can accurately evaluate the coil tem-
perature of a pulsed magnet so that countermeasures against
heat-generation problems can be designed. We also confirm
that the search coil, which exhibits an excellent frequency re-
sponse with less noise influence, can be used to investigate the
time variation in the magnetic field and influence of the
switching power supply.
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