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Abstract

MEBT1 (Medium Energy Beam Transport 1) of the J-
PARC LINAC is a 3 MeV beam transport system located
between the RFQ (Radio Frequency Quadrupole) and DTL
(Drift Tube Linac). In the MEBTI, the beam-optical
matching for injection into DLT and chopping for injection
into acceleration phase of 3 GeV synchrotron, located
downstream to the LINAC, are performed. The character-
istics of MEBT1 are an important factor in determining the
beam quality in the J-PARC accelerator facility. To achieve
beam power of 1 MW and beyond, improving the stability
and reliability of MEBT1 is an important development is-
sue. The application of permanent magnets to the beam fo-
cusing system to the MEBTI is under consideration to
achieve improved stability and reliability. In this presenta-
tion, we report the design of focusing magnets using per-
manent magnet material and the results of the lattice study
of MEBT1 with permanent magnets.

INTRODUCTION

J-PARC (Japan Proton Accelerator Research Complex)
is an experimental facility with a nominal proton beam out-
put power of 1 MW [1,2]. The J-PARC accelerator has
been gradually increasing its beam power since it started
operation in 2006. As of 2022, steady operation is being
conducted with a beam output power of 850 kW, and con-
tinuous operation with 1 MW is planned in a few years.

J-PARC LINAC is a 400 MeV negative hydrogen beam
injector of the J-PARC accelerator facility [3]. For the J-
PARC LINAC to achieve output power of 1 MW, the one
of the important issues is to reduce the degradation of beam
quality due to the space charge effect. Since the beam deg-
radations such as emittance growth and formation of beam
fragmentation cause beam loss and radioactivation of ac-
celerator components. In the future, it is also planned to
enhance the accelerated beam current of the LINAC from
current nominal value of 50 mA to 60 mA. For the stable
long-term operation with higher beam power, it is neces-
sary to understand emittance growth mechanism and to re-
duce beam loss.

O Acceleration particle: Negative hydrogen ion (H-)
O Energy: 400 MeV

O Peak current: 50 mA

O Pulse width/ repetition: 0.5 msec/ 25 Hz
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Figure 1: Configuration of J-PARC LINAC.

J-PARC LINAC MEBT1

The space charge effect is especially severe in the low
energy part of the LINAC. MEBT! (Medium Energy
Beam Transport 1) is a beam transport section, where 3-
MeV negative hydrogen beam is transported between RFQ
(Radio Frequency Quadrupole) and DTL (Drift Tube
Linac) (see Fig. 1). The MEBT1 consists of eight focusing
magnets used for transverse matching of the beam for in-
jection into the DTL, and two buncher cavities and two
chopper cavities used for longitudinal matching for injec-
tion acceptance of the DTL and acceleration RF phase of
the RCS (Rapid Cycling Synchrotron) at a later stage of the
LINAC. The configurations of the devices are shown in

Fig. 2.
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Schematic layout of the MEBT1

Figure 2: Layout of MEBT1.

Emittance Growth Mitigation with Octupole
Focusing Field

In the current MEBT1, the formation of the beam frag-
mentation and beam emittance growth occurs due to the
space charge effect [4]. From theoretical consideration, it
is estimated that the emittance of MEBTT1 is increased be-
cause the phase advance is lowered due to the space charge
effect at the point where the transverse width of the beam
is large [5].

To mitigate the emittance growth in MEBT1, a compen-
sation technique which apply higher order focusing field is
proposed [5]. Since the repulsive force due to the space
charge effect has a higher-order nonlinear component, the
emittance growth can be reduced by externally applying a
focusing force to cancel the component. From the sym-
metry of the beam distribution, the divergence force due to
space charge has an odd-order component, and the most
influential component of the nonlinear term is the lowest
third-order term. The octupole magnetic field component
has a third-order focusing force. Therefore, externally ap-
plied octupole magnetic field can cancel the space charge
effect. To verify the effectiveness of this method, we are
investigating combined function magnet to apply external
high-order magnetic field.
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COMBINED FUNCTION MAGNET WITH
PERMANENT MAGNET FOR MEBT1

To achieve the compensation of emittance growth due to
space charge effect, we have designed and fabricated com-
bined function focusing magnet which can produce quad-
rupole magnetic field and octupole field components. The
magnetic circuit design of the prototype magnets is shown
in Fig. 3. In this design, permanent magnets are used to
generate magnetic field. Detailed design is described in the
Ref. [6]. The longitudinal magnet length is set as 50 mm
and the beam bore diameter is 42 mm. In this magnet,
quadrupole field component is produced by outer magnet
group (blue trapezoidal magnets) configuring Halbach-
type [7,8] quadrupole. Octupole field is produced by inner
cylindrical magnets (shown yellow in the figure). The pro-
duced magnetic fields by each magnet group are shown in
the Fig. 4. As the assembled magnetic circuit, these mag-
nets can produce 30 T/m quadrupole and octupole mag-
netic field with its strength of 0 to 17,000 T/m?, simultane-
ously.

Figure 3: Designed configuration of permanent magnets
for combined function focusing magnet.
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Based on the magnetic circuit design shown in
Figs.3and 4, a prototype combined function magnet
model was fabricated (Fig. 5). In this model, SmCo mag-
nets were used to configure magnetic circuits. As the pro-
totype, octupole modulation function is equipped manual
mechanism to confirm how the rotating angle error affect
the magnetic field quality. After the confirmation the re-
quired resolution of the rotating angle of the magnets to
achieve sufficient field quality, automatic modulation
mechanism with motors and gears will be installed. A pre-
liminary measurement of the generated magnetic field in
the beam bore of the prototype was performed. The mag-
netic field was measured with a high precision hole probe.
The results are shown in Fig. 6. By adjusting the angles of
the cylindrical magnets, octupole field strength can be suc-
cessfully modulated. In order to install this magnet to the
MEBT! beam line, more precise evaluation on generated
higher-order components not only the octupole field but
also other parasitic component is required. We are plan-
ning measurements with harmonic coil for higher order
analysis.

Figure 5: Fabricated prototype of combined function mag-
net.
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Figure 4: Produced quadrupole and octupole field in the
prototype combined function magnet. The field was calcu-
lated with PANDIRA in Poisson/Superfish [9].
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Figure 6: Generate magnetic field is the prototype com-
bined function magnet. Octupole field component strength
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can be modulated by rotating cylindrical parts of the mag-
net.

SIMULATION STUDY FOR SPACE
CHARGE COMPENSATION

In order to demonstrate the space charge effect compen-
sation with developed combined function magnet, simula-
tion studies were performed. In order to reduce the com-
putational complexity and to clarify the effect of the octu-
pole component, the calculation was carried out in the two-
dimensional system of the transverse direction. Lattice
structure for the simulation is shown in Fig. 7. Since the
effect of acceleration is not included in the simulation, the
focusing system of RFQ and DTL is modeled by installing
FODO lattice with equal spacing. The lattice of current
MEBT1 was arranged between the lattice of RFQ and
DTL. Since the newly manufactured RFQ for J-PARC [10]
is about 50 cm shorter than the current one, a new focusing
system can be added to the space. As a new additional fo-
cusing system, the focusing magnet described in the previ-
ous chapter is placed. The WARP [11] code was used for
the beam simulation. The magnitude of vertical emittance
growth through transport in the lattice was used to evaluate
the simulation results. The incident emittance at the injec-
tion point was set to 1.039 mm mrad, which is close to the
current value of MEBT 1.
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Figure 7: Simulation model of simplified 2D lattice struc-
ture.

Figure 8 shows the simulation results. When the octu-
pole component is not applied (for 0 T/m? case), the emit-
tance increases to 1.056 mm mrad and beam fragmentation
was formed. When the applied amount of the octupole
component is increased, the emittance increase is mini-
mized (1.042 mm mrad) at 5000 T/m3 octupole strength.
The phase space distribution of the beam shows that the
beam fragmentation is suppressed. Increasing the octupole
strength further increases the emittance growth again.
From the phase space distribution in the case of 9000 T/m?,
it can be seen that the direction of the arm of the beam frag-
mentation is reversed, and a focusing force seems to over-
come the space charge effect.
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In the future, the availability of the combined function
magnet will be verified by more detailed simulations in-
cluding three-dimensional calculations.
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Figure 8: Results of the simulation. Upper figures show
phase space distribution in vertical (y) axis of the extracted
position. Lower figure shows the effect of octupole field
strength on

ACKNOWLEDGEMENTS

This work is supported by JSPS KAKENHI Grand Num-
ber 21K17996. The authors thank Dr. Y. Iwashita in Kyoto
University, and Mr. H. Kobayashi in Shin-Etsu Chemical
Co., Ltd. for technical comments on design and fabrication
of our combined function permanent magnet.

REFERENCES

[1] Y. Yamazaki et al., “Accelerator technical design report for
J-PARC”, KEK-REPORT-2002-13, JAERI-TECH-2003-
044, J-PARC-03-01 (2003).

H. Hotchi et al., “Achievement of a low-loss 1-MW beam
operation in the 3-GeV rapid cycling synchrotron of the Ja-
pan Proton Accelerator Research Complex”, Phys. Rev. Ac-
cel. Beams, vol. 20, p. 060402, 2017.

doi: 10.1103/PhysRevAccelBeams.20.060402

H. Oguri, “Approaches to High Power Operation of J-PARC
Accelerator”, in Proc. LINAC'18, Beijing, China, Sep.
2018, pp. 29-34.
doi:10.18429/JACoW-LINAC2018-MO1P02

K. Okabe, Y. Liu, M. Otani, K. Moriya, T. Shibata, M. Chi-
mura, K. Hirano, H. Oguri, and M. Kinsho, Proceedings of
3rd Symposium (J-PARC2019), JPS Conf. Proc., vol. 33,
p- 011011, 2021.

M. Chimura, H. Harada, and M. Kinsho, “Beam emittance
growth due to the strong space-charge field at low energy of
a high-intensity ion linac and its mitigation using an octu-
pole magnetic field”, Prog. Theor. Exp. Phys., vol. 2022, Is-
sue 6, p. 063G01, 2022. doi:10.1093/ptep/ptac077

Y. Fuwa, Y. Iwashita, and T. Takayanagi, IEEE Transaction
on Applied Superconductivity, Vol. 32, No. 6, 4006705
(2022).

[7] K. Halbach, “Strong rare earth cobalt quadrupoles”, IEEE
Trans on Nucl. Sci., vol. 26, p. 3882, 1979.

(2]

(6]

Proton and Ion Accelerators and Applications

Proton linac projects



31st Int. Linear Accel. Conf. LINAC2022, Liverpool, UK JACoW Publishing

ISBN: 978-3-95450-215-8 ISSN: 2226-0366

[8] K. Halbach, “Permanent Magnets for Production and Use of
High Energy Particle beams,” LBL Internal Report, LBL-
19285, 1985.

[9] J. H. Billen and L. M. Young, “Poisson Superfish”, LA-UR-
96-1834 (2005).

[10] Y. Kondo, T. Morishita, and R. A. Jameson, “Development
of a radio frequency quadrupole linac implemented with the
equipartitioning beam dynamics scheme”, Phys. Rev. Accel.
Beams, vol. 22, p. 120101, 2019
doi:10.1103/PhysRevAccelBeams.22.120101

[11] https://blast.lbl.gov/blast-codes-warp/

Proton and Ion Accelerators and Applications

Proton linac projects

doi:10.18429/JACoW-LINAC2022-TUP0JO011

TUPOJO11
367

®

©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



