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Much research in recent years has focused on circular accelerators that accelerate and store
secondary particles with a large momentum spread, such as muons, unstable nuclei, and
heavy ions with different charge states. A fixed-field alternating gradient (FFAG) accel-
erator with large transverse and momentum acceptance has obvious advantages for such
requirements. A versatile beam injection method is required to accelerate secondary parti-
cles with a large momentum spread and different charge states with an FFAG accelerator.
In the present study, a method for charge exchange injection of positive heavy ions using
the large momentum acceptance of an FFAG accelerator is proposed. A charge injection
system, which converts a He!* beam to a He?* beam, is developed for a 150 MeV FFAG
accelerator at the Center for Accelerator and Beam Applied Science (CABAS) of Kyushu
University. As the first step to verify the injection method, an orbit shift from one charge
state to the other is demonstrated. This is the first demonstration of heavy ion injection
using an FFAG accelerator.

Subject Index G02, G05

1. Introduction
Much research in recent years has focused on circular accelerators that accelerate and store sec-
ondary particles with a large momentum spread, such as muons, unstable nuclei, and heavy ions
with different charge states [1-3]. A fixed-field alternating gradient (FFAG) accelerator with
large transverse and momentum acceptance has obvious advantages for such requirements.
The concept of the FFAG accelerator was originally proposed in 1953 [4]. Electron models
of the FFAG accelerator were constructed in the early 1960s [5]. The world’s first proton FFAG
accelerator (PoP-FFAG) was developed at the High Energy Accelerator Research Organization
(KEK) in 2000 [6]. A 150 MeV FFAG accelerator, which is a prototype machine for applica-
tions such as proton cancer therapy, has been developed based on the results of PoP-FFAG’s
development [7]. Following such successes, various types of FFAG accelerators have been
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developed at many institutes [8]. However, an FFAG accelerator to accelerate heavy ions has
not yet been developed.

A versatile beam injection method is required to accelerate secondary particles with a large
momentum spread and different charge states using an FFAG accelerator. A charge exchange
injection method is widely used in conventional synchrotrons, including FFAG accelerators. In
this method, the injected negative ions are converted to positive ions using a charge-stripping
carbon foil. A charge exchange injection system for a H™ beam has already been developed for
an FFAG accelerator [9-11]. The multiturn injection method is employed for positive ions in
conventional synchrotrons and FFAG accelerators [12]. However, in principle, the efficiency of
multiturn injection is low compared to that for the charge exchange injection method. In ad-
dition, to inject ion beams with different momenta and charge states, the operation conditions
and positions of injection equipment such as pulsed bump magnets must be varied to match
the injected ion beams.

In this study, a method for charge exchange injection of positive heavy ions using the large
momentum acceptance of an FFAG accelerator is proposed. A charge injection system, which
converts a He'* beam to a He?* beam, is developed for a 150 MeV FFAG accelerator at the
Center for Accelerator and Beam Applied Science (CABAS) of Kyushu University. As the first
step to verify the injection method, an orbit shift from one charge state to the other is demon-
strated.

2. Accelerator facility at Kyushu University

In order to promote activities in all scientific, medical, engineering, and educational fields re-
lated to the application of accelerators and radiation, CABAS was established at Kyushu Uni-
versity. To achieve the purpose of the center, Kyushu University decided to construct a new
facility that merges three institutes, the Cockcroft-Walton Accelerator Laboratory of the Fac-
ulty of Engineering, the Institute for Irradiation and Analysis of Quantum Radiations, and
the Kyushu University Tandem Accelerator Laboratory of the Faculty of Science, on its new
campus (Ito Campus). Figure 1 shows an overview of the new accelerator facility at Kyushu
University. The facility consists mainly of a 10 MeV proton cyclotron, an 8§ MV tandem acceler-
ator, and a 150 MeV FFAG accelerator as a replacement of the Cockcroft-Walton accelerator.

The 150 MeV FFAG accelerator was developed at KEK as a prototype of a proton FFAG
accelerator for applications such as proton beam therapy. The main parameters for the 150
MeV FFAG accelerator are summarized in Table 1. Beam extraction with 100 Hz operation was
successfully demonstrated in 2005 [13]. The FFAG accelerator was disassembled in 2006 and
transported by land from KEK to Kyushu University in 2008. Reconstruction of the FFAG
accelerator began at CABAS in 2008. Beam commissioning was started in 2011, and beam
acceleration was successfully demonstrated in 2013.

The tandem accelerator has been employed independently for accelerator mass spectrome-
try, student experiments, radio-isotope beam production, and low-energy nuclear physics ex-
periments. The tandem accelerator is employed as a heavy ion injector for the 150 MeV FFAG
accelerator. Construction of the tandem accelerator and experimental rooms was completed in
2013. Beam commissioning of the tandem accelerator began in 2014.

A beam transport line, which delivers a heavy ion beam from the tandem accelerator to the
FFAG accelerator, was constructed to demonstrate the injection and acceleration of a heavy
ion beam for the FFAG accelerator.
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Fig. 1. Layout of CABAS of Kyushu University [14].

Table 1. Design parameters for the 150 MeV FFAG accelerator.

Magnet type Radial sector (DFD triplet)
Number of cells 12
Proton energy (MeV) 10-125
Average radius (m) 4.47-5.20
Revolution frequency (MHz) 1.54.6
Field index 7.65
Magnetic rigidity (Tm) 0.46-1.67
Dispersion function at center of straight section (m) 0.6
Beta function at center of straight section (m) 1.0 (Horizontal)
4.4 (Vertical)
Betatron tune 3.61 (Horizontal)

1.46 (Vertical)

3. Charge-stripping injection for heavy ion beam acceleration

Conventionally, the multiturn injection method is often employed for positive ions in syn-
chrotrons, including FFAG accelerators. In this study, a charge exchange injection method for
positive heavy ions using the large momentum acceptance of the FFAG accelerator is proposed.
In this injection method, the charge state of the injected positive ions is made more positive us-
ing a charge-stripping foil.

Since the FFAG accelerator satisfies the scaling condition, the closed orbit corresponding
to the momentum and charge state of a particle is uniquely determined, and they have ge-
ometrical similarity. In principle, positive heavy ions which satisfy the following conditions
can be injected and accelerated without changing the magnetic field: the revolution frequency
of the heavy ions is within the frequency bandwidth of the radiofrequency (RF) cavity, and
the magnetic rigidity of the injected and circulating heavy ions is within the range of the
magnet.

In this study, a He ion beam is employed to demonstrate the injection of a heavy ion beam.
A schematic diagram of the injection system for a heavy positive ion beam is shown in Fig. 2.

3/11

¥20Z YdJe\ 90 uo Jasn AS3Q UoJ0IyouAg usuoipialg sayasinaq Aq 21.806S.2/1L09€20/2/¥20z/81o1e/dad/woo dno olwepeoe//:sdiy woly papeojumoq



PTEP 2024, 023G01 Y. Yonemura et al.

Injection orbit of 14 MeV He!" from
the tandem accelerator

—
,(“\‘ ‘F‘L,
| |
¢ HS
S g - - / N
/ \
\
\
7 Closed orbit of 14 MeV He?*
/ \
/
J Closed orbit of 14 MeV He! I
L Th oY
| Charge stripping foil
AL |
\
\ /

Fig. 2. Injection orbit of He!* (blue line), closed orbit of He!* (green line), and closed orbit of He?*
(red line). The charge-stripping foil is installed at the intersection of the injection orbit and the closed
orbit of He’*.

As the injector to the FFAG accelerator, the tandem accelerator is employed. He™ ions were
extracted from the ion source and accelerated to 7 MeV. The electrons are stripped by Ar
charge-stripping gas at the center of the tandem accelerator. Although all electrons are nor-
mally stripped and He™ ions are converted to He>* ions with the tandem accelerator, He™ ions
are converted to He'* ions for the proposed injection method since the charge state will be fur-
ther increased by the foil in the FFAG accelerator. The He'* beam is reaccelerated to 14 MeV
and injected into the FFAG accelerator. The He!* beam is then converted to a He** beam by
the charge-stripping foil.

To determine the closed orbit of the He?* beam and the injection orbit of the He!* beam, 3D
particle tracking using Runge—Kutta integration is performed. The distribution of the magnetic
field was calculated with OPERA-3D [15]. The magnetic rigidity of a 14 MeV proton is 0.54
Tm, which is approximately equal to a 14 MeV He?* beam. The currents in the coils of the
focusing magnet and defocusing magnet are 44,170 AT and 5,500 AT, respectively, which are
the same conditions used for proton beam acceleration from 10 to 100 MeV. The injection orbit
was determined by back tracking from the foil location.

Since the energy of an injected beam is 3.5 MeV/u, which is relatively low, a thin stripping
foil is required. For beam acceleration, the energy lost in the foil can be recovered by RF ac-
celeration. To allow the beam to escape from the stripping foil, orbit shift by acceleration can
be used in the FFAG accelerator [16]. In this method, the beam is accelerated and stacked si-
multaneously and no injection devices such as bump magnets for injection are needed. A 10
wglem? carbon foil, which is the minimum thickness that can be manufactured in the facility,
is assumed to be employed as the charge-stripping foil in the present study, which produces a
mean energy loss for a 14 MeV He beam of about 4 keV [17].
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Table 2. Parameters for injection and acceleration.

Particle He?*
Charge-stripping foil carbon

Foil thickness (p1g/cm?) t=10

Foil dimensions (mm) w = 15 (width), i = 35 (height)
Stopping power for 14 MeV He?* ions (MeV/g/cm?) S =3.76 x 10?

RF voltage (kV) Vo =6.0

RF acceleration phase (degrees) ¢s =30

Harmonic number of RF acceleration 1

4. Estimation of emittance growth and energy spread for charge-stripping injection
Electron stripping by a thin carbon foil is used to convert He!* to He>* ions. Here, we estimate
the beam emittance growth and energy spread during the beam injection process. The typical
parameters used in the beam injection and acceleration scheme are described below.

The energy gain for one-turn passage through the foil is given by

AE = gVysing; — AE;. (1)
Here, ¢, Vo, ¢, and AE; are the charge state of particles, the RF voltage, the RF acceleration

phase, and the energy loss in the stripping foil, respectively.
The horizontal beam shift at the stripping foil for one-turn acceleration can be obtained by

Ax=n—=—5— @
p

where 1, p, B, and E are the dispersion function at the injection point, the momentum, the
relativistic velocity, and the total energy, respectively.
The total number of turns passing through the stripping foil region is thus given by
v _ WB2E 3)
Ax  n(qVysings, — AE,)’
Here, w is the width of the foil. When the values listed in Tables 1 and 2 are substituted into
Eq. (3), the total number of turns becomes:

N ~ 310 turns. “4)

This multitraverse beam process resembles an ionization cooling system where particles pass
through a medium and the energy loss through ionization is recovered by RF acceleration. Eval-
uation of the growth of beam emittance and energy spread during this process is required for
efficient beam injection. The transverse emittance growth depends mostly on coulombic multi-
ple scattering in this region; therefore, the emittance growth can be evaluated by the following
rate equation [18,19]:

de, S(E)  ByBr (13.6 MeV\*
- = - 2 6! + 3 (5)
ds B*E 2L Bep

where S(E), v, B1, Ls, s, p, and ¢ are the stopping power, the Lorentz factor, the beta function

at the injection point, the radiation length, momentum, and the velocity of light, respectively.

On the other hand, the growth of a longitudinal energy spread o g as a function of the target

thickness can be evaluated by the following rate equation:
7 IS(E 2
2P b+ anm (125 ) ®)

511
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Fig. 4. Energy spread as a function of turn number.

where r, is the classical electron radius, m, is the rest mass of an electron, and 7, is electron
density.

The beam half width /€, 87 and the longitudinal energy spread were estimated based on ion-
ization cooling theory; the results are shown in Figs. 3 and 4, respectively. The size, angular, and
energy spread of the extracted beam from the tandem accelerator are expected to be approxi-
mately +2 mm, +4 mrad, and 0.1%, respectively. The initial normalized emittance and energy
spread are assumed to be 2 mm mrad and zero, respectively.

Figure 3 shows that the horizontal and vertical beam sizes were 6 mm and 16 mm, respectively,
when injection was complete. The vertical beam size was 2.7 times larger than the horizontal
beam size since the vertical beta function is 4.4 times larger than the horizontal beta function
at the center of the straight section, as shown in Table 2. The minimum required width and
height of the carbon foil were approximately 12 mm and 32 mm, respectively.

Figure 4 shows that the energy spread after beam injection was estimated to be approximately
15 keV. The half RF bucket size of the FFAG accelerator under the conditions of Table 2
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is approximately 290 keV; therefore, the estimated energy spread is sufficiently small to allow
stable beam injection and acceleration.

Since a continuous beam is injected from the tandem accelerator, beam loss occurs when RF
acceleration is employed [20]. The phase acceptance range is from —39 to 150 degrees when the
acceleration phase is 30 degrees. Therefore, the efficiency of beam capture and acceleration is
estimated to be less than 52% when the continuous beam is injected from the tandem accelera-
tor. To increase the injection efficiency, the time width of the beam must be bunched using an
electric beam chopper installed in the injection line.

5. Experimental setup

A beam experiment with the tandem accelerator and the FFAG accelerator was performed at
CABAS to evaluate the effectiveness of the injection method. This experiment was performed
to demonstrate the part of the beam injection method that relates to charge exchange injection
without RF acceleration. The acceleration of heavy ions is limited due to the present radiation
safety restrictions of the facility.

The He beam injection system was developed based on the particle tracking results. The lay-
out of the beam injection line from the tandem accelerator and the position of the charge-
stripping foil were also determined. A 14 MeV He'* beam was extracted and transported from
the tandem accelerator to the FFAG accelerator. The mean beam current was 0.7 nA. In the
matching section of the beam transport line, two steering magnets, two bending magnets, and
six quadrupole magnets were employed to adjust the beam positions and the beam profiles. In
this study, matching of the beta function between the FFAG accelerator and the tandem ac-
celerator is not performed since the large leakage field including the nonlinear magnetic field
disturbs the magnetic field at the injection position.

Figure 5 shows a schematic of the beam injection system, which consists of a movable charge-
stripping foil and three ceramic fluorescent screens. The fluorescent screens, which are tilted
45° to the beam orbit, are observed by a charge-coupled device (CCD) camera from outside
of a viewport mounted on the vacuum chamber. These 50 mm wide, 50 mm high, and 5 mm
thick screens are employed to observe the profile and position of the injected beam. Figure 5
shows fluorescent screen A, which is installed at the end of the beam transport line from the
tandem accelerator. The radially movable fluorescent screen B is installed outside of the FFAG
accelerator at the straight section.

Figure 6 shows a schematic illustration and a photograph of the charge-stripping foil, which
is mounted on a motorized linear motion feed-through. The horizontal range of motion is
900 mm, and accuracy of the position is 1 mm.

Since charge exchange injection without beam acceleration was performed in this experiment,
it was not necessary to employ the large, thin foil. A 50 pg/cm? thick carbon foil, which has high
mechanical strength and is easily manufactured, was employed since a 10 ug/cm? thick carbon
foil is brittle and sensitive handling is required. The stripping efficiency for 14 MeV He ions is
approximately 94% for the 50 pg/cm? thick foil [21]. The width and height of the carbon foil
were 10 mm and 10 mm, respectively. Larger foils required for beam acceleration are currently
being manufactured. Figure 6 shows a schematic illustration of the ceramic fluorescent screen
C mounted at a distance of 10 mm from the foil in the radial direction.

A destructive beam profile monitor and radial beam probe were employed to measure the
profile of the injected He>* beam. The destructive beam profile monitor consists of a copper
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Fig. 6. Schematic illustration and photograph of the charge-stripping foil and fluorescent screen layout.

electrode and a motorized cylinder mounted inside the vacuum chamber of the accelerator.
The position of the beam profile monitor is moved stepwise along the radial axis. The range
of movement and positional accuracy were 300 mm and 0.2 mm, respectively. The electrode
is moved at regular intervals, and the beam current is measured at each position. The time
series data of measured current provide the average current and statistical error. The position
intervals, the sampling time, and the number of samples at each position are 1 mm, 0.1 seconds,
and 50, respectively.

The radial beam probe was a movable destructive current monitor designed to measure the
beam current along the radial axis. A copper electrode was mounted at the end of a motorized
stainless-steel rod outside the vacuum chamber. The range of movement and positional accu-
racy of the electrode were 900 mm and 1 mm, respectively. The beam current was measured
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Fig. 7. Beam current measured using a beam profile monitor. The black closed squares and solid line
represent the average current and a fitting curve with a sigmoid function. The red solid line indicates the
derivative of the curve, which represents the beam profile. The dashed vertical line indicates the center
of the beam profile.

with the current monitor. The average current was measured using the current monitor with a
time constant of 30 seconds.

6. Results and discussion

The He>* beam profile was measured in the radial direction using a beam profile monitor and
beam probe to demonstrate charge exchange injection of the He>* beam. The experimental
results show that the injected He>* beam circulated and reached the beam monitor.

The beam current along the radial axis measured using the destructive beam profile monitor,
which was installed inside the injection section, is shown in Fig. 7. Figure 7 shows the measured
current increase, which levels off at the position where the entire beam has been scraped. There-
fore, the beam profile in the radial direction can be estimated by differentiating the measured
current. Some measurements have large statistical errors as a result of fluctuation of the current
intensity of the injected beam from the tandem accelerator. Assuming that the beam distribu-
tion is a Gaussian function, the beam profile (red solid line) was obtained by differentiating the
curve obtained by fitting the measurements with a sigmoid function. The center position of the
beam was 4637.2 mm. The current measured using the radial beam probe, which moves along
a radial axis from outside of the accelerator, is shown in Fig. 8. Similarly, the obtained posi-
tion of the beam was 4521 mm. The measurement error of the beam probe is relatively small
since the averaging time of the signals is sufficiently larger than the fluctuation of the current
intensity.

The horizontal size of the injected He>* beam is expected to be 10 mm since the beam is
scraped by the frame holding the carbon foil. The beam size as measured with the beam profile
monitor and the beam probe was 9.6 = 1.0 mm and 11.5 + 0.2 mm, respectively. The distance
between the designed orbit and the measured beam position at the beam profile monitor was
56 mm, and it was 27 mm at the beam probe. The experimental results indicate that the differ-
ence in position results from closed orbit distortion (COD) in the FFAG accelerator and the
optical mismatch at the injection point. The RF cavity installed in the straight section of the
accelerator disturbs the magnetic field and the closed orbit is distorted.
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Table 3. Measured beam position and designed beam position

Beam profile

Beam probe monitor
Measured beam position x,, (mm) 4521.0 4637.2
Designed beam position x, (mm) 4494.1 4693.0
COD (mm) 20 =35
Xm — Xg — COD (mm) 7 =21

According to previous measurements [22], the COD at the beam probe and the beam profile
monitor is estimated to be approximately 20 mm and —35 mm in the outward radial direction,
respectively. The measured beam positions, designed beam positions, COD, and expected beam
positions are summarized in Table 3.

Similarly, the injection orbit is distorted because the accelerator leakage field is magnetically
coupled to the injection beam line. The difference in position between the designed orbit and
the measured beam position at fluorescent screen B was 23 mm when the position of the charge-
stripping foil was on the designed orbit. Investigation of the distortions of the closed and injec-
tion orbits of the He>* beam caused by the leakage field, which decrease the injection mismatch,
is a subject for future work.

7. Conclusion

A charge exchange injection method for positive heavy ions using the large momentum accep-
tance of an FFAG accelerator was proposed. As the first step to verify the injection method,
an orbit shift from one charge state to the other is demonstrated. A charge injection system,
which converts a He!* beam to a He>* beam, is developed for a 150 MeV FFAG accelera-
tor at CABAS of Kyushu University. A 14 MeV He** beam circulated and reached the beam
monitor. This is the first demonstration of heavy ion injection using an FFAG accelerator.
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