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In the field of Heavy ion beam Inertial Fusion (HIF)
1), one of the promising ion species as the driver beam
is Bi2+. Considering a scenario based on the RF accel-
erator, a laser ion source with the Direct Plasma In-
jection Scheme (DPIS)2) has the advantage to provide
high-intensity heavy ion beams3). Ion charge states
produced by laser ion sources has distribution4). With
DPIS, all charge states of ions can be injected into an
RFQ linac. However, in the case of Bi2+ production,
Bi1+ and Bi3+ would also be injected. These unnec-
essary ions would waste RF power and/or cause un-
expected radioactivation. Thus, charge-state-selective
acceleration using the RFQ linac is desired. In this
study, a scheme to achieve charge-state-selective ion
beam acceleration is discussed.

In the case of accelerating ions with a charge state q
and a mass number A different from the desired parti-
cle with q0 and A0, the condition for stable acceleration
is described as below5):

q

A
cos(ϕs) =

q0
A0

cos(ϕs0), (1)

where ϕs is the synchronous phase of a particle with
charge-to-mass ratio q/A, and ϕs0 is that of the desired
particle. Then, the condition of capture for the case of
A = A0 is

0 <
q0
q
cos(ϕs0) < 1. (2)

Usually, the synchronous phase of the the desired par-
ticle in the accelerating section of the RFQ linac is
approximately −30◦. Therefore, by choosing Bi2+ as
the desired particle (q0 = 2), Bi1+ (q = 1) has no
stable phase and would not be accelerated, while un-
wanted Bi3+ will be accelerated. The results of a par-
ticle tracking simulation show that more than 30% of
Bi3+ are captured and accelerated by a conventionally
designed RFQ for Bi2+.
One of the solutions to accelerate only Bi2+ is the

following scheme: 1) The ions are injected into the
RFQ with different momentums depending on charge
state q. Using this initial momentum difference be-
tween Bi2+ and Bi3+, these ions can be pre-bunched
separately in the longitudinal phase space. 2) The
modulation or acceleration voltage is raised when Bi2+

ions are in the acceleration phase and Bi3+ ions are in
the deceleration phase, and Bi2+ ions would gain en-
ergy while Bi3+ ions would be decelerated. 3) Due
∗1 RIKEN Nishina Center
∗2 Graduate School of Science, Kyoto University
∗3 Interdisciplinary Graduate School of Science and Engineer-

ing
∗4 Collider Accelerator Department, Brookhaven National

Laboratory
∗5 Institute for Chemical Research, Kyoto University

Fig. 1. Applied cell parameters versus cell number.

Fig. 2. Result of longitudinal phase space distribution.

Red: Bi2+, Blue: Bi3+. The ordinate axis shows mo-

mentum normalized to Bi2+ initial momentum. The

abscissa shows RF phase. (a) Initial distribution, (b)

after pre-bunching, (c) after capturing Bi2+, (d) after

acceleration.

to the energy difference between Bi2+ and Bi3+, only
Bi2+ ions would be captured in the RF bucket and be
stably accelerated. To realize this scheme, we varied
cell lengths in the bunching section. An example of
the sequence of the designed cell parameters is shown
in Fig. 1. Fig. 2 shows the particle tracking simula-
tion results with the cell parameters shown in Fig. 1.
The capture rate of Bi3+ could be suppressed by up to
3 %.

References
1) R. Burke, Nucl. Instrum. Methods Phys. Res., Sect. A

733 (2014) 158
2) M. Okamura et al., Rev. Sci. Instrum., 79 (2008)

02B314.
3) M. Okamura et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 733 (2014) 97.
4) K. Kondo et al., Rev. Sci. Instrum. 81, (2010) 02A511.
5) P. N. Ostroumov et al., Phys. Rev. ST Accel. Beams 3,

030101 (2000).

Investigation of the effect of solenoidal magnetic field on Fe plasma
flux for application to laser ion source

S. Ikeda,∗1,∗2 M. Okamura,∗3 and K. Horioka∗2

Laser ablation plasma has been studied as a highly
charged ion source for nuclear physics experiments1)

and as a high flux ion source for heavy ion inertial fu-
sion,2) and it is used as an ion source at Brookhaven
National Laboratory3). In a typical configuration of
the source, plasma flux at an extractor varies as a func-
tion of time. The time-dependent flux results in the
changes in the ion beam current and its optics within
a beam pulse. To prevent the changes, we propose to
apply a pulsed magnetic field. Enhancement of the
flux after passing through a static solenoidal magnetic
field was observed4). The enhancement depended on
the magnetic intensity. Therefore, if we apply the fast-
rising magnetic field in accordance with the transient
flux level of the plasma, we will be able to make the
flux level flat.
To predict the optimal pulsed magnetic field, we

first investigated the effect of a static magnetic field
that was driven by quasi-stationary current during the
plasma passing through the coil. We scanned a biased
ion probe detecting plasma flux transversely or normal
to the plasma drifting direction by applying a magnetic
field.
Figure 1 is a brief schematic diagram of the experi-

mental setup. A Nd:YAG laser irradiated an iron tar-
get with a pulse width of 6 ns and intensity of 4.0×108

W/cm2. At this irradiation level, the laser mainly pro-
duces singly charged ions in the chamber evacuated to
4 × 10−4 Pa. The coil was driven by a pulse circuit.
During the plasma passing through the coil, the de-
crease in magnetic flux density was less than 10 % and
we can regard the magnetic field as almost constant
during the interaction. A 2-mm-diameter aperture and
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Fig. 1. Schematic of experimental setup for transverse scan

of ion flux distribution
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Fig. 2. Transverse flux distribution with and without mag-

netic field

a metal mesh whose transparency was 90.3 %, were
grounded and placed in front of the probe.

Figure 2 shows the transverse distribution of plasma
flux whose longitudinal velocity vz is 14 mm/µs at 870
mm away from the target. vz was estimated by divi-
sion of the distance by the time of flight. Horizontal
axis is the distance x from the center axis. Each point
is an average of 3 data. The red squares are data with
no magnetic field and green ones are in the presence of
magnetic field. The magnetic flux density at the center
of the coil is estimated to be 40 G using a simulation
code(OPERA). When the magnetic field was applied,
two peaks and decrease in the flux near the center axis
were observed. The formation of two peaks around x =
-15 and 20 mmmeans that the plasma collected around
the radius. The collection indicates that the magnetic
field had focusing force that increases nonlinearly with
increasing x. On the other hand, the decrease in the
flux around the center (x = 0 mm) may mean that the
magnetic field does not converge the plasma within
a certain value of x. The difference in the magnetic
field effect on the plasma with respect to x may re-
sult from the shape of the magnetic field. We need to
investigate this difference in order to increase the ion
flux with minimum emittance growth. The discussion
of the enhancement mechanism will help optimize the
parameters of pulsed magnetic field.
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