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A novel beam-bunching technique has been implemented at a heavy-ion linear accelerator facility by

installing a compact two-gap prebuncher and a multilayer beam chopper. A pulsed beam of 2 to 4 MHz,

having kinetic energy up to 1:1 MeV=u, is realized by bunching a 2 keV=u continuous beam just upstream

of the linac. Around 40% of the continuous beam particles are successively gathered in a single

microbunch with a time width of around 15 ns in full width at one-tenth maximum. The number of

background beam particles over 250 ns just before the bunched beam is well suppressed to less than 10�4

of the number of bunched particles. This technique has been adopted to generate intense �-particle beams

for nuclear astrophysics experiments.
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I. INTRODUCTION

The Tokai radioactive ion accelerator complex (TRIAC)
facility [1] is a radioactive ion beam (RIB) facility based
on the postacceleration scheme, including two types of
heavy-ion linear accelerators (linacs), i.e., a 26 MHz split
coaxial radio frequency quadrupole (SCRFQ)-type linac
and a 52 MHz interdigital H (IH)-type linac, as shown in
Fig. 1. This accelerator complex can accelerate heavy ions
(q=A � 1=10) from 2 keV=u to 1:1 MeV=u with high
transport efficiency of around 85% [2]. This region of
acceleration energy is suitable for studying nuclear reac-
tions under astrophysical circumstances such as elemental
synthesis in supernova explosions. Thus far, some experi-
ments have been performed using 8Li-RIBs [3,4].

The 18 GHz electron cyclotron resonance ion source
(ECRIS) [5,6] located upstream of the linacs has made it
possible for TRIAC to deliver heavy-ion beams of stable
isotopes. A large emittance acceptance (291� mmmrad) of
the SCRFQ for a continuous beam makes it possible to
accelerate such beam particles with intensities of several ten
microamperes. Based on this characteristic of the TRIAC
facility, researchers have proposed direct measurements of
12Cð�; �Þ16O stellar reactions using intense 4Heþ beams.

In this experiment, prompt � rays are measured directly
by large volume NaI(Tl) detectors under the condition of
low-background radiation [7], where � beams are bunched
to define a time window of the fast coincidence between
beam particles and detected events by the NaI(Tl) crystal.
The emission of background � rays is mainly attributed to
induced reactions of iodine in the detector and neutrons from
(�, n) of the 13C contaminant in the target. Hence, the fast
coincidence technique coupled with the neutron time of
flight has been adopted to suppress these � rays. Taking
the neutron flight time and intensity of background � rays
into account, the required bunch frequency of� beams is 2 to
4MHz, the timewidth of the bunched beam is less than 20 ns
in full width at tenth maximum (FWTM), and the number of
background beam particles in the beam-off period, espe-
cially in the region preceding the bunched beam timing, is
less than 10�4 of the number of bunched particles.
As the first stage accelerator of TRIAC, the SCRFQ

linac can accelerate ions from 2 to 178 keV=u.
Continuous ion beams from ECRIS are converted into
bunched beams of 26 MHz; this frequency is at least 1
order of magnitude higher than the required frequency. The
linear accelerators of the ISAC facility use a prebuncher at
11.8 MHz, the third subharmonic of the RFQ frequency
[8]. A single-gap multiharmonic prebuncher of 11.8 MHz
has been installed there not only for the efficient accelera-
tion by the 35.4 MHz RFQ linac but also for the experi-
mental requirements. RIBs having a bunch spacing of 85 or
170 ns can be delivered by coupling the beam chopper
placed downstream of the RFQ linac to the prebuncher.
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Therefore, we planned to construct a system consisting
of a prebuncher and a beam chopper upstream of the
linacs; however, the available area between ECRIS and
SCRFQ is not sufficient to accommodate these elements.
Hence, a novel technique has been developed to downsize
the system without causing a significant beam particle loss.
In this report, we describe the prebunching system. This
includes the principle of the prebuncher, a beam simulation
in both the prebuncher and the SCRFQ, the design of
the beam chopper, and results of the system test. In addi-
tion, we present some experimental results related to the
12Cð�;�Þ16O reactions.

II. PREBUNCHER

A. Principle of non-� mode beam bunching

It is well known that a sawtooth voltage pattern is
suitable for efficient beam bunching. A pseudo sawtooth
pattern can be realized, for example, by an appropriate
combination of the fundamental, second harmonic, and
third harmonic sine-wave components with a single-gap
buncher [8]; however, the effect of the leakage electric field
is not negligible in the case of a large ��, where � is the
particle velocity in units of light speed and � is the wave-
length of the applied rf wave. In reality for the 2 MHz
bunching, the �� is about 30 cm, where the attenuation of
the leakage field becomes large and the fields after the gap
are not averaged out for the moving particles. The resultant
bunching is quite different compared to the original one. A
multiple two-gap buncher system has a negligible leakage
field, and it is ideal for sawtooth wave bunching; however,

this system occupies a larger space and is more expensive
than a single-gap buncher.
The sawtooth wave bunching is not possible using a

single two-gap buncher, because some harmonic wave
potentials cannot be applied in the simple � mode opera-
tion. In this mode, we set the interval between two gaps as
��=2. Therefore, the second harmonic wave, for example,
is not applied in pseudo sawtooth wave operation up to the
third order. This practical difficulty can be overcome by
applying modern digitized waveform techniques if we
operate the buncher in a non-� mode.
Let us express the gap interval as ���=2�, where � is

the phase difference between two gaps. The effective volt-
ages applied to the first and the second gap up to the third
order harmonics are given by

V1st ¼
X3
n¼1

Vn � sinðn!tþ ’nÞ;

V2nd ¼
X3
n¼1

�Vn � sinðn!tþ ’n þ n�Þ;
(1)

where n, Vn, and ’n denote the harmonic number of the rf
waves, the effective potential seen by the particles, and the
phase of each harmonic wave, respectively. The fundamen-
tal frequency of the rf wave is denoted by!. It is noted that
the phase of each harmonic wave is treated independently
in the non-�mode operation, while all harmonic waves are
usually in phase in the � mode operation. At the second
gap, the sign of the electric potential Vn is reversed and the
phase ’n advances by n�. The effective synthesized accel-
eration voltage (Vtotal) based on V1st and V2nd is then ex-
pressed as

Vtotal¼
X3
n¼1

Vn �2sinðn�=�2Þ �sin½n!tþ’nþðn�þ�Þ=2�;

(2)

which becomes the pseudo sawtooth wave when Vn and’n

are set as

Vn¼an � V

2sinðn�=2Þ ; ’n¼�n�þ�

2
; ðn¼1;2;3Þ;

(3)

as shown in Fig. 2. In the present case, the coefficient
[an ¼ ð�1=3Þn�1] of each harmonic potential component
[9] is different from that [an ¼ ð�1Þn�1=n] in the Fourier
expansion, because it yields a relatively smooth curve
within this approximation range.
The actual gap voltage of each harmonics should be

estimated by taking the corresponding transit time factor
(TTF) into account. This factor for the nth harmonic wave
can be estimated by the following approximation:

TTF ¼ ��

g�
sinð�g=��Þ; (4)

FIG. 1. Schematic layout of the TRIAC facility. Heavy-ion
beams of stable isotopes are produced in an 18 GHz ECR ion
source (CB-ECRIS), which is also used as a charge state breeder
for radioactive ion beams from the isotope separator on-line
(ISOL). Then the ions are injected into the linac complex in the
direction of the green arrow. The beam-bunching system, in-
cluding the beam chopper and the prebuncher, is also indicated
in this figure together with some of the Faraday cups for beam
current measurement (location names in italics). The NaI(Tl)
detectors for the 12Cð�; �Þ experiments are colored blue.
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where g and � denote the gap spacing of the electrodes and
the wavelength for the nth harmonic wave, respectively.
When we assume the effective gap space to be 20 mm,
TTF’s for the first, second, and third harmonics have al-
most the same values: 0.993, 0.973, and 0.940, respectively.
Actual values are expected to be a little bit larger than the
approximated values due to the narrow gap spacing of
around 10 mm.

In this non-�mode operation, the electric power (P) can
be expressed as

P / 1

T

Z T

0
V2
1stdt ¼

1

2

X3
n¼1

V2
n; (5)

where T is the period of the fundamental wave frequency.
There are suitable phase differences giving minimum
power at 140 and 220 degrees. For our case of 2 MHz
bunching at � ¼ 140 degrees, the gap interval becomes
12.05 cm, which is sufficiently small for installation.
Using a digitized waveform generator, we can easily gen-
erate an arbitrary wave, as expressed by Eq. (1).

In the above description, we restrict the harmonic com-
ponents up to the third order. However, in principle, Eq. (2)
can be expanded in the same manner for cases including
higher order wave components.

By using a digitized waveform generator, it becomes
possible to generate a pseudo sawtooth wave in a different
way than the present one. This type of buncher has been
reported in Refs. [10,11], where the sawtooth wave was
generated by applying a parabolic wave on a drift tube of
the two-gap buncher. When the gap interval is slightly
different from the ��, each beam particle experiences
the difference between the voltages at a slightly shifted
phase. The resultant wave pattern is nearly equal to the
sawtooth. This buncher has a unique feature, in principle,

that the effective bunch region becomes about 90% of the
period [11], although in reality the ideal parabolic wave-
form might be distorted largely by the transfer functions of
the cables and amplifier [12], since the higher harmonics to
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FIG. 2. The rf voltage waveform applied to the drift tube. The
effective potentials seen by the particles passing through the first
gap (V1st, dotted line) and the second gap (Vtotal ¼ V1st þ V2nd,
solid line) are indicated. The negative potentials indicate particle
deceleration. The two areas from 0 to 70 ns and from 420 to
500 ns, indicated by arrows, denote out-of-bunching phases.
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FIG. 3. Longitudinal and transverse emittances of a simulated
beam at the entrance and exit of the SCRFQ after the prebuncher.
Figures (a) and (b) show the transverse emittances at the entrance of
theSCRFQin termsof thex-x0 andy-y0 planes, respectively.Ellipses
in these figures show design emittances (291� mmmrad). Parts (d)
and (e) show the same emittances as (a) and (b) at the exit of the
SCRFQ. The vertical and horizontal axes of these figure are x0 or y0
in radians and x or y in cm, respectively. Parts (c) and (f) show the
longitudinal emittances ��-�W at the entrance and exit of the
SCRFQ in degrees and keV=u, respectively, which correspond to
phase and particle energy. Part (g) is a magnified view of (f) around
the central microbunch.
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the fundamental frequency are included in the parabolic
wave. For generating efficient sawtooth waveforms, it is
worthwhile to further study both approaches, e.g., the
multisinusoids and the parabolic wave.

Before installing the prebuncher, we simulated the trace
of ions from the entrance of the prebuncher to the exit of the
SCRFQ. The particle motion in the prebuncher was calcu-
lated using the TRACEP code [13,14] and the particle motion
in the SCRFQ was calculated with the PARMTEQ code [15].
In the simulation by the TRACEP code, the TTF including the
radial evolution of the longitudinal component of the elec-
tric field was taken into account to find out the realistic
beam profile. Figure 3 shows the calculated beam profiles at
the entrance and the exit of the SCRFQ. One thousand test
particleswere tracked in this simulation. The charge tomass
ratio (q=A) of the test particles is q=A ¼ 1=4 and the gap
interval is 12.05 cm for 2 MHz bunching.

The prebuncher is located 92.6 cm upstream of the
SCRFQ. As shown in Fig. 3(c), the simulated longitudinal
emittance at the entrance of the SCRFQ indicates success-
ful sawtooth bunching in the central region in the range of
�2340 degrees, corresponding to 500 ns. The energy dis-
tribution is slightly larger than the acceptable limit of the
SCRFQ (�E��0:2 keV=u) for optimum bunching. This
is attributed to the geometrical setup of the facility, as
shown in Fig. 1. On the basis of the simulated emittance
upstream of the SCRFQ [Fig. 3(a)–3(c)], we performed a
particle simulation using PARMTEQ for the acceleration
process inside the SCRFQ [Figs. 3(d)–3(g)].

A microstructure of the accelerated bunches is visible in
Fig. 3(f) outside the central bunched region. Forty-one
percent of the tested particles are gathered at the center,
corresponding to a bunching gain of 5.4, which is defined
as the ratio of beam particles of the center bunch with the
prebuncher to those without the prebuncher. On the other
hand, around 10% of the particles remain in the neighbor-
ing bunches. The longitudinal beam emittance in the center
bunch can be seen in Fig. 3(g), a magnified view of
Fig. 3(f). The relatively low bunching efficiency (41%) is
attributed to the large energy distribution of the bunched
particles in front of the SCRFQ. A higher efficiency could
be realized if the prebuncher would be installed at a
distance that is sufficiently far from the SCRFQ; the nec-
essary bunching voltage would also decrease.

B. Setup

The prebuncher, consisting of two gaps with a single
drift tube, as shown in Fig. 4, is not a resonator; hence, the
rf voltage is directly applied to the drift tube. The gap
interval can be varied from 15 to 7 cm to match the
bunching conditions in the frequency range of 2 to
4 MHz. The drift tube consists of a cylindrical electrode
and two ring electrodes, each of which is electrically
connected to the cylindrical electrode by eight skewer
sticks, as shown in Fig. 4. The size of each gap is set as
10 mm, which is sufficiently small for the expected �� of
the beams we consider here.

FIG. 4. Cross-section view of the prebuncher. The beam particles come from the right side. The details of the drift-tube structure are
shown in the upper right corner of the figure. There are eight sticks of stainless steel placed cylindrically at each end of the aluminum
electrode. They are connected to copper-chromium ring electrodes to form a variable length drift tube. The first and second electrodes,
which are perpendicular to the beam direction, are isolated from each other in order to form the first electric potential gap. These
electrodes are attached to the movable flange. The rf voltage is directly applied to the drift tube via the feedthrough.
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An impedance converter (T010-6046A [16]) is placed
between an rf amplifier (50 �, T145-6036AJA [17]) and
the prebuncher (450 �), as shown in Fig. 9. The rf electric
power up to 1.0 kW is acceptable for this converter. A
single rf amplifier driven by an arbitrary function generator
(AFG) [18] is sufficient for realizing a complicated wave-
form, as shown in Fig. 2. The maximum gain of this
amplifier is 60� 1:5 db in the frequency range of 0.5 to
15 MHz. In our case, a single waveform to be generated by
the AFG consists of 10 000 sample points for one bunch
cycle, for example spanning over 500 ns corresponding to
2 MHz bunching frequency. The time step of the data
points is 10 times shorter than the AFG sampling step
(�0:5 ns) to realize an accurate output, since the AFG
sampling step cannot be controlled by the user and it
does not always skip the same data point in every cycle.
Iteratively the sample values are adjusted so that the mea-
sured rf output waveform approximates the ideal expected
shape. These iterations are necessary, because the gain and
phase of the rf amplifier gradually change as functions of
frequency. The ideal waveform is obtained by taking the
TTF values for each of the effective harmonic potentials
[Vn in Eq. (3)] into account.

III. BEAM CHOPPER

A. Principle of a multilayer beam chopper

There are out-of-bunch phases in the pseudo sawtooth
prebuncher as shown in Fig. 2. Beam particles in these
phases will contribute to the unwanted background.
A suitable chopping device for these particles is needed
for the pulsed beam operation. An rf deflector after the
first stage accelerator is usually referenced as a beam
chopper [19].

The rf deflector reduces the number of background beam
particles by applying an electric potential to the parallel
plate electrodes. The required voltage is usually deter-
mined based on the velocity of accelerated particles. A
sine-wave potential is usually adopted for this type of
deflector, since most accelerated particles are bunched by
the acceleration frequency of the first stage accelerator.
Hereafter this beam bunch is called a ‘‘microbunch.’’ In
this chopping scheme, it is important to suppress the
neighboring microbunches with respect to the ones that
are expected to pass the chopper unaffected. The required
deflecting potential becomes high, as the chopping
frequency becomes low compared to the acceleration
frequency.

When we consider an rf deflector just after the SCRFQ
linac, the effective electrode length will be 100 mm ac-
cording to the time separation of 38 ns between the micro-
bunches. If we assume the electrode gap and deflection
angle are 30 mm and 10 mrad, respectively, the required
deflection voltage becomes 4.1 kV due to the particle
kinetic energy of 178 keV=u. For the present case of
2 MHz beam bunching, 12 microbunches should be

deflected clearly in every 13 microbunches. This requires
an rf potential of 36 kV at maximum and a 36 kV DC bias
to be consistent with the cosine-wave deflection reported in
Ref. [20]. Such a high voltage deflector needs too much
space, so it cannot be set up in the TRIAC facility.
Hereafter, let us consider a chopper before the accelera-

tor. To achieve sharp chopping, the electrode length of the
single parallel plate should be as small as 1=10 of��=2. For
the case of 2 MHz bunching, the required length is 10 mm.
When the gap is assumed to be 40 mm due to the actual
beam diameter of approximately 30 mm, the effective field
length is estimated to be as long as �100 mm around the
electrode, which is about 1=3 of the ��. Moreover, the
required deflection voltage becomes as high as 2 kV.
Therefore, such a simple structure is not acceptable.
In order to shorten the effective field length and to

suppress the deflection voltage, we considered a small
gap deflector. When the gap is 1.9 mm, the required voltage
to one side of the electrode pair becomes only 100 V with
reference to the grounded other side. Then we can stack
several of these deflector pairs vertically, e.g., perpendicu-
lar to the beam direction to cover the beam aperture. This
way the effective electric field can be minimized to extend
only around 1.5 mm outside the deflector structure due to
the alternate ordering of the applied potentials between
positive voltage and the ground. This is shown in Fig. 5,
where we estimate the field distributions at the medium
plane of the beam line for the single gap deflector and the
multilayer beam chopper. In this estimation, the thickness
of each electrode in the multilayer beam chopper is 0.1 mm
and the electric field in each device is normalized so that
the sum of the calculated fields is equal to one.
The multilayer beam chopper deflects the beam particles

upward and downward depending on the alternate direc-
tion of the electric field. The relatively low deflection
voltage makes it easy to realize an application of the
rectangular shape potential as mentioned below, although
a certain fraction of beam particles would be lost by hitting
the electrodes.

B. Setup

The newly developed beam chopper was located 4 m
upstream of the prebuncher, as shown in Fig. 1. It consists
of 19 electrode plates stacked in parallel as shown in Fig. 6.
The gap between the 0.1 mm thick plates is 1.9 mm,
supported by polyimide washers. The chopper can be
remotely placed in or out of the beam position using a
pneumatic linear actuator. Positive and ground potentials
are alternately applied to the electrodes to achieve upward
and downward vertical deflection.
Beam particles lost by the chopper electrodes were

measured by observing the 16O4þ beam current just up-
stream of the SCRFQ. The observed fraction of beam loss
was around 14%, which was 3 times larger than the
geometrical value (5%), which is the ratio of the sum
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of the plate thickness and the total height of the stack. This
discrepancy can be explained by the finite angular distri-
bution of the actual beam emittance in the vertical plane.
Using a Faraday cup, the beam suppression was measured
as a function of the chopping potential from zero to
þ160 V. The beam currents were normalized for the
case of 0 V potential. In this measurement, a DC potential
was applied. Figure 7 shows a suppression as good as 10�5

when the chopping potential is higher than 130 V.

In the prebunching system, the chopper is operated
under the rectangular shape potential with 2 to 4 MHz
frequency. This waveform is also generated by the AFG
and amplified by the rf amplifier [21], as shown in Fig. 9. In
this amplifier, the bias-T circuit has been set externally to
bias the bipolar rectangular wave (�Vp in pulse top) by

the DC bias (þVp) for setting the 0 V potential. The circuit

of this module is customized for accepting the DC bias of
100 V at maximum and the input rf power of 100 W at
maximum.Moreover, a shaping circuit is installed between
the rf amplifier and the chopper electrode in order to adjust
the potential shape by reducing the electric ringing. The
typical rise/fall time is 50 ns, as shown in Fig. 8.
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FIG. 5. Distribution of the normalized deflection electric field
around the chopper. Solid and dashed lines indicate the field
distributions for the multilayer beam chopper (Chopper A) and the
single gap deflector (Chopper B), respectively. Each field strength is
normalized so that the sum of the calculated fields is equal to one.
The deflection angles for choppers A and B are the same for
charged particles in the medium plane of the beam line. The length
of the chopper electrodes is 10 mm for both chopper structures. The
gaps for choppers A and B are 1.9 and 30 mm, respectively.

FIG. 6. Photographs of the multilayer beam chopper. (a) Side
view of the chopper parallel to the beam; the beam goes from
right to left. (b) Front view as seen by the beam particles entering
the structure. The chopping voltage is applied on the left side
pillar electrode through a shielded cable, while the right side
pillar is grounded.
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IV. CONTROL OF PREBUNCHING SYSTEM

Figure 9 shows the control circuit of the prebunching
system connected to the accelerator rf control. An rf signal
for the SCRFQ linac is generated by a signal generator
with fundamental frequency, fSG ¼ 25:9564 MHz. A logic
signal (ftrig) from a function generator is used as a trigger

for all rf amplifiers of acceleration devices, such as the
SCRFQ linac and the IH linac consisting of four indepen-
dent tanks, under operation with various duty factors.
The duration (td) of the rf signal is variable in each con-
troller of the acceleration device within the range of td ¼
0:05–3:0 ms. Then, the duty factor of beam acceleration
can be expressed as td � ftrig.

A coincident signal with fSG and ftrig is used as a trigger

for the AFG module, with the timing synchronized to fSG.
The AFG module generates waveforms, as expressed by
Eq. (1), for the prebuncher at CH1 in Fig. 9 and rectangular

waveforms for the chopper at CH2. The duration of each
generated wave is adjusted to cover the beam acceleration
period (td) by changing the number of repetitions of the
unit waveform from 2 to 4 MHz in the AFG module. The
start time of these waves can be adjusted to the timing of
the actual beam microbunch by changing the timing delays
independently.
The AFG is remotely controlled by a connection via a

local area network so that iterative tuning can be performed
by monitoring the beam profile. In a typical operation, the
frequency of the trigger signal and the duration of the
accelerator rf signal were ftrig ¼ 350 Hz and td ¼
1:7 ms, respectively, indicating a duty factor 59.5%. The
repetition numbers (corresponding duration times) of the
AFG waves for the prebuncher and chopper were 3600
(1.8 ms) and 4000 (2 ms), respectively, under the condition
of 2 MHz bunching.

V. PERFORMANCE OF PREBUNCHING SYSTEM

A. Bunched � beams

The performance was investigated using � beams of
1:1 MeV=u. The beam currents were measured using
Faraday cups in front of the chopper (LBT-FC1), just up-
stream and downstream of the linac complex (ACC-FC1
and ACC-FC5), and at the secondary target position (HBT-
FC3), around 8 m away from the ACC-FC5, as shown in
Fig. 1. At the target position, the time structure was mea-
sured using a silicon detector, by detecting elastically
scattered beam particles from a thin aluminum foil placed
on the beam line.
The measured beam currents for different bunching

modes are summarized in Table I: (A) acceleration without
chopper and prebuncher, (B) acceleration with only pre-
buncher, and (C) acceleration with chopper and pre-
buncher. In these measurements, the duty factor of the
accelerator is kept constant (33%). The bunching fre-
quency was set as 2 MHz, where 13 microbunches are
included in one bunching cycle, as shown in Fig. 10(a). The
number of beam particles in each microbunch would
be the same. Hence, the beam current per microbunch
without the chopper and prebuncher can be considered as
0:32=13 �A ¼ 0:0246 �A.
In the first step, the time structure of the � beams was

changed under the acceleration mode (B), as shown in
Fig. 10(b), where beam particles in one bunching cycle
were gathered in the central microbunch using the pre-
buncher. Its fraction was obtained as the ratio of the area of
the central bunch to that of all the microbunches in one
bunching cycle (79% from this figure). Since the measured
beam current in one bunching cycle can be considered as
0:17 �A indicated in Table I, the normalized current of the
central microbunch is estimated to be 0:17� 0:79 ¼
0:134 �A. The bunching gain, defined as the normalized
current ratio at the central microbunch for condition (B)
to that for condition (A), becomes 0:134=0:0246 ¼ 5:46.

Control Circuit for
Pre-bunching System

Function
Generator

IWATSU SG4311

ftrig

Discr.

Signal
Generator
HP ESG-1000A

fSG=25.9564 MHz

Divider

to Acc. RF-amp.

Ext. Trig.

CH2

Arbitrary Function
Generator

Tektronics AFG3252

freq = 2 - 4 MHz

CH1

Attenuator
-20 dB

RF Amplifier
THAMWAY T145-6036AJA

1 kW, 60 dB (0.5 - 15 MHz)

RF Amplifier
R&K CA010K251-5050R-BT

100 W, 50 dB (0.01 - 250 MHz)

DC Power Suppl.
MATSUSADA P4K-80M
     80 W (0 - 110V)
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DC IN

RF OUT

Impedance Conveter
THAMWAY T010-6046A

50 to 450 Ω

Bias-T

Shaping Circuit
KAIZU KB6603

Cylindrical Electrode
of

Pre-buncher

Multi-layer Electrode
of
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FIG. 9. Schematic diagram of the control circuit for the pre-
bunching system. The parameters of the AFG generated wave-
form, such as the amplitude, delay timing to the external trigger,
and repetition number for the unit wave in one cycle, can be
changed remotely using the local network.

LOW-BACKGROUND PREBUNCHING SYSTEM FOR . . . Phys. Rev. ST Accel. Beams 15, 030101 (2012)

030101-7



The time width of the observed central microbunch was
12 ns in FWTM, which is sufficiently small, as compared
to the required value of 20 ns. However, there exists a
considerable number of background beam particles in the
region around the central microbunch. The fraction is
larger than 20%, which does not satisfy the experimental
condition.

In the second step, the chopperwas operated togetherwith
the prebuncher. The chopping fraction in one bunching cycle
was 33% in units of the full width at half maximum
(FWHM), as shown in Fig. 8, and the start timing of the
deflection potential wave was adjusted not only to optimize
the bunching gain but also to minimize the number of
background particles. The obtained time structure of the
chopped � beams is shown in Fig. 8. Along with the pre-
buncher, the time spectrum was significantly improved, as
shown in Fig. 10(c), where 99.4% of the total beam particles
in one bunching cycle are gathered in the central micro-
bunch. Taking the measured beam current at HBT-FC3 into
account, the normalized beam current at the central bunch
is estimated as 0:119 �A. The resultant bunching gain
becomes 4.85 in the same manner as for the first step. The
slightly smaller value, as compared to the simulation
(5.4), can be explained by the beam loss (14%) due to the
insertion of the beam chopper. The timewidth of the central
bunch was 13 ns in FWTM, similar to condition (B). The
number of background beam particles, especially over
250 ns just before the central microbunch, was well sup-
pressed to 5� 10�5 of the number of bunched beam parti-
cles. This result fulfills the experimental condition.

B. � ray background in 12Cð�;�Þ16O reactions

The � decay from an �-capture state to the ground
state in 16O has been measured using the anti-Compton
NaI(Tl) spectrometer [7] with bunched � beams from
TRIAC. The typical beam intensity on the target was
6 p�A. The acceleration energy of the � particles was
set as 701 keV=u and the characteristic energy of the �
rays became 9.26 MeV. The operation parameters of the
prebunching system are the same as mentioned in Sec. IV.
The target is enriched 12C of 99.99% purity, with some

13C contaminant. This isotope becomes a dominant neu-
tron source through 13Cð�; nÞ reactions. Neutrons with
kinetic energy of less than 4.9 MeV are emitted from the
target. Gamma rays from 127Iðn; �Þ128I and 127Iðn; n0�Þ127I
with fast and thermal neutrons are induced in the NaI(Tl)
detector located 0.3 m from the 12C target. Gamma rays
induced by prompt neutrons can be detected when the
flight time of the neutrons exceeds 10 ns, as continuous
� rays ranging from 0 to 4.9 MeV through 127Iðn; n0�Þ127I
reactions and also as those ranging from 0 to 11.7 MeV
through 127Iðn; �Þ128I reactions. On the other hand, discrete
� rays around 6.83 MeV (the neutron separation energy

TABLE I. Measured beam current in different acceleration modes.

Beam current (�A)
Acceleration mode LBT-FC1 ACC-FC1 ACC-FC5 HBT-FC3

A: w=o chopper and prebuncher 2.0 1.58 0.38 0.32

B: with prebuncher 1.9 1.6 0.25 0.17

C: with chopper and prebuncher 2.0 0.6 0.18 0.12
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FIG. 10. Time structures of � beams under different accelera-
tion modes. Parts (a), (b), and (c) correspond, respectively, to
the conditions A (without chopper and prebuncher), B (with
prebuncher), and C (with chopper and prebuncher). These con-
ditions are described in the text.
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of 128I) induced by 127Iðn; �Þ128I with thermal neutrons can
be observed anytime.

Figure 11 shows a measured correlation spectrum of the
energies and the coincident times of the events detected by
NaI(Tl) detectors. The trigger of the coincident time is the
linac rf signal (26 MHz). Characteristic 9 MeV � rays
decaying from the �-capture state in 16O can be found at
200 ns as a part of prompt events, indicated in a red circle in
the figure,whereas the intense� rays at 6.8MeV throughout
the time region indicates� rays from 127Inðn; �Þ reactions of
thermal neutrons. Hence, the beam particles before prompt
events arewell smeared out by the prebunching system, and
the prompt events are clearly separated from the induced �
ray events at 210 ns and beyond, in spite of a considerable
energy over 9 MeV being deposited. The reaction cross
section can be deduced accurately for the area of the
9 MeV � ray photopeak.

VI. SUMMARY

A compact prebunching system was developed at the
TRIAC facility for direct measurements of 12Cð�;�Þ16O
reactions. This system consists of a two-gap prebuncher
and a multilayer electrode beam chopper. It is confirmed
that the system fulfills the performance requirements for
the experiments. The bunching gain is 4.85 and the sup-
pression factor of the background particles over 250 ns just
before the bunched beam is better than 5� 10�5.

In the experiments for 12Cð�;�Þ16O reactions, decaying
� rays from the �-capture state can be easily assigned by
suppressing a large amount of background � rays from
neutron-induced reactions of 127I. The prebunching system
has been successfully implemented to realize such a low-
background environment.

Finally, using the non-� mode beam-bunching principle
based on the AFG and the broadband rf amplifier, we could

realize a suitable beam bunching within a relatively small
installation space. This type of beam buncher can be
potentially employed in various beam handling techniques.
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