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A hybrid single cavity (HSC) linac, combined with radio frequency quadrupole and drift tube structure
in a single interdigital-H cavity, operates with high rf power as a prototype injector for cancer therapy
synchrotron. The HSC adopts a direct plasma injection scheme (DPIS) with a laser ion source. The input
beam current of the HSC is designed to be 20 mA C®" ions. According to simulations, the HSC can
accelerate a 6-mA C°* beam which meets the requirement of the particle number for cancer therapy
(103~ ions/pulse). The HSC injector with DPIS makes the existing multiturn injection system and
stripping system unnecessary; what is more, it can also bring down the size of the beam pipe in existing
synchrotron magnets, which can reduce the whole cost of the synchrotron. Details of the field
measurements of the HSC linac and results of the high power test are reported in this paper.
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I. INTRODUCTION

Recently, heavy ion cancer therapy has proved to be a
remarkably effective treatment. However, the fact is that
the injection accelerators at existing facilities are large in
size and expensive to run. The first generation of heavy ion
cancer therapy facilities, i.e., the heavy ion medical accel-
erator in Chiba, has cured over five thousand patients [1].
Its linear accelerator part is over 30 m in length [2], whereas
the linear injector length of a new generation of heavy
ion cancer therapy facility at Gunma University, which
began treatments in 2010, is around 6 m [3]. The electron
cyclotron resonance source, used for existing heavy ion
synchrotron facilities, can produce only hundreds of
microampere C** ions, so the stripping system, which
can make the beam emittance growth bigger, and a multi-
turn injection system are necessary to change the ion state
from C** to C®* and inject enough ions to the synchrotron.
The injectors have to accelerate C** ions up to 6-8 MeV/u
to obtain over 90% transformation rate of the C®* charge
state. In our research, we aimed to design a compact
injection linac that was less than 2 m but had the ability to
directly accelerate the high intensity C® ion beams by
using the direct plasma injection scheme (DPIS). The DPIS
could easily inject dozens of milliampere C®* ions to the
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linac [4,5]. The hybrid single cavity (HSC) injector, which
is a coupled rf-IH cavity and are operating in FRANZ and
MILAC [6,7], could accelerate C®* ions from 25 keV /u up
to 2.1 MeV/u in 1800 mm with less than 100 kW power.
According to simulations, the HSC linac could accelerate
a 5.98 mA C°t ion beam, which contains sufficient ions
for cancer therapy [8]. Thus, it could be used directly as an
injector without the stripping system and the multiturn
injection system. The results of the low power tests,
including the resonant frequency, electric (E) field distri-
bution along the beam axis and the tuning effect matched
well with the numerical calculations. The measured fre-
quency of the cavity was 100.49 MHz, 0.5% within the
designed value. The measured best Q value was 95% of the
simulated value. Last year, the HSC linac was transported
to the Institute of Modern Physics (IMP) [9] of the Chinese
Academy of Sciences, where a 250 kW rf power source
and a high current laser ion source (LIS) [10] can be
used for further HSC research. In the past few months, the
high power C®" beam was accelerated and analyzed. The
accelerated energy and the accelerated beam current
matched the calculations.

I1. DESIGN AND MANUFACTURE

In addition to the main part of the HSC linac, which
includes a 4-rod radio frequency quadrupole (RFQ) section
and a 16-cell drift tube (DT) section, a ground base plate
(GBP) is designed to combine the RFQ and DT sections.
A 65 mm length of exit fringe field (EXITFF) and an
alternating phase focusing (APF) structure are adopted for
the beam focusing in the end of the RFQ rods and the DT
section. To achieve the design goal of less than a 2-m long
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TABLE I. Final design parameters for the HSC linac.

RFQ section GBP + DT section

Charge to mass ratio (q/A) 6/12 (C)
Frequency (MHz) 100

Total length (mm) 1800

Power (kW) (MWS) 93.98

Q value (MWS) 14577
Undercut length (mm) 150
Kilpatrick factor 1.8

Number of cells 41 1416
Synchrotron phase (degree) —90 — —30 0, —60,—30, 30, 30
Input energy (keV/u) 25 220
Output energy (keV/u) 220 2000
Transmission 65.4% 45.7%
Input current (mA) 20 13.1
Output current (mA) 13.1 5.98
Cavity diameter (mm) 280 650

Cavity length (mm) 679.58 1120.42

cavity, a substandard RFQ transmission (65.4% of the input
of the HSC) is adopted. The DT transmission, which is
calculated to be 45.7% of the RFQ output (DT input).
Total accelerated beam current is 5.98 mA. The reason for
the large beam loss in the DT section can be due to the use
of a 30 degree APF structure, which only covers half of
the exit beam phase at the end of the RFQ. A tuner is
installed to adjust the E field distribution of the HSC cavity
in the RFQ side. The design parameters are shown in
Table L.

The most distinctive feature of the HSC fabrication lies
in the core accelerating parts which are shaped by a 5-axis
numerical control machine. In particular, a center plate
shown in Fig. 1(a), including all the DTs, DT-stems, both
ridges of the RFQ side and the DT side, is shaped from a
massive piece of copper shown in Fig. 1(b), for reducing
the alignments and assembling errors. The accuracy of the
core parts assembly is found to be less than +20 um using
alignment tools. The tools are also shaped by the numerical
control machine. A sandwich-type assembly method [11],
shown in the left part of Fig. 2, is adopted. The right part of
Fig. 2 shows an image of the interior of the HSC linac after
the assemblies. All the parts were shaped in three weeks
and the assemblies were easily finished in a few hours.
With this fabrication method, it is easy to create a better
cooling effect. According to our calculations, the HSC can
operate in cw mode for HY beam acceleration because the
power for H" beam acceleration is only one fourth of the
C%* beam acceleration. In fact, we had already operated a
cw mode in 2007 for He™ ions acceleration in a DT-type
linac which was designed for P2+ acceleration and manu-
factured in the same method [12].

III. LOW POWER TESTS

The main purpose of the low power tests is to measure
the rf properties and the E field distribution in the HSC

cavity. During the first low power test in Japan, the
measured frequency and Q value of the cavity are
100.49 MHz and 13848, respectively, and the measured
Q value is about 95% of the calculated value. Therefore, the
assumed power consumption for the real operating con-
ditions is 98.95 kW for the C®" beam acceleration. In the
second low power test at IMP after four years unserviced,
the frequency remained as the first test, however, the
measured Q value is 91% of the simulated value, which
means the HSC linac needs 110 kW to accelerate the
C%* beams.

The E field strength of the HSC cavity can be obtained
via means of the bead perturbation method [13]. In this
research, the E fields in the DT and RFQ sections are
measured separately, because the beam bore in the DT
section was larger than the average aperture radius of the
RFQ. In order to precisely measure E field distribution,
several perturbation balls, i.e., 3.17, 4.5 and 8 mm diameter
balls, are used to measure the E field strength [11]. As
shown in Fig. 3, all the measured values of the E field in the
DT section were normalized to 1. From Fig. 3, it is obvious
that the measured axial E field strengths of the DT section
are in accordance with the simulated values given by
Microwave Studio (MWS) [14].

The center of one pair of two adjacent RFQ rods, where
one is supposed to measure the E field strength in the RFQ
section, is outside the DT bore. Thus, a new position is
adopted to measure the E field in the RFQ section using
the 3.17 mm perturbation ball, 5 mm off the beam axis as
shown in Fig. 4. Figure 5 shows the comparison of the
measured and the simulated E field distribution [11]. It is
clear that there is no peak in the gap between the RFQ rods
and the GBP, as is expected (see the phase design of the first
gap in Table I). It is also evident that most of the measured
and the simulated peak strengths of the E field in the DT
gaps are similar except the value of the fifth gap where an
error of approximately 5% is observed. The error is due to
the fact that the distance of the synchronous phase change
in the fifth gap is only 120 degree (30 degree to +30
degree), which results in the lengths of the fourth DT and
the fifth gap being the shortest in the design, and hence
the measurements are sensitive.

The E field strength in the RFQ section is purposely
designed with a high value which is higher by 3% than the
desired value [8]. Figure 6 shows two measurements
of E field strength between two rods using the 3.17 mm
perturbation ball [11]. From Fig. 6, it can be seen that the
tuning effect is approximately 4%, which implies that the
ideal E field strength between the interrods can be adjusted
by controlling the insertion length of the tuner. Both of
the two measurements exhibit the four section structure (the
radial matcher structure, the gentle buncher structure, the
accelerator structure, and the EXITFF structure) clearly.
The tuning effects of the E field strength in the DT section
are shown in Fig. 7. It is easy to see that the tuned E field
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(a) an image of the shaped center plate which includes core parts of DT section.

Module-designed monolithic center plate
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(b) An image of the center plate, which was being shaped by a 5-axis NC machine from a bulk

FIG. 1. Images of the designed and shaped center plate. (a) An image of the shaped center plate which includes core parts of DT
section. (b) An image of the center plate, which was being shaped by a 5-axis NC machine from a bulk copper.

semi-cylinder
center plate

GBBP structure undercut semi-cylinder

FIG. 2. Before and after assembly images of the HSC linac. The HSC linac was assembled by using a sandwich method (a center plate

and two semicylinders).

strengths in the DT section are also 5% higher than the According to the perturbation measurements, the effec-
simulated values, which meets the simulated results closely.  tive shunt impedance of the HSC is calculated as
The cavity frequency only increases by 0.01 MHz whenthe ~ 111.2 MQ/m, which is 91% of the simulated shunt
maximum length tuner is inserted. impedance of 122.2 MQ/m calculated by
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FIG. 3. Simulated and measured E field strengths along the

beam axis in the DT section. The largest measured E field of the
each measurement during the test was normalized to 1.

Position of

Center of rods perturbation

DT bore

FIG. 4. An image of the new perturbation position for meas-
uring the E field strength between interrods.

[(Eout - Em)/(A/q)/ cos 30°/TTF]2
PxL

Rdesigned = >
where the P, L and TTF are the simulated power, cavity
length and transit time factor, respectively. The shunt
impedance of the HSC is a high value compared to
RFQ’s within the same beam velocity region, as shown
in Fig. 8 [15].

According to the above measured results, the HSC cavity
is successfully designed and assembled. The results also
indicate that this convenient assembly method by using
module design and numerical shaping can simplify the
assembly process for accelerators with a high accuracy.

IV. HIGH POWER TEST AT IMP

As shown in Fig. 9, the injection system consists of a LIS
and a beam extraction system. The LIS can provide a
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FIG. 5. A comparison of the measured and simulated E field

strength along the axis of the new position of perturbation shown
in Fig. 4. Both values of the measured and simulated E field in
the RFQ shown in the figure were normalized to 1. In this figure,
the rhombic and triangular symbols represent the measured and
simulated values of the E field in the DT gaps, respectively.
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FIG. 6. Measurements of the E field strength between interrods
before and after tuning.

maximum 20 mA C%* ion beam with a maximum of 60 kV
extraction voltage. The maximum laser energy is 3 J, and
the laser energy and power density are 1.9 J and 6.7 x
10'> W/cm? at the focal point on the target, respectively.
The target is a plate-type solid graphite target. High purity
carbon products are very common and widely used for
DPIS with a laser ion source for over 10 years. The
manufacturing process can be found in the homepage of
the Tokyo Tanso [28]. A voltage of 50 kV is applied to the
inner high voltage platform, which is connected with a
plasma nozzle in order to inject the C®* ions at the designed
input energy of 25 keV/u into the grounded HSC linac.
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FIG. 9. The injection system for the HSC linac.
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FIG. 10. The charge states from LIS, calculated position at the
extraction slit shown in Fig. 9.

The generated plasma passes through the plasma nozzle
with 50 kV extractions and comes out from the nozzle tip.
There is a length-adjustable slit installed on the tip, with a
7 mm inner diameter. The design injection point is the
entrance of the rods, but in our injection system, there is a
distance of 12 mm between the actual injection slit and
the rods. 12 mm is a shortest distance for discharge limit.
That means our system can inject 17.5 mA C®" ions to the
RFQ rods. The charge states of the produced ions are
shown in Fig. 10.

The commissioning of the cavity was performed with a
duty factor of 1% until the incident power reached about
25 kW, 0.5% until the incident power reached about 80 kW,
0.2% until the incident power reached about 105 kW and
0.1% until the incident power reached 110 kW. Finally the
incident rf power reached 165 kW and the resonated
frequency changed —27 kHz compared with the initial
state without rf power. In this high power test 110 kW was
the operation point. The frequency change is very common
when the cavity is aged and commissioned [22,29], and the
cavity can tolerate the change. In our test system, we trigger
the rf source with an external signal.

V. BEAM ACCELERATION TESTS
A. Test system

A beam acceleration system shown in Fig. 11 was built
to measure the beam current. As shown in Fig. 12, trigger
A, trigger B and trigger CD from signal generator 1 (SG1)
were used to trigger the laser, Q switch and the rf power,
respectively. Trigger B was delayed by 680 us to trigger A
and 400 us to trigger CD, The time length of trigger CD
was 1 ms. In our operation, trigger B was considered as
the starting point, and it was nearly the same as the diode
trigger which was used to check the laser. The conditions of
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FIG. 11.

the rf operation were 1 ms in pulse width and 0.1% in duty
factor.

A Faraday cup (FC), 40 mm in diameter, located
2936 mm downstream from the target surface, was set to
measure the total current after the HSC. This FC is an
ordinary Faraday cup without the ability to measure the
microbunching of the accelerated beams and to distinguish
the peak times to the us level. Two solid state detectors
(SSD), installed 45 degrees from the beam line behind the
magnet, were also used to measure the beam signals. As
shown in Fig. 11, a pre-Amp, a bias power source, a main
Amp and an AD convertor were used to transfer the signal
from the SSD to a computer. A power crate was used for the
NIM electronics. Two locations, one at the exit of the HSC
cavity (mesh 1) and another behind the FC (mesh 2), had
meshes set to cut off the ions. The transmission efficiency
of mesh 1 and mesh 2 are 50% and 5%, respectively. The
image of the whole high power acceleration system is
shown in Fig. 13.

Trigger for laser

Trigger for Q switch
680us

B (start point)
400us
—>

Trigger for RF

1ms

C D

FIG. 12. The triggers from the SGI.

Layout of the beam acceleration system.

B. Preliminary experiment

The HSC is designed for C®* ions accelerations, and the
designed Kilpatrick factor is 1.8, thus, the HSC can only
accelerate C°* ions and H* ions. The total accelerated
current can be measured by the FC. In order to match the
input energy to the input condition of the RFQ, it is
necessary to measure beam with different extraction volt-
ages. The compatibility condition of the input energy for
the HSC linac is 25 keV/u, and the highest accelerated H™
peak is measured at an extraction voltage of 25 kV with a rf
power of 27 kW. As shown in Fig. 14, the peak appears at
the extraction voltage of 20 kV, and disappears at the
extraction voltage of 30 kV. That implies a voltage of 25 kV
is exactly the extraction voltage for H" beam injection. The
C%* beam commissioning is conducted with an extraction
voltage of 50 kV and rf power of 108 kW. Figure 15 shows
the measured beam pulse without extraction voltage and rf
power, and a pulse of the accelerated C%* ions with 50 kV
extraction and 110 kW rf power. The accelerated signal

HSC linac Laser ion source

FIG. 13. The high power test system for HSC C°®' ion
accelerations.
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FIG. 14. Measured beam signals with respect to extraction
voltages (plasma input position: —12 mm, rf power: 27 kW).

was integrated over 100 ns by a timing filter. The peak of
the accelerated C®* ions reached 5 mA, which agrees well
with the simulations and transmission calculations. The
transmission can be easily figured out as 5.03 mA by using

the formula [30]
L\3
T=|(—| xIxT,,
L,

where L, is the existing length from the target surface to the
injection slit, which is 826 mm; L, is the length from target
surface to the RFQ rods, which is 838 mm; I is the injection
current of the C®* ions at the position of L;, which is
17.5 mA as shown in Fig. 10; and T is the simulated
transmission, which is 30% [8].

The calibration of energy channels for the SSDs is done
by using a radioactive source: >*! Am, which mainly emits
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FIG. 15. Measured signals of the accelerated C®* ion beam

current and the unaccelerated ion beam current.
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FIG. 16. Spectrum of energy distribution by ions moving
through a bending magnet.

alpha particles with an energy of 5.486 MeV (85%) [31]. In
our preliminary experiments, the SSDs and the >*' Am are
installed in a vacuum chamber for over 10 min.

C. Commissioning

We used two SSD-type detectors to measure the beam
energy. The SSDs were alternately installed on the beam
axis downstream of the 45-degree-bending magnet. The
bending magnet could provide a maximum 1 Tesla mag-
netic field with a maximum 300 A input current. The
deflection radius of the magnet was 50 cm. Using the SSDs,
we checked the energy of the accelerated ions first by
changing the input current of the magnet during operations
with 110 kW. As shown in Fig. 16, one spectrum was

0 100 200 300 400 500 600 700 800 900 1000 1100
. — 50

50 L I B R B B e L
Detector retracted,
aor *'Am calibration 140
source peak: 5.486 MeV 1
m Canberra SSD 1
E 30 / 430
=] ]
-8- 4
8 25.71 MeV peak ]
w 20| average power:110kW | 1 29
= )}
3
1ok Rutherford Backscatterlnﬁictra J10
\ PR U U BT w

0L 0
0 100 200 300 400 500 600 700 800 900 1000 1100
Energy Channels

FIG. 17. Detected energy channels measured by the Canberra
SSD. The 5.486 MeV channel is the calibration source. The
detected signal was calculated as 25.71 MeV.
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detected. The spectrum stands at 8.43 kilogauss which
implies that the ions are at an energy of 25.7 MeV. This
energy agrees well with the designed energy of 25 MeV [8].
As shown in Fig. 17, the Canberra SSD confirmed
the accelerated C®" ion beams under the operations with
110 kW, and showed the C®* beam energy was 25.71 MeV
(2.14 MeV/u). The detected results of the beam energy
agree well with the measured results shown in Fig. 16.

VI. CONCLUSIONS

The HSC linac is proposed as a high intensity heavy ion
injector had been proposed. We manufactured a 2-m long
HSC linac as a prototype injector for cancer therapy
synchrotron, and commissioned high power tests for the
CS* ion acceleration. The results of the preliminary tests
and the commissioning tests agreed well with the designs
and the calculations.

The results of the high rf power tests proved the HSC linac
is reliable as an injector for heavy ion cancer therapy
facilities. The results also encourage us to develop a new
HSC as areal injector. The HSC injector would provide new
developments for such a heavy ion cancer therapy facility.
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