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Abstract
A new superconducting booster linac, called SRILAC,

has been constructed at the RIKEN Nishina Center to up-
grade the acceleration voltage of the existing linac to enable
investigation of new super-heavy elements and production
of useful radioactive isotopes. The SRILAC consists of 10
superconducting (SC) TEM quarter-wavelength resonators
made from pure niobium sheets which operate at 4.5 K. We
successfully developed high performance SC-cavities which
satisfy the required 𝑄0 of 1 × 109 with a wide margin. In-
stallation of the cryomodule and He refrigerator system was
completed at the end of FY2018 and the first cooling test was
performed in September 2019. After various preparations
and tests, beam acceleration was successfully commissioned
on January 28th, 2020. The project was successfully com-
pleted on schedule and the beam supply to experiments was
started in June 2020. This paper reports on the beam com-
missioning of the SRILAC and the preparation and testing
of the components for the commissioning.

INTRODUCTION
The RIKEN Nishina Center for Accelerator-Based Sci-

ence promotes heavy-ion beam science through basic re-
search, such as elucidating the origin of elements, and de-
veloping new nuclear models, synthesizing superheavy ele-
ments (SHEs) using high-intensity primary beams, by apply-
ing research such as nuclear transmutation, and industrial
applications such as biological breeding and producing use-
ful radio isotopes (RIs). The Radioactive Isotope Beam Fac-
tory (RIBF) [1, 2], the main facility at the RIKEN Nishina
Center, started operation in 2006 and provides the world’s
most intense RI beam by accelerating heavy-ion beams with
a cascade of four ring cyclotrons. Among them, the heavy-
ion linac, RILAC, plays an important role as an injector for
RIBF cyclotrons and also supplies a high intensity beam
for SHE experiments and has been in operation since 1982.
Figure 1(a) shows a schematic of the RILAC facility prior
to 2017.

The RILAC was initially designed to have six drift-
tube-linac (DTL) tanks with a total acceleration voltage of
16 MV [3]. Each DTL tank is a room-temperature (RT)
quarter-wavelength resonator (QWR) which can vary its res-
onant frequency from 17 to 45 MHz in continuous wave
∗ nari-yamada@riken.jp
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Figure 1: Schematic of the previous heavy-ion linac facility
at RIKEN in 2017 (a) and the upgraded facility (b).

operation. In 1996, the front end of the RILAC, consisting
of a combination of an 8 GHz electron-cyclotron-resonance
ion source (ECRIS) and a 500 kV Cockcroft–Walton electro-
static accelerator was replaced with an 18 GHz ECRIS and a
variable frequency RFQ linac [4] to increase the beam inten-
sity. In order to increase the beam energy for SHE synthesis
experiments, etc., six DTL cavities (A1–A6) with twice the
resonant frequency of the RILAC were newly added down-
stream of the RILAC as a booster linac in 2001 [5]. The first
two cavities, A1 and A2, have variable frequencies in the
range 36–76.4 MHz, while the latter four cavities, A3–A6,
have fixed frequencies of 75.5 MHz. With this modification,
the RILAC was able to accelerate heavy ions with 𝑚/𝑞 = 5
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to 5 MeV/u. Synthesis experiments on the 113th element [6]
were performed using a 70Zn14+ beam with an energy of
5 MeV/u accelerated by the RILAC and the booster with
frequencies of 37.75 MHz and 75.5 MHz, respectively. The
first synthesis of element 113 was achieved in July 2004, and
the 113th element, nihonium, named for Japan, was listed in
the periodic table in November 2016.

After the discovery of nihonium, we planned to use the
RILAC to synthesize new SHEs above 119, as well as pro-
ducing valuable RIs such as astatine. In particular, astatine
is attracting attention for future medical applications such as
cancer therapy. However, the existing RILAC could not pro-
vide the required beam energy for these purposes due to an
insufficient acceleration voltage. Therefore, we decided [7]
to build a new superconducting ECR ion source [8] to obtain
a higher beam intensity, and to replace the four latter DTLs
(A3–A6) with ten superconducting cavities to increase the
beam energy, as shown in Fig. 1(b). The goal of the RI-
LAC upgrade project is to be able to accelerate ions with
𝑚/𝑞 = 6 to 6.5 MeV/u. The budget was approved in fiscal
2016 and construction was completed in 2019. In this pa-
per, we report an overview of the superconducting booster
linac named SRILAC, the preparation and testing for the
commissioning after the cryomodule (CM) installation, and
the beam commissioning.

OVERVIEW OF SRILAC
General Layout and Cryomodule

Existing RT Linac

SRILAC

CM1 CM2 CM3

Beam

SC01 SC02SC03 SC04 SC05 SC06SC07 SC08 SC09 SC10

～10-6 Pa～10-8 Pa～10-6 Pa
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QM QM QM QM

Figure 2: General layout of the SRILAC. F and D in the fig-
ure indicate the horizontal focusing polarity of the focusing
element.

The general layout of the SRILAC [9] is shown in Fig. 2.
The maximum-voltage-gain of the SRILAC was set to 18 MV
in total to provide a margin in the beam energy. We fabri-
cated ten superconducting quarter-wavelength resonators
(SC-QWRs) to achieve the acceleration voltage in the lim-
ited space. The ten SC-QWRs (SC01–10) are arranged into
groups of four units, four units, and two units, stored in
three CMs (CM1–3) consisting of two full-size CMs and
one half-size CM. The resonant frequency of the SC-QWR
was set to be 73.0 MHz, which is the fourth harmonic of the
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Figure 3: Example of the beam trajectory calculation for the
SRILAC calculated by TraceWin code [10]. The beam emit-
tance (6𝜎) was assumed to be 12.3 mm⋅mrad and 100 keV/u
for the calculation.

fundamental frequency of the RIBF. The room-temperature
quadrupole magnets (RT-QMs) are used as focusing ele-
ments of the SRILAC in order to simplify the structure of
the CM. The maximum beam intensity is expected to be
about 100 µA for SHE experiments. The SRILAC was de-
signed to achieve a transmission efficiency of more than
99.9% for a beam current of 500 µA as a margin. An exam-
ple beam trajectory calculation for the SRILAC is presented
in Fig. 3. The example was calculated in the range shown
in Fig. 2 for the case of accelerating 500 µA of ions with
𝑚/𝑞 = 4 up to 6.8 MeV/u.

To measure the beam position in the cold section, non-
destructive beam monitors (BEPMs) were developed and
installed [11] at each RT-QM between CMs and at the down-
stream of the SRILAC CM. The BEPM is based on a capac-
itive pickup with a pair of parabolic-cut electrodes. We can
deduce the beam energy using the time-of-flight (TOF) be-
tween two BEPMs. An issue of concern in this project was
that the CMs had to be connected to a very dirty beam-line
that had been built decades ago. Since the vacuum of those
beam-lines are of order 10−6 Pa, it is necessary to prevent
gas flow from the beam-line. Therefore, we developed a
three-stage differential pumping system (DPS) and installed
it [12] on both sides of the cold section.

Figure 4 shows a schematic of a full-size CM for the SRI-
LAC. The operation temperature of the CM is 4.5 K, using
the liquid-helium refrigerator HELIAL MF manufactured
by Air Liquide S.A. located in the vicinity of the CMs, as
shown in Fig. 5. The vacuum vessel of the CM is made of
carbon steel with electroless nickel plating to complement
the shielding of the external magnetic field. The static heat
load was estimated to be 18 W per full-size CM or 10 W
per half-size CM. All the cold masses are mounted on the
base plate by G10 pillars for thermal insulation, and the
SC-QWRs are supported together at a point in consideration
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Figure 4: Schematic of a full-size CM for the SRILAC.
Liquid helium is stored in the light blue area.

Figure 5: Cold box of the helium refrigerator for the SRI-
LAC, HELIAL MF, manufactured by Air Liquide S.A.

of movement by heat contraction. A pressure relief valve
is mounted on each CM to comply with the High Pressure
Gas Safety Act in Japan. The CMs assembled at RIKEN
were transported to the linac building and installed there at
the end of the March 2019 [13]. The helium refrigeration
system was also installed at about the same time. The design
parameters of the SRILAC and its CM are summarized in
Table 1.

Superconducting Acceleration Cavity
In the SC-QWR of the SRILAC, we adopted a conical

shape for the stem to realize a better RF performance and
robustness against mechanical vibration. The end face of
the drift tube is cut at an angle to compensate for the beam
deflection by the RF magnetic field. One prototype and ten
actual cavities were fabricated using pure niobium sheets
with a residual resistance ratio of 250 provided by Tokyo

Table 1: Design Parameters of the SRILAC (Upper Part)
and its Cryomodule (Lower Part)

Number of CMs 3
Number of cavities 10
Frequency 73.0 MHz (c.w.)
𝐸inj 3.6 MeV/u
𝐸ext (tunable) 6.5 MeV/u for 𝑚/𝑞 = 6
Total acceleration voltage 18 MV (goal)

Operating temperature 4.5 K
Operating pressure 0.126 MPaA
Number of cavities per CM 4 or 2
Length (between GVs) 2200 or 1340 mm
Width 1060 mm
Total height with pedestal 3907 mm (incl. valves)
Cold focusing element None
Material for vessel Carbon steel with

electroless nickel plating
Local magnetic shield Permalloy 1.5 mm

(inside the He jacket
of each cavity)

Thermal shield temperature 80 K (LN2 cooling)
Static heat load 18 or 10 W to 4.5 K
Platform Base plate
Cavity vacuum pump IP + NEG(ZAO)
Insulation vacuum pump TMP

Figure 6: Schematic of a SC-QWR for the SRILAC (left)
and a photo of one of the fabricated SC-QWRs (right).

Denkai Co. The surface treatment was performed based on
buffered chemical polishing [14]. A helium jacket made of
pure titanium was welded on the bulk SC-QWR. To reduce
the complexity in assembling the CMs, a magnetic shield
was installed between the bulk SC-QWR and the jacket.
Figure 6 shows a schematic of an SC-QWR and a photo of
one of the fabricated SC-QWRs with the jacket. The design
parameters of the SC-QWRs are listed in Table 2. Details of
the frequency adjustment during the SC-QWR fabrication
are described in Ref. [15].
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Table 2: Design Parameters of the SC-QWRs for the SRI-
LAC; the surface resistance is conservatively assumed to be
22.4 nΩ in the calculation; the effective length for obtaining
𝐸acc is set to 𝛽opt𝜆 = 0.32 m

Frequency [MHz] at 4.5 K 73.0
Duty [%] 100
𝛽opt 0.078
Aperture [mm] 𝜙40
𝐺 [Ω] 22.4
𝑅sh/𝑄0 [Ω] 579
𝑄0 1.0 × 109

𝑃0 [W] 8
𝑉acc [MV] at 𝐸acc = 6.8 MV/m, 𝛽 = 0.078 2.2
𝐸acc [MV/m] 6.8
𝐸peak/𝐸acc 6.2
𝐵peak/𝐸acc [mT/(MV/m)] 9.6

Figure 7: 𝑄0 vs 𝐸acc plot of the bulk SC-QWRs measured
at 4.2 K. The criteria of the SRILAC is 𝑄0 = 1.0 × 109 at
𝐸acc = 6.8 MV/m.

All the SC-QWRs were fabricated by November 2018 and
tested immediately. When the assembly of an SC-QWR was
completed, a performance test was carried out sequentially
at RIKEN to confirm whether acceptable performance was
obtained. The details of the test procedure are the same as
those given in Ref. [16]. Figure 7 shows the quality factor 𝑄0
plotted against acceleration voltage 𝐸acc for all SC-QWRs.
Although multipacting was observed at 0.9 MV/m for each
SC-QWR in the figure, it could be processed within several
hours. The test results indicate very high values of 𝑄0 and
𝐸acc for all SC-QWRs fabricated; all the SC-QWRs exceeded
the design goal. No exponential deterioration of 𝑄0 was

observed up to 12 MV/m for any of the SC-QWRs in the
performance test.

PREPARATION AND TESTS FOR
COMMISSIONING

Preparation of Equipment
As mentioned above, the three CMs were completed and

installed by March 2019. After the installation of the CMs,
a vacuum pumping system for the SC-QWRs was mounted
on each CM in situ using local anti-static vinyl enclosures
and ISO Class-1 clean bench Stand KOACH [17]. Then, the
warm sections between each DPS and CM as well as between
CMs were connected using the same system on site by the
summer of 2019. A slow-leak and slow-pumping system
using mass-flow controllers was introduced to the local clean
work. Figure 8 shows the connection and installation of a
warm section between CMs. First, a vacuum chamber was
placed in the center between the CMs, and two vacuum pipes
with one BEPM built-in were connected (Fig. 8(a)). After
attaching vacuum pumps (we use an ion pump and a NEG
pump) to the vacuum chamber (Fig. 8(b)), the two lower
halves of the QMs were installed (Fig. 8(c)), and finally the
upper halves were mounted on top to complete the process
(Fig. 8(d)).

Figure 8: Connection and installation of a warm section
between the SRILAC CMs.

In parallel, we installed the equipment control system for
the CMs and RF system, connected their wirings, and set up
the low-level RF circuits (LLRFs) and RF amplifiers by the
fall of 2019. The control system based on a programmable
logic controller is divided into two parts: one for the overall
CM control and the other for the RF system control. The
CM control system is equipped with a 30 kVA UPS, which
includes the power supply for the vacuum pump. The digital
LLRF of the SRILAC [18] is implemented in a XILINX
XC6SLX150 FPGA with 4/5f sampling, and three AD9446
16-bit analog-to-digital converters and an AD9557BSVZ
direct digital synthesizer are used in the circuit. A solid
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state amplifier for each SC-QWR has built-in isolators and
maximum output powers of 7.5 kW in c.w., which enables
an operational bandwidth of ±50 Hz.

Cryomodule Cooling Test
The first cooling test of CMs was conducted in Septem-

ber 2019 after the completion of the CM control system.
Temperature curves of each CM during the cooling test are
shown in Fig. 9. The CMs were successfully cooled down
without any serious trouble. The temperature drop just after
the start of cooling is thought to be due to the fact that the
inside of the refrigerator was still partially cool from the
refrigerator unit test. This phenomenon did not occur during
the subsequent cooling. The cooling stagnation seen at about
120 K was caused by a minor vacuum leak in the cold box of
the refrigerator. The leak was not in the cold box itself, but
in the ISO-KF25 tee of the vacuum pumping system. The
cooling down time from room temperature was found to be
about 3.5 days to fill up with liquid helium. Note that the
helium refrigerator of the SRILAC has a cooling capacity
of over 700 W at 4.5 K.
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Figure 9: Temperature curve during the first cooling down
of the SRILAC CMs. The temperatures of the liquid helium
buffer, bottom of the upstream SC-QWR, and the pre-cooling
line are plotted for each CM.

However, during the warm-up process after the fourth
cooling down, a vacuum leak occurred from the fundamen-
tal power coupler of SC05 on November 2019. This was
before the high power RF test was performed. Therefore,
the SC05 could not be used for the hardware tests and beam
commissioning. Subsequently, a vacuum leak occurred from
the coupler of SC06 on October 2020 during beam delivery
after beam commissioning. These coupler issues will be
detailed at the end of this paper.

Figure 10 shows a one-day trend of the helium pressure
and the opening of the helium-gas return valve of each CM.
The lower part shows the helium pressure and the upper part
shows the valve opening. In this trend, the RF was actually
excited on the SC-QWR and the CMs were heat loaded. As
shown in the figure, the absolute pressure of the helium was
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Figure 10: One-day trend of the helium pressure and gas
return valve opening of each CM.

well stabilized within ±0.4 kPa by controlling the gas return
valve. Since the frequency sensitivity to the pressure varia-
tion Δ𝑓 /Δ𝑃He is −2.0 Hz/hPa for the SRILAC SC-QWR, the
pressure fluctuation corresponds to the resonant frequency
variation of ±8 Hz, which is considerably smaller than the
operational bandwidth. Thus, the SRILAC SC-QWR can be
operated by simply compensating with a slow tuner.

High Power RF Test
After the LLRFs, RF amplifiers, and RF control system

were ready, we performed high power RF tests on nine SC-
QWRs, excluding SC05. We took a few days to overcome the
multipacting of all nine SC-QWRs. Then, the RF feedback
parameters on the LLRFs were tuned to compensate the
effect of microphonics. Power spectra of the cavity pickup
signal are shown in Fig. 11. The effect of vibration is visible
around 50 Hz sidebands for the case of an open feedback
loop. It can be seen that the sidebands are well suppressed
by the feedback control.

Loop
close

(vibration)

Figure 11: Power spectra of the cavity pickup signal for the
case of open (left) and closed (right) feedback loops.

The X-ray emission was measured at each voltage before
opening the gate valves [19]. Unfortunately, field emissions
were observed in some SC-QWRs, especially in CM2. CM1,
the last to be assembled, was the cleanest. The evolution of
the field emission is also described in Ref. [19].

Frequency tuning of the SC-QWRs was realized by com-
pressing the beam ports in the direction of the beam axis [18].
The frequency is lowered by pressing both beam ports to
the cavity-center using metallic wires pulled by a stepping
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Figure 12: Automatic frequency compensation by the tuner
when the phase difference exceeded the dead zone.

motor placed out of the CM. The tuner can be adjusted to
−14 kHz with a sensitivity of 19 kHz per millimeter. The
frequency variation due to the helium pressure fluctuation
is automatically compensated by proportional control of the
tuner. The tuner is driven by the phase difference between
the forward and reflection signals on a directional coupler.
The compensation by the tuner is shown in Fig. 12. As can
be seen in the figure, the tuner moved to compensate for the
frequency when the phase difference exceeded the dead zone
of 15 degrees.

Effect of DPS
As mentioned above, the vacuum level difference was

about 102 order between the cold section and the beam line
at each end of the cold section. In addition, for the SHE
experiments, the user group uses 0.55 Torr helium gas in
the Gas-filled Recoil Ion Separator (GARIS3) in performing
the measurement. Although a differential pumping system
is also installed in front of the user target, it is not enough to
block the helium gas on the cold section. When the GARIS3
was filled with helium gas, the vacuum level of each position
in the beam line deteriorated as shown in Fig. 13. However,
the influence on the cold section was well suppressed by the
DPS installed at each end of the cold section. The CMs can
be operated stably with almost no influence from the dirty
beam lines at both ends due to the DPS [19].

BEAM COMMISSIONING
After the preparation and tests were completed, we per-

formed a beam acceleration test using the RT linac part with-
out the RF voltage of the SRILAC. An acceleration beam
of 40Ar13+ was selected, according to the user’s request.
The beam emittance can be defined using three sets of beam
slits installed in the low-energy beam transport (LEBT) be-
tween the ion source and the RFQ. For this test, the beam

GARIS3 (Gas-filled Recoil Ion Separator)

DPS

Target Differential Pumping

CM section

1E-7

1E-8

1E-6

[Pa]
1E-4

1E-5

DPS DPS

Target

Figure 13: Change in the beam-line vacuum level when the
GARIS3 was filled with 0.55 Torr helium gas. The white
diamonds in the figure indicate the vacuum level before
filling with helium gas. All the gate valves were opened at
this time.

emittance (4𝜎) was set to be about 12 mm⋅mrad horizontal
and 6 mm⋅mrad vertical at the LEBT. The RT linac part was
carefully adjusted while the energy was measured using the
TOF signal of the BEPMs.

Φs Φs Φs

Φs
ΦsΦs

Φs
Φs Φs

6.2 MeV/u

Figure 14: Beam energies measured at different RF phases
for each SC-QWR plotted against the RF phase.

After the specified energy and sufficient transmission effi-
ciency were obtained, we started beam acceleration by the
SRILAC except for SC05 on the morning of January 28th,
2020. By exciting the cavities one by one and changing
the RF phase for each cavity as shown in Fig. 14, the syn-
chronous phase was determined to be the designed value for
each SC-QWR. Then, the RF voltage was adjusted to match
the specified beam energy for each SC-QWR. Finally, the
beam energy reached the commissioning goal of 6.2 MeV/u
at around 9 p.m. on the same day, as shown in Fig. 15.
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Figure 15: Measurement screen of the BEPM system (pre-
liminary version). The specified energy of 6.2 MeV/u was
obtained.

Figure 16: Fluorescence produced by the high intensity 40Ar
beam during an SHE experiment.

The absolute value of the gap voltage of each SC-QWR
was also corrected by the energy measurement. In a sub-
sequent acceleration test, the beam profile was measured
using two wire scanners located downstream of the SRILAC.
The phase space plot was deduced by measuring the beam
spread with ten different optics parameters and fitting it with
the calculation. The results show there was no obvious emit-
tance growth in the SRILAC part, although a slight problem
in the RT linac part was observed.

After the successful first beam acceleration of the SRI-
LAC, we passed the facility inspection by the Nuclear Regu-
lation Authority at the end of fiscal year 2019. The project
was successfully completed on schedule. We started sup-
plying beams to the SHE research from June 2020. The
fluorescence produced by the high intensity 40Ar beam is

shown in Fig. 16. We are currently supplying a 51V13+ beam
for an SHE experiment.

ISSUE AND OUTLOOK

Figure 17: Schematic of an outer window (left) and a photo
of the SC06 coupler being installed.
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Figure 18: Radiation levels of x-rays for each SC-QWR
plotted against gap voltage.

The SRILAC has been operating smoothly to date, except
for the coupler issue of CM2. After the second vacuum
leak occurred from the SC06 coupler in October 2020, we
inspected the inner surface of each coupler with an endo-
scope [20]. Although the SRILAC couplers were designed as
a single RT window type, the inside of all the couplers were
rusted due to condensation. The ceramic window was set
slightly inside the CM and was designed for low heat transfer,
so the windows seemed to cool down. Galvanic corrosion
may have affected the metalization of the window ceramics,
which may have caused the vacuum leak. To prevent further
damage to the remaining eight couplers, we immediately
took measures to flow dry nitrogen through the inside of the
couplers. Ten new couplers with countermeasures are also
being manufactured.

In order to tentatively recover SC05 and SC06, we made
and mounted an outer window as shown in Fig. 17 for the
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couplers of SC05 and SC06 in April 2021. The inside of the
attached outer window is evacuated with a TMP. Figure 18
shows measurements of X-rays after mounting the outer
window. We succeeded in reviving SC05 and SC06 at a
slightly lower voltage, although SC07 and SC08 have been
contaminated by repeated vacuum leaks.

We plan to attach outer windows on the remaining eight
couplers this summer. To allow the SHE experiments to
continue, we will operate the SRILAC in its current state
for the time being. The replacements of the couplers will be
done after careful consideration of the replacement method.
Eventually, we hope to re-clean the SC-QWR of CM2 to
recover its performance.
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