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Abstract

The RIKEN superconducting heavy-ion linac, SRILAC,
has been successfully operating for almost four years and has
stably delivered heavy-ion beams for super-heavy-element
synthesis experiments. SRILAC consists of ten supercon-
ducting (SC) quarter-wavelength resonators made from pure
Nb sheets that operate at 4.5 K. The effects of a broken
coupler during the initial operation and after four years of
operation resulted in increased X-ray emission levels in sev-
eral superconducting cavities. Recently, we found that field
emissions can be significantly reduced with high-voltage
pulse conditioning. We are also preparing ten new couplers
and two spare superconducting cavities to permanently solve
this problem. This article shares the lessons learned from
experiences in a four-year operation with low-beta SC cavi-
ties.

INTRODUCTION

The Radioactive Isotope Beam Factory (RIBF) [1,2] at
the RIKEN Nishina Center began operations in 2006. The
aim was to pursue heavy-ion beam science through basic and
applied research, such as determining the origin of the ele-
ments, establishing new nuclear models, synthesizing new
elements and isotopes, researching nuclear transmutation,
and supporting industrial applications, including the biolog-
ical breeding and production of useful RIs. Figure 1 shows
a schematic of the RIBF. The RIBF can provide an intense
RI beam for all masses by accelerating heavy-ion beams
up to 70% of light speed in cw mode, using a cascade of
four separate-sector cyclotrons: the RIKEN ring cyclotron
(RRC [3], K =540 MeV), the fixed-frequency ring cyclotron
(fRC [4-6], K = 700 MeV), the intermediate-stage ring cy-
clotron (IRC [7], K = 980 MeV), and the world’s first super-
conducting ring cyclotron (SRC [8], K = 2600 MeV). The cy-
clotron cascade is combined with different types of injectors:
a variable-frequency heavy-ion linac (RILAC [9, 10]), fixed-
frequency heavy-ion linac (RILAC2 [11,12]), and K70-MeV
AVF cyclotron (AVF [13]). RILAC is used as an injector for
medium-mass ions such as 48Ca, RILAC?2 for very heavy
ions such as xenon and uranium, and AVF for light-mass
ions. RILAC and AVF were also operated in stand-alone
mode. In particular, RILAC plays a crucial role in providing
high-intensity beams for superheavy elements (SHEs) ex-
periments. Nihonium, the first element discovered in Japan,
was synthesized [14] using a beam supplied by RILAC.
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Figure 1: Schematic of the RIBF at RIKEN Nishina Center.
The linac facility described in this article is shown in the
lower part of the figure.

After the discovery of nihonium in the old linac facility,
the facility was upgraded [15] to increase the beam intensity
and energy for synthesizing new SHEs above Z = 118 and
to produce valuable RIs such as 2! At. For the upgrade, we
constructed a new superconducting ECR ion source [16] to
obtain a higher beam intensity and introduced a supercon-
ducting booster linac named SRILAC to increase the beam
energy in a limited space, as shown in Fig. 2. The goal of the
RILAC upgrade project was to accelerate ions withm/q = 6
to 6.5 MeV/u. The budget was approved in fiscal year 2016,
and construction was completed in 2019.

2019~ ) %
E: 6.5 MeV/ufor M/q=6 S \
== {~20Mmv — —{18 MV r*
Df @ @~
I S,,] |
s le————Beam—; > w
., Joint Bo
- Refrigerator Cold Box
T
| Y

Eie: 1
|Superconducting Booster Linac “SRILAC” |

| 28GHz SC-ECRIS |

Figure 2: Schematic of the heavy-ion linac facility at RIKEN
after the upgrade. The eight tanks shown in yellow are the
existing room-temperature drift-tube linac, RILAC.
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Figure 3: Layout of the SRILAC. A beam-energy and position monitor (BEPM) was installed inside each quadrupole
magnet. A wire scanner (PFe00) and Faraday cup (FCel1) were installed at the HEBT downstream of the SRILAC. A pair
of differential pumping systems were installed at the boundary between the SRILAC and the existing warm section.

OVERVIEW OF SRILAC

The layout of SRILAC [17] is illustrated in Fig. 3. The
maximum voltage gain of the SRILAC was set to 18 MV
to provide a beam energy margin. To achieve this, we fab-
ricated ten superconducting quarter-wavelength resonators
(SC-QWRs, SC01-SC10) stored in three cryomodules (CMs,
CM1-CM3). The two upstream cryomodules (full-CM)
contained four SC-QWRs, and the downstream cryomod-
ule (half-CM) contained two SC-QWRs. The resonant fre-
quency was set to 73 MHz, which was the fourth harmonic
of the fundamental frequency of the RIBF. The operational
temperature of the CM was 4.5 K using a liquid-helium re-
frigerator HELIAL MF manufactured by Air Liquide S.A.
We fabricated one prototype and ten actual cavities using
RRR = 250 pure niobium sheets supplied by Tokyo Denkai
Co., Ltd. Surface treatment was performed sequentially
based on buffered chemical polishing (BCP):110 ym BCP,
ultrasonic cleaning with pure water, annealing at 750 °C for
3 h, 20 pm BCP, ultrasonic cleaning with detergent, rinsing
with pure water, high-pressure rinsing (HPR) with 8 MPa
ultrapure water, and baking at 120 °C for 48 h. To reduce
the complexity in assembling the cryomodules, a magnetic
shield was placed in a titanium helium vessel. The SRILAC
complies with the High-Pressure Gas Safety Act of Japan.
A schematic of the full-CM and SC-QWR for the SRILAC
is shown in Fig. 4.

Room temperature quadrupole magnets were used as the
focusing elements of the SRILAC. Nondestructive beam
monitors (BEPMs) were developed and installed to measure
the beam energy and position in the cold section [18] in each
quadrupole between cryomodules and at the downstream of
SRILAC. The monitor is based on a capacitive pickup with
a pair of parabolic-cut electrodes. The beam energy can be
deduced using the time-of-flight between the two BEPMs.
In the HEBT, we used a wire scanner and a Faraday cup.
One of the most concerning issues in the upgrade was that
the cryomodule had to be connected to a dirty beamline built
decades ago. Since the vacuum levels of those beamlines
are ten to -5 or -6 Pa order, it is necessary to prevent the
gas flow from the room temperature section. Therefore, we
developed a three-stage differential pumping system and
installed it [19] on each side of the cold section.
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Figure 4: A schematic diagram of a full-CM (upper panel)
and SC-QWR (lower panel) for the SRILAC. Liquid helium
is stored in the blue region of the CM. The green pillars
indicate insulating posts made of G10.
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Beam acceleration of the SRILAC was successfully per-
formed on January 28, 2020. The details of beam commis-
sioning and preparation are described in Ref. [20].

OPERATIONAL EXPERIENCE OF
SRILAC

Operational History and Availability
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Figure 5: Operational history of the SRILAC.

SRILAC began supplying beams for user experiments
soon after facility inspection in March 2020. Figure 5 shows
the operational history of SRILAC since the first beam. The
blue color indicates the cooling cycle of SRILAC and the
orange color indicates the beam operation in the user experi-
ments. Cooling was stopped for two months every summer
for routine maintenance of the helium compressor and re-
frigerator.

SRILAC experienced vacuum leak problems twice be-
cause of a broken coupler window. The first vacuum leak
occurred in the power coupler of SCO5 during the warm-up
process after the fourth cooling in November 2019 before
beam commissioning. Thus, nine SC-QWRs were opera-
tional during the early days of operation. Subsequently, a
second vacuum leak occurred from the coupler of SC06 on
October 2020 during beam delivery. This problem forced
the SRILAC to operate with eight SC-QWRs for a short
period. However, this problem was successfully resolved by
attaching an external vacuum window to the broken coupler,
as described later, and all 10 SC-QWRs have been available
for operation since the spring of 2021. The upstream room-
temperature linac also experienced problems and was shut
down for more than three months; however, since its repair,
SRILAC has been able to operate stably without major prob-
lems. Consequently, SRILAC had ten user runs in its four
years of operation.

Figure 6 shows the average daily downtime of the linac
facility for the last three user runs. The overall availability of
the linac facility is approximately 90%. Here, the availability
is defined as the actual beam time divided by the scheduled
beam time. The entry of SRILAC during downtime is mainly
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Figure 6: Average daily downtime of the linac facility. The
item of Others includes the beam stop time due to the ion-
source restart.

due to the unlocking of rf voltage and phase regulation. The
entry of He pressure, which will be discussed later, was due
to unwanted pressure fluctuations in the helium refrigerator.
The combined value of these two entries is the SRILAC
downtime. The availability of SRILAC has exceeded 99%
in the last three runs, as listed in Table 1. The digital low-
level circuit of the SRILAC is currently being modified, and
further improvements in rf regulation are expected in the
future.

Table 1: Availability of SRILAC in the Last Three User
Runs

RUN No. Period Availability
RUNO8  Oct. 11-Dec. 22, 2022 99.3%
RUNQ09  Jan. 18-Mar. 9, 2023 99.3%
RUNI10  Apr. 16-Jun. 15,2023 99.5%

Beam Tuning and Transport to Target

Beam tuning using SRILAC was performed as follows:
First, after receiving the beam from the upstream room-
temperature linac, the SRILAC was tuned by measuring the
beam energy and position with BEPMs and by observing
the response of the vacuum levels. Faraday cups and wire
scanners were installed downstream of the HEBT. When
transporting the beam to the user target, the beam width data
measured by the wire scanner for different magnetic fields of
the Q magnet were compared with the optics calculation [21].
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Figure 7 shows an example of a beam spot on the user target.
The total tuning time after the ion source, including the
room-temperature linac, was approximately 48 h for cold
start. When the ion source is restarted or re-accelerated for
user reasons, the parameters are already fixed; thus, beam
tuning can be completed in approximately 12 h.

""" . ﬁ Spot image

EéARISIHE @ GARISTI target (Viewer)

Figure 7: Example of the beam spot on the user target. The
beam width information acquired by the wire scanner is used
for the beam tuning.

To further increase the beam intensity in the future, we
are currently attempting to estimate the beam phase ellipse
non-destructively using BEPMs. The quadrupole moments
obtained from the signals of the four BEPM electrodes of
BEPMs are combined with the calculation results of the
SRILAC transfer matrices. A reasonable phase ellipse es-
timation can be made [22] by considering the simulation
results for the response of the BEPM signals to a low-beta
heavy-ion beam, as shown in Fig. 8.
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Figure 8: Estimated phase ellipse at the HEBT.

He Pressure Stability and Frequency Tuner

The absolute pressure of helium was stabilized at approx-
imately +0.2 kPa in the CMs by controlling each gas return
valve. Because the frequency sensitivity to the pressure
variation Af /APy, is —2.0 Hz/hPa for the SC-QWR, the
pressure fluctuation corresponds to a resonant frequency
variation of +4 Hz, which is considerably smaller than the
operational bandwidth. However, periodic pressure fluctu-
ations are observed in the helium refrigerator, as shown in
the upper panel of Fig. 9. Although the process adjustment
of the helium refrigerator reduced the frequency of pressure
fluctuations, the problem of occasional large fluctuations
remained, as indicated in the lower panel of Fig. 9. Cry-
omodules are affected by large pressure fluctuations, and the
rf regulation is unlocked for several tens of seconds.
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upper panel shows the trend before the process adjustment
in Feb. 2023, and the lower panel shows the trend after the
process adjustment in June 2023. The red boxes indicate
occasional large pressure fluctuations.

Figure 10: Frequency tuner of the SC-QWR for SRILAC.

The upper panel shows a calculation result of deformation
and the lower panel indicates a photo of the actual SC-QWR.

Figure 10 shows the calculation results for the deformation

and a photograph of the frequency tuner for SRILAC [23].

The frequency of the SC-QWR is lowered by squeezing both
beam ports to the cavity center using metallic wires, which

are pulled by a stepping motor placed out of the cryomodule.

The maximum allowance of the tuner is -14 kHz, and the
MOIXA04
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Figure 11: Helium pressure fluctuations in the CMs when the
large fluctuations occur (a) and the corresponding automatic
frequency compensation by the tuner of SCO1 (b) and SC03
(c). In the panel (b) and (c), the blue line indicates the phase
difference and the red line indicates the tuner position.

sensitivity is 19 kHz per millimeter. The frequency variation
due to helium pressure fluctuation is automatically compen-
sated by the proportional control of the tuner when the phase
difference exceeds the dead zone of 15 °. The tuner is driven
by the phase difference between the forward and reflected
signals of the directional coupler. Figure 11 shows the he-
lium pressure fluctuations in the CMs and the corresponding
automatic frequency compensation by the tuner. The large
fluctuations shown in Fig. 11 correspond to the red box in
the lower panel of Fig. 9. Although automatic frequency
compensation cannot keep up during large pressure fluctua-
tions, the frequency tuner has operated stably for more than
three years.

Field Emission and Pulse Conditioning

The field emission levels before opening the gate valves,
one year after operation, and three years after operation are
shown in Fig. 12. The onset voltage of field emission de-
creased over time. After the SC06 coupler window break, the
emission levels of SCO7 and SCO8 increased significantly,
and the performance of CM2 declined significantly. Fur-
thermore, the emission levels of CM1 and CM3 gradually
increased over the three years of operation. An increase in
emission occurred suddenly during beam delivery; however,
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Figure 12: Emitted X-rays before opening the GVs (a), after
one-year operation (b), and after three years of operation (c).
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Figure 13: Block diagram and photo of the temporary setup
for the pulse conditioning.

no beam loss or other events occurred at that time. Because
the SRILAC continues to supply beams for user experiments,
it is difficult to shut it down for long periods to perform main-
tenance. Therefore, we introduced pulse conditioning using
a temporary setup [24].

Figure 13 shows a block diagram and a photograph of
the temporary setup for pulse conditioning. The output of
the signal generator is modulated by a function generator to
produce a 20 msec width pulse, which is input directly to
the solid-state amplifier. The interlock is activated by the
forward, reflection, and pick-up signals inputted to the low-
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Figure 14: Effects of pulse conditioning.

level circuit and the electron pickup of the coupler. Initially,
the pulse waveform of the cavity pick-up declined sharply
due to multipacting in the early stage of pulse conditioning;
however, multipacting was reduced as the conditioning pro-
gressed. Figure 14 shows examples of the pulse-conditioning
results. In the SC02, X-ray emissions decreased from ap-
proximately 1 mSv/h to a few pSv/h after 40 min of pulse
conditioning. A dramatic improvement was observed for
SCO09. Nine pulse-conditioning procedures were performed,
all of which worked well. Thus, pulse conditioning was
highly effective in the SRILAC for performance recovery.

New Couplers and SC-QWRs

As described in the previous section, the SRILAC ex-
perienced two vacuum leaks owing to the broken coupler
window. The SRILAC couplers were designed to have a
single room-temperature window. However, the original
coupler was found to lower the window temperature by ap-
proximately 20 °C below the room temperature. Therefore,
as reported at the last SRF conference, the insides of all the
couplers were rusted owing to condensation. The two broken
couplers were temporarily restored by attaching an external
window and vacuum pumping, allowing all ten SC-QWRs
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to operate. We extended the temporary measures to all ten
couplers, and they have been used without any problems for
almost two years.

i
i

\ —{%n?f_ﬂi_if

Window 1
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Figure 15: Fabricated new coupler with countermeasures.

Ten new couplers were fabricated using countermeasures
to avoid cooling the vacuum window [25]. The poor ther-
mal conductivity of the outer conductor resulted in the low
window temperature. Consequently, the outer conductor
between the window and the room-temperature thermal an-
chor changed to copper and the wall thickness increased.
Figure 15 shows the photographs of the new power coupler
for SRILAC. Only the component, including the vacuum
window, was fabricated, and the outer conductor on the low-
temperature side remained original. Currently, a residual gas
analyzer is installed, and rf processing of the new couplers
is performed in sequence.

We are also currently fabricating two SC-QWRs as spares.
A photograph of the SC-QWR during the fabrication is
shown in Fig. 16. Frequency pre-tuning and electron beam
welding were completed, and two bulk niobium cavities are
now in storage. Surface treatment, installation of a magnetic
shield, and jacket welding will be performed in the future.
We are beginning to prepare an HPR system at RIKEN that
is as simple as possible.

Figure 16: New SC-QWR in production. a) is the bottom
plate, b) is the inside of SC-QWR, and c) is the measurement
for frequency pre-tuning.
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SUMMARY

SRILAC has been in operation for four years. After over-
coming the initial problems, SRILAC has been able to op-
erate stably. Consequently, the availability of SRILAC ex-
ceeded 99%. The beam-tuning time is also reducing with the
increase in the operational experience. Currently, the perfor-
mance degradation of SRILAC can be recovered using pulse
conditioning. The issue of occasional large pressure fluctua-
tions in helium refrigerators requires further investigation.
New couplers with countermeasures and spare SC-QWRs
are being prepared, which are expected to shorten the work
period required to resolve vacuum leakage and performance
degradation.
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