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Abstract

The RIKEN superconducting heavy-ion linear accelera-
tor (SRILAC) has been steadily supplying beams for super-
heavy element synthesis experiments since its commission
in January 2020 by addressing relevant issues. The decrease
in the available acceleration voltage due to the increase in
X-rays i.e. field emission (FE) from superconducting (SC)
cavities has been a major issue. However, this issue has
been mitigated via high-RF power processing (HPP). This
presentation reports on the current performance of SRILAC
and its prospects.

INTRODUCTION

The mission of the RIKEN Radioactive Isotope Beam
Factory (RIBF [1]) in Japan is to improve our understanding
of the element synthesis mechanism via experiments using
intense heavy-ion beams.

In 2016, the RIKEN Nishina Center (RNC) started a com-
prehensive super-heavy element (SHE) research program.
The main objective was to expand the periodic table of el-
ements by synthesizing new super-heavy elements. After
the discovery of oganesson (Og, Z = 118), the aim of the
SHE project was to discover elements beyond Z = 118. To
synthesize the Z = 119 element, the RNC adopted a combi-
nation of >V as the beam and 248Cm as the target [2]. For
this experiment, a beam energy of >!'V = 6 MeV/u with an
intensity of 2.5 puA is required. Thus, the primary focus of
this project was to upgrade the accelerator by introducing a
SC linear accelerator to increase the final beam energy from
5.5 to 6.5MeV/u and a SC electron-cyclotron-resonance ion
source (SC-ECRIS) to multiply its beam intensity by a factor
of five (see Fig. 1).
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Figure 1: Birds-eye view of the RILAC.

In 2020, beam commissioning for SRILAC was success-
fully conducted [3], with user beam service subsequently
starting [4]. Ar and V beams are provided for the experiment
with an energy ranging between 4.2 and 6.3 MeV/u. Owing
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to the newly constructed SC-ECRIS [5] and the improve-
ment in the RILAC transmission efficiency [6], the maxi-
mum beam intensity of 5.2 ppA (duty 100%) exceeded the
project’s primary target intensity. In this report, an overview
and operation status of SRILAC and its relevant issues are
presented. Additionally, FE and vacuum leakage from input
couplers are described.

SRILAC OVERVIEW

The SRILAC layout is illustrated in Fig. 2. SRILAC com-
prises three cryomodules (CM1, CM2, and CM3) and a
medium-energy beam-transport line (V0O, V10, V20, and
V30) that connects the CMs, RILAC DTLs, and a high-
energy beam-transport line. As shown in Fig. 2, CM1 and
CM2 contain four SC-QWRs, whereas CM3 contains only
two SC-QWRs. Each SC-QWRs are labeled SCO1-SC10
from upstream to downstream. The SC-QWR specifications
are listed in Table 1. The operating temperature was 4.5 K.
The SC-QWRs were fabricated from highly purified Nb
sheets with an RRR of 250. The inner surfaces were treated
using a standard processing method as follows: (i) bulk etch-
ing via buffered chemical polishing (BCP); (ii) annealing
(750 °C, 3 h) in a vacuum furnace; (iii) light etching via BCP;
(iv) high-pressure rinsing (HPR) with ultrapure water; and
(v) baking (120 °C, 48 h). All SC-QWRs achieved the target
Qo 1x10° with E,.. = 6.8 MV/m in the acceptance tests [7].
The operating frequency of the SC-QWRs was 73 MHz. The
amplitude and phase of the accelerating field could be set in-
dependently for each SC-QWR. The independent RF system
for each SC-QWR enables the seamless tuning of the energy
of the accelerated beams. The gap length was optimized for
B =0.078.
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Figure 2: SRILAC layout.

One of the most crucial issues in beam-transport-line
design is preventing SC cavity contamination by dust trans-
ported from the room-temperature (RT) section through gas
flow owing to the vacuum pressure gradient. While the vac-
uum pressure level of the SC part decreases to as low as
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Table 1: SRILAC Design Parameters

Parameter

Frequency (MHz) 73.0 (CW)
Ejpj (MeV/u) 3.6
E ot MeV/u) 6.5
Bopt 0.078
R/ Qp (Q) 579
G 224
E,.c MV/m) 6.8
Epeak/Eacc 6.2
Bpeak/ Eace (mT/(MV/m)) 9.6
Operating temperature (K) 4.5
Afl APy (Hz/hPa) 2.0 [8]
Target Q 1x 107
Oext 1-4.5x 10°

1 x 1078 Pa, the vacuum pressure in RILAC, which was de-
signed and built more than 40 years ago (first beam in 1981),
is approximately 1 x 10> Pa. To connect different vacuum-
level sections and prevent gas flow into the high-vacuum
section, a non-evaporable getter-based differential pumping
system (DPS) was developed [9]. The DPS-sandwiched
CMs reduce the pressure from the vacuum of the existing
RILAC beamline to the SRILAC ultra-high vacuum.

X-ray levels due to FE from the SC-QWRs are routinely
measured as a function of gap voltage and continuously
measured during user beam service by an X-ray monitor
located at the middle of the side wall of the CM, as indicated
in Fig. 2. Whereas a beam loss monitor, such as an ion
chamber, has little sensitivity to the beam loss of low-energy
beams, X-ray monitors are found to have some sensitivity.
Two X-ray monitors were added to MEBT sections, V11
and V21, to detect beam losses where the transverse beam
size reached a maximum. Because the harmful effect of a
strong FE on the performance of SC-QWRs is unclear, the
SRILAC operates with gap voltages below the onset gap
voltage Vgise' (here, Vgise! is defined as the gap voltage at
a 1-uSv/h X-ray monitor level). Furthermore, beam losses
can be detected with a low background.

Even with countermeasures to prevent cavity performance
degradation, SRILAC encountered a sudden increase in X-
ray levels, and Vggget became increasingly lower. To mitigate
FE, we adopted HPP to obtain the gap voltages required for
acceleration [10].

OPERATIONAL HISTORY

The operational history since the first beam-acceleration
test, which was performed at the end of January 2020, is
shown in Fig. 3. In the figure, the blue and orange blocks
indicate the duration of CM cooling to 4 K and beam op-
eration, respectively. The yellow blocks represent regular
breaks for the annual maintenance of the helium refrigerator
system. In 2024, as shown in the figure, the user beam ser-
vice operated continuously until April. In April 2024, the
GARIS-III spectrometer was seriously damaged; therefore,
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the entire accelerator system was immediately shut down.
Recovery from this problem is on-going, and beam service
is planned to restart in October.

Year

apparatu
1/T 2/1 8/1 4/1 5/1 6/1 v/1 8/1 9/1 10/1 1i/1 12/1 12/31
Month

Figure 3: SRILAC operational history.

For RILAC and SRILAC, we experienced two unexpected
interruptions owing to unforeseen circumstances. The first
interruption was caused by a vacuum issue in CM2. In
November 2019, during the initial cooling test, the vacuum
leaked to the CM2 SC-QWRs. This was due to problems
with the SCOS5 input coupler. To mitigate vacuum leakage,
vacuum pumping was performed outside the input coupler.
One year later, in October 2020, the CM2 vacuum level
suddenly deteriorated again owing to malfunction of the
SCO06 coupler window. Subsequently, the beam supply was
aborted. Although the beam supply was restarted, exclud-
ing SCO5 and SCO06, serious problems were encountered in
SCO07 and SC08. In fact, the gap voltages of these cavities
often drop to very low levels, resulting in multipacting (MP)
and an inability to maintain the acceleration voltages. We at-
tempted to recover the cavity performance by increasing the
temperature; however, this was unsuccessful. The second
interruption was caused by a malfunction in the RILAC cav-
ities in the first half of 2021. During repair, which required
four months, outer vacuum windows were adopted for all
coupler ports in the ten SC-QWRs to protect the coupler
windows (Fig. 4). By May 2021, their operation had been
successfully restored [3].
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Figure 4: Schematic of the input coupler and outer window.
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As described above, the SC-QWRs experience continuous
degradation after the issue with the SC06 coupler window
[10]. A gradual increase in the X-ray levels was observed
during high-power tests performed routinely after cool-down
from RT; however, the increase was not serious to continue
the operation. We repeatedly encountered sudden increases
in the X-ray levels, which were continuously measured for
each CM during beam service [10]. In November 2022, HPP
was performed for the first time to mitigate the FE, which
was found to work well. Details are presented in the next
section.

FIELD EMISSION

We repeatedly encountered sudden increases in X-rays
from the SC-QWRs during beam supply. In some cases,
heavy MP were present, and the X-ray level increased after
re-energizing the SC-QWRs. SRILAC operates at gap volt-
ages below Vgiset. This implies that the margin of the total
acceleration voltage is lost year-by-year.

To overcome this problem, we implemented HPP [11].
HPP is a traditional technology for mitigating the FE of SC
cavities, and its successful processing has been previously
reported [12]. For SRILAC, input pulses were produced
using the amplitude modulation mode of the signal generator
(SG). The amplitude modulation was set to 0.5 Hz and a 1%
duty RF pulse with a 20-ms width was adopted. The 20-
ms pulse width was sufficient to raise the cavity voltage to
90% with a detuning of 50 Hz, as shown in Fig. 5. The RF
frequency was tuned manually to keep on resonance. The
RF power was gradually increased step-by-step by observing
the RF signals at Pgg, Py, Pres, Pr, vacuum, and X-ray levels.

Finally, Vg;‘se‘ improved according to the RF power reached.

Figure 5: RF signals observed during the pulsed RF power
conditioning. Pgg, Pi,, Pres, and P, are the input pulse from
SG, the forward signal from the directional coupler, the
reflected signal, and the signal from the cavity pickup, re-
spectively.

HPP has been adopted for online cryomodules and suc-
ceeded in reducing X-ray levels. Every single trial succeeded
in reducing the FE at a given field level, and vggget was im-
proved. We observed that the higher RF power reached
during HPP, the higher V¢ obtained. It was found that
conditioning for longer times at the same field level or with
longer pulses at the same field level did not reduce FEs.
Some of these trials were accompanied by discharge or out-
gassing, after which the FE levels decreased suddenly. This
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succeeded even with no processing “event,” such as a spark
or a discharge inside the cavity; continuous RF pulse excita-
tion mitigated the FE levels.

The X-ray levels measured before user beam service stated
from January 2024 (Campaign 12) are shown in Fig. 6. At
the beginning Vgg‘;‘“ for SC03, SCO05, and SC06 were as
low as 1.0, 0.6, and 0.8 MV, respectively. Then HPP was
performed on SC03, SCO5, and SC06. The peak processing
RF power for SC03, SC05, and SCO06 reached 3.0, 1.7, and
2.2 MV, respectively. Subsequently, Vg;l;et improved to 1.5,
1.0, and 1.2 MYV, respectively. Currently, Vgg;et has been
improved compared with that of the initial installation, re-
sulting in the recovery of the available acceleration voltage.
During user beam service Campaign 11 in 2023, there were
no critical issues with FE. However, during Campaign 12 in
2024, FE was repeatedly observed in SCO1 and SCO7. We
plan to investigate this phenomenon before Campaign 13,

which is scheduled for October 2024.
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Figure 6: X-ray levels as a function of gap voltage. Each
plotted number represents the SC-QWR ID. Circled plots
were obtained after HPP.

Higher RF power processing is promising for improving
Ve However, it is crucial to recover damaged couplers
to accept a higher RF power. The design of the coupler

exchange system is underway.

CONCLUSIONS

User beam service for experiments on super-heavy el-
ement synthesis have been continuously performed since
beam commissioning began in 2020. SC-QWRs suffer from
sudden increases in FE during beam service. HPP was found
to be effective in irreversibly reducing FE at a given field
level. However, caution must be exercised to avoid critical
damage due to surface crater formation. Finally, the recov-
ery of damaged couplers is crucial for improving the cavity
performance.
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