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Abstract: The rare radioactive-isotope (RI) ring is an isochronous storage ring for deriving the masses of ex-

tremely short-lived rare Rls. Since the successful commissioning experiment in 2015, the time of flight mass meas-

urement technique has been established through test experiments using unstable nuclei with well-known masses. The

experiments for unknown masses were started in 2018. While conducting experiments, we continue to develop

equipment to further improve the efficiency and precision of mass measurements. The upgraded kicker system can

generate a magnetic field with an extractable duration equivalent to the revolution time of the ring. This is essential

for extracting extremely rare events as well as shortening the measurement time compared with that in the initial ex-

periments. New steering magnets make it possible to eliminate an uncertain vertical beam deviation that occurs up-

stream. As a result, we confirm that the extraction yield is increased. A new resonant Schottky pick-up is able to de-

tect single particles in timeframes on the order of milliseconds. It will be useful not only for beam diagnostics but

also for lifetime measurement experiments of extremely short-lived rare RIs planned as a future application.
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I. INTRODUCTION

Storage rings have demonstrated their capability to
expand many scientific fields, including fundamental
physics, atomic and molecular physics, high energy phys-
ics, and nuclear physics. This is particularly the case in
nuclear physics research using radioactive-isotope (RI)
beams. Heavy-ion storage rings provide a unique oppor-
tunity for measuring the basic properties of exotic nuclei
[1,2]. Focusing on mass, various excellent methods have
been developed to accurately measure the mass of RI [3],
but the methods are limited for extremely short-lived Rls.
In this respect, isochronous mass spectrometry (IMS) is
very useful. IMS using a heavy-ion storage ring was first
realized by the experimental storage ring (ESR) at GSI
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[4,5], and this technique has been applied to the experi-
mental cooler storage ring (CSRe) [6] at HIRFL with re-
markable results in recent years [7,8].

Extending IMS to further exotic nuclei, such as those
that are very neutron rich, would significantly contribute
to our understanding of rapid neutron capture (r-process)
nucleosynthesis [9], which is responsible for the produc-
tion of half of the chemical elements heavier than iron in
our universe [10,11]. Atomic mass is one of the basic
properties for determining the r-process path, and mass
measurements with a precision of less than 100 keV
provide important data for the r-process modeling
[12—15].

The RIKEN RI Beam Factory (RIBF) [16] is a cyclo-
tron facility capable of producing large amounts of RI re-
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lated to the r-process. In fact, important results that have
advanced our understanding of the r-process have been
achieved so far by measuring the half-lives of neutron-
rich nuclei [17, 18] and their neutron emission probabilit-
ies [19]. Because it was clear that mass measurement also
plays an important role in making the best use of the
RIBF, it was necessary to construct a heavy-ion storage
ring dedicated to the IMS method. However, the combin-
ation of a cyclotron and storage ring is incompatible, be-
cause a storage ring requires a pulsed operation, whereas
a cyclotron delivers a continuous beam. We accordingly
solved this incompatibility by synchronizing the injec-
tion with the particle production timing and eventually
constructed the Rare-RI Ring (R3) [20, 21].

II. RARE-RI RING FACILITY

The primary beam supplied by the superconducting
ring cyclotron (SRC) [22] is sent to the FO production tar-
get of the in-flight fragment separator BigRIPS [23] to
produce various RI beams. The particle selection and
identification can be performed at BigRIPS on an event-
by-event basis [24]. R3 connects to the BigRIPS via the
OEDO-SHARAQ system [25], as shown in Fig. 1. The
trigger signal that activates the R3 fast-response kicker
system [26] originates from a signal generated when a
particle passes through the F3 timing detector. This sig-
nal is processed as a logic signal by the dedicated mod-
ules [27] and then immediately transmitted to the kicker
system by an air-gapped coaxial copper tube. The trigger
signal excites the kicker magnetic field in synchroniza-
tion with the particle's arrival at the kicker magnet. The
concept of this method was proposed by 1. Meshkov et al.
[28] as an individual injection, and it was first realized at
R3.

R3 is a six-fold symmetrical storage ring with a cir-
cumference of approximately 60 m, and twenty-four bend-
ing magnets form its lattice structure. The bending mag-

Fig. 1.
er system is generated at the F3 focal plane of the BigRIPS.

nets are reused from TARN-II [29]. The isochronous con-
dition can be precisely adjusted over a wide momentum
range using trim-coils [30]. The trim-coils are equipped
on the outer two bending magnets of each four-magnet
sector. The best case so far for the isochronous condition
(6T/T) is 2.8 ppm over a momentum spread (dp/p) of ap-
proximately 0.45% [31]. The dispersion and emittance
matching at the center of the kicker system is important
to keep the injection efficiency. An in-ring detector, the
E-MCP [32], is used to confirm that the particles are cir-
culating properly after injection. Once confirmed, the E-
MCP will be evacuated from the equilibrium orbits. After
circulation of a minimum of 0.7 ms, the particles are kic-
ked again by the same kicker magnet and extracted from
the extraction septum. The R3 facility, which performs a
sequence of operation, injection, circulation, and extrac-
tion at up to 100 Hz, is a unique storage ring facility cap-
able of handling single particles.

The time of flight (ToF) is measured between the BE-
MCP [33, 34] located at the SO focal plane for the start
signal and a plastic scintillator located at the extraction
beam-line (ELC) from R3 for stop. The revolution time
(Tiy) of a particle is derived by dividing the measured
ToF by the number of turns. The number of turns is de-
termined as an integer using the periodic signal informa-
tion of the E-MCP. Precision of the periodic signal is on
the order of 107, thereby making it possible to distin-
guish a difference of one turn over several thousand
turns. The unknown mass (m;) of a nucleus is determ-
ined relative to the well-known mass (m,) of a reference
nucleus. Assuming perfect isochronous condition holds
for the reference nucleus, its revolution time 7| is con-
stant regardless of the momentum. In this case, however,
because the other nuclei are non-isochronous, their re-
volution time 7, must be corrected by using their velo-
city or magnetic rigidity. The currently used technique is
well described in [35], and the first results can be found
in [36].

R3-Schottky
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(color online) The R3 connects to the BigRIPS via the OEDO-SHARAQ system. The trigger signal for activating the R3 kick-

094002-2



Development status of efficiency improvement at the Rare-RI Ring facility

Chin. Phys. C 49, 094002 (2025)

III. DEVELOPMENTS FOR EFFICIENCY
IMPROVEMENT

There are two key factors for precisely measuring the
masses of the most exotic nuclei produced at the Bi-
gRIPS. One is to increase the transmission efficiency
from BigRIPS-F3 to R3-ELC. The vertical deviation of
the beam that occurs upstream of the BigRIPS is one of
the main causes of beam loss. If the vertical aperture is
wide enough, there is no effect of this deviation. How-
ever, downstream from the ILC1 focal plane (see Fig. 1),
the vertical aperture is quite narrow, less than one-third
the size of the upstream one, and it is difficult to reduce
the optical magnification, thereby resulting in significant
beam loss. In addition, there is no vertical steering mag-
net in the BigRIPS. To solve this beam loss problem, we
have installed vertical steering magnets dedicated to the
R3.

Another key factor is to improve the ToF measure-
ment efficiency. The ToF for several nuclides is meas-
ured through the extraction process. However, after sev-
eral thousand turns, each nuclide is distributed at a differ-
ent position inside the ring, owing to the different velocit-
ies. Because the extractable duration of the kicker system
is shorter than the revolution time, it becomes impossible
to extract each nuclide using the same timing, and it is
time-consuming to extract all nuclides. We have, there-
fore, upgraded the kicker system to lengthen the extract-
able magnetic field flat-top.

A. Steering magnets installation

Two steering magnets were installed without chan-
ging the existing magnets arrangement in the beam-line.
One (ST1) is in the straight section after FE11 focal plane
of the OEDO-SHARAQ system and the other (ST2) is
just before ILC1. By installing steering magnets in such
locations, it was simulated that any upstream vertical de-
viations experienced so far can be handled with a deflec-
tion angle of a few mrad, i.e., the transmission efficiency
can be restored to almost the same as that without the up-
stream deviations. The overall design and optimum mag-
netic pole geometry were studied and fabricated to be as
compact as possible. Magnetic field measurements were
then performed to confirm that the magnetic field distri-
bution is obtained as designed. Table 1 summarizes the
specifications of steering magnets when a beam with the
magnetic rigidity of 6.4 Tm needs to be deflected by 2
mrad as an example. The indirect water-cooling method
was adopted, and the amount of water flow required to
keep the average temperature rise of the entire coil with-
in 20°C is 2 ¢/min.

Recently, a test experiment of the steering magnets
with a '**Xe beam, which has magnetic rigidity of ap-
proximately 4.3 Tm, was performed. The vertical devi-
ations measured at BigRIPS-F3 were ys ~ -2 mm and

Table 1. Specifications of the steering magnets
ST1 ST2
Pole length [m] 0.3 0.25
Pole gap [m] 0.17 0.125
Flux density [T] 0.043 0.051
Turn number [T/P] 204 204
Current [A] 15.0 13.1
Weight [kg] 180 110
6
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Fig. 2.
beam distribution for the vertical position y,. and angle y;_at

(color online) Red and blue circles show the center of

the kicker center, respectively. The horizontal axis indicates
the combination of the currents of the two steering magnets.

v ~ —2.7 mrad for the position and angle of the center of
beam distribution, respectively. Two position detector
PPACs [37] were installed in the kicker chamber. Figure
2 shows the current dependence of the steering magnets
on the vertical position y,, and angle y;_ of the center of
beam distribution at the kicker center. Both y,. and y;,
are strongly dependent on the current of ST1 in this case,
which is consistent with the simulation result. It can also
be seen that, when the currents of ST1 and ST2 are -7 A
and 7 A, y and y;, are appropriately corrected. In this
test experiment, when the steering magnets were used at
the optimum currents shown in Fig. 2, the extraction yield
was more than 7 times higher than when the steering
magnets were not used. Details of the design study, fab-
rication, and results of the test experiment will be de-
scribed elsewhere.

B. Kicker system upgrade

The kicker system is particularly important for the R3
facility. The conditions are unique, not only requiring a
fast response to establish the individual injection method
but also ensuring that the injected particles are not af-
fected by any magnetic fields when they pass through the
kicker magnet again. A wide horizontal aperture is essen-
tial for the dispersion and emittance matching during in-
jection, therefore a distributed constant twin-type kicker
is adopted. Impedance matching is considered by taking
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into account the effect of mutual inductance of twin-type
kicker facing each other to obtain a magnetic field that
satisfies the above conditions. The obtained magnetic
field waveform is shaped like a half-sinusoidal wave,
with the rise and fall times, and duration of around 100 ns
[38]. The duration of 100 ns is sufficient for the injection
process. In contrast, it is not sufficient for the extraction
process, because the typical revolution time of a circu-
lated particle is approximately 385 ns at an energy of 160
MeV/u.

We created two different magnetic field distributions
by changing the impedance matching condition so that
the magnetic field for the particles would meet our re-
quirements. This was because a new pulsed power sup-
ply would be needed to create the required shape of mag-
netic field distribution from scratch, as briefly mentioned
in the final section. The upper part of Fig. 3 shows the
layout of the twin-type kicker magnets; the middle and
lower parts show the magnetic field distributions for in-
jection and extraction, respectively. Following excitation

c d
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Fig. 3. (color online) Layout of the four twin-type kicker
magnets inside the chamber. Center and lower panels show
the magnetic field distributions for injection and extraction,
respectively. For injection, red and blue lines indicate the
measured magnetic fields by a one-turn search coil at a char-
ging voltage of 25 kV. Thick-solid lines show the total mag-
netic fields by each unit.

for injection, the same kicker magnet can be excited for
extraction after a duration as short as 0.7 ms. Two mag-
nets are used for injection and all four are used for extrac-
tion. When a particle passes through units b and c, it ex-
periences two different magnetic field distributions. If the
timing is precisely tuned, all particles can be injected at
the flat-top region, indicated by the thick-solid line in the
center panel of Fig. 3. For extraction, units b and c are re-
excited first, followed by units a and d a few hundred
nanoseconds later. This sequential approach leads to an
extended flat-top duration, as illustrated by the thick-sol-
id line in the lower panel of Fig. 3. The extended flat-top
duration of approximately 400 ns covers the typical re-
volution time, thereby ensuring that circulating particles
can always be extracted.

This approach worked well in previous experiments.
We succeeded in extracting all five nuclides, which were
injected into R3, with a single extraction time setting by
using a sufficiently long magnetic field distribution, as
described in [31]. However, owing to the high charging
voltage, breakdown of the insulation of the ceramic char-
ging capacitors in the pulsed power supplies occurred fre-
quently. The capacitors used so far were three-layer capa-
citors (HP40-H132-00) insulated with molded resin. As a
result of a failure analysis, the central part of the three-
layer structure was found to be particularly damaged. We
were not able to pinpoint the cause. It was thought that
the stacked elements structure could not withstand the
constant use of high repetition (200 ps), high voltage
charging and instantaneous discharging by a thyratron.
We ultimately decided to replace the capacitors with
single-layer capacitors (FHV-10AN). After that, a long-
term operation test was conducted with all four units,
which demonstrated that they could operate without any
problems for several days even under the condition that
previously caused failures [39]. Mass measurements of
rare-RIs, whose extraction timing cannot be identified in
advance, will become possible in the near future experi-
ments.

IV. NEW RESONANT SCHOTTKY PICK-UP

A beam diagnostics device capable of non-destruct-
ively measuring the revolution frequency of charged
particles is indispensable for the storage ring. A highly
sensitive resonant Schottky pick-up was developed at
ESR [40] and another has been installed in CSRe [41]. A
similar one is also installed in R3, consisting of a pillbox-
type cavity and a beam duct with ceramic gap [42]. The
aim with R3 is to adjust the isochronous conditions using
a single ion, which has been successfully demonstrated
in previous experiments [43]. Development of resonant
Schottky pick-ups is ongoing, and the latest version [44]
installed in ESR has been successfully utilized for the de-
cay study experiments [45].
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Recently, we have developed a new type of resonant
Schottky pick-up. The concepts are as follows: extension
of the frequency band adjustment range, miniaturization,
cost reduction, and sensitivity improvement, compared
with the original one. A detailed design study was car-
ried out using simulation software CST . By providing
two tuners, one large and one small, the frequency band
adjustment range is 5.35 MHz, which covers one harmon-
ic range of R3 (around 3 MHz). A tuning accuracy of 1
kHz can be achieved. A rectangular shape is adopted so
that it can be installed inside the existing vacuum cham-
ber of R3. Hence, a ceramic gap is not required and high
sensitivity can be achieved at a low cost. The use of oxy-
gen-free copper, which has excellent electrical conductiv-
ity, as the cavity material also contributes to improving
the cavity sensitivity. Figure 4 is a photograph of the rect-
angular-type cavity fabricated in this study. It is fixed to
the chamber lid so that it hangs from the lid when in-
stalled inside the chamber. The quality factor was meas-
ured using a vector network analyzer after the coupler
geometry was adjusted to achieve characteristic imped-
ance matching between the cavity and the external cir-
cuits. The shunt impedance was evaluated by the bead-
pull measurement method in air. Table 2 shows the meas-
urements compared with those of the original one. Figure
5 shows an example of time versus frequency spectro-
gram of single particle obtained with '*Xe’** beam at an
energy of approximately 155 MeV/nucleon. The frequ-

Original R3-Schottky/
)

:ﬂ' ;‘-_p‘,

Fig. 4.
has a rectangular shape, is installed in the existing vacuum

(color online) New resonant Schottky pick-up, which

chamber. The original pillbox-type R3-Schottky is located
next to the new one.

Table 2. Characteristic comparison.

New Original
Resonance frequency fo/MHz 503 171
Shunt impedance Ry, /kQ 3000 160
Unloaded quality factor Qg 14000 1880
Loaded quality factor Qy, 7000 1250
(Ren/Q0)/Q 210 85

Time [ms]
Power Spectral Density [a.u.]
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Fig. 5. (color online) Time versus frequency spectrogram of
single particle detection for 124 Xe>**. See the text for details.

ency span was 1 MHz. The frame length was set to ap-
proximately 2.2 ms in this example. The measurement se-
quence was set to 100 Hz injection only. It can be con-
sequently interpreted that particle-a was injected with an
injection kick and completely disappeared with the next
injection kick after 10 ms of circulation, whereas particle-
b was successfully injected on the same kick. The reson-
ance frequencies for particles-a and -b were 503.59015
MHz and 503.57347 MHz, respectively. Because the iso-
chronous condition was not adjusted precisely at this
measurement, the two particles with different momenta
showed different frequencies on the order of 10>, This
new resonant Schottky pick-up will be useful for lifetime
measurement experiments of extremely short-lived rare
RIs, including the isomeric states.

V. SUMMARY AND OUTLOOK

By installing two vertical steering magnets dedicated
to R3 in the appropriate locations, the extraction yield
was successfully increased. The results of the test experi-
ment using a '?*Xe beam showed that adjusting the ver-
tical position at the kicker center is important for increas-
ing the extraction yield. In upcoming experiments using
four twin-type kicker magnets, one PPAC will be in-
stalled at the center of the kicker chamber to adjust the
steering magnets while checking the vertical position in-
formation. Alternatively, we may use the DL-E-MCP
[46], which can measure the position of a circulating
particle using the combination of a conversion foil and a
delay-line MCP. It will be installed in the straight section
after the kicker chamber. The conversion foil that a
particle passes through for each revolution is sufficiently
thin to make several dozen revolutions. Therefore, we ex-
pect that this detector can also be used to measure ring
parameters such as the betatron tune.

A sufficiently long kicker magnet extraction field was
achieved by properly adjusting the magnetic field wave-
forms and excitation timing of the four twin-type kicker
magnets. Furthermore, stable operation of the pulsed
power supplies of the kicker magnets was realized by
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changing the ceramic capacitors for the entire charging
system. As a result, mass measurement experiments can
be resumed. Meanwhile, further upgrades to the pulsed
power supply are also being considered. This is a change
from the thyratron switch method to a semiconductor
switch method using a linear transformer driver circuit
[47]. The advantages are numerous: the injection repeti-
tion frequency can be dramatically increased up to 100
times (10 kHz), and the response becomes faster; hence,
the injection beam energy can be increased, and a very
short pulse magnetic field can be created and adjusted on
the order of nanoseconds. There are two main reasons for
this change. One is that it is better to inject/extract at the
same angle as much as possible for all nuclides. Recent
data analysis and simulations have revealed that this fact
is important for more precise mass determination. The
other is that we have a plan to operate the R3 as an iso-
mer filtering device. A feasibility study showed that the
semiconductor switch method is essential for this pur-

pose [48].

In addition to the rectangular-type cavity, which was
successfully demonstrated with '*Xe beam, a position-
sensitive resonant Schottky pick-up was installed in a
straight section of R3. The conceptual design using an el-
liptical cavity has been discussed about a decade ago
[49]. This Schottky cavity doublet (SCD) was designed
specifically for R3 [50]. Replacing the currently used
flight-time measurement technique with measurements
only inside the ring using the SCD is expected to im-
prove the accuracy of mass determination and the trans-
mission efficiency of nuclei, especially in the high-Z re-
gion. A pilot experiment will be conducted soon. The de-
tector's details can be found in [51-52].
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