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THE RARE-RI RING AT RIKEN RI BEAM FACTORY
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Abstract

The Rare-RI Ring is an isochronous storage ring to mea-
sure masses of short-lived rare nuclei by using relative TOF
measurement method. The expected precision of the mea-
sured mass is of the order of ppm.

We examined the basic performance of the devices, i.e.
injection line, septum magnets, dipole magnets with trim-
coils, and fast-kicker system by using a-source in 2014. We
demonstrated that trim-coils, which are fixed on the dipole
magnets of the ring, can adjust the isochronous condition
of the ring. An a-particle was injected into the ring indi-
vidually by using self-trigger mechanism and was extracted
from the ring several turns after the injection.

In June 2015, a commissioning run using a "*Kr beam
was performed and basic performances of the Rare-RI Ring
were verified. We succeeded in injecting a particle, which
was randomly produced from a DC beam using cyclotrons,
into the ring individually with the fast-kicker system, and
in extracting the particle from the ring less than 1 ms after
the injection with same kicker system. We measured time-
of-flight (TOF) of the "3Kr particles between the entrance
and the exit of the ring to check the isochronism. Through
the first-order adjustment with trim-coils, the isochronism
on the 10-ppm order was achieved for the momentum spread
of £0.2%. Higher-order adjustment employed in future will
lead us to the isochronism on the order of ppm. In addition,
we confirmed that a resonant Schottky pick-up successfully
acquired the frequency information of one particle in stor-
age mode.

In this paper, the technical aspects of the Rare-RI Ring
and the preliminary results of the beam commissioning will
be described.

INTRODUCTION

Systematic mass measurements, especially for neutron-
rich exotic nuclei very far from the stability, are essential
for solving the r-process path. However, nuclei in such re-
gions have very short half-lives and have a very low produc-
tion rate even with the powerful accelerator complex in RI
Beam Factory, therefore, very fast and sensitive apparatus
is needed. To this end, we have proposed a unique appara-
tus, the so called “Rare-RI Ring” about 10 years ago [1], to
precisely measure masses of such rare-RlIs.

Figure 1 shows the conceptual design of mass measure-
ment by using the Rare-RI Ring. When a produced sec-
ondary particle passes through the timing detector at F3 of
the BigRIPS separator [2], a trigger signal is generated. The
trigger signal is transmitted to a fast-kicker system via a
high speed coaxial tube. Kicker magnets are then imme-
diately excited by thyratrons. In the meanwhile, the particle
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Figure 1: Conceptual design of mass measurement with the
Rare-RI Ring located after the SHARAQ spectrometer.

goes through the BigRIPS separator, the SHARAQ spec-
trometer [3], and an injection line. The particle that arrives
at the entrance of the ring is injected into an equilibrium
orbit of the ring using septum and kicker magnets. After
the particle revolves in the ring about 700 s, it is extracted
using another septum and the same kicker magnets to mea-
sure TOF. In addition, it is identified by AE-E detectors
after extraction. The revolution time of the particle is mea-
sured with an precision of better than 10~® under the precise
isochronous condition. The S measurement is necessary
to correct a revolution time of non-isochronous condition
particles. In addition to the short measurement time, this
method enables us to measure the mass of even one particle
which is suited to measure masses in the r-process region.
The mass measurement principle details can be found in
Ref. [4].
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Figure 2: Components of Rare-RI Ring.

Figure 2 shows the components of the Rare-RI Ring. In-
jection line consists of five quadrupole doublets and one
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dipole. TOF start detector is located in the ILC2 cham-
ber (see Fig. 2), in addition to two septa for injecting the
particles. The ring consists of six magnetic sectors, each
consisting of four dipoles. There is no quadrupole for the
ring. This dipole is a rectangular magnet with a radially ho-
mogeneous magnetic field. The circumference of the ring is
about 60.35 m, and the length of a straight section is about
4.02 m. Kicker magnets are located in the position of the
phase advance 37/2 from the injection septa, and the extrac-
tion septa are located in the position of the phase advance
37/2 from the kicker magnets. In order to ensure an isochro-
nism of the ring by making a gradient magnetic field, the
two outer dipoles of each magnetic sector were equipped
each by ten trim-coils. The ring has beam diagnostic de-
vices in each straight section. Plastic scintillation counters
located in all straight sections to check the injection trajec-
tory. Resonant Schottky pick-up [5] and MCP [6] devices
are used to measure the frequency of the revolving parti-
cle. Figure 3 shows the bird’s-eye view photograph of the
Rare-RI Ring.

E , = N {_'7‘:. o )

Figure 3: Bird’s-eye view photograph of Rare-RI Ring.

Technical Challenges

The individual injection method, which has been pro-
posed in Ref. [7], is a crucial technique for injecting a rare
particle into the ring. In order to realize the individual in-
jection, kicker magnets must be excited before the particle
arrives at the kicker magnets. For this purpose we con-
structed a high speed coaxial tube to transmit the trigger
signal from F3 of the BigRIPS separator to the kicker sys-
tem as fast as possible and a fast-response mechanism with
thyratron switch to excite the kicker magnets as soon as pos-
sible. In addition, fast recharge is necessary to extract a par-
ticle from the ring in 700 us by using same kicker magnets.
Therefore, we developed a fast-recharging mechanism, the
so called “hybrid charging system”, which has main and sub
part. Main part provides 90% of the charging voltage, and
the remaining 10% is supplied by sub part of the system.
Sub part works to maintain a constant charging voltage level
within the range of fluctuation of less than +1%. The time
of recharge by this system is achieved in 200 us. The details
of the fast-kicker system can be found in Ref. [8].

Second challenge concerns the isochronous adjustment
using trim-coils. We recently performed the isochronous
adjustment of the ring with a-particles by using trim-coils.
The a-source (**! Am) was installed on the central orbit of
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the ring in the R-MD1 chamber (see Fig. 2). Two detectors
were installed just before/after the a-source to measure the
TOF of one turn. Then, we checked the condition of the
isochronism based on the TOF width. Figure 4 shows the
results of the TOF width as a function of the first-order trim
field ((dB/dr)/By). The minimum value of the TOF width
is obtained with (dB/dr)/By = 0.205. This is consistent
with the results calculated by using the a-source energies,
which confirmes that the trim-coils play the role of adjust-
ing the isochronism. The details of the study by using the
a-source can be found in Ref. [9].
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Figure 4: TOF width of one turn of a-particles as a function
of the first-order trim field (dB/dr)/By.

BEAM COMMISSIONING

In June 2015, we performed a beam commissioning us-
ing 73Kr with 168 MeV/u, the energy of which matches to
the individual injection. Specifications of the ring for this
commissioning are given in Table 1.

Table 1: Specifications of the Ring for This Commissioning

1.18

vy =1.18,v, =0.93
Bx=84m,5,=119m
7.0m

11 mrad

Transition vy,
Betatron tune
Beta function
Dispersion
Kick angle

First, we transported the beam to the ring with a disper-
sion matching at the center of kicker magnets in accordance
with the optical calculations. After that, we injected "®Kr
particles individually on the equilibrium orbit of the ring
using the fast-kicker system. We confirmed the periodic
signals of the circulating particles with the MCP, which is
located on the closed orbit of the ring. The particle cannot
be stored for long time and it’s lost after 25 us due to the
penetration efficiency at the MCP material. After removing
the MCP from the closed orbit, we succeeded in extracting
the circulating particles from the ring after 700 us.

Isochronism

Figure 5 shows the TOF of "8Kr particles as a func-
tion of the momentum spread with different values of the
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Figure 5: TOF spectra as a function of the momentum
spread with different value of (dB/dr)/By. Red lines shows
the quadratic fitting curve of TOF spectra.

(dB/dr)/By. We understand from this figure that the ex-
tractable momentum spread is about +0.2 %. The TOF
width of (dB/dr)/By = 0.279 is about 25 ns in FWHM
as a result of fitting in the projection on the vertical axis.
Therefore, the degree of isochronism is about 3.5x1073 for
the momentum spread of +0.2 %.

The value of (dB/dr)/By = 0.279 is an optimum value
by using a numerical analysis. However, the experimental
optimum value of it may be a little bigger since the quadratic
curve is still not symmetry. We haven’t enough time to tune
the first-order trim field any further, but we were able to
achieve a 10-ppm isochronism by adjusting the first-order
trim field.

Resonant Schottky Pick-up
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Noise power density [arb. unit]
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Figure 6: Frequency information of one "3Kr particle from
resonant Schottky pick-up.
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We verified that a resonant Schottky pick-up success-
fully acquired the frequency information of one "8Kr par-
ticle in a storage mode with a high frequency resolution of
1.29x107% in FWHM [10] by using a real-time spectrum
analyzer. The particle was stored in the ring about 4 sec-
onds while changing its frequency, as shown in Fig. 6. The
change in frequency is due to the poor degree of vacuum in
the ring, and the shape of curve is influenced by the isochro-
nism for each momentum. We try to understand this inter-
esting phenomena coupled with the results of TOF spec-
tra [10].

PROSPECTS

78Kr beam commissioning run was finished successfully
and the off-line analysis is in progress. To achieve higher
isochronism, we will perform second-order adjustment with
trim-coils by using the frequency information from the
resonant Schottky pick-up during the forthcoming high-
precision mass measurement experiments.

We are planning the next commissioning using the sec-
ondary beams in order to verify the principle of mass mea-
surement in December 2015. The mass measurement ex-
periments will start from 2016.
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