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Abstract

To achieve high-resolution selection and separation of mono-isotopic beams through pro-
jectile fragmentation or in-flight fission and to efficiently transport the secondary beams to
the Rare-RI Ring (R3) for mass determination, the BigRIPS separator combined with the
High-resolution Achromatic (HA) beam-line of SHARAQ is served as a two-stage separa-
tor. The first stage from FO to F2 is used for separation of the nuclei of interest through a
Bp-AE-Bp method and the second stage from F3 to SO is employed for identification of
the beam with a Bp-AE-TOF method. With this scheme, all the secondary ions can be well
separated on an event by event basis and be utilized for mass measurements by two com-
plementary methods: the conventional magnetic-rigidity-time-of-flight (Bo-TOF) method
employing the BigRIPS-HA beam-line to measure exotic nuclides within 1 s and the newly
established isochronous mass spectrometry (IMS) approach via the R3 with a measurement
duration less than 1 ms. This report presents the technique advances of the BigRIPS-HA-
SHARAQ-R3 as a separator/spectrometer and give a brief description of its application to
the complementary TOF methods for mass measurements at RIBF.
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1 Introduction

Since 2007, Radioactive Ion beam factory (RIBF) [1], at RIKEN Nishina center in Japan,
one of the new generation facilities, has been in operation to enhance RI beam intensities
for advancing experimental studies on the nuclear chart as well as to explore nuclear astro-
physical processes. The RIBF accelerator complex, consisting of linacs and cyclotrons, can
accelerate various kinds of heavy ions (from proton to uranium) up to 345 MeV/nucleon,
and the goal beam intensity is as high as 1 puA, corresponding to 6.24 x10'? particles/s.
Since the commissioning, a variety of radioactive isotope (RI) beams has been produced at
the superconducting in-flight separator BigRIPS by using in-flight fission of a 233U beam
as well as projectile fragmentation of several heavy ion beams such as 80, *8Ca, 70Zn,
78.80K 1 and 124Xe.

Strong interest in fast, high-accuracy and high-precision mass measurements for exotic
nuclides due to their importance in nuclear astrophysics and nuclear structure studies, has
triggered the development of a various of techniques for mass measurement around the
world [2—4]. An isochronous mass spectrometry (IMS) using a newly constructed storage
ring named the ‘Rare-RI ring’ (R3) [5, 6] has been implemented at the RIKEN Nishina
Center to determine the masses of short-lived rare nuclei with a relative precision of the
order of 107%. A combination of the High-resolution Achromatic (HA) beam-line (updated
to be newly constructed OEDO beam-line in the year 2017), SHARAQ spectrometer [7],
injection-line of R3, the R3 mass spectrometer to the BigRIPS separator makes the mass
measurements by two complementary TOF (Bp-TOF [8, 9] and IMS [5, 10]) methods
possible in one experimental setup. To realize high-resolution and high-accuracy mass mea-
surements by the TOF methods, a scheme of high-resolution particle identification and
selection of the secondary beams is employed.

The scheme of high-resolution identification and selection of secondary beams with
the BigRIPS-HA beam-line for mass measurements is presented in the following section.
In Section 3, the novel scheme of mass measurements with two complementary TOF
methods are briefly discussed and very preliminary results of experiments for testing the
complementary TOF methods for mass measurements at RIBF are demonstrated.

2 High-resolution identification and selection of secondary beams

A schematic view of the BigRIPS-HA-SHARAQ-R3 is shown in Fig. 1. The BigRIPS-
HA beam-line is primarily a powerful separator, but represents simultaneously also a high-
resolution spectrometer.

A thin °Be target is usually employed as the production target located at FO of the
BigRIPS separator and was bombarded by a primary beam such as 233U80+ and 48Ca20+
from SRC [4]. The produced secondary Rls include not only the species of interest which
usually have very small production rates, but also lots of high-rate contaminations from
the projectile fragmentation/fission reactions. The BigRIPS separator combined with High-
resolution Achromatic beam-line of SHARAQ is served as a two-stage separator: the first
stage from FO to F2 (including four Superconducting Triplet Quadrupoles STQ1-4 and two
dipoles D1-D2) is used for separation of the nuclei of interest through a Bp-AE-Bp selec-
tion and the second stage from F3 to SO for identification of the beam with a Bp-AE-TOF
method. The second stage is also used to deduce velocity of RIs and momentum dispersion
event by event.
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Fig. T A typical experimental setup for in-flight fragmentation/fission experiment at RIBF performing
the R3 as an Isochronous Mass Spectrometer (IMS) and the BigRIPS-HA beam-line as a Bp-TOF Mass
Spectrometer

The trajectory of an ion in magnetic field B depends on its mass number A, charge
Q = Ze (Z is proton number and e is the charge of electron) and its momentum P can be
described by the equation:

P mvy A cm

(0] 0 Z e
where m, ~ 931.494 MeV/c? is the atomic mass unit, ¢ the speed of light, p the radius
of curvature, velocity of the ion relative to the speed of light § = v/c and relativistic

Lorentz factor y = (1 — 82)~/2. The secondary nuclei are produced by fragmentation at
FO, and the velocity is nearly constant. The selection in Bp with the first dipole D1 is then
equivalent to a selection in A/Z. The selected nuclei by D1 are then transported to the F1
dispersive focus with the achromatic wedge-shaped degrader whose thickness varies with
the horizontal plane position. The momentum and energy lost by a nucleus (A, Z) in the
degrader material are approximately:

z AZ2 Z\?
AP xX —, AE X — x| — ) . 2)
v E v

The dipole D2 with a constant magnetic field is utilized to center the nuclei of interest
and disperse the nuclei possessing a different charge of Z to slits in the F2 focus to stop
them. Thus, nuclei with different A/Z and Z are separated by the momentum achromatic
separator.
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Fig.2 a AE (IC at F3) -TOF (F2 to F3) 2D histogram b AE (IC at F3) -TOF (F3 to S0) 2D histogram ¢ 2D
correlation histogram of TOF-AE (TOF of F2 to F3 and AE at F3 IC) and red points represent the extracted
ions from R3. The yellow backgrounds are all the ions that arrive at F3 focal plane. (d) Identified particles
in 2D correlation histogram of TOF-AE (TOF from F3 to SO and AE at F3 IC) for experimental run of IMS
mass measurements, in which the blue corresponds to the extracted ions and the yellow are all the ions that
arrive at SO focal plane

In order to inject RIs of interest into the R3 event by event, a self-triggered individual
injection technique is developed [6]. When a produced secondary particle passes through
the timing detector (plastic scintillator) at F3 of the BigRIPS, a trigger signal is generated.
The maximum injection repetition frequency of kicker system is 100 Hz which limits the
rate of trigger events that could excite the kicker magnets to inject themselves into R3. To
separate and inject the RlIs of interest efficiently to R3, a technique by the combination of
the trigger signal of only the RIs of interest at F3 with the radio frequency (RF) timing signal
for accelerators is developed (details can be found in [11]). During the beam tuning by this
method, AE-TOF method is utilized for particle identification (PID) from F2 to F3. Typical
2D histograms of AE-TOF (AE by F3 Ionization Chamber (IC) and TOF from F2 to F3 by
plastic scintillators) for PID, as shown in Fig. 2a and c, can be used for online beam tuning
and offline analysis as well.

The identification of the resulting secondary cocktail beams on an event by event
basis is performed in the second part of the BigRIPS-HA beam-line (F3-S0). The
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doubly-achromatic high-resolution beam-line is composed of ten Superconducting Triplet
Quadrupoles (STQ7-13, STQ-H14-H15,STQ-H19), four normal-conducting quadrupoles
(Q-H16-17, Q-H18a and Q-H18b), and six dipoles (D3-D6, D-H7-8), with the F4, F5, F6
as momentum dispersive planes and F3, SO as doubly-achromatic foci. An achromatic sys-
tem normally has the best performance for spatial separation of mono-isotopic beams. The
nuclei of interest are transmitted up to the doubly-achromatic SO focal plane.

The particle identification of the secondary cocktail beams is achieved by the Bp-AE-
TOF method in the BigRIPS-HA spectrometer, which ensures tagging of every particle
delivered in the form of a cocktail beam from projectile fragments or in-flight fission.
Gamma-ray detector for isomer tagging at F7 focus is used to ensure the PID.

The PID at the secondary stage from F3 to SO provided the atomic number Z and mass-
to-charge ratio A/Q of a fragment by measuring the energy loss, magnetic rigidity and
time-of-flight (AE-B p-TOF) with the corresponding beam-line detectors. Typical AE-TOF
2D histograms for PID from F3 focus to SO focus are shown in Fig. 2b and d.

The TOF between two foci F3 and SO is measured by the plastic scintillator at F3 and
the foil-MCP detector [16] at SO as shown in Fig. 1: TOF = L/(fBc), can be used for 8

measurements.
From Bp = g = méy = %C'Z” yB, we can get:
A Bp e 3)
Q  Bymuc

The atomic number Z of a heavy ion was deduced based on the energy loss of the charged
particle in the F3 IC. The energy loss of a heavy ion in an unit thickness of material can be
described by the Bethe-Block formula as [4]:

dE 4nZ2%¢*NZ, [l mec* B2
= n

o dalr —In(1 - g% - /32] , “4)

and then the formula calculating the atomic number Z can be written as:

AE

Z=ap +
in (2°2) — in(1 = ) — B2

ay, Q)

where a; and ap are parameters to be calibrated from the experiment to reconstruct the Z
value for each ion. [ is the mean excitation potential of the counter gas; Z,,, atomic number
of the counter gas; Z, atomic number of heavy ion; m, = 0.511 MeV/c?, electron mass. Two
reconstructed A/ Q — Z 2D histograms for PID of in-flight fission fragments from primary
beam of 238U%* and projectile fragments from primary beam of *8Ca* are shown in
Fig. 3a and b, respectively. As shown in Fig. 3, due to the excellent resolving power of
the BigRIPS-HA beam-line, the resolution of A/Z and Z is good enough to resolve all the
highly charged RlIs.

With the establishment of the scheme of high-resolution separation, identification and
selection of secondary RIs at the BigRIPS-HA beam-line, we could individually inject the
ions of interest with a limited rate of 100 Hz to the R3 which has a relative momentum
acceptance = 0.3 % for IMS mass measurements. Meanwhile, some of the nuclei which are
not injected into R3 but accepted by the high-resolution BigRIPS-HA beam-line within a
relative momentum acceptance £ 0.5 % are also of interest, and the reachable ones will be
measured simultaneously via the B o-TOF method. Figure 3c and d schematically show the
acceptance difference of the beam-line and the R3 by comparing the counts of ions arriving
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Fig.3 a 2D correlation histogram of A/q and Z for particle identification of in-flight fission fragments with
a primary beam of 233U, b 2D correlation histogram of A/q and Z for particle identification of in-flight
projectile fragments with a primary beam of *8Ca

at F3/S0 and the counts of those extracted from R3. The high-resolution identification of
secondary RIs will also benefit the subsequent data analysis processes for mass deduction.
Especially, the identification of N=Z nuclei with very close m/q values, which can not be
realized by other in-ring TOF techniques for mass measurements developed at CSRe/IMP
and ESR/GSI [10], could be easily carried out with the scheme described above.

3 A novel scheme of mass measurements by complementary
Time-of-Flight methods

3.1 Mass measurements by IMS method
The basic principle for storage ring mass spectrometry describing the relationship between

mass-over-charge ratio (m/q) and revolution period (T) or revolution frequency (f) can be
quantitatively expressed in first order approximation [10]:

T f_V12 m/q

2

2
i doy (P Ldoy (1 1) d00)
Vi

v yr om/q vi vi) Bp '’
where y; is the so-called transition energy of the ring.
In order to determine the m /g values from the measured revolution times of the ions,

2
the second term of (1) right-hand side has to be made negligibly small: ( 1— %) & — 0.

t

Based on this principle, two methods, namely Schottky (SMS) with dv—“ — 0 by cooling the
ions and isochronous mass spectrometry (IMS) with an isochronous optical setting (y —
¥¢), have been developed for mass measurements.

In conventional IMS method at GSI and CSRe with a typical mass accuracy of 1076 —
107, one TOF detector is installed in the ring for particle identification by measuring the
in-ring TOF spectrum and deduce mass without extra Bp or 8 measurements of ions. Only
one species of nucleus can fulfill isochronous condition y = y; in one setting of the beam-
line and optics of storage. To decrease the spread of revolution period of stored ions in
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non-isochronous condition, additional magnetic rigidity or velocity measurements of the
ions should be precisely carried out. By employing this additional information, the mass
resolving power of IMS will be significantly improved.

The R3 is dedicatedly designed to measure the exotic nuclei in IMS mode with additional
velocity or magnetic rigidity measurement for mass determination, which depends on the
hypothesis that ions with the same magnetic rigidity (Bp) will move around the same close
orbit, regardless of their species. Therefore, the correction of the in-ring revolution time by
Bp (equivalent to velocity for a certain close orbit) measurements can be carried out. The
mass-to-charge ratio m/q; for the nucleus with unknown mass could be expressed as [5]:

- ()

(metBo0 1)

+ 1. (7)

When a particle of interest with a mass-to-charge ratio m;/gq; has the same Bp as
that of a reference particle with a mass-to-charge ratio mg/qo, the flight path length of
these particles become identical in the isochronous storage ring. m1/q; can be deduced
from the ratio mg/qo of the reference nucleus with the revolution time (7") and veloc-
1-p2

ity (8)/momentum (Bp) measurements of all ions. The parameter K = W
1- TTI) Bi

Th \ 2
1—( 2
and P = ((T‘>)2 + 1 are defined as velocity correction factor and momentum
e((Bp)o) ™!
@

correction factor, respectively.
3.1.1 Test of beam-lines in conjunction with the Rare-RI Ring as IMS

The experimental setup utilizing the R3 as an IMS is demonstrated in Fig. 1. When a
produced secondary particle passes through the timing detector (Plastic scintillator) at F3
focal plane of the BigRIPS separator, a trigger signal will be generated and transmitted to
a fast-kicker system via a high speed coaxial tube. kicker magnets are then immediately
excited by thyratrons. In the meanwhile, the particle that arrives at the entrance of the ring
is injected into the central orbit of the ring using septum and kicker magnets. After the par-
ticle revolves in the ring about 700 ws, it will be extracted using another septum and the
same kicker magnets. The start of total TOF for IMS is set at doubly-achromatic focus SO of
SHARAQ beam-line by using foil-MCP detector, and stop of total TOF is measured at the
extraction-line course (ELC) of R3 by using a plastic scintillator. In addition, the extracted
ion can be identified by AE-E detectors (Ionization Chamber and Nal) located at the end
of extraction line. Thus we can combine the beam-lines and R3 to perform a Bp-TOF-AE-
E method for PID. The 8 or Bp measurement is necessary to correct the revolution time
of non-isochronous condition particles if extracted from R3. The measurement of Bp at a
dispersive focal plane F6 by a delay-line parallel plate avalanche counters (PPAC) with the
TOF measured from F3 to SO can be employed to deduce the 8 (velocity) of each RIL. In
addition to the short measurement time (~ 700 ws), this method enables us to measure the
mass of even one ion which is extracted with the same setting as the reference nuclei. The
extraction efficiency for R3 in this test is about 0.14% [12, 13]. In a most recent experiment,
this value of extraction efficiency get improved by a factor of ~ 14 (1.9%) and our goal
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Fig.4 a Spectrum of the measured revolution time of fully stripped 7’ Ga as a function of the relative momen-
tum dispersion. b Spectrum of the velocity-corrected revolution time (gated 7’ Ga) as a function of the relative
momentum dispersion. ¢ Relation between TOF (F3-S0) and X ¢ for gated 74Ni. Blue is the relation before
correction and red illustrates the one after correction. d TOF (F3-S0) spectrum before (in blue) magnetic
rigidity correction and the one after (in red) correction

efficiency is 20% [12, 13]. In Fig. 4a, the 2D spectrum of in-ring revolution time as a func-
tion of relative momentum dispersion of the extracted ions of ’Ga employing a PID gate
is illustrated. After correcting the in-ring revolution time with the velocity correction fac-
tor K, the 2D spectrum of velocity-corrected in-ring revolution time of fully stripped 7’ Ga
as a function of the relative momentum dispersion is displayed in Fig. 4b. The momentum
dependence of the revolution time is removed by employing the velocity correction method.
Only very preliminary results are shown in Fig. 4a and b for this test. The final results of
the IMS test will be published somewhere else [14].

3.2 Mass measurements by Bo-TOF method

The Bp-TOF technique [8, 9] for mass measurements of exotic nuclei is based on
measurement of the magnetic rigidity and the corresponding time-of-flight of the ion:
my L

Bp = ———. 8
P 4 TOF (3)
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The mass-to-charge ratio m/q is derived from (8):

_ Bp TOF\> [1\?
m/q_yL/TOF_B'O\/< L ) _(;>’ ®

where TOF can usually be determined with very high precision, while the measurements of
magnetic rigidity Bp and flight length L would severely limit the precision of the resultant
mass. Thus in practice nuclei with well-known masses are measured along with nuclei of
unknown mass in order to calibrate the relationship between TOF, rigidity, and mass. Con-
sequently one yields a simple relationship between TOF and mass of the nuclei of interest.
The mass uncertainty can be deduced from (9):

dm _ 8(Bp) n 1 (8(TOF) _ éi)

m Bp 1 L TOF L
1= cTOF

10)

The mass resolving power of this technique depend on the detector (TOF and position
measurement) resolutions and the momentum resolution of the beam-line. Bp-TOF mass
measurement with a typical TOF ~ 1 us provides mass data with an accuracy from 10~#
up to the level of 10~ which is usually depending on the statistics and allow simultaneous
measurements of many nuclides, reference isotopes as well as isotopes of interest.

3.2.1 Test of BigRIPS and High-resolution beam-line as Bp-TOF Mass spectrometer

Figure 1 also includes the setup for Bp-TOF mass measurements in the same experimental
run in parallel and complementarily. The TOF is measured from F3 with a plastic scintillator
as TOF start to SO with a foil-MCP detector as TOF stop. The beam position is measured at
F6 for Bp determination, and at F3 with PPAC detectors for emittance measurement. The
timing resolution of the foil-MCP detector is ~ 130 ps, and the timing resolution of F3
plastic scintillator is about 20 ps in this test experiment. Because the absolute path length of
the beam line and the magnetic field of the dipoles can not be measured with the required
precision, the relationship between TOF and m/q has to be calibrated with reference nuclei
with precisely known masses. The fitted slop information from the TOF and X r¢ correlation
histogram of each nucleus are used for the TOF correction. As shown in Fig. 4c, the blue
scattering points corresponds to the original TOF versus X ¢ of the ions of 74Ni, and the
red indicates the magnetic rigidity corrected TOF distributions as a function of the X r¢. The
corrected TOF in red shows a momentum independent distribution. The projected original
TOF distribution and final rigidity-corrected TOF distribution for #Ni are both very close to
Gaussian function as shown in blue and red in Fig. 4d. The gaussian function fitted original
TOF distribution (the standard deviation o) for 7#Ni is 573.4 ps. After magnetic rigidity
correction, the fitted TOF distribution (the standard deviation o) of 7#Ni is ~ 200 ps. This
uncertainty o mainly comes from the low resolution of the timing detector at SO. With a
total TOF from F3 to SO about 550 ns, the resolving power of the TOF measurement with the
preliminary correction by magnetic rigidity reached 3.6x10~*. The subsequent analysis is
going on: corrections of the TOF by other measured parameters such as emittance, trajectory
and identified proton number Z of the corresponding nuclei.

The transmission efficiency of ~ 80% up to SO focus is achieved for this test. As shown
in Fig. 2d, the nuclei with a relative momentum acceptance £ 0.5 % is accumulated by the
beam-line, while the nuclei of mainly one isotonic chain N = 46 with a relative momentum
acceptance £ 0.3 % is accepted by the R3 [15]. It is essential to measure the masses of nuclei
of interest within the acceptance of the high-resolution beam-line but out of the acceptance
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of R3 with the Bp-TOF method. The foil-MCP detector at SO is optimized to be ~ 40 ps
[16] and is ready to be utilized for the future mass-measurement experiment at RIBF.

4 Summary

A scheme of high-resolution particle identification and selection of the secondary beams
at RIBF for two complementary TOF mass measurements methods has been developed.
The scheme has been successfully studied in online experiments of projectile fragmentation
(primary beam of “8Ca) and in-flight fission (primary beam of 238U) with the R3 as IMS
in RIBF. This scheme will be utilized for the identification and selection of N=Z nuclei for
mass measurements by IMS method at the R3, and the nuclei nearby will be measured by
Bp-TOF approach via the high-resolution beam-line with relatively lager acceptance in the
future.
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