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RI beam production at the BigRIPS fragment separator1)

in 2014 is presented. Table 1 lists the experimental 
programs carried out at BigRIPS in this period and the RI 
beams produced for each experiment.  

The beam time at the RIBF started in March with the 
Uranium beam campaign, in which 6 experiments were 
performed. The long-lived fission products, 137Cs and 90Sr, 
were produced by the in-flight fission of the 238U beam to 
investigate their nuclear-transmutation reaction2). Owing to 
their proximity to the -stability line, we experienced 
difficulties in improving the purities of the isotopes of 
interest. 

The 55Ca and 56Ca beams were produced by projectile 
fragmentation of a 70Zn beam for a direct mass 
measurement at the SHARAQ spectrometer. A spectroscopy 
of deeply-bound pionic atoms was performed using the 
BigRIPS separator as a high-resolution spectrometer. The 
spring beam time ended with the 16O beam experiment at 

the SHARAQ spectrometer. 
The autumn beam time began in October with the second 

Uranium beam campaign, which consisted of 6 experiments. 
First, a machine study was conducted to study particle 
identification and isotope separation when producing 
heavier beams with an atomic number (Z) of around 803). It 
was the first attempt at the RIBF. The 172Dy and 170Dy 
beams were delivered to the EURICA experiment. The 
RI-beam production around Z = 65 at BigRIPS has been 
pioneered in recent new-isotope-search experiments4, 5).    

The 48Ca primary beam was provided with a high 
intensity of approximately 500 pnA. Such a high-intensity 
beam made it possible to search for the neutron drip line for 
the F, Ne, and Na isotopes. 

The experiments to search for new neutron-rich isotopes 
were performed using the in-flight fission of a 238U beam5, 7),
as shown in Table 1. A total of 28 new isotopes were 
identified in the preliminary analysis. 

Table 1. List of the experimental programs and RI beams produced at the BigRIPS in 2014 (in chronological order). 
Primary beam Proposal No. Course RI beam (Primary beam) 

238U
345 MeV/u 

NP1306-SAMURAI17 SAMURAI 132Sn
NP1306-SAMURAI14 SAMURAI (238U) 
NP1306-RIBF31R1 ZeroDegree 130Cd 
DA14-01 ZeroDegree 137Cs, 90Sr
DA14-02-01 BigRIPS New isotope search (Z ~ 55—70 region)  
NP1312-RIB118 ZeroDegree 79Cu, 73Co, 67Mn 

70Zn  
345 MeV/u NP1312-SHARAQ3R SHARAQ 56Ca, 55Ca, 54Sc

2H
250 MeV/u NP1312-RIBF54R1 BigRIPS 1H, 3He *(d, 3He) reaction for pionic atom

16O
250 MeV/u NP1112-SHARAQ08 SHARAQ 1H, (16O) 

aa238U
345 MeV/u 

MS-EXP13  BigRIPS RI-beam production in the region of Z ~ 80 
NP1012-RIBF63 BigRIPS 82Ga
NP1012-RIBF61 ZeroDegree 132Sn, 128Sn
NP1306-RIBF51R1 ZeroDegree 70Ni
DA14-02-02 BigRIPS New isotope search (Z ~ 33 region)  
NP1112-RIBF88R1 EURICA 172Dy, 170Dy 

48Ca
345 MeV/u 

NP1312-RIBF56R1 ZeroDegree 24O, 22O, 20O
NP1312-SAMURAI18R1 SAMURAI 19B, 17B, 14Be, 11Li
DA14-02-03 BigRIPS Drip line search for F, Ne, Na 
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Laser spectroscopy measurements of various isotopes
have provided a number of valuable results, such as
nuclear spins, moments, and charge radii. However, to
further study exotic atoms that are far from stabili-
ty, higher efficiency and higher resolution are strongly
required to overcome certain experimental limitations
(low yield, limited beam time, large contaminations,
and so on). Therefore, a new method called OROCHI
was developed for laser spectroscopy measurements of
radioactive isotopes (RIs) in superfluid helium (He II)
using a small and controllable number of atoms.1) In
this method, using He II as the trapping medium for
the energetic ion beam and matrix for trapped atoms,
we aim to systematically determine the nuclear spin-
s and moments of RIs with a low yield. This mea-
surement is based on the observation of Zeeman and
hyperfine structures by optical pumping and the dou-
ble resonance method. Recently, we have succeeded
in trapping, polarization, and laser spectroscopy mea-
surements of 84−87Rb isotopes in He II.

A general introduction to the experimental princi-
ple and method has been presented elsewhere.2) In this
experiment, both stable 85,87Rb and unstable 84,86Rb
energetic ions produced from the RIPS were counted
accurately and implanted into He II. The number of
atoms injected into He II was on the order of 104 pp-
s for the current setup. Using the trapping position
control system, we confirmed the precision of the trap-
ping site (around 1 mm) of atoms in He II by detecting
laser-induced fluorescence (LIF).3) On the basis of the
trapping volume (π × 5 × 5 × 1 mm3) of atoms in He
II (ion beam spot size: ϕ ≈ 10 mm), and the observa-
tion range (5 × 2 × 2 mm3) of the LIF detection sys-
tem, we estimated that more than 20% of the trapped
atoms were used for laser spectroscopy measurements.
From the number of injected ions and detected LIF
photons, the number of detectable LIF photons from
one injected atom was estimated to be approximately
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Fig. 1.: LRDR spectra of Rb isotopes trapped in He II. The

red solid line is the fitting function, as described in Ref.4)

0.2 - 0.3.
After the precise trapping of 84−87Rb in He II, the

atoms were optically pumped and polarized with a po-
larized laser light. In addition, laser-RF double res-
onance spectra of the 84−87Rb atoms were measured
by monitoring the LIF signal as a function of the s-
canned external magnetic field with a fixed-frequency
transverse RF field applied to the atoms, as shown
in Fig. 1. Relatively high spin polarization (above
40%) was achieved for the 84−87Rb isotopes,4) which
was estimated from the difference in the LIF intensi-
ty between the linearly and circularly polarized laser.
The resonance peaks provide information regarding the
Zeeman splitting of atoms in a magnetic field. From
these Zeeman resonance peaks, nuclear spin values for
84m,84−87Rb isotopes were determined with reasonable
accuracy, after eliminating the effect of the background
magnetic field.

In conclusion, we performed the effective trapping
and laser spectroscopy measurements of 84−87Rb iso-
topes with a controllable number of atoms in He II
using the newly developed method. The achievement
of high trapping efficiency and high spin polarization
and the determination of the nuclear spins of RIs in
He II suggest the potential application of this method
to the study of various exotic particles in He II.
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A neutron drip-line has been determined till O1) of which 
mass number(A) is 24, three times the atomic number(Z).  
However for F, Ne and Na isotopes with A=3Z+4 were 
found2).  The sudden increase in neutron numbers suggests 
that there might be a change in the nuclear structure of F.  
The drip-line search is important to investigate how many 
neutron number increases and determination of the drip line 
gives some constraints to nuclear models. 

The drip-line search was performed by using the 
BigRIPS3) with a 345 MeV/u 48Ca beam of high intensity (> 
400 particle nA).  In the search, we used two settings of 
the BigRIPS for 33F and 36Ne&39Na.  In the two settings, 
magnetic rigidities before a degrader located at F1 were the 
same (9.385 Tm) but those after it were different. The 
magnetic rigidities were determined so that 33F for the 
former and center of 36Ne and 39Na for the latter became a 
central orbit.  Radioactive isotopes were produced by the 
20 mm Be target.  The thickness of the degrader at F1 was 
15 mm.  A rather thick target and degrader were used so as 
not to be over the maximum magnetic rigidities of both the 
first and second stage in the BigRIPS.  Another degrader 
at F5 (7 mm) was used to remove light particles such as 
triton.  Widths of momentum slits at both F1 and F5 were 
±120 mm and those of both F2 and F7 slits were ±20 mm.  
A collimator made using iron was located upstream of F2 to 
remove triton, 6He of long stopping ranges that could not be 
removed by the F2 slit.  The length of the collimator for 
beam direction was 450 mm and the opening widths were 
±35 mm at the entrance and ±20 mm at the exit.  In 
order to study yield systematics, we measured the yields of 
23~31F, 34Ne, and 37Na using the same settings of the target, 
degraders, and slits as the drip-line search.  We also 
studied the secondary reaction effect in the target wherein 
isotope A is produced in 2 steps via a different isotope B 
(Here A is produced by 48Ca->B->A).  In this study we 
measured target thickness dependence (Be 5 mm, 10 mm 
and 20 mm) of the production yields using 37Na.    

Particle identification (PID) was performed by 
determination of Z and A/Z event by event using the 
E-TOF-B method.  The E was measured using four 
300 m Si stacks, the MUSIC, and plastic scintillators at F7 
redundantly.  TOF was measured using 2 plastic 
scintillators at F5 and F7.  B was determined by track 
reconstruction using positions and angles measured by 
PPACs located at F5 and F7.  Because around Z=10, 
efficiency of the PPAC was not 100 %, we also measured  
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the positions using the plastic scintillators. In the 
drip-line search, A/Z was determined for only the second 
half (from F5 to F7) in the second stage due to large 
contaminants at F3 ( > 1 MHz), which is mainly triton.  

Figure 1 shows a PID plot for the setting of the drip-line 
search of 33F with a running time of 14.3 hours.  In this 
measurement live time of data acquisition was 74.5 % and 
the intensity of 48Ca beam was 415 particle nA on average.  
As shown in Fig. 1, 31F was clearly seen but there is no 
event in the 33F area although an expected value of 33F are 
20.7 counts if we assume a production cross section of 33F 
predicted by EPAX 2.154). 

 
 
 
 
 
 
 
 
  Figure 1  A/Q vs Z plot for the drip-line search of F.  

 
  Figure 2 shows the yield systematics of F isotopes with 

prediction of EPAX 2.15 (solid line).  The measured yields 
are in good agreement with those of EPAX2.15.      

 
 
 
 
 
 
 
 
 
 
    Figure 2    Yield systematic of F isotopes. 

   
  We estimated probability that 33F is 0 count in the 
measurement by applying the expected value (20.7 counts) 
to the Poisson distribution.  The estimated probability is 
0.000000103 % and this implies that the probability that 33F 
is unbound is 99.999999897% in this assumption. In the 
study of the secondary reaction effect, we did not observe a 
large enhancement at the thick target as expected. Detailed 
analysis including the 36Ne&39Na setting is in progress. 
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Fig. 1 shows the nuclear chart, in which all the isotopes 
produced at the BigRIPS from the commissioning in March 
2007 to December 2014 are indicated along with the new 
isotopes observed at BigRIPS. The number of RI-beams 
produced amounted to approximately 350, and the number 
of new isotopes reached approximately 140. Production 
yields for more than 1,000 isotopes were obtained. 

The number of experiments using RI beams at BigRIPS 
is tallied in Table 2, for various primary beams in each year. 
A total of 89 experiments have been performed so far.  
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Fig. 1. RI beams produced at the BigRIPS separator from March 2007 to December 2014. 

Table 2. Number of experiments using RI beams at the BigRIPS. 
Year 238U 124Xe 86Kr 70Zn 48Ca 18O 16O 14N 4He 2H Yearly total
‘07 4  1        5 
‘08 2    4      6 
‘09 3    3   3 1  10 
‘10     10 1  2  1 14 
‘11 4 2    2     8 
‘12 6 3  1 4 6     20 
‘13 4 2    3 1    9 
‘14 11   1 3     1 17 

Total 34 7 1 2 24 12 1 5 1 2 89 

RI beams produced (354)
Production yield (1024)
New isotopes 2007, 2008 (47) 
New isotopes 2011 (30) 
New isotopes 2012 (26) 
New isotopes 2013 (8) 
New isotopes 2014 (28) 

As of December 2014
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