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Production of new neutron-rich isotopes near the N = 60 isotones *’Ge and **As
by in-flight fission of a 345 MeV/nucleon **U beam
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A search for new neutron-rich isotopes near the N = 60 isotones *>Ge and >*As has been performed using a
345 MeV/nucleon U beam at the RIKEN Nishina Center RI Beam Factory. Fission fragments produced were
analyzed and identified in flight using the large-acceptance two-stage separator BigRIPS. We have observed a
total of 15 new neutron-rich isotopes: 84y, 86-877n, 889G, 212Ge, 23945 A, 2997Se, 21908y, and %K.
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I. INTRODUCTION

Since the pioneering work by Cheifetz et al. [1], it has
been well known that the nuclear structure of neutron-rich
Sr (atomic number Z = 38) to Mo (Z = 42) nuclei is char-
acterized by the sudden onset of nuclear deformation at
neutron number N = 60 [2-5]. Recent extensive experimental
studies with rare isotope beams have revealed that such a
nuclear shape transition also occurs in Rb (Z = 37) [6-9],
Kr (Z =36) [10-13], Br (Z =35) [7], and Se (Z = 34)
[14,15] nuclei at N = 60. It is intriguing to investigate whether
the transition persists in nuclei with even lower Z numbers,
such as As (Z = 33) and Ge (Z = 32). Furthermore, the nuclei
in the relevant region are important for astrophysical nucle-
osynthesis through the rapid-neutron capture process [16].

The present work is aimed at expanding the frontiers of
accessible nuclei in such an interesting region, in which the
production of very neutron-rich isotopes with Z &~ 32-33 and
N = 60 was investigated using in-flight fission of a 2% beam.
We searched for new isotopes near the N = 60 isotones **Ge
and As. Less neutron-rich new isotopes in the relevant Z
region were observed in our previous experiments reported in
Refs. [17-19].

The experiment was conducted using the BigRIPS sep-
arator [20,21] at the RIKEN Nishina Center RI Beam
Factory (RIBF) [22,23]. We have observed a total of 15
new neutron-rich isotopes, 84y, 80877n, 88Ga, 192Ge,
93.94.95 A g 96.97Gge 99.100B; and 183Ky and deduced cross sec-
tions for the produced isotopes. This paper reports on the
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identification of these isotopes and the measurement of pro-
duction cross sections.

II. EXPERIMENT AND ANALYSIS

The experiment was carried out using a 23%U**" beam that
was accelerated to 345 MeV/nucleon by the cascade operation
of the RIBF accelerator complex. The uranium beam was
incident on a 4-mm-thick beryllium production target [24].
Fission fragments emitted from the target were separated and
identified in flight using the large-acceptance two-stage sepa-
rator BigRIPS. Figure 1 shows the layout and configuration
of the BigRIPS separator. The primary beam intensity was
monitored by detecting light-charged particles recoiling out
of the target. The uranium beam passing through the target
was stopped in the beam dump located at the exit of the first
dipole magnet D1 in the BigRIPS separator [25]. The beam
intensity on the target was typically ~ 11 particle nA (pnA).

The BigRIPS separator consists of two stages. The first
stage from the FO (target) to F2 foci provides isotopic sep-
aration based on a magnetic-rigidity analysis combined with
an energy-loss analysis through a wedge-shaped achromatic
energy degrader, while the second stage from the F3 to F7
foci provides particle identification as well as further separa-
tion using another energy degrader. The energy degraders are
placed at the momentum-dispersive foci F1 and F5 located
at the midpoints in these stages. The isotope separation is
accomplished using slits installed at the achromatic foci F2
and F7 at their ends.

The experimental method was essentially the same as that
used in our previous experiment [26], including the method of
data analysis and background removal. Particle identification

©2024 American Physical Society
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FIG. 1. Schematic layout of the BigRIPS separator. The labels STQn, Dn, and Fn indicate the positions of superconducting quadrupole
triplets, room-temperature dipoles, and foci, respectively. The energy degraders and detectors are also indicated. See text for more details.

(PID) of fragments was performed in the second stage of
the BigRIPS separator, using the TOF-Bp-AE method [27],
in which the mass-to-charge ratio A/Q and Z were derived
for each fragment by measuring the time of flight (TOF),
magnetic rigidity (Bp), and energy loss (AE). Here, A and
Q represent the mass value in atomic mass units and charge
number, respectively. The TOF was measured between two
thin plastic scintillators placed at the entrance (F3) and exit
(F7) of the second stage, which were each 0.2 mm thick.
The Bp value was determined by the trajectory reconstruction
method [27] using the positions and angles measured at the
F3, F5, and F7 foci with parallel plate avalanche counters
(PPACs) [28]. Note that the Bp was measured at both first (F3
to F5) and second (F5 to F7) halves in the BigRIPS second
stage. The AE was measured using a multisampling ionization
chamber (MUSIC) [29] placed at the F7 focus. The fragment
velocities before and after the energy degrader at the F5 focus,
i.e., those in the first and second halves, were derived from the
measured TOF in combination with the Bp values determined
at each of these halves. The obtained velocity and Bp values
were used to calculate the A/Q value of fragments. See the
equations in Ref. [27] for further details. The Z value was
calculated with the Bethe-Bloch formula from the measured
AE and the derived fragment velocity. Furthermore, indepen-
dent measurement of Z, referred to as Zgs, was derived from
the energy loss in the F5 degrader and used for removing
background events. The Zgs value was calculated from the Bp
and velocity values before and after the F5 degrader, assuming
that fragments are fully stripped. The PID was verified and
calibrated by the isomer tagging method using two clover-
type high-purity germanium (Ge) detectors placed at the F7
focus. Fragments were implanted into an aluminum stopper
inserted and y rays emitted from known microsecond isomers
among fragments were measured. The present PID method is
described in more detail in Ref. [26].

As demonstrated in Ref. [27], high-resolution PID that
allows the identification of the fragment charge state Q is
important in identifying new neutron-rich isotopes produced
by in-flight fission of a 2*U beam at the present energy. High-
resolution Bp and TOF measurements are required for this
purpose. In the present Bp measurement with the trajectory
reconstruction, we used the ion-optical transfer matrices up to
the third order calculated with the COSY INFINITY code [30],
implementing the detailed field maps measured as a function
of magnet current [31]. For the TOF measurement, we made
an empirical slewing correction to minimize the dependence
of the TOF on the signal pulse height of the plastic scintilla-
tors. These allowed us to improve the Bp and TOF resolutions
and hence the A/Q resolving power in PID.

Removing background events is also essential for con-
firming the identification of new isotopes, especially when
produced with low counts. We removed inconsistent back-
ground events, such as those caused by scatterings and
reactions in the detectors and degraders, signal pileups, and
improper detector responses, by investigating various cor-
relation plots created using pulse-height and timing signals
from the detectors as well as beam-spot and phase-space
profiles measured at the foci. Ion-optical consistency was
also investigated by comparing fragment trajectories between
two different foci, and inconsistent events were excluded.
Furthermore, we examined the consistency between the two
obtained values of atomic number, Z and Zgs, by investi-
gating the Z versus Zgs plot. This allowed us to remove
signal pileups in the MUSIC AE detector as well as reaction
and charge-changing events that occurred in the F5 degrader.
More details of our background removal method are described
in Ref. [26].

Table I summarizes the experimental conditions. The sep-
arator settings were determined based on detailed simulations
of the reaction and transmission using the LISE™™ code [32].
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TABLE I. Summary of the experimental conditions.

S1 S2
Primary beam 238%" 345 MeV/nucleon
Bp* 8.087 Tm
Central particle® %At
Production target Be 4.00 mm

Degrader at F1 Al2.82 mm (d/R = 0.115)¢

Degrader at F5 Al12.99 mm (d/R = 0.138)¢

Exit beam dump +115.0/—125.0 mm

F1 slit +64.2/—64.2mm (AP/P = £3%)"

F2 slit +20.0/=12.0 mm  +20.0/—13.0 mm

F5 slit +120.0/—120.0 mm

F7 slit +15.0/—20.0 mm

Average beam intensity® 10.8 pnA

Total dose 1.64x10' 7.06x10"
particles particles

Average live time 66.9% 66.4%

Average trigger rate 1.22 kHz 1.31 kHz

Irradiation time 68.2h 29.0 h

*Value from the magnetic field of the first dipole magnet D1.
>The Bp settings after the F1 focus are tuned for %A

°d/R represents the ratio of the mean degrader thickness to the stop-
ping range of the central particle.

4 AP/P represents the corresponding momentum acceptance.

°] pnA (particle nA) = 6.24x10° particles/s.

The Bp settings were tuned for fully stripped %As”" jons
chosen as the central particle throughout the BigRIPS separa-
tor. In the simulations, the conditions were determined such
that the overall counting rate of fragments was around 1 kHz
at the F7 focus, taking into consideration the capability of our
data acquisition system. After running the measurement for a
while, we slightly adjusted the slit opening at the F2 focus to
improve the transmission of low-Z new isotopes, such as new
Cu and Zn isotopes. In Table I, the experimental conditions
before and after this slit adjustment are denoted as the S1 and
S2 settings, respectively. As the present Bp setting covers the
region with A/Z ~ 3, a large number of light particles, such
as triton, reached the F3 focus at the entrance of the second
stage. The counting rate amounted to as much as 150 kHz.
Thanks to the two-step isotope separation, few light particles
could reach the F7 focus at the end of the second stage. The
actual counting rate at the F7 focus was ~ 2 kHz or less during
the measurements.

III. RESULTS AND DISCUSSION

Figure 2 shows the Z versus Zgs plot along with the el-
liptical Z gates that were used to remove background events
in our data analysis. The elliptical gates are actually circles
with the same 3o radius (= 3x0.23), as described in the
caption of Fig. 2. The gates select the strong blobs that
line up along the Z = Zgs line. These events are those of
fully stripped fragments that did not change the Z, A, and
Q values when passing through the F5 degrader. Note that if
fragments are not fully stripped, such as hydrogenlike ions,
the Z = Zgs line in the figure shifts to the right by approx-
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FIG. 2. Z versus Zgs correlation plot for fission fragments pro-
duced in the **U + Be reaction at 345 MeV/nucleon. Here, Z and Zgs
respectively represent the atomic numbers derived from the AE mea-
surement using the MUSIC detector and from the calculated energy
loss in the F5 degrader. The red circles indicate the elliptical Z gates
defined as |Z — Zy| < 30z and |Zgs — Zy| < 30255, Where Zy, 0z, and
ozrs represent the peak centroid, the absolute Z resolution, and the
absolute Zgs resolution, respectively. The resolutions are those in
terms of standard deviation o. The elliptical gates are actually circles
with the same 3o radius, because the resolutions are measured to be
o0z = ozrs = 0.23 for Z blobs strongly seen in the figure. See text for
more details.

imately one Z unit. The tail events extending upwards from
the main blobs are associated with pileups in the MUSIC AE
detector. Those extending horizontally in the right direction
originate from reactions in the F5 degrader in which one
proton and two neutrons are removed from projectile frag-
ments. Furthermore, proton-removal reactions occurring in
the AE detector cause tail events extending downwards from
the main blobs. Note that some of these tail events overlap
with the neighboring main blobs in the Z versus Zgs plot. It
should also be noted that events from one-neutron-removal
reactions and the electron stripping process in the F5 degrader,
seen in our previous experiment [26], are not seen because
they are located outside of the F7 slit opening in the present
experiment.

Figure 3(a) shows the Z versus A/Q PID plot obtained
after all the background removals were applied including the
elliptical gates shown in Fig. 2. Note that the data shown here
are those summed over the two different slit conditions S1
and S2. The PID calibration was unambiguously confirmed by
observing two y rays at 81.7 and 113.8 keV from the decay
of an isomeric state in > Kr at 195.5 keV with 7}, = 1.4 us
[33] using the Ge detectors at the F7 focus. Note that fully
stripped (Q = Z) events are dominant in the PID plot. Hydro-
genlike (Q = Z — 1) events with A-3, located just to the left
of fully stripped events with A, are hardly seen. The absolute
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FIG. 3. Z versus A/Q particle identification plots for fission frag-
ments produced in the 2817 + Be reaction at 345 MeV/nucleon. The
arrows in the top panel (a) indicate that the upper-right and right-hand
sides of an isotope with mass number A correspond to those with
mass numbers A + 3 and A + 1, respectively. The bottom panel (b)
shows the plot enlarged near the region of new isotopes, where the
red solid lines indicate the limit of known isotopes.

A/Q resolution (04,p), the absolute Z resolution (oz), and

the absolute Zgs resolution (ozps) were typically 1.42x 1073,
0.23, and 0.23 in terms of standard deviation, respectively,

which were evaluated for As™ " events. These resolutions
stay almost the same all over the isotopes seen in Fig. 3(a).
Note that the elliptical gates in Fig. 2 were determined based
on these oz and ozps values. The achieved oy4,¢ resolution

TABLE II. List of the new isotopes identified in this work.

Cross Cross
Isotope Counts® section (fb) Isotope Counts® section (fb)
8Cu 3 b %As 12 8.7x10'
87n 11 1.7x10% SAs 2 1x10"
87n 1 7 %Se 230 1.98x10°
8Ga 75 6.6x10% 97Se 6 5% 10"
¥Ga 6 4x10" “Br 194 1.63x10°
1Ge 26 2.0x10? 100B 5 4%10!
2Ge 4 3x 10! 183Ky 2 2% 10!
3 As 543 4.57x10°

“The counts were obtained by integrating over the rectangular area
defined as |Z — Zy| < 207 and |A/Q — (A/Q)y| < 204)p in the Z
versus A/Q PID plot, where Z, and (A/Q), represent the peak cen-
troids of Z and A/Q, respectively, and oz and 0, ¢ are the absolute Z
and A/Q resolutions in terms of standard deviation, respectively.
bThe cross section is not shown for 3*Cu because its mean position
at the F2 focus is located outside the slit opening.

can clearly resolve the closely neighboring fully stripped and
hydrogenlike peaks, although the latter is not actually seen.
Figure 3(b) shows an enlarged PID plot near the region of new
isotopes. The red solid lines in the figure indicate the limit
of known isotopes [17-19,34]. The figure exhibits sufficient
separation among the blobs of various nuclides as well as
excellent background rejection in the region of new isotopes.

Pileups and reactions occurring in the AE detector and the
F5 degrader created some tail events in the Z determination
as mentioned above. Even though tight gates are applied to
the main blobs in the Z versus Zgs plot, these tail events
leak into the next neighboring gates with Z=£1, as seen in
Fig. 2. As a result, a small number of tail events in the Z
determination are left unremoved, as seen in Fig. 3(a). The
ratios of such tail events to their parent events are estimated
to be as small as 2.3x107*, 2.2x107*, and 1.3x 107 for the
pileups in the AE detector, the proton-removal reactions in the
AE detector, and the one-proton- and two-neutron-removal
reactions in the F5 degrader, respectively. Furthermore, the
ratio of hydrogenlike to fully stripped events is also estimated
to be as small as 3.4x 107°. Because these ratios are so small,
the observed background contamination in the region of new
isotopes is quite low, as seen in Fig. 3(b). Note that these ratios
were obtained with strongly populated isotopes in the known
region.

The proton-removal reactions in the AE detector not only
create the Z tails extending downwards but also slightly affect
the A/Q determination for the tails, as seen in Fig. 3(a). This is
because the AFE detector is placed between the PPAC detectors
that measure the fragment trajectories at the F7 focus. The
trajectory changes caused by the reactions affect the trajectory
reconstruction and hence the A/Q determination. The effects
are largest when the reactions occur in the entrance region
of the AE detector including the relatively thick window foil
[29]. In this case, the Z tails are also maximized.

Figure 4 shows the projected one-dimensional A/Q spectra
for the Cu, Zn, Ga, Ge, As, Se, Br, and Kr isotopes, which
were obtained by gating the two-dimensional PID plot with Z
gates set to Z £ 0.46 (207). The peaks labeled with mass num-
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bers correspond to the new isotopes identified in this work.
The solid lines in the A/Q spectra indicate the locations of
new isotope peaks expected from the AME2020 atomic mass
evaluation [35], while the dotted lines show their +20, ¢
width. As seen in the figure, the observed A/Q values of
new isotopes are consistent with the AME2020 atomic mass
evaluation, supporting our identification of the new isotopes.
In total, we have produced and identified the following 15
new neutron-rich isotopes: 84Cy, 86'87Zn, 88.89Ga, 9192Ge,
93.94.95 A g 96.97Gge 99.100B; and 193Ky, The frontiers of known
isotopes have been significantly expanded in the neutron-rich
side. The new isotopes identified are listed in Table II along
with their observed counts and deduced production cross sec-
tions.

Figure 5 shows the measured production cross sections for
the observed isotopes as a function of mass number along
with the theoretical predictions. The measured cross sections
were derived using the separator transmission efficiency sim-
ulated with the LISE*™ code in the Monte Carlo mode. Note
that cross sections are not shown for isotopes whose mean
positions were located outside the slit opening at the F2 fo-
cus, because the transmission efficiency may not be properly
simulated. Note also that those measured in our previous ex-
periments [17,19] are included in Fig. 5. We estimate that the
present cross-section measurements have a systematic error of
~ 40%, mainly resulting from the determination of the beam
intensity and the evaluation of the transmission efficiency.
Although some odd-even staggering is seen, the measured
cross sections shown in Fig. 5 on a logarithmic scale smoothly

decrease with increasing mass number, exhibiting an expected
behavior. Furthermore, the cross sections measured in our
present and previous experiments agree well. These results
support the validity and consistency of our present measure-
ment including the identification of new isotopes.

The solid and dashed lines in Fig. 5 show predictions from
two different abrasion fission (AF) model calculations with
the LISE*™ code, the three excitation-energy region (3EER)
model [36], and the initial fissile nuclei (IFN) analyzer model
[37]. In the 3EER model, the fissile nuclei created in the
abrasion stage of in-flight fission are represented by three dif-
ferent nuclei with low, medium, and high excitation energies,
while the IFN analyzer model makes calculations for all the
fissile nuclei that have significant contributions to producing
fission fragments. The latter has recently been implemented
in the LISE*™" code to allow more realistic AF calculations.
We used LISE** version 8.4.1 and the standard parameters
described in Refs. [17,38] for the 3EER model to be consistent
with our previous publications. The recommended parameters
(version 12.1.2) given in Ref. [37] were used for the IFN
analyzer model. The measured cross sections are fairly well
reproduced by the 3EER model, while the IFN analyzer model
exhibits somewhat increasing discrepancies with increasing N
(decreasing cross sections), especially in the region of the ob-
served new isotopes. The creation process of fissile nuclei in
the abrasion stage and/or the succeeding fission process might
still remain to be improved in the model. Further accumulation
of cross-section data would be needed for a wide Z range of
fission fragments with large N numbers.
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FIG. 4. A/Q spectra of the Cu, Zn, Ga, Ge, As, Se, Br, and Kr isotopes. The peaks labeled with mass numbers correspond to the new isotopes

identified in this work. The solid and dotted lines indicate the expected location of the new isotope and the =20y o range, respectively, where
040 Trepresents the absolute A/Q resolution in terms of standard deviation. Note that 10IBr was already observed in our previous work [19].

See text for more details.
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FIG. 5. Measured production cross sections of neutron-rich iso-
topes from the 233U + Be reaction at 345 MeV/nucleon shown as
a function of mass number along with theoretical predictions. The
errors shown are statistical only. The open and filled circles in-
dicate those measured in this work for known and new isotopes,
respectively. The solid and dashed lines show those predicted from
the LISE™* abrasion fission (AF) calculations, using the three
excitation-energy region (3EER) model and the initial fissile nu-
clei (IFN) analyzer model, respectively. The squares and triangles
represent those from our previous measurements in Ref. [17] and
Ref. [19], respectively. See text for more details.

IV. SUMMARY

In summary, we have conducted a search for new isotopes
using the in-flight fission of a 345-MeV/nucleon 23¥U beam at
the RIKEN RIBF. The production, separation, and identifica-
tion of fission fragments were carried out with the BigRIPS
separator. A total of 15 new isotopes in the very neutron-rich
region near Z = 32 — 33 and N = 60 were observed. The

L.0.0

—>N

l ] Cross section measured
[ ] Known

[] New isotope
B Stable

FIG. 6. Section of nuclear chart showing the new isotopes ob-
served in this work. The black squares indicate stable isotopes.
The known and new isotopes are labeled in yellow and light blue,
respectively. The squares with a small dot indicate isotopes whose
production cross sections were measured in this work. Note that
19TBr has been previously observed [19].

production cross sections were also measured for produced
isotopes and compared with the theoretical calculations.

The nuclear chart in Fig. 6 shows the new isotopes ob-
served in this work and the isotopes whose production cross
sections were measured. The frontiers of known isotopes have
been significantly expanded, including As and Ge isotopes.
For As isotopes, three new isotopes 93.94.95 A g were observed,
reaching as far as % As, which has two more neutrons than
3 As at N = 60. For Ge isotopes, two new isotopes °"*>Ge
were observed, reaching *’Ge at N = 60. Experimental stud-
ies on the properties and nuclear structure of these N = 60
nuclei and their neighboring nuclei will be an important chal-
lenge for new-generation rare isotope beam facilities [23],
where orders of magnitude higher beam intensities become
available in future.
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