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Neutron-rich radioactive isotope (RI) beams in the vicinity of 107y were produced using the
in-flight fission of a 345-MeV /u 2*¥U beam at the RIKEN Radioactive Isotope Beam Factory. The
RI beams were separated in flight by the large-acceptance two-stage fragment separator BigRIPS.
Isotopes were clearly identified in a low-background particle-identification plot, which was obtained
from the measurements of time-of-flight, magnetic rigidity, and energy loss using beam-line detectors
placed in the BigRIPS separator and the ZeroDegree spectrometer. Nine new isotopes, 1°*Br, 192Kr,
105,106 Ry, 108Gy 1O1lly 147 and M7Nb, are reported for the first time, with their measured
production cross sections compared with the extrapolations of lighter isotopes down to the femtobarn

regime.

I. INTRODUCTION 54

55

Neutron-rich nuclei in the vicinity of '}Zr7o are known s
to exhibit substantial shape evolution as a function of &
proton and neutron numbers. Over the past decade, *
spectroscopic information of even-even neutron-rich Kr,
Sr, and Zr nuclei has been extended toward their heav-
iest discovered isotopes at the mass number A ~ 110
[1-9]. To search for a predicted shape transition from ,
deformed to spherical at the neutron number N =~ 70
[10], the even-even Zr isotopes with A = 108 and 110 ,
were experimentally studied [1, 7], with the conclusion
that the deformed configuration remains favored at low

excitations up to A = 110. o

68
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Recent isotope discoveries in the neutron-rich regions
of the nuclear chart have allowed the experimental study
of exotic nuclei close to, or even on, a predicted flow
path of the rapid-neutron capture (r) process of nucle-
osynthesis [11-17]. Measurements of S-decay half-lives of
these isotopes demonstrated the importance of such ex-
perimental inputs to understand the r-process abundance
in the solar system [18-21].

In the present paper, we report for the first time the
measurement and identification of the most neutron-rich
isotopes of the elements from bromine (the atomic num-
ber, Z = 35) to niobium (Z = 41). The radionuclides
of interest were produced in an experiment aimed at the
study of the radioactive decay properties of neutron-rich
nuclei in the A ~ 110 region at the RIKEN Radioactive
Isotope Beam Factory (RIBF), in which the EUroball
RIKEN Cluster Array (EURICA) and a fast-timing ar-
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ray of LaBr3(Ce) detectors (FATIMA) were used for ~y-iz
ray detection [22, 23]. Some results from this experiment
have been published in Refs. [5, 24, 25].
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II. EXPERIMENT 29

130

131

Neutron-rich radioactive isotope (RI) beams were pro-js,
duced by the in-flight fission reaction of a 345-MeV /uiss
2381 beam on a 2.92-mm beryllium target. The 238U-,;,
beam intensity was 6.3 pnA on average. The RI beams;s
were separated in flight by the large-acceptance two-stageiss
fragment separator BigRIPS [26, 27] using two wedge-1x
shaped aluminum degraders at momentum-dispersive,s
foci, F1 and F5, of the first and second stages, respec-iz
tively (see Fig. 1 in Ref. [27] for the layout and foci of thei,
BigRIPS separator and the ZeroDegree spectrometer)..n
The thicknesses of the F1 and F5 degraders were 6 andi,,
4.5 mm, respectively. The magnetic rigidity of the firsti;
dipole magnet after the beryllium target was set to 8.012.4,
Tm. The magnetic rigidities of downstream dipole mag-,,;
nets were adjusted to transport a 1°Y3+ beam along the,,q
central trajectory. Those after the F1 and F5 degraders,,,
were set to 7.128 and 6.267 Tm, respectively. Table I,
summarizes four different settings of the slits at the dis-,,
persive focus F1 and the achromatic focus F2, used to,,
change the mixture of the RI beams as required by the,,
primary decay experiment [5, 24, 25]. The slit at the dis-,
persive focus F5 was fully opened and that at the achro-,
matic focus F7, being the last focus of the second stage,,s,
was set to 220 mm. The RI beams were transported to,;
the EURICA setup through the ZeroDegree spectrome- g,
ter for decay studies. The separator settings were de-;,
termined on the basis of detailed simulations using the,g,
LISEtT code [28]. 150

For the event-by-event particle identification (PID) ofiso
the RI beams, the time-of-flight, TOF, and magnetici
rigidity, Bp, were measured at the second stage of Bi-1e
gRIPS, and the energy loss, AF, was measured at theiss
ZeroDegree spectrometer. TOF between two achromaticies
foci F3 and F7 of the second stage was measured us-ies
ing two 200-pm-thick plastic scintillation detectors. Al-ies
though the horizontal distribution of RI beams at F3usr
reached the edge of the 120-mm wide plastic scintilla-ies
tor, only RI beams, for which the F3 position was withinie
445 mm, were considered in the present analysis. Thisio
ensured a sufficient quantity of scintillation light reachedin
both left and right photomultiplier tubes (PMTs) for air
robust output signal. Two Bps, before and after the F5us
degrader, were determined by the track reconstructioniz
from the position and angle measurements at three foci, s
F3, F5, and F7 [29], using the position-sensitive parallelis
plate avalanche counters (PPACs) [30]. A multi-sampling:r
ionization chamber (MUSIC) [31] for AE measurementsire
was placed at the final focus of the ZeroDegree spectrom-iro
eter. 180

III. RESULTS AND DISCUSSION

The analysis employed in the present measurement is
detailed in Ref. [17], which reports the discovery of new
isotopes from different RI-beam settings during the EU-
RICA campaign. The atomic number, Z, and mass-
to-charge ratio, A/Q, were determined from the Bp,
TOF, and AFE values as described in Ref. [29]. Fig-
ure 1 shows the PID plot using Z and A/Q for the iso-
topes transported through the BigRIPS and ZeroDegree
spectrometers, which was confirmed by the isomeric tag-
ging method, measuring v rays emitted from the isomeric
state in 1%%Zr [1, 2]. The resolutions of Z and A/Q were
0.4% and 0.068% in 1o, respectively. The A/Q resolution
was mainly caused by the TOF resolution, oror, for the
flight length of 47.0 m, since the A/Q uncertainty prop-
agated from oror of 100 ps was 0.062%. The rise times
of the charge signals of the PMTs were not enough fast
to obtain a good A/Q resolution of 0.035% achieved in
the previous work [12], since the voltages applied to them
were optimized not only to the present experiment but
also to all experiments during the EURICA campaign.

The analysis for the background rejection was per-
formed according to descriptions in Refs. [17, 29], and
only gates effectively rejecting background events, de-
scribed below, were applied in the present work. Events
which showed inconsistent relations among measured val-
ues related to the plastic-scintillation detectors and the
Bp determination were considered as background and re-
jected. The atomic number was determined also using
the energy loss in the F5 degrader, which was calculated
from the Bp and TOF values by assuming Q = Z be-
fore and after F5 and no reaction [16, 17]. It was com-
pared with the atomic number from the measured AFE
in the MUSIC to reject inconsistent events caused by the
charge-state change at F5 and reaction on the detectors
and Fb5 degrader.

The A/Q spectrum for each isotopic chain is shown
in Fig. 2, where the events having Z within a ~2¢0 dif-
ference from the integer value were selected. Although
events for the hydrogen-like ions (Q = Z — 1) before and
after F'5 were not rejected by the above gates, only the
fully-stripped ions were observed. Ten candidates for pre-
viously unreported neutron-rich isotopes were produced,
namely events corresponding to fully-stripped ions of
99,1018 102y 105,106}, 108G, 110,111y 1147, a4
H7Nb. The A/Q values of new-isotope events were con-
sistent with those extrapolated from other isotopes.

For each candidate, except for ??Br, the production
cross section, o, was compared to systematic trends to
check whether the number of measured events was rea-
sonable and a significance test was performed to exclude
the possibility the candidate stems from the hydrogen-
like ion with a lighter mass. Almost all **Br ions trans-
mitted to F2 were stopped at the F2 slit, therefore it was
impossible to determine o and %’Br is not claimed as a
new isotope in the present study. The '°°Br ions was
unobserved due to the low transmission efficiency and a
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TABLE I. Summary of the horizontal-slit conditions at F1 and F2 foci in four RI-beam settings. The positive direction for
the slits is the right in a view from downstream. The arrows indicate the value is the same as the preceding column. The
irradiation time and dose of the primary 2**U beam are written for each setting.

Setting A B C D
F1 slit (mm) —64.2/+30.0 —64.2/+26.0 —64.2/+30.0 —64.2/+23.0
F2 slit (mm) —15.0/435.0 —15.0/460.0 — —
Irradiation time (h) 22.3 19.4 13.9 83.6
Beam dose (particles) 2.79 x 10" 2.90 x 10" 2.03 x 10" 1.19 x 10'°

46
44; 10°
42; i 10*

N a0 dk s 10°
38; . 10”
36; 10
3b : 1

FIG. 1. Particle identification using the mass-to-charge ratio
A/Q and atomic number Z for fission fragments produced in
the reaction of ?**U on the beryllium target at 345 MeV /u.
Previously undiscovered isotopes are to the right of the red-
dashed line.

208

209

production yield as low as newly observed isotopes. 210

The o values were obtained using the transmission ef-21
ficiency evaluated with LisEt+ (version 12.1.2) [28], as*?
shown by filled symbols in Fig. 3. The o values of the*?
new isotopes are summarized in Table II. The systematic®*
uncertainty was common for the EURICA campaign and®®
estimated to be 50% in Ref. [17]. The previous results®®
obtained at the RIBF [11, 12, 17], shown by open sym-27
bols in Fig. 3, are consistent with the present work. The*®
o values of the new and known isotopes follow the same?°
systematic trend. 220

Predictions by the three excitation-energy regiona
(3EER) model implemented in LISE*+ (version 8.4.1) forax
the abrasion fission are shown by solid lines in Fig. 3.2
While there are a lot of fissionable isotopes after the abra-2z.
sion reaction of 23*U on the beryllium target, the 3EERzs
model uses representatively three kinds of fissionable iS0-2:
topes with low, mid, and high excitation energies. Thezxr
parameters of fissionable isotopes given in Ref. [32] werexs
applied. For the Zr and Nb isotopes, the 3EER modelxo
reproduces very well the measured cross sections espe-2:0
cially for o >~ 107% mb. The predictions of heavier Zras
and Nb isotopes and of Br, Kr, Sr, and Rb isotopes arezs
underestimated. 233

In a model of an initial fissile nuclei (IFN) analyzers.
implemented in LISE** (version 12.1.2) [33], the abrasionas
reaction is calculated to obtain the fissionable isotopesss

TABLE II. Counts, production cross sections o, and upper
limits of the p values for the new isotopes. The statistical
uncertainties are written for o. The significant test using the
p values [35] was performed for the new-isotope discovery as
described in Ref. [12]. See text for the p-value evaluation.

Nuclide Counts o (mb) p value (%)
By 1 (3177 2) x 10711 < 0.01
102Ky 7 (2.4%53) x 10710 < 0.01
195Rb 8 (8.3755) x 107 < 0.01
106Rb 1 (8T57) x 10712 0.03
108Gy 4 (3.5728) x 107 < 0.01
Hoy 25 (2.540.5) x 1071 < 0.01
Uiy 1 (972%) x 10712 0.05
Hazy 1 (8T39) x 10712 < 0.01
HTNDb 1 (1.0723) x 107 < 0.01

and their excitation energies for each fission fragment.
The predictions by the IFN1 model in the IFN analyzer
are shown by dashed lines in Fig. 3, where a mean value
is applied for the excitation energy after the abrasion re-
action. Conversely, the o values of isotopes far from the
stability line are overestimated. The parameters in the
IFN1 model were optimized to the data shown in Fig. 3.
The revised predictions shown by dash-dotted lines are
still overestimated. Although further improvements of
the IFN analyzer are necessary, the increase of the cross
sections suggests an importance of the fragment depen-
dence of the fissionable isotopes as mentioned in Ref. [33].

In the previous experiments [11, 12, 16, 17, 27, 29],
the hydrogen-like ions in the RI beams were significant
contaminants around new-isotope events in the PID plot.
The hydrogen-like ions with A = A; +3and Q = 2; — 1
have a similar A/Q) value to the fully-stripped ions with
A= A; and Q = Z;. For instance, the A/Q difference
between 195 Y38 and 113 Y39F is 0.14% in relative terms,
which is twice as large as the experimental A/Q resolu-
tion of 0.07%. The hydrogen-like ions were not observed
in the present PID plot. Nevertheless, the hydrogen-like
ions are still potential origins of mis-identification for
the new-isotope events. The significance test using p
values [35], which are the probability misidentifying all
of the measured events, was performed as described in
Ref. [12]. As an example, the p-value estimation for
the new isotope, 'Y, is described. For an unobserved
108y38+ it is necessary to estimate the width of the
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FIG. 3. Production cross sections of RI beams from the in-258
flight fission of 345-MeV /u 2**U beam on the beryllium target.2so
The filled symbols are from the present results and the open
symbols are previous results obtained at the RIBF [11, 12, 17].
The error bars show the statistical uncertainties. The solid
and dashed lines are the predictions by the 3EER model with
the parameters given in Ref. [32], and by the IFN1 model [33],
respectively. The dash-dotted lines are the IFN1 prediction
with modified parameters. The parameters for prefragmen‘c-2
excitation energy and its sigma were changed from 27 and
18 to 48 and 22, respectively. The f parameter [34] for the
fission-fragment excitation energy was changed from 0.0045
to 0.0017.
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265

A/Q distribution and the upper limit of the yield. Thezs
A/Q width of 108Y38F was assumed to be the same aswr
one of the observed 1%%Y3%9* events. The upper limitass
of the ratio of the hydrogen-like to fully-stripped ionszse
was evaluated by using '}3Mo events instead of thexno

new isotopes, since the fraction of the hydrogen-like
ion for the new isotopes with Z < 42 is expected to
become smaller than that of '3Mo. The upper limit
of the fraction of the hydrogen-like ions of '3Mo was
determined to be 1.3 x 107% from the ratio of 1.1
hydrogen-like events, being the upper limit of the 68%
confidence interval for non observation of }3Mo*' T, to
8.55 x 10° events for 1}3Mo*?*. The expected upper
limit of the '°®Y38+ vield was given as 1.0 x 102 by the
product of the '9%Y39F yield, 7909, and the upper limit
of the fraction of the hydrogen-like ion. Using the 4/Q
width and yield upper limit expected for 1°Y38+ the p
value for the 'Y event was evaluated to be 0.05%. The
p values for all the new isotopes are summarized in Table
II. The p values less than 1% and the systematic trend
of o provide the evidence for the first observations of
1015, 102Ky 105,106R}, 108Gy 110,111y 1147, on 4 17N},

IV. SUMMARY

Neutron-rich RI beams were produced using a 345-
MeV /u 238U beam at the RIKEN RIBF and separated
by the BigRIPS fragment separator. Previously unre-
ported neutron-rich isotopes were identified from a well
resolved PID plot obtained from Bp, TOF, and AF mea-
surements. Nine new isotopes, °!Br, 102Ky, 105.106Rp
108Gy 110,111y 1147; and 117Nb, were discovered based
on their production cross sections being consistent with
systematics and significance tests using p values showing
a vanishing probability of mis-identification.
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