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Abstract. The first systematic measurement of neutron-induced fission yields has been performed at the
upgraded IGISOL-4 facility at the University of Jyvéaskyld, Finland. The fission products from high-energy
neutron-induced fission of *'U were stopped in a gas cell filled with helium buffer gas, and were online
separated with a dipole magnet. The isobars, with masses in the range A = 128-133, were transported
to a tape-implantation station and identified using y-spectroscopy. We report here the relative cumulative
isotopic yields of tin (Z = 50) and the relative independent isotopic yields of antimony (Z = 51). Isomeric
yield ratios were also obtained for five nuclides. The yields of tin show a staggered behaviour around
A = 131, not observed in the ENDF/B-VII.1 evaluation. The yields of antimony also contradict the trend
from the evaluation, but are in agreement with a calculation performed using the GEF model that shows
the yield increasing with mass in the range A = 128-133.

1 Introduction

Fission Yields (FYs) are one of the main quantities of
interest to understand the fission process. FY distribu-
tions offer an insight into the characteristics at scission of
the compound nucleus undergoing fission. More and bet-
ter fission yield data for various fissioning systems and
incoming neutron energies are needed for Gen-IV reactors
and accelerator-driven systems. Nevertheless, except for
a handful of better-studied fissioning systems and ener-
gies (such as 25U (ngperm., f), 22°Pu(tinerm., ), 222 CE(SF)),
data are scarce and have in many cases large uncertain-
ties [1]. A recent technical report from the TAEA also high-
lighted the need for new high-quality fission yield measure-
ments [2].

In this work we report on the first successful mea-
surement of mass-separated products from fission of "&*U
induced by high-energy neutrons performed at the up-
graded IGISOL-4 facility in JYFL-ACCLAB, University
of Jyvaskyla [3]. Relative isotopic yields were extracted
for tin (Sn) in the mass range A = 128-132 and for anti-
mony (Sb) in the mass range A = 128-133. In this region,
a recent experiment by Wilson et al., on fission of 238U
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just above the fission threshold, found large discrepan-
cies between the measured yields and the ones from the
JEFF 3.1.1 and GEF models [4].

2 Experimental method

The Ion Guide Isotope Separator On-Line (IGISOL) fa-
cility, at JYFL, has been used in the past for measure-
ments of proton-induced fission yields using the IGISOL
technique, often coupled to the JYFLTRAP Penning trap
for the identification and counting of the fission prod-
ucts [5,6].

In this experiment, the high-energy neutrons were pro-
duced by 30 MeV protons from the K130 cyclotron imping-
ing on a 6 mm-thick beryllium converter target, similar to
the one described in refs. [6,7]. The neutron energy dis-
tribution is that of a white neutron spectrum extending
to about 30 MeV. The neutron field was used to induce
fission in two (1 x 5) cm? and 15 mg/cm? thick "#*U foils.
The two foils were attached to a thin aluminium support
and installed in a specifically designed ion guide [8] at a
distance of 2.5 cm from the back of the neutron source.

The average neutron energy weighted with the fission
cross section of 238U, that accounts for (98 4+ 1)% of the
fission events, is (12.4 £+ 8.8) MeV. We also estimated the
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Table 1. IYRs measured in this experiment, compared to the ENDF/B-VIIL.1 evaluated data library for fission of 2387 induced
by 14 MeV neutrons, and to a GEF calculation with a realistic incoming neutron spectrum. I'YRs are reported as Yis/(Yis +Yas).
The values reported are cumulative IYRs and independent IYRs for Sn and Sb, respectively.

JI JEs E; (keV)  This work GEF ENDF B-VIL1
1296 (11/2)  (3/2)T 35.15(5) 0.37(13)  0.63 0.15(12)
1308 7 0" 1946.88(10)  0.64(48)  0.49 0.48(49)
Blgn  (11/2)"  (3/2)T 65.1(3) 0.43(19)  0.69 0.48(45)
1308h  (4,5)* 8 4.80(20) 0.81(43)  0.68 0.43(41)
132} 8~ 4t 200(30) 0.25(10)  0.49 0.61(41)

probability of multi-chance fission for 238U using the GEF
code [9], that resulted in 55%, 31%, 8% and 6% for first,
second, third and fourth chance fission, respectively. Ad-
ditional details on the neutron energy spectrum can be
found in refs. [7,10].

The fission fragments were stopped in helium gas at
a pressure of 400mbar (with about 4% stopping effi-
ciency [11]) and extracted from the ion guide gas cell using
a SextuPole Ion Guide (SPIG) [12] and differential pump-
ing. The ions were then accelerated to 24 keV and sepa-
rated online based on their charge-over-mass ratio using
a dipole magnet with a mass resolving power M/AM of
about 500.

The proton-to-neutron conversion ratio was estimated
to be approximately 3.02 x 1072 neutrons/proton. Due to
the low maximum current available for this experiment
(10 pA), and the resulting low fission rate, we chose not
to transport the fission products to the Penning trap. The
ions were instead collected on a movable implantation tape
and identified using ~y-spectroscopy.

The v-spectroscopy measurement was performed with
a Canberra GC7020 70% coaxial p-type HPGe detector,
with an energy resolution at 1332.5keV of 3.1keV (wvs.
a nominal resolution of 2keV). The detector, efficiency-
calibrated with an '52Eu source, was operated in coinci-
dence with a plastic scintillator that surrounded the im-
plantation tape, used to detect the electrons from the 57 -
decay of the fission products. A y-spectrum was acquired
for each mass between A = 128 and A = 133. In order
to reduce contamination from different mass chains, the
implantation tape was moved after modifying the settings
of the dipole magnet (i.e., after changing mass chain).

Data for each mass were measured for 7200s, except
for mass A = 133 that was measured for 3600s. Before
acquisition, fission products were accumulated on the tape
for times ranging from 60s to 15 min. This was done in
order to get as close as possible to the saturation condition
for the nuclides that dominate the respective y-spectra.

The ~-spectra for all masses were analysed and the ar-
eas of the most prominent peaks were extracted using the
fit and background-subtraction function of the FitzPeaks
v3.2 code [13]. The determined intensities were corrected
for the relative efficiency of the detector. When more than
one peak was observed for a nuclide, the weighted aver-
age was used to obtain a value for the total number of
decays. Peaks common to more than one nuclide (typi-

cally, ground and isomeric states of a nuclide), were not
used in the analysis. A list of all the gamma lines used
in this analysis, their relative intensities, and the library
from which the decay data were extracted, are tabulated
in ref. [14].

If the precursors of the nuclide under analysis have
reached the saturation condition when the measurement
starts, the integrated activity (A), over the measurement
time (7") can be extracted as

A:/TPR.(1—e—M)dt=PR- {T—l_i_m}, (1)

so that the production rate (PR) —or Cumulative Fission
Yields (CFY)— can be calculated as

A

1—exp(—AT) ’
T — +

PR = (2)

where X is the decay constant of the studied nuclide.

This also allows the extraction of CFY for longer-lived
nuclei, without any knowledge of the yield of the precur-
sors, as long as these precursors have short half-lives. The
assumptions needed to derive eq. (1) are satisfied for all
isotopes of Sn and eq. (2) was used to extract the CFY.

In the analysis of Sb data, eq. (1) is not always valid,
given the longer half-lives of the precursors (up to 59.1 min
in the case of 128Sn, decaying to 128™Sb). However, it was
possible to use the CFY measured for Sn and to subtract
the contribution of precursors to the yield of Sb, thus ex-
tracting Independent Fission Yields (IFY).

3 Results

Following the procedure outlined in sect. 2, the relative
yields were obtained for five isotopes of Sn (128 to 132)
and six isotopes of Sb (128 to 133). The yields are plot-
ted in fig. 1. For three isotopes of Sn and two of Sb both
ground and isomeric states were observed. In these cases,
what is plotted is the sum of the two yields. Detailed re-
sults of the observed isomeric yield ratios (IYR) are pre-
sented in table 1.

The precise transport efficiency of the setup is not
known experimentally. Based on previous experience and
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Fig. 1. Relative CFY of Sn (a) and relative IFY of Sb (b)
produced in high-energy neutron-induced fission of "**U. The
half-filled symbol () is used for **Sn, where only the GS was
seen. Open symbols (o) are used for '28Sb and '2°Sb, where
only the isomeric states were observed due to the longer half-
life of the GS.

on the simulation studies of ion stopping efficiency re-
ported in refs. [11,15], we can safely assume that the ef-
ficiency does not change within the same atomic number,
and does not change significantly for neighbouring masses.
It was however not possible to refer the measured activi-
ties to the absolute number of fissions, hence only relative
yields are presented in fig. 1, where the sum of the eval-
uated yields (ENDF [16] and GEF) was rescaled to the
sum of the measured values.

4 Discussion

The fission products that reach the tape station are only
a fraction of the number of ions produced in the fission
reaction. Losses occur in recombination processes in the
fission ion guide, as well as during the transport and the
mass selection in the dipole magnet.

In fig. 1, the error bars on our experimental points
show only the statistical uncertainty. The uncertainty on
the initial proton current (estimated in about 5%), as well
as uncertainties due to decay data are not included.

The mechanisms of ion recombination of the highly-
ionized fission products down to charge 17 —the one gen-
erally selected by the dipole magnet— can depend on the
chemistry of the produced elements and on the impu-
rity concentration in the helium stopping gas. Thus, even
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though the IGISOL technique is able to produce all chem-
ical elements and is considered element-independent [6],
the total transport efficiency will ultimately depend on
the Z of the fission products.

We investigated in detail the ratio of singly- and
doubly-charge ions at A = 132. The results showed that
the ratio PR(1")/PR(2%) goes from 1.194+0.17 for 132Sn
to 2.78 +0.42 for 132Sb. This suggests that comparing ab-
solute values of the production rates of the two elements is
not relevant, until a more complete understanding of the
chemistry-dependent ion recombination in the ion guide
is reached.

Nevertheless, it is necessary and justified to subtract
the CFY for Sn in order to obtain IFY for Sb, as discussed
in sect. 2. Since the half-lives of precursors are significantly
longer than the transport time of FPs from production to
implantation at the tape station, we can assume that the
decays of Sn to Sb happen on the tape, i.e., after the
element-dependent recombination and the ¢/A selection
by the dipole magnet. In this case, the CFY measured for
Sn are the same that would contribute to the increased
activity of Sb caused by p-decay of Sn.

CFY of the Sn isotopes are shown in fig. 1(a). The
precursors of Sn in all mass chains have a half-life shorter
than 1.5, allowing us to use the approximations discussed
in sect. 2. The 7~ isomer of '22Sn decays through inter-
nal transition with a probability of 100% and it was not
visible due to the (-coincidence condition used in this ex-
periment.

In the case of Sn, the cumulative yield exhibits a stag-
gered behaviour around mass A = 131, that is not ob-
served in the ENDF/B-VIIL.1 evaluated data library for
fission of 233U induced by 14 MeV neutrons. No indica-
tion of the even-odd staggering is either seen in a GEF
calculation, that we made taking into account the full neu-
tron energy spectrum obtained from a Monte Carlo simu-
lation. This behaviour makes the results recently reported
by Wilson et al. (ref. [4]) even more striking. In their work,
normalization of the measured even-even yields is carried
out by assuming no odd-even effects and this results in
a yield 5-6 times lower than calculations done using the
GEF and JEFF 3.1.1 models.

Decay information of 3!Sn was not available in ref. [16]
and incomplete in ref. [17]. We used ref. [18] to discrimi-
nate between 3'Sn and '3'™Sn. This lack of information
may have caused an incorrect estimation of the activity.
In ref. [14], we provide all the necessary information to
update the analysis, should new decay data become avail-
able.

The large uncertainty at A = 130 is dominated by
counting statistics. For 139™Sn (77), the only visible peak
is at 898.5 keV, that —with an intensity of 8% — produces
only 31+ 19 counts in the peak in a measurement time of
7200s. The effect of this large uncertainty to *°Sb IFY is
limited since the Sn decay go predominantly to the ground
state while fission populates mainly the metastable state
(see table 1).

The relative IFYs measured for Sb are shown in
fig. 1(b). The ground states of 128Sb and !29Sb have a
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half-life of 9.01h and 4.4 h, respectively, and were not ob-
served in the vy-spectra. The behaviour observed shows an
increasing trend from masses A = 128 to 132, that results
in a peak shifted by as many as two mass units above
the one seen in the ENDF/B-VII.1 library for 14 MeV
neutron-induced fission of 238U. Our measurement seems
instead to confirm the calculations performed with the
GEF code.

The uncertainties on the IYRs shown in table 1 are
rather large, especially if compared to previous experi-
mental campaigns at the same facility, that used direct ion
counting with JYFLTRAP for nuclide identification [19].
In addition, the large uncertainties on the Evaluated Nu-
clear Data Libraries, also make it difficult to highlight any
clear trend.

Nevertheless, it is possible to observe a certain con-
sistency in the results from this measurement when com-
paring, e.g., 129Sn and '3!Sn: these two isotopes carry the
same spin assignment for the isomeric/ground state, and
show the same IYR. We can also observe that the spin
assignment for the two isotopes of Sb is inverted for the
isomeric/ground state, which is consistent with the com-
plementary I'YR measured in this case.

5 Conclusion and outlook

Relative CFY of five Sn isotopes (A = 128-132) and rela-
tive IFY of six Sb isotopes (A = 128-133) were measured
in the first systematic high-energy neutron-induced fission
yield measurement at the upgraded IGISOL-4 facility, at
JYFL.

The white neutron field, extending up to about 30 MeV
and with a cross-section weighted average energy of (12.4+
8.8) MeV, impinged on a "#'U target. Fission products
were mass-separated using the IGISOL technique and
transported to a tape implantation station where the nu-
clides were identified with y-spectroscopy.

CFY of Sn show a staggered behaviour not observed
in evaluated data libraries and not reproduced by the sim-
ulation code GEF. For the IFY of Sb, we find a distribu-
tion peaking at A = 132. This contradicts the high-energy
ENDF/B-VIL1 evaluation for the 233U (n,f) reaction. Our
data are instead in better agreement with the GEF calcu-
lation, showing the yield increasing with mass in the range
A =128-133.

Once the MCC30/15 with its higher primary proton
currents will be fully operational, the fission products will
be transported to the JYFLTRAP Penning trap; here, the
identification of the nuclides will not be conditioned on
the suitable half-lives, thus allowing a more comprehen-
sive study and reducing the uncertainty due to incomplete
decay data.
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