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Search for isomeric transitions in fission products around mass number 150
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Abstract. A -gated y-ray and internal conversion electron measurement system for identifying isomers has been
installed to the isotope separator on-line at the Kyoto University Research Reactor. On-line measurements for mass
number A = 93 nuclides clearly showed that it had sufficient ability to distinguish isomeric transitions from those
following 3-decay. Using this equipment, an isomeric state in '*8Pr was successfully observed at 76.8 keV, and one in
151pr at 35.1 keV. We also found a candidate of an isomeric transition in an A = 150 nuclide produced by the thermal

neutron-induced fission of **U.

1 Introduction

Experimental studies on isomers give useful information for
nuclear science and technology. Existence of isomers directly
relates to nuclear configurations. Thus, properties on single
particle orbitals are obtained from such experimental data
on isomers as spins, parities, level energies and transition
probabilities. These data will help to understand nuclei in
detail and to improve nuclear theories. In the viewpoint of
applications, on the other hand, the data for each isomer are
important to develop reliable nuclear databases. For example,
decay heat libraries of fission products are one of the most
important data in nuclear engineering, and they are evaluated
through summation calculations. In this method, the total
energy is calculated as the sum of energies released from
individual S-decaying nuclides. Nuclear model calculations
are also taken into account in the evaluations to compensate
the lack of experimental data. The decay heat calculated by
the summation method is fairy consistent with the integrated
measurements for various fissionable nuclides [1,2]. However,
there remains differences between the calculations and exper-
iments in short cooling times of 1-2000 s after a burst fission.
This small but systematic discrepancy would be partly due to
a scarcity of experimental data on isomers [3].

In general, it is difficult to measure transitions from iso-
mers (isomeric transitions) in fission products. This is because
production yields of isomers are usually small and isomeric
transitions are hidden in spectra measured for fission products.
In these spectra, transitions following S-decay are strongly
observed in a wide energy range. To overcome this diffi-
culty, measurements of isomeric transitions were performed
using S-gated y-rays and internal conversion electrons (ICEs)
detection system at an on-line isotope separator (ISOL).
The ISOL leads nuclides having a mass number of interest
to a low-background measuring port, and the S-coincident
measurements unambiguously distinguish isomeric transitions
from other transitions due to S-decay. In this contribution, we
present the experimental setup together with its performance,
and show results on measurements for “8mPr, 3Impp gnd
a mass number A = 150nuclide. For “8Pr, the existence
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of isomers has been known from two different half-lives:
2.29 min for the I = 1~ ground state, and 2.01 min for the
I = (4) level [4]. However, the energy difference between the
two states is unknown because the isomeric transition has not
been observed. For neutron-rich A = 150 and 151 isotopes, no
isomers has been reported yet [5,6].

2 Experiment

2.1 Source preparation

Radioactive nuclei were produced by the thermal neutron-
induced fission of 23U, followed by the on-line isotope
separator at the Kyoto University Research Reactor (KUR-
ISOL) [7]1. A 93%-enriched 50mg 2*°UF, target was
irradiated in a through-hole of the 5-MW reactor. The thermal
neutron flux was 3 x 10'> n/cm?s at the source position. The
fission products were thermalized in the target chamber, and
transported to a surface-ionization-type ion source by a He-N,
mixed gas-jet stream. After ionization, the radioactive ions
were extracted, accelerated to 30keV, and mass-separated
with a resolution M/AM of approximately 600. The mass-
separated nuclides were implanted into an aluminized Mylar
tape in a computer-controlled moving tape system. The
tape periodically transported the radioactive sources to a
lead-shielded detector station.

2.2 Detectors

To identify isomeric transitions among intense radiations
originating from [-decay, S-y and B-ICE coincidence mea-
surements were performed. Most of y-rays and conversion
electrons depopulate short-lived excited states (7', < 1 us)
following 3 decays, so that they will be coincident with 3 rays.
On the contrary, isomeric transitions will not be observed in
the 5-gated spectra because they are populated from long-lived
levels. Detectors used for the experiments were as follows: a
30% n-type HPGe detector (ORTEC GMX) or a short coaxial
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Ge detector (ORTEC LO-AX, 52 mm? x 20 mm’) for y-rays,
a cooled Si(Li) detector (25 mm? x 6 mm’) for ICEs, and a
1 mm thick plastic scintillator (80 mm x 90 mm) for S rays.
The plastic scintillator was installed in the ISOL vacuum
chamber and positioned at 1 mm from the source. The solid
angle subtended by the scintillator was approximately 45%.
To absorb conversion electrons, the plastic scintillator was
covered by a 0.2-mm-thick aluminum foil, which corresponds
to a range for 0.2-MeV electrons. The Si(Li) detector was
fixed in a small vacuum chamber, which was separated from
the ISOL chamber by a 0.5 um thick polyester film to prevent
residual vapors from being trapped on the cooled surface of
the detector. A source-to-detector distance was 13 mm for the
Si(Li), and 9 mm for the HPGe detector. Conventional NIM
modules were used for the coincidence experiments. A time
range of the time-to-amplitude converters (TAC) was set to
2 us, and a coincidence time of the data acquisition system
was 5 us. Therefore, transitions from excited levels having a
half-life 71 < 10us were observed in this S-gated coinci-
dence system; For radiations depopulating levels with 7/, >
10 us, only an extremely small part (<10 were fired by the
TAC gate.

A singles and S-gated spectrum for each detector were
taken in a spectrum-multi-scaling (SMS) mode to deduce half-
lives. In the SMS, the counting period in each tape cycle was
divided into 16 time bins.

The energy and efficiency calibration were performed
using standard y-ray sources of 1334, 137Cs, 0Co and *2Eu.
Coincidence summing effects were taken into account in
deducing peak counts. Calibration for the Si(Li) detector was
made on-line using electrons from mass-separated **™Y and
146La. Monte Carlo calculations by the EGS4 code [8] were
also used to inter- and extrapolate an energy dependence of
the detection efficiencies. More detailed description on the
detection system is given in refs. [9,10].

2.3 Measurements

Performance of the B-coincident system, that is, a capability
to distinguish isomeric transitions from the other transitions
following 8 decays was studied through an on-line measure-
ments for mass-separated A = 93 nuclides. This mass fraction
contained B-decaying isotopes **Rb (T}, = 5.8s) and **Sr
(Tyj2 = 7.4min), and the known isomer *™Y (T, = 0.825).
Thus, A = 93 nuclides were suitable to check and demonstrate
the feasibility of the detection system. A tape cycle for this
calibration experiment was 20s, and a measurement period
was about 3 h.

Next, search for isomeric transitions was performed for
A = 148, 150 and 151 nuclides. In these experiments, the
radioactive isotopes were mass-separated as a chemical form
of a monoxide ion by injecting a small amount of O, to the
He-N, gas stream. This is because the oxidation technique
improves ionization efficiencies for lanthanides [11]. A tape
cycle and a measurement period were as follows: 113 s and
18h for A = 148, 160s and 21h for A = 150, 3.5s and
182h for A = 151, respectively. Background spectra were also
measured for 4 h when in operation of the reactor.
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Fig. 1. (a) A singles and -gated y-ray, and (b) internal conversion
electron spectrum for a mass fraction of A = 93. Close circles
represent **™Y, open circles **Rb and triangle *>Sr.

3 Results and discussion
3.1 A = 93, acalibration measurement

A singles and S-gated spectrum for y-rays and conversion
electrons were presented in figure 1. This clearly shows that
the 169-keV isomeric transition from *>™Y is greatly reduced
in the B-gated spectrum while the other peaks following 3
decay are strongly observed in both the singles and gB-gated
spectra. To evaluate the performance, we introduced a S-
gate efficiency which was defined as a ratio between the
peak count observed in the §-gated spectrum to that in the
singles. As described in detail in our previous paper [10], the
deduced efficiency was 0.016(2) for the isomeric transition
and 0.278(4) for those originating from S-decay. Thus, we
conclude this detection system has an adequate ability to
identify isomeric transitions in spectra measured for fission
products.

3.2 18mpy

Figure 2 shows an electron singles and a -gated electron
spectrum for a mass fraction of A = 148 + 16. The 34.6-
and 70.8-keV electron peaks were clearly observed in the
singles, but highly reduced in the 5-gated spectrum. Because
the gate efficiency observed for the 35-keV peak was 0.137(5)
and approximately O for the 71-keV electron, they were
isomeric transitions. The energy difference of the two peaks
was consistent with that of the electron binding energy of Pr:
Bx = 42.0 keV and B; = 6.4 keV. In addition, the half-
life observed for the 71-keV peak agreed with the value for
the high-spin isomer of '“8Pr. Therefore, these peaks originate
from the isomeric decay of '**™Pr, namely, the 76.8-keV K and
L conversion electrons. Here, we note that the 35-keV peak
was a multiplet of electrons from the isomeric decay of '**™Pr
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Fig. 2. A singles and 8-gated conversion electron spectrum for a mass
fraction of A = 148 + 16. Open circles represent '“™Pr and closed
circles 8Ce.
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Fig. 3. (a) The decay scheme of **™Pr and (b) '3'™Pr.

and those from the S-decay of '*8Ce. It is a reason why the
B-gate efficiency for the 35-keV electron shows an inbetween
value of 0.01 and 0.3.

From an intensity ratio of the electron to the y-ray peak
counts and their detection efficiencies, K-conversion coeffi-
cient of 151(39) was deduced for the 76.8-keV vy transition.
This value well agrees with the theoretical value of 170 for
M3 [12]. Because the ground state of 148pr is a 1~ state [4],
the spin-and-parity of 4~ was unambiguously assigned to the
76.8-keV isomeric level (fig. 3(a)).

From the systematics of low-lying levels in neighboring
N = 89 isotones and Z = 59 isotopes, and the Gallagher-
Moszkowski rules, the configurations for the two states were
proposed as follows: 73/2*[411]v5/27[523] for the 1~ ground
state, and m5/2*[413]v3/27[532] for the 4~ isomer. More
detailed description is given in ref. [9].

3.3 A = 150 nuclide

Figure 4 shows a low-energy part of y-ray spectra measured
for A = 150 + 16. While most of the peaks were seen in
both the single and the §-gated spectra, a 65.3-keV peak was
observed only in the singles. This implies that the 65-keV
vy-ray is a candidate of an isomeric transition from an unknown
isomer having a mass number of 150. Unfortunately, we could
not deduce the origin, that is, the atomic number of the
isomer. Experimental results that we obtained until now are
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Fig. 4. A singles and S-gated y-ray spectrum observed for a mass
fraction of A = 150 + 16.

as follows. First, the 65-keV v ray is not coincident with any
[ rays and conversion electrons although statistics may not
be sufficient. Second, the 65-keV peak is observed only in the
first 10-s interval of the time-dependent y-ray singles, so that
the half-life is much shorter than 10s. Further experiments
are planned in near future.

3.4 15impy

We have reported a partial decay scheme of '3!'Ce at the
ND2001 conference [13]. In that study, the 35.1-keV vy
ray, which was most intensely observed, was not included
in the decay scheme because no -y coincidence relations
were observed for it. After that, the S-gate efficiency for
the 35-keV y-ray was found to be 0.021(3) from additional
B-y coincidence measurements. Thus, the 35-keV y-ray was
assigned as the transition from the 35.1-keV isomeric level
in 'Pr to the ground state. As shown in figure 3(b), the
spin-parity of 7/2* was tentatively proposed for '>'™Pr from a
small log ft value to this level [10]. Note, this evaluation was
based on the spin-parity assignment of (5/2%) for the ground
state of 13'Ce [14], that of (3/2)~ for '3!'Pr [15], and S-feeding
intensities to excited levels in ! Pr observed in our work.

It is apparent that the half-life of this isomeric state is
longer than ~ 10 us because the 35-keV y-ray is not coincident
with B rays. However, The definite value could not be obtained
owing to the following reason. The decay curve of the 35-keV
y-ray showed a straight line in a semi-log plot. In other words,
the decay curve did not indicate a growth-and-decay property.
The “half-life” deduced from a single-component exponential
curve was 1.79(25)s, and it well agreed with the S-decay
half-life of ’'Ce (1.76(6) s). This means that '>!Ce and '>'™Pr
are in radioactive equilibrium. Consequently, the half-life of
ISImpr js greatly shorter than 1.76s.
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4 Conclusions

A detection system to search new isomers in fission products
of 233U has been installed to the on-line isotope separator at
Kyoto University Research Reactor. It is based on the -y
and B-electron coincidence measurements, and has a sufficient
ability to identify isomeric transitions. Using this apparatus,
we successfully observed isomers in '“®Pr and '>'Pr, and
newly found a candidate of an isomeric transition from a
nuclide having a mass number of 150.

This work was performed under the Research Collaboration Program
of Research Reactor Institute, Kyoto University. One of the authors
(YK) acknowledges Electric Technology Research Foundation of
Chugoku for its financial support.
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