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What impacts the isomeric yield ratios of fission fragments?
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The population of isomeric states in the prompt decay of fission fragments - so-called isomeric yield ratios
(IYRs) - is known to be sensitive to the angular momentum J that the fragment emerged with, and may therefore
contain valuable information on the mechanism behind the fission process. In this work, we investigate how
changes in the fissioning system impact the measured IYRs of fission fragments to learn more about what
parameters affect angular momentum generation. To enable this, a new technique for measuring I'YRs is first
demonstrated. It is based on the time-of-arrival of discrete y rays, and has the advantage that it enables the study
of the TYR as a function of properties of the partner nucleus. This technique is used to extract the TYR of '*Te,
strongly populated in actinide fission, from the three different fissioning systems: 2?Th(zn.f), >**U(n.f) at two
different neutron energies, as well as 2°Cf(sf). The impact of changing the fissioning system, the compound
nuclear excitation energy, the minimum J of the binary partner, and the number of neutrons emitted on the IYR
of "**Te are determined. The decay code TALYS is used in combination with the fission simulation code FREYA
to calculate the primary fragment angular momentum from the IYR.

We find that the IYR of **Te has a slope of 0.004 + 0.002 with increase in compound nucleus (CN) mass.
When investigating the impact on the IYR of increased CN excitation energy, we find no change with an energy
increase similar to the difference between thermal and fast fission. By varying the mass of the partner fragment
emerging with '**Te, it is revealed that the TYR of '**Te is independent of the total amount of prompt neutrons
emitted from the fragment pair. This indicates that neutrons carry minimal angular momentum away from the



fission fragments. Comparisons with the FREYA+TALYS simulations reveal that the average angular momen-
tum in **Te following 28U(n,f) is 6.0 A. This is not consistent with the value deduced from recent CGMF
calculations. Finally, the I'YR sensitivity to the angular momentum of the primary fragment is discussed.

These results are not only important to help understanding the underlying mechanism in nuclear fission, but
can also be used to constrain and benchmark fission models, and are relevant to the y-ray heating problem of

reactors.

I. INTRODUCTION

An intriguing aspect of the nuclear fission process is the
generation of angular momenta in the fission fragments,
which occurs even when the fissioning nucleus starts with no
net angular momentum [1]. New experimental results have
emerged and revealed more details on the nature of this pro-
cess [2—4], and both theoretical and experimental efforts are
being made to uncover further aspects of the mechanism be-
hind it [5-7].

One of the challenges related to the study of angular mo-
mentum generation is that the angular momentum magnitude
of the primary fragment J; is not directly measurable. There-
fore, experimental investigations are restricted to quantities
that are merely sensitive to J;. In those fragments that have
long-lived isomeric states, such a quantity is the isomeric yield
ratio (IYR) of the fragment [8], defined as the relative fre-
quency at which the fragment is populated in the isomeric
state of a given spin. The IYR is known to be sensitive to
changes in the angular momentum of the fragment [9], and
comparing measured [YRs from different fissioning systems
and configurations thus gives insight into what impacts the
generation of angular momentum in fission fragments.

In addition to the basic science interest, measurements of
isomeric yield ratios are also relevant for other related nuclear
energy and fundamental applications as the determination of
the decay heat in reactors and the determination of the an-
tineutrino spectrum from reactors. The isomeric yield ratio
impacts the population of 8 decaying isomers [10], that can
have different contributions to both decay heat and antineu-
trino spectrum (see for example Ref. [11] in relation to the
summation method [12]).

It has also been pointed out that one of the main challenges
with predicting y-ray heating of reactors is that the excitation
energy and angular momentum distributions among fission
fragments are not well known [13]. Here, [YR measurements
serve as benchmarks for fission models and thus contribute to
more accurate reactor simulations.

Isomeric yield ratios of fission fragments have been studied
since the 1950s [14, 15], and measurement methods include
radiochemical separation [16, 17] or in-flight mass spectrom-
eter [18], both followed by y-ray counting, as well as direct
ion counting in a Penning trap [19]. There are advantages and
drawbacks with each method, and they are also sensitive to
different isomeric lifetime ranges.
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In this paper we present a new method for extracting iso-
meric yield ratios. This method can reach isomer half-lives
on the order of 108 — 10~%s without the need for knowing
the y-feeding intensities between levels or correcting for un-
observed isomer decay.

Using this technique, we study I'YR variation with mass and
energy of the fissioning system and introduce the procedure of
partner gating, where demands are put on the mass, charge and
minimum angular momentum of the binary fragment partner.
By looking for small relative changes in the measured YR,
we gain an understanding of how changes in these properties
affect the IYR - and therefore angular momentum - of fission
fragments.

In this work we focus on the 6" isomeric state in the '**Te
fission fragment, for which the IYRs are measured for the first
time. This fragment was chosen because it is strongly popu-
lated in the fission of actinides, the 164.1 + 0.9 ns isomer half-
life [20] is suitable with respect to the beam pulsation, and the
emitted vy rays from the subsequent cascade can be efficiently
detected.

We also combine the fission simulation code FREYA [21]
with the nuclear reaction code TALYS to reproduce the mea-
sured IYR, which allows us to transform from the IYR to the
initial distribution of angular momentum that '**Te emerged
with. This procedure has previously been demonstrated using
the GEF fission code [22]. Finally, the sensitivity of IYRs on
the initial angular momentum in the fission fragment is dis-
cussed.

II. EXPERIMENTAL DETAILS

The data presented in this paper was collected during the
v-Ball fission campaign at the ALTO facility of IJC Labora-
tory, Orsay [23]. The v-Ball spectrometer is a hybrid array, at
the time consisting of 10 co-axial Compton-suppressed HPGe
detectors, 24 clover detectors, and 20 LaBrs-detectors [24].
Only the Ge-detectors were utilized for this analysis, and the
overall Ge efficiency was around 5.5% at 1 MeV.

Three different fission reactions were used to populate
134Te: the reactions 2*¥U(n,f) and >*’Th(n.f) induced with fast
neutrons, and spontaneous fission of 22Cf.  An ionization
chamber was placed in the middle of v-Ball for the >>2Cf mea-
surements, and the detection of a fission fragment in the cath-
ode was used to trigger the data acquisition. For more details,
see Ref. [25].

The neutron-induced fission experiments were achieved
by coupling v-Ball to the LICORNE neutron source, which
produces a directional beam of neutrons using the inverse-
kinematics reaction p(7Li,n)7Be [26]. Neutrons were deliv-
ered in 2 ns-wide pulses every 400 ns. The average neutron
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energy E, that induced fission was 1.9 MeV for 2*8U(n,f) and
2.0 MeV 2*2Th(n,f) both with a dispersion of 0.4 MeV. Addi-
tionally, a data set was collected for B8U(n,f) with E, = 3.4
MeV and a dispersion of 0.3 MeV. The values of E, corre-
spond to *°U fissioning with an average excitation energy of
E, = 6.7 and 8.2 MeV respectively, while E, was 6.8 MeV
for 2>Th. From the dispersion we see that the values for the
high and low E, for 2*%U(n,f) are significantly different.

All data were written to file using the FASTER digitaliza-
tion system [27] and processed later offline. In the neutron-
induced fission experiments both fragments were immediately
stopped in the thick target, whereas in the case of 2>>Cf, one
fragment was detected in flight.

The analysis was conducted differently for the cases of
22Cf versus 228U and 2*’Th. In the 2Cf case, the ioniza-
tion chamber gave a clear tag on fission events, resulting in a
compact data set with minimal background from other reac-
tions. In this case, Compton-suppressed y rays within a 4 us
time window were written to file for further analysis.

In the case of the neutron-induced fission experiments, both
fragments were stopped in the target. The selection of fission
events, e.g. the fission trigger, was based on the total num-
ber of y rays detected in a given beam burst, referred to as
the multiplicity M of the event. Due to the large number of
v rays emitted in fission compared to background reactions
of e.g., neutron scattering, higher-M events are increasingly
dominated by fission. To first order, events with M > 2
were selected. By further testing the multiplicity condition
we found that M > 4 was the optimal requirement that did not
impact the extracted IYRs while at the same time minimiz-
ing the background and retaining the majority of the fission
events. The resulting y-ray spectra measured for the three dif-
ferent reactions as well as the M distributions can be seen in
Fig. 1.

The y rays detected in the same event were thereafter sorted
into a cube with E,-E,-T for the analysis, where T is the
arrival time of the highest-energy y ray relative to the beam
burst. The E,-E, spectrum following 28U(n,f) for any T is
shown in Fig. 2.

III. METHOD

We present here the new technique for extracting isomeric
yield of fission fragments and demonstrate it on the particular
case of 1**Te. The level scheme of the lowest excited states
in 3*Te is illustrated in Fig. 3, where the isomeric state is
indicated.

The method relies on detecting the time-of-arrival of dis-
crete y rays. Ge-detectors were used to gate on events where
a pair of y rays originating from states below the isomer were
observed in coincidence. For '**Te the selected y rays are 297
keV and 1279 keV, and Fig. 3 illustrates how these come from
the transitions 4 — 2% and 2* — 0 respectively. A pair of
7y rays was chosen rather than a single one to minimize back-
ground, and the coincidence peak is shown in the insert of
Fig. 3. Due to the need to observe discrete y rays that are not
Doppler broadened, the method is sensitive to y rays emitted

107 1'134'1"e 2387
10°) @

10

Counts

1074 |134Te

Counts

10’

10 | 134T 252Cf

Counts
£~
o

10

0 500 1000 1500 2000
Energy (keV)

0.25 o T

Yield

—2:Cf

0.00 ' ‘ ' ‘
0 5 10
Multiplicity M

FIG. 1. (Color online) The experimental E, spectrum for the reac-
tions (a) 2*U(n,f) and (b) *?Th(n,f) at E, = 1.9 MeV and 2.0 MeV
respectively, (c) 22Cf(sf), as well as (d) the multiplicity distribution
M for fission events. The 1279 keV y ray from '*Te is indicated in
(@)-(c). In (d), the shape of the 2**U/?*>Th multiplicity distributions
are slightly different from 2>2Cf due to the exclusion of M < 2 events,
as described in the text. The distributions are therefore normalized
in the range M = [2 — 15].

when the '**Te fragment is either stopped in the target or the
walls of the target chamber.

The 7y rays of interest were selected by placing 5 keV wide
energy gates around the peaks in the y-y matrix. A back-
ground gate was put on either side of the true peak, and counts
were subtracted if one or both of the two vy rays were in the
background gate.

Using the time stamp from the highest-energy y ray, a
background-subtracted time-of-arrival spectrum was created.
This spectrum is shown in Fig. 4 for the case of **U(n,f) with
E, =19 MeV.

After **Te was populated in fission, the de-excitation pro-
cess could take different paths and either populate the iso-
mer, or bypass it. In the case when the isomer was bypassed,
the pair of 297 & 1279 keV vy rays was observed to arrive
promptly after fission. The shape of this prompt peak is best
described by a sum of two Gaussians with the same mean, but
different widths. On the other hand, if '**Te was populated in
the isomeric state, the arrival of the 297 & 1279 keV pair was
observed delayed with respect to fission. The shape of this
component is an exponential decay curve with the half-life
characterized by the isomeric half-life of 164.1 + 0.9 ns [20].
Finally, '**Te might have been populated through 8 decay, in
which the 297 & 1279 keV pair arrived uncorrelated from a
prompt peak and gave rise to constant background. The com-
bination of these three contributions describes the shape of the
observed time spectrum in Fig. 4.
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FIG. 2. (Color online) The experimental E,-E, coincidence spec-
trum following B8U(n,f) at E, = 1.9 MeV. The circle in the insert
shows coincidences between the 1279 keV and 297 keV v rays fol-
lowing the decay of **Te.
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FIG. 3. (Color online) Illustration of the lowest-lying levels of **Te,
constructed using energies and feeding values found in Ref. [20].
There are no additional transitions between the levels, i.e. the 6 state
decays only to the 4* state etc. The side-feeding branches, where
the decay bypasses e.g. the 4* and goes directly to the 2*, are also
indicated. The shaded area represents the doublegate on discrete y
rays used in this work.

If the decay did not follow the yrast line and instead directly
fed the 2% or O* states in Fig. 3, then the 297 & 1279 keV
pair would not be detected. These events are therefore not
included in the spectrum of Fig. 4, and the impact of this on
the determined I'YR is discussed further in Sec. III B.

To determine the IYR, the prompt two-Gaussian and the
delayed exponential contributions to the spectrum in Fig. 4
had to be decoupled. This was done using non-linear least
squares fitting, where the spectrum was described as a sum
of two Gaussian curves, a delayed exponential decay curve,
and a constant background, where the contributions are con-
voluted and smeared according to the time resolution of the
prompt Gaussian. There were thus seven physics-based fit-
ting parameters: the mean y of the Gaussians which also was
the starting point for the exponential decay, the two widths of
the Gaussians 0| and o, the heights of both the Gaussians
peak and the exponential decay curve, and the level of con-
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FIG. 4. (Color online) Background-subtracted spectrum showing the
time-of-arrival of a pair of 297 and 1279 keV v rays, created using
gates on the 4 — 2* and 2* — 0* transitions in '**Te. The compo-
nents of the fitted spectrum are also shown, along with the fit range.

stant background of 8 decay. The half-life of the isomeric
state was fixed to the adopted literature value of 164.1 ns [20].
The total fits and its components are shown in Fig 4.

In the level scheme of '3*Te there is also a 18 ns 12+ iso-
meric state [20], which feeds the 6 isomeric state. This state
is very weakly populated in fission (< 5%), and the only po-
tential impact of this state would be a slight change of the rise-
time slope of the delayed component in Fig. 4. As this change
would have no significant impact on the measured IYR, it is
therefore not considered.

Assuming both fission fragments are stopped promptly af-
ter fission, the IYR is then the area under the delayed exponen-
tial curve (integrated to “infinity” i.e. = 70 half-lives) divided
by the total area under the prompt two-Gaussian + delayed
exponential:

delayed

IYR= —MM
prompt + delayed

ey

In the case of 22Cf, one of the fragments de-excited in-
flight. If the isomeric state was bypassed, the 297 and 1279
keV vy rays would therefore be Doppler-broadened and not be
included in the energy gate. Hence only half of the prompt
peak was visible in the time spectrum, and the formula for
the IYR has an additional factor 2. The IYR is calculated
using Eq. 2. The in-flight isomer decay is minimal and can be
neglected.

delayed
IYR = claye )
2 prompt + delayed

Due to the timing properties of the ionization chamber, the
prompt peak in the case of *>Cf was found to be asymmet-
ric. This was investigated by creating a double-gated time
spectrum in a nucleus known to have no isomeric state, for
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FIG. 5. Illustration of partner gating following **U(n,f), where one
y-gate is placed in **Te and the other in '®*Zr.

example '*°Xe. Based on this, a smeared exponential tail was
included in the fit of the prompt peak.

A. Uncertainties

The uncertainties on the calculated IYRs were determined
by a Monte Carlo resampling method. First, the statistical
uncertainty on each bin in the spectrum of Fig. 4 was cal-
culated based on the amounts of counts in the unsubtracted
and background spectra. The spectrum was then resampled,
where each data bin was varied according to the statistical un-
certainty of that bin. The resulting fit was thus slightly per-
turbed, giving a different value of the calculated I'YR. This
procedure was repeated N = 5000 times, and the variation
in the calculated I'YRs revealed the uncertainty on the mea-
surement. N was chosen to be sufficiently high such that the
value of the uncertainty converged. In addition to the statisti-
cal uncertainty, we included a 5% systematic variation in the
background as well as a variation in the fit range of the spec-
trum.

B. Partner gating

In the previous sections it was described how y-gating is
used to obtain the IYR of '**Te, and the procedure was illus-
trated by using gates on the lowest 4* — 2* and 2* — 0%
transitions in '**Te. The notation 2+['**Te] & 4*['**Te] will
be used to indicate this y-gating.

A new aspect of this method is that when both fragments are
stopped in the target, gates can be placed on a specific partner
that emerges with the '3*Te. For example, in >*U(n.f), 13*Te
can emerge in the system:

238U(n, f) - BTe + 1927r + 3n. 3)

By gating on the transitions 2* — 0" in '3*Te as well as
2* — 0" in '9Zr as illustrated in Fig. 5, events are selected
where the prompt neutron multiplicity was 3. If the second
gate is instead put in '%Zr or '™Zr, the IYR can be extracted

in the cases when '**Te arrived with 51 or 1n respectively.
This partner gating technique effectively enables the study of
the sensitivity of the IYR (and thus J;) to the prompt neutron
multiplicity. This gives insight into how much angular mo-
mentum the neutrons remove from the initial fission fragment
and is highly relevant as the paradigm that they carry only
negligible amounts has recently been brought into question
[28].

We note here that the partner gating technique will not give
the same values for the I'YR as the double gate on 2*[ 34Te] &
4*[3*Te]. In the double gate, the events where the decay by-
pass the 4" and directly populate the 2* were excluded in the
calculated IYR. In the partner gate of Fig. 5, where only a gate
on 2*[1**Te] is used, the 2* side-feeding branch was included.
Since all the direct feeding to the 2* state bypassed the isomer,
this resulted in a lower value for the I'YR. The choice of gating
thus changes the value of the IYR. This is unproblematic: we
are interested in a relative comparison between systems where
the same gating is used to study the impact on the IYR, as the
I'YR value in itself says little about the system. Furthermore,
any technique that relies on the detection of y rays will also
omit the direct feeding to the ground state, so the impact of
gating is already present in previous measurements. Finally,
extracted I'YRs can be used to either constrain or benchmark
fission fragment decay simulations as will be demonstrated in
Sec. V. This can be done no matter which gates were used to
extract the IYR.

Time spectra like the one in Fig. 4 are slightly different for
the partner gate compared to the double gate. As '**Te only
emerge in coincidence with a partner nucleus in the case of
fission, there is no constant background of S decay observed
in these spectra. The constant-background parameter in the fit
is therefore fixed to zero.

Another possibility opened up with the partner gating tech-
nique is to select increasing amounts of angular momenta in
the partner nucleus. In Fig. 5, gates were placed on the tran-
sition 2* — 0% in '9°Zr, however one may instead put this
gate higher up in the level scheme, on 4* — 2% or 6* — 4%,
and so on. As the minimum angular momentum of '2Zr is
increased and the IYR of '**Te is extracted in each case, po-
tential correlations in the magnitudes of the two angular mo-
menta of the fragments are investigated. The degree of cor-
relation between the magnitudes of the two angular momenta
gives insight into the angular momentum generation process,
and obtaining more data on this would therefore be valuable.

C. Advantages

One advantage of the new method presented is that there is
no need to correct the calculated IYR for radioactive decay.
For some methods there is a significant amount of time be-
tween the fission occurred and the measurement, such that the
isomer might have time to decay before detection [19]. Ours
is a prompt measurement and does not have this drawback.

Furthermore, other methods are unable to determine di-
rectly whether the isomer was populated by prompt decay of
fission fragments or after S-decay. Since 8 decay will popu-



late a different spin distribution compared to fission, contam-
ination from g-decay feeding will impact the measured I'YR.
Only the prompt I'YR reflects the initial fragment angular mo-
mentum J;, and hence uncontaminated IYR measurements are
needed for investigating angular momentum effects in fission.
The S-decay feeding must thus either be minimal due to a long
precursor lifetime or corrected for, which will introduce addi-
tional uncertainties in the extracted I'YR.

The fission tag in the case of *>2Cf and the M > 4 multi-
plicity condition for >**Th and >*8U renders the S-decay back-
ground small (e.g. for Fig. 4, the constant background is 5%
of the counts within the fit region). Additionally, the 8-decay
feeding manifests itself as a constant background in the time
spectrum (pink line in Fig. 4) and is therefore easily sub-
tracted. Furthermore, the partner-gated spectra do not have a
background of B decay, as explained above. We are thus able
to measure the IYR without the contamination from S-decay
isomer feeding.

Finally, this method does not rely on previously measured
y-ray feeding intensities nor on the experimentally determined
efficiency of the detector array. Both of these have been iden-
tified as potential sources of systematic uncertainties of I[YR
measurements [29].

The unique feature of partner gating enables the study of the
sensitivity to changes in a fragment’s J; with partner nucleus
spin or neutron multiplicity.

Another advantage, not with the method but with this data
set, is that all three different fissioning systems were measured
in the same experimental campaign and using the same de-
tector array. This analysis thus also avoids systematic differ-
ences between measurements that could potentially give rise
to artificial variations in the IYRs. Hence, we can be more
confident that potential deviations between IYRs across the
different systems actually reflect underlying physics.

Finally, the present technique as well as IYR measure-
ments in general are complimentary to the Jj-sensitive mea-
surement method developed by the University of Manchester
[30]. Though I'YR measurements are limited to fission frag-
ments with suitable isomers, it might be sensitive to small
changes in the J; distribution.

IV. RESULTS

The IYR of *Te was extracted following the reactions
28U(n,f) and ***Th(n,f) induced with fast neutrons (E, = 1.9
and 3.3 MeV for >2U(n,f) and 2.0 MeV for 2*?Th(n,f)), and
spontaneous fission of 232Cf. In the case of neutron-induced
fission, partner gating was employed to extract the IYRs for
various numbers of emitted neutrons emitted as well as mini-
mum spin of the partner. The results are summarized in Table I
and illustrated in Figs. 6,7,8. The difference in IYR between
a double gate in '**Te and a partner gate is expected as com-
mented in Sec. III B and is due to the omission of the 2* side
feeding branch when using a double gate.

In Fig. 6, the IYR of '3*Te extracted from the different fis-
sioning systems are observed to have a slope with mass num-
ber; however this slope is at the limit of being statistically
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FIG. 6. (Color online) Isomeric yield ratios of '**Te as a function
of the compound nucleus mass number, using gates on 2*['**Te] &
4*['*Te]. The linear uncertainty-weighted fit to the data points is
also shown.
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FIG. 7. (Color online) Isomeric yield ratios of 13%Te from the reac-
tions 28U (n,f) and *?Th(n,f) when a gate is placed on 2*[**Te] and
a specified transition in the partner.

insignificant (0.004 + 0.002).

Furthermore, Tab. I shows that increasing the average neu-
tron energy from 1.9 to 3.4 MeV in the case of 2**U(n,f) does
not yield a statistically significant change in the IYR.

From Fig. 7, the IYR of '**Te appears to be unaffected by
the number of prompt neutrons emitted. Note from Tab. I that
for the reaction >*8U(n,f) — '**Te + Zr + xn the gates used
on the Zr partners was both on the transition from the first 4*
state. In the case of *’Th(n,f) —» **Te + Sr + xn, different
transition gates were used for the various Sr partners.

However, Fig. 8 shows contradicting results. The partner
gating on the *®U(n,f) —» **Te + 192Zr + 3n data set does
not give an observed change with minimum J of '%>Zr. On
the other hand, in >**Th(n,f) — '**Te + *°Sr + 3n the IYR
drops significantly when the gate is changed from 2*[*°Sr] to
4*[%5Sr]. This is discussed in Sec. VI A. Due to the different
gates used, we only compare the trends between the different



TABLE 1. Isomeric yield ratio of '**Te extracted from the reactions **¥U(n,f), 2**Th(n,f), and **Cf(sf), with the employed gates indicated.

Reaction E, [MeV] Gate type Gate transitions Gate energies [keV] IYR
B8U(n,f) 1.9 double gate 2+[13Te] & 4*[**Te] 1279 & 297 0.73 +0.01
- - In 2+[34Te] & 4['%Zr] 1279 & 312 0.65 +0.05
- - 3n 2+[34Te] & 4[19%Zr] 1279 & 326 0.69 + 0.02
- - 3n - partner 2* 2+[13Te] & 2+['9%Zr] 1279 & 151 0.61 +0.06
- - 3n - partner 4* 2+[13Te] & 4+['9%Zr] 1279 & 326 0.69 +0.02
- - 3n - partner 6* 2+[13Te] & 6*['9%Zr] 1279 & 487 0.67 +0.03
28U(n,f) 3.4 double gate 27 [Te] & 41['*Te] 1279 & 297 0.74 + 0.04
B2Th(n,f) 2.0 double gate 2+['3Te] & 4*['**Te] 1279 & 297 0.68 +0.03
- - In 2+['3Te] & 6*[%Sr] 1279 & 433 0.6 +0.1
- - 3n 2+[1*4Te] & 2*[*°Sr] 1279 & 815 0.62 +0.03
- - 4n 2[*Te] & 27[*S1] 1279 & 352 0.6+0.1
- - 3n - partner 2+ 2+ [Te] & 2+[%Sr] 1279 & 815 0.62 +0.03
- - 3n - partner 4* 2+[34Te] & 4*[*°Sr] 1279 & 978 0.47 +0.03
B2Cf(sf) N/A double gate 2+[14Te] & 4*[1¥Te] 1279 & 297 0.77 + 0.02
0.80 § =T Te 1 %Se 13 However, a model is needed to transform the measurement to
0751 (1, — 1Te reon a quantitative value of J;. One such model that has previously
8 28U, — 134Te +12Zr + 3n been used is the one-parameter Madland-England model [31],
0.70 but it was recently commented in Ref. [29] that this model is
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FIG. 8. (Color online) Isomeric yield ratios of '**Te from the reac-

tions 2**U(n,f) and *’Th(n,f) when a gate is placed on 27["**Te] and
the gate on the partner is changed.

systems and not the absolute IYR value (i.e. the IYR obtained
from 2*U(n.f) - **Te + '2Zr + 3n will not be directly com-
pared to 23*Th(n,f) — '**Te + *°Sr + 3n.)

V. DECAY SIMULATION: FREYA + TALYS

As stated in the introduction, IYR measurements are sen-
sitive to the angular momentum of the primary fragment J;.

likely too simplistic to provide accurate values for J;. We em-
ployed the Hauser-Feshbach decay code TALYS [32] to deter-
mine the angular momentum of the primary fragment from the
measured ['YR. The methodology was developed to interpret
I'YR experimental data from proton-induced fission isomeric
yields at the IGISOL facility [22].

In order to de-excite fission fragments, TALYS requires
their initial excitation energy Ex as well as J;. This infor-
mation was obtained from the fission simulation code FREYA
[21, 33] which yields the (correlated) (Ex,J;) distributions of
the primary Te fragments. This procedure is described in de-
tail for the combination of the fission code GEF and TALYS
in Ref. [22].

Version v.2.0.5 of FREYA was used, and the code was
changed to allow the extraction of the angular momenta of the
fission fragments. Furthermore, the reduction factor for the
rigid-body value of the moment of inertia was changed from
0.3 to 0.5 for all fragments. All of the changes in the FREYA
code can be viewed in Ref. [34].

FREYA was used to simulate 2*3U(n,f) at the incoming neu-
tron energy 1.9 MeV. Events resulting in a Te fragment with
mass A > 134 were selected, and the Ex among these frag-
ments were found to have an average value 9 MeV with a
dispersion of 4 MeV, while the J; distribution had an average
of 6 71 with a dispersion of 3 7.

To enable the possibility of varying the initial conditions
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FIG. 9. (Color online) The IYR of '**Te as a function of the average
initial angular momentum J; of the primary fission fragment from
the reaction 2%U(n,f) at E, = 1.9 MeV. In (a), the IYR are only
shown for the different neutron channels, and (b) shows the summed
contribution for the n > 0 channels. In (b), the value of the measured
I'YR is marked along with which J; it corresponds to.

of the nucleus in TALYS, the dependency between the distri-
bution for Ex and J; was parameterized separately for each
A. The parameterization was based on the statistical model
for de-excitation of the fragments, where the probability P of
having a state of spin J is given by
2
P(J) o (2] + 1)exp (——(J +B(j’5) ) )
and B is an adjustable, Ex-dependent parameter related to the
spin cutoff-parameter o (B> = 20°?), which governs the mean
value and width of the spin probability distribution. Using
Eq. 4, the value of B was transformed to the average angular
momentum J;, as recent experimental results [2] provided this
value instead of the B-value. We would like to emphasize that
the average angular momentum J; is not directly comparable
to the root-mean-square value Jy,s [1], which is also some-
times used to describe an angular momentum distribution (see
e.g. Ref. [35]).

This parameterization describing the Ey and J; of the initial
nucleus was given to TALYS. New initial conditions for the
fragments were sampled, and the resulting Te-precursors were
de-excited. The amount of samples for each A reflects the
initial distribution of fragment masses from FREYA. A minor
modification was made in the TALY'S code such that the decay
was stopped once it reached one of the energy levels in Fig. 3.
The calculated IYR could be determined by looking at the
relative population of the different levels.

Through the parameterization, it is possible to calculate the
IYR as a function of the average values for J;, and this is
shown in Fig. 9.

When an initial Te fission fragment decays, there are sev-
eral possible pathways that may result in the production of the
isotope '3*Te. For example, the initial fragment could have

been '3%Te before emitting two neutrons during de-excitation,
resulting in the experiment detecting y rays from '**Te. Fur-
thermore, the probability of populating different energy levels
also vary with the average angular momentum of the initial
nucleus J;. In Fig. 9(a), the IYR of '**Te are plotted as a func-
tion of J; for the different neutron multiplicity channels, e.g.
the n = 1 channel indicate that the initial nucleus created in
fission was '3>Te.

As a general trend for the n > 0 channels, Fig. 9(a) shows
that for a low J; the corresponding I'YR is low. The IYR then
increases as a function of J;, until it saturates at high J;. The
exception is the n = 0 channel where TALYS suggests that the
IYR is close to 1 for all values of J;. As the isomeric state has
an angular momentum of 6 7, the probability of populating
this state when starting with close to zero J; ought to be very
small, since it requires multiple y-ray transitions “uphill” to
higher spin states in regions of relatively lower level density.
Therefore, the behaviour of the n = 0 channel in the low spin
range appears to be unphysical and we exclude it in the further
calculations. The n > 0 channels show the expected behaviour
where the I'YR increases with increased J; of the initial Te
fragment.

The resulting IYR in pink in Fig. 9(b) is calculated by sum-
ming all population contributions from the neutron channels
n>0.

TALYS is known to have a J-cutoff at J = 30, which might
create an artificial saturation effect at high angular momenta.
However, we see from Fig. 9 that the saturation starts at much
lower values for J, which points to a real saturation effect. The
existence of an I'YR saturation effect is supported by Ref. [9],
where the isomer saturation effect was observed in CGMF
simulations of four other fission fragments. This will be fur-
ther discussed in Sec. VI B. For now we point out that Fig. 9(b)
shows that a small change in measured IYR will lead to a cor-
responding change in J;.

The figure also illustrates that to reproduce the experimen-
tal double-gated I'YR result of 0.73 following the reaction
238U(n,f) at E, = 1.9 MeV, the initial average angular mo-
mentum must be 6.0 . This reproduced the J; of the initial
FREYA distribution.

VI. DISCUSSION
A. Measured IYRs
1. Interpretation of IYR

Table I shows that when using the gate 2*['*Te] &
4*['3Te] to extract the IYR of '**Te produced in the *3U(n,f)
reaction, the IYR is 0.73 + 0.01. The interpretation is that
whenever **Te is populated in the 4* state, then there is a 73%
chance that it is also populated in the 6* state. This measure-
ment provides a benchmark for fragment decay codes when
calculating the initial spin distribution of '3*Te. Compared to
the double gate, a single gate on only 2*['*Te] is expected
to give a lower I'YR value. This is due to the inclusion of the
direct feeding to the 2* state, as illustrated in Fig. 3. How-



ever, this single-gated I'YR value will come with a significant
uncertainty due to the higher level of background, and thus all
the extracted IYR are determined using double gates.

2. Changing fissioning system

When comparing the IYR of **Te from the gate 2*+['**Te]
& 4+[134Te] across all three fissioning systems, 238U(n,f),
B2Th(n,f), and 2>Cf(sf), a linear regression fit of the I'YR de-
pendence on the mass number gives a slope of 0.004 + 0.002.
The slope is not sufficiently significant to allow a conclusion
about a variation between the systems. This observation is
therefore consistent with the findings of Ref. [2], even consid-
ering the higher sensitivity to small differences in J; that [YR
measurements might provide.

An independence in the observed IYR on the mass number
of the fissioning system was also observed in the 2021 evalua-
tion of the available I'YR literature [29], and it was stated that
within the uncertainties there was no dependency of the IYR
on the target nucleus for the four well-studied nuclei '?2Sb,
BBITe, 1341, and '*Cs. On the other hand, Ref. [19] observed
changes in the IYR of Sn and Y isotopes between "U(p.f)
and 232Th(p,f), where the Sn isotopes had higher IYR values
following "U(p,), while the opposite occurred for the Y iso-
topes. This was attributed to potential variations in the scis-
sion deformations of the nuclei between the different systems.

The impact of fission-fragment deformation on I'YRs has
been observed several times. In Ref. [10], the IYRs were mea-
sured for a chain of Cd and I isotopes, and a positive correla-
tion between the fragment’s J; and quadrupole moment was
found. They also observed the impact of unpaired protons on
the IYR, where the added angular momentum of the unpaired
proton yields a higher I'YR. This effect had previously been
observed [36] and it was also commented that fragments close
to spherical shells also have a lower J;. The observation of the
effect of unpaired protons also demonstrates the high degree
of sensitivity to ['YR measurements on the angular momentum
of the fragment. Finally, Ref. [4] measured the IYR of **Sn
as a function of the fragment’s kinetic energy and found an in-
crease in [YR with lower kinetic energy. Again, this supports
the deformation-dependence of IYRs as less kinetic energy is
attributed to more deformed scission shapes.

The evidence for the fragment deformation effect on IYR
is thus quite substantial. Given that the determined I'YRs for
134Te in this work do not vary much (if at all) with the mass
number of the fissioning system, this indicates that the scis-
sion shapes may be similar when the fragment is produced in
28U(n,f), 22Th(n,f), and 22Cf(sh).

3. Changing excitation energy of the CN

The I'YR measured following the neutron-induced fission
of 28U at either E, = 1.9 or 3.4 MeV is the same within the
uncertainties. Though adding ~ 1.4 MeV to the fissioning sys-
tem might not seem like a significant change, this difference
is similar to the energy gap between thermal neutron induced

and fast neutron induced fission. The difference in y emis-
sion between thermal and fast fission has been deemed an
important point to measure, due to potential increased y-ray
heating in fast reactors [13]. Our observation of no change in
the IYR over this energy range conforms with the comparison
in Ref. [29] between existing IYR measurement at thermal
and fast energies, [YRs measured following bremsstrahlung-
induced fission [37] as well as with previous measurements
showing that the fission y-ray multiplicity does not change
significantly with small changes in the excitation energy of
the compound nucleus (CN) [38, 39].

If the excitation energy range is significantly increased,
however, the literature indicates that this might affect the
IYRs. Ref. [40] studied the IYRs of '?!Cd and '**Xe from
232Th(p,f) for proton energies from 13 to 26 MeV, and found a
small increase in the YR for increasing proton energy, which
also conforms with older results [14, 41]. This is not necessar-
ily in conflict with the results above, due to the significantly
larger gap in Ey investigated in those works. It should also
be noted that over such large changes in the Ey, multi-chance
fission will lead to changes in the mass of the nucleus that
undergoes fission.

4.  Neutron multiplicity gating

The partner gating was used to control the emitted neu-
tron multiplicity and the IYR extracted from the 2¥U(n.f)
— ¥Te 4+ 1927 4 35 and **Te + '%Zr + 1n systems are
compared. From the method itself one cannot determine how
many neutrons were emitted from the **Te precursor com-
pared to the Zr partner, however, this is information available
from the FREYA simulation. We find from FREYA simula-
tions that the '**Te precursor emits about 0.7 neutrons more on
average when the neutron multiplicity of the event increases
from 1n to 3n, and thus the difference in I'YRs extracted for
134Te reflects the impact of about one extra neutron emitted
from the initial nucleus.

There are two ways that the neutron could impact the angu-
lar momentum J and thus IYR of the fragment. First, Ref. [28]
suggested that neutrons might carry more angular momentum
from the fission fragments than is widely thought, and that
they could reduce J with a value of more than 1 7 on average,
ie., AJ = 1.34 + 1.93 7i for >**U(n.f). An increase in neutron
multiplicity might thus remove more angular momentum prior
to y emission, resulting in a decrease in the IYR.

Furthermore, the number of neutrons emitted by a frag-
ment reflects the initial excitation energy the fragment was
produced with, as neutrons are largely emitted prior to y rays
in the de-excitation process. More neutrons emitted therefore
indicates a higher excitation energy of the primary fragment
after scission. Specifically for the case studied here, the neu-
tron separation energy of the 1n precursor nucleus '*>Te is
~ 3.3 MeV [42]. As some suggestions for angular momentum
generation mechanisms is rooted in the available excitation
energy of the fragments [2, 35, 43], IYRs of the neutron-gated
systems therefore provide valuable information.

The TYRs extracted for the '**Te + '%2Zr + 3n is within



a 20 interval of the value from "*Te + '™Zr + 1n, reveal-
ing that within the sensitivity, the angular momentum of '3*Te
is independent of the number of prompt neutrons emitted by
the fissioning system. This implies that the neutrons do not
carry a very large amount of angular momentum, and that the
difference in the excitation energy that the '**Te precursor is
produced with does not have any significant impact. The lat-
ter is thus another confirmation of the E, independence of the
IYR of '**Te, which spans a larger excitation energy differ-
ence ( 2.3 MeV) than the 1.4 MeV change in CN energy be-
tween neutron-induced fission at £, = 1.9 vs. 3.4 MeV.

The independence of '3*Te on neutron multiplicity is also
seen for Z?Th(n,f), though the uncertainties on these measure-
ments are larger due to the difficulty of finding appropriate
transitions for the partner gate.

Our finding that the IYRs do not depend on the neutron
multiplicity indicates that neutrons do not remove significant
amounts of angular momentum AJ. However, AJ is only
constrained within the uncertainties on the measurements,
and thus might still be consistent with the suggested AJ in
Ref. [28]. In the future, experiments with better statistics will
be able to investigate more precisely the angular momentum
removal by neutron evaporation.

5. Partner J gating

Finally, the '**Te + '2Zr + 3n system was considered,
where gates are placed progressively higher in the level
scheme of 'Zr. Fig. 8 shows that there is no significant
change in the IYR of '**Te when demanding higher aver-
age minimum J in the partner. One reason for this could be
that the gates are not selective enough such that there is little
change in the J; distribution of '°Zr with a 2* vs 6* gate. This
would especially be a challenge, if the average angular mo-
mentum of the partner was sufficiently high. However, from
Ref. [2] it is listed that the average angular momentum follow-
ing 28U(n,f) for '92Zr is about 6 %, meaning that roughly half
of the distribution is expected to be omitted when placing a
gate on the 6 transition. Thus the independence observed in
the I'YR supports the findings presented in Ref. [2] that the an-
gular momenta of the two fission fragments are uncorrelated
in magnitude.

The same procedure of increasing the partner J was con-
ducted for the '**Te + *°Sr + 3n system, which emerged from
the 232Th(n,f) reaction. Contrary to the observation above, the
gates on the %°Sr 2* state versus 4* state yield statistically
significant differences in the IYR. Whether this is merely a
statistical deviation or a true trend caused by structure effects
will be investigated in upcoming experiments.

B. TALYS simulations

The average angular momentum of the '**Te precursor was
determined from the FREYA+TALYS simulations in Fig. 9(b)
to be 6.0 #i. This, as commented above, reproduces the origi-
nal average of 6 7 that FREYA gave, indicating that the orig-
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inal J distribution from FREYA provides a good representa-
tion of the experimental angular momentum distribution of Te
fragments.

Ref. [44] used FIFRELIN to extract the average angular
momentum as a function of the fission fragment mass for the
different reactions °U(ng,,f) and Z°Pu(ng,,f) and found that
the A = 134 region had J; ~ 7 &. This is slightly higher than
our findings.

Furthermore, our value of J; deviates significantly from the
CGMF simulations presented in Ref. [28] (Fig. 2b), where the
initial angular momentum prior to statistical neutron and ‘-
ray emission was about 9.5 7i. A possible reason for this de-
viation might be the assumptions regarding angular momen-
tum removal by neutrons, which in Ref. [28] is found to be
significant. It is shown that it is possible to reproduce the an-
gular momentum sawtooth in Ref. [2] even if one assumes
that the neutrons carry more than 1 7% of angular momen-
tum on average. As discussed in Sec. VI A, we do not see
a change in J with increased neutron multiplicity within the
sensitivity of the method, but the precise amount is yet to be
determined experimentally. The value for J post-statistical
neutron and gamma emission in Ref. [28] fits well with the
FREYA+TALYS values pre-statistical emission.

Furthermore, the value of J; of '3*Te presented in Ref. [2]
was 4.26+0.17 A. This deviates from the value presented here.
However, this may be caused by an overestimate of the direct
feeding of the 2* due to the presence of the isomer.

1. Saturation effects

An important aspect of information revealed by the TALYS
simulations is the sensitivity of the IYR measurement to
changes in Ji. As seen in Fig. 9, the feeding of the isomer in
134Te changes as a function of the angular momentum of the
primary fragment. In a range of J;, the IYR changes rapidly
with small changes in J; and is thus a highly sensitive probe
of small differences between systems. However, if the J of the
isomeric state is too low, the feeding of the isomer saturates.
As it is no longer sensitive to J; after the TYR feeding has sat-
urated, it is not a good metric for determining the J;. On the
other hand, if the J of the isomeric state is too high, it will
not be populated in fission, and thus the IYR carry little infor-
mation on the initial angular momentum of the fragment. An
isomeric state is thus only a good tool for investigating J; as
long as the spin of the isomeric state is comparable to the J;.
The feeding saturation is also dependent on where in the level
scheme this state is found, where isomers at low excitation
energies saturate more quickly than high-lying states.

When investigating differences between fissioning systems
and reactions, saturation of the isomer feeding could result
in unchanged values for the IYR. This is a potential explana-
tion for the observation that some fragments have I'YRs that
change with differences in the fissioning system [19], while
others do not [29]. However, in the current study of '**Te we
observe from the TALYS simulations that the isomer is not
expected to be saturated for this value of the IYR. In fact, it
is still highly sensitive to changes in the J;, where a change of



1% in the TYR results in a change of 2.1% in J;.

Though a saturation of the isomer feeding leaves the IYR
insensitive to further changes in the angular momentum of the
fragment, this still provides a benchmark for fission codes to
determine the Ex and J; of the primary fragment.

In this work we have pointed out several possible ways that
the measured I'YR could not be reflective of the initial angular
momentum distribution in the fission fragment. In addition to
the isomer saturation effect, we have also discussed the possi-
bility of contamination from § decay, as well as the limitations
in the model used to transform between the IYR and J;. These
effects, in addition to possible systematic differences in exper-
iments, might have impacted the establishment of the angular
momentum sawtooth dependence on the mass of the fission
fragment [2, 3, 45], as one study of IYRs saw the structure
[35], while another did not [16].

VII. CONCLUSION AND OUTLOOK

In this paper, we have studied the impact on the IYR of
changing the fissioning system, the CN excitation energy, the
minimum J of the binary partner, and the number of neutrons
emitted from the fissioning system.

We have presented a new method for extracting IYRs,
where the arrival time of discrete y rays is used to decouple
the prompt and isomeric decays of a nucleus. The method
was applied to the fission fragment '*Te, and IYRs of the
6" isomeric state were extracted from the three different sys-
tems 28U(n.f) at E, = 1.9 MeV, 22Th(n,f) at E, = 2.0 MeV,
22Cf(sf), as well as at a higher CN excitation energy for the
28U(n,f) case (E, = 3.4 MeV). The change in I'YR with mass
of the fissioning system shows a slight increase, but only has a
20 statistical significance. Previous measurements have both
seen [19] and not seen [29] variations with CN mass. Poten-
tial changes in the IYR with different fissioning systems might
originate from changing scission shape. More investigations
are needed to clarify the impact on specific isotopes.

The I'YRs extracted for different CN E, are the same within
the uncertainties, conforming with the previous observations
that small changes in Ex does not change the IYR [29].

By using y-ray gates to constrain the properties of the part-
ner fragment that emerges with **Te, the impact on the IYR
of neutron multiplicity and increase in partner J was inves-
tigated. An increased neutron multiplicity did not change
the '3*Te IYR, which indicates that the neutrons carry small
amounts of angular momentum AJ. Future experiments will
be able to constrain AJ by achieving smaller statistical uncer-
tainties. The impact of the IYR on partner J yielded contra-
dicting results for the cases ***U(n,f) — '3*Te + '%Zr + 3n
and 232Th(n,f) — 134Te + %°Sr + 31, and further investigations
are needed.

Simulations conducted by combining FREYA and TALYS
were used to determine the average angular momentum mag-
nitude of '**Te following 238U (n,f), which was found to be 6 %.
The effect of isomer feeding saturation was also discussed,
and we showed that there is a limited range, where the IYR of
a specific isomer is a good measure of the angular momentum
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of the initial nucleus.

In the future, new experiments could provide higher-
statistics data sets that would allow the expansion of this
method to measurements of lower-yield isomers. More mea-
surements in the light-fragment region would be especially
interesting, as it has been pointed out that [YR measurements
have mainly focused on the heavy fragment [29]. Partner gat-
ing may also be pursued to determine more accurately the
amount of angular momentum carried off by neutrons from
fission fragments.
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