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Fission yields form an integral part of the prediction of antineutrino spectra generated by nuclear
reactors, but little attention has been paid to the quality and reliability of the data used in current
calculations. Following a critical review of the thermal and fast ENDF/B-VII.1 235U fission yields,
deficiencies are identified and improved yields are obtained, based on corrections of erroneous yields,
consistency between decay and fission yield data, and updated isomeric ratios. These corrected yields
are used to calculate antineutrino spectra using the summation method. An anomalous value for
the thermal fission yield of 86Ge generates an excess of antineutrinos at 5-7 MeV, a feature which is
no longer present when the corrected yields are used. Thermal spectra calculated with two distinct
fission yield libraries (corrected ENDF/B and JEFF) differ by up to 6% in the 0-7 MeV energy
window, allowing for a basic estimate of the uncertainty involved in the fission yield component of
summation calculations. Finally, the fast neutron antineutrino spectrum is calculated, which at the
moment can only be obtained with the summation method and may be relevant for short baseline
reactor experiments using highly enriched uranium fuel.

The current reactor antineutrino experiments, Double
Chooz [1], Daya Bay [2], and RENO [3], have solved the
long standing question of the oscillation parameter θ13
value. Yet a new puzzle has emerged on the shape of
the measured antineutrino spectrum as it differs from the
best model predictions [4, 5] with a prominent antineu-
trino excess at energies between 5 to 7 MeV [6, 7]. These
model predictions use the “conversion method”, which
relies on precisely measured electron spectra [8–11] to
deduce the corresponding antineutrino spectra. Antineu-
trino spectra can also be calculated using a comprehen-
sive set of nuclear data [12], an approach known as the
“summation method”. A recent study [13] found that
the summation method gives an excess of antineutrinos
in the 5-7 MeV region relative to the conversion method.
This intriguing result calls for a thorough investigation
into the method and data utilized in these calculations in
order to solve the antineutrino excess puzzle.

There are two components in a summation calculation,
one relating to the antineutrino spectra from each of the
isotopes undergoing β− decay, and the other its fission
yield, which provides the weighting factor for the individ-
ual spectra. Most of the recent work has centered on the
former, whereas the fission yield component has garnered
less attention. Fallot et al. [14] explored the effects of To-
tal Absorption Gamma-ray Spectroscopy (TAGS) data.
Hayes et al. [15] investigated the impact of first forbidden
transitions. The antineutrino spectra were decomposed
into the contribution from individual nuclei and promi-
nent ones were identified in the region of the observed
excess in Refs. [13, 16, 17]. Recently, Hayes et al. [18]
studied a number of possible sources of this antineutrino
excess. Our goal is to thoroughly address the hereto-
fore neglected fission yield component in the calculation
of antineutrino spectra, investigating corrections of erro-
neous yields, consistency between decay and fission yield
data, and realistic estimates of isomer population follow-

ing fission. We note that fission yields impact a wide
range of applications and thus results of this work are
relevant to a number of fields, such as antineutrino de-
tection for reactor monitoring [19], decay heat [20] and
nuclear forensics [21].

Another puzzle to be investigated in future exper-
iments is the so-called reactor antineutrino anomaly,
a short-distance deficit of measured antineutrinos [22],
which has led to the suggestion of one or more sterile neu-
trinos and prompted development of new short baseline
experiments such as PROSPECT [23], where the detec-
tors will be near a highly-enriched uranium (HEU) reac-
tor. As 235U will contribute most of the fission events, the
analysis will be simpler; however, since the total electron
spectrum has only been measured at thermal energies,
summation calculations may be needed to understand the
effect of non-thermal neutrons. Thus, we also explore the
fast neutron fission yields for 235U and calculations of the
corresponding antineutrino spectrum.

Currently there are two distinct sets of recommended
fission yield data, the ENDF/B-VII.1 [24] and the JEFF-
3.1 [25] libraries, which provide independent and cumu-
lative fission yields for ground state (g.s.) and isomeric
levels. The JENDL library [26] also has fission yield data,
which are basically identical to those in ENDF/B. The
independent fission yield, IFY, is the probability that
a level is populated after a single fission event. The
cumulative fission yield, CFY, is recursively defined as
CFYi = IFYi +

∑
bkiCFYk, where bki is the probability

that level k decays to level i.
Prior studies [27–29] have indicated issues with the

current ENDF/B 235U thermal fission yields for 86Ge,
which has an IFY value much larger than the IFYs for
the other Ge isotopes despite being quite neutron rich,
see Fig. 1. The IFYs for 87,88Ge also appear anomalous.
We interpret these 86−88Ge IFYs as spurious errors since
for Ge isotopes, the yield distribution as a function of
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FIG. 1. (Color online) Independent fission yields for Ger-
manium isotopes. Full (open) circles are the thermal (fast)
ENDF/B-VII.1 values, the full line is a weighted Gaussian
fit to the thermal values (excluding 86,87,88Ge), triangles are
the corrected thermal yields, and the dotted line is a GEF
calculation.

mass is expected to be well represented by a Gaussian
distribution, as observed in the JEFF and fast (Eneutron
= 500 keV) ENDF/B yields and predicted by the GEF
model [30]. Additionally, the sum of IFYs for Z=32 is
∼2.4 times larger than that for the Z=60 complementary
partners. From simple charge conservation and neglect-
ing ternary fission, the sum of IFYs for Z and 92-Z should
be equal, within uncertainties. From the historical re-
leases of the ENDF/B library, we can track the evolution
of the 86Ge IFY, which was below 10−5 for ENDF/B-V
and ENDF/B-VI.1, but changed to its current anomalous
value for ENDF/B-VI.2 in 1993. We note that the data
source [31] for the Ge yields evaluation [32] only contains
data for 79−84Ge and the first observations of 86−89Ge
were reported later [33, 34]. We believe the erroneous
value originates from a miss assignment of the 86Se CFY
in Ref. [31] to that of 86Ge.

Since we have no access to the data and codes used to
derive the ENDF/B yields, we have applied an ad hoc cor-
rection using a weighted Gaussian fit to the data, exclud-
ing outliers. For example, we show in Fig. 1 the original
Ge IFYs, the Gaussian fit, the corrected IFYs, the fast
IFYs and GEF results for 2×1010 events. For thermal
ENDF/B IFYs the Gaussian fit correction was applied
to 84,86,87,88Ga, 86,87,88Ge, 88As, 96,98,100Kr, 85,100Rb,
120,130,131Cd, 137Sb and 140Te. For Z=32 the sum of cor-
rected IFYs is within 0.5% of the sum of Z=60 IFYs. We
have also identified similar anomalous deviations in the
fast 235U ENDF/B yields and the 93Br, 105,106,107,108Y
and 105,106,107,108Zr IFYs were corrected.

The next set of corrections were applied to the g.s.
and isomer IFYs of a given nucleus, which is of impor-
tance since typically one of them, due to angular momen-
tum considerations, produces more energetic antineutri-

FIG. 2. (Color online) (a) Thermal 235U antineutrino spec-
tra calculated using the corrected ENDF/B yields divided by
the one using the original ENDF/B yields. The dashed lines
correspond to similar ratios when only the fission yield for a
single relevant nucleus was modified. (b) Same as (a) but for
fast neutrons.

nos than the other. In cases where no experimental iso-
meric ratio, IFY (isomer)/(IFY (g.s) + IFY (isomer)),
was available and the spins were unknown, ENDF/B
equally split the yields between the two states. If the
spins were known, the Madland-England model [37] was
used to estimate the yields. In this work we have used the
measured 239Pu(n,F) isomeric ratios [36] for 98Y, 99Nb
and 136I, as we expect they would be similar for 235U. In
an attempt to provide a more realistic isomeric ratio for
cases with no experimental value, a survey of the Yrast
band population in even-even nuclides following the spon-
taneous fission of 252Cf was performed. About 30 such
cases are available in the ENSDF database [35], yield-
ing an average population of 100%, 66%, 41%, 18% and
8% for the yrast 2+, 4+, 6+, 8+ and 10+ levels, respec-
tively. This distribution was used to obtain g.s. and
isomeric IFYs of 96,97,100Y, 100,102,104Nb, 128,130,131Sn,
134Sb, 146La, 148Pr and 152,154Pm. Finally, the isomer
IFYs for 84As, 85Se, 86Br, 109Ru and 143Xe were added
to the g.s. IFYs since currently there is no evidence for
these isomers [35].

Next, the corrected IFYs were renormalized to 2 and
CFYs were obtained. We note that changing the 86Ge
IFY changes its CFY and those of the nuclides further
down its β-decay path. The antineutrino spectra are cal-
culated as [12]

I(Eν) =
∑

CFYi × Ii(Eν), (1)

where Ii(Eν) is the antineutrino spectrum from the ith

β-minus decaying level in the network.
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In this work we use an updated version of the ENDF/B-
VII.1 decay data sub-library [16], with the bki data to
convert from IFY to CFY, as well as the parameters
needed to calculate the level to level spectra, such as β-
minus intensities (Iβ), energies and spin/parity change.
The main sub-library update is the use of Iβ from TAGS
data [20, 39] and from fits to measured β-minus spec-
tra [40]. For nuclides with measured Iβ , electron and
antineutrino spectra are calculated including finite size,
radiative and screening corrections as given by Huber [4].
For nuclides with poorly known Iβ , theoretical spec-
tra [41] are used; in particular, 86Ge, falls in this group.

One way of validating the IFY corrections is to calcu-
late the delayed neutron multiplicity per fission, νd, ob-
tained as νd =

∑
CFYi(P1ni + 2×P2ni), where P1(2)ni is

the β-delayed 1(2)-neutron emission probability. Higher
order neutron emission is negligible. With the corrected
yields we obtain a νd of 1.559×10−2 and 1.747×10−2 for
235U thermal and fast neutrons respectively, while the
recommended ENDF/B-VII.1 [24] values are 1.585×10−2

and 1.67×10−2. The values obtained using the original
yields are 2.021×10−2 and 1.786×10−2, thus, for thermal
neutrons, the corrected yields produce a νd very close to
the recommended value, compared with a result which is
27% higher with the original yields. We have also veri-
fied that the corrected CFYs are in good agreement with
recent measurements [42] of long-lived fission products.
Additionally, we observed that the corrected yields in-
duce changes in the decay heat of less than 15% at times
shorter than 100 seconds after fission, as the corrections
were mainly applied to short lived nuclides.

We first explore the effect of these yields corrections
by studying the ratio of the calculated antineutrino spec-
trum using the corrected fission yields over the same cal-
culation with the original ENDF/B CFYs. Results are
given in Fig. 2(a) for thermal neutrons and Fig. 2(b) for
fast neutrons. In addition, a similar ratio is plotted but
where the numerator involves correcting only a single nu-
cleus IFY and then calculating new CFYs, which high-
lights some of the most relevant cases, but also reflects
the use of new bki data. For thermal neutrons, the cor-
rected yields produce a spectrum that in the 0-5 MeV
region is within 3% of the one calculated using the origi-
nal CFYs. In the 5-7 MeV region, the corrected spectrum
is 3-10% lower than the uncorrected one, which can be
traced to the changes in the 86Ge IFY. This result is very
relevant to the excess of antineutrinos in the 5-7 MeV re-
gion as using original ENDF/B CFYs will produce more
antineutrinos in the same region simply due to an artifact
in the yields. As a consequence, the analyses and conclu-
sions in Refs. [13, 18] which used the original ENDF/B-
VII.1 CFYs may need to be revised. For fast neutrons,
the corrected yields produce a spectrum that from 0-8
MeV is within 4% of the one calculated using original
yields. Note that the original ENDF/B-VII.1 CFYs used
bki data different from those in more recent decay data
evaluations, therefore care should be taken when com-
bining them in summation calculations of antineutrino

FIG. 3. (Color online) (a) Ratio of ENDF/B-VII.1 to JEFF
calculated 235U(n,F) antineutrino spectra for thermal and fast
neutron energies. (b) Ratio of fast to thermal 235U(n,F) an-
tineutrino spectra using corrected and original ENDF/B as
well as JEFF yields.

spectra. We have done so here simply to illustrate the
effect of correcting the yields.

As mentioned previously, there are two major fission
yield libraries, ENDF/B and JEFF. We examine their
differences by plotting the ratio of the antineutrino spec-
trum calculated with ENDF/B yields (both original and
corrected) over that calculated with the corresponding
JEFF-3.1 yields, as shown in Fig. 3(a). No corrections
were applied to the JEFF yields, additionally, fast neu-
trons correspond to an energy of 400 keV. Clearly the use
of the corrected ENDF/B yields results in better agree-
ment with the JEFF yields. For thermal neutrons there is
only a few percent difference between calculations using
these two distinct fission yield libraries for antineutrinos
up to 5 MeV, reaching ∼6% in the 6-7 MeV region. This
allows us to place estimates on the uncertainties intro-
duced into summation calculations from the fission yield
component. In the 7-8 MeV region, 92Rb is the dominant
contributor [13, 16]; above its β-minus Q-value, 8.095
MeV, the libraries differ greatly, reflecting that high Q
values correspond to very neutron-rich nuclei where little
to no experimental data exist. The fast to thermal ra-
tio is plotted in Fig. 3(b); the use of corrected ENDF/B
yields results in the fast spectrum being harder than the
thermal one, in agreement with JEFF and with Ref. [12],
which used ENDF/B-V yields where the 86Ge yield was
not anomalous.

Fig. 4 shows the thermal 235U calculated electron spec-
trum divided by the experimental one [9], using the orig-
inal and corrected ENDF/B-VII.1 as well as the JEFF
CFYs. Calculations using the corrected ENDF/B-VII.1
and JEFF CFYs agree reasonably well with the experi-
mental values in the ∼3.5-5.5 MeV region. Everywhere
else, these calculations underestimate the data, in par-
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FIG. 4. (Color online) Calculated thermal 235U(n,F) electron
spectrum divided by the experimental one [9], using the cor-
rected and original ENDF/B-VII.1 yields as well as the JEFF
yields. Only experimental uncertainties are included.

FIG. 5. (Color online) 235U(n,F) antineutrino spectra multi-
plied by the ν+p → n+e+ cross section for a combination
of ENDF/B yield and decay data choices: updated decay
data with corrected fast (solid line) and thermal yields (dot-
ted line), original ENDF/B-VII.1 decay data with corrected
fast yields (dashed line), fast ENDF/B-V yields and decay
data [12] (symbols).

ticular for energies higher than 5.5 MeV, where the dis-
agreement between the different fission yields results also
increases. These calculations do not produce an excess
of electrons anywhere in the spectrum. Using the origi-
nal ENDF/B-VII.1 CFYs, on the other hand, produces
an excess of electrons at 4-6 MeV a feature which results
mainly from the anomalous 86Ge yield and not a conse-
quence of the underlying nuclear structure data.

The 235U antineutrino spectrum folded with the ν+p
→ n+e+ cross section [43], σI(Eν) is shown in Fig. 5.
For fast neutrons, results are shown for three choices of
yields and decay data: a) updated ENDF/B-VII.1 decay
and corrected ENDF/B-VII.1 yields, b) ENDF/B-VII.1
decay and corrected ENDF/B-VII.1 yields, c) ENDF/B-
V decay and yields [12]. The difference between a)
and b) is due to the use of TAGS data, which leads to
smaller σI(Eν) values [14] due to “Pandemonium” [44].
A comparison between a) and c) reflects the more pre-
cise data available today. Results using corrected ther-
mal ENDF/B-VII.1 yields are also shown, leading to a
∼3% smaller integrated σI(Eν), a result that may be im-
portant for HEU reactor experiments. As results from
new TAGS measurements [17, 45, 46], beta spectra and
fission yields [47, 48] become available, our ability to pre-
cisely calculate the antineutrino spectrum will improve
further. Finally, we note that fission yields are available
in ENDF/B or JEFF at two to four energy points, which
is not enough to test the idea that non-thermal neutrons
may cause the excess of antineutrinos at 5 MeV [18].

In summary, the ENDF/B-VII.1 235U thermal and fast
fission yields were thoroughly reviewed and a number of
corrections were applied, including resolving anomalous
values as well as using updated isomeric ratios and decay
probabilities. We explored the effect of these changes on
the calculation of antineutrino spectra for thermal and
fast 235U fission. In the energy region of current interest,
5-7 MeV, the revision of the thermal 86Ge yield and decay
probabilities induces up to a 10% change in the calculated
antineutrino spectrum. This result has major implica-
tions for prior calculations which found an excess of an-
tineutrinos using the summation method, as compared to
the conversion method. Our best summation calculations
using either the corrected ENDF/B or the JEFF CFYs
with the updated decay data library produce a thermal
electron spectrum that is mostly lower and never con-
sistently exceeds the experimental one. The comparison
between the thermal antineutrino spectra using two com-
pletely distinct fission yield libraries reveals differences
of at most 6% up to 7 MeV, providing a low-fidelity es-
timate of the uncertainties introduced into summation
calculations from the fission yield component. The fast
antineutrino spectra calculated using these two sets of
fission yields agree within 4% in the same energy region.
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