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Nuclear structure insights into reactor antineutrino spectra
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Antineutrino spectra following the neutron induced fission of 235U, 238U, 239Pu, and 241Pu are calculated using
the summation approach. While each system involves the decay of more than 800 fission products, the energy
region of the spectra most relevant to neutrino oscillations and the reactor antineutrino anomaly is dominated
by fewer than 20 nuclei, for which we provide a priority list to drive new measurements. The very-high-energy
portion of the spectrum is mainly due to the decay of just two nuclides, 92Rb and 96Y. The integral of the signal
measured by antineutrino experiments is found to have a dependence on the mass and proton numbers of the
fissioning system. In addition, we observe that ∼70% of the signal originates from the light fission fragment
group and about 50% from the decay of odd-Z, odd-N nuclides.
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The first measurements of θ13 from the Daya Bay [1],
RENO [2], and Double Chooz [3] experiments, the proposition
of a “reactor antineutrino anomaly” [4], and the use of antineu-
trino monitoring for nuclear safeguards [5] have underscored
the need to precisely understand the complete antineutrino
spectra from fissioning systems and have revitalized the field
of antineutrino calculations pioneered by Vogel et al. [6] over
30 years ago. Much effort has focused on the reactor antineu-
trino anomaly which arose from improved calculations [7]
of the antineutrino spectra derived from a combination of
information from nuclear databases with reference β spec-
tra [8–10] measured at the Institut Laue-Langevin (ILL) in
Grenoble, France. This approach resulted in an upward shift
of about +3% in the overall normalization, an effect which was
subsequently confirmed in an independent analysis [11] of the
antineutrino flux. Recently, a new analysis [12], including a
more complete set of absolute reactor antineutrino flux mea-
surements, verified a deficit in detected antineutrinos. Another
investigation [13] into the uncertainties associated with the
flux prediction has determined that omitting the corrections to
the spectra due to forbidden decays can introduce up to 4%
uncertainty in the predicted shape of the antineutrino flux.

There are two general approaches used to calculate an-
tineutrino spectra. The so-called conversion method relies
on the measured β spectra from the ILL [8–10], which are
fit with a set of virtual β branches and then converted into
the corresponding antineutrino spectra. The summation (or ab
initio) method makes use of all available information on the
β decays of each fission fragment, summing each nuclide’s
individual β spectrum weighted by its yield in fission. The
former provides the most precise result, as the uncertainties
are driven by the uncertainties on the ILL reference spectrum.
The latter, at present, has significantly larger uncertainties due
to uncertainties in both the decay data and the fission yields.
Furthermore, there are known deficiencies in the available
decay data [14], and high-quality measurements [15] have
been shown to have a significant impact on the summation
predictions.

While the summation method cannot currently produce
high-precision predictions of the antineutrino spectra, there
is still much value in the approach as it is intimately connected

to the underlying nuclear structure physics. The purpose of the
present work is to use the summation method to identify which
nuclei are the main contributors to the spectrum and assess the
quality of their decay data. This will serve to provide guidance
to the experimental nuclear structure community as to which
nuclei can be targeted to address deficiencies in decay decay.
A similar high-priority list [16] of nuclei relevant to decay heat
has already proved useful in improving [17] such calculations
and motivated large campaigns of experimental study [18]. In
addition, we analyze the integral of the signal measured by
antineutrino experiments, identifying systematic trends and
again, linking the behavior to the underling nuclear structure
physics.

In the summation method [6], for a system in equilibrium,
the total antineutrino spectra is given by

I (Eν) =
∑

Yi × Ii(Eν), (1)

where Yi is the cumulative fission yield and Ii(Eν) is the
antineutrino spectrum from the ith β-decaying nucleus (either
from its ground or possibly isomeric state) in the network,
which is calculated as

Ii(Eν) =
∑

brik × Iik(Eν), (2)

where brik is the branching ratio to the daughter level with
energy Ek and Iik(Eν) is the antineutrino spectra for a single
transition with endpoint energy Qβ − Ek . In the present work,
the cumulative fission yields are taken from the JEFF-3.1
library [19] and the decay data are taken from an updated
version of the ENDF/B-VII.1 library [20]. The major change
to the decay data library is that, when available, we have
used branching ratio data from TAGS experiments [21,22].
In addition, we use the direct β-spectrum measurements of
Rudstam et al. [23] to obtain Ii(Eν) for ten nuclides without
TAGS data and with incomplete decay schemes. Finally,
the ENDF/B-VII.1 decay data sublibrary includes theoretical
calculations [24] of β spectra for the most neutron-rich
nuclides with incomplete decay schemes. Due to limitations in
the library’s format, the antineutrino spectra are not part of the
official ENDF/B-VII.1 release but were nevertheless included
in our calculations.
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FIG. 1. (Color online) Calculated electron spectra (solid blue [gray] line) following the thermal fission of (a) 235U, (b) 239Pu, and (c) 241Pu
and (d) the fast fission of 238U compared with the high-resolution data from ILL [25] as well as the recently published data for 238U [26]
(black squares). The thin gray lines indicate the individual β spectrum from each fission fragment, Ii(Eν), and thick lines highlight the 20 most
important individual contributors at 5.5 MeV.

The beauty of the summation method is that the individual
effects of each of the 800 or so different fission fragments
on the overall antineutrino spectrum can be investigated. We
exploit this in Fig. 1, decomposing the total β− spectrum into
the individual β spectra for each fission fragment. The thin
gray lines indicate the individual β spectrum from each fission
fragment, Ii(Eν), while the thick lines highlight the 20 most
important individual contributors at 5.5 MeV. Also included in
Fig. 1 are the experimentally measured total β spectra (black
squares) [25,26] compared with the summed spectra from the
present work (solid blue [gray] line). What is remarkable is
that, given the complexity of the overall calculation and the

vast number of nuclides contributing, at the higher energies
only a handful of nuclei significantly influence the spectrum.
Particularly in the case of 235U and 238U, two nuclei stand out
predominately at high energies, 92Rb and 96Y. This is due to
a combination of a large cumulative fission yield, a large β−
Q value and a large ground-state to ground-state β-feeding
intensity. These properties are listed in Table I. For 239Pu
and 241Pu, the contributions from 92Rb and 96Y are reduced
somewhat due to their smaller cumulative fission yield.

Given the significance of 92Rb and 96Y to the antineutrino
spectrum calculations, we investigate further the quality and
reliability of their decay data. Both mainly undergo first

TABLE I. β-decay Q value, ground-state to ground-state branching ratio, and cumulative fission yields for 92Rb and 96Y.

Nuclide Qβ (MeV) Branching ratio (%) 235U CFY (thermal) 238U CFY (fast) 239Pu CFY (thermal) 241Pu CFY (thermal)

92Rb 8.095 95.2 ± 0.7 0.048 0.042 0.020 0.019
96Y 7.103 95.5 ± 0.5 0.047 0.053 0.029 0.032
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FIG. 2. (Color online) Comparison of the measured β spec-
trum [23] with present calculations for (a) 92Rb and (b) 96Yb using a
95% ground state β-feeding intensity and assuming an allowed shape.

forbidden, 0− → 0+ ground-state to ground-state transitions.
While the ground-state β-feeding intensity for 96Y is consid-
ered to be reliable [27], there have been conflicting reports
for that of 92Rb. For many years, the accepted value [28] was
∼50%, only recently updated [29] to 95% based on the work
by Lhersonneau et al. [30]. We note that the ENDF/B-VII.1
library has a ∼50% branch which we have updated for
the present calculations. As mentioned previously, Rudstam
et al. [23] directly measured the β spectrum for a number of
fission products. In Fig. 2, we compare those measurements for
92Rb and 96Y with our calculations for the β spectrum using
the ground-state to ground-state β-feeding intensities given in
Table I and assuming an allowed shape for all transitions. The
agreement is quite good, supporting the ∼95% ground-state to
ground-state branch in both nuclei. Figure 2 further highlights
that our current knowledge of β spectra from fission products
is fairly poor. Most precision spectra have only been measured
for nuclides close to the valley of stability and hence with
considerably lower Q values. The allowed shape used in our
calculations agrees well with the data given the present level
of uncertainties. Far more precise experiments are needed to
test the predictions of Ref. [13] and determine whether these
first-forbidden transitions should be calculated with additional
shape factors.

The 92Rb cumulative fission yield following the thermal
fission of 235U definitely merits a new measurement. While

TABLE II. Strongest contributors to the antineutrino spectrum
from 235U in the energy range around 4.0 MeV. Included are the
β-decay Q value, the ground-state to ground-state β-feeding intensity
(GS BR), the initial and final J π of the ground states (all from
Ref. [32]), and the percent contribution to the antineutrino spectra
(Contr.).

Nuclide Qβ GS BR J π
gs → J π

gs Contr.
(MeV) (%) (%)

96Y 7.1 95.5(5) 0− → 0+ 6.3
92Rb 8.1 95.2(7) 0− → 0+ 6.1
100Nb 6.4 50(7) 1+ → 0+ 5.5
135Te 5.9 62(3) (7/2−) → 7/2+ 3.7
142Cs 7.3 56(5) 0− → 0+ 3.5
140Cs 6.2 36(2) 1− → 0+ 3.4
90Rb 6.6 33(4) 0− → 0+ 3.4
95Sr 6.1 56(3) 1/2+ → 1/2− 3.0
88Rb 5.3 77(1) 2− → 0+ 2.9

both the ENDF/B and JEFF values of 0.048 agree within 0.3%,
it has been reported to be 0.074 (11) by Tipnis et al. [31], that
is, 50% larger than the JEFF value, which would mean that
at 5.5 MeV, 92Rb would contribute about 30% of the total
electron spectra.

There are several additional nuclei which strongly influence
the antineutrino spectrum, as evidenced by the colored (gray)
lines in Fig. 1, which are an order of magnitude larger than the
sea of thin gray lines. In Tables II and III we provide the list
of top contributors to the spectra at 4.0 and 5.5 MeV for 235U.
Similar tables for 239Pu, 241Pu, and 238U are given in the sup-
plemental information accompanying this article [33]. Again,
those nuclei which strongly influence the spectrum exhibit a
consistent set of properties: large Qβ values, large cumulative
fission yields, and large ground-state to ground-state β-feeding
intensities. A precise measurement of the ground-state β
feeding intensity is the key experimental quantity. As most
of these β-decay transitions are first forbidden, high-precision
β spectrum measurements to determine the significance of
a shape correction factor would also be useful. Despite the
fact that the complete problem involves data on over 800

TABLE III. Same as Table II, except the strongest contributors
from 235U at 5.5 MeV are summarized.

Nuclide Qβ GS BR J π
gs → J π

gs Contr.
(MeV) (%) (%)

92Rb 8.1 95.2(7) 0− → 0+ 21.6
96Y 7.1 95.5(5) 0− → 0+ 14.5
142Cs 7.3 56(5) 0− → 0+ 6.8
100Nb 6.4 50(7) 1+ → 0+ 4.7
93Rb 7.5 35(3) 5/2− → 7/2+ 4.6
90Rb 6.6 33(4) 0− → 0+ 3.4
98mY 9.0 12(5)a (4,5) → 4+ 2.8
140Cs 6.2 36(2) 1− → 0+ 2.4
91Kr 6.8 18(3)b 5/2(+) → (5/2−) 2.4

aStrongest branch to a low-lying state is to a 4+, 1843-keV level.
bStrongest branch is to a (5/2−), 109-keV level.
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FIG. 3. (Color online) Antineutrino spectra multiplied by the
ν + p → n + e+ cross section for the thermal fission of 235U and
239,241Pu and the fast fission of 238U.

nuclei, the nuclei in Tables II and III comprise ∼40% and
60% of the total spectrum at 4.0 and 5.5 MeV, respectively.
This likens the experimental problem to that of the priority
list for decay heat [16] and a targeted experimental campaign
could yield significant improvements on our ability to calculate
antineutrino spectra via the summation method.

Neutrino oscillation experiments, like Daya Bay, measure
the product of the antineutrino spectrum multiplied by the cross
section, σ , for inverse β decay, ν+proton → neutron +e+.
Using the cross section from Ref. [34], we obtain the results
shown in Fig. 3. Important differences are observed for the four
different fission sources, both in magnitude and shape. 238U
yields the most events and with higher average energy while
239Pu produces fewer events with smaller average energy. The
shoulder at about 5 MeV, which we interpret as mainly due to
96Y and 92Rb, is more prominent for 235U and 238U.

For neutrino oscillation studies, the relevant quantity is the
integral over energy of the cross section multiplied by the
neutrino spectrum, 〈σIν〉. As can be seen in Fig. 3, this quantity
is about the same for 235U and 241Pu, while it is about 50%
larger for 238U and 35% smaller for 239Pu. This feature is easily
understood by considering the distribution of fission products
populated by each of the fissioning systems. Comparing, for
example, 235U and 238U, the main difference is that the 238U
fission fragment distribution is shifted to more neutron-rich
nuclides. This then results in more antineutrinos being emitted
while the fragments decay back to stability, and with larger en-
ergies, as β-decay Q values generally increase with increasing
neutron number. As mentioned before, we have used theoret-
ical spectra for nuclides with incomplete decay schemes. We
note that these spectra contribute about 4%, 14%, 7%, and
12% of 〈σIν〉 for 235U, 238U, 239Pu, and 241Pu, respectively.

To study the dependence of 〈σIν〉 in a more quantitative
manner, we apply a simple quantity commonly used [35] to
parametrize properties of a fissioning system: (3Z − A), where
Z is the proton number and A the number of nucleons of the
fissioning nucleus. Traditionally, a (3Z − A) dependence is
used to parametrize [36,37] the delayed neutron yield from
fissioning systems, while here we study its relevance to the
antineutrino spectrum. In Fig. 4 we explore the logarithmic
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FIG. 4. (Color online) 〈σIν〉 as a function of (3Z − A) for fis-
sioning systems ranging from 232Th to 245Cm. (a) The total as well
as the contributions from the light fission fragments (LFF) and heavy
fission fragments (HFF) are shown. (b) Same as panel (a), except the
individual contributions from nuclides with even-even (EE), even-odd
(EO), odd-even (OE), and odd-odd (OO) combinations of protons and
neutrons are indicated.

dependence of 〈σIν〉 on (3Z − A) for a variety of systems
ranging from 232Th to 245Cm. A clear linear dependence is
observed. A similar linear dependence is obtained for the
average antineutrino energy as a function of (3Z − A). In
Fig. 4(a), the 〈σIν〉 values are separated into the contribu-
tion from light (Z � 47) and heavy fission fragments. The
surprising feature is that the light group accounts for nearly
70% of 〈σIν〉 for all the systems. In Fig. 4(b) the 〈σIν〉
values are separated into the contributions from nuclides with
different combinations of even and odd neutron and proton
number. As one may expect, odd-Z, odd-N nuclides are the
main contributors with about 50% of the total 〈σIν〉. This is
because these nuclides have the largest Qβ values and typically
have one low-spin, long-lived level feeding directly the ground
state of the even-even daughter. On the other hand, due to
the relatively low Qβ values, even-Z, even-N nuclides only
contribute about 5% to 〈σIν〉.

In summary, we have combined fission yield data from
JEFF-3.1 and decay data from ENDF/B-VII.1 to calculate
antineutrino spectra for the four most important fuels of
commercial nuclear reactors, 235U, 238U, 239Pu, and 241Pu.
The antineutrino spectra from these four actinides are notice-
ably different, both in multiplicity and average energy. By
decomposing the spectrum into the contribution from
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individual nuclides, the shoulder observed on the high energy
half of the spectra is found to be mainly due to the decay of two
nuclides, 92Rb and 96Y. Furthermore, while the total problem
involves the contribution of more than 800 nuclides, the an-
tineutrino spectrum in the relevant energy region is dominated
by less than 20 nuclei, of which we provide a priority list which
we hope will stimulate new measurements. We find about
65–70% of the cross-section averaged antineutrino spectrum
originates from the light fission fragments. The decay from
odd-Z, odd-N nuclides represents about 50% of this quantity,
while even-Z, even-N nuclides only contribute about 4–7%.
Finally, similar to delayed neutron multiplicity, we find that
the logarithm of the cross section averaged antineutrino spectra
exhibits a linear dependence with (3Z − A) for a number of
fissioning systems.

We have chosen the JEFF-3.1 fission yields and an
updated ENDF/B-VII.1 decay data sublibrary for the present
calculations as they provide the most up-to-date evaluation of
currently available data. While other libraries might produce
differences in the fine details of the calculations, the above
points highlight the underlying physics and thus should remain
true under other combinations of current libraries.

We are grateful to K. Schreckenbach for providing us
the high-resolution ILL data and to the Institute for Nuclear
Theory at the University of Washington for hosting a Workshop
on Reactor Antineutrinos [38] where some of these results
were presented. This work was sponsored by the Office of
Nuclear Physics, Office of Science of the U.S. Department of
Energy under Contract No. DE-AC02-98CH10886.
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