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Measurements of electron antineutrinos emitted by nuclear reactors have been central to our un-
derstanding the nature of these particles. These successes have been clouded by disagreements
between existing models and measurements of the rate and energy spectra of Vv, from reactors.
Direct calculation of energy spectra based on nuclear fission and decay databases, despite signifi-
cant uncertainties, suggests a possible explanation for the observed spectral shape. Here I discuss
the details of these comparisons of models with measurements, their implications, and possible
future measurements with potential to clarify these outstanding issues.

XVI International Workshop on Neutrino Telescopes,
2-6 March 2015
Palazzo Franchetti, Istituto Veneto, Venice, Italy

*Speaker.

(© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/


mailto:dadwyer@lbl.gov

The Energy Spectrum of Reactor Antineutrinos Daniel Dwyer

1. Introduction

Antineutrinos emitted by nuclear reactors have been an effective tool for experiments in par-
ticle physics. Reactors are the most intense man-made neutrino source, emitting approximately
102" v, per second from a standard 3 GWy, reactor. Utilizing this intense flux, the first neutrino
interactions were observed in the late 1950s [1]. Subsequent measurements of reactor v, have pro-
vided the most distinct signal of the oscillation of neutrino flavor [2, 3], demonstrating violation
of lepton flavor conservation and implying that neutrinos are massive particles. More recently,
precision measurements of reactor vV, disappearance over 2 km distances have demonstrated sig-
nificant flavor oscillation driven by the larger separation to the third neutrino mass eigenstate:

m3 —m?} = Am3, =~ Am3, [4, 5, 6]. All together, reactor V, have provided measurements of four of

the six parameters describing neutrino mass and mixing: \Am%l , Am%1 |, 812, and 6;3. Upcoming
experiments intend to use reactors to elucidate the ordering of the neutrino mass eigenstates (i.e.
msz > my,mp or my < mp,my) [7, 8].

Despite these successes, the standard predictions of the v, flux from reactors disagree with
precise measurements. Accounting for detailed corrections to the estimation of v, flux give a pre-
dicted interaction rate 6% higher than measurements [9]. This discrepancy has come to be known
as the reactor antineutrino rate anomaly, and has been considered as possible evidence for oscil-
lation to a hypothetical non-interacting (i.e. sterile) fourth neutrino flavor. To complicate matters
further, recent precise measurements of reactor V, energy spectra show a significant deviation from
standard predictions, particularly in the energy range of 5 to 7 MeV [4, 5, 6].

In the following proceedings, I review the models used to predict reactor vV, emission and
describe the limitations of these predictions. I then discuss the comparison between the models
and measurements, and some unexpected observations which arise. This is followed by a brief
discussion of additional developments in the study of V, emission, and suggestions concerning

future experiments which could help resolve to these questions.

2. Modeling reactor vV, emission

The physical process behind the emission of antineutrinos from nuclear reactors is relatively
clear. Fission of actinides in nuclear reactors, primarily 235y, 238y, 2399Py, and *'Pu, produce
neutron-rich daughter nuclides. Each unstable daughter nuclide undergoes successive beta decays
until it is converted to a stable, or at least long-lived, nuclide. An average of six beta decays occur
for each initial actinide fission. Each beta decay emits an electron and a corresponding electron
antineutrino. Therefore, the total antineutrino flux from a reactor S;,; can be expressed as,

Siot(Ev) = Y RiSi(Ev). (2.1

Here R; is the decay rate of the i’th daughter nuclide, which could equivalently be identified by
its unique proton number, neutron number, and possible excited meta-stable isomeric level (Z, N,
m). The corresponding antineutrino spectrum emitted per decay of this nuclide is given by S;.
Each daughter nuclide can generally beta decay to one of a number of possible energy levels of the
subsequent nuclide. The average antineutrino spectra for a particular nuclide is therefore a sum of
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spectra S,

Si(Ev) =} £iSij(Ev), 2.2)
J

where f; is relative probability of a decay to the j’th energy level of the subsequent nuclide.

While such summation calculations of the antineutrino spectrum S;,, from a reactor are simple
in principle, our limited knowledge of nuclear physics render these difficult in practice. According
to current nuclear databases, >1000 fission daughter nuclides with a total of ~10,000 unique beta
decay transition contribute to the total v, spectrum [10, 11]. Under equilibrium conditions, the de-
cay rates of these nuclides in the reactor, R;, can be estimated from the cumulative fission yields for
these nuclides. Fission yields tabulated by the ENDF [12, 13, 14] and JEFF [15] nuclear databases
differ by an amount which is greater than their claimed uncertainties, resulting in V, spectra incon-
sistent at the ~10% level according to a recent study [16]. The nuclear energy levels and decay
structures are poorly known for most of these fission daughters, resulting in large uncertainties in
the relative decay probabilities f;. There are also concerns about the existence of unknown energy
levels beyond those tabulated by current nuclear databases. Lastly, uncertainties in nuclear correc-
tions to the v, beta decay energy spectra §;; add additional, if smaller, uncertainty [17]. Combined,
these poorly-quantified systematic effects introduce uncertainties of approximately 10% to 15% to
calculations of the total Vv, rate and spectrum.

For this reason, physicists have generally relied on an alternate method to estimate the vV, spec-
trum from reactors. In this fB-conversion method, the cumulative spectra of electrons emitted during
active fission of actinide samples are used to estimate the corresponding V, spectra. Benchmark
electron spectral measurements for fission of 235U, 9Py, and 2*'Pu were carried out at the ILL
reactor using the BILL spectrometer in the 1980°s [18, 19, 20]. More recently, a measurement of
2380 fission was also completed [21]. To first order, the electron and V, energy spectra are strongly
correlated due to the kinematic relationship between these two particles emitted during beta decay.
The primary uncertainties arise from nuclear corrections which can introduce a slight asymmetry
between the energy spectra of these two particles. A hybrid method used tabulated nuclear data
in order to reduce these uncertainties [22]. Combined with other improvements in the calculation,
this hybrid model predicted a rate 6% higher than previous calculations and claimed an uncertainty
in the model of roughly ~2%, which was consistent with an alternate study [23]. Fig. 1 compares
summation and f3-conversion predictions of the V, spectrum emitted by a nominal nuclear reactor.

3. Comparison with measurements

While the B-conversion method provides a more precise prediction for the V, spectrum from
reactors, it is unexpectedly inconsistent with actual measurements. First, it predicts a total V,
interaction rate which is 6% higher than the global average measurement. This rate discrepancy has
been considered possible evidence for the oscillation of neutrinos to a hypothetical sterile flavor [9].

More recently, experiments aiming to measure the mixing angle 6;3 have made precise mea-
surements of reactor V, energy spectra [6, 24, 25]. All three experiments show a common but
unexpected deviation of the energy spectrum relative to 3-conversion predictions, with particularly
significant tension for V, with energies from 5-7 MeV. This feature has come to be known as the
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Figure 1: The energy spectrum of electron antineutrinos emitted from a nominal pressurized water reactor
calculated using the summation method with the ENDF/B.VIL.i nuclear database (solid red line [10]). The
spectrum is calculated between 1.8 MeV, the threshold for V, interaction via inverse beta decay, and 10 MeV.
Calculation via the -conversion method predicts a slightly steeper spectrum (blue dashed line [23]). The
deviation between the two models above 7.5 MeV is attributed to systematic overestimation of the relative
probability of high-energy beta decays in tabulated nuclear databases, also known as the Pandemonium
effect [26].

reactor bump, or more accurately the reactor shoulder. This localized spectral feature does not
seem compatible with the sterile neutrino hypothesis.

A drawback of the B-conversion method is that it provides few routes to explore possible ori-
gins of this spectral discrepancy. Given that the electron measurements combine the energy spectra
from thousands of unique beta decay transitions, one cannot disentangle the contributions from
individual nuclides. Although less precise, here the summation method can possibly provide guid-
ance, by predicting the composition of decay transitions in the shoulder region. A small number
of beta decay transitions would need to be exceptionally prominent in the summation in order to
generate a localized spectral shoulder as shown by V, measurements.

We examined this aspect of the summation method [10]. The calculated energy spectrum
showed an unexpected level of consistency with measurements. This is particularly surprising given
that we neglected the very significant, but difficult to quantify, systematic uncertainties discussed
in the previous section. Fig. 2 shows the results of this calculation where the uncertainty band
on the summation calculation only includes the uncertainties quantified within the ENDF nuclear
database, and so should be considered as a lower bound on the 16 uncertainty. In this figure,
all models and data are shown in ratio to a smooth approximation to the spectrum F' in order to
highlight the details of the spectral shape.

'F(E) = exp(X; sE™") with a = {0.4739,0.3877,—0.3619,0.04972, —0.002991}.
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Figure 2: A detailed comparison of models of the V, energy spectrum emitted by a nominal pressurized
nuclear reactor. To highlight the differences between the models, all are shown in ratio to a smooth approx-
imation to the spectrum, F(E). The summation calculation using the ENDF/B.VILi nuclear database (red
solid line [10]) predicts a less steep spectrum and a shoulder between 5—-7 MeV relative to the 3-conversion
models (blue dashed line [23], green dotted line [22]). While the shaded bands for the -conversion models
represent their actual 1o uncertainties, for the summation model the band is an underestimate since it only
includes those uncertainties tabulated within the database. An alternate summation model (dashed-dotted
line [27]), which relies on the JEFF nuclear database and a variety of measurements and theoretical models
for characterizing nuclide decays, is consistent below 5 MeV but deviates above this energy. The prelimi-
nary measurement of the V, spectrum from the Daya Bay Experiment (black points [25]) is unexpectedly
consistent with the ENDF/B.VILi summation model, given the significant uncertainties in this calculation.

The summation method allowed us to dissect the calculated energy spectrum in the 5-7 MeV
region in order to determine a possible origin for the shoulder. This calculation attributes 42% of
the rate in this region to eight prominent beta decay transitions, which together produce a promi-
nent shoulder. No other individual transition contributes more than 2% to this region, and collec-
tively these low-rate transitions produce a residual smooth contribution to the total shape. Fig. 3
shows the calculated spectra from these prominent branches weighted by interaction cross-section,
demonstrating how they produce a localized distortion of the spectrum in the 5—7 MeV region.

The summation method also highlights a commonly overlooked feature of reactor v, spectra.
The Coulomb field of the nucleus enhances the emission of low-energy electrons in beta decay.
This simultaneously enhances the emission of high-energy Vv, , producing a kink or edge at the
endpoint of the Vv, energy spectrum for each transition (as can be seen in Fig. 3). These kinks
introduce significant fine structure to the energy spectrum calculated by the summation method,
as shown in Fig. 4. This structure is not currently visible due to the limited energy resolution,
~8%/+/E[MeV], of the current generation of reactor V, experiments. Future measurements of this
spectral structure with resolution of 1% or better would open a unique and powerful window to the
processes occurring within operating nuclear reactors. At the same time this structure could hinder
future measurements which rely on accurate knowledge of the absolute energy spectrum, such as
determination of the neutrino mass ordering [7, 8].
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Figure 3: Antineutrino energy spectra weighted by the inverse beta decay interaction cross section for
the eight decay transitions most prominent in the 5-7 MeV region of the shoulder. According to the
ENDEF/B.VIL.i database, these eight ground-state to ground-state transitions contribute 42% of the expected
rate at these energies, and in combination produce the recently observed spectral shoulder. The shaded bands
represent the 10 uncertainties in their contributions according to their tabulated uncertainties in fission yields
and relative decay probabilities. Recent total absorption gamma spectroscopy measurements [28] suggest
the “>Rb contribution is at the high end of the rather large uncertainty shown here, further enhancing the
prediction of a shoulder.

4. Discussion

Are these eight prominent decay branches the correct explanation of the spectral deviation?
Given the very significant uncertainties in the summation method, it is difficult to be conclusive.
At the same time, it is rather suggestive that this summation calculation predicts a spectrum so sim-
ilar to measurement. Since this calculation attributes the shoulder to only eight decay transitions,
confirming the fission yields and relative probabilities for these decays would strongly substantiate
the case.

On this topic, a body of nuclear structure measurements exist which have not yet been in-
corporated into the publicly-available nuclear databases [28, 29, 30, 31]. Recent work to incor-
porate these measurements suggest corrections which both enhance and diminish the Vv, spectrum
above 6.5 MeV. So far, these corrections do not dramatically alter the calculated shoulder. On the
other hand, differences in tabulated fission yields between the ENDF and JEFF databases are pro-
nounced [16]. The former predicts a shoulder as seen in the three recent V, spectral measurements,
while the latter predicts no shoulder, as seen in the ILL electron spectrum measurements.

Regardless of choice of nuclear database, the summation calculations either predict a shoul-
der for both the electron and V, spectra, or for neither, due to the strong kinematic relationship
between the electron and V, in beta decay. This suggests a fundamental incompatibility between
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Figure 4: (a) The summation model predicts significant discontinuities in the reactor V, spectrum due
to nuclear Coulomb corrections. Each discontinuity is attributable to a single prominent beta decay tran-
sition occurring within the reactor. (b) Measurement using a detector with positron energy resolution of
1%/+/E[MeV] or better would reveal significant structure, providing a unique method to assess the physical
processes occurring within a operating reactor. (c) This spectral structure may hinder future experiments
which rely on knowledge of the spectral shape, such as determination of the neutrino mass ordering using
a detector with 3% resolution. (d) Current measurements with ~8% resolution are only able to reveal the
broader spectral features.
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the recent reactor vV, measurements and the older ILL electron spectrum measurements. While
an unforeseen systematic bias in these electron measurements could be to blame, it may still be
possible to reconcile them with the recent V, measurements. Differences in actinide fission rates
or neutron energy spectra between the vV, and electron measurements could produce a relative dif-
ference in the fission yields for these two cases, so are difficult to rule out as possible origins [16].
Improved measurements of fission yields would help to discriminate these hypotheses [32, 33].
Measurements of the electron spectra for the most relevant decay transitions would significantly
reduce uncertainties in V, spectral shape [34]. Precision V, spectral measurements at reactors with
different actinide fission rates or neutron energy spectra would provide invaluable guidance on the
origin of these discrepancies, and simultaneously allow direct tests of the sterile neutrino hypoth-
esis [35]. Leveraging these same experiments to measure V, spectra at high-resolution would also
provide exceptional data for our understanding of nuclear reactors.
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