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We report a reanalysis of the reactor antineutrino energy spectra based on the new relative measurements
of the ratio R = ¢S5/%Sy between cumulative 8 spectra from 2*>U and 2**Pu, performed at a research reactor
in National Research Centre Kurchatov Institute (KI). A discrepancy with the  spectra measured at Institut
Laue-Langevin (ILL) was observed, indicating a steady excess of the ILL ratio by the factor of
1.054 £ 0.002. We find a value of the ratio between inverse beta decay cross section per fission for
25U and #Pu: (°o;/%6)x; = 1.45 £ 0.03, and then we reevaluate the converted antineutrino spectra for

235U and 2*U. We conclude that the new predictions are consistent with the results of Daya Bay and

STEREO experiments.
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In reactor antineutrino studies, most experiments are
analyzed on the basis of knowledge of the antineutrino
spectra emitted from reactors. In these cases, the initial
spectrum “at the moment of birth” in the reactor core is
used. Uncertainties in the knowledge of this spectrum limit
the sensitivity of the experiments, and systematic errors can
simulate or mask new unexpected effects. In pressurized
water reactors (PWR), the electron antineutrino (7,) flux
emitted by nuclear fuels in the fission chain reaction is
generated in f decays of the neutron-rich fission fragments
of U and Pu isotopes. Despite numerous past and current
studies, the accurate specification of the energy 7, spectrum
is an open problem.

The antineutrino spectra of 23U, 23°Pu and **'Pu were
predicted converting the cumulative f spectra measured
with the BILL spectrometer at the high flux reactor in
Institut Laue-Langevin (ILL) [1-4]. The conversion pro-
cedure uses a set of about 30 allowed f transitions to fit the
measured electron spectrum. The corresponding 7, spectra
of these individual transitions are then summed to build the
total 7, spectrum. Later, a f-spectrum study for fast
neutrons fissions of 2*8U was done in a separate experiment
[5] at the neutron source FRM II in Garching. In this case, a
more empirical conversion method based on the similarity
of the cumulative f and ¥, spectra was used.

There is another approach based on the summation
method in which the antineutrino spectra from fission
fragments are calculated ab initio using f-decay informa-
tion from nuclear databases and theoretical inputs. These
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calculations were used initially in several studies [6] and
are constantly being improved by means of new fission and
nuclear data (see, e.g., Ref. [ 7] for recent results). Our study
is focused on conversion calculations, so we do not
consider the summation method hereinafter.

The commonly used conversion method is based on a
scheme described in Refs. [1-3] and later in [8], where an
improved model has been developed (Huber-Mueller
model, HM). But the measured antineutrino rate in precise
experiments near reactors via inverse beta decay (IBD)
reaction

U,+p—et+n

(with a threshold of 1.8 MeV) corresponds to a deficit of
about 4-5% as compared to the predicted rate. This
anomaly, known as the reactor antineutrino anomaly
(RAA) [9], caused a number of studies directed to search-
ing 7, oscillations to a hypothetical, so-called “sterile”,
neutrino state. Alternatively, the explanation for RAA is
due to possible errors in predicting the 7, spectrum for
reactor antineutrino fluxes.

A new analysis of the conversion procedure based on the
recent measurements of the ratio between the cumulative
fission 3 spectra for U and 2**Pu, performed in [10], is
the topic of the present study.

Obviously, the HM model is strongly dependent on the
original f spectra measured in ILL experiments. These
experiments consisted in irradiating thin targets of uranium
and plutonium inserted to the reactor and exposed to a high
neutron flux. The energies of # particles were measured
with a high precision by extracting electrons to the BILL
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magnetic spectrometer. There are two main specifications
of the measured f spectrum: the energy-dependent shape
and the normalization connected with the number of f
particles per fission. The absolute rate and energy scale
were obtained by means of calibrations, replacing fission
targets with targets provided a known partial (n,e~) and
(n,y) cross sections in order to measure internal-conversion
electrons and f-decay electrons following neutron capture.

For 2°U, three measurements were performed at ILL
under different reactor powers provided different signal-to-
background conditions:

(1) 1981—the first measurement at full reactor power

of 57 MW;

(i) 1982—the test measurement at § MW without

calibration;

(iii) 1985—the final measurement at 4 MW, but calibra-

tion has been performed at 57 MW.

All measurements show excellent agreement in the spectral
shape, virtually coinciding within 1%. However, the
absolute f yields per fission of these spectra differed at
the level of several percent, which has been associated with
a number of reasons noted by the authors of Ref. [3]. The
final measurement, generally used as a reference, exhibits
the normalization uncertainty of 1.8%."' For 2°Pu, only one
measurement of the cumulative f spectrum was performed
in 1982 [2] at full reactor power of 57 MW. The calibration
error according to the data [2] was 2.3%. The results
of all the ILL p-spectra measurements were republished
in 2014 with a finer grid [11]. In the analysis below we
use these data.

The study of long-term data in the Daya Bay reactor
experiment, presented in [12,13], shows a deficit in the
event rate caused by the yield of 2*>U antineutrinos, as
compared with the HM prediction. At the same time, the
rate associated with 2*’Pu antineutrinos is in a reasonable
agreement. Similar results were obtained by the RENO
collaboration [14]. A lower antineutrino rate was also
observed in the STEREO experiment [15] at the ILL
reactor in an antineutrino flux from 23°U.

Taking into account, as already mentioned, the good
agreement of the shape of the measured 3 spectra for 23U, it
is most likely that systematical errors could have occurred
during the absolute normalization procedure in 23U experi-
ments, in particular, as a result of inconsistent calibration
and measurements at different reactor powers, uncertainties
in cross-section values for calibration targets, etc. The
normalization was discussed, e.g., in [16]. While the
preliminary results of Ref. [16] show no clear evidence
for the normalization bias, the authors point out that the
data used for calibration (cross sections and internal
conversion coefficients) underwent some changes since
the ILL experiments. Therefore, it is important to re-
examine the ILL results and to perform direct experimental

lHereinafter, we present all uncertainties at 1o confidence level
(68%).

measurements of the f-spectra ratio for >>>U and ?**Pu via a
relative approach that is free of normalization uncertainties.
As it has been shown in [17], this ratio determines the
relationship (°c;/%c;) between the IBD cross sections
integrated over the antineutrino spectra per fissions of 2°U
and 2%Pu (for brevity, further on referred to as the ratio of
IBD yields), that can be conveniently tested in reactor
experiments.

Recently, preliminary results of an experiment at the
research reactor IR-8 at NRC Kurchatov Institute (KI) were
published [10]. In this experiment, relative measurements
of the ratio R between the cumulative fission f spectra of
235U and #°Pu were carried out simultaneously, and there-
fore the neutron flux knowledge was not required to
normalize the absolute rate of fissions in the target. The
ratio R was determined from the equation

REe—: ————— , (1)

where i =5, 9 refer to >»U and ?**Pu, respectively. In
Eq. (1), “S; is the cumulative § spectrum, o; is the fission
cross section, N; is the number of nuclei in the target, n; is
the detected spectrum of f particles.

The experiment [10] uses foils of high-purity >°U and
239Py. The fractions of 2°U and ?*°Pu in the foils are known
with a great precision; the error of the ratio Ng/N5 is 0.2%.

The neutron flux in [10] is thermal, with a small
contribution of epithermal neutrons, so the error of the
09/ 05 ratio is mainly due to the cross section uncertainties
for U and ?*°Pu fission by thermal neutrons. The
deviation of the cross sections from the 1/v law and the
correction related to a higher temperature of the neutron
moderator (42°C) in the research reactor are also sources
of uncertainty. The overall error of the ¢¢/05 ratio is 0.4%.
Note that reasonable variation of the aforementioned
corrections does not affect the value of 69/05. The resulting
systematic error of the ratio (1) is 0.5%.

A more detailed description of the experiment and its
results can be found in Ref. [10]. Here in Fig. 1, we present
the results of the KI experiment in comparison with the
values calculated from the ILL data for 2**U and **°Pu
republished in [11].

In Fig. 1, the horizontal axis corresponds to the total
electron energy E, (including the electron mass) and only
statistical errors for the data are presented. One can clearly
see that the KI measurements give a lower value for the
ratio. Nevertheless, the shapes of the curves are consistent
with each other and the difference between them in the
region of 2.5-7.5 MeV remains practically constant. At
higher energies, the statistical uncertainty becomes too
large, but a simultaneous sharp drop in values under the
same energies within the region of 8-8.5 MeV indicates a
good correspondence of the energy scales between KI and
ILL measurements. A steady excess of the ILL ratio is a
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FIG. 1. Ratios R = “S5/“Sy between cumulative f§ spectra from
235U and ?*Pu from ILL data [11] (the upper curve, blue) and KI

data [10] (the lower curve, red). Total electron energies are given.
Only statistical errors are shown.

strong argument for a revision of the currently used
D,-spectra reconstruction, mainly for 2*>U isotope. Using
the weighted least squares procedure, one can fit this
excess by a constant factor, which was determined to be
k = 1.054 £ 0.002. For more visibility, all relative data
normalized to KI ratio were presented in Fig. 2, where
plotted ILL quantities were divided by k and superposed on
the KI data taken with a highlighted uncertainty region. As
one can see from the figure, the obtained values agree in the
full energy range.
Analysis and comparison of the new experimental data
allow us to derive the following consequences.
(A) As far as the ratio (o /%) between the IBD cross
sections per 2U and 2*Pu fissions is strongly
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FIG. 2. Ratios R between cumulative  spectra from 2*3U and
239py, normalized to the KI data. Plotted ILL quantities were
divided by 1.054, as explained in the text. The colored region
shows KI uncertainties.

constrained by the ratio of the 23U to 2**Pu S spectra
[17], we find that (°6;/% ), is about 5.4% lower
than the HM result. The obtained value (%o /%) x; =
145+0.03 is in a good agreement with the
combined Daya Bay and RENO result (°o;/% ) =
1.44 £0.10 [13,14].

(B) Based on Daya Bay and STEREO results noted
above, we believe that the difference between ILL
and KI ratios is due to an overestimation in the
absolute normalization of the ILL f spectrum for
235U. Since the antineutrino spectrum for 23U was
derived converting the f spectrum, it has to be
corrected in the same way. In Table I, a new version
of the antineutrino spectrum for 2*U obtained by
means of the HM conversion method is presented.

(C) The cumulative 3 spectrum for 233U [5] was obtained
using experimental data that were normalized to the
BILL measurement [3] for 2>°U. Since this norma-
lization leads to a correlation between the >3¥U

TABLE 1. Reevaluated antineutrino spectra Nj, (MeV~!.
fission™!) for 25U and 23%U. For 23U, the errors & are taken
from [8] and include statistical and conversion uncertainties. The
errors § of the 238U spectrum include statistical, conversion and
normalization uncertainties of the experiment [5]. The absolute
normalization error (1.8%) of the ILL experiment [3] is not
included.

2357 2385
E (MeV) N, 5 (%) N, 5 (%)
2.0 1.25 <1.0 1.54 ~4.5
2.25 1.06 1.35
2.5 8.68 x 107! 1.18
2.75 7.31 x 107! 1.04
3.0 6.18 x 107! 9.10 x 107!
3.25 525 x 107! 7.55 x 107! 4.2
35 431 x 107! 6.27 x 107! 3.9
3.75 3.45 x 107! 1.1 5.13 x 107! 3.9
4.0 2.79 x 107! 1.2 421 x 107! 3.9
4.25 2.18 x 107! 1.4 332 x 107! 4.0
4.5 1.70 x 107! 1.7 2.64 x 107! 4.1
4.75 1.31 x 107! 1.8 2.06 x 107! 4.4
5.0 1.04 x 107! 1.9 1.61 x 107! 4.7
5.25 8.20 x 1072 2.0 1.27 x 107! 5.0
5.5 6.13 x 1072 2.2 9.79 x 1072 5.8
5.75 4.84 x 1072 2.4 7.34 x 1072 6.6
6.0 3.69 x 1072 2.7 5.33 x 1072 8.1
6.25 2.72 x 1072 3.0 3.77 x 1072 11
6.5 2.06 x 1072 3.0 2.89 x 1072 13
6.75 1.53 x 1072 3.3 2.66 x 1072 12
7.0 1.08 x 1072 3.6 1.99 x 1072 14
7.25 6.80 x 1073 4.1 1.08 x 1072 22
7.5 440 x 1073 4.4 6.77 x 1073 30
7.75 2.82 x 1073 5.0 470 x 1073 ~30
8.0 1.54 x 1073 7.0 3.0x 1073
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spectrum obtained in the experiment with the spec-
trum of >»U [5], we have to renormalize the S
spectrum of 238U in accordance with the correction
described above. The corresponding antineutrino
spectrum of 2**U is shown in Table I. For energies
below 3 MeV, the spectrum was continued according
to Ref. [18].

Finally, we reevaluate the expected IBD yields for reactor
experiments. Taking the corrected spectra for 2%U and
28U and the unmodified HM spectra for 2*Pu and
24Ipy, we obtain the following IBD yields for each compo-
nent: %%, =(6.27+0.13) x 10~ cm?/fission, ¥, =
(433 £0.11) x 107 cm?/fission, *%6,=(9.34+0.47) x
10~% em? /fission, 2*'6,=(6.01£0.13)x10~* cm?/fission.
The IBD cross sections were calculated according to
Ref. [19]. With the information provided in Refs. [13,15],
we have reanalyzed the ratios between the measured
and the predicted reactor antineutrino yields for

an average composition of the reactor fuel. The
Daya Bay and STEREO IBD yields (o/) = (5.94+
0.09) x 10~ cm?/fission and *¢; = (6.34 4 0.22) x
10~* cm?/fission correspond respectively to (1.007 &
0.031) and (1.012 + 0.043) of our predictions.

The derivation of the total antineutrino flux considered
here did not take into a few small corrections, associated
with the “off-equilibrium” effect, neutron captures by the
fission products and the antineutrino radiation from the
stored spent reactor fuel. Estimated values of these cor-
rections can be found in [20]. A thorough analysis of the
reactor antineutrinos, based on new high statistic exper-
imental data for S spectra of the contributing fission
isotopes, is in progress now.
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