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Improved calculation of the energy release in neutron-induced fission
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Fission energy is one of the basic parameters needed in the calculation of antineutrino flux from nuclear
reactors. Improving the precision of fission energy calculations is useful for current and future reactor neutrino
experiments, which are aimed at more precise determinations of neutrino oscillation parameters. In this article,
we give new values for fission energies of some common thermal reactor fuel isotopes, with improvements on
three aspects. One improvement is more recent input data acquired from updated nuclear databases. The second
improvement is a consideration of the production yields of fission fragments from both thermal and fast incident
neutrons for each of the four main fuel isotopes. The third improvement is a more careful calculation of the
average energy taken away by antineutrinos in thermal fission involving a comparison of antineutrino spectra
from different models. The change in calculated antineutrino flux due to the new values of fission energy is about
0.32%, and the uncertainties of the new values are about 50% smaller.
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I. INTRODUCTION

Reactor neutrino experiments have always played a critical
role in the history of neutrino physics. For example, the
Savannah River Experiment [1,2] by Reines and Cowan
in 1956 first detected the neutrino. The KamLAND [3]
experiment confirmed neutrino oscillation and explained the
solar neutrino deficit together with the SNO experiment in the
first few years after 2000. Just before that, the CHOOZ [4]
experiment determined the most stringent upper limit of the
last unknown neutrino mixing angle, sin? 20,3 < 0.17 ata90%
confidence level. After this, a generation of reactor neutrino
experiments made efforts to determine the value of 6;3. In
March of 2012, the Daya Bay Collaboration [5] discovered a
nonzero value for sin? 26,3 at a 5o confidence level, which has
fueled discussions about the direction of neutrino physics in
the foreseeable future.

The prediction of antineutrino flux and its uncertainty is an
indispensable part of reactor neutrino experiments, especially
absolute measurement experiments which detect antineutrinos
at only a single location. Usually, the following formula is
used to calculate the antineutrino flux from one reactor core:

W,
S(E,) = S (il P)Si(E), (1)

Y (fi/ F)E;
where Wy, (MeV/s) is the thermal power of the core, E;
(MeV /fission) is the energy released per fission for isotope
i, f; is the fission rate of isotope i, and F is the sum of f;
for all isotopes. Thus, f;/F is the fission fraction of each
isotope. S;(E,) is the antineutrino energy spectrum of isotope
i, which is normalized to one fission. Normally, Wy, and f;/F
of each isotope are supplied by the nuclear power plants of
the reactor neutrino experiments. This leaves E; and S;(E,)
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FIG. 1. Mass excess m(A, Z,) for B-stable atoms as a function
of the mass number A.

of antineutrino flux. In this article, we restrict our discussion
to E; only. We explain how we improve the precision of the
calculation of E; on three aspects and compare the new value
and its error with those from predecessors.

II. CALCULATION METHOD OF THE ENERGY
RELEASE IN FISSION E ¢

The energy release per fission E ; can be represented as the
sum of four terms [6]:

Ef = Etoral — <Ev> - AEﬂy + Eqe, (2)

TABLE 1. Fission ratios of 2°U, 238U, 2*Pu, and ?*'Pu induced
by thermal and fast neutrons (%).

. . . Fissile isotopes ~ Thermal neutron  Fast neutron Error
as the two decisive parameters for the accurate calculation
By 76.82 23.18 0.6
2y 0.00 100.00 1.0 x 1077
2¥py 90.25 9.75 0.2
“maxb917@163.com 21py 83.11 16.89 0.4
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FIG. 2. Total yield y, of B-stable fragments from the fission of
uranium and plutonium isotopes.

where Eyy, is the total energy in fission from the instant at
which the neutron that induces the process is absorbed to
the completion of the 8 decays of the product fragments and
their transformation into B-stable atoms. It includes the total
kinetic energy of the fission fragments, the total kinetic energy
of the emitted prompt and delayed neutrons, and all the kinetic
energy of the emitted photons, B particles, and antineutrinos.
(E,) is the mean energy carried away by antineutrinos that
are produced in the B decay of fission fragments; AEg,, is
the energy of S electrons and photons from fission fragments
that did not decay at a given instant of time. E,. is the
energy released in neutron capture (without fission) by various
materials of the reactor core.

The energy from the fission process that remains in the
reactor core and is transformed into heat can be defined as the
effective fission energy Ecf:

Eetf = Etota — (Ev) — AE,By; 3)
then relation (2) can be recast into the form
Ef = Eeff + Enc~ (4)

If we calculate Eioa, (E,), AEg,, and Ey, then we can obtain
a value of the energy release in fission, E ;.

III. CALCULATION PROCEDURES AND RESULTS

A. Total fission energy Ey

The total fission energy E, can be obtained by directly
applying the energy-conservation law. The formula is [6]

M(Ao, Zo) + My =Y yaM(A, Z4) + VM, + Egat, (5)
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where M (Ag, Zy) is the atomic mass of the isotope undergoing
fission; Ap and Z; are its mass and charge numbers, respec-
tively; M, is the neutron mass; summation is performed over
the mass number A of B-stable fission products; M(A, Z4) is
the atomic mass of the product; and y, is its yield, Xy, = 2.
The values of A range from 66 through 172. v is the mean total
number of the prompt and delayed fission neutrons. Using the
condition that the number of nucleons is conserved in the
fission process and introducing the mass excess for atoms
m(A, Z), Eq. (5) can be rewritten as

Eota = m(Ao, Zo) = Y yam(A, Z4) — (v = Dm,, (6)

where m(A, Z) = M(A, Z) — Amg (mg is one atomic mass
unit) and m, = M, —mo = 8.071317 10 & 0.000 000 53
MeV is the neutron mass excess. Thus, m(Ag, Zp) and
m(A, Z 4) are the mass excess of the isotope undergoing fission
and of the fission products, respectively. These values can be
obtained from the mass excess evaluation in ATE2003 [7]. The
mass excess m(A, Z4) for B-stable atoms is shown in Fig. 1.

According to the INDC [8] and other nuclear databases [9],
for each isotope, the yield y4 of each fission fragment in
thermal-neutron-induced fission is different from that of the
same fission fragment in fast-neutron-induced fission. Up to
now, calculations have simply treated all fissions of >33U as
being induced by fast neutrons and all fissions of 23U, >**Pu,
and *'Pu as being induced by thermal neutrons. However,
reactor core simulation data from the Daya Bay Nuclear Power
Plant shows that some fissions of 23°U, 2Pu, and 2*'Pu are
also induced by fast neutrons. The average fission ratios of
the four isotopes from thermal neutrons and fast neutrons
during reactor stable running times are shown in Table I.
In our calculation, we obtain the thermal fission yield yjq,
(with error) and the fast fission yield y,, (with error) of
each fission fragment directly from the INDC database. To
include the fission processes from both thermal neutrons and
fast neutrons, we use the ratios in Table I to weight y,, and
ya, to obtain the average yield y, for each fission fragment
of each isotope. The results of y, are shown in Fig. 2. The
mean total numbers of the emitted prompt and delayed fission
neutrons v (with errors) are also obtained directly from the
INDC database [8]. The precision of v from the database is
far better than that obtained from a calculation using nucleon
number conservation (Ag+ 1 = >_ yaA + v), which gives a
relative error of v up to 90% after error propagation.

With information from the latest nuclear databases, includ-
ing mass excess, fission yield y,4, and mean fission neutron
number, the total fission energy E of each isotope is
obtained by taking into account both thermal and fast incident

TABLE II. Parameters and E,oq of 2°U, 28U, 2Py, and %' Pu.

Fissile Mass excess S yam(A, Za) Fission (v —1m, E ol
isotopes m(Ag, Zo) neutrons v

3y 40.9205 £ 0.0018 —173.859 + 0.062 2.4355 +0.0023 11.586 + 0.019 203.19 +0.06
238U 47.3089 £ 0.0019 —173.687 £ 0.058 2.819 £ 0.020 14.682 + 0.161 206.32 +0.17
29py 48.5899 + 0.0018 —174.196 £ 0.060 2.8836 + 0.0047 15.203 +0.038 207.58 +0.07
#py 52.9568 £+ 0.0018 —174.100 £ 0.070 2.9479 + 0.0055 15.722 + 0.044 211.33 £ 0.08
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FIG. 3. (Color online) Reactor antineutrino spectra of 2°U, 28U,
239Py, and **'Pu.

neutrons. The parameter values from the latest databases and
E a1 results are in Table I1.

B. Average antineutrino energy (E,) and AEg,

To estimate the average energy of antineutrinos from the
fission fragments of 2U, **Pu, and ?*'Pu, we use the
B-to-antineutrino conversion spectra of the Laue-Langevin
Institute (ILL) [10-12]. The errors of these spectra are
from ILL B spectra measurements and ILL S-to-antineutrino
conversion method [10,11]. In the case of 233U, we use the
theoretical ¥, spectrum from Vogel et al. [13], where the errors
are theoretically estimated. We calculate nonequillibrium
corrections and apply them to the ILL spectra.

To determine (E,) for each isotope, the function y =
exp(By + Bix + B>x?) is used to fit each spectrum, all of
which are limited to neutrino energies above 1.5 MeV. In the
function, y is the neutrino number per fission per MeV; x is
the neutrino energy; and By, Bj, and B, are fitting parameters.
Fitting results are shown in Fig. 3. The x2/dof of the fits
to the ILL spectra are all close to one, which shows that the
function can describe the antineutrino spectra very well. Fitting
parameters are summarized in Table III. The fits are used to
smoothly extrapolate to energies below 1.5 MeV.

Besides the antineutrino spectra from ILL, we also use
the B-to-antineutrino conversion spectra of Huber [14] and
Mueller et al. [15]. We use the same exponential function to fit
their isotope spectra and extrapolate to below 2.0 MeV, which
is the lower limit of the data. To examine the extrapolation
quality, we compare the spectra below 2.0 MeV to the
theoretical spectra calculated by Vogel and Engel [16]. Figure 4

TABLE III. Values of the fitting parameters.

Parameter 25y 28y 239py 241py

By 1.256 36 1.261 19 1.201 14 0.871 70
B, —0.338 97 —0.305 88 —0.409 81 —0.130 55
B, —0.007309 —0.06253 —-0.07690 —0.10355
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FIG. 4. Comparison of antineutrino spectra given by different
models, ILL, Huber, and Mueller et al.., and theoretical calculation.
(a) Spectra of 23U, (b) spectra of**Pu, (c) spectra of >*'Pu, and (d)
spectra of 28U,

shows the theoretical spectra from Vogel and Engel [16] and
the fits of the ILL, Huber, and Mueller ef al. models and Vogel
et al. [13] spectra. For antineutrinos above 2.0 MeV, Table IV
summarizes the results from different models (3*°U, #°Pu,
and 2*'Pu) or theoretical calculations (>*3U) of antineutrino
spectra for each isotope and gives the average energies and
errors. For antineutrinos below 2.0 MeV, Table V summarizes
the results from different models and theoretical calculations
of antineutrino spectra for each isotope and gives the average
energies and errors. As one can see from Tables IV and
V, the main source of the errors of the average energies of
antineutrinos is from low energies, below 2.0 MeV.

The total average energy carried by antineutrinos (E,) after
summing the portions above and below 2.0 MeV is shown in
Table VI. The fit result for the theoretical spectrum of 238U is
also included. The results are consistent with those in Ref. [6].

The kinetic energies of 8 particles and photons from the
complete B decay of fission fragments are part of the total
fission energy Ei. However, at the instant of observation,
the decay processes of some long-life isotopes have not yet
been completed. The correction of AEg, is used to subtract
the kinetic energies of g particles and y’s that have not been
emitted. Values for A Eg, are taken from Ref. [6] as shown in
Table VII. These values correspond to a fuel irradiation time
in the middle of the standard operating period of a pressurized
water reactor.

TABLE IV. Average energy taken away by antineutrinos above
2.0 MeV.

Fissile (E,) (E,) (E,) (E,) Average
isotopes Huber Mueller etal. ILL Vogel et al. MeV)
By 5292 5.259 5.126 - 5.226 £ 0.051
2y - 7.366 - 6.714 7.040 + 0.326
9Py 3.840 3.824 3.733 - 3.799 +£0.033
241py 5.019 4.990 4.859 - 4.956 £ 0.049
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TABLE V. Average energy taken away by antineutrinos below
2.0 MeV.

Fissile (E,) (E,) (E,) (E,) (E),) Average

isotope Vogel and Huber Mueller ILL Vogel MeV)
Engel® etal. et al®

3y 4013 3713 3561 4.034 -  3.830+0.100

=y 3.730 - 3.477 — 4225 3.810£0.220

2py 4.130 3341 3588 3390 - 3.612+0.181

241py 3801  3.396 3.319 3334 - 3462+£0.114

“Results of the theoretical spectra of the four isotopes below 2.0 MeV.
bFit of the 238U theoretical spectrum below 2.0 MeV.

C. Energy released in neutron capture E,

In addition to the energy released directly in the fission
process, some energy is released in neutron capture upon
reactor materials. The total amount of this energy depends on
the composition of the reactor materials and the probability
of neutron absorption on these materials; therefore it also
varies with fuel burning time. In the middle of the reactor
operating period, the energy from neutron capture processes
E\ that converts into thermal energy in the fuel isotope i can
be described as

Ey = (V_z - 1)Q7 (7)

where Q is the mean energy released per capture and v; is
the average number of emitted neutrons per fission. In Ref.
[17],a O of 6.1 & 0.3 MeV is given by simply considering a
wide range of reactor material compositions. In Ref. [6], the
probabilities of the absorption of neutrons by various materials
and the time evaluations of fuels during burn-up periods are
both considered. The average value of 5.97 = 0.15 MeV per
neutron capture is given for the middle of the reactor operation
period. Its variation within the time interval from one day to
the end of the operating period is about 0.55 MeV. In this
paper, we use the Q value from Ref. [6] and V; from INDC,
which was mentioned earlier for the calculation of E\y,. The
results of E,. are shown in Table VIII.

D. Energy release per fission

The energy release per fission is required for reactor
antineutrino flux calculations and is usually defined without
the kinetic energy of the incident and emitted neutrons [6,17].
However, in the WIMS-D formatted libraries [18] and
Ref. [19], the energy release per fission includes the
contributions from the kinetic energy of incident neutrons and

TABLE VI. Average energy carried away by antineutrinos.
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TABLE VII. Energy AEjg,.

Fissile isotopes AEg, (MeV)
By 0.35+0.02
2y 0.33 +£0.03
e 0.30 £0.02
2lpy 0.29 +£0.03
from the decay of the capture products:

Ef = Eef + Enc + Ein, (®)

where Ej, is the kinetic energy of incident neutrons. For one
isotope, at each step of its fission chain, an amount of energy
from the emitted fission neutrons has to be used as the incident
neutron energy for the next step in the fission chain. Therefore,
the amount of energy of Ej, cannot transform into heat until the
end of the fission chain. From the view of energy conservation,
at the end of the fission chain, E; = Ecff + Epc + Ein. How-
ever, as long as the fission chain has not reached its end, E;,
has not converted into heat, and therefore has not contributed
to the reactor thermal power. Thus, E; should be equal to
(Eeff + Enc). Our calculations of E without Ej, and of E
are shown in Table IX, along with E s from Ref. [6]. For 239py,
the E ¢ directly stated in Ref. [6] is 209.99 MeV, which should
be the sum of E.s and E,,.. According to the values of E.g and
E, in the same reference, E s of 239py should be 210.99 MeV.
Thus, we list 210.99 MeV in Table IX. As one can see in the
table, the new E ; values are systematically a little larger than
those in Ref. [6] and the new errors are about 50% smaller.
The contributions to the improved errors of E s are from the
calculations of E\y and (E),).

IV. IMPACT ON THE ANTINEUTRINO FLUX

To quantify the effect of the new values for energy per
fission on antineutrino flux expectation in a reactor neutrino
experiment, we use reactor data from the Daya Bay experiment
to calculate the expected average weekly antineutrino flux at
the eight antineutrino detectors. The flux obtained with the
input of our new fission energy values is denoted as ¢; and
that obtained with the values in Ref. [6] is denoted as q&l We
define the relative error &; as

& = ¢ — il /i, 9)

where i is the antineutrino detector number. The relative
error of the weekly average antineutrino flux detected at each
detector &; is shown in Fig. 5. The first two antineutrino
detectors are at one near experimental site, called the Daya

TABLE VIII. Neutron capture released energy E..

Fissile (E,) [6]

isotopes (MeV) (MeV) Fissile isotopes E.. MeV)
23U 9.06 £0.13 9.07 £0.32 23U 8.57+0.22
238U 10.85 +£0.39 11.00 £ 0.80 238y 10.86 = 0.30
29py 7.41+£0.18 7.22 £0.27 29py 11.254+0.28
Hpy 8.42+0.12 8.71 £0.30 #py 11.63 £0.29
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TABLE IX. Energy release per fission.

Fissile Eeff Ef [6] Ef
isotopes (MeV) (MeV) (MeV)
23U 193.79 +£0.14 201.92 +0.46 202.36 +0.26
238y 195.13 +0.43 205.52 +0.96 205.99 +0.52
239py 199.87 +0.20 210.99 + 0.60 211.124+0.34
Hpy 202.63 £0.15 213.60 +0.65 214.26 +0.33

Bay site. The third and fourth detectors are located at the other
near site, called the Ling Ao site. The remaining four detectors
are at the far site. Each detector receives antineutrinos from
three reactor pairs. Due to the differences in fission fractions
of isotopes between different reactor cores and the differences
in baselines between detectors and reactors, the relative error
varies among detectors, but they are all around 0.32%. The
neutrino flux calculated with the new values is a little smaller
because of a larger average energy release per fission.

V. CONCLUSION

To improve the precision of the calculation of the energy
release in fission, we have employed the most recent data
from nuclear databases, such as mass excess, yield of fission
fragments, and average fission neutron yields. When we apply
the yield values to fission fragments, we consider the thermal-
and fast-neutron-induced fissions separately, weight them, and
then sum them. These two considerations help to reduce
the uncertainties of Ey, by about 50% compared to those
given by Kopeikin et al. [6]. In the calculation of (E,),
we compare the antineutrino spectra of different models and
use the average of different models as the final average energy
carried by antineutrinos. For the other two components, A Eg,,
and E,., AEg, is imported from Ref. [6], the calculation
of E,. uses data of average fission neutron yield from the
INDC database [8], and the estimate of (E,) is from our own
fitting,which has similar but smaller uncertainties. Adding the
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FIG. 5. Change of average weekly antineutrino flux with the input
of old and new values of fission energy.

four components together, we obtain the final fission energies
for 233U, 238U, 9Py, and 2*! Pu. They are systematically a little
larger than Kopeikin et al.’s results [6], with an improvement
in uncertainty of about 50%. The impact of the new values
to the expected antineutrino flux is at the level of 0.3%.
We also noticed that the differences in fission energy values
among Refs. [6,17], the WIMS-D formatted libraries [18], and
Ref. [19] are from different treatments of incident neutron
kinetic energy Ej,. Considering that the incident neutron
kinetic energy is used to propagate the fission chain and will
not convert into reactor heat until the end of the fission chain,
we do not include the incident neutron kinetic energy in the
fission energy when calculating the antineutrino flux.
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