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Systematic impact of spent nuclear fuel on θ13

sensitivity at reactor neutrino experiment *
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(Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China)

Abstract Reactor neutrino oscillation experiments, such as Daya Bay, Double Chooz and RENO are designed

to determine the neutrino mixing angle θ13 with a sensitivity of 0.01—0.03 in sin2 2θ13 at 90% confidence level,

an improvement over the current limit by more than one order of magnitude. The control of systematic

uncertainties is critical to achieving the sin2 2θ13 sensitivity goal of these experiments. Antineutrinos emitted

from spent nuclear fuel (SNF) would distort the soft part of energy spectrum and may introduce a non-negligible

systematic uncertainty. In this article, a detailed calculation of SNF neutrinos is performed taking account of

the operation of a typical reactor and the event rate in the detector is obtained. A further estimation shows

that the event rate contribution of SNF neutrinos is less than 0.2% relative to the reactor neutrino signals. A

global χ2 analysis shows that this uncertainty will degrade the θ13 sensitivity at a negligible level.
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1 Introduction

Recent discoveries in neutrino oscillation have un-

equivocally demonstrated that neutrinos are mas-

sive and thus can mix. This intriguing phenomenon

depends on two neutrino mass differences (∆m2
21,

∆m2
32), three mixing angles (θ12, θ23, θ13) and one

CP phase δ. The neutrino mass differences and

two of the mixing angles have been measured with

reasonable precision while the third mixing angle,

θ13, has not been determined; the current experi-

mental upper bound is sin2 2θ13 < 0.17 at 90% C.L.

for the nominal value of the mass-squared difference

∆m2
31 = 2.5×10−3 eV2[1]. A non-zero value of θ13 is

crucial to measure the CP phase and determine the

neutrino mass hierarchy with the next generation of

neutrino experiments. Neutrinos from reactors have

played an important and decisive role in the early

history of neutrino oscillations, which have the po-

tential of uniquely determining θ13 at a low cost and

in a timely fashion.

The reactor neutrino oscillation experiment was

designed to detect reactor ν̄e’s via the inverse beta-

decay reaction

ν̄e +p→ e+ +n . (1)

The positron annihilated almost immediately with an

atomic electron, yielding two 0.511 MeV gamma rays;

the neutron was captured later resulting in another

emission of gamma rays. The signature is delayed co-

incidence between the prompt e+ signal and the signal

from the neutron capture. The measured quantity is

the survival probability for ν̄e → ν̄e which is given by

P
ν̄e→ν̄e

≈ 1−sin2 2θ13 sin2

(

1.27∆m2
31L

E

)

, (2)

where E is the antineutrino energy and L is the dis-

tance from antineutrinos production to detection.

The value of sin2 θ13 can be extracted by compar-

ing the observed antineutrino rate and energy spec-

trum with the predictions of non-oscillation. The
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number of detected antineutrinos, Ndet is given by

Ndet =
Np

4πL2

∫
ε(E)σ(E)P

ν̄e→ν̄e
S(E)dE , (3)

where Np is the number of free protons in the target,

ε(E) is the detection efficiency, σ(E) is the total cross

section of the inverse beta-decay reaction, and S(E)

is the differential antineutrino energy distribution at

the reactor.

The goal of the next generation precise reactor

neutrino experiments such as Daya Bay[2], Double

Chooz[3] and RENO[4] is to determine the last un-

known neutrino mixing angle θ13 with a sensitivity

of 0.01—0.03 in sin2 θ13, an order of magnitude bet-

ter than the current limit. The control of systematic

uncertainties is critical to achieving the sin2 2θ13 sen-

sitivity goal of these experiments. Refs. [5—7] show

that the antineutrinos emitted from the spent nuclear

fuel (SNF) can distort in a different way the soft part

of energy spectra measured in the far and near detec-

tors and thus mimic the oscillation signal. To achieve

the challenging goal of the θ13 sensitivity in these re-

actor neutrino experiments, the contribution of SNF

neutrinos relative to the reactor produced neutrinos

must be known precisely. In this article a detailed

calculation of SNF neutrinos is performed taking ac-

count of the operation of a typical reactor and the

event rate in the detector is obtained. The system-

atic uncertainty introduced to the θ13 sensitivity by

SNF neutrinos was studied by a global χ2 analysis.

2 Spectra, cross section and event

yields

The ν̄e spectrum at reactors was achieved by using

the so-called “conversion” approach, and was the su-

perposition of spectra from the beta decaying fission

products in the reactor core. The reactors at Daya

Bay, Double Chooz or RENO Nuclear Power Plant

are of pressurized water reactors (PWR design) as all

reactor neutrino experiments have been carried out at

PWRs. Fissile materials are continuously consumed

while new fissile isotopes are bred from other isotopes

in the fuel (mainly 238U) by fast neutrons. Since the

neutrino energy spectra are slightly different for the

four main isotopes, the fission composition and its

evolution over time are therefore critical to the deter-

mination of the neutrino flux and energy spectrum.

The beta spectrum from 235U, 239Pu and 241Pu

thermal neutron fission fragments was measured on-

line with a magnetic spectrometer[8]. The beta spec-

trum was then converted into the correlated electron

antineutrino spectrum taking into account the Z dis-

tribution of the fission products. The antineutrino

spectra of 238U which cannot be fissioned by thermal

neutrons was obtained by theoretical calculation[9] to

estimate the contribution to the ν̄e spectrum by the
238U fission products. Although these predictions are

less reliable than direct measurements, it should be

noted that the contribution to the number of fissions,

due to this isotope, is quite stable and never higher

than 8%. Thus any possible discrepancy between the

predicted and the real spectrum should not lead to

significant errors.

For a given isotope (j) among the four main iso-

topes the ν̄e spectrum can be approximated by a six-

parameter function[10]

dN j
ν
/dE

ν
= ea0+a1Eν+a2E2

ν
+a3E3

ν
+a4E4

ν
+a5E5

ν , (4)

where the antineutrino energy E
ν

is in MeV.

This recent update improved the spectrum above

7.5 MeV compared with a widely used three-

parameter parametrization[11].

Along the year, between periods of refueling, the

total effective flux changes with time as the fuel is

expended and the isotope relative composition varies.

The overall spectrum is at a given time

dN
ν

dE
ν

=
∑

j=isotopes

cj(t)
dN j

ν

dE
ν

. (5)

The differential cross section at the first order in

1/M is given by[12]:
(

dσ

dcosθ

)(1)

=
σ0

2

[

(f 2 +3g2)+(f 2−g2)V (1)
e cosθ

]

×

E(1)
e p(1)

e −
σ0

2

[

Γ

Mp

]

E(0)
e p(0)

e , (6)

where f = 1 and g = 1.2601± 0.0025 are the vector

and axial-vector coupling constants and

σ0 =
G2

F cos2 θC

π
(1+∆R

inner), (7)

where ∆R
inner ≈ 0.024[13]. Please refer to Ref. [12] for

the definition of the positron energy Ee, the positron

momentum pe and the velocity Ve, etc.

The outer radiative QED corrections of the order

of α, including an internal bremsstrahlung contribu-

tion, which can be approximated by

σrad =
∑

j

∫E2

E1

11.7×10−3(E(0)
e −me)

−0.3×

σ0(f
2 +3g2)E(0)

e p(0)
e

dN j
ν

dE′

ν

dE
ν

, (8)

with the positron energy expressed in MeV is also

included.
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Thus, we have obtained the final cross-section for-

mula per fission

σtot =
∑

j

∫E2

E1

∫θ2

θ1

(

dσ

dcosθ′

)(1)
dN j

ν

dE′

ν

dcosθdE
ν
+σrad .

(9)

The result of the expected total cross section is

5.862× 10−19 barns/fission ±2.7% in the first order

with the incorporation of positron angular distribu-

tion, weak-magnetism-axial-vector interference cor-

rection and radiation correction, which agrees per-

fectly with the value in Ref. [14]. The parameters

used in the calculation and the output of the expected

cross section for each isotope are listed in Table 1.

Table 1. Parameters used in the calculation of the neutrino flux and the output of the expected cross-section

σi for each isotopes.

isotopes fission amount cj (%) Ei (MeV/fission)[15] σi (10−19 barns/fission)

235U 53.8 201.7±0.6 6.40±1.9%
239Pu 32.8 210.0±0.9 4.20±2.4%
238U 7.8 205.0±0.9 9.22±10%
241Pu 5.6 212.4±1.0 5.75±2.1%

The neutrino event rate (n
ν
) per day per ton

of liquid scintillator per GWth with a distance L =

1.0×103 m from the reactor corresponds to a certain

average fuel composition and is related to the cross

section per fission σtot and the number of target pro-

tons Np by

n
ν
=

24×3600

4πL2

Wth

〈Ef〉
Npεσtot . (10)

As mentioned above, between periods of refueling,

the total effective flux changes with time as the fuel is

expended and the isotope relative composition varies.

The integral neutrino interaction rate is expected to

vary significantly during the reactor fuel cycle. A de-

crease of about 10% has been forecast for the cross

section per fission, as shown in Ref. [16].

3 Spent fuel event rate

In addition to fission, the beta decay of some fis-

sion products can also produce antineutrinos with

energy higher than the inverse beta decay thresh-

old 1.8 MeV. Most of these fission fragments will

soon reach equilibrium, while some others have long

lifetimes[5]:

106Ru(T1/2 = 372 d)→ 106Rh(T1/2 = 20s, Emax = 3.54 MeV),

144Ce(T1/2 = 285 d)→ 144Pr(T1/2 = 17min, Emax = 3.00 MeV), (11)

90Sr(T1/2 = 28.6 y)→ 90Y(T1/2 = 64h, Emax = 2.28 MeV).

These long-lived isotopes will accumulate in the

core during operational runs. Normally a fuel rod

will produce power in the core for 2—3 years and

be removed by a manipulator to the water pool near

the reactor cores for cooling and shielding. Typically

about 1/3 of the burnt-out fuel rods will be removed

to the water pool during refuelling every 18 months

and after about 5 years each portion will be trans-

ported to dry storage far from the reactors. The ac-

cumulated spent fuel isotopes in the water pool will

continue to contribute to the antineutrino flux via β

decay, thus introducing an additional uncertainty to

the neutrino flux. The spent fuel data, as well as the

realtime running data, will be provided to the Col-

laboration by the power plant.

For a given isotope i, the neutrino spectrum can

be obtained by converting the β spectrum given by

Fermi theory under the assumption that both electron

and anti-neutrino share the total available energy E i
0:

Si
ν̄
= E2

ν̄
(Ei

0−E
ν̄
)
√

(Ei
0−E

ν̄
)2−m2

ec
4

•F (Ei
0−E

ν̄
,Z i),

(12)

where Z i is the atomic number of the daughter nu-

cleus, F (Ei
0 −E

ν̄
,Z i) is the Fermi correction due to

Coulomb interaction in the final state, E i
0 = Qi +

mec
2−Ei

exc where Qi is the released energy of β de-

cay and Ei
exc is the excitation energy in the daugh-

ter nucleus. Generally the neutrino spectrum from

Eq. (12) has some discrepancy with the experimental

data[17] even taking account of the Fermi correction,

especially when Z is large; so we assign a 20% global

uncertainty to Eq. (12). The total energy spectrum
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of the anti-neutrino from SNF can be expressed as

the sum of each isotope:

S
ν̄
= Σiα

iSi
ν̄
(E

ν̄
,Ei

0,Z
i), (13)

where αi is the amplitude of S i
ν̄

which depends on the

abundance of isotope i in the SNF and its intensity

of radioactivity.

The initial composition of the spent fuel can be

precisely calculated if the reactor data are provided.

Prior to receiving the detailed data a simple estima-

tion of the concerned isotopes is done by solving the

differential equations considering the burn-up effect

of fuel, the fission yields of isotopes, the refueling cy-

cle, and the decay of the isotopes themselves. In SNF

the isotope composition also evolves over time and

is calculated by considering the processes Eq. (11).

Fig. 1 shows the time averaged SNF ν̄e energy spec-

trum as well as the detector event rate.

Fig. 1. The 5-year averaged SNF ν̄e spectrum

(dotted curve), the total inverse beta-decay

cross section (dashed curve), and the event

rate (solid curve) as a function of antineutrino

energy.

The amount of spent fuel directly depends on the

thermal power of the reactor, so on average we can

compare the neutrino event rate of SNF with the re-

actor core per GW thermal power. Taking the start

time at the beginning of each refueling cycle, and the

decay in the spent fuel, the neutrino event rate from

these isotopes per day per ton of liquid scintillator per

GWrmth with a distance L = 1000 m from the reactor

is given by:

n
ν
(SNF) =

24×3600

4πL2

∫E2

E1

Npε(t)Sν̄
(t)σ(0)dE

ν
, (14)

where S
ν̄
(t) is the total energy spectrum of the SNF

isotopes at time t. The neutrino event rate from

SNF from Eq. (14) is estimated to be 0.0011, which

contributes <0.2% to the signal event rate. Fig. 2

shows the event rate spectrum for SNF neutrinos and

reactor signal neutrinos respectively. At the 1.8—

3.5 MeV range, the yield increases to 0.3%. As this

calculation is based on a simple model without de-

tailed data of the reactor, the uncertainty of SNF

composition is estimated as 50% and the event rate

uncertainty is estimated to be 100%.

Fig. 2. The detection event rate spectra for

SNF (dashed line) neutrinos and reactor sig-

nal neutrinos (solid line) in logarithm scale.

4 θ13 sensitivity

In this section, we take the Daya Bay reactor an-

tineutrino experiment[2] as an example and substan-

tiate the systematic impact of SNF on the θ13 sensi-

tivity using the so-called χ2 method[18—21]. The sys-

tematic errors will be analyzed by constructing the

χ2 function with error correlations introduced natu-

rally. Based on the original Daya Bay χ2 function[2],

we make some modifications to include the impact of

SNF and obtain:

χ2 = min
γ

8
∑

d=1

Nbins
∑

i=1

[Md
i −T d

i (1+αc +
∑

r
ωd

r αr +βi +εD+εd)−Sd
i (

∑

s
ωd

sαs)−ηd
f F

d
i −ηd

aA
d
i −ηd

hH
d
i ]

2

T d
i +(σb2bT d

i )2
+

α2
c

σ2
c

+
∑

r

α2
r

σ2
r

+
∑

s

α2
s

σ2
s

+

Nbins
∑

i=1

β2
i

σ2
shp

+
ε2
D

σ2
D

+
8

∑

d=1

[

(

εd

σd

)2

+

(

ηd
f

σd
f

)2

+

(

ηd
a

σd
a

)2

+

(

ηd
h

σd
h

)2
]

. (15)

In Eq. (15), d sums over antineutrino detectors,

i sums over the energy bins, s is the index of SNF

(s = 1,2, · · · ,6 for 6 reactor cores in the case of Daya

Bay experiment) and γ denotes the set of minimiza-

tion parameters {αc, αr, βi, εD, εd, αs, ηd
f , ηd

a , ηd
h},

which are used to introduce different kinds of sys-
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tematic errors. αs denotes the systematic error due

to SNF-s and other minimization parameters are de-

scribed in detail elsewhere[2]. The standard devia-

tions of the corresponding parameters are {σc, σr, σs,

σshp, σD, σd, σd
f , σd

a , σd
h}. T d

i is the expected events in

the i-th energy bin in detector-d, and M d
i is the cor-

responding measured (or simulated) events. F d
i ,Ad

i ,

and Hd
i are the number of fast neutron, acciden-

tal, and 9He/9Li backgrounds respectively. Sd
i is the

number of events from SNF and ωd
s is the weight

of neutrino events from SNF-s to detector-d. For

each energy bin, there is a statistical error T a
i and

a bin-to-bin systematic error σb2b. For each point

(∆m2
31, sin2 2θ13) in the oscillation parameter space,

the χ2 function has to be minimized with respect to

the parameters γ.

As discussed in Section 3, the shape error of the

SNF ν̄e spectrum is less than 20% and the amount

error of SNF is 50%—100%. Consequently, we only

take into account the amount error of SNF and con-

servatively set it to be 100%. In Eq. (15), αs denotes

the systematic error due to SNF and its standard de-

viation σs is set to be 100%. We calculate Sd
i based on

the shape of the SNF ν̄e event rate spectrum shown

in Fig. 1 and the total number of detected SNF events

by detector-d can be determined by the SNF amount

and location of SNF pools. In general, the SNF pool

is located no more than 100 m away from the reac-

tor core. In this paper, the systematic uncertainty

due to SNF is studied with two different SNF loca-

tions. For Case 1, the SNF pools are supposed at

the corresponding reactor cores and for Case 2, the

SNF pools are located 100 m away from each reactor

core where the largest systematic uncertainty is in-

troduced. Actually, the location uncertainty of SNF

pools are trivial because we can get the precise loca-

tion information from the nuclear power plant.

For Case 1 of SNF pools location, the SNF con-

tributes < 0.2% ν̄e events relative to the signal events

which are produced by the reactor cores. The signal

neutrino event rate from each reactor core has a ∼ 2%

uncertainty. The SNF neutrino event rate fluctua-

tion is totally overwhelmed by the signal fluctuation

of the reactor cores. Furthermore, the near-far detec-

tor setup cancels most of the event rate uncertainties

from the reactor cores and SNF at the same level

because the reactor cores and SNF have the same lo-

cation. Fig. 3 shows the sensitivity contours in the

sin2 2θ13 versus ∆m2
31 plane for three years of data

taking using χ2 analysis with and without considering

the impact of SNF and the two lines nearly overlap.

For Case 2, though the event rate fluctuation due

to SNF is much less than that from the reactor cores,

the locations of reactor cores and SNF are different,

thus the near-far cancellation is not at the same level.

The residual uncertainty from SNF after near-far can-

cellation is more significant compared with Case 1,

therefore the uncertainty from SNF has a much more

significant impact on the sensitivity. Fig. 4 shows the

sensitivity contours in the sin2 2θ13 versus ∆m2
31 plane

for three years of data taking using χ2 analysis with

and without considering the impact of SNF which has

a much larger gap relative to Case 1. However, in the

Fig. 3. Sensitivity contours in the sin2 2θ13 ver-

sus ∆m2
31 plane taking into account the im-

pact of SNF (dashed line). The sensitivity

contour without considering SNF is also over-

layed (solid line) as a reference. Assuming the

SNF pools are located at the corresponding

reactor cores.

Fig. 4. Sensitivity contours in the sin2 2θ13 ver-

sus ∆m2
31 plane taking into account the im-

pact of SNF (dashed line). The sensitivity

contour without considering SNF is also over-

layed (solid line) as a reference. Assuming the

SNF pools are located 100 m away from the

corresponding reactor cores.
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3σ confidence region of ∆m2
31 (2.0 × 10−3eV2 <

∆m2
31 < 2.8× 10−3eV2, see Ref. [22]), the impact of

SNF is still negligible.

5 Summary

In summary, a detailed calculation of the spent

nuclear fuel neutrinos is performed taking account of

the operation of a typical reactor. Considering the

evolution of some isotopes as neutrino sources in the

spent fuel, the event rate in the detector is obtained,

and a further estimation shows that the event rate

contribution of SNF emitted neutrinos is less than

0.2% relative to the reactor neutrino signals. A global

χ2 analysis shows that SNF impact on θ13 sensitivity

can be negligible .
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