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Fission reactors

• Most common nuclear fuels: 235U, 239Pu
• Fission threshold 7-8 MeV (6 MeV through binding of neutron, 1-2 MeV through

neutron pairing)
• About 200 MeV per fission→ GW thermal power
• Binary fission products centered at 95± 15 and 135± 15
• 1-3 neutrons produced per fission→ chain reaction
• About 9 MeV to antineutrinos
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Fission reactors – a clean ν̄e-source

Fission of U or Pu isotopes

• followed by ∼ 6β− decays of
fission products

• pure ν̄e flux at MeV scale
• about 200 MeV / fission
→ 2 · 1020 ν̄e / GWth
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Time development of fuel composition

Breeding of 239Pu

238
92 U + 1

0n→ 239
92 U

β−
−−−−−→
23.5 min

238
93 Np

β−
−−−−→
2.3 days

239
94 Pu α−−−−−−−→

2.4·104 years
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Energy spectrum

IBD – inverse beta decay

• ν̄e + p → e+ + n
• Eprompt = Eν̄e − (Mn −Mp) + me
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Ab initio calculations
Total β spectrum

Stot(E) =
∑

k=235U,238U,239Pu,241Pu

αk × Sk (E)

Sk (E) =

Nfp∑
fp=1

Afp(t)× Sfp(E)

Sfp(E) =

Nb∑
b=1

BRb
fp × Sb

fp(Zfp,Afp,E
b
0fp,E)

Sb,F
fp = K b

fp︸︷︷︸
Norm.

×F(Zfp,Afp,E)︸ ︷︷ ︸
Fermi function

× pE(E − Eb
0fp)2︸ ︷︷ ︸

Phase space

× Cb
fp(E)︸ ︷︷ ︸

Shape factor

Sb
fp = Sb,F

fp × L0(Zfp,E)× C(Zfp,E)︸ ︷︷ ︸
finit size

×Sc(Zfp,E)︸ ︷︷ ︸
screening

×Gβ(Zfp,E)︸ ︷︷ ︸
QED

× (1 + δWME)︸ ︷︷ ︸
weak magn.

Corresponding ν̄e spectrum: Replace electron energy E by antineutrino energy

Eν = Eb
0fp − E
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Binary fission products
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Ab initio calculations

Complete simulation of core evolution

Fuel loading, geometry, n-capture and fission physics

→ fission product inventory

Description of all β-decays

• Nuclear databases
• Fermi-theory + corrections
• Nuclear models

β and ν total spectra from some 104 branches have to be summed up.
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Conversion of β− spectra to ν̄e spectra

• Start from total β− spectrum
• Break down total spectrum in single β− branches
→ fit spectrum with 30 virtual branches (Schreckenbach approach)

• Convert each virtual β− branch to a ν̄e branch
• Sum up individual ν̄e branches
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ILL β− reference spectra
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Conversion of total β− spectra

Total β spectra of fissile isotopes measured at ILL in the 80’s

→ accurate reference electron spectra

Conversion to antineutrinos

• Use of virtual β-branches
• Fermi-theory + corrections
• Control of approximations

Reference ν spectra per isotope to be combined with prediction of fission rates.
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Old ILL antineutrino reference spectra
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Reevaluation of total ν̄e spectra
Comparison to ILL β− data

T. A. Mueller et al., Phys. Rev. C83,054615 (2011)
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Reevaluation of total ν̄e spectra
Comparison to old spectra
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Reevaluation of total ν̄e spectra
Where does the difference come from?
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Error budget of new conversion approach

Treatment of weak magnetism neglects nuclear structure:
• Dominant shape uncertainty, 100% error assumed.
• Uncertainty underestimated?
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Ab initio approach for antineutrino spectrum of 238U
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Working principle of IBD detectors for reactor antineutrinos
The Double Chooz detector

Location

• ν̄e source: two 4.25 GWth reactors
• DC far detector @ 1050 m from cores
• rock overburden: 300 m.w.e.

Detection via inverse beta decay (IBD)

• ν̄e + p → e+ + n
• Eprompt = Eν̄e − (Mn −Mp︸ ︷︷ ︸

=∆

) + me

→ Eν̄e = Eprompt + 0.78 MeV

Coincidence signal

• prompt γ-signal from positron annihilation
• delayed ∼ 8 MeV γ-signal from neutron

capture on H or Gd

→ te+n ∼ 30µs
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Event rate at a detector and mean cross-section per fission

Npred
ν (s−1) =

1
4πL2

Np
Pth

〈Ef 〉
σ

pred
f

σ
pred
f =

∫ ∞
0

Stot(Eν)σV-A(Eν)dEν =
∑

k

fkσ
pred
f ,k

V-A cross section

• σV-A(Ee) = κpeEe(1+δrec+δwm+δrad)

• κ ∼ 1
τn

• Eν̄e = Ee + ∆ + Ee(Ee+∆)
M + 1

2
(∆2−m2

e)

M

November 13 PhD Student Seminar on Sterile Neutrinos Sebastian Lindemann 18/28



Mean cross-section per fission

Effects responsible for increased σpred
f

• ν̄e-flux: 235U + 3.7%, 239Pu + 4.2%, 241Pu + 4.7%, 238U + 9.8%

• Neutron lifetime (τn) decrease by a few percent
• Off-equilibrium effects included

Updated cross-sections

Values in units of 10−43cm2 / fission
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Short baseline experiments
19 measuremens @ L < 100m
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Short baseline experiments
Reevaluation
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Short baseline experiments
Correlation matrix
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Short baseline experiments
Reevaluation

• Experimental errors and ν̄e spectra errors added in quadrature
• Average ratio including possible correlations is 0.927± 0.023
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Short baseline experiments
4th neutrino hypothesis – rate only analysis(

νe
νs

)
=

(
cos θnew sin θnew
− sin θnew cos θnew

)(
ν1
νnew

)
Pνe→νe (L,E) = |〈νe(L)|νe(L = 0)〉|2 = 1− sin2(2θnew) sin2

(
∆m2

newL
E

)

Best fit:
• ∆m2

new,R = 0.5 eV2

• sin2(2θnew,R ∼ 0.14
• No-oscillation analysis excluded at 99.8%
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Reactor Antineutrino Anomaly
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Nucifer @ Osiris-Saclay

• Designed for non-proliferation studies
• Osiris reactor: 70 MWth, core size of 57× 57× 60 cm
• Nucifer target: 0.85 m3 of Gd-LS
• Baseline distribution L = 7.0± 3 m
→ eV2 Oscillations are not washed out!
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Reactor Antineutrino Anomaly

November 13 PhD Student Seminar on Sterile Neutrinos Sebastian Lindemann 28/28



Appendix

References I found useful putting together this:

• K. N. Abazajian et al., arXiv:1204.5379 (2012)
• Talk D. Lhuillier @ Neutrino 2012
• Mueller et al., Phys. Rev. C83, 054615 (2011)
• Huber, Phys. Rev. C84, 024617 (2011)
• Mention et al., Phys. Rev. D83, 073006, (2011)
• Y. Abe et al., Phys. Rev. Lett. 108. 131801 (2012)
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