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235U
239Pu

Fission Products (FP) are neutron-rich nuclei, 
undergoing β - decay 

Reactor  Antineutrinos

⇒ Power Reactors are copious antineutrino emitters => neutrino physics = oscillation 
parameter search: θ13, search for sterile neutrinos (« reactor anomaly »)

Use the discrepancy between antineutrino flux and energies from U and Pu isotopes to infer 
reactor fuel isotopic composition => reactor monitoring, non-proliferation and 
interest of the IAEA  (see IAEA Report SG-EQGNRL-RP-0002 (2012). )



Method based on individual fission product beta 
decay summation

weighted Σ

Core Simulation
Evolution Code MURE

β-spectra database :
 TAGS, Rudstam et al., 
ENSDF, JEFF, JENDL, …

other evaluated nuclear databases

Total νe and β - energy spectra 
with possible complete error treatment

+off-equilibrium effects 

β- decay rates
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º Development of a complete core simulation with a follow up of core operating parameters
º Can be used also for simple geometries: ILL spectra computation

- C++ interface to the Monte Carlo code MCNP (static particle transport code)
- Open source code available @ NEA: http://www.oecd-nea.org/tools/abstract/detail/nea-1845
- Used for the 1st phase of the Double Chooz experiment 
-

 Outputs provided: keff, neutron flux, inventory, reaction rates (fission, capture, …) + adapted to 
compute antineutrino spectra

 The MURE Code (MCNP Utility for Reactor Evolution) : 

        Material evolution: Resolution of Bateman differential equations

decays reactions induced by neutron

+ evolution’s 
condition (power …)

Static
computation

t = Δt1

Static
computation

t = 0
+ evolution’s 

condition (power …)

 
 

MCNP MCNP

 
 

Static
computation

t = Δtx
MCNP

Full core level with MURE*

From A. Onillon

Double Chooz reactor paper in preparation

http://www.oecd-nea.org/tools/abstract/detail/nea-1845


« Summation » Method with the MURE* code
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But Pandemonium effect:
Requires new measurements of fission product beta 
decay properties
=> Selection of a list of fission products contributing 
each by more than 4% in 2-6MeV bins.

*MCNP Utility for Reactor Evolution:
- Computes the fission product distributions to 

couple with beta decay nuclear databases 
- Computes off-equilibrium effects 
- Prediction of any antineutrino energy spectrum for 

individual fissible nuclei or full reactor cores, 
for neutrino physics or non proliferation

*MCNP Utility for Reactor Evolution: 
http://www.nea.fr/tools/abstract/detail/nea-1845.
Th. Mueller et al. Phys. Rev. C 83, 054615 (2011)., 
C. Jones et al. accepted in Phys. Rev. D 
arxiv.org/abs/1109.5379

Summation method: 
  Energy conservation for conversion into antineutrino 

spectrum, for each beta branch of each fission 
product + realistic Z distribution of the fission 
products



TAS Technique
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Pandemonium effect**:

TAGS developed by the Valencia team (Spain, B. Rubio, J.L. Tain,  A. Algora et al.) : Proceedings 
of the Int. Conf. For nuclear Data for Science and technology (ND2013)

Due to the use of Ge detectors to measure the decay schemes: lower efficiency at higher 
energy 

 → underestimate of β branches towards high energy excited states: overestimate of the high 
energy part of the FP β spectra

 12 BaF2 covering ~4π angle

Detection efficiency of γ-ray ~ 80%, Eγ> 5MeV
Energy resolution of 10% @ 1.33 MeV
Si detector for β particles

Solution: Total Absorption Spectroscopy (TAS)
Big cristal, 4π => A TAS is a calorimeter !

Picture from A. Algora 

** J.C.Hardy et al., Phys. Lett. B, 71, 307 (1977)
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TAS MEASUREMENTS @ JYVÄSKYLÄ UNIV. (JYFL)
 IFIC of Valencia (J.L. Tain et A. Algora et al.)

Reactor Decay Heat in 239Pu: Solving the γ Discrepancy in the 4–3000-s Cooling 
Period, 

Algora et al., Phys. Rev. Lett. 105, 202501 (2010), 
D. Jordan, PhD thesis, Univ. Of  Valencia 2010

Impact of the results for 239Pu: 
electromagnetic component

⇒ Taking into consideration the TAS data of the 102;104–107Tc, 105Mo, and 101Nb isotopes 
measured @ Jyväskylä
⇒ i.e. correcting 5 nuclei out of 7 for the Pandemonium effect

D. Jordan, A. Algora et al. Phys. Rev. C 87, 044318 (2013)



Summation method: ingredients
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 In order to choose one specific nuclear decay database for one given nucleus, the order in 
which the bases are read is important: the first one in which the fission product is found is 
the chosen one: 

The Greenwood TAS data set (29 nuclei), the experimental data measured by Tengblad et al. (85 
nuclei), experimental data from the evaluated nuclear databases: JEFF3.1 (305, 345, 347, and 318 
nuclei, respectively, for 235U, 239Pu, 241Pu, and 238U) and JENDL2000 (61, 62, 61, and 58 nuclei, 
respectively), Evaluated Nuclear Structure Data File nuclei (94, 106, 109, and 97 nuclei 
respectively), Gross theory spectra from JENDL (214, 215, 227, and 221 nuclei, respectively), and 
the ‘‘Qβ’’ approximation for the remaining unknown nuclei (22, 32, 38, and 33 nuclei, 
respectively).
 Using Huber’s prescriptions (formulae and values from PRC84,024617(2011)) + energy 

conservation for conversion into antineutrino spectrum, for each beta branch of each 
fission product

⇒ 810, 874, 896 and 841 fission products taken into account respectively
 Irradiation times with MURE: 12 h for 235U, 1.5 days for 239;241Pu, and 450 days for 238U.
⇒ Taking into consideration the latest published TAS data of the 102;104–107Tc, 105Mo, and 101Nb 

isotopes (A. Algora et al. Phys. Rev. Lett. 105, 202501 (2010)) ? 
⇒ i.e. correcting 5 nuclei out of 7 for the Pandemonium effect



Inclusion of the latest TAS data in the Antineutrino Summation 
Spectra:
 With the recently measured TAS data set by Algora et al. Phys. Rev. Lett. 105, 202501 (2010):
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Reconstructed antineutrino energy 
spectra, including the latest TAS 
data from Algora et al.

In the insets: ratios of the spectra to 
the ones computed by Huber 
PRC84,024617(2011) converted 
reference spectra from ILL β-spectra 
(measured by Schreckenbach et al., 
convertion method reinvestigated: 
Th.A. Mueller et al, Phys.Rev. C83(2011) 
054615 =>  « reactor anomaly » ).
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Ratios of summation antineutrino 
spectra including the new TAS data for 
102;104–107Tc, 105Mo, and 101Nb over the 
same spectra but with the JEFF3.1 
data
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 239;241Pu energy spectra: noticeable 
deviation from unity observed in the 
3–4 MeV energy range reaching an 
8% decrease. 

 238U energy spectrum: effect reaches 
a value of 3.5% at 2.5–3 MeV. 

 235U: 1.5% at 2.5–3.5 MeV, expected 
since these nuclei are a small 
contribution to the 235U spectrum.

Inclusion of the latest TAS data in the Antineutrino Summation 
Spectra:

⇒ Influence on detected antineutrino energy spectra: new antineutrino flux for pure 
fissions of 235U, 239Pu, 241Pu, and 238U found to be 99.1%, 94.53%, 94.76%, and 98.09% 
that of flux obtained with the former data set, resp.



13

R
E
S

U
LT

S
Inclusion of the latest TAS data in the Antineutrino Summation 
Spectra:

⇒ Shows the important role of the Pandemonium nuclei in the ν summation spectra
⇒ The summation spectra are among the only ways to estimate the antineutrino spectra 

independently from the still unique ILL integral β-spectra 
⇒ new measurements required, list of nuclei identified

 239;241Pu energy spectra: noticeable 
deviation from unity observed in the 
0–6 MeV energy range reaching an 
8% decrease. 

 238U energy spectrum: effect reaches 
a value of 3.5% at 2.5–3 MeV. 

 235U: 1.5% at 2.5–3.5 MeV, expected 
since these nuclei are a small 
contribution to the 235U spectrum.

Ratios of summation antineutrino 
spectra including the new TAS data for 
102;104–107Tc, 105Mo, and 101Nb over the 
same spectra but with the JEFF3.1 
data
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New measurements @JYFL (Jyväskylä,Finland)  

  7 nuclei have been already measured at JYFL of Jyväskylä (Finland), analysis is on-going 
      (A. Algora et al. Proceedings of the Int. Conf. ND2013): 

86Br, 87Br, 88Br, 91Rb, 92Rb, 93Rb, 94Rb

Why JYFL: good selection of the measured nucleus needed → IGISOL* + Penning trap 
JYFLTRAP**

*J.Ärje et al., NIM A 247,431 (1986)
**V.S.Kolhinen et al., NIM A 528,776 (2004)

Valencia-Surrey TAS

Priority 1 for antineutrino spectra

PhD Thesis work: 
• E. Valencia (IFIC-Valencia)
• S. Rice  (University of Surrey)
• Z. Issoufou (SUBATECH-Nantes)



Observable: beta feeding => beta strength
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Statement of the problem:

Monte Carlo 
simulations

+
Nuclear statistical 

model

Deconvolution (Inverse 
problem) algorithms

•  Spectrum must be clean

•  Response must be accurately 
known 

• Solution of inverse problem must 
be stable

§

NIM A430 (1999) 333
NIM A430 (1999) 488

NIM A571 (2007) 719
NIM A571 (2007) 728



Preliminary  Results of The Last TAS Experiment
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
92Rb is a strong Pandemonium nuclei, GS-GS 1st  forbidden transition with very high I

β

 Contribution in 235U and 239Pu ν spectra is respectively expected to be about 32% and 
25.7% in [6,7]MeV, 34% and 33% in [7-8]MeV

 Experimental data to be included soon in  ν spectra calculations and assess the impact 
of the new data

Prelim
inary

Prelim
inary



Conclusions & Outlooks

 The ILL data are still the only and most precise measurements considered 
as a reference in neutrino physics 

 Newly converted v spectra => normalization shift w.r.t previous v spectra => 
« reactor anomaly »

 Independent evaluations of the reactor spectra could provide new 
constraints on the existence of light sterile neutrinos. 

 One possible alternative = spectra built with the Summation Method
 Pandemonium nuclei play a major role in the estimate of the antineutrino 

spectra using the summation method and TAS measurements of these 
nuclei could allow us to improve drastically the predictiveness of these 
spectra. 

 Measurement of 9 nuclei of interest for Antineutrino spectra calculations 
planned for this winter @Jyväskylä with a DTAS detector

 Interest for safeguards: ESARDA WG + IAEA ; Interest for Nuclear Data: 
WPEC 25 nuclear data meeting at IAEA in 2009, participation to the effort 
on beta-n emitters

17
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  28 & 29 October 2010: first meeting of the Novel Approaches /Novel Technologies Working 
Group: IAEA participants, inspectorates from IAEA, EURATOM, ESARDA were invited to 
present their needs

 33rd ESARDA ANNUAL MEETING @ Budapest 2011: 
Novel R&D items list (more than 44 items !) discussed in NA/NT WG

 Creation of a Sub -Working Group devoted to the antineutrino probe:
the membership of the sub-working group is open to associated members (from non-EU countries) 
and individuals 

A place of discussions and contacts with agencies, researchers from many fields, …
⇒ Antineutrino Monitoring sub-group as broad as possible ! 

(contact: fallot@subatech.in2p3.fr) 
⇒ Towards a roadmap for IAEA about reactor neutrino detection for reactor monitoring

34rd ESARDA ANNUAL MEETING @ Luxemburg 2012: overview about antineutrino probe for 
safeguards

A WG meeting in May 2013 in Brugge: 35rd ESARDA meeting, Key words: antineutrino 
detection, R&D, compact detectors, PSD, actual and future reactors (Gen IV, ADS, 
research…), simulations, proliferation scenarios, Nuclear Data…



 Reactor simulations with MURE: 
  Characteristics of the antineutrino emission from diversion scenarios, taking into account reactor 

physics, for different types of reactor and fuels (actual and future)

ü

ü
§

PROLIFERATION SCENARIOS WITH ANTINEUTRINOS

Na-cooled Fast Breeder

*MCNP Utility for Reactor Evolution, O. 
Méplan et al. ENC Proceedings (2005) 
Developped by CNRS labs  for Generation IV 
reactor simulations

French N4 PWR full core: Double Chooz: 

VHTR pebbles and full 
core

CANDU 600 channels
with different refueling periods

PRELIM
IN

ARY



Non proliferation scenario studies 

*MCNP Utility for Reactor Evolution, O. 
Méplan et al. ENC Proceedings (2005) 
Developped by CNRS/IN2P3/IPNO and LPSC  
for Generation IV reactor simulations

214 
mm

214 
mm

205 Assemblies

‣ 3 Enrichments 
         

12.6 mm

12.6 mm

264 fuel rods

Core

Detailed reactor simulations to compute antineutrino emission associated to 
diversion scenarios, taking into account accurately reactor physics

Moderator

Mirror

Annular gas 
CO2

coolant
Calandria 
tube

37pins
Force 
tube

French N4 PWR full core 

CANDU 600 channels
with different refueling 

periods VHTR pebbles and 
full core (on-going)

B
e

B
e

B
e

B
e

B
e

B
e

B
e

Beryllium wall
pool

Zircalloy

fuel

irradiation

Reactor: 57 ×  57 ×  60 cm

Hf

Hf

HfHf

Hf

Hf

Control 
rods

OSIRIS research reactor 
of CEA/Saclay

~6.5%

Flux detected in Nucifer at 25m of a 
REP N4 (1.1t target)

Na-cooled Fast Breeder (on-going)

CANDU 600 channels
with different refueling periodsThe summation method is the only allowing these calculations:

Short-term results: 
2 PhD defended (Van Minh Bui: CANDU, Sandrine Cormon: CANDU, VHTR/PBR, Na-
FBR) in fall 2012: 

- Proliferation scenario results to give to IAEA
-
- Antineutrino spectra calculations for innovative fuels (+ 

participation of a Tokyo-Tech PhD student, T. Shiba) 



“Decay properties of beta delayed neutron emitters” 
+ two nuclei for reactor antineutrinos 

• Experiment at IGISOL-JYFL with JYFLTRAP
• TAS measurements for 94Rb, 91Rb, 88Br, 87Br, 86Br
• (For delayed neutron measurements with BELEN see: J.L. Tain previous JEFF meeting)
• Priority 1 for Decay Heat calculations (U/Pu and Th/U cycles): 86-88Br, 94Rb
• Determination of gamma-neutron competition Γγ/Γn: 94Rb, 88,87Br
• Normalization of Rudstam γ spectral data: 91Rb
• 92Rb, 93Rb extracted from the neutrino proposal ! Reactor antineutrino Priority 1
• 92Rb: Priority 2 for Decay Heat in U/Pu cycle and Priority 1 in Th/U cycle
•
•

PhD Thesis work: 
• E. Valencia (IFIC-Valencia)
• S. Rice  (University of Surrey)
• Z. Issoufou (SUBATECH-Nantes)

βn

βnβn

 from J.-L. Taín – IFIC-Valencia



Newly Converted Spectra

ILL electron data anchor point

§  Fit of residual: five effective branches
are fitted to the remaining 10%
⇒ Suppresses error of full summation Approach, if 

assumption that ILL data = only reference

§ “true” distribution of all known β-
branches describes >90% of ILL e data
⇒ reduces sensitivity to virtual branches 

approximations

Ratio of Prediction / Reference ILL data 

Th.A. Mueller et al, Phys.Rev. C83(2011) 054615
§Assume a 10% error on the summation method spectra for all the bins, based on the 
discrepancy with ILL spectra => no complete error estimate yet
§Assuming that summation method not yet precise enough, develop a mixed approach using 
nuclear databases + fictive branches to reproduce the ILL spectra



How we build antineutrino spectra

weighted Σ

Reactor Simulation 
+ Evolution Code 

MURE

Revisited conversion 
of ILL β-spectra 

from 235U, 239,241Pu:
 

Total νe spectra 

fission rates Converted 

νe spectra
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mat. +FY neutron 

flux
Core 

geometry Nuclear DB ILL spectrum  
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 Recent re-evaluations by 
  Th.A. Mueller et al, Phys.Rev. C83(2011) 

054615.
  P. Huber, Phys.Rev. C84 (2011) 024617



  Off-equilibrium corrections included 
(computed with MURE)



 Summation calculations, database 
comparisons and fission product 
distribution= new 238U prediction

Recent works defining new reference on the neutrino flux prediction 
for neutrino physics

Newly Converted Spectra



Newly Converted spectra…
 ILL data = unique and precise reference => converted ν spectra = +3% normalization shift 

with respect to old ν spectra, similar results for all isotopes (235U, 239Pu, 241Pu)

⇒ Origin of the bias identified: 
ILL conversion procedure (only virtual branches): 2 independent biases:

 Low energy: correction to Fermi theory should be applied at branch level
 High energy: mean Z fit is not accurate enough.

⇒ « Reactor anomaly »: all reactor neutrino experiments are below the 
prediction (G. Mention et al. Phys. Rev. D83, 073006 (2011)).

⇒
⇒ Now looking for sterile neutrinos as a potential explanation to the reactor 

anomaly: Nucifer exp., + numerous projects: SOLiD (UK), STEREO (France), 
SCRAMM(US-Ca), DANSS(Russia), + Mega-Curie sources in large ν detector… 
(white paper: K. N. Abazajian et al., http://arxiv.org/abs/1204.5379.)

http://arxiv.org/abs/1204.5379.


TAS detectors
➢ BAF2 TAS (Surrey-Valencia): used for the 2009 measurement at IGISOL-JYFLTRAP:

  First measurement with a segmented TAS

  Quality of the reconstruction of the software sum

  Use of multiplicity information to reduce analysis systematic errors

 “Conventional” electronics (V785, V775, V792) being substituted by “digital” electronics 
(SIS3302)

 ∆E/E ∼  10% (@1.3MeV), Δt=1ns, estimated total efficiency of 80% at 5MeV

27



TAS detectors

➢ New TAS for FAIR-DESPEC: DTAS 
✔ 16 + 1 modules:
✔ 15× 15× 25 cm3 NaI(Tl)
✔  5” PMT (50% light col.) 
✔  V= 95 L, M= 351 kg
✔  ∆E/E ∼  5% (@1.3MeV), ∆t ∼  2 ns

28

⇒ TDR approved for FAIR, DTAS for NUSTAR
⇒ Full assembly for Sept. 2013
⇒ Outlooks contemplated for FAIR-DESPEC:

Example: 
2 layers of 16 LaBr3 detectors to combine 
the high resolution spectroscopy with the 
calorimetric TAS

from A. Algora, B. Rubio and J.-L. Taín– IFIC-Valencia
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Courtesy from B. Rubio– IFIC-Valencia



Isotopic purification

 Penning trap to separate the beam created by IGISOL 

IGISOL

JYFLTRAP @ Jyväskylä University



➢ Level densities information of daughter 
nucleus

➢ Jπ information, I
β 
of the known part

➢ I
γ  

and resonance parameters



Mass scan

Measured TAS spectra

Measurement of Nb, Mo and Tc 
isotopes for Reactor Decay Heat 

IGISOL separator 
+ ion guide 
source: refractory 
elements

JYFLTRAP Penning trap: isotopic 
purification 

TAS measurements @ Univ. Jyvaskyla

From J.L Tain and A. Algora Valencia, Spain. Collab. : Valencia, Jyvaskyla, Debrecen, Gatchina, Surrey

D. Jordan, PhD Thesis



Summation method: ingredients

➢ Nβ (W) = K pW(W-W0)2 F(Z,W)L0(Z,W)C(Z,W)S(Z,W)Gβ (Z,W)(1+δWMW)
Where W=E/mec2, K = normalization constant, 
pW(W-W0)2 = phase space, to be modified if forbidden transitions
F(Z,W) = Fermi function
L0(Z,W) and C(Z,W) = finite dimension terms (electromagnetic and weak interactions)
S(Z,W) = screening effect
Gβ (Z,W) = radiative corrections
δWM = weak magnetism term (the most uncertain one ! Cf. P. Huber, could change the 
normalization of the spectra if very different value…)

➢ Using Huber’s prescriptions (formulae and values from PRC84,024617(2011)) + energy 
conservation for conversion into antineutrino spectrum, for each beta branch of each 
fission product

➢ Individual fission yields from the JEFF3.1 database are used

33
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Extracted from M.Estienne’s ND2013 proceedings
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νe
νe,µ,τ

DOUBLE CHOOZ EXPERIMENT*
Mixing angle θ13 measurement (limit) + non-proliferation goal

2 PWR-N4
2x4.27 GWth

1021 νe/s

2 identical 
8.3t targets

ν flux 
Normalization 

@400m

§ DC phase 1 (2011-14) : Far detector only, sin2(2θ13)<0.06  (1.5 years, 90% C.L.)

§ DC phase 2 (2014-16) : Far + near sites, sin2(2θ13)<0.03 (3.5 years,90% C.L.) 

ν 
oscillation
@1050m

*ArXiv : hep-exp/0606025 
*http://doublechooz.in2p3.fr/Public/French/welcome.php
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