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1. Fission Product Yield Measurements for 235,238U(n,f) and 239Pu(n,f)  

between En=0.0 and 15 MeV

2. Nuclear Forensics I: Prompt Fission Neutrons

3. Nuclear Forensics II: Fission Isomers 134mTe and 136mXe

4.   Reactor Antineutrino Anomaly 
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Motivations:

• Advance fundamental understanding of the 
fission process

• Stockpile stewardship science applications

• National Nuclear Security Administration (NNSA)


Remote detection of Special Nuclear       

Materials and Nuclear Forensics


Domestic Nuclear Detection Office (DNDO)


Reactor Antineutrino Anomaly

December 1938: Otto Hahn and

Fritz Strassmann

January 1939: Lise Meitner and

Otto Frisch

Before then: Enrico Fermi and his

experimental group made important

contributions



Fission Product Yields (FPYs)

• Shape and energy 
evolution of FPY mass 
distribution is a sensitive 
probe of the fission process

• Need for high-precision 
FPY data

– Stockpile Science

– Nuclear Energy

– Nuclear Forensics

– Antineutrino Anomaly

– Benchmark for Microscopic 
Fission Models

Data from T.R. England and B.F. Rider, LA-UR-94-3106 (1994)



Fission Product Yields Landscape

• Neutron-rich fission 

products β-decay to 

stability

• Identify with E𝛾 and t1/2

• Determine cumulative 

& independent yields
Fission Products

Stable Nuclei




Resolve the long-standing difference 

between LLNL and LANL with respect to 

selected fission product data 


Joint LANL/LLNL fission product review panel 

suggested the possible energy dependence

239Pu(n,f)147Nd fission product yield:

4.7%/MeV from 0.2 to 1.9 MeV (M. Chadwick) 

3.2%/MeV from 0.2 to 1.9 MeV (I. Thompson)1

Relative slope (%) = 100* [(FPY(E2)-FPY(E1)) / (E2-E1)] / FPY(E1) 


Mostly low energy data from critical assemblies 

or fast reactors

M.B. Chadwick et al. Nuclear Data Sheets 111 (2010) 2923; H.D Selby et al. Nuclear Data Sheets 111 (2010) 2891.

P. Baisden et al, LLNL-TR-426165, 2010; R. Henderson et al. LLNL-TR-418425-DRAFT;  I. Thompson et al. Nucl. Sci. Eng. 171, 

85 (2012)

There are no 147Nd data betw een 1.9 

and 14 MeV


Not many data exist in the MeV range


Large discrepancy (~20%)  at 14 MeV 

239Pu(n,f)147Nd

239Pu(n,f)147Nd



J. Lestone. Nuclear Data Sheets 112 (2011) 3120

T. Kawano et al. J. Nucl. Sci. Technol. 50 (2013) 1034



GEF Code, Version 2.2, 2013



Approach


Mono-energetic neutron beams


Dual fission chambers  to get absolute yields


High-resolution g-ray spectroscopy



Floor Plan of TUNL (Triangle Universities Nuclear Laboratory)

For neutron energies below En=0.6 MeV: 7Li(p,n)7Be

For neutron energies below  En=4 MeV: 3H(p,n)3He

For neutron energies above En=4 MeV: 2H(d,n)3He

For neutron energies above En=14.5 MeV and below 30 MeV: 3H(d,n)4He



Thick Target Thin Monitor Foils

Fission ChambersGas Inflow

Dual Fission Chamber



2H gas

From VdG accelerator

p or d
n

One thick target ~0.2 g/cm2

Two thin targets ~10 μg/cm2

Dual fission chamber n-detector

(Gamma_count / Fission_count) = (mthick / mthin) * FPY * C











9 MeV datum not corrected for off-energy neutrons from the 2H(d,n)3He reaction

1st chance  2nd chance 

fission

239Pu(n,nf)
239Pu(n,2nf)

Preliminary



239Pu(n,f)



Datum at 9 MeV not corrected for off-energy neutrons from the 2H(d,n)3He reaction 

Preliminary



Preliminary



9 MeV datum not corrected for off-energy neutrons from 2H(d,n)3He reaction

Preliminary



At higher energies, 5 – 15 MeV,

all is consistent with what we know


The symmetric FPYs increase 


The two asymmetric FPY’s slightly 

decrease


The very asymmetric FPY’s (the 

wings) slightly increase

AT



At higher energies, 5 – 15 MeV,

all is consistent with what we know


The symmetric FPYs increase 


The two asymmetric FPY’s slightly 

decrease


The very asymmetric FPY’s (the 

wings) slightly increase


At lower energies, 0.5 –5 MeV,

a new phenomenon 

Expand effort on basic theory of fission to 

understand evolution of yields at low 

neutron energies

Conjecture: Interplay between pairing and 

shell effects 

?

?

?

AT



Short Lived FPY Measurements
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• Expose to neutron beam for 1 hr, begin 

counting immediately after (<5 min) and 

count continuously for 3-4 days

• Reduce activity from long lived FPs, 

halving background

Decay Time:

JS



Fission Product g-Ray Spectra at 
En = 9 MeV

Decay Time:

JS



FPY Mass Distribution: Long & 
Short Irradiation

• Self-consistent, 

systematic approach to 

measuring FPYs

• Long-lived (days or 

weeks)

• Short-lived (minutes or 

hours)

• Constrain the mass 

distribution
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Long irradiation ( ) and short ( ) data
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Long irradiation ( ) and short ( ) data
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Independent        Cumulative Fission Product Yields

JS



239Pu235U 238U

JS



Fission and Nuclear Forensics I

Non-destructive interrogation

If positive signal: identification

10 seconds per cargo container

Detection of  special nuclear materials

U.S. Department of Homeland

Security, Domestic Nuclear

Detection Office:

NO neutrons anymore!

Use g rays (i.e., high energy

photons) below 10 MeV

(g,f) ~5 times smaller than (n,f)



HIgS is the most intense Compton γ-ray source in the world

Produces g-rays by Compton backscattering

Intensity = 103 γ/s/eV on target

Eg = 1 – 100 MeV, tunable

Linear and circular polarized beams

Eg =2032 keV

DEg =26 keV
DE/E = 1.3%
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1.2 GeV Storage Ring FEL

Beam time structure:  Rep rate = 5.58 MHz (T = 180 ns) and Dt = 100 ps

High-Intensity g-Ray Source @ TUNL 



Prompt fission neutrons

Eg (MeV)

5.7 MeV 6.2 MeV

No Neutrons Fission Neutrons Fission + (g,n) Neutrons

Fission Threshold (g,n) Threshold

Clean Signal

o Typical energy range Eg = 5.8 - 7.0 MeV

o Only other stable isotopes which can produce neutrons at these energies are 
2H and 9Be

o The neutron energy detection threshold is 1.5 MeV

o All neutrons below (g,n) threshold are fission neutrons

238U



•Polarized g-ray induces fission of 

target nuclei

•Prompt neutrons are detected both 

parallel and perpendicular to the 

plane of polarization of the incident 

g-ray 

E vector in horizontal plane

Neutron

Detectors



Horizontal neutron

detectors

Vertical neutron

detectors

Polarized

g-ray beam

Actinide

target



238U(g,f)
Eg=5.8 MeV

˚0180˚

90˚

270˚

E vector : Polarization Plane

Mueller et al.



(g,n)

Mueller et al



Eg=5.3 MeV to 6.2 MeV

Even-even actinides 232Th and 238U show large asymmetries,

but smaller for 240Pu

Odd-A actinides show little to no asymmetries

Possible reason: Different spin and level densities

Mueller et al.



ENDF for prompt fission products

Nuclear Forensics II 



N=82 even-even closed shell nuclei

keV keV



n

With g rays as well

More easy!

photoabsorption

photofission



134Te
0+

4+

2+
297.0

1573.1

1279.1

0.0

6+ 1691.3
115.2

136Xe
0+

4+

2+
381.4

1694.4

1313.0

0.0

6+ 1891.7
197.3

134mTe
T

1/2
= 162 ns

136mXe
T

1/2
= 2.95 μs

Conclusion: The isotope dependence in the ratio of the FPY of 134mTe/136mXe is substantial, supporting the feasibility 

of using this observable to identify fissile materials with neutron beam or g-ray beam interrogation methods



Reactor antineutrino anomaly

Double Chooz/FranceDaya Bay/China

RENO/South Korea

Goal: q13 mixing angle





Inverse b decay: ne + p = e+ + n      
-

1956 

First observation of neutrinos by

Fred Reines and Clyde Cowan at

the Savannah river reactor



Antineutrino flux and model predictions (Huber @ Mueller)

Antineutrino anomaly #1: Measured Flux ~6% too low

Conjecture: sterile neutrinos

Fission product yields  ????



PROSPECT@ HFIR

Stereo @ILL



Antineutrino anomaly #2:

“Bump” or “Shoulder” at

5 – 6 MeV antineutrino energy

Conjecture: Fission product

yield problem

Only a few short-lived fission

products contribute to 

shoulder (Hayes et al. 2015) 
89,90Br, 95Rb
96,97,98,98m,100Y, 134Sb



Is 238U the culprit?

Why 238U?
238U fission product distribution is

shifted more to neutron-rich nuclei

than those for 235U and 239Pu:

more antineutrinos emitted

b-decay Q-values increases with

neutron number:

antineutrinos have higher 

energies

238U b-decay energy spectra were

not measured in the original work

of Schreckenbach et al. at ILL  

Huber & Mueller converted

measured b-decay energy of

Schreckenbach et al. spectra

into antineutrino energy spectra



89,90Br, 95Rb, 96,97,98,98m,100Y, 134Sb

Will try to measure the short-lived fission product yields of

Half-live times between 0.4 s and 10 s

in 238U(n,f) 



Summary

There is a revival of Nuclear Fission research

driven by

Special Applications & Fundamental Science



Thank you!


