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Outline

Fission Product Yield Measurements for 23>238U(n,f) and 2*°Pu(n,f)
between E, =0.0 and 15 MeV

Nuclear Forensics I: Prompt Fission Neutrons
Nuclear Forensics I1: Fission Isomers 134mMTe and 136mXe

Reactor Antineutrino Anomaly



Motivations:

e Advance fundamental understanding of the

fission process

o Stockpile stewardship science applications

o National Nuclear Security Administration (NNSA)

Remote detection of Special Nuclear
Materials and Nuclear Forensics

>Domes’ric Nuclear Detection Office (DNDO)

> Reactor Antineutrino Anomaly

E=~6-17MeV

A =232-240
Z =90-94

A =~140
Z=~55

A =-~95
Z=~37

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
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Fission Product Yields (FPYs)

« Shape and energy —B5(n )
eonL_Jtlon of_FPY mass — 238Y(n,)
distribution Is a sensitive — 23%py(n,f)

probe of the fission process

* Need for high-precision
FPY data

— Stockpile Science
— Nuclear Energy
— Nuclear Forensics

Yield (%)

— Antineutrino Anomaly % 80 100 120 140 160

Fission Product Mass (AMU)
— Benchmark for Microscopic
Fission Models

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



* ldentify with E, and ty,

Fission Product Yields Landscape

Neutron-rich fission
products [3-decay to
stability
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Motivation for FPY measurements
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> Resolve the long-standing difference
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» Large discrepancy (~20%) at 14 MeV Neutron Energy (MeV)
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85 (2012)



"*'Nd Fission Chain Yield (%)
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Theory Prediction
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T. Kawano et al. J. Nucl. Sci. Technol. 50 (2013) 1034



"*'Nd Fission Chain Yield (%)
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Approach

» Mono-energetic neutron beams
» Dual fission chambers = to get absolute yields
> High-resolution y-ray spectroscopy



Floor Plan of TUNL (Triangle Universities Nuclear Laboratory)

For neutron energies below E,=0.6 MeV: "Li(p,n)'Be

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

For neutron energies above E =4 MeV: °H(d,n)*He
For neutron energies above E,=14.5 MeV and below 30 MeV: *H(d,n)*He



Dual Fission Chamber

Thick Target

Thin Monitor Foils

Gas Inflow

Fission Chambers




Monoenergetic Neutron Irradiation

’H gas Dual fission chamber n-detector
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One thick target ~0.2 g/cm?
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(Gamma_count / Fission_count) = (Myyick / Mipyin) * FPY * C






1.5%10"

1.0x10°

—

5.0x10°

?0 24:00 -
% %500
72:00 .

96:00

-

e

4400 X

LT

-
=
% 120:00
2

460

480

‘500 )
EY (kev)

520

540



Fragment
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FPY (%)
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FPY (%)

9 MeV datum

Preliminary
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Cross Section (bharns)
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Preliminary
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FPY (%)
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Preliminary
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Fission Product Mass Distribution:
What have we learned so far?

At higher energies, 5 — 15 MeV,

[ — T T T T | I T I T | T T . . .
[ B8 (01 1 all is consistent with what we know

> The symmetric FPY's increase
> The two asymmetric FPY’s slightly

LOp decrease
- > The very asymmetric FPY’s (the
v wings) slightly increase
v
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FISSION YEELD (%]

Fission Product Mass Distribution:
What have we learned so far?
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At higher energies, 5 — 15 MeV,
all is consistent with what we know

> The symmetric FPY's 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



https://immwnndc.bnl.gov/chart/

Short Lived FPY Measurements

Z, number of protons

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
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Counts

Fission Product y-Ray Spectra at
E,. =9 MeV
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FPY Mass Distribution: Long &
Short Irradiation

Self-consistent, S anay=—oanaan P
systematic approach to ’ .
measuring FPYs -
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Long Irradiation

Short Irradiation

Rabbit System

Measured Fission Product Yields

Measured: 16 FPYs, 16 Unique Masses

Accessible: 155 Isotopes

Measured: 41 FPYs, 29 Unique Masses

e LR e I A I
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Preliminary Results from E, =9 MeV

235U 238U 239Pu
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Fission and Nuclear Forensics |

Detection of special nuclear materials
Non-destructive interrogation
If positive signal: identification
10 seconds per cargo container

U.S. Department of Homeland
Security, Domestic Nuclear
Detection Office:

NO neutrons anymore!

Use vy rays (i.e., high energy
photons) below 10 MeV

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




High-Intensity y-Ray Source @ TUNL

HIyS is the most intense Compton y-ray source in the world

Producesy-rays by Compton backscattering
Intensity = 103 y/s/eV on target

E,=1- 100 MeV, tunable

Linear and circular polarized beams
1.2 GeV Storage Ring FEL

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



Prompt fission neutrons

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

Clean Signal

> E, (MeV)

5.7 MeV 6.2 MeV
238 U Fission Threshold (v.n) Threshold

Typical energy range E, = 5.8 - 7.0 MeV

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

The neutron energy detection thresholdis 1.5 MeV
All neutrons below (y.,n) threshold are fission neutrons



Polarized y-ray induces fission of
target nuclei

*Prompt neutrons are detected both
parallel and perpendicular to the
plane of polarization of the incident

y-ray

Neutron
Detectors

/

E vector in horizontal plane



\ertical neutron
detectors

Horizontal neutron
detectors

Polarized
y-ray beam



Mueller et al.
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Mueller et al
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Even-even actinides 232Th and 238U show large asymmetries,
but smaller for 240Py

Odd-A actinides show little to no asymmetries

Possible reason: Different spin and level densities



Nuclear Forensics 1l

Applications

* Active interrogation of special
nuclear materials

* Non-destructive
* Prompt and delayed radiation

* Production of 13*MTe and 13®mXe
is unique to fission

* Large fission yield: 2-6%

* Ratio dependent on identity of
the fissile material

Ratio "*'Te/"*®*Xe
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ENDF for prompt fission products



Fission Isomers

* On average 7+2 units of 4mTe 1omxe
angular momentum are T1,=164.1ns Ty/;=2.95 ps
transferred to fission
products 6+ [ 12 1691.3 6* 18917
* [someric states are likely 4 2970 23 47— 3.81_4 1694.4
heavily populated 2 ) 12791 2 ) 1313.0
* Fission product yield
data only exists ft_:lr o+ : 0.0 keV 0+ } 0.0 kev
spontaneous fission of 134Te 136y o

252(:1:

N=82 even-even closed shell nuclei
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6* 1691.3
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Conclusion: The isotope dependence in the ratio of the FPY of 134mTe/1%mXe is substantial, supporting the feasibility
of using this observable to identify fissile materials with neutron beam or y-ray beam interrogation methods



Reactor antineutrino anomaly

Daya Bay/China Double Chooz/France
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(arbitrary units)

Inverse B decay: v, +p=e*+n

———— Emitted spectrum

————— Cross-section

— Detected spectrum
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First observation of neutrinos by
Fred Reines and Clyde Cowan at
the Savannah river reactor



Antineutrino flux and model predictions (Huber @ Mueller)

- 1_1 T T T 1] T T T T T T 1] T T T T T TT]
=} =
iy
2
o = ]
E 1“ BB b AT BT AL LT LA LA B
I:I. el g g g g g LR S SRR R RO R RN R R NN .I:I iiiiiii
— | L S TI TT il L i L
8 Bt ]
E | —s— Previous data
0.8 —m— Diaya Bay
| —— World Average
B [=5] 17 Exp. Une.
7] -7 Flux Une.
D.E T A | 1 1 [ R A B A | 1 1 [ N N I B |
DI 3
10 1 10

Distance {m)

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

Conjecture: sterile neutrinos

Fission product yields ??7??



PROSPECT@ HFIR

Two-detector PROSPECT deployment at HFIR
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Antineutrino anomaly #2: E = R :
T
“Bump” or “Shoulder” at g u
5 —6 MeV antineutrino energy s
: . F
Conjecture: Fission product g ooy
yield problem 09l—y

Only a few short-lived fission
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Is 238U the culprit? T

Why 238U? g I.II.T- e -
238 fission product distribution is g \ /
shifted more to neutron-rich nuclei  § [hyzezies
than those for 23°U and #*°Pu: oy
m=) MOre antineutrinos emitted T
B-decay Q-values increases with = ]
neutron number: :

antineutrinos have higher :
energies :

238 B-decay energy spectra were
not measured in the original work e
of Schreckenbach et al. at ILL

Huber & Mueller converted
measured [(3-decay energy of
Schreckenbach et al. spectra s |
Into antineutrino energy spectra N
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i
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Will try to measure the short-lived fission product yields of
89,QOBr’ 95Rb, 96,97,98,98m,100Y’ 134Sb

in 238U(n,f)

Half-live times between 0.4 sand 10 s

Tritiated titansem target
7=

. L
Padsad] o baeaan -|n - I Fi

Tungsten Tungstan
Cujph CufPh
HPGe HPGe
CufPb

I

Translational stage



Summary

There 1s a revival of Nuclear Fission research
driven by

Special Applications & Fundamental Science



Thank you!



