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Pauli’s Postulated‘Parti€le

The year is 1930. It’s 16 years since James Chadwick identified a problem with
p decay - it doesn’t appear to conserve energy!

® « and y are emitted with discrete spectra corresponding to the difference
between the initial and final state nucleus.

e electrons from 8 decays are emitted with a continuous spectrum.

Energy spectrum of beta
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The year is 1930. It’s 16 years since James Chadwick identified a problem with
p decay - it doesn’t appear to conserve energy!

® « and y are emitted with discrete spectra corresponding to the difference
between the initial and final state nucleus.

e electrons from 3 decays are emitted with a continuous spectrum

Energy spectrum of beta

’ . . 5
decay electrons from 210 B What's WOIfgang Pauli’s solution®

Intensity

Despite his better judgement, he “hit upon
a desperate remedy” - a new particle.
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Pauli’s Postulated‘Parti€le

The year is 1930. It’s 16 years since James Chadwick identified a problem with
p decay - it doesn’t appear to conserve energy!

® « and y are emitted with discrete spectra corresponding to the difference
between the initial and final state nucleus.

e electrons from 3 decays are emitted with a continuous spectrum

Energy spectrum of beta What’s Wolfgang Pauli’s solution?

decay electrons from Bi

Intensity

Despite his better judgement, he “hit upon
a desperate remedy” - a neutral, very light,
spin % particle inside the nucleus, which
“cannot be detected”.
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Kinetic energy, MeV



Fermi’s theory for'the néw particle

The neutrino (literally “little neutral one” in SRR peEaC o)
Italian) was cemented in theory by Fermi u___/;;j
theory of beta decay (1934). e e

n—p+e +v or (Z,A)— (Z,14+A)+e +v

MatriX Element
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Fermi’s Golden Rule Density of d e
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Nif = 2%|M7;f|2,0f The strength of the interaction (GF)
/ / can be tuned using § decay data
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Speculations too remoté-from.

The neutrino (literally “little neutral one” in
Italian) was cemented in theory by Fermi
theory of beta decay (1934).

n—p+e +v or (Z,A)— (Z,14+A)+e +v

Not everyone was impressed - Enrico Fermi’s
paper “contains speculations too remote from
reality to be of interest to the reader” (Nature).

reality

Quark interaction

MatriX Element

2
IMifl u

i %e‘
v

e


https://doi.org/10.1007/BF02959820
https://doi.org/10.1007/BF02959820

Precursor to the weak interaction

The neutrino (literally “little neutral one” in SRR peEaC o)
Italian) was cemented in theory by Fermi ,,____/;;j
theory of beta decay (1934). f,____/w’<,e
n—p+e +v or (Z,A)— (Z,1+A)+e +v ;
Matrix Element
IMgI>
Not everyone was impressed - Enrico Fermi’s d %e‘
paper “contains speculations too remote from ]

Ve

reality to be of interest to the reader” (Nature).

But Fermi had come up with a new fundamental interaction and his theory
forms the basis of the weak interaction we know and love today.


https://doi.org/10.1007/BF02959820
https://doi.org/10.1007/BF02959820

The Neutrino: From Polfergeist to Particle

- §y

First idea from Reines and Cowan: Better and rather safer idea to detect
controlled nuclear explosion to the lower flux of antineutrinos from the
produce a sufficiently high Savannah River nuclear reactor:

antineutrino flux as to be detectable
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https://www.nobelprize.org/prizes/physics/1995/reines/lecture/
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First idea from Reines and Cowan:
controlled nuclear explosion to
produce a sufficiently high
antineutrino flux as to be detectable
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geist to Particle

Better and rather safer idea to detect
the lower flux of antineutrinos from the
Savannah River nuclear reactor:

Antinoumno from reactor

/ @ Liquid

: scintillation
Cadmium capture datector
gamma rays /

n Capture
Target /
proton

in cadmium
Annihilation
ammairays ® Liquid
scintilfation
detector

Antineutrinos detected via a positron

@ H20 + CdCly
7.6 cm (target)

moderation

and a neutron from inverse beta decay. "
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The Neutrino: From Polfergeist to Particle

First idea from Reines and Cowan: Better and rather safer idea to detect
controlled nuclear explosion to the lower flux of antineutrinos from the
produce a sufficiently high Savannah River nuclear reactor:

antineutrino f|||v ac tn hao dAaotactahla
“We are happy to inform you that we have definitely

= detected neutrinos from fission fragments by
observing inverse beta decay of protons. Observed |
2. cross section agrees well with expected six times ten .
2 to minus forty four square centimeters.”

Reines & Cowan in a telegram to Pauli, June 1956
SUSPENDED__ ] N _VACUUM g/f detector

DETECTOR - LINE
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TANK x{~~ FOAM RUBBER

Antineutrinos detected via a positron
and a neutron from inverse beta decay. '

Images from Reines’ Nobel Lecture (1995)
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Nuclear power for;é‘nerg’y security

Northern Hemisphere

*International Atomic Energy Agency

AGM2015

0@

Southern Hemisphere

S

d\
Global nuclear

power capacity

4 could increase to

over 700 GWe
by 2050 (IAEA ).

Reactor anti-neutrinos cm2s?!at the

Earth's surface

14


https://doi.org/10.1038/srep13945

Plutonium - a byproducfof huclear energy

il )

Most of the enriched ?3°U fuel in a reactor core is in fact 233U, which can be

converted 23°Pu.

39Np 239Py

Plutonium can be extracted by chemical
reprocessing.

Weapons grade plutonium has >= 7% 23°Pu
and <8% 2°pu.

240py and ?*'Pu are produced
from 23°Pu by neutron capture as
irradiation progresses in the core.

Production reactor: early
extraction (2-3 months of
irradiation) yields higher
concentrations of 23°Pu.

Fast breeder advanced reactors
convert 238U to 23°Pu. 15



Pu extracted by chemical reprocessing

i s

Change in SQ over 20 Years for 1 Reactor
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Bays et al, 2021

HALEU: 5% < 235U < 20%
LEU: < 5% 23°U

1 significant quantity:

e 8 kg of Pu ready for use within
days (3 months for Pu in
irradiated fuel)

e 75 kg of 22°U (**°U < 20%) ready
for use within 3 months to a
year

International Atomic Energy Agency (IAEA)

Safeguards Glossary

16


https://www-pub.iaea.org/MTCD/Publications/PDF/PUB2003_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/PUB2003_web.pdf
https://resources.inmm.org/sites/default/files/2021-09/a410.pdf

Nuclear power requires‘careful monitoring

The Non-Proliferation Treaty, supported by Comprehensive Safeguard
Agreements, provides the framework for the IAEA* to monltor nuclear facilities.

e
~p - &% P : s *InternatlonaIAtomlc Energy Agency

Participation in
the Nuclear
Non-Proliferation
Treaty (NPA)

Recognized nuclear weapon state ratifiers
Recognized nuclear weapon state acceders
Other ratifiers

Other acceders or succeeders

Withdrawn

Non-signatory

Unrecognized state, abiding by acceders

Additional protocol extend the IAEA activities to include monitoring outside a nuclear facility.
17



The monitoring challenge

International Atomic Energy Agency (IAEA) can
monitor all stages of the nuclear fuel cycle.

Nuclear fuel cycle

N enrichment l_ _________ I
: Covered | 2 | Covered under |
|under T _ :Comprehensive |
:Additional S il || Safeguards :
| Protocol : IAgreements |
I spent fuel interim l _!
e e ————— disposition reprocessing* SCE o e —————————

Source: Pennsylvania State University Radiation Science and Engineering
Center (public domain)

Signatory states may perceive inspections as intrusion and threat to

. . 18
national security.



International Atomic Energy Agency (IAEA) can
monitor all stages of the nuclear fuel cycle.

milling conversion enrichment

1. Diversion of nuclear material

fiel 2. Undeclared production or
mining fabrication .
processing of nuclear
front end of cycle .
———————————— material
Niclear 3. Undeclared nuclear material

reactor

or facility

back end of cycle

final spent fuel interim
disposition reprocessing* storage

19

Source: Pennsylvania State University Radiation Science and Engineering Center (public domain)



International Atomic Energy Agency (IAEA) can
monitor all stages of the nuclear fuel cycle.

milling conversion enrichment

1. Diversion of nuclear material

fiel 2. Undeclared production or
mining fabrication .
processing of nuclear
front end of cycle .
———————————— material
Niclear 3. Undeclared nuclear material

reactor

or facility

back end of cycle

final spent fuel I interim

disposition reprocessing* I storage

Source: Pennsylvania State University Radiation Science and Engineering Center (public domain)
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»
Nuclear reactors -‘essential ingredients

[0 make nuclear power

Ingrediente

Fuel e.9. 3-5% enriched Uranivm.

Water or graphite moderator to thermalise neutrong.
Control rode (neutron absorber e.9. codmiom).
Coolant to transter heat from core.

Steam generator powered by heat from coslant.

Method

Jusct add neutrons

21



Take nuclear fuel and add neutrons

235U undergoes induced fission after capturing a low-energy (thermal) neutron:

Lighter

Neutron
Element

9 Energy ;
B>

Adding a neutron to *°U gives a total energy of = “\ysuteen

236 — 2
E(PUT) =My o5 + M -5 lc Bautron \@
= [235.0439 + 1.0087 - 236.0456]c? Q Even i
- 6.5 MeV, e s S L
O, D
which is above the fission barrier of 6.2 MeV. - S ﬁ\ .
Nuclear Fission cnerey ™ 40

@© Copyright 2002, The Nuclear History Site, All Rights Reserved

22



N, " e .
More neutrons from indliced fission

~2.42 prompt neutrons per fission are emitted from compound nucleus of
235U or its fission products.

~0.0162 delayed neutrons are emitted in the decays of daughter nuclei.

Neutrons released in #*°U fission can:
1. Induce fission in another 2**U nucleus (desired effect). Increase with
neutron moderator - slow neutrons down to thermal energies.

2. Absorbed in (n,y) on 2**U or 238U - produces fissile >*°Pu (byproduct).
Increased in absence of moderator.

Induce fission in 228U (low probability).
4. Lostin other way e.g. (n,Y) on reactor components.

w

23
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Stable chain reaction *

The goal is a controlled, self-sustaining chain reaction where each fission
results in one additional fission on average.

Just right(critical
Too cold (sub-critical) .g. ( . .)
. o 1 additional fission:
< 1 additional fission .. i
self-sustaining chain
reaction. o=

Too hot (super-critical)
> 1 additional fission

<%

(=happy Goldilocks)

Keeping the reactor just sub-critical for prompt neutrons extends timescale
of chain reaction and makes the reactor controllable. 24



https://sooperbooks.com/story/goldilocks-and-the-three-bears-story/

Pressurised Water Reactor (PWR), Boiling Water Reactor
(BWR) and Canada Deuterium Uranium (CANDU) PWR.

Most conventional reactors use
low-enriched uranium (3-5% 23°U).

Require core shutdown for refuelling.

Monitoring presents issues when
access to the core is restricted.



Advanced

Thermal Fission

Thermal or
Fast Fission

Fast Fission

nuclea

Source:
NIA

Advanced Light-Water
Reactors

Evolutionary design from
existing reactors with inherent
safety features

High-temperature reactors [HTRs)

High temperatures drive high efficiency,
well-suited for process heat or hydrogen
production, Uses TRISO fuet

Molten Salt-Fueled Reactors
(MSRs)

Using molten salt for coolant and
a fuel form. MSRs can bring
significant safety benefits

Gas-cooled fast reactor [GFR)

An evolution of HTRs, GFRs operate
at very high temperatures while
using a more sustainable fuel cycle

Sodium-cooled fast reactor [SFR)

With many existing experimental reactors,
SFRs offer increased fuel efficiency,
reduced waste, and passive safety features

Lead-cooled Fast Reactor [LFR)

Similar in design to SFRs, LFRs are
advantageous as lead is operationally
safer than sodium
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Filter by NRC Engagement/ARDP Award
(Al

Filter by Technology Type

Technology Type
Accelerator Driven System Project
Designs Advanced Nuclear Fuels
Fusion
High Temperature Gas Reactor
Liquid Metal-cooled Fast Reactor
Microreactor
Molten Salt Reactor

NRC Engagement/ARDP Award Nuclear Battery
A ARDP Small Modular Reactor
MW NRC Super-Critical CO2 Reactor
* Both Super-Critical Water-cooled Reactor
® /A Sodium Fast Reactor

26


https://nuclearinnovationalliance.org/advanced-nuclear-reactor-technology-primer
https://nuclearinnovationalliance.org/advanced-nuclear-reactor-technology-primer

Greater effic

Thermal Fission

Thermal or
Fast Fission

Fast Fission

Advanced Light-Water
Reactors

Evolutionary design from
existing reactors with inherent
safety features

High-temperature reactors [HTRs)

High temperatures drive high efficiency,
well-suited for process heat or hydrogen
production, Uses TRISO fuet

Molten Salt-Fueled Reactors
[MSRs)

Using molten salt for coolant and
a fuel form, MSRs can bring
significant safety benefits

Gas-cooled fast reactor [GFR)

An evolution of HTRs, GFRs operate
at very high temperatures while
using a more sustainable fuel cycle

Sodium-cooled fast reactor [SFR)

With many existing experimental reactors,
SFRs offer increased fuel efficiency,
reduced waste, and passive safety features

Lead-cooled Fast Reactor [LFR]

Similar in design to SFRs, LFRs are
advantageous as lead is operationally
safer than sodium

|ency,~small‘er size

18

Advanced reactor types and smaller
sizes pose new monitoring challenges.

Q (Source: A. Vargas/IAEA) o~

~

MICROREACTOR
Up to ~10 MW(e)

, CONVENTIONAL REACTOR SMALL MODULAR REACTOR
700+ MW(e) Up to 300 MW(e)

* L

27


https://nuclearinnovationalliance.org/advanced-nuclear-reactor-technology-primer
https://www.iaea.org/newscenter/news/what-are-small-modular-reactors-smrs

The monitoring gap -‘enter'the neutrino

)

A::?::: Light-Water ?
sy i, Non-homogenous fuel
High-temperature reactors (HTRs) j
production, Uses TRISO fuel o
5
o LARGE, CONXEPI:\O-:‘,‘tL REACTOR SMALLUI::(')(I)Dz)LDAS:'EEJACTOR
E A. Vargas/IAEA
[t
€ Small modular reactors:
Q. . .
7 multi unit, low power

HTR-PM, Wu et al,2022 (20-300 MW)
Online loading and

reprocessing

Neutrinos are fuel-form agnostic and do not require access to the core.

Interest in detectors built into the design of new reactors and mobile monitors.

28


https://nuclearinnovationalliance.org/advanced-nuclear-reactor-technology-primer
https://doi.org/10.1155/2022/1817191
https://www.iaea.org/newscenter/news/what-are-small-modular-reactors-smrs

239py is a byproduct of nuclear power production, or produced in a
production reactor.

Conventional nuclear reactors produce power from induced fission of
low-enriched uranium.

Monitoring conventional reactors poses problems when access is
restricted, requiring long-range monitoring.

Advanced reactors offer greater efficiency, smaller sizes, but higher
enrichment, difficult fuel accountancy, no access to core.

Potential for near-field antineutrino detectors built into the design of
advanced reactors, or mobile, above-ground detectors.

Questions?

29






Antineutrinos from fission fragments

In the induced fission of 23°U:

3%5U—|—TL—>X1—|—X2—|—27L

X, and X, have average masses of A=94 and A=140 and have 142 neutrons
between them.

31



Antineutrinos from fission fragments

In the induced fission of 23°U:

235U—|—TL—>X1—|—X2—|—QTL

X, and X, have average masses of A=94 and A=140 and have 142 neutrons
between them.

The stable nuclei with A=94 and A=140 are 93 Zrand }30Ce, which together
have only 136 neutrons.

32



»
Antineutrinos from fission fragments

In the induced fission of 23°U:

235U—|—TL—>X1+X2+27L

X, and X, have average masses of A=94 and A=140 and have 142 neutrons
between them.

The stable nuclei with A=94 and A=140 are 93 Zrand }30Ce, which together
have only 136 neutrons.

So as the fission fragments undergo beta decay to stability, we get
on average 6 electron antineutrinos per fission.

33



Emitted antin,eutrinqjﬂux -‘Insight into the core

a b
ol | T T 1 — N[ | T T T | ]
80 - 2.7% enriched 1F 42%enriched
7]
0670 235 depleted 1 239py increases]
Ln . .
‘Ef 60 - with burnup 1 with burnup A
v 9501 / JL \, g
g9 -
29 400 4+ -
cE
O3 5oL o, .
SEOT 1t , .
:6_: 20 ’ 241py, ar il 41p, =
10_ 238U /_ I / 238U /
0 |/|/| I R B N I/I ! | |

o

5 10 15 20 25 30 350 10 20 30 40 50 60

Gigawatt days per metricton  Gigawatt days per metric ton
of ingoing uranium fuel of ingoing uranium fuel

Hayes, Vogel, 2016

On average 6 antineutrinos are
released per fission with energies
up to ~10 MeV.

0(10%°) antineutrinos per GW, per
second with energies up to 10
MeV.

Antineutrino flux and spectrum
depends on the fissioning isotopes.

Four main isotopes with

time-dependent fission fractions in**
M2, %3 ¢ 11 1


https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102115-044826

Emitted antin,eutrino‘ﬂux -‘Insight into the core

i )i .

1020 =SLINL L N I S L B B L BN B B B B N B
2 P e -
» _——""""Puincreasing |
19 L i
s 107 é
a i ;
i — jjjg — Time-dependent antineutrino
18 | - u .. . .
10 2y 3 emission bears information about
#1py | .
> 405 TN =y the reactor operating power and
© - . 3 oy e
K Flux decreasing composition of the core at any
o 400 with burnup 7 . .
2 given time.
‘9 375 = =
8350
|>

0 150 300 450 600

Days into Cycle
Bowden et al, 2009 35



https://doi.org/10.1063/1.3080251

Emitted antin,eutrinqjgpectfal 1 (V)1

The instantaneous antineutrino emission is given by:

(I)De,i(Eu"e) = Pth pi)\éEﬁe)

A(Ez) = exp (Zf_oaj EJV)

36



Emitted antineutrino'spectfal flux .

The instantaneous antineutrino emission is given by:

pA(E:)

Thermal power
of the core

37



Emitted antineutrino'spectfal flux .

The instantaneous antineutrino emission is given by:

Fraction of P
from isotope i

AE-
¢‘7e'i(Eu“e) = Pth ;ll)\'( Ve)

/

Thermal power
of the core

38



Emitted antineutrino'spectfal flux .

The instantaneous antineutrino emission is given by:

Fraction of P
from isotope i

AE-
¢‘7e'i(Eu“e) = Pth El)\'( Ve)

Q; | . Average thermal energy

/ per fission of isotope i

Thermal power
of the core

39



Emitted antineutrino'spectfal flux .

The instantaneous antineutrino emission is given by:

Fraction of P
from isotope i

q)ve.i(Eu‘e) —

/

Thermal power
of the core

Antineutrino energy spectrum
/per fission of isotope i

M(E;,)

Q; | . Average thermal energy
per fission of isotope i

40



Emitted antineutrino‘spectral flux .

The instantaneous antineutrino emission is given by:

Fraction of P, Antineutrino energy spectrum
from isotope i /per fission of isotope i
pA(Es,)

~|Q; | . Average thermal energy

/ per fission of isotope i
Thermal power

of the core .
M(Es) = exp| X_{aiE;,
\

Fit parameters from
Huber, 2011 and Mueller, 2011 “



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.84.024617
https://doi.org/10.1103/PhysRevC.83.054615

) N o
Detectable antineutrino spectrum .

350
—— Hartlepool Cores 1.0 —— Hartlepool Cores
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Heysham (a) Detectable IBD spectra. (b) Normalised spectra showing effect of os-
Detector at cillations.

Boulby Kneale, 2023

Sizewell B

R(Ep, ) = Npollre) ®z, (Ez,)P(Eg,, d)

Hinkley Point C 47Td2

Gravelines \ /

Dependent on the distance between
the reactor and the detector.

42


https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.20.034073

) N o
Detectable antineutrino spectrum .

Hinkley Point C

Detector at
Boulby

Sizewell B

Gravelines

Dependent on the size and design of the
detector and on the interaction.

R(Ez,) =

NPO-(EDe )

4d?

(Dﬁe (EDe )P(Epe ) d)

43



Reactor antineutrino intéractions

Inverse beta decay (IBD)

Elastic scattering
(ES)

Coherent Elastic
Neutrino Nucleus
Scattering (CEVNS)

Vs
e ~

R4

\~~\AK

Nuclear
recoil

vo+ N —>v.,+ N

44



Inverse beta...decay?*forpl’eiable\detection

Inverse beta decay (IBD)

Y
{{—_::Z” - %Y
_ = 4
V‘;\ 0.9 |- x10j4\2
! 0.8 fg/
S o7 . * S
2 = o
% . 3 9
= 05 ;— g
é G z_ 2 §
— —+ £ 02F ;8
Ve +PD—€" +N A
0.1 [}
= : ] =
0 B : e N Jdo ~
1 8 Mev 0 1 2 3 4 5 6 7 8 9
) Antineutrino energy (MeV)
e Background threshold

Inverse beta decay (IBD) tried and

suppression with .
PP . tested means of detection.
neutron taggmg' Vogel, Wen, Zhang, 2015 45



https://doi.org/10.1038/ncomms7935

Elastic scattering to poiht to a.reactor

Elastic scattering
(ES)
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CEVNS for Iowest-ener

9§y

Coherent Elastic
Neutrino Nucleus

Scattering (CEVNS)
vé\“~~\ -
Nuclear
recoil

Vo + N = v, + N

e Largest cross section

e No threshold

® Passive, small detectors
(easy to deploy)

Cross-section (102 cm?)

g'y neutrinos

— 38cs CEWNS

27| cEVNS
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https://doi.org/10.48550/arXiv.1801.05546

Neutrinos for non-prolifération

LM WATCHINGYOUWAZOWSKE

RS W\

" ALWAYS WATCHING

A neutrino detector offers a continuous,
non-intrusive means of monitoring.

Measurement of the antineutrino flux and
spectrum has the potential to observe and
verify:

reactor on/off cycle and power

reactor distance (ranging)

reactor direction (pointing)

core composition and burn-up
diversion of 1 SQ fissile material
antineutrinos from nuclear waste 48



Antineutrinos emitted through beta decay of fission fragments.

On average 6 antineutrinos per fission in a reactor, O(10%°) per second
per GW_ power output.

Time-dependent antineutrino emission bears signature of the reactor
power and core composition.

Detectable antineutrino spectrum has additional distance and direction
information.

Reactor antineutrinos detectable via IBD, ES and CEVNS.

Detecting IBD with neutron tagging is the most tried and tested method.
Potential for continuous monitoring and additional information compared
to traditional monitoring.

Questions? 4






Reactor monitoring applications

Far-field monitoring (> ~10 km).

Mid-field monitoring
O(1) km

51



Water-based far-ﬁeld*monlformg

8§y

Water-based detectors are scalable to very large sizes for far-field detection.

First antineutrinos have been seenin a

2 Flnnervolume  — paw signa | PUre water Cherenkov detector by SNO+
2102k —+ Data, Sideband | from reactors > 240 km away (composite
0] . 4 A
a F & g Accidentals 1 reactor signal).
10 — Reactor IBD E
1 1 : - For far-field application we need more
1 : J*r-“ﬁ‘ 1 advanced technology to observe a single
107 & - 5 .
: 1 "‘HIHL 1 reactor in a complex reactor landscape:
2 LAl £ I L L
TpP b 0 15 20 23 ® reactor op/off cycle and power
SNO+. 2023 ® reactor distance

® reactor direction 5


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.091801

Neutron tagging with Gd-

With 0.1% Gd in H,O Gd-H,0

EEIJBGC:Invater: A Delayed signal o |~03b ~ 49,000 b
The positron is I \} (~8MeV gamma cascade)
H 14 Peak at T | ~200 ~30 psec
detected by a e i o0

prompt Cherenkov * E |22MeV | ~8MeV

Kl

7, < Y gamma gamma
cone and the cascade
neutron gives a o G L S
delayed signal when | Neutron-capture
it captures on a D @ on Gd > 90% with
i Prompt signal | 0.1% Gd

nucleus in the 1%

detector medium. Demonstrated in
EGADS and

With gadolinium (Gd) loading, we can deployed in
see the IBD as a pair of interactions.  syper-K and ANNIE. 53



Neutron tagging with Gd-

With 0.1% Gd in q H,O Gd-H,0
pure water: N Delayed signal ~0.3b ~ 49,000 b
The positron is ~10cm . (~8 MeV gamma cascade)
~30ps y S ~200 ~30 psec
detected by a ~4-5 MeV usec

2.2MeV | ~8 MeV
'\/\/\)V gamma gamma

g cascade
Neutron-capture
on Gd > 90% with

prompt Cherenkov
cone and the
neutron gives a
delayed signal when
it captures on a

nucleus in the 0.1% Gd
detector medium. Demonstrated in
EGADS and

With gadolinium (Gd) loading, we can deployed in
see the IBD as a pair of interactions.  syper-K and ANNIE. 5



Neutron tag;cjing wﬁh Gd-

delayed signal when Neutron-capture

it captures on a N @D on Gd > 90% with

Pramnt cinnal |

With 0.1% Gd in a H,O Gd-H,0
LIS B e Delayed signal o ~03b |~49,000b
The positron is ~10cm .|  (~8MeV gamma cascade)
~30us % Peak at T | ~200 ~30 psec
detected by a Gd  ~4-5MeV usec
prompt Cherenkov ® E - |22MeV 1 ~8 MeV
7, ' /4 gamma gamma
cone and the /%\? cascade
neutron gives a o L
W A

nucleus in the 0.1% Gd
detector mediu Demonstrated in
EGADS and

With gadolinium (Gd) loading, we can deployed in
see the IBD as a pair of interactions.  syper-K and ANNIE. 5



Gd-water Cherenkov ménitoring potential

8§y

Tagging the IBD neutron offers the best chance of resolving a single reactor.

£)
=
210
it
g 90% C. L.
Q?IOZ Bl 3
g m -
Q
3 > lo
Mo

10

10 20 30 40 S50 60 70 80
Standoff Distance (km)
Untangling degeneracy in reactor power and

standoff limited by energy resolution.
(Akindele et al, 2023)
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CZ 8 Reactor background: ¢
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[ [ < (=]
2 2 ;>’<' € High 2
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0 10 20 30 40 50 60

Fiducial Mass (kt)

Scalability for true far-field monitoring

limited by position resolution

Li et al, 2022 %6



https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.19.034060
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.034059

scintillator

WbLS - best of water and

High light yield

Low energy threshold

- 4 Good energy and position
resolutions

and cost
QNO directionality

"Scintillation Detectors:\

®© Limited in size by absorption

)

(/(;herenkov Detectors:

Directional information
Can be very large (low
absorption)

Particle ID at high energies

the Cherenkov threshold

QLOW light yield

© No access to physics below

i,

OCIC oil drop  SCE0@

Courtesy of Zara “‘fﬁ' i-é\c;tb
Bagdasarian ?g%

U.C. Berkeley

Water-based liquid scintillator (WbLS)

Deployment of WbLS already
achieved in ANNIE.

WDLS cocktails are being
refined for the best balance
of Cherenkov and scintillation
light.

Gd-WDbLS is under
development.
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https://annie.fnal.gov/

s p'6tential

Gd-WbLS monitorin

ht V2

Additional light from 1% LS improves position and energy resolution.

22-m Gd-WbLS ”/,,—”
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o=
@©
L 151
=
C
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0.5
0.0
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Time to anomaly measurement (days)
Sensitivity to single reactor complex ~200 km
away: minimum requirement Gd-doped

water-based liquid scintillator
(Kneale, Wilson et al, 2023)
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Ranging using Gd-doped WbLS:
timely ranging limited by detector
performance (Wilson et al, 2024) 58



https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.20.034073
https://arxiv.org/html/2303.16661v4

Maximise potential

i J

WbLS wishlist for single-reactor

sensitivity with long-range monitoring:

Gd or Li-doping

Pulse shape discrimination?
Cherenkov/scintillation separation
Tailored reconstruction/analysis

(o) f«W bi.g -

0.6 1.0

Scint. phase: 2% PPO + 0.5% DPA in LAB
33% scintillator + 17% surfactant in water | | |0-9
0.5 Surfactant includes °Li (0.04 total wt. %)| | |8
€~ Gd 07
b n Gd \ 3 ) 0.6
o3 @ 05
fe] S e 04
021 5 03
\ \ 01] 02
.- %

- / 0 AR . 0
0 200 400 600 800 1000 1200 1400 1600 1800
Approx. energy (KeV,,)
Gd/Li doping Pulse-shape

discrimination

\\\\\\\\\

o
Shetadetector | photodetector | phetodetector

Photon sorting + fast photosensors =
Cherenkov/scintillation separation
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.072002
https://incomusa.com/lappd/
https://indico.ph.liv.ac.uk/event/1195/contributions/7166/attachments/3087/4254/3_Akindele_AAP_2023.pdf
https://indico.ph.liv.ac.uk/event/1195/contributions/7166/attachments/3087/4254/3_Akindele_AAP_2023.pdf

Water-based reactor'monitor testbed

BUTTON-30 30-tonne low-background testbed for hardware and fill media,
with a focus on low-energy antineutrino detection for non-proliferation.

Under construction in Boulby Mine.

e \Very low-background environment.

® Advanced photosensor technology.

e Novel fill materials e.g. water-based liquid
scintillator (WbLS).

Final construction phase imminent.
Planning underway for BUTTON ~1 ktonne. 60



Hybrid detector for f\aﬁ?—fiefd‘ monitoring

EOS

e 20 tonne (4-tonne ID)

e WbLS testbed

® Commissioning
now!

Demonstration of:
® Spectral sorting and ps photodetection

for Cherenkov-scintillation separation.
® Direction reconstruction.

® 25 0r 100 ktonne
® Reactor monitoring,

range and direction at
>1000 km
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Thermal Fission

Thermal or
Fast Fission

Fast Fission

actor monltorlng

et Near-field neutrino monitor can address new

e | challenges of advanced reactor types and smaller

High-temperature reactors (HTRs) S i ze S :

High temperatures drive high efficiency,
well-suited for process heat or hydrogen
preduction, Uses TRISO fuet

Fuel accountancy difficult e.g. fuel pebbles.
Fuel can have different irradiation histories.
Continuous loading.

Online reprocessing.

Higher enrichment.

Small modular reactors.

Molten Salt-Fueled Reactors
[MSRs)

Using malten salt for coolant and

a fuel form, MSRs can bring
significant safety benefits

Gas-cooled fast reactor [GFR)

‘ W &
An evolution of HTRs, GFRs operate ~
at very high temperatures while

using a more sustainable fuel cycle

Sodium-cooled fast reactor [SFR)

r—
1
With man: ting experimental reactors, I
SFRs offe d fuel efficiency,

reduced waste, and passive safety features

Lot st Need easy to install/move or mobile detectors:
Siratagpont o lnd s spery oty 'M liquid or plastic scintillator. 62

safer than sodium


https://nuclearinnovationalliance.org/advanced-nuclear-reactor-technology-primer

Events per day

Current very. near-field €apabilities

Reactor on/off cycle and core burnup
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.251802
https://agenda.infn.it/event/37867/contributions/234014/attachments/122158/178396/yoomin_neos_nu2024.pdf

Current very-near-field €apabilities

Residual antineutrinos
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https://indico.ph.liv.ac.uk/event/1195/contributions/7174/attachments/3116/4297/20230920_AAP_DoubleChooz_thiago2.pdf
https://arxiv.org/pdf/2406.08359v1

Gd-doped liquid scintillitor monitor

The 1-tonne Gd-doped LS iDREAM detector at the Kalinin nuclear power plant
(Russia) at ~20 m from the core.

Started taking data in spring 2021 Simple design.

Active and passive shielding.
Easy mounting.

No need for daily
maintenance.

Remote control of all
systems of the detector.

o ——
g T ol T L —— 1
RO g e A
foede 0 o o -

catcher - 65



5Li-doped plastic scintillatof monitor

PANDA is made of °Li-doped plastic scintillator cubes with 3D segmentation

and has topological particle ID.

i

Li preferred as its single
gamma is easier to
distinguish from the
back-to-back gammas
from positron/electron
annihilation than the
Gd gamma cascade.

66



°Li-doped plastic scintillatof monito

i ) : &

PANDA is made of °Li-doped plastic scintillator cubes with 3D segmentation
and has topological particle ID.

Li preferred as its single
— > gamma is easier to
distinguish from the
1= back-to-back gammas

l [ from positron/electron
annihilation than the

5} Gd gamma cascade.

&

Prototype measured backgrounds 3 m from core at 20 MW JRR-3 research
reactor in Japan (lower end of the range of power of SMRs).

Next phase: new location and more shielding. o



Mobile antineutrino deté’ctor

8§y

MAD - deployment in 6 .

2D °Li-doped PS
with pulse-shape
discrimination

U

N

N %, T

CHANDLER suk \“.:h

Reconstructed Energy [MeVee]

0
0

3D °LiZnS & WLS plastic
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| TOPOLOGY

1110y 'IIH HIHIHIE |I
(i
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i
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Exlernal Energy (MeV)
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Mobile antineutrino detéctor

The subsystems will observe reactor on/off transition within hours
(3 MW, reactor from 25 m)

Time to see neutrinos at 99% CL at North Anna (2D subsystem)

(N}

Time to see neutrinos at 99% CL at North Anna (3D subsystem)

10 10
Tn; A w

3] >
© (1]
~ ©

o 10 ~ 10’

£ ]
p= >12 hr g
G
8 5

1

B 10° T -

5 S © >3hr
© Neutrinos not visible (@]

() at 99% CL ©
o g Neutrinos not visible

at 99% CL
10 1 2 5 10 10 1 2 5 10
Background rate (x prediction) Background rate (x prediction)

69

2D °Li-doped PSD PS system 3D °LiZnS & WLS PS system



Opaque LS near-field mbnitor .

8§y

CLOUD near-field detector at Chooz with 5-10 tonne L|qU|dO (LiquidO
Consortium 2021) opaque scintillator target.

~35 m from core
= ~3 m overburden

Y [cm]

20~

955587

~20—

I I | L1l |
-20 0 20 40 -20 0 20 40 0 20
X [cm] X [cm]

Positron distinguishable from
point-like electrons, protons and
alphas in LiquidO.

, § > 200 pe/MeV
SR sub-ns timing

CLOUD-I addresses primary goal of AntiMatter-OTech project to develop 0
non-intrusive reactor monitoring.



https://www.nature.com/articles/s42005-021-00763-5
https://www.nature.com/articles/s42005-021-00763-5
https://liquido.ijclab.in2p3.fr/innovation/

Future mid-field. monitof?

SuperChooz includes a mid-field 10 ktonne detector at ~1 km from core -
potential for just-outside-the-fence monitoring.

NQ\-‘

Chooz-A: Cavern Reactor Core

71
10 million reactor antineutrino interactions per year.


https://liquido.ijclab.in2p3.fr/sc-detector/

Water-based detectors for long-range monitoring are limited by energy
threshold (currently ~3.5 MeV), time to construct, lack of suitable sites.
Liquid scintillator (LS) detectors can be small and mobile and have
powerful pulse-shape discrimination (PSD) but are highly flammable.
Plastic scintillator loses some of the PSD of LS but detectors are mobile,
easy to deploy and not flammable.

LiquidO has particle ID, 4D time-space resolution for IBD coincidence and
potential SuperChooz detector could demonstrate mid-field monitoring.
Most promising application is for advanced reactors - built into the design
or a mobile detector.

Questions?
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Spent nuclear fue

9y

oring.

Spent nuclear fuel (SNF) is stored in interim facilities at nuclear power plants,
and finally in geological repositories - decades to centuries of active

management.

Composition dependent on
reactor type and properties e.g.
thermal power, burnup, fuel
enrichment.

Most problematic waste from
nuclear reactors.
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Actinides & \‘

3-5% fission fragments
~1% Pu
<1% 2*U

I &q p‘«/l,
1 daughters N\
| Radioactivity of
uranium ore
Fission & activation products ~
0 10 1,000 100,000

Corkhill & Hyatt, 2018

Years after processing 74


https://iopscience.iop.org/book/mono/978-0-7503-1638-5

The problem with nuclefr waste

Stored in Dry Casks at an interim nuclear
storage facility. - - il
o 1dry cask =15 tonnes of SNF.
o 32 PWR fuel assemblies
(459 kg of U).
o 352 AGR fuel assemblies
(0.0425 kg of U).

Ma ny CaSkS Wlth dlffe rent Irradlatlon "Dry Storage of Spent Nuclear FI" by NRCgov is

histories at a single site. licensed under CC BY 2.0.

Current methods rely on neutron/gamma detection or visual surveillance.

Measurements taken from within radiation shielding. e


https://www.flickr.com/photos/69383258@N08/7845746956

-~ ’
Neutrinos for spent nuclear fuel

8§y

Detectable antineutrinos above the IBD
threshold are mainly emitted from the decay of
Py especially after long cooling times.

1]

Relative Flux [keV s

=

1013

10" =

I RN N T B 1
1000 2000 3000

o

P I
4000

PR I AT R
5000 6000
Eneray [keV]

Courtesy of Z. Leliwa,
U. of Sheffield

Isotopes emitting
higher energy
antineutrinos have
shorter half lives.

Flux very low at high
energies and long
cooling times.

Antineutrino emission spectrum of one dry cask of

SNF originating from the Hartlepool AGR, Z. Leliwa.
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Neutrinos for spent nuclear fuel

“§

1 5_1]

Courtesy of Z. Leliwa,
U. of Sheffield

Relative Flux [keV

1 | 1 1
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Eneray [keV]

L L | 1 1 1 | 1 L 1 1 I 1 ') 1 1 | 1 1 1
1000 2000 3000 4000

Potential for observation of IBD
from °°Y (®°Sr decay chain)
1 SQ Pu results in 2 mol of %S,

Neutron and gamma detectors
must be operated in
high-radioactivity environment
within radiation shielding.

A neutrino detector could perform:
e cask-by-cask monitoring

“w0 ® long-term monitoring

detection of diversion of SQ Pu
e remote monitoring from
outside shielding



Mobile spent nuclear fu€l monitor

VIDARR is now running ~ 40 m from large store of spent nuclear fuel at
Sellafield nuclear facility, UK

e 2 tonnes of PS bars
e (Gd-doped mylar sheets between layers
e Energy threshold ~120 keV

Positron annihilation + neutron capture
coincident signal from IBD (*°Y decay).

Expected ~10 antineutrino
interactions/day (R. Mills NNL).

78







CEVNS for safegu

CEVNS rate in a detector 30 m
from a 4.6 GWth reactor core.

CEVNS Counts Rate [dru]

—_
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CEVNS from spent nuclear fuel
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.056002
https://www.sciencedirect.com/science/article/abs/pii/S0168900222007616

CEVNS - choice of‘nucléus
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Raesfeld & Huber, 2022
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50 100

CEVvNS event rate depends on
atomic mass and nuclear recoil
threshold.

e High-mass isotopes have
high event rates at low
recoil thresholds

® Low mass isotopes
perform best at high recoil
thresholds.

® The higher the atomic
mass, the more difficult to
detect the nuclear recoil
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https://doi.org/10.1103/PhysRevD.105.056002

CEVNS from reac

residual (counts / 10 eV 3 kg day)
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Colaresi et al, 2022

tor antineutrinos

8y

96.4 day observation

3 kg ultralow noise Ge detector

low 0.2 keV energy threshold
compact shielding

8 m from Dresden-I1 2.96 GW_, core

e ~3.20 preference for CEVNS from
reactor fission

Many other projects at reactors and new
technologies being explored.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.211802

Potential to monitor spent nuclear fuel through detection of IBD of
antineutrinos from °°Y.

VIDARR currently operating at Sellafield nuclear waste site in the UK.

IBD threshold cuts out most of the spectrum.

Solution: combine with other technologies e.g. muon tomography and/or
use a different interaction.

CEvNS offers potential for monitoring reactor and spent nuclear fuel
neutrinos at the lowest energies but CEVNS from reactor neutrinos has
not been measured yet.

Questions?
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Neutrinos for nuclear safeguards

i Vi

Detector materials, technology and prototypes with potential to meet
requirements already exist but more work is needed to demonstrate the
technology and the application.

Strongest use cases are identified for advanced reactors:
e Safeguarding by design - detector built into reactor design
e Mobile, above-ground detectors

What next?

Technology demonstration

Measurements of different reactors

Measurements with different detectors (understand systematics)

Continue to develop use cases with end users 84
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Water Cherenkov:‘mid to-far-field

6 ktonne Gd-doped detector with 20% photocoverage and active muon veto:
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Exclusion of unknown reactor from a
given region. at 26 km standoff.

Untangling degeneracy in reactor power and standoff:
limited by energy resolution (Akindele et al, 2023).

40

50

60 70

Standoff Distance (km)
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.19.034060

Rate dR/dE [NIU/MeV]

Water-based far-fi

Gd-water & Gd-WbLS, passive muon veto, 3 GWth reactor, 150 km standoff,
known reactor landscape and other backgrounds.
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.20.034073

Water Cherenkoyv for féﬁfield monitoring

Gd-doped detector with 40 % photocoverage

60
OO Absent cosmogenics

50 1 H g Different detector sizes evaluated for

0l & ¥ low, medium and high reactor
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Scalability for true far-field monitoring:
Limited by position resolution (Li et al, 2022)
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.034059

Gd-WbLS for far-field mbnitoring

Gd-WbLS, passive muon veto, 3 GWth reactor, 150 km standoff, known reactor
landscape and other backgrounds.
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Ranging using Gd-doped WbLS:
timely ranging limited by detector performance (Wilson et al, 2024)
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https://arxiv.org/html/2303.16661v4

Reactor CEVNS prd]ecfs‘ (not exhaustive!)

-9

Experiment Mass Detector (energy threshold) Reactor Standoff
BULLKID 0.6 kg (Si) / 1.3 kg (Ge) | Si/Ge (100 eV) / /
CONNIE 8 g with new MCM Si CCD (300 eV) 3.95GW, Angra2 30m
CONUS 4 4 kg 4 x PPC Ge (1 keV) 3.9 GW Brokdorf 17.1m
Dresden-II 3 kg PCGe (200 eV) 2.96 GW Dresden-Il 8m
MINER 10g-1.5kg Ge/Si (cryogenic) SuperCDMS iZips (100 eV) | Possibly at 85 MW HIFR /
NEON 16.7 kg Nal(Tl) 2.8GWth Hanbit 23.7m
NUCLEUS 10g CaWO4/AI203 (cryogenic) (20 eV) Chooz Very Near Site
vGen 1.4 kg HPGe PPC 3GW,, Kalinin 11m
RED-100 200 kg LXe (100 kg LAr) LXe/LAr dual phase (1 keV) 3 GW,, Kalinin 18 m
Ricochet 38g Ge bolometers (55 eV) ILL high-flux, Grenoble
SBS Scintillating bubble chamber Possibly Lacuna Verde,

Mexico
TEXONO p-PCGe/electro-cooled PPCS 2.9 GWth KSNL 28 m
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