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B Core-collapse supernova emits ~10 J energy

99% is released as neutrinos (all 6 types);
2 mainly from neutrino cooling (also ve from
i neutronisation burst).
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To date, only one observation (~25 neutrinos)
on 24" February 1987 (SN1987A)

---------------------------
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(E> 19.3 MeV) (90% C.L.)

* SRN signal would manifest as distortion of BG
* No such signal seen yet -~ some models ruled out
* Background limitations form significant challenge!

(Totani et l., 1996) (Ando et wl., 2002)
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M. Malek et al., Phys.Rev.Lett. 90:061101 (2003)
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Gadolinium & Water
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GADZOOKS! Antineutrino Spectroscopy with Large Water Cerenkov Detectors

John F. Beacom! and Mark R. Vagins®

'NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, [llineis 60510-0500
“Department of Physics and Astronomy, {129 Reines Hall, Unwversity of California, Irvine, CA4 92697
(Dated: 25 September 2003}

We propose modifying large water Cerenkov detectors by the addition of 0.2% gadolinium trichlo-
ride, which is highly soluble, newly inexpensive, and transparent in solution. Since Gd has an
enormous cross section for radiative neutron capture, with 5~ £, = 8 MeV, this would make neu-
trons visible for the first time in such detectors, allowing antineutrino tagging by the coincidence
detection reaction 7 +p — e + n (similarly for #,). Taking Super-Kamickande as a working
example, dramatic consequences for reactor neutrino measurements, first observation of the diffuse
supernova neutrino background, Galactic supernova detection, and other topics are discussed.

PACS numbers: 95.55.Vj, 95.85.Ry, 14.60.Fq FERMILAB-FPub-03,/249-A

Beacom & Vagins, Phys.Rev.Lett. 93:171101 (2004)

~

(Initial motivation for adding Gd to water
Cherenkov detectors was background
reduction for SRN experiments.

Idea has now spread to many other uses,
\for both physics and impact applications/
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Tag antineutrinos via coincidence
between positron and neutron from
inverse beta decay:

* |In ordinary water:

Neutron thermalizes, then is

captured on a free proton
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— Capture time is ~200 usec
- 2.2 MeV gamma emitted
- Detection efficiency @ SK

(40% coverage) is ~20%

 When n captured on Gd:

Capture time ~30 usec

~8 MeV gamma cascade
4 - 5 MeV visible energy

> 70% detection efficiency




Gd Capture X-Sections

Thermal Capture Cross Sections: A Comparison of ENDF/B-V1 to RPI Results*

Thermal Capture Cross Sections
ENDF RFI
Thermal Contribution Thermal Contribution
Isotope Abundance Capture to Elemental Percent Capture to Elemental Percent
152Gd 0.200 1 050 2.10 (0.00430 1050 2.10 0.00430
54Gd 2.18 85.0 .85 0.00379 85.8 1.87 0.00422
1 '5°Gd 14.80 &0 700 8980 184 60200
150 =¥ 3 0,
Gd 2047 | — 1.71 : 0.350 0.000717 1.74 | 100[%] 0.2% Gd2{504}3
| ~'Gd 15.65 254 000 39800 81.6 226000 (~100t for SK)
G 24.84 201 0.499 0.00102 2.19 ttor
10 Gy 21.86 0.765 0.167 0.000342 0.755 - gives 90% neutron
Gd — 48800 1000 ca pture
*The units of all cross sections are barns. The units of abundance are percent. Gd r_‘ﬂ‘pture Eff
60
G. Leinweber et al., Nucl.Sci.Eng. 154:261 (2006)
( - . \ 40
Cross-section for neutron capture is:
e ~49,000 barns for natural Gd
20
* 0.3 barns for H
0

\_

0.1% Gd concentration results in
~90% of neutrons capturing on Gd

J
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The EGADS Facility

EGADS = Evaluating Gadolinium's Action on Detector Systems

Dedicated test facility commissioned
at Kamioka Observatory. =

Super-Kamiokande

EGADS is a: , .
200 tonne R&D project, charged I
with establishing the technical .
viability of loading Gd into water |esaosHan | e
Cherenkov detectors (2500 m"? L —

system

e Uses Gd2[SO4]3 (Gadolinium
Sulphate) at 0.2% concentration

* Facility has its own water
filtration system, 50 cmm PMTs,
DAQ, etc.

22 Mar 2022 Matthew Malek 7




EGADS Facility

Gd Pretreatment 240 PMTs (50 cm ¢)
System

4 )
N.B. 'UDEAL' =

‘Underground Device
Evaluating Attenuation Length'

7

I
|

S.elecfcive Water+Gd 500 ton (6.5m X 6.5m) Transparency
Filtration System water tank (SUS304) Measurement

(UDEAL)

22 Mar 2022 Matthew Malek 8




e

& s 'vj__!* I\/Ialn 200-ton Water Tank

EGADS Facility




gRea'dy for filli"r"ii{g
8th Augi,st 201 3




EGADS Data Taking

Muon event in EGADS tank (June 2015)
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Since April 2015, EGADS has been
fully loaded with the target goal of
0.2% Gd2[S04]3 (390.6 kg)

No problems encountered in this
time period

Also, no loss of Gd during
continuous filtration process
(> 250 complete turnovers to date)

High quality water purity is
demonstrated (see next slide),
allowing use in larger experiments

The EGADS project has
demonstrated the technical
feasibility of gadolinium-loading for
water Cherenkov detectors

11




EGADS Water Attenuation
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What's Past is Prologue! L 25

Upcoming Experiments:
Now that the concept of Gd-loaded water Cherenkov experiments has been
demonstrated and shown to be technically feasible, there are a host of upcoming

experiments that plan to exploit it.

These include.....

[*] “The Tempest”, by William Shakespeare (Act Il, Scene 1)

22 Mar 2022 Matthew Malek 13
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Gd-loaded water

Upstream
u veto

annie
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LAPPD Overview

* Overview of Large Area Picosecond Photo-Detectors:

LAPPDs are:
— 400 cm? sensors
(20cm x 20 cm)

— Based on microchannel
plate technology (MCPs)
[see next slide]

— Excellent resolutions:
* Spatial: <1 cm
* Timing: <100 ps (TTS)

— Capable of imaging single
photons

22 Mar 2022 Matthew Malek




Microchannel Plate PMTs

Microchannel plates themselves are not new technology
— Example: Used in night vision goggles since 1970

MCP PMTs are also not new
— Photonis Planacon has been |n
production for many years :

— Limitations:

* Small (~5cm x 5cm)
« Expensive (~$10k)

incoming photon

top window -

photocathode (pc)- |- (= T
mep 1L The LAPPD project was
neeTmeR 92p formed in 2009 to make this
oz (] /Z [ technology practical for particle
anTe readout | | "7 %P | physics experiments!

22 Mar 2022 Matthew Malek 16




MCP-PMT Imaging

For more information, please see:
A Brief Technical History of the Large-Area Picosecond

Photodetector Collaboration (Adams et al, 2016) —
https://arxiv.org/abs/1603.01843

22 Mar 2022 Matthew Malek 17



https://arxiv.org/abs/1603.01843

LAPPDs Milestones

Initial work focussed on advancing separ‘ate V\(O_I‘k packages
« Example: First “working” LAPPD had | |
functional MCP... but needed to be
continuously pumped and had a poor
photocathode (aluminium)

* Small-scale (6cm x 6¢cm) prototype tiles
were produced at Argonne National Lab
to develop photocathode, electronics,
etc.

First working LAPPD!
[not sealed; aluminium
photocathode (QE = 107)]

For UK-based tests with the Argonne MCP-PMT, see:

Characterisation and testing of a prototype 6 x 6 cm? Argonne
MCP-PMT (G. A. Cowan et al 2016)
https://arxiv.org/pdf/1611.00185.pdf

22 Mar 2022 Matthew Malek 18




Initial Setup @ Sheffield

LAPPD 96 housed in custom dark box
e 5 HV connections used

- Reminder: 2 MCPs per LAPPD
- Also apply HV to photocathode
- Resistor chain added

(see next slide)

* Readout:
- Initially used commercial scope
(Tektronix 6)
- Now using 32-channel VME
digitiser (5 GS/s) from CAEN
- Will transition later to PSEC
- Signals via Incom SMA pickup

22 Mar 2022 Matthew Malek




Initial Measurements

Timing & position | HOT OFF THE PRESS!
— Time difference across Strj:i S -(Last week!)
g zzz%: Strip 8 ?‘;
b * Measurements made by
oo stepping LED along the strip
E (parallel) in 25mm increments:
son * -/5 mm
= * -50 mm
R Ssld e 25 mm
Time difference across strips N e O mm
§ w0 * +50 mm
- * +75 mm
B Strong position tracking is
om0 - clearly visible (see next slide)
T -
22 Mar 2022 Matthew Malek 20




Initial Measurements

Time Difference vs Position - L104 - V_MCP=825V - V_PC=50V

Time Difference (ns)

Strip 13 (0.5 (jhm)

Gradient: 0.0107 +0.0011
Offset: -0.064 + 0.060

Propogation speed
0.623 £0.064 c
Strip 8 (60.2 Ohm)

Gradient: 0.0111 £0.0012
Offset: 0.363 + 0.058

Propogation speed
0.601 £0.063 c

100
Position (mm)

22 Mar 2022 Matthew Malek 21




The ANNIE Experiment

Primary physics objective:
A measurement of the abundance of final state neutrons (“neutron yield”)
from neutrino interactions in water, as a function of energy.

Front 7| electronics
Anti-coincidence [/} [P  racks
Counter 1R
(FACC) ;
Gd-loaded 3 = =]
Current status: water volume |1 ="~ RREERE [ vu0n Range
All PMTs installed A Detector
L~ (MRD)

26 tonne water volume is fully loaded  pnotosensors
with Gadolinium N

MRD completed vV fiiihin
LAPPDs being prepared '

Commissioning w/ beam data NOW

22 Mar 2022 Matthew Malek
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In 2020, the Super-Kamiokande
collaboration added 0.02% Gd2[SO4]3
‘ to the detector, opening up a new area
of physics potential.

Possibilities include:
* Supernova relic neutrinos
* Identification of modes in a galactic
supernova neutrino burst
e v /v discrimination for
’ atmospheric and accelerator
B neutrinos
| * Reduced atmospheric background
for proton decay searches

The next phase of T2K running uses
SK-Gd as the far detector.

| COMING SOON: In May 2022, the
concentration will be tripled!

iy
iy
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To recap:

The motivation is clear; loading water Cherenkov neutrinos detectors with
gadolinium brings new life to an old technology.

The technical capability has been demonstrated.

The physics benefit is well-established, with implementation at scales ranging from
26 tonnes (ANNIE) to 50,000 tonnes (Super-K), starting this year, and other
experiments (e.g., WCTE, IWCD) continuing to turn on over the next decade.

That's great... but what about security applications?

22 Mar 2022 Matthew Malek 24




The WATCHMAN Charge L 215

The goal of the WATCHMAN project is to
harness the techniques described earlier for
nuclear threat reduction.

©eneoy s
The National Nuclear Security Administration

Strate g1C Plan Primary sponsor is the Office of Defense
i Nuclear Nonproliferation (DNN) at the

National Nuclear Security Administration

(NNSA) in the United States.

UK involvement via Ministry of Defence

(MoD) under 1958 US-UK Mutual Defence

Agreement.

Main funding in UK from Science &
Technology Facility Council (STFC) via an
award from the UKRI Fund for International
Collaboration.

22 Mar 2022 Matthew Malek 25
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The goal of the WATCHMAN project is to
harness the techniques described earlier for

Primary Goals:

« Confirm existence of an operating reactor (ie. determine unknown reactor is
operating in presence of another known reactor)

Determine power plant operational status with and without prior knowledge
Demonstrate Gd-loaded water as a scalable detector medium
Enable future technology upgrades:

Water-based liquid scintillator WbLS, Large-Area Picosecond Photodetectors
(LAPPDs), techniques for Cherenkov and scintillation light separation, etc.

Collaboration.

22 Mar 2022 Matthew Malek 26
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Baseline design includes:

e ~1 ktonne fiducial mass

* 0.1% Gd-loaded water

* ~3600 Hamamatsu 10" PMTs with:
* High quantum efficiency (~30%)
* Low radioactivity (esp. U and Th)
* 20% photocathode coverage

 Active veto region (~1 metre)

.....

* Multiple access points:
 Calibration ports
* Large central plug

Cutaway view

22 Mar 2022 Matthew Malek 27
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IOWA STATE
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i
0

rreeere

BERKELEY LAB

Ll eI,
WATCHMAN
COIIaborat|0n & Science & Technology

@ Facilities Council

B ivikroor
e 2 countries (US & UK) * 5 universities (so far): Sheffield plus
S tvinleadivg \ Glasgow, Edinburgh, Liverpool, Warwick
3 US laboratories * STFC-Boulby Underground Lab
2 UK laboratories * Atomic Weapons Establishment
» 125 total collaborators * ~30 total collaborators

* £9.7M funding from STFC
(via UKRI Fund for International Collab.)
& £1M funding from Ministry of Defence
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WATCHMAN Site

The ideal WATCHMAN prototype site requires:

(a) an underground laboratory (or potential to build one)
that is within ~30 km of

(b) a nuclear reactor

— This places a significant constraint on the choice of site!

22 Mar 2022 Matthew Malek




Map of US Power Reactorsf 258
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Map of US Active Mines

ype of reactor

Gravell Crusmng s

Belze’ F'|t- S

I'|G aiGasiPlant

e cratiariil kec Quarrynalar Créek LimePlant e Hoilex Sapphlre Mine: o o5
/ =} plant A2aradiner s L.vmgstcn Bits

fDahie:sRed-E Mix Plan a;t}é?gnu &rGravel f |1 L g Gfavel Operahar\

AllGlays AndiPits R der F‘

Plant #1 Mandan ﬂeflnE\

Biglt 0
Honey Lake Aggregates e éia” Creek Traveitine Oua"\‘ﬁc"tana Carter C‘.Du i y Mlnes

it Gd
Eear River Plaaln\adc .

Diamond QJ;:"VV_\T
Denten-Rawhide Min

it { (.roo; Countyisand ¢

Madden Field ] apld ciy Quar‘y
adden Fig ploF \am #1?25 i’ WashBlan
R

Clral F'lt “'&"Sand B
ar_'d & Gravel.Operations ! plan[l;:HE
IuTer‘cknn Rawinia Sénd

antsyillel QJ‘arly & P\

ck‘sprlngs Plar‘t GI nrock B
Gk ng % “

ntb]ulnt/4°ck P?;od t.'@.\-eetu\.'ale M\rr‘ue“nsey %'atg?rl
.a,,l.;vau Biti& Plan

JSandk&h G!a\re Operat cr‘s \r‘,Star Aggr’ggates gyenter pitf

The Shcres Oga||a|a Gate Btk
Euttnnwcod it (411,'. Ogallala Pt

e #5712 '1warkpatr|ck Bt gePiJu

chaaf F'\t Ba-’ar Bit

5 Belwidare Pl!Schw

Lee Vining Mill & Frank:5am Mine]
Cienega Quartyasalt
ond Plant Quarry #2 - Acatemys:
Lemoncave Plant, (#1335
Rocky Canyon F’Iaani?r et Cure I'ﬁ'lﬂ
Santa Maria Si une
Tehachapi Q.Jarry&

ton ety artyl.

i 1e

A
perations oy Iersenlon PiL & Plan

iRapoase [ j "Nulanrj PitApache No 95" Calm M

Lucerne Valley Riti& Plar\t
Neisormlime] P.am,.a:.,l\le‘lsgn ‘L.arrym L.ebl
Twentymnegalms r,s%untgm Bitgd \.'\ beiPit #2

GRIysoc: rationifedge #1
Sloan Canyen Sand Co. (#0270 8
SRR
Black Car‘y n,Micatine iHamjito Flan
Huwy 95 Plant (#8071 Edneadgsand & Rogr\
|

Lyans Mme ‘Jlar~wI

Lcd eiMing & Plant
2 cobrontieiEl

South,Central S & Gravel Inrc-us

Bellco,Quarty#4 Man'sfield Quary wDell
nyar Quarlgume Rgck & LimEards 1sburg Ouaw

LDI'IE Star P
Qklahoma

e il
T FIelcherMne '
5 Ggs p|gnhrasherQ.lfar ¥ Ada Plant

" Mill Creeki@uarty (#755) S solitn
arry “;201} e SandSawye Q.,arryu(#fl 5

S Mmgﬂf&maﬂ Planprescon

’ArmorMalené ;
DelmarMaterialsg ;19 Sand & Gra\,e,
BE ton Plant (#154) 55

geatin g fEacill |l|e'§a|r0 Q>
Eoy; S Plar
B

Quarr y\.ﬁ-mnheld Mme"'

ROl
CI‘nCﬂl F"alr‘?Ism # Buntsvlle Plant. C‘_jc Oit. 1&235”5), Bit “SUonnstan Pit
i an il aqu'avel Bit-Plant#12,Clayhatchee P.t
urnside: l1«3f|r’1t3n,r
(.nacano \a|Bianizeling H

B &.Dsan P

)
m ) DFDUS"C—hrISU
lanuny.Operaliongesh dwers Plant
'ﬁt Sandes Grével peration
y-r Brownsv & Blant
'v’,ﬂ i © 2012 INEGI
P US Dept of State Geographer
' Data SO, NOAA, US. Navy, NGA, GEBCO
© 2012 Google

3873141 47" N 97°25'44.64" W elev 1321 ft

22 Mar 2022 Matthew Malek

1}, pman-P\Da bo Operation
GravellRilSand & Gravel Operatmn
Sormgheld Shal
Walley. Sandié Gravel
liock: Mﬁ\ﬂlplt—mmettshurg Sand (#18
Bresley P“'Sgt BuffiPiti& Plars

ok Qua fDurham M \rc?'IOfrlson Markman F‘eat Operatuon

gnzar wGallatin Qua
*Mcpherscn Cou"ly PitsiAnd; PI
bme OuarryOﬂawa Quarry t#Srn

)
Salt Dept Hu1cm§%'m Maron [?arr‘yRcQErs Q“arDredge 460
BoradoRefingiiperry Limestone Quarny:

Arxh ola Dredge

chervillerSand Rlant #65'”“0‘”” Malerla ﬁaésun Quarry (ﬂag‘Wesl Memph s Mme

Th_e.

regale gGSand & Grave| Operation

raytnn Limekiln
JEastiGrand Forks Limekiln
Hlllsbnru Limekiln

.prGreer- Quarry/-Isabells
LS o
MoyleiSand & Grayel
.13 Ring Cupper Refinery
“Tilden Mmesrow #3 Pit
pSand & Gravel Dperatlcn._.rurnmond Dc-amlte Quarry.
=Kamia Q..aqumell Pit; &3] h."])!ll chemaa
Ljisler\.'\pash Pa VE 5 ¥ alpena F'Ianl
lista Qua”yplanl #1 (-Jmnee' Breaker)
jand & Gravelplant E“’f”lj"’:""“{ 5ED
eerfig an
dRusaelliCe s Uiy - Jnhr‘R SandVGraVEI

A

Ak

by

#1

ral HilbLimesione il

Booneviile-uarsyandy 8roo

e *Juagara Fdlls Plant iSwsnson Gray
peration. & ! drdanille #12 Blant

dge ConoctaniBit

S AsHtabula lamekiing g Sand & Gravel Gperatio

éﬁérthage Dlani “u.'\l'al'd Stong Yard r&)uamgs And MillE chssnd'fg Quagy epsl

ngineeredMinerals Mm:\smm Sand & Grayel raylorMine #3 & PI??Egﬁgct EaiGaary s

e lhermal Ceran‘\cs ILRlant lockbourmne SEG (#3*3 \]cahsmrwllc QA No g

cycspgn r—ﬁ’r‘ma'” D“a")’ (#1450 aron| Stone Quarry “Rush Walley Quarry & Plant

Bilyn ehburg Quarty. (A5 SSECUTLY BUATTY,

“Lawrenceville Bla
ed llimestone Operation -p«Speeu Clay Mme & Plan'{ AII.:en QUEmHRIant #4720
redge Mowefuuarnes

Catlettsburg Refineryss
Muddy Ereek Muunlaln Slone
- Sounty Pt & P%%"F“gis\'::n;u?}[; Quarry X QAnde_rsow Creek Quarry
anthaMine #28 Gear i ounding Mill Qu fmeyer Property
New/Hopeiauarty & piant Speers RernyQuanyi(#51iGomez Pit
AL s Sk“'gmsk‘g'sc'ﬂa” MinKgwsome Pit #2
LRride Uy, (#1%}? as °: “: 'f'a"[i‘f 09)' arty
I'EEH IVELEIL ST b
RI&S Sanc & Cravel Pll_{#b49 b BTy 7
Aswwl & Rock @uarAnderson; Quarryi#2s49 Qpsiow Quany
nt Red Dak Quar;y [#025)  Wilmington Matenals Pit
T uscalnnsa Reflrer Blua Circle Clay Pit
q mopolis Plant: M””'éﬁl‘” Pla
iz} ar'tgomery F-AII Seargia an ations
Moﬂlgofr‘r'ry Sand|Mine

avel

Crenshaw B
Jlanl

Elarti ThorelMinetsie

Ch altahuoc"lee River Plant (#488)
Diees MIne:pariyayary,

Poil Sthioe P|a| 1 'Kétysione Sand Plant

[‘{ an

MifaOxford|Peat Operation

T sbureugh @peration

liake Wales Sand Plant

£l
SunWWest hMing

Tampd P\ar‘
Field Pitoout hwest Aggrcgalcs

A

Oogle earth

Eye alt 2490.28 mi ()

Sheffield.

KY.



Potential WATCHMAN Sites| IS

The WATCHMAN prototype site requires:

(a) an underground laboratory (or potential to build one)
that is within ~30 km of

(b) a nuclear reactor

Search results:

— Only one site in the USA satisfies criteria

— Can go to four if allow underwater deployment, or permit
shallow sites with greater backgrounds

— Additionally, another candidate site in UK fits all criteria
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STFC / Boulby Underground Lab

Depth:
1100 metres underground

2800 metres water equivalent
10° cosmic ray muon attenuation

Operating lab for > 20 years
Current lab from 2017

JG Boissevain |
Design =3

L ik etk » New cavern needed to accommodate
WATCHMAN (~25m ¢ x ~25m h)
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Proximity to Reactor(s)

Murton

Durham
Heritage Coast
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Wingate

Hartlepool

Hartlepool Power Station

tillington
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Thomaby
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Great Ayton

Stokesley

22 Mar 2022

.26
.
L Ireland
o, h)

°
Glasgow

Isle of Man

Edinburgh
o

United

Kingdom “ipon e

Leeds
o

Manchester
o

o
Liverpool

«Boulby Underground Laboratory

Danby:

Sleights

Grosmont

Matthew Malek




EDF Hartlepool Nuclear Plant

Dual-core reactor complex
Advanced gas-cooled reactors (AGR)
1550 MW_ per reactor core

~26 km standoff from Boulby Lab

Can look for flux difference between 1-core & 2-core operation
Potential for future complementary work with near-field detection

22 Mar 2022 Matthew Malek




Hartlepool Signal @ Boulby

- - Total =— — - Total =——
2 Reactors [l o 250 - Reactors Il
= Closest Reactor = Closest Reactor
> 400 Geoneutrinos > Geoneutrinos
= Uranium — Z 200 Uranium —
T 300 Thorium — " Thorium —
% User Reactor w-. T 150- User Reactor s
c o
T 200- -
W & 100-
o @
o 100 @ 50—
o | | 1 | 1 | . ::I::I o | | I | 1 1 - 1 e
1 2 3 4 5 6 7 8 1 2 3 4 5 3 7 8
Antineutrino Energy E (MeV) Antineutrino Energy E (MeV)
Detector Reactors GeoNu Output puts Detector Reactors GeoNL Output puts
Spectrum Stats 2 Cores Spectrum Stats 1 Core
Inverted Neutrino Mass Ordering Inverted Neutrino Mass Ordering
Riotal = 1602.4 TNU Rigta1 = 928.4 TNU
Rieac = 1567.3 TNU Rreac = 893.3 TNU
Rch[,g[;[ = 6?39 TN |:421 :Jl"llﬂ Uf tl:lta|} Rﬂg:,ggt = BBBS T |::"|1 8 :I.-"Ili:l Df tDtal}
Dejpsest = 26.01 km Dejpsest = 26.02 km

Thanks to Antineutrino Global Map project, there is now an online tool
— Geoneutrinos.org — to get such reactor fluxes (and backgrounds)!
(For more detail, see S.Dye's preprint at )
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Hartlepool Signal @ Boulby
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WATCHMAN Concept

Each fission releases on average
6 antineutrinos

<l
“.<

P \t_h ‘_ ‘. ___.,..--r
n“’ :Iéeis =i "“‘3-‘3

f’;mzasﬁ' 4‘% T Detector
e b L ‘--...____*
“vr’,":i é@

"‘-—..,_‘* .
\—Sj_.); — Y

o

Antineutrinos from a small reactor
~1020 per seco nd APS/Alan Stonebraker

For a 3 GWth reactor complex (e.g., Hartlepool), O(102") fissions
per second, resulting in O(10%?) v_emitted isofropically per second.
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Each fissd
6 antinet

Antineutl

(arbitrary units)

-~~~ Emitted spectrum

----- Cross-section

Detected spectrum

.-..-1 020 p'

Detector

APS/Alan Stonebraker

For a 3 GWth reactor complex (e.g., Hartlepool), O(102") fissions
per second, resulting in O(10%) v_emitted isotropically per second.

— For 26 km standoff, expect “several” events per day per kilotonne

22 Mar 2022

Matthew Malek

40



WATCHMAN Signal

Neutron

Signal is positron annihilation,
followed by ~8 MeV y cascade from
Gd de-excitation ~30 us after.

Gadolinium.:‘
'Gamma—rays 511 keV
\ y ”'E
Positron 511 ke\{___, £y
& Ve i _

Antineutrino
.\
Proton‘

Cherenkov Light %

Cherenkov Light

Experimental signature:
(a) exactly two Cherenkov flashes
(b) occurring within a ~100 us window
(c) and also within a 1m° voxel
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Non-Proliferation Scenarios

Discovery Scenarios (Project Goal 1): ... . | .
) : : o reactor information:
* Case 1: Determine whether any : backgrounds known
reactor is present. : ,
"""""""""" (Discovery scenario)

¢ Case 2: KnOWing that one reactor iS S - Knowledge about one of two reactor cycles:

.i.hackgrounds known

operating, determine that a second E

“wmssmssmass

reactor has turned on. R

"::"""""""'"""'"""""""""""'"""""""""'"""'"""""""""'"""""""""""‘!!!!!!H!H:!!:!!!:!:#
E (Discovery scenario)

Knowledge about both reactor cycles:

Verification Scenario: (Project Goal 2)

* Case 3: Confirm operational status |...backgrounds subtracted
with or without prior knowledge e
of both reactor cycles. @ ................. e o
(Verification with or without priors)

Non-proliferation use cases are in development within the collaboration.
These will be further developed in consultation with sponsors and also
with the non-proliferation community.
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- FESA The
. % University
Future IONS L= 8
TS Sheffield.

We are exploring other options for enhanced detection technologies:
Large Area Picosecond Water-based

Photo-Detectors (LAPPDS): Liquid Scintillator (WbLS):

incoming photon

Hydrophilic head

top window -

photocathode (pc) |- pc gap |
mep 1o ffo : -
inter-mcp gap
s AV |
!
Anode readodt .. anode gap

Future goals include enhancing capacity

for non-proliferation as well as science |} i | —

goals like: geoneutrinos, CNO solar v, Ls | 110%] F1% | |, o
2

neutrinoless double-beta decay (0vp), | |wbls, | wbls
and direct detection of dark matter.
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Summary

* After ~20 years of extensive R&D, gadolinium loaded water is in use!

 Many experiments about to adopt to enhance physics reach:
- ANNIE, SK-Gd

* Application of Antineutrino Physics also relevant for security

— Hope to minimize a source of global catastrophic risk
- Defens/ce agencies are very interested, in strong collaboration with universities

 Advanced Instrumentation Testbed is proceeding at Boulby Underground Lab
* Main goal for WATCHMAN is nuclear non-proliferation

- Variants include enclosing photosensors in optical modules, alternative photosensors (e.g., SiPMs),
techniques to increase light collections (e.g., wavelength shifting plates, retro reflectors, Winston cones)

— Options also being explored for alternative target material (e.g., liquid scintillator, WbLS, 4-MU)

 Significant physics potential for WATCHMAN as well:

- Excellent supernova neutrino detector; UK group is currently designing supernova trigger

- With suitable upgrades, WATCHMAN can be used for reactor neutrino physics, CNO-cycle solar neutrinos,
neutrinoless double beta decay, geoneutrinos... and possibly even direct detection of dark matter!
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Thank you for
listening!
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