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The WATCHMAN Collaboration
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Many person-decades of experience in water detector design/construction/operation/physics
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WATCHMAN project nonproliferation goal: for the first time, demonstrate remote
(1-25 km) sensitivity to a reactor with gadolinium doped water

= Aremote reactor monitoring demonstration is The National Nutlear Seéurity Administeation
part of the NNSA Strategic Plan Strategic Plan

May 2011

Program Highlights

Making the world a safer place.

-

= Kiloton scale detector,

= 50 M$ Total Project Cost
= 4 year duration

= 2012: pre-start for site selection and background

U.S. Department of Energy
National Nuclear Security Administration

estimates _____Hieee
= 2014: decision point for full detector, with input
from DOE-SC-HEP celect witiatives
Strengthen Nuckear Safeguards:
A = ByIi3, q:epln-fr!zwmn-dullrxh"m mssEy
= 2016: start of construction e e

e

7 = By BO4E, ummmmmmnh\:ﬁn;-"':l
"~ capabilities for resctor operations. -
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For Water Cerenkov antineutrino sensitivity we need
Gadolinium doping to efficiently detect neutrons in water

Inverse Beta Decay in Theory Inverse Beta Decay >k
in A Detector

s 511 ke
Vet p=¢€"+n Sy ~ 8 MeV
\% p '\
______ A
Gd
Neutron captures in LLNL 7~ 30 s

Gd-H,0O detector Neutron captures in Super

Photo-electrons K-4.3 MeV Evis
0l /T tagged 252Cf source ®E
3 \\ background subtracted :
i ‘
o 0 gl 5
World’s first "w E
Gd'HzO 0 'H \“ ‘
detector @ LLNL 1 Lo 60‘ gl | umno L Ereroy MOV )
0.25 ton Sept 2009
August 2008 Photo-electrons p
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WATCHMAN Phase | - 2012-2014, 2.5 years, “4 MS

Project Goal: demonstrate sensitivity to reactor  First Phase Tasks:
antineutrinos using a gadolinium-doped (light) 1. identify site

water detector at either: 2. design and cost study
» ~1 kilometer from a ~50 MWt reactor, or 3. measure shallow-depth
» ~10 kilometers from a ~3000 MWt reactor. backgrounds :
(major focus but hardly discussed
here) 3

~1 - 10 km standoff
Research or power reactor

300-2000 mwe overburden

Kiloton scale detector
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Antineutrino signal and background in Gd-doped water

Backgrounds:

Signal

511 ke

511 ke
Yy ~ 8 MeV
V p ’\
ge I Vi
n Gd
7~30 s

1. Real antineutrinos

2. Random event pair coincidences

3. Muoninduced high energy neutrons

4. Long-lived (~ 1 sec) radionuclide
decays — hard to veto

n B
(Ioo-z o MeV

* Exactly two Cerenkov flashes
e within ~100 microseconds
 Within a two cubic meter voxel

'‘The antineutrino heartbeat’

fiducial

buffer

w Lawrence Livermore National Laboratory
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Site selection criteria

1. Detect as few as ~1 but no greater than 10 signal events 3. Reactor/overburden choices:
per day. E An existing deep site near a
*  Why the upper limit ? — to familiarize the reactor (preferred)
nonproliferation community with methods that ik

. Greenfield excavation at

provide conclusive limits using low event rates
shallow depth to reduce costs

2. Three sigma detection of the presence of the reactor in

<~1 month.
. For 1 signal event per day, tolerable background is ~2 events i ‘
per day. > p i

~1 - 10 km standoff
Research or power reactor

350-2800 meters overburden

10m

Kiloton scale detector
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Talk about luck: the existing IMB lab is only 13 km from
commercial nuclear reactor

Lake Erie

Fairport
Mine

Perry Reactor

Reactor Location

Perry Ohio

-{Thermal Power

3875 MWt

Detector Location

Morton Salt/IMB mine (!)
Painesville, Ohio

13 km :
= |Standoff 13 km - the only reactor in the / /
' US at a suitable distance from /NS
a deep mine L)
. =|Overburden 1670 mwe
4 i |Approval status Morton Salt has approved
v installation — assuming cost-
i neutral and no disruption to
mining activities
Fresh A ‘ . . . Stainless steel ey 8 | T
L D The IMB cavern in
| ol A . @'T | late 1970's. Used by
A I | DOE HEP from 1960-
i \ 1990 for the IMB
) S T — water detector and
% ﬁ e . | e other smaller
. I —— experiments
I,L Lawrence Livermore National Laboratory i Sandha National Laboratories




Preferred and backup sites based on physics
[ prefered [  Backp |

Reactor Location

PERRY Reactor
Perry Ohio

Advanced Test Reactor, Idaho
Falls, Idaho

Thermal Power (MW1t)

3875

Detector Location

Morton Salt/IMB mine (!)
Painesville, Ohio

New excavation
Idaho National Laboratory

Standoff 13 km - the only reactor in the US at a 1 km
suitable distance from a deep mine
Overburden (mwe) 1670 ~360

Approval status

Morton Salt has approved installation —
assuming cost-neutral and no disruption
to mining activities

INL senior management have
approved excavation studies
— enthusiastic support

Physics potential

Greater physics potential due to greater
depth

w Lawrence Livermore National Laboratory 9
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= 3 kiloton (2 kiloton fiducial)
free-standing water tank
mounted on concrete
foundation in existing IMB
cavern.

= 6000 11" or 5ooo 12" HQE
PMT's mounted around the
surface, giving about 50%
more light collection than SK

= Active Veto

= Compatible with pure water,
water+Gd, or WbLS fill

= pure LS fill would require
acrylic vessel

Watchman Detector

w Lawrence Livermore National Laboratory

Ah| Sandia National Laboratories




Reactor antineutrino signal and background
in WATCHMAN/Perry — preliminary estimates

Detector Fiducial Mass 1000 ton
Reactor Power 3875 MWt
Standoff 13 km
Overburden 1670 meters water equiv.
Efficiency (RMSIM, prelim.) 51% Higher than expected ?
Perry reactor antineutrino rate 12 antineutrino or
Total background (RMSIM, prelim.) ~2 antineutrino-like events

other reactors 0.3 ey

geoantineutrinos O (for pure H20)

PMT dark current Negligible for 1 KHz d.c.

U/Th/K 0.01

muogenic neutrons 1.2

long-lived (~ 1 sec) <1, not yet in MC

radionuclide decays —
Days to 3 sigma detection of ~2 <30 days is our target
change in power (ON/OFF)

@ Lawrence Livermore National Laboratory bl Ah) Sandia National Laboratories




Sum Total Costs

Current Total Project Cost and Rough Schedule

Cost Breakdown

Sub-total Cost K$

$698 , 2% $571,1% IMB Lab

IMB Lab Decommissioning

571

$2,734, 6%
\ | / Decommissioning

$3,923, 8%

|Management

3,923

B Management

Physicist Effort
(Lab/University)

9,848

B Physicist Effort (Lab

|Engineering Design

3,607

and University)

|Procurements

27,266

Engineering Design

|Infrastructure Resources

698

Detector Installation
Resources

2,734

= Procurements

48,645

Infrastructure
Resources

Detector Installation
Resources

Start |

Wed10/1/14

Task Name -

1 IMB Decommissioning 6 mons

2 Mine Infrastructure 12 mons
Installation

3 Physics Design - CD' 1 18 mons
4 Physics Simulation 21 mons
5 Design & Engineering- CD 2 24 mons
& Procurements - long lead 12 mons
7 Procurements 6 mons

8 Detector Cosntruction - CD 3 12 mons
£ Operations 12 mons
10 Management 39 mons

-
|

- |Duration Start

- |Finish [June 11

[October 21 [March 1 [July 11 [November 21 [April 1 [August 11 |December 21 [May 1 [september 11 [lanuany

5/11 [ 7/13 [ 9/14 [11/16[ 1/18 [ 3/22 [ 5/24 [ 7/26 [ 9/27 [11/29[1/31 | 4/3 | /5 | 8/7 [10/9 [12/11] 2/12 | 4/16 [ 6/18 [ 8/20 [10/22[12/24] 2/

wed 10/1/14  Tue 3/17/15
wed 3/18/15 Tue 2/18/16

Wed 10/1/14 Tue 2/16/16
Wed 2/17/16 Tue 9/26/17
Wed 10/1/14 Tue 8/2/16
wed 11/25/15 Tue 10/25/16
wWed 5/11/16 Tue 10/25/16
wWed 10/26/16 Tue 9/26/17
Wed 9/27/17 Tue 8/28/18
wed 10/1/14  Tue 9/26/17

=

:=

2015T 2017T 2018T

t Lawrence Livermore National Laboratory
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How does this relate to other large water
detector R&D worldwide ?

WATCHMAN

Status Ongoing 2021 start (approx.)

Mass (ton) 200 560,000

Type Gd-WCD Pure H20 or Gd-WCD

Purpose Measure background Neutrino oscillations, proton
materials,energy decay, supernovae...
threshold WATCHMAN would

demonstrate Gd option for
HyperK or other future big
detectors

Too small to see reactor
antineutrinos

» ECADS (Evaluating Cadolinium’s Action on ~
10.5 meter e <

Detector Systems)
New dedicated, multi-million dollar test facility
Kamioka mine (near SK) T
Will address all issues of ~ 24250 cMPMTS _ measurement device
the GADZOOKS! principle. l :

Pre-treatment system

el
stel
I X .
. h
Selective water+Gd 200 ton water lanl‘(;"p ic by
; filtration system a (5US304)

A. Kibayas
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Physics - in three possible stages

NNSA-led NNSA/OHEP/NSF OHEP/NSF-led
2014 Pure Gd-H20 | Gd-H20 + 1% Pure scintillator
WATCHMAN- scintillator WATCHMAN -LS
N H,O WATCHMAN-
2016 Ly Natural source WBLS
accelerator
Physics — Supernova Supernova Supernova
2013 2016-2020 Proton Decay | Proton Decay Proton Decay
Reactor 0 Neutrino Mass Neutrino Mass
2020 Hierarchy Hierarchy
Sterile Sterile Sterile Neutrinos
2022 | Accelerator- Neutrinos Neutrinos
based physics | ISODAR beam sFElslM Non-Standard Non-Standard
SR19:2024 0 Interactions Interactions

L Lawrence Livermore National Laboratory

§gpdia National Laboratories




Underground Detectors for Supernova Neutrinos

WATCHMAN | SNO+ | LVD (400) Baksan | Super-K (10%)
400) (400) | Borexino (100) | (100) KamLAND (400)

_ (100}

~50% chance of Type-Il SN occurring before LBNE comes on line.
WATCHMAN would be the only detector in the U.S. to see it.
Also the only WC detector with neutron tagging capability.

NNy re

In brackets events
for a “fiducial SN”
at distance 10 kpc

IceCube (10°)
]



L );g

Isotope decay at rest for

a sensitive sterile .
neutrino search - electron

ISODAR antineutrino

Single beta decay greatly simplifies predicted rates and spectra
compared with reactors

M only a few

1sotopes have
endpoints > 3 MeV,
above environmental
backgrounds that
affect detectors.

0.14
0.12

0.1
0.08

0.06

Fractional Rate / 0.01 MeV

0.04 +

0.02 +

e.g. ~
8Li > ®Be+e +v,

Antineutrino Energy (MeV) Slide adapted from Conrad/ISODAR collab.

—

0 2 4 6 8 10 12 14



You need a compact accelerator — a several year R&D program is underway

Proton beam

< >
. few meters

e md

T 3
AN
| I "-.__:'.u{'
il : a1 _'L: A
el

Requirements of system:

1. Produce a lot of thermal neutrons (e.g. p on Be target)
2. Intensity of flux will require ~ 600 kW

3. If8Liis used (since 1 sec. lifetime) Continuous Wave (CW) is fine.

4. Low energy of antineutrinos = machine needs to be underground.
Therefore we require a small size machine to fit.
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T g
AWV

3 2 _
ke am’= 106V pyre water
. | I I I sin28, = 0.1
- 1 1 IS - - - . t t t t
a 1 2 3 L
L/E (m/Mev)

YL
AW

[ am®= 1.0 eV Light Scintillator
b osin®26e. = 0.1
l}.l!-ﬂ)""I""I""I""I""""""'
o 1 z 3 4

IsoDAR|@ Kamland L/E {m/MeV)

S50 - 3yrs

Sterile Neutrino Search

10

Observed/Predicted

¥

Observed/Predicted

B8 N
. IsoDAR @

Y 5o -3yrs | AN I A
e+ | Pure Scint, light Scint, Pure Water

0.1

0.01 .' - \L MW
Vi NW

You want a convincing shape (L/E) R

analysis, not just rate. 260 = 0.1

1 3 4
L/E (m/MeV)

Observed/Predicted
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Mass Hierarchy measurements
at 13 km (work in progress)

For comparison,

<102 i a plot for JUNO @ 52 km
4500 | . - R LR RS LRRES RARAE MRS LAALE LARAN R
i y 1 W n ]
_ % - 30 NH —
3T //\“‘ 5t =  F \ IH -
oy f .ii;- E > 25:_ f _:
23600 |- ! . |» o8| = - \ 3
‘::u - f & g —i o fr ]
> 3000 |- ! \E- o AF | E
= _. - C -
% / 5 05 |- E 15F ]
n2500 - = = o .
5 / E = i
Ezmo — ; E § 1[]:_ E
é ; !5 o4 = @ 5:_ _:
1500 | = - 3
) i o N .
45' _;jl E {]_| | | palag | | .
L1000 [ = o L 0 1 2 3 4 5 6 T 8 9
[ _[Me
500 - E‘."la[ III'III]
0 e o 0 ] e o
2 3 4 5 2 3 4 5
Meutrine Energy/Mey Neutrino Energy/Mey

Normal and inverted hierarchy, and ratio, WATCHMAN @ 13 km
Infinite statistics, no energy smearing or shifts
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some water detector improvements that
could be tested by WATCHMAN

= Improved PMTs
US domestic production including ADIT PMTs

Large Area Picosecond Photodetectors

High g.e. PMTs
= Enhanced Physics Potential with Gd 100000 - —ere
1 Pure water
Gd recirculati d purification — EGADS ] ure
recirculation and purification 10000 4 —puels
= Enhanced Physics Potential with WBLS 21000 |
= E
1% Water-Based Liquid scintillator will boost light yield > § 100 1
by ~x4
Must show that Gd and WBLS are compatible with recirculation 10 4
. . 1 ] Cs-137@30min
= Improved Light Collection ) i o
PC Channel

Wavelength-shifting film applied to PMT face

Winston cone light collectors

»  Wavelength-shifting plastic plates mounted on PMTs
Plate prototype

, CSU

Pent up demand for this test-bed since the LBNE decision to use Argon

@ Lawrence Livermore National Laboratory 20 Ah) Sandia National Laboratories




Conclusions

= Very large water detectors have potential both for neutrino physics
and the next nonproliferation regime

= WATCHMAN will be a major advance in demonstrating this potential

= A DOE Nonproliferation R&D Agency funding decision on
WATCHMAN construction is anticipated in 2014

= Significant work remains to understand what additional physics
potential WATCHMAN may provide

@ Lawrence Livermore National Laboratory 21 @ Sandia National Laboratories
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Physics from the 1987A Supernova

S . @verage of one citation
or last 26 years —

onIy (/f/7

Most precise I/V
test of weak equive Ofé‘

= Direct neutrino TOF with v /7 Q’
baseline (could be enhanced by
LIGO signal)

Limits on neutrino decay over
10> years

Energy loss to generic "sterile"
particles in Type-Il collapse

Energy [MeV]

|

;:-

Energy [MeV]

I

[4"]
o
IIIIIII_Ill_HllllHIII

|

$

|I||]I|Illllllllllllllllllllll—

llllllllllllllllllllllllll_

=~
o
:
(e}
=
o
B
o
()]

IIJ‘lIII‘JllIlIJIllIII

A

40
30 D
20 ++ D@
10 ¢
O||||||||||||||||||||JI|||

O 2 4 6 8 10 12 1

Time after first event [s]
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Searching for sterile neutrinos

= Reactor and other experiments still leave open the
possibility of a ‘sterile’ neutrino

Dlsngp ruusenrs  PIXAR rus

= Sterile neutrinos

« Do not participate in the weak
Interactions

V.
THE |VCR£IB|.ES

« Might nonetheless oscillate
with weakly interacting
neutrinos

Graphic and analogy courtesy J. Learned

Strong evidence would be to see disapppearance and reappearance
in the parameter L/E — similar to the KamLAND result

I,L Lawrence Livermore National Laboratory 24 Ah) Sandia National Laboratories




An example of a ‘disappearance’ experiment:
measuring 0,5 with reactor antineutrinos

Reactor: v, Generator

The Double Chooz solution:
‘identical’ near and far detectors
cancel
systematic uncertainties in

and

&l

sin®2g,, =0.095+0.01

Global average

L

0.8 r
0.6 -
0.4 r

0.2

v oscillatioh v, Detector
1 - Look for v deficit
7
=
Ve
P v,
v05C|IIat|O||1
= . 'i /_;
— = , g
i 5 |
o, | 5
ST ol
E| | 'E I
2 ! i
! :
! '
! !
Ll . | S T L
10’ 10° 10° 10

L [m] ( {E,) = 3 MeV)




Since 1998, several experiments have
demonstrated that neutrinos oscillate

Oscillation refers to the change in flavor
that occurs as the neutrino/antineutrino
moves through space.

Ve 2V, V, 2 Ve, Ve 2 Ve

Oscillations are parametrized by an angle

Two angles have been measured, using
solar, atmospheric and reactor
neutrinos/antineutrinos

0,,~ 30°

Ve s=— Wu
GB:9§N %%e ~ 45°
- V. 23

New result ! — the final mixing
angle has been measured by
Double Chooz, Daya Bay, RENO

Survival Probability

0.8

0.6

0.4

0.2

IIII"'I"*'+I7"'I"'IIIl

e Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND

—

+ SR
T T TS PN TS NS NS N e
20 30 40 50 60 70 80 90 100
Ly/E, (km/MeV)

Oscillatory behavior demonstrated by
KamLAND using a reactor antineutrino signal

P(7f1, —A,)=sin’2q, (1.27Dm

oscillations mean neutrinos must have mass and don’t have unique helicities

L Lawrence Livermore National Laboratory
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Stellar Collapse and Supernova Explosion

Newborn Neutron Star

Gravitational binding energy
< > 20 km > E, * 3x10°3erg = 17% M, c?

T This shows up as

/ \\ 99% Neutrinos

1% Kinetic energy of explosion
/ \ 0.01% Photons, outshine host galaxy
/ L. 3x10°3erg/ 3 sec

\ / 3% 1019 Ly,

pmto_Neur%./ While it lasts, outshines the entire
3 visible universe

Neutrino luminosity

P Phuc= 3 x101* gcm
T 10 MeV



The Galactic Supernova Rate from
COMPTEL *Ti v-line Observations

L.-S The*, R. Diehl!, D. H. Hartmann*, A.F. Iyudin?,
M. D. Leising*, U. Oberlack®

*Department of Physics and Astronomy, Clemson University, Clemson, SC' 29634-0978, U.S.A.
¥ Mag-Planck Institut fiir extraterrestrische Physik, Postfach 1603, D-85740 Garching, Germany
% Physics Department, Columbia Astrophysics Laboratory, Columbia University, 538 W. 120th
St., New York, NY 10027, U.S.A.

This is considered
one of the most

reliable methods
for estimating SN
rate in our galaxy

%Ti has a half life of 63 years and comes from nucleosynthesis in

Type-lb and Type-Il SN.

Measuring the amount of 4*Ti gives a good estimate of the rate
over the last few 100 years, since gamma rays have much less

attenuation than optical photons.

This gives a rate 1 every 13-17 years, depending

on assumed distribution in galaxy

L




A portable neutrino beam for a sterile
neutrino search
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Three possible configurations

1. Baseline — H20 + 0.1% Gd only

We can probably meet nonproliferation goals with
baseline only

2. H20 +0.1% Gd + 1% Liquid Scintillator

Significantly enhances physics potential compared to
water

3. Pure Liquid Scintillator

 Additional sensitivity, mass hierarchy and
geoantineutrino measurement potential

@ Lawrence Livermore National Laboratory 30 @ Sandia National Laboratories



The DAR beams can be detected via Inverse Beta Decay

1E-39
- Isotopes Pion/muon
NE 1E-40 _E ISO]:)AR /
v SIS
€ -% DAEJSALUS
g 1E-a1y /
2 = —
P n : /
Q 1E-42 | /
1E-43 / —_ . | .
0 10 20 30 40 50 60
<> E, (MeV)
Reactors !

* Scintillator or Gd-doped water detector
* Prompt positron signal followed by neutron capture

* EE'C = E].'JI‘EHII[)[+ 0.78 MeV

Slide adapted from Conrad/ISODAR collab.



Baseline detector design for Perry/IMB

Medium

H,0 doped with 0.1% Gd

Purification

Scaled up EGADS Gd-H20 recirculation system

Construction

Steel Tank outer wall, Inner PMT support Structure

Dimensions Mass (t) Diameter=height (m)
Total 3120 15.8
Fiducial 1000 10.8

Buffer 662 12.8 (1 m thick)
Veto 1458 15.8 (1.5 m thick)

PMT fractional coverage Number of PMTs
Buffer+Fiducial 40% 5430
Veto 4% 543
Total 5972
PMT size 11” (ADIT)
w Lawrence Livermore National Laboratory 32 Sandia National Laboratories



Energy resolution in water and water-based liquid

scintillator

40 [+ ' 1 T

Energy resolution (%)

.
e
a

S| B

| o -purewater option

wbLS (1%) option

30:_‘g ..................... ..................... ..................... ........... |
25:_\ ..................... ..................... ..................... ........... _

20[ o e S — T—

LT

15 _ ....... omges e .................... '4--.

"u
Ny
L '
' ---..... ‘
.....
-

0] . S — — S — —

We would also need to demonstrate recirculation/purification with Gd and LS

@ Lawrence Livermore National Laboratory

33

[

Sandia National Laboratories



Top and side views of the IMB Cavern

Installation

Top view

Side views: z 1

Depicted: PMT hits for an upward-going 6 MeV gamma-ray

RMSIM package, Marc Bergevin, UC Davis
Adapted from LBNE WCSIM GEANT platform

L Lawrence Livermore National Laboratory
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Scenarios for pairing
WATCHMAN with IsoDAR

In all scenarios:

40% PMT coverage
High QE PMTs

10.5 meter

Three variations:
Better event pointing

1) Default — Water w/ Gd doping (v_e scattering)

2) Lightly doped with LS

Better energy resolution

3) Heavily L.S-doped configuration
(osc studies)

Slide adapted from Conrad/ISODAR collab.

@ Sandia National Laboratories
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Long Term, Post-WATCHMAN goal: find or exclude hidden remote~10 MWt reactors

- no doubt about it, a hard problem

Goal Detector mass standoff

10 kiloton ~40 km

16 eventsin 1 year from a 10
MWt reactor (3 kg of Pu) 1 Megaton ~4,00 km

http://arxiv.org/abs/0908.4338
Science & Global Security, 18:127-192, 2010

Gadolinium-doped (light) water
is the most viable option for scaling to
the largest sizes

+ 100 m distance

Sseizers TN = | For now, assume no nearby reactors

Potential use: Exclude the existence of
a small reactor in a wide geographical
region with no other reactors

L Lawrence Livermore National Laboratory 36 Ah) Sandia National Laboratories




Current Water Cerenkov neutrino detectors are large,
but can‘t identify antineutrinos

\Y v, €

= 20 years of use in neutrino detection

Neutrino-electron scattering is detectable e/

e.v

IMB, Kamiokande, Super-Kamiokande, SNO -1000 — 50,000 tons

Above the Cerenkov threshold (v>c/n), the number of emitted photons is
proportional to the incident neutrino energy.

E(e-)., > 250 keV
\ 0 = acos(1l/n) = 42°

‘>/
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