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 A remote reactor monitoring demonstration is 
part of the NNSA Strategic Plan

Program Highlights

 Kiloton scale detector, 

 50 M$ Total Project Cost

 4 year duration

 2012:  pre-start for site selection and background 
estimates 

 2014:  decision point for full detector, with input 
from DOE-SC-HEP

 2016: start of construction

3
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e+ p = e+ + n

Inverse Beta Decay in Theory

World’s first

Gd-H2O 

detector @ LLNL

0.25 ton

Neutron captures in Super-

K - 4.3 MeV Evis
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background subtracted 
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Project Goal: demonstrate sensitivity to reactor 
antineutrinos using a gadolinium-doped (light) 
water detector at either: 

 ~1 kilometer from a ~50 MWt reactor, or

 ~10 kilometers from a ~3000 MWt reactor. 

First Phase Tasks:
1. identify site

2. design and cost study

3. measure shallow-depth 

backgrounds

(major focus but hardly discussed 

here)

Kiloton scale  detector

Research or power reactor// ~1 - 10 km standoff

300-2000 mwe overburden
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Backgrounds:
1. Real antineutrinos 
2. Random event pair coincidences
3. Muon induced high energy neutrons
4. Long-lived (~ 1 sec) radionuclide 

decays – hard to veto

n 
(100-200 MeV)

n

n

m

m

9Li
b

Signal

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

‘The antineutrino heartbeat’
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1. Detect as few as ~1 but no greater than 10 signal events 
per day. 
• Why the upper limit ? – to familiarize the 

nonproliferation community with methods that  
provide conclusive limits using low event rates  

2. Three sigma detection of the presence of the reactor in 
<~1 month.

• For 1 signal event per day, tolerable background is ~2 events 
per day.

Kiloton scale  detector

Research or power reactor// ~1 - 10 km standoff

350-2800 meters overburden

3. Reactor/overburden choices: 
• An existing deep site near a 

reactor (preferred) 
or:

• Greenfield excavation at 
shallow depth to reduce costs

7
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Reactor Location Perry Ohio

Thermal Power 3875 MWt

Detector Location Morton Salt/IMB mine (!)
Painesville, Ohio

Standoff 13 km - the only reactor in the 
US at a suitable distance from 

a deep mine 
Overburden 1670 mwe

Approval status Morton Salt has approved 
installation – assuming cost-
neutral and no disruption to 

mining activities

The IMB cavern in 

late 1970's. Used by 

DOE HEP from 1960-

1990 for the IMB 

water detector and 

other smaller 

experiments
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Preferred Backup

Reactor Location PERRY Reactor
Perry Ohio

Advanced Test Reactor, Idaho 
Falls, Idaho

Thermal Power (MWt) 3875 120

Detector Location Morton Salt/IMB mine (!)
Painesville, Ohio

New excavation
Idaho National Laboratory

Standoff 13 km - the only reactor in the US at a 
suitable distance from a deep mine 

1 km 

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
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 3 kiloton (1 kiloton fiducial) 

free-standing water tank 
mounted on concrete 
foundation in existing IMB 
cavern.

 6000 11" or 5000 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
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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
antineutrino-like events

per day
Total background (RMSIM,prelim.) ~2

other reactors 0.3

geoantineutrinos 0 (for pure H2O)

PMT dark current Negligible for 1 KHz d.c.

U/Th/K 0.01

muogenic neutrons 1.2

long-lived (~ 1 sec) 
radionuclide decays –

<1, not yet in MC

Days to 3 sigma detection of 
change in power  (ON/OFF)

~2 <30 days is our target
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Sub-total Cost K$ 

IMB Lab Decommissioning 571 

Management 3,923 

Physicist Effort 
(Lab/University)

9,848 

Engineering Design 3,607 

Procurements 27,266 

Infrastructure Resources 698 

Detector Installation 
Resources

2,734 

48,645 

Sum Total Costs

2015 2016 2017 2018

$571 , 1%

$3,923 , 8%

$9,848 , 20%

$3,607 , 
7%

$27,266 , 56%

$698 , 2% $2,734 , 6%

Cost Breakdown

IMB Lab 
Decommissioning 

Management

Physicist Effort (Lab 
and University)

Engineering Design

Procurements

Infrastructure 
Resources

Detector Installation 
Resources
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Detector EGADS WATCHMAN Hyper-K

Status Ongoing 2016 start 2021 start (approx.)

Mass (ton) 200 1,000 - 10,000 560,000 

Type Gd-WCD Gd-WCD Pure H2O or Gd-WCD

Purpose Measure background 
materials,energy
threshold
Too small to see reactor 
antineutrinos

Remotely  detect 
reactor
antineutrinos –
beam and reactor 
physics potential

Neutrino oscillations, proton 
decay, supernovae…  
WATCHMAN would 
demonstrate Gd option for 
HyperK or other future big
detectors

13
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Non-
accelerator 

Physics –
2016-2020

Natural source

Pure Gd-H2O
WATCHMAN-

H2O

Gd-H2O + 1%
scintillator

WATCHMAN-
WBLS

Pure scintillator
WATCHMAN -LS

Supernova Supernova Supernova 

Proton Decay Proton Decay Proton Decay

Reactor Neutrino Mass 
Hierarchy

Neutrino Mass 
Hierarchy

Neutrino Mass 
Hierarchy

Accelerator-
based physics 

2019-2024
ISODAR beam

Sterile
Neutrinos

Sterile 
Neutrinos

Sterile Neutrinos

Non-Standard 
Interactions

Non-Standard 
Interactions

Non-Standard 
Interactions
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2016

2018

2020

2022
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NNSA-led NNSA/OHEP/NSF OHEP/NSF-led



Georg Raffelt, MPI Physics, Munich ISOUPS, Asilomar, 24–27 May 2013

Super-K (104)
KamLAND (400)

WATCHMAN
(400)

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

LVD (400)
Borexino (100)

IceCube (106)

Baksan
(100)

SNO+
(400)

Daya Bay
(100)

~50% chance of Type-II 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.
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(ISODAR)

Single beta decay greatly simplifies predicted rates and spectra

compared with reactors 

Slide  adapted from Conrad/ISODAR collab.

Isotope decay at rest for 

a sensitive sterile 

neutrino search -

ISODAR
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You need a compact accelerator – a several year R&D program is underway 
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Normal and inverted hierarchy, and ratio, WATCHMAN @ 13 km

infinite statistics, no energy smearing or shifts

For comparison, 

a plot for JUNO @ 52 km
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 Improved PMTs

• US domestic production including ADIT PMTs 

• Large Area Picosecond Photodetectors

• High q.e. PMTs

 Enhanced Physics Potential with Gd

• Gd recirculation and purification – EGADS

 Enhanced Physics Potential with WBLS

• 1% Water-Based Liquid scintillator will boost light yield 
by ~x4 

• Must show that Gd and WBLS are compatible with recirculation

 Improved Light Collection

• Wavelength-shifting film applied to PMT face

• Winston cone light collectors

• Wavelength-shifting plastic plates mounted on PMTs

LAPPD prototype ANL/UC

Plate prototype

, CSU

20

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

21
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 SN1987A, average of one citation 
every ten days for last 26 years –
only 20 events total!

 Most precise straightforward 
test of weak equivalence

 Direct neutrino TOF with 105 LY 
baseline (could be enhanced by 
LIGO signal)

 Limits on neutrino decay over 
105 years

 Energy loss to generic "sterile" 
particles in Type-II collapse

R.Svoboda, 21 October 2013 23
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 Reactor and other experiments still leave open the 
possibility of a ‘sterile’ neutrino

 Sterile neutrinos 

• Do not participate in the weak
interactions

• Might nonetheless oscillate
with weakly interacting 
neutrinos

24

e

msterile
t

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 



An example of a ‘disappearance’ experiment:
measuring 13 with reactor antineutrinos
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Signal

Signal

 oscillation

 oscillation


e

Look for deficit

sin2 2q13 = 0.095±0.01

The Double Chooz solution:

‘identical’ near and far detectors 

cancel 

systematic uncertainties in 
flux and detector response.  

Global average
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Oscillation refers to the change in flavor 

that occurs as the neutrino/antineutrino 

moves through space. 

e  μ ,              μ  
,              e  



Oscillations are parametrized by an angle 

Two angles have been measured, using 

solar, atmospheric and reactor 

neutrinos/antineutrinos

12 ~ 30°

23 ~ 45°13 = 9°

Oscillatory behavior demonstrated by 

KamLAND using a reactor antineutrino signal

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

P(ne®ne ) = sin2 2q1x (1.27Dm2 L

E
)New result ! – the final mixing 

angle has been measured  by 

Double Chooz, Daya Bay, RENO
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Newborn Neutron Star

Proto-Neutron Star

r rnuc = 3 1014 g cm-3

T 10 MeV

Neutrino

cooling by

diffusion

Gravitational binding energy

Eb  3  1053 erg   17% MSUN c
2

This shows up as  
99%     Neutrinos

1%     Kinetic energy of explosion
0.01%   Photons, outshine host galaxy

Neutrino luminosity

L 3  1053 erg / 3 sec
3  1019 LSUN

While it lasts, outshines the entire
visible universe
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44Ti has a half life of 63 years and comes from nucleosynthesis in 
Type-Ib and Type-II SN. 

Measuring  the amount of 44Ti 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

This is considered
one of the most 
reliable methods
for estimating SN
rate in our galaxy
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1. Baseline – H2O + 0.1% Gd only  

• We can probably meet nonproliferation goals with 

baseline only

2. H2O +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 

30
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Medium H2O doped with 0.1% Gd

Purification Scaled up EGADS Gd-H2O 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)
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We would also need to demonstrate recirculation/purification with Gd and LS
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RMSIM package, Marc Bergevin, UC Davis

Adapted from LBNE WCSIM GEANT platform

Depicted: PMT hits for an upward-going 6 MeV gamma-ray
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Slide  adapted from Conrad/ISODAR collab.
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Goal Detector mass standoff

16 events in 1 year from a 10 
MWt reactor (3 kg of Pu)

10 kiloton ~40 km

1 Megaton ~400 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

For now, assume no nearby reactors

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

36
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 20 years of use in neutrino detection

 Neutrino-electron scattering is detectable

 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.

=acos(1/n) = 42o

E(e-)kin > 250 keV

e-
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