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!  My charge from the organisers: describe the “challenges 
performing a rate+shape neutrino measurement with an 
above ground detector, applied to reactor safeguards” 

!  The monitoring capabilities we seek to develop 

!  The primary challenge: cosmogenic background 

!  A brief review of aboveground detection concepts, some 
current projects, and the challenges they face 

!  Outlook and Conclusions 
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!  A wide range of monitoring capabilities are possible using reactor 
antineutrino detection 

!  With increasing capability comes greater system complexity and 
requirements on Signal:Background 
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4.2. SONGS1  

The SONGS1 detector operated at the San Onofre Generating Station (SONGS) from 
late 2003 until 2007. The express purpose of this detector was to demonstrate the 
feasibility of antineutrino detection in the context of IAEA safeguards.  

The SONGS1 detector comprised an approximately 
cubic meter central target, containing 0.64 tons of 
gadolinium (Gd) loaded liquid scintillator within 
four stainless steel cells. Each cell was read out by 
two 8-inch Photomultiplier Tubes (PMTs). As seen 
in Figure 1, a six-sided water/polyethylene shield 
of average 0.5 m thickness was used for passive 
shielding of neutrons and gamma-rays, and a 5-
sided muon detector was used for tagging and 
vetoing muon-related backgrounds. A total of 28 
PMTs were used to read out both the muon veto 

and the central detector.  

The detector was deployed in the Unit 2 ‘tendon gallery’, an annular room that lies 
directly under the containment dome. The gallery is 25 meters from the reactor core 
center, is rarely accessed by plant personnel, and provides a muon-screening effect of 
some 20-30 mwe (metres water equivalent) earth and concrete overburden.  

The SONGS1 detector demonstrated that stable long-term unattended operation was 
possible using a simple, low-channel count detector. With a detected signal rate of 
about 400 reactor antineutrinos per day when the SONGS Unit 2 was at full power, this 
detector had a detection efficiency of about 10%. Near real-time sensitivity to reactor 
outages was demonstrated. In addition, as shown in Figure 2, SONGS1 demonstrated 
the ability to monitor reactor power levels to better than 3% and sensitivity to fissile 
content.12,13. In this case, the sensitivity to fissile content was only extracted through 
the change in the overall event rate due to the fuel evolution, which could be as much 
as 12%. With this method, the amount of 239Pu being produced or removed from a 
reactor could be constrained to the 100 kg level.14  

 
Figure 2: Results from SONGS 1. The daily average antineutrino rate (left) shows clear 

correlation to the reactor power setting while the monthly antineutrino rate (right) shows the 

evolution due to changes in the fissile content from burn up. 
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Figure 1: Schematic of the SONGS1  

detector. 
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detector. 
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FIG. 2. In the upper panel, data points show the event
rate spectrum obtained in a 90 day data taking period for a
core of average age of 45 days. The error bars indicate the
statistical error in each bin. The blue line indicates the corre-
sponding expected event rate spectrum for a core of average
age of 315 days. The lower panel shows the di↵erence in event
rates between the 45 day core and the 315 day core and the
corresponding statistical error bars.

In Fig. 2 we show the resulting event rate spectrum
for a core of 45 day average age (data points with statis-
tical error bars) and for comparison the expected event
rates for a core of 315 days of age (blue line). Clearly,
the older core has a much softer antineutrino spectrum,
which is because of the much higher plutonium content as
fission of plutonium produces a softer antineutrino spec-
trum. The di↵erence in �2 between the two cores is 30.8
units corresponding to about 7 kg di↵erence in plutonium
content. The visibility of this e↵ect does not rely on ex-
tremely good energy resolution since the spectral feature
is essential bi-modal: below about 4MeV the rate goes
up and above it goes down.

The quantitative results of our IR-40 analysis in terms
of plutonium content are shown in Fig. 3, where the ver-
tical axis shows the amount of plutonium in the reactor
core as a function of time. The blue curve shows the
evolution of plutonium content assuming that no unde-
clared refueling has taken place, whereas the orange curve
assumes that the previously irradiated core, containing
8 kg of plutonium, was replaced with a fresh core after
270 days of irradation. Here, 270 days was chosen since
according to Willig et al. the content of plutonium-239
drops to 93% after 270 days and thus 270 days represents
the longest operational period that still yields weapon-
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FIG. 3. Shown is the 1� accuracy for the determination
of the plutonium content of the reactor as a function of time
in the reactor cycle. The data taking period is 90 days each.
Dashed error bars indicate the accuracy from a fit to the plu-
tonium fission rate fPu, whereas the solid error bars show
the result of a fit constrained by a burn-up model. The blue
line indicates operation without refueling and the orange line
indicates operation with a refueling after 270 days.

grade plutonium5. Within the first 90 days of the puta-
tive IR-40 shutdown the two cases would be distinguished
unequivocally by analyzing the antineutrino monitoring
data. Even partial core refuelings corresponding to as lit-
tle as 1.9 kg of removed plutonium could be detected at
90% confidence level. Alternatively, a full core refueling
would be detected within about 7 days at 90% confidence
level.
If the IR-40 remains shut down after the loss of con-

tinuity of knowledge, the antineutrino detector still of-
fers a method to assess the core state by measuring the
antineutrino emissions from the long-lived fission frag-
ment isotopes: strontium-90 with a half-life of 28.9 y,
ruthenium-106 with a half-life of 372 d, and cerium-144
with a half-life of 285 d. In the decay chains of these three
isotopes, antineutrinos are emitted with su�cient energy
to be detected by a standard antineutrino detector using
inverse beta-decay. These long-lived fission fragment iso-
topes have direct fission yields in the percent range and
thus their abundance is large and directly proportional to
the burn-up of the fuel. By measuring these antineutrino
emissions it could be possible to assess the approximate
fuel burn-up and plutonium content, and to determine
whether a major removal of spent fuel had taken place.
The measured antineutrino rates from these fission

products would be much smaller than the antineutrino
measurement rates during reactor operation. In Ref. [5]
we estimated (based on data from [9]) that there will be

5 Even lower grade plutonium can be (and has been) used to make
nuclear explosives and 93% does not constitute a sharp boundary.
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Short-term rate Long-term rate Rate + shape ratio Rate + detailed shape 

[Ber05]  [Bow06]  
[Chr14]  

Verify  
Operational  

Status 

Constrain 
Operational 
Parameters 

Estimate fissile 
inventory 

Improved fissile 
inventory estimate? 
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!  This community has long recognized that aboveground deployment would enable 
much greater portability and versatility. Important recent studies assume this mode. 

 
 

[Chr14]  

LLNL

Testing the Idea at a Reactor Site

20 meter overburden 
suppresses muons by x5

25 meters standoff from core A crack team of 
investigators

[Ber05] 

0-5 mwe 

Lawrence Livermore National Laboratory 

D. Reyna 3 August 2010 12

Final Deployment at SONGS 
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ANGRA:ANGRA:

  
conteiner: 1st laboratory in Angra23/09/2008

NEUTRINOS ANGRA Project

[Kem10]  

 10-30 mwe 

[Las10] 

[IAE08]  

Much effort focused on 
developing an 
aboveground, or at least 
near-surface, capability 
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!  At the surface detectors experience all 
components of the cosmic ray flux"

and muons, that propagate down to sea-level. The CRY Cosmic Ray Generator

simulation package [20] is a tool to help understand the relative rates of these events.

This package generates showers that can be imported into MCNP or another particle

transport code to simulate a detector’s response.

Figure 7.1 shows the produced spectra for neutrons, protons, gammas, and

muons generated by showers in the CRY package. The normalization is based upon

a total surface area of 50 cm ⇥ 50 cm, which mimics the top surface of FaNS-2. No

particle transport has been done here; the energies of each particle type have simply

been tallied.
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Figure 7.1: The spectra of cosmic-ray induced particles incident on a 50 cm ⇥
50 cm area at sea level. Note that at energies above 1 GeV, there are roughly equal
numbers of neutrons, protons, and gammas.
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!  In particular correlated background from: 
•  Hadronic component of cosmic flux"
•  Secondaries produced in the detector and its surroundings"
•  Of course, accidentals must also be controlled"

Multiple secondary 
neutron capture"

"

"
"
 n 

τ cap n 

Primary or secondary 
neutron recoil, capture"

"

"
"
 

n τ cap 

Inverse beta decay"
"

"

"
"
 
 n 

νe p 
e+ 
τ cap 

Any other e- like deposition + 
correlated neutron capture"

"
"
"

"
"
 n 

τ cap 

γ, µ, e-, … 
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!  Cosmogenic background rates simply overwhelm “conventional” 
detector designs"

Joyo deployment data and MC prediction 
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Neutrino event selection1 
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Paraffin block 

(5cm thickness) Lead(0.6cm) 

Lead(5cm) 

Plastic scintillator 

(Cosmic veto) 

Light shield 

N2 purge 

(for PSD) 

Acrylic sphere 

(1.2mΦ) 

Gd LS 

0.05%Gd LS : 10%BC521+15%PC+75%isoParaffin oil, 900L 

Cosmic veto counters : cover top hemisphere of Acrylic sphere  

                                     coincidence each, 2kHz(100µs veto) 

8“PMT 

8”PMT’s : R5912,16 PMT’s(10%), covered each by µ-metall 

2.5m 

2
.0

m
 

Setup in JOYO site 

(before all selections!) 
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Prompt energy spectrum after neutrino event selections 

  

€ 

4.5 ≤ Eprompt ≤12MeV

4.5 ≤ Edelayed ≤11MeV

2.5 ≤ Δt ≤ 60µs

0.5 ≤ CBprompt ≤1.4

0.5 ≤ CBdelayed ≤1.4

−100 ≤ φprompt ≤100


−100 ≤ φdelayed ≤100


● Data 

■ MC 

We designed a new detector for next experiment and 

evaluated the detector by MC study based on knowledge 

acquired by JOYO measurement. 

→ Next slide 
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Topological (TOP): Use spatial 
pattern of e+, NC, and/or IBD in 
position sensitive detector (**) "

"

"
"
 n 

"
"
"
"
"

"
"
 n 

n 
"
"
"

"
"
 n 

γ, µ, e-, … 

Insensitivity: exploit Cerenkov 
emission threshold dependence 
on particle mass "

"

"
"
 n 
"
"
"
"
"

"
"
 n 

n 
Neutron Capture Pulse Shape 
Discrimination (NC-PSD): 
explicitly reject multiple NC"

Fast Neutron PSD (FN-PSD): 
explicitly reject recoil, capture  "

"

"
"
 n 

Veto/Fiducializaton (VETO): 
Use outer active layer(s) to 
isolate “signal” region "

"

"
"
 n 

"
"
"
"
"

"
"
 n 

n 
"
"
"

"
"
 n 

γ, µ, e-, … 

Pro" Con   (*)"

Simple,  
Effective 
for bkg 
class 

Narrow rejection  
capability 

Effective 
for bkg 
class 

Increased 
complexity; 
stronger rejection 
" reduced signal  
efficiency; 
constrains  
material selection 
 

Increased 
deadtime, 
complexity; 
decreases active 
volume/footprint 

(**) Ps detection is temporal variation 

Potentially 
broad 
capability 

Increased 
complexity;     
stronger rejection 
" reduced signal  
efficiency 

Potentially 
broad 
capability 

(*) Broad generalisations  
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!  Depend on topology of Gd shower and e+ annihilation gammas to 
distinguish signal from background 

!  In PANDA realization, this results in large efficiency penalty in 
aboveground environment 

!  Inhomogeneous geometries result in additional efficiency penalty 

!  Residual correlated backgrounds very troublesome in detailed 
reports currently available 

!  Finer segmentation may help, but at expense of reduced resolution 
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TOP 
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E

Liverpool system

• Highly segmented detector

• 3000 electronics channels

• leverage on many man-hours 
development for T2K

• FPGA/ASIC based 
electronics

• built-in muon veto

• Detector construction 
completed   

4

PS+ light guide and WLS fibre 
system

solid state photon 
detector (MPPC)

dedicated front-end 
electronics

Saturday, 2 November 13

[Vac13]  
PANDA 

Liverpool 

6

Neutron Detection Using Cf-252 

*IntegratedTDCCharge = sum of all charges above a 
given threshold 

•  Already good PID using raw data 
•  No calibration 
•  Little threshold optimisation 
•  No reconstruction 

Hydrogen captures give 2.2 
MeV gamma (EM) signal 

PRELIMINARY 

Saturday, 2 November 13
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!  Use LiZnS for NC-PID and topology for all other rejections 

!  Inhomogeneous geometries result in efficiency penalty; 
optical readout systems reduce resolution 

!  Need for topological selection reduces efficiency; finer 3D 
segmentation improves efficiency but further reduces 
resolution 

!  Good accidental & correlated reductions – next results on 
background rates awaited! 

[Rey11]  

TOP 

[Vac13]  
Segmented Scintillator 

Detector 
Solid/Mars 

"
"
"
"
"

"
"
 n 

n NC-PSD 
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Particle Identification (PID) 

Positron Identification through Topology 
  Positrons are rare in nature 

•  Deposit most of their kinetic energy very 
quickly through standard ionization losses 

  Positrons will annihilate into two back-to-back 
511 keV gammas 
•  Very distinctive signature 
•  Gammas will travel ~2-5” through most 

scintillators 

e+ 

n 

Liquid or Plastic  
scintillator 

Neutron identification through Pulse Shape Discrimination (PSD) 

Liquid Cell Plastic Cell 

11

Anti-neutrino event

e+
n
γ

Saturday, 2 November 13

Detector response

• Calibrated energy response 
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[Lun06]  
Beehive 
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First Analysis of Reactor Off Data 

  Detector Performance looks good 
•  Lab measurements of detector efficiencies 

look reasonable compared to simulation 
  N-capture efficiency of 18% 
  Positron efficiency 2—87%  

  Background rates are reasonable  
•  2 – 4 orders of magnitude rejection 
•  2 methods of analysis agree 

  Additional information provided by 
PID allows for independent 
extraction of uncorrelated rates 

•  30% of correlated events come from Gd 
capture in the water detector 

  Can be eliminated through analysis cuts 

  Based on expected νe signal, could get a 
3 sigma detection in 4 – 6 weeks 
•  Expect 1 – 37 ev/day  

  Very encouraged by performance 

Only Neutron PID 
1,830 ev/day 

Max PID info 
23 ev/day 

No PID 
225,200 ev/day 
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  Can be eliminated through analysis cuts 

  Based on expected νe signal, could get a 
3 sigma detection in 4 – 6 weeks 
•  Expect 1 – 37 ev/day  

  Very encouraged by performance 

Only Neutron PID 
1,830 ev/day 

Max PID info 
23 ev/day 

No PID 
225,200 ev/day 
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!  Rely primarily on PSD selections 

!  Topology and perhaps veto/fidulization for residual EM 
correlated backgrounds 

!  This approach is relatively complex, but will provide detailed 
information about background generation mechanisms and 
great scope for mitigation 
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Figure 5.15: The FaNS-2 detector, as drawn in SolidWorks CAD.

139

!  Cosmic ray fluxes vary with atmospheric conditions (as 
noted yesterday) and with solar cycle: 

!  e.g. fast neutron data from FANS-2 capture gated 
spectrometer [Lan13] PS +  
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100

90

80

70

60

 N
eu

tr
on

 M
on

ito
r R

at
e 

(n
/s

)

3/16/13 3/21/13 3/26/13 3/31/13 4/5/13 4/10/13
Date

1050

1040

1030

1020

1010

1000

Barom
etric Pressure (m

b)

1050

1040

1030

1020

1010

1000

Barom
etric Pressure (m

b)

3/16/13 3/21/13 3/26/13 3/31/13 4/5/13 4/10/13
Date

0.70

0.65

0.60

0.55

0.50

0.45

0.40

Fa
NS

-2
 C

ou
nt

 R
at

e 
(n

/s
)

Figure 7.10: Top: The recorded neutron rate (red) and barometric pressure (blue)
from the NMDB station in Newark, DE [166]. Bottom: The post-background sub-
traction FaNS-2 neutron count rate (red) and external barometric pressure (blue)
as functions of time.
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Raw neutron rate 

Pressure corrected rate 

!  Must understand relationship with correlated 
backgrounds and develop monitoring/
correction schemes 

!  Simple reactor-off subtraction not sufficient 

~20% 
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4.2. SONGS1  

The SONGS1 detector operated at the San Onofre Generating Station (SONGS) from 
late 2003 until 2007. The express purpose of this detector was to demonstrate the 
feasibility of antineutrino detection in the context of IAEA safeguards.  

The SONGS1 detector comprised an approximately 
cubic meter central target, containing 0.64 tons of 
gadolinium (Gd) loaded liquid scintillator within 
four stainless steel cells. Each cell was read out by 
two 8-inch Photomultiplier Tubes (PMTs). As seen 
in Figure 1, a six-sided water/polyethylene shield 
of average 0.5 m thickness was used for passive 
shielding of neutrons and gamma-rays, and a 5-
sided muon detector was used for tagging and 
vetoing muon-related backgrounds. A total of 28 
PMTs were used to read out both the muon veto 

and the central detector.  

The detector was deployed in the Unit 2 ‘tendon gallery’, an annular room that lies 
directly under the containment dome. The gallery is 25 meters from the reactor core 
center, is rarely accessed by plant personnel, and provides a muon-screening effect of 
some 20-30 mwe (metres water equivalent) earth and concrete overburden.  

The SONGS1 detector demonstrated that stable long-term unattended operation was 
possible using a simple, low-channel count detector. With a detected signal rate of 
about 400 reactor antineutrinos per day when the SONGS Unit 2 was at full power, this 
detector had a detection efficiency of about 10%. Near real-time sensitivity to reactor 
outages was demonstrated. In addition, as shown in Figure 2, SONGS1 demonstrated 
the ability to monitor reactor power levels to better than 3% and sensitivity to fissile 
content.12,13. In this case, the sensitivity to fissile content was only extracted through 
the change in the overall event rate due to the fuel evolution, which could be as much 
as 12%. With this method, the amount of 239Pu being produced or removed from a 
reactor could be constrained to the 100 kg level.14  

 
Figure 2: Results from SONGS 1. The daily average antineutrino rate (left) shows clear 

correlation to the reactor power setting while the monthly antineutrino rate (right) shows the 

evolution due to changes in the fissile content from burn up. 
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detector had a detection efficiency of about 10%. Near real-time sensitivity to reactor 
outages was demonstrated. In addition, as shown in Figure 2, SONGS1 demonstrated 
the ability to monitor reactor power levels to better than 3% and sensitivity to fissile 
content.12,13. In this case, the sensitivity to fissile content was only extracted through 
the change in the overall event rate due to the fuel evolution, which could be as much 
as 12%. With this method, the amount of 239Pu being produced or removed from a 
reactor could be constrained to the 100 kg level.14  
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correlation to the reactor power setting while the monthly antineutrino rate (right) shows the 

evolution due to changes in the fissile content from burn up. 
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FIG. 2. In the upper panel, data points show the event
rate spectrum obtained in a 90 day data taking period for a
core of average age of 45 days. The error bars indicate the
statistical error in each bin. The blue line indicates the corre-
sponding expected event rate spectrum for a core of average
age of 315 days. The lower panel shows the di↵erence in event
rates between the 45 day core and the 315 day core and the
corresponding statistical error bars.

In Fig. 2 we show the resulting event rate spectrum
for a core of 45 day average age (data points with statis-
tical error bars) and for comparison the expected event
rates for a core of 315 days of age (blue line). Clearly,
the older core has a much softer antineutrino spectrum,
which is because of the much higher plutonium content as
fission of plutonium produces a softer antineutrino spec-
trum. The di↵erence in �2 between the two cores is 30.8
units corresponding to about 7 kg di↵erence in plutonium
content. The visibility of this e↵ect does not rely on ex-
tremely good energy resolution since the spectral feature
is essential bi-modal: below about 4MeV the rate goes
up and above it goes down.

The quantitative results of our IR-40 analysis in terms
of plutonium content are shown in Fig. 3, where the ver-
tical axis shows the amount of plutonium in the reactor
core as a function of time. The blue curve shows the
evolution of plutonium content assuming that no unde-
clared refueling has taken place, whereas the orange curve
assumes that the previously irradiated core, containing
8 kg of plutonium, was replaced with a fresh core after
270 days of irradation. Here, 270 days was chosen since
according to Willig et al. the content of plutonium-239
drops to 93% after 270 days and thus 270 days represents
the longest operational period that still yields weapon-
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FIG. 3. Shown is the 1� accuracy for the determination
of the plutonium content of the reactor as a function of time
in the reactor cycle. The data taking period is 90 days each.
Dashed error bars indicate the accuracy from a fit to the plu-
tonium fission rate fPu, whereas the solid error bars show
the result of a fit constrained by a burn-up model. The blue
line indicates operation without refueling and the orange line
indicates operation with a refueling after 270 days.

grade plutonium5. Within the first 90 days of the puta-
tive IR-40 shutdown the two cases would be distinguished
unequivocally by analyzing the antineutrino monitoring
data. Even partial core refuelings corresponding to as lit-
tle as 1.9 kg of removed plutonium could be detected at
90% confidence level. Alternatively, a full core refueling
would be detected within about 7 days at 90% confidence
level.
If the IR-40 remains shut down after the loss of con-

tinuity of knowledge, the antineutrino detector still of-
fers a method to assess the core state by measuring the
antineutrino emissions from the long-lived fission frag-
ment isotopes: strontium-90 with a half-life of 28.9 y,
ruthenium-106 with a half-life of 372 d, and cerium-144
with a half-life of 285 d. In the decay chains of these three
isotopes, antineutrinos are emitted with su�cient energy
to be detected by a standard antineutrino detector using
inverse beta-decay. These long-lived fission fragment iso-
topes have direct fission yields in the percent range and
thus their abundance is large and directly proportional to
the burn-up of the fuel. By measuring these antineutrino
emissions it could be possible to assess the approximate
fuel burn-up and plutonium content, and to determine
whether a major removal of spent fuel had taken place.
The measured antineutrino rates from these fission

products would be much smaller than the antineutrino
measurement rates during reactor operation. In Ref. [5]
we estimated (based on data from [9]) that there will be

5 Even lower grade plutonium can be (and has been) used to make
nuclear explosives and 93% does not constitute a sharp boundary.
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Short-term rate Long-term rate Rate + shape ratio Rate + detailed shape 

[Ber05]  [Bow06]  
[Chr14]  

?? 

The signal:background value and understanding that the various 
realizations achieve will ultimately determine their capability 

Lawrence Livermore National Laboratory 

Second Try: PID with Segmented 
Scintillator Detector 

  Individual Segments contain organic 
scintillator with ZnS:Ag/6LiF screens 
on outer surface 
•  3 cells with Plastic scintillator 
•  1 cell with Liquid scintillator 

  Use of ZnS:Ag with 6LiF allows 
identification of neutron capture 
•  ZnS:Ag is sensitive to alpha from n-

capture on Li 
•  Very slow scintillator time constant 

(~100ns) allows pulse shape 
discrimination to separate n-capture 
from γ events 

  With Liquid Scintillator, proton recoils 
are also easily identified 
•  Allows a comparison to test need for 

additional rejection 
  Ultimate design would be for 16 cells 

but this 4-cell prototype was sufficient 
for first testing 

[Rey11]  
11

Anti-neutrino event

e+
n
γ

Saturday, 2 November 13

[Vac13]  

[Joc14]  

[Bow14]  
[Oug13]  

Liverpool system

• Highly segmented detector

• 3000 electronics channels

• leverage on many man-hours 
development for T2K

• FPGA/ASIC based 
electronics

• built-in muon veto

• Detector construction 
completed   

4

PS+ light guide and WLS fibre 
system

solid state photon 
detector (MPPC)

dedicated front-end 
electronics

Saturday, 2 November 13

[Vac13]  
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Gd loaded detector setup 

2010.%Aug.%5th�
Study%of%the%Plas6c%Scin6llator%based%

Reactor%Neutrino%Detector� 	�

Source�

Gd%loaded%plas6c%scin6llator�

22 cm�
6 cmφ$Cosmic ray VETO�

Lead blocks 
 Natural radiation protection 

Boron loaded Polyethylene blocks 
 Natural environmental neutron protection 

2%inch%PMTs�

Sample%is%produced%by%
“Kuraray%(JP%company)”%
Gd%doping%:%0.1%%/w%

Boron loaded  
polyethylene blocks�
Lead blocks�

6 cmφ$ 16 cm�

Bench test setup�

Reference : no-doping scintillator �

!  Detailed interpretation of data from ongoing 
projects will inform design refinements 

!  PSD plastics, once available in large sizes and 
at reasonable cost, will be ideal for several of 
the concepts currently under development  

!  Doped plastics (Gd and 6Li) will offer increased 
neutron capture efficiency and reduce (γ,n-
capture) correlated backgrounds 

!  ….looking to the far future, liquid organic TPCs 
would provide the ultimate in topological 
background reduction if realized… 

  

Background Rejection via Tracking

● Image the interaction (3D)

● Identify positron  

– Single track and 
annihilation gamma rays

● Gamma rays from neutron 
capture

● Detect first proton recoil

Particle ID
Alphas and Proton recoils are point-like
Betas are isolated single tracks
Gammas produce multiple interactions

A positron is an isolated single track with 
multiple deposits from the two 511 keV 
gamma rays

[Daw14]  

[Oug13]  
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!  This community has long recognized the value of aboveground antineutrino 
detector deployment for reactor monitoring and there are many serious 
efforts underway to develop this capability 

!  The task is very difficult and is yet to be definitively realized 

!  The diverse range of technological approaches being pursed is a strength – 
we will learn a great deal from careful comparison of residual background 
sources in each 

!  In the near-to-medium term we can expect to learn the S/B that can be 
reasonably be achieved with existing approaches and to understand the 
monitoring capabilities that could therefore be provided 

!  Everyone should keep up the good work! 
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