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§  Short Baseline Neutrino Physics 
projects have become a major 
focus of this workshop 

§  This is natural given the 
considerable, but imperfect, overlap 
with Reactor Monitoring R&D 
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§  This talk seeks to examine the similarities and differences, with the 
following goals: 
•  providing background for AAP participants whose focus is mostly 

on a single of these topics 
•  generating discussion within the AAP community on where 

boundaries fall and whether there are ‘synergies’ that can be 
further developed 

§  We will explore this topic through comparison of central features of 
each endeavour 
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Near Field Reactor Monitoring (RxM) 
§  Primary goal of technology development 

and demonstrations  for monitoring 
applications 

 

Short Baseline Neutrino Physics (SBL) 
§  Primary goal of resolving the “Reactor 

Anomalies” 
•  Sterile neutrino(s) at the 1eV mass scale? 
•  Cause of discrepancies between predictions 

and measurements of flux and spectrum 
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Common Features 
§  Must be non-intrusive – limited likelihood of site reconfiguration 

•  deployment location probably determined by available space, with a 
preference for existing overburden if possible 

Reactor Monitoring 

§  Applications considered for 
commercial & research reactors, 
irradiated fuel 

§  no hard constraint on baseline, but 
closer is better 

SBL Physics 
§  Preference for compact core 235U 

fuelled research reactors 
§  Little overburden – near-surface 

operation  
§  Access to both shortest practical 

baseline, and a broad baseline range, 
is highly advantageous 

SBL Physics prefers sites with challenging characteristics; 
if it can be done there, it can be done almost anywhere  
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Reactor Monitoring 
§  Requirements determined by specific application 

•  Total Size / Footprint 
•  Efficiency  
•  Signal / Background 
•  Energy Resolution, energy scale precision 

 

combine to  
determine  
capability  
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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. 

 

 

 

R
e
a
c
to
r 
P
o
w
e
r 
(%

)

-20

0

20

40

60

80

100

Date

06/2005  10/2005  02/2006  06/2006  10/2006  

D
e
te
c
te
d
 A
n
ti
n
e
u
tr
in
o
s
 p
e
r 
d
a
y

0

100

200

300

400

500

Predicted rate 

Reported power

Observed rate, 
30 day average

Cycle 14Cycle 13
outage

Cycle 13

R
e
a
c
to
r 
P
o
w
e
r 
(%

)

-20

0

20

40

60

80

100

Date

02/28/05  03/07/05  03/14/05  03/21/05  03/28/05  

C
o
u
n
ts
 p
e
r 
D
a
y

0

150

300

450

600

Predicted rate

Reported power

Observation, 24hr avg.

Figure 1: Schematic of the SONGS1  

detector. 
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Size, Complexity, Signal:Background, Capability 
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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.

3

Short-term rate Long-term rate Rate + shape ratio Rate + detailed shape 
Verify  

Operational  
Status 

Constrain 
Operational 
Parameters 

Estimate fissile 
inventory 

Improved fissile 
inventory estimate? 
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SBL Physics 
§  Requirements determined by physics goals 

•  Total Size / Footprint 
•  Efficiency  
•  Signal / Background > 1:1 
•  Energy Resolution better than θ13 expts, lower is better 
•  Detailed understanding of energy scale  

 

combined, strongly 
influence osc. 

sensitivity 

HEU 
600k events in PROSPECT  

Determine power of 
spectrum 

measurement 
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§  The requirements for SBL physics are the most stringent 
and would provide any presently envisioned monitoring 
capability 

§  SBL Physics will provide a wealth of knowledge and results 
that will aid  reactor monitoring development 
•  Detailed understanding of near-surface background and 

performance of mitigation strategies 
•  Improved understanding of reactor antineutrino emissions 

§  A challenge for this community will be matching 
capabilities, and complexity, to particular monitoring 
applications 
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Reactor Monitoring 
§  Depending on particular 

application: 
•  maybe handful of ‘bespoke’ 

devices, or 
•  devices at many facilities – a 

‘mass-produced widget’ 

SBL Physics 

§  suite of ‘bespoke’ devices 

 

SBL Physics will always use fairly unique instruments 

This may also be true for reactor monitoring, but the path to 
widespread use should also be considered 

The range of approaches being pursued in both RxM and SBL will be 
an advantage when assessing the requirements for a particular RxM 
application 
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Reactor Monitoring 
§  Strong emphasis on 

automated /unattended 
operation 

SBL Physics 
§  Monitored operation to maintain 

high livetime is possible 
§  regular onsite calibration to 

develop and maintain 
understanding of energy scale is 
possible 

 

The monitoring and calibration intensity of a typical physics 
experiment is incompatible with non-intrusive operation and available 
personnel resources for reactor monitoring  
It remains to be seen how the SBL expts will perform here – the 
highest priority must of course be the physics goals 
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Reactor Monitoring Applications 
§  Collaboration and detailed information sharing cannot be assumed 

The relationship with a reactor operator in any actual application will be 
entirely different than any experienced by this community so far  

 

 

Common Features (for Reactor Monitoring Demonstrations) 
§  Operator likely to be deeply involved in project  

•  detailed operational information 
•  direct engagement in design and planning 
•  workforce development and engagement a common motivation  
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§  Short Baseline Neutrino Physics and Reactor Monitoring have 
many similarities but are by no means identical 

§  Significant differences include  
•  tighter constraints on deployment location for SBL 
•  application specific performance requirements and constraints for RxM 
•  very different host relationship for actual RxM deployments 

§  SBL efforts will provide important capability demonstrations and 
data to inform what is possible for monitoring applications 

§  Our diverse technological approaches are a strength: 
•  we will learn a great deal from careful comparisons of performance  
•  a single approach is unlikely to be optimal for all reactor monitoring 

applications 
•  will bolster strengthen scientific conclusions drawn from SBL 


