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Deployed in 2 weeks and successful observation of IBDs 
within first hours of operation with no overburden

SCALABLE SEGMENTATION SCHEME

PROMPT AND DELAY PSD

FIRST 24HRS OF 
OPERATION

Room-sized surface-based detector with 
demonstrated performance at 85MW research 
reactor 
‣ 6Li-loaded PSD-capable scintillator enables efficient ID of 

prompt and delayed candidates (currently LS, future PS?) 
‣ 3D position reconstruction from segmentation and 

double-ended PMT readout 
‣ PSD, Event topology ID, and fiducialization provide >104 

suppression of backgrounds
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FIG. 38. Neutron capture segment relative to the segment with max-
imum prompt energy of data (blue) and simulation (red). The ori-
entation convention is described in the graph’s inset. Error bars for
both data and simulation are comparable in size to the point marker
width.

positrons are found to have identical Srec, indicating that IBD
neutrons tend to capture in the same segment as their asso-
ciated IBD interaction. This ratio is found to be 78.3% for
PG4 IBD MC, 0.9%±0.5% from the observed value. The
data’s marginally reduced IBD neutron mobility will result in
smaller relative contributions from IBD interactions in inac-
tive and non-fiducial segments. The impact of this added con-
tribution on expected prompt Erec distributions is found to be
small compared to those of other more dominant energy scale
systematic uncertainties.

When examining IBD signal events with different prompt
and delayed Srec, both data and PG4 show an outsized contri-
bution from events with longer-baseline delayed Srec. Events
where the delayed Srec is ‘downstream’ from the prompt Srec

contribute 15.0%±0.3% of all IBD signal data events, while
events with ‘upstream’ neutrons contribute only 7.6%±0.3%.
This difference in PG4 MC simulation is attributable to the
non-negligible downstream kinetic energy of the final-state
IBD neutron. The observation of this effect in PROSPECT
provides an intriguing demonstration of the capabilities of
segmented IBD detectors to statistically reconstruct the in-
coming direction of reactor ⌫e.

VIII. STERILE NEUTRINO SEARCH RESULTS

Sterile neutrino oscillations are probed with the
PROSPECT dataset by comparing prompt Erec spectra
between different detector baselines. The following section
will describe the appearance of the PROSPECT datasets in
different baseline bins, introduce the statistical methods used
to search for unexpected relative variations in Erec spectra be-
tween baselines, and present new sterile neutrino oscillation
results based on the dataset described in Section VII.

1

1

1

2

3

3

1

1

1

2

3

4

2

2

4

5

3

4

5

2

2

3

4

5

5

6

7

3

4

5

6

6

7

8

4

5

6

7

7

8

4

6

7

8

8

9

9

5

6

7

8

10

6

8

9

9

7

8

9

9

9

10

10

10

9

10

10

10

10

10

1
2
3
4
5
6
7
8
9
10
11

Y 
se

gm
en

t

1 2 3 4 5 6 7 8 9 10 11 12 13 14
X segment

Excluded Non-Fiducial

1 2 3 4 5 6 7 8 9 100.7

0.8

0.9

1

1.1

1.2

1.3

L Bin

N
o 

Ev
ts

 / 
Av

g 
/ L

 B
in

 

FIG. 39. Top: Baseline bin assignments for different active fiducial
segments; excluded and non-fiducial segments are also designated.
Bottom: relative background-subtracted IBD signal counts per base-
line bin; there are an average of roughly 5000 IBD signal counts per
bin.

A. Datasets and Predictions

To perform the oscillation analysis, active detector seg-
ments are assigned to one of ten defined baseline ranges, or
l, as illustrated in Figure 39. IBD events are then assigned to
baseline bin l according to their prompt Srec. Segment l as-
signments are chosen to produce roughly similar IBD signal
statistics in each baseline bin. Given the 1/r2 reduction of IBD
signal events with baseline demonstrated in Fig 33, this choice
results in uneven baseline bin widths. This method differs
from that described in the previous PROSPECT oscillation
analysis [56], where the IBD dataset was separated into six
bins of equal width; the new binning method provides better
statistical coverage over a wider range of baselines and deliv-
ers better overall oscillation sensitivity. Roughly 5000 events
are contained in each baseline bin l, with per-bin relative vari-
ations of 10% illustrated in Figure 39.

Prompt Erec spectra for background-subtracted IBD signal
events in each l bin, called Ml,e, are pictured in Figure 40.
Also pictured are the unoscillated IBD prompt Erec predic-
tions Pl,e for each baseline bin. Pl,e are formed by applying
the best-fit PG4-derived segment response matrices described
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FIG. 33. Time dependence (top) and baseline dependence (bot-
tom) of correlated IBD candidate rates. For the bottom plot, the
background-subtracted IBD signal is plotted. Rates are integrated
between 0.8 and 7.2 MeV prompt Erec. In the top plot, each point
in most cases corresponds to one live-day, while in the bottom plot
each point corresponds to one fiducial segment. Error bars represent
statistical uncertainties.
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FIG. 34. The measured prompt visible energy spectrum of IBD
events with both reactor-on and reactor-off correlated candidates dis-
played. The reactor-off correlated candidates are scaled to match
reactor-on exposure and corrected for atmosphere pressure difference
between reactor on and off. Only statistical errors are pictured for the
background-subtracted IBD signal.

ence of peak-like features in the subtracted cosmogenic spec-
trum. Above 7 MeV, where reactor IBD signal contributions
are expected to be minimal, background-subtracted IBD-like
count rates are consistent with zero, indicating proper scaling
of reactor-off data during reactor-on cosmogenic background
subtraction. A quantitative comparison of the background-

subtracted IBD signal distribution to zero from 8 MeV to
12 MeV yields a �2/DOF of 20.9/20.

A. Signal Validation

To demonstrate a proper understanding of the background-
subtracted IBD signal dataset, it is valuable to perform com-
parisons of IBD-like event distributions between different
time periods and detector locations.
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FIG. 35. The measured prompt energy spectrum of correlated candi-
dates from reactor-on data periods. Correlated candidates in period
2 are scaled to match period 1 exposure and corrected for relative at-
mosphere difference between two periods. The figure inset indicates
the breakdown of period 1 and 2 datasets within reactor-on periods.
The solid horizontal line in the bottom panel shows the best-fit nor-
malization offset between datasets in the 0.8-7.2 MeV Erec range;
see text for details. Error bars represent statistical uncertainties.

Given the stability in reactor thermal power during HFIR
operation, a demonstration of time stability of the IBD selec-
tion can be provided by comparison of different reactor-on
time periods. This comparison for two different reactor-on
time periods is shown in Figure 35. As in Figure 31, the two
time periods are interleaved in time as shown in the figure in-
set. These datasets show consistency with one another: quan-
titative comparison between 0.8 MeV and 7.2 MeV yields a
�2/DOF of 26.2/31. If the normalization is allowed to float
between datasets, the best-fit offset in the 0.8-7.2 MeV energy
range is found to be less than 2%, consistent with a hypothe-
sis of equal normalizations within ⇠2� statistical confidence
level.

Due to the compact size of PROSPECT’s inner detector,
IBD interactions taking place in the inner-most and outer-most
segments of its fiducial volume should exhibit differing levels
of annihilation �-ray energy leakage, leading to differences
in prompt Erec spectra between these two regions. In addi-
tion, the presence of larger numbers of inactive segments near
the detector bottom should lead to enhanced energy leakage
for IBD interactions taking place in the bottom of the fiducial

PROSPECT has made significant first-of-kind 
demonstrations in the extremely challenging 
background environment close to a research 
reactor without overburden 

▸ First high-sensitivity demonstration of 
aboveground antineutrino detection (S:B> 1:1)  

▸ 1/R2 IBD rate verification of reactor location 

▸ IBD-directionality through prompt/delay 
separation 

▸ 235U spectrum measured with < 5% energy 
resolution and statistical precision

DEMONSTRATED CAPABILITIES WITH PROSPECT 2

PROSPECT: 2006.11210 

PROSPECT’s surface-based demonstrations 
enable a greater range of reactor monitoring 

use-cases than was previously possible

1/R2

PROSPECT 
AT HFIR

https://arxiv.org/abs/2006.11210
https://arxiv.org/abs/2006.11210
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▸ PROSPECT has verified the operational state, power, and fuel 
composition of 235U fueled research reactor 

▸ State and power monitoring comparable to IAEA use of ATPM 
thermo-hydraulic monitoring system 

▸ Potential utility for verifying future fissile material treaties   

▸ Assuming further engineering focused on mobility and 
robustness, PROSPECT can serve as a ‘standard’ for numerous 
monitoring use-cases 

▸ Neutrinos on the Korean Peninsula (Science & Global Security, 
27:1, 15-28) containerized PROSPECT-like detector with mobile 
shielding packages, potential for collaboration with DPRK 
scientists.  

▸ Diversion detection from PWR and fast reactors (Nature Comm 
(2019)10:3527) with RETINA Concept: set of PROSPECT-like 
detectors surrounding reactor core

USE-CASES ENABLED BY PROSPECT 3

The IBD reaction has an extremely low probability (on the
order of 10−43 cm2) of occurrence and requires an antineutrino
to have a threshold energy of 1.8 MeV. The threshold reduces
the number of detectable antineutrinos produced per fission to
approximately 1.92 for 235U and 1.45 for 239Pu. More details
with respect to IBD interactions can be found in Supplementary
Note 1. The plot under section (b) of Fig. 1 shows the absolute
distribution of emitted antineutrinos per fission event per MeV
of energy. The difference in antineutrino emitted for various
fissile isotopes results in a distinctive pattern of the fuel com-
position as a function of time. For example, the plot in section
(c) of Fig. 1 shows the difference in antineutrino signatures if
the reactor core is exclusively composed of 235U (as in case of
freshly loaded reactor core with no irradiated fuel present) or
239Pu (reactor operating on so-called mixed-oxide fuel designed
to dispose of plutonium) at the beginning of operation. These
two cases are extrema and are rarely present in actual reactors;
however, interpolation is possible providing the necessary
information about the core composition for verification
purposes.

Due to the small antineutrinos interaction probabilities, only a
few counts are registered in the detector per day (of the order of
100–1000, depending on reactor power, detector size, efficiency, and
placement away from the core). Therefore, reaching conclusive
statistical evidence of modifications to the core operations requires
timelines from the order of hours to months, depending on the
information needed. A small scintillator-based detector (with an
active volume on the order of 1 to 5m3) positioned at 17 to 25
meters away from the reactor core (typical distances associated with
the reactor containment), can notice complete shutdowns in the
order of a few hours, but small modifications to the fuel
composition of a core can take months to detect. Still, RETINA
systems could provide a notable advantage over the current regime
where inspections normally take place every 18 months and depend
on tamper-evident seals (markers to identify if an object was
manipulated or moved during the absence of inspectors) to
establish continuity of knowledge. A monitoring body with access
to RETINA information can place bounds on the material inside
the reactor without requiring a cessation of operations, radiation-
hardened electronics, or even the physical presence of inspectors. In
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Fig. 1 Principle of reactor operation verification with antineutrino monitors. The process for verifying reactor inventory integrity with antineutrinos bears
similarities to biometric scans such as retinal identity verification. In retinal scans, an infrared beam traverses a person’s retina (a) and the blood vessels,
distinguishable by their higher light absorption (b) relative to other tissue, are mapped. The mapping is extracted and compared to a copy stored in a
database (c), and if the two match, the person’s identity is verified. Similarly, a nuclear reactor (g) continuously emits antineutrinos which vary in flux and
spectrum with the particular fuel isotopes undergoing fission (d). Some interact in a nearby detector (h) via inverse beta decay (e). The measured signal is
compared to a reference copy stored in a database for the relevant reactor, initial fuel, and burnup (f); a sufficiently matching signal indicates that the core
inventory has not been covertly altered. If the antineutrino flux of a perturbed reactor is sufficiently different from expected, a diversion can be concluded to
have taken place (i)
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Figure 1: Opportunities for neutrino-based verification are highlighted on a satellite image of part of the
Yongyon site; see text for full explanation. Satellite image copyright DigitalGlobe (2018).

on the earth’s surface with essentially no cosmic ray shielding.

Today, a state-of-the-art detector can observe an o↵-to-on (or on-to-o↵) reactor transition within hours,

depending on the detector size and reactor proximity. A notable example is the PROSPECT detector

at Oak Ridge National Laboratory, operating with a total mass of 4 tons and less than 1 meter-water-

equivalent overburden.28 In the last two years, the PROSPECT (United States), NEOS (South Korea),29

DANSS (Russia),30 CHANDLER,31 Neutrino-4 (Russia),32 STEREO (France),33 and SoLi� (Belgium)34

experiments, as well as a detector at the Wylfa reactor (UK),35 have observed di↵erences in neutrino event

rates between reactor-on and reactor-o↵ periods. Some of these experiments have demonstrated steps toward

field readiness, including SoLi� and the Wylfa detector (now upgraded to the VIDARR project), both

deployed in ISO freight containers, and CHANDLER, deployed in a road-mobile trailer. Collaborations are

also pursuing IBD signals from reactors in Brazil (the Angra detector, collecting data at the power reactor of

the same name),36 Japan (the PANDA experiment, anticipating a deployment at the Ohi power reactor),37

and India (the ISMRAN detector under development at the Bhabha Atomic Research Center).38

Detectors using similar technology could be deployed at Yongbyon. These could verify continuous shut-

down of the 5MWe reactor, ELWR, or both. At either reactor, the closest conceivable distance for a detector

deployment is about 20m from the core, as noted in a previous analysis.39 This position would be, especially

6

Figure 9: Rates of IBD-like events and accidentals with time. Each time bin is 24 hours.

(a) RxOn and RxO↵ periods. 1 bin is 24 hours (b) RxO↵ only. 1 bin is 24 hours.

Figure 10: Rates of IBD-like events vs atmospheric pressure.
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PROSPECT: 2006.11210 

DPRK

RETINA

PROSPECT-like detectors offer 
continuous, non-intrusive capabilities 
enabling a broad range of potential 

use cases
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