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We deployed a small, 80 kg, antineutrino detector based on solid plastic scintillator, called
MiniCHANDLER for nearly three months at a distance of 25 m from a 2.9 GW thermal power
reactor core at the North Anna Nuclear Generating Station. We report the detection of an antineu-
trino signal resulting from inverse beta decay at 5.5σ significance with no overburden and minimal
shielding. This result also demonstrates that 3D segmentation can be used to significantly improve
the signal to noise ratio, in this case by a factor of 4. In addition, this measurement represents
an observation of the positron spectrum in a small, surface-deployed detector; this observation of
reactor antineutrinos was achieved with a mobile neutrino detector mounted in an ordinary, small
trailer.

PACS numbers: 14.60.Lm, 29.40.Mc, 28.41.Rc

I. INTRODUCTION

Nuclear reactors have long been known to be a copious
source of electron antineutrinos which are emitted as a
byproduct of nuclear fission. It is not surprising, there-
fore, that neutrinos were proposed as a method to moni-
tor nuclear reactor operations more than 40 years ago [1].
Neutrino reactor monitoring is non-intrusive, since it can
be performed from outside the reactor building. The re-
actor neutrino signal depends on both the reactor power
and the composition of the reactor core. In particular,
a core that is rich in plutonium will produce a neutrino
spectrum of lower average energy than a reactor that is
rich in uranium [2]. These two signatures can be effec-
tively disentangled by simultaneously measuring the neu-
trino rate and energy spectrum. Case studies [3, 4] have
revealed an important advantage of neutrino monitor-
ing compared to the usual non-proliferation safeguards,
which rely on a continuous history of reactor operations
and re-fuelings: Should this continuity of knowledge be
lost for a reactor, it is extremely difficult to restore. Neu-
trino reactor monitoring would not rely on a detailed
knowledge of the reactor’s operational history, and thus
the continuity of knowledge issue is avoided altogether.

There are a number of detailed case studies in the liter-
ature highlighting specific potential applications of small
above-ground detectors. These applications include reac-
tor power monitoring [5, 6], monitoring of spent nuclear
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fuel [7], plutonium disposition and mixed-oxide fuel us-
age [8, 9]. Recently, a detailed study has been presented
[10, 11], how these capabilities can be applied in a future
agreement to denuclearize the Korean peninsula.

Reines and Cowan used a reactor as the source for
their 1956 neutrino discovery experiment [12], and since
then, many generations of reactor neutrino experiments
have followed, with a reliance on overburden to shield
cosmic rays being an element common to all. There
have also been a number of successful safeguards-oriented
reactor experiments [13–17] starting in the mid 1980s.
Here again they all relied on significant overburden. For
real-world applications, such as nuclear non-proliferation
safeguards, it is exactly this dependence on overburden
that has prevented the adoption of neutrino technologies.
Practical applications require detectors which can oper-
ate with minimal shielding. In this paper we describe
such a detector technology and report on the observation
of reactor neutrinos in a small-scale prototype, for other
similar measurements see [18, 19]. Here we demonstrate
a detector technology which can operate with minimal
shielding, has a small detector volume, and requires no
liquid scintillator; in particular, the neutrino spectrum is
measured over a broad range of energies, including low
energies, with high efficiency and good precision. This
combination of features has been previously identified as
crucial towards real-world application of neutrino reactor
monitoring [20].

In the typical reactor neutrino detector, electron an-
tineutrinos are observed via the inverse beta decay pro-
cess (IBD), in which the neutrino interacts with a hy-
drogen nucleus in an organic scintillator producing a
positron and a neutron

ν̄e + p→ e+ + n . (1)

The positron deposits its kinetic energy in the scintilla-
tor and annihilates, resulting in a prompt (or primary)
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flash of light, while the neutron thermalizes and is cap-
tured by a nucleus, producing a delayed (or secondary)
signal. The signature of the IBD interaction is the coin-
cidence, in space and time, of positron-like and neutron-
like events. This compares favorably to the two largest
backgrounds which are 1) fast neutrons from the cosmic
ray flux that recoil off of a proton in the scintillator and
capture, and 2) random coincidence between unrelated
positron and neutron-like events. The random coinci-
dent events have no correlation in space or time, while
the fast neutron events generally share the temporal cor-
relation of the IBD events but have a larger mean spatial
separation due to the greater initial neutron energy and
hence speed.

The CHANDLER (Carbon Hydrogen Anti-Neutrino
Detector with a Lithium Enhanced Raghavan optical lat-
tice) detector technology is designed for the detection
and precision spectral measurement of reactor electron
antineutrinos in the high-background surface-level envi-
ronment. It also allows for portable detectors, which are
easy to assemble and easy to maintain, while eliminat-
ing the complications and hazards associated with liquid
scintillator. The CHANDLER design is based on the op-
tical lattice, which was invented by Raju Raghavan as
a part of the LENS R&D program [21]. The Raghavan
optical lattice (ROL) transports light by total internal
reflection along rows and columns of cubes as shown in
yellow in the left hand panel of Fig 1. The red cube rep-
resents the location of the original energy deposition in
this example. This gives the detector spatial resolution
at the level of a single cube, while at the same time max-
imizing the light collection efficiency. In CHANDLER,
the ROL is formed out of layers of plastic scintillating
cubes with a size of 6.2 cm in a tightly packed rectangu-
lar array. These in turn are stacked in alternating layers
with thin neutron detection sheets in between, as shown
in Fig. 1. In each layer light is transported along the
rows and columns of the cube lattice by total internal
reflection off the inner cube surfaces. This allows the
determination the x-y position of the cube where the
original energy deposition occurred (red cube) and the
z-position is obtained as well, since light is largely con-
fined to the layer in which it was generated. The neutron
detection sheets are semi-translucent, i.e. enough of the
light produced in these sheets will propagate into the ad-
jacent cubes. However, the light produced in the cubes
has only a small chance of traversing a sheet, resulting
light leakage between the layers. The plastics used in
the detector naturally maintain a thin cube-to-cube or
cube-to-sheet air gap, which is required for total inter-
nal reflection. The plastic scintillator cubes are doped
with a wavelength shifting compound so that the light
from the neutron sheets can be absorbed in the cubes,
re-emitted, and then transmitted by total internal reflec-
tion. The key to this pairing of plastic scintillator with
neutron detection sheets is that the scintillator used in
the neutron sheets releases its light much more slowly
than the plastic, and this results in a clean neutron sig-

nature. Pairing neutron sheets with scintillator cubes
was first implemented by the SoLid Collaboration [22],
in which optically isolated cubes are read out by wave-
length shifting fibers running along the edge of rows and
columns of cubes. Replacing the fiber readout with a
ROL allows to increase the photo-cathode coverage and
thus increases light collection. As a result the energy res-
olution increases while maintaining the high spatial reso-
lution and clean neutron tag of the SoLid design. When
combined, these properties have significant advantages in
the rejection of backgrounds that could otherwise over-
whelm the neutrino signal in a surface-level detector. For
other ongoing simulation studies and R&D for 2D seg-
mented plastic detectors, see for instance Refs. [23–26].

The neutron detection sheets and plastic scintillator
used in CHANDLER are sold commercially by Eljen
Technology as EJ-426 and EJ-260 respectively. EJ-426 is
composed of micro-particles of lithium-6 fluoride (6LiF)
mixed with micro-crystals of silver activated zinc sulfide
(ZnS:Ag) scintillator. Thermal neutrons are captured by
a 6Li nucleus, resulting in a α-particle and a triton which,
due to their high specific energy loss, deposit their en-
ergy very locally in the ZnS:Ag scintillator. ZnS:Ag has
a scintillation decay constant of about 200 ns, which is
about 20 times longer than the decay time of the EJ-260
scintillator used in the cubes. This large difference in
the scintillation light decay times is used to identify the
neutron captures and separate them from signals orig-
inating in the plastic scintillator. The cube segmenta-
tion in CHANDLER makes it possible to apply an unbi-
ased prompt/delayed spatial separation cut that is well
matched to the typical positron/neutron separation of
an IBD event. Compared to the standard Daya Bay
analysis [27], which uses no spatial separation cut, the
coincidence volume in CHANDLER is reduced by a fac-
tor of more than 2000. In addition, this segmentation
can be used to veto fast neutron events with associated
proton recoils in more than one cube, and to tag the
511 keV gammas from positron annihilation in an IBD
event. Together these topological selections have enabled
us to identify the IBD events in a surface-level detector
where correlated background events outnumber the true
IBD events by more than 400 to 1.

The MiniCHANDLER detector is a 80 kg prototype of
the full CHANDLER detector. MiniCHANDLER was
designed to maximize the detector mass within our lim-
ited project budget with a detector that replicates light
transportation from the middle of the envisioned full-
scale detector. MiniCHANDLER consists of five layers
of an 8×8 cube array read out by PMTs on only one end
of each cube row and column, so that two faces of the de-
tectors are instrumented with PMTs. MiniCHANDLER
has six neutron sheet layers: above and below each cube
layer. The sheets are optically connected to the cube
layers on both sides, see Fig. 1.

The PMTs used in MiniCHANDLER are Amperex
XP2202s with a custom-built, resistive-divider base. The
PMTs are operated at negative high voltage supplied by



3

FIG. 1. Left: Schematic of the MiniCHANDLER detector with the top neutron sheet and PMTs not shown. Right: the
MiniCHANDLER detector during assembly, with one side open showing the alternating layers of wavelength shifting, plastic
scintillator cubes and neutron sheets.

a CAEN mainframe with each channel individually tun-
able. The PMT signals were read out by a CAEN V1740
waveform digitizer with 62.5 MHz sample rate, a 12-bit
ADC and 64 channels per card. To ensure high fidelity
with this relatively sparse sample rate, the PMT sig-
nals were first passed through a pre-amplifier to shape
the signal with a 25 ns time constant. The V1470 was
internally triggered on every instance of a channel at
or above 14 ADC counts (ADCC) over baseline. Each
trigger led to a 129-sample read out of all channels in
the module starting about 35 samples before the trigger.
Two independently-triggered V1470 modules were used
to read out the full detector.

Data from the waveform digitizers was sent to the DAQ
computer over an optical link, where it was processed
through a zero-suppression algorithm to suppress data
from channels in which the waveform only deviated by
12 ADC counts or fewer from the baseline. Only after
this zero suppression was the data written to disk as sep-
arate files for each module. The two data streams were
merged off-line using events from an external strobe trig-
ger (with a rate of slightly less than 1 Hz) to continuously
synchronize the merging based on the time-stamps from
the modules’ internal clocks. The strobe trigger merging
was used to estimate the DAQ efficiency, which we found
to be greater than 99.5%.

II. REACTOR AND DEPLOYMENT

The MiniCHANDLER detector, electronics and DAQ
computing were loaded into a 14 foot trailer, dubbed the
Mobile Neutrino Lab, which was equipped with a care-
fully designed quiet power supply, wi-fi connectivity, and
air conditioning, allowing for fully remote operation. On
June 15, 2017, after several weeks of commissioning and
testing at Virginia Tech, the trailer was moved to the
North Anna Nuclear Generating Station in Mineral, Vir-

ginia. The North Anna Plant consists of two pressurized
water reactors, each with a licensed thermal power of
2940 MW [28]. The Mobile Neutrino Lab was deployed
next to Reactor 2, at a distance of about 25 m from the
center of the core. At this location it was approximately
90 m from the core of Reactor 1, which was therefore re-
sponsible for about 7% of the neutrino interactions in
the detector [29]. The detector and DAQ were up and
running in less than one day, which marked the start
of the site specific commissioning. To combat the in-
creased thermal neutron rate from the reactor, the de-
tector was surrounded by a layer of 1-inch thick boron-
loaded polyethylene with holes for the PMTs. The natu-
ral gamma rate at the reactor site is higher than the one
experienced at Virginia Tech. To combat this we added
an inch of lead shielding below the detector, and on the
two sides closest to the containment building.

With commissioning complete, the data run began on
August 9, 2017 and lasted through November 2, 2017.
During this time we took 1133.6 hours of usable reactor-
on data and 675.4 hours of reactor-off data. The data are
divided into eight periods, where the transition between
periods corresponds to changes in the operational state
of either the detector system or the reactor. Table I de-
scribes the different periods, and lists the reasons for the
start of each new operational period. Of particular note
is the transition from period 2 to period 3, which corre-
sponds to a shift in the trigger threshold from 10 ADCC
to 14 ADCC. This became necessary when the rate of
low-energy gamma rays increased due to the arrival of
shipping containers of mildly activated equipment that
were parked next to the Mobile Neutrino Lab in prepa-
ration for the refueling of Reactor 2.
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Period Runs Reason for New Period
1 258 10 ADC threshold
2 164 Streamlined disk I/O
3 255 Change to 14 ADC threshold
4 5 Reactor ramp-down
5 569 Reactor off
6 118 High voltage re-tune
7 49 Reactor ramp-up
8 476 Reactor at full power

TABLE I. Description of the operational run periods. Each
run corresponds to 1 hour.

III. CALIBRATION

For the study described here, a highly-accurate en-
ergy model and reconstruction was neither a requirement
nor an objective. Nevertheless, matching the known
energy dependence of reactor neutrinos in an observed
reactor-on excess was an essential confirmation of neu-
trino detection. In addition, we were motivated to test
a novel energy calibration source made possible by the
high-segmentation of the ROL. Specifically, in polyvinyl
toluene, a minimum ionizing particle has a dE/dx of
about 2 MeV/cm [30], which means that a muon, passing
vertically through a 6 cm cube deposits an average energy
of around 12 MeV. In the following section we describe
how we used vertical muons to measure the light pattern
from every cube location in the detector, and how this al-
lowed us to fix the energy scale at around 12 MeV. Here,
we assume a proportional energy response for energies
below 12 MeV.

The PMT high voltage was initially tuned to align the
muon peaks across all channels to 1500 ADC counts. To
account for gain fluctuations, the muon peak was mea-
sured in each channel for each run and the measured
ADC values were scaled to realign the muon peaks. In
this context the muon peaks are not limited to vertical
muons, which have limited statistics in a single run, but
include all triggers across all cube positions.

IV. EVENT RECONSTRUCTION

Neutron identification in MiniCHANDLER is based on
pulse shape discrimination, using the factor of 20 differ-
ence in the scintillation light decay times between the
neutron sheets and the scintillator cubes. A naive parti-
cle identification (PID) variable can be formed from the
ratio of the area under the waveform to its peak value.
Large values of this variable correspond to neutron-like
events, while small values correspond to signals generated
in the plastic scintillator. Large signals, with peak values
greater than 1000 ADCC were eliminated from consider-
ations. If a signal satisfies our neutron PID criterion in
at least one PMT channel, the whole event becomes a
neutron candidate.

Instrumental effects in MiniCHANDLER, such as

PMT flashers and analog overshoot from an earlier large
pulse, can generate signals that satisfy this naive neu-
tron PID selection, fortunately these effects almost never
replicate the decaying light pattern of an energy deposi-
tion in the neutron sheets. We used a template-based
χ2-criterion to reject these instrumental backgrounds
from the neutron candidate list. To obtain the neutron-
template we started with a sample of 100 hand-selected
neutron capture waveforms. Each waveform was divided
into eight regions. In each region, the ADC counts over
baseline were summed, and these sums were divided by
the total over all regions to form normalized amplitudes.
Then these normalized amplitudes were averaged over
the 100 hand-selected waveforms to form the neutron-
template. Since, events in the plastic scintillator have
short pulses which are contained entirely in the first re-
gion, the gamma-template is trivial. With these tem-
plates the neutron selection proceeds as follows.

Within each view of each layer, we select the channel
with the highest amplitude signal, compute its normal-
ized amplitudes and uncertainties in the eight regions,
and compute the χ2s relative to both the neutron- (χ2

n)
and gamma- (χ2

γ) templates. The reduced χ2s from
both the x- and y-views are summed and we select good
neutrons satisfying the criteria

∑
x,y χ

2
ni
/νi < 8 and∑

x,y χ
2
γi/νi > 150, where νi is the number of time bins

in the template, effectively the number of degrees of free-
dom. This xy-matching fixes the position of the neutron
candidates.

Once neutron identification in a layer is done, we check
the consistency of xy-matched neutrons from different
layers. Neutron candidate events generally exhibit low
occupancy in the detector. Therefore, the xy-position of
an event is simply given by the location of those PMTs
which see the most light. For about half of all neutron
capture events we see light on only one side of the neu-
tron sheet. We call these events “cube” neutrons since
we can not distinguish whether the capture happened in
the sheet above or below the cube. In these events the
neutron z-position is assigned to the middle of the cube.
For the remainder of events the neutron capture is seen
on both sides, and the neutron capture position is known
at the sheet level; we call these events “sheet” neutrons.
Any event with more than one neutron candidate among
the 5 layers is rejected. Tests with Li-free neutron sheets
in our MicroCHANDLER prototype have shown that in
the absence of 6Li there are practically no neutron-like
signals in the detector. Therefore, for the purpose of this
analysis, we can treat all neutron-like events as neutrons
without introducing any bias.

Event reconstruction for prompt events is somewhat
more complicated than for neutrons because the num-
ber of active cubes in the detector is often greater than
one. This is due to the Compton scatter of positron an-
nihilation gammas in IBD events, and to the possibility
of multiple proton recoils in fast neutron backgrounds.
In order to use this topological information, we need a
reconstruction that is capable of evaluating energy depo-
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sitions in multiple active cubes. Here a challenge arises
when there is more than one active cube in a single detec-
tor layer. This is a non-trivial problem, because in each
detector layer we have 2 × 8 observed PMT signals, but
there are 8×8 unique cube locations. If we knew the true
energy deposition in each cube in a layer, expressed as a
64-component vector, e, then we could write an expres-
sion for expected PMT responses as the 16-component
vector, p. This forward problem is represented by

p = M · e , (2)

where M is the 16× 64 transfer matrix. Each element of
the transfer matrix, Mij , describes the size of the signal
in PMT j arising from a 1 MeV energy deposition in cube
i. This transfer matrix includes all effects arising from
light propagation, including attenuation and scattering,
and the electronics cross talk. Although, about 80% of
the light detected is observed in the PMTs at the ends
of the row and column centered on the emitting cube,
the remaining 20% of light is spread out across the other
PMTs in the plane. This unchanneled light is due to tiny
imperfections in the ROL, and to scattering in the bulk
of the plastic cubes. In addition to the unchanneled light,
there is a bi-polar, inductive-pickup cross talk which is
observed in channels neighboring one with a large ampli-
tude pulse.

Our objective is to invert this matrix equation to solve
for e, the vector of cube energies, but first, we had to
determine the transfer matrix, M. Even then, there is
no exact solution to Eq. 2, since M has no inverse.

A data driven approach was used to determine the ele-
ments of the transfer matrix. This is the best way ensure
that all effects are properly accounted for. We used ver-
tical muons, which are easily identified in our detector
by requiring that the observed light be consistent with
coming from the same single cube position in each plane.
By definition, a vertical muon produces light in only one
cube per plane, and that cube’s position is well-known
from the xy-coordinates of the vertical muon. Unchan-
neled light and electronic cross talk spread this signal
over all channels in the plane. By collecting a large sam-
ple of vertical muons, which occur at a rate of 0.7 Hz
across the detector, we measured the response of each
PMT in each plane to the energy depositions from every
cube position in that plane. According to our simulation,
the most probable energy deposition for a muon that sat-
isfies the vertical selection is 11.42 MeV/cube. The trans-
fer matrix elements were scaled to an equivalent energy of
1 MeV. In constructing the final transfer matrix, which
is applied to all layers, we average the elements from the
matrices measured in just the middle three detector lay-
ers, and we did this because we can only be certain that
a “vertical” muon’s path through a layer was fully con-
tained in a single cube when there are confirming hits
above and below that layer. In the case of the top and
bottom layers one of these confirming hits is missing.

A sample of the vertical muon spectra from cubes
at three different distances from the PMTs is shown in
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FIG. 2. Shown are vertical muon energy spectra at three
distances from the PMTs. The inset shows the effective light
attenuation in the ROL as determined from vertical muons, at
11.42 MeV, compared to the attenuation measured with the
Compton edge of the 1.275 MeV gamma from 22Na at around
1 MeV.

Fig. 2. The width of these energy distributions comes
from of the natural Landau distribution in dE/dx, the
geometrical acceptance for muons which are not perfectly
vertical, and the intrinsic resolution of the detector. The
shift in the peak position, as a function of distance from
the PMT, shows the spatial dependence of the detector
response function. This effect is explicitly accounted for
in the transfer matrix. Throughout the region of inter-
est, this spatial dependence is independent of the de-
posited energy. This is illustrated in the inset of Fig. 2,
which compares the effective attenuation curve for verti-
cal muons to the one derived from the ∼1 MeV Compton
edge of 1273 keV gamma from a 22Na source.

Both the unchanneled light and the electronics cross
talk scale with the amount of light detected in the pri-
mary channel, but the variances of the unchanneled
light and electronics cross talk components do not. For
unchanneled light the variance scales with the Poisson
statistics of the photons at the PMT cathode, while for
cross talk the variance scales with the electrons at the
PMT anode. The future, full detector will use electron-
ics without cross talk.

GEANT4 [31] was used to compute the true cube-by-
cube energy depositions for a set of simulated gamma
and IBD events. Using the transfer matrix, M, and ran-
dom fluctuations drawn from a Poisson-distribution with
the appropriately scaled variances, this truth informa-
tion was propagated to create a Monte Carlo realization
of the measured PMT signals. This sample was used to
test and tune the event reconstruction. As previously
stated, Eq. 2 has no exact solution, any approximate so-
lution must compensate for the lack of observables by
some regularization scheme. This essentially amounts to
using a Bayesian prior to select among the possible solu-
tions. For our analysis the goal is to correctly reconstruct
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the number of cubes with a non-zero energy deposition,
with a preference for suitable solutions with the fewest ac-
tive cubes. This matches our expectation for IBD events,
which the Monte Carlo has shown will almost never have
more than five cubes with true energy depositions above
the detection threshold in the MiniCHANDLER detec-
tor.

Using the variance found from data we constructed a
suitable likelihood function, L, to measure how well a
given set of reconstructed cube energy depositions, er,
corresponds to the measured PMT signals, ps. To mini-
mize L̂ ≡ − logL we used the following algorithm: First
set all er(x, y) = 0 (i.e. all positions have an initial en-
ergy deposition of zero),such that the set of cubes with
non-zero energy deposition, λ, is initially empty.

1. Find the additional cube (x, y) that yields the

smallest L̂, when L̂ is minimized by varying er for
the cubes in set λ plus the new cube (x, y).

2. If min(L̂(λ))−min(L̂(λ+ (x, y))) < Lc, go to step
5.

3. Add cube (x, y) to the λ set.

4. While λ has less than five cubes, return to step 1.

5. If L̂ < Lg, accept event as reconstructed, otherwise
declare the reconstruction failed.

This algorithm allows the reconstruction to assign en-
ergy depositions to additional cubes as long as the im-
provement in L̂ is sufficiently large (> Lc). This cutoff
prevents over-fitting, since adding a cube always will de-
crease L̂. The reconstruction is limited to no more than
five cube in a layer, which is a conservative upper limit
relative to the observation in our Monte Carlo that IBD
events have no more than five active cubes in the whole
detector. Step 5 ensures that the fit is a good match to
the data by requiring the final L̂ to satisfy a quality cri-
terion (< Lg). This is rarely violated by IBD events in
the Monte Carlo, but in data, where the true composi-
tion of the event types is unknown, we find about 7% of
events fail this criterion in at least one layer. We thus
quote a reconstruction efficiency of 93%, but, since the
IBD events generally do not share the typical characteris-
tics of the events that fail the reconstruction, we presume
it to be much higher for true IBD events. The fit cut-
off, Lc, was tuned on Monte Carlo IBD events and the
quality parameter, Lg, was tuned on background data
samples. This maximizes the reconstruction fidelity to
the true cube positions and energy depositions, and min-
imizes reconstruction failures.

As a test, the reconstruction was applied to a sample
of vertical muons from across the whole detector. The
resulting energy spectrum was fitted to a convolution
of Landau and Gaussian distributions. The fitted peak
value was in good agreement with the most probable en-
ergy deposition from the simulation. We interpret the
fitted Gaussian σ to be the average energy resolution at

12 MeV, which was found to be 2.6%. If the resolution
scaling is purely stochastic this would correspond to an
average resolution of approximately 10%/

√
E(MeV).

V. IBD ANALYSIS

To compute the expected IBD spectrum and num-
ber of events, we use the Huber-Mueller reactor flux
model [2, 32], and the IBD cross section from Ref. [33]
with a neutron lifetime of 878.5 s. The thermal reac-
tor power is taken to be 2.94 GW and the core-detector
distance is 25 m. The detector mass is 80 kg, comprising
4×1027 target protons. From simulation we compute that
46% of all IBD neutrons in the detector capture on 6Li.
Of these 34% are lost when we discard the first 40µs in
∆t. The entire reactor-on data set is comprised of 1133.6
hours of good data. Under these assumptions we expect
about 3500 Li-tagged, IBD events. Given the uncertain-
ties in the Monte Carlo, the reactor distance, and spill-
in/spill-out effects, it is difficult to assign a firm error, but
10-20% appears reasonable. IBD neutrons created out-
side the detector and IBD neutrons reflected back into
the detector are difficult to simulate precisely and Monte
Carlo tests indicate that this effect is below 10%. The
reactor detector distance is known to within 1 m, trans-
lating into about 8% uncertainty. The reactor power is
know within 1% and fuel burn-up has not been corrected
for, but this effect does not exceed 5%.

In quadrature these errors would add up to 12-14%,
but for instance the distance uncertainty is non-Gaussian,
i.e. the distance could be between 24 and 26 m but it cer-
tainly is not 26.5 m; the same holds for the neutron cap-
ture efficiency or the burn-up effect. So these errors can
not be added up in quadrature. The exact value of the
systematic uncertainty on the number of expected IBD
events has no impact on the statistical significance of the
IBD signal, since the IDB signal is derived entirely from
a comparison of reactor-on and reactor-off data without
recourse to the expected number of IBD events. The
reason to calculate the expected number of IBD events is
to check whether the number of expected events is con-
sistent with the observed events, which it was found to
be.

GEANT4 was used to simulate the cube-level energy
depositions from IBD events, but we did not use it to
propagate photons through the ROL. Instead we gener-
ated the PMT signals in ADCC using the forward trans-
fer matrix derived from vertical muons, followed by a
Poisson smearing based on the observed and scaled vari-
ances. The simulated PMTs signals were run through
the reconstruction and event selection just like the data.
Therefore, any non-linearity in the reconstructed energy
spectrum should be common to both data and Monte
Carlo, at least to within the precision of this analysis.

To form IBD event candidates, we begin by match-
ing each neutron capture candidate with all non-neutron
events with a successful reconstruction from the preced-
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FIG. 3. The significance of the IBD signal, in ∆χ2 relative
to the null hypothesis, plotted as a function of the maximum
allowed distance between the cube which has the prompt sig-
nal and the one which has the delayed signal, in units of cube
lengths. The significance is determined by varying the cuts
in the data and running through the full analysis.

ing 1000µs. Next we apply a prompt/delayed spatial sep-
aration cut. The prompt event position is assigned to the
center of the most energetic cube of the primary event.
To assign the position of the delayed event we distinguish
sheet and cube neutrons, as explained previously. As we
expand the allowed separation, more correlated events
are included in the sample. At short distances we find
the largest enrichment of true IBD events, but as the sep-
aration grows fast neutron events start to dominate. To
select the optimal separation cut, we studied IBD signal
significance as a function of the separation cut. Figure 3
shows the ∆χ2 relative to the null hypothesis, plotted
as a function of the maximum allowed prompt/delayed
separation. The stepped nature of this plot is due to the
quantization of separation distances inherent in our as-
signment of event positions in the cube structure. The
significance peaks at a separation of 1.5 cube lengths, or
9.3 cm. At this distance the cut includes the 19 nearest
cube positions, and 20 nearest sheet positions. From our
IBD Monte Carlo, we estimate that 67.3% of true IBD
neutrons are captured within this region. As the fast
neutron rejection improves in future incarnations of the
detector, this cut can be opened up to improve the IBD
efficiency while maintaining maximal significance.

The 3D segmentation of MiniCHANDLER allows us
to further select events based on the topology of the
event. Under perfect conditions, one would design cuts
to specifically tag the two 511 keV positron annihilation
gammas. In the current MiniCHANDLER detector this
is not practical for two reasons: First, the detector is
too small to efficiently contain the first Compton scatter
from both annihilation gammas. Second, with the cur-
rent light collection scheme the detector’s energy thresh-
old is about 50 keV, and at that level, many of the an-
nihilation gamma Compton scatters are unseen in the

FIG. 4. Shown is a histogram of ∆t for all events in the
energy range of 0.5–20 MeV. This distribution is fitted with
an exponential plus constant to extract the true correlated
events. The fit begins above 40µs (in yellow) to bypass the
low ∆t-region, where instrumental effects distort the distri-
bution.

detector. Therefore, we have implemented a set of cuts
to retain events with any hint of the positron annihila-
tion gammas, while rejecting events that are clearly in-
consistent with their presence. Specifically, we required
there to be least 1 cube, beyond the primary (or high-
est energy) cube, with energy deposition in the range of
50 keV ≤ er ≤ 511 keV. Further, we require that the sum
of energies in all cubes, excluding the primary cube and
its most energetic immediate neighbor, be no more than
1022 keV, and that outside of the those two cubes there is
no single cube energy above 511 keV. These last cuts are
designed to remove fast neutrons with multiple proton re-
coils. As can be seen by comparing the blue and orange
lines in Fig. 3, these topological cuts improve the signal
significance from ∆χ2 = 7.7 to ∆χ2 = 29.7, or equiva-
lently the signal-to-noise is improved by a factor of about
4. This demonstrates that the fine-grained 3D segmen-
tation at the core of the CHANDLER technology adds
considerable value relative to the coarser-grained 2D seg-
mentation used in other contemporary detectors [34, 35].
With anticipated improvements to the light collection,
and a larger detector to better contain the annihilation
gammas, the efficacy of these topological cuts should be
significantly enhanced.

The surviving events are split into reactor-on and
reactor-off samples (see Tab. I). In each sample, they
are sorted by their reconstructed prompt energy into 20
bins from 0.5−20 MeV, with the lowest energy bin being
0.5 MeV wide and all other bins being 1 MeV wide. In
each energy bin, the prompt/delayed ∆t-distribution is
fitted with an exponential plus flat function. The expo-
nential time constant, τ , is fixed to 94µs, as was deter-
mined from a single ∆t-fit to the data from all energy
bins and reactor periods (see Fig. 4). These ∆t-fits are
used to statistically separate the time-correlated events
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(the exponential component) from the random coincident
events (the flat component). Using all positron candidate
events in the 1000µs proceeding a neutron — as opposed
to just using the first event, or vetoing all events when
two or more positron candidates are observed — ensures
that the ∆t-distribution from the random coincident con-
tribution is flat over all times. Then, by fitting this distri-
bution out to more than 10 neutron capture lifetimes, we
get a high-fidelity, high-statistics measure of the random
component, which we then subtract to get the correlated
rates. A sample ∆t-distribution, with fit, is shown in
Fig. 4. Due to effects related to the analog side of our
signal processing chain, we exclude the first 40µs from
the fit. In the subsequent analysis, this results in a loss
of 34% of all true IBD events.

In the final step of the analysis, we perform a back-
ground subtraction by taking the difference of correlated
events in the reactor-on periods to those in the reactor-
off periods. In this step there is a danger of introducing
structure into the energy spectrum if the detector opera-
tion was not stable over time. Fig. 5 shows the correlated
(red) and random coincident (blue) event rates, as a func-
tion of time, as extracted from the ∆t-distribution fits,
but without topological cuts applied, to enhance the fast
neutron events relative to IBD.

The random coincident rate shows large variations be-
tween periods, which are linked to specific operational
events at the plant. For example, during the shutdown,
when the thermal neutron rate from the reactor was es-
sentially zero, the random coincident rate was cut in half.
Similarly, at the start of period 3 we see a slightly higher
random coincident rate, which corresponds to the arrival
of several shipping containers as discussed earlier. The
increased the trigger threshold from 10 to 14 ADCC that
followed this event was applied after the fact in software
to the data from periods 1 and 2 to ensure uniformity
across the periods.

On the other hand, the period-to-period jumps ob-
served in the random coincident rate are not seen in the
correlated event rate. Instead, we see smaller undulations
which are anti-correlated with the atmospheric pressure.
This is exactly what one would expect if the correlated
rate was dominated by fast neutrons in the cosmic ray
flux, as should be the case here. It is well known that the
cosmic neutron rate is related to the atmospheric pres-
sure, which is a measure of the mass of the atmosphere
above. The air pressure shown in the middle panel of
Fig. 5 was measured at the Louisa County Airport, lo-
cated 16.7 km from the North Anna Nuclear Generating
Station, and was obtained from the NOAA website [36].
Using this data, we compute a correction factor for the
measured pressure, P , relative to the average pressure,
P0, which is equal to e−α(P−P0) with α = 7.3 atm−1 [37].
In the bottom panel of Fig. 5, this correction factor is
applied to the measured correlated event rates, which,
once corrected, are stable across all data taking periods.
The orange band represent the average statistical error
of the correlated event rate as measured in 8 hour blocks.

While the air pressure’s impact on the fast neutron
rate is a well-understood phenomenon that can be com-
pensated for in the overall rate, it was not immediately
clear whether differences in the average air pressure be-
tween the reactor-on and reactor-off periods could intro-
duce an energy dependence in the correlated rate that
could mimic an IBD signal. To test this hypothesis, the
reactor-on data were split evenly into high-pressure and
low-pressure sets and the analysis was run on both halves.
The IBD excess measured in the two sub-samples agreed
to within 1σ.

An analysis based purely on the total correlated event
rates was conducted as a cross check of the spectral anal-
ysis. In this case, the air pressure correction was ap-
plied run-by-run. This incorrectly rescales the IBD sig-
nal events, however, since the correction is at most 5%
in any given run, but this is of little consequence for
the current purpose. Also, the DAQ live-time efficiency
has a slight systematic difference between reactor-on and
reactor-off runs due to the extra thermal neutron trig-
gers when the reactor is on. We measured this efficiency
in each run by comparing the number of recorded strobe
triggers to the number that were sent. The statistical
significance of this counting analysis is a strong function
of the signal-to-noise ratio, so we applied a 3–8 MeV en-
ergy cut, which should retain 58% of IBD events while
reducing the background by a factor of 3.6. To further
enhance the signal-to-noise ratio the topological cuts are
applied. The data is in three time periods: before, during
and after the reactor shutdown. Respectively these cor-
respond to the data taking periods of Tab. I as periods
1–3, periods 5–6, and period 8. The results are shown in
Fig. 6.

This analysis finds an on/off-excess of 1.22 ±
0.35 events/hour, which corresponds to a 3.5σ signifi-
cance. This compares well to the expected IBD rate
in the 3–8 MeV range of 1.27 events/hour, which demon-
strates that the topological cuts are highly efficient for
true IBD events. Multiplying the observed excess by the
total reactor-on time and correcting for the 58% efficiency
of the 3–8 MeV cut this corresponds to 2418±700 events,
which is entirely consistent with the result of the spectral
analysis. The lower significance of the rate only analysis,
is partly due to the inefficiency of the energy cut and
partly to the absence of information from the IBD spec-
trum. If we use the full 0.5–20 MeV range, we find an
on/off excess of 2.48± 0.94 events/hour compared to an
expectation of 2.17 IBD events/hour. This corresponds
to only 2.6σ significance, demonstrating a well-known
feature of rate-only analyses: tight cuts must be applied
to obtain a suitable signal-to-noise ratio, resulting in a
lower overall IBD efficiency.

It is worth noting that the pressure and DAQ efficiency
corrections are comparable in size to the expected IBD
excess in this rate analysis. Therefore, when the signal-
to-background ratio is low, this type of analysis may be
less reliable than desired. Also, random coincident rates
can be strongly correlation with the reactor power, see
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FIG. 5. The top panel shows the rates, as a function of time, for correlated (red) and random coincident (blue) events as
extracted from a fit to the ∆t-distribution in each 8 hour period. These events were selected without topological cuts applied
in order to enhance the fast neutrons events relative to IBD. The middle panel shows the time dependence of the atmospheric
pressure, which is anti-correlated with the variations of the correlated event rate. The bottom panel shows the correlated
event rate, corrected for atmospheric pressure as described in the text. The orange band is the average 1σ uncertainty on the
correlated event rate. The run periods are described in Table I. The gray shaded periods (5 and 6) correspond to reactor-off.
The blue shaded periods (4 and 7) correspond to reactor power ramping, and are not used in the IBD analysis.

FIG. 6. The results of the total correlated rate analysis are
consistent with the conclusions of the spectral analysis.

Fig. 5, and therefore must be separated in a robust way,
such as the ∆t fit method illustrated in Fig. 4.

In a spectrum-based analysis we can exploit the fact
that no IBD events are expected above 8 MeV and thus
we can use this part of the spectrum as a side band to nor-
malize the reactor-on/off periods relative to each other.

We calculated a scale factor by taking the ratio of reactor-
on and reactor-off correlated events in the 8 to 20 MeV
region. Our computed scale factor is 1.666±0.013, which
turns out to be very close to the factor we get from a
dead-reckoning of the relative reactor-on/reactor-off live-
time, 1.673 ± 0.005. That we get this good agreement
in spite of the ∼4% RMS on the atmospheric pressure
correction, is due to the fact that the difference between
the average pressure corrections in the reactor-on and
reactor-off periods is, by chance, quite low (less than
0.6%). This scale factor is applied to the correlated event
numbers in all energy bins of the reactor-off spectrum,
and then we perform the reactor-off subtraction. The re-
sulting spectrum is shown in Fig. 7. The error bars are
obtained by propagating the error on the correlated event
rate from the ∆-t fit in each bin from both the reactor-on
and reactor-off periods. The bin-to-bin correlated error
from the scale factor is not shown in the plot, but it is
included in the computation of the signal significance.

We perform a one-parameter fit of the observed
reactor-on/off difference to the predicted signal spec-
trum. In this fit we fully account for the statistical uncer-
tainty of the normalization between the reactor-on and
reactor-off data sets. The result of the fit is the best-fit
value (â) of the amplitude, a. This is compared to the
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FIG. 7. Shown is the difference between reactor-on correlated events and the reactor-off correlated events. The data points
in green were used to determine the reactor-off normalization in this subtraction. The blue data points are in the IBD-signal
region and the histogram is the best-fit Monte Carlo IBD spectrum.

null hypothesis, where a = 0, and the signal significance
is √

χ2(â)− χ2(a=0).

Our best fit value corresponds to 2880± 528 IBD events,
for a ratio of observed to expected events of 82%± 15%.
Given that the distance cut has a simulated efficiency of
67%, and the topological cuts are expected to be very
efficient for true IBD events, this is within expectations.
Overall, this constitutes a 5.5σ detection of reactor neu-
trinos, in a detector with no overburden. Our signal has
the expected temporal, spatial and energy signature ex-
pected for true IBD events.

Not surprisingly, we find the efficiency of the spectral
analysis to be more than twice that of the most sensitive
rate analysis. In the rate analysis, the low-energy bins,
where the signal-to-noise is poor, can still contribute to
the signal significance because their large uncertainties
are contained bin-by-bin, such that they do not dilute the
significance of the higher-energy bins where the signal-to-
noise is much better. Furthermore, the spectral analysis
does not rely on sizable corrections from the DAQ effi-
ciency and atmospheric pressure, which makes it inher-
ently more robust.

VI. OUTLOOK

An 80 kg prototype as presented in this paper is suffi-
cient to demonstrate reactor-on/off detection of a multi-
gigawatt reactor over a period of a few weeks. However,
in a safeguards context there are numerous ways in which

this information can be obtained much more easily with-
out the recourse to neutrinos.

The unique capability offered by neutrino reactor mon-
itoring is an in-situ, quasi-real-time determination of the
core inventory of plutonium isotopes. All use case sce-
narios of reactor neutrino monitoring that go beyond a
mere reactor-on/off detection, require a high-statistics
measurement of the neutrino spectrum. Plutonium pro-
duction reactors typically have a thermal power in the
20-200 MWth range, thus requiring a fairly sizable active
detector mass. For instance, the case studies presented
in Refs. [3, 4] are based on a notional 5-ton, 100% effi-
cient detector. In order to stay within the weight limits
of a typical shipping container a detector module should
not exceed 20 metric tons, translating to a required over-
all neutrino detection efficiency of about 25%. Further-
more, while liquid scintillator may not be a technical im-
possibility for safeguards applications, it would require
significant engineering controls to be practical, making
this technology easier to reject for a host country. In
summary, the results presented here, establish a highly
efficient liquid-free, unshielded detector with full spectral
measurement capabilities. In other words, a real step in
the direction of a practical safeguards detector.

The MiniCHANDLER project was undertaken with
the singular goal of demonstrating the detection of reac-
tor neutrinos and their energy spectrum with this novel
technology. Bench tests with our MicroCHANDLER pro-
totype have shown that the combination of new PMTs
(Hamamatsu R6321-100) and light guides improves the
energy resolution by a factor of two over the Amperex
XP2202 PMTs alone, as implemented in this version
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of MiniCHANDLER. Critically, the proposed new op-
tics provides a clean resolution of the 511 keV gamma’s
Compton edge, which will allow us to implement topo-
logical selections with greatly improved fast-neutron re-
jection efficiency.

Other future improvements include an upgrade of the
electronics, based on the SoLid detector readout [38].
This will have at least three known benefits: 1) increas-
ing the dynamic range by a factor of four, 2) fixing an
undershoot/overshoot in the analog signal affecting high
primary-energy event pairs with ∆t < 40µs, and 3) elim-
inating electronics cross talk. Additionally, we will dou-
ble the 6Li concentration by putting a neutron sheet in
the middle of each cube layer. Simulations show that
this, so called “half-cube” modification should increase
the 6Li capture efficiency by 35%, while decreasing the
capture time by 48% [39]. After returning from North
Anna we tested this configuration by modifying a single
layer of the MiniCHANDLER detector. We found that
it reduced the capture time and increased the 6Li cap-
ture rate in agreement with simulation, while having no
measurable effect on the light collection. Finally, simu-
lations show that adding just a meter of water equiva-
lent shielding would reduce the fast neutron background
by an order of magnitude [39]. Future deployments of
CHANDLER detectors will likely be accompanied by a
water tank, which can be filled on site, to provide an
overburden of up to one meter.

With the aforementioned improvements we expect to
achieve a signal-to-noise ratio of better than one-to-one,
which is essential for the safeguards goal of determining
the plutonium content from distortions in the neutrino
spectrum.
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