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We have modeled six abstracted detector designs, with the goal of determining their ability to resolve
the direction to an antineutrino source, including two for which we have operational data for validating our
computer modeling and analytical processes. We have found that the most promising options, regardless
of scale and range, have angular resolutions on the order of a few degrees, which is better than any yet
achieved in practice by a factor of at least two. We examine and compare several approaches to detector
geometry for their ability not only to detect the inverse beta decay (IBD) reaction, but also to determine
the source direction of incident antineutrinos. The information from these detectors provides insight into
reactor power and burning profile, which is especially useful in constraining the clandestine production
of weapons material. In a live deployment, a nonproliferation detector must be able to isolate the subject
reactor, possibly from a field of much-larger power reactors; directional sensitivity can help greatly with
this task. We also discuss implications for using such detectors in longer-distance observation of reactors,
from a few kilometers to hundreds of kilometers.
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I. INTRODUCTION

The first detection of neutrinos (specifically, in the form
of electron-antineutrinos) was accomplished by Cowan
et al. in the mid 1950s [1]. Rapidly thereafter, neutri-
nos were observed from cosmic rays (South Africa [2]
and Kolar gold mines [3]); they were also observed at
accelerators (Brookhaven [4]). Many observations were
performed successfully in the proximity of reactors around
the world. In parallel, solar neutrinos were observed in
the Homestake mine [5]. Through these experiments and
others, weak-interaction theory was validated. Limits were
set on neutrino mass, neutrino stability, and the number of
neutrino types.

Soon thereafter, in the 1960s and the 1970s, commer-
cial power reactors began producing power in quantities
enough to start considering reactor neutrinos specifically
[6] as a neutrino-oscillation study tool. In the 1980s and
early 1990s, there were a number of experiments at reac-
tors carried out at multiple baselines to look for neutrino-
oscillation effects (Rovno [7], Gösgen [8], Bugey [9],
Krasnoyarsk [10], and Savannah River [11]). In 1998,
SuperKamiokande detected the first clear example of neu-
trino oscillations via the disappearance of cosmic-ray
muon neutrinos traversing the Earth [12], setting off the
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modern avalanche of neutrino studies. Next, the SNO
experiment found evidence of both solar electron-neutrino
disappearance and total solar-neutrino conservation via
observation of the unsuppressed neutral-current solar-
neutrino interactions [13,14]. In 2003, the KamLAND
experiment detected the disappearance of neutrinos from
the ensemble of reactors around Japan, producing the
first unequivocal evidence that electron-neutrinos oscillate
[15]. This cemented the case for oscillatory neutrino fla-
vor changing, explaining the decades-long solar-neutrino
quandary.

The subject of using antineutrinos in the nonprolifer-
ation context has seen a renaissance in the recent years
[16,17]. In the near-field and mid-field, the community
has entered a precision era, as seen with PROSPECT [18]
and DayaBay [19,20]. Long-range detection is becoming
possible; with the undoped liquid scintillator KamLAND
[15] and water SNO+ detector [21], as well as the JUNO
and the gadolinium-doped SuperKamiokande detectors, all
coming online.

In the early 2010s, an interest in studies on short-
baseline neutrinos was rejuvenated with a series of papers
describing a few-percent deficit observed by previous
experiments due to reevaluated antineutrino flux. This so-
called reactor-antineutrino anomaly [22] led scientists to
propose some new detectors such as PROSPECT [23],
SOLID [24], miniChandler [25], and NuLat [26]. Other
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segmented detectors that have been in operation since
around that time include DANSS [27] and PANDA [28].
Although the anomaly has since been resolved through
improved measurements of the beta spectra [29], this
plethora of experiments as a result of the hunt for solving
the anomaly put us in an era of experiments that can mea-
sure antineutrino spectrum with high precision and could
be operated above-ground with not much overburden. Cur-
rently, in the mid 2020s, this era continues with scientists
looking for ways to use these new tools for safeguarding
nuclear reactors [30,31].

For large detectors in the nonproliferation context,
directionality, or the ability to reconstruct the direction
of the antineutrino source, has been proposed as a useful
capability to determine the source of a clandestine reactor
[32]. The concept was first presented by the Double Chooz
experiment in 2007. Using a sample of 2500 events they
report an angular resolution corresponding to resolving a
neutrino source to within a 1σ half-cone aperture of 2.3◦
[33]. Expected utility is in small modular reactors where
the detector could, in principle, distinguish neutrinos com-
ing from multiple cores [34]. While we look forward to
publishing results with background environments in the
future, it remains critical to note that this current work
does not include backgrounds. Quantification of detector
geometry to signal generation is the hallmark of this study.

II. DIRECTIONALITY FROM INVERSE BETA
DECAY

We start by defining the coordinate system used herein.
Under the assumption that the reactors in question are
located in the same horizontal plane as the detector (neither
in the sky nor deep underground relative to the observa-
tion point), we focus on determination of the azimuthal
direction:

ϕν = arctan
(

pν⊥
pν‖

)
= arctan

(
�y
�x

)
, (1)

ϕ ≡ 180◦−ϕν . (2)

In detector physics, directionality refers to the ability of a
detector to determine the incident direction of an incoming
particle, and by extension to infer the direction pointing
from the detector to the particle’s source. Figure 1 illus-
trates this concept as applied to a detector attempting to
reconstruct the direction ŜT to the source of the incoming
antineutrinos. The source is assumed to be located on the
horizon relative to the detector (i.e., zDetector = zSource), so
this problem reduces to reconstructing the azimuthal angle
ϕ, which can be found as given in Eqs. (1) and (2). Note
that some of the background from distant reactors will
be substantially out-of-plane, so we get some small relief
from backgrounds which are due to reactors located well

pν

ST

x

y

z ϕ

ϕν

Detector

Source

FIG. 1. Key directional quantities (xy projection). The vector
ST is a vector indicating the true direction toward the source.
In this study, all antineutrinos are assumed to have the same
direction in their momentum pν .

below the horizon. This effect is mostly relevant for large,
long-baseline detectors [35].

These can be seen in Sec. IV (Fig. 3).

A. Acquisition

The key task for inverse beta decay (IBD) directionality
is therefore to find the direction of the neutron’s momen-
tum as it exits the IBD vertex. In practice, this is achieved
by finding the average direction of neutron displacement
from production to capture over a set of events.

The displacement of the e+ from its production (which
is at the IBD vertex) to its annihilation is typically much
shorter than the capture displacement of the n, so we can
reliably use a point along the e+ track to approximate the
location of the IBD vertex. In other words, the short dis-
tance between the IBD vertex and the end of the e+ track is
negligible compared with the neutron-capture distance. (In
fact, it is so short that it has generally been irresolvable in
practice.) The method for extracting directional informa-
tion from an IBD detector is then to draw a vector from the
location of neutron capture to the location of the positron
event. This vector, which we denote as �SR, represents the
reconstructed direction to the antineutrino source. The true
direction from the detector back to the antineutrino source
will be indicated by the unit vector ŜT. In a directionally
sensitive detector, the average of ŜR over a large number
of events will increasingly tend toward ŜT.

The magnitude ‖ �SR‖ gives us the approximate capture
distance of the neutron, which we will hereafter denote
as dn (i.e., dn ≡ ‖ �SR‖). We are sometimes interested in
this, but for directional purposes it is often convenient
to simply use the corresponding unit vector, ŜR. We can
also define the quantity ψ as the angle between ŜR and
ŜT, as shown in Fig. 2 and according to the following:
cosψ = ŜR · ŜT. Our work verified the expected theoretical
curve, via simulation, as shown in Fig. 3.
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FIG. 2. How the angleψ between reconstructed SR and true ST
source direction is defined. The vector SR points from the recon-
structed vertex of the neutron capture toward the reconstructed
vertex where positron deposited its energy before annihilating.
The megaelectronvolt-scale positron travels a few millimeters
before being annihilated with an electron. The kiloelectronvolt-
scale neutron loses its energy in the detector medium before
being captured; the separation between IBD vertex and the cap-
ture location could be made large if there is no medium in
between, as in some of the detector designs considered in this
study. The antineutrino source was positioned along the x-axis:
angle ψ = 0 would indicate a perfect reconstruction of direction.

B. Statistics

The determination of the direction of the incoming
antineutrino is an inherently stochastic process. This is
because of the scattering undergone by the neutron dur-
ing its moderation/thermalization phase. This scattering is
a nearly isotropic random walk after the first scatter, with
only a slight bias in the forward direction of antineutrino
travel. The capture displacement of the neutron (and con-
sequently ŜR) for any particular event will then be in a
nearly random direction, and it is therefore only the aver-
age of ŜR over a substantial number of events that will
reliably point in a direction near ŜT and give a mean-
ingful result for the direction to the antineutrino source.
This is true even for cases in which the n-scattering region
can be separated from the e+-track region, as discussed in
detail in Sec. III B. The results in [36] also indicate that,
on average, the e+ will have a slight bias to leave the IBD
interaction heading in the backward direction relative to
the incoming νe.

C. Neutron-capture agent

The dopant isotope determines the interevent time
and both the energy and degree of localization for the
delayed event, along with a host of other design consid-
erations. Common dopant isotopes include 6Li, 10B, and
155Gd/157Gd, all three of which are used in this study.
Neutron captures on 1H are also common, simply because
frequently used target materials such as water and organic
molecules contain hydrogen. The natural isotopic abun-
dances and capture reactions are included in the simula-
tions [37–40]. In the simulation, we keep the by-weight
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FIG. 3. Distribution of positron kinetic energy E+ and cosine
of neutron scattering angle ψ relative to the incoming antineu-
trino, based on simulating 100 000 IBD positron-neutron pairs.
The binning in both axes, cosψ and positron energy E+, is 100;
the projections are shown in gray in the inset 1D histograms.
The mean values and standard deviations, along with the ana-
lytical calculation for the maximum angle, are also displayed. It
is worth noting that the 2D distribution has a sharp peak when
the angle approaches the maximum allowed angle (shown as a
red curve), resulting in the shift of the mean value toward that
curve. Simulated via RAT-PAC.

doping levels as follows: 0.1% for Gd-doped detectors;
1.5% for 6Li; and 5% for 10B.

D. Relation to other designs

The forward/backward asymmetry in IBD neutrons was
first discovered by Gabrielle Zacek by analyzing data from
the Gösgen experiment [41]. The effect was also observed
by Palo Verde [42] and Bugey 3. The first experiment
to successfully demonstrate directional detection of elec-
tron antineutrinos via IBD was the Chooz experiment,
which used approximately 2700 IBD events to “[locate]
an antineutrino source to within a cone of half-aperture
≈22◦ at the 68% C.L.” (confidence level) [43]. The Dou-
ble Chooz (DC) experiment then improved on this result,
acquiring ∼8200 IBD events and reducing the cone to
half-aperture ≈6◦ [44,45].

1. Concurrent and future

Other collaborations working along these lines include
the PROSPECT [18] and Daya Bay experiments; both
have published their final measurements last year [19,20].
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FIG. 4. Number of IBD interactions per day per cubic meter
of detector volume, using a detector medium with 5 × 1022 cm−3

number density for hydrogen. Various power and research reac-
tors cited previously are featured as test points. Note that upward
on the plot is equivalent to increasing reactor power.

The RENO [46] (Korea), Double Chooz [47] (France),
and Borexino [48] experiments have also concluded. Kam-
LAND and SuperKamiokande are operating, but neither
has the resolution to resolve IBD directions. The JUNO
project in China is under construction and hopefully will
soon operate. Due to the small (≈5 × 10−43 cm2) cross
section for IBD, large detector volumes are needed to get
sufficient numbers of events for directional reconstruction
with good statistics, as shown in Fig. 4.

III. METHODOLOGY

A. Simulated detectors

1. Monolithic

Because of the success of Double Chooz as mentioned
previously, we have chosen it as a basis for comparison in
this study. In Chooz and Double Chooz, as well as other
major antineutrino experiments such as RENO [46] and
Daya Bay [49], all of the target material is arranged in a
single, central volume. We will hereafter refer to this basic
design as the monolithic type. This volume is usually a
simple geometric shape such as a sphere, cube, or cylinder.
Choosing such highly symmetric configurations simplifies
reconstruction of the interaction locations.

In a monolithic detector such as Double Chooz, the
prompt and delayed events take place in a single, contin-
uous volume which is large compared with the distance
traveled by the neutron. The positions of the positron
and neutron events are then reconstructed using the rela-
tive time and/or charge registered by photomultiplier tubes
(PMTs) which are spread over the surface of the volume.
The version of this geometry that we implemented is a right
cylinder tank 10 m in diameter and 10 m in height; note that

it is considerably larger than the tanks used in the actual
Double Chooz experiment.

2. Segmented 3D: NuLat

A key limitation of the monolithic approach is that its
spatial resolution is typically larger than the neutron dis-
placement needed to infer the source direction. This means
that the most immediate factor limiting the directional
capability of a monolithic detector is its spatial resolution.
The basic concept behind the segmented approach is to
improve the spatial resolution by dividing the target vol-
ume into a lattice of cells which are each smaller than the
desired distance measurement.

For our example segmented design, we chose the Neu-
trino Lattice (NuLat) detector [26], in which the target
volume is a cube subdivided into cubical cells. Interaction
positions can then be determined to a resolution corre-
sponding to the size of the cells. The trick then lies in
identifying which cell is active at a particular time. NuLat
accomplishes this by employing total internal reflection
(TIR) to create what is known as a Raghavan Optical Lat-
tice (ROL). The TIR is made possible by a 1-mm air gap
between scintillator segments. Light is channeled along
each of the three principal axes from the originating cell to
the outer faces, which would be instrumented with PMTs.
Combining the information from each face reveals the
{x, y, z} of the originating cell.

Directional information from IBD interactions comes
from events in which the prompt and delayed events occur
in different cells; �SR is then simply a vector from the center
of the first cell to the center of the second. This also indi-
cates that the cell dimensions should be comparable to the
typical neutron travel distance (dn) in the target material.
For this study, the cells were 5-cm cubes, comparable to
the few-centimeter capture distances typical of our chosen
materials. The simplest configuration, 3 × 3 × 3, gives one
central cell with a neighbor in every direction; this is the
configuration used in our Monte Carlo (MC) simulations
and is shown in Fig. 5. The NuLat demonstrator [50] that
was built was 5 × 5 × 5, and the actual NuLat is planned
for 15 × 15 × 15 [26].

3. Segmented 2D: SANDD

Another recent segmented detector design is Segmented
Anti-Neutrino Directional Detector (SANDD), a small
(6.4-liter) array of 6Li-doped plastic scintillators with
pulse-shape discrimination (PSD) capability [51]. (PSD
makes it possible to distinguish certain particle types based
on the shape of their scintillation pulses.) A prototype was
designed and built for exploring near-field reactor moni-
toring, including sensitivity to IBD antineutrino direction.
The core concept is an 8 × 8 bundle of square scin-
tillating rods (5.4 mm × 5.4 mm × 40.64 cm) to detect
both the initial interaction and the neutron capture. This
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FIG. 5. Simulated NuLat 33 geometry: a 3 × 3 × 3 array of
6Li-doped scintillator cubes. The cubes have a 5-cm side length
and are separated by a 1-mm air gap. For this arrangement, the
IBD interaction vertices (and, therefore, the prompt events) are
restricted to the central cube only; but the delayed events can
occur in any of the 27 cubes.

inner core of rods (hereafter referred to as the SANDD
central module, or “SANDD-CM”) is designed to be sur-
rounded by a single layer of square 2.54-cm scintillating
bar segments and an additional layer of scintillating slabs
(2.54 cm × 5.08 cm). The configuration is quite similar
to the Double Scatter Neutrino Camera built and tested at
UH, as part of the program to study a Single Volume Scat-
ter Camera for neutron direction determination, hosted by
Livermore/SANDIA [52]. We estimated that this prototype
would have needed enlarging to ton-scale fiducial volume
to have enough sensitivity for useful observations near a
reactor, but it did show promising performance in lab tests.
The NuLat and SANDD prototypes have demonstrated the
viability of utilizing an array of scintillating parallelpipeds
for IBD detection, but they have also highlighted the prob-
lem of requiring many detector and electronics channels
(∼104 or more) when scaling up to the required fiducial
volumes for reactor studies, even from a distance of a few
meters.

B. Resolving the neutron-scattering problem

A fundamental challenge for any IBD detector is that
neutron scattering quickly degrades directionality. IBD
neutrons do not have a uniform initial direction (even if
the incident antineutrinos do), so they were not well-suited
to illustrate the directionality effect at the IBD energies.
At this point, the neutron-scattering process becomes the
dominating factor limiting improvements in the angular
resolution of the detector. We ran a set of neutron-only sim-
ulations specifically to illustrate this process; those results
are discussed in Sec. IV (see, in particular, Fig. 8).

Target planeCapture plane

x

y

z

ν̄e

IBD and
positron
annihilation

capture
Neutron

Unscattered
neutron

ψ0
n

FIG. 6. Design concept of a target-capture-plane detector
based on the SANTA. In this study, the antineutrino direction was
perpendicular to the detector planes. Only one capture plane was
implemented (unlike the original design with the second capture
plane). Angle ψ0

n is the angle between the direction of capture-
IBD cells and the x-axis. In the separation detector, like SANTA,
the mean values for angles ψ0

n and ϕ are the same.

The loss of directional information due to neutron
scattering is an inherent limitation in bulk-volume
detectors, whether they are monolithic like Double Chooz
or subdivided like NuLat. One proposed solution to
this problem is the Segmented AntiNeutrino Tomography
Apparatus (SANTA) [53], which allows the neutron to
travel much further in its original direction before its first
scatter. This requires the neutron to leave the target mate-
rial almost immediately after it is produced, then travel
some relatively long distance, then enter a second volume
of target material and capture there. As shown in Fig. 6,
SANTA proposes to achieve this by arranging the scintil-
lator materials into two separate layers: a very thin “target”
layer for the prompt event and neutron production, and a
thicker “capture” layer for neutron thermalization and cap-
ture. In order to encourage the neutron to capture in the
correct layer, the target layer would not be doped with
any neutron-capture agents, and the capture layer would
be doped rather heavily: for example, polyvinyl toluene
(PVT) at 5 wt % natural boron in the original proposal.

The dramatic benefit of this approach is that neutron
scattering has only a minimal effect on the reconstructed
source direction. This can be seen in Fig. 6. In most
IBD detectors, the neutron-capture region surrounds the
IBD vertex, and the randomness of the neutron’s scatter-
ing almost completely determines the angle ϕ. SANTA
sidesteps this problem by moving the scattering down-
stream, so that n captures anywhere within the scattering
region will point approximately along the true source
direction. We refer to this target-segment → flight →
capture-segment arrangement as a separation detector.

It is worth noting that the neutron is not guaranteed to
capture in the capture layer, even with heavy doping. A
neutron may, for example, bounce off of the capture layer
and eventually capture back in the target layer, possibly
reflecting off of nearby walls or shielding in the process.
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Target plane
(undoped)

Both planes:
40 bars × 5 cm tall

Capture plane
(doped)

νe

FIG. 7. Simulated SANTA Geometry: the “target” plane com-
posed of 40 bars of undoped scintillator 2 m × 0.05 m ×
0.005 m; the “capture” plane composed of 40 scintillator bars
doped with natural boron, 2 m × 0.05 m × 0.06 m. The separa-
tion between the two planes is 1 m, resulting in a “packing factor”
of about 0.46% (the ratio of the target volume to the total volume
of the detector).

(Such captures typically occur on an 1H in the plastic.)
These relatively rare events could still be used to measure
the total antineutrino rate but would generally be cut from
the directional analysis.

The implementation of SANTA used in this MC study
was based on a possible realization proposed in [53]. It
contains a 0.5-cm-thick undoped target layer separated by
1 m from a 6-cm-thick capture layer doped at 5 wt % nat-
ural boron, as shown in Fig. 7. Both layers are composed
of PVT plastic scintillator and are 2 m × 2 m. The original
proposal included an additional layer, upstream of the tar-
get layer, for catching positrons that escape the target layer.
We elected to forego this feature, both to keep the config-
uration minimal and because the energy deposition from
positron tracks in the target layer was sufficient for our
purposes. No explicit mechanism was proposed by [53] for
measuring the locations of the interactions in the scintilla-
tor. At University of Hawai’i (UH), we took this concept
and considered how it might be realized in an actual detec-
tor. To this end, we subdivided each plane into a set of
40 horizontal scintillator bars, each 50 mm tall and sepa-
rated by 1 mm from the next bar. We inserted a 0.5-mm
strip of black acrylic for optical separation between each
bar. In a real detector, a 5-cm PMT or silicon photomul-
tiplier (SiPM) would then be placed at either end of each
bar, for a total of 160 light sensors. For a typical prompt or
delayed event, a strong signal will be produced in exactly
one bar. The event’s position can then be extracted as fol-
lows. The vertical component (z) is taken to be the value of

z at the center of the bar. The axial component (x) is taken
to be the value of x at the center of the plane (so, in our
implementation, x = ∓50 cm for the target/capture plane).
The transverse component (y) is determined by comparing
light output at either end of the bar. If fast-timing measure-
ments are available, the transverse determination could be
enhanced by comparing photon arrival times at either end
of the bar.

Finally, SANTA is unique among the designs studied
here in that it does not have a full field of view (FOV);
that is, it is sensitive only to antineutrinos coming gener-
ally from its “forward” direction (+x in Figs. 6–8. This
does bias the results: SANTA will always report a source
direction within its FOV. We have run preliminary sim-
ulations using off-axis neutron beams; the results suggest
that, after accounting for a systematic skew toward the cen-
ter, SANTA can reliably identify off-axis sources within its
FOV. More specifically, SANTA’s FOV is approximately
a cone (3D) or arc (2D) of half-angle 45◦. This is ∼15%
of 4π sr in three dimensions and exactly 25% of 2π rad in
two dimensions. Whether this limited FOV is a drawback
or a benefit depends on the objective of a given deploy-
ment. For example, it is clearly detrimental if attempting to
locate an unknown reactor with an arbitrary position; but it
can suppress noise from irrelevant directions if attempting
detailed measurements near a known reactor.

C. Hybrid

1. Motivation

Our collaboration felt that the SANTA approach fea-
tured an ingenious insight on solving the aforementioned
neutron-scattering problem; however, we also anticipated
some major practical limitations with the design as laid out
in the original paper. Our two biggest concerns were that,
relative to the more traditional designs:

(1) the much-larger surface-area-to-volume ratio would
expose the detector to severe levels of backgrounds, espe-
cially in our targeted near-surface deployment scenario;

(2) the much-smaller target-volume-to-footprint ratio
would severely restrict the achievable target mass in a real
deployment environment.

It is worth noting that the SANTA design does inherently
compensate somewhat for both of these effects, in that it
requires many fewer events to achieve a given angular
resolution. However, our simulations indicated that this
compensation alone would likely be insufficient to make
the original design practically viable.

We therefore set out to devise a class of detector
designs that would strike a balance between the direc-
tional performance of SANTA and the larger target mass
and stronger resilience against backgrounds of the more-
traditional detectors. In this work, we refer to such detector
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FIG. 8. Set of 4-keV neutrons directed along {−1, 0, 0} were generated consecutively inside a large volume of plastic scintillator,
doped at 1.5 wt % 6Li (top row of plots) and undoped (bottom row of plots); the directional effect of the scattering they undergo prior
to capture is shown after 2, 5, 10 and 20 scatters (a typical total for this material). Displacements in the xy plane; the gray cross (10
cm across) indicates the origin and the scale to make the displacement in the distributions more visible. For the undoped scintillator
(bottom row), the neutrons undergo a higher number of scatters on average, making the displacement more obvious.

plans as hybrid designs. All of them seek to improve direc-
tional performance by incorporating space for the neutron
to exit the target medium almost immediately after pro-
duction and then undergo thermalization and capture in
a different target segment, which is the driving behavior
behind the directional capabilities of SANTA.

2. “Checkerboarding”

One of our primary approaches was to provide this
free-flight space by simply removing alternating detector
segments from the SANDD and NuLat 153 configurations
in a “checkerboard” pattern. This pattern is determined by
the row, column, and (in three dimensions) layer numbers
for any given cell in the lattice. There are two types of cells
in this arrangement.

(1) Active cells, which are occupied by a scintillator
segment as usual.

(2) Inert cells, which are either left empty (air, vac-
uum, etc.) or, if necessary, are filled with some material
which is effectively transparent to neutrons and (for some
geometries) optical photons.

A lattice cell is made active if and only if its row, col-
umn, and (in three dimensions) layer numbers are all either
simultaneously even or simultaneously odd: for 2D detec-
tors, ROW% 2 = COL% 2; for 3D detectors, ROW% 2 =
COL% 2 = LYR% 2, where “%” is the modulus operator.

Renderings of our simulated versions of these arrange-
ments are shown in Figs. 9 and 10. Note that the 3D version
does not identically reproduce the traditional 2D checker-
board pattern in any single plane. Instead, it produces a
pattern in which each active cube only has active neighbors
at its vertices, rather than against its faces. This is the 3D
analog to the traditional 2D checkerboard, wherein black
squares only have black neighbors at their corners rather
than along their sides. It is this “neighbors on vertices
only” property that provides flight space for IBD neutrons
within an otherwise bulk-volume detector.

For this study’s simulations, all inert cells were sim-
ply left empty (i.e., they contained only air). We leave

FIG. 9. Closeup showing 2D “checkerboard” lattice
arrangement.
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FIG. 10. Closeup showing 3D “checkerboard” lattice arrange-
ment (inert cells ghosted).

the investigation of candidate inert materials to future
work, other than to note the following. To qualify, a mate-
rial’s interaction lengths for both neutron elastic scattering
and neutron capture should be at least comparable to
(and ideally much larger than) the cell size: {λes, λcap} �
{l, w, h}cell. If the inert cells also need to serve as light
guides, such as in the NuLat/ROL arrangement, then the
material must be sufficiently transparent to optical photons
as well. We have run preliminary simulations indicating
that glass/quartz (SiO2) may be one such material.

D. Detector selection

Now that we have described each of the experiments we
chose to simulate, we would like to briefly discuss why we
selected this particular collection.

There are a number of experiments we could have
chosen to represent each fundamental detector type. The
field in general is well-represented in the 2015 survey

of planned short-baseline reactor-antineutrino experiments
listed in Table 1 of the NuLat whitepaper [26]. Most
of the detectors in the table were designed for a sim-
ple measurement of the antineutrino flux and not for
antineutrino directionality. As a result, our examination of
one or two designs from each type, monolithic/minimally
segmented (Double Chooz), 2D segmented (PROSPECT,
SANDD), and 3D segmented (NuLat), covers the field of
short-baseline reactor experiments as far as antineutrino
directionality is concerned.

Because members of our group personally worked on
the miniTimeCube (mTC), NuLat, and SANDD experi-
ments, and our faculty includes members of the Double
Chooz and PROSPECT collaborations, these detectors
were naturally optimal choices for use in this study. The
SANTA design is the only one of its type, so its inclusion
was essentially predetermined. Finally, the hybrid designs
appear here because they were developed by our group as
part of this work.

E. Accuracy and angular resolution

We give the angular resolutions of these experiments in
terms of [�ϕ]1σ , the 1σ uncertainty on the reconstructed
source direction. It is the half-aperture of a cone in the 3D
experiments and the half-angle of an arc in the 2D exper-
iments. Following the formulation used by Double Chooz
[44,45,54], we have calculated [�ϕ]1σ as follows:

[�ϕ]1σ = arctan
(

P/dn√
N

)
, (3)

where [�ϕ]1σ is the 1σ angular uncertainty on the recon-
structed direction to the νe source, P is the mean position
resolution, dn is the mean distance between the prompt and
delayed events, and N is the number of IBD events used
for direction reconstruction. (Recall from Sec. II A that

TABLE I. Summary. The total number of IBDs simulated in each detector is 10 000. Target material is PVT for all detectors except
for Double Chooz. We use Ntrg to represent the total number of IBD-candidate events registered by the antineutrino trigger. We use
N1V to denote the number of IBD-candidate events for which the prompt and delayed events occurred within a single volume/segment;
these events were not used for directional reconstruction except in the monolithic (Chooz-type) detector. The resulting number of
IBD-candidate events used for directional reconstruction is N = Ntrg − N1V. Here 〈cosψ〉 is somewhat a measure of angular accuracy,
and �ϕ is the analytically-calculated 1σ angular uncertainty on the reconstructed direction to the antineutrino source: see Sec. III E; it
is the half-aperture of a cone in the 3D experiments and the half-angle of an arc in the 2D experiments. Note that the 2D experiments
are reconstructing the azimuthal angle only.

Recon. Type Experiment Dopant wt % Vol. (l) P (mm) d (mm) Ntrg N1V N 〈cosψ〉 ϕ (◦) �ϕ (◦)

DC (data) Gd 0.1 10 000 156.7 16.7 8249 . . . 8249 0.059 7.4 5.90
Monolithic Gd 0.1 785 000 125.27 13.9 9198 . . . 9198 0.052 −2.55 5.37

3D NuLat 53 6Li 1.5 15.6 43.4 20.0 4592 661 3931 0.256 0.82 1.98
3D Chkbd. 6Li 1.5 107 105.7 32.7 4384 178 4206 0.194 6.03 2.85

SANTA B 0/5 24.0 218.28 1000 2275 0 2275 0.876 −0.56 0.26

SANDD-CM 6Li 1.5 0.64 16.8 10.0 250 3 247 0.360 12.08 6.10
2D 2D Chkbd. 6Li 1.5 5.12 55.6 24.8 1864 4 1860 0.297 4.02 2.98

PROSPECT 6Li 0.08 3465 225.7 99.0 9489 5763 3726 0.335 3.03 3.82
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dn ≡ ‖ �SR‖.) Here P is itself calculated via P = (σx + σy +
σz)/3, where σx, σy , and σz are standard deviations for the
displacement vector; in the monolithic case, it is the sigma
of the Gaussian fit. For the 2D detectors, the calculation is
as follows: P = (σx + σy)/2.

To specifically focus on the inherent potential direction-
ality of each approach, we determined to not include back-
grounds at this stage. The idea here, particularly for the
SANTA design, was to investigate whether the (expected)
improvement in directional capability offered sufficient
reason to proceed to addressing the (expected) difficulties
with backgrounds. Further details on each set are discussed
in the following.

F. Shared parameters

We used RAT-PAC [55,56] (an implementation of
GEANT4) and ROOT [57,58] for simulation and analysis;
it was adapted by various collaborations including SNO+
[21] and AIT [59–61]. We simulated 10 000 IBD events
in each detector. We took the νe source to be distant
enough that the incoming antineutrino flux could be well-
represented by a plane wave; that is, we took the incoming
antineutrinos to be uniform in direction. Furthermore, we
took the νe source to be located “at the horizon” relative
to the detectors. For convenience, we placed our origins at
the center of each detector with the x-axis pointing toward
the νe source, so that the incoming antineutrinos were trav-
eling along {x, y, z} = {−1, 0, 0}. We then oriented each
detector to be “facing” the νe source; that is, we aligned
each detector for its optimal directional sensitivity for the
chosen antineutrino direction. The energy distribution for
the IBD events was taken from the reactor spectrum built
into RAT-PAC [55]. The IBD vertices were generated in a
uniform (flat) random distribution throughout a volume or
set of volumes chosen specifically for each detector. IBD
events were separated in time by a Poisson distribution of

mean 1 s. In all cases but NuLat 33, IBD vertices were dis-
tributed uniformly throughout the scintillator volume(s).
In NuLat 33, IBD vertices were constrained to the central
cube.

Backgrounds were expressly excluded from this study
and will be addressed in subsequent work. This allows us
a clear examination of the potential directional capability
inherent to each geometry, with the goal of assessing which
designs we wish to investigate further (including studies of
performance in the presence of backgrounds). It also pre-
vents our discussion from becoming needlessly restricted
to a particular deployment setting, as background profiles
are strongly site-dependent.

G. Reconstruction and event selection

For vertex reconstruction, we start with the raw Monte
Carlo position. Then, for each xi ≡ {x, y, z}:

(a) if the detector is segmented along xi, we use xi at the
center of the segment; or

(b) if the detector is not segmented along xi, we apply
Gaussian noise to the raw Monte Carlo value according to
the detector’s estimated position resolution.

(For details on direction reconstruction, see Sec. II.)
Very little event selection was required for this study due

to the configuration of our simulations. Because we gener-
ated only IBD events, there were no backgrounds to filter
out. The IBDs were separated by a uniform 1-s interval, so
they did not overlap in time. As a result, we needed only
to consider the location of neutron capture.

(a) IBDs whose neutron was not captured in a detector
target segment were discarded.

(b) All other IBDs were included in the total IBD count.

0

π/2

π

3π/2

Monolithic 0

π/2

π

3π/2

Segmented 0

π/2

π

3π/2

Separation

FIG. 11. Distributions of the azimuthal angle ϕ for three selected geometries: monolithic (Chooz), segmented (NuLat 53), and
separation (Santa). The bin width is 10◦; the inner circle on each histogram corresponds to 0 events and the outer circle is normalized
to the max number of events per bin.
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(c) Remaining IBDs that passed the single-volume cut
were then used for direction reconstruction, as detailed in
the caption of Table I.

During this process, we developed software tools for
analysis and visualization that we hope will be useful to
the community in general and to ROOT/RAT-PAC users in
particular (see [56]). The results of these simulations are
presented in Sec. IV.

IV. RESULTS

A summary of the main results from our primary simu-
lation set is given in Table I.

A. Selected examples

We have chosen a trio of examples which highlight the
behaviors of the three basic detector categories, shown
in Fig. 11. The monolithic, segmented, and separation
design types are represented by Double Chooz, NuLat53,
and SANTA, respectively. It is worth noting that, although
SANTA appears to have superior angular reconstruction,
the separation concept in itself is rather a nonrealistic
approach as it faces major background issues and the pack-
ing factor is rather small compared with all other designs:
the target layer is subpercent of the total volume needed
for this concept to work. This study was posited that
the incoming antineutrino direction was perpendicular to
the detector plane; thus, creating a bias in reconstruct-
ing the direction. We studied other orientations of the
detector plane (which showed a degraded performance).
We decided not to include them here as that would divert
the reader’s attention toward a rather unrealistic detector
concept at the expense of giving other detector designs a
similar amount of detail.

The scalability of designs incorporating this effect is
limited by two closely related constraints.

(1) Along the direction of antineutrino travel, the
thickness dactive of the detector’s target segments should
not significantly exceed the neutron-capture distance.

(2) Along this direction, some or all of these active
segments should be followed by a sufficiently neutron-
transparent region with a thickness dinert that is at least
comparable to the neutron-capture distance:

dactive � dn � dinert (4)

B. Cosine results

The quantity cosψ for a given event gives a value on
the interval [−1, +1] that reflects the degree of agreement
between ŜR and ŜT, as illustrated in Figs. 12 and 13. Values
near −1 indicate a reconstructed direction pointing away
from the true source direction; values near 0, perpendicular

to the true source direction; and values near +1, toward the
true source direction. Stated simply, distributions that are
skewed more heavily to the right of these plots generally
indicate better directional performance.

The cosψ distributions for the 2D and 3D experiments
are shown in Fig. 14. The base material (prior to dop-
ing) for all, but the monolithic (Chooz-type), detectors is
our simulated version of PVT, which is the base polymer
for EJ-254 scintillator [62,63]. The base material for the
monolithic detector is our simulated version of the organic
liquid scintillator of Double Chooz. The column “Vol.” in
the table is the detector’s active target volume in liters.
Recall that our Chooz-type tank is substantially larger than
those used in the actual Double Chooz experiment. The
capture plane and the inert checkerboard cells of SANTA
are, by definition, not included. The 1σ angular uncertainty
[�ϕ]1σ on the reconstructed direction to the antineutrino
source: see Sec. III E; it is the half-aperture of a cone in
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0.3

0.4

0.5

0.6 S : cos ψ : N

2 : 0.843 : 995
5 : 0.577 : 935
10 : 0.434 : 629
20 : 0.307 : 50

−1.0 −0.5 0.0 0.5 1.0
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FIG. 12. Distribution of the cosψ for various number of scat-
ters (indicated in the legend along the mean values): (a) doped;
(b) undoped. The mean values indicate the strength of the direc-
tional trend. Number of neutrons left after S number of scatters
is indicated in the legend, i.e., the number of entries in the
corresponding histogram.
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the 3D experiments and the half-angle of an arc in the 2D
experiments.

In order to show only the directional effects due to
neutron scattering, we simulated a uniform set of 1000
neutrons with kinetic energy of 4 keV in a piece of plastic
scintillator doped at 1.5 wt % 6Li.

Figure 8 shows relevant parameters for these neutrons
after 2, 5, 10 and 20 scatters. It is worth noting that all
of these parameters, most notably the width of the spread
and the total number of scatters, can vary substantially
depending on the scintillator material, choice of dopant,
and doping concentration. The raw Monte Carlo positions
are shown in Fig. 8(a). After the first scatter, the distri-
bution is quite clearly forward-biased, but it spreads out
considerably in just a few more scatters. After 20 scat-
ters, a typical total in this material, the distribution is
only slightly heavier in the forward direction than in the
backward direction, and the transverse spread is compa-
rable to the forward-backward spread. Figure 8(b) shows
a quantitative view of this process, representing the over-
all directional information via the distribution of cosψ at
each step. In N = 2, the momenta are strongly concen-
trated in a narrow cone about the initial momentum, but
in N = 5, the cone is considerably broader and much less
sharply defined. The stark contrast between N = 2 and
N = 5 indicates how detrimental even a few scatters are
to the directional information carried by the neutron. By
the time the neutron captures at around N = 20, the trend
in cosψ is relatively weak. In a real detector with finite

Away from source

Normal to source

Toward source

Reconstructed angles

Example histogram

FIG. 13. Physical meaning of cosψ distributions, illustrated
here as it applies to the 3D experiments. The 2D analog is the pro-
jection of this diagram onto the xy plane. Events in the leftmost
shaded region (i.e., the second bin from the left in the example
histogram) correspond to reconstructed angles falling within the
solid angle between the two cones defined by cosψ = −0.8 and
cosψ = −0.6, or ψ ≈ 143◦ and ψ ≈ 127◦.

position resolution, as opposed to the MC-truth positions
shown here, the reconstructed trend is weaker still.

The problem this causes in reconstructing the direction
of the original incident νe is that the position distributions
in {x, y, z} of the prompt and delayed events become a pair
of closely overlapping Gaussians, both having standard
deviations that are considerably larger than the separation
between their means. This is another reason (in addi-
tion to the stochasticity discussed in Sec. II B) that many
events are needed to resolve the source direction. This
also indicates that improving the position resolution P
of a traditional IBD detector can only increase its direc-
tional capability up to the point at which P ∼ dn, which is
O(1 cm) in the relevant materials.

−1.0 −0.5 0.0 0.5 1.0
cos ψ

0.0

0.1

0.2

0.3
(a)

(b)

SANDD
Checker-2D
PROSPECT

−1.0 −0.5 0.0 0.5 1.0
cos ψ

0.0

0.1

0.2

0.3

0.4

0.5 Chooz
SANTA
NuLat 33

NuLat 53

Checker-3D
Ideal-3D

FIG. 14. Normalized distribution of cosψ for (a) 2D and (b)
3D experiments. The Chooz-like monolithic detector is listed
among the 3D detectors. The “Ideal-3D” distribution indicates
the simulated directional performance of a 1.5-wt % 6Li-loaded,
monolithic detector with a hypothetical perfect position resolu-
tion (i.e., δ{x, y, z} ≡ 0). It effectively represents the theoretical
maximum directional performance of a nonsegmented detector
(with this particular target material), due to the neutron-scattering
problem discussed in Sec. III B.
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FIG. 15. Angular uncertainty �ϕ as a function of detected
IBD events for various detector designs (2D detectors indicated
by a dashed line; 3D detectors indicated by a solid line). The cal-
culation is based on Eq. (5) using the values for the mean position
resolution P and the mean distance dn (between the prompt and
delayed events) presented in Table I for the simulated detector
geometries, as well as taking into account the packing factor 
.

C. Accounting for nonsensitive detector volume

To better understand various detector performance and
not to give a reader misleading conclusion that SANTA is
the best performing detector, we introduce a packing factor
to roughly account for the void/insensitive volume in the
detectors. For SANTA, it is only 0.46%, for Checkerboard-
3D and -2D, 25% and 50%, respectively; for SANDD-CM,
70%; whereas other geometries are assumed to have a
packing factor of 100%. We therefore modify Eq. (3) as
follows:

[�ϕ]1σ = arctan
(

P/dn√
N


)
, (5)

where 
 is the packing factor, and all other definitions
remain unchanged. The resulting angular resolution is
represented in Fig. 15.

V. CONCLUSION

We have shown how a variety of small existing and
hypothetical IBD detectors can determine the incoming
direction of electron-antineutrinos given a sufficient num-
ber of events. Our principal conclusions are as follows.

A. Solving neutron scattering

Directionality from near-surface reactor-IBD detectors
can be improved substantially with currently existing tech-
nology. This requires designing the detector geometry
to prioritize directional performance. The same is likely
true for IBD detectors in other deployment scenarios as

well. In addition, bulk-volume IBD detectors, regardless
of segmentation or scale, are restricted substantially in
their potential directional performance, even with contin-
ued improvements in vertex resolution. We have shown
that is because they are inherently limited by the neutron-
scattering problem as detailed in Sec. III B. As a result,
IBD detectors intended for directional measurements will
likely require a geometry incorporating some amount of
open (or otherwise neutron-transparent) space for min-
imally scattered neutrons to traverse before undergoing
thermalization and capture. These constraints, summa-
rized in Eq. (4), should make it possible for the detector
to surpass the performance limits imposed by the afore-
mentioned neutron-scattering problem, with a performance
improvement commensurate with the degree to which the
constraints are satisfied or exceeded.

B. Future designs

As emphasized in our results presented in Fig. 15,
this study strongly suggests that the field of antineutrino
source-finding via IBD detection can make substantial
improvements by employing novel geometries that are
crafted to maximize directional performance, and we look
for the next generation of detectors to expand what we can
learn from the only class of elementary particle which pre-
serves information about its point of origin. For example,
in Fig. 15, the angular uncertainty�ϕ as a function of IBD
events, by itself, clearly favors designs such as SANDD-
CM and NuLat5. However, as discussed in Sec. III B,
3D directional reconstruction using physically realizable
geometries are very likely still not worth the added cost
and complexity. Two-dimensional reconstruction is much
easier to attain and is sufficient for all likely nonprolifer-
ation applications of which we are currently aware. For
example, the number of channels needed by SANDD-CM
and NuLat5 are O(103, 102), respectively. Therefore, our
current conclusion is that a PROSPECT-like design, with
fewer channels and larger segments, is likely the most eco-
nomical way to achieve angular resolutions on the order of
a few degrees.

Nonproliferation scenarios further than O(102 m) from
a reactor, which are expected to require a fiducial mass
� 1 ton, will likely be restricted to only 2D reconstruction,
largely because of the scalability constraints discussed pre-
viously. We note that while the SANTA concept had better
angular resolution per event, its relatively poor packing
factor, and consequent small number of detected events per
unit volume, means that its overall performance does not
compare well with PROSPECT, SAND-CM, and NuLat-5.
Checkerboarding is one possible method for hybridizing
SANTA with more robust detectors, but other methods
may provide equal or better directional benefit without
the added complexity caused by the anisotropy inherent to
the checkerboard lattice. On the technology side, although
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considered challenging in the past, new techniques have
become available to support constructing finely segmented
detectors, or detectors of mixed materials, such as 3D
printing of 6Li or 10B PSD scintillators [64]. This is
actively being pursued by the authors, with engineering of
a detector at UH underway, and follow-on studies to be
published soon.
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