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We study the online detection of gallium capture of monoenergetic neutrinos produced by a 51Cr
radioactive source in a scintillation experiment. We find that cerium-doped gadolinium aluminum gallium
garnet (Ce:GAGG) is a suitable scintillator which contains about 21% of gallium per weight and has a high
mass density and light yield. Combined with a highly efficient light detection system this allows tagging of
the subsequent germanium decay and thus a clean distinction of gallium capture and elastic neutrino
electron scattering events. With 1.5 tons of scintillator and 10 source runs of 3.4 MCi, each, we obtain about
1700 gallium capture events with a purity of 90% and 680,000 neutrino electron scattering events, where
the latter provide a precise normalization independent of any nuclear physics. We include a detailed
discussion of backgrounds and find that this configuration would allow us to test the gallium anomaly at
more than 5σ in an independent way.

DOI: 10.1103/PhysRevD.107.096011

I. INTRODUCTION

The so-called gallium anomaly is the longstanding
experimental observation of a 20% deficit of event rate
in the following semileptonic charged current reaction

νe þ 71Ga → e− þ 71Ge ð1Þ

induced by monoenergetic neutrinos with an energy of
approximately 750 keV from the electron-capture decay of
artificially produced 51Cr. This type of experiment has
been conducted four times independently by the SAGE [1],
Gallex [2,3] and BEST [4] collaborations; in each case a
deficit of about 20% relative to prediction was found,
however the error bars previously were too large to draw
any firm conclusion. A similar result was obtained by
SAGE using a 37Ar source [5]. This changed with the
advent of BEST measurement which has improved the
precision to a level where this result now constitutes a
more than 5σ statistical significance deviation from the
Standard Model expectation [6]. A recent reevaluation of
the underlying cross section seems to exclude this as a sole
source for the discrepancy [7]. All those experiments have
in common that they are employing radio-chemical detec-
tion, whereby the reaction product 71Ge is chemically
extracted from the gallium and the decay back into 71Ga is

observed, effectively counting individual germanium
atoms. Broadly one or more of the following reasons
can be the behind this intriguing result, see also Ref. [8]
(1) The source strength determination is incorrect.
(2) The prediction of the interaction cross section is

incorrect.
(3) The determination of the radio-chemical detection

efficiency is incorrect.
(4) There is new physics.

Since four (or five, including the 37Ar result) independent
measurements based on the same technology have yielded
a common result, we will investigate here the possibility of
using a different experimental approach to study the very
same reaction. We would also like to stress that items 1–3
have been studied in detail and with great care by the
various collaborations and it seems difficult to imagine that
any one of these could account for a 20% effect.
Specifically, we study the online detection of the capture

reaction in Eq. (1) by using scintillation detectors where a
suitable scintillator is loaded with gallium and thus provides
both the target as well as the detection medium. Capture of
low-energy electron neutrinos and their measurement via
scintillation has been first proposed by R. Raghavan for the
LENS experiment to study solar pp neutrinos [9]. The use of
a 51Cr source in conjunction with LENS [10] using neutrino
capture on indium as well as with Borexino to study elastic
electron neutrino scattering [11] have been proposed to
study sterile neutrino oscillation. In essence we propose to
merge both ideas and to replace indium with gallium. Since
gallium is not radioactive, unlike indium, the electron
scattering signal is available at the same time as the gallium
capture signal. In an online experiment the signature of
the capture is a monoenergetic electron with an energy
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Ec ¼ Eν −Qc ≃ 510 keV, where Qc ¼ 233 keV is the
Q-value of the capture reaction. At the same time, the
following reaction with the electrons in the detector will
take place

νe þ e− → νe þ e−: ð2Þ

Elastic electron neutrino scattering is a purely leptonic
process including both charged and neutral current con-
tributions, which in the Standard Model can be precisely (at
the 10−4 level) predicted [12,13]. Thus, if this reaction is
observed at the predicted rate, it would eliminate reason 1,
the source strength, as the culprit and would allow in the
comparison of the rate of the capture reaction to measure the
capture cross section, eliminating reason 2. Experimentally,
this reaction can be distinguished, by the energy of the
resulting electron, from the Ga-capture process. Online
detection directly allows to address reason 3, i.e., if the
result is an artefact of the radio-chemical method no deficit
would show up in an online experiment. Finally, if there is
indeed new physics, it will depend on the specific model for
new physics, whether both rates for capture and electron
scattering are modified or not. In the case of a sterile
neutrino oscillation [14,15] both rates would show the same
oscillatory dependence as a function of distance. In an
scintillation experiment the baseline can be measured
precisely on an event-by-event basis and thus the typical
oscillatory distance dependence could be observed directly
at a cm-scale (as we will illustrate later) directly probing
mass squared differences of up to Δm2 ≃ 100 eV2.

II. DETECTION CONSIDERATIONS

We assume the source to be spherical and to be at the
center of a spherical detector of radius R, the source with its
shielding has a radius rs and thus the event rate is given as

n ¼ ðR − rsÞσρtD; ð3Þ

where σ is the cross section, for the capture reaction it is
5.81 × 10−45 cm2 [16] and for the elastic scattering reaction
it is 5.05 × 10−45 cm2 [12,13].D is the number of decays in
the source D ¼ R

T AðtÞdt, where AðtÞ is the source activity
as a function of time and T the data taking period.
Gallium by itself does not scintillate, so it needs be

incorporated into a scintillating material. We will consider
two possibilities here: One is gallium-loaded liquid
scintillator; loading of metals into liquid scintillator is a
mature technology [17]. However, we found in a detailed
analysis (see Appendix A) that no combination of plau-
sible liquid scintillator properties and target masses yields
a competitive setup.
We therefore will focus on cerium-doped gadolinium

aluminum gallium garnet (Ce:GAGG), which is a relatively
new inorganic scintillator containing 21% of gallium by

weight. Ce:GAGG has a high mass density of 6.6 g cm−3,
and combined with the gallium weight fraction this packs a
very large number of gallium atoms close to the source.
There are 7.3 × 1026 gallium-71 atoms, assuming the
natural isotopic abundance of 71Ga of 39.89%, and 2.6 ×
1029 electrons per ton of Ce:GAGG. Furthermore, it is a
very bright scintillator with light yields ranging from
40,000–60,000 photons per MeV. Ce:GAGG has a price
of about $1,000 per kg and can be manufactured in ton-scale
quantities [18]. The attenuation length for scintillation light
is reported to be 0.64 m [19]. Ce:GAGG has a fast
scintillation light component of about 100 ns and a radiation
length of 1.6 cm. It shows good pulse shape discrimination
against alpha particles [20].
Examples for light collection systems are given by

modern liquid scintillator detectors like Borexino [21],
JUNO and JUNO-TAO [22] with collection efficiencies of
approximately 3%, 10% and 50% respectively. JUNO-TAO
uses silicon photo multipliers which allow for a complete
coverage of the detector surface. These numbers include
the photodetector quantum efficiency and light attenuation
in the medium. The product of intrinsic light yield and
collection efficiency sets the number of detected photo
electrons per MeV and this number in turn determines the
energy resolution, which is approximately the square root of
that number. We implement a simple optical model in
Appendix B including attenuation and find for 50%
light collection an effective light yield of approximately
16,000 p.e. per MeV. The energy resolution is a key figure of
merit for the online detection of gallium neutrino capture:
the signal of gallium capture is a monoenergetic electron,
whereas the leading background arises from elastic neutrino
electron scattering, which produces a continuum of electron
energies up to 560 keV. The rate for elastic scattering is
much higher than for gallium capture because the electron
density is much higher than the gallium number density.
Since both arise from the scattering of neutrinos from the
radioactive source, they share their spatial and time distri-
bution. In a comparison to the solar neutrino rates measured
by Borexino [23–25] we find that by far the most significant
irreducible background to the Ga-capture signal stems from
the electron scattering signal from neutrinos from the source.

III. GERMANIUM TAGGING

The very high light yield allows us to consider tagging of
the 71Ge decays which follow with a half-life of 11.4 d and
results in about 88% of cases in the emission of Auger
electrons and/or x-rays with a combined energy of 10.3 keV.
With a detected number of photo electrons of pe ¼
16;000 perMeV this corresponds around 60 photo elec-
trons, which is well above electronic noise. Borexino has
demonstrated a time and space coincidence between the
decay of 210Po with a half-life of 138 d and the daughter
210Bi in a liquid environment, which is subject to convection
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currents [25]. Germanium tagging with a half-life of 11.4 d
in a solid should be much easier. The following coincidence
criteria are met by Ga-capture events:
(1) The primary event has an energy of Ec ¼ 510 keV,

σE ¼ Ecffiffiffiffiffiffiffiffiffiffi
Ecpe

p ≃ 5.6 keV:

(2) The secondary event has an energy of
Es ¼ 10.3 keV

σE ¼ Esffiffiffiffiffiffiffiffiffiffi
Espe

p ≃ 0.8 keV:

(3) The secondary event has to occur at the same
position and the resolution is governed by the
low-energy secondary event

σrx ¼
r0
2

1

2

1ffiffiffiffiffiffiffiffiffiffi
Espe

p ≃ 0.8 cm:

(4) The secondary event follows with a half-life
of 11.4 d.

Each of these criteria comes with a resolution and selection
efficiency. The energy resolution is given by the light yield
and respective energies (criteria 1 and 2). The position
resolution (criterion 3) arises from the geometric 1=r2

spread. Since for the primary event there is 50 times more
light, the spatial resolution of the secondary event will
determine the coincidence volume. We expect the leading
background to stem from electron scattering from neutrinos
from the source. The magnitude of this background can
measured in situ by considering energies away from the
primary and secondary Ga-capture signal and its energy
dependence is fixed by well tested electroweak precision
physics. The acceptance of each criterion is determined
by how many standard deviations wide each resulting cut
is made, with a 1σ range yielding 68% acceptance, 2σ
95% asf. In particular, for the spatial criterion 3, there are
three powers of this acceptance. We find that choosing the
same number of standard deviations for all cuts gives the
best sensitivity and the optimum value is around 2.4. Also
the coincidence time (criterion 4) can be set in terms of
multiples mτ of the half-life with a corresponding accep-
tance of ð1 − e−mτÞ and we find mτ ∼ 3 to be optimal.
A 1.5 ton detector has a total radius of 40 cm, including

the source with a radius of 15 cm. We have a volume-
average of 16,000 detected photo electrons per MeV with a
raw Ga-capture rate per source run of 3.4 MCi of 210
events and 68,000 electron capture events, which are
reduced to about 59,000 events by the coincidence time
requirement. The resulting energy spectrum is shown in
Fig. 1. The primary signal energy criterion leaves 910
background events as primary event candidates. With the
spatial resolution of the secondary event of 0.6 cm applied,
this leaves about 10% of the detector volume as a potential

site for the secondary event. The secondary signal energy
criterion then leaves 11 background events which satisfy all
4 criteria. The combined signal acceptance of these criteria
and the coincidence time window of 47 days is 88% for
signal events from cuts and 88% from probability to decay
via K-shell capture, whereas the combined background
reduction is a factor 7,300 for a final number of 170 signal
events over 20 background events. The signal to back-
ground ratio is about 1∶0.12 compared to the case of no
germanium tagging where we found 1∶15, or an improve-
ment of two orders of magnitude. Therefore, the possibility
of germanium tagging warrants further study in terms of a
more detailed optical model and experimental studies of the

FIG. 1. Count rate per 1 keV bin for 80 days of exposure in
1.5 ton Ce:GAGG for a U/Th concentration of 10−13 g=g. We
assume secular equilibrium for the decay chains and apply an
energy resolution corresponding to an effective light yield of
16,000 p.e./MeV. The gray bands denote the relevant signal energy
windows. The lower panel is an enlargement of 0–0.05 MeV
region, the dashed lines correspond to the remaining background
after space and time coincidence cuts with the primary capture
event candidate have been applied.
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low-energy background in Ce:GAGG crystals. We note that
the required photo detection system would have an active
area of about 2.3 m2, which is about only 1=4 the size of
the corresponding system in JUNO-TAO. These numbers
when scaled to 10 source runs yield an overall determi-
nation of the Ga-capture rate with an accuracy of 2.7% and
thus, a more than 5σ test of the gallium anomaly.
We further note, that capture to the first excited state of

germanium would yield an electron of 370 keV followed by
one gamma photon of 175 keV 79 ns later. Given the
scintillation time constant of 100 ns and the 1.6 cm radiation
length [20] it could be possible to distinguish capture to the
first excited state from the one to the ground state and thus,
to provide a measurement of this contribution to the cross
section; albeit with limited statistics. Also, the large sample
of neutrino electron scattering events allows for precision
tests of the Standard Model as well as search for new
physics, like for instance a neutrino magnetic moment [26].

IV. BACKGROUNDS FROM THE SOURCE

From Eq. (3) we can see that the radius of the source rs
has a large impact on the required detector mass to obtain
a certain number of events. The BEST source consist of
4.0 kg of chromium enriched to 97% of 51Cr [27]; given
the density of chromium this corresponds to a radius of
5 cm. This source emits a high rate of 320 keV gamma
photons (branching ratio ≃10%). A layered shield of 8 cm
depleted uranium and 2 cm tungsten, leading to a total
source radius of 15 cm reduces this rate to about 1 event
for 10 source runs. Throughout we use the mass energy-
absorption coefficients from Ref. [28]. However, the trace
impurities in the BEST source chromium become acti-
vated during irradiation by neutron capture and result in
significant gamma activity at energies between 1–2 MeV,
which is much more difficult to shield. Performing a
detailed calculation based on the measured gamma activ-
ity and spectrum of the BEST source [27] indicates that a
40–45 cm depleted uranium shield is needed to reduce the
rate to about 0.1–0.01 Hz at which point this background
is about the same or 1=10th of the intrinsic neutrino
electron scattering background. A more detailed simula-
tion would be needed to explore how much of this
background ends up in the energy window of the primary
and secondary event. An increase of rs to 45 cm would
require a total detector mass of around 10 tons to still
achieve a 4% measurement of the Ga-capture rate. There
are three mitigation strategies: One is to reduce the
impurities of chromium especially those of iron, cobalt,
antimony and titanium from their current sub-ppm level
even further. Each factor 10 reduction of those impurities
reduces the required shield thickness by about 4.3 cm and
the detector mass by around 1-1.5 tons. The second
mitigation would be to use a 37Ar source, which would
emit only 2 keV x-rays and Auger electrons and can be
made chemically pure without any trace elements as was

done for the SAGE experiment [5]. The decay energy is
815 keV which is very close to the one of 51Cr of 750 keV.
Production of this source proceeds via the reaction
40Caðn; αÞ37Ar, which has a reasonable cross section of
around 200 mb but a neutron energy threshold of 2 MeV,
thus requiring either a fast neutron reactor or an accel-
erator source of neutrons. The third option is to enrich
gallium in gallium-71 up to 80% from its natural abun-
dance of about 40%, which largely would compensate the
effect the larger source.

V. BACKGROUNDS IN THE SCINTILLATOR

Borexino has achieved unprecedented levels of radio-
purity in its scintillator down to 10−17 g=g [29] for
uranium-238 and thorium-232 (U/Th), which is the result
of a decades-long R&D effort. For anorganic scintillators
much higher numbers are reported in the literature:
ranging from as a high as 10−10=10−8 g=g U=Th for
GSO [Gd2SiO5ðCeÞ] [30] down to 10−12 g=g of U/Th
for CsI(Tl) [31] with similar levels for NaI(Tl) [32]. The
special challenge for Ce:GAGG arises from the large
content of the rare earth elements gadolonium and cerium.
In the context of the R&D to load Super-K with gado-
linium a large-scale process to produce ultrapure gado-
linium sulfate octahydrate has been developed [33]
reaching levels of 2 ppt of uranium-238 and 0.2 ppt for
thorium-232 for ton quantities of materials.
In Fig. 1 we show the resulting count rate spectrum for

10−13 g=g of uranium and thorium. We use the decay
radiation information, branching fractions and lifetimes
from ENSDF [34] to solve the Bateman equations for the
uranium-238 and thorium-232 decay chains and obtain the
secular equilibrium abundances to compute the resulting
decay radiation. Quenching of α-particles in Ce:GAGG in
the 2–8 MeV range is found to be around 0.3 [35,36],
therefore all α-decays are reconstructed above 1 MeV and
thus do not affect this measurement. The thin lines in Fig. 1
show the result as would be seen in a small crystal or low
efficiency detector like a Ge-diode: for each decay only one
resulting particle is detected, be it a single gamma or single
electron. However, a 1.5 ton Ce:GAGG detector acts a
hermetic total electromagnetic calorimeter and thus for any
decay all of the available decay energy is deposited with the
exception of the energy carried by neutrinos in beta decays.
This for instance implies that βþ-decays do not produce a
feature at 511 keV but at 2 × 511 keV plus the kinetic
energy of the positron. Also Auger electrons and atomic
x-rays do not show up at 10s of keV but around the Q-value
of the decay. To illustrate this effect we compute the total
electromagnetic energy deposition where we account for
the neutrino energy using the framework of Ref. [37]. The
result is shown as thick lines in Fig. 1 and we observe a
reduction of 12.3 in the low-energy signal window and 5.4
in the high-energy one relative to the low-efficiency
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detector case. In particular the thallium-208 gamma lines at
510 keV and 583 keV are removed since they now get
combined with all gammas from this decay which add up to
more than 4 MeV. Using the result for a calorimetric
detector we now can repeat the previous germanium
tagging analysis including the U/Th background assuming
equal concentrations of both and find that a 4% measure-
ment of the gallium capture signal is feasible with a 1.5 ton
detector for a U/Th concentration of 1.3 × 10−12 g=g each.
This is significantly lower than the concentration found in a
commercial GSO detector but falls is within the range
obtained with a directed effort at improved radiopurity for
CsI(Tl) [31] and NaI(Tl) scintillators [32]. In Fig. 1 we
show the background spectrum for 10−13 g=g of U/Th.
Combined with the Ge-tagging coincidence cuts, the
effective background level in the signal regions does
increase only moderately; we still would obtain a meas-
urement at 3.6% precision.
Another intrinsic background arises from gadolinium-

152 which has natural abundance of 0.2% and a half-life of
1.08 × 1014 y and decays with the emission of a 2.2 MeV
α-particle. With a 0.3 quenching factor this becomes
660 keV reconstructed energy and is thus far enough from
the signal region at 500 keV so that it does not affect the
background estimate as can be seen from Fig. 1.
There are two stable gadolinium isotopes with mass

numbers 155 and 157, with sizable abundances above 10%
with large neutron capture cross sections of 6 × 104 barn
and 2.5 × 105 barn, respectively, which both however will
capture to other stable isotopes. In both cases multi-MeV
gamma cascades result which are too high in energy to
matter here.
Cosmogenic backgrounds of concern are for instance

germanium-68 (270 d half-life) and tritium (12 y half-life),
both low energy decays with 10 keV and 5.6 keV mean
energy. The half-life of tritium is such that decay will not
ameliorate the problem and the experiment can only
tolerate about 1,000 atoms of tritium per kilogram.
Typical cosmogenic production rates at sea level are of
the order 100 atoms per day and kilogram [38,39] and this
clearly indicates the need to grow the crystals underground.
These initial theoretical estimates are no substitute for an

experimental program to study the actual background levels
and to initiate R&D toward radio-pure Ce:GAGG. These
results do however indicate that the challenge may not be
insurmountable, in particular Borexino-level radio-purity is
not required.

VI. CONCLUSION

We argue that a ton-scale scintillation experiment using
Ce:GAGG combined with several runs of mega-Curie
strength 51Cr sources can provide a direct test of the
gallium anomaly at the 5σ level by individually addressing
each potential root cause. In particular, the comparison of
the neutrino electron scattering rate to the Ga-capture rate

avoids the potential systematics issue which may have been
encountered by previous measurements and would give
insights into the underlying cause of the gallium anomaly.
We believe these results warrant a more in-depth inves-
tigation of the feasibility of such an experiment.
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APPENDIX A: EXPERIMENTAL
CONSIDERATIONS

We did study gallium loaded liquid scintillator in detail.
The advantages of Ga-loaded scintillator are that existing
detectors can be repurposed and the overall cost is
relatively low. On the other hand, the gallium fraction is
limited, and increasing the gallium fraction beyond a
certain point would lead to a strong drop in light yield
and transparency. Also, the mass density of liquid scin-
tillator is relatively low, which when combined with the
limited gallium fraction leads to a relatively low density of
gallium atoms. The light yields for Ga-loaded liquid
scintillator may range from 3,000–8,000 photons/MeV
with attenuation length anywhere from 2–8 m.
The closest example of an existing highly metal loaded

scintillator is the one developed for the LENS experiment,
which achieved an indium loading of 8% to 10% with a
light yield of 5,500 photons per MeV, and a long-term
stable attenuation length of 8 m [40]. It is unclear if this
specific recipe allows one to increase indium loading to
20% while maintaining the light yield and attenuation
length. Modern, water-based liquid scintillator formula-
tions could allow for high loading fractions of 20% with
light yields in the range of 3,000–4,200 photons per MeV
and attenuation length of 1–2 m. Then there is also the
option to use trimethylgallium (TMG), which is pyro-
phoric, corrosive and rather expensive. TMG can be mixed
directly with scintillator, and it appears plausible that light
yields around 8,000 photons per MeV and an attenuation
length of 10 m or more can be achieved. The resulting
number of detected photo electrons per MeV makes
gallium-tagging impossible.
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We perform a log-likelihood analysis with data binned
into 1 keV bins in the energy range from 0.2–0.8 MeVand
consider the rates from source induced electron scattering
and gallium capture events as well as the background from
210Po. In this analysis the distinction of Ga-capture events
from electron scattering events stems purely from the
energy spectrum and no Ga-tagging is considered.
We include an optical model for the attenuation by

averaging the attenuation across the whole volume and we
do account for shadowing of the source which is assumed
to be a sphere of 15 cm radius. For the Ce:GAGG case we
assume that the surface of the source is also photosensitive
which helps to mitigate the otherwise large shadowing
effect, see Appendix B.
We next study the required detector mass, which is

needed to achieve 4% precision on the Ga-capture rate or
a 5σ test of the gallium anomaly. We evaluate the mass as a
function of the effective light yield which is the product of
the intrinsic scintillator light yield and the detection effi-
ciency, which in turn is the product of quantum efficiency
and photo cathode coverage, and light survival probability,
set by the attenuation length of the scintillator. For no
plausible combination of liquid scintillator properties could
we find a configuration which can provide 4% precision
with 25,000 tons or less of detector mass, even with a light
collection efficiency of 0.5. For Ce:GAGG the specific
scintillator properties matter much less and we find detector
masses in the range of 25 to 40 ton corresponding to a light
detection system only 4 times larger than, but otherwise
with the same performance, the one of JUNO-TAO. The
main challenge here would be manufacture of such a large
amount of Ce:GAGG. The resulting Ga-capture signal event
rate is around 10,000 events compared to an overall back-
ground from electron scattering of 3.2 million events. The
energy resolution effectively reduces the electron scattering
background to around 150,000 events in the Ga-capture
signal region corresponding to a signal to background ratio
of 1∶15. The required detector mass is relatively large given
the cost of the scintillator.
We therefore conclude, that liquid scintillator is not a

viable option and that Ga-tagging is the key to obtain the
best possible performance.

APPENDIX B: OPTICAL MODEL

In order to include the effect of light attenuation in the
scintillator we employ the following simple geometrical
model, as shown in Fig. 2: two concentric spheres with
radii ri and ro respectively, representing the source with its
shield and the outer surface of the detector. We further
assume that both the surface of the source assembly and the
outer surface are fully covered with photosensors, e.g.
SiPMs as in JUNO TAO. For any point in the interior we
can define a coordinate system where the z-axis goes from
the origin through this point. We further can construct the
intervals ½0;ϕi� where the light will be hitting the inner

surface and ½0;ϕo� where light will be hitting the outer
surface. We the can compute the resulting fraction of light
collected by each surface using the following function,

fðr;ϕc; zÞ ¼
Z

ϕc

0

sinϕ dϕ dθ
r

4πjdðr;ϕ; θÞj

× exp

�
−
jdðr;ϕ; θÞj

λ

�
;

dðr;ϕ; θÞ ¼

0
B@

0

0

z

1
CA − r

0
B@

sin ϕ sin θ

sin ϕ cos θ

cosϕ

1
CA; ðB1Þ

which does account for attenuation. Next we average this
result over the whole volume recognizing that the signal
event rate is constant in z (the radial direction), yielding the
following final result:

FIG. 2. Schematic of a spherical detector with both inner and
outer surface being instrumented. The center gray circle depicts
the source and its shield.

FIG. 3. The fraction F of light reaching the surface of the
detector as a function of the attenuation length with ri ¼ 0.15 m
and r0 ¼ 0.403 m corresponding to 1.5 ton target mass. The
vertical line denotes the default attenuation length λ ¼ 0.64 m.
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F ¼ 1

ro − ri

Z
ro

ri

dzfðri;ϕi; zÞ þ fðro;ϕo; zÞ: ðB2Þ

Note, that backgrounds scale like z2 and hence will be on
average closer to the outer surface and have somewhat
larger values for F, which we will neglect here. In an actual
experiment the position of the event is known and a fully
position dependent resolution function can be used event-
by-event.

For our simplified model the following result, as shown
in Fig. 3 is found for using the nominal values of ri ¼
0.15 m and ro ¼ 0.403 m. Also shown is the result for
light collection only along the outer surface (blue line)
versus both surfaces instrumented. For the results in the
main body of the paper we use an attenuation length of
λ ¼ 0.64 m [20] yielding a light collection fraction of
57.4% using both surfaces.
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