
P
o
S
(
N
O
W
2
0
1
6
)
0
3
2

Sterile at reactors: PROSPECT
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PROSPECT, the Precision Reactor Oscillation and Spectrum Experiment, is a phased experiment
at the High Flux Isotope Reactor of the Oak Ridge National Laboratory. The two primary goals of
the experiment are to measure the 235U antineutrino spectrum and to perform a search for sterile
neutrinos with a ∆m2

14 on the 1eV2 scale. The Phase I detector will cover a baseline range of
7-12 m from the core while the second phase will extend the baseline out to 20 m. The detection
medium for the first phase is 3-tons of 6Li loaded liquid scintillator in an optically segmented
detector. This talk describes the current status of the experiment and the projected sensitivity in
the search for an eV-scale sterile neutrino.
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1. Motivation

Reactor antineutrinos have historically galvanized the field of neutrino physics from the dis-
covery of antineutrino to the precise measurement of the neutrino oscillation mixing angle, θ13.
Two methods are used to model the reactor antineutrino spectrum [1, 2]. The ab-initio method re-
lies on calculations from nuclear databases to sum the energy of ν̄e from all possible decay chains.
This method relies on a large databases that are incomplete where some nuclei have large errors
on their decay modes and some inconsistencies exist between these databases. The conversion ap-
proach uses the measured β -spectrum to fit to virtual β branches to unfold the antineutrino energy.
Early measurements suffered from low statistics and large errors. Additionally, it has not been
determined if these virtual branches cover all the physics involved in creating the prompt spec-
tra. With reevaluations of the predictions of the reactor antineutrino spectrum in the last decade in
conjunction with more precise measurements, two anomalies have appeared. The first is a ∼ 5%
overall antineutrino flux deficit that could be evidence of a sterile neutrino [3]. Indications of a
sterile neutrino are not only present in short baseline reactor experiments, but also appear in anoma-
lous behavior in Gallium experiments and long baseline oscillation experiments such as LSND and
MiniBooNE. The second is an excess in events in the prompt energy spectrum around 5 MeV seen
in Daya Bay, RENO, and Double CHOOZ [4]. New high precision data of reactor antineutrino
spectra are needed in order to resolve these issues.

2. The PROSPECT Experiment
4
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FIG. 3. Layout of the PROSPECT experiment. Shown are the HFIR reactor core and the two antineutrino detectors, AD-I and
AD-II. Phase I consists of a movable antineutrino detector, AD-I, operated for three years at a baseline range of 7–12 m. Phase II
adds a ∼10-ton detector, AD-II, at 15–19 m for an extra three years of data taking.

time [27], this effect results in an average deficit of 5.7%
in all the short-baseline reactor νe measurements. This
discrepancy between data and prediction, referred to
as the “reactor antineutrino anomaly” [3], represents a
deficit in the ratio of observed to expected νe from unity
significant at 98.6% confidence level.

An independent cross-check was performed using an
approach based only on an improved conversion of the
ILL reference β− spectrum, which minimized the use
of nuclear databases [2]. Virtual β-branches were used
to convert the ILL reference to an νe spectrum, yield-
ing a net increase of ∼6% in antineutrino predictions,
consistent with the flux predicted in [1]. The cause of
the increase relative to past predictions was also under-
stood to be due to the use of improved nuclear correc-
tions, the updated neutron lifetime, and the application
of corrections to the beta decay spectrum at the branch
level, in contrast to the “effective” correction used in
past predictions. Additionally, blind analyses from re-
cent kilometer baseline precision rate measurements are
consistent with the previous reactor experiments [6–8].
The disagreement between modern reactor νe flux pre-
dictions and measurement is therefore well-established.

Oscillations at short baselines due to a new type
of neutrino with a mass splitting of ∆m2∼1 eV2 have
been proposed as one explanation for these observa-
tions [3]. With invisible decay width results from Z bo-
son measurements stringently limiting the number of
active neutrino flavors to three [27], any additional ex-
isting neutrino should be ’sterile’ and not participate in
weak interactions. The oscillation arising from such a
neutrino with eV-scale mass splitting can be observed
at baselines around 10 m from a compact reactor core.

Deficiencies in the flux prediction methods and/or
imperfections in the measured data underlying them
should also be considered as an explanation for the “re-
actor anomaly.” For example, incomplete nuclear data

for the beta decays contributing to the reactor spectrum
as well as uncertainties in the corrections applied to in-
dividual beta spectra may lead to significant uncertain-
ties in the conversion procedure between the reference
beta electron and the emitted νe spectra [28]. Observed
spectral discrepancies in addition to the flux deficit, as
described in the next section, highlight this concern.
More data is needed to understand and explain these
observations. PROSPECT can address both of these
possibilities through a high precision spectral measure-
ment in addition to an oscillation search for sterile neu-
trinos, and therefore provide a comprehensive solution
to the present “reactor anomalies.”

B. Reactor Spectrum Anomaly

Neutron-rich fission fragments within a reactor emit
νe via beta decay with an energy spectrum dependent
on the transition between initial and final nuclear states
of the particular isotope. The total energy spectrum
S(Eν) can be expressed as a sum of the decay rate of
each unstable isotope i in the reactor, Ri, times the
branching fraction for beta decay fij to the nuclear state
j with an energy spectrum Sij(Eν),

S(Eν) = ∑
i

Ri ∑
j

fijSij(Eν). (1)

While this calculation is straightforward in principle,
it is complex in practice. More than 1000 unstable
isotopes contribute, and many fission yields and in-
dividual beta decay spectra are poorly known. For
those measured, there can still be significant uncer-
tainty in the decay levels, branching fractions, and
νe energy spectra. It has recently been demonstrated
that the two major nuclear databases, ENDF and JEFF,

Figure 1: The arrangement of the detectors around the HFIR facility [5].

PROSPECT, the Precision Reactor Oscillation and Spectrum measurement, seeks to resolve
both the flux deficit and spectrum shape anomalies. The Phase I detector will be located∼ 7 meters
from the High Flux Isotope Reactor (HFIR) core at Oak Ridge National Laboratory (ORNL) in
Oak Ridge, TN seen in Figure 1. Additionally, the Phase I detector can be moved to cover up
to ∼ 12 meters from the reactor core in order to extend the baseline used to search for sterile
neutrinos. HFIR, which operates at 85 MW, is ideally suited as a source of antineutrinos due to
its compact (0.4 meter diameter and 0.5 meter height) size and due to its fuel content. Unlike
commercial reactors, which contain a mixture of 235U, 238U, 239Pu, and 241Pu, this research reactor
is predominantly 235U. This has the added benefit of removing any unfolding of the individual
fission elements from the spectrum calculation and provides a constant fission fraction through
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the duration of the reactor on cycle. HFIR also has a significant amount of reactor off time (∼
54%) which allows for in-depth background studies. Over the last few years, several prototype
deployments were performed at HFIR in order to study backgrounds and to test the mechanical
components of the detector. The final PROSPECT design was developed in cooperation with HFIR
engineers and is presently under construction with first data expected in 2017.

The Phase I detector will be an array of 120 segments that are 14.6 x 14.6 x 119 cm. Each
end of the segment will have a 12.7 cm photomultiplier tube. This double ended readout improves
both the energy and position reconstruction. The segments are optically separated by reflective
panels held in place by pinwheel supports. The corner supports also provide locations for source
deployments in order to calibrate the detector in situ. The detector medium has a commercial
liquid scintillator base, EJ-309, that has been doped with 6Li as a neutron target. In the event of
an upgrade, a Phase II detector will be constructed using the same base segment but four times the
size. It would be placed outside the HFIR building in order to extend the baseline from the reactor
up to 20 meters.

Due to the location of the detector on the surface, the dominant backgrounds come from cos-
mogonics and from the reactor. To reduce these backgrounds, a multi-layered shield has been
developed of water, lead and polyethylene. The segmentation provides additional rejection of back-
ground events through the use of a veto layer on the outer edge of the detector. The fiducial volume
will have ∼ 1500 kg of target mass. The event signature of interest comes from the inverse beta
decay (IBD) interaction where ν̄e + p→ n+ e+. The positron annihilates producing light with en-
ergy in the 1 to 10 MeV range. The neutron provides a delay signal at 0.6 MeV electron equivalent
energy after capturing on 6Li. Using the temporal and spatial coincidences, the final efficiency
of the detection is 42% with a signal to background ratio of 3 to 1. The Phase I detector expects
to record 115,000 IBD events in the first year of data taking. The predicted energy resolution is
4.5%/

√
E. Further details of the projected detector performance can be found in [5].

3. Oscillation Sensitivity

The sensitivity of the PROSPECT experiment can be seen in Figure 2. By comparing the 3+
1ν oscillation model (Mi j) to the standard 3ν oscillation model (Ti j) with an irreducible background
(Bi j), a χ2 minimization was performed with

χ
2 = ∑

i, j

(Mi j− (α +α i
e +α

j
r )Ti j +(1+αb)Bi j)

2

Ti j +Bi j +σ2
b2b(Ti j +Bi j)2 +

(
α

σ

)2

+∑
j

(
α

j
r

σr

)2

+∑
i

(
α i

e

σe

)2

+

(
αb

σb

)2

,

(3.1)
where parameters α account for systematic uncertainties in the signal and the background.

Specifically,

(σ ,σb,σe,σr,σb2b) = (100%,2%,10%,1%,1%) (3.2)

for the reactor flux normalization, the background normalization, the reactor spectrum shape,
a position-dependent variation and a bin-to-bin correction respectively. Exclusion contours were
calculated in the (∆m2

41, θ14) parameter space as seen in Figure 2. Within one year of PROSPECT
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FIG. 8. (Top) PROSPECT Phase I and Phase II sensitivities
to a single sterile neutrino flavor. Phase I probes the best-fit
point at 4σ after 1 year of data taking and has >3σ reach of the
favored parameter space after 3 years. The combined reach of
Phase I+II after 3+3 years of data taking yields a 5σ coverage
over the majority of the parameter space below ∆m2

14∼10 eV2.
Daya Bay exclusion curve is from [57]. (Bottom) Increase in
oscillation sensitivity to sterile neutrinos during Phase I by
operating AD-I at two positions instead of at the front or mid-
dle position only.

Parameter Value
Reactor
Power 85 MW
Shape Cylinder
Size 0.2 m r × 0.5 m h
Fuel HEU
Duty cycle 41% reactor-on
Antineutrino Detector 1 (AD-I)
Cross-section 1.2×1.45 m2

Proton density 5.5×1028 p/m3

Total Target Mass 2940 kg
Fiducialized Target Mass 1480 kg
Baseline range 4.4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

√
E

S:B Ratio 3.1, 2.6, 1.8
Closest distance 6.9 m, 8.1 m, 9.4 m
Antineutrino Detector 2 (AD-II)
Total Target Mass ∼10 ton
Fiducialized Target Mass ∼70%
Baseline range ∼4 m
Efficiency in Fiducial Volume 42%
Position resolution 15 cm
Energy resolution 4.5%/

√
E

S:B ratio 3.0
Closest distance 15 m
Operational Exposure
Phase I 1, 3 years
Phase II 3 years

TABLE I. Nominal PROSPECT experimental parameters.
Phase I consists of operating AD-I for three years split
between front, middle, and back positions. Phase II adds
AD-II at a longer baseline and operates both detectors for
three additional years.

achieved with Phase II is also shown: after 3 additional
years of operation essentially all parameter space sug-
gested by νe disappearance data below 10 eV2 can be
excluded.

The dependence of the sensitivity on experimental
parameters is examined in Table II. These results clearly
validate the design focus on background rejection and
maximizing target mass, while also highlighting the
value of covering the widest possible baseline range via
movement of AD-I. The increase in sensitivity afforded
by the expanded L/E coverage gained though AD-I
movement is further illustrated in the bottom panel of
Fig. 8. Although the signal decreases as the inverse of
r2, the gain from L/E coverage surpasses the loss due
to reduced signal when the detector is operated equally
at two positions. It must be noted that for the sensitiv-
ity calculation shown this gain is purely from the im-
proved L/E coverage. Moving the detector also gives
a better control of correlated and uncorrelated system-
atic biases, which can be expected to further increase
the sensitivity. The ultimate choice of positions will be
guided by the demonstrated S:B at various baselines.
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achieved with Phase II is also shown: after 3 additional
years of operation essentially all parameter space sug-
gested by νe disappearance data below 10 eV2 can be
excluded.

The dependence of the sensitivity on experimental
parameters is examined in Table II. These results clearly
validate the design focus on background rejection and
maximizing target mass, while also highlighting the
value of covering the widest possible baseline range via
movement of AD-I. The increase in sensitivity afforded
by the expanded L/E coverage gained though AD-I
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Figure 2: The predicted sensitivity reach into the ∆m2
14− sin2 2θ14 parameter space. Shown are the 3σ

sensitivity curves for Phase I at 1 and 3 years of data taking and the 3σ and 5σ curves for Phase II with an
additional 3 years of data taking [5]. The Daya Bay contour is from [6].

data taking, the best fit will have 3σ coverage. Within six years of Phase I + II, the majority of the
current anomalous region around δm2

14 ∼ 1eV2 will have at least 3σ coverage.
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