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1995 - Nobel Prize to Fred 
Reines at UC Irvine

2003 - First observation of reactor 
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The Flux Deficit
Previous reactor experiments observed 
a 6% flux deficit when compared to 
reactor models.

Questions: 
- Can this deficit be explained by 

neutrinos oscillating into an active-
sterile state?

- How would one look for such 
oscillations? 

Physics Goal 1:
- Search for short-baseline oscillations 

and conclusively address the sterile 
neutrino hypothesis as an answer to 
the Reactor Antineutrino Anomaly 
(RAA)

.

Feng Peng An et al. Measurement of the Reactor Antineutrino Flux and 
Spectrum at Daya Bay. Phys. Rev. Lett., 116(6):061801, 2016, 1508.04233.

PROSPECT Motivations and Goals
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The Spectral Deviation
Daya Bay and other θ13 experiments 
observed bump in 4-6 MeV region, a 
deviation of ~10%.

Questions:
- What is the nature of this bump?
- Is it a modeling issue?
- Are the all the models wrong? Or 

does the problem lie with the 
prediction for one of the fissioning
isotopes

Physics Goal 2:
- To make a precise measurement of 

the antineutrino spectrum from a HEU 
reactor (mainly 235U).

Feng Peng An et al. Measurement of the Reactor Antineutrino Flux and 
Spectrum at Daya Bay. Phys. Rev. Lett., 116(6):061801, 2016, 1508.04233.

PROSPECT Motivations and Goals
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• 93% 235U Fuel
• 85 MW thermal power
• Compact core
• Huge flux in the few 
MeV range
• ~50% duty cycle for 

BG measurements

14 x 11 array of 6Li doped liquid scintillator 
for detecting reactor antineutrinos (6.7-9.2 m 
from compact highly enriched uranium 
reactor core)

Layout of the PROSPECT experiment
Schematic of the active detector volume

PROSPECT Detector at HFIR

J. Ashenfelter et al. (PROSPECT), Nucl. Inst. Meth. A 922, 287(2019)



77 Physics Division

Antineutrino Detection

M. Andriamirado et al. (PROSPECT Collaboration), Phys. Rev. D 103, 032001 (2021).

Schematic of the IBD process

ee

6-LiLS with PSD Capabilities
- Average waveforms for electronic/nuclear 

type events 
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IBD Event Selection

• Veto cuts
– Muon Veto Time
– Neutron Veto Time
– Recoil Veto time

• Sequential application of selection
cuts results in a significant
reduction of background events

• These selection criteria was used
for most recent results

Prompt PSD Cut

M. Andriamirado et al. (PROSPECT 
Collaboration), Phys. Rev. D 103, 
032001 (2021).

• IBD Topology-based cuts
– Neutron Capture Region
– Prompt PSD
– Prompt-Delayed signal distance
– Prompt-Delayed Timing
– Fiducial z cut

• 95.65 reactor-on calendar days,
73.09 reactor-off

• >50,000 IBD events

• Signal to background ratio > 1

Prompt Energy Distributions Under Different Cuts

Measured prompt energy spectrum of 
correlated IBD-like candidates
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Results and plans from PROSPECT-I

• Performed direct test of the Reactor Antineutrino Anomaly,            
• RAA best-fit excluded: 98.5% CL 
• Data is compatible with null oscillation hypothesis (p=0.57)

• Helped establish new constraints on the origin of the data-model 
disagreement observed between 5-7 MeV
• Likely due to an equal mismodeling of all fissile isotopes

• Led joint analyses with other experiments:  STEREO and Daya Bay

2011 RAA paper & SNAC workshop, 
2012 white paper motivated search for eV-scale sterile neutrinos,
2018 first physics limits from PROSPECT

First Oscillation Search
Phys. Rev. Lett. 121, 251802 (2018)

Boosted Dark Matter Search
Phys. Rev. D 104, 012009 (2021)

First Spectrum Result
Phys. Rev. Lett. 122, 251801 (2019)

Improved Osc. + Spectrum
Phys. Rev. D 103, 032001 (2021)

Non-fuel reactor neutrinos
Phys. Rev. C 101, 054605 (2021)

Daya Bay/PROSPECT Joint Spectrum Analysis
Phys. Rev. Lett. 128, 081801 (2022)

PROSPECT/STEREO Joint Spectrum Analysis
Phy. Rev. Lett 128, 081802 (2022)

Correlated Background Study

‘Final’ PROSPECT-I Oscillation

Final PROSPECT-I Spectrum 
Phys. Rev. Lett. 131, 021802 (2023)

Absolute Flux Analysis

Antineutrino Directionality

New
Analysis
Techniques

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.251802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.012009
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.251801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.032001
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.054605
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021802
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Motivation for a final PROSPECT-I Analysis 

• Previous results were impacted by the periodic loss of photo-multiplier tube bases throughout data 
collection. 

• In order to improve upon previous results, two new data recovery approaches have been proposed:

Data Splitting (DS)
&

Single Ended Event Reconstruction (SEER)

Detector configuration used for PRD analysis
154 segments with two PMTs

Some segments coupled to one PMT or 
both switched off due to scintillator 
leakage into PMT housing.

DE Segment

SE Segment

Blind Segment
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First Approach: Data Splitting (DS)
• Split PROSPECT-I data into distinct periods in 

order to recover statistics.

• Maximize number of live segments in each 
period

• Each period should start immediately after a 
new calibration campaign

• Each period must contain one full RxOn
cycle

• All periods should have RxOff data before 
and after each corresponding RxOn cycle
• Period 1 is an exception since there is 

no prior RxOff data available.
• Keep ratio of RxOff/RxOn data between 

50%-70%.
• Since there is no calibration campaign 

between periods 3 and 4, we used the 
ratio of RxOff/RxOn files to define 
these two (70%).

Goals

Splitting Criteria

Phys. Rev. Lett. 131, 021802 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021802
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Second Approach: Single Ended Event Reconstruction (SEER)
• The implementation of SEER into the existing analysis presents a great 

opportunity to improve our current results (statistics and S:B).

• Lacks energy and position reconstruction capabilities

• Provides a good handle on particle identification (great background suppression)

DEER PSD Distribution SEER PSD Distribution

PS
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SE
ER
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SD

Signal integral [kADC] Signal integral [kADC]
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DE Segment

SE Segment

Blind Segment

Detector Configuration for Each Period
Period 1

Detector Configuration Used for 
Previous Analysis

Period 2 Period 3

Period 4 Period 5

• Previous analysis did not
make use of single ended
segments.

• This new method takes 
full advantage of all the 
data collected by the 
PROSPECT detector
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Previous PROSPECT Analysis New DS+SEER Multi-Period Analysis
Multi-Period Spectrum Analysis

Great background reduction 
provided by new analysis

• Implementation of new DS+SEER optimized provided the 
following improvements:
• IBD counts ~(x1.2)
• IBD effective counts ~(x2)
• Signal to cosmogenic background (S/CB) ~(x2.8)
• Signal to accidental background (S/AB) ~(x2.4)
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• The implementation of a period-by-period 
analysis allows for the treatment of each 
period as an independent experiment.

• Following the work done during the joint 
spectrum analysis, a new unfolding 
framework has been developed to jointly 
unfold the prompt spectrum from each period 
into one final antineutrino energy spectrum

Multi-Period Spectrum Analysis: Unfolded Spectrum
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Multi-Period Spectrum Analysis: Results

WienerSVD

Phys. Rev. Lett. 131, 021802 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021802
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Multi-Period Spectrum Analysis: Unfolded Spectrum

• Obtain antineutrino energy spectrum by 
inverting detector response over all five 
periods with the Wiener-SVD method

• Systematics are treated as period-correlated 
(e.g energy response) or period-uncorrelated 
(e.g background subtraction).

• Same technique can be used for combining 
different experiments.

• Most precise measurement of the antineutrino 
spectrum of Uranium-235

Excess wrt model 
observed at ~ 6 MeV

Phys. Rev. Lett. 131, 021802 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021802
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Multi-Period Spectrum Analysis: Isotopic Nature of the Bump

• Equal Isotope hypothesis preferred.

• Ratio = 0 (no U-235 bump) disfavored at 
3.7𝝈.

• Ratio = 1.78 (all U-235 bump) disfavored 
at 2.0𝝈.

• Detector systematics limited. Multi-
reactor measurement with correlated 
detector systematics (same detector) 
would strengthen the result

Ratio of PROSPECT bump amplitude to Daya-Bay bump

Phys. Rev. Lett. 131, 021802 (2023)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.021802
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• PROSPECT-I data still presents a 
fantastic opportunity to obtain world-
class physics results.

• New DS+SEER analysis provided 
significant statistical improvements:
– IBD effective counts ~(x2)
– Signal to cosmogenic 

background~(x2.8)

• New multi-period spectrum analysis 
produced the final P-I antineutrino 
spectrum from the HFIR HEU 
reactor:  
– Observation of an excess in the 

region between 5-7 MeV 
– New constraints on the origin of 

the data-model disagreement 
suggesting that all fissioning
isotopes might be equal 
contributors.

Summary and Conclusions

prospect.yale.edu

https://prospect.yale.edu/
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• Previous oscillation measurement was 
statistics-limited. Increase in effective 
statistics (x2) will improve current sensitivity

• Multi-period analysis allows for the use of 
additional baseline bins which result in a 
sensitivity gain.

• A new framework capable of producing a 
joint oscillation analysis for each data period 
is being developed 
– Future joint-oscillation analysis with other 

reactor experiments 

Multi-Period Oscillation Analysis

Period 2 Period 3

Period 4 Period 5

Period 1
DE Segment

SE Segment

Blind Segment
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Next Phase of PROSPECT
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Back Up Slides
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Previous Oscillations Results
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Previous Oscillations Results
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Accidental Backgrounds
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Correlated Backgrounds
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a b s t r a c t

Research reactors host a wide range of activities that make use of the intense neutron fluxes generated at
these facilities. Recent interest in performing measurements with relatively low event rates, e.g. reactor
antineutrino detection, at these facilities necessitates a detailed understanding of background radiation
fields. Both reactor-correlated and naturally occurring background sources are potentially important,
even at levels well below those of importance for typical activities. Here we describe a comprehensive
series of background assessments at three high-power research reactors, including γ-ray, neutron, and
muon measurements. For each facility we describe the characteristics and identify the sources of the
background fields encountered. The general understanding gained of background production mechan-
isms and their relationship to facility features will prove valuable for the planning of any sensitive
measurement conducted therein.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Research reactors have for decades been important facilities for
an enormous variety of activities including, but by no means
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This Letter reports the first scientific results from the observation of antineutrinos emitted by fission
products of 235U at the High Flux Isotope Reactor. PROSPECT, the Precision Reactor Oscillation and
Spectrum Experiment, consists of a segmented 4 ton 6Li-doped liquid scintillator detector covering a
baseline range of 7–9 m from the reactor and operating under less than 1 m water equivalent overburden.
Data collected during 33 live days of reactor operation at a nominal power of 85 MW yield a detection
of 25 461! 283 ðstatÞ inverse beta decays. Observation of reactor antineutrinos can be achieved in
PROSPECT at 5σ statistical significance within 2 h of on-surface reactor-on data taking. A reactor model
independent analysis of the inverse beta decay prompt energy spectrum as a function of baseline constrains
significant portions of the previously allowed sterile neutrino oscillation parameter space at 95% confidence
level and disfavors the best fit of the reactor antineutrino anomaly at 2.2σ confidence level.

DOI: 10.1103/PhysRevLett.121.251802

Experiments at nuclear reactors have led to the first direct
observation of antineutrinos [1], the discovery of electron
antineutrino oscillation [2], and many precise neutrino
oscillation parameter measurements [3–5]. Nuclear models
are used to predict the flux and energy spectrum of electron
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum Experiment, PROSPECT, is designed to make both a precise
measurement of the antineutrino spectrum from a highly-enriched uranium reactor and to probe eV-scale sterile
neutrinos by searching for neutrino oscillations over meter-long baselines. PROSPECT utilizes a segmented
6Li-doped liquid scintillator detector for both efficient detection of reactor antineutrinos through the inverse beta
decay reaction and excellent background discrimination. PROSPECT is a movable 4-ton antineutrino detector
covering distances of 7m to 13m from the High Flux Isotope Reactor core. It will probe the best-fit point of
the Ñ⌫e disappearance experiments at 4 � in 1 year and the favored regions of the sterile neutrino parameter
space at more than 3 � in 3 years. PROSPECT will test the origin of spectral deviations observed in recent ✓13
experiments, search for sterile neutrinos, and address the hypothesis of sterile neutrinos as an explanation of the
reactor anomaly. This paper describes the design, construction, and commissioning of PROSPECT and reports
first data characterizing the performance of the PROSPECT antineutrino detector.
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This Letter reports the first measurement of the 235U ν̄e energy spectrum by PROSPECT, the Precision
Reactor Oscillation and Spectrum experiment, operating 7.9 m from the 85 MWth highly enriched uranium
(HEU) High Flux Isotope Reactor. With a surface-based, segmented detector, PROSPECT has observed
31678! 304ðstatÞ ν̄e-induced inverse beta decays, the largest sample from HEU fission to date, 99% of
which are attributed to 235U. Despite broad agreement, comparison of the Huber 235U model to the
measured spectrum produces a χ2=ndf ¼ 51.4=31, driven primarily by deviations in two localized energy
regions. The measured 235U spectrum shape is consistent with a deviation relative to prediction equal in size
to that observed at low-enriched uranium power reactors in the ν̄e energy region of 5–7 MeV.

DOI: 10.1103/PhysRevLett.122.251801

Reactor ν̄e experiments have been central to the under-
standing of neutrinos, including the first observation of ν̄e
[1], the discovery of ν̄e oscillations [2], observation of ν̄e
produced within Earth [3], and the measurement of the
neutrino mixing angle θ13 [4–6]. Most of these experiments
were located at low-enriched uranium (LEU) nuclear power
reactors where more than 99% of emitted ν̄e come from the
beta decay of fission products of four isotopes (235U, 238U,
239Pu, and 241Pu). At power reactors, the emitted ν̄e flux and

spectrum evolve over time as the isotopic composition
changes in the fuel cycle. Comparisons between theoretical
predictions and experimental results reveal a ∼6% global
flux deficit [7–10] and disagreement of the energy spec-
trum [11–14] and flux evolution [15,16]. Explanations
for these possibly independent phenomena may lie in
the complex nuclear physics of reactors [17–24], physics
beyond the standard model such as eV-scale sterile
neutrinos [8], or both [25–27]. New experiments at
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum (PROSPECT) Experiment is a reactor neutrino experiment
designed to search for sterile neutrinos with a mass on the order of 1 eV/c2 and to measure the spectrum
of electron antineutrinos from a highly-enriched 235U nuclear reactor. The PROSPECT detector consists of
an 11 by 14 array of optical segments in 6Li-loaded liquid scintillator at the High Flux Isotope Reactor in
Oak Ridge National Laboratory. Antineutrino events are identified via inverse beta decay and read out by
photomultiplier tubes located at the ends of each segment. The detector response is characterized using a
radioactive source calibration system. This paper describes the design, operation, and performance of the
PROSPECT source calibration system.

1. Introduction

The Precision Reactor Oscillation and Spectrum (PROSPECT) Exper-
iment is a short-baseline, on-surface antineutrino experiment designed
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to search for sterile neutrinos with a mass on the order of 1 eV/c2

and precisely measure the antineutrino spectrum from 235U fission
daughters [1]. Currently operating at the High Flux Isotope Reactor
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Reactor neutrino experiments have seen major improvements in precision in recent years. With the experi-
mental uncertainties becoming lower than those from theory, carefully considering all sources of νe is important
when making theoretical predictions. One source of νe that is often neglected arises from the irradiation of the
nonfuel materials in reactors. The νe rates and energies from these sources vary widely based on the reactor
type, configuration, and sampling stage during the reactor cycle and have to be carefully considered for each
experiment independently. In this article, we present a formalism for selecting the possible νe sources arising
from the neutron captures on reactor and target materials. We apply this formalism to the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory, the νe source for the the Precision Reactor Oscillation and
Spectrum Measurement (PROSPECT) experiment. Overall, we observe that the nonfuel νe contributions from
HFIR to PROSPECT amount to 1% above the inverse β decay threshold with a maximum contribution of 9% in
the 1.8–2.0 MeV range. Nonfuel contributions can be particularly high for research reactors like HFIR because of
the choice of structural and reflector material in addition to the intentional irradiation of target material for isotope
production. We show that typical commercial pressurized water reactors fueled with low-enriched uranium will
have significantly smaller nonfuel νe contribution.

DOI: 10.1103/PhysRevC.101.054605

I. INTRODUCTION

Many experiments have been performed to measure the
electron antineutrino (νe) flux and spectrum from nuclear re-
actors over the past several decades to advance our knowledge

*conantaj@ornl.gov

of the standard model. Nuclear reactors are intense sources of
νe; approximately six νe per fission are produced, resulting
in the emission of ≈1020 νe s−1 by a 1 gigawatt electric
(GWe) commercial light water reactor. Typically, detectors are
placed near nuclear reactors to detect νe via the inverse beta
decay (IBD) reaction. Many experiments have been conducted
at commercial nuclear reactors with baselines ranging from
tens of meters to hundreds of kilometers. Recent interest in
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We present a detailed report on sterile neutrino oscillation and 235U ν̄e energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of ν̄e produced in beta decays of 235U fission products. New limits on the oscillation of ν̄e to light sterile
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically
significant indication of ν̄e to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-
fit point at the 2.5σ confidence level. The reported 235U ν̄e energy spectrum measurement shows excellent
agreement with energy spectrum models generated via conversion of the measured 235U beta spectrum, with
a χ2=d:o:f: of 31=31. PROSPECT is able to disfavor at 2.4σ confidence level the hypothesis that 235U ν̄e are
solely responsible for spectrum discrepancies between model and data obtained at commercial reactor
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If dark matter has mass lower than around 1 GeV, it will not impart enough energy to cause detectable
nuclear recoils in many direct-detection experiments. However, if dark matter is upscattered to high energy
by collisions with cosmic rays, it may be detectable in both direct-detection experiments and neutrino
experiments. We report the results of a dedicated search for boosted dark matter upscattered by cosmic rays,
using ∼14.6 solar days of data from the PROSPECT reactor antineutrino experiment. We show that such a
flux of upscattered dark matter would display characteristic diurnal sidereal modulation, and use this to set
new experimental constraints on sub-GeV dark matter exhibiting large interaction cross sections.
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I. INTRODUCTION

Despite strong evidence for dark matter’s (DM) exist-
ence, its particle nature remains unknown, and its identi-
fication is one of the most pressing problems in particle
physics and astrophysics [1–3]. Direct searches for DM,
focusing primarily on GeV-scale weakly interacting
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8IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

9Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, California, USA
10High Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

11Univ. Savoie Mont Blanc, CNRS, LAPP-IN2P3, 74000 Annecy, France
12Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

13Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee, USA
14Brookhaven National Laboratory, Upton, New York, USA

15Department of Physics, Drexel University, Philadelphia, Pennsylvania, USA
16George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia USA

17Department of Physics, Temple University, Philadelphia, Pennsylvania, USA
18Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii, USA

19Institute for Quantum Computing and Department of Physics and Astronomy,
University of Waterloo, Waterloo, Ontario, Canada

20Institut Laue-Langevin, CS 20156, 38042 Grenoble Cedex 9, France

(Received 5 July 2021; accepted 23 December 2021; published 22 February 2022)

The PROSPECT and STEREO collaborations present a combined measurement of the pure 235U
antineutrino spectrum, without site specific corrections or detector-dependent effects. The spectral
measurements of the two highest precision experiments at research reactors are found to be compatible
with χ2=ndf ¼ 24.1=21, allowing a joint unfolding of the prompt energy measurements into antineutrino
energy. This ν̄e energy spectrum is provided to the community, and an excess of events relative to the Huber
model is found in the 5–6 MeV region. When a Gaussian bump is fitted to the excess, the data-model χ2

value is improved, corresponding to a 2.4σ significance.
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We present a detailed report on sterile neutrino oscillation and 235U ν̄e energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of ν̄e produced in beta decays of 235U fission products. New limits on the oscillation of ν̄e to light sterile
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically
significant indication of ν̄e to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-
fit point at the 2.5σ confidence level. The reported 235U ν̄e energy spectrum measurement shows excellent
agreement with energy spectrum models generated via conversion of the measured 235U beta spectrum, with
a χ2=d:o:f: of 31=31. PROSPECT is able to disfavor at 2.4σ confidence level the hypothesis that 235U ν̄e are
solely responsible for spectrum discrepancies between model and data obtained at commercial reactor
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PROSPECT-I Results and Highlights
- Oscillation and Spectrum

Oscillation Exclusion Contours

• RAA best-fit excluded: 
98.5% CL 

• Data is compatible with 
null oscillation 
hypothesis (p=0.57)

• 𝜒2/ndf =30.79/31 for 
shape-only comparison 
with model

• No 235U bump disfavored 
at 2.2σ CL 

• All 235U is disfavored at 
2.4σ CL

Prompt Energy Antineutrino 
Spectrum

M. Andriamirado et al. (PROSPECT Collaboration), Phys. Rev. D 103, 032001 (2021).
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a b s t r a c t

Research reactors host a wide range of activities that make use of the intense neutron fluxes generated at
these facilities. Recent interest in performing measurements with relatively low event rates, e.g. reactor
antineutrino detection, at these facilities necessitates a detailed understanding of background radiation
fields. Both reactor-correlated and naturally occurring background sources are potentially important,
even at levels well below those of importance for typical activities. Here we describe a comprehensive
series of background assessments at three high-power research reactors, including γ-ray, neutron, and
muon measurements. For each facility we describe the characteristics and identify the sources of the
background fields encountered. The general understanding gained of background production mechan-
isms and their relationship to facility features will prove valuable for the planning of any sensitive
measurement conducted therein.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Research reactors have for decades been important facilities for
an enormous variety of activities including, but by no means
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This Letter reports the first scientific results from the observation of antineutrinos emitted by fission
products of 235U at the High Flux Isotope Reactor. PROSPECT, the Precision Reactor Oscillation and
Spectrum Experiment, consists of a segmented 4 ton 6Li-doped liquid scintillator detector covering a
baseline range of 7–9 m from the reactor and operating under less than 1 m water equivalent overburden.
Data collected during 33 live days of reactor operation at a nominal power of 85 MW yield a detection
of 25 461! 283 ðstatÞ inverse beta decays. Observation of reactor antineutrinos can be achieved in
PROSPECT at 5σ statistical significance within 2 h of on-surface reactor-on data taking. A reactor model
independent analysis of the inverse beta decay prompt energy spectrum as a function of baseline constrains
significant portions of the previously allowed sterile neutrino oscillation parameter space at 95% confidence
level and disfavors the best fit of the reactor antineutrino anomaly at 2.2σ confidence level.

DOI: 10.1103/PhysRevLett.121.251802

Experiments at nuclear reactors have led to the first direct
observation of antineutrinos [1], the discovery of electron
antineutrino oscillation [2], and many precise neutrino
oscillation parameter measurements [3–5]. Nuclear models
are used to predict the flux and energy spectrum of electron

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 121, 251802 (2018)

0031-9007=18=121(25)=251802(7) 251802-1 Published by the American Physical Society

Nuclear Inst. and Methods in Physics Research, A 922 (2019) 287–309

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

The PROSPECT reactor antineutrino experiment
J. Ashenfelter p, A.B. Balantekin m, C. Baldenegro i, H.R. Band p,<, C.D. Bass f, D.E. Bergeron g,
D. Berish j, L.J. Bignell a, N.S. Bowden e, J. Boyle i, J. Bricco n, J.P. Brodsky e, C.D. Bryan h,
A. Bykadorova Telles p, J.J. Cherwinka n, T. Classen e, K. Commeford b, A.J. Conant c, A.A. Cox l,
D. Davee o, D. Dean i, G. Deichert h, M.V. Diwan a, M.J. Dolinski b, A. Erickson c, M. Febbraro i,
B.T. Foust p, J.K. Gaison p, A. Galindo-Uribarri i,k, C.E. Gilbert i,k, K.E. Gilje d, A. Glenn e,
B.W. Goddard b, B.T. Hackett i,k, K. Han p, S. Hans a, A.B. Hansell j, K.M. Heeger p, B. Heffron i,k,
J. Insler b, D.E. Jaffe a, X. Ji a, D.C. Jones j, K. Koehler n, O. Kyzylova b, C.E. Lane b,
T.J. Langford p, J. LaRosa g, B.R. Littlejohn d, F. Lopez p, X. Lu i,k, D.A. Martinez Caicedo d,
J.T. Matta i, R.D. McKeown o, M.P. Mendenhall e, H.J. Miller g, J.M. Minock b, P.E. Mueller i,
H.P. Mummg, J. Napolitano j, R. Neilson b, J.A. Nikkel p, D. Norcini p, S. Nour g, D.A. Pushin l,
X. Qian a, E. Romero-Romero i,k, R. Rosero a, D. Sarenac l, B.S. Seilhan e, R. Sharma a,
P.T. Surukuchi d, C. Trinh b, M.A. Tyra g, R.L. Varner i, B. Viren a, J.M. Wagner b, W. Wang o,
B. White i, C. White d, J. Wilhelmi j, T. Wise p, H. Yao o, M. Yeh a, Y.-R. Yen b, A. Zhang a,
C. Zhang a, X. Zhang d, M. Zhao a
a Brookhaven National Laboratory, Upton, NY, USA
b Department of Physics, Drexel University, Philadelphia, PA, USA
c George W.Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA, USA
d Department of Physics, Illinois Institute of Technology, Chicago, IL, USA
e Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA, USA
f Department of Physics, Le Moyne College, Syracuse, NY, USA
g National Institute of Standards and Technology, Gaithersburg, MD, USA
h High Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, TN, USA
i Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA
j Department of Physics, Temple University, Philadelphia, PA, USA
k Department of Physics and Astronomy, University of Tennessee, Knoxville, TN, USA
l Institute for Quantum Computing and Department of Physics and Astronomy, University of Waterloo, Waterloo, ON, Canada
m Department of Physics, University of Wisconsin, Madison, Madison, WI, USA
n Physical Sciences Laboratory, University of Wisconsin, Madison, Madison, WI, USA
o Department of Physics, College of William and Mary, Williamsburg, VA, USA
pWright Laboratory, Department of Physics, Yale University, New Haven, CT, USA

A R T I C L E I N F O

Keywords:
Neutrino oscillation
Neutrino mixing
Reactor
PROSPECT

A B S T R A C T

The Precision Reactor Oscillation and Spectrum Experiment, PROSPECT, is designed to make both a precise
measurement of the antineutrino spectrum from a highly-enriched uranium reactor and to probe eV-scale sterile
neutrinos by searching for neutrino oscillations over meter-long baselines. PROSPECT utilizes a segmented
6Li-doped liquid scintillator detector for both efficient detection of reactor antineutrinos through the inverse beta
decay reaction and excellent background discrimination. PROSPECT is a movable 4-ton antineutrino detector
covering distances of 7m to 13m from the High Flux Isotope Reactor core. It will probe the best-fit point of
the Ñ⌫e disappearance experiments at 4 � in 1 year and the favored regions of the sterile neutrino parameter
space at more than 3 � in 3 years. PROSPECT will test the origin of spectral deviations observed in recent ✓13
experiments, search for sterile neutrinos, and address the hypothesis of sterile neutrinos as an explanation of the
reactor anomaly. This paper describes the design, construction, and commissioning of PROSPECT and reports
first data characterizing the performance of the PROSPECT antineutrino detector.
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This Letter reports the first measurement of the 235U ν̄e energy spectrum by PROSPECT, the Precision
Reactor Oscillation and Spectrum experiment, operating 7.9 m from the 85 MWth highly enriched uranium
(HEU) High Flux Isotope Reactor. With a surface-based, segmented detector, PROSPECT has observed
31678! 304ðstatÞ ν̄e-induced inverse beta decays, the largest sample from HEU fission to date, 99% of
which are attributed to 235U. Despite broad agreement, comparison of the Huber 235U model to the
measured spectrum produces a χ2=ndf ¼ 51.4=31, driven primarily by deviations in two localized energy
regions. The measured 235U spectrum shape is consistent with a deviation relative to prediction equal in size
to that observed at low-enriched uranium power reactors in the ν̄e energy region of 5–7 MeV.

DOI: 10.1103/PhysRevLett.122.251801

Reactor ν̄e experiments have been central to the under-
standing of neutrinos, including the first observation of ν̄e
[1], the discovery of ν̄e oscillations [2], observation of ν̄e
produced within Earth [3], and the measurement of the
neutrino mixing angle θ13 [4–6]. Most of these experiments
were located at low-enriched uranium (LEU) nuclear power
reactors where more than 99% of emitted ν̄e come from the
beta decay of fission products of four isotopes (235U, 238U,
239Pu, and 241Pu). At power reactors, the emitted ν̄e flux and

spectrum evolve over time as the isotopic composition
changes in the fuel cycle. Comparisons between theoretical
predictions and experimental results reveal a ∼6% global
flux deficit [7–10] and disagreement of the energy spec-
trum [11–14] and flux evolution [15,16]. Explanations
for these possibly independent phenomena may lie in
the complex nuclear physics of reactors [17–24], physics
beyond the standard model such as eV-scale sterile
neutrinos [8], or both [25–27]. New experiments at
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum (PROSPECT) Experiment is a reactor neutrino experiment
designed to search for sterile neutrinos with a mass on the order of 1 eV/c2 and to measure the spectrum
of electron antineutrinos from a highly-enriched 235U nuclear reactor. The PROSPECT detector consists of
an 11 by 14 array of optical segments in 6Li-loaded liquid scintillator at the High Flux Isotope Reactor in
Oak Ridge National Laboratory. Antineutrino events are identified via inverse beta decay and read out by
photomultiplier tubes located at the ends of each segment. The detector response is characterized using a
radioactive source calibration system. This paper describes the design, operation, and performance of the
PROSPECT source calibration system.

1. Introduction

The Precision Reactor Oscillation and Spectrum (PROSPECT) Exper-
iment is a short-baseline, on-surface antineutrino experiment designed

< Correspondence to: Yale Wright Laboratory, 272 Whitney Ave, New Haven, CT 06511, USA.
E-mail address: arina.telles@yale.edu (A.B. Telles).

to search for sterile neutrinos with a mass on the order of 1 eV/c2

and precisely measure the antineutrino spectrum from 235U fission
daughters [1]. Currently operating at the High Flux Isotope Reactor
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Reactor neutrino experiments have seen major improvements in precision in recent years. With the experi-
mental uncertainties becoming lower than those from theory, carefully considering all sources of νe is important
when making theoretical predictions. One source of νe that is often neglected arises from the irradiation of the
nonfuel materials in reactors. The νe rates and energies from these sources vary widely based on the reactor
type, configuration, and sampling stage during the reactor cycle and have to be carefully considered for each
experiment independently. In this article, we present a formalism for selecting the possible νe sources arising
from the neutron captures on reactor and target materials. We apply this formalism to the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory, the νe source for the the Precision Reactor Oscillation and
Spectrum Measurement (PROSPECT) experiment. Overall, we observe that the nonfuel νe contributions from
HFIR to PROSPECT amount to 1% above the inverse β decay threshold with a maximum contribution of 9% in
the 1.8–2.0 MeV range. Nonfuel contributions can be particularly high for research reactors like HFIR because of
the choice of structural and reflector material in addition to the intentional irradiation of target material for isotope
production. We show that typical commercial pressurized water reactors fueled with low-enriched uranium will
have significantly smaller nonfuel νe contribution.

DOI: 10.1103/PhysRevC.101.054605

I. INTRODUCTION

Many experiments have been performed to measure the
electron antineutrino (νe) flux and spectrum from nuclear re-
actors over the past several decades to advance our knowledge

*conantaj@ornl.gov

of the standard model. Nuclear reactors are intense sources of
νe; approximately six νe per fission are produced, resulting
in the emission of ≈1020 νe s−1 by a 1 gigawatt electric
(GWe) commercial light water reactor. Typically, detectors are
placed near nuclear reactors to detect νe via the inverse beta
decay (IBD) reaction. Many experiments have been conducted
at commercial nuclear reactors with baselines ranging from
tens of meters to hundreds of kilometers. Recent interest in

2469-9985/2020/101(5)/054605(14) 054605-1 ©2020 American Physical Society
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We present a detailed report on sterile neutrino oscillation and 235U ν̄e energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of ν̄e produced in beta decays of 235U fission products. New limits on the oscillation of ν̄e to light sterile
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically
significant indication of ν̄e to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-
fit point at the 2.5σ confidence level. The reported 235U ν̄e energy spectrum measurement shows excellent
agreement with energy spectrum models generated via conversion of the measured 235U beta spectrum, with
a χ2=d:o:f: of 31=31. PROSPECT is able to disfavor at 2.4σ confidence level the hypothesis that 235U ν̄e are
solely responsible for spectrum discrepancies between model and data obtained at commercial reactor
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If dark matter has mass lower than around 1 GeV, it will not impart enough energy to cause detectable
nuclear recoils in many direct-detection experiments. However, if dark matter is upscattered to high energy
by collisions with cosmic rays, it may be detectable in both direct-detection experiments and neutrino
experiments. We report the results of a dedicated search for boosted dark matter upscattered by cosmic rays,
using ∼14.6 solar days of data from the PROSPECT reactor antineutrino experiment. We show that such a
flux of upscattered dark matter would display characteristic diurnal sidereal modulation, and use this to set
new experimental constraints on sub-GeV dark matter exhibiting large interaction cross sections.
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I. INTRODUCTION

Despite strong evidence for dark matter’s (DM) exist-
ence, its particle nature remains unknown, and its identi-
fication is one of the most pressing problems in particle
physics and astrophysics [1–3]. Direct searches for DM,
focusing primarily on GeV-scale weakly interacting
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The PROSPECT and STEREO collaborations present a combined measurement of the pure 235U
antineutrino spectrum, without site specific corrections or detector-dependent effects. The spectral
measurements of the two highest precision experiments at research reactors are found to be compatible
with χ2=ndf ¼ 24.1=21, allowing a joint unfolding of the prompt energy measurements into antineutrino
energy. This ν̄e energy spectrum is provided to the community, and an excess of events relative to the Huber
model is found in the 5–6 MeV region. When a Gaussian bump is fitted to the excess, the data-model χ2

value is improved, corresponding to a 2.4σ significance.
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X. Qian ,14,π J.-S. Réal ,7,σ J.-S. Ricol ,7,σ C. Roca,1,σ R. Rogly ,8,σ R. Rosero,14,π T. Salagnac,7,∥,σ V. Savu,8,σ

S. Schoppmann ,1,¶,σ M. Searles,10,π V. Sergeyeva,11,**,σ T. Soldner ,20,σ A. Stutz,7,σ P. T. Surukuchi,4,π M. A. Tyra ,6,π

R. L. Varner,12,π D. Venegas-Vargas,12,13,π M. Vialat,20,σ P. B. Weatherly,15,π C. White,2,π J. Wilhelmi,4,π A. Woolverton,19,π

M. Yeh,14,π C. Zhang,14,π and X. Zhang 9,π

(PROSPECT Collaboration)π,††

(STEREO Collaboration)σ,‡‡

1Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2Department of Physics, Illinois Institute of Technology, Chicago, Illinois, USA

3Department of Physics, University of Wisconsin, Madison, Wisconsin, USA
4Wright Laboratory, Department of Physics, Yale University, New Haven, Connecticut, USA

5Department of Physics, Le Moyne College, Syracuse, New York, USA
6National Institute of Standards and Technology, Gaithersburg, Maryland, USA

7University Grenoble Alpes, CNRS, Grenoble INP, LPSC-IN2P3, 38000 Grenoble, France
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The PROSPECT and STEREO collaborations present a combined measurement of the pure 235U
antineutrino spectrum, without site specific corrections or detector-dependent effects. The spectral
measurements of the two highest precision experiments at research reactors are found to be compatible
with χ2=ndf ¼ 24.1=21, allowing a joint unfolding of the prompt energy measurements into antineutrino
energy. This ν̄e energy spectrum is provided to the community, and an excess of events relative to the Huber
model is found in the 5–6 MeV region. When a Gaussian bump is fitted to the excess, the data-model χ2

value is improved, corresponding to a 2.4σ significance.
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PROSPECT + STEREO

• Improved 235U reference
• Bump excess at 2.4𝜎

• 3% improvement to 235U 
relative shape uncertainty

• ~20% Reduced 
degeneracy between 
dominant 235U and 239Pu 
isotopes in 
evolution analysis



3131 Physics Division

2
0
1
5
 
J
I
N
S
T
 
1
0
 
P
1
1
0
0
4

PUBLISHED BY IOP PUBLISHING FOR SISSA MEDIALAB

RECEIVED: August 28, 2015
ACCEPTED: October 12, 2015

PUBLISHED: November 6, 2015

Light collection and pulse-shape discrimination in
elongated scintillator cells for the PROSPECT reactor
antineutrino experiment

The PROSPECT collaboration
J. Ashenfelter,a B. Balantekin,b H.R. Band,a G. Barclay,c C.D. Bass,d D. Berish,e

N.S. Bowden, f A. Bowes,g J.P. Brodsky, f C.D. Bryan,c J.J. Cherwinka,h R. Chu,i, j

T. Classen, f K. Commeford,k D. Davee,l D. Dean,i G. Deichert,c M.V. Diwan,m

M.J. Dolinski,k J. Dolph,m D.A. Dwyer,n J.K. Gaison,a A. Galindo-Uribarri,i, j K. Gilje,g

A. Glenn, f B.W. Goddard,k M. Green,i K. Han,a,1 S. Hans,o K.M. Heeger,a

B. Heffron,i, j D.E. Jaffe,m T.J. Langford,a,1 B.R. Littlejohn,g,1 D.A. Martinez Caicedo,g

R.D. McKeown,l M.P. Mendenhall,p P. Mueller,i H.P. Mumm,p J. Napolitano,e

R. Neilson,k D. Norcini,a,1 D. Pushin,q X. Qian,m E. Romero,i, j R. Rosero,o

L. Saldana,a B.S. Seilhan, f R. Sharma,m S. Sheets, f N.T. Stemen,a P.T. Surukuchi,g

R.L. Varner,i B. Viren,m W. Wang,i B. White,i C. White,g J. Wilhelmi,e C. Williams,i

T. Wise,a H. Yao,l M. Yeh,o Y.R. Yen,k G. Zangakis,e C. Zhangm and X. Zhangg

aWright Laboratory, Department of Physics, Yale University, New Haven, CT, U.S.A.
bDepartment of Physics, University of Wisconsin, Madison, Madison, WI, U.S.A.
cHigh Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, TN, U.S.A.
dDepartment of Chemistry and Physics, Le Moyne College, Syracuse, NY, U.S.A.
eDepartment of Physics, Temple University, Philadelphia, PA, U.S.A.
f Physics Division, Lawrence Livermore National Laboratory, Livermore, CA, U.S.A.
gDepartment of Physics, Illinois Institute of Technology, Chicago, IL, U.S.A.
hPhysical Sciences Laboratory, University of Wisconsin, Madison, Madison, WI, U.S.A.
iPhysics Division, Oak Ridge National Laboratory, Oak Ridge, TN, U.S.A.
jDepartment of Physics and Astronomy, University of Tennessee, Knoxville, TN, U.S.A.
kDepartment of Physics, Drexel University, Philadelphia, PA, U.S.A.
lDepartment of Physics, College of William and Mary, Williamsburg, VA, U.S.A.

mPhysics Department, Brookhaven National Laboratory, Upton, NY, U.S.A.
nPhysics Division, Lawrence Berkeley National Laboratory, Berkeley, CA, U.S.A.
oChemistry Department, Brookhaven National Laboratory, Upton, NY, U.S.A.
pNational Institute of Standards and Technology, Gaithersburg, MD, U.S.A.
qInstitute for Quantum Computing and Department of Physics, University of Waterloo,
Waterloo, ON, Canada
E-mail: ke.han@yale.edu, thomas.langford@yale.edu, blittlej@iit.edu,
danielle.norcini@yale.edu

1Corresponding author.

c� 2015 IOP Publishing Ltd and Sissa Medialab srl doi:10.1088/1748-0221/10/11/P11004

Background radiation measurements at high power research reactors

J. Ashenfelter q, B. Balantekin o, C.X. Baldenegro j, H.R. Band q, G. Barclay j, C.D. Bass h,
D. Berish k, N.S. Bowden g,n, C.D. Bryan j, J.J. Cherwinka p, R. Chu j,l, T. Classen g, D. Davee n,
D. Dean j, G. Deichert j, M.J. Dolinski c, J. Dolph b, D.A. Dwyer f, S. Fan j,l, J.K. Gaison c,
A. Galindo-Uribarri j,l, K. Gilje e, A. Glenn g, M. Green j, K. Han q, S. Hans a, K.M. Heeger q,
B. Heffron j,l, D.E. Jaffe b, S. Kettell b, T.J. Langford q, B.R. Littlejohn e, D. Martinez e,
R.D. McKeownn, S. Morrell d, P.E. Mueller j, H.P. Mumm i, J. Napolitano k, D. Norcini q,
D. Pushinm, E. Romero j,l, R. Rosero a, L. Saldana q, B.S. Seilhan g, R. Sharma b, N.T. Stemen q,
P.T. Surukuchi e, S.J. Thompson d, R.L. Varner j, W. Wang n, S.M. Watson d, B. White j,
C. White e, J. Wilhelmi k, C. Williams j, T. Wise q, H. Yao n, M. Yeh a, Y.-R. Yen c, C. Zhang b,
X. Zhang e

a Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973, United States
b Physics Department, Brookhaven National Laboratory, Upton, NY 11973, United States
c Department of Physics, Drexel University, Philadelphia, PA 19104, United States
d Nuclear Nonproliferation Division, Idaho National Laboratory, Idaho Falls, ID 83401, United States
e Department of Physics, Illinois Institute of Technology, Chicago, IL 60616, United States
f Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States
g Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, United States
h Department of Chemistry and Physics, Le Moyne College, Syracuse, NY 13214, United States
i National Institute of Standards and Technology, Gaithersburg, MD 20899, United States
j Oak Ridge National Laboratory, Oak Ridge, TN 37831, United States
k Department of Physics, Temple University, Philadelphia, PA 19122, United States
l Department of Physics, University of Tennessee, Knoxville, TN 37996, United States
m Institute for Quantum Computing and Department of Physics, University of Waterloo, Waterloo, Canada ON N2L 3G1
n Department of Physics, College of William and Mary, Williamsburg, VA 23187, United States
o Department of Physics, University of Wisconsin, Madison, WI 53706, United States
p Physical Sciences Laboratory, University of Wisconsin, Madison, WI 53706, United States
q Wright Laboratory, Department of Physics, Yale University, New Haven, CT 06520, United States

The PROSPECT Collaboration

a r t i c l e i n f o

Article history:
Received 16 June 2015
Received in revised form
8 October 2015
Accepted 8 October 2015
Available online 11 November 2015

Keywords:
Research reactors
Background measurements
Reactor antineutrino detection

a b s t r a c t

Research reactors host a wide range of activities that make use of the intense neutron fluxes generated at
these facilities. Recent interest in performing measurements with relatively low event rates, e.g. reactor
antineutrino detection, at these facilities necessitates a detailed understanding of background radiation
fields. Both reactor-correlated and naturally occurring background sources are potentially important,
even at levels well below those of importance for typical activities. Here we describe a comprehensive
series of background assessments at three high-power research reactors, including γ-ray, neutron, and
muon measurements. For each facility we describe the characteristics and identify the sources of the
background fields encountered. The general understanding gained of background production mechan-
isms and their relationship to facility features will prove valuable for the planning of any sensitive
measurement conducted therein.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Research reactors have for decades been important facilities for
an enormous variety of activities including, but by no means
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This Letter reports the first scientific results from the observation of antineutrinos emitted by fission
products of 235U at the High Flux Isotope Reactor. PROSPECT, the Precision Reactor Oscillation and
Spectrum Experiment, consists of a segmented 4 ton 6Li-doped liquid scintillator detector covering a
baseline range of 7–9 m from the reactor and operating under less than 1 m water equivalent overburden.
Data collected during 33 live days of reactor operation at a nominal power of 85 MW yield a detection
of 25 461! 283 ðstatÞ inverse beta decays. Observation of reactor antineutrinos can be achieved in
PROSPECT at 5σ statistical significance within 2 h of on-surface reactor-on data taking. A reactor model
independent analysis of the inverse beta decay prompt energy spectrum as a function of baseline constrains
significant portions of the previously allowed sterile neutrino oscillation parameter space at 95% confidence
level and disfavors the best fit of the reactor antineutrino anomaly at 2.2σ confidence level.

DOI: 10.1103/PhysRevLett.121.251802

Experiments at nuclear reactors have led to the first direct
observation of antineutrinos [1], the discovery of electron
antineutrino oscillation [2], and many precise neutrino
oscillation parameter measurements [3–5]. Nuclear models
are used to predict the flux and energy spectrum of electron

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 121, 251802 (2018)

0031-9007=18=121(25)=251802(7) 251802-1 Published by the American Physical Society

Nuclear Inst. and Methods in Physics Research, A 922 (2019) 287–309

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

The PROSPECT reactor antineutrino experiment
J. Ashenfelter p, A.B. Balantekin m, C. Baldenegro i, H.R. Band p,<, C.D. Bass f, D.E. Bergeron g,
D. Berish j, L.J. Bignell a, N.S. Bowden e, J. Boyle i, J. Bricco n, J.P. Brodsky e, C.D. Bryan h,
A. Bykadorova Telles p, J.J. Cherwinka n, T. Classen e, K. Commeford b, A.J. Conant c, A.A. Cox l,
D. Davee o, D. Dean i, G. Deichert h, M.V. Diwan a, M.J. Dolinski b, A. Erickson c, M. Febbraro i,
B.T. Foust p, J.K. Gaison p, A. Galindo-Uribarri i,k, C.E. Gilbert i,k, K.E. Gilje d, A. Glenn e,
B.W. Goddard b, B.T. Hackett i,k, K. Han p, S. Hans a, A.B. Hansell j, K.M. Heeger p, B. Heffron i,k,
J. Insler b, D.E. Jaffe a, X. Ji a, D.C. Jones j, K. Koehler n, O. Kyzylova b, C.E. Lane b,
T.J. Langford p, J. LaRosa g, B.R. Littlejohn d, F. Lopez p, X. Lu i,k, D.A. Martinez Caicedo d,
J.T. Matta i, R.D. McKeown o, M.P. Mendenhall e, H.J. Miller g, J.M. Minock b, P.E. Mueller i,
H.P. Mummg, J. Napolitano j, R. Neilson b, J.A. Nikkel p, D. Norcini p, S. Nour g, D.A. Pushin l,
X. Qian a, E. Romero-Romero i,k, R. Rosero a, D. Sarenac l, B.S. Seilhan e, R. Sharma a,
P.T. Surukuchi d, C. Trinh b, M.A. Tyra g, R.L. Varner i, B. Viren a, J.M. Wagner b, W. Wang o,
B. White i, C. White d, J. Wilhelmi j, T. Wise p, H. Yao o, M. Yeh a, Y.-R. Yen b, A. Zhang a,
C. Zhang a, X. Zhang d, M. Zhao a
a Brookhaven National Laboratory, Upton, NY, USA
b Department of Physics, Drexel University, Philadelphia, PA, USA
c George W.Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA, USA
d Department of Physics, Illinois Institute of Technology, Chicago, IL, USA
e Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA, USA
f Department of Physics, Le Moyne College, Syracuse, NY, USA
g National Institute of Standards and Technology, Gaithersburg, MD, USA
h High Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, TN, USA
i Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA
j Department of Physics, Temple University, Philadelphia, PA, USA
k Department of Physics and Astronomy, University of Tennessee, Knoxville, TN, USA
l Institute for Quantum Computing and Department of Physics and Astronomy, University of Waterloo, Waterloo, ON, Canada
m Department of Physics, University of Wisconsin, Madison, Madison, WI, USA
n Physical Sciences Laboratory, University of Wisconsin, Madison, Madison, WI, USA
o Department of Physics, College of William and Mary, Williamsburg, VA, USA
pWright Laboratory, Department of Physics, Yale University, New Haven, CT, USA

A R T I C L E I N F O

Keywords:
Neutrino oscillation
Neutrino mixing
Reactor
PROSPECT

A B S T R A C T

The Precision Reactor Oscillation and Spectrum Experiment, PROSPECT, is designed to make both a precise
measurement of the antineutrino spectrum from a highly-enriched uranium reactor and to probe eV-scale sterile
neutrinos by searching for neutrino oscillations over meter-long baselines. PROSPECT utilizes a segmented
6Li-doped liquid scintillator detector for both efficient detection of reactor antineutrinos through the inverse beta
decay reaction and excellent background discrimination. PROSPECT is a movable 4-ton antineutrino detector
covering distances of 7m to 13m from the High Flux Isotope Reactor core. It will probe the best-fit point of
the Ñ⌫e disappearance experiments at 4 � in 1 year and the favored regions of the sterile neutrino parameter
space at more than 3 � in 3 years. PROSPECT will test the origin of spectral deviations observed in recent ✓13
experiments, search for sterile neutrinos, and address the hypothesis of sterile neutrinos as an explanation of the
reactor anomaly. This paper describes the design, construction, and commissioning of PROSPECT and reports
first data characterizing the performance of the PROSPECT antineutrino detector.
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This Letter reports the first measurement of the 235U ν̄e energy spectrum by PROSPECT, the Precision
Reactor Oscillation and Spectrum experiment, operating 7.9 m from the 85 MWth highly enriched uranium
(HEU) High Flux Isotope Reactor. With a surface-based, segmented detector, PROSPECT has observed
31678! 304ðstatÞ ν̄e-induced inverse beta decays, the largest sample from HEU fission to date, 99% of
which are attributed to 235U. Despite broad agreement, comparison of the Huber 235U model to the
measured spectrum produces a χ2=ndf ¼ 51.4=31, driven primarily by deviations in two localized energy
regions. The measured 235U spectrum shape is consistent with a deviation relative to prediction equal in size
to that observed at low-enriched uranium power reactors in the ν̄e energy region of 5–7 MeV.

DOI: 10.1103/PhysRevLett.122.251801

Reactor ν̄e experiments have been central to the under-
standing of neutrinos, including the first observation of ν̄e
[1], the discovery of ν̄e oscillations [2], observation of ν̄e
produced within Earth [3], and the measurement of the
neutrino mixing angle θ13 [4–6]. Most of these experiments
were located at low-enriched uranium (LEU) nuclear power
reactors where more than 99% of emitted ν̄e come from the
beta decay of fission products of four isotopes (235U, 238U,
239Pu, and 241Pu). At power reactors, the emitted ν̄e flux and

spectrum evolve over time as the isotopic composition
changes in the fuel cycle. Comparisons between theoretical
predictions and experimental results reveal a ∼6% global
flux deficit [7–10] and disagreement of the energy spec-
trum [11–14] and flux evolution [15,16]. Explanations
for these possibly independent phenomena may lie in
the complex nuclear physics of reactors [17–24], physics
beyond the standard model such as eV-scale sterile
neutrinos [8], or both [25–27]. New experiments at
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum (PROSPECT) Experiment is a reactor neutrino experiment
designed to search for sterile neutrinos with a mass on the order of 1 eV/c2 and to measure the spectrum
of electron antineutrinos from a highly-enriched 235U nuclear reactor. The PROSPECT detector consists of
an 11 by 14 array of optical segments in 6Li-loaded liquid scintillator at the High Flux Isotope Reactor in
Oak Ridge National Laboratory. Antineutrino events are identified via inverse beta decay and read out by
photomultiplier tubes located at the ends of each segment. The detector response is characterized using a
radioactive source calibration system. This paper describes the design, operation, and performance of the
PROSPECT source calibration system.

1. Introduction

The Precision Reactor Oscillation and Spectrum (PROSPECT) Exper-
iment is a short-baseline, on-surface antineutrino experiment designed

< Correspondence to: Yale Wright Laboratory, 272 Whitney Ave, New Haven, CT 06511, USA.
E-mail address: arina.telles@yale.edu (A.B. Telles).

to search for sterile neutrinos with a mass on the order of 1 eV/c2

and precisely measure the antineutrino spectrum from 235U fission
daughters [1]. Currently operating at the High Flux Isotope Reactor

https://doi.org/10.1016/j.nima.2019.162465
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Reactor neutrino experiments have seen major improvements in precision in recent years. With the experi-
mental uncertainties becoming lower than those from theory, carefully considering all sources of νe is important
when making theoretical predictions. One source of νe that is often neglected arises from the irradiation of the
nonfuel materials in reactors. The νe rates and energies from these sources vary widely based on the reactor
type, configuration, and sampling stage during the reactor cycle and have to be carefully considered for each
experiment independently. In this article, we present a formalism for selecting the possible νe sources arising
from the neutron captures on reactor and target materials. We apply this formalism to the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory, the νe source for the the Precision Reactor Oscillation and
Spectrum Measurement (PROSPECT) experiment. Overall, we observe that the nonfuel νe contributions from
HFIR to PROSPECT amount to 1% above the inverse β decay threshold with a maximum contribution of 9% in
the 1.8–2.0 MeV range. Nonfuel contributions can be particularly high for research reactors like HFIR because of
the choice of structural and reflector material in addition to the intentional irradiation of target material for isotope
production. We show that typical commercial pressurized water reactors fueled with low-enriched uranium will
have significantly smaller nonfuel νe contribution.

DOI: 10.1103/PhysRevC.101.054605

I. INTRODUCTION

Many experiments have been performed to measure the
electron antineutrino (νe) flux and spectrum from nuclear re-
actors over the past several decades to advance our knowledge

*conantaj@ornl.gov

of the standard model. Nuclear reactors are intense sources of
νe; approximately six νe per fission are produced, resulting
in the emission of ≈1020 νe s−1 by a 1 gigawatt electric
(GWe) commercial light water reactor. Typically, detectors are
placed near nuclear reactors to detect νe via the inverse beta
decay (IBD) reaction. Many experiments have been conducted
at commercial nuclear reactors with baselines ranging from
tens of meters to hundreds of kilometers. Recent interest in

2469-9985/2020/101(5)/054605(14) 054605-1 ©2020 American Physical Society
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We present a detailed report on sterile neutrino oscillation and 235U ν̄e energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of ν̄e produced in beta decays of 235U fission products. New limits on the oscillation of ν̄e to light sterile
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically
significant indication of ν̄e to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-
fit point at the 2.5σ confidence level. The reported 235U ν̄e energy spectrum measurement shows excellent
agreement with energy spectrum models generated via conversion of the measured 235U beta spectrum, with
a χ2=d:o:f: of 31=31. PROSPECT is able to disfavor at 2.4σ confidence level the hypothesis that 235U ν̄e are
solely responsible for spectrum discrepancies between model and data obtained at commercial reactor
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If dark matter has mass lower than around 1 GeV, it will not impart enough energy to cause detectable
nuclear recoils in many direct-detection experiments. However, if dark matter is upscattered to high energy
by collisions with cosmic rays, it may be detectable in both direct-detection experiments and neutrino
experiments. We report the results of a dedicated search for boosted dark matter upscattered by cosmic rays,
using ∼14.6 solar days of data from the PROSPECT reactor antineutrino experiment. We show that such a
flux of upscattered dark matter would display characteristic diurnal sidereal modulation, and use this to set
new experimental constraints on sub-GeV dark matter exhibiting large interaction cross sections.

DOI: 10.1103/PhysRevD.104.012009

I. INTRODUCTION

Despite strong evidence for dark matter’s (DM) exist-
ence, its particle nature remains unknown, and its identi-
fication is one of the most pressing problems in particle
physics and astrophysics [1–3]. Direct searches for DM,
focusing primarily on GeV-scale weakly interacting
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D. A. Dwyer,28,δA. Erickson,29,π B. T. Foust,4,π J. K. Gaison ,4,πA. Galindo-Uribarri,21,22,π J. P. Gallo,2,δ C. E. Gilbert,21,22,π

M. Gonchar,26,δ G. H. Gong,14,δ H. Gong,14,δ M. Grassi,20,δ W. Q. Gu,8,δ J. Y. Guo,16,δ L. Guo,14,δ X. H. Guo,30,δ

Y. H. Guo,31,δ Z. Guo,14,δ R.W. Hackenburg,8,δ S. Hans,8,δ,π,* A. B. Hansell,7,πM. He,12,δK.M. Heeger,4,δ,π B. Heffron,21,22,π

Y. K. Heng,12,δ Y. K. Hor,16,δ Y. B. Hsiung,9,δ B. Z. Hu,9,δ J. R. Hu ,12,δ T. Hu,12,δ Z. J. Hu,16,δ H. X. Huang,32,δ

J. H. Huang,12,δX. T. Huang,33,δY. B. Huang,34,δ P. Huber,35,δ J. Koblanski,36,πD. E. Jaffe,8,δ,π S. Jayakumar,25,πK. L. Jen,37,δ

X. L. Ji,12,δ X. P. Ji,8,δ,π R. A. Johnson,38,δ D. C. Jones,7,δ,π L. Kang,39,δ S. H. Kettell,8,δ S. Kohn,40,δ M. Kramer,28,40,δ

O. Kyzylova,25,π C. E. Lane,25,π T. J. Langford,4,δ,π J. LaRosa,6,π J. Lee,28,δ J. H. C. Lee,41,δ R. T. Lei,39,δ R. Leitner,24,δ

J. K. C. Leung,41,δ F. Li,12,δ H. L. Li,12,δ J. J. Li,14,δ Q. J. Li,12,δ R. H. Li,12,δ S. Li,39,δ S. C. Li,35,δ W.D. Li,12,δ X. N. Li,12,δ

X. Q. Li,42,δ Y. F. Li,12,δ Z. B. Li,16,δ H. Liang,23,δ C. J. Lin,28,δ G. L. Lin,37,δ S. Lin,39,δ J. J. Ling,16,δ J. M. Link,35,δ

L. Littenberg,8,δ B. R. Littlejohn,2,δ,π J. C. Liu,12,δ J. L. Liu,43,δ J. X. Liu,12,δ C. Lu,44,δ H. Q. Lu,12,δ X. Lu,21,22,π

K. B. Luk,40,28,δ B. Z. Ma,33,δ X. B. Ma,17,δ X. Y. Ma,12,δ Y. Q. Ma,12,δ R. C. Mandujano,20,δ J. Maricic,36,π C. Marshall,28,δ

K. T. McDonald,44,δ R. D. McKeown,45,46,δ M. P. Mendenhall,10,π Y. Meng,43,δ A.M. Meyer,36,π R. Milincic,36,π

P. E. Mueller,21,π H. P. Mumm,6,π J. Napolitano,7,δ,π D. Naumov,26,δ E. Naumova,26,δ R. Neilson,25,π T.M. T. Nguyen,37,δ

J. A. Nikkel,4,π S. Nour,6,π J. P. Ochoa-Ricoux,20,δ A. Olshevskiy,26,δ J. L. Palomino,2,π H.-R. Pan,9,δ J. Park,35,δ S. Patton,28,δ

J. C. Peng,27,δ C. S. J. Pun,41,δ D. A. Pushin,47,π F. Z. Qi,12,δ M. Qi,48,δ X. Qian,8,δ,π N. Raper,16,δ J. Ren,32,δ C. Morales
Reveco,20,δ R. Rosero,8,δ,π B. Roskovec,20,δ X. C. Ruan,32,δ M. Searles,11,π H. Steiner,40,28,δ J. L. Sun,49,δ P. T. Surukuchi,4,π

T. Tmej,24,δ K. Treskov,26,δ W.-H. Tse,18,δ C. E. Tull,28,δ M. A. Tyra,6,π R. L. Varner,21,π D. Venegas-Vargas,21,22,π B. Viren,8,δ

V. Vorobel,24,δ C. H. Wang,13,δ J. Wang,16,δ M. Wang,33,δ N. Y. Wang,30,δ R. G. Wang,12,δ W. Wang,16,46,δ W. Wang,48,δ

X. Wang,50,δ Y. Wang,48,δ Y. F. Wang,12,δ Z. Wang,12,δ Z. Wang,14,δ Z.M. Wang,12,δ P. B. Weatherly,25,π H. Y. Wei,8,δ

L. H. Wei,12,δ L. J. Wen,12,δ K. Whisnant,51,δ C. White,2,δ,π J. Wilhelmi,4,π H. L. H. Wong,40,28,δ A. Woolverton,47,π

E. Worcester,8,δ D. R. Wu,12,δ F. L. Wu,48,δ Q. Wu,33,δ W. J. Wu,12,δ D.M. Xia,52,δ Z. Q. Xie,12,δ Z. Z. Xing,12,δ H. K. Xu,12,δ

J. L. Xu,12,δ T. Xu,14,δ T. Xue,14,δ C. G. Yang,12,δ L. Yang,39,δ Y. Z. Yang,14,δ H. F. Yao,12,δ M. Ye,12,δ M. Yeh,8,δ,π

B. L. Young,51,δ H. Z. Yu,16,δ Z. Y. Yu,12,δ B. B. Yue,16,δ V. Zavadskyi,26,δ S. Zeng,12,δ Y. Zeng,16,δ L. Zhan,12,δ C. Zhang,8,δ,π

F. Y. Zhang,43,δ H. H. Zhang,16,δ J. W. Zhang,12,δ Q.M. Zhang,31,δ S. Q. Zhang,16,δ X. Zhang,10,π X. T. Zhang,12,δ

Y.M. Zhang,16,δ Y. X. Zhang,49,δ Y. Y. Zhang,43,δ Z. J. Zhang,39,δ Z. P. Zhang,23,δ Z. Y. Zhang,12,δ J. Zhao,12,δ R. Z. Zhao,12,δ

L. Zhou,12,δ H. L. Zhuang,12,δ and J. H. Zou12,δ

(Daya Bay Collaboration)δ

(PROSPECT Collaboration)π

1Institute of Modern Physics, East China University of Science and Technology, Shanghai
2Department of Physics, Illinois Institute of Technology, Chicago, Illinois

3Department of Physics, University of Wisconsin, Madison, Madison, Wisconsin
4Wright Laboratory, Department of Physics, Yale University, New Haven, Connecticut

5Department of Physics, Le Moyne College, Syracuse, New York
6National Institute of Standards and Technology, Gaithersburg, Maryland
7Department of Physics, Temple University, Philadelphia, Pennsylvania

8Brookhaven National Laboratory, Upton, New York
9Department of Physics, National Taiwan University, Taipei

10Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, California
11High Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, Tennessee

12Institute of High Energy Physics, Beijing
13National United University, Miao-Li

14Department of Engineering Physics, Tsinghua University, Beijing

PHYSICAL REVIEW LETTERS 128, 081801 (2022)

0031-9007=22=128(8)=081801(8) 081801-1 © 2022 American Physical Society

Joint Measurement of the 235U Antineutrino Spectrum by PROSPECT and STEREO

H. Almazán,1,*,σ M. Andriamirado ,2,π A. B. Balantekin ,3,π H. R. Band,4,π C. D. Bass,5,π D. E. Bergeron ,6,π

L. Bernard,7,†,σ A. Blanchet,8,‡,σ A. Bonhomme ,1,8,σ N. S. Bowden ,9,π C. D. Bryan,10,π C. Buck ,1,σ T. Classen,9,π

A. J. Conant ,10,π G. Deichert,10,π P. del Amo Sanchez ,11,σ A. Delgado,12,13,π M. V. Diwan,14,π M. J. Dolinski,15,π

I. El Atmani ,8,§,σ A. Erickson,16,π B. T. Foust ,4,π J. K. Gaison,4,π A. Galindo-Uribarri ,12,13,π C. E. Gilbert,12,13,π

S. Hans,14,π A. B. Hansell,17,π K.M. Heeger ,4,π B. Heffron,12,13,π D. E. Jaffe ,14,π S. Jayakumar,15,π X. Ji,14,π

D. C. Jones,17,π J. Koblanski,18,π O. Kyzylova,15,π L. Labit ,11,σ J. Lamblin ,7,σ C. E. Lane,15,π T. J. Langford ,4,π

J. LaRosa,6,π A. Letourneau ,8,σ D. Lhuillier ,8,σ M. Licciardi,7,σ M. Lindner,1,σ B. R. Littlejohn,2,π X. Lu,12,13,π

J. Maricic,18,π T. Materna ,8,σ M. P. Mendenhall,9,π A.M. Meyer,18,π R. Milincic,18,π P. E. Mueller ,12,π H. P. Mumm ,6,π

J. Napolitano,17,π R. Neilson,15,π J. A. Nikkel ,4,π S. Nour,6,π J. L. Palomino,2,π H. Pessard ,11,σ D. A. Pushin,19,π
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The PROSPECT and STEREO collaborations present a combined measurement of the pure 235U
antineutrino spectrum, without site specific corrections or detector-dependent effects. The spectral
measurements of the two highest precision experiments at research reactors are found to be compatible
with χ2=ndf ¼ 24.1=21, allowing a joint unfolding of the prompt energy measurements into antineutrino
energy. This ν̄e energy spectrum is provided to the community, and an excess of events relative to the Huber
model is found in the 5–6 MeV region. When a Gaussian bump is fitted to the excess, the data-model χ2

value is improved, corresponding to a 2.4σ significance.
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The PROSPECT and STEREO collaborations present a combined measurement of the pure 235U
antineutrino spectrum, without site specific corrections or detector-dependent effects. The spectral
measurements of the two highest precision experiments at research reactors are found to be compatible
with χ2=ndf ¼ 24.1=21, allowing a joint unfolding of the prompt energy measurements into antineutrino
energy. This ν̄e energy spectrum is provided to the community, and an excess of events relative to the Huber
model is found in the 5–6 MeV region. When a Gaussian bump is fitted to the excess, the data-model χ2

value is improved, corresponding to a 2.4σ significance.
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• Stronger confirmation 
of excess between 4-6 
MeV area

• Successful 
combination of results 
between HEU/HEU 
and HEU/LEU 
experiments
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a b s t r a c t

Research reactors host a wide range of activities that make use of the intense neutron fluxes generated at
these facilities. Recent interest in performing measurements with relatively low event rates, e.g. reactor
antineutrino detection, at these facilities necessitates a detailed understanding of background radiation
fields. Both reactor-correlated and naturally occurring background sources are potentially important,
even at levels well below those of importance for typical activities. Here we describe a comprehensive
series of background assessments at three high-power research reactors, including γ-ray, neutron, and
muon measurements. For each facility we describe the characteristics and identify the sources of the
background fields encountered. The general understanding gained of background production mechan-
isms and their relationship to facility features will prove valuable for the planning of any sensitive
measurement conducted therein.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Research reactors have for decades been important facilities for
an enormous variety of activities including, but by no means
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This Letter reports the first scientific results from the observation of antineutrinos emitted by fission
products of 235U at the High Flux Isotope Reactor. PROSPECT, the Precision Reactor Oscillation and
Spectrum Experiment, consists of a segmented 4 ton 6Li-doped liquid scintillator detector covering a
baseline range of 7–9 m from the reactor and operating under less than 1 m water equivalent overburden.
Data collected during 33 live days of reactor operation at a nominal power of 85 MW yield a detection
of 25 461! 283 ðstatÞ inverse beta decays. Observation of reactor antineutrinos can be achieved in
PROSPECT at 5σ statistical significance within 2 h of on-surface reactor-on data taking. A reactor model
independent analysis of the inverse beta decay prompt energy spectrum as a function of baseline constrains
significant portions of the previously allowed sterile neutrino oscillation parameter space at 95% confidence
level and disfavors the best fit of the reactor antineutrino anomaly at 2.2σ confidence level.

DOI: 10.1103/PhysRevLett.121.251802

Experiments at nuclear reactors have led to the first direct
observation of antineutrinos [1], the discovery of electron
antineutrino oscillation [2], and many precise neutrino
oscillation parameter measurements [3–5]. Nuclear models
are used to predict the flux and energy spectrum of electron
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum Experiment, PROSPECT, is designed to make both a precise
measurement of the antineutrino spectrum from a highly-enriched uranium reactor and to probe eV-scale sterile
neutrinos by searching for neutrino oscillations over meter-long baselines. PROSPECT utilizes a segmented
6Li-doped liquid scintillator detector for both efficient detection of reactor antineutrinos through the inverse beta
decay reaction and excellent background discrimination. PROSPECT is a movable 4-ton antineutrino detector
covering distances of 7m to 13m from the High Flux Isotope Reactor core. It will probe the best-fit point of
the Ñ⌫e disappearance experiments at 4 � in 1 year and the favored regions of the sterile neutrino parameter
space at more than 3 � in 3 years. PROSPECT will test the origin of spectral deviations observed in recent ✓13
experiments, search for sterile neutrinos, and address the hypothesis of sterile neutrinos as an explanation of the
reactor anomaly. This paper describes the design, construction, and commissioning of PROSPECT and reports
first data characterizing the performance of the PROSPECT antineutrino detector.
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This Letter reports the first measurement of the 235U ν̄e energy spectrum by PROSPECT, the Precision
Reactor Oscillation and Spectrum experiment, operating 7.9 m from the 85 MWth highly enriched uranium
(HEU) High Flux Isotope Reactor. With a surface-based, segmented detector, PROSPECT has observed
31678! 304ðstatÞ ν̄e-induced inverse beta decays, the largest sample from HEU fission to date, 99% of
which are attributed to 235U. Despite broad agreement, comparison of the Huber 235U model to the
measured spectrum produces a χ2=ndf ¼ 51.4=31, driven primarily by deviations in two localized energy
regions. The measured 235U spectrum shape is consistent with a deviation relative to prediction equal in size
to that observed at low-enriched uranium power reactors in the ν̄e energy region of 5–7 MeV.

DOI: 10.1103/PhysRevLett.122.251801

Reactor ν̄e experiments have been central to the under-
standing of neutrinos, including the first observation of ν̄e
[1], the discovery of ν̄e oscillations [2], observation of ν̄e
produced within Earth [3], and the measurement of the
neutrino mixing angle θ13 [4–6]. Most of these experiments
were located at low-enriched uranium (LEU) nuclear power
reactors where more than 99% of emitted ν̄e come from the
beta decay of fission products of four isotopes (235U, 238U,
239Pu, and 241Pu). At power reactors, the emitted ν̄e flux and

spectrum evolve over time as the isotopic composition
changes in the fuel cycle. Comparisons between theoretical
predictions and experimental results reveal a ∼6% global
flux deficit [7–10] and disagreement of the energy spec-
trum [11–14] and flux evolution [15,16]. Explanations
for these possibly independent phenomena may lie in
the complex nuclear physics of reactors [17–24], physics
beyond the standard model such as eV-scale sterile
neutrinos [8], or both [25–27]. New experiments at
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum (PROSPECT) Experiment is a reactor neutrino experiment
designed to search for sterile neutrinos with a mass on the order of 1 eV/c2 and to measure the spectrum
of electron antineutrinos from a highly-enriched 235U nuclear reactor. The PROSPECT detector consists of
an 11 by 14 array of optical segments in 6Li-loaded liquid scintillator at the High Flux Isotope Reactor in
Oak Ridge National Laboratory. Antineutrino events are identified via inverse beta decay and read out by
photomultiplier tubes located at the ends of each segment. The detector response is characterized using a
radioactive source calibration system. This paper describes the design, operation, and performance of the
PROSPECT source calibration system.

1. Introduction

The Precision Reactor Oscillation and Spectrum (PROSPECT) Exper-
iment is a short-baseline, on-surface antineutrino experiment designed

< Correspondence to: Yale Wright Laboratory, 272 Whitney Ave, New Haven, CT 06511, USA.
E-mail address: arina.telles@yale.edu (A.B. Telles).

to search for sterile neutrinos with a mass on the order of 1 eV/c2

and precisely measure the antineutrino spectrum from 235U fission
daughters [1]. Currently operating at the High Flux Isotope Reactor
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Reactor neutrino experiments have seen major improvements in precision in recent years. With the experi-
mental uncertainties becoming lower than those from theory, carefully considering all sources of νe is important
when making theoretical predictions. One source of νe that is often neglected arises from the irradiation of the
nonfuel materials in reactors. The νe rates and energies from these sources vary widely based on the reactor
type, configuration, and sampling stage during the reactor cycle and have to be carefully considered for each
experiment independently. In this article, we present a formalism for selecting the possible νe sources arising
from the neutron captures on reactor and target materials. We apply this formalism to the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory, the νe source for the the Precision Reactor Oscillation and
Spectrum Measurement (PROSPECT) experiment. Overall, we observe that the nonfuel νe contributions from
HFIR to PROSPECT amount to 1% above the inverse β decay threshold with a maximum contribution of 9% in
the 1.8–2.0 MeV range. Nonfuel contributions can be particularly high for research reactors like HFIR because of
the choice of structural and reflector material in addition to the intentional irradiation of target material for isotope
production. We show that typical commercial pressurized water reactors fueled with low-enriched uranium will
have significantly smaller nonfuel νe contribution.

DOI: 10.1103/PhysRevC.101.054605

I. INTRODUCTION

Many experiments have been performed to measure the
electron antineutrino (νe) flux and spectrum from nuclear re-
actors over the past several decades to advance our knowledge

*conantaj@ornl.gov

of the standard model. Nuclear reactors are intense sources of
νe; approximately six νe per fission are produced, resulting
in the emission of ≈1020 νe s−1 by a 1 gigawatt electric
(GWe) commercial light water reactor. Typically, detectors are
placed near nuclear reactors to detect νe via the inverse beta
decay (IBD) reaction. Many experiments have been conducted
at commercial nuclear reactors with baselines ranging from
tens of meters to hundreds of kilometers. Recent interest in
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We present a detailed report on sterile neutrino oscillation and 235U ν̄e energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of ν̄e produced in beta decays of 235U fission products. New limits on the oscillation of ν̄e to light sterile
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically
significant indication of ν̄e to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-
fit point at the 2.5σ confidence level. The reported 235U ν̄e energy spectrum measurement shows excellent
agreement with energy spectrum models generated via conversion of the measured 235U beta spectrum, with
a χ2=d:o:f: of 31=31. PROSPECT is able to disfavor at 2.4σ confidence level the hypothesis that 235U ν̄e are
solely responsible for spectrum discrepancies between model and data obtained at commercial reactor
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If dark matter has mass lower than around 1 GeV, it will not impart enough energy to cause detectable
nuclear recoils in many direct-detection experiments. However, if dark matter is upscattered to high energy
by collisions with cosmic rays, it may be detectable in both direct-detection experiments and neutrino
experiments. We report the results of a dedicated search for boosted dark matter upscattered by cosmic rays,
using ∼14.6 solar days of data from the PROSPECT reactor antineutrino experiment. We show that such a
flux of upscattered dark matter would display characteristic diurnal sidereal modulation, and use this to set
new experimental constraints on sub-GeV dark matter exhibiting large interaction cross sections.

DOI: 10.1103/PhysRevD.104.012009

I. INTRODUCTION

Despite strong evidence for dark matter’s (DM) exist-
ence, its particle nature remains unknown, and its identi-
fication is one of the most pressing problems in particle
physics and astrophysics [1–3]. Direct searches for DM,
focusing primarily on GeV-scale weakly interacting
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The PROSPECT and STEREO collaborations present a combined measurement of the pure 235U
antineutrino spectrum, without site specific corrections or detector-dependent effects. The spectral
measurements of the two highest precision experiments at research reactors are found to be compatible
with χ2=ndf ¼ 24.1=21, allowing a joint unfolding of the prompt energy measurements into antineutrino
energy. This ν̄e energy spectrum is provided to the community, and an excess of events relative to the Huber
model is found in the 5–6 MeV region. When a Gaussian bump is fitted to the excess, the data-model χ2

value is improved, corresponding to a 2.4σ significance.

DOI: 10.1103/PhysRevLett.128.081802

PHYSICAL REVIEW LETTERS 128, 081802 (2022)

0031-9007=22=128(8)=081802(7) 081802-1 © 2022 American Physical Society

Additional results include:
• Search for Boosted Dark Matter

• PhysRevD 104 (2021) 012009
• Non-fuel reactor contributions

• PhysRevC 101 (2020) 054605
• Liquid Scintillator production and

characterization
• JINST 14 (2019) P03026

• Calibration Method
• NIMA 944 ( 2019) 162465

• Instrumentation
• NIMA 922 (2018) 287



3333 Physics Division

Detector Response for Each Period



3434 Physics Division

Multi-Period Spectrum Analysis: WienerSVD Unfolding Technique 

Simulation Simulation



3535 Physics Division

Multi-Period Spectrum Analysis: WienerSVD Unfolding Technique 

Simulation Simulation Simulation



3636 Physics Division

Multi-Period Spectrum Analysis: WienerSVD Unfolding Technique 

Simulation Simulation Simulation



3737 Physics Division

PROSPECT-I Results and Highlights
- Professional Training

2
0
1
5
 
J
I
N
S
T
 
1
0
 
P
1
1
0
0
4

PUBLISHED BY IOP PUBLISHING FOR SISSA MEDIALAB

RECEIVED: August 28, 2015
ACCEPTED: October 12, 2015

PUBLISHED: November 6, 2015

Light collection and pulse-shape discrimination in
elongated scintillator cells for the PROSPECT reactor
antineutrino experiment

The PROSPECT collaboration
J. Ashenfelter,a B. Balantekin,b H.R. Band,a G. Barclay,c C.D. Bass,d D. Berish,e

N.S. Bowden, f A. Bowes,g J.P. Brodsky, f C.D. Bryan,c J.J. Cherwinka,h R. Chu,i, j

T. Classen, f K. Commeford,k D. Davee,l D. Dean,i G. Deichert,c M.V. Diwan,m

M.J. Dolinski,k J. Dolph,m D.A. Dwyer,n J.K. Gaison,a A. Galindo-Uribarri,i, j K. Gilje,g

A. Glenn, f B.W. Goddard,k M. Green,i K. Han,a,1 S. Hans,o K.M. Heeger,a

B. Heffron,i, j D.E. Jaffe,m T.J. Langford,a,1 B.R. Littlejohn,g,1 D.A. Martinez Caicedo,g

R.D. McKeown,l M.P. Mendenhall,p P. Mueller,i H.P. Mumm,p J. Napolitano,e

R. Neilson,k D. Norcini,a,1 D. Pushin,q X. Qian,m E. Romero,i, j R. Rosero,o

L. Saldana,a B.S. Seilhan, f R. Sharma,m S. Sheets, f N.T. Stemen,a P.T. Surukuchi,g

R.L. Varner,i B. Viren,m W. Wang,i B. White,i C. White,g J. Wilhelmi,e C. Williams,i

T. Wise,a H. Yao,l M. Yeh,o Y.R. Yen,k G. Zangakis,e C. Zhangm and X. Zhangg

aWright Laboratory, Department of Physics, Yale University, New Haven, CT, U.S.A.
bDepartment of Physics, University of Wisconsin, Madison, Madison, WI, U.S.A.
cHigh Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, TN, U.S.A.
dDepartment of Chemistry and Physics, Le Moyne College, Syracuse, NY, U.S.A.
eDepartment of Physics, Temple University, Philadelphia, PA, U.S.A.
f Physics Division, Lawrence Livermore National Laboratory, Livermore, CA, U.S.A.
gDepartment of Physics, Illinois Institute of Technology, Chicago, IL, U.S.A.
hPhysical Sciences Laboratory, University of Wisconsin, Madison, Madison, WI, U.S.A.
iPhysics Division, Oak Ridge National Laboratory, Oak Ridge, TN, U.S.A.
jDepartment of Physics and Astronomy, University of Tennessee, Knoxville, TN, U.S.A.
kDepartment of Physics, Drexel University, Philadelphia, PA, U.S.A.
lDepartment of Physics, College of William and Mary, Williamsburg, VA, U.S.A.

mPhysics Department, Brookhaven National Laboratory, Upton, NY, U.S.A.
nPhysics Division, Lawrence Berkeley National Laboratory, Berkeley, CA, U.S.A.
oChemistry Department, Brookhaven National Laboratory, Upton, NY, U.S.A.
pNational Institute of Standards and Technology, Gaithersburg, MD, U.S.A.
qInstitute for Quantum Computing and Department of Physics, University of Waterloo,
Waterloo, ON, Canada
E-mail: ke.han@yale.edu, thomas.langford@yale.edu, blittlej@iit.edu,
danielle.norcini@yale.edu

1Corresponding author.

c� 2015 IOP Publishing Ltd and Sissa Medialab srl doi:10.1088/1748-0221/10/11/P11004

Background radiation measurements at high power research reactors

J. Ashenfelter q, B. Balantekin o, C.X. Baldenegro j, H.R. Band q, G. Barclay j, C.D. Bass h,
D. Berish k, N.S. Bowden g,n, C.D. Bryan j, J.J. Cherwinka p, R. Chu j,l, T. Classen g, D. Davee n,
D. Dean j, G. Deichert j, M.J. Dolinski c, J. Dolph b, D.A. Dwyer f, S. Fan j,l, J.K. Gaison c,
A. Galindo-Uribarri j,l, K. Gilje e, A. Glenn g, M. Green j, K. Han q, S. Hans a, K.M. Heeger q,
B. Heffron j,l, D.E. Jaffe b, S. Kettell b, T.J. Langford q, B.R. Littlejohn e, D. Martinez e,
R.D. McKeownn, S. Morrell d, P.E. Mueller j, H.P. Mumm i, J. Napolitano k, D. Norcini q,
D. Pushinm, E. Romero j,l, R. Rosero a, L. Saldana q, B.S. Seilhan g, R. Sharma b, N.T. Stemen q,
P.T. Surukuchi e, S.J. Thompson d, R.L. Varner j, W. Wang n, S.M. Watson d, B. White j,
C. White e, J. Wilhelmi k, C. Williams j, T. Wise q, H. Yao n, M. Yeh a, Y.-R. Yen c, C. Zhang b,
X. Zhang e

a Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973, United States
b Physics Department, Brookhaven National Laboratory, Upton, NY 11973, United States
c Department of Physics, Drexel University, Philadelphia, PA 19104, United States
d Nuclear Nonproliferation Division, Idaho National Laboratory, Idaho Falls, ID 83401, United States
e Department of Physics, Illinois Institute of Technology, Chicago, IL 60616, United States
f Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States
g Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory, Livermore, CA 94550, United States
h Department of Chemistry and Physics, Le Moyne College, Syracuse, NY 13214, United States
i National Institute of Standards and Technology, Gaithersburg, MD 20899, United States
j Oak Ridge National Laboratory, Oak Ridge, TN 37831, United States
k Department of Physics, Temple University, Philadelphia, PA 19122, United States
l Department of Physics, University of Tennessee, Knoxville, TN 37996, United States
m Institute for Quantum Computing and Department of Physics, University of Waterloo, Waterloo, Canada ON N2L 3G1
n Department of Physics, College of William and Mary, Williamsburg, VA 23187, United States
o Department of Physics, University of Wisconsin, Madison, WI 53706, United States
p Physical Sciences Laboratory, University of Wisconsin, Madison, WI 53706, United States
q Wright Laboratory, Department of Physics, Yale University, New Haven, CT 06520, United States

The PROSPECT Collaboration

a r t i c l e i n f o

Article history:
Received 16 June 2015
Received in revised form
8 October 2015
Accepted 8 October 2015
Available online 11 November 2015

Keywords:
Research reactors
Background measurements
Reactor antineutrino detection

a b s t r a c t

Research reactors host a wide range of activities that make use of the intense neutron fluxes generated at
these facilities. Recent interest in performing measurements with relatively low event rates, e.g. reactor
antineutrino detection, at these facilities necessitates a detailed understanding of background radiation
fields. Both reactor-correlated and naturally occurring background sources are potentially important,
even at levels well below those of importance for typical activities. Here we describe a comprehensive
series of background assessments at three high-power research reactors, including γ-ray, neutron, and
muon measurements. For each facility we describe the characteristics and identify the sources of the
background fields encountered. The general understanding gained of background production mechan-
isms and their relationship to facility features will prove valuable for the planning of any sensitive
measurement conducted therein.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Research reactors have for decades been important facilities for
an enormous variety of activities including, but by no means
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This Letter reports the first scientific results from the observation of antineutrinos emitted by fission
products of 235U at the High Flux Isotope Reactor. PROSPECT, the Precision Reactor Oscillation and
Spectrum Experiment, consists of a segmented 4 ton 6Li-doped liquid scintillator detector covering a
baseline range of 7–9 m from the reactor and operating under less than 1 m water equivalent overburden.
Data collected during 33 live days of reactor operation at a nominal power of 85 MW yield a detection
of 25 461! 283 ðstatÞ inverse beta decays. Observation of reactor antineutrinos can be achieved in
PROSPECT at 5σ statistical significance within 2 h of on-surface reactor-on data taking. A reactor model
independent analysis of the inverse beta decay prompt energy spectrum as a function of baseline constrains
significant portions of the previously allowed sterile neutrino oscillation parameter space at 95% confidence
level and disfavors the best fit of the reactor antineutrino anomaly at 2.2σ confidence level.

DOI: 10.1103/PhysRevLett.121.251802

Experiments at nuclear reactors have led to the first direct
observation of antineutrinos [1], the discovery of electron
antineutrino oscillation [2], and many precise neutrino
oscillation parameter measurements [3–5]. Nuclear models
are used to predict the flux and energy spectrum of electron
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum Experiment, PROSPECT, is designed to make both a precise
measurement of the antineutrino spectrum from a highly-enriched uranium reactor and to probe eV-scale sterile
neutrinos by searching for neutrino oscillations over meter-long baselines. PROSPECT utilizes a segmented
6Li-doped liquid scintillator detector for both efficient detection of reactor antineutrinos through the inverse beta
decay reaction and excellent background discrimination. PROSPECT is a movable 4-ton antineutrino detector
covering distances of 7m to 13m from the High Flux Isotope Reactor core. It will probe the best-fit point of
the Ñ⌫e disappearance experiments at 4 � in 1 year and the favored regions of the sterile neutrino parameter
space at more than 3 � in 3 years. PROSPECT will test the origin of spectral deviations observed in recent ✓13
experiments, search for sterile neutrinos, and address the hypothesis of sterile neutrinos as an explanation of the
reactor anomaly. This paper describes the design, construction, and commissioning of PROSPECT and reports
first data characterizing the performance of the PROSPECT antineutrino detector.
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This Letter reports the first measurement of the 235U ν̄e energy spectrum by PROSPECT, the Precision
Reactor Oscillation and Spectrum experiment, operating 7.9 m from the 85 MWth highly enriched uranium
(HEU) High Flux Isotope Reactor. With a surface-based, segmented detector, PROSPECT has observed
31678! 304ðstatÞ ν̄e-induced inverse beta decays, the largest sample from HEU fission to date, 99% of
which are attributed to 235U. Despite broad agreement, comparison of the Huber 235U model to the
measured spectrum produces a χ2=ndf ¼ 51.4=31, driven primarily by deviations in two localized energy
regions. The measured 235U spectrum shape is consistent with a deviation relative to prediction equal in size
to that observed at low-enriched uranium power reactors in the ν̄e energy region of 5–7 MeV.

DOI: 10.1103/PhysRevLett.122.251801

Reactor ν̄e experiments have been central to the under-
standing of neutrinos, including the first observation of ν̄e
[1], the discovery of ν̄e oscillations [2], observation of ν̄e
produced within Earth [3], and the measurement of the
neutrino mixing angle θ13 [4–6]. Most of these experiments
were located at low-enriched uranium (LEU) nuclear power
reactors where more than 99% of emitted ν̄e come from the
beta decay of fission products of four isotopes (235U, 238U,
239Pu, and 241Pu). At power reactors, the emitted ν̄e flux and

spectrum evolve over time as the isotopic composition
changes in the fuel cycle. Comparisons between theoretical
predictions and experimental results reveal a ∼6% global
flux deficit [7–10] and disagreement of the energy spec-
trum [11–14] and flux evolution [15,16]. Explanations
for these possibly independent phenomena may lie in
the complex nuclear physics of reactors [17–24], physics
beyond the standard model such as eV-scale sterile
neutrinos [8], or both [25–27]. New experiments at
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A B S T R A C T

The Precision Reactor Oscillation and Spectrum (PROSPECT) Experiment is a reactor neutrino experiment
designed to search for sterile neutrinos with a mass on the order of 1 eV/c2 and to measure the spectrum
of electron antineutrinos from a highly-enriched 235U nuclear reactor. The PROSPECT detector consists of
an 11 by 14 array of optical segments in 6Li-loaded liquid scintillator at the High Flux Isotope Reactor in
Oak Ridge National Laboratory. Antineutrino events are identified via inverse beta decay and read out by
photomultiplier tubes located at the ends of each segment. The detector response is characterized using a
radioactive source calibration system. This paper describes the design, operation, and performance of the
PROSPECT source calibration system.

1. Introduction

The Precision Reactor Oscillation and Spectrum (PROSPECT) Exper-
iment is a short-baseline, on-surface antineutrino experiment designed

< Correspondence to: Yale Wright Laboratory, 272 Whitney Ave, New Haven, CT 06511, USA.
E-mail address: arina.telles@yale.edu (A.B. Telles).

to search for sterile neutrinos with a mass on the order of 1 eV/c2

and precisely measure the antineutrino spectrum from 235U fission
daughters [1]. Currently operating at the High Flux Isotope Reactor
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Reactor neutrino experiments have seen major improvements in precision in recent years. With the experi-
mental uncertainties becoming lower than those from theory, carefully considering all sources of νe is important
when making theoretical predictions. One source of νe that is often neglected arises from the irradiation of the
nonfuel materials in reactors. The νe rates and energies from these sources vary widely based on the reactor
type, configuration, and sampling stage during the reactor cycle and have to be carefully considered for each
experiment independently. In this article, we present a formalism for selecting the possible νe sources arising
from the neutron captures on reactor and target materials. We apply this formalism to the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory, the νe source for the the Precision Reactor Oscillation and
Spectrum Measurement (PROSPECT) experiment. Overall, we observe that the nonfuel νe contributions from
HFIR to PROSPECT amount to 1% above the inverse β decay threshold with a maximum contribution of 9% in
the 1.8–2.0 MeV range. Nonfuel contributions can be particularly high for research reactors like HFIR because of
the choice of structural and reflector material in addition to the intentional irradiation of target material for isotope
production. We show that typical commercial pressurized water reactors fueled with low-enriched uranium will
have significantly smaller nonfuel νe contribution.

DOI: 10.1103/PhysRevC.101.054605

I. INTRODUCTION

Many experiments have been performed to measure the
electron antineutrino (νe) flux and spectrum from nuclear re-
actors over the past several decades to advance our knowledge

*conantaj@ornl.gov

of the standard model. Nuclear reactors are intense sources of
νe; approximately six νe per fission are produced, resulting
in the emission of ≈1020 νe s−1 by a 1 gigawatt electric
(GWe) commercial light water reactor. Typically, detectors are
placed near nuclear reactors to detect νe via the inverse beta
decay (IBD) reaction. Many experiments have been conducted
at commercial nuclear reactors with baselines ranging from
tens of meters to hundreds of kilometers. Recent interest in

2469-9985/2020/101(5)/054605(14) 054605-1 ©2020 American Physical Society

 

Improved short-baseline neutrino oscillation search and energy spectrum
measurement with the PROSPECT experiment at HFIR

M. Andriamirado,5 A. B. Balantekin,14 H. R. Band,15 C. D. Bass,7 D. E. Bergeron,8 D. Berish,11 N. S. Bowden,6

J. P. Brodsky,6 C. D. Bryan,9 T. Classen,6 A. J. Conant,3 G. Deichert,9 M. V. Diwan,1 M. J. Dolinski,2 A. Erickson,3

B. T. Foust,15 J. K. Gaison,15 A. Galindo-Uribarri,10,12 C. E. Gilbert,10,12 B. W. Goddard,2 B. T. Hackett,10,12 S. Hans,1

A. B. Hansell,11 K. M. Heeger,15 D. E. Jaffe,1 X. Ji,1 D. C. Jones,11 O. Kyzylova,2 C. E. Lane,2 T. J. Langford,15 J. LaRosa,8

B. R. Littlejohn ,5 X. Lu,10,12 J. Maricic,4 M. P. Mendenhall,6 A. M. Meyer,4 R. Milincic,4 I. Mitchell,4 P. E. Mueller,10

H. P. Mumm,8 J. Napolitano,11 C. Nave,2 R. Neilson,2 J. A. Nikkel,15 D. Norcini,15 S. Nour,8 J. L. Palomino,5

D. A. Pushin,13 X. Qian,1 E. Romero-Romero,10,12 R. Rosero,1 P. T. Surukuchi,15 M. A. Tyra,8

R. L. Varner,10 D. Venegas-Vargas,10,12 P. B. Weatherly,2 C. White,5 J. Wilhelmi,15 A. Woolverton,13

M. Yeh,1 A. Zhang,1 C. Zhang,1 and X. Zhang6

(PROSPECT Collaboration)*

1Brookhaven National Laboratory, Upton, New York, USA
2Department of Physics, Drexel University, Philadelphia, Pennsylvania, USA

3George W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology,
Atlanta, Georgia, USA

4Department of Physics & Astronomy, University of Hawaii, Honolulu, Hawaii, USA
5Department of Physics, Illinois Institute of Technology, Chicago, Illinois, USA

6Nuclear and Chemical Sciences Division, Lawrence Livermore National Laboratory,
Livermore, California, USA

7Department of Physics, Le Moyne College, Syracuse, New York, USA
8National Institute of Standards and Technology, Gaithersburg, Maryland, USA

9High Flux Isotope Reactor, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
10Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
11Department of Physics, Temple University, Philadelphia, Pennsylvania, USA

12Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee, USA
13Institute for Quantum Computing and Department of Physics and Astronomy,

University of Waterloo, Waterloo, Ontario, Canada
14Department of Physics, University of Wisconsin, Madison, Madison, Wisconsin, USA

15Wright Laboratory, Department of Physics, Yale University, New Haven, Connecticut, USA

(Received 13 July 2020; accepted 22 December 2020; published 3 February 2021)

We present a detailed report on sterile neutrino oscillation and 235U ν̄e energy spectrum measurement
results from the PROSPECT experiment at the highly enriched High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In 96 calendar days of data taken at an average baseline distance of 7.9 m from
the center of the 85 MW HFIR core, the PROSPECT detector has observed more than 50,000 interactions
of ν̄e produced in beta decays of 235U fission products. New limits on the oscillation of ν̄e to light sterile
neutrinos have been set by comparing the detected energy spectra of ten reactor-detector baselines between
6.7 and 9.2 meters. Measured differences in energy spectra between baselines show no statistically
significant indication of ν̄e to sterile neutrino oscillation and disfavor the reactor antineutrino anomaly best-
fit point at the 2.5σ confidence level. The reported 235U ν̄e energy spectrum measurement shows excellent
agreement with energy spectrum models generated via conversion of the measured 235U beta spectrum, with
a χ2=d:o:f: of 31=31. PROSPECT is able to disfavor at 2.4σ confidence level the hypothesis that 235U ν̄e are
solely responsible for spectrum discrepancies between model and data obtained at commercial reactor
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If dark matter has mass lower than around 1 GeV, it will not impart enough energy to cause detectable
nuclear recoils in many direct-detection experiments. However, if dark matter is upscattered to high energy
by collisions with cosmic rays, it may be detectable in both direct-detection experiments and neutrino
experiments. We report the results of a dedicated search for boosted dark matter upscattered by cosmic rays,
using ∼14.6 solar days of data from the PROSPECT reactor antineutrino experiment. We show that such a
flux of upscattered dark matter would display characteristic diurnal sidereal modulation, and use this to set
new experimental constraints on sub-GeV dark matter exhibiting large interaction cross sections.

DOI: 10.1103/PhysRevD.104.012009

I. INTRODUCTION

Despite strong evidence for dark matter’s (DM) exist-
ence, its particle nature remains unknown, and its identi-
fication is one of the most pressing problems in particle
physics and astrophysics [1–3]. Direct searches for DM,
focusing primarily on GeV-scale weakly interacting
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The PROSPECT and STEREO collaborations present a combined measurement of the pure 235U
antineutrino spectrum, without site specific corrections or detector-dependent effects. The spectral
measurements of the two highest precision experiments at research reactors are found to be compatible
with χ2=ndf ¼ 24.1=21, allowing a joint unfolding of the prompt energy measurements into antineutrino
energy. This ν̄e energy spectrum is provided to the community, and an excess of events relative to the Huber
model is found in the 5–6 MeV region. When a Gaussian bump is fitted to the excess, the data-model χ2

value is improved, corresponding to a 2.4σ significance.
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• PROSPECT has served as a fantastic professional
development and training program for young scientists.

• 10 Ph.D. Theses
• 2 M.S. Theses
• Multiple Postdocs and undergraduates as well
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Multi-Period Spectrum Analysis

Notable impact at 
energy of 12C(n,n’) 12C*
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2013 2014
2015

2016

PROSPECT is a successful outcome of the last Snowmass / P5 cycle

2014
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Classifier for event selection using graph neural 
networks

41

SE Z prediction model using sparse convolutional neural 
networks
• Left: dual ended calibration source position 

reconstruction (fit + data)
• Right: ML SE reconstruction (fit + data)

Machine Learning Efforts
• Neural networks have been used to improve 

single ended event reconstruction
• Truth table which shows the classifier 

performance, with most difficulty arising from 
misidentifying recoil events as ionizations

• Overall, the SE Z reconstruction error is on 
the order of 60 mm which is roughly three 
times larger than the dual ended error.
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Motivation for an Absolute Flux Analysis
Phys. Rev. Lett. 125, 201801 (2020) 

• Previous results for measured and predicted do not agree: 
Observed flux deficit
• Are reactor neutrinos oscillating to sterile neutrinos?
• Are the flux predictions overestimated?

• A P-I absolute flux measurement  with a target precision of about 
2% would be dominated by systematic uncertainties.
• Reactor power 
• Proton Density
• IBD detection efficiency

• Applications:
• Updated and more precise measurement relative to flux 

predictions 
• Reactor antineutrino anomaly and sterile neutrino oscillation 
• Reactor power monitoring for verification and safeguards
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Sterile Neutrino Oscillation
Relative Spectrum Measurement
relative measurement of L/E and spectral shape distortions

Simulations
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Spectrum Analysis Systematics
Previous Results
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Second Approach: SEER
• The implementation of SEER into the existing analysis presents a great 

opportunity to improve our current results (statistics and S:B).

• Lacks energy and position reconstruction capabilities

• Provides a good handle on particle identification (great background suppression)
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IBD Event Selection + SEER - New Cuts Needed
• The implementation of SEER into the existing analysis presents a 

great opportunity to improve our current results.
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• In order to optimize the IBD selection cuts with the new SEER analysis the following data 
and metrics were considered:
– 20% of the data used for previous results
– Signal to cosmogenic background ratio (S:CB)
– Signal to accidental background ratio (S:AB)
– Effective IBD counts 

Cut optimization including new SEER cuts - results

Cut/Veto Name

Muon Veto Time

Neutron Veto Time

Recoil Veto Time

SE Recoil Veto Time

IBD Neutron Capture: PSD

IBD Neutron Capture: Energy

IBD PSD

IBD SE PSD

IBD Distance

IBD Fiducial

Improved

Unchanged 

New 
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• First implementation of new DS+SEER optimized provided the following improvements:
• IBD counts ~(x1.2)
• IBD effective counts ~(x2)
• Signal to cosmogenic background (S/CB) ~(x2.8)
• Signal to accidental background (S/AB) ~(x2.4)

• This new analysis is expected to have a big impact on both spectrum and sterile 
neutrino oscillation results!

Combined DS+SEER Analysis Results and Summary

IBD Effective
IBD Effective/
calendar day

Total IBD 
counts

Total IBD counts/
calendar day S/CB (Total) S/AB (Total)

Previously Published
PROSPECT 
Results 18100 189 50560 529 1.37 1.78

Data Splitting 28464 302 64323 670 2.35 1.89

SEER 26779 280 47996 502 3.24 3.74

Data Splitting + SEER 35875 374 60650 632 3.81 4.25


