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About me:
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• Introduction Neutrino 
– Neutrino Sources

• HFIR

• SNS

• LEGEND and COHERENT
• PROSPECT I Final Results

– Motivation
– Spectrum
– Oscillations
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Current interests in n science LEGEND-
towards 1 tonne 76Ge experiment

PROSPECT-
A Precision Reactor Neutrino 

Oscillation and Spectrum Experiment 
at the 85MW HFIR

COHERENT-
Coherent elastic neutrino-
nucleus scattering at SNS

Modular Total Absorption 
Spectrometer (MTAS)-
β-decays of n-rich nuclei

Quantum Information Science-
Machine Learning

Ultra Sensitive 
Analytical Techniques-

AMS 
RIMS
NAA

Isotope Program:
Stable and Radioactive-

New capabilities

Dark matter-
detectors technology

HFIR core

SNS 
accelerator

• Experimentally determine the fundamental properties of 
neutrinos and their interactions with matter

• Develop the best tools and detector technologies to support 
neutrino research.
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ORNL: A hub for neutrino physics
• Oak Ridge National Laboratory 

(ORNL) is a multidisciplinary 
laboratory that presents multiple 
opportunities to study neutrinos. 

• The diverse research portfolio 
includes:

• Searches for neutrinoless 
double beta decay with the 
LEGEND experiment

• Observation of Coherent 
Elastic Neutrino Nucleus 
Scattering (CEvNS) by the 
COHERENT collaboration

• Inverse beta decay (IBD)-
based antineutrino detection 
with the PROSPECT 
experiment
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Neutrinoless 
double beta 

decay
2006
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Search for Neutrinoless Double Beta Decay (0νββ) 
This research has been identified by recent
national and international review panels as
being one of the highest priorities in all of
physics.

NSAC is an advisory committee
that provides official advice to the
Department of Energy (DOE) and
the National Science Foundation
(NSF) on the national program for
basic nuclear science research.

• If 0νββ is observed, then

- Lepton number is not conserved

- The neutrino is a Majorana 
particle (its own anti-particle)

- Ιt will provide information in the 
absolute neutrino mass scale

0νββββ
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It’s all about 
background

Background simulation in
typical 1 kg surface-based Ge
detector shielded by 12” of
clean Pb

0νββ (x10)
2νββ

Background contributions

238U

232Th

Natural 
radioactivity

Alphas from Radon

Cosmogenic 
activation

μ

μ’

N

Muon induced

Muon creates high and low 
energy neutrons in the rock

High energy neutrons and muons 
break up copper, lead, etc. and 
make radioactive isotopes (e.g. 
Ge-68, Co-60)

Lose energy in detector 
surface

76Ge

Ultrapure Cu

Radioassay of 
Materials in 0vbb and 
dark matter searches
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Injector for Radioactive Ion Species 2 (IRIS 2)

Ion 
Source

High Resolution 
Magnet: 

M/ΔM=10000

FC 1

FC 2

Laser 
Beams

Low 
Resolution 
Magnet: 

M/ΔM=1000

Channeltron

FC 3

FC 4
Resonant Ionization  Laser Ion Source (RILIS) 

U Th Pu
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ORNL/UTK Students that worked in n Physics

Elisa Romero

Diego Venegas
Blaine Heffron Jeremy Lu

DOE/HEP

DOE/NP

High efficiency laser resonance 
ionization of plutonium
Science Reports (Nature) 2021

Final Measurement of the 235U Antineutrino 
Energy Spectrum with the PROSPECT-I 
Detector at HFIR
PRL 2023

UNAM

UNAL
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Sensitivity and Efficiency Measurements for 242Pu

242Pu diluted sample to 
10 fg (10-14 g) Isotope 238Pu 239Pu 240Pu 241Pu 242Pu 244Pu

Expected 
ratio: 4.2E-05 4.8E-05 2.0E-04 2.5E-04 1.0E+00 4.0E-06

242Pu

240Pu

Our detection limit is 6 x 103 atoms!

Pu

23766 
cm-1

35977 
cm-1

IP

5f67s27F0 J=0

48591 
cm-1

Lasers 
blocked

Experimental ratio:

!"#!"!"#$%&
!"!!"!"#$%&

= 2.4 x 10-4

Measured efficiency = 51%
E. Romero-Romero UTK Ph.D. Thesis 2019
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“I have done a terrible thing; I 
have postulated a particle that 

cannot be detected.” 

Scott, F. A. Phys. Rev. 48.5 (1935): 391.

Beta Decay Spectrum

1930: Neutrino existence is postulated

4
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Neutrino  Physics Through the Years

Neutrinos introduced 
by Pauli to save 

conservation laws in 
β decay 

experiments

Observation of 
(anti)neutrinos at 

Savannah 
Reactor through 

IBD with 
scintillator

KamLAND kiloton 
detector at long 

baselines, discovery 
of antineutrino 

oscillations (mass) 

DYB,DC,RENO use 
near/far detectors for 

precision measurement 
of last mixing angle

Neutrino 
postulation

First observation 
of neutrino

Oscillations 
(mass)

Mixing angle

1930 1950 2000 2010

Scott, F. A. Phys. Rev. 
48.5 (1935): 391.

1970

Homestake 
experiment 

observed for the 
first-time solar 

neutrinos

Solar Neutrino

DayaBayKamLANDHomestake mine
Savannah 
reactor

5
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Neutrinos in the Standard Model
Current picture
• 3 types of neutrinos corresponding to three lepton 

generations
• Neutrinos are massless in the SM
• Electrically neutral and weakly interacting
• Neutrino oscillations are evidence for the non-zero 

mass of the neutrino (BSM physics)

6
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Neutrinos in the Standard Model
Current picture
• 3 types of neutrinos corresponding to three lepton 

generations
• Neutrinos are massless in the SM
• Electrically neutral and weakly interacting
• Neutrino oscillations are evidence for the non-zero 

mass of the neutrino (BSM physics)

Current Mysteries
• What is the mass of the neutrino?
• Are neutrinos Dirac or Majorana fermions?
• What are the relative mass differences between 

neutrino species? (mass hierarchy)
• Are there more than 3 types of neutrinos (sterile 

neutrinos?) 

7
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ORNL’s Opportunities: World Class Neutrino Sources

High Flux Isotope Reactor: HFIR
• 85 MW research reactor
• Compact core
• Highly-enriched uranium fuel

Spallation Neutron Source: SNS
• Pulsed neutron source
• 1 GeV protons on Hg target
• 1.4 MW beam power
• 2nd target station
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Neutrino flux origin and spectra

SNS
Spallation

Large Flux 
Few tens-of-MeV, 
Sharply-pulsed timing 
Background rejection

HFIR
Fission

Pion-decay-at-rest neutrino source

Beta decay fission fragments (ve)

Huge flux
Few MeV
No timing structure

Decays at rest
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Common Types of Interactions for Reactor Neutrinos

• Nuclear reactors are the most 
intense terrestrial sources of 
neutrinos 

• They produce an immense flux of 
antineutrinos in the MeV range.

• Flavor pure, only electron 
antineutrinos are produced

• Allow for proximity to the source, 
and it is usually paid by others

Link J M 2017 Scattering neutrinos caught in the act Science 357 1098–
1099 URL https://www.science.org/doi/abs/10.1126/science.aao4050
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COHERENT
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Neutrino Alley

Neutrino Alley

1 GeV proton linac

Accumulator ring

Target Building
Alley is 20-30 meters from the target. 
Space between target and alley is 
filled with steel, gravel and concrete

There are extra 10 mWE from above

After extensive BG program study we 
find a well protected location
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First Detection of CEvNS

1.4*1023 (or 0.22g) POT

Hand held neutrino detector 16 Month of data

Time En
er

gy

09/15/2017
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Coherent Elastic Neutrino Nucleus Scattering

Number of Photoelectrons (PE)

Arrival time (µs)

• SNS is an intense source of neutrinos 
from pion decay at rest (DAR) 
– 𝜋#: 	𝜈$ 	; 	𝜈% 	, 𝜈̅$	
– 𝜋' decay chain mostly captured!
– A neutrino scatters on a nucleus that 

recoils as a whole; coherent up to 
En~ 50 MeV, proportional to the 
number of neutrons. 

Akimov et al. Science
Vol 357 (6356), Sept. 2017
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Coherent Elastic neutrino-Nucleus Scattering (CEvNS)

A neutrino scatters on a nucleus via exchange of a 
Z, and the nucleus recoils as a whole;
coherent up to Eν~ 50 MeV

CEvNS cross section is well calculated in the Standard Model

CEvNS cross-section is large!
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Physics Motivation - Neutron Distribution Functions

pure N2 dependence

F2(Q2) taken into account

Form Factors from R. Helm,  Phys Rev.104, 1466 (1956)
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COHERENT scattering – Relative measurements

•Experiment with identical detectors
•Different isotopic composition
•Use enriched isotopes
•Perform  simultaneous measurements
•Cancelation of some systematic errors
•Use odd A nuclei (Axial)

Mass Natural Abundance Decay Mode Nuclear Spin

70 20.57% STABLE 0+

72 27.45% STABLE 0+

73 7.75% STABLE 9/2+

74 36.50% STABLE 0+

76 7.73% STABLE 0+

76Ge

70Ge

73Ge

73Ge

NatGe

76Ge

70Ge
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Collaboration with CINVESTAV - Isotopically enriched detectors

• Omar Miranda

• Gonzalo Sanchez

• Laura Duque Herrera

Gonzalo Sanchez

The Weizmann Award to the 
best doctoral theses carried out 
in Mexico by young researchers
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76Ge Enrichment for 0vbb

70 72 73 74 76
20.57 27.45 7.75 36.50 7.73

.016 .006 .02 12.0 88.0

0

10

20
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40

50

60

70

80

90

100

70 72 73 74 76
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GERDA Depleted 
Ge Detectors

The measured characteristics and performance of the tested depleted 
detectors were as good as those of a reference BEGe from standard 
Canberra production made of natural germanium

70 72 73 74 76
Natural 20.57 27.45 7.75 36.50 7.73
Depleted 22.3 30.0 8.3 38.8 0.6
Enriched 76 .016 .006 .02 12.0 88.0

AVAILABLE
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Isotopically enriched detectors

Tin detectors

(()𝑆𝑛

Nickel detectors

*+𝑁𝑖 ,-𝑁𝑖

().𝑆𝑛

Zinc detectors

,-𝑍𝑛

Silicon detectors

)+𝑆𝑖 /.𝑆𝑖

,+𝑍𝑛

• Mass = 1 Kg each

• Run time = 1 year

• Taking data 

simultaneously

Laura Duque Herrera
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Geneva Reactor Experimental Gas Cooled Reactor Homogeneous Reactor TestBulk Shielding Reactor Tower Shielding 
Reactor II

Health Physics Research Reactor

Pool Critical Assembly Tower Shielding ReactorLow Intensity Test 
Reactor

Oak Ridge Research  
ReactorGraphite Reactor

Molten Salt Reactor Experiment

ORNL reactors

1943 - 1992
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• Nuclear reactors are the most 
intense terrestrial sources of 
neutrinos 

• They produce an immense flux of 
antineutrinos in the MeV range.

• Flavor pure, only electron 
antineutrinos are produced

• Allow for proximity to the source
• Reactor operations are usually paid 

by others

Neutrino Sources: Nuclear Reactors

9
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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: Sterile Neutrinos?

11
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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: Anomaly in the 
spectrum?

13



3535

Neutrino Flux from Nuclear Reactors
Summation method 
• Summing all beta-decay 
contributions from all fission 
fragments
• Database dependent;
-  ~1000 different beta-decaying 
isotopes contribute to the reactor 
electron antineutrino flux!

Conversion method 
• Relies on measurements of 
integral spectra from 235U, 239Pu, 
and 241Pu (e.g. from ILL and KI 
research reactors). 
• Conversion of electron spectra 
to antineutrino spectra is 
possible but requires some 
nuclear physics input (e.g. 
forbidden transitions and finite 
size effects). 

• Nuclear reactors are the most 
intense terrestrial sources of 
neutrinos 

• They produce an immense flux of 
antineutrinos in the MeV range.

• Flavor pure, only electron 
antineutrinos are produced

• Allow for proximity to the source
• Reactor operations are usually paid 

by others

10
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SN anomaly
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Sterile Neutrino, 3+1 Scenario
- Expanding PMNS matrix to include 

sterile neutrino components

- Sterile Neutrino searches become 
simpler at short baseline

- Sin2(2𝜃) modulates the oscillation 
amplitude

- Δm2 is the oscillation phase

- Δm2 assumed to be ~1eV2

PROSPECT Motivations and Goals: Sterile Neutrinos?

https://doi.org/10.1016/j.physrep.2021.06.002

12
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HFIR – High Flux Isotope Reactor

• Favorable positioning, 7-12 m from the core

• Fresh core each cycle

• Fuel evolution is negligible

• Detailed core model available for simulation
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Reactor gamma background

• Characterize the background radiation fields encountered at 
HFIR,

• Understand the sources of those backgrounds
• Develop background mitigation strategies appropriate for 

low-background experiments
Example HPGe gamma-ray spectra taken with Reactor on and off
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Commerci
al
Reactors:
DYB, 
RENO, 
DANSS, 
NEOS

0.
5 

m 3 
m

The PROSPECT Experiment
• A 4-ton 6Li-doped segmented 

liquid scintillator detector at 
the HFIR research reactor

– US-based: Oak Ridge Lab (Tennessee)
– Very short baseline: 6.7-9.2 meters
– Compact core (<50cm dimensions)

with 50% duty cycle.
– IBD data taken from 2018-2019 

compact core

Antineutrino Detector

HFIR
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Backgrounds – Spatial Variance
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PROSPECT Final IBD Selection
Improved PROSPECT’s IBD selection 

 in light of gradual PMT failures (62 of 398 PMTs)
– Split dataset into 5 periods: 1 reactor cycle per period.
– Used segments with 1 functioning PMT to veto cosmic neutron 

backgrounds
– Ratio of signal to cosmic background increases from 1.4 to 3.9,  and IBD 

counts increase by 20%.  Total statistical power is more than doubled.

PROSPECT, PRL 131 
(2023)

PROSPECT, PRD 103 
(2021)

https://arxiv.org/abs/2212.10669
https://arxiv.org/abs/2212.10669
https://arxiv.org/pdf/2006.11210.pdf
https://arxiv.org/pdf/2006.11210.pdf
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Previous PROSPECT Analysis New 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 ~60k (x1.2)
• IBD effective counts ~30k (x2)
• Signal to cosmogenic background (S/CB)  ~3.9(x2.8)
• Signal to accidental background (S/AB) ~4.3(x2.4)
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• Previous oscillation measurement was 
statistics-limited. Increase in effective 
statistics (x2) will improve current sensitivity

• Recent results from the Neutrino-4 
collaboration reported a non-zero sterile 
neutrino oscillation

Reactor

New Multi-Period Oscillation Analysis

Phys. Rev. D 104, 032003

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.032003
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PROSPECT Final Osc: Probing L/E 
• Qualitatively examined PROSPECT’s 

IBD dataset in bins of L/Eν

• No obvious oscillatory features are visible in the ratio of L/Eν spectra 
between data and the null-oscillation prediction

– One would expect to see substantial features in the presence of 
oscillations matching the Neutrino-4 best fit point.

arxiv:2406.10408 June 17, 2024
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• PROSPECT provides new
world-leading limits on
sterile neutrino oscillations

– New regions of high-Δm2 space
are excluded at >95% CL,
including all space below
10 eV2 suggested by the
Gallium Anomaly

– Neutrino-4 best-fit point is
ruled out at >5σ CL

PROSPECT, Neutrino 2024, arXiv[2406.TBD]
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New PROSPECT data set is compatible 
with an absence of sterile neutrino 
oscillations.

Best-fit point of the Neutrino-4 reactor 
experiment's claimed observation of 
short-baseline oscillation is ruled out at 
more than 5σ.

Excluded all phase space for Δm2 
below 10 eV2 suggested by the recently 
strengthened Gallium anomaly

Phase space for 3+1 sterile neutrino oscillations excluded 
by the final PROSPECT-I dataset
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DPS Joint Oscillation Analysis
• A combination of Daya Bay, PROSPECT, and STEREO datasets 

offers new benefits for sterile oscillation searches
– PROSPECT and STEREO datasets have comparable statistical 

power
– Daya Bay’s LEU-based 235U spectrum 

measurement is directly comparable 
to HEU STEREO and PROSPECT 
measurements

– Additional sterile sensitivity unlocked 
by comparison of long (Daya Bay)
and short (STEREO, PROSPECT)
baseline energy spectra 
(a la NEOS/RENO)

• Analysis work started between
three collaborations in late 
2023.  Stay tuned!
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HFIR Neutrino Laboratory

• Currently exploring 
community interest in 
HFIR as a multi-use
particle physics lab

• Workshop attended by
IBD, Reactor-CEvNS,
Detector R&D, QIS folks

• Forming an experiment 
interest group, steering 
committee in 2024

• Existing and future facilities at ORNL (HFIR, SNS, STS) make it the hub 
for low-energy neutrino physics in the USA.
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Next Step: PROSPECT-II
• Goal: Match initial performance (maintain similar pitch, similar 

scintillator characteristics) while improving stability

• Remove PMTs from active volume
– Eliminates main PROSPECT-1 failure mode

• Improve environmental 
control/isolation

– Fewer materials in contact 
with LiLS

– Improved cover gas system
– Active cooling

• Enable emptying/refilling
– Allows movement 

to multiple sites (HEU,
LEU, DAR source, beam dump)
unlocking a diverse potential 
long-term physics program

5
0
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”Local” Students and Postdocs that worked in PROSPECT-I

Rosa Luz 
Peinado
Sonora

Travis 
Stockinger

UTK

Noel
Cruz 

UNAM

Felix 
Pastrana
Colombia

Blaine  
Heffron

UTK

Xiaobin 
Lu 

UTK

Corey 
Gilbert

UTK

Diego
Vargas

Wesleylan

Alan
Garcia

UTEP

Jack
Boyle
Surrey

Alex
Guirado
Sonora

Elisa 
Romero 

UTK

Brennan 
Hackett 

UTK

Ran 
Chu 
UTK

Ivan 
Corona
UAEM

Biswas
Sharma

UTK

Cristian
Baldenegro

Sonora

David 
Murphy

UCD

James 
Matta

PD-ORNL 17

Shiyu 
Fan
UTK

Brandon
White

PD-ORNL 13

Andrea
Delgado

Texas A&M

Adriana
Ghiozzi

UC Berkeley

Omar 
Garcia

CINVESTAV

+ more than 35 from 
collaboration institutions

Sabrina 
Cheng

MIT



5252

Visit to the Graphite Reactor Summer interns 2024
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A Precision Oscillation 
and Spectrum 

Experiment
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In Memoriam Dr. Salvador Galindo-Uribarri 

Difusión científica, historia de la 
ciencia y apoyo de científicos jóvenes. Co-author on 3 articles 

with NL George Smooth 
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Infamous “co-author”
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ORNL provides strong support for Neutrino Program

PROSPECT Collaboration with ORNL personnel at HFIR
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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)

15
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PROSPECT II Physics Opportunities

Deficit due to extra (sterile) neutrino 
oscillations or artifact of flux predictions?

Measured spectrum does 
not agree with predictions.

Understanding reactor flux and spectrum 
anomalies requires additional data

Spectral Deviation
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Gain 52% of IBD 
effective counts over 
what was published 
in the PRD

P-II New Design
P-II External Calibration

P-I Final Analysis

Ongoing projects applying ML to 
PROSPECT  (NN various 
configs.)
• Single-ended event and z-position
• Positron discrimination to improve IBD 
• Reconstruction/classification of 

antineutrino events (energy spectrum 
and origin of interaction). Participation 
in neutrino meetings.

Directionality and 
sensitivity to core 
position

High-Res Directional Background Studies at HFIR 
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Antineutrino Detection Principle

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 

16
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PROSPECT-II Physics Highlights
• HEU campaign:

– Close out remaining BEST and Neutrino-4 suggested space 
below 20 eV2

– Pin down e-flavor disappearance to few-% level at <10 eV2 ,
benefitting anomaly and long-baseline
CPV interpretations

• Subsequent LEU campaign:
– First correlated probe of HEU/LEU types
– Delivers more precise isotopic νe flux/

spectrum information, broadly benefiting 
reactor-CEvNS, nuclear data/applications, …

J Phys G 49 (2022)

https://arxiv.org/abs/2107.03934
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`
• New PROSPECT limits lead short-

baseline reactor efforts for most Δm2 values above 3 eV2

• Reactor-based θ14 limits are much stronger than other experiment 
sectors over most of the pictured phase space.
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Background Rejection

Pieter Mumm
National Institute of Standards and Technology

For the PROSPECT Collaboration

Combine:
- PSD
- Shower veto
- Event topology 
- Fiducialization

A sequence of cuts leveraging spatial and timing 
characteristics of an IBD yields > 104 background 
suppression and signal to background of > 1:1.

IBD-like rate per segment n+H 

12C inelastic

Rate and shape of residual IBD-like background can be 
measured during multiple interlaced reactor-off periods.

showers

topology

fiducialization

PSD

Simulation

Cosmogenic background
Simulation

neutrinos

Detector design further optimized for background 
rejection
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Where are we going in the next 5 years and beyond?

• Neutrinoless Double Beta Decay
– LEGEND1000
– Beyond LEGEND?

• Direct Neutrino Measurements at HFIR and SNS
– COHERENT at SNS
– PROSPECT at HFIR
– Dedicated Neutrino Laboratory at STS Facility



3. New Opportunities with 
the PROSPECT-I Data
• Multi-period Spectrum analysis

• Multi-period Oscillation analysis
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• The implementation of a period-by-period 
analysis allows for the treatment of each 
period as an independent experiment.

• 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
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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.

• The 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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Joint Oscillation Analysis
• Motivated by previous joint analyses, and by 

the development of a multi-period analysis 
framework we propose a joint-oscillation 
analysis between Daya Bay, STEREO and 
PROSPECT.

• PROSPECT:
– Short baseline (7-9m) HEU-based reactor 

antineutrino experiment
• STEREO:

– Short baseline (9-11m) HEU-based reactor 
antineutrino experiment

• Daya Bay:
– Long baseline (~2km) LEU-based reactor 

antineutrino experiment

STEREO

Daya Bay

38
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Joint Oscillation Analysis
• This uses 

PROSPECT’s 
latest data

• Stats only

• The combination of inputs from all three 
experiments provides improved sensitivity to 
different regions  of Δm2

14

• Δm2 < 10-3 eV2:
– The oscillation period in the baseline is too long 

to observe. The three experiments have no 
sensitivity 

• Δm2 ∈ [10-3,10-1] eV2:
– The result will be dominated by the Daya Bay 

experiment for its kilometer-long baseline

• Δm2 ∈ [10-1,10] eV2:
– The result will be dominated by the STEREO 

and PROSPECT experiments. 

• Δm2 > 10 eV2

– Survival probability is consistent across all three 
experiments

40
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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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Measurement of the Antineutrino Spectrum from 235U Fission at HFIR with PROSPECT
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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

PHYSICAL REVIEW LETTERS 122, 251801 (2019)
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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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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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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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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

https://doi.org/10.1016/j.nima.2019.162465
Received 14 June 2019; Received in revised form 18 July 2019; Accepted 29 July 2019
Available online 5 August 2019
0168-9002/© 2019 Elsevier B.V. All rights reserved.

PHYSICAL REVIEW C 101, 054605 (2020)
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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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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



7373

PROSPECT - Motivation
Spectral Shape as a Function of Energy and Baseline

Possibility of sterile neutrino oscillation as an explanation of observed 

electron antineutrino deficits

Reactor-model independent search for sterile neutrinos at the eV-scale

Precision Measurement of Reactor Spectrum
Anomalies in spectral shape at ~ 5-6 MeV

Provide complementary measurement of 235U (fuel evolution)

Safeguards - a Passive Standoff Capability
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PROSPECT - Motivation

• Started taking data in March 2018 
ü Detection of neutrinos at surface (HFIR)
ü First oscillation analysis (PRL) – published  
ü First spectrum analysis (submitted to PRL)
•Updated oscillation + spectrum results
•Joint analysis with other experiments
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PROSPECT science results
Limits on Sub-GeV Dark Matter from the PROSPECT Reactor Antineutrino 
Experiment
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Next Phase of PROSPECT
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Common Types of Interactions for Reactor Neutrinos

• Nuclear reactors are the most 
intense terrestrial sources of 
neutrinos 

• They produce an immense flux of 
antineutrinos in the MeV range.

• Flavor pure, only electron 
antineutrinos are produced

• Allow for proximity to the source, 
and it is usually paid by others

Link J M 2017 Scattering neutrinos caught in the act Science 357 1098–
1099 URL https://www.science.org/doi/abs/10.1126/science.aao4050
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• Several appearance and disappearance experiments observed anomalous results 

• eV-scale sterile neutrinos invoked as a solution to the anomalies

• Experiments very diverse; different sources and detector technologies

• Several experiments already exclude regions of parameters space

• Need to invoke more complicated models if anomalies persist 


