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Reactor as Source of Antineutrinos

 2

• Fission produces neutron rich daughters 

• They beta decay and produce antineutrinos

• Pure source of electron antineutrinos 

• Fissioning isotopes: 235U 238U 239Pu 241Pu

• Spectra different for different isotopesN

Z

UT Austin, Physics

~6 νe produced/fission



Discrepancies in Spectrum Measurements:  
 The ‘Bump’

 3

• All experiments show disagreement with state-of-the art models 

• Could be a contribution from a single isotope or multiple isotopes

• Sterile neutrinos cannot explain this anomaly

• Points towards reactor models being wrong: Need dataT.J. Langford - Yale University Date/Seminar4
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PRL 116, 061801(2018)

Daya BayDC-IV fit results  

"  Data$MC'(it'including'Bugey'4'normalization'
"  sin22θ13$=$0.105$±$0.014'(stat.+syst.)'
"  Multi'detector'(it'robust'against'spectral'distortion'
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New! 

Neutrino 2018

Double Chooz

PRD 98, 012002 (2018)

RENORecent θ13 experiments precisely measured spectrum from Low Enriched Uranium (LEU) reactors

LEU Reactors: 
235U ~ 45-65% 
239Pu ~ 25-35%
238U,241Pu < 10% each



PROSPECT
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PROSPECT Detector Schematic

Physics Goals:
1.Reactor model independent eV-scale sterile neutrino search at short baselines
2.Precisely measure reactor 235U antineutrino spectrum



HFIR
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 Highly Enriched Uranium Research Reactor: >99% 235U fissions

Core Replacement

Compact reactor core: 44 cm wide, 51 cm tall
Short reactor cycles (~25 days, 46% uptime)  
Low 239Pu buildup (< 0.5%)

Reactor on surface: Little overburden

High Flux Isotope Reactor Facility

Design should overcome low overburden and high background environment



Floor
Concrete Monolith

SHIELDING

INNER DETECTOR

WATER BRICK NEUTRON SHIELD

Detector Design
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Liquid Scintillator

Antineutrino Detector Performance

Liquid Scintillator

PROSPECT Segmented 6Li-Loaded 

Antineutrino Detector Design

Initial Performance of the PROSPECT 

Antineutrino Detector

N.S. Bowden (LLNL) for the PROSPECT Collaboration  

LLNL-POST-XXXXXX

Prepared by LLNL under Contract 

DE-AC52-07NA27344.

Liquid Scintillator

Stability of Antineutrino Detector Response 

Liquid Scintillator

Antineutrino Detector Self-Calibration 

Liquid Scintillator

Uniformity of Antineutrino Detector Response 

Liquid Scintillator

Signal and Background Characteristics

Conclusions

Conclusions

Monday 112 

http://prospect.yale.edu

See also posters 139, 146, 188, 194; Talk Friday 12.15pm

PROSPECT Publications

arXiv: 1506.03547, 1508.06575,   

1512.02202, 1805.09245 

Background events provide a myriad of ways to measure segments 

performance – observed segment-to-segment  variation is small

The PROSPECT antineutrino detector (AD) in now 

operating 7-9m from a research reactor core: 

• The recently commissioned PROSPECT AD is performing very well

• Detector design features provide multiple observables to calibrate and track system 

stability and uniformity 

In addition to calibration sources, AD data can be used to 

measure system stability, validating our calibration procedures 

• 4 ton 6Li-loaded liquid scintillator ( 6LiLS) target 

• Low mass optical separators provide 154 optical 

segments, 117.5x14.6x14.6cm 3

• Double-ended PMT readout

• Internal calibration access along full segment length

Prospect has begun to study the characteristics of IBD signal and 

cosmogenic background events

• Energy resolution, position resolution and detection efficiency meet expectations

• Antineutrinos have been detected in the high background environment close to a 

research reactor core and on the Earth’s surface

Antineutrino 
Detector

HFIR Core
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Segments
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C
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Overlaid collection 

curves for all 308 

PMTs

Position Calibration
Pinwheel tabs alter local light 

transport, causing ‘tiger stripes’

Known tab positions 

anchor absolute 

position scale in 

every segment

Segmented PROSPECT AD design and Li-6 and Ac-227 doping provide a 

wealth of data for position, timing, and response calibrations for all 

segments and axial positions
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The AD light yield & PSD performance are very good (poster 146), as is 

axial position resolution. Other performance parameters are assessed via a 

combination of measurements and simulation.

Antineutrino detection efficiency

Antineutrino selection cuts preferentially 

reject cosmogenic backgrounds. Some 

PMTs have exhibited anomalous current 

behavior, with these segments being 

excluded from analysis for now. 

Simulation is used to understand the 

effect of these factors on IBD detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 

throughout entire AD – track 

system response in time and 

measure variation along segments

Optical collection along 

segment length

Axial variation in single PMT 

light collection is almost 

exponential and has minor 

variation amongst PMTs 

Relative energy scale 

between segments

Tracking  6Li neutron capture 

feature in time demonstrates  

effectiveness of  running 

calibration and segment-to-

segment uniformity 

Timing Calibration

Muon tracks traversing 

multiple segments provide 

coincident events to extract 

segment-to-segment and 

PMT-to-PMT timing 

information

Axial position 

reconstruction

BiPo events provide a 

uniformly distributed event 

sample with which to validate 

axial position reconstruction

Time stability of energy 

reconstruction

Tracking  reconstructed energy 

of BiPo events distributed 

uniformly throughout the 

detector independently 

validates energy calibration

Time stability of neutron capture efficiency

The LiLS contains three species with non-negligible capture 

cross sections: 6Li, 1H, and 35Cl. Tracking  relative capture 

fractions demonstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection

Time variation of 

cosmogenic backgrounds

Several cosmogenic background 

event classes are observed to 

vary with the depth of the 

atmospheric column. This ~1% 

effect is corrected for in 

background subtraction 

Axial Position Resolution

212Po decays produce b-a

correlated events in the 

same location - provide 

direct measure of AD 

position resolution
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The PROSPECT AD has successfully detected antineutrinos in the high 

background environment close to a reactor core and on the Earth’s surface
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Neutron Capture Time

The prompt-delayed 

event separation time 

for IBD candidates 

exhibits the expected 

exponential behaviour

Detector 
Maintenance 

Period

Observation of reactor antineutrinos at the Earth’s surface

Accidental backgrounds vary due to g-rays background from 

nearby neutron scattering experiments. Cosmogenic correlated 

backgrounds are measured during Reactor Off periods. 

Preliminary selection cuts that emphasize statistical precision 

yield a Signal-to-Correlated Background ratio of 1.3.

A 5s observation at the surface is achieved with ~4 hours of 

Reactor On & Off data
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• Single volume ~4 ton 6Li-loaded liquid scintillator detector

• Composed of 154 (11x14) optically separated segments 
(~25 liters)

• Low mass optical separators (~1.5 mm thick)

• Double-ended readout

• Segmentation:

• 3D event reconstruction

• Reactor model independent oscillation search

• Calibration access

• Fiducialization 

PROSPECT Detector Schematic

in-situ calibration access
from tilted design

1.3 cm

Shielding package optimized  
for background rejection



Detection and Background Rejection
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PROSPECT Detector Schematic

PSD

shower veto

topology
fiducialization

J. Phys. G: 43 (2016)

Simulation

ra
te

 [m
H

z/
se

gm
en

t]

0.0

0.5

1.0

1.5

2.0

1.27 0.69 0.42 0.39 0.35 0.30 0.32 0.32 0.31 0.30 0.36 0.44 0.72 1.34

0.92 0.21 0.10 0.08 0.08 0.06 0.08 0.05 0.05 0.09 0.05 0.10 0.20 0.92

0.70 0.13 0.04 0.03 0.02 0.02 0.01 0.03 0.01 0.02 0.03 0.04 0.13 0.68

0.64 0.11 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.15 0.64

0.64 0.13 0.02 0.03 0.03 0.02 0.02 0.01 0.03 0.03 0.03 0.04 0.11 0.69

0.75 0.12 0.05 0.03 0.02 0.01 0.02 0.01 0.03 0.03 0.03 0.02 0.11 0.70

0.78 0.12 0.04 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.03 0.03 0.17 0.78

0.83 0.17 0.03 0.03 0.02 0.04 0.02 0.04 0.04 0.04 0.05 0.04 0.15 0.83

1.00 0.17 0.07 0.03 0.04 0.05 0.05 0.04 0.05 0.04 0.05 0.05 0.17 1.03

1.36 0.34 0.18 0.14 0.15 0.14 0.15 0.15 0.12 0.14 0.14 0.19 0.35 1.31

2.15 1.20 0.94 0.86 0.83 0.78 0.79 0.72 0.76 0.82 0.89 1.00 1.18 2.15

segment x
0 5 10

se
gm

en
t z

0

2

4

6

8

10

Figure 3: Segment positions of cosmic background IBD-like prompt events, after topology
cuts and cell-end fiducialization.
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(a) New AD1 baseline simulation.
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(b) Updated simulation.

Figure 4: P2k total cosmic contributions to IBD-like background (with cuts sequence from pro-
posal).
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(b) Updated simulation.

Figure 5: P2k signal to background projection after cuts.

4

(b) Previously shown in PROSPECT physics paper for

12 ⇥ 10 baseline.

Figure 4: IBD signal versus IBD-like cosmic background, after all cuts. Previously publicised
figure shown for comparison.

4

IBD-mimicking cosmogenic neutrons 

Simulation

J. Phys. G: 43 (2016)

Correlated

• High light yield 8200 ph/MeV - Good energy resolution

• 6Li allows for spatial and temporal compact IBD events 

• Background rejection from topology cuts

• Pulse Shape Discrimination provides particle ID

• Analysis cuts provide an ability to suppress 
backgrounds by ~O(4)

IBD mechanism 

~50 μm



Detector Characterization: PSD Performance
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• Excellent particle ID of gamma interactions, neutron captures, and nuclear recoils

• Dominant backgrounds: Cosmogenic fast neutrons, reactor-related gamma rays, reactor thermal 
neutrons

• Vast majority identified and rejected by PSD for Prompt and Delayed signals

• Tag IBDs with high efficiency and high purity
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Gamma sources (137Cs, 60Co, 22Na):  
Deployed throughout detector, measure  
single segment response

Fast-neutron tagged 12B:  
Beta spectrum calibration over full antineutrino range

Detector Characterization
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Spectrum Measurement

 10

• 40.2 days of reactor on data - Two discrete periods

• 37.8 days of reactor off data - Two discrete periods
• IBD events obtained by scaling reactor off data by exposure 
• Atmospheric pressure dependence taken into account 

• 32k IBDs detected with S:B = 1.7
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Model Comparison 
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• Predicted spectrum passed through detector response model
• Predicted spectrum = Huber 235U+ contributions from non-fissioning and non-equilibrium isotopes

• χ2/ndf =51.4/31 (p-value 0.01) for shape-only comparison with model

• Broad agreement, but overall data not in agreement with model

Measurement currently  
 statistic limited 

PROSPECT: 
PRL.122.251801 



Testing Origin of the ‘Bump’ 
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• Could the LEU-measured ‘Bump’ be solely explained by 235U ? 

• Tested by comparing data to ad-hoc models 

• Local deviation modeled as a gaussian based on Daya Bay measured spectrum with floating normalization

• Best-fit bump @ 69±53% 

• Disfavors bump from 235U-only (178%) at 2.1σ

PROSPECT: 
PRL.122.251801 



Concluding Remarks
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• PROSPECT started taking measurements in March 2018

• First modern measurement of high-statistics antineutrino spectrum from a HEU reactor

• Broad agreement with Huber model but bad fit to the data

• Currently statistics limited, improved comparison with more data

• Excellent S:B (1.7:1) achieved with an on-surface detector (<1 mwe overburden)

• Provides an opportunity for detailed understanding of cosmogenic backgrounds

• Key technology for reactor monitoring demonstrated  



PROSPECT Experiment
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Thanks
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Detector Performance
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• Calibration Source Deployment: 
• 35 in-situ calibration source tubes throughout detector to map energy response
• uniform segment to segment response
• 252Cf source to study neutron capture efficiency

• Intrinsic radioactive sources 
• Track uniformity over time with distributed internal single-segment sources:
• Alpha lines from 212Bi→ 212Po→208Pb decays, nLi capture peak
• Stability in reconstructed energy over time



Calibration
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Light collection along the length of the  
segment for all 308 segments

Geometric mean of light collection for  two PMTs  
in a single segment



Calibration
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Liquid Scintillator

Antineutrino Detector Performance

Liquid Scintillator

PROSPECT Segmented 6Li-Loaded 

Antineutrino Detector Design

Initial Performance of the PROSPECT 

Antineutrino Detector

N.S. Bowden (LLNL) for the PROSPECT Collaboration  

LLNL-POST-XXXXXX

Prepared by LLNL under Contract 

DE-AC52-07NA27344.
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Background events provide a myriad of ways to measure segments 

performance – observed segment-to-segment  variation is small

The PROSPECT antineutrino detector (AD) in now 

operating 7-9m from a research reactor core: 

• The recently commissioned PROSPECT AD is performing very well

• Detector design features provide multiple observables to calibrate and track system 

stability and uniformity 

In addition to calibration sources, AD data can be used to 

measure system stability, validating our calibration procedures 

• 4 ton 6Li-loaded liquid scintillator ( 6LiLS) target 

• Low mass optical separators provide 154 optical 

segments, 117.5x14.6x14.6cm 3

• Double-ended PMT readout

• Internal calibration access along full segment length

Prospect has begun to study the characteristics of IBD signal and 

cosmogenic background events

• Energy resolution, position resolution and detection efficiency meet expectations

• Antineutrinos have been detected in the high background environment close to a 

research reactor core and on the Earth’s surface
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Pinwheel tabs alter local light 

transport, causing ‘tiger stripes’
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Segmented PROSPECT AD design and Li-6 and Ac-227 doping provide a 

wealth of data for position, timing, and response calibrations for all 

segments and axial positions
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The AD light yield & PSD performance are very good (poster 146), as is 

axial position resolution. Other performance parameters are assessed via a 

combination of measurements and simulation.

Antineutrino detection efficiency

Antineutrino selection cuts preferentially 

reject cosmogenic backgrounds. Some 

PMTs have exhibited anomalous current 

behavior, with these segments being 

excluded from analysis for now. 

Simulation is used to understand the 

effect of these factors on IBD detection 

efficiency across the detector.

6Li neutron capture gives fixed 

energy events distributed 

throughout entire AD – track 

system response in time and 

measure variation along segments

Optical collection along 

segment length

Axial variation in single PMT 

light collection is almost 

exponential and has minor 

variation amongst PMTs 

Relative energy scale 

between segments

Tracking  6Li neutron capture 

feature in time demonstrates  

effectiveness of  running 

calibration and segment-to-

segment uniformity 

Timing Calibration

Muon tracks traversing 

multiple segments provide 

coincident events to extract 

segment-to-segment and 

PMT-to-PMT timing 

information

Axial position 

reconstruction

BiPo events provide a 

uniformly distributed event 

sample with which to validate 

axial position reconstruction

Time stability of energy 

reconstruction

Tracking  reconstructed energy 

of BiPo events distributed 

uniformly throughout the 

detector independently 

validates energy calibration

Time stability of neutron capture efficiency

The LiLS contains three species with non-negligible capture 

cross sections: 6Li, 1H, and 35Cl. Tracking  relative capture 

fractions demonstrates stable efficiency of the 6Li capture 

reaction used for antineutrino detection

Time variation of 

cosmogenic backgrounds

Several cosmogenic background 

event classes are observed to 

vary with the depth of the 

atmospheric column. This ~1% 

effect is corrected for in 

background subtraction 

Axial Position Resolution

212Po decays produce b-a

correlated events in the 

same location - provide 

direct measure of AD 

position resolution
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The PROSPECT AD has successfully detected antineutrinos in the high 

background environment close to a reactor core and on the Earth’s surface
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Neutron Capture

Accidental Background

Date

Preliminary

Detector 
Maintenance 

Period

t
cap = 47 µs

Neutron Capture Time

The prompt-delayed 

event separation time 

for IBD candidates 

exhibits the expected 

exponential behaviour

Detector 
Maintenance 

Period

Observation of reactor antineutrinos at the Earth’s surface

Accidental backgrounds vary due to g-rays background from 

nearby neutron scattering experiments. Cosmogenic correlated 

backgrounds are measured during Reactor Off periods. 

Preliminary selection cuts that emphasize statistical precision 

yield a Signal-to-Correlated Background ratio of 1.3.

A 5s observation at the surface is achieved with ~4 hours of 

Reactor On & Off data
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Preliminary

650 +/- 50 IBD Candidates 

24hr Reactor On and Off

Correlated
Accidental  

Atmospheric 

Pressure

Fast Neutron + (n, 6Li) Events
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Position Calibration

Pinwheel tabs alter local light transport, 
causing ‘tiger stripes’

Known tab positions anchor 
absolute position scale in 

every segment


