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Motivation

T.J. Langford - Yale University Date/Seminar4
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Daya Bay

Provide new tests of reactor models by 
making precision measurements of 
novel reactor spectra, esp. 235U fuel 

arxiv:1512.02202

arxiv:1508.04233

Reactor Flux Anomaly

Allowed regions for ne
disappearance data (3+1 model) 

Directly test the hypothesis of a new 
oscillation with Dm2 ~ 1 eV2,
i.e. oscillation length of few meters  

CPC 41 (1) (2017)
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Search for relative shape distortion in identical detector segments at different baselines 
à eliminate reactor model dependence

Research reactors generally preferable:
• Access to shortest baselines
• Often use 235U fuel à static fissile inventory
• Compact core dimensions provide greatest     

sensitivity at Dm2 ~ 1 eV2

But:
• Limited overburden – cosmogenic neutrons from 

atmosphere dominant correlated background source 
• Possibility of reactor generated accidental background

Approach to Short Baseline Reactor Measurements

Reactor
Core

𝜈e
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PROSPECT Experiment Overview

Münster, April 10, 2014

Physics Objectives

HFIR, ORNL

1. Model Independent search for short-baseline oscillation at distances <12m
2. Precision measurement of 235U reactor νe spectrum

Antineutrino 
Detector

HFIR Core

Range of Motion

Segmented detector design using PSD capable 6Li-doped liquid scintillator (LiLS)
provides powerful near-surface background rejection  

nLi

Neutron capture on 6Li (nLi) provides: 
• localized, distinct signal
• uniform efficiency in compact 

detector
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Experimental site: High Flux Isotope Reactor @ORNL

User facility with 24/7 access; Exterior access at grade 

Compact Reactor Core

Power: 85 MW
235U Fission Frac.: >99%
Size: h=51cm d=44cm
Duty-cycle: 46%

Antineutrino 
Detector

HFIR Core

44cm

Power Density
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PROSPECT Detector Design

119cm

Borated Polyethelyne

Inner Detector array

Water Brick Neutron Shield

Tilted Array for 
calibration access

§ 154 segments, 119cm x 15cm x 15cm 

— ~25liters of LiLS per segment, total mass: 4ton

§ Thin (1.5mm) reflector panels held in place 
by 3D-printed support rods 

§ Segmentation enables:
— Calibration access throughout volume

— Position reconstruction (X,Y)

— Event topology ID

— Fiducialization

§ Double ended PMT readout for full (X,Y,Z) 
position reconstruction 

§ Optimized shielding to reduce reactor and 
cosmogenic backgrounds 

PROSPECT - arXiv:1808.00097
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Comprehensive R&D Program PROSPECT Whitepaper 
arXiv:1309.7647

Physics Program
J. Phys. G, 43 113001
arXiv:1512.02202

PROSPECT Experiment
NIMA 922 (2019) 286
arXiv:1808.00097

Long Segment Energy & PSD
JINST 10 P11004 (2015)
arXiv:1508.06575

Reactor Background
NIMA A806 (2016) 401
arXiv:1506.03547

Production Prototype 
JINST 13 P06023 (2018)
arXiv:1805.09245

• Conceptual design for 
physics and background 
requirements

• Reactor site assessment

• Characterize reactor & 
cosmogenic background

• Validate shielding & detector 
MC with onsite prototypes

• Develop detector design and 
analysis that achieves required S:B

• Demonstrate required segment and 
LiLS performance 

• Demonstrate required performance 
with production components

• Full scale detector meets all 
performance requirements

LiLS Production
JINST 14 P03026 (2019)
arXiv:1901.05569

Optical Grid
JINST 14 P04014 (2019)
arXiv:1902.06430

http://arxiv.org/abs/arXiv:1309.7647
https://arxiv.org/abs/1512.02202
https://arxiv.org/abs/1808.00097
https://arxiv.org/abs/1508.06575
https://arxiv.org/abs/1506.03547
https://arxiv.org/abs/1805.09245
https://arxiv.org/abs/1901.05569
https://arxiv.org/abs/1902.06430


8

Event Detection in PROSPECT AD
Event Identification

inverse beta decay (IBD)
γ-like prompt, n-like delay

fast neutron background
recoil-like prompt, capture-like delay
capture-like prompt, capture-like delay

accidental gamma background
γ-like prompt, γ-like delay

Background reduction is key challenge

40μs delayed n capture

Background reduction through 
detector design & fiducialization

e+n

Pulse Shape Discrimination

IBD event in 
segmented 
6LiLS detector
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Active Background Suppression
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§ Detector design features provide background rejection via 
— Efficient recoil & neutron capture identification
— Multi-interaction & multi-particle identification
— Fiducialization

§ Signal:Background > 1:1 predicted using prototype validated MC; > 104 background rejection 

PSD & 6Li

Position Reconstruction



10NOVEMBER 1, 2017

ASSEMBLY OF FIRST ROW
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NOVEMBER 17, 2017
FINAL ROW INSTALLATION
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DEC, 2017 - JAN 2018
DRY COMMISSIONING AT YALE
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Storage –Transportation –Filling

4/14/2018 Rosero, APS 2018 12

Liquid scintillator 
was stored at BNL 
in 28 (55-gallon) 
drums

A temperature 
controlled truck was 
used to transport the 
scintillator to Oak 
Ridge Nat. Lab.  

ISO tank Filling 
mix all 6LiLS 
drums into one 
tank

Antineutrino 
Detector filling

IN-POSITION AT HFIRFEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM MIXING TANK FIRST MUON TRACK

FINAL ROW INSTALLATION
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Storage –Transportation –Filling

4/14/2018 Rosero, APS 2018 12

Liquid scintillator 
was stored at BNL 
in 28 (55-gallon) 
drums

A temperature 
controlled truck was 
used to transport the 
scintillator to Oak 
Ridge Nat. Lab.  

ISO tank Filling 
mix all 6LiLS 
drums into one 
tank

Antineutrino 
Detector filling

IN-POSITION AT HFIRFEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM MIXING TANK HADRONIC SHOWER

FINAL ROW INSTALLATION
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Storage –Transportation –Filling

4/14/2018 Rosero, APS 2018 12

Liquid scintillator 
was stored at BNL 
in 28 (55-gallon) 
drums

A temperature 
controlled truck was 
used to transport the 
scintillator to Oak 
Ridge Nat. Lab.  

ISO tank Filling 
mix all 6LiLS 
drums into one 
tank

Antineutrino 
Detector filling

IN-POSITION AT HFIRFEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM MIXING TANK IBD CANDIDATE
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§ Sources deployed throughout detector, 
measure single segment response

§ Proton PSD tagged 12B production 
— High-energy beta spectrum calibration

§ Full-detector Erec within 1% of Etrue

§ High light collection: 795±15 PE/MeV

Energy Reconstruction
Data
Energy Model

137Cs

22Na
22Na

60Co

E [MeV]

Re
so

lu
tio

n 
(𝝈

/E
)

4.5% at 1MeV

PRELIMINARY

Resolution vs Energy

Calibration Spectra

12C(n,p)12B
Proton – 12B separation
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Data
FitHigh-purity 

12B sample 
position & 
time tagged 
by final state 
proton

Phys.Rev.Lett. 121 (2018) 251802
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Energy Stability and Uniformity

137Cs 212Bi→212Po→208Pb 

PRELIMINARY PRELIMINARY

PRELIMINARY

§ Calibration Source Deployment:
— 35 calibration source tubes throughout detector to map energy response
— Segment to segment uniformity ~1%
— 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
— Reconstructed energy stability over time < 1%
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Pulse Shape Discrimination Performance

§ 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

Full detector PSD Single segment PSD

Electronic Recoil

Nuclear Recoil

nLi
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First 24hr of Detector Operation

§ March 5, 2018: Fully assembled 
detector began operation

§ Reactor On: 1254±30 correlated 
events between [.8, 7.2MeV]

§ Reactor Off: 614±20 correlated events 
(first off day March 16)

— Distinct peaks in background from 
neutron interactions with H and 12C

§ Time to 5𝝈 reactor antineutrino 
detection at earth’s surface: < 2hrs

Reactor On
Reactor Off

Prompt Energy (MeV)

p(n,𝛾)d
12C(n,n)12C*
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First Analysis Data Set - arXiv:1806.02784
§ 33 days of Reactor On

§ 28 days of Reactor Off

§ Correlated S:B = 1.36

§ Accidental S:B = 2.25

§ 24,608 IBD interactions 

§ Average of ~750 IBDs/day

§ IBD event selection defined and frozen 
on 3 days of data

Reactor
On

Reactor
On

Reactor
Off

Rx
Off

Phys.Rev.Lett. 121 (2018) 251802
PROSPECT Collaboration

Accidentals

Correlated

Best Signal-to-Background achieved On-Surface (< 1 mwe overburden)

https://arxiv.org/abs/1806.02784
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IBD Rate vs Baseline

§ Observation of 1/r2 behaviour within the detector itself
§ Cover a wide relative baseline range, even in one detector position

Data
A/r2 fit

Phys.Rev.Lett. 121 (2018) 251802
PROSPECT Collaboration
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6.7-7.1m 7.1-7.5m 7.5-8.0m

8.0-8.4m 8.4-8.8m 8.8-9.2m

PRELIMINARY

IBD Spectrum vs Baseline

§ Compare spectra from 6 baselines to measured full-detector spectrum
§ Null-oscillation would yield a flat ratio for all baselines

Direct ratio search for oscillations, independent of reactor models

Prompt Energy

Ra
te Null Oscillation

6.7-7.1m
7.1-7.5m
7.5-8.0m
8.0-8.4m
8.4-8.8m
8.8-9.2m

Illustration of Baseline 
Dependent Oscillation

Phys.Rev.Lett. 121 (2018) 251802
PROSPECT Collaboration



23

RAA 
BEST FIT

PROSPECT EXCLUSION, 95% CL
PROSPECT SENSITIVITY, 95% CL

Oscillation Search Results
§ Build a 𝜒2 by comparing measured 

spectra to predicted spectra at each 
baseline

§ Covariance matrices capture all 
uncertainties and energy/baseline 
correlations

§ Feldman-Cousins based confidence 
intervals for oscillation search

§ Critical 𝜒2 map generated from toy MC 
using full signal and background 
covariance matrices

§ 95% exclusion curve based on 33 days 
Reactor On operation

Direct test of the Reactor Antineutrino Anomaly

Disfavors RAA best-fit point at >95% (2.3𝝈)

Phys.Rev.Lett. 121 (2018) 251802
PROSPECT Collaboration
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Measurement of 235U Spectrum 

§ 40.2 days of reactor-on 
exposure

§ 37.8 days of reactor-off 
exposure

§ ~ 31,000 IBD candidate 
events (reactor-off 
candidate events scaled 
to match exposure) 

Measured spectrum with good S/B at surface 1.7/1 (0.8-7.2 MeV)

~ 6x greater statistics than ILL (1981)

PROSPECT arxiv:1812.10877
Accepted by PRLPrompt Energy Spectrum
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Measurement of 235U Spectrum 

§ Different reactor on/off 
periods, accounting for 
variation of cosmogenic 
background

§ Different detector halves & 
quadrants

§ Inner and outer detector 
volumes

Consistency is found for many selection variations, testing energy reconstruction 
and background subtraction across segmented PROSPECT detector

PROSPECT arxiv:1812.10877
Accepted by PRL

Reconstruction & Background Subtraction Cross Checks 

Compare:

4
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FIG. 4. The reactor-off data is split into two time periods. (a) Spec-
tra of IBD candidate events (with statistical errors only). (b) Ratio
between periods. The observed consistency between these periods
demonstrates the stability of cosmogenic IBD candidates after ac-
counting for atmospheric conditions.

of 18.6/32. Several division schemes based on event position
were also examined by splitting the detector in quadrants, near
and far halves from the reactor, and inner and outer segment
regions. Consistency was found between the spectra indepen-
dently measured in the first two cases, while differences in rel-
ative spectral shape due to greater energy leakage in the outer
segments were successfully reproduced by the PG4 model.

A �2 test is employed to quantify the comparison of the
background-subtracted experimental data to model prediction:

�2
min = �TV �1� (1)

�i ⌘ Nobs
i �Npred

i ⇥ (1 + ⌘)

where �i is the difference between the measured and pre-
dicted spectra including a free-floating nuisance parameter for
normalization (⌘) and V is the full covariance matrix. Simu-
lations are performed separately varying detector parameters,
including energy scale, inactive material, energy thresholds,
and fiducialization according to experimental uncertainties.
Covariance matrices are generated for each parameter to cap-
ture both correlated and uncorrelated uncertainties. The ob-
served variation between the two reactor-off periods is used to
construct a background subtraction covariance matrix. An ad-
ditional background subtraction uncertainty (4 %) is included
to account for observed variation between the muon-induced
and fast-neutron induced background components. Finally,
the uncorrelated statistical uncertainties from the reactor-on
and off periods are used to build the full covariance ma-
trix [39].

The Huber 235U ⌫e spectrum [9] is adjusted for the IBD
cross-section and passed through the PROSPECT detector re-

sponse matrix to response matrix to translate ⌫e energy to
a prompt energy prediction. The three-neutrino framework
is assumed and no correction is made for possible spectral
distortions from sterile neutrino oscillations. Corrections for
non-equilibrium isotopes produced during the 24-day reactor
cycle are calculated according to the procedure in Ref. [7].
A detailed SCALE (ORIGEN) model of the core is used to
estimate the ⌫e flux generated via beta decay of 28Al and
6He nuclei produced by neutron capture on the fuel cladding
and beryllium reflector [42–44]. The ⌫e spectra are gener-
ated according to ENDF and ENSDF data using the Oklo
toolkit [45, 46] and added to the model with 100 % uncer-
tainties. Integrated over the full spectrum, each correction
amounts to less than 1 % of the total ⌫e flux [39]. Spent nu-
clear fuel does not contribute a significant number of ⌫e inter-
actions.

The shape-only comparison between the measured and pre-
dicted spectra is shown in Fig. 5. A high �2/ndf is observed
(51.4/31), with a one-sided p-value of 0.01. The bottom panel
of Fig. 5 shows the signed �2 contribution per bin ( e�i). Due to
non-zero off-diagonal covariance matrix elements, e�i is deter-
mined by adding an additional free-floating nuisance param-
eter to each bin separately and observing the change in the
minimized �2:

e�i =
Nobs

i �Npred
i

|Nobs
i �Npred

i |

q
�2
original � �2

i,new. (2)

To quantify the significance of local deviations from the
Huber prediction, a procedure similar to Ref. [47] is em-
ployed. Additional free-floating nuisance parameters are in-
cluded to modify Npred from Eqn. 1 for each bin within a
1 MeV-wide sliding energy window and a new minimum �2 is
determined. The change in �2, representative of the fraction
of the global �2 contributed by that energy window, is then
converted into a local p-value with five degrees of freedom,
one for each bin in the window. As shown in Fig. 5, there
is not one region that dominates the disagreement. Two re-
gions of the spectrum have local p-values between 2-3�, 2.8-
3.5 MeV and >6.5 MeV.

Spectral measurements at LEU reactors, with 50-60 % 235U
fission-fraction, have observed large deviations from predic-
tions between 5 and 7 MeV ⌫e energy region. To compare
PROSPECT’s measured HEU spectrum with those from LEU
reactors, an ad-hoc model is constructed from the addition of a
Gaussian to the Huber 235U model whose mean and width are
fitted to the reported spectrum in Ref. [47], following studies
detailed in Refs. [48, 49]. The normalization of this Gaus-
sian, n, is then fit to the prompt Erec spectrum and a best-fit
distortion, shown in Fig. 5b, of n= 0.69± 0.53 is observed.
PROSPECT’s behavior in this region is compatible with both
the Huber 235U model and a local deviation of equal size to
that observed by Daya Bay (n= 1). A Gaussian normalization
of n=1.78 would be required for 235U to be solely responsible
for the observed LEU spectral distortion, which is disfavored
at 2.1�.
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Interpretation of Prompt Energy Spectrum

§ c2/ndf = 52.1/31,  p-value = 0.01

§ Huber model broadly agrees with 
spectrum but exhibits large c2 /ndf with 
respect to measured spectrum, not a 
good fit.

§ Deviations mostly in two energy regions.

Is PROSPECT consistent with Huber 
235U model for HFIR HEU reactor?

PROSPECT arxiv:1812.10877
Accepted by PRL

Current PROSPECT measurement is 
statistics limited

5

FIG. 5. (a): The measured prompt energy spectrum of inverse beta
decay events compared to prediction based on the Huber 235U model
combined with contributions from 28Al, 6He, and non-equilibrium
isotopes in the core. The error bars include only statistical uncer-
tainties, while the shaded band includes detector and model uncer-
tainties. (b): Ratio to the Huber model of the measured data and the
best-fit distortion representing the spectral discrepancy observed by
experiments at LEU reactors. (c): The �2 contribution from each bin
and the local p-value of a 1 MeV-wide sliding energy window.

With a surface-based, segmented detector, PROSPECT has
produced the highest statistics measurement of 235U ⌫e spec-
trum to date. Despite broad agreement, the Huber 235U model
exhibits a large �2/ndf with respect to the measured spec-
trum. This observed 235U spectrum is consistent with an ad-
hoc model representing the local deviation relative to predic-
tion observed between 5-7 MeV E⌫ at LEU reactors. This is a
statistics-limited measurement and is expected to improve as
more data are collected.
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tory under Contract DE-AC05-00OR22725. Additional fund-
ing for the experiment was provided by the Heising-Simons
Foundation under Award No. #2016-117 to Yale University.

J.G. is supported through the NSF Graduate Research
Fellowship Program and A.C. performed work under ap-
pointment to the Nuclear Nonproliferation International Safe-
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Interpretation of Prompt Energy Spectrum

How does PROSPECT compare to 
‘bump’ in q13 experiments?

5

FIG. 5. (a): The measured prompt energy spectrum of inverse beta
decay events compared to prediction based on the Huber 235U model
combined with contributions from 28Al, 6He, and non-equilibrium
isotopes in the core. The error bars include only statistical uncer-
tainties, while the shaded band includes detector and model uncer-
tainties. (b): Ratio to the Huber model of the measured data and the
best-fit distortion representing the spectral discrepancy observed by
experiments at LEU reactors. (c): The �2 contribution from each bin
and the local p-value of a 1 MeV-wide sliding energy window.

With a surface-based, segmented detector, PROSPECT has
produced the highest statistics measurement of 235U ⌫e spec-
trum to date. Despite broad agreement, the Huber 235U model
exhibits a large �2/ndf with respect to the measured spec-
trum. This observed 235U spectrum is consistent with an ad-
hoc model representing the local deviation relative to predic-
tion observed between 5-7 MeV E⌫ at LEU reactors. This is a
statistics-limited measurement and is expected to improve as
more data are collected.
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Shape of measured 235U spectrum is 
consistent with deviation relative to 
prediction observed at LEU reactors
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§ PROSPECT started data collection in early March 2018

§ Observed antineutrinos from HFIR on the surface with good 
signal/background

§ Background rejection and energy resolution meet expectations based on  
comprehensive PROSPECT R&D program 

§ The PROSPECT Detector provides:
— opportunity for detailed study of cosmogenic backgrounds
— important capability demonstration for reactor safeguards applications

§ First oscillation analysis using 33 days of reactor-on data disfavors the 
RAA best-fit at 2.3𝝈

§ Performed a modern high-statistics 235U spectrum measurement using a 
surface-based detector; currently statistics limited

§ More data has been collected and analysis is ongoing

Conclusion
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Time dependence of Cosmogenic backgrounds

FN + nLi capture
Atmospheric Pressure

§ Correlation between cosmogenic backgrounds and atmospheric pressure

§ Measure correlation during reactor off time, and use it to correct background 
subtraction during reactor on
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Relative Segment Volume Measurement
§ Relative mass important for oscillation 

search
§ Survey during assembly: < 1% variation

R
at

e 
(m

H
z)

Segment

600 hr of data  
1.4% per cell

PRELIMINARY

Uniformity in rates between segments

§ 227Ac added to LS prior to filling
§ Double alpha decay 

(219Rn→215Po→211Pb), highly localized, 
1.78ms half-life, efficient selection 
straightforward,

§ Measured absolute z-position resolution 
of < 5cm

§ Direct measurement of relative target 
mass in each segment 

PRELIMINARYSegment 76

219Rn α
215Po α

Uniformity in rates within segment
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Signal to Background Prediction

S/B better than 1:1 is predicted for PROSPECT AD.
Rate and shape of residual IBD-like background can be 
measured during numerous reactor off periods.

AD Prediction
IBD signal
Background 

Prototype systems provide benchmarking of AD Monte Carlo

PROSPECT20 Correlated 
Background Measurements

Data
Monte Carlo

Data
Monte Carlo

Prompt Energy 
Spectrum

Time Separation
Background rejection via:
• Efficient PSD & neutron 

identification
• Multi-interaction & 

multi-particle identification
• Fiducialization

AD Prediction
IBD signal
Background 

PSD

shower veto
topology

fiducialization


