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Nuclear reactors and neutrino physics history

what can future reactor experiments tell us about neutrinos?

Savannah River, 1956 
first observation of (anti)neutrinos

KamLAND,  2003 
discovery of antineutrino oscillation 

measurement of geoneutrinos

DYB, DC, RENO, 2012 
precision measurement of 𝛳13
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Reactor neutrinos: powerful and pure
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element

isotope

β decay

• reactors are a powerful source: generate 
a lot of pure electron antineutrinos  

• e.g. generation in a PWR reactor:  
235U, 238U, 239Pu, 241Pu 

• fission produces neutron-rich daughters 
that beta decay ~6 times until stable  

• >99.9% flux νe - only from this process  

• 1 GWth~1020  νe/second  

• detection: inverse beta decay (IBD), 
coincidence tag 

νe + p —> e+ + n

pure, prolific source of neutrinos with a workhorse detection mechanism



Measuring 𝜃13 at reactors 

�4

P (⌫̄e ! ⌫̄e) = 1� sin2(2✓)sin2

✓
�m2L

4E⌫

◆

Daya Bay

survival probability

reactor core

near detector far detector

𝜈e 

Danielle Norcini Yale UniversityMIT Laboratory for Nuclear Science Seminar: 18 September 2018 

flux between detectors for relative oscillation measurement = no model needed

Daya Bay: CPC 41 (1) (2016)

PWR reactors perfect to precisely measure mixing 
angle 𝜃13: Daya Bay, Double Chooz, RENO 

• IBD cross section x antineutrino flux =  
1.8 to 10 MeV (~low energy) 

• oscillation minimum ~kilometer baselines 
• complicated nuclear physics makes flux/

spectrum models difficult 
• use relative measurement between detectors to 

see oscillations



Precision reactor antineutrino experiments: flux

flux disagreement - does an eV-scale sterile exist?
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Daya Bay: CPC 41 (1) (2016)

PROSPECT: J Phys G 43 (2016)

• ϴ13 also measure the flux experiments at near detectors and compare to model 
• when comparing all reactor experiments to model, shows ~6% flux deficit 
• model issues or is there a particle physics solution? 
• Reactor Antineutrino Anomaly: meter oscillations by eV-scale sterile neutrino  

(Mention, et al, Phys. Rev. D83 (2011)) 
• sterile neutrinos would have major implications on neutrino physics/cosmology

3+1 model

RAA BEST FIT 
~(2eV2, 0.15)



Do other channels show sterile signs?
MiniBooNE 

short baseline accelerator
GALLEX/SAGE 

Ga source calibration
LSND 

decay at rest

anti-𝜈e appearance low energy 𝜈e appearance
𝜈e disappearance
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global scene motivates looking for eV-scale steriles at short baselines
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PRD 64, 112007

nucl-ex/0512041
PRL 102, 101802



Precision reactor antineutrino experiments: spectrum
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Daya Bay: PRL 116, 061801(2018)

DC-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

RENO: PRD 98, 012002 (2018)

• precision reactor experiments led to further evaluation of models 
• deviations throughout the spectrum measured, prominent excess 4-6 MeV prompt 
• cannot be explained by a sterile neutrino 
• is it an issue with the models - one, some, all isotopes?

Daya Bay Double Chooz RENO 

spectrum disagreement - do we model all of the fissile isotopes correctly?



Other complications - fuel evolution at PWR reactors
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multi-isotope fuel evolves over time further complicated models

Daya Bay: PRL 118 (2017)

Fuel composition changes over time as fissile 
isotopes burn and build up. 

• DYB, RENO show that the size of the flux 
deficit is dependent on the fuel content  

• flux models are getting something wrong  

• 235U may be the issue, IBD yield/fission hints 
that this isotope is the problem

Daya Bay: CPC 41 (1) (2016)



Recapping the reactor scene
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need new experiments that provide clarity to the reactor situation

 

1. When comparing to model, reactor neutrino experiments globally observe fewer 
neutrinos than predicted.  

2.  ϴ13 experiments show significant data-model discrepancies in spectrum.  
*2018 re-evaluation of 1980’s Gosgen also shows it (arXiv:1807.01810)  

3. Measurements at PWR reactors are further complicated by evolving fuels and 
IBD fission yields.

ϴ13 experiments were successful using the relative 
oscillation measurement approach with two detectors to 
avoid model systematics.
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compact core

Antineutrino detector

Range of motion

Goals:
1. perform model independent search for eV-

scale sterile neutrinos at distances 7-12 m 

2. make a precision measurement of 235U  
  reactor antineutrino spectrum

@ High Flux Isotope Reactor (HFIR),     
    Oak Ridge National Laboratory

data summarized by Mention, 
et al, Phys. Rev. D83 (2011) 

PROSPECT will probe unexplored baselines while measuring the 235U spectrum
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Neutrino source: High Flux Isotope Reactor @ ORNL

�11Danielle Norcini Yale UniversityMIT Laboratory for Nuclear Science Seminar: 18 September 2018 

2

past reactor experiments

HFIR, ORNL
NBSR, NIST

ATR, INL available baselines at 
US research reactors

3 neutrino fit
3+1 neutrino fit

Tuesday, August 7, 12
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FIG. 1: Left: Reactor ⌫e flux measurements in reactor experiments up to ⇠100m baseline. Existing measurements are shown
in black. The blue, red, and green bands indicate the distances at which new experiments at NBSR, HFIR, or ATR are
feasible. Figure adapted from [7]. Right: Comparison of the size and power of several reactors cores. For ATR, both the typical
operating power and the higher, licensed power are shown. Figures from M. Tobin.

The National Institute of Standards and Technology (NIST) [12] and Oak Ridge National Laboratory (ORNL) [13]
operate powerful, highly compact research reactors for neutron research. Idaho National Laboratory (INL) [14] is host
to the Advanced Test Reactor (ATR). All laboratories provide user support for external scientific users. The National
Bureau of Standard Reactor (NBSR) at NIST, the High Flux Isotope Reactor (HFIR) at ORNL, and ATR at INL
have identified potential sites for a compact ⌫e detector at distances between 4-13m, 7-13m, and 12-30m from the
reactor cores, respectively [18]. NBSR o↵ers the opportunity for a new ⌫e flux and spectra measurement at the closest
distance yet wile HFIR and ATR o↵er superb power for their compact core size. The higher power and ⌫e flux of ATR
and HFIR is balanced by the slightly closer distance of NIST. Assuming a 1⇥1⇥3m (height⇥width⇥length) detector
with 30% e�ciency at either one of these locations, a measurement with 1 year ⌫e lifetime would cover the majority
of the currently preferred parameter space of the reactor anomaly at 3� C.L. Figure 1 summarizes the accessible
baselines and illustrates the comparison of several reactor cores in terms of dimension, geometry, and thermal power.
Also included is the commercial power plant SONGS with a deployment site at 24m baseline [19]. While SONGS’
larger core dimension limits sensitivity to larger neutrino mass splittings, the high antineutrino flux and available
overburden make it useful for detector commissioning and characterization. In addition, measurement of the SONGS
antineutrino spectrum may help further constrain flux predictions uncertainties, especially when combined with a
similar measurement of an HEU core. Figure 2 shows the 3� discovery potential for the di↵erent sites and illustrates
the e↵ect of di↵erent signal to background conditions. A precision ⌫e experiment at very short baselines provides
significant discovery potential to the currently favored sterile neutrino oscillation parameters.

A precision reactor ⌫e experiment at very short baselines will require a novel detector and shielding design. Reactor
⌫e experiments typically utilize the inverse beta-decay reaction ⌫e + p ! e+ + n yielding a prompt signal followed by
a neutron capture tens of microseconds later. The delayed coincidence allows for a significant reduction in accidental
backgrounds from natural radioactivity and gammas following neutron capture. The major experimental challenge is
expected to come from the lack of overburden and the need to operate the detectors close to the reactor core. At a
few meters from the reactor core, the available overburden for the reduction of cosmogenic backgrounds is minimal.
Fast neutron backgrounds from cosmic rays, the reactor, and adjacent experiments will contribute significantly to
the ambient backgrounds near the reactor. In spite of these challenges, recent developments of antineutrino detectors
for non-proliferation and nuclear verification e↵orts have demonstrated the feasibility of ⌫e detection in such a situ-
ation. The development of a precision reactor ⌫e detector operating in this environment will o↵er a range of R&D
opportunities with applications in gamma and neutron shielding, neutron detection, and reactor monitoring.

A key element in the ⌫e detection is the proton-rich scintillator target. Metal-loaded scintillators based have been
the state of the art in reactor ⌫e experiments [20]. Recent developments of water-based scintillators [21] o↵er attractive
alternatives with di↵erent systematics and characteristics. Novel Li-doped scintillators [22] may be used to improve on
neutron detection e�ciency and minimize the gamma leakage. Choice and composition of the scintillator is important
for the timing of the delayed coincidence signal, the accidental background suppression, the energy response, and
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• 85MW highly enriched uranium reactor  

• >99% of 𝜈 from 235U fissions,  
effectively no isotopic evolution 

• compact core (44cm diameter, 51cm tall) 

• 24 day cycles, 46% reactor up time 

• detailed study of surface cosmogenic 
backgrounds  
(PROSPECT: NIMA A806 (2016) 401)

HFIR site



Experimental strategy at HFIR reactor
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spectrum from the HFIR 235U (HEU) research reactor.

Goal - spectrum measurement: 
✓single isotope (most abundant in PWR) 

Goal - sterile neutrino search: 
✓access to short baselines 
✓compact core 
✓static IBD yield  
✓segmented detector = relative measurement
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neutrons through shielding
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instead of 2 detectors, 154!



PROPSECT segmented detector design

Liquid Scintillator Volume

119cmPMT

Floor
Concrete Monolith

outer neutron shield

inner neutron shield

lead

PROSPECT cross section

3 
m

2.6 m
Realization of experiment strategy: 
• target/detection: 6Li-loaded liquid scintillator 
• 154 segments, 119cm ⨉ 15cm ⨉ 15cm 
• thin (1.5mm) optical panels held in place by 

3D printed support rods 
• 25 liters/segment, total mass: ~4 tons
• segmentation enables: 

• calibration access throughout volume 
• 3D position reconstruction (X, Y) with (Z) 

from double-ended PMT readout 
• fiducialization  

• optimized shield for cosmogenics

3D printed 
support 

rod

tilt for  
calibration  

access
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Detection with 6Li-loaded liquid scintillator

�14Danielle Norcini Yale UniversityMIT Laboratory for Nuclear Science Seminar: 18 September 2018 

• custom developed 6LiLS based on EJ-309, non-toxic and non-flammable 
• compact detector needs a capture agent that is highly localized, within segments 
• minimize position dependent efficiency 
• spatial and temporal cuts to identify IBDs and reject backgrounds 

6LiLS provides event localization and identification required for a compact detector

6Li

⍺

t ~10μm

p
𝜈e

𝛽+

n
n

~10μm

𝜈e + p → 𝛽+ + n

40μs

prompt

delayed



Pulse shape discrimination (PSD)
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PSD can identify particle type through shape of pulse

nLi
PROSPECT: JINST 13 P06023 (2018)

PROSPECT-50 prototype

Even better handle on IBD acceptance and background rejection with particle ID.



/Users/langford/anaconda2/lib/python2.7/site-packages/matplotlib/colors.py:1018: RuntimeWarning: invalid value encountered in less_equal
mask |= resdat <= 0

In [16]: plt.figure(figsize=(12,5))

for name, data in coincData.iteritems():
cutDict = {'promptE':[.5,10], 'promptPSD':[0.,.18], 'delayE':[.45,.65], 'delayPSD':[0.15,.5]}
coincCut = makeCuts(data, cutDict)

plt.subplot(1,2,1)

pE = [ev[0][1] for ev in coincCut if 0 < (ev[1][-1][0] - ev[0][0])*1e6 < 120]
h1,bins = histogram(pE, bins=40, range=(0,10));
h1 = divide(h1,exposureTime)
binWidth = bins[1]-bins[0]
h1 = divide(h1, binWidth)
step(bins[0:-1],h1,label='real+random')

pE = [ev[0][1] for ev in coincCut if 200 < (ev[1][-1][0] - ev[0][0])*1e6 < 320]
h2,bins = histogram(pE, bins=40, range=(0,10));
h2 = divide(h2,exposureTime)
binWidth = bins[1]-bins[0]

7

Classification of events using PSD
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Classification of events using PSD
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Fast neutrons: 
cosmogenic

γ

γ

accidental gammas: 
reactor
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Classification of events using PSD
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Classification of events using PSD
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IBD-like correlated: 
cosmogenic
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Roadmap: R&D of 6Li-loaded LS detectors
PROSPECT-0.1
Develop LS
Characterize LS
Aug 2014-Spring 2015

5cm length
0.1 liters

LS, 6LiLS
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PROSPECT-20
Segment optics
Background studies
Spring/Summer 2015

1m length
23 liters

LS, 6LiLS

light 
guides

PROSPECT: JINST 10 P11004 (2016)

PROSPECT-50
Performance validation
Simulation benchmark
2017-2018

1x2 segments
1.2m length

50 liters
LS,6LiLS

nLi

light collection
energy resolution
PSD performance

PROSPECT: JINST 13 P06023 (2018)

PROSPECT AD
Physics measurement
data taking 2018

11x14 segments
1.2m length

4 tons
6LiLS

PROSPECT: arXiv:1808.00097

PROSPECT-2
Background studies
Dec 2014 - Aug 2015

T.J. Langford - Yale University December Workshop - ORNL

Building the shielding

4

12.5 length
1.7 liters

6LiLS

multi-layer
shielding

PROSPECT: NIMA A806 (2016) 401



Can we combat the backgrounds? YES!
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neutrinos!

20

simulation extrapolation to Phase I
neutron-coincident events

n+H

12C inelastic
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active veto requirements: 

•neutron capture 
•recoil PSD 
•gamma/electron energy 

= same properties as 
detector bulk; use same 
technology and fiducialize.

IBD-like n capture

simulation

• knowledge from R&D program used to demonstrate feasibility of design 
• combination of PSD, shower veto, topology, and fiducialization (clipped 

cosmogenics) cuts provide >104 active background suppression 
• with validation of concept and detector experience, ready to build…

PROSPECT: J. Phys. G: 43 (2016)

a combination of passive and active shielding enables a surface neutrino experiment
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Optical module construction @ Yale
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PMT

front reflector

opaque acrylic housing

mineral oil
seal plugs

voltage divider
pusher plate

UV transparent 
window

Modules in liquid volume: scintillator approved!

cementing reflectors installing PMTs testing

first one!

testing

NOVEMBER 2016-2017
YALE WRIGHT LABORATORY



OCTOBER 25, 2017
YALE WRIGHT LABORATORY



NOVEMBER 1, 2017
YALE WRIGHT LAB

ASSEMBLY OF FIRST ROW



PROSPECT layer in 30 seconds 

https://drive.google.com/file/d/1gqG68I9FHiZcMPQjlUJnplzUTkTeGMwx/view


NOVEMBER 17, 2017
FINAL ROW INSTALLATION



AHHHHH! DEC 2017 - JAN 2018
DRY COMMISSIONING AT YALE



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

FEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM  
MIXING TANK

IN POSITION AT HFIR

FIRST MUON TRACK



6/5/18, 9)57 PM

Page 1 of 1https://orca.phy.ornl.gov/DAQ_web/PlotArchive/WetCommissioning/series015/s015_f00000_ts1520293010/DPVisPlugin/large/Event_15789002.svgz

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

FEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM  
MIXING TANK

IN POSITION AT HFIR

SHOWER



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

FEBRUARY 2018
ARRIVAL AT ORNL

FILLING FROM  
MIXING TANK

IN POSITION AT HFIR

IBD CANDIDATE



Within a few hours.. neutrinos!

time to 5𝝈 reactor antineutrino detection at Earth’s surface: < 2 hours
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Reactor On
Reactor Off

Prompt Energy (MeV)

1H(n,𝛾)2H
12C(n,n’)12C*

PRELIMINARY

• March 5, 2018: fully assembled 
detector began operation  

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

• Reactor Off: 614±20 correlated 
events (first off day March 16)  
benefit of being at a research reactor!  

• subtract RxOn and RxOff for 
antineutrino spectrum 

• distinct peaks in background from 
neutron interactions with H and 12C 

24 hours RxOn
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Energy reconstruction

good energy reconstruction and resolution performance
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PROSPECT: arXiv:1806.02784

E [MeV]
0 1 2 3 4 5
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 / ndf 2χ  72.19 / 1

a         0.001309± 0.009674 
b         0.0004155± 0.04537 
c         0.002943±     0 

 / ndf 2χ  72.19 / 1
a         0.001309± 0.009674 
b         0.0004155± 0.04537 
c         0.002943±     0 

Data

Energy Model

137Cs

22Na
22Na

60Co

Preliminary
R

es
ol

ut
io

n 
(𝝈

/E
)

4.5% at 1MeV

12C(n,p)12B 
ΔZ  of p, e-

• ensure energy reconstruction is performing  
• gamma sources deployed throughout 

detector, measure single segment and full 
detector response 

• beta spectrum from proton PSD tagged 12B 
production for high energy calibration 

• full detector Erec within 1% of Etrue

• high light collection: 795±15 PE/MeV 
• resolution includes geometric/dark current



Energy stability and uniformity

energy reconstruction is stable throughout the detector over time 
�33Danielle Norcini Yale UniversityMIT Laboratory for Nuclear Science Seminar: 18 September 2018 

137Cs

Mar 31 Apr 30 May 30
Date in 2018

0.996

0.998

1.000

1.002

1.004

〉
αE〈/

αE

212Bi→212Po→208Pb 

PRELIMINARY

Need to ensure reconstruction is uniform over the 154 segments and time… 
• many calibration and distributed intrinsic sources to look at the data in 

different ways (e.g. 137Cs, BiPo 𝛼’s, nLi ) 
• map energy response of each segment, uniformity ~1% 
• map energy response of each segment over time, stability <1%
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PRELIMINARY



PRELIMINARY

Segment 76

Uniformity in rates within segment

219Rn α 
215Po α

227Ac for relative volume and position resolution

very small volume variation and good position resolution
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D. Berish - Temple University DNP - 10/26/2017

Why Ac-227?
•        coincidence in the decay chain:  
• Half-life of Po-215 is small - 1.78 ms -> low accidental rate 
• Decay of Po-215 is mono-energetic with quenched energy, ~0.85 

MeVee, distinct from neutron capture peak, 0.5 - 0.6 MeVee 
• Alpha mean free path is a few microns,  
   creating a highly localized signal  
   contained in a single cell 

• Use a low activity - 1.8 Bq in AD 
• Use alpha coincidence (RnPo’s)                                                                       
    to calculate the rate per cell

4

↵,↵ 219Rn !215 Po !211 Pb

21.8 yrs 18.68 days 11.43 days 3.96 s 1.78 ms 36.1 min

note: not full U-235 decay chain

Therefore we can

• 227Ac uniformly distributed in LS prior to filling 
• double alpha decay (219Rn→215Po→211Pb), 

highly localized, 1.78ms half-life, not in our 
signal window 

• variation of relative target mass in each 
segment < 1.5% 

• measured absolute z-position resolution of < 
5cm

PRELIMINARY

When 1 detector is really 154 individual detectors… 
• relative mass and position resolution vital for 

oscillation search



Pulse shape discrimination performance

excellent pulse shape discrimination performance
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PROSPECT: arXiv:1808.00097

• excellent particle ID of gamma interactions, neutron captures, and nuclear recoils 
• dominant backgrounds: cosmogenic fast neutrons, reactor-related gamma rays 
• vast majority identified and rejected by PSD for prompt and delayed signals 
• tag IBDs with high efficiency and high purity



Sterile neutrino analysis dataset

best signal:background achieved on-surface (< 1 mwe overburden) 
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• 33 days of Reactor On 

• 28 days of Reactor Off

From 0.8-7.2 MeV prompt: 
• 24,461 IBD interactions  

• average of ~771 IBDs/day 

• correlated S:B = 1.32  

• accidental S:B = 2.20  

• IBD event selection defined 
and frozen on 3 days of data 
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ts
 p

er
 d

ay

REACTOR ON
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CALIBRATION

REACTOR OFF

Correlated

Accidentals

REACTOR ON

PROSPECT: arXiv:1806.02784
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• bin events from 108 fiducial segments into 14 baseline bins 
• observation of 1/r2 behavior throughout detector volume 
• 40% flux decrease from front of detector to back as expected

PROSPECT: arXiv:1806.02784
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IBD spectrum vs baseline
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PROSPECT: arXiv:1806.02784
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illustration of baseline 
dependent oscillation

• sterile oscillations would distort content of energy bins  
• compare spectra from 6 baselines to measured full-detector spectrum  
• baseline-energy (L-E) ratio analysis is independent of reactor models

6 baseline bins
16 energy bins



Sterile neutrino search with first dataset
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first result: disfavors RAA best-fit point at >95% (2.2σ) 

PROSPECT: arXiv:1806.02784
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Feldman-Cousins, 95% CL

PROSPECT Sensitivity, 95% CL

SBL + Gallium Anomaly (RAA), 95% CL

RAA BEST 
FIT

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

• compare measured L-E spectra to 
normalized full detector spectrum for 
each (Δm2, sin22θ) to build 𝜒2  

• this includes covariance matrices to 
capture all stat+sys uncertainties 

• to determine confidence intervals 
use Feldman-Cousins approach 

• generate 𝜒2 map for each (Δm2, 
sin22θ) with PROSPECT-like toy MC 

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

• direct test of the Reactor 
Antineutrino Anomaly



Reactor On
Reactor Off

Prompt Energy (MeV)

1H(n,𝛾)2H

12C(n,n’)12C*

PRELIMINARY

World leading 235U antineutrino spectrum
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PROSPECT: J. Phys. G: Nucl. Part. Phys. 43 (2016) 113001

COMING SOON!!!



1. Reactors are an incredible source of neutrinos and new experiments at short 
baselines could uncover new physics. 

2. PROSPECT is a unique, segmented near-surface neutrino detector that has 
• driven an extensive R&D program with 6LiLS scintillation detectors 
• constructed and installed the detector in <2 years 
• observed neutrinos at an HEU reactor at 5σ in ~2 hours on surface. 

3. PROSPECT disfavors the RAA sterile neutrino hypothesis at 2.2σ and spectrum 
on it’s way!

Stay tuned for

first optical module! inner detector detector package
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Feldman-Cousins approach
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• Using Feldman-Cousins,  
p-value for 3ν oscillation hypothesis = 0.58 (χ2/NDF = 61.9/80) 
p-value for RAA sterile oscillation hypothesis = 0.013 (χ2/NDF = 68.7/78) 
(Best fit has χ2/NDF = 57.9/78 (Δm2, sin22ϴ)=(0.50, 0.35)) 

• Using standard (incorrect) confidence level assignment (using Wilk’s theorem): 
p-value for 3ν oscillation hypothesis = 0.14  
p-value for RAA sterile oscillation hypothesis = 0.005 

• If standard (incorrect) confidence levels used instead of Feldman-Cousins: 
We say 3ν is less compatible with data than it actually is! 

• Shows the importance of using Feldman-Cousins



Sterile analysis analysis selection

�45Danielle Norcini Yale UniversityMIT Laboratory for Nuclear Science Seminar: 18 September 2018 

PROSPECT: arXiv:1806.02784

Cut Accepted value
prompt cluster PSD within 3σ of electronic recoil band mean

delay cluster PSD above 3.6σ of electronic recoil band 
mean

delay cluster Erec 0.46 < Erec(MeV) < 0.60
prompt-delay coincidence time (+1, +120)us
prompt-delay position spread in 
segment (along z)

within 1 segment (14cm), within 1 
adjacent segment (18cm)

muon veto delay within (0,+100)us of muon cluster 
(Erec > 15MeV)

fast neutron veto delay within (-200,-200)us of FN cluster 
(high PSD, Erec > 0.25MeV)

fiducial (along z) veto within outermost layer of segments 
(14cm)



Two major approaches to calculate spectrum: 
 
 
 
 
 
1. Ab-initio 

• sum the spectrum from thousands of beta 
branches using nuclear databases 

• databases incomplete and large uncertainties  

2.  Beta conversion  
• empirical measurements of beta spectra for 

each isotope (foils, 1980’s) 
• fit with ‘virtual branches’ and converted to 

antineutrino spectra 
• avoids messy beta branch physics 
• Huber model most modern, popular  

Phys. Rev. C 85, 029901 (2012)

Modeling the antineutrino energy spectrum

predicting reactor spectra is complicated and uncertainties are currently large
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Spectrum

Spectral Structure of Electron Antineutrinos from Nuclear Reactors

D. A. Dwyer*

Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

T. J. Langford†

Yale University, New Haven, Connecticut 06520, USA
(Received 18 September 2014; published 7 January 2015)

Recent measurements of the positron energy spectrum obtained from inverse beta decay interactions
of reactor electron antineutrinos show an excess in the 4 to 6 MeV region relative to current predictions.
First-principles calculations of fission and beta decay processes within a typical pressurized water reactor
core identify prominent fission daughter isotopes as a possible origin for this excess. These calculations
also predict percent-level substructures in the antineutrino spectrum due to Coulomb effects in beta decay.
Precise measurement of these substructures can elucidate the nuclear processes occurring within reactors.
These substructures can be a systematic issue for measurements utilizing the detailed spectral shape.

DOI: 10.1103/PhysRevLett.114.012502 PACS numbers: 28.41.-i, 14.60.Lm, 14.60.Pq, 23.40.-s

Determination of the mixing angle θ13 required a new
generation of reactor antineutrino experiments with unprec-
edented statistical precision [1–3]. The Daya Bay and
RENO experiments have each detected ∼106 reactor ν̄e
interactions [4,5]. Proper characterization of the ν̄e energy
spectrum emitted by nuclear reactors is important for
such measurements of neutrino properties. The standard
approach uses measured energy spectra of the β− from
beta decay to estimate the corresponding ν̄e emission. Here
we refer to this method as “β− conversion.” For a single
measured β− decay spectrum, the corresponding ν̄e spec-
trum can be predicted with high precision. In the 1980s,
foils of the fissile isotopes 235U, 239Pu, and 241Pu were
exposed to thermal neutrons from the ILL reactor, and
the cumulative β− spectra of the fission daughters were
measured [6–8]. More recently, a similar measurement was
made for 238U [9]. The fission of these four main parent
isotopes represent>99% of reactor νe emission. Given that
each measured β− spectrum is composed of thousands of
unique beta decays, the conversion must be done en masse.
This introduces uncertainties of a few percent in the
corresponding prediction of the cumulative νe spectra.
Detailed descriptions of such calculations can be found
in Refs. [10–12]. A recent study suggested that the
uncertainties in converting the β− spectrum to the νe
spectrum may have been underestimated due to shape
corrections for forbidden beta decays [13].
In this Letter, we discuss an alternative calculation of

the νe spectrum based on nuclear databases. This ab initio
approach relies on direct estimation of the νe spectrum from
the existing surveys of nuclear data. This method suffers
from rather large uncertainties in our knowledge of the
fission and decay of the >1000 isotopes predicted to be
present in a nuclear reactor core. Despite these uncertainties,
we find that an ab initio calculation involving no fine-tuning

predicts an excess of νe ’s with Eν̄ ¼ 5–7MeV relative to the
β− conversionmethod. Recent measurements of the positron
energy spectra from νe inverse beta decay (ν̄e þ p →
eþ þ n) show a similar ∼10% excess from 4 to 6 MeV,
consistent with the kinematic relationship Eν̄ ≃ Eeþþ
0.8MeV. We also observe substructures at the level of a
few percent in the calculated energy spectra, which are diffi-
cult to demonstrate from the β− conversion method. These
substructures are due to discontinuities introduced by the
Coulomb phase space correction in the νe spectrum of each
unique decay branch. Precise measurement of these substruc-
tures could provide a unique handle on the nuclear processes
occurringwithin a reactor. If not properly accounted for in the
model, these substructures can present a systematic problem
for measurements relying on the high-resolution features of
the reactor νe energy spectrum, for example [14,15].
Calculation of the νe spectrum.—The collective νe

emission from a reactor is due to >1000 daughter isotopes
with >6000 unique beta decays. The ab initio method of
calculating the νe spectrum follows that presented in
Refs. [13,16,17]. The total νe spectrum is the combination
of many individual beta decay spectra SijðEνÞ,

SðEν̄Þ ¼
Xn

i¼0

Ri

Xm

j¼0

fijSijðEν̄Þ: ð1Þ

The equilibrium decay rate of isotope i in the reactor core is
Ri. The isotope decays to a particular energy level j of the
daughter isotope with a branching fraction fij.
For the fission of a parent nucleus A

ZNp, the probability of
fragmenting to a particular daughter nucleus A0

Z0Nd is given
by the instantaneous yield. The majority of these fission
daughters are unstable, and will decay until reaching a stable
isotopic state. The cumulative yield Yc

pi is the probability
that a particular isotope A0

Z0Ni is produced via the decay chain

PRL 114, 012502 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

9 JANUARY 2015

0031-9007=15=114(1)=012502(5) 012502-1 © 2015 American Physical Society

Branching Fraction Decay Rate

9

• Two main methods:!

• Ab Initio approach:!

• Calculate spectrum branch-by-branch  
using beta branch databases: 
endpoints, decay schemes!

• Problem: many rare beta branches with 
little information; infer these additions 

• Conversion approach!

• Measure beta spectra directly!

• Convert to νe using ‘virtual beta branches’!

• Problem: ‘Virtual’ spectra not well-defined:  
what forbiddenness, charge, etc. should they have? 

• Devised in 50’s, each method has lost  
and gained favor over the years

Predicting Si(E), Neutrinos Per Fission

Example: Fit virtual beta branches

King%and%Perkins,%Phys.%Rev.%113%(1958)
Carter,%et#al,%Phys.%Rev.%113%(1959) Schreckenbach,%et%al,% 

Phys%LeA%B160%(1985)

Conversion Approach

Dwyer & Langford, PRL 114 012502 (2015)



Designing the segments: PROSPECT-20
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20 liters

Filling with scintillator

Coupling

Different configurations

First test of realistic geometry: 
• experience working with 6Li-loaded 

liquid scintillator 
•  type of reflectors: specular 
• type of coupling: coupled 

(technically easier) 
• readout: double-ended PMT 
• light guide: yes! 
• @ HFIR site for background studies

Winston cones

PROSPECT: JINST 10 P11004 (2016)



nLi

Demonstrating performance: PROSPECT-50
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Constructing inner detector

PROSPECT: JINST 13 P06023 (2018)

Borated polyethyleneCalibration drive

Radioactive
source 

deployment tube

Lead

Pinwheels

PMT
optical

modules

Acrylic
tank Optical injection point

Optical separator

Aluminum
tank

Demonstration of performance and 
testbed for subsystems: 
• optical separators, PMT modules 
• radioactive, optical calibration 
• shielding concept 
•  light collection: 850 PE/MeV 
• resolution (σ): 4% @ 1MeV 
• PSD: excellent separation 
• multi-segment background studies

252Cf source



Construction of PROSPECT complete!

first optical module!

birdseye view secondary containment outer shield test

lots of channels = lots of cables
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… that was quick!

finished detector component construction in 1 year 
component construction to installation ~16 months

online in Spring 2018!
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Nov
2016

Feb
2018

Nov 
2017

COMPONENT CONSTRUCTION (PMTS, REFLECTORS, …)

ASSEMBLY

DRY 
COMMISSIONING

INSTALLATION

WET 
COMMISSIONING



Impacts of sterile neutrinos

Steriles indicate new physics and will have a profound effect on future experiments. 
We need definitive short-baseline experiments that don’t rely on predictions!

Of course, the addition of a each sterile state adds a set of new parameters to the 
mixing framework. What is the practical effect?

An eV-scale sterile would impact: 

• long-baseline experiments measuring 
CP violation, especially at large 
mixing angles has dramatic effect 

• neutrinoless double beta decay 
observing Majorana neutrinos, 
allowed regions are greatly changed

DUNE response to steriles

0𝜈𝛽𝛽 response to steriles

Giunti & Zavanin, JHEP 1507 (2015)
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Steriles with IceCube
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adapted from IceCube: PRL 117, 071801 (2016)

PROSPECT 3yr, 3σ
IceCube 1yr, 99%

Complimentary space, 
different channels



Gosgen spectral deviation

Re-evaluation (2018) of Gosgen(1980’s) experiment also showed a bump in 4-6 MeV region 
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Gosgen (Combined) 
RENO

arXiv:1807.01810



Bugey 3
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• similar to PROSPECT detector technology 
• baselines15, 40, 95 m 
• Li-6 loaded PSD capable liquid scintillator 
• optically segmented 
• no oscillations with absolute or relative analyses 
• LiLS degraded over time 
• ~15% dead volume (as opposed to ~4% for PROSPECT)



Lithium-loaded liquid scintillator (LiLS) development

developed novel LiLS with excellent light yield, PSD, and neutron capture capabilities

Ton-Scale Production (same as last) 
•  Self-production to ensure 

•  Cleanness 
•  Purification applied 
•  Characterization and QA/QC 
•  Continuation for future large 

production (Far detector) 
•  Commercial production reactor available 

•  10-L prototype deployed and tested 
•  50-L baseline (expandable to 100-L)  

•  Easy to install and QA/QC instruments 
ready 

BNL MYeh 11 
(n,Li)

Novel scintillator cocktail:
• PSD LiLS that is non-toxic, non-flammable 
• extensive studies with LAB, Ultima Gold 
• EJ-309 gave best light yield, PSD 

Scintillator specs (PROSPECT-0.1):
• Light YieldEJ-309 = 11500 ph/MeV 
• Light YieldLiLS, measured = 8200 ph/MeV 
• prominent neutron capture peak in LiLS 
• PSD FOM at (n, Li) is 1.79 
• energy resolution (σ/E) of 5.2% at 0.6MeVee

Cf-252

Co-60
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Calibration system
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• motorized source deployment system 
between segments 

• no optical effect of source deployment 

• 35 positions throughout detector, 
calibrate individual segments and full 
detector 

• mm-precision source positioning 

• gamma calibration for energy scale 
and reconstruction 

• Cf252 neutron source for efficiency 
calibration and neutron transport 

• optical calibration of every segment 
with laser via optical fibers 

Source Decay [keV]
22Na e+ -> 511 γ, 1274 γ
60Co 1173 γ, 1332 γ
137Cs 662 γ
68Ge e+ -> 511 γ
252Cf Spontaneous fission -> n

example capsule



Time dependence of cosmogenic backgrounds
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• correlation between cosmogenic backgrounds and atmospheric pressure 

• measure correlation during reactor off time, and use it to correct 
background subtraction during reactor on

PRELIMINARY



Building chi2
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Measured L/E ratio
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PRELIMINARY



Segments included in oscillation analysis
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• a small number of PMTs have displayed current instabilities 
• evenly distributed across baselines 
• cause under investigation, these channels have been turned off out of caution 
• efficiency impact on neighboring segments taken into account  
• high-segmentation and large target mass limits impact on physics analyses
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Total active fiducial volume:  1691 liters

Liquid ScintillatorAntineutrino Detector Performance

Liquid ScintillatorPROSPECT 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 ScintillatorStability of Antineutrino Detector Response 

Liquid ScintillatorAntineutrino Detector Self-Calibration 

Liquid ScintillatorUniformity of Antineutrino Detector Response 

Liquid ScintillatorSignal and Background Characteristics

ConclusionsConclusions

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, 117.5x14.6x14.6cm3

• 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

Range of Motion

Optical 
Segments

Passive 
Shielding

Movement 
Chassis

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

Response Calibration
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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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Accidental Background
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tcap = 47 µs

Neutron Capture Time

The prompt-delayed 
event separation time 
for IBD candidates 
exhibits the expected 
exponential behaviour
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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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650 +/- 50 IBD Candidates 
24hr Reactor On and Off

Correlated
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Atmospheric 
Pressure

Fast Neutron + (n,6Li) Events
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