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• Reactor Inverse Beta Decay with organic scintillator

• Example experiments: Daya Bay and PROSPECT

• Time Scales of IBD detection

• Application of LAPPD technology to IBD-detectors
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Reactor Antineutrino Detection
Reactor antineutrino

Threshold: neutrinos with E < 1.8 MeV 
are not detected

Disappearance experiments

inverse beta decay  
νe + p → e+ + n

Source Detection
Pure νe from β-decays 
of n-rich fission products

> 99.9% of νe are produced by fissions 
in 235U, 238U, 239Pu, 241Pu

12/13/15 Ke Han, Yale University 4

Li loaded liquid scintillator (LiLS) with pulse shape discrimination (PSD)

• Inverse beta decay (IBD) prompt 
signal followed by delayed neutron 
capture.

• Localized signal events in LiLS
detector segments

• PSD strongly suppresses cosmogenic
correlated and reactor-induced 
uncorrelated backgrounds

prompt signal: 1-10 MeV 
positron from inverse beta 
decay
delay signal: 0.6 MeV signal 
from neutron capture on 
6Li; 40μs delayed

IBD-like

accidental 
gammas

fast neutron

e+
n
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Napolitano: Sterile Neutrinos at Reactors UMass AFCI 14-16 Dec 2015

Nuclear Power Plant Reactors

7

Daya Bay, et.al., use “Near+Far” for oscillations, but…

• Nuclear fuel 
evolution 
uncertainty

• Relatively 
large size of 
reactor core

FIG. 7 (color online). Left: Approximate size and shape of fuel distribution in five reactors including the U.S. research reactors ATR,
NIST, and HFIR. SONGS is a conventional power reactor, for comparison. Right: Relative event probability versus neutrino path
lengths for several finite-sized reactor cores and a pointlike detector horizontally displaced from the vertical midpoint of each reactor at
a distance of r ¼ 10 m.
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FIG. 8 (color online). Left: Geometries, cross sections, and path lengths for a cylindrical reactor core and pointlike detector.
Right: Corresponding path length spreads for a 1-m cylindrical core. The differences in path length spreads contributed by the circular
horizontal dimensions and the rectangular vertical dimensions of the core are a small correction on top of the overall magnitude of the
spread, which is defined by the overall core size.

FIG. 9 (color online). Variations in the discovery potential of the nominal reactor experiment with a half-height core of various radii
(left) and core geometries (right). The overall spread in neutrino path lengths is dominated by the overall dimensions of the core.

EXPERIMENTAL PARAMETERS FOR A REACTOR . . . PHYSICAL REVIEW D 87, 073008 (2013)

073008-9

(Research)

• Hard to get within meters of 
the reactor core 

• Restricted information and 
no control over source
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(Research)

• Hard to get within meters of 
the reactor core 

• Restricted information and 
no control over source

• Reactors produce ~1020 neutrinos/s

• Pure source of anti-electron neutrinos 

• Compact sources available (research reactors) 

• E𝜈 ~ 0-12 MeV, Ideal for detection via Inverse Beta Decay 

• Currently have anomalies that need fixing! 

• Liquid organic scintillator detectors

• Source of protons for IBD 

• Light production ~104 ph/MeV 

• ~420nm peak emission wavelength 

• Loaded with neutron capture agent (Gd, Li) for coincidence tagging
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Reactor Anti-Neutrino Anomalies
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Recent anomalous results in the 
measured flux and spectrum exist

• 5% flux deficit
• Bump: 10% local spectral deviation 
• Indication of new physics?

Flux Deficit

Reactor Anomaly

Spectral Anomaly

Daya Bay - arXiv:1508.04233

Daya Bay - arXiv:1508.04233Daya Bay Exclusion

Global Best Fits
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Figure 6: Antineutrino detector.

uncertainty due to backgrounds. A Daya Bay AD has a ratio of GdLS target mass to total liquid mass of 26%, higher
than similar experiments, such as Double Chooz or RENO. Radioactive background rates are reduced su�ciently to
render systematics in accidental background subtraction negligible in the near/far oscillation analysis.

Reflectors above and below the OAV direct scintillation light towards the PMTs improving the energy resolution
and uniformity. Mounted on the SSV lid are three automated calibration units (ACUs) which can position radioactive
calibration sources or LED pulsers at di↵erent positions in the GdLS and LS volumes. The ACUs and liquid volumes
are connected by calibration tubes. The central calibration tubes also connect the GdLS and LS volumes to concentric
overflow tanks on the SSV lid. All gas spaces above the overflow tanks were continuously purged with dry nitrogen
from a cover gas system [20].

The eight ADs were built above ground in pairs and then moved below ground for filling. GdLS, LS, and MO
were pumped simultaneously into an AD as needed while keeping the relative liquid levels within 10 cm of each other.
The liquid levels were then topped up to fill the overflow tanks to about 1/3 capacity.

Although the nominal pair-wise production and assembly plan should have resulted in an orderly association of
the first SSV with the first IAV and first OAV, this pattern and the orderly placement of ADs into the halls was quickly
broken by practical schedule considerations. The first SSV needed extra work to obtain a suitably smooth finish in the
O-ring grooves and was used in AD3. The second IAV pair hold-down tabs and calibration ports were mis-aligned,
necessitating complimentary changes in the last pair of OAVs. IAV3 was damaged during an annealing accident and
was replaced by IAV9. To obtain the earliest physics data, it was decided to run with only 6 ADs spread over the three
experimental halls. The AD naming scheme and major components of each AD are shown in Table 3.

Control of radioactive backgrounds was achieved by strict control of all materials used in the AD and of all
procedures used during assembly and construction. Details for individual parts can be found in the related section.

4.1. Stainless Steel Vessel
The stainless steel vessels (SSV) are 5000 mm high, 5000 mm diameter cylinders with 12 mm thick low radioac-

tivity stainless steel walls. The external walls are strengthened by 12 mm thick internal ribs. Each SSV(dry) weighs
about 24 ton (with an inner volume of ⇡95 m3. Figure 7 shows the structure of the barrel and lid. When loaded with
the acrylic vessels, PMTs, and liquids, an AD weighs ⇡112 tons. Deformations and mechanical strength for the SSV
vessel were thoroughly studied using Finite Element Analysis (FEA) code to insure that the design had the required
safety factor when a filled SSV was picked up and lowered onto its support stands or when the lid was submerged
under 2.5 m of the water. SSVs were constructed in pairs by the Guangdong Shanfeng Chemical Machinery Co. LTD.
A SSV barrel was welded together from three subsections: a bottom section including bottom ribs, a top section with
a top flange, and a middle barrel section.
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Daya Bay

Figure 30: The partially filled far hall water pool containing three ADs is shown. Inner Water Shield (IWS) PMTs are visible above and below
the water line. Outer Water Shield (OWS) PMTs are hidden beneath the white TyvekT M sheets separating the IWS and OWS. Previously installed
RPC arrays are rolled into the RPC garage area on the top-right to provide access to the water pool. Two sets of telescope RPCs are mounted on
the hall walls as shown.

reflector. The radial position of the three PMT pairs was chosen to be 370.5, 1790.0, and 2150.0 mm, to look into the
GdLS target, LS gamma catcher, and MO liquid zones. The attenuation length of the liquids can be monitored by the
ratio of the charge collected by the top and bottom PMTs with a mono-energetic calibration source deployed in the
AD.

6. Water pool and Muon Detectors

The photograph in Fig. 30 shows a partially filled water pool in the far experimental hall and the major components
of the water pool and muon systems. The highly purified water attenuates environmental background radiation while
allowing the detection of cosmic muons via Cerenkov radiation. Two groups of PMTs monitor the water pool and
detect muons. White TyvekT M sheets mounted on stainless steel Unistrut frames separate the pool into two regions.
The central region, containing the ADs, has inward facing PMTs and is designated as the Inner Water Shield (IWS).
A 1m-thick Outer Water Shield (OWS) forms an open shell around the IWS (except for the top). Rolled o↵ to the
top right side of Fig. 30 is an array of modules, each containing four layers of resistive plate chamber (RPCs), which
provide additional muon detection. Two modules of RPCs are mounted on the hall walls to provide a subset of
muons with well measured angular parameters. Not seen is the black rubberized cover supported by cables which is
pulled over the water pool after filling. Nitrogen gas flows beneath the cover to reduce the intrusion of radon which
is commonly found in underground granite environments. Detailed descriptions of the muon and water purifying
systems can be found in [15] and [16].

6.1. Water system
The antineutrino detectors are surrounded by more than 2.5-meter of water shielding in all directions reducing

backgrounds from rock radioactivity by nearly a factor of 106. The e↵ectiveness of the water shield can be clearly
seen in Fig. 31 which shows the reconstructed position of background hits within an AD when the water pool was
about 1/2 full. Backgrounds below the water level are strongly suppressed.

The near (far) experimental halls contain nearly 1250 tons (2000 tons) of highly purified water with an optical
attenuation length of about 40 m at 420 nm (based on indirect studies [15]). Producing and maintaining this water
are several water processing systems. A central treatment system in the Water Hall (WH) produces ultra-pure water
from the city supply for filling and topping o↵ the muon pools. Polishing systems, located in utility rooms of each
experimental hall, recirculate 5-8 m3 of water per hour. Pool water passes through 1 and 0.1 micron filters, a degasser,
heat exchanger, and is exposed to UV at 185 and 254 nm to sterilize any biological contanimants. The water is returned
to the pool at 22.7oC with a resistivity of 18.2 M⌦-cm and  10 ppb dissolved oxygen. Radon levels measured after
polishing in the polishing station are between 30 � 50 Bq/m3 [15].

33

Figure 1: Layout of the Daya Bay experiment. The dots represent reactor cores.Each pair of cores forms a Nuclear Power Plant (NPP). The three
NPPs, Daya Bay, Ling Ao, and LingAo II are between the Daya Bay coast and 400 m high mountains inland. Eight antineutrino detectors (ADs)
were installed in three experimental halls (EHs). Additional halls were used for filling the detectors (LS Hall) or processing the water (Water Hall)
for the experimental hall water pools. The ADs were assembled in the Surface Assembly Building (SAB) before being moved underground. Not
shown are surface support buildings adjacent to the SAB containing the control room, electrical and ventilation utilities.

where Np,f and Np,n refer to the numbers of target protons at the far and near sites, and Lf and Ln are the distances
of the far and near detectors from the reactor core. The ratio of the detector e�ciencies (✏f/✏n) can be determined
more precisely than the individual e�ciency. The near-far relative measurement cancels nearly all reactor-related and
detector-related systematic errors.

The Daya Bay experiment uses eight antineutrino detectors (ADs) to monitor 6 nuclear reactor cores. To minimize
e�ciency di↵erences between the near and far detectors, interchangeable ADs of identical design were built and
assembled above ground using standardized procedures. Built in pairs, antineutrino detectors were filled with liquid
scintillator within eight days of each other to further minimize possible di↵erences in performance.

This paper describes all of the Daya Bay detector systems. After a brief overview of the experimental layout in
Section 2, the construction, assembly and installation of the detectors are presented in Section 3. Sections 4 and 5
describe the antineutrino detector system and calibration. The muon detector system overview is given in Section 6
followed by a description of the data acquisition system in Section 7 and o✏ine computing in Section 8. Several years
of calibration and antineutrino data measure detector performance over time and allow comparisons of the ADs in
Section 9.

2. Experimental Layout

As depicted in Fig. 1, the Daya Bay reactors are arranged in three pairs of reactor cores spread over nearly 2 km
of coastline in southern China. Each pair of cores is designated a Nuclear Power Plant (NPP). Experimental Hall 1
(EH1) measures the antineutrino rate and spectrum primarily from the DYB NPP. Similarly, EH2 measures the rate
and spectrum primarily from the LingAo and LingAoII NPPs. These near sites are positioned as close to the reactor
cluster as possible, given constraints on the desired overburden and rock condition. A single far experimental site was
determined from a multi-parameter optimization of desired baselines for maximum oscillation sensitivity given the
mountain profile and rock quality [10]. The water equivalent overburden and simulated muon rate and average muon
energy at each site are listed in Table 1.

Daya Bay deploys two ADs in each near hall and four ADs in the far hall. Multiple, functionally identical, movable
detectors are unique to the Daya Bay experiment. Dividing the target mass in each hall into standard units, built above
ground, allowed the construction and assembly of the antineutrino detectors to proceed in parallel with preparation of
the experimental halls, considerably reducing the total project time. The large total target mass at the far hall enables
the unprecedented statistical precision of the Daya Bay experiment. Side-by-side comparisons between detectors at
the near sites cross check calculations of relative detector e�ciencies to better than 0.2%.
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• Large single volume detectors 
• 192 PMTs, detect few PE each 
• Far from reactor, ~point detector
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FIG. 11. (a) Model of AD-I for Phase I at HFIR. (b) A cutaway diagram of the AD-I. (c) The unit segment structure. (d) Inner
and outer dimensions of the AD-I.

e++n. The positron carries most of the ne energy and
makes a prompt energy signal in the LS. The neu-
tron thermalizes before capture on 6Li or hydrogen,
producing a delayed signal ⇠40 µs later. 6Li doping
was chosen as its decay products produce easily rec-
ognized, localized energy depositions in pulse shape
discrimination-capable LS. This time-correlated signa-
ture of a gamma-like prompt signal and a neutron-
capture-like delayed signal is extremely effective at
nearly eliminating randomly time-coincident (acciden-
tal) backgrounds.

The optical separators divide the total active volume
(⇠3000 l) into 120 individual segments (Fig. 11) provid-
ing baseline and event topology information indepen-
dent of light transport and timing. Each segment shares
optical separator panels and hollow support rods with
its nearest neighbors and is read out at both ends by
photomultiplier tubes (PMTs). Space constraints have
largely determined the designed segment length, while
cross-section dimensions are constrained by the physi-
cal dimensions of the PMTs and their housing assem-
blies. To maintain LiLS compatibility, the PMT and its
voltage divider are housed inside a polycarbonate mod-
ule with a light guide for optical coupling. Modules are
bolted together (10 high ⇥ 12 long) to form a support
structure for the optical separator array. The separator
panels and corner rods are designed to minimize in-
active material and amount to 1.8% of the total target
mass. This is significantly less than earlier experiments
such as Bugey 3 (15.5% inactive mass) [68]. A carefully
selected subset of the support rods house either optical
fibers or tubes containing movable radioactive sources
to calibrate segment energy response and timing. Ca-
bles, fibers, and calibration tubes are routed to the top
surface, and this inner detector structure is inserted into
a sealed acrylic single-volume LiLS containment vessel
that isolates the inner detector from outside moisture
and oxygen. All space between PMT modules is filled
with LiLS. The inactive LiLS not viewed by PMTs acts
as additional passive shielding and totals ⇠300 l.

The PROSPECT LiLS has been developed over several

years to exhibit the light yield and pulse shape discrim-
ination (PSD) required for the experiments physics (en-
ergy resolution) and background rejection (PSD) goals
(Sec. IV D 2). Enriched 6Li, fluors (PPO) and wavelength
shifter (bis-MSB) are added to a commercial scintillator
base (EJ-309, Eljen Technologies [69]). Prototype studies
in a 20 l, 1 m-long, test detector have demonstrated that
a detected light yield of 6500 photons per MeV and a
bulk attenuation length of 4 m are achievable, leading
to an energy resolution of better than 4.5%/

p
E. The

excellent PSD performance demonstrated in Sec. IV D 3
enables cuts preserving 99.9% of the (n,Li) signal while
rejecting the same fraction of g-ray events.

Detailed simulations based on measured back-
grounds at HFIR and performance of prototypes
indicate that PROSPECT can achieve and exceed
the required signal-to-background performance of 1:1
(Fig. 20). Further details are given in Sec. V.

For Phase II, a second antineutrino detector, AD-
II, would be installed just outside the HFIR reactor
building covering baselines from 15–19 m. The detec-
tor features an increased volume of O(10 tons), while
maintaining the same segmentation as AD-I. By us-
ing identical segment geometries, systematic uncertain-
ties related to relative detector efficiency can be better
controlled and confidence in the projected background
rejection is increased. The active detector would be
shielded by ⇠0.75 m of steel and 1 meter of polyethey-
lene or water (nearly 5 m of water equivalent mass) to
reduce cosmogenic backgrounds. Simulations predict a
signal-to-background ratio of about 3.0, comparable to
the closest AD-I position from the reactor core.

C. Calibration Strategy

The segmented AD-I design incorporating hollow
support rods will allow extensive access to the full AD-I
volume for routine calibration using optical fibers or re-
tractable radioactive sources (Fig. 12). LiLS light trans-
mission, PMT gain, and PMT timing will be calibrated
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The optical separators divide the total active volume
(⇠3000 l) into 120 individual segments (Fig. 11) provid-
ing baseline and event topology information indepen-
dent of light transport and timing. Each segment shares
optical separator panels and hollow support rods with
its nearest neighbors and is read out at both ends by
photomultiplier tubes (PMTs). Space constraints have
largely determined the designed segment length, while
cross-section dimensions are constrained by the physi-
cal dimensions of the PMTs and their housing assem-
blies. To maintain LiLS compatibility, the PMT and its
voltage divider are housed inside a polycarbonate mod-
ule with a light guide for optical coupling. Modules are
bolted together (10 high ⇥ 12 long) to form a support
structure for the optical separator array. The separator
panels and corner rods are designed to minimize in-
active material and amount to 1.8% of the total target
mass. This is significantly less than earlier experiments
such as Bugey 3 (15.5% inactive mass) [68]. A carefully
selected subset of the support rods house either optical
fibers or tubes containing movable radioactive sources
to calibrate segment energy response and timing. Ca-
bles, fibers, and calibration tubes are routed to the top
surface, and this inner detector structure is inserted into
a sealed acrylic single-volume LiLS containment vessel
that isolates the inner detector from outside moisture
and oxygen. All space between PMT modules is filled
with LiLS. The inactive LiLS not viewed by PMTs acts
as additional passive shielding and totals ⇠300 l.

The PROSPECT LiLS has been developed over several

years to exhibit the light yield and pulse shape discrim-
ination (PSD) required for the experiments physics (en-
ergy resolution) and background rejection (PSD) goals
(Sec. IV D 2). Enriched 6Li, fluors (PPO) and wavelength
shifter (bis-MSB) are added to a commercial scintillator
base (EJ-309, Eljen Technologies [69]). Prototype studies
in a 20 l, 1 m-long, test detector have demonstrated that
a detected light yield of 6500 photons per MeV and a
bulk attenuation length of 4 m are achievable, leading
to an energy resolution of better than 4.5%/

p
E. The

excellent PSD performance demonstrated in Sec. IV D 3
enables cuts preserving 99.9% of the (n,Li) signal while
rejecting the same fraction of g-ray events.

Detailed simulations based on measured back-
grounds at HFIR and performance of prototypes
indicate that PROSPECT can achieve and exceed
the required signal-to-background performance of 1:1
(Fig. 20). Further details are given in Sec. V.

For Phase II, a second antineutrino detector, AD-
II, would be installed just outside the HFIR reactor
building covering baselines from 15–19 m. The detec-
tor features an increased volume of O(10 tons), while
maintaining the same segmentation as AD-I. By us-
ing identical segment geometries, systematic uncertain-
ties related to relative detector efficiency can be better
controlled and confidence in the projected background
rejection is increased. The active detector would be
shielded by ⇠0.75 m of steel and 1 meter of polyethey-
lene or water (nearly 5 m of water equivalent mass) to
reduce cosmogenic backgrounds. Simulations predict a
signal-to-background ratio of about 3.0, comparable to
the closest AD-I position from the reactor core.

C. Calibration Strategy

The segmented AD-I design incorporating hollow
support rods will allow extensive access to the full AD-I
volume for routine calibration using optical fibers or re-
tractable radioactive sources (Fig. 12). LiLS light trans-
mission, PMT gain, and PMT timing will be calibrated

• Compact, segmented detector  
• Two PMTs detect 1000s of PE each 
• Near reactor, 15cm position resolution

16

13 cm

(a)

(b)

(c)

FIG. 16. Prototype detectors and shielding installed at the HFIR experimental location. (a) The PROSPECT-2 prototype within a
partially assembled polyethylene and lead shield. (b) The PROSPECT-20 prototype with internal reflectors added after operation
at HFIR. (c) The PROSPECT-20 shielding enclosure at HFIR.

FIG. 17. (Top) Time separation between prompt and delayed
signals (black) for reactor-off operation of PROSPECT-20 with
different analysis cuts applied: delay energy (red), fast neu-
trons (blue), and IBD-like (purple). (Bottom) Comparison
of PROSPECT-20 IBD-like event prompt energy spectra with
HFIR on (black) and off (red).

shield of water bricks [76], High Density Polyethy-
lene (HDPE), 5% borated HDPE and lead with a total
volume nearly 1/4 that of the proposed AD-I design
(Fig. 16).

Data have been collected over nine months through
multiple reactor cycles. Analysis cuts were developed

to isolate IBD-like events and elucidate the event types
that produce background at this location. The time sep-
aration (Fig. 17 top) spectrum between prompt and de-
layed signals is dominated by a random background
that is constant in time, but also exhibits an exponen-
tially decaying time-correlated component consistent
with that observed for correlated particle processes that
terminate in a neutron capture. IBD is one such process
(prompt e+ followed by neutron capture), as are corre-
lated backgrounds due to fast neutron recoil followed
by capture or capture of multiple spallation neutrons.

Application of a simple energy cut around the (n,Li)
capture peak for the delayed signal in an event pair re-
duces the random component by a factor of 2.8, demon-
strating, in part, the utility of LiLS for a compact de-
tector. Applying selections based upon PSD provides
further information: requiring that the prompt signal
fall in the neutron recoil band (blue curve in Fig 17) in-
dicates that the majority of time-correlated background
events in PROSPECT-20 are due to fast neutron recoil
followed by capture. Finally, applying selections con-
sistent with IBD events (prompt PSD in g-like band,
delayed signal in (n,Li) energy and PSD region) re-
duces the initial coincidence rate by a factor of 55 and
reveals the IBD-like background to be dominated by
time-correlated pairs (magenta curve). Accidental coin-
cidences due to reactor-produced g-rays following this
selection are minimal due to the selectivity of the 6Li
neutron capture signature and targeted shielding ap-
plied to background “hot-spots” at HFIR. Comparison
of IBD-like event energy spectra with the reactor on and
off (Fig. 17 bottom) indicates that IBD-like backgrounds
are cosmogenic and that reactor generated backgrounds
are negligible.
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PROSPECT Experimental Plan
Physics Goals:
• Search for short baseline 𝜈e oscillations using detector 

segmentation 
• Distortions in energy spectrum that vary with baseline 

• Measure 235U antineutrino spectrum to illuminate the “Bump”

Experimental Strategy:
• Phase 1:  

• Sterile neutrino search, cover 
best fit region at 3𝜎 in 1 year 

• Measure 235U spectrum with 
100k events/year 

• Phase 2: World-leading short 
baseline sensitivity 

Challenges:
• Minimal overburden, cosmogenic 

backgrounds 
• Reactor-related backgrounds 

• High energy (≲10MeV) gammas

Reactor 
Core

Reactor 
Shield

Phase 1 Near 
Detector

HFIR at ORNL

Phase 2 Far 
Detector

~15-20m

7m
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IBD-like FN-like

Accidental-like

Li loaded liquid scintillator (LiLS) with pulse shape discrimination (PSD)

• Inverse beta decay (IBD) prompt 
signal followed by delayed neutron 
capture.

• Localized signal events in LiLS
detector segments

• PSD strongly suppresses cosmogenic
correlated and reactor-induced 
uncorrelated backgrounds

prompt signal: 1-10 MeV 
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delay signal: 0.6 MeV signal 
from neutron capture on 
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PROSPECT IBD Detection
(n,Li)

n-recoil

e-recoil

252Cf

• Segmented detector, >500pe/MeV in two PMTs 

• Coincidence of 𝛽+ and neutron capture 

• Pulse shape discrimination on prompt and delay 
events  

• Separates IBD-like events from backgrounds 

• (n,6Li) capture is localized, consistent light output

Li loaded liquid scintillator (LiLS) with pulse shape discrimination (PSD)

• Inverse beta decay (IBD) prompt 
signal followed by delayed neutron 
capture.

• Localized signal events in LiLS
detector segments

• PSD strongly suppresses cosmogenic
correlated and reactor-induced 
uncorrelated backgrounds
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delay signal: 0.6 MeV signal 
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From short to long 

PMT SPE width: ~3ns 

Scintillation time: ~3.5ns fast component, 
100ns slow component (EJ-309) 

Positron annihilation gamma interaction 
time: <4ns 

Optical photon transport time: ~5-10ns 

Fast neutron interaction time: 50ns 

Neutron capture coincidence: ~30-40𝜇s 
lifetime

8

IBD Time Scales 

2015 JINST 10 P11004

component is similar between the two setups, there is a significant broadening in the fast com-
ponent of the signal, presumably due to dispersion resulting from the larger range of propagation
lengths in the larger geometry. This difference highlights the need to quantify PSD performance in
elongated scintillator cells, and to optimize PSD metric calculations specifically for differing cell
geometries.
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Figure 2. Template pulses derived by averaging signals from neutron and gamma interactions in a 100-
milliliter cell of EJ-309 (left) and the test detector (right). Though the large-volume pulses have been broad-
ened by geometric effects, significant PSD discrimination capability is retained. Small features are present
in the tails of each template due to slight impedance mismatches between cables.

As a measure of PSD performance, the figure-of-merit (FOM) is determined by fitting the PSD
distribution with two Gaussians and extracting the means (µ) and full width half maxima (FWHM):

FOM =
µ2�µ1

FWHM1 +FWHM2
. (3.1)

For each experimental setup, optimization of the PSD metric is performed by incrementing through
a series of integration ranges. The integration region that provides the best FOM is selected for use.
The moderately non-Gaussian behavior of PSD distribution tails produces some instability in fit
widths, resulting in a 5% fitting uncertainty in the PSD FOM. We also note that the re-optimization
of PSD FOM produces differing PSD peak values for configurations of widely differing PE yields.

4 Performance demonstration with the default configuration

We now consider what we have designated the ‘default’ test detector configuration. All other tested
configurations described in the paper differ from this default configuration in only one well-defined
design aspect. This configuration consists of the described acrylic cell and EJ-309 scintillator
accompanied by:

• Double-ended PMT readout with coupled Hamamatsu R6594 PMTs.

• Un-coupled 3M ESR specular reflectors covering the entire exterior of all four cell sides.

• Un-coupled 3M ESR specular reflectors covering the sides of the cylindrical PMT optical
coupler.

• CAEN 1730 waveform digitizer.

– 8 –
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• IBD positron and 511s interact in < 4ns 

• Fast neutrons take much longer to interact 

• Can separate via fine segmentation, or from fast timing

10

IBDs vs Fast Neutrons
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• IBD positron and 511s interact in < 4ns 

• 511s after IBD, point back in time to single origin 

• High-energy gammas scatter sequentially, separated by ~ns 

• Could be separated via fine segmentation or fast timing

11

IBDs vs BG Gamma
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• Improve ability to resolve individual particle interactions 

• IBD → ≥3 interactions separated by ns, common origin in time 

• Gammas → many interactions separated by ns, with distinct 
ordering of interactions 

• Fast Neutrons → multiple interactions separated by ≥10ns, 
also distinct ordering 

• Potentially separate multiple interactions within one segment 

• Advanced particle ID based upon spacial/timing profile of 
emitted light? 

• Enable use of faster scintillators to improve particle tagging

12

LAPPDs for IBDs
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• Compact packaging decreases dead volume inside detector shielding 
package 

• PROSPECT: 1.2m active length with ~0.5m PMT dead volume 

• Improves efficiency of shielding material for small detectors 

• Flat face simplifies coupling to LS cells without light guides 

• Square cross-section improves coverage of LS cells without efficiency loss 

13

Side Benefits of LAPPDs
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FIG. 11. (a) Model of AD-I for Phase I at HFIR. (b) A cutaway diagram of the AD-I. (c) The unit segment structure. (d) Inner
and outer dimensions of the AD-I.

e++n. The positron carries most of the ne energy and
makes a prompt energy signal in the LS. The neu-
tron thermalizes before capture on 6Li or hydrogen,
producing a delayed signal ⇠40 µs later. 6Li doping
was chosen as its decay products produce easily rec-
ognized, localized energy depositions in pulse shape
discrimination-capable LS. This time-correlated signa-
ture of a gamma-like prompt signal and a neutron-
capture-like delayed signal is extremely effective at
nearly eliminating randomly time-coincident (acciden-
tal) backgrounds.

The optical separators divide the total active volume
(⇠3000 l) into 120 individual segments (Fig. 11) provid-
ing baseline and event topology information indepen-
dent of light transport and timing. Each segment shares
optical separator panels and hollow support rods with
its nearest neighbors and is read out at both ends by
photomultiplier tubes (PMTs). Space constraints have
largely determined the designed segment length, while
cross-section dimensions are constrained by the physi-
cal dimensions of the PMTs and their housing assem-
blies. To maintain LiLS compatibility, the PMT and its
voltage divider are housed inside a polycarbonate mod-
ule with a light guide for optical coupling. Modules are
bolted together (10 high ⇥ 12 long) to form a support
structure for the optical separator array. The separator
panels and corner rods are designed to minimize in-
active material and amount to 1.8% of the total target
mass. This is significantly less than earlier experiments
such as Bugey 3 (15.5% inactive mass) [68]. A carefully
selected subset of the support rods house either optical
fibers or tubes containing movable radioactive sources
to calibrate segment energy response and timing. Ca-
bles, fibers, and calibration tubes are routed to the top
surface, and this inner detector structure is inserted into
a sealed acrylic single-volume LiLS containment vessel
that isolates the inner detector from outside moisture
and oxygen. All space between PMT modules is filled
with LiLS. The inactive LiLS not viewed by PMTs acts
as additional passive shielding and totals ⇠300 l.

The PROSPECT LiLS has been developed over several

years to exhibit the light yield and pulse shape discrim-
ination (PSD) required for the experiments physics (en-
ergy resolution) and background rejection (PSD) goals
(Sec. IV D 2). Enriched 6Li, fluors (PPO) and wavelength
shifter (bis-MSB) are added to a commercial scintillator
base (EJ-309, Eljen Technologies [69]). Prototype studies
in a 20 l, 1 m-long, test detector have demonstrated that
a detected light yield of 6500 photons per MeV and a
bulk attenuation length of 4 m are achievable, leading
to an energy resolution of better than 4.5%/

p
E. The

excellent PSD performance demonstrated in Sec. IV D 3
enables cuts preserving 99.9% of the (n,Li) signal while
rejecting the same fraction of g-ray events.

Detailed simulations based on measured back-
grounds at HFIR and performance of prototypes
indicate that PROSPECT can achieve and exceed
the required signal-to-background performance of 1:1
(Fig. 20). Further details are given in Sec. V.

For Phase II, a second antineutrino detector, AD-
II, would be installed just outside the HFIR reactor
building covering baselines from 15–19 m. The detec-
tor features an increased volume of O(10 tons), while
maintaining the same segmentation as AD-I. By us-
ing identical segment geometries, systematic uncertain-
ties related to relative detector efficiency can be better
controlled and confidence in the projected background
rejection is increased. The active detector would be
shielded by ⇠0.75 m of steel and 1 meter of polyethey-
lene or water (nearly 5 m of water equivalent mass) to
reduce cosmogenic backgrounds. Simulations predict a
signal-to-background ratio of about 3.0, comparable to
the closest AD-I position from the reactor core.

C. Calibration Strategy

The segmented AD-I design incorporating hollow
support rods will allow extensive access to the full AD-I
volume for routine calibration using optical fibers or re-
tractable radioactive sources (Fig. 12). LiLS light trans-
mission, PMT gain, and PMT timing will be calibrated
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discrimination-capable LS. This time-correlated signa-
ture of a gamma-like prompt signal and a neutron-
capture-like delayed signal is extremely effective at
nearly eliminating randomly time-coincident (acciden-
tal) backgrounds.

The optical separators divide the total active volume
(⇠3000 l) into 120 individual segments (Fig. 11) provid-
ing baseline and event topology information indepen-
dent of light transport and timing. Each segment shares
optical separator panels and hollow support rods with
its nearest neighbors and is read out at both ends by
photomultiplier tubes (PMTs). Space constraints have
largely determined the designed segment length, while
cross-section dimensions are constrained by the physi-
cal dimensions of the PMTs and their housing assem-
blies. To maintain LiLS compatibility, the PMT and its
voltage divider are housed inside a polycarbonate mod-
ule with a light guide for optical coupling. Modules are
bolted together (10 high ⇥ 12 long) to form a support
structure for the optical separator array. The separator
panels and corner rods are designed to minimize in-
active material and amount to 1.8% of the total target
mass. This is significantly less than earlier experiments
such as Bugey 3 (15.5% inactive mass) [68]. A carefully
selected subset of the support rods house either optical
fibers or tubes containing movable radioactive sources
to calibrate segment energy response and timing. Ca-
bles, fibers, and calibration tubes are routed to the top
surface, and this inner detector structure is inserted into
a sealed acrylic single-volume LiLS containment vessel
that isolates the inner detector from outside moisture
and oxygen. All space between PMT modules is filled
with LiLS. The inactive LiLS not viewed by PMTs acts
as additional passive shielding and totals ⇠300 l.

The PROSPECT LiLS has been developed over several

years to exhibit the light yield and pulse shape discrim-
ination (PSD) required for the experiments physics (en-
ergy resolution) and background rejection (PSD) goals
(Sec. IV D 2). Enriched 6Li, fluors (PPO) and wavelength
shifter (bis-MSB) are added to a commercial scintillator
base (EJ-309, Eljen Technologies [69]). Prototype studies
in a 20 l, 1 m-long, test detector have demonstrated that
a detected light yield of 6500 photons per MeV and a
bulk attenuation length of 4 m are achievable, leading
to an energy resolution of better than 4.5%/

p
E. The

excellent PSD performance demonstrated in Sec. IV D 3
enables cuts preserving 99.9% of the (n,Li) signal while
rejecting the same fraction of g-ray events.

Detailed simulations based on measured back-
grounds at HFIR and performance of prototypes
indicate that PROSPECT can achieve and exceed
the required signal-to-background performance of 1:1
(Fig. 20). Further details are given in Sec. V.

For Phase II, a second antineutrino detector, AD-
II, would be installed just outside the HFIR reactor
building covering baselines from 15–19 m. The detec-
tor features an increased volume of O(10 tons), while
maintaining the same segmentation as AD-I. By us-
ing identical segment geometries, systematic uncertain-
ties related to relative detector efficiency can be better
controlled and confidence in the projected background
rejection is increased. The active detector would be
shielded by ⇠0.75 m of steel and 1 meter of polyethey-
lene or water (nearly 5 m of water equivalent mass) to
reduce cosmogenic backgrounds. Simulations predict a
signal-to-background ratio of about 3.0, comparable to
the closest AD-I position from the reactor core.

C. Calibration Strategy

The segmented AD-I design incorporating hollow
support rods will allow extensive access to the full AD-I
volume for routine calibration using optical fibers or re-
tractable radioactive sources (Fig. 12). LiLS light trans-
mission, PMT gain, and PMT timing will be calibrated
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Test Platform at Yale

Li-

252Cf(n,Li)

s
PROSPECT-20 Paper arXiv:1508.06575

• PROSPECT-20  
• Stand-alone 23L test cell of 6Li-loaded LS
• 15x15x100cm3 detector
• Square cross-section

• Measured Light collection: 530PE/MeV
• 4.5%@1MeV energy resolution 

• Measured PSD Figure of Merit: 1.4 at (n,Li) capture
• >99.9% background rejection 

• 6” LAPPDs easily coupled to P20 

PMT
LS Cross-sec area: 220cm2 
Photocathode: 95cm2

> 50% coverage
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• New reactor-based inverse beta decay experiments are probing anomalies. 

• Could lead to beyond the SM physics (𝜈s) 

• Surface-based experiments with challenging background environments

• Backgrounds have complicated time structure that is difficult to measure 
with PMTs

• LAPPDs offer superior timing in a compact form-factor

• Provide new ability to eliminate backgrounds based on timing profiles 

• Increase light collection efficiency, decrease shielding, simplify detector 
design

• A platform exists at Yale that is perfect for testing LAPPDs for IBD 
detectors

15

Summary
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Figure 57. Short baseline reactor antineutrino anomaly. The experimental results are compared to the pre-
diction without oscillation, taking into account the new antineutrino spectra, the corrections of the neutron
mean lifetime, and the o↵-equilibrium e↵ects. Published experimental errors and antineutrino spectra errors
are added in quadrature. The mean averaged ratio including possible correlations is 0.927±0.023. As an
illustration, the red line shows a 3 active neutrino mixing solution fitting the data, with sin2(2✓13) = 0.15.
The blue line displays a solution including a new neutrino mass state, such as |�m2

new,R| � 2 eV2 and
sin2(2✓new,R)=0.12, as well as sin2(2✓13) = 0.085.

sensitive of them, involving experts, would certainly improve the quantification of the anomaly.

The other possible explanation of the anomaly is based on a real physical e↵ect and is detailed in
the next section. In that analysis, shape information from the Bugey-3 and ILL published data [391,
448] is used. From the analysis of the shape of their energy spectra at di↵erent source-detector
distances [391, 449], the Goesgen and Bugey-3 measurements exclude oscillations with 0.06 <
�m2 < 1 eV2 for sin2(2✓) > 0.05. Bugey-3’s 40 m/15 m ratio data from [391] is used as it provides
the best limit. As already noted in Ref. [481], the data from ILL showed a spectral deformation
compatible with an oscillation pattern in their ratio of measured over predicted events. It should
be mentioned that the parameters best fitting the data reported by the authors of Ref. [481] were
�m2 = 2.2 eV2 and sin2(2✓) = 0.3. A reanalysis of the data of Ref. [481] was carried out in order
to include the ILL shape-only information in the analysis of the reactor antineutrino anomaly. The
contour in Fig. 14 of Ref. [448] was reproduced for the shape-only analysis (while for the rate-
only analysis discussed above, that of Ref. [481] was reproduced, excludeing the no-oscillation
hypothesis at 2�).

The fourth neutrino hypothesis (3+1 scenario)

Reactor Rate-Only Analysis

The reactor antineutrino anomaly could be explained through the existence of a fourth non-
standard neutrino, corresponding in the flavor basis to a sterile neutrino ⌫s (see [25] and references
therein) with a large �m2

new value.

For simplicity the analysis presented here is restricted to the 3+1 four-neutrino scheme in which
there is a group of three active neutrino masses separated from an isolated neutrino mass, such
that |�m2

new| � 10�2 eV2. The latter would be responsible for very short baseline reactor neutrino
oscillations. For energies above the IBD threshold and baselines below 100 m, the approximated
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• High Flux Isotope Reactor at Oak 
Ridge National Lab 

• 85MW HEU compact-core reactor, 
42% uptime 

• PROSPECT activity for past 2 yrs 
• Backgrounds fully characterized 

(arXiv:1506.03547) 
• Unique location for a short 

baseline experiment

HFIR Baselines

Abazajian et al.
arxiv:1204.5379

HFIR Core  
Power Map

Fuel Plates

42cm

http://arxiv.org/abs/arXiv:1204.5379
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Phased Detector Development
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PROSPECT-0.1 
Aug 2014

Spring 2015

PROSPECT-2 
Dec 2014
Feb 2015

PROSPECT-20 
March 2015

PROSPECT-Nx30 
Early 2016*

PROSPECT  
Phase1 

Late 2016*
*technically driven schedule

5cm
0.1liter
LS cell

12.5cm
1.7 liter
LS cell

1m
23 liter
LS cell

1.19m long
Nx30 liter
LS segments

120x30 liter
LS segments
15x15x119cm
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Segmented Antineutrino Detector
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• 3ton LiLS detector
• 120 optical segments

• 119x15x15cm3 each 
• Double-ended PMT readout
• Access for calibration sources 

between every cell
• Shielding package designed for 

surface backgrounds

LiLS
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Full-scale Test Detector 
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PROSPECT Unit Cell
s

PROSPECT-20 Paper arXiv:1508.06575

• PROSPECT-20  
• 23L test cell of 6Li-loaded Liquid Scintillator
• 15x15x100cm3 detector

• Measured Light collection: 530PE/MeV
• 4.5%@1MeV energy resolution 

• Measured PSD Figure of Merit: 1.4 at (n,Li) capture
• >99.9% background rejection 

• Double-ended readout
• uniform light collection and position reconstruction
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Operation of PROSPECT-20 at HFIR
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HFIR Experimental Location!
Exterior Door! Reactor 

Wall!

PROSPECT-20 
Shield!

PROSPECT-20 
DAQ!

• Operated for four months at HFIR
• Two HFIR cycles

• Shielding package roughly 25% mass of full shield
• Reactor-related backgrounds mitigated

• Targeted local shielding
• Active background rejection with LiLS

• Validation of background simulations for full 
PROSPECT detector  

IBD-like Events
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Figure 1: Prospect-20 data (red) and simulation (blue) coincidence timing for neutron
backgrounds with accidentals components.

9⇥ boost) should be a generous over-estimate of reality, we are lead to conclude that external

gamma flux incident on the shielding package will introduce a fairly negligible component

to the IBD-like background after cuts.

The impact of fiducialization will be significantly less for “internal” accidental sources

distributed throughout the volume of the detector. There will still be a substantial gain from

the prompt-delayed proximity cut. This can be tested in simulation. Rather than a detailed

model of “internal” backgrounds, a 1 kHz 3MeV gamma source distributed through the

scintillator is used for back-of-the-envelope estimation. Figure 3 shows the result. Before

cuts, the accidentals are sub-dominant to the correlated signal by roughly one order of

magnitude. The shower cut reduces correlated and accidental backgrounds in unison. Unlike

the external gamma case, fiducialization does not drive the accidental rate down as much

compared to the coincidence peak; nevertheless, accidental levels are clearly secondary to

correlated neutron contributions. This level of internal background adds. 10% to the cosmic

contribution.

Based on these simulation estimates, the combined e↵ects of a ⇠200µs coincidence time

window and topology cuts will suppress likely accidental coincidence sources to low levels

compared to correlated IBD-like backgrounds.

2

10-1

10-2

10-3

Time Separation (µs)
Ra

te
 (m

Hz
/µ

s)

Data 
Simulation



T.J. Langford - Yale University DNP Santa Fe - October 31, 2015

235U Spectrum Measurement
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(a) Proposal figure.
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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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Figure 5: P2k signal to background projection after cuts.

4

IBD Signal
Simulated BG

• Simulated Signal/Background > 1, validated by PROSPECT-20 at HFIR
• ~1000 inverse beta decays detected per day, 100k/year
• Best energy resolution of any reactor neutrino experiment (4.5%@1MeV) 
• Phase-1 precision will surpass spectral model uncertainties 

• Directly test reactor neutrino models
• Produce a benchmark spectrum for future reactor experiments
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Short Baseline Oscillation Search
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SBL + Gallium Anomaly (RAA), 95% CL
Daya Bay Exclusion, 95% CL

• Segmented detector designed for 
oscillation search
• Each cell is a separate “detector”
• Oscillatory L/E between segments 

limits uncertainties from reactor 
• True oscillometry needed for 

confirmation of sterile neutrinos
• Probe best-fit region at >3𝜎 in 1 

year

L/E (m/MeV)
0 1 2 3 4 5 6 7 8 9

O
sc

./U
no

sc
.

0.86
0.88
0.90
0.92
0.94
0.96
0.98
1.00
1.02

; Osc. Amplitude: 0.092Mass Splitting: 1.78 eV

Phase I (1 yr) Phase I + II (3+3 yr)

3𝜎, 1yr

Best Fit Oscillation


