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Prompt/Delay PSD Identification of IBDs

• PROSPECT must operate in a high 
background environment	



• Using the PSD signature of IDBs, we can 
apply a high degree of background rejection, 
especially using PSD on both prompt and 
delayed signals	



• After applying energy and PSD cuts, we can 
significantly reduce non-neutrino events

• Inverse beta decays (IBDs) have a distinct PSD 
signature: gamma-like prompt + neutron-like delay	



• After delayed coincidence, two main 
backgrounds remain:	


• accidentals (primarily gamma/gamma) 	


• fast neutrons (proton recoil/neutron capture)	


• Both are distinct from IBDs PSD signature

Lawrence Livermore National Laboratory 
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 CLσPhase I @ HFIR, 1 year live-time, 3
 CLσPhase II @ HFIR, 3 years live-time, 5

Reactor Anomaly, 95% CL
 Disappearance Exps, 95% CL

e
νAll 

Phase 1: 
1 Year, 3σ  

Phase2: 
3 years, 
5σ%

Multiple segmented detectors probe wide 
L/E span, improving sensitivity over entire 
Δm2 range of interest. 
 
Phase 1 can rapidly provide significant 
physics potential  
 
Phase 2 can address majority of suggest 
phase space at 5σ  
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2Mass Splitting: 1.00 eV
1 Detector, 1 year
2 Detectors, 1 yearPhase1: Near Only Phase 2: Near+Far 

Heeger, et. al,  arXiv:1307.2859 

Inputs: S/B =1, 30% efficiency, 10%/sqrt(E) 
energy res., 15cm position res.   

Thomas J Langford (Yale University), on behalf of the PROSPECT Collaboration

June 2014 Neutrino 2014

Abstract: Segmented antineutrino detectors placed near a compact research reactor provide an excellent opportunity to probe short-baseline neutrino 
oscillations and precisely measure the reactor antineutrino spectrum. Close proximity to a reactor combined with minimal overburden yield a high background 
environment that must be managed through shielding and detector technology. This poster will focus on the development and characterization of novel loaded 
scintillator for PROSPECT capable of neutron/gamma pulse shape discrimination and neutron capture tagging. These enhancements improve the ability to 
identify neutrino inverse-beta decays (IBDs) and reject background events in analysis. Results from these efforts will be covered along with their implications 
for an oscillation search and a precision spectrum measurement. 


T.J. Langford - Yale University

Wright	


Laboratory

Neutrinos 
Dark Matter 
Nuclear Structure 
Relativistic Heavy Ions

Best Fit

The PROSPECT Experiment
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near detector 
@ ~7 m 

far detector 
@ ~18 m 

compact  
reactor core 

Physics Goals 

•  Search for sterile νe oscillations at short-baseline 

•  Probe and resolve “reactor anomaly”  

•  Precision measurement of 235U νe spectrum for physics and safeguards 

Deploy two segmented liquid 
scintillator detectors close to 
compact research reactor core: 

•  Near detector target: O(1ton) 

•  Far detector target: O(10ton) 

Challenges 
•  Reactor background and 

limited overburden.  
•  Event-by-event background 

discrimination  
•  Relative segment normalization 

and calibration  
• Short-baseline antineutrino detector at a compact research reactor	


• Phase 1: ~2m3 near detector ~7m from core of reactor	


• Phase 2: ~10m3 far detector ~18m from core 	


• Cover the best fit value of the reactor anomaly in 1 year at 3𝜎	


• In 3 years, cover the majority of the allowed region at 5𝜎	


• More details in poster #146 by K. Heeger

Near detector design: ~50 optically separated segments, 20cm x 20cm x 1m

Scintillator Development and Characterization for PROSPECT

Pulse Shape Discrimination in Liquid 
Scintillator

2.5-MeV source. We determined the templates by minimizing the
squared Euclidean distance (L2) of the normalized pulses within
each of the two clusters. We also estimated templates with a
robust version of cluster analysis based on an L1 distance metric.
In this approach, within each cluster, the median value rather
than the mean value is computed. The robust and non-robust
cluster analysis methods yield similar template estimates.

From the 137Cs gamma-ray source, we determined an electronic
recoil template by a robust signal averaging method. Each baseline-
corrected pulse was normalized so that its maximum value was 1.
At each time sample, the trimmed mean of all the processed pulses
was computed, and the resulting pulse was divided by its integral
value. Values of the trimmed mean at each relative time of interest
between the 0.1 and 0.9 quantiles of the distribution were averaged.
For the 2.5-MeV source, we estimated a nuclear recoil template with
the same robust signal averaging method described above. The
estimated nuclear recoil and electronic recoil templates from the
cluster analysis agree well with the corresponding robust signal
averaging estimates. Moreover, the estimated nuclear recoil tem-
plates determined from start and stop pulses for the 2.5 MeV case
were in very close agreement for the range of amplitudes that we
attribute to neutron capture on 6Li.

4.3. Discrimination statistics

The Matusita distances between a normalized pulse of interest, pm,
and the template pulses for the electronic recoil p̂e and nuclear recoil
events p̂n are

de ¼
X

i

ffiffiffiffiffiffiffiffiffiffiffi
pmðiÞ

p
$

ffiffiffiffiffiffiffiffiffiffi
p̂eðiÞ

q" #2

ð6Þ

and

dn ¼
X

i

ffiffiffiffiffiffiffiffiffiffiffi
pmðiÞ

p
$

ffiffiffiffiffiffiffiffiffiffi
p̂nðiÞ

q" #2

ð7Þ

where i is the time increment for the digitized pulse. The normalized
pulses sum to 1. Negative values are set to 0 before taking square
roots in the above equations. Our primary PSD statistic is

logR¼ log
dn

de
: ð8Þ

For comparison, we also computed a prompt ratio statistic

fp ¼
Xp

XT
ð9Þ

where Xp is the integrated pulse from t¼0 to to and XT is the
integrated pulse over all times. Here, we set to to be the time
where the nuclear and electronic recoil pulses cross.

For both discrimination statistics, Figs. 8 and 9, we estimate an
amplitude dependent discrimination threshold based on events that
produce logR values less than 0. We then formed a curve in
(amplitude, logR) or (amplitude, fp) space. For each method, we
sorted the corresponding curve data according to amplitude bins and
determine the median amplitude and median discrimination statistic
within each bin. In sequence, we fit a monotonic regression model
[52] and then a smoothing spline to each curve. The degrees of
freedom of the smoothing spline were determined by cross-valida-
tion [53]. We determined a threshold for each particular amplitude
by evaluating the smoothing spline model at that amplitude.

The separation between the logR statistics appears more dramatic
than the separation between the fp statistics for the 137Cs and
2.5-MeV sources. Theoretically, we expect that the logR statistic
conveys more information because it is based on a 201-bin repre-
sentation of the observed pulse whereas the prompt ratio is based on
a 2-bin representation of the observed pulse. A careful quantification
of the relative performance of PSD algorithms based on these two
statistics is a topic for further study. One could also form larger bins
to smooth out noise before computing a logR statistic for any pulse as
discussed in Refs. [54,55]. In future experiments, our digital acquisi-
tion system will have a higher (10-bit or 12-bit) resolution compared
to the 8-bit resolution of the data shown in this study. This should
facilitate refinement of our PSD techniques. In this work, we
neglected to account for the energy dependence of the templates.
In future work, we may account for this dependence.

5. Summary and conclusions

A liquid scintillator doped with 0.15% 6Li by weight was fabricated
and made into a test cell. The process of making the scintillator does

Fig. 7. Waveform templates for nuclear recoil and electronic recoil events
determined by cluster analysis from calibration data from a 2.5-MeV neutron
source (contaminated by gamma-rays).

Fig. 8. Empirical distribution of logR statistics.

Fig. 9. Empirical distribution of prompt ratio statistics. The width of the prompt time
window is determined by where the nuclear and electronic recoil templates cross.

B.M. Fisher et al. / Nuclear Instruments and Methods in Physics Research A 646 (2011) 126–134 133
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• Neutron/Gamma PSD common in liquid scintillators, ex: NE-213, BC-501A	


• Typically, these scintillators have low flash points and high toxicity 	


→ Not ideal for operating at a reactor 	



• New LAB and DIPN based scintillators with good PSD and light yield are being 
developed	



• Can be used to identify neutrino inverse beta decays through their PSD 
signatures (e-like prompt, n-like delay signal) 

Qtail

Qfull

PSD = Qtail/Qfull

EJ-309
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Full-Scale Scintillator Cell Tests

15cm x 15cm x1m
• Two large, ~15liter acrylic cells have been constructed: 

rectangular and cylindrical	


• Mockup of one PROSPECT segment 
• Study PSD and light collection in real-world conditions 
• Provides a apparatus to test various reflector materials 

(ESR, Mylar, Tyvek, etc) to compare to simulation (below)	


• Can be deployed at a reactor site to test background 

mitigation techniques (see poster #144 by N.Bowden)
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segment-reflector air gap 

no segment-reflector air gap 

Diffuse reflectors have an effective range, and give worse performance 
over the whole volume 

Cylinder	


Rectangle

Specular	


Diffuse

Near Detector Concept

Conceptual Detector Designs

• Solid and liquid R&D being pursued by collaborators

• Will make detector technology choice in coming months

•

doped
LS

undoped plastic
scintillatorlightguide

un-doped plastic LS
wrapped in GdO surface 

wavelength-shifting fibers

PMTs go here on either end

Multi-anode
PMTs read out fibers

Large PMT reads out scintillator

15Wednesday, April 2, 14

• Design of the near detector is underway	


• Two prongs of investigation:	



1.Gd or Li-Loaded liquid scintillator in large 
cells (focus of this poster)	



2.Plastic scintillator bars with GdO2 foil for 
neutron capture tag	



• R&D progressing in parallel, technology selection 
forthcoming 

Relative Systematics: Target Mass

• If oscillation measurement is being made relatively 
between segments, differences in target mass between 
segments must be known

• PROSPECT R&D: With mm-scale dimensional precision 
can be achieved on 10cm scale cell, statistics will likely 
dominate relative target mass uncertainty 

• A variety of metrological tools can achieve this precision
• Practice and develop metrology techniques on detector prototypes

18Wednesday, April 2, 14

• Can treat each cell as a separate “experiment" to search for oscillatory L/E 
between segments	



•Can combine cells at each L to enhance statistical significance

Core𝜈e

Li-Loaded DIPN Liquid Scintillator 
Neutron Capture Tagging

• Capture neutrons from IBDs with high-cross section dopant (Gd, B, Li)	


• Time-correlated events → background rejection and subtraction	


• 6Li ideal for smaller detectors (charged particle final state vs 𝛾’s)	



• PSD on capture signal further reduces accidental backgrounds 

(n, 6Li)

n

𝛾

n+ 6Li ! ↵+ t+ 0.5 MeVvis

Simulation
Simulation

Simulation

ILLINOIS  INSTITUTE 	


                        OF  TECHNOLOGY

HFIR at ORNL


