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Strategic Goal
- Laying groundwork for developing new program/platform at HFIR for testing compact neutrino 
detectors exclusively for nuclear non-proliferation applications

- Compact and portable neutrino detectors for nuclear reactor monitoring in near-field or cooperative 
regime major area of interest for NNSA(DOE) and IAEA

Project Outline: Achieving this goal 

• Comprehensive new measurements of directional gamma and neutron backgrounds at 2
select locations at HFIR Experimental hall (5-7 meter radial distance from core)

• Extensive Monte Carlo simulations to explore multiple shielding geometries given size 
constrains

• Final viability study. Tentative design of background rejection system for future platform

• 190K awarded through ORNL LDRD SEED funding: 151K (FY 20) + 39K (FY21)      
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Project schedule planned vs actual
Feb 2: Submitted proposal

May 6/13: defense/cond. approval

June 8: Money deposited

Aug 18: HFIR cycle-489 START

Nov 8*: HFIR cycle-490 END

Aug 6/7: Finished detector array assembly
& moved to HFIR  

Oct 10*: HFIR cycle-490 START

Sep 12: HFIR cycle-489 END

Analysis, Simulations, publication(s)
by end of FY21

Cycle-489 
Aug 17-Sep9, 2020

HFIR shut down due to 
unforeseen issues

Cycle-490 
Feb/Mar, 2021

Cycle-491 
April 14-May8, 2021

Will discuss below * 
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Reactor neutrino detection approaches and HFIR 
• Typical detectors utilize “inverse beta decay” (IBD) reaction for detecting 

incoming neutrinos: distinct experimental signal feature

• CEνNS detectors can extend energy reach below IBD detection threshold of 
2MeV in energy

• IBD detectors with large detector volume and shielding for improved signal to 
background used in reactor monitoring (far-field regime)

• PROSPECT large IBD detector made first high statistics measurement of 
neutrino spectrum from U-235 at HFIR

• Nuclear non-proliferation funding agencies shifting their focus to compact-size 
portable detectors for monitoring

• MTV consortium with multi million $ funding from NA-22 developing new highly 
segmented compact IBD detector with “directionality” capability ready for testing: 
Crucial monitoring tool for nuclear facilities with multiple reactors

• They also developing CEνNS detectors

• Given our local expertise in CEvNS and plastic detectors we are also well 
positioned to make a play for this specific R&D    

V.A. Li, T.M. Classen, S.A. Dazeley et al. Nuclear Inst. and Methods in Physics Research, A 942 (2019) 162334

Fig. 1. An illustration of the prototype module characterized in this work. The module
has similar characteristics to the SANDD central module design, featuring an 8 ù 8 array
of undoped PSD plastic-scintillator rods. Signals from the scintillator segments are read
individually at each end by the SiPM arrays.

can contribute heavily to the key requirement of better position resolu-
tion. Until now however, 6Li-doped plastic scintillators have not rivaled
liquid scintillator in terms of pulse-shape discrimination (PSD) or light
output performance. Most of the plastic detectors developed recently
have employed non-homogeneous configurations with a separate neu-
tron capturing material [22–25]. The exception is miniTimeCube [26],
which employed plastic scintillator doped with 10B; however, it did not
have pulse-shape sensitivity and was a monolithic detector.1

An above ground antineutrino detector must differentiate rare cor-
related positron and neutron-capture events from more common un-
correlated gamma rays and neutron-induced proton recoils. If this can
be done with minimal shielding from cosmic rays, detector technology
may be able to transition toward smaller and more mobile concepts of
interest to safeguards organizations. The segmented antineutrino direc-
tional detector (SANDD) will be constructed of a new form of 6Li-doped
pulse-shape-sensitive plastic scintillator. The choice of 6Li as a dopant
is motivated by its high capture cross-section for thermal neutrons, the
localized energy deposition of its capture products, and its production
of distinguishable differences in pulse shape. In organic scintillators,
neutron interactions such as proton recoils and neutron capture on 6Li
produce higher concentrations of molecular triplet states, which yield
a longer light pulse than electrons. Pulse-shape sensitivity provides
a crucial ability to distinguish neutron elastic-scattering and capture
interactions from those of gamma-ray scattering. Small samples of this
scintillator have been manufactured in recent years [27–29]. However,
for construction of SANDD, these materials need to be manufactured at
larger scale.

The prototype detector described here was built with an early
form of PSD plastic scintillator without the incorporation of 6Li. The
ability to manufacture undoped PSD plastic preceded the 6Li-doped
plastic by about 6 months. The present prototype was built in order
to test the data acquisition system (DAQ) and to study some of the
key metrics that will impact the performance of the final SANDD
module. These include pulse-shape sensitivity when using a dual 64-
channel silicon photomultiplier (SiPM) readout, light transport along
the scintillator rods, particle identification from segment multiplicity,
and energy and position resolution. The detector constructed for this
test incorporates 64 rods of PSD plastic scintillator of size 5.4 mm ù

5.4 mm ù 112 mm arranged in an 8 ù 8 array. One 64-pixel SiPM array

(SensL J-60035 series, 50.44 mm ù 50.44 mm) is mounted at each end
of the scintillator-rod array. The J-series SiPMs used in this work have
22,292 35-�m microcells per pixel and typically are operated at a bias
of between 2 and 6 V above the breakdown voltage of 24.5 V. The peak
efficiency at 420 nm is between 38%–50% and dark rates of between
50–150 kHz/mm2, depending on the bias. Each pixel had an active area
of 6.13 mm ù 6.13 mm, with a 0.2-mm gap between each pixel.

More details on this emerging technology can be found in the origi-
nal reports [30,31] and references therein. A schematic that illustrates
the general design features of the prototype is shown in Fig. 1.

For antineutrino detection, the segmentation afforded by the use of
square cross-section rods of scintillator directs photons up and down
toward the two SiPM arrays, allowing for position reconstruction in the
plane perpendicular to the direction of the scintillator rods. In the fol-
lowing, the z axis of the detector is defined as parallel to the scintillator
rods, while the x-y plane is defined as perpendicular to the scintillator
rods. The other advantage of segmentation is the ability to determine
particle type based on the number of segments that have energy de-
posited in them. For neutron-induced proton recoil or neutron capture
on 6Li, the resulting protons, tritons, and alphas are predicted to deposit
the bulk of their energy within a single rod. Compton-scattered elec-
trons or inverse-beta-decay positrons, however, are predicted to deposit
their energy over a longer range, often producing light in two or more
contiguous rods. The annihilation gamma rays from a positron may
travel a significant distance before depositing energy in the detector.
The exploitation of differences in range and rod multiplicity for neu-
tron interactions compared to other particles (gammas, betas, muons)
adds another independent discriminant to differentiate rare antineu-
trino interactions from backgrounds. This complements pulse-shape
discrimination and positron-neutron position and time correlation. We
report on measurements of particle identification via multiplicity in
Section 5.2.

In this paper, we focus on the following performance metrics:

1. Neutron/gamma pulse-shape discrimination capability
2. Light transport and position resolution along the scintillator rods
3. Relative energy resolution for different configurations
4. Particle identification via rod multiplicity

Significantly, for SANDD and other similar segmented-detector designs,
we report possibly the first observation of PSD in a segmented plastic
scintillator array coupled to 64-channel SiPM arrays.

2. The detector

The plastic scintillator used in the prototype was fabricated with the
aim of developing meter-scale PSD plastic scintillator. A full description
of the development of large-scale PSD plastic scintillators suitable for
antineutrino-detection applications will be described in an upcoming
publication. The scintillator fabrication process is summarized as fol-
lows. Styrene and divinylbenzene (DVB) were distilled and degassed
immediately before use. In a nitrogen-purged glovebox, appropriate
quantities of 2,5-diphenyloxazole (PPO), 1,4-bis(2-methylstyryl)benzene
(bis-MSB), and DVB were added to styrene to make mass fractions of
30%, 0.2%, and 5%, respectively. An amount of 0.05% 1,1-bis(tert-
butylperoxy)-3,3,5-trimethylcyclohexane (L-231 initiator) was added, and
then the resulting solution was poured into an aluminum mold. The
mold was sealed, removed from the glovebox, and placed in a nitrogen-
purged oven for polymerization. The polymerization temperature pro-
file was optimized to eliminate air bubbles and maximize polymer-
ization completion. After polymerization, the solid scintillator block
was removed from the mold and machined into sixty-four rods of size
5.4 mmù5.4 mmù112 mm. The resulting rods were polished by standard
optical polishing techniques.

The scintillator rods were supported by an 8 ù 8 square plastic frame
that was fitted to each SiPM. The frame maintained the alignment of
each scintillator rod with its own SiPM channel while keeping them all

2
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Project activities for developing platform

• Build detector array frame (V ~1m3) for 𝛾/𝑛 directional background 
measurements    

• Leveraged existing 𝛾/𝑛 detectors and data acquisition system (DAQ) from 
within RDI group

• Worked HFIR folks on the safety approvals for potential list of test 
locations close to reactor core

• Measuring directional 𝛾/𝑛 backgrounds entering 1m3 virtual box 
(testbed proxy) from all six sides at each location

• Background measurement will enter as input into extensive 
GEANT4 based Monte Carlo simulations exploring multiple 
shielding configuration geometries for background reduction 

• Analyze results for optimal configuration and determine: 

- Is proposed platform viable given compact size limitations ?

- Will need feedback from neutrino community on this*
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Testbed/Measurement locations at HFIR 

HFIR experimental 
Hall floor plan 

2 locations at the HFIR 
experimental floor were approved 
for the background measurements 
activities, including former 
PROSPECT (large antineutrino) 
experiment location

Initial measurements revealed 2nd
location to have 5-10 higher 
background rates plus other issues

Worked with HFIR and got 
permission for the third “bonus” 
location

HFIR folks are great! 

1

2

3
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Platform for directional background detection 

• 80cm x 80cm x 80cm cube frame w/ sides covered by large quadratic 
1 cm thick lead  

• 24 NaI detectors - directional gamma

• 4 cylindrical He-3 detectors – directional* thermal neutrons

• 2 large EJ309 liquid scintillators – fast neutrons from cosmics

• 6 large and 18 small 1cm thick Pb sheets shielding NaI detectors from 
each other.

• He-3 14 inch cylindrical tubes shielded by boric acid filled plexiglass 
in “cross” formation 
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detector construction: Little innovation here and there
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Measurement Locations and Cycles

EF4EF3

EF1

Cycles 489/491 processed 
Calibrated*

EF1 (Cycle 490) showed 
Order of magnitude higher
backgrounds

Cycle 490 65-70% of all data
Very high backgrounds 
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8-11

12-15

16-19

20-23 4-7

Cycle-489 Raw rates

Reactor
core
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8-11

12-15

16-19

20-23 4-7

Cycle-491 Raw rates
Reactor

core
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Calibration step1 identify existing peaks (Cycle-489, Det-1)

- Every detector calibrated separately
- Each cycle was different (change in calibration)
- Identify existing peaks  

Fe-56(n,γ) -
7645.5 keV

- HFIR OFF: K-40 (1461keV), Co-60*(1132keV, 1332.5), Th232 
(2614keV)

- HFIR ON: 511keV,  Fe-56 (7645 keV), Ar-41(1294 keV)
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Calibration step-2: non-linearity 

- Every detector calibrated separately
- Each cycle was different (change in calibration)
- Identify existing peaks  
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Cycle-489 Det-1: Rebin Calibrated Rebinned
Spectra
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Preparing input for GEANT4 

Need to to subtract spectrae for a couple of detectors to remove “pathology” due cosmic
High energy depositions 
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Simulation of Response Functions

• Position Sensitivity
• Icosahedron Triangle = 

Sources
• Convolve with Det Widths
• Concatenate Responses
• Position + Energy gives a single 

row (column) of the response 
matrix.

• Row0 = Pos0 + En0
• Row1 = Pos0 + En1• …

• Row1200 = Pos1 + En0
• Row1201 = Pos1 + En1
• ...

100 keV 10 MeV

Pos0

Pos17
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Decomposition Mathematics – Maximum Likelihood 
Expectation Maximization (MLEM)

MLEM – Iteration Formula

Generic Error Prop Jacobian For MLEM 
Last Iteration

Input Covariance

• R = Response Matrix (m x n)
• m response functions
• n bins per function

• I = Input term (Source Spectra)
• O = Observation (Detector spectra)
• p = m*n (convenience term)
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Decomposition Example – Using HPGe Isotope Responses
Decomposition of HPGe
Spectrum using Responses to 
Isotopes (many not shown)

Ratios of decomposition 
predicted activity to source 
certificate activity for 68 
spectra (57Co was very weak)

Also used for decomposition 
of MTAS NaI spectra
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Where we are and what’s next

• All measurements have been processed calibrated and formatted so it can 
be used for GEANT4 simulations or other folks in the community 

• All GEANT4 framework have been completed 

• Response matrix: need to run large scale simulations. Waiting formal 
approval on NARSIL farm (NNSD) … ~3.2 weeks on 12 nodes (x 128 cores) 

• Unfolding calibrated times series spectra for each detector to produce 
GEANT4 input (quick)

• Publication(s)

• Final simulations exploring potential directional shielding confiugation and 
comparing to potentially detected neutrino fluxes

• Make case for Large LDRD, NA22, etc… 


