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Introduction

Reconstructing proton recoils useful in low-background experiments
I np scattering for fast neutron background
I νp scattering for all-flavor supernova ν energy spectrum

Can detect scintillation light from proton recoils
I Interesting in characterizing in WbLS
I 2 g/L LABPPO as a reference
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Experimental overview
33 MeV deuteron beam delivered from 88-Inch cyclotron at LBNL

Breakup on Be + copper target, ∼ 8 m baseline to target material
I Broad-spectrum n flux

Also Detect two np scatters in different detectors
I PSD in scatter cells
I “Double time-of-flight”

Please cite this article in press as: T.A. Laplace, et al., Low energy light yield of fast plastic scintillators, Nuclear Inst. and Methods in Physics Research, A (2018),
https://doi.org/10.1016/j.nima.2018.10.122.
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Fig. 1. Experimental setup for proton light yield measurements. The neutron beam
traveled along the 𝑥-axis (illustrated with a dashed line) through the dual-PMT target
scintillator cell. Eleven observation detectors were positioned at forward angles with
respect to the incoming neutron beam.

The proton light yield, or the relationship between light output and
proton energy deposited in an organic scintillator, varies non-linearly
with recoil energy due to quenching phenomena [7]. For neutron scatter
camera imaging modalities, knowledge of the proton light yield is
necessary to convert the measured light into proton recoil energy, which
is then used along with n–p elastic scattering kinematics to determine
the energy and direction of the incident neutron. As both the magnitude
of the scintillation intensity and the quenching factor are properties
of the scintillating medium, the proton light yield is a characteristic
unique to each scintillator material formulation. Existing physics-based
models of proton light yield give an unreliable extrapolation to recoil
energies below 1 MeV [8] and it is in this low energy region where
the prompt fission neutron spectrum of special nuclear material peaks.
Eljen Technology’s EJ-200, EJ-204, and EJ-208 scintillators are potential
candidates for the SVSC due to their fast rise times and relatively long
(>1.5 m) optical attenuation lengths. In this work, the proton light yield
of these fast plastic scintillators was extracted in the energy range of
approximately 50 keV up to 5 MeV using a double time-of-flight (TOF)
technique.

2. Methods

Neutrons were produced by impinging a 16-MeV 2H+ beam from
the 88-Inch Cyclotron at Lawrence Berkeley National Laboratory onto
a 3-mm-thick Be breakup target located in the cyclotron vault. This
deuteron-breakup neutron source provides an intense, broad spectrum
neutron beam for experimental inquiry [9]. The target scintillator to
be characterized (i.e., EJ-200, EJ-204, or EJ-208) was placed in beam,
as shown in Fig. 1. Out of beam and at different forward angles,
eleven EJ-309 pulse-shape-discriminating organic liquid scintillators
from Eljen Technology were positioned to serve as observation detectors
in the coincident measurement of scattered neutrons from n–p elastic
scattering events in the target cell.

Using the method of Brown et al. [10,11], the neutron TOF between
the breakup target and the target scintillator was used to determine
the energy of the incident neutron, 𝐸𝑛. Likewise, the neutron TOF
between the target scintillator and the observation detectors was used
to determine the energy of the scattered neutron, 𝐸 ′

𝑛. The proton recoil
energy, 𝐸𝑝, was then calculated using the incoming neutron energy and
the known neutron scattering angle, 𝜃:

𝐸𝑝 = 𝐸𝑛 sin2𝜃. (1)

The proton recoil energy associated with a given target scintillator pulse
was determined on an event-by-event basis to provide a continuous
measurement of the proton light yield relation. The outgoing TOF was
used for disambiguation of the incident beam pulses in cases where fast
neutrons from a given cyclotron pulse had the same observable TOF as
slower neutrons from previous pulses [12]. This approach also provides
strong rejection criteria for multiple scatters in the active target volume.

Table 1
Summary of detector materials, identification (ID) numbers, locations, and estimated
uncertainties in the measurements.
Material ID x (cm) y (cm) z (cm)
EJ-200 – 52.4 ± 0.5 0.0 ± 0.5 0.0 ± 0.5
EJ-204 – 52.8 ± 0.5 0.0 ± 0.5 −0.5 ± 0.5
EJ-208 – 52.0 ± 0.5 0.0 ± 0.5 −0.2 ± 0.5
EJ-309 0 146.2 ± 1 104.0 ± 1 10.8 ± 0.2
EJ-309 1 150.8 ± 1 98.2 ± 1 −11.1 ± 0.2
EJ-309 2 160.2 ± 1 89.8 ± 1 11.9 ± 0.2
EJ-309 3 165.0 ± 1 83.5 ± 1 −11.2 ± 0.2
EJ-309 4 175.7 ± 1 74.7 ± 1 9.6 ± 0.2
EJ-309 5 182.6 ± 1 66.9 ± 1 −9.1 ± 0.2
EJ-309 6 191.1 ± 1 59.0 ± 1 9.7 ± 0.2
EJ-309 7 196.6 ± 1 51.7 ± 1 −9.2 ± 0.2
EJ-309 8 204.5 ± 1 45.3 ± 1 9.8 ± 0.2
EJ-309 9 217.9 ± 1 31.7 ± 1 9.8 ± 0.2
EJ-309 10 218.1 ± 1 30.1 ± 1 −9.2 ± 0.2

2.1. Experimental configuration

The experimental setup was configured to target proton recoil
energies down to tens of keV. The observation detectors were placed
such that the lowest angles were approximately 10◦ with respect to
the axis defined by incoming beam. Table 1 provides a measurement of
the detector locations for the experiment. The origin of the coordinate
system is defined at the beamline center along the west wall of the
experimental area. The 𝑥-coordinate was taken as the distance from the
west wall, the 𝑦-coordinate as the distance north from the beamline
center, and the 𝑧-coordinate as the distance above and below the
beamline center. The flight path between the Be breakup target and
the origin of the coordinate system was 646.9 ± 0.5 cm along the 𝑥-axis,
resulting in incident neutron flight paths to the target scintillators of
approximately 7 m. The flight path between the target scintillator and
the observation detectors ranged from 1.4 m to 1.9 m.

The three target detectors were composed of 5.08 cm dia. × 5.08 cm
len. right circular cylindrical scintillator cells mounted in a dual-
photomultiplier tube (PMT) configuration. The cylinder sides were
wrapped with several layers of polytetrafluoroethylene tape to reflect
the scintillation light and each circular base was coupled to a Hama-
matsu H1949-51 PMT, except for one base of the EJ-208 cell, which
was coupled to a Hamamatsu H1949-50 PMT. The eleven observation
detectors were composed of 5.08 cm dia. × 5.08 cm len. right circular
cylindrical cells of EJ-309 contained in a thin aluminum housing and
mounted to Hamamatsu H1949-50 and H1949-51 PMTs on one end of
the cylindrical cells. The optical coupling between the scintillator cells
and the borosilicate glass window of the PMTs was achieved using BC-
630 silicone grease. The PMTs for the target and observation detectors
were powered using CAEN NDT1470 and CAEN R1470ETD high voltage
power supplies, respectively. The observation detector gains were set
to accommodate pulse heights corresponding roughly to the maximum
proton recoil energy anticipated for a given scattering angle.

To accept small signals but reject background from thermionic
emission of the photocathodes, each target scintillator signal was taken
by accepting only coincident pulses from the two PMTs. This, along with
a signal in one of the observation detectors, was required to trigger the
system. The RF control signal from the cyclotron was set to propagate
when an event from both target PMTs and an observation cell occurred.
The bias voltage of the PMTs in the dual-PMT target configuration was
selected to roughly gain match the detectors by setting the full height
of signals corresponding to the Compton edge of the 662 keV 𝛾 ray from
a 137Cs source at 75% of the 2 V full scale range of the digitizer. The
target cell gain settings ranged from 1650 V to 2000 V. To provide a
systematic check and cover a broader proton recoil energy range, the
EJ-204 proton light yield data were measured using two independent
bias voltage settings of the dual-PMT target.

Data were acquired over a period of approximately 10 h for each
bias voltage setting of the target scintillators with a beam current of
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Experimental overview
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Analysis methodology

Trigger on generous coincidence between “target” and “scatter” cells,
assume all target/scatter pairs are legitimate events
I Only one is kinematically consistent with beam-dump

Measured charge and time differences yield relative LY and neutron energy
I Also know scattering angle

I 3 measures of p energy
I System is kinematically overconstrained
I Further reduction in background
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Analysis methodology
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Analysis methodology - extracting the LY scaling

Impose kinematic consistency requirements
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Analysis methodology - extracting the LY scaling
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Analysis methodology - Calibrating to electron LY

Endpoint of button-source Compton spectrum used as normalizing scale

GEANT4 Monte Carlo to generate Compton spectrum
I Klein-Nishina + secondary scatters

Fit to data:
I Local linear charge-response Q = α (E − EC ) + QC
I Local Gaussian (σ)
I Power-law background (Q−n, A)
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Analysis methodology - LABPPO calibration
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Analysis methodology - WbLS calibration
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Current status

First iteration is complete and results are sensible

Current efforts:
I Optimize implementation and tune quality cuts
I Finalize uncertainties on charge calibration
I Correct for non-linearity in PMT response
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Future measurements

Light yield as function of scintillator loading
I Nominally 1% and 10% remaining

Effects of isotopic loading
I Candidates for solar CC measurement
I Gadolinium
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Backup

BACKUP
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Backup

Electron LY calibration
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Backup

EJ309 PSD
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