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Abstract

The proton light yield of organic scintillators has been measured extensively in recent years using fast
waveform digitizers and large discrepancies exist in the values reported by different authors. In this letter,
we address principles of digital signal processing that must be considered when conducting scintillator
light yield measurements. Digitized waveform pulse height values are only proportional to the amount of
scintillation light if the temporal shape of the scintillation pulse is independent of the amount of energy
deposited. This is not the case for scintillation pulses resulting from fast neutron interactions in organic
scintillators. Authors measuring proton light yield should therefore report pulse integral values and ensure
that the integration length is long enough to capture most of the scintillation light.
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The absolute light yield of a scintillator can be
defined as the number of photons generated per
unit energy deposited by a particle slowing down in
the scintillating medium [1]. The term light yield
is often referred to in the literature as a ratio of
the number of scintillation photons to the energy
deposited [2], but has also been used interchange-
ably with the terms light output and scintillation
response to represent a quantity proportional to the
number of scintillation photons [3, 4, 5].

For fast neutron detection using organic scintil-
lators, the primary mechanism for light generation
is n-p elastic scattering, and it is the recoiling pro-
ton that deposits energy resulting in molecular ex-
citation and ionization. For the purposes of this
discussion, the proton light yield is defined as the
number of scintillation photons generated by a re-
coiling proton in an organic scintillator. By exten-
sion, the proton light yield relation is defined as
the relationship between the amount of scintillation
light generated by a recoiling proton as a function
of its energy deposited in the medium. This rela-
tionship varies non-linearly with recoil energy due
to quenching phenomena [6]. The potential use of
organic scintillators as neutron detectors in various
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arms control and nuclear security applications has
prompted efforts to precisely characterize the pro-
ton light yield of a variety of organic scintillators
in the energy range relevant for fission neutrons.
This renewed interest occurred coincidently with
the broad availability of fast waveform digitizers.

Representative traditional analog chains for mea-
surement of the proton light yield of organic scintil-
lators coupled to photomultiplier tubes (PMTs) are
detailed in Refs. [7, 8, 9]. Two signals are output
from the PMT: the signal from the anode is fed to
an analog timing chain and the signal from one of
the dynodes is fed to a preamplifier followed by a
shaping amplifier. The shaping time plays a crucial
role in estimating the collected charge. When the
shaping time is much less than the charge collec-
tion time, the voltage signal output of the shaping
amplifier reproduces the current input. This case is
recommended for timing information or when high
event rates are prioritized over accurate energy in-
formation [10]. If the shaping time is much greater
than the charge collection time, the shaping ampli-
fier will act as a current integrator. The maximum
voltage output (i.e., amplitude of the signal) will
be proportional to the charge generated within the
PMT as long as the load circuit capacitance remains
constant [10]. For scintillator signals, the maximum
voltage of the output of the shaping amplifier is re-
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ferred to as the “pulse height.” With a sufficiently
long shaping time, this corresponds to the integral
of the PMT charge, which is proportional to the
number of scintillation photons (assuming a linear
PMT response [11]). For example, in their pioneer-
ing measurement of the proton light yield of the NE-
213 organic liquid scintillator, Verbinski et al. used
a 2.4 µs shaping time [7]. This is long in comparison
to typical temporal responses of organic scintillator
pulses on the order of 1 − 100 ns [12, 13].

Since the early 2000s, the availability of fast
waveform digitizers has enabled a different ap-
proach to signal acquisition in nuclear instrumenta-
tion. Instead of feeding the PMT output to analog
modules to accomplish various operations, the sig-
nal is directly fed to the digitizer, where full wave-
forms are digitized and then stored for offline sig-
nal processing. This allows for fine-tuning of var-
ious signal processing operations such as integra-
tion length, pulse-shape discrimination parameters,
baseline estimation, pile-up rejection, etc. Measure-
ments of the proton light yield of organic scintilla-
tors using waveform digitizers have yielded large
discrepancies between different groups. Brown et
al. [14] demonstrated that differences in proton light
yield measurements of EJ-309 resulted in part from
the chosen integration length of the digitized wave-
forms. The proton light yield has been reported
in several publications by estimating the maximum
of the scintillation pulse (i.e., the digitized wave-
form pulse height) as opposed to the pulse height
from the output of the shaping amplifier in an ana-
log signal chain [15, 16, 17, 18]. Such analyses re-
porting proton light yield obtained using digitized
waveform pulse heights carry several flaws, detailed
below.

First, the temporal shapes of pulses resulting
from electron and proton recoils in organic scintil-
lators are different. For some materials, the pulse
shape is sufficiently different such that a simple
method like comparing the amount of light from the
tail of the pulse to the total scintillation light allows
for separation of events generated by different types
of recoiling particles, i.e., pulse shape discrimina-
tion (PSD) via a charge integration approach [19,
20]. The proton light yield is often reported in
units of MeV electron-equivalent (MeVee), which
corresponds to the equivalent amount of scintilla-
tion light produced by recoiling electrons of a given
energy. For a given number of scintillation photons,
the average pulse originating from a neutron inter-
action has less prompt light (due to increased ion-
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Figure 1: Ratio of the proton light yield obtained using the
pulse integral relative to the digitized waveform pulse height
as function of proton recoil energy. Note the zero-suppressed
axes.

ization quenching) and more delayed light (due to
increased triplet-triplet annihilation) than a pulse
resulting from a γ-ray interaction. The use of the
digitized waveform pulse height to obtain the pro-
ton light yield in MeVee therefore results in an un-
derestimation of the proton light yield relation.

Second, the proton pulse shape is energy depen-
dent. As a result, digitized waveform pulse heights
are not proportional to the number of scintillation
photons as function of energy. Figure 1 shows the
ratio of the proton light yield obtained using the
integral of the digitized waveform to the height of
that waveform for the same datasets for four dif-
ferent organic scintillators. Shin et al. examined
an organic glass scintillator using an integration
length of 150 ns to ensure > 95% of the scintillation
light was captured, and therefore the pulse integral
value is expected to be proportional to the amount
of scintillation light generated in the detector [18].
Lawrence et al. used a 180 ns integration window
for the liquid EJ-309 and plastic EJ-299-33 organic
scintillators [16]. Although measurements of the
temporal response of the scintillation light gener-
ated by EJ-309 are not available in the literature,
we estimated this integration length as capturing
∼90% of the scintillation light by examining aver-
age digitized waveforms in the MeV proton energy
range. In the case of non-PSD scintillators, data
adapted from previous measurements of the EJ-204
proton light yield are provided, which employed an
integration length of 200 ns to capture at least 95%
of the scintillation light within the acquisition win-
dow [3]. The ratio shown in Fig. 1 varies as a func-
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Figure 2: Ratio of the proton light yield of EJ-309 from
Brown et al. [14] using a long (300 ns) to short (30 ns) in-
tegral as a function of proton recoil energy. Note the zero-
suppressed axes.

tion of proton recoil energy for all materials exam-
ined, demonstrating that the two quantities are not
proportional. For EJ-204, the ratio remains energy
dependent, but to a lesser degree than that of the
PSD materials. This variation suggests a change in
the temporal response of these organic scintillators
as function of proton energy.

Figure 2 shows a comparison of the EJ-309 pro-
ton light yield obtained using a long (300 ns) and
short (30 ns) integration length from Brown et
al. [14]. Similarly, the ratio is energy dependent,
suggesting that a short integration length is not
proportional to the total scintillation light. While
the prompt fluorescent light is captured by a 30 ns
integration length, only a fraction of the delayed
light is integrated. The ratio of prompt-to-delayed
light is dependent upon the nature and energy
of the incident particle, the degree of ionization
quenching in the medium, and the resulting den-
sity of excited and ionized molecules.

Pulse height data may be used in an attempt
to recover information in high count rate experi-
ments where scintillator pulses overlap. Algorithms
have been developed and demonstrated for slow in-
organic scintillators to deconvolve digitized wave-
forms with pulse pileup [21], though in this case
knowledge of the temporal response of the scintilla-
tion light was required. The complexity is increased
with organic scintillators, given a pulse shape that
is both particle and energy dependent.

In summary, the shape of scintillation pulses re-
sulting from neutron interactions in organic scin-
tillators is dependent upon the energy deposited.

Therefore, the proton light yield cannot be mea-
sured using the maximum pulse height of a digi-
tized waveform. This value will be proportional to
the peak photon fluence on the photocathode and
not to the number of scintillation photons created.
Authors measuring proton light yield should report
pulse integral values and ensure that the integra-
tion length is long enough to capture most of the
scintillation light.
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