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A B S T R A C T

An array consisting of 12 deuterated organic liquid scintillator detectors for fast-neutron spectroscopy was
designed and built at Oak Ridge National Laboratory (ORNL). This versatile array is designed for measurements
with low reaction yields, such as those performed with rare isotope beams, as well as at high current DC
facilities used for underground nuclear astrophysics research. Because some measurements also offer limited,
or no, additional timing information, the ORNL Deuterated Spectroscopic Array (ODeSA) was optimized to
utilize spectrum unfolding to extract neutron energy spectra. This array was characterized for n/𝛾 pulse shape
discrimination, light response, resolution, and intrinsic efficiency by using the neutron time-of-flight tunnel at
the Edwards Accelerator Laboratory at Ohio University. Results and future plans are discussed.

1. Introduction

Neutron detection technologies for fast-neutron energy spectra mea-
surements with limited or no time-of-flight information are highly
desirable in nuclear physics research. The importance of such technolo-
gies is being driven by experiments with low reaction yields, due to
small reaction cross sections, low beam intensities, or both. For exper-
iments at rare isotope beam (RIB) facilities, this is due to low beam
intensities associated with RIB production. In order to enhance detected
yields and achieve the necessary signal-to-background ratio, detectors
must be located in close proximity to the reaction target. Such detector
placement limits the energy resolution achievable through neutron
time-of-flight (ToF), where energy resolution is dependent on the flight
path distance. In underground nuclear astrophysics experiments with
high-current DC accelerators, such as CASPAR [1], the lack of timing
information also prevents the use of time-of-flight for neutron energy
determination. ToF is optimal for generating neutron energy spectra
in experimental setups where there is both good time structure on the
beam, and a configuration of the experimental hall enabling a long ToF
path that is free of background-generating neutron scattering centers.
However, lacking one or both of these, such as using DC beams, or in a
small room with no ToF tunnel with other equipment that would cause
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undue neutron scattering into the detector, an alternative to neutron
ToF is needed.

Neutron detection techniques for fast-neutron spectroscopy com-
monly rely on either (n,p) or elastic scattering reactions. The (n,p)
reaction produces a recoil proton with an energy that is directly related
to the incident neutron energy. Examples of detectors that are based
on this method include 3He proportional counters and Cs2LiYCl6:Ce
(CLYC) inorganic scintillator. Historically, 3He proportional counters,
based on the 3He(n,p)3H reaction (Q-value = + 764 keV), have been
used in fast-neutron spectroscopy. However, they typically have low
detection efficiency which rapidly decreases with increasing energy.
This has prompted research into solid materials, with one of the best
examples being the inorganic scintillator CLYC, which relies on the
35Cl(n,p)35S reaction (Q-value = + 615 keV). Neutron energy spectra
can be extracted from a few hundred keV to approximately 8 MeV using
the 35Cl(n,p)35S(g.s.) peak. The first excited state of 35S starts to con-
tribute at approximately 1.5 MeV, with additional excited states start-
ing to contribute at approximately 5.5 MeV [2]. However, above 8 MeV,
complications arise from the increasing 35Cl(n, 𝛼)32P cross section and
increase in level density of excited states from 35Cl(n,p)35S. This results
in overlapping peaks which reduce the spectra to a continuum [2,3]
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rather than a discrete energy spectrum, making measurements above
this threshold unfeasible.

Alternatively, elastic scattering reactions can be used for
fast-neutron spectroscopy. Typically, hydrogen or deuterium is used
as the scattering target. Fast-neutron energy spectra can be extracted
using ether neutron ToF or spectrum unfolding. The use of deuterium
in the detector enhances the spectrum unfolding capability [4] of these
detectors. This is primarily due to the energy asymmetry of the d(n,n)d
elastic scattering differential cross section [5]. This produces a char-
acteristic recoil peak in the light response spectrum that corresponds
to the maximum energy deposition of the incident neutron. The result
is a continuous recoil deuteron spectrum from which neutron energy
spectrum can be extracted using the spectrum unfolding method [5].
We note that the use of deuterated scintillators becomes complicated at
incident neutron energies higher than approximately 15 MeV, where in-
terference from the deuteron breakup reaction – d(n,2n)p – complicates
the recoil deuteron spectrum with breakup protons which are difficult
to separate from recoil deuterons.

To maximize the signal-to-background ratio, which is of paramount
importance for measurements with low reaction yields, detection ef-
ficiency is key. Here we compare the macroscopic cross section for
different types of fast-neutron detectors, using: CLYC [2,3]; a standard
4 atm 3He proportional counter [6]; and the commercial deuterated
liquid scintillator Eljen Technology EJ-315 [7] based on benzene-d6.
The atom density of active nuclei in EJ-315 is a factor of 2 larger
than in CLYC and 400 times larger than 4 atm of 3He gas. Considering
the relevant (n,p) and elastic scattering cross sections at an incident
neutron energy of 1 MeV [8], EJ-315 has the largest cross section.
With these two properties combined, the EJ-315 liquid scintillator
has the highest macroscopic cross section of the three by a factor of
60 over CLYC, and a factor of 1200 over 3He proportional counters.
With its advantages in atomic density and neutron cross section, the
larger macroscopic cross section of EJ-315 makes this material highly
desirable for spectroscopic measurements.

The higher yields and capability for spectrum unfolding led us to
choose the deuterated liquid scintillator EJ-315 for the construction
of ODeSA — the ORNL Deuterated Spectroscopic Array. Currently
consisting of 12 individual detectors, the array was built for reaction
measurements utilizing the spectrum unfolding method of neutron
spectroscopy [9], enabling neutron spectroscopy measurements where
close target-detector geometry is necessary, or where there is no time
structure on the beam.

2. Description of the ODeSA detectors

The deuterated liquid scintillator detectors used in this study were
designed and assembled at Oak Ridge National Laboratory. The basis
for their design was focused on maximizing light collection and pulse
shape discrimination for spectrum unfolding applications. Each detec-
tor cell consists of three main components: the cell body, a mounting
flange, and a PMT support collar as shown in Fig. 1. The cell body
consists of a 7.3 cm diameter × 5.0 cm long deep-drawn 304 stain-
less steel shell. These deep-drawn shells are readily available from
manufacturers specializing in capacitor and battery housings, therefore
lowering the cost of large arrays. The diameter for the shell was chosen
to match the active photo-cathode area of the photomultiplier tube. To
minimize the number of optical reflections, a shell thickness smaller
than the diameter was chosen. The shells are epoxied onto a low-profile
aluminum flange equipped with a side arm expansion volume and
borosilicate glass window. The expansion volume, filled with 99.999%
argon gas, is comprised of a 10.0 cm section of 1/4’’ 304-stainless steel
pipe capped with a compression fitting. This is required to allow for
expansion/contraction of the liquid scintillator with temperature. This
expansion volume also allows for the detector to be mounted in any
orientation without optical interference of the inert gas bubble. An
aluminum collar attached to the opposite side of the flange provides

support and mounting of a Hamamatsu R6233-100-01 ASSY photo-
multiplier tube. This tube design benefits from a hybrid of both the
box-and-grid type, which maximizes light collection, and the linear
focused type, which provides good pulse linearity and superior timing
resolution [10]. Each ODeSA detector cell is lined with a 0.8 mm thick
polished PTFE sheet which serves as the optical reflector. The lower
index of refraction of PTFE (n=1.36 vs. n=1.498 for EJ-315M [7])
also permits total internal reflection of scintillation photons. The cells
are each filled with approximately 200 ml of the commercial deuterated
liquid scintillator EJ-315M. These cells can be packed into arrays of
various geometries as needed to optimize solid angle coverage for any
given experiment.

3. Experimental setup and measurements

Detector characterization was performed at the Edwards Accelerator
Laboratory at Ohio University, utilizing the 30 m neutron time-of-
flight tunnel and beam swinger, allowing for an incoming beam angle
between 4◦ ≤ 𝜃𝑙𝑎𝑏 ≲ 180◦ [11]. The detectors were located at a distance
of 8.02(3) m from the reaction target. Scintillation pulses, taken from
the PMT anode, were acquired using a CAEN V1725 250 MS/s, 14-
bit waveform digitizer. Waveforms were baseline corrected using a
continuous moving average filter and timing information was extracted
via constant fraction discrimination. The pulse shape discrimination
(PSD) parameter is taken as the ratio of the charge integrated over
the short time interval divided by the charge integrated over the long
time interval. A long integral of 440 ns and short integral of 352 ns
after a 48 ns offset from the pulse maximum amplitude were used,
as shown in Fig. 2. To determine the neutron time-of-flight, a Hewlett
Packard 8082A pulse generator, triggered by the beam pick-off timing
pulse, was used to generate a trapezoidal pulse with a rise time, fall
time, and flat top of 40 ns each. At 250 MS/s, this provided a 10-point
leading edge where the timing resolution was achieved from constant
fraction discrimination with linear interpolation between points. The
timing resolution of the experimental setup was 1.7 ns (FWHM), with
1600 ns between beam pulses. The detector performance and response
matrix was measured using the well-known 27Al(d,n)28Si reaction at
𝐸𝑑 = 7.44 MeV and 9Be(d,n)10B reaction at E𝑑 = 7.00 MeV [12,13].
The neutron background contribution was determined using a shadow
bar composed of a 7.62 cm diameter × 30 cm long density polyethylene
cylinder backed with a 7.62 cm diameter × 2.54 cm thick 5% boron-
loaded polyethylene disk. This ‘‘shadows’’ the detector from direct
line-of-sight neutrons from the production target and thus is useful as a
measure of room-return, or neutron scattering background. Fig. 3 shows
a typical neutron ToF spectrum, ToF spectrum gated on neutron events
(corresponding to the upper band in the PSD spectrum), and a ToF
spectrum using the same neutron gates where the detector was shielded
by the shadow bar.

4. ODeSA detector performance

The following detector performance parameters were extracted us-
ing the electron-equivalent energy scale typically used to describe
the light response of scintillators. By definition, 1 MeVee corresponds
to the light yield from the energy deposition by a 1 MeV electron.
The detectors were calibrated based on the Compton edge of several
standard laboratory 𝛾-sources: 22Na, 137Cs, and 207Bi, taken at 80% of
the edge height. An 241Am source was used as a low-energy calibration
point where a photo-peak is observed.

4.1. Pulse shape discrimination

The ability to discriminate between neutron and 𝛾-ray events is
critical in the use of the spectrum unfolding method. This method
relies on a detailed knowledge of the detector light response over
the neutron energy range measured, known as the detector response
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Fig. 1. Complete detector assembly (A) along with major components: scintillator cell (B), mounting flange (C), and PMT support collar (D).

Fig. 2. Description of charge integration method for pulse shape discrimination, with
an offset of 48 ns from the peak maximum amplitude.

matrix. Good PSD separation enables the discrimination of 𝛾-ray events
that can alter the light response spectrum with features not described
in the detector response matrix. Fig. 4 shows a typical PSD plot for
the deuterated liquid scintillator detectors, as described above. ODeSA
demonstrates exceptional separation between the 𝛾-ray events (lower
band) and the neutron events (upper band), described quantitatively
using the figure-of-merit (FOM):

𝐹𝑂𝑀 =
𝜇𝑛 − 𝜇𝑔
𝑊𝑛 +𝑊𝑔

. (1)

where 𝜇𝑛∕𝑔 and 𝑊𝑛∕𝑔 correspond to the centroids and FWHM of Gaus-
sian fits to the neutron/𝛾 PSD parameter spectra for a given light
response slice. Fig. 5 shows the FOM as a function of the light response
for a typical ODeSA detector. A FOM of > 1 is necessary for good
separation of neutron and 𝛾-ray events. Below this, the neutron and
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Fig. 3. Time-of-flight spectrum using a broad-energy neutron source from a thick target
9Be(𝑑, 𝑛) reaction at 𝐸𝑑 = 7.00 MeV. All events (blue), PSD-gated neutron events (red),
and PSD-gated neutron events using the shadow bar (black). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. A typical PSD plot with PSD gates, determined as described in the text,
superimposed to demonstrate n/𝛾 discrimination. The upper band corresponds to
neutron events and the lower band corresponds to 𝛾-ray events.

Fig. 5. Figure-of-Merit as a function of light response, demonstrating 𝑛/𝛾 separation
down to 60 keVee.

𝛾-ray events start to overlap and separation becomes complicated. For
ODeSA, a FOM of > 1 is observed down to a threshold of 60 keVee.

An important aspect of the spectrum unfolding method is that the
detector response matrix reflects the same PSD gates as the experimen-
tal spectra to be unfolded. This condition requires that a systematic

Table 1
Fitting parameters used to define systematic PSD gates for one of the ODeSA detectors.
These numbers are representative of the array. The C coefficient for the upper gamma
band was set to zero as no non-linear correction were required.

PSD gates A (keVee1∕2) B C (keVee−1)

Neutron upper 1.50 0.170 −9.0 × 10−5

Neutron lower −0.90 0.199 −2.0 x 10−4

Gamma upper 0.33 0.047 0

Table 2
Fitting parameters used for light response function.

A (keVee/MeV) B (keVee) C (MeV−1)

604.6 −1732.4 −0.294

definition of PSD gates be used for the selection of neutron events in
experimental data and in the generation of the detector response ma-
trix. As such, PSD gates were defined by projecting the PSD parameter
and performing a Gaussian fit, in the same fashion as the FOM. From
this procedure, a 3𝜎 confidence region was defined as a function of the
light response. For ODeSA, the empirical functional form which defines
the lower and upper bands of the PSD gate is

𝑃𝑆𝐷(𝐿) = 𝐴
√

𝐿
+ 𝐵𝑒𝐶𝐿, (2)

where 𝐴, 𝐵, and 𝐶 are fitting parameters that can be defined on an
individual detector basis. The fitting parameters used for the ODeSA
detectors can be found in Table 1. Three gates define the region of
accepted neutron events: a lower neutron band, an upper neutron
band and an upper 𝛾-ray band. An example of these gates can be
seen overlaid on the PSD plot shown in Fig. 4. However, at very low
energies, the neutron and 𝛾-ray bands overlap. As the 𝛾-ray band cuts
into the neutron band, the PSD gates will have an inherent selection
efficiency when defining neutron events. This selection efficiency is
reflected in the response matrix, any extracted spectra to be unfolded,
and is also propagated to Monte Carlo simulations.

4.2. Light response and resolution

The use of a broad-energy neutron source permits extraction of
quasi-monoenergetic spectra by time-slicing the ToF spectrum. Since
the distance is fixed, a slice in ToF, or time interval, corresponds to a
neutron energy interval. From these quasi-monoenergetic spectra, the
light response and resolution functions of the ODeSA detectors can be
extracted. Fig. 6 shows the light response function extracted compared
to previous measurements of EJ-315 from the literature [14–16]. The
light response was taken at 80% of the full energy deposition edge
amplitude of the total pulse integral, as determined by the charge inte-
gration method. This edge corresponds to the maximal recoil deuteron
energy, 𝐸𝑑 = 8∕9𝐸𝑛. The present data is in very good agreement with
the measurement from [16], but differs from [14], and [15]. For the
present data and [16], the light response for a given recoil deuteron
energy was extracted using the pulse integral spectrum, while [14]
and [15] used the pulse height spectrum. A pulse integral spectrum cap-
tures all the possible radiative decay modes of the scintillator (prompt
fluorescence, delayed fluorescence, and phosphorescence) while a pulse
amplitude spectrum (i.e. pulse height spectrum without pulse shaping)
is primarily sensitive to the fast component of the light (i.e. prompt
fluorescence). This disparity between these two methods is likely to be
the source of the systematic shift in the data.

An empirical fit to the light response function was performed using
the equation:

𝐿(𝐸𝑑 ) = 𝐴𝐸𝑑 + 𝐵
(

1 − 𝑒𝐶𝐸𝑑
)

(3)

where the fitting parameters for these data can be found in Table 2.
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Table 3
Fitting parameters used for light response resolution.
𝛼 𝛽 (MeVee1∕2) 𝛾 (MeVee)

0.1757 0.07589 0.01011

Fig. 6. Light response curve from time-of-flight slicing of a broad energy neutron
source from the 9Be(𝑑, 𝑛) reaction at 𝐸𝑑 = 7.00 MeV, compared to previous measure-
ments [14–16]. The light response points were extracted at a position of 80% of the
recoil peak height.

Fig. 7. Light response resolution from time-of-flight slicing of a broad energy neutron
source from the 9Be(𝑑, 𝑛) reaction at 𝐸𝑑 = 7.00 MeV. The light response points were
also fit at a position of 80% of the recoil peak height.

From Fig. 6 the neutron detection threshold can be determined
using the PSD threshold from Section 4.1. A PSD threshold of 60 keVee
corresponds to a neutron detection threshold of 𝐸𝑛 = 525 keV.

The same quasi-monoenergetic spectra used for extraction of the
light response function can also be used to extract the detector reso-
lution function. Both are required for proper modeling of an experi-
mental setup using Monte Carlo simulations. Fig. 7 shows the detector
resolution (𝛥𝐿 FWHM) extracted using the prescription of Bildstein
et al. [16]. The data were fit using Eq. (4) with fit parameters that can
be found in Table 3.

𝛥𝐿
𝐿

=

√

𝛼2 +
𝛽2

𝐿
+

𝛾2

𝐿2
. (4)

4.3. Detection efficiency

The neutron flux from the 9Be(𝑑, 𝑛)10B reaction at the Edwards
Accelerator Laboratory has been previously characterized by Massey

Fig. 8. Intrinsic neutron detection efficiency measured using the 9Be(𝑑, 𝑛) reaction at
E𝑑 = 7.00 MeV for one detector. The low energy threshold is defined by the PSD bands
shown in Fig. 4 with fit parameters listed in Table 1.

Fig. 9. Response matrix generated using a broad energy neutron source from a thick
target 27Al(𝑑, 𝑛) reaction at 𝐸𝑑 = 7.44 MeV [12].

et al. [13,17]. This permits its use for measurements of neutron detec-
tion efficiency. Fig. 8 shows the intrinsic neutron detection efficiency of
one of the ODeSA detectors using a threshold defined by the PSD gates
described in Section 4.1. It can be seen that ODeSA has an intrinsic
efficiency of 32 ± 1% at 1 MeV.

4.4. Detector response matrix

The basis of the spectrum unfolding method of extracting neutron
energy peaks requires a detailed knowledge of the detector via the de-
tector response matrix. Ideally, one can determine the response matrix
experimentally using the same methodology as used for extraction of
the light response function. In this case, a 2-dimensional histogram
of neutron energy (as determined through ToF) vs. light response is
generated, as is shown in Fig. 9. The matrix shown was generated
using the thick target 27Al(𝑑, 𝑛) reaction at 𝐸𝑑 = 7.44 MeV [12] with
background contributions subtracted using the shadow bar data.

However, if the response matrix cannot be experimentally deter-
mined in the neutron energy range of interest, Section 4 describes
the detector performance parameters necessary in order to generate
a detector response matrix via Monte Carlo simulations. With these
detector performance parameters and the detector response matrix
characterized, neutron spectroscopy measurements can now be carried
out using ODeSA utilizing both ToF and spectrum unfolding methods.

5. Conclusion

The ORNL Deuterated Spectroscopic Array (ODeSA) is a versa-
tile array of deuterated organic liquid scintillator detectors that have
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been optimized to utilize the spectrum unfolding approach to neutron
spectroscopy. ODeSA performance was characterized at the Edwards
Accelerator Laboratory at Ohio University, utilizing the 30 m neu-
tron time-of-flight tunnel. These detectors demonstrate PSD separation
down to 60 keVee, with a corresponding FOM of 1.08. Consequently,
the minimum neutron energy threshold is 500 keV. The light response
and resolution were also measured, with the light response in agree-
ment with the data from [16]. Additionally, the intrinsic efficiency
was experimentally determined, with an efficiency of 32 ± 1% at
1 MeV. With this information obtained from the characterization, neu-
tron energy spectra can be extracted by spectrum unfolding of a mea-
sured spectra, without any additional information from time-of-flight.
This is critical to enable neutron spectroscopy measurements where
close target-detector placement is necessary, or where there is no time
structure on the beam.
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