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Abstract

An efficient neutron detection system with good energy resolution is required to correctly characterize
decays of neutron-rich nuclei where f—delayed neutron emission is a dominant decay mode. The Neutron
dEtector with Xn Tracking (NEXT) has been designed to measure S-delayed neutron emitters. By seg-
menting the detector along the neutron flight path, NEXT reduces the associated uncertainties in neutron
time-of-flight measurements, improving energy resolution while maintaining detection efficiency. Detector
prototypes are comprised of optically separated segments of a neutron-gamma discriminating plastic scin-
tillator coupled to position-sensitive photomultiplier tubes. The first performance studies of this detector
showed that high intrinsic neutron detection efficiency could be achieved while retaining good energy reso-
lution. The results from the efficiency measurements using neutrons from direct reactions are presented.
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1. Introduction

Neutron spectroscopy is an important tool to
study the nuclear properties of exotic, neutron-rich
nuclei [1 2 B]. Beta-delayed neutron emission [4]
is a significant or even dominant decay channel for
these nuclei. Radioactive ion beam facilities con-
tinue to increase access to very neutron-rich nuclei
[5]. Improvements in the quality of neutron detec-
tion techniques must continue to fully exploit their
discovery potential. Neutron-energy measurements
are required to probe nuclear structure effects, and
these detection systems need to be capable of mea-
suring neutrons with an energy range of 100 keV to
10 MeV as efficiently as possible.

The Neutron dEtector with Xn Tracking
(NEXT), an optically segmented plastic scintilla-
tor neutron time-of-flight (TOF) detector array,
has been designed to study the S-delayed neutron
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emission. The detector segmentation enables high-
precision measurement of neutron TOF and the po-
sition interaction, which improves the energy res-
olution without sacrificing neutron detection effi-
ciency. With the interaction position localization,
individual detector units can be placed closer to the
source or target, making the detector array efficient
and cost-effective without compromising the neces-
sary energy resolution. NEXT can also be used
in direct reactions studies using (d,n), (p,n), and
(a,n). The neutron-gamma (n-v) discrimination
capability of NEXT is critical in reactions experi-
ments where the gamma-ray background would oth-
erwise be limiting. The NEXT concept and results
from proof-of-principle tests are described by Hei-
deman et al. [6]. This publication will detail ef-
ficiency measurements with neutrons produced by
2TAl(d,n) reactions and comparisons to GEANT4
simulations.
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Figure 1: A typical NEXT prototype. The segmented plas-
tic scintillator is coupled to Hamamatsu H12700 position-
sensitive PMTs on either side for the light readout.

2. Detector Prototypes

A typical NEXT prototype has 8x4 segments,
where the higher segmentation is along the neu-
tron flight path. Each segment is a bar of plas-
tic scintillator developed by Eljen Technologies [7].
The segments are 6 mm thick, 12.5 mm wide, and
254 mm long, making the active scattering volume
of the entire detector module 48x50.8x254 mm?.
A fully assembled detector can be seen in Figure
[l Each scintillator bar is optically separated from
the others using 3M™ Enhanced Specular Reflec-
tor(ESR) [§]. The details of the conceptual design
of the NEXT prototype can be found in [6].

Two different types of plastic scintillators manu-
factured by Eljen Technologies, EJ-200 and EJ-276,
were used to construct the prototypes. The EJ-276
is a n-y discriminating plastic, while EJ-200 does
not have any n-vy discrimination capabilities, but it
has about 15% higher light yield than EJ-276. The
prototypes are designated by the plastic type used
and their length; for instance, EJ276-10 is made of
EJ-276 plastic scintillator and 10 in long.

For the light readout, a multi-anode photomulti-
plier tube (MAPMT), Hamamatsu H12700 [9] was
used on either side of the detector module. Each
MAPMT has 8x8 pixels, each of them has dimen-
sion 6x6 mm?, which makes an active window of
48x48 mm?. The signals from the MAPMT are
read out using Anger Logic boards, designed and
manufactured by Vertilon Corporation [I0]. The
Anger Logic board, an array of matched resistors,
reduces the number of readout channels to five
channels per MAPMT. The position information is
calculated using four signals from the corners of the
resistor network using the Anger Logic algorithm
[II]. The neutron interaction position inside the

Figure 2: The experimental setup at EAL. The detector pro-
totypes were placed at a distance of 5 m from target assem-
bly inside the 30 m long neutron time-of-flight tunnel. The
neutron beam was collimated using concentric polyethylene
collimators.

detector is used to correct the neutron TOF. The
fifth signal is the dynode signal, common to one side
of the detector, which carries the timing and pulse-
shape discrimination information. The five signals
from each Anger Logic board are recorded using 16-
bit, 250 MHz Pixie-16 digitizers developed by XIA

LLC [12).

3. Prototype Efficiency

3.1. 2T Al(d,n)Measurement

The neutron detection efficiency measurement
of different NEXT prototypes was performed
at the Ohio University’s Edwards Accelerator
Laboratory (EAL), which provides a wide range
of neutron energies using 2”Al(d,n) reactions [L3].
The 7.44 MeV deuteron beam impinges on an
27A] target, producing neutron energy spectra at
different angles relative to the beam direction. The
neutron energy spectrum is well described at 120°
relative to the beam direction and can be used as
a standard spectrum to measure the efficiency of
the neutron detectors.

The measurement was performed with five NEXT
prototypes, four of which were constructed from EJ-
276 and one from EJ-200 plastic scintillator. Four
of the prototypes were 10 in long, and one of them
was 5 in long. Three typical prototypes EJ276-10,
EJ200-10, and EJ276-05, were considered for the
analysis.
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Figure 3: A typical time-of-flight spectra measured by
EJ276-10 prototype with 27Al(d,n) at 120° with prototype
in beam (black) and the prototype moved out of the beam
(red).
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Figure 4: The efficiency for EJ276-10 (black), EJ276-
05 (blue) and EJ200-10 (red) prototypes obtained from
27Al(d,n) reactions at 120° with a 20 keVee threshold.

Each of the prototypes was placed at a distance of
5 m from the target assembly inside the 30 m long
concrete tunnel, as shown in Figure The dis-
tance was chosen such that the prototype was fully
illuminated, and the neutron rate would be suffi-
cient to make reliable measurements. A chopped
pickoff signal from the beam buncher was used as a
reference signal for the neutron time-of-flight mea-
surement. Figure [3| shows a typical TOF spectrum
measured by the EJ276-10 prototype in the beam,
and the prototype moved out of the beam. The flat
nature of the out-of-beam TOF spectrum indicates
the absence of scattered neutrons inside the tunnel.
The background is mainly composed of prompt and
scattered  rays, which can be easily subtracted to
obtain the actual neutron time-of-flight spectrum.

For the intrinsic efficiency, the neutron flux

(neutrons/sr/uC/MeV) was measured for each pro-
totype and compared with the reference neutron
spectrum provided by the facility. Figure [] shows
the intrinsic efficiency of three NEXT prototypes
measured at EAL using the 27Al(d,n) reactions at
120°. The higher light output of the EJ-200 scintil-
lator led to the better performance of the EJ200-10
prototype for low-energy neutrons compared to the
other two prototypes.

3.2. Simulations: NEXTsim

NEXTsim [6], a GEANT4 [14, [15] based sim-
ulation framework developed to characterize the
NEXT detector, was used to simulate neutron de-
tection efficiency for the various NEXT prototypes.

In NEXTsim, the same experimental setup as the
one used at EAL was rendered, and the same neu-
tron flux spectrum provided by the facility was used
as a source. Comparative studies have been per-
formed between measured and simulated intrinsic
efficiency for each prototype.

Figure [5| shows the intrinsic efficiency calculated
using NEXTsim compared to the measured effi-
ciency for the three prototypes EJ200-10, EJ276-
05, and EJ276-10. The EJ200-10 and EJ276-05
prototypes showed good agreement between mea-
sured and simulated efficiencies within the uncer-
tainties; however, the measured intrinsic efficiency
is lower than the simulated efficiency for the pro-
totype EJ276-10 for energies below 1.5 MeV. The
discrepancy is attributed to a low light yield of the
EJ-276 scintillator, limitation of the Anger Logic
readout, and the trigger schemes used. A new trig-
ger configuration has been developed, leading to an
improvement in detection efficiency for low-energy
neutrons. The details of the readout scheme and
trigger configuration are described in the next sec-
tion.

4. Anger Logic readout and trigger configu-
rations

4.1. Readout scheme of NEXT

Each MAPMT used for the light readout pro-
vides one common dynode and 64 anode signals.
The common dynode signal is used for timing and
triggering purposes which enables an evolved im-
plementation of the trigger scheme developed ini-
tially for VANDLE [16], and the anode signals are
used to extract the neutron interaction position in
the scintillator. The dynode signal is read directly,
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Figure 5: The measured intrinsic efficiency using 27 Al(d,n)
reactions at 120° at EAL with 20 keVee threshold (black)
compared to the NEXTSim calculation (red) for EJ200-10
(a) EJ276-05 (b) and EJ276-10 (c) prototypes.

but all 64 anodes are connected to the resistive net-
work, and using Anger Logic, four signals are read
from the corners of the resistor array, as shown

schematically in Figure [f] Anger logic provides a
cost-effective readout method of a pixelated array
like NEXT because only ten electronic channels are
needed to read 128 anodes and two dynodes per de-
tector. However, there are challenges in using the
resistive network readout, especially for neutrons
that deposit very little energy in the scintillator.
As a result of charge division, the low energy sig-
nals can be lost when their amplitude becomes too
small. This is often the case when the interaction
takes place close to the edge of the detector.

4.2. Trigger configurations

A coincidence triggering is required to operate
the detector system with a low energy threshold
without saturating the data rate. The trigger con-
figuration used in the efficiency measurement at
EAL allowed individual channel thresholds to be
below noise levels. This generates two types of co-
incidence triggers: pairwise channel and global trig-
gers. The pairwise triggers are generated between
each channel pair (0&1, 2&3, ...) from the left and
right sides of the detector. This approach is al-
ready advantageous in reducing detection thresh-
olds in double-ended neutron TOF detectors. To
further reject background events, a global trigger
can be generated based on the TOF pairwise trig-
gers that are coincident, within a specified time
window, with channels corresponding to TOF start
signals, as shown in Figure[7al The start signals can
either be a real observation of a beta particle scat-
tering in a plastic scintillator, a gamma from a fis-
sion source, or an RF signal tightly correlated with
a beam packet arrival on a reaction target. Once
a global trigger has been generated, any channel
whose local fast trigger is validated alongside the
global trigger records the channel event data to the
FIFO.

Figure[7D|shows the schematics of the triple coin-
cidence trigger used in the efficiency measurement
at EAL. The caveat to this trigger mode, when used
with NEXT, is that the anodes, which should al-
ways be in coincidence with dynodes of the same
detector, may not be recorded if the signals are too
small to cross their local trigger threshold. Nor-
mally this could be remedied by simply lowering
their threshold to near zero, but these anodes not
only listen for global triggers but can also generate
global triggers. If the anodes are set to near-zero
thresholds, then too many global triggers would be
generated, and the data rate would be unsustain-
able. The position correction data analysis requires
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Figure 6: A schematic representation of the NEXT readout in TOF setup with start detector. The five signals from each side
of the NEXT (dynode: red, anodes: blue) and a signal from the TOF start detector are digitized using Pixiel6 digitizers. The
TOF start detector provides a reference signal for the time-of-flight measurement. These signals communicate to each other
using backplane trigger lines to generate the trigger configurations.

Beta Single

Bela Single Beta OR

Dynaode L
) Dynode Pairwise
Dynade R

(a)

Dia'”“”

Channel

Global Trigger Trigger

Global Trigger Channel

Anode Fast

Trigger

Anode L1

Ancde Pairwise
Anode R1

(b) (c)

Figure 7: The schematic representation of the coincidence
trigger schemes. (a) Generating the global Validation trig-
ger using start detectors (beta singles) and NEXT dynodes.
(b) A triple coincidence trigger scheme used at EAL, where
anodes always required to be in coincidence with dynodes
from the same detector. (c) A new trigger configuration
based on unconditional readout of the anode signals. This
trigger scheme allows the forced recording of a signal if global
trigger is generated.

the four corresponding anode signals to each dyn-
ode. If the four anode signals do not exist, then the

event is disregarded. For events with low energy de-
position localized near the corner of the detector,
the sharing of the signal through the Anger logic
resistive network will result in the opposite corner
likely not triggering because its signal will be too
small. This issue resulted in a pseudo-threshold
that effectively raises the detection threshold in the
EAL measurement, as seen in Figure [Bal

In order to correct this, a new trigger scheme
was implemented in firmware to include an un-
conditional readout trigger, called external fast
trigger mode. This allowed the forced recording of
a channel if a global trigger is generated. Anodes
were set to the external fast trigger mode such
that they were only recorded for globals generated
between the TOF start signals and a pairwise
NEXT dynode event as shown in Figure The
improvement in event construction can be seen in
Figure 8D and will also be demonstrated for low
energy neutron detection efficiency in the next
section.
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Figure 8: Two dimensional histograms showing the sum of
the left anode QDCs plotted against the corresponding de-
tector layer for events taken with the triple coincidence trig-
ger (a) and the new external trigger configuration (b). The
zeroth detector layer indicates the layer closest to the source.
The lower occupancy in the front (towards the source) and
back (away from the source) layers for low QDC events seen
in the top plot does not exist in data taken with the new
trigger mode. The detection threshold is consistent between
the detector layers as shown in the bottom plot.

5. 252Cf measurement with new trigger
scheme

A measurement of the 2°2Cf fission neutron spec-
trum was performed to show the improvement in
the low-energy neutron detection using a new trig-
ger scheme compared to the trigger scheme used
during efficiency measurement at EAL.

The measurement was performed using both the
old triple coincidence trigger and the new exter-
nal fast trigger configurations in the same exper-
imental setup. The same prototype (EJ276-10)
from the EAL measurement was used and placed
at a distance of 94.4 cm from the source. The
start signal for the TOF measurement was pro-
vided by detecting prompt y—rays from fission in
a 25.4x25.4x12.7 mm? plastic scintillator (EJ-200)
placed close to the source and the NEXT proto-
type provided the stop signal. A shadow bar mea-
surement was also performed in a similar setup to
see the background neutrons scattered off the floor,
walls, and the surrounding materials. The blocks
of polyethylene cubes inserted between the source
and the NEXT prototype blocked direct neutrons
from the source. After subtracting the background,
a clean time-of-flight spectrum was obtained, and
corresponding neutron energies were extracted.

Figure Da] shows the ratio of the number of neu-
trons detected per energy bin in the new and old
trigger configurations. With the new trigger config-
uration, the detection efficiency for the low-energy
neutrons (below 1.5 MeV) is higher than the old
one. This removed the discrepancy seen in Figure
between the measured and simulated efficiency
for the EJ276-10 prototype, as shown in Figure b
The efficiency measured at EAL was multiplied by
the ratio of the neutron detected in the new and
old trigger scheme to get the corrected efficiency.

6. Updates in the detector development

Updates have been made in the detector develop-
ment since the EAL efficiency measurement. The
Anger Logic readout boards now have onboard pre-
amplifiers, which will be used to amplify both dyn-
ode and anode signals. The scintillator plastic to be
used will also be changed to EJ-299-33M as recom-
mended by the supplier (Eljen Technologies). This
plastic has a higher light output and similar n-+ dis-
crimination compared to the EJ-276 used in mea-
surements shown in this work. These updates in
the detector development will improve the neutron
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Figure 9: (a) Ratio of number of neutrons measured per
energy bin in new and old trigger schemes with the EJ276-10
prototype using 252Cf source. (b) The efficiency for EJ276-
10 prototype measured at EAL was corrected using the ratio
of neutrons detected in new and old trigger scheme shown in
Figure @

detection capabilities. Future publications will in-
clude the results from the characterization of the
new detector units.

7. Conclusion

We have demonstrated a high neutron detection
efficiency of NEXT prototypes using neutrons pro-
duced from the 27 Al(d,n) reactions. Efficiency mea-
surements of three typical NEXT prototypes, which
differ in length and the scintillator material, were
performed and analyzed. The performance of each
of the prototypes is compatible with the prediction
from GEANT4 simulations. A new trigger config-
uration has been developed, which leads to better
measurements of low-energy neutrons. New devel-

opments have been made in the readout scheme,
scintillator material, and the detector manufactur-
ing procedure. These updates will improve the neu-
tron detection capabilities and the neutron detec-
tion efficiency of the NEXT detector.
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