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Abstract

The "3He crisis" has resulted in a major effort worldwide to develop replacement
neutron-detector technologies. Such technologies are in their infancy and need to
be thoroughly tested before becoming mainstream. Neutron sources for controlled
irradiation include accelerators, nuclear reactors and radioactive sources. Neutrons
produced in nuclear reactors and at accelerators have a very high cost per neutron. In
contrast, radioactive sources produce neutrons at a significantly lower cost per neu-
tron and with a substantially lower cost of entry. A drawback associated with radioac-
tive sources is the associated isotropic mixed neutron/gamma-ray field. This work in-
troduces a cost-efficient test-bed for the production of 2-7 MeV neutrons based on an
241Am/9Be source, with the aim of lowering the barrier for precision neutron testing
of detector technologies. Well-understood nuclear physics coincidence and time-of-
flight measurement techniques are applied to unfold the mixed neutron/gamma-ray
field and unambiguously identify the energies of the neutrons on an event-by-event
basis.
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1 Introduction

Both thermal and fast neutrons are important probes of matter [1–7] and are used in
a wide variety of fields from fundamental physics and material science to geologi-
cal studies and homeland-security applications. One of the most common detector
materials for neutrons of all energies is 3He. In the last decade, the stockpile of this
scarce resource was depleted and its price has become too great for large-scale de-
tector applications [8–10]. This "3He crisis" [8–12] has triggered a renewed interest in
the neutron-scattering community into new detector technologies to replace existing
technologies used for large-area detectors [13, 14]. Many of these replacement tech-
nologies are still in their infancy [15], while others have been successfully tested and
are approaching maturity [16] and still others have been in common use for years [17].

New technologies need to be tested in well-defined laboratory environments. Es-
sential to these are sources of neutrons for controlled irradiation – accelerators, nu-
clear reactors and radioactive sources. Neutrons produced in nuclear reactors and at
accelerators have a very high cost per neutron and a high cost of entry. In contrast, ra-
dioactive sources produce neutrons at a substantially lower cost per neutron. A draw-
back associated with radioactive sources is the isotropic mixed neutron/gamma-ray
fields. This work describes the development of a cost-efficient precision test-bed
for the production of 2-7 MeV neutrons which is based on an 241Am/9Be source
(hereafter referred to as Am/Be) [18]. At this test-bed, well-understood shielding,
coincidence, and time-of-flight measurement techniques are employed to attenuate
and subsequently unfold the mixed decay-product radiation field1 provided by the
Am/Be, resulting in a polychromatic energy-tagged neutron beam.

This thesis is divided in three parts. A short introduction to the measurement ap-
paratus, including both the setup and the equipment, is given in Chapter 2. Chapter 3
is used to present detector characterization using a standard neutron irradiation and
one using "tagged" neutrons. Chapter 4 is used to summarize the work and present
an outlook for the development of a dedicated test facility. The three papers upon
which this Licentiate Thesis is based are attached in the Appendix.

1The concepts and procedures discuseed in this thesis will work equally well for any Be-based ra-
dioactive neutron source.
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2 Apparatus

An overview of the equipment and the experimental setup is given. Shielding, source,
detectors, electronics and data acquisition are described.

2.1 Neutron Source

At the heart of the facility is a nominal 18.5 GBq Am/Be radioactive source [18]
which emits (1.106± 0.015)× 106 neutrons per second nearly isotropically [18]. Both
the gamma-ray and neutron dose rates at a distance of 1 m from the unshielded
source were measured using a Thermo Scientific Corporation FHT 752 dosimetric
neutron/gamma-ray detector [19]. They were determined to be 11 µSv/h each. The
source is a mixture of americium oxide (241AmO2) and beryllium metal (9Be) encap-
sulated in a X.3 capsule. X.3 capsules (see Fig. 2.1) are tig-welded, double-layered,
stainless-steel cylinders 31 mm in height× 22.4 mm in diameter. 241Am has a half-life
of 432.2 years and decays via 5 discrete α-emissions (average energy of 5.5 MeV) to
237Np. The dominant energy of the gamma-rays from the decays of the intermediate
excited states of 237Np is∼60 keV. A 3 mm thick Pb sheet was used to suppress∼80%
of these 60 keV gamma-rays as the half-value layer for 60 keV gamma-rays for Pb is
0.12 mm. The daughter 237Np has a half-life of over 2 million years. 9Be is stable.
Fast neutrons are emitted when α-particles interact with 9Be, producing 12C and a
free-neutron.

The precise free-neutron distribution, particularly the energies and relative inten-
sities of the peaks forming the sub-structure in the spectrum, varies depending upon
the properties of the Am/Be source containment capsule and the size of the 241AmO2
and Be particles in the powders employed [20]. That said, some general statements
about the fast-neutron distribution can be made. Am/Be sources produce free neu-
trons having a maximum energy of about 11 MeV. Approximately ∼25% of the neu-
trons emitted have an energy of less than ∼1 MeV with a mean energy of ∼400 keV
[18]. The average fast-neutron energy is ∼4.5 MeV. The kinematics and the reaction
cross section for the 9Be(α,n) interaction determine the state of the recoiling 12C nu-
cleus produced in the reaction. Independent calculations suggest that the relative
populations of the ground, the first-excited and the second-excited states for the re-
coiling 12C nucleus are ∼35%, ∼55% and ∼15% respectively [21–23]. 12C nuclei ex-
cited to the first-excited state will promptly decay to the ground state by the isotropic
emission of 4.44 MeV gamma-rays. The resulting gamma-ray to neutron ratio R has
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been measured to be ∼0.58 [24, 25], in good agreement with theoretical calculations.
It follows that between 55% and 60% of the neutrons emitted by an Am/Be source are
accompanied by a prompt, time-correlated 4.44 MeV gamma-ray. This property may
be used to measure the elapsed time between the detection of the 4.44 MeV gamma-
ray and the fast neutron, yielding the neutron time-of-flight and thus kinetic energy.
This procedure is known as "tagging". The available tagged-neutron energies are thus
necessarily restrict to a maximum value of less than 7 MeV as 4.44 MeV of the reaction
Q-value are lost to the de-excitation gamma-ray.

Figure 2.1: A schematic drawing of the Am/Be source [18]. The dimensions are given
in mm. The yellow shaded volume at the central core of the capsule cor-
responds to the Am/Be mixture.

2.2 Source Tank and Shielding

A water-filled tank (see Fig. 2.2 (d)) is used to define beams of neutron and gamma-
rays coming from the source. The design of the water tank was developed with both
functionality and safety in mind. First tests of the neutron-tagging technique were
performed with a temporary assembly made from concrete blocks, borated paraffin
boxes and water jugs (see Fig. 2.2 (a)). The paraffin boxes were judged to be too
dangerous for permanent shielding due to the associated fire hazard. It was therefore
decided to employ water for the bulk shielding. A FLUKA [27] simulation2 was used
to determine the minimum thickness of pure-water shielding which could reduce the
total dose rate at the exterior surface of the source tank to less than 0.5 µSv/h. If
the source is located in the designated "park" position, the construction fulfills this

2The simulation was written as part of a radiological survey of the above mentioned Am/Be source
by Magnus Lundin of the Radiation Safety Group at the MAX IV Laboratory [28].
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(a) (b)

(c) (d)

Figure 2.2: The development of the shielding design. The temporary wax-box and
water jug shielding is shown in pad (a). An early CAD image of the source
tank is shown in pad (b). The visualization of a Geant 4 simulation [26] of
the shielding assembly is shown in pad (c). The assembled, partially filled
tank is shown in pad (d). Note the airpad frame which allows for effortless
repositioning.
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(a) (b)

(c) (d)

Figure 2.3: CAD drawings of the three modules of the source tank. The lower tank
is shown in pad (a), the upper tank is shown in pad (b), the inner tank is
shown in pad (c), and a PMMA sleeve used to position a YAP detector (see
Section 2.3) is shown in pad (d).
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requirement. The tank is made from poly-methyl-methacrylate (PMMA), also known
as plexiglass and lucite, and was produced by VINK in Malmö [29]. The tank has
outer dimensions of 1400 mm × 1400 mm × 1400 mm. A three piece modular de-
sign was chosen to increase accessibility to the inner chamber in the lower tank (see
Fig. 2.3 (a)). The inner chamber (400 mm × 400 mm × 280 mm) houses the neutron
source and up to 4 YAP detectors (see Section 2.3). The open top of this chamber is
normally covered by both the upper tank (see Fig. 2.3 (b)) and the inner tank (see
Fig. 2.3 (c)). PMMA sleeves (see Fig. 2.3 (d)) are used to set the YAP detectors in
well-defined positions. These sleeves are inserted through designated openings in
the inner-tank module (see Fig. 2.3 (c)) 30 mm in diameter and 480 mm in length. A
fifth slightly smaller vertical penetration (26 mm in diameter) for the source is located
in the geometrical center of the tank. The tank is filled with∼2650 liters of ultra pure,
de-ionized water. Four beamports 172 mm (diameter) and 500 mm (length) allow for
simultaneous irradiations of four independent experiments. CAD drawings of the
modules described are shown in Fig. 2.3.

2.3 The YAP Scintillator Detector

Figure 2.4: Photograph of a YAP detector.

To detect the 4.44 MeV gamma-rays, cerium activated ytrium aluminum pervoskite
(YAP:Ce3+) single-crystal detectors are used. These fast (∼5 ns risetime) scintillator
detectors were supplied by Scionix [30]. The detectors are composed of 1 inch (diam-
eter) × 1 inch (height) single-crystal cylinders which are coupled to a 1 inch R1924
Hamamatsu photomultiplier tube (PMT) [31]. The PMTs are operated at about -800 V.
The energy resolution of the detectors was determined to be ∼10% at 662 keV using
137Cs. The YAP detectors are not used for spectroscopy but rather as trigger detectors.
YAP is an excellent choice for a gamma-ray detector operated near an intense neutron
source. The material is radiation hard and is quite (but not completely) insensitive to
neutrons of all energies.
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(a) (b) (c)

(d) (e) (f)

(g)

Figure 2.5: The top panel shows the CAD drawings of the NE-213 liquid scintillator
detector parts; the aluminum cell in pad (a), the glass window in pad (b)
and the light guide in pad (c). The middle panel shows the corresponding
CAD images. The bottom shows a photograph of the assembled detector.
The black tube attached to the detector cell is a magnetically shielded 3
inch ET Enterprises 9821KB PMT assembly.
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2.4 NE-213 Liquid Scintillator Detector

The assembled fast-neutron detector used for the measurements put forth in this the-
sis and its components are shown in Fig. 2.5. The NE-213 detector is sensitive to
both gamma-rays and fast neutrons. The detector consisted of a 3 mm thick alu-
minum cell with a 94 mm inner diameter and a 62 mm inner depth (see Figs. 2.5
(a) and (d)) filled with ∼430 ml of NE-213 [32]. NE-213 is a commonly used liquid
organic scintillator for fast neutron detection based on xylene, an aromatic molecule
of the formula C6H4(CH3)2. The scintillator emits light at 425 nm and has a bulk
light attenuation length of ∼3 m. The cell was sealed with a 5 mm thick borosilicate
glass window [33] (see Figs. 2.5 (b) and (e)) using Araldite 2000+ [34] glue which
is highly resistant to both temperature and chemicals. Two penetrations, sealed by
M8 threaded aluminum screws with 20 mm diameter heads and 14 mm diameter
Viton O-rings [35], were used to fill the detector. The inner walls of the detector
were painted with the reflective paint EJ-520 [36]. This paint is able to withstand the
highly aggressive solvents in the scintillator. The scintillator was flushed with ni-
trogen before it was transferred to the detector cell. In addition, a nitrogen-transfer
system was used to fill the cell. This nitrogen flushing reduced oxygen residue in the
scintillator. The filled cell was coupled to a 72.5 mm (diameter) × 34 mm (length)
PMMA lightguide [37] (see Figs. 2.5 (c) and (f)). Acrylic PMMA transmits light down
to wavelengths of 300 nm [38]. The lightguide wall was painted with water-soluble
EJ-510 [39] reflective paint. The lightguide was pressure-coupled to a spring-loaded,
magnetically shielded 3 inch ET Enterprises 9821KB PMT assembly [40] operated at
about −2000 V. To ensure the reproducibility of the behavior of the detector over an
extended period of time, optical grease was not used in the assembly.

2.5 The 4He-based Neutron Diagnostic Tool

The neutron diagnostic tool (NDT) from Arktis Radiation Detectors [41] (Arktis) used
in these measurements is shown in Fig. 2.6. The pressure vessel, a stainless-steel tube
with an outer diameter of 5.08 cm and an active length of 19.5 cm, was sealed on both
ends with optical windows. 4He was filled into the active detector volume to a pres-
sure of 120 bar. The interior surface of the stainless-steel cylinder was coated with a
PTFE-based diffuse reflector [42] which was itself coated with an organic phosphor
that converted the wavelength of the scintillation light from 80 nm to 430 nm. Sig-
nal loss in the detector was almost exclusively due to multiple reflections inside the
detector. Light losses due to re-absorption in the detector medium were negligible,
since 4He is essentially transparent to its own scintillation light [43]. The scintillation
pulses were read out via both optical windows by dry-fitted Hamamatsu R580 [44]
PMTs.
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2.6 Experimental Setup

Two different experimental setups were used in this work. In PAPER I, the method
of neutron-"tagging" is explained. In PAPER II, detectors were simply irradiated. In
PAPER III, the neutron-tagging technique was employed and YAP detectors were
used to pick off the 4.44 MeV gamma-rays corresponding to fast-neutron production.

(a) (b)

Figure 2.6: Schematic (a) and photograph (b) of the pressurized 4He noble-gas fast-
neutron detector. The outer diameter was 5.08 cm and the active length
was 19.5 cm.

2.6.1 Free Irradiation

When detectors were irradiated freely, shielding was employed to reduce the dose to
personnel. Figure 2.7 shows a schematic drawing of the first use of this mode with
preliminary shielding provided by borated-wax boxes. The NE-213 reference cell and
the Arktis NDT were irradiated simultaneously.
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Figure 2.7: A simplified overview of the experimental setup for free irradiation (not
to scale). The Am/Be source, wax shielding, NE-213 reference detector
and NDT are shown.
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2.6.2 Tagging Neutrons

Figure 2.8: A simplified overview of the experimental setup (not to scale). The
Am/Be source, the Pb sleeve, a single YAP detector, and the NE-213 de-
tector are all shown together with a block electronics diagram.

A block diagram of the tagging configuration is shown in Fig. 2.8. The Am/Be
source was placed so that its cylindrical-symmetry axis corresponded to the vertical
direction in the lab at the center of a 3 mm thick cylindrical Pb sleeve (with the same
orientation) to attenuate the associated 60 keV gamma-rays. A YAP detector was
placed with its crystal approximately 5 cm from the Am/Be source at source height.
The crystal orientation was such that its cylindrical symmetry axis also corresponded
to the vertical direction in the lab. This detector triggered overwhelmingly on the
4.44 MeV gamma-rays radiating from the source which came from the decay of the
first excited state of 12C. The NE-213 cell was placed at 0.68 m, the flight path, from
the Am/Be source at source height and was free-running. It triggered on both 4.44
MeV gamma-rays and fast neutrons coming from the source, as well as cosmic rays
and room background.

2.7 Data Acquisition and Electronics

Two different data-acquisition (DAQ) systems were used for this work. For the initial
development of the source facility (PAPER I) and the in-depth characterization of
the NE-213 fast neutron reference cell (PAPER III), a customized version of the DAQ
developed by the Photonuclear Group at The Max IV Laboratory [28] was used. For
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the comparison study between NE-213 and the NDT (PAPER II), a table-top digitizer
based on the DRS4 chip [45] developed by Arktis Radiation Detectors was used.

2.7.1 The MAX IV Laboratory System

Signals were recorded on an event-by-event basis for offline analysis using a LINUX
PC DAQ system. The DAQ uses the C++ based data-analysis framework ROOT [46]
to provide online data monitoring and data storage. The analog signals from the NE-
213 detector and the YAP trigger detectors were passed to LRS 2249A and LRS 2249W
CAMAC charge-to-digital converters (QDCs) and PS 715 NIM constant-fraction (tim-
ing) discriminators. The logic signals from the discriminators were passed to LRS 4434
scalers and LRS 2228A CAMAC time-to-digital converters (TDCs). The VME and
CAMAC crates were connected to the PC by a SBS 616 PCI-VME bus adapter and a
CES 8210 CAMAC branch driver.

In time-of-flight (TOF) mode, signals from the NE-213 detector were used to trig-
ger the DAQ. The NE-213 detector QDCs included a 60 ns short-gated (SG) QDC
(LRS 2249A) and a 500 ns long-gated (LG) QDC (LRS 2249W), both of which opened
25 ns before the analog pulse arrived. The NE-213 detector also provided the start
trigger for the TOF TDC. The YAP detector provided the stop trigger for the TOF
TDC. To reduce deadtime, events seen only by the YAPs were rejected by triggering
the DAQ system exclusively on the NE-213 detector.

2.7.2 WaveDREAM Digitizer

A WaveDREAM-B16 digitizer was supplied by Arktis Radiation Detectors. The dig-
tizer supplies both excellent resolution at 10 bits and excellent timing resolution at
1 gigasample per second (GSPS). The pulses were not processed before digitization.
The NDT and NE-213 detector signals were fed directly to 3 of the 16 channels of the
digitizer. The digitized signals were read out via a Gigabit ethernet connection and
stored for offline analysis. Data were collected when a 120 megasample per second
(MSPS) signal that was continuously read out and processed by a field-programmable
gate array (FPGA) met the user-defined trigger conditions. When the system was trig-
gered, the FPGA read out the 3.5 µs long, stored waveform at 1 GSPS from the DRS
4 chip3 [45]. In the case of the NE-213 detector, a trigger occurred if the analog PMT
signal met a threshold condition of at least 30 scintillation photons above the ambient
baseline. The NDT triggered if both PMTs detected at least 35 scintillation photons
above the ambient baseline. An NDT event was considered valid if both NDT PMTs
signals arrived within 32 ns of each other. The offline analysis of the data was greatly
facilitated by the digitization of the waveform. Both NDT PMTs can be synchronized
to better than 1 ns and the detector thresholds and integration gates can be adjusted

3The DRS 4 is a switched capacitor array developed by the Paul Scherrer Institute.
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offline, which is a clear advantage over standard discriminators and analog-to-digital
converters.

(a)

(b)

Figure 2.9: The Arktis Radiation Detectors WaveDREAM digitizer. Pad (a) presents
an overview of the readout electronics. Signals were stored in the DRS 4
switched-capacitor array. Stored pulses were read out if they met the user-
defined trigger conditions. Pad (b) gives a schematic representation of the
software trigger. If the continuously read 120 MSPS signal met the trigger
conditions, the DRS 4 chip was read out at 1 GSPS by the FPGA. [47]
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3 Data Analysis

This chapter presents a general overview of the data analysis and the detector-characterization
methods which were used. The detector-characterization method varied depending
on whether a simple irradiation or tagged neutrons were employed.

Figure 3.1: Schematic representation of the light pulse for neutron-induced recoiling
protons (in red) and for gamma-ray-induced recoiling electrons (in blue)
in liquid scinillators such as NE-213. Also shown are the short and the
long QDC gates employed.
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3.1 Free Irradiation

Free irradiation is the simplest way to use the test-bed for detector characterization.
Scintillator detectors can be investigated directly for their intrinsic neutron/gamma-
ray discrimination capabilities.

3.1.1 Pulse Shape

The mixed neutron/gamma-ray field from the Am/Be source was used to establish
pulse-shape discrimination (PSD) between gamma-ray-induced recoiling electrons
and neutron-induced recoiling protons and to measure light yield dependent figures-
of-merit (FOM) (see blow). In measurements performed with the MAX IV Laboratory
DAQ, the analog detector signal was split and the current of each was integrated in-
dependently in the SG QDC and the LG QDC with 60 ns and 500 ns integration gates
respectively (see Fig. 2.8). Signal splitting was not necessary for data collected with
the WaveDREAM-B16 digitizer. Integration gates were applied to the digitized pulses
offline.

The different shapes of the light pulses from gamma-ray-induced recoiling elec-
trons and from neutron-induced recoiling protons (NE-213) (see Fig. 3.1) or recoiling
alpha-particles (4He) was measured using the so-called "Tail-to-Total" Charge Com-
parison Method [48–50]. The pulse-shape function (PS) was defined by the difference
of the charges measured by the LG QDC and the SG QDC normalized to the LG QDC
charge

PS =
LG QDC− SG QDC

LG QDC
. (3.1)

3.1.2 Pulse-Shape Discrimination

Most scintillator detectors have a linear correlation between the energy deposited by
an electron and the numbers of scintillation photons emitted. The signal produced by
an analog-to-digital converter (ADC), such as the QDCs in the MAX IV Laboratory
DAQ and the Arktis Radiation Detectors digitizer, is proportional to the number of
scintillation photons detected by a PMT. It is convenient to express this signal in units
of electron-equivalent energy MeVee, since ADC channels are easily calibrated using
standard gamma-ray calibration sources such as 137Cs, 22Na and 60Co and the Knox
Method [51]. In the following, ADC signals will be referred to as light yields L.

Figure 3.2 shows a contour plot of PS plotted against the light yield L for the NE-213
detector measured with the MAX IV Laboratory DAQ. The excellent discrimination
between neutron and gamma-ray events is apparent for L > 0.5 MeVee. A small over-
lap exists between the two distributions below this threshold in the vicinity of PS =
0.2.
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Figure 3.2: Contour plot of PS versus light yield L in MeVee for the NE-213 detector.
The data were collected with the MAX IV Laboratory DAQ.

Figure 3.3: Scatter plots of PS versus the light yield L for both the NE-213 detector
and the NDT measured with the Arktis Radiation Detectors digitzer.

In Figure 3.3, scatter plots of the PS versus L are shown for both the NE-213 de-
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tector (top panel) and the NDT (bottom panel) measured with the WaveDREAM dig-
itizer. The difference in the shape of the NE-213 response shown in Fig. 3.2 and
Fig. 3.3 can be explained by the different lengths of the integration gates. The dis-
crimination between neutron and gamma-ray interactions is excellent. The NDT
shows even better PSD for neutrons and gamma-rays. It is excellent down to a
threshold of L = 0.2 MeVee. The most striking difference between both detectors is
illustrated by the gamma-ray responses. The NDT registers an energy maximum of
750 keVee regardless of the energy of the incident gamma-ray. This improves the
neutron/gamma-ray discrimination of the detector and allows for discrimination of
gamma-rays based on the pulse height, a clear advantage over liquid-scintillator de-
tectors.

3.1.3 Figures-of-Merit

Figure 3.4: An integrated PS plot for all light yields larger than 0.58 MeVee is shown
as an example of a FOM. These are data from the NE-213 detector taken
with the MAX IV Laboratory DAQ.

An integrated PS spectrum (L ≥ 0.58 MeVee) is shown in Fig. 3.4. Two peaks are
clearly visible. Events below PS = 0.2 correspond to gamma-ray induced recoiling
electrons. Events above PS = 0.2 correspond to neutron-induced recoiling protons.
The FHWMs of the Gaussian fits δn,γ and the positions of the means mn,γ are used to
calculate the FOM = 1.03 of the detector for a 0.58 MeVee pulse-height threshold cut.
The FOM is defined as

FOM =
|mn −mγ|

δn + δγ
. (3.2)
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(a) (b)

(c) (d)

Figure 3.5: Differential PS spectra for four different pulse heights corresponding to
the colored bins in Fig. 3.2. The bin width used to create these spectra was
0.1 MeVee. Gaussian fits from which FOMs are determined are shown in
black.

The strength of the PSD and therefore the FOM are functions of the light yield.
This is illustrated in both Fig. 3.6 and Fig. 3.5 by the increase in the gap between the
neutron and the gamma-ray distributions for larger L. Differential figures-of-merit
for the NE-213 detector were established by dividing the PSD plot into light yield
intervals with a bin width of 0.1 MeVee. The FOMs were determined by Gaussian
fits. Below 2.2 MeVee, the FOM was calculated by fitting a double Gaussian function
to the gamma-ray distribution and a single Gaussian function to the neutron distri-
bution. The double Gaussian function was then folded to a single distribution. For
all other pulse heights, single Gaussian functions were fitted to both the gamma-ray
and the neutron distributions. Fig. 3.5 shows PS spectra for 4 light yields. It can be
observed that the FWHMs of the both the gamma-ray and the neutron distributions
decrease for higher light yields. In Fig. 3.6, the integrated PS of both the NDT and the
NE-213 detectors measured with the Arktis Radiation Detectors digitizer are shown
for five light yield thresholds. Note that they are integrated and not differential PS
spectra. The FOM of the NE-213 detector behaves comparably to the FOM deter-
mined with the MAX IV Laboratory DAQ. For thresholds below 750 keVee, the FOM
achieved with the NDT is larger than the FOM achieved by the NE-213 detector. The
real difference between the two detector systems can be seen for thresholds above
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750 keVee. The neutron/gamma-ray discrimination is excellent and allows for both
PSD and pulse-height discrimination (PHD).

Figure 3.6: Integrated PS plots for both the NE-213 (left side) and the NDT (right side)
data measured with the Arktis Radiation Detectors digitzer at 5 different
threshold cuts. The achieved FOM are stated.

3.2 Tagged Neutrons for Time-of-Flight
Measurements

For more advanced detector characterizations, knowledge of the incident neutron
energy is important. The following gives a brief introduction to TOF spectroscopy
as one example of the advantage of the neutron-tagging technique. The transforma-
tion from TOF frame-of-reference to the neutron kinetic energy frame-of-reference is
described and the neutron-induced recoil-proton light yield in the NE-213 detector is
determined.

3.2.1 Time-of-Flight

Figure 3.7 presents a TOF distribution for the NE-213 detector obtained with a hard-
ware threshold of 250 keVee. The top panel, a contour plot of PS versus TOF, shows
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excellent separation of both particle species in both TOF and PS. Neutrons can eas-
ily be identified. The second panel shows the neutron (shaded in red) and gamma-
ray (non-shaded in blue) TOF distributions. The sharp blue peak centered at about
2 ns is known as the gamma-flash. This peak corresponds to a pair of prompt, time-
correlated gamma-rays produced in the source which triggered both the NE-213 de-
tector and the YAP detector.

Figure 3.7: The top panel shows a contour plot of PS plotted against TOF. The middle
panel shows the TOF spectrum for events identified by PSD as gamma-
rays in the non-shaded (blue) histogram and neutrons shaded in red. In
the bottom panel, light yield L is plotted against TOF for neutron events
identified by PSD.

The tail of events to the right of the gamma-flash corresponds to non-prompt gamma-
rays and randoms. The∼1.8 ns FWHM of the gamma-flash is consistent with the tim-
ing jitter on the PMT signals. The broad red shaded peak centered at about 25 ns cor-
responds to time-correlated 4.44 MeV neutron/gamma-ray pairs where the fast neu-
tron triggered the NE-213 detector while the 4.44 MeV gamma-ray triggered the YAP
detector. A neutron with time-of-flight measured in this manner has been "tagged".
The very low level background consists of randoms. Random events arose when
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the NE-213 detector started the TOF measurement, but no correlated stop was re-
ceived from the YAP. Typical random events included cosmic rays, room background,
Am/Be neutrons not correlated with a 4.44 MeV gamma-ray, and Am/Be neutrons
where the 4.44 MeV gamma-ray was missed due to YAP inefficiency or geometry.
The bottom panel shows neutron pulse height plotted against TOF in a contour plot.
It is obvious that the maximum light yield of neutron-induced recoiling protons is a
strong function of the kinetic energy of the incident neutron. The events in the two
lower panels were chosen by applying a PS ≥ 0.19 cut.

3.2.2 Neutron Kinetic Energy

Figure 3.8: The results of this work are presented as the gray histogram in each panel.
The top panel shows a measurement by Lorch [20] (red line) and the ISO
8529-2 Am/Be neutron spectrum (blue histogram). The middle panel
compares these results with tagged-neutron results obtained by Geiger
and Hargrove [52] (red). The bottom panel presents theoretical calcula-
tions of the tagged-neutron spectrum [21–23].

For the neutron energy range 2 - 7 MeV, the TOF spectra can be transformed from ns
to MeV in the classical approach since the maximum expected neutron speed is less
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than 12% of the speed of light.

Tn =
1
2

mnv2 =
1
2

mnc2β2 =
1
2

mnc2 s2

TOF2c2 . (3.3)

In Equation 3.3, the kinetic energy Tn is given in MeV, the neutron mass is mn =
939.56MeV

c2 , s is the distance between the center of detector and the neutron source in
meters and TOF is the elapsed time between neutron emission from the source and
detection in the detector in ns. The measured tagged-neutron distribution is shown
in all three panels in gray. A hardware threshold of 250 keVee was employed corre-
sponding to a neutron energy of ∼1.3 MeV. The measured data are yields and have
not been corrected for neutron-detection efficiency or detector acceptance. In all 3
panels, the maximum values of the spectra (at ∼3 MeV) have been normalized to the
distribution determined in this work. In the top panel, the ISO 8529-2 reference neu-
tron radiation spectrum for Am/Be is shown together with the full-energy neutron
spectrum of Lorch [20] which is widely quoted in work with Am/Be sources. The
agreement between the tagged data, those of Lorch, and the reference spectrum in
the region of overlap (between 2.5 and 5 MeV ) is excellent. Agreement between the
ISO spectrum and the Lorch data is very good between 2.5 MeV and 10 MeV. The
ISO reference spectrum shows some strength above 10 MeV which Lorch did not ob-
serve. The tagged-neutron data show no strength above ∼7 MeV, since 4.44 MeV are
lost to the creation of the de-excitation gamma-ray. This is a purely energetic effect,
independent of both acceptance and efficiency effects. The ISO reference spectrum
shows considerable strength below 2.5 MeV. The data presented here also show some
strength in this region. The Lorch data show a sharp cutoff at about 2.5 MeV, at-
tributed to an analysis threshold cut. A previous tagged-neutron measurement by
Geiger and Hargrove [52] is presented in the middle panel. The agreement with the
data from this work is very good. The small difference in the strengths observed in
the two measurements can be attributed to neutron-detection efficiency, acceptance
effects and energy resolution. The bottom panel shows three independent theoretical
calculations [21–23]. A detailed discussion of these calculations is beyond the scope
of this thesis, but all three distributions are in good agreement with both the new data
and each other. It is obvious to conclude that the tagged particles are fast neutrons.

3.2.3 Neutron-Induced Recoil-Proton Light Yield

The neutron-induced recoil-proton light yield was determined by creating pulse-
height histograms for incident neutron energies in intervals of 0.2 MeV. Two methods
were used to determine the maximum pulse height of the distribution. In the first
method, Gaussian functions were fitted to the smeared edges of the neutron pulse-
height spectra which arose from resolution effects. The maximum energy was deter-
mined in the same way as the position of Compton edge for incident gamma-rays;
namely, with the Knox method [51]. Such an approach was first used by Naqvi et
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al. [53] As an alternative, the first derivatives can be calculated from the smoothed
neutron light yield functions. This method was used by Kornilov et al. [54] Figure 3.9
shows the neutron-response function for 4.8 MeV incident neutrons as a gray shaded
distribution and the first derivative of the function in blue squares to illustrate both
approaches.

Figure 3.9: The light yield response function (gray shaded) and its first derivative
(blue squares) are shown for 4.8 MeV neutrons.

Figure 3.10 shows the measured proton light yield for the NE-213 detector from this
work as blue filled squares in the top panel obtained using the Knox-Naqvi method
and in the middle panel obtained using the Kornilov method. The results for a LS3014

detector provided by Scionix [30] (h =50 mm × d = 100 mm) from [54] are shown as
open red triangles in the middle panel. The data of Naqvi et al. [53] for a NE-213
detector (h = 50 mm × d = 50 mm) are shown as red circles in the top panel. The
bottom panel shows the ratio of the results calculated with the Kornilov method to
the results determined using the Knox-Naqvi method. Good agreement is observed.

To parameterize the proton light yield, a recently suggested empirical function [54]

4LS301 is the notation of Scionix for the NE-213 equivalent organic scintillator EJ-301 [32].
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Figure 3.10: Neutron-induced recoil-proton light yield from this work (blue squares)
plotted against neutron kinetic energy. Top Panel: Knox-Naqvi method.
The open red circles are the original Naqvi et al. [53] data. Middle panel:
Kornilov method. The open red triangles are the original Kornilov [54]
data. Bottom panel: ratio of the light yield obtained with the different
methods (Kornilov/Knox-Naqvi) for the data from this work.
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was fitted to the data.

Lp = L0
T2

n
Tn + L1

, (3.4)

where Lp is the proton light yield in MeVee, Tn is the neutron kinetic energy in MeV
and L0 and L1 are parameters which represent the quenching5 and the non-linear
response of the scintillator to protons in units of MeVee

MeV and MeV respectively. Param-
eterization is an easy and widely applied method used to deal with quenching and
the non-linear response of organic scintillators to ions.

Scintillator L0 L1
NE-213 This Work with Kornilov Method 0.615± 0.028 2.92± 0.29
NE-213 This Work with Knox-Naqvi Method 0.609± 0.051 2.97± 0.61
NE-213 Naqvi 0.620± 0.035 3.07± 0.42
LS301 Kornilov 0.617± 0.013 3.02± 0.17

Table 3.1: Proton light yield parametrizations for NE-213.

The calculated values agree within statistical errors for both methods, if compared
to previous measurements and to each other (see Table 3.1). The parametrization
values for both the LS301 detector from Kornilov et al. and for the NE-213 detector
from Naqvi et al. were calculated in this work from data taken from the references
and by fitting Equation 3.4 in the same energy range as the measured data.

5Quenching refers to a reduced light yield for recoiling protons in liquid scintillator when compared
to the light emission induced by recoiling electrons of the same energy.
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4 Conclusion and Outlook

This work presents the first steps taken towards the development of a test-bed for
fast-neutron irradiation. The test-bed was designed with a focus on detector charac-
terization. Features such as pulse-shape discrimination, pulse-height responses and
the linearity of particle-response functions can be established by using either the non-
tagged method or the TOF setup. Neutron events may be separated from gamma-ray
events using TOF. This allows for detectors without PSD capabilities to be tested.

The need for a facility having these capabilities is obvious and a broad user base
from industry, academia and the detector groups of research facilities is anticipated.
The test-bed has been developed with generous support of the European Spallation
Source ESS AB and a large number of users will come from the ESS Neutron Tech-
nology Division, namely the Detector Group and the Neutron Optics and Shielding
Group. They are interested in testing equipment, e.g. detectors and beam guides, for
both fast-neutron and gamma-ray responses. This is important since the pulse struc-
ture of ESS linear accelerator is long and will present new challenges to the required
instrumentation [55]. The test-bed has already been used to characterize a commer-
cial detector developed by the Swiss company Arktis Radiation Detectors.

Users from the neutron-scattering community will benefit from an upgrade of the
facility which is intended to provide tagged thermal neutrons (Tn ≈ 25 meV). This
upgrade will allow for the simultaneous characterization of detectors for both back-
ground signals and event signals, which is currently not possible. Further evaluation
includes measurements of absolute detection efficiency using fission fragments from
a 252Cf source. The test-bed will also be used to facilitate undergraduate education.
Students use the modern equipment for project work next to professional researchers.
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H I G H L I G H T S

� Neutrons emitted from a Be-compound source are tagged.
� The resulting beam of neutrons is continuous and polychromatic.
� The energy of each neutron is known.
� The approach is cost-effective.
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a b s t r a c t

Shielding, coincidence, and time-of-flight measurement techniques are employed to tag fast neutrons
emitted from an 241Am/9Be source resulting in a continuous polychromatic energy-tagged beam of
neutrons with energies up to 7 MeV. The measured energy structure of the beam agrees qualitatively
with both previous measurements and theoretical calculations.

& 2015 Elsevier Ltd. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Fast neutrons are important probes of matter and diagnostic
tools (Walker, 1982; United States Committee on Army Science and
Technology for Homeland Defense, 2003; http://www.pos.sissa.it/
cgi-bin/reader/conf.cgi?confid¼25; http://www.hep.lu.se/staff/chris-
tiansen/proceeding.pdf; http://www.iopscience.iop.org/1748-0221/
focus/extra.proc19; Chandra et al., 2010, 2012; Lyons and Plisga,
2011; Peerani et al., 2012; http://www.plone.esss.lu.se/; Islam and
Khan, 2013; Lewis et al., 2013, 2014; Tomanin et al., 2014). Sources of

fast neutrons for controlled irradiations include nuclear reactors,
particle accelerators, and radioactive sources. Drawbacks associated
with nuclear reactors and particle accelerators include their acces-
sibility and availability, as well as the very high cost per neutron. In
contrast, radioactive sources provide neutrons with a substantially
lower cost per neutron. Drawbacks associated with radioactive
sources include the complex mixed field of radioactive decay pro-
ducts which complicate the experimental situation. As a first step
towards developing a source-based fast-neutron irradiation facility,
we have employed well-understood shielding, coincidence, and
time-of-flight (TOF) measurement techniques to attenuate and sub-
sequently unfold the mixed decay-product radiation field provided
by an 241Am/9Be (hereafter referred to as Am/Be) source, resulting in
a polychromatic energy-tagged neutron beam.
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2. Apparatus

2.1. Am/Be source

The heart of the irradiation facility consists of a (nominal)
18.5 GBq Am/Be radioactive source (https://www.hightechsource.
co.uk/). This source is a mixture of americium oxide and beryllium
metal contained in an X.3 capsule2 (see Fig. 1).

Radioactive 241Am has a half-life of 432.2 years and decays via
α emission (five different energies averaging 5.5 MeV∼ ) to 237Np.
The dominant energy of the resulting background gamma-rays
from the decay of the intermediate excited states in 237Np is

60 keV∼ . 237Np has a half-life of over 2 million years. 9Be is stable.
Fast neutrons are produced when the decay α particles interact

with 9Be. Depending on the interaction and its kinematics, 12C and
a free neutron may be produced. The resulting free-neutron dis-
tribution has a maximum value of about 11 MeV and a sub-
structure of peaks whose energies and relative intensities vary
depending upon the properties of the Am/Be source containment
capsule and the size of the 241AmO2 and Be particles in the pow-
ders employed – see the detailed discussion presented in Lorch
(1973). In general, approximately 25%∼ of the neutrons emitted
have an energy of less than 1 MeV∼ with a mean energy of

400 keV∼ (https://www.hightechsource.co.uk/). The average fast-
neutron energy is 4.5 MeV∼ . Both the gamma-ray and neutron
dose rates at a distance of 1 m from our unshielded source in the
X.3 capsule were measured to be 11 Sv/hμ , for a total unshielded
dose rate of 22 Sv/hμ . The unshielded source has been in-
dependently determined to emit (1.10670.015) �106 neutrons
per second nearly isotropically (National Physical Laboratory,
2012).

The kinematics and the reaction cross section for the 9Be(α, n)
interaction determine the state of the recoiling 12C nucleus pro-
duced in the reaction. The calculations of Vijaya and Kumar (1973)
(for example) suggest that the relative populations of the ground/
first/second excited states for the recoiling 12C nucleus are

35%/ 55%/ 15%∼ ∼ ∼ . If the recoiling 12C nucleus is left in its first
excited state, it will promptly decay to the ground state via the
isotropic emission of a 4.44 MeV gamma-ray. Mowlavi and Koohi-
Fayegh (2004) as well as Liu et al. (2007) have measured R, the
4.44 MeV γ-ray to neutron ratio for Am/Be, to be approximately
0.58. Again, this is seemingly dependent upon the Am/Be capsule
in question. Regardless, almost 60% of the neutrons emitted by an
Am/Be source are accompanied by a prompt, time-correlated
4.44 MeV γ-ray. We exploit this property of the source to de-
termine neutron TOF and thus kinetic energy by measuring the
elapsed time between the detection of the 4.44 MeV γ-rays and
the detection of the fast neutrons. Note that by employing this
technique, we necessarily restrict our available “tagged” neutron
energies to a maximum value of 7 MeV∼ as 4.44 MeV of the re-
action Q-value are “lost” to the de-excitation gamma-ray.

2.2. YAP:Ce 4.44 MeV gamma-ray trigger detectors

The 2 YAP:Ce3 fast ( 5 ns∼ risetime) gamma-ray trigger detec-
tors (hereafter referred to as YAPs) were provided by Scionix
(http://www.scionix.nl). A detector (see Fig. 2) consisted of a cy-
lindrical 1 in (diameter) �1 in (height) YAP crystal (Moszyński
et al., 1998) coupled to a 1 in Hamamatsu Type R1924 photo-
multiplier tube (PMT) (http://www.hamamatsu.com) operated at
about �800 V. Gains for the YAP detectors were set using a YAP

event trigger and standard gamma-ray sources. Typical energy
resolution obtained for the 662 keV peak of 137Cs using such a
detector was about 10%. YAP:Ce is radiation hard and quite in-
sensitive to neutrons of all energies, which makes it ideal for de-
tecting gamma-rays within the large fast-neutron field of the Am/
Be source. We stress that because of their small volume, the YAP
detectors were not used for spectroscopy, but simply to trigger on
any portion of the energy deposited by the 4.44 MeV gamma-rays
emitted by the source. A 3 mm thick Pb sleeve placed around the
source (see Section 2.4) to attenuate the high intensity 60 keV
gamma-ray field and a 350 keVee discriminator threshold proved
to be an effective combination for the YAP detection of these
4.44 MeV gamma-rays.

2.3. NE-213 fast-neutron and gamma-ray liquid-scintillator detector

The NE-213 fast-neutron and gamma-ray detector employed in
this work is shown in Fig. 3. A 3 mm thick cylindrical aluminum
cell with a depth of 62 mm and a diameter of 94 mm housed the
NE-213. The inside of the cell was treated with xylene-solvent
withstanding EJ-520 (http://www.eljentechnology.com/index.php/
products/paints/87-ej-520) titanium dioxide reflective paint. The
cell was sealed with a 5 mm thick borosilicate glass plate (http://

Fig. 1. The Am/Be source (figure from https://www.hightechsource.co.uk/). Di-
mensions in mm. The yellow shaded volume at the central core of the capsule
corresponds to the Am/Be. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this article.)

Fig. 2. Photograph of a YAP detector. A 1 in (diameter) �1 in (height) crystal has
been mounted on a 1 in (diameter) �10 cm (length) PMT.

2 An X.3 capsule is a tig-welded, double-layered, stainless-steel cylinder ap-
proximately 30 mm (height) �22 mm (diameter).

3 YAP:Ce stands for yttrium aluminum perovskite:cerium (YAlO3, Ceþ doped).
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www.us.schott.com/borofloat/english/index.html) attached using
Araldite 2000þ glue, which is highly resistant to both tempera-
ture and chemicals. The penetrations into the cell were closed
with M-8 threaded aluminum plugs with 20 mm diameter heads
and sealed with 14 mm diameter Viton O-rings. The assembled cell
was filled with the nitrogen-flushed NE-213 using a nitrogen gas-
transfer system.

After the cell was filled, the borosilicate glass window was
coupled to a cylindrical PMMA UVT lightguide with a height of
57 mm and a diameter of 72.5 mm. The lightguide wall was
painted with water-soluble EJ-510 (http://www.eljentechnology.
com/index.php/products/paints/86-ej-510) reflective paint. The
lightguide was then pressure-coupled to a spring-loaded, magne-
tically shielded 3 in ET Enterprises 9821KB PMT assembly (www.
et-enterprises.com/files/file/Pmtbrochure11.pdf) operated at about
�2000 V. In order to ensure the reproducibility of the behavior of
the detector over an extended period of time rather than max-
imize light transmission, optical grease was not used in the as-
sembly. Gain for the NE-213 detector was set using an NE-213
detector event trigger and a set of standard gamma-ray sources
together with the prescription of Knox and Miller (1972).

2.4. Configuration

A block diagram of the experiment configuration is shown in
Fig. 4. The Am/Be source was placed so that its cylindrical-sym-
metry axis corresponded to the vertical direction in the lab at the
center of a 3 mm thick cylindrical Pb sleeve (with the same or-
ientation) to attenuate the 60 keV gamma-rays associated with the
decay of 241Am.4 A YAP detector was placed with its crystal ap-
proximately 5 cm from the Am/Be source at source height. The
crystal orientation was such that its cylindrical symmetry axis also

corresponded to the vertical direction in the lab. This detector
triggered overwhelmingly on the 4.44 MeV gamma-rays radiating
from the source which came from the decay of the first excited
state of 12C. A NE-213 detector was placed approximately 68 cm
from the Am/Be source at source height. The cylindrical symmetry
axis of the NE-213 detector pointed directly at the center of the
source. This detector triggered on both 4.44 MeV gamma-rays and
fast neutrons coming from the source, as well as cosmic rays and
room background.5

2.5. Electronics and data acquisition

The analog signals from the YAP trigger detector and the NE-
213 detector were passed to LRS 2249A and 2249W CAMAC
charge-to-digital converters (QDCs) and PS 715 NIM constant-
fraction (timing) discriminators. The resulting logic signals from
the discriminators were passed to LRS 2228A CAMAC time-to-di-
gital converters (TDCs) and LRS 4434 scalers. These signals were
recorded on an event-by-event basis for offline processing using a
LINUX PC-based data-acquisition (DAQ) system exploiting the
ROOT (Brun and Rademakers, 1997) data-analysis framework.
Connections to VME and CAMAC crates were respectively fa-
cilitated by a SBS 616 PCI-VME bus adapter and a CES 8210 CAMAC
branch driver. In YAP calibration mode, signals from a YAP detector
were periodically employed to trigger the DAQ and thus monitor
the gains of the YAP detectors. In TOF mode, signals from the NE-
213 detector were used to trigger the DAQ so that the gain of the
NE-213 detector was continuously monitored. The NE-213 detector
QDCs included a 60 ns short-gated (SG) QDC and a 500 ns long-
gated (LG) QDC, both of which opened 25 ns before the analog
pulse arrived. The NE-213 detector also provided the start trigger
for the TOF TDC. The YAP trigger provided the stop trigger for the
TOF TDC. By triggering our data-acquisition system on the NE-213
detector, we avoided unnecessary deadtime processing events
seen only by the YAPs. Two particular source-related occurrences
were of special interest: (1) a fast neutron detected in the NE-213
detector starting the TOF TDC with the corresponding 4.44 MeV
gamma-ray detected in the YAP detector stopping it; and
(2) prompt, time-correlated gamma-ray pairs emitted from the
source being detected in coincidence in the NE-213 and YAP de-
tectors (see below).

Fig. 3. CAD drawing of the NE-213 detector. Top panel: the detector. The large black
cylinder to the right is the magnetically shielded 3 in ET Enterprises 9821KB
photomultiplier-tube assembly. The small gray cylinder to the left contains the NE-
213. Bottom panel: an enlargement of the small gray cylinder “cup”. The screws on
top allow for the filling or draining of the liquid cylinder. A borosilicate-glass
window (light brown) serves as the optical boundary. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this article.)

Fig. 4. A simplified overview of the experimental setup (not to scale). The Am/Be
source, the Pb sleeve, a single YAP detector, and a NE-213 detector are all shown
together with a block electronics diagram.

4 The half-value layer for Pb for 60 keV gamma-rays is 1 mm< .

5 Room background consisted primarily of 2.23 MeV gamma-rays associated
with neutron capture on the hydrogen in the water and paraffin used as general
radiation shielding about the source.
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3. Results

Fig. 5 shows a contour plot of the energy deposited in the NE-213
detector as a function of “pulse shape” (PS, see below) versus “L” (the
energy deposited in the LG QDC). PS was calculated using the “tail-
to-total”method (Jhingan et al., 2008; Lavagno et al., 2010; Paweczak
et al., 2013); namely, the difference in the energies registered by the
LG and SG QDCs was normalized to the energy registered by the LG
QDC. As the NE-213 scintillator responded differently6 to gamma-ray
and fast-neutron events, the two distinct distributions appeared in
the PS versus L contour plot. Particle identification (PID) based solely
upon the pulse-shape discrimination (PSD) characteristics of the NE-
213 detector was good, although some overlap between the dis-
tributions existed in the vicinity of PS 0.2∼ .

Fig. 6 presents the time-of-flight distribution of the data shown
in Fig. 5. No software cut on L was applied in mapping the data
from Figs. 5 and 6. The hardware threshold was 250 keVee. The top
panel shows a contour plot of PS versus time-of-flight. Time-of-
flight based PID is clearly excellent. The bottom panel shows the
projection of events from the top panel onto the time-of-flight axis
subject to a PS ¼ 0.19 cut to separate neutrons from gamma-rays.
The sharp (blue) unshaded peak centered at about 2 ns is known
as the “γ-flash”.7 The gamma-flash corresponds to a pair of
prompt, time-correlated gamma-rays produced in the source
which triggered both the NE-213 detector and the YAP detector.
The 1.8 ns∼ FWHM of the gamma-flash is consistent with the
timing jitter on our PMT signals. The tail of events to the right of
the gamma-flash corresponds to non-prompt gamma-rays8 and
randoms (see below). The broad (red) shaded peak centered at
about 25 ns corresponds to time-correlated 4.44 MeV gamma-ray/
fast-neutron pairs where the fast neutron triggered the NE-213
detector while the 4.44 MeV gamma-ray triggered the YAP de-
tector. A neutron with time-of-flight measured in this manner has
been tagged. The very low level of background consists of ran-
doms. Random events arose when the NE-213 detector started the
time-of-flight measurement, but no correlated stop was received
from the YAP. Typical random events included cosmic rays, room
background, Am/Be neutrons not correlated with a 4.44 MeV
gamma-ray, and Am/Be neutrons where the 4.44 MeV gamma-ray
was missed due to YAP inefficiency or geometry.

Fig. 7 shows our tagged-neutron results together with previous
results, the ISO 8529-2 reference neutron radiation spectrum for
Am/Be,9 and theoretical calculations. Our data represent yield –

they have not been corrected for neutron-detection efficiency or

detector acceptance. In all three panels, the maximum values of
the spectra at 3 MeV∼ have been normalized to our distribution.
The reference neutron radiation spectrum is shown in the top
panel together with the full-energy neutron spectrum of Lorch
(1973) which is widely quoted in conjunction with work with Am/
Be sources. Agreement between the Lorch data and the reference
spectrum is very good between 2.5 MeV and 10 MeV. The re-
ference spectrum shows some strength above 10 MeV which Lorch
did not observe. Our data show no strength above 7 MeV∼ due to
the neutron-tagging procedure – 4.44 MeV potentially available to
the neutron are “lost” to the creation of the de-excitation gamma-
ray. This is neither an acceptance nor an efficiency effect, it is
purely energetics. The reference spectrum shows considerable
strength below 2.5 MeV. Our data also show some strength in this
region. The Lorch data do not. The sharp cutoff at about 2.5 MeV in
the Lorch data is not directly discussed in the reference, but based
upon its appearance in spectra from several different sources all
measured with the same apparatus, we attribute it to an analysis
threshold cut as it lies well above their quoted neutron-detector
threshold of 1 MeV. Our hardware threshold was 250 keVee cor-
responding to a neutron energy of ∼1.3 MeV, and no analysis
threshold cut was employed. The agreement between our data,
those of Lorch, and the reference spectrum between 2.5 and 5 MeV
(in the region of overlap) is excellent. The method of tagging the
4.44 MeV de-excitation gamma-ray and a comparable Am/Be
source10 were employed by Geiger and Hargrove (1964) in ob-
taining the results shown in the middle panel. Both the neutrons
and the gamma-rays from their source were detected in Naton 136
plastic scintillators. Agreement with our results is very good. We
attribute the small difference in the strengths observed in the two
measurements to neutron-detection efficiency and acceptance
effects which we do not consider. We attribute the relative
broadening of their measured neutron distribution with respect to
ours to their quoted poorer than 12% energy resolution for neutron
detection, which based on the numbers quoted in their manu-
script, we gather was calculated at 2 MeV. At 2 MeV, based upon
our gamma-flash FWHM of 1.8 ns, time-of-flight path length of
0.675 m, and detector half-depth of 3.1 cm, our energy resolution
was 11%. At 4 MeV, our energy resolution was 19%. The three in-
dependent theoretical calculations of the tagged-neutron yield
shown in the bottom panel come from Vijaya and Kumar (1973),
Van der Zwan (1968), and De Guarrini and Malaroda (1971). The
details of these calculations are beyond the scope of this paper, but
clearly all three are in reasonable agreement both with each other
as well as our results. We conclude we are tagging neutrons.

4. Summary

We have employed shielding, coincidence, and time-of-flight
measurement techniques to tag fast neutrons emitted from an Am/

Fig. 5. A contour plot of pulse shape (PS) versus total energy deposited in the LG QDC (L) for correlated fast-neutron/gamma-ray events in the NE-213 detector. The upper
distribution corresponds to neutrons while the lower band corresponds to gamma-rays.

6 In the liquid scintillator NE-213, gamma-ray scintillations are fast while
neutron-associated scintillations have pronounced slow components. Analysis of
the time structure of the scintillation components leads to particle identification
(PID) and is known as pulse-shape discrimination (PSD).

7 The instant of the production in the source of the correlated pair of events
which produce the time-of-flight data is known as “T0” and is located at a time-of-
flight of 0 ns.

8 A non-prompt gamma-ray can result from inelastic neutron scattering.
9 While we employ the reference spectrum in our discussion of results, the

interested reader may refer to Marsh et al. (1995) and Chen et al. (2014).

10 Their source capsule was slightly smaller and emitted about 50% more
neutrons per second.
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Be source as a first step towards developing a source-based fast-
neutron irradiation facility. The resulting continuous polychro-
matic energy-tagged neutron beam has a measured energy
structure that agrees qualitatively with both previous measure-
ments and theoretical calculations. We conclude that our approach
works as expected, and anticipate that it can provide a cost-ef-
fective means for detector characterization and tests of shielding.
We note that this technique will work equally well for all Be-
compound neutron sources.
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bDivision of Nuclear Physics, Lund University, SE-221 00 Lund, Sweden9

cUniversity of Glasgow, Glasgow G12 8QQ, Scotland, UK10

dDetector Group, European Spallation Source ESS AB, SE-221 00 Lund, Sweden11

eMAX IV Laboratory, Lund University, SE-221 00 Lund, Sweden12

fMid-Sweden University, SE-851 70 Sundsvall, Sweden13

gSweflo Engineering, SE-275 63 Blentarp, Sweden14

hYour Institution15

Abstract16

A first comparison has been made between the pulse-shape discrimination char-

acteristics of a novel 4He-based pressurized scintillation detector and a NE-213

liquid-scintillator reference detector using an Am/Be mixed-field neutron and

gamma-ray source and a high-resolution scintillation-pulse digitizer. In partic-

ular, the capabilities of the two fast neutron detectors to discriminate between

neutrons and gamma-rays were investigated. The NE-213 liquid-scintillator ref-

erence cell produced a wide range of scintillation-light yields in response to the

gamma-ray field of the source. In stark contrast, the 4He-based detector regis-

tered a maximum scintillation-light yield of 750 keVee to the same gamma-ray

field. Pulse-shape discrimination for particles with scintillation-light yields of

more than 750 keVee was excellent in the case of the 4He-based detector, and

above 750 keVee its signal was unambiguously neutron.

Keywords: 4He, NE-213, scintillation, gamma-rays, fast neutrons, digitizer,17

pulse-shape discrimination18

∗Corresponding author. Telephone: +46 46 222 9677; Fax: +46 46 222 4709
Email address: kevin.fissum@nuclear.lu.se (K.G. Fissum)

1present address: University of Glasgow, Glasgow G12 8QQ, Scotland, UK1

A Source-Based Test-Bed for Fast-Neutron Irradiation



1. Introduction19

Fast neutrons are important both as probes of matter and as diagnostic20

tools [1–14]. In the case that information about the energy and emission time21

of a neutron is available, conclusions about its origin can be drawn. The timing22

precision required to obtain this information may only be provided by neutron23

detectors that are fast, providing signals with short risetimes. Today, organic24

liquid scintillators are the detectors-of-choice for fast neutrons. Drawbacks asso-25

ciated with these scintillators are their toxicity, reactive nature, and sensitivity26

to a broad range of gamma-ray energies.27

Scintillators are substances which emit light when subjected to ionizing ra-28

diation. The characteristic time constant associated with the light emitted is29

a function of the properties of the scintillator in question. Certain scintillators30

respond to different types of ionizing radiation differently; that is, the time con-31

stant of the emitted light is different depending upon the density of ionization32

produced by the incident radiation. Normally, there are several components33

with different time constants. The relative intensity of these components affects34

the effective integrated time constant. By carefully analyzing the behavior of35

the scintillation light as a function of time, one can determine the incident par-36

ticle type. This procedure is called pulse-shape discrimination (PSD). PSD is37

often used to distinguish between different types of uncharged particles, namely38

gamma-rays and neutrons. In scintillators with good PSD properties, incident39

gamma-rays interact primarily with the atomic electrons of the scintillator, pro-40

ducing close to minimum-ionizing electrons which give a fast (decay times of41

some 10s of ns) flash of light. On the other hand, incident neutrons interact42

primarily with the hydrogen in liquid scintillators and 4He nuclei in noble-gas43

scintillators via scattering, transferring some of their energy. For hydrogen, this44

energy transfer can be 100%, while for 4He, the energy transfer is at best 64%.45

The resulting flashes of light arising from the much denser ionization produced46

by the relatively large energy loss of the recoiling protons and alpha particles47

have longer decay times (100s to 1000s of ns). PSD and thus incident parti-48
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cle identification may be performed by recording the time dependence of the49

scintillation pulse form and comparing the fast and slow components.50

2. 4He as a scintillation medium for fast neutron detection51

The development of both liquid and gaseous 4He based scintillators for fast-52

neutron detection has been reported [6, 8, 12, 14, 15]. 4He, like most noble gases,53

is a good scintillator. It has an ultra-violet light yield comparable to the intrinsic54

non-Tl doped light yield of NaI crystals [16–19]. Neutron interactions lead to55

4He recoils, where energy is deposited very locally within the gas. Gamma-56

ray interactions lead to recoiling electrons, which deposit only tens of keV per57

centimeter of trajectory. This difference in deposition density and therefore58

ionization density is believed to ultimately enable the PSD capability. PSD59

properties may be degraded significantly if the geometry and size of the detector60

results in a smearing of the transit times of scintillation photons comparible61

to the scintillation decay times. Good PSD also requires good scintillation62

efficiency; that is, a sufficient number of scintillation photons to define the63

time dependence of the pulse accurately, and low noise in the pulse-processing64

electronics.65

With only two electrons per atom, 4He has a very low charge density, thereby66

significantly limiting its sensitivity to gamma-rays. This is useful for fast-67

neutron detection, where insufficient gamma-ray rejection is often the factor68

which constrains the desired performance. The following physical effects con-69

tribute positively to the gamma-ray rejection performance of pressurized 4He70

gas:71

1. Low gamma-ray interaction probability. Due to the low electron density72

of 4He, gamma-ray interaction probabilities are two orders of magnitude73

lower than neutron interaction probabilities.74

2. Low energy deposition. Depending on the chosen geometry (i.e. a tube75

with radius of a few cm), the amount of energy the gamma-rays can de-76

posit in the detector volume is limited. This is because the corresponding77
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Compton or pair electrons cannot transfer much energy to the gas before78

striking a detector wall.79

3. Similar scintillation-light yield for gamma-rays and neutrons. The scin-80

tillation light production in organic liquid scintillators is highly velocity81

dependent. Thus, for the same amount of deposited energy, gamma-ray82

interactions produce more scintillation light than neutron interactions. In83

contrast, the scintillation-light yield for gamma-rays and neutrons is sim-84

ilar in noble-gas scintillators [17] such as 4He. 4He is commonly called a85

linear scintillator.86

4. PSD. 1–3 above together with the fast and slow components of the 4He87

scintillation signals lead to excellent PSD and thus excellent separation of88

neutrons and gamma-rays.89

The purpose of this project was to compare the neutron/gamma discrimination90

obtained using the Arktis 4He-based neutron-diagnostic tool (NDT) to that91

obtained using a reference liquid-scintillator cell filled with the organic liquid92

scintillator NE-213 [20].93

3. Apparatus94

3.1. Am/Be source95

The detector characterizations reported on in this paper were carried out96

using a nominal 18.5 GBq 241Am/9Be (Am/Be) source [21] which emitted97

(1.106±0.015) × 106 neutrons per second nearly isotropically [22]. The source is98

a mixture of americium oxide and beryllium metal contained in an X.3 capsule,99

which is a stainless-steel cylinder 31 mm (height) × 22.4 mm (diameter) [23].100

241Am has a half-life of 432.2 years and decays via alpha-emission (5 discrete101

energies with an average value of about 5.5 MeV) to 237Np. The dominant en-102

ergy of the gamma-rays associated with the decay of the intermediate excited103

states in 237Np is ∼60 keV. A 3 mm thick Pb sheet was used to complement104

the stainless steel X.3 capsule to attenuate these 60 keV gamma-rays. The105

half-value layer for 60 keV (1 MeV) gamma-rays for Pb is 0.12 mm (8 mm).106
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Figure 1: Schematic (left) and photograph (right) of the pressurized 4He gas fast-neutron

detector. The outer diameter was 5.08 cm (2”) and the active length was 19.5 cm.

Neutrons are produced when the emitted alpha particles undergo a nuclear re-107

action with 9Be resulting in 12C and a free neutron. The resulting neutron108

distribution has a maximum energy of about 11 MeV [24], while approximately109

25% of the neutrons have an energy of less than 1 MeV [25]. The de-excitation110

of the 12C results in a 4.44 MeV gamma-ray about 55% of the time [25–27].111

This gamma-ray is too energetic to be absorbed by the stainless steel of the X.3112

capsule. Thus the radiation field from the Am/Be is a combination of high-113

energy gamma-rays and fast neutrons. Both the gamma-ray and fast-neutron114

dose rates at a distance of 1 m from the source in the unshielded X.3 capsule115

were measured using a Thermo Scientific Corporation FHT 752 dosimetric neu-116

tron detector [28]. They were both determined to be 11 µSv/hr for a total117

unshielded dose rate of 22 µSv/hr, in exact agreement with the data sheet from118

the supplier.119

3.2. Arktis pressurized 4He gas Neutron Diagnostic Tool (NDT)120

The version of the Arktis pressurized gas 4He fast NDT used for these mea-121

surements is shown in Fig. 1. It was of cylindrical geometry with an outer122

diameter of 5.08 cm (2”) and a 19.5 cm active length. The detector walls were123
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made of stainless steel. The interior surface of the stainless-steel cylinder was124

coated with a PTFE-based diffuse reflector [29] which was itself coated with an125

organic phosphor that converted the wavelength of the scintillation light from126

80 nm to 430 nm. As 4He is transparent to its own light, almost no signal loss127

due to reabsorption occurs [30]. The predominant mechanism for signal loss128

was due to multiple reflections inside the detector. Optical windows capable of129

withstanding the 120 bar operating pressure were employed. The scintillation130

signals were read out at both ends of the active volume by Hamamatsu R580 [31]131

photomultiplier tubes (PMTs).132

3.3. NE-213 reference detector133

The NE-213 reference detector is shown in Fig. 2. The core of the NE-213134

reference detector was a 3 mm thick cylindrical aluminum cell with an inner135

depth of 62 mm and an inner diameter of 94 mm. The inside of the cell was136

painted with EJ-520 [32] titanium dioxide reflective paint, which can withstand137

the xylene solvent of the liquid scintillator. The aluminum cell was sealed using138

a 5 mm thick borosilicate glass window [33] glued to the aluminum cell using139

the highly temperature and chemical resistant Araldite 2000+ [34]. The 2 pen-140

etrations into the cell which allowed for filling were sealed with M-8 threaded141

aluminum plugs with 20 mm diameter heads and 14 mm diameter Viton O-142

rings [35]. Nitrogen gas was bubbled through the NE-213 liquid scintillator for143

24 hours prior to filling the cell. The assembled cell was then filled with the144

nitrogen-flushed NE-213 using a nitrogen gas transfer system.145

After filling, the borosilicate glass window of the cell was coupled to a cylin-146

drical PMMA [36] lightguide with a depth of 57 mm and a diameter of 72.5 mm.147

PMMA is an acrylic which transmits light down to 300 nm in wavelength [37].148

The cylindrical surface of this lightguide was painted with water-soluble EJ-149

510 [38] reflective paint. The lightguide was then pressure-coupled via springs150

to a magnetically shielded 3 inch ET Enterprises 9821KB PMT assembly [39].151

No optical-coupling grease was used.152
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Figure 2: The NE-213 reference detector. Top: a detail of the cylinder “cup”. The screws on

top allow for the filling or draining of the liquid cylinder. A borosilicate-glass window (light

brown) serves as the optical boundary. See text for details. Bottom: The black cylinder to

the right is the magnetically shielded 3 inch ET Enterprises 9821KB photomultiplier-tube

assembly. The gray cylinder to the left is the “cup”. (For interpretation of the references to

color in this figure caption, the reader is referred to the web version of this article.)

3.4. Arktis WaveDREAM-B16 digitizer153

The analog signals from the NDT and NE-213 reference cell were fed directly154

to a WaveDREAM-B16 high-precision digitizer developed by Arktis Radiation155

Detectors [40] (see Fig. 3). After being converted to a digital signal, the data156

of interest were stored for analysis. The decision for storage was based on a157

120 megasample per second (MSPS) signal that was continuously read out and158

fed into a field programmable gate array (FPGA). If the user-defined trigger159

condition was met (see below for the trigger conditions employed in this mea-160

surement), the FPGA read out the DRS4 switched capacitor array [41] contain-161

ing the stored waveform at 1 gigasample per second (GSPS). Complete details162

are presented in Ref. [42]. In this manner, excellent time resolution (provided163

by the 1 GSPS sampling and nanosecond time stamping also between differ-164

ent detectors) was achieved at 10-bit resolution over the 3.5 µs duration of the165

stored event. The trigger conditions were user-configurable. In the case of the166
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NDT, a trigger occurred only if the signals from both PMTs mounted on each167

end of the detector were above threshold. This threshold was 35 scintillation168

photons detected above the ambient baseline, and suppressed the dark-current169

count rate. An event was considered to be valid if the second PMT signal came170

less than 32 ns after the first, a criterion related to the dimensions of the 4He gas171

volume and the speed of light. In the case of the NE-213 reference cell which172

had only one PMT, a trigger occurred if the analog signal coming from the173

PMT was above threshold. This threshold was 30 scintillation photons detected174

above the ambient baseline. The digitizer greatly facilitated the offline analysis175

of the data as it allowed for the Arktis NDT PMTs to be synchronized to better176

than 1 ns. It also allowed for offline variation in the detector thresholds and177

integration gates (see below), a clear advantage over standard discriminators178

and analog-to-digital converters.179

4. Measurement180

4.1. Setup181

The experiment setup is shown in Fig. 5. The Am/Be source in its trans-182

port/storage container was placed at the center of a 4-sided enclosure con-183

structed from borated-wax boxes. In the so-called “park” position with the184

source locked in its transport container at the bottom of the borated-wax box185

enclosure, the total dose rate in the room was less than 0.4 µSv/hr. When186

the source was lifted from its container and positioned within the 3 mm Pb187

thick sleeve, the gamma-ray dose rate on the outside of the 4-sided borated-wax188

enclosure was 1 µSv/hr.189

Square penetrations through 2 of the opposite walls of the enclosure allowed190

direct line-of-sight between the detectors being irradiated and the source. A191

HPGe gamma-ray detector was positioned in one of the apertures. The distance192

to the screened source was ∼1 m and line-of-sight was direct. It was used to193

measure the distribution of gamma-rays at the approximate location of the194

NDT and NE-213 reference cell. Fig. 4 presents this distribution, where the195
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Figure 3: The top figure shows the WaveDREAM-B16. There are 16 input channels grouped in

2 clusters of 8. Once the selected signals are digitized, they are read out via Gigabit ethernet.

Triggers can be applied externally or generated internally by the software. The middle figure

is a schematic overview of the readout electronics. Signals are stored in the DRS4 switched-

capacitor array and read out if user-defined trigger conditions are met. The bottom figure

presents an overview of the software trigger. If the signal sampled at 120 MSPS meets the

trigger condition, the FPGA reads out the DRS4 at 1 GSPS. See Ref. [42] for further details.
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Figure 4: Energy distribution of gamma-rays at the approximate location of the NDT and NE-

213 reference cell. The prominent structure between 3 and 5 MeV results from the 4.44 MeV

gamma-ray.

4.44 MeV gamma-ray peak together with its Compton edge, first- and second-196

escape peaks, and their Compton edges are clearly seen between (from the197

right) 5 and 3 MeV. Between 1.0 MeV and the ∼400 keV detector threshold,198

the gamma-ray intensity increased by an order-of-magnitude.199

At a distance of 0.64 m from the source, the square aperture for the NE-213200

reference detector was 17 × 17 cm2. The cell was placed at source height so that201

the face of the active volume (recall Fig. 2) was 70 cm from the center of the202

Am/Be source. The cylindrical symmetry axis of the detector pointed directly203

at the center of the source. It was operated at −1700 V. The analog signals204

from the single PMT were fed into the digitizer. The digitized waveforms of205

the signals which triggered the acquisition were recorded on an event-by-event206

basis for offline processing. At the same distance from the source, the square207

aperture for the NDT was 25 × 25 cm2. The NDT was also placed at source208

height. However, its cylindrical symmetry axis was perpendicular to the ray209

pointing to the center of the source. Both of the PMTs (one at each end of210

the detector volume) were operated at +1730 V. The analog signals from these211

PMTs were fed into the digitizer. Again, the digitized waveforms of the signals212
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which triggered the acquisition were recorded on an event-by-event basis for213

offline processing.214

A pulse-shape (PS) analysis of the analog signals coming from both detectors215

was performed using the “tail-to-total” method. Two integration gates were de-216

fined, a long gate (LG) and a short gate (SG). Both of the gates opened at the217

same time, 10 ns before the analog signal. The SG was used to integrate only218

the fast components of the analog signal, while the LG was used to integrate219

the entire (both fast and slow components) analog signal. The PS was deter-220

mined from the difference between the scintillation-light yield in the LG and SG221

normalized to the scintillation-light yield in the LG: PS = (LG-SG)/LG. For222

the NDT PMT data, the SG was 100 ns (related to the decay constant of the223

fast-scintillation components of 4He) and the LG was 3500 ns (the maximum224

gate length the digitizer provided). For the NE-213 reference cell data, the SG225

was 25 ns and the LG was 150 ns. The Arktis NDT gate widths were optimized226

offline. This procedure was greatly facilitated by the digitizer.227

4.2. Absolute energy calibration228

Energy-calibration measurements for the NE-213 reference cell were per-229

formed using 60Co, 137Cs, and the Pb-shielded Am/Be sources. 60Co emits230

gamma-rays with energies 1.17 MeV and 1.33 MeV. 137Cs emits a gamma-ray231

with an energy 0.66 MeV. The de-excitation gamma-ray from the first excited232

state of 12C has an energy of 4.44 MeV. The locations of the Compton edges233

from these gamma-rays were determined using the prescription of Knox and234

Miller [43].235

For the NDT, Geant4 simulations [44, 45] reproduce the shape of the ob-236

served pulse-height distributions for neutrons and gamma-rays well. Neutrons,237

which produce a recoiling α particle, were correlated directly to the 5.5, 6.0, and238

7.7 MeV α lines in 222Rn [8]. Gamma-rays produce an electron via Compton239

scattering or an electron and positron via pair production. These interactions240

occur dominantly in the relatively high-Z walls of the NDT. Apart from very241

low energies, most electrons or positrons entering the 4He gas volume do not242
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Figure 5: The experiment setup (not to scale). The Am/Be source was placed at the center

of a borated-wax enclosure. Penetrations through two of the enclosure walls allowed for a

direct line-of-sight between the source and the detectors. For measurements of the gamma-

ray distribution at the apertures, the NE-213 reference cell was replaced with a stand-alone

HPGe detector.
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stop in the gas. On traversing the gas, they loose a fairly well-defined energy243

of around 150 keV. This produces a peak in the pulse-height distribution which244

can be used for cross calibration. The energy-loss distribution extends out to245

around 750 keV, which is more or less independent of the incident gamma-ray246

energies above 750 keV. These energy losses are of course dependent upon the247

size and pressure of the 4He gas volume. From this, we have established that248

the scintillation-light yield is the same for electrons and alpha particles, consis-249

tent with 4He being a linear scintillator. This contrasts with NE-213, where the250

scintillation-light yield depends strongly on the velocity and ionization density251

of the interacting particle.252

5. Results253

Figure 6 shows a two-dimensional scatterplot comparison of the PSD achieved254

using the NE-213 reference cell and the 4He-based NDT obtained using the Pb-255

screened Am/Be source. Recall that the Pb-screened Am/Be source provided a256

continuous energy spectrum of neutrons up to 11 MeV and a of gamma-rays up257

to 4.44 MeV. The gamma-ray pulse-height response of the NE-213 reference cell258

extends to 4 MeVee as shown in the upper panel. Below 500 keVee, significant259

overlap between the neutron and gamma-ray pulse-height responses occurred.260

As shown in the lower panel and in stark contrast, the gamma-ray pulse-height261

response of the Arktis NDT extends only to 750 keVee, and clear separation262

between the neutron and gamma-ray pulse-height responses is evident down to263

100 keVee.264

The amount of scintillation light produced in the gaseous 4He is less than265

that produced in the liquid scintillator for both particle types. In absolute266

terms, the detection efficiency of the NE-213 reference cell will qualitatively267

be higher the Arktis NDT, both for neutrons and gamma-rays. Quantitative268

evaluation of these detection efficiencies and comparisons with Monte Carlo269

calculations will be addressed in a future publication. We note that the lower270

absolute detection efficiency of the Arktis NDT could be advantageous in very271
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Figure 6: A comparison of the PSD achieved using the NE-213 reference cell (top panel) and

the 4He-based NDT (bottom panel) with the Pb-screened Am/Be source. For each event, the

signal pulse shape PS = (LG-SG)/LG has been plotted against the scintillation-light yield

produced in the detector for the LG in MeVee. The distributions corresponding to neutrons

and gamma-rays are labeled.
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high intensity radiation fields. The complete lack of a gamma-ray band to272

higher energies in the bottom scatterplot is striking. Relative to the numbers of273

neutrons detected, the gamma-ray discrimination properties of the Arktis NDT274

are clearly superior. The digitizer clearly proved to be a very effective tool for275

optimizing the PSD.276

One-dimensional projections of PS have been obtained from the two-dimensional277

distributions shown in Fig. 6 for five different pulse-height thresholds. The re-278

sulting PS distributions for the NE-213 detector (left column) and Arktis NDT279

(right column) integrated from these thresholds are shown in Fig. 7. In each of280

the panels, wherever possible, two separate Gaussian functions have been fitted281

to the data – one corresponding to gamma-rays (red) and one corresponding to282

neutrons (blue). A standard figure-of-merit (FOM) has been used to quantify283

the quality of the PSD as a function of deposited-energy cut. This FOM is284

given by the separation between the gamma-ray and neutron peaks divided by285

the sum of the FWHM of these peaks.286

As can be seen in the NE-213 data (left column), the FOM improves from287

0.75 to 1.5 as the requirement on the light yield increases from 0.25 to 3.0288

MeVee. In comparison, the Arktis NDT FOM (right column) improves from289

1.35 to 1.70 as the requirement on the light yield increases from 0.25 to 0.50290

MeVee. Once the requirement on the amount of deposited energy exceeds 0.75291

MeVee, the gamma-ray peak is no longer visible in the Arktis NDT, and the292

signal is unambiguously neutron. Again, the fact that gamma-rays with energies293

up to 4.44 MeV deposit no more than 750 keVee in the Arktis NDT is striking.294

This property of the detector greatly facilitates the identification of fast neutrons295

depositing more energy than this value.296

6. Summary297

A first comparison between the PSD characteristics of a novel 4He-based298

high-pressure gas scintillation detector and a standard NE-213 liquid-scintillator299

reference detector has been performed. A Pb-screened Am/Be mixed-field neu-300
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Figure 7: A first comparison of the PSD achieved using the NE-213 reference cell (left column)

and the 4He-based NDT (right column) via a FOM using the Pb-screened Am/Be source and

varying the requirements on the amount of energy deposited in the detectors. Gamma-rays

with energies up to 4.44 MeV deposit no more than 750 keVee in the Arktis NDT which

greatly facilitates fast-neutron particle identification.
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tron and gamma-ray source was used to irradiate the detectors and a high-301

resolution scintillation-pulse digitizer was used to optimize the PSD using the302

tail-to-total method. The NE-213 liquid-scintillator reference cell was differ-303

entially very sensitive to the incident gamma-rays and registered a wide range304

of scintillation-light yields up to 4.4 MeVee. In contrast, the 4He-based NDT305

was designed to have has a low gamma-ray sensitivity. It registered a maxi-306

mum scintillation-light yield of 750 keVee for the same distribution of incoming307

gamma-rays. The PSD obtained with the NE-213 liquid-scintillator reference308

cell, facilitated by using the digitizer, was good. Clear separation between309

neutrons and gamma-rays was obtained down to about 0.5 MeVee. The PSD310

obtained with the 4He-based NDT was excellent. Clear separation between neu-311

trons and gamma-rays was obtained down to 0.1 MeVee. Most striking was the312

fact that gamma-rays of energies up to 4.44 MeV resulted in scintillation-light313

yields of no more than 750 keVee in the NDT. As a result, a simple threshold cut314

above 750 keVee was sufficient to distinguish fast neutrons from gamma-rays in315

this region. For fast-neutron detection, 4He-based high-pressure gas scintillation316

detectors such as the NDT thus have a clear advantage over liquid-scintillator317

detectors such as the NE-213 reference cell when the scintillation-light yield is318

greater than 750 keVee.319

The next step in our investigations shall involve an expanded systematic320

comparison of the PSD obtained with these two scintillators using a FOM as a321

function of scintillation-light yield. The scintillation-light yield as a function of322

neutron energy must also be established if the potential for spectroscopy is to be323

investigated. In order to perform these investigations, knowledge of the incident324

neutron energies is required. We have recently successfully tested a technique325

for performing such irradiations with Be-compound neutron sources [46] which326

relies on well-understood shielding, coincidence, and time-of-flight measurement327

techniques to produce a polychromatic energy-tagged neutron beam.328
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Abstract

We report on an in depth characterization of a NE-213 liquid scintillator detector

with a tagged neutron source for fast neutrons between 2 MeV and 7 MeV.

The excellent pulse-shape discrimination of the scintillator and a time-of-flight

measurement have been employed to establish a proton light yield function in

electron equivalent energies. The here established proton light yield function

agrees well with the measurements of other groups.

Keywords: light yield, pulse-shape discrimination, tagged neutrons

1. Introduction

Fast-neutrons are used in a wide range of experiments in nuclear physics

and beyond [1, 2, 3, 4, 5, 6, 7]. New detector systems to study fast-neutrons

has to be thoroughly tested before they can be deployed. Standard test probes

are quasi-mono-energetic neutron beams, produced with accelerators [8, 9, 10].5

The cost per neutron from such beams is high. A cost efficient alternative is the

use of radioactive neutron sources [11, 12]. We are developing such a source

∗Corresponding author. Telephon: +46 46 222 7733; Fax: + 46 46 222 9677
Email address: julius.scherzinger@nuclear.lu.se (J. Scherzinger)

1present address: University of Glasgow, Glasgow G12 8QQ, Scotland, UK
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based facility for energies between 2 - 6 MeV by using tagged neutrons to from a

poly-chromatic neutron beam [13]. We demonstrate the working principle by an

in-depth analysis of the commonly used liquid scintillator, NE-213 [14]. This or-10

ganic solvent is regarded by many as the "gold standard" for the detection of fast

neutrons. We were particular interested in two important characteristics of the

liquid scintillator detector, the light yield of neutron induced recoiling protons

and the Figures-of-Merit (FOM) at different light yields, numbers indicating

the discrimination strength of the detector between neutrons and gammas. The15

here investigated detector will be used in the future as a fast neutron reference

detector at the source facility.

2. Apparatus

Figure 1: A not to scale block diagram of the experimental set-up. The Pb sleeve attenuates

the 60 keV gammas from the source. The logic for the time-of-flight measurement is illustrated.

2.1. Americium Beryllium Neutron Source

An 18.5 GBq 241Am/9Be neutron source (hereafter referred to as AmBe) was20

used to irradiate a free running NE-213 detector and two free running Ytrrium-

Aluminium-Pervoksit (YAP) coincidence detectors. The source is an mixture

between americium oxide and beryllium metal, contained in an approximately 30

mm (height) x 22 mm (diameter) type X.3 stainless steel capsule [15] , and emits
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(1.106±0.015)·106 neutrons per second nearly isotropically. 241Am has a half-life25

of 432.2 years and decays to 237Np by alpha-emissions with an average energy

of 5.5 MeV. The 60 keV gamma-rays from an intermediate excitation state of
237Np are the dominating gamma radiation. The source creates fast neutrons

primarily by a nuclear reaction between alpha particles and 9Be resulting in

a free neutron and 12C. The neutrons have a maximum energy of about 1130

MeV, while 25% are estimated to have an energy of less than 1 MeV. This

yields an average neutron energy of roughly 4.5 MeV. The fast neutron is in ∼
55% accompanied by a 4.43 MeV gamma-ray from the de-excitation of the first

excited nuclear state of 12C. These gamma-rays are to energetic to be absorbed

in the stainless steel capsule. Thus the combination of both fast neutrons and35

MeV gamma-rays contributing to the AmBe dose rate. Both the fast neutron

dose rate and the gamma-ray dose rate of the unshielded AmBe source have

been measured independently at a distance of 1 m to the source to 11 µSv/hr

respectively, yielding a total dose rate of 22 µSv/hr.

The NE-213 detector was used to trigger the data acquisition system and40

the signal was also used to start a time-to-digital convert (TDC). The TDC was

stopped by delayed signals from either of the two YAPs. A neutron time-of-flight

(ToF) measurement could be easily performed with this configuration.

2.2. YAP Trigger Detector

Two YAP:Ce3 scintillator detectors from Scionix [16] with ∼ 5 ns risetime45

were used as fast trigger detectors. A detector (see Fig. 2) consisted of a

cylindrical (h = 2.54 cm x d = 2.54 cm) YAP crystal coupled to a 1 inch

R1924 Hamamatsu PMT [17] operated at about −800 V. Gains for the YAP

detectors were set using a YAP event trigger and standard gamma-ray sources.

Typical energy resolution obtained for the 662 keV peak of 137Cs using such a50

detector was about 10%. YAP crystals are radiation hard and quite insensitive

to neutrons of all energies, which makes them ideal for detecting gamma-rays

within the large fast-neutron field of the AmBe source. The YAP detectors

were not used for spectroscopy, but triggered on any portion of the energy

3

A Source-Based Test-Bed for Fast-Neutron Irradiation



Figure 2: Photo of a YAP trigger detector.

deposited by the 4.43 MeV gamma-rays. A 3 mm thick Pb sleeve placed around55

the source to attenuate the high intensity 60 keV gamma-ray field and a very

low discriminator threshold proved to be an effective combination for the YAP

detection of these 4.43 MeV gamma-rays.

2.3. NE-213 Fast-Neutron Detector

The fast-neutron detector is shown in Fig. 3. The NE-213 is housed in a60

3 mm thick cylindrical aluminum cell with a diameter of 94 mm and a height

of 62 mm. The inner walls of the cell were painted with EJ-520 [18], a xylene-

solvent withstanding titanium-dioxide reflective paint. Araldite 2000+ [19] glue,

which is highly resistant to both temperature and chemicals, sealed a 5 mm

thick borosilicate glass plate [20] to the detector cell. The penetrations into65

the cell were closed with M-8 threaded aluminum plugs with 20 mm diame-

ter heads and sealed with 14 mm diameter Viton O-rings [21]. The assembled

cell was filled with the nitrogen-flushed NE-213 using a nitrogen gas-transfer

system. The filled cell was optical coupled to a cylindrical ultraviolet transmit-

ting polymethyl-methacrylate (PMMA UVT) lightguide [22] with a height of 5770

mm and a diameter of 72.5 mm. The lightguide wall was painted with water-
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Figure 3: The liquid scintillator detector. The black cylinder covering the PMT housing is

the Mu-metal shielding the 3 inch ET Enterprises 9821KB PMT from stray magnetic fields.

The metallic cylindrical capsule at the front of the detector contains the NE-213.

soluble EJ-510 [23] reflective paint. The lightguide was then pressure-coupled

to a spring-loaded, magnetically shielded 3 inch ET Enterprises 9821KB PMT

assembly [24] operated at about 2000 V. The gain for the NE-213 detector was

set using an NE-213 detector event trigger and a set of standard gamma-ray75

sources together with the prescription of Knox and Miller [25].

2.4. Experimental Set-Up

Figure 1 illustrated the experimental set-up in a block diagram. The AmBe

source was placed in a 3 mm thick lead cylinder to attenuate the low energy

gamma field (∼ 60keV) from the decay of 241Am. The YAP detectors were80

placed 5 cm from the source in the same height as the source. The YAP detectors

were free running and registered mainly the the 4.43 MeV gamma-rays from the

source. The NE-213 detector was positioned 0.68 m from the source in direct

line of sight. The cylindrical symmetry axis of the detector was centered to the

source. The NE-213 detector was free running and triggered on the gamma-rays85

and neutrons from the source, as well as the natural background.
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2.5. Data Acquisition

The signals from the YAP trigger detectors and the NE-213 detector were

passed to scalers, time-to-digital converters (TDCs), and charge-to-digital con-

verters (QDCs). All signals were stored in an event-by-event basis and processed90

offline. In calibration mode, the YAP detector trigger was used to gate the YAP

detector QDC, to set the gain . In time-of-flight mode, the NE-213 detector

provided the trigger which was used to gate the NE-213 detector QDCs (which

facilitated setting the gain). The NE-213 detector QDCs included a short-gated

(SG) QDC and a long-gated (LG) QDC, both of which opened 25 ns before the95

analog pulse arrived. The NE-213 detector also provided the start trigger for the

time-of-flight TDC (see Fig. 1), while the YAP trigger provided the stop trigger.

By triggering our data-acquisition system on the NE-213 detector, we avoided

unnecessary deadtime processing events seen only by the YAPs and guarantied

that the NE-213 pulses arrived 25 ns after the QDC gates were opened. We were100

especially interested in tow different time-correlated coincidences; the first, fast

neutrons detected in the NE-213 detector starting the time-of-flight TDC with

the corresponding 4.43 MeV gamma-ray detected in the YAP detector stopping

it; and, the second, prompt, time-correlated gamma-ray pairs emitted from the

source being detected in coincidence in the NE-213 and YAP detectors.105

3. Results

3.1. Pulse Shape

The mixed neutron gamma field from the AmBe source was used to estab-

lish the pulse-shape discrimination (PSD) between electrons and protons and

to measure the light yield dependent figures-of-merit (FOM). The detector sig-110

nal was split into two independent signals and the current of each signal was

integrated independently in the SG QDC and the LG QDC with 60 ns and

500 ns integration gate respectively (see Fig.4). The light yield difference of

gamma induced recoiling electrons and of neutron induced recoiling protons is

measured in a so-called "tail-to-total" charge comparison method by defining115
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Figure 4: Light Pulse

a pulse-shape function (PS): the difference of the charges measured by the LG

QDC and the SG QDC, normalized to the LG QDC charge:

PS =
QDCLG −QDCSG

QDCLG
(1)

It is well documented for liquid scintillators, that the PS of a light pulse is

heavily influenced by the ionizing particle [26]. This is explained by an increase

of the excitation of the long lived triplet state T1 for particles with a high ion-120

ization density. T1 is the main contributing factor to the slow decay component

of a liquid scintillator via the bimolecular interaction of two molecules in the T1

state to one molecule in the first singlet state S1 and one in the ground state

S0. A direct result of this intrinsic liquid scintillator behavior is that the tail

of an electron light pulse represents a smaller fraction of the whole light pulse125

than the tail of a proton pulse.

The integrated PS spectra is shown in fig. 5 for all light pulses with a light

yield of 0.58 MeVee and higher. Two peaks can be identified in the histogram.

The peak below PS=0.2 is corresponding to gamma induced recoiling electrons
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Figure 5: The integrated PS plot for all light yields larger than 0.58 MeVee is shown. A

double gaussian function is fitted in red to the measured data. The FHWM of the Gaussian

fits δn,γ and the position of the means mn,γ are clearly indicated. The FOM described in the

plot will be discussed below.

and the peak at around PS=0.27 is corresponding to neutron induced recoiling130

protons. The FOM=1.03 of the detector for a 0.58 MeVee pulse height threshold

can be easily calculated by the following equation:

FOM =
|mn −mγ |
δn + δγ

(2)

3.2. PSD

Figure 6 shows the deposited energy in the detector as a contour plot of PS

over the light yield in electron equivalent energies L. The charge deposited in135

the SG QDC is directly proportional to the production of scintillation light by

an electron. The excellent discrimination between neutron and gamma events

is apparent for L > 0.5 Mevee. A small overlap exists between the two distribu-

tions below this threshold in the vicinity of PS = 0.2. The plot shows clearly

that the strength of the PSD and therefore the FOM are strong functions of140

the light yield. To illustrate this fact four PS plots in blue corresponding to 1

MeVee, in red corresponding to 2 MeVee, in violet corresponding to 3 MeVee
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Figure 6: The figure shows the contour plot of PS over the light yield L. The detector shows

an excellent separation above 0.5 Mee and only small overlap in the region of PS = 0.2 below

this threshold.

and in green corresponding to 4 MeVee have been drawn in fig. 7. It can be

observed that the FWHM of the both the gamma and the neutron resolutions

are decreasing for higher light yields. A second important feature of the detector145

for light pulse below 2.2 MeVee is apparent. The PS gamma distribution for

those energies cannot be describe by a single Gauss distribution. We choose to

fit those data as double Gaussian distributions instead.

3.3. FOM

Differential figures-of-merit were established by dividing the PSD plot into150

light yield intervals of an equal width of 0.1 MeVee. The FOM were determined

by Gaussian fits. Below 2.2 MeVee the FOM has been calculated by fitting a

double Gaussian function to the gamma distribution and a Gaussian function to

the neutron distribution. For all other pulse heights single Gaussian functions

were fitted to both the gamma and the neutron distributions. The PSD improves155

for higher light yields and the differential FOM is expected to increase with the

light yield as discussed in the previous section.
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(a) Pulse shape distribution for pulse

with a light yield of 1 MeVee.

(b) Pulse shape distribution for pulse

with a light yield of 2 MeVee.

(c) Pulse shape distribution for pulse

with a light yield of 3 MeVee.

(d) Pulse shape distribution for pulse

with a light yield of 4 MeVee.

Figure 7: PS plots for different pulse heights.Gaussian fits have been applied in black.

Figure 8: The differential FOM over the light yield L.
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3.4. Proton Light Yield

In a second step, the TOF of neutron events was used to determine the

kinetic energy of the tagged neutrons in the detector [13] and the random160

neutron background was subtracted from the pulse height/light yield spectrum.

Figure 9 shows the TOF spectra of the measurement. The top panel, a contour

plot of the PS over the TOF, shows the correlation between particle species, in

both TOF and PS. Neutrons can be easily identified by both TOF and PS. In

the middle of Figure 9 the neutron (shaded in red) and gamma (non shaded165

in blue) TOF spectra are shown. The bottom panel shows the neutron pulse

height plotted over the TOF in a contour plot. It is obvious that the maximum

light yield of neutron induced recoiling protons is a strong function of the kinetic

energy of the incident neutrons. The events in the two lower panels were chosen

by applying the PSD established above. The proton light yield was determined170

by creating pulse height histograms for incident neutron energies in intervals

of 0.2 MeV. In a perfect detector system the sharp edge of those histograms

is identical with total energy transfer from an incident neutron to a recoiling

proton. In our detector the edge is smeared by resolution effects. Two different

methods were applied to calculate the edge. The first way was to apply the Knox175

method normally used to determine the Compton edge of incidence gamma rays

to the neutron edge. The second method was to find the the high energetic

minimum of the first derivative of the light yield function L as suggested in [12]

(in the future revered to as the Kornilov method). The derivative was calculated

from the smoothed functions with a simple numeric derivation algorithm. Figure180

10 show both the neutron response function for 5.8 MeV incidence neutrons and

the first derivative of the function.

The non linearity of the proton light yield Lp of liquid scintillators in general

and NE-213 in particular has been reported. In the past the empirical method of

Madey [27] was applied wildly. We decided to use the more recently suggested185

method of Kornilov et al. [12].
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Figure 9: The top panel shows the contour plot of the PS over the time-of-flight. A strong

correlation between particle species and TOF is clearly visible. The central panel shows

the time of flight spectra for events identified by PSD as gammas in the non-shaded (blue)

histogram and neutron events shaded in red. The sharp distribution in the blue histogram

around 2 ns is the so-called γ-flash. In the bottom panel we see the contour plot of the light

yield L over the TOF for neutron events identified by PSD. The decrease of the maximum

light yield for the neutron events from 20 ns TOF to 40 ns TOF indicates a strong correlation

between neutron energy and maximum light yield.
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Scintillator L0 L1

NE-213 This Work with Kornilov Method 0.615± 0.028 2.92± 0.29

NE-213 This Work with Knox Method 0.609± 0.051 2.97± 0.61

NE-213 Naqvi 0.620± 0.035 3.07± 0.42

SL301 Kornilov 0.579± 0.008 2.41± 0.11

BC501A Kornilov 0.642± 0.012 2.96± 0.15

Table 1: A list of the proton light yield parametrization for NE-213 after Kornilov et al. [12].

Lp = L0
T2

n

Tn + L1
(3)

Figure 10: The light yield L in electron equivalent energies for 5 MeV neutrons.

Figure 11 shows the proton light yield for NE-213 from this work as gray

filled squares in the top panel (Knox method) and as gray filled circles in the

middle panel (Kornilov method). The results for an SL301 provided by Scinonix

[16] (h =50 mm x d = 100 mm) from [12] are shown as open (red) circles in the190

middle. In the top panel the data of Naqvi et al. [11] for a NE-213 detector of 50

mm x 50 mm is shown as open squares (blue). It is important to member that
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Figure 11: The top panel shows the proton light yield determined with the Knox method over

the kinetic energy as gray filled squares and the values from Naqvi et al. [11] as open blue

squares. In the middle the filled circles (gray) are the results from this work calculated with

the Kornilov method. The open (red) circles is data taken from [12]. The bottom panel shows

the ratio of L Kornilov over L Knox.
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the Naqvi data was also determined by fitting a Gaussian distribution to the

edges of the neutron response functions, while the Kornilov data was computed

by calculating the first derivatives of the the response functions. The bottom195

panel shows the ratio of our data calculated with the Kornilov method over

our data from the Knox method. The data shows a good agreement and does

diverge less than 10% for all measured energies and on average about 1%. The

comparison of our data to the Kornilov data yields similarly results. A point by

point comparison to the Naqvi data was not possible, since Naqvi et al. chose to200

not divided their TOF spectra into equal energy intervals, but used single TDC

channels instead. The excellent agreement with our results is still obvious. In a

next step, we fitted equation 3 with a least-square method to our data and the

data taken from [11]. In table 1 the fitting results for those three data samples

are listed together with the results from Kornilov for both the LS301 detector205

and for a BC501A [14] detector (h = 25 mm x d = 100 mm ). Both parameters

L0 and L1 are in good agreement or atleast within the calculated errors for all

samples with the exception of the SL310 sample. However, if the SL310 data

is fitted in the same energy range as our measurement for incidence neutrons

from 2 MeV up to 5.8 MeV, we could not recalculate the lower values for the210

SL310 scintillator. With data taken from a figure in [12] with the software Plot

Digitizer [28], we computed the following values for L0 = 0.617 ± 0.013 and

L1 = 3.02± 0.17 respectively.

4. Conclusion

The in-depth analysis of the fast neutron reference detector demonstrates215

a cost efficient way to characterize fast neutron detectors in an energy range

between 2 MeV and 6 MeV with an AmBe source. We determined the dif-

ferential PS functions for light yields of up to L = 4.6 MeVee. We used the

neutron/gamma PSD and the TOF to establish NE-213 neutron response func-

tions and to discriminate against any random gamma background. We tested220

two widely applied methods to calculate the proton light yield in electron equiv-
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alent energies. Both those methods agree better than 10% with each other. The

same is true, if our results are compared to previous source based measurements

with both an AmBe source [11] and a 252Cf source [12].
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