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Abstract-An optimized fast pulse-shape discrimination
algorithm is used to discriminate neutrons from gamma rays
with high accuracy, in a mixed radiation field. The discriminated
data is subsequently used to identify the source. Experimental
pulse-height distributions from discriminated data are shown for
Cf-252 and Am-Be sources and are compared with simulations
performed with the MCNP-PoliMi code. In all cases, very good
agreement between simulations and measurements was achieved.
In addition, several source-shielding configurations are presented
to assess the influence of the potential source shielding on the
measured neutron pulse-height distribution.

I. INTRODUCTION
ACCURATE knowledge of neutron energy spectra is of

great interest in many areas, such as nuclear
nonproliferation, international safeguards, nuclear material
control and accountability, national security, and

counterterrorism. In particular, for safeguards applications, a
fast and robust method for the identification of typical neutron
sources (Cf-252, Am-Be, etc.) is essential. The identification
of the neutron sources by unfolding the initial neutron energy
spectrum is a very promising method, based on the observable
differences in the spectra of the different sources.

Neutron and gamma-ray pulse-shape discrimination (PSD)
is a well-known technique used in mixed neutron/gamma-ray
radiation fields and is frequently used with organic liquid
scintillation detectors [1-3]. The liquid scintillators, which are
sensitive to both neutron and gamma-ray radiation, are often
used in nonproliferation applications due to their excellent
neutron/gamma-ray PSD properties. The decision time of the
PSD techniques is required to be very short in order to
perform measurements at high count rates. This allows for a
high sensitivity of the assays performed on nuclear materials
with the main objective to detect and to determine the mass
and composition of these materials [4].

After the neutron and gamma-ray pulses were measured
with the liquid scintillator and the neutron distribution was
obtained from the discriminated data, a certain neutron
unfolding technique can be applied [5]. However, since even a
small variation in the measured distribution leads to a large
variation in the unfolded neutron spectrum, it is crucial to
identify neutrons with very high accuracy. This requires the
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high degree of accuracy in the separation of the neutrons from
the gamma rays typically present in the background. In this
paper, we present the results of the analysis of a large number
of neutron and gamma-ray pulses with a liquid scintillator BC-
501A using a Tektronix digital oscilloscope TDS-5104. A
PSD technique based on pulse integration over different time
periods was optimized and applied to discriminate neutrons
from gamma rays. Two neutron sources were used for
investigation: a Cf-252 and an Am-Be source. In addition,
measured pulse-height distributions were compared with those
simulated by using the MCNP-PoliMi code [6]. Finally,
several source-shielding configurations were tested to assess
the influence of the potential source surrounding on the
measured pulse-height distribution.

II. STRUCTURE OF THE INVESTIGATION

The main structure of the investigation is shown in Fig. 1.
In this paper, we describe the first three steps in detail. The
last steps are being performed, and will be presented in a
future publication.

Measurement of pulses from a radioadive
source using a liquid organic scintillator

|

Offline pulse disaimination for correct
separation of neuirons from gamma rays
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Creation of neutron pulse-height
distribution from discriminated data

Fig. 1. The flowchart of the investigation. The first three steps are
described in this paper.



III. DATA ACQUISITION

A fast waveform digitizer, digital oscilloscope Tektronix
TDS-5104 with a 1-GHz resolution, was used to store tens of
thousands of pulses from the liquid scintillator BC-501A for
subsequent analysis. The oscilloscope fast-frame acquisition
mode allowed for capturing the pulses with a resolution of
0.2-0.4 ns. The detector BC-501A is built of a cylindrical
liquid organic scintillator model 4.62MAB-1F3BC-501A/5,
which is 7.7 cm thick with a diameter of 15.2 cm. The detector
container is made of aluminum. The front face of the detector
has a thickness of 2 mm. The side wall is composed of two
layers: the external layer has a thickness of 2 mm and the
internal layer is approximately 0.5 mm thick. The
photomultiplier tube is mounted on the back circular surface
of the detector.

To optimize the PSD method by using particle-attributed
pulses, neutrons and gamma rays were measured from two
known radioactive sources. The neutrons emitted by a C{-252
source were detected using the time-of-flight (TOF) method to
identify the neutrons in a gamma-ray background. Exceptions
for misidentification of neutrons are accidental coincidences,
which result in gamma-ray pulses being attributed as neutron
pulses. The Cf-252 source was placed in an ionization
chamber at a distance of 1 m from the detector. The ionization
chamber served as a “start” detector to determine the time
zero. The neutron pulses obtained with this method have been
named “TOF attributed neutrons.”

The gamma-ray pulses were measured using a Cs-137
source placed on the face of the detector. These gamma-ray
pulses are named “gamma rays” in the remainder of this

paper.

IV. OPTIMIZATION OF THE PSD METHOD

It is well known that the total light output generated in the
scintillator can be represented by the sum of two exponential
decays referred to as the fast and slow components of the
scintillation process. The fraction of the total light observed in
the slow component is a function of the type of particle
inducing the scintillation. In general, the slow component is
larger for heavier particles (i.e., the tails of the average
neutron pulses are consistently greater than the tails of the
gamma-ray pulses) [7]. This difference in the intensity of slow
neutron and gamma-ray components serves as a basis for the
PSD method.

The applied offline PSD technique is based on the charge
integration method, in which integrals over different time
periods are compared to specify the type of the particle
producing the pulse in the detector. However, in this case, the
method is applied to digitized pulses with height values in
units of voltage (V); thus integration over any time period
results in values in units of V*ns.

Following the discussion above, a ratio of two areas is used
for the particle identification. The ratio is obtained by
integration of the pulse over different time intervals. The first
area is the total area of the pulse (A)); the second area is the

tail of the pulse (A;). These areas are shown schematically in
Fig. 2.
The area ratio is defined as

A
R=-2% . (1)
A

Voltage

Tistan T,

Time
Fig. 2. Visualization of the areas used to calculate the ratio for the
discrimination of neutrons from gamma rays.

The tail integral A, is calculated from a certain point above
the pulse maximum (see Ty in Fig. 2) to the end of the pulse
(T 2st0p)- In the case presented in Fig. 3, Togar = Tmax + 6ms,
while T\ 40p — Tmax = 110ns. The latter is given by the time
range used in our measurements and is valid for all results
discussed later in this paper. In contrast, the total integral A, is
calculated by integrating between the values Tigur and T ssop;
thus it covers the entire pulse area.
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Fig. 3. Typical histograms for neutron and gamma-ray pulses. Two
distributions can be clearly distinguished.

The integral ratio R is clearly larger for most of the neutron
pulses when compared to the gamma-ray pulses. The
relatively high value occurring in the gamma-ray histogram at
position zero is due to the accumulation of low ratio values
(negative values are not possible). Fig. 4 shows the
distributions created from the histogram in Fig. 3. The cross
point of the neutron and the gamma-ray curve has been chosen



as a discrimination point to classify the particles detected. The
point in this particular case lies at a value of R=0.32. This
value has not been optimized. Above the classification point,
all pulses are classified as neutrons, while below this point,
the pulses are classified as gamma rays. It can be seen in Fig.
4 that a certain number of neutrons and gamma rays are
“misclassified” when using this technique. Therefore,
optimization of this method is required.
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Fig. 4. Curves created from the neutron and gamma-ray histograms shown
in Fig. 3. The “overlap area” is marked.

The number of misclassified neutrons and gamma rays was
minimized by optimizing the integration range of the tail
integral and the location of the classification point. In fact, an
increase of the integration range of the total integral would
also lead to additional minimization of the overlap area. This
is because the slow component of the light produced by the
liquid scintillator BC-501A reaches beyond 300 ns [8].
However, in the TOF measurements, the pulse range was
limited to 130 ns, thus this value could not be increased.

Fig. 5 shows the overlap area as a function of the starting
point of the tail integral A,. The upper limit for the tail
integral was fixed to 110 ns. The x-axis in Fig. 5 is the time
shift from the pulse maximum toward positive values (i.e.,
Tastar — Tmax)- As shown in Fig. 5, the overlap area reaches its
minimum around 11 ns. At this point, the total overlap area
reaches the minimum value of 3% from the total area of the
neutron and gamma-ray distributions. For this reason, this
value has been chosen as optimal for the tail integration.
When using this value, the tail integral A, has a total range of
99 ns. The pulse-height threshold was set to 0.07 MeVee.

Fig. 6 shows the neutron and gamma-ray histograms
obtained using the optimized tail integral. In Fig. 6 there is
even higher occurrence in the gamma-ray histogram at
position zero than that shown in Fig. 3. This is due to
additional accumulation of low ratio values. This
accumulation takes place as a result of shifting the neutron
and gamma-ray histograms to lower values by shifting the
starting point of the tail integral toward positive values. It is

apparent that in this case the optimal classification point lies
below 0.32, which is the value deduced from Fig. 4.

Total overlap area (%)

L L L L L
[ 2 4 6 8 10 12 14 16 18 20

Time shift for startpoint of tail integral (ns)

Fig. 5. Total overlap area as a function of the starting point of the tail
integral. The x-axis is given by Tagtar-Timax.
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Fig. 6. Histograms of neutron and gamma-ray pulses obtained by using the
optimized range of the tail integral.

Fig. 7 shows the number of misclassified neutrons and
gamma rays as a function of the location of the classification
point. As mentioned previously, all pulses (both neutron and
gamma ray) are classified as neutrons when lying above this
point, while those below this point are classified as gamma
rays. Fig. 7 shows that this condition is, in this particular case,
fulfilled by choosing the classification point at a value of 0.15.
At this point, approximately 3% of pulses are misclassified.
Most of these pulses are neutrons, which means that almost no
gamma rays are misclassified using the known pulses. The
units of the x-axis in Fig. 7 are identical to those shown in Fig.
6.

Fig. 8 shows the tail integral A, as a function of the total
integral A;. Apparently, some TOF attributed neutron pulses
are located in the gamma-ray area. In fact, these pulses are
gamma rays that were accidentally identified as neutrons.
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Fig. 7. Total overlap area as a function of the ratio of the tail-to-total
integral. The ratio of 0.15 was chosen as the optimal value.
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Fig. 8. The tail integral versus the total integral. TOF-attributed neutron
and known gamma-ray pulses are well separated. Some pulses attributed to
neutrons lie in the gamma-ray area.

V. APPLICATION OF THE OPTIMIZED PSD METHOD TO
UNKNOWN PULSES

The digital oscilloscope, scintillation detector, and Cf-252
neutron source described in Section III were used. In addition,
an Am-Be source was tested, and several shielding bars were
used. In particular, 1-in. lead (Pb) and 1-in. polyethylene (PE)
blocks were positioned between the source and the detector,
while the source-detector distance was fixed to 50 cm. In the
measurement no TOF method was applied, so neutrons were
discriminated from the gamma rays by using the PSD
technique discussed earlier. The data were collected at a rate
of 5 GS/s. Several cases were investigated using both sources
and different shielding conditions. The shielding between the
source and the detector served to simulate a possible presence
of material during in-the-field investigations. An example of
the experimental setup is shown in Fig. 9, in which the Am-Be
source and the BC-501A are shown, together with the Pb
block. In all cases, the pulse-height threshold was set to
0.094 MeVee.

BC-501A

Fig. 9. An example of the measurement setup used to test the optimized
pulse-shape discrimination method.

The MCNP-PoliMi code was used to simulate the pulse-
height  distributions  for  different  source-detector
configurations. This code allows for accurate simulations
resulting from correctly modified secondary particle
production in the MCNP-PoliMi. Another advantage of the
MCNP-PoliMi code is that detailed information on the
interactions of neutrons and gamma rays inside user-defined
cells (typically detectors) are printed to a collision output file.
These collisions are then analyzed with a dedicated
postprocessing code, which takes into account all important
properties of the detector [9].

Fig. 10 shows the histogram for the configuration Cf-252
with the 1-in. Pb block. The neutron distribution is very well
separated from the gamma-ray distribution, which allows for
accurate discrimination of the neutrons from the gamma-rays.
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Fig. 10. Histogram for the configuration Cf-252 — 1-in. Pb block. The
source-detector distance was 50 cm.



The shield allowed the relative number of neutron pulses
acquired to increase due to elimination of some source gamma
rays, compared to the bare case.

Figs. 11 and 12 show the pulse-height distributions from
the Cf-252 with no shield and 1-in. Pb shield, respectively.
The x-axis is given in MeVee, and represents the light output
from the detector. The discriminated neutron data are
compared with the MCNP-PoliMi simulations. A very good
agreement has been achieved. In Fig. 12, it can be seen that
the presence of the Pb block improves the quality of the
measured data by increasing the number of neutron pulses per
data acquisition (the total number of pulses per acquisition
was constant).
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Fig. 11. Measurement versus simulation for the case Cf-252 — no

shield. The optimized PSD method was applied to the measured data. The
simulation was performed with the MCNP-PoliMi code.
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Fig. 12. Measurement versus simulation for the case Cf-252 — 1-in. Pb

shield.

Figs. 13 and 14 show the neutron pulse-height distributions
from the Am-Be with no shield and 1-in. Pb shield,
respectively. As in the cases with the Cf-252 source, a very
good agreement has been achieved, even though the Am-Be
source was simulated as an isotropic source without any

additional construction material. In reality, the Am-Be source
is surrounded with several inches of PE with an opening on
one side. In addition, a stainless-steel layer with a varying
thickness is a part of the source assembly. Fig. 9 shows a
photograph of the source configuration.
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Fig. 13. Measurement versus simulation for the case Am-Be — no shield.
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Fig. 14. Measurement versus simulation for the case Am-Be — 1-in. Pb
shield.

Figs. 15 and 16 show the measured pulse-height
distributions for the Cf-252 and Am-Be sources and for
different experimental configurations. In both cases, no
significant difference is observed in the pulse-height
distributions with the shields used in the experiments. This is
a very encouraging observation because it means that even
with a certain shielding between the source and the detector
measurements result in similar pulse-height distributions. In
Fig. 17 we compare the pulse-height distributions shown in
Figs. 15 and 16. Clearly, the Cf-252 and Am-Be sources can
be ecasily distinguished from each other even without
unfolding the initial neutron spectra. The logarithmic scale is
used in Fig. 17.



0.06 T T T T T T T T T
— no shield

—— Pb shield

~

0.05- PE shield [1

T

0.041

0.021-

Counts normalized to area (arb. units)

0 L L L L - i _—
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Light output (MeVee)

Fig. 15. Measured pulse-height distributions for the Cf-252 source in
different experimental configurations.
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Fig. 16. Measured pulse-height distributions for the Am-Be source in
different experimental configurations.
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Fig. 17. Comparison between measured pulse-height distributions for the
Cf-252 and Am-Be sources, shown in logarithmic scale. The error bars are not
shown.

In Fig. 17 a large fluctuation of data is observed for high
light output values, especially for the Cf-252 source with a
1-in. PE shield. This is caused by poor statistics, which is the
consequence of the lack of the neutron pulses producing large
enough light pulses.

VI. CONTINUING WORK

In the present work, several shields with various
thicknesses are being tested with different neutron sources.
This investigation will provide us with the practical limit of
the source identification method presented in this paper.

There are several unfolding techniques available, which
could be applied to pulse-height distributions obtained by
neutron discrimination of measured data. Examples are
sequential least-square method, neural networks, or inverse
method [5]. These techniques are currently being tested to
choose the most suitable unfolding method for this project. In
addition, after the unfolding method has been chosen, an
additional optimization of unfolding procedures will be
necessary.

VII. CONCLUSIONS

An optimized digital fast pulse-shape discrimination
algorithm was used to discriminate neutrons from gamma rays
originating from unknown sources. The discriminated data
was used to create pulse-height distributions for Cf-252 and
Am-Be sources. These distributions were subsequently
compared with simulations performed with the MCNP-PoliMi
code. In all cases, very good agreement was achieved between
simulations and measurements. In addition, several source-
shielding configurations were tested to assess the influence of
the potential source shielding on the neutron pulse-height
distribution. It can be concluded that no significant changes
can be expected for 1-in. shields made of Pb and PE, used
separately or in combination. In all cases, the Am-Be source
produces pulse-height distributions that are distinct when
compared with those produced by the Cf-252 source. This
makes the identification of the neutron sources with very
different energy spectrum straightforward.
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