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a b s t r a c t

A new digital pulse-timing algorithm, to be used with the future neutron detector array NEDA, has been
developed and tested. The time resolution of four 5 in. diameter photomultiplier tubes (XP4512, R4144,
R11833-100, and ET9390-kb), coupled to a cylindrical 5 in. by 5 in. BC501A liquid scintillator detector
was measured by employing digital sampling electronics and a constant fraction discriminator (CFD)
algorithm. The zero crossing of the CFD algorithm was obtained with a cubic spline interpolation, which
was continuous up to the second derivative. The performance of the algorithm was studied at sampling
rates of 500 MS/s and 200 MS/s. The time resolution obtained with the digital electronics was compared
to the values acquired with a standard analog CFD. The result of this comparison shows that the time
resolution from the analog and the digital measurements at 500 MS/s and at 200 MS/s are within 15% for
all the tested photomultiplier tubes.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Neutron-detector arrays like the Neutron Wall [1,2] and the
Neutron Shell [3] are being successfully used to identify very weak
reaction channels in fusion-evaporation reactions in which exotic
nuclei are produced after the emission of a few evaporated neutrons.
These detector arrays are mainly used to determine the neutron
multiplicity and require large detection efficiencies and good
neutron-γ discrimination capabilities [4]. The organic liquid scintil-
lator BC501A, with pulse-shape discrimination capabilities, is typi-
cally used in the aforementioned detector arrays. For the neutron
detector array (NEDA), which presently is being developed, a detailed
study of the dimensions and the type of liquid scintillator to use for

the detector units has been published in Ref. [5]. In that paper, it was
established that for optimal neutron efficiency the detector units
should have a depth of 20 cm and a diameter of 5 in. and that they
should be filled with a organic liquid scintillator BC501A. The light
collection in this type of large cylindrical scintillators has been
studied in detail [6], showing that the time resolution depends on
the detector size of the liquid scintillators [4,7]. In addition, the size
also dramatically changes the neutron-γ discrimination capabilities
[4]. The uncertainty in the length of the neutron flight path, due to
the large dimensions of the detectors in these arrays, does not allow
an accurate measurement of the neutron energy using the time-of-
flight methods. However, the use of fast photomultipliers for good
timing accuracy is necessary in order to disentangle the fast and slow
decay components for the pulse-shape analysis (PSA) to discriminate
neutrons and γ-rays, as well as to measure the time-of-flight betw-
een adjacent detectors to identify scattered neutrons from two or
more real neutron events [2,8]. The full NEDA array has been
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designed to efficiently identify reaction channels with one or more
neutrons emitted from scattered events [5,9,10]. Its complete design
comprises more than 300 detectors, covering a solid angle close
to 2π and containing more than 1200 L of BC501A organic liquid
scintillator [9]. The large number of channels in NEDA and the need
of compatibility with other arrays, such as AGATA [11] and GALILEO
[12] demands digital sampling electronics as a convenient replace-
ment of the modular analog NIM electronics used in medium-scale
nuclear physics experiments. Therefore, the NEDA array has been
conceived to use digital electronics with a sufficiently high sampling
rate to enable good timing and neutron-γ discrimination perfor-
mance. For this purpose, a digitizer with 14 bits (11.7 effective
number of bits, ENOB) and a sampling rate of 200 MS/s has been
designed [13]. At the present time it has not been convincingly
demonstrated that low sampling frequency digital modules are
competitive with their analog predecessors for fast photomultipliers
tubes (PMT). Therefore, one has to carefully check how the sampling
rate and bandwidth constrain the digital timing performance com-
pared to that obtained with analog electronics. For example, for very
fast timing applications, it has been shown that digital algorithms for
BaF2 scintillators, using a 1 GS/s sampling ADC, can give a timing
performance that is better than that obtained with traditional analog
systems [14]. Besides achieving the best possible timing resolution,
digital systems have been widely employed for PSA to perform
neutron-γ discrimination with organic scintillators [15], using the
zero-crossing [16] and double integration methods [17,18]. Specifi-
cally for the BC501A scintillator, digital neutron-γ discrimination
has been widely exploited [19–22] and it has been shown that for
PSA purposes a digitizer with a sampling rate of 200 MS/s and a
resolution of 14 bits is suitable [20]. The present work aims to study
the pulse-timing performance of four 5 in. PMTs (XP4512, ET9390-
kb, R4144 and R11833-100) coupled to a 5 in. by 5 in. BC501A
scintillator detector.

In order to quantify the timing properties of the PMTs, a CFD
algorithmwas developed. The zero-crossing of the CFD was obtained
with a cubic spline interpolation, which was continuous up to the
second derivative. The waveforms were digitized with a 12-bit
resolution 500 MS/s fast-ADC and were downsampled to 200 MS/s
in order to mimic the future electronics of the NEDA array. The
performance of the algorithm, with respect to the timing resolution,
was studied at the sampling rates 500 and 200 MS/s and compared
to results obtained with a standard analog CFD.

2. Experimental setup and measurements

A schematic picture of the experimental setup is shown in Fig. 1.
γ-rays from a 60Co source were measured in coincidence between a
cylindrical 5 in. by 5 in. BC501A liquid scintillator detector and a
cylindrical 1 in. by 1 in. BaF2 crystal. The distance from the source to
the front face of the detectors was 20 cm and 5 cm for the BC501A
and BaF2 detectors, respectively. The detectors were placed at an angle
of 901 with respect to the outgoing γ-rays. A 5 cm thick lead shield
was placed between the detectors in order to minimize the detection
of γ-rays that were scattered from one detector into the other. The
lead brick did not shadow the detectors from the 60Co source.

The tested 5 in. PMTs were Photonis XP4512, Hamamatsu R4144,
Hamamatsu R11833-100 and ET Enterprises ET9390-kb, which in
turn were coupled to the same liquid scintillator detector. The BaF2
crystal was coupled to a fast 2 in. PMT of model Hamamatsu R2059.
All PMTs were magnetically shielded with μ-metal. The high voltage
(HV) of all tested PMTs was set to get an anode signal amplitude of
1 V/MeV, while the HV for the BaF2 PMT was set to �1806 V. Table 1
shows the HV values used for the 5 in. PMTs.

The anode signals from the detectors were connected to LeCroy
N428A linear fan-in/fan-out units, from which the output signals were

sent to the sampling ADCs and to analog CFD units of type Phillips 715.
The values of the thresholds and shaping delays of the CFD for the 5 in.
PMTs are given in Table 1. The thresholds were adjusted to the
minimum and the shaping delays were optimised to obtain the best
possible time resolution. For the BaF2 detector, the CFD threshold was
set to �40mV and the shaping delay to 5 ns. All detectors were
running with count rates of 4 kHz, with a coincidence rate of about
30 Hz. The analog time difference between the BC501A and BaF2
detectors was obtained by using an Ortec 566 TAC (500 ns range). The
start and stop signals of the TAC were the CFD signals from the BC501A
and BaF2 detectors, respectively. For the stop signal, a delay of 70 ns
was used. The start signal was only produced if it overlapped in time
with a wide BaF2 signal in the coincidence unit LeCroy 465. A signal
from this unit was also used as a trigger for the data acquisition system.
The detector waveforms were digitized with a sampling ADC of model
Struck SIS3350, a VME unit with four channels, each with a sampling
frequency of 500MS/s, a resolution of 12 bits (9.2 ENOB) and a
dynamic range of 2 V. The analog output signal from the TAC was
digitized with a Struck SIS3302 sampling ADC (single width 6U VME,
8 channels, 100MS/s, 16 bit). The digitizers were read out through
the VME bus and the data were sent to the data acquisition system
via a Struck SIS3100 controller using an optical link. The pulse-timing
properties of the 5 in. PMTswere studied at the sampling rates 500MS/s
and 200MS/s. The original waveforms, sampled at 500MS/s were
downsampled to 200MS/s, using as a filter a discrete averaging with
an effective cutoff frequency at 100MS/s. The signal from the BaF2
detector was always sampled at 500MS/s.

Fig. 1. Schematic picture of the setup employed for the pulse-timing measure-
ments. The analog and digital electronics chains are indicated. A lead shield (grey
block) is place in between the detectors in order to avoid scattered gammas from
one detector to the other.

Table 1
High voltage (HV) settings for the PMTs, threshold (Th) and shaping delay (Δ)
values used by the analog CFD.

Detector HV (V) Th (mV) Δ (ns)

R2059 (BaF2) �1806 �40(5) 5
XP4512 �1140 �35(5) 10
R4144 �1452 �40(5) 10
R11833-100 �1390 �40(5) 12
ET9390-kb �1206 �30(5) 25
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3. Results and discussion

In this section, the time resolution obtainedwith the digital method
will be discussed and compared with the results from the analog
measurements. Fig. 2 shows the waveforms digitized at 500MS/s
for the four tested PMTs, averaged over 100k signals. The risetimes
(10–90%) extracted from the average waveforms were 4.9(4) ns, 3.8(3)
ns, 6.3(7) ns and 13.5(13) ns for the PMTs XP4512, R4144, R11833-100
and ET9390-kb, respectively. Uncertainties given correspond to 1σ. At
500MS/s, the fastest PMTs provide only 2 or 3 sampling points on the

rising edge of the signal. Thus, accurate timing algorithms should
rather use sampling points from a range that is larger than the rising
edge of the signal. Fig. 3 shows the risetime extracted from the
digitized waveforms as a function of the signal amplitude. As seen in
the figure, there is no appreciable dependence of the risetime on the
signal amplitude for any of the PMTs, which shows that the constant
fraction is a suitable technique for these signals. Digital constant
fraction algorithms have already been studied in different systems,
such as 100MS/s sampled waveforms from charge sensitive pream-
plifiers [23], or for signals from BaF2 scintillators [14]. Such algorithm
has also been implemented digitally on FPGA devices employing a
linear interpolation of the zero crossing [24]. However, the cubic spline
interpolation for pulse timing has been shown to improve the
resolution considerably in certain systems [23]. Consequently, a con-
stant fraction algorithm was developed in this work with the zero-
crossing time determined using a cubic spline interpolation, with
continuous first and second derivatives. A zero-crossing signal ZCi is
created by summing the original waveform Si multiplied by a factor χ
and its inverted signal delayed by an integer number of samples Δ:

ZCi ¼ χðSi�BSÞ�ðSi�Δ�BSÞ: ð1Þ

The baseline BS is first calculated as an average of the first 50 samples
and then subtracted from both the delayed and scaled components.
The zero-crossing point is then obtained by interpolating between the
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first negative sample and the preceding sample, at a reference height
of 5 mV over the baseline. The interpolation consists of a cubic spline
employing 6 sampling points, with continuous first and second
derivatives (C2). The delay Δ, together with the factor χ were chosen
in order to optimize the time resolution of each PMT. With this two-
parameter digital method, the best timing result was obtained for all
PMTs by using a slightly shorter delay compared to the shaping delay
used with the analog CFD module. Fig. 4a shows an example of the
waveform Si, the scaled signal χ � Si, the delayed and inverted signal
�Si�Δ, and the resulting zero-crossing signal ZCi measured with the
PMT R11833-100. The grey area highlights the six sampling points
used for the zero-crossing interpolation. It contains all the samples in
the leading edge of the delayed and inverted signal. The cubic spline
interpolation C2 was compared with a cubic spline interpolation C1

(continuous only up to the first derivative), in which four points
were employed, and with a linear interpolation. Fig. 4b shows as an
example the time distribution obtained for the PMT R11833-100 with
the three different interpolations at a sampling rate of 200 MS/s and
with a threshold of 100 keVee. The use of a cubic spline interpolation
improved significantly the time resolution with respect to the linear
one: the FWHM was 1460(120) ps with the linear interpolation, 920
(20) ps with the cubic spline interpolation C1 and 760(20) ps with the
cubic spline interpolation C2. Additionally, the cubic spline interpola-
tion significantly reduces the tailing of the distribution with respect to

the linear interpolation. The use of six sampling points and a C2 cubic
function, led to much better results when the sampling rate was
lowered. Fig. 4c shows the time resolution for the cubic interpolations
at the sampling rates 500MS/s and 200MS/s for the PMT R11833-100.
While both algorithms achieve the same time resolution at 500 MS/s,
the C2 cubic spline interpolation improves the time resolution by 15%
compared to the C1 interpolation at 200 Ms/s. The time resolution
of all four PMTs, using both analog and digital electronics, was
evaluated from time distributions containing 105 events. One addi-
tional measurement was performed by using two XP4512 PMTs and
two cylindrical 5 in. by 5 in. BC501A detectors. This was done in order
to estimate the contribution of the BaF2 reference detector to the
evaluated time resolution. The result obtained was that the FWHM of
the BaF2 detector was at most 200 ps.

Fig. 5 shows the time resolution as a function of signal amplitude
in keVee for the four tested PMTs and measured with both analog and
digital electronics at the sampling rates 500 MS/s and 200MS/s. For all
measurements, the time resolution achieved with the digital system
at 500MS/s was at least as good as the ones obtained with the analog
electronics. For signals with large amplitudes, the time resolution of
the digital system at 500 MS/s was better than the analog one for the
XP4512 and R4144 PMTs.

It may be noticed that the intrinsic time resolution of the analog
and digital modules is considered similar, and negligible with respect

 400

 600

 800

 1000

 1200

 200  400  600  800  1000

FW
H

M
 (p

s)

XP4512

 400

 600

 800

 1000

 1200

 200  400  600  800  1000

R4144

 500

 1000

 1500

 2000

 2500

 200  400  600  800  1000

FW
H

M
 (p

s)

ET9390-kb

Analog
500 MS/s
200 MS/s

 400

 600

 800

 1000

 1200

 200  400  600  800  1000
Amplitude (keVee)

R11833-100

Fig. 5. Time resolution FWHM for (a) XP4512, (b) R4144, (c) ET9390-kb and (d) R11833-100 PMTs as a function of the waveform amplitude, for 500 MS/s (blue squares),
200 MS/s (grey triangles) and analog result (red circles). Amplitude slices are 100 keVee width. (For interpretation of the references to colour in this figure caption, the reader
is referred to the web version of this paper.)

V. Modamio et al. / Nuclear Instruments and Methods in Physics Research A 775 (2015) 71–7674



to the nanosecond range of the time resolution for the whole system.
For example, the time resolution of a pulser digitized with a 250MS/s
flash ADC is � 60 ps [25], a value which is similar to the time walk of
commercial analog CFD modules. A summary of the time resolution
obtained with the analog and digital systems at a threshold of 100
keVee, is shown in Table 2. The table also includes the measured
average risetimes, the blue sensitivity and the measured number of
photoelectrons per MeV of the PMTs. For all measurements, the
FWHM refers to the total resolution of the system, including the
contribution from the BaF2 reference detector. The timing perfor-
mance obtained in the present work is compared with that of the
neutron detector array DEMON [26]. Those detectors are large BC501A
liquid scintillators, 16 cm diameter and 20 cm depth. Table 3 shows
the results of the timing measurements with the XP4512 and R4144
PMTs obtained in this work with the results reported in Ref. [26] for
the DEMON detectors. Since both tests were done with different
samples of PMTs and different sizes of the liquid scintillator detectors,
a comparison of the results from both experiments was done by
normalising the time resolution to the mean number of photoelec-
trons in the Compton distribution of the γ-rays from 60Co with a
100 keVee energy threshold, that is FWHM � ffiffiffiffiffiffiffiffiffi

Nphe
p

. The poorer time
resolution of the DEMON detectors is due to the larger size of
the scintillator. However, the small difference in the time resolution,
normalized as FWHM � ffiffiffiffiffiffiffiffiffi

Nphe
p

, indicates that both experiments
achieve the same timing performance for the PMTs XP4512
and R4144.

The digital performance of each PMT is correlated with the
signal risetime and the number of photoelectrons. On one hand,
the PMTs XP4512, R4144 and R11833-100, with risetimes 4.9(4),
3.8(3) and 6.3(7) ns, respectively, achieve a similar average time
resolution of better than FWHM¼ 750 ps with analog electronics.
The worse time resolution for the ET9390-kb, with a FWHM of
1470 ps, is due to its significantly larger signal risetime of 13.5(13)
ns. On the other hand, the time resolution strongly depends on the

number of photoelectrons Nphe emitted from the photocathode.
This is translated to a dependency of energy as 1=

ffiffiffi
E

p
[27], making

also the PMT blue photocathode sensitivity Spc an important
parameter for the time resolution. The R11833-100 and ET9390-
kb PMTs are slower, but have higher Spc values, than the other two
PMTs (see Table 2). Therefore they exhibit less degradation in time
resolution when downsampling from 500 MS/s to 200 MS/s. The
increase of the FWHM values at the very end of the Compton edge
(above 800 keV, see Fig. 5) is worth noticing. This is interpreted as
being due to multiple-Compton scattering of γ rays inside the
detector. In such cases, the production of light at two (or more)
locations inside the scintillator worsens the time resolution.

4. Conclusions

In summary, the timing performance of four 5 in. PMTs (XP4512,
R4144, R11833-100, ET9390-kb), connected to a cylindrical 5 in. by
5 in. BC501A scintillator detector, were measured by using digital
electronics and a fast BaF2 detector as time reference. The detector
waveforms were digitized by a flash ADC with a resolution of 12 bits
and sampling frequency of 500 MS/s. Measurements were also
performed with the sampling frequency downsampled to 200 MS/s.
A CFD algorithm, consisting of a zero-crossing signal obtained as a
cubic spline interpolation continuous up to the second derivative, was
applied on the digitized waveforms. The obtained time resolution was
compared to the results obtained with a standard analog CFD. Similar
time resolution was achieved with the analog measurement and the
digital measurement at 500MS/s, with only a small degradation at
200MS/s. Among the four different PMTs tested, the XP4512 and
R11833-100 PMTs performed slightly better at 200 MS/s compared to
the other models, giving a FWHM value that was lower than 800 ps.
From the present digital measurements, one can state that the use of a
digitizer with a sampling rate of 200 MS/s and a resolution of 12 bits
will give a time resolution for the detectors of the future NEDA array
that is as good as what can be obtained with a standard analog CFD.
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XP4512 4.9(4) 10.6 1330(70) 690(30) 660(30) 740(30)
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Table 3
Comparison of the PMT tests performed in the present experiment (NEDA) with the
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PMT
Setup

Nphe

(MeV�1)
Nphe

60Coa

(MeV�1)
FWHM
(ps)

FWHM �
ffiffiffiffi
N

p
phe

(ps �MeV�1=2)

XP4512
NEDA 1330(70) 732(42) 690(30) 1.87(10)�104

DEMONb 1070(55) 590(30) 890(40) 2.16(11)�104

R4144
NEDA 950(60) 523(36) 750(30) 1.72(9)�104
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