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a b s t r a c t

In the study of nuclear structure, the fast timing technique can be used to measure the lifetime of excited
states. In the paper, we have developed a new fast timing system, which is made up of two LaBr3:Ce
detectors and a set of waveform sampling system. The sampling system based on domino ring sampler
version 4 chip (DRS4) can digitize and store the waveform information of detector signal, with a smaller
volume and higher timing accuracy, and the waveform data are performed by means of digital waveform
analysis methods. The coincidence time resolution of the fast timing system for two annihilation 511 keV
g photon is 200ps (FWHM), the energy resolution is 3.5%@511 keV, and the energy linear response in the
large dynamic range is perfect. Meanwhile, to verify the fast timing performance of the system, the
152Gd-21þ state form bþ decay of 152Eu source is measured. The measured lifetime is 45.3(±5.0)ps, very
close to the value of the National Nuclear Data Center (NNDC: 46.2((±3.9)ps). The experimental results
indicate that the fast timing system is capable of measuring the lifetime of dozens of ps. Therefore, the
system can be widely used in the research of the fast timing technology.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fast timing technology [1] refers to the technique of measuring
the time distribution of time related events in nuclear physics ex-
periments. Since its introduction in 1950s, the technology has a
wide range of applications and requirements. For example, in the
study of nuclear structure, it can be used to investigate the lifetime
of the excited state and the life of radioisotopes [2]. In nuclear
medical imaging studies, it can be used to measure the time dif-
ference for two annihilation photons in positron emission tomog-
raphy (TOF-PET) and so on.

LaBr3:Ce crystal is an outstanding scintillation crystal with
comprehensive high performances, it has a very short decay time
(16ns), so its time resolution (100ps FWHM) is excellent, and it also
has a good energy resolution (3%@622 keV). With the development
of LaBr3:Ce crystal, the timing technology has entered the era of fast
timing technology since 2000s. In the research of nuclear structure,

the level lifetimes of the excited state short to several picosecond
can be measured. For example, N. M�aginean et a, measured 199Tl
with LaBr3 and HpGe, and got the Jp ¼ 3/2þ state lifetime t1/2 ¼ 47
ps [3]. L. Bettermann et al., measured the lifetime of the 98Zr excited
state using Plastic, LaBr3:Ce, HpGe and "b-g-g coincidence tech-
nique”. The nanosecond magnitude of excited state lifetime was
measured with slope technique, and picosecond magnitude could
be obtained by centroid-shift technique [4].

Traditional fast timing device is composed of complex time
coincidence circuit, which is realized bymachine frame and plug-in
components [5,6]. In the paper, the waveform sampling system is
adopted to measure the coincidence time. The Waveform sampling
system can digitize and store the waveform data of detector signal,
with a smaller volume and higher timing accuracy, and the coin-
cidence time spectrum and energy spectrum have been obtained by
digital waveform analysis.

In order to improve the measurement accuracy of the excited
states lifetime to ps level, a fast timing system based on LaBr3:Ce
detectors and waveform sampling system has been developed in
the paper, and the system has been used to verify the 21þ state
lifetime of daughter nucleus 152Gd form bþ decay of 152Eu source.
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2. Experimental section

2.1. The fast timing system composition

The fast timing system consists of two LaBr3:Ce detectors and a
set of DRS4 waveform sampling system, as shown in Fig. 1(a). One
of the detectors is used as the start detector and the other is the
stop detector, which carried out the fast timing investigation with
the help of measuring the time difference between the two de-
tectors. The detector is composed ofF40� 25mm3 LaBr3:Ce crystal
coupling with PMT XP20D0, as shown in Fig. 1(b).

The data acquisition system is the waveform sampling system
based on DRS4 (Domino Ring Sampler) chip, which has been
independently developed by the Institute of modern physics of
Chinese Academy of Science. The acquisition system consists of a
DRS4waveform sampling storagemodule, an ADC analog-to-digital
conversion module, a FPGA data control and processing module
and other modules. The DRS4 module samples the waveform of
detectors sequentially, and converts the waveform amplitudes into
the sampling charges. The ADC module digitizes the sampling
charges at 33MHz frequency, and the FPGAmodule converts digital
waveform information into binary files and uploads them to PC for
off-line analysis.

The detector signals are directly acquired by the DRS4waveform
sampling system without any additional complicated delay coin-
cidence circuits, and the “coincidence mode” of the system can
achieve the coincidence of the time signals of two detectors. The
principle of “coincidencemode” is that, when the time signals enter
the system, high levels are generated. Two high levels are sent into
the FPGA for “and” calculation. If two events satisfy “and” calcula-
tion, they are a pair of coincidence events, and the system is set to
the “coincidence mode”.

In the operation interface of the DRS4, it is feasible to select the
appropriate trigger model, such as the “coincidence mode” for two
time signals (T1 and T2) as shown in Fig. 2. The waveform infor-
mation has been fully collected and digital output [7].

The sampling rate of the DRS4 waveform sampling system is
5 GHZ, the input signal dynamic range is �0.5 Ve0.5 V, the sam-
pling period is 200ns and the storage depth is 1024 units [8]. The
specific performance indicators of the system are shown in Table 1.

2.2. DRS4 digital waveform analysis

The signals of detector are sampled with 1024 cells by DRS4
waveform sampling system. The date storage format describes as
follows: both amplitudes and time have been sampled with 1024
channel, where an amplitude corresponds to a time interval. Fig. 3
shows the reconstructed anode signal Fig. 3 (a) and dynode signal

Fig. 3(b) of the detector for the 22Na gamma source with the energy
of 511 keV.

The energy spectrum is obtained from the anode signals, as
shown in Fig. 3(a), all the amplitudes (pj) in 1024 time channels of
the i-th event are accumulated according to Eq. (1) to obtain the
energy (Ei) of the i-th event. The energy spectrum is obtained by
accumulating the energy (E) of all events, as show in Fig. 5(a).

Ei ¼
XN

j¼1
pj;N ¼ 1024 (1)

Where j represents the index of the time channels. Pj represents the
amplitude in j-th time channel and Ei represents the energy of the i-
th event.

The digital CFD(Constant Fraction Discrimination) zero-
crossing method is used to analyze the coincidence time spec-
trum. The data processing is as follows: the original signal is
delayed from 1 to 5 time steps, amplified and inverted at first,
Then the processed signal is added to the original signal. the
original unipolar signal can be converted into a bipolar signal, as
shown in Fig. 4 (a). The two sampling points (t1,a1), (t2,a2) on
bipolar signal near the zero amplitude level has been selected
with in the amplitudes range of a1<0 < a2. The two sampling
points are linear fitted, the zero-crossing point of the fitting curve
is the timing point(T1), as shown in Fig. 4 (b). The timing values of
start and stop detectors have been subtracted to measure the
coincidence time difference. Time differences accumulated to
obtain the time spectrum [9e12]. The coincidence time spectrum
is shown in Fig. 5(b).

3. Results and discussion

3.1. Energy resolution and time resolution

The performance of LaBr3:Ce fast timing system has been tested
by the 22Na source, and the results are shown in Fig. 5.

The coincidence time resolution of the system for 511 keV g
photon is 200ps (FWHM), as show in Fig. 5(a). The energy resolu-
tion of two LaBr3:Ce detectors for 511 keV g photons is 3.5%, as
shown in Fig. 5(b). The loss of the energy spectrum (0e200 keV) is
due to the threshold set for the signal amplitude. The results
indicated that the LaBr3:Ce fast timing system has good energy
resolution and time resolution.

3.2. Liner response study in large dynamic energy range

The energy resolution and energy linear response of the fast
timing systemwith different energy g rays have been performed by
different gamma sources (22Na, 137Cs, 60Co, 207Bi, 152Eu, etc.). Table 2

Fig. 1. The composition of fast timing system (a) and the composition of LaBr3:Ce detector (b)
①The LaBr3:Ce detector; ② The DRS4 waveform sampling system; ➂ PMT:XP20D0; ④ F40 � 25 mm3 LaBr3:Ce crystal; ⑤ The radioactive source.
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Fig. 2. The operation interface of DRS4 waveform sampling system.

Table 1
The performance Indices of the DRS4 waveform sampling system.

Performance Indices

Sampling Rate 5 GHz
Channel Number 16 channels in the two-board cascade
Input Bandwidth 600 MHz
Input Range �0.5 Ve0.5 V
Input Mode AC-Coupled Active Drive
Signal to Noise Ratio ~66 dB
Storage Depth 1024

Fig. 3. The reconstructed anode signal (a) and dynode signal (b) of the LaBr3:Ce detector for 511 keV g-rays.
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Fig. 4. The schematic diagram of digital CFD zero-crossing method.

Fig. 5. The performance of LaBr3:Ce fast timing system by standard 22Na source.

Table 2
The linear response of the system with different energies.

Radioactive source Energy (keV) Energy resolution(FWHM) Peak position (ch)

Eu-152 344 5.5% 498.98
Na-22 511 3.5% 723.99
Cs-137 661 3.3% 948.63
Eu-152 778 3.5% 1121.27
Eu-152 964 3.5% 1379.46
Eu-152 1085 3.4% 1539.95
Co-60 1173 2.8% 1664.32
Na-22 1275 2.6% 1780.08
Co-60 1332 2.5% 1861.27
Eu-152 1408 2.4% 1955.19
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is the energy linear response of the system to the energy resolution
and peak position of different energy.

The linear fitting of the peak position to the different energy g
rays is shown in Fig. 6.

The linear fitting formula is given by:

Epeak ¼ Aþ B� Estd (2)

In Eq. (2), Epeak is the energy peak position, Estd is the energy
value, B is linear coefficient. The results indicates that the fast
timing system has a good linear response in the large dynamic
range, and the energy resolution is improving with the increase of
energy.

3.3. The lifetime of 152Gd-21
þ measurement

3.3.1. Experimental principle
The principle of measuring the lifetime of excited state with the

fast timing system is shown in Fig. 7. Two LaBr3:Ce detectors are
used to measure the energy and time signals of two gamma rays at
the upper and lower energy level. The coincidence time spectrum
of two time signals is obtained by setting energy windowswith two
gamma rays. According to the centroid shift method, the center of
the decay time spectrum is delayed for some time relative to the
center of the instantaneous time spectrum, the delay time is the
average level lifetime [13e16].

The 21þ state lifetime of daughter nucleus 152Gd from bþ decay
of 152Eu source is used to validate the fast timing performance of
the fast timing system. In the experiment, 152Eu (t1/2 ¼ 13.5 years)
and 60Co (t1/2 ¼ 5.26 years), two radioactive g ray sources have
been used to measure the lifetime. As shown in the left figure of
Fig. 8, Nucleus 152Gd emits g-ray of 778.9 keV when decaying

form 31- state to 21þ state, and emits g ray of 344.3 keV when
decaying form 21þ state to 01þ state, then the delay coincidence
spectrum has been obtained by detecting two g rays with the fast
timing system. As shown in the right figure of Fig. 8, The g rays of
1173 keV and 1332 keV are the main rays produced by the decay
of 60Co source, and the lifetime of their corresponding the 21þ

state is 0.9ps, which is close to instantaneous. Therefor, the 60Co
sources has been used to obtain the instantaneous time
spectrum.

3.3.2. Experimental results
As shown in the figure of Fig. 9(a and b), the energy windows

(779 keV in D1 energy spectrum and 344 keV in D2 energy spec-
trum) have been set in the energy spectra of 152Eu. Events that
conformed to these two conditions are effective events. The dynode
signals of the effective events have been used digital CFD zero-
crossing method to obtain the delay coincidence time spectrum
(Fig. 9(c)). As shown in the figure of Fig. 9(e and f), in the Compton
scattering platform of 60Co energy spectrum, the same energy
windows have been set to obtain the instantaneous time spectrum
(Fig. 9(f)). The mean value and sigma of two curves for 152Eu and
60Co have been obtained with Gaussian Fitting, as shown in
Fig. 10.so the difference between the mean value is the lifetime of
the level. Finally, the measured lifetime of the 152Gd-21þ state is
45.8ps.

The errors of the experimental test are as follows. The statistical
error is ±1.4ps, given by RMS=

ffiffiffi
n

p
(n is the total count of histogram).

In addition, the error caused by the Compton platform of high en-
ergy g ray in the decay spectrum to determine the center location is
±3ps. The error of 60Co instantaneous spectral normalization is
±3ps. The lifetime of 60Ni-21þ state is 0.9ps, and the error caused by
it is ±2ps. therefore the total error is ±5.0ps.

Fig. 6. The linear fitting curve of the peak position to the g rays with different energy.
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Fig. 7. The principle of measuring the lifetime of excited state with the fast timing system.

Fig. 8. Level scheme of 152Eu decay to 152Gd (left) and 60Co decay to 60Ni (right).

Fig. 9. Energy window selection of 152Eu and 60Co energy spectrum.
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The experimental results indicated that the average lifetime of
152Gd-21þ state is 45.3(±5.0)ps, which is close to the e evaluated on
the National Nuclear Data Center (NNDC 46.2((±3.9)ps).

4. Conclusion

In the paper, we have developed a fast timing system, which is
made up of two LaBr3:Ce detectors and a set of DRS4 waveform
sampling system. The performance of the fast timing system is
excellent, such as, good energy resolution(3.5% @ 511 keV), time
coincidence resolution (200ps @ two 511 keV g photons), and good
linear response. It has been used to measure the lifetime of 152Gd-
21þ state. The experimental values (45.3(±5.0)ps) is very close to the
value of the NNDC (46.2((±3.9)ps). Therefore, it can be considered
that The LaBr3:Ce fast timing system is capable of measuring the
lifetime of dozens of ps. The experiment results indicate that the
fast timing system can be widely used in the fast timing research.
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