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Abstract Digital pulse processing has developed rapidly
during recent years. Moreover, it has been widely applied
in many fields. In this study, we introduce a digital pulse
processing method for 2ma and 27} emitter measurement.
Our digital pulse processing method for 2mo and 27
emitter measurement is comprised of a field-programmable
gate-array-based acquisition card and a pulse-height anal-
ysis routine. We established two channels (one for the o
emitter and one for the B emitter) on an acquisition board
using an analog-to-digital converter with a 16-bit resolu-
tion at a speed of 100 million samples per second. In this
study, we used captured and stored data to analyze emis-
sion rate counts and spectrums. The method we established
takes into account noise cancelation, dead-time correction,
background subtraction, and zero-energy extrapolation. We
carefully designed control procedures in order to simplify
pulse-width fitting and threshold-level setting. We trans-
mitted data and commands through a universal serial bus
between the acquisition board and the computer. The
results of our tests prove that our method performs well in
pulse reconstruction fidelity and amplitude measurement
accuracy. Compared with the current standard method for
measuring 2no and 2mp emission rates, our system
demonstrates excellent precision in emission rate counting.
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1 Introduction

Digital pulse processing is a signal processing technique
in which detector signals (preamplifier or shaping amplifier
output) are digitized and processed in order to extract
information. Such techniques have undergone rapid
development in recent decades [1-3]. These new tech-
niques have been applied in many fields [4-6]. The main
advantages of digital pulse processing (compared to ana-
log-based processing) have been summarized in previous
studies [7]. In this study, we developed a custom-built
digital pulse processing method comprised of a field-pro-
grammable gate-array (FPGA)-based acquisition card with
a 16-bit resolution at a sampling rate of 100 million sam-
ples per second (MSPS). Moreover, we developed a
method to analyze pulse height in order to determine the
surface emission rate measurements for o and 3 emitters.

The main objective of this study was to develop a digital
pulse processing method to replace the current instrumen-
tation-based 2ma and 27 emitter measurement system [8].
The instrumentation-based system serves as a national
primary standard at the National Institute of Metrology
(NIM) and ensures the traceability of o and [ surface
emission rates. A basic block diagram of the standard
analog emitter measurement system is shown in Fig. 1. In
the standard analog system, the detected o or B signal is
processed through the preamplifier, the pulse-shaping
amplifier, and the single-channel pulse-height analyzer
(SCA), successively [9-12]. The pulse counter records
signals when there are pulses generated from the SCA. The
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Fig. 1 Simplified block
diagram of the standard analog 21
emitter measurement system

amplitude of the analog pulse at the output of the pulse-
shaping amplifier is typically proportional to the energy of
the detected event of the particle. Selection of a range of
signal levels at the output of the amplifier is equivalent to
the selection of a range of energies for these events [13].
The SCA accomplishes the selection by producing an
output logic pulse for the pulse counter when the amplitude
of an input signal falls within the pulse-height window
established by two preset threshold levels. In our method,
signal acquisition and analysis determine the functions of
the SCA and pulse counter.

The advantages of utilizing a digital pulse processing
system are as follows: First, signal capture and processing
allow for offline analysis and corrections, including noise
cancelation, dead-time correction, and background sub-
traction. Second, control procedures provide flexible
options for pulse-width fitting and threshold-level setting
(as determined by the needs of the surveyor). Third, energy
extrapolation can be conducted to correct for  counting
loss due to the continuous B energy spectrum. By manip-
ulating the selected pulse, one can change the threshold for
B counting in the data and thus avoid statistical uncertainty
from repetitive measurements. Furthermore, digitized pulse
processing allows for further operations, such as shape
discrimination for different particles.

2 Structures of the system

Our digital pulse processing method consists of an
acquisition board and a computer running the control and
analysis program, as shown in Fig. 2. The acquisition
board captures and digitalizes the pulse and then selects the
height of the pulse before transferring it to the computer.
We used universal serial bus (USB) protocols for trans-
mission, specifically a USB protocol with a micro-USB
peripheral controller on board called CYPRESS
CY7C68013A [14].

In order to meet the different requirements for the
acquisition of o and B emitter signals, we utilized separate
conditioning amplifiers, in the front of the input side, to
ensure the range of signal amplitudes was suitable for the
range of the analog-to-digital converter (ADC) inputs [15].
According to the tests completed using the oscilloscope
(Agilent Technologies MSO6034A), the o signal from the
pulse-shaping amplifier (ORTEC 572A) had an amplitude

@ Springer

Z. Tu et al.
Single-
Pulse
} Pre- : channel Pulse
proportional =1 amplifier — shap'lng —> pulse-height —>> counter
counter amplifier analyzer
—p Coaxial Cable
Computer
Lo usB
Acquisition board Peripheral
Controller
Pulse 0-V f
conditioning Analog to Field
_|l> amplifier for —’ digital —’ Programmable
a convertor Gate Array
Pulse 0-10V ¢
conditioning Digital to
amplifier for | analog
g convertor
v
_> Coaxial Cable Controllable
high-voltage
——> USB Cable power supply

Fig. 2 Simplified block diagram of the digital pulse processing
system

range of 0—1 V, and the [ signal had an amplitude range from
0 to 10 V. Both signals were single ended from the pulse-
shaping amplifier with a 50-Q characteristic impedance
coaxial cable. To create a differential ADC with an input
range from —1 to 1 V, we chose TI LMH6554 (a condi-
tioning amplifier chip) because of its exceptional signal
fidelity and wide large-signal bandwidth (which is necessary
for 8- to 16-bit high-speed data acquisition systems) [16, 17].

In order to acquire both o and B signals, we used an
ADC with two channels of 16 bits and 100 MSPS.
According to ISO 8769, for the emission rate measurement
of the B source, the measurement threshold should be
590 eV, which is equal to 10 % of the energy of the *°Fe
X-ray. So the voltage should be 20 mV at 1600-V high-
voltage supply on the basis of experimental measurements.
As the signal pulse has 10 V margin (maximum), the
minimum voltage was chosen to be 2.5 mV to increase the
precision as much as possible and to determine the emis-
sion rate measurement of the [ source. Moreover,
100 MSPS is sufficient for sampling because the width of
the signal, which is able to trigger the amplitude discrim-
inator, needs to be less than 100 ns. As a result, we chose
ADI AD9268 (a standard ADC chip) for the acquisition
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process. According to the completed tests, the signal-to-
noise ratio (SNR) of AD9268 at 100 MHz was 74.3 dB
(Signal generator: Tektronix AWGS5000 series: 600 MS/s
maximum sampling rate, 2.5 G bandwidth, 14-bit D/A
resolution, 16 M memory length). While it was lower than
the 78.2 dB shown in the datasheet of the device [18], it
still meets the requirement of the minimum voltage
precision.

In this study, we used a digital-to-analog convertor
(DAC) and a controllable high-voltage power supply to
achieve high-voltage control. The DAC provided a control
voltage of 0-5 V (as determined by the configuration set by
the user on the computer). The high-voltage power supply
transformed 15 V DC input into 0-3 kV output voltages,
varying linearly with the control voltage. We chose TI
DAC8881 (a DAC chip) for our method because of its
linearity and low-power operation [19].

3 FPGA logic module

The schematic diagram of the FPGA is shown in Fig. 3.
As there is a 16-bit channel for both the o data and the 8
data in the AD9268, the interface for the ADC is a 32-bit
complementary metal-oxide—semiconductor (CMOS) with
a clock of 100 MHz. We utilized the ALTERA Cyclone V
in order to guarantee that the FPGA would work well and
have sufficient memory blocks [20]. The data sampled by
the ADC were screened in the amplitude discriminator.
When the input signal exceeded a preset acquiring
threshold level, the amplitude discriminator generated a
trigger signal. This threshold level was set below that of the
traditional SCA in order to acquire more pulse signals for
analysis. To reduce the effects of the high-frequency noise,
we established a hold time in order to ensure the over-
threshold state was not instantaneous. After the over-
threshold was detected, we introduced a fixed dead time in
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Fig. 3 Schematic diagram of the FPGA

order to prevent any other over-threshold detections. This
helped us discard the tails of pulses with long time widths
and the small pulses after a main pulse (an occurrence
known as the ringing effect).

Signals were entered into the data buffer, in the form of
data packages, when all the requirements were met. The
data package, as listed in Table 1, had 128-byte data for
each selected signal pulse. Each data package had 60
sample points. At the sample rate of 100 MHz, we obtained
a sample point every 10 ns. As such, in order to record a
pulse with a time width of about 10 ps in just one package,
a mid-value point was extracted from every 16-sample
points. This process sacrificed some of the utilization rate
of the sampling, but it was necessary for analysis. For
pulses with different time widths, the extraction ratio can
be adjusted through configuration.

All the data collected in the data buffer were transferred
to the USB peripheral controller at a speed of 48 million
bytes per second (MBPS). According to the tests we con-
ducted, the speed of the transmission between the USB
peripheral controller and the computer was 11.2 MBPS.
When there were 20,000 pulses per second, 5.12 Mbytes of
data were transferred (20,000 x 2 x 128 byte). Our tests
show that our method works very well at this pulse rate
(and meets the requirements for most emitter
measurements).

The surveyor controlling the system can conveniently
set the parameter configuration of the amplitude discrimi-
nator and high-voltage controller by transferring the com-
mand to the FPGA through the USB peripheral controller.
As there is a time margin in data transmission, occupation
of the USB data bus has no influence on our method’s
operations (which we proved conclusively in our tests).

4 Control and analysis programs

The analysis program contains an online mode and an
offline mode. The flow diagram of the analysis program is
shown in Fig. 4. In the online mode, before the acquisition,
the surveyor must set the parameters of the amplitude
discriminator in the FPGA (the parameters being the
acquiring threshold level, hold time, acquisition time, and
the extraction ratio). Each configuration command is also
sent as a command package, as listed in Table 2.

Table 1 Form of the data package used in the pulse processing
system

Data package (128 bytes)

Package head Event counts Time stamp Content

(2 bytes) (2 bytes) (4 bytes) (120 bytes)

@ Springer
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Fig. 4 Flow diagram of the control and analysis program

The received data are stored in the computer as a hex file
(in the form of a data package). For convenience sake, the
data are stored in one file every minute in sequence. The
pulse-shape analysis process automatically reads the file
regardless of whether it is in online mode or offline mode.
In the analysis, the pulse amplitude was extracted from the
data and then compared with threshold. The threshold level
can be set according to the demands of the surveyors. Thus,
the pulse counts in the range of the preset threshold are
easily calculated out. Besides the amplitude analysis, the
width of the pulse is also taken into account in order to
exclude the ambient noise. Full width at half maximum
(FWHM) is calculated for every pulse. The signal with a
FWHM in a certain range is regarded as the signal pulse,
and the other pulses are treated as ambient noise pulses
[21].

By utilizing the procedures outlined above, the counts of
the o and P pulses (at specific threshold levels) provide
conclusive results. According to the spectrum of the o
source, the energy of the pulses is concentrated near its

Table 2 Form of the command package used in the pulse processing
system

Data package (10 bytes)

Package head Command number Parameter Package tail

(2 bytes) (2 bytes) (4 bytes) (2 bytes)

@ Springer

spectral line. Therefore, we only need to set an appropriate
threshold level and make the necessary calculations in
order to determine the event counts for the o emitter.
However, for the B emitters, according to the spectrum of
the 90Sr/90Y, the energy of the pulses is distributed over
the entire spectrum. As such, we need to extrapolate in
order to obtain the zero-energy counting rates. The spec-
trum of the B sources can be obtained by setting threshold
levels according to the results of each signal measurement.
The counting rates of the different threshold levels can then
be used to determine the linear fitting, which, in turn, yields
the counting rate of the P source. Importantly, the dead
time during the acquirement of the signal should be
counted in order to correct the counting rate [22]. The
corrected counting rate is

N = N
1—1txN

where N is the counting rate (s™") of measurement, and 7 is

the dead time (ps) of the acquisition (which can be set by

the surveyors).

5 System validation

In order to test our method’s ability to reconstruct pul-
ses, we first used a signal generator (Tektronix AFG3251
series) to simulate the pulses generated by the o and B
sources. Both of the o and B pulses from the pulse-shaping
amplifier were Gaussian-like pulses. We used a 50-Q
resistance channel to simulate the pulses and fanned them
out by the connector. We sampled the signals with an
oscilloscope (Tektronix MSO05204) and our method
simultaneously. The o pulse had a 2.4-ps FWHM with an
amplitude of 200 mV, as shown in Fig. 5a. The B pulse had
a 2.4-us FWHM with an amplitude of 5 V, as shown in
Fig. 5c. The pulses were trigged by a random external
trigger source at a 20 K/s trigging rate. The results of the
test demonstrate that our method works very well. The
sampled pulses were reconstructed in order to compare
them with the pulses sampled by the oscilloscope. The
restored o pulse sampled by our method is shown in
Fig. 5b. The reconstructed B pulse sampled by our method
is shown in Fig. 5d. Compared with the measurements
from the oscilloscope, we found that our method recreated
the shape of the pulse with high fidelity. This level of
accuracy is crucial for pulse-shape analysis.

In order to verify the accuracy of the acquisition chan-
nels, we used a signal generator to generate sine waves for
amplitude tests. The sine waves had a 20-us period and
various peak-to-peak values. After capturing and digital-
izing the sine waves, the peak-to-peak values (Vpp) of the
reconstructed waves were measured and compared with
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Fig. 5 a Simulated o pulse sampled by the oscilloscope; b reconstructed o pulse sampled by our method; ¢ simulated B pulse sampled by the

oscilloscope; d reconstructed B pulse sampled by our method

those it had generated. The results of the amplitude tests of
the o channel are listed in Table 3. The results of the
amplitude tests of the  channel are listed in Table 4. We
found minor errors in both channels, which were all below
1 % and sufficient for processing.

Table 3 Comparison of the peak-to-peak values between generated
waves and restored waves, as sampled by the o channel of our pulse
processing method

Vpp of generated  Vpp of reconstructed  Difference  Percent of
waves (mV) waves (mV) (mV) difference
50 50.408 0.408 0.816
60 60.510 0.510 0.850
70 70.306 0.306 0.437
80 80.204 0.204 0.255
90 90.204 0.204 0.227
100 100.714 0.714 0.714
150 148.877 —1.122 —0.748
200 198.775 —1.224 —0.612
300 299.489 —0.510 —0.170
400 397.857 —2.142 —0.536
500 498.265 —1.734 —0.347
600 598.061 —1.938 —0.323
800 796.122 —3.877 —0.485

We conducted the spectrum measurement in the
National Metrology Institute of China, using the newly
designed multi-wire proportional counter. The sources used
for measurement were the o emitters (Pu-239 and Am-241)
and the B emitters (Sy-90/Y-90). The emitters were
incorporated into the surface of an anodized aluminum foil
approximately 0.3 mm thick. The anodized aluminum foil
was then placed in the center position of the detecting area.
The measurements were taken at 0.1 MPa with 100 mL/
min gas flow speed with a mixture of 90 % argon gas and
10 % methane by volume. The preamplifier was a CAN-
BERRA MODEL 2006, and the pulse-shaping amplifier
was an ORTEC 572A. The voltages were set as 700 V for
the o emitters and 1600 V for the B emitters. The spectrum
for the o emitter Pu-241 obtained by using our method is
shown in Fig. 6. The spectrum for the B emitter Sy-90/Y-
90 obtained by using our method is shown in Fig. 7.

We conducted a counting rate measurement under the
conditions of the spectrum measurements outlined above.
As there were two output channels on the pulse-shaping
amplifier ORTEC 572A, we were able to simultaneously
conduct measurements using both methods (one channel
using our method and the other channel using SCA and the
pulse counter). The acquiring threshold of our method was
set to 40 mV for the o channel and 10 mV for the B
channel. The threshold of SCA was set to 60 mV for the o
source and 20 mV for the B source. Analysis processes of
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Table 4 Comparison of the peak-to-peak values between generated
waves and reconstructed waves, as sampled by the B channel of the
pulse processing method

Vpp of generated Vpp of acquired Difference Percent of
wave (mV) wave (mV) (mV) difference
50 49.668 —0.331 —0.662
100 99.337 —0.662 —0.662
200 201.986 1.986 0.993
300 298.675 —1.324 —0.442
400 401.986 1.986 0.497
500 500.000 0 0.000
600 604.635 4.635 0.773
800 800.000 0 0.000
1000 1002.649 2.649 0.265
2000 2005.960 5.960 0.298
3000 2999.337 —0.662 —0.022
4000 3980.794 —19.205 —0.480
5000 4956.953 —43.046 —0.861

our method set the threshold value equal to that of SCA.
The dead time of our method was set to 10 ps, and the hold
time was set to 100 ns.

According to the measurement results, the counts mea-
sured by our method were greater than that displayed by
the pulse counter. This result reflects the more precise
identifiable pulse width in our method than of that in SCA.
In order to reduce the effects of ambient noise, we con-
ducted measurements at a working voltage of 1600 V
(without emitters in the detector). The mean value of the
ambient counting rates was 34.911 for our method and
30.988 for the ORTEC SCA.

For the sake of correctness, we conducted additional
measurements with different set dead times in order to
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Fig. 6 Spectrum of the o emitter Am-241 obtained by using our
pulse processing method
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Fig. 7 Spectrum of the B emitter Sr-90/Y-90 obtained by using our
pulse processing method

Table 5 Results of the counting rate and the fixed counting rate with
different set dead times using a 90S1/90Y emitter

Emitter Dead Counting Fixed counting
time (s) rate (s~ 1) rate (s~ 1)
90Sr/90-2Y 10 231.54 232.08
15 230.51 231.32
30 229.54 231.15
60 228.46 231.66
80 226.48 230.72

verify the algorithm of our dead-time correction. As listed
in Table 5, we used the same source 90Sr/90Y with activity
at magnitude of 10* for all measurements. In spite of the
measurement errors, the results indicated that our dead-
time correction was accurate and effective.

Factoring in the dead-time corrections and ambient noise
subtraction, we conducted measurements for each of the six
sources in order to compare our method with the ORTEC
SCA and pulse counter. The uncertainty of the measure-
ments was 0.397 and 0.885 % for the o and B channels,
respectively. The results are listed in Table 6. We found that
for the o channel, the percent difference between our
method and the current primary standard was below 0.3 %.
The percent difference for the B channel was below 1 %.
These results demonstrate that our method is as accurate and
precise in the measurement of the 2na and 2nf} emission
rate measurement as the primary standard method.

6 Conclusion
In this study, we presented a pulse processing method

for 2o and 2mP emission rate measurement. Test results
indicate that our method is precise in pulse reconstruction
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Table 6 Comparison of the counting rates between the primary standard method and our pulse processing method

Emitter Measurement Counting rate of primary Counting rate of pulse Percent of
time (min) standard (sfl) processing system (sfl) difference
239Pu 1 1718.755 1717.865 0.052
241-1Am 10 105.672 105.885 0.202
241-2Am 10 121.560 121.751 0.157
90S1/90-1Y 10 36.288 36.013 —0.755
90S1/90-2Y 5 194.025 195.923 0.979
90S1/90-3Y 1 5248.218 5241.457 —0.129

and acquisition accuracy. Moreover, our method works
well in obtaining spectrums because it is in good agreement
with the counting rate measurement of the primary stan-
dard method used at the NIM. Furthermore, our new
method is more convenient than the present method
because it is operated solely by computer, which allows the
digitized data to be quickly and easily analyzed. Impor-
tantly, our method is applicable to most 2mo and 27nf
emitter measurements. We will conduct further research
into automatically identifying the o and [ sources by
analyzing the shape of the acquired pulses. We will also
conduct further research into the analysis of multiple par-
ticle resources.
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