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Abstract: The current-mode-counting method is a new approach to observing transient processes, especially in

transient nuclear fusion, based on the non-homogeneous Poisson process (NHPP) model. In this paper, a new meas-
urement process model of the pulsed radiation field produced by transient nuclear fusion is built based on the NHPP.

A simulated measurement is performed using the model, and the current signal from the detector is obtained by sim-

ulation based on Poisson process thinning. The neutron time spectrum is reconstructed and is in good agreement with

the theoretical value, with its maximum error of a characteristic parameter less than 2.3%. Verification experiments

were carried out on a CPNG-6 device at the China Institute of Atomic Energy, with a detection system with a nano-

second response time. The experimental charge amplitude spectra are in good agreement with those obtained by the

traditional counting mode, and the characteristic parameters of the time spectrum are in good agreement with the the-

oretical values. This shows that the current-mode-counting method is effective for the observation of transient nucle-

ar fusion processes.
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I. INTRODUCTION

In the fields of astrophysics and nuclear physics, it is
important to observe some transient processes which in-
dicate important physical information. Accurate observa-
tion of the pulse arrival time of a pulsar is expected to be
used to monitor and modify the long-term frequency sta-
bility of atomic clocks [1]. The neutron time spectrum of
nuclear fusion indicates the nuclear reaction process [2].
The processes of solar flares erupting [3] and nuclear ex-
plosions [4] are all transient, with the total number of
neutrons increasing at the beginning and then decreasing.

In recent years, pulsed radiation sources have be-
come very important in the defense and nuclear energy
industries because they can produce high intensity radi-
ation particles in a short time [5, 6]. The output of those
devices is discontinuous when operated in pulsed mode
or at relatively long intervals [7]. Typical examples are
pulsed accelerator neutron sources [8, 9], Tokamak
devices [10], and spallation neutron sources [11-13]. As
is well-known, the energy spectrum and number of neut-

rons produced by fusion reactions can be used to charac-
terize the temperature and the total amount of reaction
products [14, 15]. The pulsed neutron flux [16], energy
spectrum [17, 18] and time structure [19, 20] are the most
important parameters in measuring a pulsed neutron pro-
cess.

Traditionally, two modes are used in observation:
counting mode and current mode [1]. The main character-
istics and the equivalent circuit diagrams of these two
modes are given in Table 1. In counting mode, the amp-
litude of a signal pulse is proportional to the charge gen-
erated in the detector, which means this method is suit-
able for pulse amplitude spectra indicating the total en-
ergy measurement [21, 22]. Because the response time of
the measuring device is usually longer than the interval
time of the particle pulse, the loop current /(¢) is the aver-
age of the interaction effect between the particle flux and
the detector [23]. The current output is proportional to the
energy deposited in the detector by the particles. For the
detection of single-energy particles, the total deposition
energy is directly proportional to the number of particles.
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Table 1. Main features of counting mode and current mode.

counting mode

current mode

. L | °
Equivalent circuit Detector C+ R $ Vﬁt) Detector 1) ( })
Output category Voltage Current
Output size Viax = Q/C Io=rQ= r%q

Typical applications

Measurement object Single particle
Output characteristic

Limitations

Energy spectrum measurement

Output is proportional to the deposition energy

Dead time, low counting rate ( < 10° 57])

Time spectrum measurement

Particle flux

Output is proportional to the number of particles
and the energy of particles

Single particle information lost

In counting mode, R is the equivalent resistance of the measuring circuit, C is the equivalent capacitance, V(¢) is the output signal of the
detector, and Q is the charge generated by a single particle in the detector. In current mode, r is the event rate, Q=Eq/W is the amount of
chalrgge produced by particles interacting with the detector, E is the deposition energy, W is the mean ionization energy, and ¢ is 1.60x

10 " C.

Therefore, the particle intensity can be characterized by
the output current [24, 25].

For the beginning and end stages of a high-intensity
pulse, such as fusion ignition of a Tokamak, these phases
often reflect important physical processes, so their flux
measurement is very important [26]. If current-mode de-
tectors are used directly, the results of these phases can-
not meet the statistics requirements due to the small num-
ber of particles in the instantaneous measurement, and
only the peak phases can meet the statistical require-
ments. In order to obtain an accurate neutron signal and
reduce the uncertainty from accompanying y rays, it is
necessary to discriminate neutrons from y rays. Current
mode cannot address this measurement. If counting mode
is used, the detection efficiency cannot be high, other-
wise the counting channel will be blocked. For a pulsed
field with a short pulse duration whose process is irre-
versible, the number of particles entering the detector is
low, and the results are insufficient to meet the necessary
statistical precision. The traditional counting mode and
current mode therefore both have disadvantages. For the
scenario when the neutron intensity is between the
steady-state radiation field and the high-intensity pulsed
radiation field, it is no longer appropriate to use these
methods.

In order to solve the measurement dilemmas of the
above two methods, the current-mode-counting method
was proposed [27, 28]. The current-mode-counting meth-
od is a detector operation mode in which the detection
system is formed by a current-mode detector and a high-
bandwidth current amplifier, and an independent current
waveform is measured for each particle. Since a single
particle corresponds to an independent current waveform,
the arrival time, energy and type of the incident particles
can be obtained simultaneously. The waveform width is
determined by the detector. The response time for a
single particle is of the order of nanoseconds or pico-
seconds when fast-response detectors are used. This

method can improve the effective counting rate com-
pared with the counting mode.

II. THEORETICAL MODEL DESCRIPTION

For a steady-state radiation field, such as the radi-
ation field produced by an isotope source, the measure-
ment within a short time can be described by a Poisson
process, and the decay constant A is used to represent the
number of particles emitted per unit time [1]. Similarly,
the number of signals in the detector generated by the
pulsed source in a very short time window can be re-
garded as the result of one Poisson sampling, and the
short time window can be represented by [f;— 0.5AT,
tH0.5AT|(AT—0). For different time windows, the
measurement process is independent. Let the independ-
ent incremental process be represented by {¥(¢), t=0}. If
there is a function A(¢) and two random moments s, ¢
(s<t), and {¥(¢), =0} obeys the Poisson distribution with

the representation
3
f A(u)du, (1)
N

then {Y(¢), t=0} is called a non-homogeneous Poisson
process (NHPP) with the parameter A(¢) [29].

By setting the time spectrum of the pulsed neutron
source as (), which represents the number of neutrons
emitted per unit time, then the total number of neutrons is
represented by

Y ()= fo Y. @)

When 7 represents the absolute detection efficiency (the
ratio of the absolute signal number produced in the de-
tector to the number of neutrons emitted from the pulsed
source), then the actual time spectrum of neutrons inter-
acting with the detector can be described by
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yi(O)=ny(®). 3)
Let AGHz) be the sampling frequency of the detection
system. In the time window close to the occurrence of ¢
with a width of AT, the detection process takes y,(f) as
the parameter for Poisson sampling, and the theoretical
number of particles observed is

7;+0.5AT 1;+0.5AT
= [ pod @)
t—0.5AT t—0.5AT

N (t)=

For the detection process of recording the neutrons,
each time window is independent. Therefore, N;(¢) can be
regarded as a sampling of the NHPP in the duration 7 of
the pulsed radiation field. The value of N,(z;) is determ-
ined by the width of the observing window A7, the in-
tensity of the time spectrum y(¢,), and the absolute detec-
tion efficiency #. When the neutron arrives, it produces
an impulse function d(¢) (whose amplitude equals 1). The
total number in each AT is limited to less than or equal
to 1 by improving the sampling frequency and con-
trolling the detection efficiency. When the particles enter
the detector, an impulse sequence combined with mul-
tiple impulses is obtained. The function g (y, f, #) is
defined as the above non-homogeneous Poisson sampling
process. Using that definition, the above process can be
expressed as

y@%ﬂﬁﬂﬁ 5)

The function x(¢) is used to represent the impulse se-
quence (whose value is either 0 or 1) formed by the above
process. Obviously, near a certain moment, the denser
value 1 is, the stronger the pulsed source is. The response
function of the detector to the single particle is denoted
by A(f). After a neutron enters the detector at ¢, the de-
tector responds to the J(#;) with an independent current
waveform. After the particle flux enters the detector, the
detector output can be expressed as

F(t) =g @), f,m) +h(@), (6)

where the symbol “ * ” represents a convolution.

In the current-mode-counting method, a pulsed radi-
ation field measurement uses the characteristic parameter
y(f) from the measured result F(¢). The original informa-
tion y(¢) of the pulsed neutron radiation field is recon-
structed based on the reverse process of the above model,
as shown in the simulation verification and experimental
verification.

III. SIMULATION VERIFICATION

A. Simulation of the response process of organic

scintillator detector to pulsed radiation field

The output of the pulse radiation field in the detector
can be simulated based on the NHPP simulation method.
The current-mode-counting mode was verified by using
the above ideas after the detector output was simulated.
Non-homogeneous Poisson sampling results were ob-
tained by using Poisson process thinning [30]. The single
particle impulse signal was converted into a detector out-
put according to the response function described by
Eq. (6).

The simulation process is represented by Figs. 1 and
2. First, one sets the time spectrum as y(¢), which repres-
ents the number of neutrons emitted from the pulsed radi-
ation source per unit time. It is also the intensity function
of the NHPP. Then, the absolute detection efficiency # is
introduced and the response time spectrum y,(¢) of the de-
tector obtained, which represents the number of neutrons
reacting with the detector. The measured impulse se-
quence x(f) is then obtained based on Poisson process
thinning. The amplitude 1 indicates that a neutron entered
the detector and produced a signal output at that moment.

In this paper, the given time spectrum of the pulsed
neutron source is described by Eq. (7):

(-t

y=AXe 2xo* . (7

Given time
spectrum - y(f)
( Detection efficiency (
/]

Theoretical response
spectrum of detector
YO=y(0)*n

—

Ri()<y(7)

generation -
Ri(t), OSR(H=I

Random number (

Thinning of
waveform process

Logic sequence
- x(7) (0/1)

The process of
extending to the actual
pulse signal sequence

Measured signal
from detectors - F{(f)

End

Fig. 1. Flow diagram of the simulation of pulsed radiation
field impact detectors.
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Given time spectrum - y(#),
measured singal - F(1)
0=r<T

Random of
fast and slow components|
generation - A, A¢

Neutron monopulse
generation - H,(f)

Random number
generation - Ry(?) »
0<Ryn)<1

Proportionality factor of
¥/n events - ¢

Random amplitudes of fast and
slow components and time
difference generation - A, Ay, /At

Fig. 2. Flow diagram of detector response to the shock se-
quence x(%).

The time spectrum is Gaussian, the sampling dura-
tion is T = 20 ps, the peak appears at t, = 8 ps, full width
at half maximum (FWHM) is 2.94 ps and this pulsed
source produces a total of 2.5 x 10 neutrons.

The neutron single particle pulse amplitude is defined
according to the neutron pulse amplitude distribution
function H,(f). Near the neutron signal, a gamma signal
with random amplitude H,(?) is generated according to
the probability ratio of n/y (0.2 in used in this paper). The
delay time At of the n/y peak is also described by a ran-
dom distribution. After the above process, the output F(7)
is obtained and the results of the simulation are shown in
Fig. 3. An oscilloscope with high bandwidth and high
sampling rate is used as the analog signal acquisition sys-
tem. The highest sampling rate of the oscilloscope is f'=
10 GHz. Figure 3 show the simulated output of detectors
with absolute detection efficiency of 2 x 10 ° when the
equivalent resistance of the output circuit is 50 Q.

B. Pulsed radiation field information reconstruction

According to the model, the time spectrum y(¢) can be
created with the following steps:

1. Obtaining the particle signal F(t) of pulsed neut-
ron radiation field from the detector array

For a Poisson process, it has been shown mathematic-
ally that the mean value of many multiple sampling res-
ults is the maximum likelihood estimation of the wave-
form process parameter A. The average value of multiple
experiments can be obtained by repeated pulse measure-
ments in a repeatable pulse radiation field, such as at the
China Spallation Neutron Source (CSNS). If the neutron
is produced by an unrepeatable pulse, the signals can be
collected by placing multiple detectors. ¥, (#;), which es-
timates y(f), can be expressed as follows:

zllffl,j(li) Zjlﬁl,j(ti)
T T

J1(t) = - =
J

JAT ° ®)

where j is the number of the detectors with an identical
detection efficiency or the repetition number of the re-
peatable pulsed neutron source.

To collect as many particles as possible in a limited
time and reduce particle pile-up, the detector’s response
time to a single particle should be as short as possible. In
addition, the detection system should be able to discrim-
inate neutrons from vy rays. A detection system consisting
of stilbene crystals and photomultiplier tubes can be used
for experimental measurements based on the current-
mode-counting mode. At this step, the output signal F(7)
was obtained as shown in Fig. 3.

2. Information acquisition of particle flux based on
waveform digitization technology

After accumulating multiple impulses in the time di-
mension, the output signal is represented as F(f). The
peak finding, n/y discrimination, peak height interpreta-
tion and peak position identification was carried out by
waveform digitization processing. After peak finding for
a single particle, the amplitude value and arrival time can
be obtained directly and the charge can be obtained by in-
tegrating the particle waveform.

Theoretically, the impulse of a single particle can be
obtained by deconvolution as

x(O=g(y®).fn) =F [Yr(w)/H(w)], )

> 0 T

f 1 f -

£ -1 neutront+gamma 3 =

£ 5 neutron { ! '

° 2

E —

23 N, =53 s

b= 4 N, =12 48 69 70 71 72 73 74 75 76 |
0 5 10 15 20

Absolute time/ ps

Fig. 3.

(color online) Simulation detector output obtained by only one detector at detection efficiency of 2x1 0°.
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where Y(w) and H(w) are the frequency domain trans-
formation of F(¢) and A(f), and F~! is the identifier of de-
convolution. However, the pulse amplitudes are random
and the deconvolution operation is very complicated. A
simple approach is to assign a J(¢) pulse directly at the
peak location of a single particle and convert the output
signal F(f) to an impulse sequence, %(f). At the same
time, in the waveform digitization process, the neutron
amplitude information is reserved for the calculation of
the pulse amplitude spectrum, and the charge informa-
tion of the neutron is reserved for the calculation of the
charge amplitude spectrum. For time spectrum y(f), after
this step, x(¢) is as shown in Fig. 4.

3. Calculation of characteristic parameters y(t) of
pulse radiation field based on a statistical algorithm

There is an amplitude for every AT =1/f (ns) in the
impulse sequence x(¢) as shown in Fig. 4. The result is so
discrete that it cannot directly reflect the change of pulse
source intensity with time. Therefore, a time spectrum re-
construction algorithm is needed. Two reconstruction al-
gorithms are proposed in this paper. The first is the win-
dow-by-window statistics algorithm (WWS) and the
second is wavelet packet transformation (WPT).

When using the WWS algorithm, a time window with
a width is set and represented by the midpoint of the win-
dow. The total number of neutrons is counted for each
window. Then, a series of points [#;, N;(¢;)] is obtained. In
this algorithm, one sets the width of the statistical win-
dow as ¢, the pulse duration is 7, and the step size of
each window moving backward is Az. Then, one lets n,
represent the number of points of the reconstructed time
spectrum where ny = T'/At. For [1,, N (t,)], except for the
elements in the first statistical window ¢, and the last
window £y, each point in other time windows of the in-
termediate moment is used m (equal to ¢, /A7) times in
the summation calculation. Therefore, in order to ensure
the accuracy of calculation, the value of T should be
longer than the pulse duration so that Ny (z,) at the begin-
ning and end is zero. Then, the neutron time spectrum ob-
served by the detector is

Ny (1)

AT (10)
The basic principle of the WPT algorithm is that en-

ergy is conserved in each wavelet packet transformation

1) =

[31]. The impulse sequence x(7) is transformed into an en-
ergy sequence xx(t) as

L VED, x> 1
xx(D) _{ x(1), others. an

Energy conservation can be expressed as follows:

+00 1 +00 5
f xxz(t)dtzc—p f ) |W2(w)| dw, (12)

(o]

where W,(o) is the wavelet packet transform coefficient
of xx(f), p is the basis function of the wavelet packet
transform, and C, is a constant and equal to one. The
basis function, which is close to the single particle wave-
form, is selected such that the wavelet system of the
Daubechies multilayer wavelet packet transformation can
be performed. When the decomposition layer number is
g, the total number of nodes in this layer is 2’ and the
number of coefficients corresponding to each node is rep-
resented by n,. The ordinate of the time spectrum is ob-
tained by summation of the coefficients squared of the
same position at each node. Therefore, the reconstructed
time spectrum is composed of n,, discrete points.

4. Absolute detection efficiency correction

The absolute detection efficiency # of the detector can
be obtained based on Monte Carlo simulation when the
emission angle of the pulsed neutron, detector distance,
particle energy, crystal type and size and other detection
conditions are known. On the other hand, the absolute de-
tection efficiency of a single energy point can be ob-
tained by calibration. The time spectrum of the pulsed ra-
diation source is obtained after §,(¢) is divided by the ab-
solute detection efficiency #, and the total number of
neutrons ¥ is obtained by integrating the full spectrum
3.

Both WWS and WPT algorithms were used in this
simulation. The parameters of the WWS algorithm were
set to t, = 0.8 us and A7 =20 ns. The counting time is
20 ps, ng = 1000, m = 40. For the WPT algorithm, g = 12,
"db3" (the third basis function of the Daubechies series)
[32] was used as the basis function, and the time spec-
trum $,(¢) was reconstructed by Eq. (12). A Gaussian fit-
ting tool was used to fit the reconstructed time spectrum

—

Absolute count

(=)

2 2
1
0

0 5 10

8 80 82
15 20

Absolute time/ ps

Fig. 4.

(color online) The impulse sequence x(¢) from F(¢) after step (a) in Fig. 3.
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of these two algorithms to obtain the parameters in Eq.
(7). Comparing the theoretical parameters and simulation
results, the maximum error of those characteristic para-
meters is less than 2.3%, which is the relative error of o
obtained by the WWS algorithm. As shown in Fig. 5,
both algorithms can effectively reconstruct the neutron
time spectrum. The simulation results show that the cur-
rent-mode-counting method can be used to effectively
measure the pulsed radiation field.

IV. EXPERIMENTAL VERIFICATION

A. Neutron source

At the China Institute of Atomic Energy, the CIAE
600-kV nanosecond-pulse neutron generator (CPNG-6)
can work in pulsed mode by using its deuterium ion
source [33]. A verification experiment was carried out
based on the pulsed neutron radiation field generated by
CPNG-6. Neutrons are generated from D-D or D-T nucle-
ar fusion, when the deuterium ion beam bombards a deu-
terium/tritium target. The ion beam cutter has good stabil-
ity and can produce a deuterium beam with a width of 5
us at a frequency of 1 Hz. According to the principles of
nuclear reactions, a pulsed neutron beam with a width of

8F | Theoretical value|
+ WWS
OS 6l WPT |
Ei
3
g 4 |
8
=
)
2 2 <
<
0 R
4 8 12 16
Absolute time/ pus
Fig. 5. (color online) Comparison of time spectrum ob-

tained by two algorithms, with the theoretical value.

Up

. * 1
Ton source Cutter Accelerating tube ~ D"ion

\ /

Stainless
steel sleeves ~ crystal

5 ps can be produced.

B. Experimental setup

The experimental layout is shown in Fig. 6. A square
wave signal was sent to the oscilloscope as an external
trigger signal and time base zero point when the ion
source cutter opened the door. The detector output and
the external trigger signal in the time window between -1
and 9 pus were stored by the oscilloscope. Stilbene crys-
tals were near the entry windows of the photomultipliers
(PMTs, model ETL-9815), sealed in stainless steel
sleeves to shield them from light and electromagnetic in-
terference. In order to obtain fine signal details, a
HDOS8108A oscilloscope manufactured by Teledyne
LeCroy was used, with a maximum sampling rate of
10 GHz and bandwidth of 12 bits. The detector was
placed on the same horizontal plane as the beam channel.
In order to prevent the detector from losing the single
particle waveform signal when it was saturated at a high
flux, the detector was situated a distance D away from the
central axis, and a distance L from the target head. In this
experiment, a deuterium ion beam was used to bombard
the tritium target. It produced a 14.1 MeV monoenergetic
neutron beam. More detailed experimental conditions are
presented in Section IV.C. After a certain amount of data
was accumulated, the information of the pulsed radiation
field was reconstructed.

C. Experimental results and discussion

1. Neutron / gamma discrimination

The experimental conditions and n/y discrimination
results are listed in Table 2, and the n/y distribution is
shown in Fig. 7. The charge integral method [34] was
used for waveform discrimination. For each particle
waveform, the integral time was zero at the peak moment.
Oota1 Was the current integral result from —10 ns to +60 ns,
and Q. the result from +10 ns to +60 ns. The peak-
seeking algorithm could not find the second peak in the
range of (=10, 60) ns after the first peak was found. The
PSD charge distribution graph was obtained after thou-

Stilbene Bleeder

chain

=== 0NY ———_ _
./D‘ High voltage
i? : \ power supply

Au-Si surface D/T target .
barrier detector ~_ Coaxial cable

i Out Trigger \
«— Sps, IHz ‘ oo
Oscilloscope

L

Fig. 6.

(color online) Experimental layout.
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sands of pulses and the result is shown in Fig. 7. In the
process of analysis, only the waveform, voltage and
charge of single particles that could be completely separ-
ated were counted. The waveforms of the pile-up signals
were not counted, and are denoted “pile-up signal”.

The detector for group (c) was closer to the central
axis of deuterium ion beam, had a higher neutron yield,
and a larger neutron probability than the other groups.
The other three positions were the same, so the neutron
probability was similar, about 60%. In order to improve
the signal-to-noise ratio in Fig. 7(c) and 7(d), higher de-
tector thresholds were set than in Fig. 7(a) and 7(b) so
there are fewer low Q events in the pile-up strip. Based
on the n/y discrimination result, the neutron signals were
detected separately to reconstruct the charge amplitude
spectra and neutron time spectra.

2. Charge amplitude spectrum

In the charge amplitude spectrum, the abscissa is the
charge value while the ordinate is the neutron count. For

an organic scintillator, the charge value generated by the
reaction is directly related to the energy of the incident
particle. After the energy calibration, it is promising to
obtain the neutron energy spectra by the differentiation
unfolding method [35]. The charge value (Qy.) of a
particle can be obtained from the stored single particle
current waveform. The count of the amplitude spectra
was normalized to each deuterium ion beam pulse for
comparison.

In order to verify the correctness of the experimental
results obtained by the current-mode-counting method, an
online acquisition system based on the traditional count-
ing mode was built, composed of CAMAC modules
(QDC-7166 by Philips), a n/y discrimination module
(2160A by Canberra) and several NIM modules. The
charge amplitude spectrum after n/y discrimination can be
obtained in real time by the online acquisition system. In
the comparative experiment, the cutter of the particle
source was removed and the same detector parameters

Table 2. n/y discrimination results based on the charge integral method.

Group Detector size/mm’ L/cm D/cm Number of pulses Neutron count Neutron probability
a D1I5%5 50 10 1000 1405 59.31%
b ®25%10 50 10 1005 3513 56.15%
c O50%10 60 10 1107 3665 69.44%
d D505 50 10 1500 6453 59.85%

0.125 ; : : e b A ' ' ' "
a + Gamma g;:" 020l Gamma . :,A:»‘
. Neutron el ’ Neutron s b
0.100} PR ) , e
- Pile-up signal ™ o%c Pile-up signal okt L
el @™ 0.15} 5 .
0.075} st W5 O =
2 E 2 A
™2 0.050 W =5 0.10¢ i 1
o < sl T
0.025| | 0.05F : '_:__| o1 i
.
0.000 €=~ ‘ ‘ ‘ 0000 002 004 006 008
0.00 001 0.02 0.03 0.04 0.05 : : : : :
Qslow/ HC Qslow/ nC
T T T 0.3 T T
¢ 0.4+ Gamma 2 . d Gamma DR .}
Neutron Neutron v 2
| Pile-up signal ., Pile-up signal 1"
0.3 N 02F s malE 1
0 0 Ay
£ 02t ] = A
S . ST v ]
0.1 1 - ..
a8 "_'_ s
0.0 . . . . 0.0 , \ )
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06
Qslow/ nC Qslnw/ HC
Fig. 7. (color online) n/y discrimination results.
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used at the same position. The logic of the online collec-
tion system is based on that of Ref. [36]. Charge mul-
tichannel calibration was carried out before this experi-
ment, and a signal generator was used to produce square
waves with different charge values. The charge mul-
tichannel calibration result can be expressed as follows:

0 =0.15164M. + 1.00089, (13)

where M, is the charge multichannel address and Q (pC)
is the charge generated by a single particle in the detector.

In order to measure the background counts during op-
eration of the accelerator, a shadow cone was placed
between the accelerator target and the detectors, to shield
the direct neutrons. The absolute count from the online
acquisition system was obtained after the background was
subtracted from the total signal. The charge amplitude
spectrum of the QDC was normalized according to the
results of current-mode-counting method shown in Fig. 9.
Besides @ 15 x 5 crystals, the experimental results for the
other three crystals are also shown.

As shown in Fig. 8, the amplitude spectrum (in a log
scale) formed by the 1405 neutrons of the group (a) ex-
periment shows the amplitude spectrum of the organic
scintillator. An amplitude edge of the maximum appears.
The two kinds of experimental results show good agree-
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Fig. 8.

ment in Fig. 8 (b) and (d). The results of the current-
mode-counting method fluctuated. This is because the
count was limited but not as much as the QDC. In Fig. 8
(c), the charge amplitude spectrum obtained by the cur-
rent-mode-counting method deviates slightly from that of
the online acquisition at its edges, but the overall trend is
consistent with the online acquisition. The thresholds of
both curves are not exactly the same and the charge amp-
litude spectrum obtained by current-mode-counting was
lower than the red one.

In Fig. 8, the output of the online acquisition system
is the absolute count after the background was subtracted.
The subtraction is unnecessary in the current-mode-
counting method because the neutrons in the experiment
hall have a very low probability of entering the detector
in the active time window between —1 and 9 ps. As a res-
ult, they can easily be removed, which is one of the ad-
vantages of the current-mode-counting method.

Compared with traditional CAMAC acquisition sys-
tem based on counting mode, the detector system struc-
ture of the current-mode-counting method is more sem-
plice. Each particle corresponds to an independent wave-
form, with a response time of the order of a ns. Theoretic-
ally, 'Ellle counting rate of the system can reach as high as
10" s . With faster scintillation crystals and other pho-
tomultiplier tubes, the theoretical counting rate can be
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(color online) Comparison of the charge amplitude spectra obtained by the two methods for (a) ®15x5, (b) ®25x10, (c)

®50x%10, and (d) ®50x5. The red solid line is the charge amplitude spectrum obtained by the online acquisition system. The blue dot-

ted line is the charge amplitude spectrum obtained by the current-mode-counting method. The black error bar represents the uncer-

tainty of the experimental results (68% confidence).
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Fig. 9. Time spectra of the pulsed neutrons obtained by current-mode-counting method.

higher. What is more, the charge of each particle was ob-
tained directly by integration without the process of calib-
ration. That is one of the advantages of the current-mode-
counting mode.

3. Neutron time spectrum

The time spectrum of the pulse source can be charac-
terized by the measured neutron time spectrum, because
the neutron flight distance does not exceed 60 cm and the
flight time spread is negligible [37]. Due to time con-
straints, the neutron detection efficiency calibration had
not been carried out at the same position. Therefore, the
absolute neutron detection efficiency cannot be obtained.
The neutron time spectrum in this section was used to
characterize the relative change of neutron intensity with
time. The WWS algorithm was used in this section, #, =
200 ns and At =10 ns. The neutron time spectrum of the
above four experiments is shown in Fig. 9.

The main parameters of neutron time structure ob-
tained from the four experiments are listed in Table 3.
The deviation from the theoretical value (5 ps) is given in
parentheses after the time value. It can be seen from this
table that the half width of neutron time structure can be
effectively measured based on the current-mode counting
method, which is consistent with the theoretical value.
Theoretically, the neutron count should be a stable
straight line in the duration of the pulse. In practice, the
electric tension and current of CPNG-6 target had jitter,
which made it difficult to maintain a constant intensity of
the emitted deuterium beam [38]. As the number of neut-
rons increases, the time spectra of groups a through d
gradually becomes smooth, as shown in Fig. 9 (d). As can
been seen in the figure, the slope is close to a straight line.

Table 3. The parameters of the neutron time spectra ob-
tained by the current-mode-counting method.

Group Bottom width/ps Half width/pus Time start/ps
a 5.30(+6.0%) 5.06(+1.2%) 1.46
b 5.29(+5.8%) 4.99(-0.2%) 1.46
c 5.40(+8.0%) 5.05(+1.0%) 1.45
d 5.46(+9.2%) 5.05(+1.0%) 1.47

V. CONCLUSION

The current-mode-counting method is a method in
which the detection system is designed so that each
particle produces an independent current waveform.
Since a single particle corresponds to the independent
current waveform, the arrival time, energy and type of the
incident particles can be obtained simultaneously.

In this paper, the response process model of the de-
tectors to a pulsed neutron radiation field was established.
Based on the current-mode-counting method, a measure-
ment process for a pulsed radiation field was designed. In
the verification experiment, the original current wave-
form generated by the pulsed radiation field was stored.
Based on the current-mode-counting mode, the n/y dis-
crimination results, neutron charge amplitude spectra and
time spectra were simultaneously obtained. The charge
amplitude spectra agreed well with the output of the CA-
MAC online acquisition system working in counting
mode. Experimental results showed that the current-
mode-counting method is an effective way to measure the
pulsed neutron radiation field.
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Compared with traditional detectors operating in
counting mode and current mode, each particle corres-
ponds to a current waveform, and the response time of a
single particle is in the order of nanoseconds. The effect-
ive counting rate of the detection system can be in-
creased to 10° s with the appropriate hardware. The
waveform, arrival time and energy information of the
particle can be obtained at the same time, which can be
used for PSD, amplitude spectrum and time spectrum re-
construction. This current-mode-counting method is of
great significance for the measurement of the rising and

falling phases of the intense pulsed radiation field. It also
provides a reference model for the particle detection pro-
cess of solar flare observation, pulsar navigation signal
acquisition and spaceborne nuclear explosion detection.
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