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Abstract A novel full-digital real-time neutron flux mon-

itor (NFM) has been developed for thorium-based molten

salt reactor (TMSR). The system is based on the high-

speed, parallel, and pipeline processing of the field pro-

grammable gate array as well as the high-stability con-

troller area network platform. A measurement range of 108

counts per second is achieved with a single fission chamber

by utilizing the normalization of the count and Campbell

algorithms. With the advantages of using the measurement

range, system integrity, and real-time performance, digital

NFM has been tested in the Xi’an pulsed reactor fission

experiments and was found to exhibit superior experi-

mental performance.

Keywords Neutron flux monitor � Real time � Thorium-

based molten salt reactor � Campbell

1 Introduction

The molten salt reactor (MSR) is one possible type of

future fourth-generation reactor, and the thorium MSR

(TMSR) program, which is a pilot research project of the

Chinese Academy of Sciences for the next 10 years, aims

to establish a 2-MW TMSR by 2020 [1–4]. As the fission

intensity in the reactor directly correlates with the neutron

flux, it is essential to monitor the fluctuation of the latter in

the core region. Moreover, as a means to guarantee safety

during the long-term operation of the reactor, such a

monitoring could provide early warning before accidents

occur. Thus, the design of the neutron flux monitor (NFM)

[5, 6] system, including the detector and electronic system,

is important for the TMSR.

Four of the most common methods for neutron mea-

surement include nuclear recoil, nuclear reaction, nuclear

activation, and nuclear fission. Furthermore, the most

common detectors that employ the nuclear recoil method

[7] include the hydrogen proportional counter (HPC),

semiconductor recoil counter (SRC), and organic scintil-

lator (OS). The HPC is mainly applied to the

0.01–1.5 MeV energy region because of the limitation of

the recoil proton range. However, in order to obtain an

accurate neutron flux, SRC requires the energy spectrum of

the recoil proton and a modification through the Monte

Carlo method. On the other hand, OS is highly sensitive to

gamma rays, which could produce pulse signals with a

similar amplitude to neutrons, making it difficult to dis-

tinguish the neutron signal. The typical nuclear reaction

detectors that are commonly applied for neutrons with less

than 1 MeV of energy are BF3 and 3He proportional

counters [8]. This is particularly significant because of the

presence of low-energy neutrons, which have considerably
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larger reaction cross sections compared with high-energy

neutrons in these detectors. The self-powered detector

(SPD) is based on nuclear activation methods [9] and has

been applied for NFM in the reactor core. However, the

results of SPD cannot be obtained in real time. Another

common detector in the field of neutron detection is the

fission chamber (FC), which was previously applied to the

Shin-Wolsong Nuclear Power Generating Stations

designed by Thermo Fisher Scientific [10]. Based on the

nuclear fission method [11, 12], FC features a wide mea-

surement range and superior real-time performance with an

excellent gamma suppression ability, making it ideal for

our design of TMSR–NFM.

As for the design of the electronic system for NFM,

analog comparators are commonly applied as key compo-

nents in this circuit design. However, comparator-based

analog circuits are often difficult to maintain or modify

[13]. Moreover, because the reactor always has a consid-

erably wide neutron flux range, a combination of multiple

FCs with different sensitivities is frequently applied. This

requires different sets of electronic systems, making the

system overly complex. For this case, we developed a fully

digitized NFM that is able to obtain real-time information

on the neutron flux in the reactor with a single FC. The

NFM is based on the application of the field programmable

gate array (FPGA) [14] and controller area network (CAN)

platform. After a 250-MHz analog-to-digital (ADC) sam-

pling, FPGA is able to collect and process the sampled

neutron waveforms in real time using both parallel and

pipeline architecture. Two NFM algorithms, the count and

Campbell algorithms, are both implemented in FPGA and

can be automatically switched according to the practical

experimental scenario, extremely extending the measure-

ment range of the system. The NFM has been applied in the

Xi’an pulsed reactor (XAPR), and experimental results are

presented in this paper.

The rest of the article proceeds as follows. Section 2

presents a detailed design of the NFM system, including

system structure, electronic system, and FPGA algorithms.

In Sect. 3, the experimental performance of NFM is pro-

vided, and discussion and conclusions are presented in

Sect. 4.

2 Design

2.1 Hardware

In the design of the NFM system, we aim to improve its

measurement range and real-time performance while

reducing the scale of the system. The specific requirements

are as follows:

(a) Wide measurement range.

(b) Superior real-time performance.

(c) High system integrity.

In order to increase the measurement range, two dif-

ferent discrimination algorithms are also applied and

combined as one in real-time calculation. The real-time

performance of the system is achieved by utilizing the

parallel processing of massive data by FPGA. Additionally,

the application of FC as the detector, along with the fully

digitized electronic discrimination system, greatly

improves the integrity of the system.

Figure 1 depicts the system structure of the TMSR–

NFM system. It mainly consists of two parts: detection and

discrimination.

2.1.1 Detection

As shown in Fig. 1, the detection function consists of
235U FC, as well as the preamplifier. Because of the wide

range and low uncertainty of the reaction cross section,
235U FC has no limitations on the energy of the incident

particle, making it applicable to the incident neutron with

primary energy varying from 0 to 200 MeV. The fission

reactions between neutrons and 235U in FC generate two

fission fragments with kinetic energy between 40 and

110 MeV. The fragments are multiply charged heavy ions

and considerably easy to ionize, generating strong current

pulses in 235U FC. This is accomplished by calculating the

amount of fragments the flux of the input neutron can

obtain. Because current pulses induced by fission frag-

ments are considerably stronger than the current induced

by the c-ray, 235U FC provides great advantages on back-

ground c suppression.

To minimize the noise induced by the cable between the

preamplifier and FC and to improve the output signal-to-

noise ratio, the broadband current preamplifier is applied.

Moreover, in order to allow the output voltage of a single

neutron signal to range between 0.5 and 1 V, the total

amplification factor of the preamplifier is set according to

the quantity of electric charge induced by a single neutron

in FC.

2.1.2 Discrimination

Figure 2 indicates the structure of the discrimination

function, including the signal processing unit (SPU) and

host system.

An essential part of the TMSR–NFM system is SPU,

which processes the input signal to obtain real-time neutron

counts. The output signal of the preamplifier is connected

to SPU through a long cable. The analog signal processing

circuit first adjusts the input amplitude and then converts
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the single-ended signal into differential ones in order to

satisfy the requirement of the 250-MHz, 12-bit ADC.

Thereafter, the digitized data stream is directly transferred

to FPGA for further data processing.

The NFM algorithms and flow control are all realized in

FPGA. In this process, Altera Cyclone III EP3C16Q240C8

[15] is applied in SPU to perform the following functions.

(a) Calculate the input baseline offset. In the self-

checking mode, the input baseline offset is calcu-

lated and recorded, and then deducted from the ADC

measurement as a means to obtain actual input

signals during the NFM operation.

(b) The implementation of the count and Campbell

algorithms is realized. Both algorithms operate in

parallel, and results are simultaneously uploaded to

the host.

(c) Multiple functions for the interaction between the

host and SPU, including the SPU self-check, trigger

processing, data upload, and realization of CAN

protocol, as well as system instructions and settings,

were implemented.

The communication between the host and SPU is via the

CAN bus, which is mainly used for system settings and

upload of neutron signals from FC. The application of the

CAN bus guarantees the quality of data communication by

taking advantage of its superior real-time performance,

long transmission range, and high electromagnetic

immunity.

2.2 Algorithm

When FPGA receives digitized data stream from ADC,

the primary objective is to precisely determine the number

of neutron signal pulses. When the neutron flux is suffi-

ciently low to the extent that individual neutron pulses

barely have overlaps, the pulses can be counted using the

count algorithm. Additionally, when the flux is high, the

Campbell algorithm can be used to obtain a result that is

proportional to the actual neutron flux. Moreover, in the

design of TMSR–NFM, both algorithms were applied for

different neutron flux scenarios, and we managed to unite

the results into one intact waveform as a means to broaden

the flux measurement range.

2.2.1 Count algorithm

When the neutron flux is relatively low, neutron pulses

are discrete, and their amplitudes are considerably stronger

than other signals are. Thus, by setting a proper noise

threshold and discriminating the pulses with amplitudes

Fig. 1 (Color online) Structure

of TMSR–NFM

Fig. 2 (Color online) SPU structure
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beyond that threshold, an accurate number of neutron

pulses can be obtained. This simple method remains

available when the input neutron count is lower than

4 9 105 counts per second (cps). However, when the input

flux exceeds the given value, miss counting would occur

because pulses pile up, and the bias would increase when

the flux intensifies.

2.2.2 Campbell algorithm

Under a high neutron flux situation, we applied the

Campbell algorithm to obtain the neutron pulse count from

the output neutron waveform of FC. The Campbell theory

states that the output of a nuclear detector is subjected to

the Poisson distribution through time. Furthermore, when it

undergoes a linear time-invariant system with an impulse

response of h(t), the variance of the output voltage at time t

is as follows:

r2 vð Þ ¼ kQ2

Z1

0

h2 tð Þdt; ð1Þ

where v is the output voltage at time t, Q is the current

impact strength, h(t) is the impulse response of a linear

time-invariant system, and k is the average output pulse

number of the detector.

For the same fission reactor and detector, �Q2
is a con-

stant, whereas for the same preamplifier,
R1
0

h2 tð Þdt is a

constant. From Eq. (1), the variance of the continuous

output voltage is proportional to the neutron flux; thus, the

neutron pulse number can be calculated. The Campbell

algorithm is employed when the neutron count is greater

than 4 9 104 cps. When the flux is lower, irrelevant signals

and noises gain larger proportions in the input signal,

potentially affecting the accuracy of the algorithm.

2.2.3 Normalization

Figure 3 depicts the result of a simulation test of the

algorithms. Simulated neutron pulses are generated by

Keysight 81160A Pulse Function Generator, and the neu-

tron pulse numbers individually calculated by the two

algorithms are plotted as ordinates. In the figure, yellow

dots represent the calculation result of the count algorithm,

whereas blue dots represent that of the Campbell algorithm.

The figure also shows that the available measuring range of

the count algorithm is between 0 and 4 9 105 cps, whereas

that of the Campbell algorithm is between 4 9 104 and

108 cps. An overlap between the two regions exists, where

both algorithms can work properly, so that the results of the

two algorithms should be linear, as follows:

ycount ¼ axCampbell þ b: ð2Þ

Utilizing linear fitting on Eq. (2), the values of a and

b can be obtained so that all calculated Campbell results

can be converted to an actual count value. The count

waveform can be obtained by unitizing results from the two

algorithms and intact neutron. The count algorithm results

are applied when the flux is below 105 cps, and the

Campbell algorithm results are applied when the flux is

above 105 cps. The combination of the two methods made

it possible to overcome the respective limitations of each

algorithm on the applicable neutron flux range, which

considerably broadens the total measurement range of the

system.

3 Performance

3.1 Experiments

In the performance test, Keysight 81160A Pulse Func-

tion Generator is used to generate simulated neutron pulse

signals [16] with an amplitude of 250 mV, a pulse width of

200 ns, and consistency with the Poisson distribution.

Moreover, a 150-mV noise signal is added on the pulse

signals, as shown in Fig. 4a.

By changing the expected value of k, of the Poisson

distribution, different numbers of neutrons were generated.

Sixteen cases with neutron numbers of 103, 2 9 104,

4 9 104, 6 9 104, 8 9 104, 105, 2 9 105, 4 9 105,

6 9 105, 8 9 105, 106, 2 9 106, 4 9 106, 6 9 106, 107,

and 108 were generated. Figure 4b shows the scenario of

105 cps neutrons with a150-mV noise overlapped.

Simulation signals are transmitted into SPU through a

twisted pair cable. Figure 5 demonstrates the SPU count

errors in those cases by comparing the measurement and

expected values of neutron counts. Results have shown that

during such cases, the maximum error of SPU is lower than

Fig. 3 (Color online) Simulation test results of count and Campbell

algorithms
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1.5% and the average error is lower than 0.8%; these

indicate that SPU exhibits considerable neutron measure-

ment ability under different neutron flux conditions.

3.2 Application experiments

The Xi’an pulsed reactor [17–19] is the first multi-

functional pulse reactor with a steady-state rated power of

2 MW and maximum pulse peak power of 4200 MW

designed and built in China. It is composed of the reactor,

supply system, and experimental irradiation facility. It has

six control rods, and the intensity of the reaction is con-

trolled by the insertion and extraction of these rods. A

photograph of XPAR is shown in Fig. 6. As indicated in

the figure, FC was placed inside the device through the iron

gate.

In the experiment, we utilized an LB124 235U FC from

the China National Nuclear Corporation. It is cylindrical

with an external diameter of 50 mm and a length of

546 mm. Its shell is covered with titanium. The sensitive

volume is 354 mm long, and the sensitivity of the hot

neutron is approximately 0.8 cps/(n cm-2 s-1). A 15-m

triaxle cable connects FC and the preamplifier, providing a

- 702-V working voltage to FC. The output of the

preamplifier is then transmitted to SPU through a 20-m-

long twisted pair cable for further processing.

3.2.1 Reactor background

When all the control rods were dropped, and the reactor

was not operating, we conducted the neutron background

Fig. 4 (Color online) Simulated neutron pulses. a A simulated neutron pulse signal with noise overlapped and b the scenario of 105 cps neutrons

with noise overlapped

Fig. 5 (Color online) Experiments by imitated neutron pulse

Fig. 6 (Color online) Photograph of the Xi’an pulsed reactor
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count test, which lasted for 14.283 h. The neutron count

value was obtained every second, and a total of 51,418

measurement results are plotted in Fig. 7, revealing the

fluctuation of the background neutron counts of the reactor.

The experiment demonstrates the appreciable real-time

performance and stability of the NFM system.

3.2.2 Reactor operation

As shown in Fig. 8, for the first 143 s, all control rods

remained in full insertion. From 144 to 882 s, the control

rods were extracted at certain speeds, and the neutron flux

increased. A total time of 341 s was measured for the

sampled neutron counts, which increased from 5 9 103 to

5 9 107 cps. At 754 s, the sampled neutron count reached

the upper limit of the system of 1.08 9 108 cps. Because of

the output scale of the preamplifier, the output voltage of

the preamplifier reached its upper limit. This limited the

measurement range of SPU when the neutron count from

FC exceeds 1.08 9 108 cps. However, a slight waveform

drop could be observed. Because the input signal exceeds

the measurement range of the preamplifier at that time, the

transistor quiescent operation point would shift, and the

output gain of the preamplifier would decrease because of

the transistor’s operating characteristics. From 882 to

1488 s, the control rods were inserted, and 343 s elapsed

for the neutron count to decrease from 5 9 107 to

5 9 103 cps. From 1488 to 1517 s, the control rods

remained still. From 1517 to 2170 s, the rods were

extracted for a second time. The time that elapsed for the

neutron count to increase from 5 9 103 to 5 9 107 cps was

348 s. The time spent during each period was approxi-

mately equal, because the insertion and extraction of the

control rods had the same velocity.

Because the insertion and extraction speeds of the

control rods were fixed, the neutron flux in the reactor

developed exponentially [20, 21]. As shown in Fig. 9,

sampled neutron counts during the extraction of the second

control rod were exponentially fitted. From 1566 to 1941 s,

the sampled neutron count increased from 2 9 103 to

5 9 107 cps, during which the measurement value fitted

well with the exponential function model (R2 = 0.9897).

4 Discussion and conclusions

A novel NFM system based on FPGA and CAN bus has

been designed for TMSR. A wide measuring range, up to

108 cps [22], is achieved with a single FC by utilizing the

combination of both the count and Campbell algorithms

programmed in FPGA. The real-time neutron count results

are uploaded to the host through the CAN bus. A simula-

tion test, using simulated neutron signals, has effectively

proven the performance of the NFM system. Experimental

results at TMSR have also been presented, which prove the

stability and accuracy of the system when used overFig. 7 The measurement of reactor background

Fig. 8 (Color online)

Measurements during reactor

operation
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extended periods of field operations. The NFM system

aims at replacing the traditional analog nuclear measure-

ment instruments in the future.

Work is ongoing to design a new preamplifier with an

adjustable gain, which can be controlled by FPGA. By

decreasing the gain of the amplifier when the flux is high,

the upper limit of the preamplifier measuring range is

increased so that the NFM measuring range could be

broadened. This design is expected to improve the mea-

suring range of NFM by up to 1010 cps.
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