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Abstract Associated alpha particle imaging based on the

time-of-flight (API-TOF) technique is an advanced neutron

analysis method, which is capable of discriminating

material nuclides and three-dimensional imaging of the

spatial distribution of material nuclei. In this paper, the

spatial resolution of API-TOF and its effects are studied

using mathematical analysis and Monte Carlo numerical

simulation. The results can provide guidance and assist in

designing of API-TOF detection devices. First, a mathe-

matical analysis of the imaging principles of the API-TOF

was carried out, and the calculation formulas of the spatial

resolution of API-TOF were deduced. Next, the relation-

ship between the device layout and the spatial resolution of

the API-TOF detection device was studied. The concept of

a typical API-TOF detection device with an optimized

structure was proposed. Then, the spatial distribution of the

spatial resolution of the typical API-TOF detection device

was analyzed, and the effects of the time resolution and the

neutron emission angle resolution on the spatial resolution

were studied. The results show that spatial resolutions

better than 1 cm can be achieved by improving the time

resolution and the neutron emission angle resolution to

appropriate levels. Finally, a Monte Carlo numerical sim-

ulation program was developed for the study of the API-

TOF and was used to calculate the spatial resolutions of the

API-TOF. The comparison of the results shows that the

spatial resolutions calculated based on the Monte Carlo

numerical simulation are in good agreement with those

calculated based on the mathematical analysis. This veri-

fies the mathematical analysis and the evaluation of the

effects of the spatial resolution of the API-TOF in this

study.

Keywords API-TOF � Spatial resolution � Mathematical

analysis � Monte Carlo numerical simulation

1 Introduction

Associated alpha particle imaging based on the time-of-

flight technique (API-TOF) is an advanced neutron analysis

method. It is capable of discriminating material nuclides

and three-dimensional (3D) imaging of the spatial distri-

bution of material nuclei. The two fundamental steps of

API-TOF are as follows: (1) The inspected object is irra-

diated by 14.1-MeV neutrons from a deuterium–tritium

(DT) neutron source, and the neutrons scatter inelastically

on or enter into nuclear reactions with the nuclei of the

inspected object, producing characteristic c-rays. The types
of the nuclei reacting with the incident neutrons can be

determined by measuring the energies of the c-rays. (2)
Alpha particles are produced by DT reactions (2H ? 3-

H ? 4He ? n), and an alpha particle detector is used to

detect the emission direction and emission time of the

recoiled alpha particle produced by the DT neutron source.

By combining these with the time of the c-ray arriving at

the c-ray detector, the emission direction of the 14.1-MeV

neutrons and the total flight time of the neutron and the c-
ray can be obtained, and the position of the nucleus

reacting with the 14.1-MeV neutrons can be reconstructed
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[1, 2]. Compared with other neutron analysis techniques,

such as thermal neutron analysis, fast neutron analysis, and

pulsed fast/thermal neutron analysis, the API-TOF has two

advantages: (1) It records the 14.1-MeV neutrons by

detecting alpha particles, which can suppress the interfer-

ence from the background and improve the signal-to-noise

ratio and (2) it capable of the 3D imaging of spatial dis-

tribution of material nuclei and can analyze the geometric

shapes and material distributions of the inspected objects in

depth.

In recent years, the related research of API-TOF has

been carried out worldwide, and it was applied in the fields

of explosive detection, customs inspection, arms control

verification, and so on. Since the 1990s, initial studies have

been performed in the USA, resulting in a performance

improvement in the DT neutron tubes and c-ray detectors

used in API-TOF detection devices [1–6]. Since the

beginning of the twenty-first century, research related to

API-TOF has been carried out in Russia, and a prototype

device capable of distinguishing explosives and non-ex-

plosive materials has been developed [7–9]. Since 2005, a

number of European countries, including France, Italy,

Poland, and Croatia, have funded EURITRACK Project,

and a tagged neutron inspection system (TNIS) based on

API-TOF has been developed, which is to be used to detect

smuggled goods at customs, such as drugs and explosives.

In 2007, a prototype of the TNIS was installed and operated

in the port of Rijeka, Croatia, which could discriminate

explosives from common materials by analyzing the mea-

sured c-ray spectra [10–15]. In 2014, a set of explosive

detection devices based on API-TOF was developed in

China, which was already capable of distinguishing

explosives and non-explosive materials [16, 17]. In gen-

eral, the research on API-TOF has mainly focused on the

identification of materials, and the research on the image

reconstruction ability of API-TOF is still in its initial stage.

The research on the spatial resolution of API-TOF and on

its effects is especially limited, which is a problem that

needs to be solved in the design and performance assess-

ment of API-TOF detection devices.

In this paper, the spatial resolution of API-TOF and its

effects are studied by mathematical analysis and Monte

Carlo numerical simulation. The results of this research are

expected to provide guidance and assist the design of API-

TOF detection devices. This paper is divided into six

sections: Sect. 1 is an introduction, Sect. 2 presents a

mathematical analysis of the imaging principles of API-

TOF and deduces the calculation formulas for the spatial

resolution of the API-TOF, and in Sect. 3 the relationship

between the device layout and the spatial resolution of the

API-TOF detection device is discussed and a concept of a

typical API-TOF detection device with an optimized

structure is proposed. Section 4 provides an analysis of the

spatial distribution of the spatial resolution of a typical

API-TOF detection device and studies the effects of the

time resolution and the neutron emission angle resolution

on the spatial resolution. In Sect. 5, a study on the spatial

resolution of the API-TOF by Monte Carlo numerical

simulation is presented, and in Sect. 6 the conclusion of

this study is drawn.

2 Mathematical analysis of the spatial resolution
of the API-TOF

As mentioned above, the API-TOF uses the direction of

the neutron emission and the total flight time of the 14.1-

MeV neutrons and c-rays, which are given by the alpha

particle detector and c-ray detector of the API-TOF

detection device, to reconstruct the spatial position of the

nucleus reacting with the 14.1-MeV neutron, thus realizing

3D imaging of the spatial distribution of material nuclei.

To analyze the spatial resolution of the API-TOF in depth,

a simplified physical model of the API-TOF detection

device was constructed, as shown in Fig. 1. In this model,

the neutron source is represented by a point source and

located at position (x1, y1, z1). A 14.1-MeV neutron emitted

from the neutron source reacts with nucleus A of the

inspected object at position (x, y, z), and a characteristic c-
ray is produced. The characteristic c-ray enters the c-ray
detector and deposits energy at position (x2, y2, z2), and

then, a signal is produced. Based on this model, the spatial

position of nucleus A reacting with the 14.1-MeV neutron

can be calculated from the direction of neutron emission

and the total flight time of the neutron and the c-ray. The
detailed formula can be obtained as follows.

First, vector (h, u) is used to represent the neutron

emission direction: h is the angle between the neutron

emission direction and the positive direction of the z-axis,

and u is the angle between the projection of the neutron

emission direction on the x–y plane and the positive

direction of the x-axis. To simplify the deduction of the

Fig. 1 Simplified physical model of the API-TOF detection device
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formula, the space vector (u, v, w) is introduced to repre-

sent the direction of neutron emission, which has the fol-

lowing relationship with h and u:

u ¼ sinh � cosu
v ¼ sinh � sinu
w ¼ cosh

8
<

:
: ð1Þ

Furthermore, the relationship between the neutron emis-

sion direction (u, v, w), the neutron source location (x1, y1,

z1), and the spatial position of the nucleus A (x, y, z) is

given by

x� x1

u
¼ y� y1

v
¼ z� z1

w
: ð2Þ

Then, the relationship between the total flight time of the

neutron and c-ray (t), the neutron source location (x1, y1,

z1), the spatial position of nucleus A (x, y, z), and the

reaction position of the c-ray in the detector (x2, y2, z2) can

be written as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx� x1Þ2 þ ðy� y1Þ2 þ ðz� z1Þ2
q

v0

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx� x2Þ2 þ ðy� y2Þ2 þ ðz� z2Þ2
q

c
¼ t; ð3Þ

where v0 is the speed of 14.1-MeV neutron and c is the

speed of light.

Finally, by combining Eqs. (2) and (3), the spatial

position (x, y, z) of nucleus A can be expressed as

x ¼ uk þ x1

y ¼ vk þ y1

z ¼ wk þ z1

8
><

>:
; ð4Þ

where k is given by

k ¼ �Qþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 � 4PR

p

2P

P ¼ 1� c2

v20

Q ¼ 2c2t

v0
þ 2uðx1 � x2Þ þ 2vðy1 � y2Þ þ 2wðz1 � z2Þ

R ¼ �c2t2 þ ðx1 � x2Þ2 þ ðy1 � y2Þ2 þ ðz1 � z2Þ2:
ð5Þ

In the 3D imaging of the spatial distribution of material

nuclei based on API-TOF, h, u, and t are given by three

independent measurements. Due to the uncertainties of

these three measurements, the reconstructed positions of

the material nuclei also have uncertainties. The standard

deviations (also uncertainties) of the reconstructed x-, y-,

and z-coordinates of the material nucleus are defined as the

spatial resolutions of the API-TOF detection device and are

denoted by dx, dy, and dz, respectively. The standard

deviations of the measurements of h and u are defined as

the neutron emission angle resolutions and are denoted by

dh and du, respectively. The standard deviation of the

measurements of t is defined as the time resolution and is

denoted by dt. dh and du are mainly determined by the

measurement accuracy of the alpha particle detector for the

emission directions of the recoiled alpha particles, while dt
is mainly determined by the timing accuracies of the alpha

particle detector and the c-ray detector.

It should be noted that in this paper, the measurements

of h, u, and t are their estimates as well. Based on the

Cramér–Rao lower bound [18], it can be proved that the

measurements of h, u, and t are the best unbiased estimates

of h, u, and t. For example, the probability distribution of h
approximately follows a Gaussian distribution

pðhm; hÞ ¼ 1
ffiffiffiffiffiffiffiffiffiffi
2pr2

p e�
1

2r2
ðhm�hÞ2 ; ð6Þ

where hm is the measurement of h and r is the uncertainty

of hm. According to the Cramér–Rao lower bound, the

deviation of the unbiased estimate (ĥ) of h has a lower

bound

varðĥÞ� 1

�E
o2 ln pðhm;hÞ

oh2

h i ¼ r2; ð7Þ

where E is an operator calculating the expected value. If

the measurement hm is chosen as an estimate of h, the
deviation of the estimate becomes

varðĥÞ ¼ varðhmÞ ¼ r2: ð8Þ

Therefore, the measurement of h is the best unbiased

estimate of h. This result is also applicable to u and t. In

the rest of this paper, the measurements and the estimates

of h, u, and t are not distinguished and they are all

expressed as h, u and t.

Furthermore, based on the reconstruction formula of the

spatial positions of the nuclei obtained above, the rela-

tionship between the spatial resolution of the API-TOF (dx,
dy, dz) and dh, du, dt can be deduced as follows. First,

based on the error propagation formula it is known that

dx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ox

oh

� �2

dh2 þ ox

ou

� �2

du2 þ ox

ot

� �2

dt2

s

dy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oy

oh

� �2

dh2 þ oy

ou

� �2

du2 þ oy

ot

� �2

dt2

s

dz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oz

oh

� �2

dh2 þ oz

ou

� �2

du2 þ oz

ot

� �2

dt2

s

8
>>>>>>>>>><

>>>>>>>>>>:

; ð9Þ

where
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ox

oh
¼ ou

oh
� k þ u � ok

oh
;
ox

ou
¼ ou

ou
� k þ u � ok

ou
;
ox

ot
¼ u � ok

ot

oy

oh
¼ ov

oh
� k þ v � ok

oh
;
oy

ou
¼ ov

ou
� k þ v � ok

ou
;
oy

ot
¼ v � ok

ot

oz

oh
¼ ow

oh
� k þ w � ok

oh
;
oz

ou
¼ ow

ou
� k þ w � ok

ou
;
oz

ot
¼ w � ok

ot
:

ð10Þ

Then, based on Eq. (1), the expressions for ou
oh,

ou
ou,

ov
oh,

ov
ou,

ow
oh, and

ow
ou can be obtained as

ou

oh
¼ cosh � cosu; ou

ou
¼ �sinh � sinu

ov

oh
¼ cosh � sinu; ov

ou
¼ sinh � cosu

ow

oh
¼ �sinh;

ow

ou
¼ 0:

ð11Þ

Next, based on Eq. (5), the expressions of ok
oh,

ok
ou, and

ok
ot

can be written as

ok

oh
¼ � oQ

oh
� k

2kPþ Q

ok

ou
¼ � oQ

ou
� k

2kPþ Q

ok

ot
¼ 2tc2

2kPþ Q
� oQ

ot
� k

2kPþ Q
;

ð12Þ

where

oQ

oh
¼ 2ðx1 � x2Þ

ou

oh
þ 2 ðy1 � y2Þ

ov

oh
þ 2 ðz1 � z2Þ

ow

oh
oQ

ou
¼ 2ðx1 � x2Þ

ou

ou
þ 2 ðy1 � y2Þ

ov

ou

oQ

ot
¼ 2c2

v0
:

ð13Þ

Finally, the mathematical analysis of the spatial resolution

(dx, dy, dz) of API-TOF can be completed by substituting

Eqs. (10), (11), (12), and (13) into Eq. (9).

It should be noted that, in the mathematical model of the

API-TOF detection device, the neutron source is defined as

a point in the simplified model, as the target size of the DT

neutron source (several millimeters) is much smaller than

that of the detection area (tens of cm). The target size of the

DT neutron source contributes to the spatial resolution of

the API-TOF detection device and affects the neutron

emission angle resolution. In addition, the reaction position

of the incident c-ray in the detector is assumed to be a

point. As the photoelectron produced by the c-ray in the

detector produces a track, it is possible the arriving time of

the c-ray recorded by the detector does not accurately

correspond to the reaction position of the c ray recorded by

the detector. The deviation can also affects the spatial

resolution of the API-TOF detection device, and its effect

contributes to the time resolution of the API-TOF detection

device. Therefore, the effects of the target size of the DT

neutron source and the photoelectron track on the spatial

resolution of the API-TOF detection device are included in

the neutron emission angle resolution and the time reso-

lution, respectively; thus, the point models of the neutron

source and the reaction position of the c-ray in the detector

are reasonable.

3 Relationship between device layout and spatial
resolution of the API-TOF detection device

To determine a suitable layout for the API-TOF detec-

tion device, the relationship between the device layout,

including the arrangement of the neutron source and the c-
ray detector, and the spatial resolution of the API-TOF

detection device was studied based on the formulas in

Sect. 2. In the simplified model, the neutron source was set

as a point source, and its effective beam angle, where the

directions of the emitting neutrons can be given by the

alpha particle detector, was 180�, corresponding to a solid

angle of 2p. The c-ray detector was defined as a point in

the simplified model, and it was assumed that certain c-
rays could just reach the point; the detection area was set as

a sphere with the center at the origin and a radius of 50 cm.

The size of the c-ray detector affects the spatial resolution

of the API-TOF detection device. However, as the size of

the c-ray detector is typically much smaller than the size of

the detection area, the effect is negligible in the discussion

of this section. The time resolution (dt) of the API-TOF

detection device was 100 ps, and the neutron emission

angle resolution was 1�; thus, dh and du were both 1�. In
this section, the effects of the distance between the neutron

source and the center of the detection area (L1), the dis-

tance between the c-ray detector and the center of the

detection area (L2), and the angle between the neutron

source and the c-ray detector relative to the center of the

detection area (a) on the spatial resolution of the API-TOF

detection device are discussed, and an optimization

scheme for the structure of the API-TOF detection device

is presented. It should be noted that following the adjust-

ment of the device layout, the API-TOF detection device is

fixed when the measurement begins, to be able to accu-

rately reconstruct the positions of the material nuclei. As a

result, the effects due to the movements of the neutron

source and the c-ray detector do not arise.

Figure 2a shows the effect of the distance between the

neutron source and the center of the detection area (L1) on

the spatial resolution at the origin; the neutron source

moves on the positive semi-axis of the x-axis, and the c-ray
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detector is fixed at the position (0, 0, -50 cm). As shown

in Fig. 2a, dx, dy, and dz at the origin increase with the

increase in L1, and the rates of the increase in dy and dz are
significantly higher than that of dx. Therefore, to achieve

better spatial resolutions in the detection area, the neutron

source needs to be as close as possible to the detection area.

Figure 2b shows the effect of the distance between the c-
ray detector and the center of the detection area (L2) on the

spatial resolution at the origin; the neutron source is fixed

at the position (50 cm, 0, 0), and the c-ray detector moves

on the negative semi-axis of the z-axis. It can be seen that

dx, dy, and dz at the origin have no relationship with L2.

However, in practical applications, the c-ray detector needs

to be located as close as possible to the detection area to

improve its effective count rate. Figure 2c shows the effect

of the angle between the neutron source and the c-ray
detector relative to the center of the detection area (a) on
the spatial resolution at the origin; the neutron source is

fixed at the position (50 cm, 0, 0), and the c-ray detector

moves on the x–z plane at a distance of 50 cm from the

origin. It can be seen that dy and dz at the origin are

independent of a, and dx at the origin reaches the minimum

when a is 90�. Therefore, to achieve better spatial resolu-

tions near the center of the detection area, a needs to be set

as 90�.
The above analysis indicates that to achieve better

image reconstruction results in the detection area in a short

time, the neutron source and the c-ray detector need to be

as close as possible to the detection area, provided that the

effective beam angle can cover the detection area, and the

angle between the neutron source and the c-ray detector

relative to the center of the detection area needs to be set as

90�. In this paper, an API-TOF detection device that meets

the requirements above is termed ‘‘typical API-TOF

detection device.’’ Currently, most of the API-TOF proto-

types developed worldwide meet the overall requirements

of the typical API-TOF detection devices.

4 Spatial resolution analysis of the typical API-
TOF detection device

In this section, the spatial distribution and the effects of

the spatial resolution of the typical API-TOF detection

device are studied, aiming to understand the imaging

results of API-TOF in depth. In this section, it is assumed

that the neutron source is a point source located at the

position (50 cm, 0, 0) with an effective beam angle of

180�. The c-ray detector is defined as a point in the sim-

plified model located at the position (0, 0, - 50 cm); the

detection area is set as a sphere with the center at the origin

and a radius of 50 cm (see Fig. 3). The time resolution (dt)
of the typical API-TOF detection device is 100 ps, and the

neutron emission angle resolution is 1�. Thus, dh and du
are both 1�.

Using the formulas in Sect. 2, the spatial distribution of

the spatial resolutions (dx, dy, dz) of the typical API-TOF

detection device can be calculated based on the model

shown in Fig. 4. As shown in Fig. 4, dx decreases at a

certain point on the x-axis with the increase in the distance

between the point and the neutron source, while the trend

of variation in dy and dz is exactly the opposite. At the

same time, the rates of variation in dy and dz on the x-axis

are much higher than that of dx; thus, the overall results of

Fig. 2 (Color online) Study for the optimization of the structure of the API-TOF detection device (the red and blue lines coincide in all three

figures)
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the image reconstruction in the detection area close to the

neutron source are better. At a certain point, dx, dy, and dz
increase on the y-axis with the increase in the distance

between the point and the neutron source, while the vari-

ation rates of dx and dz on the y-axis are much higher than

that of dy, and the variation rates of the former two increase

with the increase in the distance between the point and the

origin. Therefore, it can be further concluded that the

image reconstruction results in the area close to the x–

z plane are much better than those in the area far from the

x–z plane. At a certain point, dx and dz decrease on the z-

axis first and then increase with the increase in the distance

between the point and the c-ray detector, and dx shows a

stronger variation, while dy remains unchanged on the z-

axis. In addition, it can be found that the overall results of

the image reconstruction in the area close to the x–y plane

are better than those in the area far from the x–y plane

using the model parameters above.

Next, the spatial resolution of the typical API-TOF

detection device is analyzed based on the model above in

the cases of different time resolutions (dt) and neutron

emission angle resolutions (dh, du). The parameters of the

model used here are the same as those of the model above

except for the time resolution and the neutron emission

angle resolution. Figure 5 shows the relationship between

dx, dy, and dz at the origin and at dh, du, and dt. It can be

seen that dx increases with the increase in dh, du, and dt,
and the effect of dh and du on dx becomes small when dt is
greater than 500 ps, provided that dh and du are smaller

than 5�. Therefore, a high resolution of the neutron emis-

sion angle is unnecessary for the typical API-TOF detec-

tion device with low time resolution (dt[ 500 ps). In

addition, dy and dz increase with the increase in dh and du,
but they are independent of dt; thus, dt mainly affects dx in
the vicinity of the origin. As shown in Fig. 5, that in order

to achieve spatial resolutions better than 1 cm under the

current model parameters, that is, dx, dy, and dz are all less
than 1 cm, the neutron emission angle resolution (dh, du)
of the typical API-TOF detection device needs to be at least

1� and the time resolution (dt) needs to be better than

200 ps.

Fig. 3 Model of the typical API-TOF detection device

Fig. 4 (Color online) Trends of variation in spatial resolutions of the typical API-TOF detection device on the x-, y-, and z-axes [in (a), the red
and blue lines coincide]
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5 Monte Carlo simulation of the spatial resolution

To verify the suitability of mathematical analysis and

the evaluation of the effects of the spatial resolution of the

API-TOF discussed above, a numerical Monte Carlo sim-

ulation program, based on the JMCT software [19, 20], was

developed to study the API-TOF. The Monte Carlo simu-

lation can reconstruct the spatial distribution of the nuclei

of the inspected objects, and it can further calculate the

spatial resolution of the API-TOF. By comparing the spa-

tial resolutions calculated using the Monte Carlo simula-

tion and those calculated using the mathematical analysis,

the validity of the theoretical analysis discussed in the

previous sections can be verified.

The JMCT software is a Monte Carlo simulation soft-

ware developed by the Beijing Institute of Applied Physics

and Computational Mathematics jointly with the Software

Center for High Performance Numerical Simulation, China

Academy of Engineering Physics. It can accurately simu-

late neutron, photon, and neutron–photon coupling trans-

ports, capable of 3D visual modeling, and high-speed

parallel computation [19, 20]. The program developed to

study the API-TOF, based on the JMCT software, can

simulate the inelastic scatterings and nuclear reactions of

neutrons with the nucleus of the inspected object, the

production and transport of the characteristic c-ray, it can
reconstruct the spatial position of the nucleus reacting with

the neutron, based on the neutron emission direction and

the total flight time of the recorded neutrons and c-ray, and
it can further calculate the spatial distribution of the nuclei

of the inspected object. Then, by combining the recon-

structed spatial distribution of the nuclei of the inspected

object with its geometry, the spatial resolution of the API-

TOF can be calculated. At the same time, the program can

sample the neutron emission direction and the total flight

time of the neutron and c-ray according to the preset time

resolution and neutron emission angle resolution of the

API-TOF and simulate the effect of the time resolution and

the neutron emission angle resolution on the spatial reso-

lution of the API-TOF.

In the simulation, the inspected object was a water cube

of 1 cm 9 1 cm 9 1 cm with the center located at the

origin, the angle between the neutron source and the c-ray
detector ([65 mm 9 60 mm) relative to the center of the

water cube was 90�, and a typical API-TOF detection

device was assumed. The distance between the neutron

source and the center of the water cube was 50 cm, which

was equal to the distance between the c-ray detector and

the water cube. The energy of the neutrons from the neu-

tron source (point source) was 14.1-MeV, with an isotropic

neutron emission direction. As a 6.13-MeV characteristic

c-ray is produced after the inelastic scattering of the 14.1-

MeV neutron with 16O in the water cube, the spatial dis-

tribution of 16O can be reconstructed based on the emission

direction of the 14.1-MeV neutron and the total flight time

of the recorded 14.1-MeV neutron and 6.13-MeV c-ray.
Figure 6 shows the reconstructed spatial distribution of 16O

on the y–z plane for three different time resolutions and

neutron emission angle resolutions based on the Monte

Carlo simulation. It can be seen that with the increase in the

time resolution and neutron emission angle resolution, the

deviation between the reconstructed spatial distribution and

the actual spatial distribution of the 16O increases.

As the volume of the water cube in the simulation is

significantly smaller than the distance between the neutron

source and the c-ray detector, the spatial resolutions of the

Fig. 5 (Color online) Effect of time resolution and neutron emission angle resolution on the spatial resolution at the origin
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API-TOF detection device in the area where the water cube

is located can be regarded as the same approximately.

Based on the reconstructed spatial distribution of 16O, the

spatial resolution of the API-TOF detection device at the

origin can be calculated as

dx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

XN

i¼1

x2i � d2x

v
u
u
t

dy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

XN

i¼1

y2i � d2y

v
u
u
t

dz ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

XN

i¼1

z2i � d2z

v
u
u
t

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

; ð14Þ

where N is the number of 16O atoms in the reconstruction

image, xi, yi, and zi are the reconstructed spatial coordi-

nates of 16O, and the standard deviations of the recon-

structed spatial coordinates of 16O due to the size of the

water cube are dx, dy, and dz, respectively. They can be

calculated as

dx ¼
Z 1

2

�1
2

f1ðxÞ � x2 � dx

dy ¼
Z 1

2

�1
2

f2ðyÞ � y2 � dy

dz ¼
Z 1

2

�1
2

f3ðzÞ � z2 � dz

8
>>>>>>>>><

>>>>>>>>>:

; ð15Þ

where f1ðxÞ, f2ðyÞ, and f3ðzÞ are the spatial distribution

functions of 16O in the x-, y-, and z-directions in the water

cube, respectively, and they are all uniform distribution

functions on the interval � 1
2
cm; 1

2
cm

� �
.

The calculated values of dx, dy, and dz are all 1

2
ffiffi
3

p cm,

and the calculated spatial resolutions of the API-TOF

detection device at the origin for different time resolutions

and neutron emission angle resolutions are shown in

Table 1, which also summarizes the results calculated

based on the mathematical analysis. The comparison of the

results shows that the spatial resolutions calculated based

on the Monte Carlo numerical simulation are in good

agreement with those calculated based on the mathematical

analysis. Therefore, the mathematical analysis and the

evaluation of the effects of the spatial resolution of the

API-TOF are verified.

Fig. 6 Reconstructed spatial distributions of 16O for three different time resolutions and neutron emission angle resolutions

Table 1 Spatial resolutions at

the origin calculated based on

mathematical analysis and

Monte Carlo simulation

dh (�) du (�) dt (ns) Mathematical analysis results Monte Carlo simulation results

dx (cm) dy (cm) dz (cm) dx (cm) dy (cm) dz (cm)

0.5 0.5 0.05 0.27 0.44 0.44 0.27 0.43 0.44

1 1 0.1 0.54 0.87 0.87 0.53 0.86 0.87

1 1 0.2 1.04 0.87 0.87 1.03 0.86 0.87

1 1 1 5.14 0.87 0.87 5.11 0.86 0.88

3 3 1 5.16 2.62 2.62 5.13 2.60 2.63

5 5 1 5.19 4.36 4.36 5.18 4.33 4.39
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6 Conclusion

In this paper, a study on the spatial resolution of the

API-TOF and its effects is presented. The presented results

can provide guidance and assist the design of API-TOF

detection devices. First, a mathematical analysis of the

imaging principles and spatial resolution of the API-TOF

was carried out, providing a powerful mathematical tool for

the deep understanding of the spatial resolution of API-

TOF. Then, the relationship between the device layout and

the spatial resolution of the API-TOF detection device was

studied, and the concept of a typical API-TOF detection

device with an optimized structure was proposed. Next, the

effects of the time resolution and the neutron emission

angle resolution on the spatial resolution were studied; the

results show that by improving the time resolution and the

neutron emission angle resolution of the typical API-TOF

detection device to appropriate levels, spatial resolutions

better than 1 cm can be achieved. Finally, a Monte Carlo

numerical simulation program was developed to study the

API-TOF. The spatial resolutions calculated based on the

Monte Carlo numerical simulation are in good agreement

with those calculated based on the mathematical analysis.

Therefore, the mathematical analysis and the evaluation of

the effects of the spatial resolution of the API-TOF in this

study are verified.
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