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Abstract The objective of this work was to use the Geant4

toolkit to perform simulation studies on the personal dose

response of fluorescent nuclear track detectors (FNTDs).

The entire structure of the FNTD response can be designed,

and the detector’s energy and dose responses can be opti-

mized in a broad energy range (0.01 eV–20 MeV). In

general, the detectors used 6LiF and CH2 converters that

have high energy and high dose response at neutron ener-

gies lower than 10 eV and greater than 1 MeV, respec-

tively. The method of least squares was used to optimize

the dose response of H*(10) and the energy response cor-

responding to Rtotal. The values of the optimized response

of H*(10) lie between 0.8 and 1.4, corresponding to the

energy ranges 0.01 eV–70 keV and 4–14 MeV, respec-

tively. This occupies nearly eight out of the nine orders of

the total energy range. Even though the optimized response

of Rtotal is constrained between 0.89 and 1.1 in the energy

range of 0.01 eV–20 MeV, it is suitable for obtaining the

broad neutron spectrum of fluence with good accuracy.

Keywords FNTD � Geant4 � Al2O3/C, Mg � Personal
neutron dose

1 Introduction

Considering the broad energy spectra encountered in

practical situations, accurately assessing the neutron dose

absorbed by the human body is an extremely complex

process, and there is almost no dosimetric method that

covers such a wide range, i.e., between the energies of

thermal neutrons and high-energy neutrons. The Landauer

Corporation developed a fluorescence nuclear track detec-

tor (FNTD) that has demonstrated promising dosimetric

performance for neutrons, protons, and other heavy

charged particles [1–3]. This technology, which is based on

the combination of the Al2O3/C, Mg single crystal, and

confocal microscopy, can provide precise 3D information

on ion tracks with resolution limited by optical diffraction

[4, 5]. It has potential to replace the conventionally used

CR-39 plastic nuclear track detector (PNTD) technology

[5, 6] and is superior in many aspects compared to bubble

detectors [7], thermoluminescence (TL) detectors, and

optically stimulated luminescence (OSL) detectors

[6, 8, 9].

The FNTD exhibits excellent efficiency for detection of

heavy charged particles [10], allows multiple nondestruc-

tive readouts, does not require chemical post-processing

treatment, and is capable of being erased and reused

[11–14]. These make the FNTD superior for high-accuracy

charged particle fluence measurements [11], clinical ion

beam measurements [15], and an attractive candidate for a

new-generation passive personal neutron dosimetry device.

In the field of personal neutron dosimetry, many contri-

butions have been made by the research group led by

Akselrod [1–6, 16–18], which has studied this topic

extensively. The main drawback of neutron radiation

experiments is that they are time-consuming. At the same
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time, it is rare to find a neutron field without a gamma

contribution. As a solution, we applied the Monte Carlo

simulation technique to study the neutron radiation energy

and dose response of each personal FNTD.

Geant4 is a widely used Monte Carlo transport simula-

tion toolkit. It can be applied in areas of high energy,

nuclear, and accelerator physics, as well as in the medical

and space sciences [19–21]. Along with the simulation of

neutron transport in the detector material, the Geant4

toolkit can simulate the transport of protons or other

charged particles. The energy and position of the particle

are readily obtained, and this information can be used

further to characterize the response of neutrons. Hence, in

this work, we used the Geant4 procedure to design the

neutron detector structure, test its energy and dose response

corresponding to a wide energy range (0.01 eV–20 MeV),

and propose an algorithm to characterize the energy spec-

trum of each personal neutron dosimetry.

2 Simulation design

2.1 Principle of detection

FNTDs are made of single crystals of aluminum (a-
Al2O3) doped with carbon and magnesium ions. In contrast

with Al2O3/C, which is used in thermally and optically

stimulated luminescence dosimetry, this material has a

high concentration of F2
2? (2 Mg). These centers can

convert to F2
? (2 Mg) under radiochromic transformation.

After radiation, the F2
? (2 Mg) center is optically stimu-

lated into one of its excited states by the laser scanning

confocal microscope system. Ultimately, the electron

returns to its ground state and fluoresces at 750 nm with a

short lifetime of 75 ± 5 ns [3, 22, 23]. The intensity of the

fluorescence depends on the local energy deposition of the

ionizing radiation, which is used to characterize the radi-

ation-induced signal.

Because neutrons are not directly ionizing in nature, to

detect a neutron, it is necessary to mount a neutron con-

verter on top of the Al2O3/C, Mg crystal. The personal

neutron dosimeter can detect neutron energy in a broad

range, i.e., 0.01 eV–20 MeV; however, different converter

materials have to be used for detecting low- or high-energy

neutrons. Polyethylene (CH2)n contains a high concentra-

tion of hydrogen suitable for neutron detection [24] via

elastic scattering. Consequently, the recoil proton escapes

from the converter and penetrates inside the Al2O3/C, Mg

crystal to produce ionized tracks. For the detection of

thermal neutrons, the converter should be replaced with

high thermal neutron capture cross-section materials, such

as 6LiF or 10B. The corresponding nuclear reactions are as

follows:

6Liþ 1n 941 barnð Þ ! 4He 2:05 MeVð Þ þ 3H 2:73 MeVð Þ;
ð1Þ

10Bþ 1n 3837 barnð Þ ! 4He 1:47 MeVð Þ þ 7Li 0:83 MeVð Þ
ð2Þ

The ranges of 4He (2.05 MeV), 3H (2.73 MeV), 4He

(1.47 MeV), and 7Li (0.83 MeV) in Al2O3 are 4 lm,

24 lm, 3 lm, and 1.5 lm, respectively [5]. In our case, we

selected 6LiF as the thermal neutron converter material and

maintained the 6Li concentration at 92%, because the 4He

and 3H generated by the nuclear reaction (Eq. 1) have

higher energy and longer range in Al2O3/C, Mg than 4He

and 7Li (Eq. 2). This choice is necessary for ensuring

efficient detection by FNTD. As the contents of doped C

and Mg are only 5000 ppm and 27 ppm, respectively, we

supposed that Al2O3/C, Mg has the same particle stopping

power as the Al2O3 material. In addition, polyethylene

(CH2)n was chosen as the fast neutron converter.

The radiation response (M) is defined as the sum of

tracks of the secondary particles 4He, 3H, and protons in the

Al2O3/C, Mg material. During the simulation, these parti-

cles traverse the Al2O3/C, Mg material and the simulation

software records properties of the particles such as energy,

momentum, position, motor direction, time, and so on.

However, some of these parameters do not need to be

scored. Only the track length, direction, and position have

to be taken into account to obtain the sum of tracks for all

three secondary particles at any depth in the Al2O3/C, Mg

material.

Additionally, we prepared an Al2O3/C, Mg crystal

specimen covered with polytetrafluoroethylene (PTFE) to

detect background signals, i.e., gamma signals of the mixed

field environment. This approach is feasible because the

PTFE does not contain hydrogen or 6Li, which is not

sensitive to neutron and can provide an electron equilib-

rium at the detector surface during gamma irradiation. The

images obtained from the back of the PTFE only provide

dose information for the photon, whereas those from the

back of the 6LiF or (CH2)n provide dose information for

both neutrons and photons. Hence, the combination of the

three converter materials can be used for dosimetry in

neutron and gamma mixed fields [25].

2.2 Construction of dosimetry setup

The overall structure of the FNTD must be as small as

possible for applicability as a personal neutron dosimeter.

We combined the design principles of a regular and an

albedo detector structure and tested against different

thicknesses of the converter to determine the detection

efficiency of fast and thermal neutrons. An appropriate

thickness of the converter must be chosen to ensure a
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strong radiation-induced response at different energy levels

between 0.01 eV and 20 MeV. Diagrams depicting the

structure are shown in Fig. 1.

The overall size of the setup is 4.5 cm 9 7 cm 9 1 cm,

and the entire structure is made of 10B-containing poly-

ethylene in order to absorb the thermal neutrons. There are

ten pieces of FNTD with a size of 5 mm 9 4 mm 9 1

mm. These are marked with serial numbers 1–10 and

magenta color. The detectors marked 1–6 are located at the

front face of the dosimeter, and those marked 7–10 are

located at the back. The FNTD surface is covered by a

neutron converter material, 6LiF, (CH2)n, CF2, and these

are marked with gray, lake blue, and brown color,

respectively. The first and second detectors are covered by
6LiF of different thicknesses, i.e., 100 lm, 1 mm, respec-

tively; the third, fourth, and sixth are covered by poly-

ethylene (CH2)n of thicknesses of 10 lm, 1 mm, and

100 lm, respectively; the 5th detector is covered by 1 mm

thick polytetrafluoroethylene (PTFE); the seventh, eighth,

and tenth detectors, which are located in the albedo

structure to detect the albedo neutron, are covered by 6LiF

of thicknesses of 100 lm, 10 lm, and 1 mm, respectively;

and the ninth detector is covered with 100 lm thick

polytetrafluoroethylene (PTFE).

For simulating the response of our FNTDs, the detector

box is located at the center of the surface of a water tank,

with a rectangular volume of 30 9 30 9 15 cm3. The

water tank plays the role of a human body. The radiation is

applied using the General Particle Source (GPS) of the

Geant4 procedure. We set a 2D square surface source with

a parallel monoenergetic neutron beam emitted from a

surface source and vertically incident on the tank’s surface

with a fluence of 0.933 9 107 cm-2. The source particles

have no bias and completely strike the detector. The initial

position of each particle is given by the average of a dis-

tribution sampled in the area of the 2D surface source,

shown as the green area in Fig. 2. The energy of

monoenergetic neutrons is set to 30 monoenergetic points

from 0.01 eV to 20 MeV. The number of particles that the

GPS procedure can emit in a one-time simulation experi-

ment is limited to 231, and the backscattering neutrons from

the corner of the water tank have the possibility to enter the

albedo part. Aiming to improve the beam fluence and

reduce the simulation time, we initially irradiated the

central area (15 9 15 cm2) and subsequently the corners

(7.5 9 7.5 cm2). Because the nonirradiated area of the

water tank during the initial irradiation is 12 times larger

than the second irradiated area, the final data are the sim-

ulation result at the center summed with the simulation

result at the corner multiplied by 12. A schematic diagram

of the radiation process is shown in Fig. 2.

The radiation in the corners only affects the FNTD in

the case of albedo, which is of less concern. According to

the simulation data and the track number density, we found

that neutron radiation at the corners causes a much lower

response of the albedo detectors than that at the center. For

instance, consider the value of the surface track number

density of the albedo seventh detector. At an incident

neutron radiation of 1 keV (the most sensitive energy

point), despite a 12-fold enlargement, the corner takes up

only 2.07% of the radiation response as compared to the

center. Therefore, it is reasonable to assume that the other

nonirradiated areas after the initial irradiation have

approximately equal effectiveness to the albedo FNTD as

the second irradiated area. To analyze the simulated data

with sufficient accuracy, the final data are obtained by

adding the 12-fold data from the corner irradiated to the

data from the center irradiated.

Fig. 1 (Color online) Structure of the personal neutron dosimetry

setup Fig. 2 Neutron radiation diagrams depicting the simulation
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For the neutron response value M, there are two

important parameters that need to be considered. The first

one is the track number of charged particles in the FNTD

material at different depths, and the second is their corre-

sponding total deposited energies. When a laser scanning

confocal fluorescence imaging system is used to detect the

irradiation, these two parameters correspond to the number

of bright spots and their fluorescence strength integrals,

respectively. In our work, we use the track numbers of

proton, triton, and alpha particles to characterize the

response of detectors covered by (CH2)n and 6LiF con-

verters, respectively.

3 Results and discussion on simulation

3.1 Energy response of each detector

Because the alpha, triton, and proton particles make

detectable tracks in the FNTD at a given neutron energy

range, we can use the heavy charged particle number for

the measurement of track numbers. We calculated the

mean track number density of heavy charged particles at

different depths inside the material for these detectors.

These track number density responses corresponding to the

surface were plotted against the values of neutron energy,

as shown in Fig. 3.

Figure 3 depicts the track number density response at

the surface for all FNTDs. For a clear comparison among

the responses of all the detectors in one figure, we scaled

up the data of all the (CH2)n detectors by tenfold and those

of all the albedo 6LiF detectors by eightfold. We can see

that the response obtained using the6LiF converter has

comparatively higher value for only the low neutron energy

range, i.e., energies below 10 eV. The 100-lm 6LiF

detector has the highest response of all. The decisive factor

is the thermal neutron (for an incident neutron energy

lower than 1 eV) having a very high cross section with 6Li

atom, i.e., higher than 3000 b [26]. Another influence factor

is the thickness of the 6LiF; for lower thickness, there is

less attenuation of neutrons, and more neutrons are avail-

able to react with 6Li atoms to produce more alpha and

triton particles that traverse the 6LiF and penetrate the

Al2O3/C, Mg material. There is a tendency of the most

sensitive energy point of the detectors with the 6LiF con-

verter to increase with its thickness. The response of the

detectors that used the (CH2)n converter is sensitive only at

the higher neutron energy range, i.e., more than 1 MeV.

For thickness of (CH2)n varying from 10 lm to 1 mm,

there is a corresponding increase in the most sensitive

energy peak position and signal strength. This occurs

because the cross section of the neutrons reacting with the

H atom is comparatively low (only a few barns), and the

flux of neutrons transported through the (CH2)n is kept

almost constant. Hence, with increasing thickness of

(CH2)n, more protons are produced from the collisions and

penetrate into the Al2O3/C, Mg. The result of detectors

using the albedo 6LiF converter is higher response rates at

the medium neutron energy range and lower rates at high-

and low-energy ranges. The most sensitive energy peak

positions are almost constant with increasing thickness of
6LiF and are located near 1 keV. The responses of detec-

tors with 10 lm and 100 lm thickness 6LiF have almost

the same value in the entire energy range, but they are

significantly higher than the response of the detector with

1 mm thick 6LiF. These results can be explained by the fact

that almost all of the lower energy incident neutrons are

absorbed by the CH2B shell and are unable to reach the

albedo 6LiF. The high-energy incident neutrons have low

cross section for the albedo detector 6LiF, even though they

backscatter from the water tank and the moderation of

energy is not sufficient. Only the incident neutron energy

Fig. 3 (Color online) Response

of neutron energy at the surface

of the FNTDs
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corresponding to the central energy range can have ade-

quate moderation by backscattering from the water tank. At

the same time, the thickness of albedo 6LiF is very

important for its detection efficiency. If it is too thick, it

absorbs the moderated neutrons and the number of neutrons

that can form efficient tracks decreases. On the other hand,

if it is too thin, the number of lithium atoms is diminished.

Because the values of the most sensitive energy of the

detectors are distributed at different energy levels, it is

suitable for characterizing neutrons belonging to a broad

energy range.

We thoroughly investigated the track number density of

the first (100 lm 6LiF), fourth (1 mm CH2), and seventh

(100 lm a-6LiF) detectors with normalized attenuation at

increasing depths in Al2O3/C, Mg corresponding to the

most sensitive energy peak positions, i.e., 0.01 eV,

14 MeV, and 1 keV, respectively. These results are shown

in Fig. 4. We found that the normalized value of the track

number density of the FNTD decreases with increasing

depth in the Al2O3/C, Mg material, regardless of the FNTD

being a normal structure or an albedo structure. The nor-

malized values of the track number density for 100 lm
6LiF are perfectly coincident with those corresponding to

the 100 lm a-6LiF, indicating that they have identical

attenuation coefficients. This is because the reaction

products of triton and alpha particles that penetrate the

Al2O3/C, Mg material are almost the same with respect to

their energy, angle, and momentum. The only difference is

the number of triton and alpha particles, which is caused by

the different number of neutrons. The normalized values of

detector 4 [1 mm (CH2)n] decrease slowly with increasing

depth. This occurs because the recoiled protons have

comparatively lower mass, and the stopping power is lower

than for triton or alpha particles. To measure the scanning

depth after passage of radiation, confocal microscopy was

used in the real experiment, and the parameter 1/e was

incorporated to characterize the extent of change in the

track number density. This parameter 1/e indicates the

depth at which the track density decreases to *37% of its

surface value, indicating that the sum of triton, alpha, and

proton particles decreases with increasing depth in Al2O3/

C, Mg materials and that the depth at which the sum par-

ticle density decreases to*37% compared to the surface is

the 1/e depth. This concept was introduced by Sykora [18].

Both the 100 lm 6LiF and the 100 lm a-6LiF have iden-

tical 1/e depth of 7.85 lm, likely due to the reaction

products having the same motion parameters. The 1/e depth

of 1 mm (CH2)n is 320 lm, as indicated in Fig. 4. A scan

depth lower than this value will be more suitable when

using the scanning confocal fluorescence imaging system

in real experiments.

For a better understanding of the characterization of the

track number density behind the converter, we studied the

1/e depth of detectors one, four, and seven under the

dosimetric material surface corresponding to each sensitive

energy range, as shown in Fig. 5. We found that the 1/e

depth behind 100 lm 6LiF exhibits little change with

varying neutron energy compared with (CH2)n, irrespective

of the structure being normal or albedo. Moreover, for

some particular energy, both have the same value. This can

be interpreted as indicating that although the number of

reaction products of neutron reacting with 6Li atom is

influenced by the neutron energy via the change in reaction

cross section, the energy of the nuclear reaction and the

motion state of the reaction products remain the same.

Therefore, the sum particles have approximately the same

attenuation coefficients in Al2O3/C, Mg material and even

have the same 1/e depth at some particular energy. The

secondary particles of neutron reacting with 6Li atoms are

alpha and triton particles. Other reaction products can be

ignored due to their low numbers. The 1/e depth behind the

(CH2)n increases with increasing energy of incident

Fig. 4 (Color online) Graphical

representation of the variation in

track number density of

detectors one, four, and seven

with increasing depth in the

Al2O3/C, Mg material. The

neutron energies are 0.01 eV,

14 MeV, and 1 keV,

respectively
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neutrons for values greater than 1 MeV. This result can be

explained by the fact that more recoiled protons escape

from a thick polyethylene converter with higher energies

and larger ranges in collisions with higher energy neutrons.

For incident neutron energies below 1 MeV, the energies

of the recoiled protons are very low and the range is

comparatively lower, while the 1/e depth is 3.3 lm for

1 MeV neutrons. As a result, most of them cannot escape

the converter, and the 1/e depth is negligible. We recom-

mend that the scanning depth in the real experiment be kept

below the 1/e depth of the FNTD.

3.2 Algorithm used for characterization of H*(10)

To assess the neutron personal dose using FNTD, we

need to establish the connection of the response M of the

FNTD with the neutron personal dose and model it with a

simple algorithm. An assessment of the dose of neutron

radiation received by the human body was performed using

the ambient dose equivalent H*(10). The transition coeffi-

cient data points for H*(10) of 30 energy points between

0.01 eV and 20 MeV were calculated using the linear

interpolation method and in accordance with the ICRP 74

report [27]. The relationship between M and H*(10) can be

expressed as follows:

M ¼ RU ð3Þ
H� 10ð Þ ¼ lU ð4Þ

From formulae (3) and (4), we obtain

M

H� 10ð Þ ¼
R

l
: ð5Þ

The parameter l is the conversion coefficient of neutron

fluence to the neutron ambient dose equivalent [H*(10)],

which is variable and changes with the neutron energy.

Generally, the R/l also changes with the neutron energy,

making it difficult to assess H*(10) using a simple algo-

rithm in the broad neutron energy radiation field. Opti-

mizing the response R by the multiplicative coefficient

makes the ratio R/l approximately constant at every

monoenergetic point. It is very convenient to assess H*(10)

based solely on the total response M, because it is not

necessary to measure the neutron energy spectrum advance

in this case. A single detector is sensitive to only a portion

of the neutron energy in the range 0.01 eV–20 MeV. To

obtain the neutron response for the entire range of energy,

we have to combine the responses from different detectors.

This is implemented by multiplying each of the responses

by a coefficient and summing them. We assume that the

fluence is the same for all components, which can be

achieved in a real experiment if the detector is located at a

sufficiently large distance from the source. The relation of

the different parameters can then be represented as follows:

Mtotal ¼ k1M1 þ k2M2 þ k3M3 þ k4M4 þ k6M6 þ k7M7

þ k8M8 þ k10M10;

ð6Þ

Rtotal ¼
Mtotal

U
¼ k1R1 þ k2R2 þ k3R3 þ k4R4 þ k6R6 þ k7R7

þ k8R8 þ k10R10; ð7Þ
Mtotal

H� 10ð Þ

¼k1R1þk2R2þk3R3þk4R4þk6R6þk7R7þk8R8þk10R10

l
:

ð8Þ

The indexes of coefficient (k), response (M), and

response density (R) are in accordance with the indexes of

FNTD detectors. In our case, the ratio R/l is a matrix of

dimension 30 9 8, and the unknown coefficient k is an

8 9 1 matrix. We build an overdetermined equation

Ak = C, keeping C as a constant matrix of dimension

30 9 1 with fixed value of 1. Thus, the least squares

solution of this overdetermined equation is the following:

k ¼ AT � A
� ��1

AT � C: ð9Þ

The optimized coefficients k of these detectors are listed in

Table 1.

Using the least squares method, we obtain the value of

the optimized coefficients k for all components. The

k value is low if the signal strength of one component is

very high, and the k value is high if the signal strength of

one component is very low. The purpose of the coefficients

k is to make Eqs. (7) and (8) approximately equal to 1 at

the 30 energy points between 0.01 eV and 20 MeV.

However, the negative values of k only compensate the

Fig. 5 (Color online) Plot of 1/e depth of the first, fourth, and seventh

detector in each respective sensitive energy range
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contribution of other components used for optimizing the

calculation.

3.3 H*(10) dose response of FNTD

We assessed the ability of the FNTD to characterize the

personal neutron dose using the surface track number

density of each detector divided by the H*(10)’s transition

coefficients l. The H*(10) response of each detector can be

obtained by using Eq. (5). The response of each detector

plotted versus the neutron energy in Fig. 6. For a clear

comparison of the dose response of all detectors in a single

figure, we scaled up the data of all the (CH2)n and albedo
6LiF detectors 600-fold and eightfold, respectively. From

Fig. 6, we can see that the dose responses of the 6LiF

converters are in accordance with their energy responses

and are sensitive to incident neutron energies lower than

about 10 eV. The dose response obtained using the (CH2)n
converter is mostly the same as the energy response shown

in Fig. 3, and both are sensitive to neutron energies greater

than about 1 MeV. However, there is a strong response

near 10 keV, which may be caused by the change in the

transition coefficient of H*(10). The highest discrepancy in

the dose response corresponds to the albedo 6LiF converter,

and it has been amplified in the same way as the energy

response. However, it has a significantly lower dose

response in low- and high-energy ranges, particularly in the

latter. This occurs because the transition coefficient of

H*(10) has a higher value at the high-energy range, which

is about 40-fold higher than that of the low-energy range.

The responses of the 10- and 100-lm albedo 6LiF con-

verters are very similar, so we can improve the detector by

using one thickness of albedo 6LiF converter rather than

both. The most sensitive energy range of these detectors is

distributed at different energy levels, which is suitable for

characterizing the broad energy range of personal neutron

doses.

By multiplying the ratio R/l with the track number

response coefficient (given in Table 1), we obtain the

optimum normalized dose response of H*(10) with two

valid digits, which is plotted against the neutron energy in

Fig. 7. The entire curve has a relatively flat response at

central and lower energy ranges and includes a part of the

high-energy range; the maximum and minimum responses

are 1.4 and 0.3, corresponding to the energies of 10 and

400 keV, respectively. The remaining values are bound

between these two values in the whole energy range, i.e.,

0.01 eV–20 MeV. For the portion of the response curve

that is relatively flat, the neutron energy ranges included

are 0.01 eV–70 keV and 4–14 MeV. These ranges are

constrained between 0.8 and 1.4, occupying nearly eight

out of nine energy levels. These properties are suitable for

characterizing the personal neutron dose. The neutron with

energy between 100 keV and 1 MeV has a comparatively

low dose response of H*(10), making its detection difficult.

However, only one out of nine energy levels (0.01 eV–

Table 1 Values of response coefficients k/105

k1 k2 k3 k4 k6 k7 k8 k10

Track number dose response 2.8 9 102 4.2 9 103 1.3 9 105 8.1 9 104 4.6 9 105 - 6.3 9 103 5.3 9 103 2.1 9 104

Track number energy response 1.3 9 101 5.8 9 101 1.4 9 103 2.3 9 102 2.8 9 102 1.8 9 102 1.9 9 102 - 1 9 102

Fig. 6 (Color online) Graphical

representation of the H*(10)

response characterized by the

surface track number density of

each detector as a function of

neutron energy
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20 MeV) is required. Generally, by combining the track

number density response of different detectors, we can

obtain an exceedingly good H*(10) response for broad

neutron energy spectra. The superior normalization of Rtotal

is also kept with two valid digits and is shown in Fig. 7.

This curve is comparatively flatter, and the values are

constrained within 0.89–1.1 for the broad neutron energy

spectra (0.01 eV–20 MeV). This indicates that we can

obtain accurate neutron fluence in the broad energy neutron

radiation range using our FNTD.

According to the simulation results of this paper, we

attempted to simplify the structure of the FNTDs to satisfy

the personal neutron dosimetry criterion in the best way

possible. We chose the detectors covered by converters

corresponding to 100 lm 6LiF, 1 mm 6LiF, 1 mm (CH2)n,

and 100 lm a-6LiF to redesign a new FNTD that has

nearly the same flat response at different neutron energy

ranges. Its overall size is reduced to 3.5 cm 9 5.5 cm 9

1 cm, and the structure is made of 10B-containing

polyethylene. There are six pieces of FNTD within it, each

having a size of 5 mm 9 4 mm 9 1 mm. The detectors

located at the front face are covered by 6LiF with thick-

nesses of 100 lm and 1 mm, respectively, polyethylene

(CH2)n of 1 mm thickness, and PTFE of 1 mm thickness.

The detectors located at the albedo part are covered by 6LiF

of 100 lm thickness and PTFE of 100 lm thickness. The

entire size of the new simplified structure is smaller, and

the structure is more convenient to use.

We used the track number density response of 100 lm
6LiF, 1 mm 6LiF, 1 mm (CH2)n, and 100 lm a-6LiF and

recalculated the optimized coefficients k. By multiplying

the R/l of these detectors, we obtained the superior nor-

malized H*(10) response and the Rtotal, as shown in Fig. 8.

The superior normalized value of H*(10) is constrained

between 0.11 and 1.4. It is mostly flat in the energy ranges

of 0.01 eV–70 keV and 4–14 MeV; however, in the range

from 100 keV to 1 MeV, the response is more undulating.

The superior normalized value of Rtotal is constrained

between 0.71 and 1.1, close to 1 and in accordance with the

normalized values shown in Fig. 7. These results indicate

that the simplified FNTD retains the basic characteristics of

all detectors.

4 Conclusion

The results of the simulation show that the FNTD

technology has a very high potential for application in

personal neutron dosimetry devices across the whole per-

sonal neutron dose monitoring energy range, i.e., from

0.01 eV to 20 MeV. We used the Geant4 toolkit to perform

the simulations presented in this work. By adjusting the

thicknesses of 6LiF and (CH2)n converter materials, we

designed the entire structure of the FNTD to optimize the

response energy range of the detected neutrons.

The energy response of the 100-lm 6LiF detector was

found to be superior for neutrons with energies lower than

10 eV, and the most sensitive energy point has a tendency

to increase with increasing thickness of 6LiF. However, the

response magnitude shows an opposite tendency. The

energy response of the (CH2)n converter was found to be

sensitive to high-energy neutrons, i.e., higher than 1 MeV,

and the most sensitive energy point and response magni-

tude increase with increasing thickness of (CH2)n. The

energy response of the albedo 100-lm 6LiF converter

results in a high and comparatively flat curve along the

entire energy range. The most sensitive energy points are

almost constant with increasing thickness of 6LiF and are

located at 1 keV. The responses of 10 lm a-6LiF and

100 lm a-6LiF have almost identical value along the entire

energy range; however, both are significantly higher than

those corresponding to 1 mm thick 6LiF. The most sensi-

tive energy points of these detectors are distributed across

different energy levels, which is suitable for characterizing

Fig. 7 Optimum normalized

response of H*(10) and Rtotal

characterized by the surface

track number density of FNTDs
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the broad spectrum neutron energy response. In the case of

the personal neutron dose response of FNTD, the responses

obtained using the 6LiF and (CH2)n converters are in

accordance with the response curve shapes of the energy

response. A significant discrepancy was found between the

dose response curve shape for the albedo 6LiF converter

and its energy response. At the high-energy range, the

value is significantly lower because the transition coeffi-

cient of H*(10) in the high-energy range is 40-fold higher

than in the low-energy range.

After building an overdetermined equation Ak = C, the

method of least squares was used to obtain the optimized

coefficients k of Mtotal/H
*(10) and Rtotal. The optimum

normalized response curve of H*(10) has a mostly flat

region at the lower and central portions of the energy range

and includes a portion of the high-energy range. The

maximum and minimum responses are 1.4 and 0.3, corre-

sponding to the 10 and 400 keV energy points, respec-

tively. The other values are constrained between these two

points in the entire energy range, i.e., 0.01 eV–20 MeV.

For the mostly flat portion of the response curve, the

neutron energy ranges include 0.01 eV–70 keV and

4–14 MeV, and the response values are constrained

between 0.8 with 1.4, occupying nearly eight out of the

nine energy levels in the range, making it appropriate for

characterizing the personal neutron dose. If the neutron

radiation field is deficient of neutrons in the energy range

of 100 keV–1 MeV, calculating the H*(10) using the

FNTDs will result in greater accuracy. The optimum nor-

malized response Rtotal is almost equal to 1, and all values

are constrained between 0.89 and 1.1. This is suitable for

obtaining accurate neutron fluences between 0.01 eV and

20 MeV using our FNTD.

The estimation of dose in the 0.1–1 MeV region may be

improved by measuring the neutron spectrum in this region

using the recoil proton method [28]. The track length of the

recoil proton corresponding to its energy combined with

the recoil angle can be used to obtain the incident neutron

energy. From the neutron spectrum, we can obtain H*(10)

of this underestimation region by multiplying the fluence

and dose conversion coefficients. This method will be

investigated in a future study. In the last part of the study,

we chose a detector with a typical response for various

energy ranges, redesigned a new simplified FNTD structure

with a smaller volume of 3.5 9 5.5 9 1 cm3, and inves-

tigated its energy and dose response. In future work, we

aim to improve the methods used for dose response char-

acterization further and also improve the miniaturization of

the FNTDs.
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