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Abstract
A 20 MeV electron Linac based neutron beam has been shaped for neutron activation analysis (NAA) technique. A beam

shaping assembly (BSA) has been simulated using MCNPX2.6 code to increase the thermal neutron flux and decrease the

epithermal and fast neutrons as much as possible at the beam port for NAA facility. Final BSA containing 1.5 cm tungsten

as photoneutron target, 7 cm BeD2 and 4 cm polyethylen as moderators surrounded by BeO as reflector as well as 6 cm PE

as collimator layer provides 1.67 9 1010 (n/cm2 mA) at the beam port. The results of final configuration show that the

proposed system leads to increasing of thermal to epithermal and thermal to fast neutron flux up to approximately 5.29,

6.22, respectively.
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Introduction

Neutron Activation Analysis (NAA) is a powerful nonde-

structive, fast and precise technique [1–3] compared to the

other methods for elemental analysis in materials [4–7].

This technique is extensively applied in industrial manu-

facturing, environmental evaluating and medical applica-

tions [1–3, 7, 8]. In this technique, the energy and intensity

of the gamma rays emitted through thermal neutron capture

reaction leads to identification of the majority of elements

due to the large thermal neutron capture cross sections as

well as determination of their concentrations [9].

Neutron sources utilized in analysis based on neutron

activation are nuclear reactors, isotopic sources of 241Am/

Be and 252Cf, accelerators and neutron generators based on

deuterium–deuterium (D–D) and deuterium–tritium (D–T)

fusion reactions [10, 11]. Among these neutron sources,

electron linear accelerators (Linacs) can be considered as a

favorable option to produce photoneutrons for medical and

industrial applications such as NAA [12, 13].

For NAA technique based on the thermal neutron cap-

ture reaction, a high thermal neutron flux provided by a

suitable NAA setup will be required. Therefore, the fast

neutron sources must be surrounded by Beam Shaping

Assembly (BSA) containing composite of materials (CM)

with proper compositions and thicknesses to achieve

maximum thermal neutron flux while minimum epithermal

and fast neutron fluxes at the output beam.

The aim of this work is to design a thermal neutron

activation analysis setup containing composite of materials

to generate the maximum thermal neutron flux along with

minimum epithermal and fast neutron fluxes and to satisfy

the thermalization criteria at the output beam. Following

this purpose, fast neutrons produced by 20 MeV electron

Linac and a 1.5 cm tungsten photoneutron target, have

been thermalized by using a CM with optimized thick-

nesses and compositions. To achieve the neutron spectrum

with high thermal neutron flux and minimized non-thermal

portion, some parameters have been defined as criteria

following recent works [14, 15], and BSA has been pro-

posed to satisfy these criteria. The Monte Carlo N-Particle

(MCNPX2.6) transport code has been used for optimiza-

tion process. It is noted that all simulations in this work

have been performed with (\ 5 9 10-3) relative error and

calculated by the F2 tally in energy bins: thermal

(\ 10-6 MeV), epithermal (10-6–10-2 MeV) and fast (up
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to 20 MeV) neutrons, as well as, using cross sections from

ENDF/B-VI Release 8 Photoatomic Data (mcplib) and

Photonuclear Data from ENDF7u library.

Materials and methods

Electron–photoneutron source

Neutron producing based on electron–photon and pho-

toneutron process is related to (e, c) and (c, n) reactions,
respectively. Electrons emitted from Linac impinge on the

target and lose their kinetic energy due to the effect of

electric field of the target nucleus. Following this process,

continuous X-ray spectrum or bremsstrahlung radiation

will be produced [16]. Photoneutron reaction occurs when

the energy of the incident photons is higher than the

threshold energy of the (c, n) reaction. The threshold

energy is variable in different target. It is 7–8 and

16–18 MeV for high-Z materials (W, Pb, Fe) and low-Z

elements (C, O), respectively, except for Be and D (1.67

and 2.23 MeV, respectively) [17]. On the other hand, high-

Z materials have larger (c, n) cross sections than those of

light elements. The photoneutron energy is calculated as

follow [18]:

En ¼
M � 1

M
Ec � Eth �

E2
c

2mnc2ðM � 1Þ

" #

þ Ec
2ðM � 1ÞðEc � EthÞ

mnc2M3

� �1=2
cos h ð1Þ

where M is the atomic mass number of target, Ec is the

photon energy (MeV), Eth is the (c, n) reaction threshold

(MeV) and h is the angle between incident photon and

neutron emission direction. According to the second part of

this equation, by increasing atomic mass number of target,

En varies slowly, therefore, the first part will be effective

for large atomic mass number.

Here, a 20 MeV electron linear accelerator has been

considered as an electron source. The electron–photon and

photoneutron targets have been considered due to their

high atomic number, low (c, n) reaction threshold energy

and high (c, n) cross section.

Design of beam shaping assembly

To thermalize the fast neutrons emitted from photoneutron

source and to obtain maximum thermal neutron flux at the

beam port, a set of CM, containing moderator, reflector and

collimator with different thicknesses and radiuses in

cylindrical shape have been considered around the neutron

source. Following some recent works [14, 15], the criterion

K has been considered as the CM thermalization efficiency,

K = Uth
2 /Utotal (n/cm

2 mA), where Uth is the thermal neu-

tron flux and Utotal is the total neutron flux at the beam port.

As our optimization process is based on having maximum

thermal neutron flux, while minimum epithermal and fast

neutrons, the greater value of K means the better neutron

beam is provided for NAA application.

In addition, to achieve the highest thermal neutron flux

while minimum epithermal and fast neutron fluxes as much

as possible, the following completed criteria have been

defined [15]: C2 = Uth/Uepi, C3 = Uth/Ufast and C4 = Uth/

U(epi ? fast), where Ufast and Uepi are the fast and epithermal

neutron flux at the beam port, respectively.

Results and discussion

Electron beam produced by Linac head with 20 MeV

energy impinges on center of an electron–photon and

photoneutron target after passing through a cylindrical air

hole with 5 mm in radius and 40 cm in thickness. For

electron–photon and photoneutron target, following previ-

ous works [19], tungsten (W) in spherical shape has been

selected as a proper (e, c) and (c, n) converter. Tungsten

Table 1 The properties of

materials utilized in simulations

as air, electron–photon and

photoneutron target,

moderators, reflector and

collimators

Materials Density (g/cm3) Isotopes (%)

Air 0.001293 14N (75.52), 16O (23.18), 1H (14.37), 40Ar (1.29)

Tungesten (W) 19.254 182W (26.16), 183W (14.20), 184W (30.58), 186W (28.95)

Polyethylen (PE) 0.9581 12C (85.63), 1H (14.37)

Beryllium oxide (BeO) 3.01 9Be (36.04), 16O (63.94)

Beryllium deutrium (BeD2) 0.765 9Be (66.00), 2D (34.00)

Teflon (CF2) 2.25 19F (76.00), 12C (24.00)

Heavy water (D2O) 1.11 2D (20.00), 16O (80.00)

Aluminum oxide (Al2O3) 3.96 16O (28.32), 27Al (71.67)

Fluental 3.00 27Al (52.18), 19F (47.56), 7Li (0.26)

Graphite 2.267 12C (100)

Plexiglas 1.18 12C (59.99), 16O (31.96), 1H (8.05)
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has high atomic number, (c, n) reaction threshold energy

about 6–8 MeV and high (c, n) cross section (about

400–700 mb) [20]. In addition to the material, its thickness

is also of high importance in neutron yield. While tungsten

with the optimized radius of 6 cm has been selected as a

photoneutron target in BNCT [19], it would not optimized

for other purposes, e.g. NAA. It is due to the different

criteria recommended for each application. Optimizing the

radius of tungsten is therefore vital in this work.

The optimized radius has been chosen through a large

number of simulations for criterion K corresponding to

different thicknesses of materials mentioned in Table 1

surronded the spherical tungesten (see Fig. 1 as the sche-

matic view of initial beam shaping assembly). Some of the

obtained results are shown in Fig. 2. In all simulations,

BeO has been selected as the most appropriate reflector

considering the results of a set of simulations in our pre-

vious works. According to the results, the radius of 1.5 cm

tungesten leads to the maximum value of K. Also, the

optimized radius and thickness of BeO in cylindrical shape

have been obtained 32 cm and (41 ? a) cm, respectively.

The ‘a’ thickness is variable due to different thicknesses of

moderators employed around and in front of Was shown in

Fig. 1.

In order to meet the higher values of criterion K, using

materials as moderators in BSA has been proposed. This

cell in cylindrical shape surrounds around of W and in front

of it. Different thicknesses of this cell (‘a’ in Fig. 1) have

been tested for better value of K. The results can be seen in

Fig. 3.

Obviously, PE, Plexiglas, BeD2 and D2O lead to the

higher values of K compared to others. It can be justified

Fig. 1 Schematic view of initial Beam Shaping Assembly contacting

cylindrical moderators, reflector as well as spherical electron–photon

and photoneutron target

Fig. 2 The criterion K for different radius of W surrounded by

(a) BeD2 and (b) PE. The horizental axis is the thickness of BeD2 and

PE around and in front of W

Fig. 3 Criterion K for different materials as moderators in Fig. 1
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considering the high elastic scattering cross section in the

region of fast and epithermal energies ([ 1 barn) for these

materials, and low thermal neutron capture cross section

(\ 10-2 barn) as well.

Although the results exhibit that maximum value of the

criterion K corresponds to PE with 4 cm thickness, how-

ever different arrangements of the four mentioned materi-

als as the first and the second moderator have been tested.

The results, reported in Table 2, show that 4 cm of

BeD2 (a = 4 cm in Fig. 1) followed by 4 cm PE provides

the maximum value of K. It is due to the lower pho-

toneutron threshold energy of Be (1.67 MeV) and D

(2.23 MeV). Therefore, the second moderator, PE, shifts-

down the energy of fast and epithermal neutrons produced

from BeD2 in (c, n) reaction, according to Eq. 1. Thermal

neutron flux, C2, C3 and C4 for this optimized configuration

Fig. 4 The final BSA as the optimized configuration

Fig. 5 The criteria (a) K, (b) C2, (c) C3 and (d) C4 as a function of different thicknesses of collimators in front of the optimized BSA
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is 9.90 9 109 (n/cm2 mA), 2.88, 2.83 and 1.43,

respectively.

To remove the remained epithermal and fast neutrons as

much as possible, which simultaneously increases the

values of the criteria K, C2, C3 and C4 at the beam port, a

collimator has been employed surrounding the conical cell

containing air in front of the optimized CM, as shown in

Fig. 4. The results at the beam port of such configuration

with 10 cm in diameter for different thicknesses of colli-

mator are presented in Fig. 5. According to these results,

the maximum value of the criterion K is 1.24 9 1010 (n/

cm2 mA) which corresponds to 6 cm of PE. Also, the

values of the criteria C2, C3 and C4, as well as the thermal

neutron flux for the final configuration (See Fig. 4) are

5.29, 6.22, 2.86 and 1.67 9 1010 (n/cm2 mA), respectively.

The neutron spectrum at the output beam has been shown

in Fig. 6.

The mentioned criteria for the final BSA are reported in

Table 3. Moreover, this Table compares the results of the

criteria with those of the publised work for a configuration

designed based on a D–T neutron generator [15]. Also, the

comparition with recent published works will devote to

design NAA systems to generate high thermal neutron

fluxes based on reactor and D–D neutron generator which

met the values of 3–5 9 107 (n/cm2 s) [21] and

3.08 9 106 (n/cm2 s) [7], respectively. The beam designed

in the present work, not only satisfies the thermalization

criteria corresponding to the final simulated BSA, but also

produces high thermal neutron flux of 1.67 9 1010

n/cm2 mA. According to the results, the final BSA with a

20 MeV electron linear accelerator exhibits the potential to

be used for NAA.

Conclusions

The purpose of this simulation study was to design a

thermal neutron activation analysis setup to produce the

maximum thermal neutron flux along with minimum

epithermal and fast neutron contribution for use in NAA

technique. The neutron beam has been designed based on

a 20 MeV Linac irradiated on tungsten as both electron

and photoneutron target. A set of CM have been proposed

to thermalize the initial fast neutrons emitted from the

tungsten target. The simulated configurations have been

assessed with K, C2, C3 and C4 as thermalization criteria.

The optimized BSA includes a tungsten sphere with

1.5 cm in radius as photoneutron target as well as 7 cm of

BeD2 and 4 cm of PE as moderators surrounded by 49 cm

of BeO as reflector. This design has been accomplished

with 6 cm of PE as the beam collimator which concur-

rently improves the calculated values for the thermaliza-

tion criteria. The beam corresponding to the final

configuration generates thermal neutron flux of

1.67 9 1010 (n/cm2 mA). Moreover, K, C2, C3 and C4

have been estimated about 1.24 9 1010 (n/cm2 mA), 5.29,

6.22 and 2.86, respectively. Due to the high thermal

neutron flux and satisfying the thermalization criteria, the

final configuration shows the potential to be an appro-

priate candidate for NAA.
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15. Uhlár R, Kadulová M, Alexa P, Pistora J (2014) A new reflector

structure for facility thermalizing D-T neutrons. J Radioanal Nucl

Chem 300(2):809–818

16. Burlon AA, Kreiner AJ, Valda AA, Minsky DM, Somacal HR,

Debray ME, Stoliar P (2005) Optimization of a neutron produc-

tion target and a beam shaping assembly based on the 7Li(p,

n)7Be reaction for BNCT. Nucl Instrum Methods Phys Res Sec

B. 229:144–156

17. Ongaro C, Zanini A, Nastasi U, Ródenas J, Ottaviano G, Man-
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