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Abstract In the present work, the excitation functions of

neutron reactions 6Li(n,p)6He, 9Be(n,a)6He, 12C(n,p)12B,
12C(n,a)9Be, 23Na(n,p)23Ne, 23Na(n,2n)22Na and 23Na(n,a)20F

produced by the incident neutrons were studied for the inves-

tigation of fusion structural materials. Tel et al. formulae (for

sodium isotopes), the codes ALICE–ASH and CEM03.01 (for

all nuclei) were employed for the obtaining of cross-sections.

In addition, hybrid model and geometry-dependent hybrid

model with pre-equilibrium emissions, and Weisskopf Ewing

model with the equilibrium emissions, and the cascade-exciton

model with cascade interactions were used to calculate the

excitations curves. The obtained results and Tendl-2011

library data were compared with the experimental literature

values. Finally it is to mention that the cross-section data

obtained may be useful for the safety design of future fusion

reactors.

Keywords ALICE–ASH code � Excitation curve �
Equilibrium emission � Fusion structural materials

Introduction

Data on the cross-sections for nuclear reactions produced

by the particles on different target nuclei are needed in

especially fusion and fission reactor applications, radiation

damage, medical physics, radionuclide production, dosim-

etry and other areas [1–3]. Particularly, neutron particles up

to excitation energies of 20 MeV have been widely utilised

in the research-development related to future fusion tech-

nology and fast reactors [4]. Nuclear fusion between many

applications is one of attractive long term energy sources

[5]. Around the world, fusion materials programs for

nuclear energy have very strong emphasis on structural

fusion materials research-development [6]. There are many

factors that must be considered in selection of the material

systems have potential for fusion reactor blanket, first wall,

and divertor, structural applications [5]. Furthermore, the

plasma facing components, such as divertor, first wall and

breeding blanket in the fusion reactors will be exposed to

the electromagnetic radiation and the plasma particles, and

will thus be suffered from irradiation by an intense fluence

of the high energy neutron particles. Indeed, the neutron

particles will induce the degradation of series properties of

the structural materials and result in residual radioactivity

of the materials exposed. Thereby the structural materials

of the fusion reactors must show high thermal stress

capacity, good compatibility with coolants, high perfor-

mance and the other materials, high reliability, long life-

time, easy fabrication, reasonable cost, adequate resources,

environmental behaviour and good safety. Finally struc-

tural materials are one of the key issues for the realization

of nuclear fusion energy [7, 8]. The excitation functions of

neutron-induced nuclear reactions on sodium (Na) are of

great importance because it is known to be a coolant

material for fast reactors [9]. Since their behaviour under

high heat flux deposition, incident particle bombardment

and plasma conditions is very different, the carbon fibre

composites and beryllium elements are seriously consid-

ered as only a few candidate materials for the plasma

facing components [10]. Since Flibe is an excellent atten-

uator of neutron particles and chemically very stable,

BeF2–2LiF (molten Flibe) is under consideration as a

coolant and blanket for the magnetic and inertial fusion
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systems [11]. The experimental data for excitation func-

tions of the some nuclear reactions induced by neutron

particle are not enough, and also the existing values for

other experimental excitation functions are in conflict with

each other. Thus, it is needed to use the nuclear model

calculations because they give a possibility to predict the

excitation functions to energy regions where there are few

or no experimental values [9]. Thereby, the model esti-

mations [equilibrium (EQ) and pre-equilibrium (PEQ)] can

play an important role to determine the maximum cross-

section of (n,x) nuclear reaction. Because of this impor-

tance, considerable efforts have thus been devoted to

development of nuclear codes. The cross-sections of some

nuclear reactions induced on Na nucleus were calculated

by the Arasoglu and Ozdemir [12] using the codes CEM95,

ALICE–ASH and PCROSS. Moreover, the cross-sections

of nuclear reactions induced by neutron particles can be

calculated in the framework of the code CEM03.01 [13]

and the empirical formulae by Tel et al. In this study, the

theoretical results [the empirical formulae by Tel et al.,

cascade-exciton model (CEM), geometry-dependent hybrid

model (GDHM), hybrid model (HM), Weisskopf Ewing

model (WEM) and Tendl] of cross-sections of Neutron-

Induced nuclear reactions on the structural materials

(Lithium, Beryllium, Carbon and Sodium) were presented

for neutron energies up to 30 MeV.

Methods for Excitation Function Calculations

Hitherto, a variety of nuclear models and systematics have

been used to calculate the cross-sections of the neutron-

induced reactions. Tel et al. systematics [14, 15], Tendl-2011

library [16], CEM, equilibrium WEM, pre-equilibrium HM

and GDHM have been used to obtain the excitation functions

of the (n,x) nuclear reactions. The ALICE–ASH cross-section

calculations have been done with nuclear level density

parameter a = A/11. The results of the theoretical calcula-

tions and experimental data from taken EXFOR [17] were

shown in Figs. 1, 2, 3, 4, 5, 6 and 7.

Weisskopf Ewing Model (WEM)

Compound nuclear processes for nuclear reaction dominate

in the energy region below 10 MeV. In addition, the

equilibrium particle emission is given by the WEM for-

malism [18] which does not take angular moment conser-

vation into account. The WEM cross-section for incident

channel a and exit channel b can be written in the fol-

lowing form,

rWE
ab ¼ rab Eincð ÞCb

.P
b
0 Cb

0 ð1Þ

Here the term Einc denotes incident particle energy. In

above formula, the emission probability,

Cb ¼
2sb þ 1

p2�h2
lb

Z
d 2 rinv

b ðeÞe
x1ðUÞ
x1ðEÞ

ð2Þ

Here the term sb corresponds to the spin of the outgoing

particle from equilibrium nucleus, the term U denotes the

excitation energy of residual nucleus, the term lb repre-

sents the reduced mass of the outgoing particle and the total

single-particle level density is taken as below,
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Fig. 1 Cross-sections of
6Li(n,p)6He nuclear reaction

calculated by the codes

CEM03.01 (CEM), ALICE–

ASH (HM, GDHM and WEM),

TALYS (Tendl database) and

experimental data published by

Barry [25] and Frye Jr. [26]
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x1 Eð Þ ¼ 1ffiffiffiffiffi
48
p exp 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aðE � DÞ

p� �
E � D

; a ¼ 6

p2
g ð3Þ

Here the term rinv
b represents the inverse reaction cross-

section, the term g is the single-particle level density, the

term D is the pairing energy and E is the excitation energy

of the equilibrium nucleus [18, 19].

Hybrid Model (HM)

The HM which was first put forward by Blann, describes

the pre-equilibrium nuclear reaction mechanism [20, 21].

drtðeÞ
de

¼ rR PtðeÞ ð4Þ

PtðeÞde ¼
X�n

n¼ n 0

Dn¼þ2

nvt Nnðe;UÞ=NnðEÞ½ � gm de kcðeÞ=ðkcðeÞ½

þkþðeÞÞ�Dn ð5Þ

Here, the nvt denotes the exciton number of m type nucleon

for a given total exciton state n. The term rR is the cross-

section of the nuclear reaction. Also, the factor Pt(e)de
corresponds to the nucleon number of the m type emitted

into the unbound continuum with channel energy between e
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Fig. 2 Cross-sections of
9Be(n,a)6He nuclear reaction

calculated by the codes

CEM03.01 (CEM), ALICE–

ASH (HM, GDHM and WEM),

TALYS (Tendl database) and

experimental data published by

Bass et al. [27], Stelson and

Campbell [28], Vasil‘ev et al.

[29], Myachkova and Perelygin

[30]
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Fig. 3 Cross-sections of
12C(n,p)12B nuclear reaction

calculated by the codes

CEM03.01 (CEM), ALICE–

ASH (HM, GDHM and WEM),

TALYS (Tendl database) and

experimental data published by

Rimmer and Fisher [31],

Ablesimov et al. [32] and Bobyr

et al. [33]
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and e ? de. The term Nn(E) denotes the nucleon–nucleon

scattering energy partition function, and the term gm rep-

resents the single-particle level density for nucleon of the m
type. In the equal, the term k?(e) is the intra-nuclear

transition rate for particles and the term kc(e) for particles

with ‘‘e’’ channel energy represents continuum emission

rate. The term Dn is a depletion factor, which corresponds

to the average fraction of the initial population surviving to

the exciton number being treated. U (residual nucleus

excitation energy) is equal to ‘‘E-Bm-e’’. Also the term Bm

corresponds to the binding energy of nucleon of the m type,

and term E represents the excitation energy of composite

system [19].

Geometry-Dependent Hybrid Model (GDHM)

The GDHM is a version of the HM, in which the nuclear

geometry effects are considering [22]. The differential

emission spectrum in the GDHM is calculated in the fol-

lowing form,

ð6Þ

Here the term T‘ corresponds to the transmission co-effi-

cient for the ‘th partial wave, and the term represents the

reduced de-Broglie wavelength of the projectile particle.

Also the term Pt(‘, e) denotes the decay probability at exit

channel energy [19, 22].

Cascade Exciton Model (CEM)

The CEM assumes that the reactions consist of stages as

intra-nuclear cascade, equilibrium and pre-equilibrium.

According to this model, the bombarding particle strikes a

nucleon in the target nucleus and then the intra-nuclear

cascade stage begins. Generally, these processes may

contribute to any measured experimental quantity [23, 24]

rðpÞdp ¼ rin NcasðpÞ þ NprqðpÞ þ NeqðpÞ½ �dp; ð7Þ

In above formula, the term p denotes linear momentum.

The term N defines the total particle number and the term

rin is inelastic cross-section calculated by the cascade

model [13].

Tendl-2011

Tendl (TALYS-based evaluated nuclear data library) is a

nuclear data library that provides the output of the TALYS

computer code for direct use in both basic physics and

applications with some modifications. The fourth version is

Tendl-2011 which is based on both the default and the

adjusted TALYS calculations and the data from other

sources [16].

(n,p), (n,2n) and (n,a) Empirical Cross-Section

Formulae at 14–15 MeV

The empirical formulae include generally the exponential

dependence on cross-section of the nucleon number in

target nuclei. The systematics and reaction mechanisms the

of (n,2n), (n,p) and (n,a) cross-sections of the nuclear

reactions produced by neutron particles have been subject

of the continuous interest in neutron physics. The (n,2n),

(n,p) and (n,a) formulae by the Tel et al. [14, 15] at

14–15 MeV projectile neutron energy have been given as

follows (in mb),

ln rn;2n ¼ 7:43 1� 1:71 exp �24:99 sð Þ½ � ð8Þ

rn;p ¼ 14:56ðA1=3 þ 1Þ2 exp �26:58s½ � ð9Þ

rn;a ¼ 16:15ðA1=3 þ 1Þ2 exp �33:01 s½ � ð10Þ

Here term s = (N-Z)/A is asymmetry parameter.

Results

6Li(n,p)6He Reaction

The calculated cross-sections (WEM, HM, CEM and

GDHM), Tendl-2011 and experimental data for the
6Li(n,p) reaction are plotted in Fig. 1. For 6Li(n,p)6He

reaction, TALYS-based Tendl-2011 cross-section data are

in good agreement with the existing experimental data

reported by Barry [25] and Frye Jr. [26]. Additionally,

Tendl data for 6Li(n,p) reaction produced by neutrons

shows a maximum of 35.8 mb at about 4.2 MeV. As seen

in Fig. 1, the HM, GDHM and WEM estimations with the

code ALICE are appreciably lower than the other cross-

section values. On the other hand CEM calculations with

the code CEM03.01 are higher than equilibrium and pre-

equilibrium model calculations with the code ALICE/ASH

for considered nuclear reaction.

9Be(n,a)6He Reaction

The theoretical and experimental excitation function curves

for 9Be(n,a)6He nuclear reaction are shown in Fig. 2 at the

investigated energy region. The code TALYS (Tendl-2011)

cross-sections are in good agreement with the results of

Bass et al. [27], Stelson and Campbell [28], Vasil‘ev et al.

[29], Myachkova and Perelygin [30] published in the lit-

erature. It appears that the excitation function curves

(Tendl and ALICE–ASH) reach the maximum cross-sec-

tion data at 2.5–4.5 MeV. The ALICE calculations (EQ

and PEQ) give lower data than both theoretical (Tendl and

CEM) and the experiment results. The CEM with cascade
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interactions give higher values than the experimental data

the energy range studied.

12C(n,p)12B Reaction

Calculated excitation function curves together with the

cross-section data published by Rimmer and Fisher [31],

Ablesimov et al. [32] and Bobyr et al. [33] for reaction
12C(n,p)12B are presented, as shown in Fig. 3. The

considered reaction is energetically possible above 14 MeV.

It appears that excitation function results reported by Bobyr

et al. [33] have higher values than the other cross-sections.

The experimental data of Ablesimov et al. [32], and Rimmer

and Fisher [31] give good agreement with ALICE–ASH

calculations at low energies. The excitation function result

of the CEM calculations with CEM03.01 code is disparate

from other cross-section data. Generally Tendl results with

the code TALYS are lower than EQ and PEQ model cal-

culations with the code ALICE–ASH.
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Fig. 4 Cross-sections of
12C(n,a)9Be nuclear reaction

calculated by the codes

CEM03.01 (CEM), ALICE–

ASH (HM, GDHM and WEM),

TALYS (Tendl database) and

experimental data published by

Stevens [34]
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Fig. 5 Cross-sections of
23Na(n,2n)22Na nuclear reaction

calculated by the codes

CEM03.01 (CEM), ALICE–

ASH (HM, GDHM and WEM),

TALYS (Tendl database), Tel

et al. [15] empirical formula and

experimental data published by

Uwamino et al. [35], Menlove

et al. [36], Sakuma et al. [37],

and Soewarsono et al. [38]
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12C(n,a)9Be Reaction

In Fig. 4, the measured data of Stevens [34] together with

the results of theoretical calculations are illustrated

graphically as a function of the bombarding neutron

energy. It seems that the results of theoretical calculation

taken from the Tendl database are consistent with the

cross-section data reported by Stevens [34]. Also the

magnitude of cross-section results of CEM with the

CEM03.01 code agrees generally with the measured data of

Stevens [34] for the investigated reaction. Cross-section

results from the WEM, HM and GDHM with the code

ALICE are low values while the Tendl results show gen-

erally high data in the studied energy range. The maximum

position of excitation curve by the ALICE code (WEM) is

78.8 mb (En = 12 MeV).

23Na(n,2n)22Na Reaction

The cross-sections of the 23Na(n,2n)22Na reaction induced

by neutrons are shown in Fig. 5 and Table 1. There is a

good agreement between the Tendl library and the mea-

sured cross-sections presented by Uwamino et al. [35],

Menlove et al. [36], Sakuma et al. [37], and Soewarsono

et al. [38]. Particularly, the calculated (n,2n) cross-section

using the empirical formula by the Tel et al. [15] at

14–15 MeV incident energy for the this reaction gives

nearly same results with the measured data of Uwamino

et al. [35]. It should be noted the excitation function results

calculated by ALICE code (WEM, HM and GDHM) have

higher values than the other cross-sections. Additionally

the calculated and measured maximum values of excitation

curves are not clear for this reaction at the investigated

energy region.

23Na(n,p)23Ne Reaction

The experimental data and the theoretical cross-section

data for 23Na(n,p)23Ne reaction are presented in Fig. 6 and

Table 1. Generally, the Tendl data are in good agreement

with the excitation curves reported by the authors

Weigmann et al. [39], Williamson [40], Picard and

Table 1 Comparison of the theoretical and experimental cross-sections (in mb) of 23Na(n,p)23Ne, 23Na(n,2n)22Na and 23Na(n,a)20F nuclear

reactions at 14–15 MeV projectile energy

Reaction WEM HM GDHM CEM Tendl Tel et al. formulae Experimental results

23Na(n,2n) 81.17 68.2 62.8 3.37 27.8 23.18 27.84
23Na(n,p) 37.6 46.9 57.7 39.99 45.61 67.73 43
23Na(n,a) 161.2 126.4 108.4 43 112.204 56.8 83.3
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Fig. 6 Cross-sections of
23Na(n,p)23Ne nuclear reaction

calculated by the codes

CEM03.01 (CEM), ALICE–

ASH (HM, GDHM and WEM),

TALYS (Tendl database), Tel

et al. [14] empirical formula and

experimental data published by

Weigmann et al. [39],

Williamson [40], Picard and

Williamson [41], and Fessler

et al. [42]
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Williamson [41], and Fessler et al. [42]. The code ALICE–

ASH (GDHM) predicted the maximum cross-section to be

about 81.7 mb at 11 MeV. It should be noted the CEM

cross-section calculation results using the code CEM03.01

gives quite different the structure and magnitude of the

excitation curve for the 23Na(n,p)23Ne nuclear reaction.

The obtained cross-section value using the empirical for-

mula by the Tel et al. [14] at 14–15 MeV incident neutron

energy for the considered (n,p) reaction is in good agree-

ment with the measured data and the model predictions.

23Na(n,a)20F Reaction

Table 1 and Fig. 7 show the theoretical calculations and

the experimental results taken from the literature for
23Na(n,a)20F reaction. The ALICE–ASH (WEM, HM and

GDHM) and TALYS (Tendl-2011) results are very close

with the measured cross-sections published by Bostan and

Gültekin [43], Fessler et al. [42], Weigmann et al. [39], and

Picard and Williamson [41] for the studied nuclear reac-

tion. Good agreement was found between the CEM and the

other calculations in 18–30 MeV energy range. Especially,

the calculated cross-section data using the empirical for-

mula by the Tel et al. [15] at 14–15 MeV incident neutron

energy for the investigated reaction agrees well with the

measured data of Bostan and Gültekin [43] and the CEM

results. The theoretically cross-section results for studied

(n,a) nuclear reaction appear to give maximum data about

incident neutron energy 10–15 MeV. The maximum posi-

tion of excitation curve by the ALICE code (WEM) is

161.2 mb (En = 15 MeV).

Conclusions

Theoretical calculations have been carried out and com-

parison with experimental literature cross-section data on

structural materials was performed. Generally, Tel et al.

cross-section systematic results for neutron-induced reac-

tions on Na isotopes give a successful prediction of the

experimental literature data. The HM and GDHM give

approximately the same results for considered reactions on

the structural materials at investigated energy region.

Generally, the shape of the excitation functions obtained

with the CEM does not follow the trend of the experimental

data. The cross-section results of the TALYS code calcu-

lations taken from the Tendl-2011 library are in good

agreement with the literature measurements except the
12C(n,p)12B nuclear reaction. Here it is to mention that the

cross-section data obtained may be useful for the safety

design of future fusion reactors.
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