
ORIGINAL RESEARCH

Calculations of Proton Emission Cross Sections in Deuteron
Induced Reactions of Some Fusion Structural Materials
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Abstract The growing demands for energy consumption

have led to the increase of the research and development

activities on new energy sources. Fusion energy has the

highest potential to become a very safe, clean and abundant

energy source for the future. To get energy from fusion are

needed for development of fusion reactor technology.

Particularly, the design and development of international

facilities as International Thermonuclear Experimental

Reactor and International Fusion Material Irradiation

Facility requires for the cross-section data of deuteron

induced reactions. Moreover, the selection of fusion

structural materials are an indispensable component for this

technology. Therefore, the cross-section data of deuteron

induced reactions on fusion structural materials are of great

importance for development of fusion reactor technology.

In this study, reaction model calculations of the cross

sections of deuteron induced reactions on structural fusion

materials such as 27Al, 59Co, 55Mn, 50Cr, 54Cr, 64Ni, 109Ag,
184W and 186W have been carried out for incident energies

up to 50 MeV. In these calculations, the pre-equilibrium

and equilibrium effects for (d,p) stripping reactions have

been investigated. The pre-equilibrium calculations involve

the new evaluated the geometry dependent hybrid model

and hybrid model. Equilibrium effects are calculated

according to the Weisskopf-Ewing model. In the calcula-

tions the program code ALICE/ASH was used. The cal-

culated results are discussed and compared with the

experimental data taken from the literature.

Keywords (d,p) Cross-section � Fusion structural

materials � Pre-equilibrium models

Introduction

Nuclear fusion has great potential as a sustainable energy

source. Moreover, it can be one of the most attractive

sources of energy from the viewpoint of safety and

minimal environmental impact. There is an essentially

unlimited fuel supply, deuterium from the ocean and tri-

tium from transmutation of lithium using neutrons pro-

duced in the D–T fusion reaction. Fusion will not

contribute to global warming, acid rain or other forms air

pollution since it will not produce SO2 or CO2 [1].

Additionally, there are not radioactive nuclear waste

problems in the fusion reactors. In the fusion–fission

hybrid reactor, tritium self-sufficiency must be maintained

for a commercial power plant. For self-sustaining (D–T)

fusion driver tritium breeding ratio should be greater than

1.05 [2–5]. Fusion powered electricity generation was

initially believed to be readily achievable, as fission

power had been. However, the extreme requirements for

continuous reactions and plasma containment led to pro-

jections being extended by several decades. In 2010, more

than 60 years after the first attempts, commercial power

production is still believed to be unlikely before 2050.

Moreover, the success of fusion reactors is seriously

dependent on performance, lifetime of the first wall,

M. Yiğit (&)

Department of Physics, Faculty of Arts and Science, Aksaray

University, Aksaray, Turkey

e-mail: mustafayigit@aksaray.edu.tr

E. Tel

Department of Physics, Faculty of Arts and Science, Osmaniye

Korkut Ata University, Osmaniye, Turkey

G. Tanır
Department of Physics, Faculty of Arts and Science, Gazi

University, Ankara, Turkey

123

J Fusion Energ (2013) 32:317–321

DOI 10.1007/s10894-012-9569-6



blanket or divertor systems. The performance and design

of these components for fusion reactor are dependent on

the properties of the structural materials. Thus, the

selection of structural materials is one of the most

important issues of fusion technology [6–8]. Aluminum

(Al), Cobalt (C), Manganese (Mn), Chromium (Cr),

Nickel (Ni), Silver (Ag) and Wolfram (W) containing

alloys are important structural materials for fusion reac-

tors. Aluminum is among the most appealing materials for

fusion reactors due to its high strength to weight ratio and

relatively low activation rate [9]. Wolfram is more pref-

erable in future breeders due to low activation property.

Nickel alloys play an important part in maintaining the

resistance and long term performance of fusion reactors.

And also, they are required for the fusion chamber.

Cobalt-based alloys are used as structural materials for

fusion reactors due to the high strength and hardness

properties. Manganese and chromium steels are important

structural materials as low activation materials for fusion

reactors [10].

The nuclear cross sections data for gas production via

particle (neutron, proton, alpha, deuteron, etc.) induced

reactions are great importance in the domain in the fusion

reactor technology. In fusion reactor structures, a serious

damage mechanism has been gas production in the metallic

resulting from diverse nuclear reactions, mainly through

(n,p) and (n,a), (n,d), (n,t) and to some extent through (p,n),

(p,p), (p,a), (a,n), (d,p) reactions above a certain threshold

energy. The hydrogen isotopes will diffuse out of the

metallic lattice under high operation temperatures. Espe-

cially, the deuteron induced reactions can be complexity

due to small binding energy and large average separation of

the deuteron consists of one proton and one neutron. The

cross section data for deuteron induced reactions are

scarce, so that improved model calculations are needed.

This cross section data can reduce engineering over design

costs. It can lead to design of the target blanket configu-

rations. And also, design and development of international

facilities as International Thermonuclear Experimental

Reactor (ITER) and International Fusion Material Irradia-

tion Facility (IFMIF) requires for the cross-section data of

deuteron induced reactions [11–13].

This work aims to provide the cross section of some

nuclear reactions induced by deuterons with incident

energies up to 50 MeV. 27Al, 59Co, 55Mn, 50Cr, 54Cr, 64Ni,
109Ag, 184W and 186W target nuclei are investigated for

(d,p) reactions. The pre-equilibrium results were newly

calculated by using the hybrid model and the geometry

dependent hybrid (GDH) model [14]. The reaction equi-

librium component was calculated with a traditional com-

pound nucleus model developed by Weisskopf-Ewing

(WE) [15]. The calculated results have been discussed and

compared with the available measurements in literature.

Equilibrium Model Calculations

It is known that in the energy region below 10 MeV,

compound nuclear processes dominate. The equilibrium

particle emission is described by the Weisskopf-Ewing

(WE) Model [15] in which angular momentum conserva-

tion is neglected. In the process, the basic parameters are

binding energies, inverse reaction cross-section, the pairing

and the level-density parameters. The reaction cross-sec-

tion for incident channel a and exit channel b can be

written as;

rWE
ab ¼ rabðEincÞ

CbP
b0 Cb0

ð1Þ

where Einc is incident energy, Cb ¼ 2sb þ 1

p2 �h2 lb

R
de rinv

b

ðe Þ e x1ðUÞ
x1ðEÞ, U is the excitation energy of the residual

nucleus, sb is the spin, lb is reduced mass and the total

single-particle level density is taken as,

x1ðEÞ ¼
1
ffiffiffiffiffi
48
p exp 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a ðE � DÞ

p� �

E � D
; a ¼ 6

p2
g ð2Þ

where rb
inv is the inverse reaction cross-section, D is the

pairing energy, g is the single particle level density and E is

the excitation energy of the compound nucleus.

Pre-Compound Hybrid and Geometry Dependent

Hybrid Model Calculations

The mechanism of a nuclear reaction depends on the

energy of incident particle. Pre-equilibrium processes play

a significant role in nuclear reactions induced by light

projectiles with incident energies above about 8–10 MeV.

The pre-equilibrium reactions take place in a number of

steps, corresponding to the excitation of successive parti-

cle-hole pairs by the interaction of the incident particle

with target nucleus. At each stage, either a particle is

emitted or statistical equilibrium is reached [16]. For pre-

equilibrium calculations, the hybrid model was first

described by Blann [17, 18],

drtðeÞ
de

¼ rR PtðeÞ; ð3Þ

Ptðe Þde ¼
X�n

n¼ n 0

Dn¼þ2

nvt Nnðe;UÞ=NnðEÞ½ � gm de k cðeÞ=ðk cðeÞ½

þ k þðeÞÞ�Dn; ð4Þ

where rR is the reaction cross section, nvm is the number of

particle type m (proton or neutron) in n exciton hierarchy, gm

is the single particle level density for particle type m,

PtðeÞde represents number of particles of the type m emitted
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into the unbound continuum with channel energy between e
and e ? de. The quantity in the first set of square brackets

of Eq. (4) represents the number of particles to be found

(per MeV) at a given energy e for all scattering processes

leading to an ‘‘n’’ exciton configuration. kcðeÞ is emission

rate of a particle into the continuum with channel energy e
and kþðeÞ is the intranuclear transition rate of a particle.

The second set of square brackets in Eq. (4) represents the

fraction of the m type particles at a energy which should

undergo emission into the continuum, rather than making

an intranuclear transition. The Dn represents the average

fraction of the initial population surviving to the exciton

number being treated. U is the residual nucleus excitation

energy, E is the composite system excitation energy

(U = E - Bm - e, where the Bm is the particle binding

energy and Nn (e, U) is the number of ways.

The geometry dependent hybrid model (GDH) is a

version of the hybrid model considered nuclear geometry

effects. It takes into consideration the reduced matter

density and thus also the shallow potential at the nuclear

surface [18]. The diffused surface properties sampled by

higher impact parameters were crudely incorporated into

the pre-compound decay formation in the geometry

dependent hybrid model (GDH). The differential emission

spectrum is given in the geometry dependent hybrid model

(GDH) is given by,

drtðeÞ
de

¼ p �k2
X1

‘¼0

ð2 ‘þ 1ÞT‘Ptð‘; eÞ; ð5Þ

where �k is the reduced de Broglie wavelength of the pro-

jectile and T‘ represents transmission coefficient for ‘-th

partial wave. The geometry dependent hybrid model

(GDH) is made according to incoming orbital angular

momentum ‘ in order to account for the effects of the

nuclear-density distribution. This leads to increased emis-

sion from the surface region of the nucleus, and thus to

increased emission of high-energetic particles.

Results and Discussions

In the calculations the code ALICE/ASH has been used

[14]. This code can be applied for the calculation of exci-

tation functions, energy and angular distribution of sec-

ondary particles in nuclear reactions induced by nucleons

and nuclei with the energy up to 300 MeV. The ALICE/

ASH code is a modified and improved version with addi-

tional physics, corrections and capabilities of the ALICE

code. The generalized superfluid [19] has been applied for

nuclear level density calculations in the ALICE/ASH code.

In ALICE/ASH code, the hybrid model and the geometry

dependent hybrid model (GDH) for pre-equilibrium pro-

cess, the Weisskopf-Ewing model for equilibrium process

are selected. The exciton includes the particle and the hole

in the nucleus. We used the initial exciton number n0 = 4.

And also, were assumed that the initial excited neutron

number and the initial excited proton number to be 0.1, 2.9,

respectively. In details, the other code model parameters

can be found in Ref. [14].

In this study, (d,p) stripping reaction cross sections

for some structural fusion materials as 27Al(d,p)28Al,
50Cr(d,p)51Cr, 54Cr(d,p)55Cr, 55Mn(d,p)56Mn, 59Co(d,p)60Co,
64Ni(d,p)65Ni, 109Ag(d,p)110Ag, 184W(d,p)185W and
186W(d,p)187W have been calculated with the equilibrium

and pre-equilibrium reaction models in Figs. 1, 2, 3, 4, 5, 6,

7, 8 and 9. The hybrid and geometry dependent hybrid

model calculations have approximately the same cross

section for the considered nuclei. Calculated (d,p) cross

sections by using ALICE/ASH code for the equilibrium

with Weisskopf-Ewing model calculations are in agree-

ment with the experimental data at the low energy region

up to 10 MeV. But, the size difference between experi-

mental data and equilibrium calculations increase espe-

cially with increasing of energy. Above 10 MeV, the

Weisskopf-Ewing model can not correctly calculate emis-

sion spectra. In Weisskopf-Ewing model, compound

nucleus wave function is very complex, including a large

number of particle-hole excitations to which statistical

considerations are suitable, the spectra of the emitted par-

ticles are approximately Maxwellian, and the angular dis-

tributions of emitted particles are symmetric about 90

degrees. Except the Wolfram (184,185W) target nuclei, the

pre-equilibrium model calculations with the hybrid and

geometry dependent hybrid model (GDH) are generally in

excellent agreement with the experimental data on

(d,p) reactions for all target nuclei. The all model calcula-

tions are lower than the experimental data for the Wolfram

(184,185W) target nuclei. The values of (d,p) experimental
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Fig. 1 The comparison of calculated excitation function of
27Al(d,p)28Al reaction with the values reported in Ref. [20]
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Fig. 2 The comparison of calculated excitation function of
50Cr(d,p)51Cr reaction with the values reported in Ref. [20]
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Fig. 3 The comparison of calculated excitation function of
54Cr(d,p)55Cr reaction with the values reported in Ref. [20]
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Fig. 4 The comparison of calculated excitation function of
55Mn(d,p)56Mn reaction with the values reported in Ref. [20]
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Fig. 5 The comparison of calculated excitation function of
59Co(d,p)60Co reaction with the values reported in Ref. [20]
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Fig. 6 The comparison of calculated excitation function of
64Ni(d,p)65Ni reaction with the values reported in Ref. [20]
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Fig. 7 The comparison of calculated excitation function of
109Ag(d,p)110Ag reaction with the values reported in Ref. [20]
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and theoretical cross-sections appear to give maximum

value about incident deuteron energy 5–15 MeV. The pre-

equilibrium model calculations and experimental data are

almost constant above 10 MeV. It can be said that, at least

this study contributes to the new studies on cross section

and help to show the way to the future experimental

studies.

Summary and Conclusions

In this study, (d,p) stripping reactions for some structural

fusion materials as 27Al, 59Co, 55Mn, 50Cr, 54Cr, 64Ni,
109Ag, 184W and 186W have been investigated up to

50 MeV incident deuteron energy. The available experi-

mental data in literature and the theoretical data obtained in

this work are plotted in Figs. 1, 2, 3, 4, 5, 6, 7, 8 and 9 as a

function of incident deuteron energy. The results can be

summarized and concluded as follows:

1. Except the Wolfram target nuclei, the calculations of

pre-equilibrium process show generally the excellent

agreement with experimental data for all nuclei used in

this study.

2. The all model calculations are lower than the exper-

imental data for the Wolfram target nuclei.

3. The size difference between experimental data and

equilibrium calculations increase especially with

increasing of energy.

4. The values of (d,p) experimental and theoretical cross-

sections appear to give maximum value about incident

deuteron energy 5–15 MeV.

5. The pre-equilibrium model calculations and experi-

mental data are almost constant above 10 MeV.
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