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Abstract 

A neutron induced deuteron emission spectra and double differential cross-

sections (DDX),  in 27Al (n, D) 26Mg, 51V (n, D)50Ti  , 54Fe ( n, D)53Mn and 63Cu (n, 

D) 62Ni reactions, have been investigated using the phenomenological approach 

model of  Kalbach. The pre-equilibrium stage of the compound nucleus formation is 
considered the main pivot in the discription of cross-section, while the equilibrium 

(pick up or knock out ) process is analyzed in the framework of the statistical theory 

of cluster reactions, Feshbach, Kerman, and Koonin (FKK) model. To constrain the 

applicable parameterization as much as possible and to assess the predictive power 

of these models, the calculated results have been compared with the experimental 

data and other theoretical work such as TALYS code (Tendl-2014). The 

comparisons indicate good agreement between these models with the experimental 

data.  
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  ولعدة تفاعلات نالنيترون لطيف انبعاث ديتريوتقييم نماذج التقريب الظاهري في تنبأ تحريض 
  

 *جاسم هادي مهدي
 العراق ,بغداد ,بغداد جامعة ,وملية العلك ,الفيزياء قسم

 
 الخلاصة

ك المقاطع العرضية التفاضلية المزدوجة في ذلكالتحقق في تحريض النيترون لطيف انبعاث ديتريوم و 
, 63Cu (n, D) 62Niو  27Al (n, D) 26Mg,, 51V (n, D)50Ti  , ,54Fe ( n, D)53Mnالتفاعلات 

بأستخدام نموذج التقريب الظاهري لكالبخ , لوصف مرحلة التوازن الاولي في تكوين النواة المركبة , بينما عند 
نموذج  نظام النظرية الأحصائية للتفاعلات العنقودية, بأستخدامالتحليل  تم )الالتقاط اوالأبعاد(  التوازن عملية

ر الامكان وتحديد قدرة التنبأ لهذه النماذج تم مقارنة لغرض حصر المتغيرات قد و فيشباخ, كيرمان و كونن.
أشارة المقارنة الى  ,( 4102البيانات المحسوبة مع البينات العملية والعمل النظري مثل شفرة تالييس )تيندل 

  تقارب جيد بين هذه النماذج والبيانات العملية.
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Introduction 

An accurate data of energy spectra and double differential cross-sections (DDXs) of neutron-induced 

charged particle emission becomes an important requirement for the development of Fusion reactor 
materials.  Such development is demonstrating the capacity to produce energy through International 

Thermonuclear Experimental Reactor (ITER) using deuterium-tritium plasma phase, which represents 

a flagship project to implement the European strategy for sustainable energy in the future [1,2]. One of 

the problems normally faced the designer of Fusion Reactor is the continue feeding hydrogen isotopes 
through the reactions  (n, T) and (n, D) and the generation of helium gas through (n, α), and (n, n’α) 

reactions in the first wall of the blanket material of the reactor. Therefore, by selecting an appropriate 

blanket material through investigation the energy spectra and DDX distribution of neutron induced 
hydrogen isotopes, which becomes the necessary condition for the researcher and designer in order to 

identify the applicable candidate of blanket materials suits the Fusion reactor. 

In view of this, and for the necessity enriching the national database [3], the deuteron emission energy 
spectra and DDX distribution for (n, D) reactions, at different neutron incident energy and target 

materials, have been carefully calculated in the present work using the Exciton Model (ExM) 

associated with Feshbach, Kerman, and Koonin (FKK) model. The results are compared with the 

available TALYS-1.4 code [4] and experimental results.  
  Many nuclear reactions involve the emission or capture of clusters of nucleons, such as deuterons, 

Tritons and Helions particles as well as nucleons, are interested in the study of the nuclear structure 

and nuclear reaction mechanisms. They provide important information on the single particle and on 
the multi particle character of nuclear states, and so have been widely used as powerful nuclear 

spectroscopic tools [5]. 

 

Theoretical Model  
The pre-equilibrium spectra could provide information on the cluster emission preformation 

probabilities in compound nucleus, where the nuclear reaction mechanism comprises the bridge 

between fast, direct processes, and slow compound processes, and accounts for the high-energy tails in 
emission spectra and the smooth forward-peaked angular distributions [6,7, 8]. These clusters 

particles, like deuteron, in pre-equilibrium and compound stages could streamline calculated the 

energy spectra and DDX distributions in the framework of ExM with FKK model [ 9,10, 11]. Also, the 
quantum mechanical theories, in the references [12,13,14], have been developed to describe these 

mechanisms and tend to account for experimental angle integrated emission spectra with higher 

accuracy comparable to that found in the ExM with FKK model. 

In the present calculations the primary pre-equilibrium differential cross section, for the emission 

of a cluster particle k with emission energy Eb and can then be expressed in terms of lifetimes   for 

various classes of stages, with the composite nucleus formation cross section σ
CF

 and an emission rate 
ζb in two-component, can be defined as :  

)1(),,,(),,,(),,,,,,(

max

0

max

0
















hphpPhphpTEEhphp
dE

d
P

pp

p

pp

b

tot

b

CF

b

pe

b   
 

 
 where the factor P represents the part of the pre-equilibrium population that has survived emission. 

 The basic feeding term for pre-equilibrium emission (PE) is the compound formation cross section 

σ
CF

, which is given by: 

)2(directreac

CF    

The reaction cross section σreac is directly obtained from the optical model using the Neutron 
Spherical Optical-Statistical Model (ABAREX-code system) [15].  

The emission rate ζb has been derived by Cline and Blann [16] from the principle of micro 

reversibility, and can easily be generalized into a two-component version [17]. The particle b emission 
rate at the equilibrium stage with relative mass μb, spin sb, isospin quantum number T and the final 

state isospin TB is: 
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where σb;inv (Eb) is the inverse reaction cross section, Zb (Nb) is the charge (neutron) number of the 

ejectile particle b, Etot is the total energy of the composite system and  ),( Bb TTC  is the isospin 

coupling Clebsch-Gorden coefficient for emitted cluster particle b. 

For the two-component particle-hole state density, Ω, the expression of Betak and Dobes [18, 19] 

has been used in this work. Their formula is based on the assumption of Eqi-distant Space Model 

(ESM) and corrected for the effect of the Pauli Exclusion Principle and the Finite depth of the 
potential well.  
 

Spectra and angular distributions 

Generally, the pre-equilibrium models ignore the influence of angular momentum. This is easily 
shown to be rather small for the nucleon emission [20], but is surely greater for clusters. Here, the 

effect arises from two facts: (i) cluster emission is usually enhanced at higher angular momenta, which 

means increased role of the nuclear surface and consequently effective lowering of the Coulomb 
barrier, especially in the case of deformed nuclei [21,22] and (ii) many of the quantities, entering the 

pre-equilibrium reactions are spin (or both spin and energy) dependent, and their simple contraction to 

one variable necessarily affects the results. 

In nucleon-induced reactions, the original Exciton (in fact, the incident neutron) are presumed to be 
the most energetic one for the most of the time and as such it keeps the notion of its direction [23], 

which is slowly smeared out in the course of the reaction. In the energy range of the pre equilibrium 

models, the nucleon-nucleon differential cross section is nearly isotropic in the C.M. System, so that in 
the laboratory system, it is proportional to cos θ. The emitted nucleon at the very early stage of the 

reaction is now just the leading particle, and the angular distribution is that which corresponds to the 

degree of smearing out the originally sharp value during the time interval from the creation of the 
composite system to the particle emission. 

The original angular distribution formalism divides the cross section into two components, multi-

step direct (MSD) and multi-step compound (MSC), following the suggestion of [24]. The MSD cross 

section is thus assumed to exhibit forward-peaked angular distributions, while the MSC cross section 
has angular distributions which are symmetric about 90

0
 in the C.M. System [25]. 

The basic formula for the DDX, that described successfully the shape of the pre-equilibrium 

angular distributions for the reaction A (a, b) B, using the Kalbach systematic approach [26], and can 
be written in the following equivalent forms: 
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where aex is the slope parameter associated with the ExM  and its related components. The quantity 

msdf (εb) is the MSD fraction of the cross section at the specified emission energy and it is replaced 

with the fraction that is pre equilibrium, and the angle θ is measured in the C.M. System. 

As shown in figure -1 the behavior of the MSD function, msdf (εb), of the cross section as a  function 

of emission energy in 
232

Th and 
209

Bi, with 14.1 MeV, incident neutron, in case of emitted  proton and 

neutron in case of 
232

Th and emitted neutron, proton and deuteron in case of 
209

Bi. 

The MSD spectra or pre equilibrium or forward-peaked component includes the ExM pre 
equilibrium components, both primary (pre, 1) and secondary (pre, 2) as well as the cross sections 

from nucleon transfer (NT), knockout and inelastic scattering (IN) involving cluster degrees of 

freedom. Collective excitations and elastic scattering are treated separately. Thus, for inelastic 

scattering the energy emission spectrum for cluster b is: 
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The corresponding equilibrium or symmetric component contains only the primary and secondary 

evaporation cross sections, for primary and secondary emission, and is given by: 

)10(

.sec. eqondarybeqprimarybMSCb d

d

d

d

d

d









































 

 
Figure 1-   Using the FKK model the MSD fraction of the cross section as a function of emission energy in 

(a)232Th and (b) 209Bi, at 14.1 MeV, incident neutron, in case of emitted proton and neutron for 232Th 
and in case of emitted proton, neutron and deuteron for 209Bi.  

 

Results and discussions 

The neutron induced deuteron particle emissions in 
27

Al (n, D) 
26

Mg, 51V (n, D) 
50

Ti, 
54

Fe (n, D) 
53

Mn and 
63

Cu (n, D)
 62

Ni reactions have been considered in the present work. The incident neutron 
energy has been taken in the range 14-15MeV for the necessity demands as the main D-T fusion 

energy. The calculated data have been compared with the corresponding published experimental data, 

where the achievement is absolutely acceptable. The figures (2-5) show in general the perfect 

agreement between present result and Tendl-2012, and experimental data at different neutron energy 
range (14-15 MeV).  By combining the direct, pre equilibrium and compound nuclear models in one 

calculation one can able to predict the double-differential spectra, figures(6 and 7) and the residual 

production cross sections of incident energy 14MeV for 
27

Al(n, d)
26

Mg and 
51

Vl (n, D)
50

Ti  reactions, 
where the maximum deuteron emission energy lied at 4 MeV and 5MeV respectively.  

Figure-8 the inter-comparison has been made of the data evaluated in the present work for (n, n) 

reactions, with the experimentally measured data from EXFOR [30] and with the following theoretical 
evaluations for (n, n) reactions in references [30, 31, 32, 33, 34]. 

 

 
Figure 2- the deuteron energy spectra for the reaction 27Al (n, D) at 14MeV neutrons incident energy compared 

with ref [27]. 
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Figure 3-  the deuteron energy spectra for the reaction 51V (n, D) at 15MeV neutrons incident energy compared 

with references [27,28]. 

 
Figure 4- the deuteron energy spectra for the reaction 54Fe (n, D) 53Mn at 14.8MeV neutrons incident energy 

compared with references [27, 28]. 

 
Figure 5-  the deuteron energy spectra for the reaction 63Cu( n, D) 62Ni at 14.5MeV neutrons incident energy 

compared with ref [27]. 
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Figure 6- The Double Differential Cross-section for the deuteron emission in  27Al (n, D) 26Mg  reaction at 14 

MeV neutron incident energy. Where the probability of deuteron energy around 4 MeV is dominated 

in the forward direction. 

 
Figure 7- The Double Differential Cross-section for the deuteron emission in 51Vl (n, D) 50Ti  reaction at 14 

MeV neutron incident energy. Where the probability of deuteron energy around 5 MeV is dominated 

in the forward direction.  

 

 
 
Figure 8-    A comparison between the energy spectrum calculated in the present work and the experimental data 

for 209Bi (n, n) reaction at 14.1 MeV, EXFOR [29], and other theoretical results, (BROND-2.2 [30], 

ENDF/B-VI [31], JEFF-3.1.2 [32], JENDL-3.3 [33], TENDL -2014 [34]). 
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Conclusion 

In the present work the phenomenological approach model of  Kalbach by extending the formalism 

to include the MSD and MSC parts of the statistical theory of cluster reactions, FKK model, have used 

to calculate and analyze the neutron induced deuteron emission spectra and DDX in 
27

Al , 
51

Vi  , 
54

Fe 
and 

63
Cu nuclei in the neutron energy range 14-15 MeV. The descriptions of spectra improved by 

including the forward peak, MSD, fraction, msdf (εb), to the pre equilibrium components, for both 

primary and secondary, as well as the spectra from nucleon transfer, knockout and inelastic scattering, 

which involved cluster degrees of freedom. The predictive power of this analysis is the capability to 
diagnose and constrain, successfully, the applicable parameterization as much as possible for the 

deuteron emission energy, especially when we obtained the acceptable comparisons with the 

experimental works of Grimes [28], figures (4) for 
54

Fe (n, D) 
53

Mn at 14.8MeV neutrons incident 
energy, and other theoretical work of TALYS code (TENDL-2012) [27], figures (2, 3, and 5) for 

27
Al, 

51
Vi and 

63
Cu nuclei respectively. The behavior of the DDX distributions indicates the maximum 

deuteron emission is found at 4 MeV in  
27

Al( n, D)
26

Mg  reaction, figure (6), and 5MeV in 
51

Vl (n, D) 
50

Ti reaction, figure (7),  at 14 MeV neutron incident energy. Also, the present method examines the 
behavior of 

209
Bi (n, n) energy spectrum at 14.1 MeV, and compared with the available experimental 

data and theoretical master codes. It shows an acceptable agreement with EXFOR [29], ENDF/B-VI 

[31], JENDL-3.3 [33] and TENDL -2011 [34], and disagree with the evaluation data for BROND-2.2 
[30] and JEFF-3.1.2 [32].  
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