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Abstract Key words 
     The pre - equilibrium and equilibrium double differential cross 
sections are calculated at different energies using Kalbach Systematic 
approach in terms of Exciton model with Feshbach, Kerman and 
Koonin (FKK) statistical theory. The angular distribution of nucleons 
and light nuclei on 27Al target nuclei, at emission energy in the center 
of mass system, are considered, using the Multistep Compound 
(MSC) and Multistep Direct (MSD) reactions. The two-component 
exciton model with different corrections have been implemented in 
calculating the particle-hole state density towards calculating the 
transition rates of the possible reactions and follow up the calculation 
the differential cross-sections, that include MSC and MSD models. 
The finite well depth, isospin, shell effects, Pauli effect, charge 
effect, pairing, surface, angular and linear momentum distributions 
corrections are considered in this work. The nucleons (n and p) and 
light nuclei (2D and 3T) have been employed as projectiles at the 
target 27Al nuclei and at different incident energies (4MeV, 14 MeV 
and 14.8MeV). The results have been compared with the available 
experimental and theoretical published work. The comparisons show 
an acceptable agreement with the TALAYS code (Tendel 2014) for 
the reactions: 27Al (n, n) 27Al, 27Al (p, n) 63Zn, 27Al (p, D) 62Cu, 27Al 
(p, p) 63Cu and 27Al (p, 4He)60Ni and at different emission energies 
and angles. 
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 المقاطع العرضية ثنائية التفاضل لما قبل الاتزان والاتزان للنيكلونات والنوى الخفيفة المحرضة

  27Alللتفاعلات النووية في النواة    

  مھدي ھادي جاسم مھا طه أدريس،

  قسم الفيزياء، كلية العلوم، جامعة بغداد، بغداد، العراق

  الخلاصة 
بواسطة تقريب منھج تم حساب المقطع العرضي التفاضلي في مرحلة ما قبل الاتزان والاتزان بطاقات مختلفة     

تم  .)Koonin (FKK)و  Feshbach ،Kermanمع النظرية الاحصائية لفيشباخ وكيرمن وكونن ( )(كالباخ
عند نظام  طاقات أنبعاث مختلفة،، وعند 27Alأعتماد التوزيع الزاوي للنويات والنوى الخفيفة على ھدف نواة 

. أنجز نموذج الاكسيتون FKKمركز الكتل، أستخدم تفاعلات التركيب والمباشر متعدد الخطوات والمسمات 
فجوة، بأتجاه حساب معادلات  -ثنائي المركبات وعند تصحيحات مختلفة في حساب كثافة المستوى للجسيمة

عرضية التفاضلية للتفاعلات. اعتمد حساب كثافة المستوي على الانتقال للتفاعلات وتبعھا حساب المقاطع ال
معلمات التصحيحات التالية: عمق بئر الجھد المحدد، تساوي البرم، تأثير القشرة، تأثير مبدأ باولي، تأثير الشحنة، 

النوى أعتمدت النيكلونات (النيترونات والبروتونات) و تأثير الزوج، السطح، توزيعات الزخم الخطي والزاوي.
). تم 4MeV,14 MeV 14.8MeVوعند طاقات تصادم مختلفة ( 27Alالخفيفة كمقذوفات على ھدف نواة 
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مقارنة النتائج الحالية مع الاعمال العملية والنظرية المتوفرة في النشريات السابقة. بينت المقارنات توافق مقبول 
  للتفاعلات التالية:    TALAYS (Tendel 2014)مع شفرة 

  27Al (n, n) 27Al, 27Al (p, n) 63Zn, 27Al (p, D) 62Cu, 27Al (p, p) 63Cu  27وAl (p, 4He)60Ni ،
  وعند طاقات انبعاث وزوايا مختلفة.  

  
Introduction 
     Study the mechanism of nuclear 
reactions is an important task for 
different areas in nuclear science and 
engineering, where the measurements 
of energy spectra and a double 
differential cross sections of the 
nucleons (n and p) and light nuclei (2D 
and 3T) are of great importance that 
required for the development of fusion 
reactor materials and ion separation 
techniques. Since the progress of the 
pioneering works of [1, 2], the 
mechanism of nuclear reactions has 
been characterized into Direct and pre-
equilibrium reactions. Follow up this 
description, different types of reactions 
and many types of particle emissions 
are studied and formulated into 
different successful models as a 
function of excitation energy, towards 
building up the satisfaction probability 
of finding the emitted particle at 
certain energy channel and angle of 
emission [3]. Most of the models deal 
with semi classical approach 
techniques gathered with Feshbach, 
Kerman and Koonin (FKK) statistical 
theory [4], where the considering 
reactions are included: elastic and 
inelastic scattering, stripping, knock-
out, pick-up, fission and fusion 
reactions. The pre-equilibrium stage 
represents the most interested reaction 
to describe the continuum energy and 
angular distribution of the expected 
reaction channel, where the angular 
momentum distribution (AMD) of the 
emitted particles is participating in 
predicting the emitted particles [5-9]. 
Also, many attempts have been made 
by [8-11] to include AMD in 
calculating the emission spectrum. The 
most comprehensive and successful 
description of adding AMD was a 

systematic approach due to [10], where 
the model based on the 
parameterization of experimental 
results and then formulated to include 
a wide variety of nuclear reactions. 
Due to reference [4], there are two 
components of the nuclear reaction: 
Multi-Step Direct (MSD) component 
and the Multi-Step Compound (MSC) 
component. These systematics are 
known as “Kalbach systematics". A 
direct and important quantity that can 
be found using this systematics is          
the double-differential cross-section, 
d2σ/dΩdε. 
     In view of this, and for the necessity 
enriching the EXFOR national 
database [11] the (n, p, D, T, 3He and 
4He) emission energy spectra and 
double-differential cross-section at 
different (n, p, D and T) at different 
projectile energies (4, 14, 14.8 MeV) 
with the target nuclei 27Al, have been 
carefully calculated in the present work 
using the exciton model associated 
with FKK model. The results are then 
compared to the total cross- sections 
and double-differential cross-section 
with the available experimental results 
and theoretical data. 

 
Theoretical model    
     In this work the pre-equilibrium and 
equilibrium spectra in terms of Exciton 
model are calculated and evaluated. 
These calculations could provide data 
along the cluster emission 
preformation probabilities in 
compound nucleus, when the nuclear 
reaction mechanism comprises the 
bridge between fast, direct processes, 
and accounts for the high-energy tails 
in emission spectra, and the smooth 
forward-peaked angular distributions 
[12-14]. Also, the statistical theory of 
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FKK [15-17] has been implemented to 
describe these mechanisms with 
Exciton model and have been applied 
in estimating the energy spectrum of 
nucleons (n and p) and light nuclei (D 
and T) induced nuclear reactions with 
27Al nuclei target [18-20]. At certain 
reaction and the energy spectrum is 
one of the quantities that are measured 
experimentally during nuclear 
reactions; therefore, the present 
calculation could be evaluated through 
comparing with the available published 

experimental spectra and may be 
indicate the validity of the present 
model.  
     In the present work, the two 
components primary pre equilibrium  
(PE) energy spectrum )( PE

E b
d , for the 

reaction A(a,b)B, in the framework of 
the Exciton model via FKK statistical 
model, for emission of a particle b with 
emission energy Eb, can be expressed 
in terms of lifetimes τ for various 
configurations of states [21] are:  
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where σCF is the composite nucleus 
formation cross-section, σCF= σreaction - 
σdirect, σreaction is the reaction cross-
section derived the optical model 
theorem and σdirect is the direct cross-

section, P is the part of the PE 
population that has survived the 
emission b particle and Wb is the 
emission rate. Wb can be expressed 
from the pioneer work of [22] as: 
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where ߪ௕

௜௡௩ the inverse reaction cross 
section, which again can be calculated 
using the optical model theorem, Zb 
(Nb) is the proton (neutron) number of 
the ejectile, Etot is the total energy of 
the composite system (A*), μb is the 
relative mass of b emission particle 
and ω is the non equidistant space 
model (NESM) particle-hole state 

density, where the total energy and 
step function are corrected  for the 
threshold energy, finite well depth, 
isospin, shell effects, Pauli effect, 
charge effect, pairing, surface, angular 
and linear momentum distributions 
corrections and the final equation of 
the state density is: 
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where		ܥ௣ഏ,ഌ,௛ഏ,ഌ
௜ഏ,ഌ,௝ഏ,ഌ

	

	  

Numerical coefficients, R is the 
angular momentum distribution 

function, χ and χ’ are the correction 
factors for the total energy (Etot) and 
the step function respectively, 
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߯ ൌ ሺܣ௞ሺ݌గ, ݄గ, ,ఔ݌ ݄ఔሻ ൅ ܵ ൅ ݅గܤగ ൅
݅ఔܤఔ ൅ ݆గܨగ ൅ ݆ఔܨఔሻ 																									ሺ4ሻ      
      
χᇱ ൌ ሺܧ െ ௧௛௥௘௦௛ܧ െ ܵ െ ݅గܤగ െ
݅ఔܤఔ െ ݆గܨగ െ ݆ఔܨఔሻ																						      (5)                                                                                   

 
     Also, due to possibility emitted 
cluster particles in the nuclear 
reactions, the most dominant 
probability form of the Nucleon 
transfer (NT) mechanism must be 

considered in the present calculations. 
This mechanism includes the direct 
pickup or stripping up to three 
nucleons. It also includes nucleon 
exchange reactions for inelastic 
scattering of all light projectiles and 
for the (t, 4He) and (4He, t) charge 
exchange reaction. For the reaction 
27Al(a,b)Y, the general formula for the 
NT energy differential cross section is 
given by [23]: 
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the factor XNT is the probability of 
exciting each additional pair (particle, 
hole) and it is given by empirical 
formula given in [24], Ea is the 
incident energy in the laboratory 
system, Va is the average potential 
drop seen by the projectile between 
infinity and the Fermi level, Ca and Na 
are the normalization constants [23, 25, 
26], Kα,p is an enhancement factor for 
(α, N) and (N, α) reactions. 
     For a complete description of 
particle emission in a nuclear reaction, 
another reaction mechanism, such as 
the knockout process, needs to be 
considered in addition to exciton 

model pre-equilibrium emission [27]. 
Since this model can be used for all 
projectile types (incident nucleons,	ߙ-
particles, deuterons, tritons and 3He), 
the projectile will excite a proton, 
neutron or ߙ െcluster in the target, and 
the resulting particles in the composite 
nucleus can be emitted. The excitation 
of a nucleon pair by a nucleon 
projectile is considered in the exciton 
model, so only the excitation of 
ߙ െparticle is considered here for 
incident protons and neutrons ሺ݌,  ሻߙ
or	ሺ݊,  ሻ. The energy spectrum for theߙ
knockout reactions has the form [27]: 
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                                                                                       (7) 

                                                                                                                                                                 
where ௕࣪ is the probability of exciting 
a b-type of particle-hole pair. ܤ௖௢௨௟,௖ is 
the Coulomb barrier for a particle of 
type ܿ. The quantity ߪ௔ሺߝ௔ሻ is the total 
reaction cross section for modelling the 
complex nucleus evaluated at the 

incident energy,  〈	ߪ௖〉 is the reaction 
cross section, where a particle of type ܿ 
is emitted, and averaged over emission 
energy from ܤ௖௢௨௟,௖ to the maximum 
allowed. ܣ௄ை is the energy 
independent Pauli correction function. 
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For knockout reactions the final state 
consists of an ܽ-type particle and ܾ-
type hole, the Pauli correction becomes 
[27]: 

,௔݌௄ைሺܣ ݄௕ሻ ൌ
ଵ

ଶ௚ೌ
൅ ଵ

ଶ௚್
                  (8)                                                                                                          

 
where ݃௔, and ݃௕, are the single 
particle state densities for clusters 
degrees of freedom of an ܽ-type 
particle and ܾ-type hole. Generally, the 
exciton model from its beginnings was 
designed to describe the energy spectra 
of the emitted particles, these models 
ignore the influence of angular 
momentum. In addition, many 
theoretical attempts to describe pre-
equilibrium angular distributions have 
proven to be of limited usefulness. The 
angular distribution has been 
developed in a series of works 
[23,25,26] here apply to particles 
emitted during direct nucleon transfer 
reactions, during inelastic scattering 
and knockout reactions involving 

cluster degrees of freedom, during pre-
equilibrium emission (both primary 
and secondary), and during pre-
equilibrium emission (both primary 
and secondary). The original angular 
distribution formalism divides the 
cross section into two components, 
MSD and MSC, following the 
suggestion of Feshbach [4]. The MSD 
part is defined as always having at 
least one unbound particle degree of 
freedom at each stage of the reaction, 
while in the MSC part of the system 
passes through at least one 
configuration, where all of the particles 
are bound so that the information about 
the original projectile's direction is 
largely lost. 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 90o in the center of mass [23].
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where aex is the slope parameter 
associated with the exciton model and 
its related components. The angle θ is 
measured in the center-of-mass       
system [28].  
The quantity fMSD(εb) is the fraction of 
the cross section at the specified  emit 
energy in the FKK model which is 
multi-step direct and is here replaced 
by the fraction that is pre-equilibrium. 
These cross sections are combined to 
find the fraction of the cross 
section	 ெ݂ௌ஽, which represent the pre-
equilibrium part [23]: 

ெ݂ௌ஽ሺߝሻ ൌ
ሾௗఙ ௗఌ⁄ ሿಾೄವ

ሾௗఙ ௗఌ⁄ ሿಾೄವାሾௗఙ ௗఌ⁄ ሿಾೄ಴
   (10)                                                                                                          

 
where ሾ݀ߪ ⁄ߝ݀ ሿெௌ஽,	is the emission 
spectra pre equilibrium or forward 
peaked component contains the exciton 

model pre equilibrium components, 
both primary and secondary as well as 
the cross section from nucleon transfer, 
knockout and inelastic scattering 
involving cluster degrees of freedom. 
Whill, ሾ݀ߪ ⁄ߝ݀ ሿெௌ஼,  is the emission 
spectra equilibrium or symmetric 
component includes only the primary 
and secondary evaporation cross 
sections.  
 
Results and discussions 
Emission spectra 
     The nucleon emission spectra for 
ଵଷ݈ܣ

ଶ଻ ,	target nuclei and for incident 
nucleons, and light nuclei (2D and 3T) 
using the theoretical approach has been 
calculated in the present work. The 
two-component particle-hole state 
density includes all correction 
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parameters was used in calculating the 
spectrum at different incident energies. 
Its follow up calculating the transition 
rates and then the differential energy 
spectrum.  Not only the pre-
equilibrium emission included in the 
calculations, but also the particle 
emission in an equilibrium state. It 
considered the following normalization 
factors for squared matrix elements[23, 
29],  

หM୧୨ห
ଶ
ൌ K୧୨Aୟg	ିଷ ቀ

୉

ଷ୅౗
൅ 20.9ቁ

ିଷ
					(11)                                                                                                             

 
     The validity of exist, such reactions 
depend on binding energy calculation 
of primary and secondary emission. As 
calculated values of the BE for each 
reaction and nuclei target that used in 
calculating the cross- section for 
various reaction mechanisms: direct 
nucleon transfer cross section, 
knockout or inelastic cross section 
involving complex particles plus any 
collective and elastic cross section, 
primary exciton model pre-equilibrium 
cross section, secondary pre-
equilibrium cross section, primary 
equilibrium cross section, secondary 
equilibrium cross section and the total 
emission spectra, (the sum of 
contributions from all of the reaction 
mechanisms). 
It's possible to calculate the energy and 
differential cross section of the 
particles in the pre compound towards 
the continuum stage for 27Al nuclei, 
therefore, the group of particles 
corresponding to the discrete states of 
the compound nuclei [Al]* clearly can 
be resolved and depends on the 

projectile’s energy (Ea).  At En=14.1 
MeV incident neutrons with 27Al target 
different mechanisms have been used, 
Eqs. (6) and (7), in calculating the 
energy spectrum at different particle 
and light nuclei emission energies. As 
shown in Fig. 1, one can distinguish 
the probability of the pre equilibrium 
stage, represents by exciton primary 
emission, clearly dominant for the 
reactions (b, c, d and e) among other 
mechanics of interactions, which 
indicates the range of pre equilibrium 
stage exits.  
     As shown in Fig. 2 the calculated 
energy spectrum as a function of 
particle and light particle emission 
energy of (14.6, 40, 54) MeV incident 
neutron energy have been evaluated 
and compared with other theoretical 
results of [30], and the available 
experimental data from [31-34], for the 
reactions; 27Al (n, n) 27Al, 27Al (n, 
p)27Mg,  27Al (n, D)26Mg, 27Al (n, 
T)25Mg, 27Al (n, 4He)24Na respectively. 
The most inconsistency appears when 
the energy increases above ~4MeV for 
the reactions Fig. 1b, which indicates 
the necessity, consideration of re-
evaluate the reaction strengths using 
the two component non ESM exciton 
model. However, when comparing the 
calculated energy differential cross-
sections based on these spectra, better 
match with experimental and 
theoretical are found in the reaction 
27Al (n, n)27Al and 27Al (n, p)27Mg, 
Figs. 1a and b, and follow  up  less 
match with the rest of other reactions.  
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Fig. 1: The energy spectrum of different mechanisms as a function of the particle emission 
energy in cm-system for emission Nucleons (n and p) and light nuclei (D, T and 4He), for 
different reactions and at incident energy 14.1MeV,  (a) 27Al (n, n) 27Al (b) 27Al (n, p) 27Mg 
(c) 27Al (n, D) 26Mg (d) 27Al (n, T) 25Mg and (e) 27Al (n, 4He)24Na. 
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Fig. 2: A comparison between the calculated energy spectrum with refs [30-34], as a 
function of particle emission energy, at the cm - system, the energy of the incident neutron 
was (14.6, 40, 54) MeV. (a) 27Al (n, n) 27Al. (b) 27Al (n, p)27Mg (c)  27Al (n, D)26Mg (d) 27Al 
(n, T)25Mg (e) and 27Al (n, 4He)24Na. 
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     The comparison of the present 
calculated energy spectrum with others 
shown in Fig. 3, are in a good 
agreement with  other theoretical 
results of [30] and the available 
experimental data from [35, 36], for 
the reactions; 27Al (p, n) 27Si, 27Al (p, 
p) 27Al, 27Al (p, D) 26Al, 27Al (p, T) 
25Al, 27Al (p, 3He)25Mg, 27Al (p, 
4He)24Mg. This indicates the general 

validity of the present calculations. For 
27Al (p, p) 27Al, 27Al (p, D) 26Al, 27Al 
(p, T) 25Al and 27Al (p, 3He)25Mg 
reactions, the present results are in 
excellent agreement with those of other 
theoretical results and the available 
experimental data at energy range (5-
37) MeV and (20-37) MeV for 27Al (p, 
4He)24Mg reactions.    

 

0 4 8 12 16

emission energy (MeV)

10-1

100

101

102

d
/

d


(m
b

/M
eV

)

27Al(p,n)27Si
Ep=22.4 MeV

(a)

 
0 10 20 30 40

emission energy (MeV)

10-3

10-2

10-1

100

101

102

d
/

d


(m
b

/M
e

V
)

27Al(p,p)27Al
Ep=61.7 MeV

(b)

 
0 10 20 30 40

emission energy (MeV)

10-5

10-4

10-3

10-2

10-1

100

101

d
/

d


(m
b

/M
e

V
) 27Al(p,D)26Al

Ep=61.7 MeV
(c)

 

0 10 20 30 40

emission energy (MeV)

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

d
/

d


(m
b

/M
e

V
)

27Al(p,T)25Al
Ep=61.7 MeV

(d)

 
0 10 20 30 40

emission energy (MeV)

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

d
/

d


(m
b

/M
e

V
) 27Al(p,3He)25Mg

Ep=61.7 MeV
(e)

 
0 10 20 30 40

emission energy (MeV)

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102
d
/

d


(m
b

/M
e

V
)

27Al(p,4He)24Mg
Ep=61.7 MeV

(f)

 
Fig. 3: A comparison between the calculated energy spectrum with refs [30, 35, 36], as a 
function of particle emission energy in cm-system at 22.4 MeV and 61.7 MeV incident 
proton for the reactions (a) 27Al (p, n) 27Si (b) 27Al (p, p) 27Al (c) 27Al (p, D) 26Al (d) 27Al (p, 
T) 25Al (e) 27Al (p, 3He)25Mg (f) 27Al (p, 4He)24Mg. 

 
     In Fig. 4, the calculated energy 
differential cross-sections have been 
compared with theoretical data of ref 
[30] for reactions; 27Al (D, n) 28Si, 27Al 
(D, p) 28Al, 27Al (D, D) 27Al, 27Al (D, 
T) 26Al, 27Al (D, 3He)26Mg, and 27Al 
(D, 4He)25Mg and at incident energy 60 
MeV. From these comparisons the 
calculated energy differential cross-
sections based on these spectra, better 
match with theoretical are found in the 
reactions 27Al (D, T)26Al and 27Al (D, 
3He)26Mg, at 60 MeV incident 
deuterium.  

     In Fig. 5, when comparing the 
calculated energy differential cross-
sections based on these spectra better 
match with theoretical of [30] are 
found in the reactions; 27Al (T, n) 29Si, 
27Al (T, p) 29Al, 27Al (T, D) 28Al, 27Al 
(T, T) 27Al, 27Al (T, 3He)27Mg and 27Al 
(T, 4He)26Mg. At incident energy 60 
MeV. In general, the present results 
shown in Fig. 5 a good agreement with 
other theoretical results of [30]. There 
are no experimental data to compare 
with the calculated data of 27Al(T,X)Y 
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reactions. From these comparisons the 
calculated energy differential cross-
sections based on these spectra, better 
match with theoretical are found in the 

reactions 27Al (T, 4He) 26Mg, at          
60 MeV incident deuterium rather than 
other channel of reactions.  
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Fig. 4: A comparison between the calculated energy spectrum with refs [30], as a function 
of particle emission energy in cm-system at 60 MeV incident deuterium for the reactions, 
(a) 27Al (D, n) 28Si (b) 27Al (D, p) 28Al (c) 27Al (D, D) 27Al (d) 27Al (D, T) 26Al (e) 27Al (D, 
3He)26Mg (f) 27Al (D, 4He)25Mg. 
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Fig. 5: A comparison between the calculated energy spectrum with refs [30], as a function 
of particle emission energy in cm-system at 60 MeV incident proton for the reactions, (a) 
27Al (T, n) 29Si (b) 27Al (T, p) 29Al (c) 27Al (T, D) 28Al (d) 27Al (T, T) 27Al (e) 27Al (T, 3He)27Mg 
(f) 27Al (T, 4He)26Mg. 
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The double differential cross section, 
DDX 
     The continuum angular 
distributions or the double differential 
cross sections, Eq. (9), for ݈ܣଵଷ

ଶ଻ ,	for 
incident nucleons (protons and 
neutrons) and light nuclei (2D and 3T) 
have been calculated in terms of 
exciton model and statistical model of 
FKK, which described in chapter two. 
The angular distributions are 
determined by the division of the cross 
section into its statistical MSD and 
MSC parts. The main physical 
parameters determining the shape of 
the angular distributions, is the energy 
of the emitted particles and the 
emission angle, in the center of the 
mass system. 
     The dependence of the angular 
distribution of the emitted energy, and 
the emission angle is shown in all 
under figures for emission Nucleons (n 
and p) and light nuclei (D, T, 3He and 
4He), in different reactions. The 
angular distribution shown in Fig. 6 for 
incident neutron energy is 14.1 MeV 
on 27Al the dependence of the angular 

distribution of the emission energy for 
different values of emission angle. At 
emission energies lower than 2 MeV, 
the value of the emission angle and the 
incident particle energy does not affect 
the calculations of the angular 
distributions. At higher emission 
energy, the effect of the emission angle 
is noticed where the smallest emission 
angle gives the highest angular 
distribution probability. The largest 
value of emission is noticed at 14.1 
MeV for 27Al target. Also, the energy 
spectra calculated at 300 shows a 
prominent peak; this peak is less 
prominent at 300, 600, 900 and 1200. It 
is indicated that the neutron emission 
energy corresponding to the peak is 
approximately the same as that of the 
projectile. Since these neutrons have 
an isotropic distribution in the c.m 
system, they could be attributed to 
evaporation from target residues 
through the equilibrium process. A 
sudden increase in the angular 
distribution value is shown in Fig. 6a 
and at 12.5 MeV emission energy. 
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Fig. 6: The double differential cross sections of different mechanisms as a function of 
particle emission energy in cm-system at 60 MeV incident proton for the reactions, (a) 27Al 
(n, n) 27Al (b) 27Al (n, p) 27Mg (c) 27Al (n, D) 26Mg (d) 27Al (n, T) 25Mg and (e) 27Al (n, 
4He)24Na. 
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     The DDX for neutron induced 
nuclear reactions with 27Al nuclei at 
14.1 MeV incident neutron and 
emission angles 300, 600 and 1200, see 
Fig. 7a, b, c has been compared with 
experimental data [36, 39] and other 
evaluate and theoretical data [30, 37, 
38]. It was found an acceptable 

similarity in the trend in the 
distribution. Also one can indicate that 
for slow neutron the main contribution 
to the DDX spectra comes from the 
evaporation delivered from CN, while 
with increasing emission energy the 
pre-equilibrium stage becomes 
decisive. 
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Fig. 7: The double differential cross sections at 14.1 MeV calculated in the present work as 
a function of emission energy and different emission angle (300, 600, 1200) for the reaction 
27Al+n and emitted neutron compared experimental data [36, 39] with other theoretical 
results TENDL [30], ENDF/B-VI  [37] and JEFF-3.2 [38]. 

 
In Figs. 8 to 12 different angles of 
emissions (00, 300,600 and 1200) for 
nucleon/deuterium induced nuclear 
reactions with 27Al nuclei are 
considered (both in the forward and the  
backward cases) and compared the 
calculated DDX with the experimental 
and evaluated data [30, 40, 37, 41-45], 
for the reactions: 27Al (n,D)26Mg, 
27Al(n,T)25Mg, 27Al(p,n)27Si and 

27Al(D,n)28Si  reaction at neutron 
energies 28.5 MeV, 34.5 MeV, 
39.5MeV, 22 MeV and 22.3MeV 
respectively. Most of the spectrums 
shown in the figures are in a good 
agreement with others, especially at 
the pre-equilibrium stage of emission 
energy, where the cross-section 
depends on emission angle and energy. 
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Fig. 8: The double differential cross sections calculated in the present work as a function 
of emission energy and different emission angle 1200 for the reaction 27Al+n and emitted 
deuterium at 28.5 MeV compared with experimental data [40] other theoretical results 
(TENDL [30], ENDF/B-VI  [37] and JEFF-3.2 [38]). 
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Fig. 9: The double differential cross sections calculated in the present work as a function 
of emission energy and different emission angle 1200 for the reaction 27Al+n and emitted 
triton at 34.5 MeV compared with experimental data [40] other theoretical results    
TENDL [30]. 
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Fig. 10: The double differential cross sections calculated in the present work as a function 
of emission energy and different emission angle 00 for the reaction 27Al+p and emitted 
triton at 39.3 MeV compared with experimental data [41] other theoretical results (TENDL 
[30], ENDF/B-VI  [37] and JENDL-4.0 [42]). 
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Fig. 11: The double differential cross sections calculated in the present work as a function 
of emission energy and different emission angle 300 for the reaction 27Al+p and emitted 
triton at 22 MeV compared with experimental data [43] other theoretical results (TENDL 
[30], ENDF/B-VI  [37] and JENDL-4.0 [42]). 
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Fig. 12: The double differential cross sections calculated in the present work as a function 
of emission energy for the reaction 27Al+D and emitted triton at 22.3 MeV compared with 
experimental data [44] other theoretical results (TENDL [30]] and FENDL-3.0 [45]) and 
different emission, (a) angle 600 and (b) angle 1200. 
 

Conclusions 
The present work focused on a semi 
classical statistical model (exciton 
model) with statistical Fashbach, FKK 
for pre-equilibrium and equilibrium 
emission calculations. The nucleons 
and light nuclei (2D and 3T) have been 
used as a projectile at the target nuclei: 
ଵଷ݈ܣ

ଶ଻ ,	 and at different incident 
energies. Various parameters, reaction 
considerations and specifications have 
been taken during the present 
calculations. The final conclusions 
made from the results of the present 
work are:  
1- In order to consider a large 
phenomenological description for the 
correlated angular and emit energy in 
the spectrum and for a wide range of 
possible channels, the two components 
ESM and NESM total state density 
used in the present work is included 
these corrections factors: The finite 
well depth, isospin, shell effects, Pauli 
effect, charge effect, pairing, surface, 
angular and linear momentum 
distributions corrections are considered 
in this work. 
2- Different mechanisms have been 
used to calculate the total energy 
spectrum for the nucleon and light 
nuclei emission at different incident 
energies. The exciton model, primary 

and secondary emission in pre 
equilibrium and equilibrium stages, 
and the statistical FKK model, MSD 
and MSC models for compound 
formation and direct reactions. These 
mechanisms improved the comparisons 
between the present systematic 
calculations with other experimental 
and theoretical benchmark data. 
3- It was shown indistinguishable 
calculated results in energy spectrum 
for the most of the target nuclei of the 
present work and the results calculated 
by Talys code, where late one passing 
the restriction in threshold energy for a 
particular reaction to be occurring. 
This also concerns the cluster emission 
threshold energy which approximately 
started from zero emission in Talys 
results for all reactions, while 
theoretically it is not possible to get a 
result.   
4- The slope parameter is highly 
affected the results of the angular 
distributions; this parameter is a 
function of incident and emission 
particle energy, ea and eb. Through the 

analysis of the calculated 
ௗఙమ

ௗఆௗఌ
, data, it 

is found at low incident energies or one 
can say below 100 MeV for nucleons 
(protons or neutrons); the slope 
parameter, ܽ௘௫ሺ݁௔, ݁௕ሻ,	is sensitive to 
be a function of incident particle's 
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energy rather than emission energy, 
while at high incident energies 
(>100MeV), it is a function of the ratio 
between the emission and incident 
energies, and also it shows a transition 
behavior between these two limits.  
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