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ABSTRACTABSTRACTABSTRACTABSTRACT    
The study has been obtained theoretical that demonstrated the neutron-rich fragments are 
also produced in the deep inelastic transfer reactions occurring in the region between 
Coulomb barrier and Fermi energy regime. It has been achieved the applicability of multi-
fragmentation in the transition region between Coulomb barrier and Fermi energy regime. 
The goal of this paper is to achieve the theoretical prediction of mass distribution of 
fragment for ⁹⁰�� and ⁹²��. The theoretical reaction of  ⁹⁰�� and ⁹²�� have been obtained. 
Collisions stages have been predicated. The results obtained are in agreement with the 
experimental data.    
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INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION    
Krypton is a chemical element with symbol Kr and atomic number 36. It is a 
member of group 18 (noble gases) elements, Krypton is from Ancient Greek 
name κρυπτός, translit and kryptos is the hidden one. A colorless, odorless, 
tasteless noble gas, krypton occurs in trace amounts in the atmosphere and is 
often used with other rare gases in fluorescent lamps. With rare exceptions, 
krypton is chemically inert. Krypton, like the other noble gases, is used in 
lighting and photography. Krypton light has many spectral lines and krypton 
plasma is useful in bright, high-powered gas lasers (krypton ion and excimer 
lasers), each of which resonates and amplifies a single spectral line. Krypton 
fluoride also makes a useful laser medium [1].  
 
This agreement replaced the 1889 international prototype meter located in 
Paris, which was a metal bar made of a platinum -iridium alloy one of a series 
of standard meter bars, originally constructed to be one ten-millionth of a 
quadrant of the Earth's polar circumference [2]. This also obsolete the 1927 
definition of the ångström based on the red cadmium spectral line, replacing it 
with 1 Å = 10 −10 m [3]. The krypton-86 definition lasted until the October 
1983 conference, which redefined the meter as the distance that light travels in 
vacuum during �

	

,�
	,
�� � [4]. Krypton is characterized by several sharp 
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emission lines the strongest being green and yellow [5]. Krypton is one of the 
products of uranium fission [6]. Solid krypton is white and has a face-centered 
cubic crystal structure, which is a common property of all noble gases (except 
helium, which has a hexagonal close-packed crystal structure). Naturally 
occurring krypton in Earth's atmosphere is composed of five stable isotopes, 
plus one isotope (⁷⁸Kr) with such a long half-life that it can be considered 
stable. This isotope has the second-longest known half-life among all isotopes 
for which decay has been observed; it undergoes double electron capture to ⁷⁸Se. In addition, about thirty unstable isotopes and isomers are known [4]. 
Traces of ⁸¹Kr, a cosmogenic nuclide produced by the cosmic ray irradiation of ⁸⁰Kr, also occur in nature: this isotope is radioactive with a half-life of 230,000 
years. Krypton is highly volatile and does not stay in solution in near- surface 
water, but ⁸¹Kr has been used for dating old (50,000–800,000 years) 
groundwater [5].  ⁸⁵Kr is an inert radioactive noble gas with a half-life of 10.76 
years. It is produced by the fission of uranium and plutonium, such as in 
nuclear bomb testing and nuclear reactors.  ⁸⁵Kr is released during the 
reprocessing of fuel rods from nuclear reactors. Concentrations at the North 
Pole are 30% higher than at the South Pole due to convective mixing [6]. Will 
obtained the characteristics of fragment mass, isotope distributions and the 
fragmentation mechanism. Also, the comparing results of both calculated and 
experimental. 
    
MATERIALS AND METHODMATERIALS AND METHODMATERIALS AND METHODMATERIALS AND METHOD    
One may define the weight of the fragmentation probability of each event as 
follows: 

�� = � exp �����∗,  , !"#                                                                                                          1 

Here � is the normalization constant, �� is the entropy of each channel, �∗ is 
the excitation energy, A is the mass number and Z is the charge number of the 
droplets. The free energy of a fragmentation can be defined in terms of the 
parameters of Bethe-Weizacker formula as a sum of the bulk, surface, 
Coulomb and symmetry energy terms as $%,& = $%,&' + $%,&) + $%,&* + $%,&+,-                                                                                              2 

Here $%,&' = �−�/ − 01
23#   is the bulk term with the temperature T, the level 

density parameter 4/ and the binding energy �/ = 16 89: for symmetric 

nuclear matter, $%,&) = ;/ 1
< =>0?1@01A

>0?1B01AC
D
E
 is the surface energy with the surface 
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energy term ;/ = 18 89: and the critical temperature G* = 18 89:, �%,&* =
�H  &1"

%I<
 is the Coulomb energy contribution with the Coulomb parameter c 

obtained in Wigner-Seitz approximation as J = �K
�# LM1

N3 − � O
O3#

I
<P, charge unit 

9,   �/ = 1.17 fm and the normal nuclear matter density S/ = 0.15 VW@K and 

�%,&+,- = X �%@	&"1
%  is the symmetry term with the ground state value of the 

symmetry energy parameter X = 25 89:.[7] The weight of the channel 
containing Z particles with masses W[ = �[ = 1, … , Z" is given by 

∆ _̂-`H ∝ )
b � cd

�	ef"<#g@� �∏ -ijikI  
-3 #

<
1 �	e"�<1#�jlI"

mn<
1�g@�"o >�p`g − q_*A�<

1#g@D
1                                               

3 
Where W/ = ∑ W`g̀s�  is the total mass, � = ∏ �2�` + 1"g̀s�  is the spin 
degeneracy factor, t = ∏ Z�  !gvs�  is the particle identity factor with Z� the 
number of the wxℎ particles, �p`g is the total kinetic energy of the fragments, 
and q_* is the Coulomb interaction energy of secondary cold particles.  
    
RESULTSRESULTSRESULTSRESULTS    
The emission width of a particle w emitted from the compound nucleus � , !" 
is given by 

�̂	 = L∑ z {| }|�i"
e1 f<   ~���"��,�∗ @'|@2|�i"

/    O���� >���∗ @'|@�A
O�� >���∗ A

g̀s� P
	
                                                       

4 
Where the summation is taken all over the states, 4�̀ �[ = 0, 1, … , Z" is for the 

fragments w, ���`" = �2��`" w + 1" is the spin degeneracy factor of the excited 
state w, �� is the reduced mass, ;� is the separation energy, �%&∗  is the excitation 
energy of the source and � is the kinetic energy of an emitted particle in the 
centre of mass frame. 
Table 1a: Hot and Cold fragment for ⁹⁰��. 
S/N ⁹⁰��  ⁹⁰��  
 Hot Fragment Cold Fragment 
 A Multiplicity 

(Exponential) 
A Multiplicity 

(Exponential) 
1 1 −0.65 2 −0.65 
2 2 −1.45 3 −0.55 
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3 3 −1.55 4 −0.20 
4 4 −1.35 5 −2.89 
5 5 −1.00 6 −0.98 
6 6 −1.10 7 −0.96 
7 7 −1.20 8 −0.94 
8 8 −1.25 9 −1.30 
9 9 −1.30 10 −1.31 
10 10 −1.31 11 −1.30 
11 11 −1.40 12 −1.60 
12 12 −1.45 13 10@�.
� 
13 13 −1.50 14 −1.80 
14 14 −1.55 15 −1.65 
15 15 −1.70 16 −1.83 
16 16 −1.75 17 −1.82 
17 17 −1.81 18 −1.83 
18 18 −1.82 19 −1.82 
19 19 −1.85 20 −1.85 
20 20 −1.86 21 −1.83 
21 21 −1.88 22 −1.86 
22 22 −1.89 23 −1.84 
23 23 −1.90 24 −1.87 
24 24 −1.92 25 −1.84 
25 25 −1.93 26 −1.88 
26 26 −1.94 27 −1.85 
27 27 −1.95 28 −1.90 
28 28 −1.96 29 −1.88 
29 29 −1.97 30 −2.10 
30 30 −1.98 31 −2.13 
31 31 −1.99 32 −2.17 
32 32 −2.00 33 −2.21 
33 33 −2.01 34 −2.24 
34 34 −2.06 35 −2.27 
35 35 −2.10 36 −2.28 
36 36 −2.14 37 −2.29 
37 37 −2.18 38 −2.30 
38 38 −2.20 39 −2.31 
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39 39 −2.24 40 −2.32 
40 40 −2.28 41 −2.35 
41 41 −2.31 42 −2.36 
42 42 −2.33 43 −2.38 
43 43 −2.36 44 −2.40 
44 44 −2.39 45 −2.38 
45 45 −2.40 46 −2.37 
46 46 −2.48 47 −2.35 
47 47 −2.46 48 −2.32 
48 48 −2.48 49 −2.29 
49 49 −2.50 50 −2.25 
50 50 −2.47 51 −2.22 
51 51 −2.45 52 −2.20 
52 52 −2.42 53 −2.19 
53 53 −2.40 54 −2.17 
54 54 −2.37 55 −2.16 
55 55 −2.33 56 −2.14 
56 56 −2.31 57 −2.13 
57 57 −2.27 58 −2.10 
58 58 −2.23 59 −2.09 
59 59 −2.20 60 −2.08 
60 60 −2.18 61 −2.05 
61 61 −2.15 62 −2.04 
62 62 −2.13 63 −2.03 
63 63 −2.11 64 −2.01 
64 64 −2.07 65 −2.00 
65 65 −2.01 66 −1.90 
66 66 −2.00 67 −1.89 
67 67 −1.99 68 −1.87 
68 68 −1.97 69 −1.85 
69 69 −1.94 70 −1.84 
70 70 −1.93 71 −1.83 
71 71 −1.91 72 −1.80 
72 72 −1.90 73 −1.81 
73 73 −1.89 74 −1.83 
74 74 −1.87 75 −1.84 
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Table 1b: Hot and Cold fragment ⁹²��. 

75 75 −1.85 76 −1.85 
76 76 −1.83 77 −1.86 
77 77 −1.80 78 −1.89 
78 78 −1.80 79 −1.90 
79 79 −1.80 80 −1.95 
80 80 −1.80 81 −1.97 
81 81 −1.80 82 −1.99 
82 82 −1.80 83 −2.00 
83 83 −1.80 84 −2.10 
84 84 −1.80 85 −2.30 
85 85 −1.80 86 −2.40 
86 86 −1.80 87 −2.50 
87 87 −1.80 88 −2.70 
88 88 −1.80 89 −2.89 
89 89 −1.80 90 −3.50 
90 90 −1.98 - - 

S/N ⁹²��  ⁹²��  
 Hot Fragment Cold Fragment 
 A Multiplicity 

(Exponential) 
A Multiplicity 

(Exponential) 
1 2 −1.45 2 −0.65 
2 3 −1.55 3 −0.55 
3 4 −1.35 4 −0.20 
4 5 −1.00 5 −2.89 
5 6 −1.10 6 −0.98 
6 7 −1.20 7 −0.96 
7 8 −1.25 8 −0.94 
8 9 −1.30 9 −1.30 
9 10 −1.31 10 −1.31 
10 11 −1.40 11 −1.30 
11 12 −1.45 12 −1.60 
12 13 −1.50 13 −1.81 
13 14 −1.55 14 −1.80 
14 15 −1.70 15 −1.65 
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15 16 −1.75 16 −1.83 
16 17 −1.81 17 −1.82 
17 18 −1.82 18 −1.83 
18 19 −1.85 19 −1.82 
19 20 −1.86 20 −1.85 
20 21 −1.88 21 −1.83 
21 22 −1.89 22 −1.86 
22 23 −1.90 23 −1.84 
23 24 −1.92 24 −1.87 
24 25 −1.93 25 −1.84 
25 26 −1.94 26 −1.88 
26 27 −1.95 27 −1.85 
27 282 −1.96 28 −1.90 
28 29 −1.97 29 −1.88 
29 30 −1.98 30 −2.10 
30 31 −1.99 31 −2.13 
31 32 −2.00 32 −2.17 
32 33 −2.01 33 −2.21 
33 34 −2.06 34 −2.24 
34 35 −2.10 35 −2.27 
35 36 −2.14 36 −2.28 
36 37 −2.18 37 −2.29 
37 38 −2.20 38 −2.30 
38 39 −2.24 39 −2.31 
39 40 −2.28 40 −2.32 
40 41 −2.31 41 −2.35 
41 42 −2.33 42 −2.36 
42 43 −2.36 43 −2.38 
43 44 −2.39 44 −2.40 
44 45 −2.40 45 −2.39 
45 46 −2.40 46 −2.39 
46 47 −2.42 47 −2.38 
47 48 −2.48 48 −2.37 
48 49 −2.46 49 −2.35 
49 50 −2.48 50 −2.32 
50 51 −2.50 51 −2.29 
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51 52 −2.47 52 −2.25 
52 53 −2.45 53 −2.22 
53 54 −2.42 54 −2.20 
54 55 −2.40 55 −2.19 
55 56 −2.37 56 −2.17 
56 57 −2.33 57 10@	.�� 
57 58 −2.31 58 −2.14 
58 59 −2.27 59 −2.13 
59 60 −2.23 60 −2.10 
60 61 −2.20 61 −2.09 
61 62 −2.18 62 −2.08 
62 63 −2.15 63 −2.05 
63 64 −2.13 64 −2.04 
64 65 −2.11 65 −2.03 
65 66 −2.07 66 −2.01 
66 67 −2.01 67 −2.00 
67 68 −2.00 68 −1.90 
68 69 −1.99 69 −1.89 
69 70 −1.97 70 −1.87 
70 71 −1.94 71 −1.85 
71 72 −1.93 72 −1.84 
72 73 −1.91 73 −1.83 
73 74 −1.90 74 −1.80 
74 75 −1.89 75 −1.81 
75 76 −1.87 76 −1.83 
76 77 −1.85 77 −1.84 
77 78 −1.83 78 −1.85 
78 79 −1.80 79 −1.86 
79 80 −1.80 80 −1.89 
80 81 −1.80 81 −1.90 
81 82 −1.80 82 −1.95 
82 83 −1.80 83 −1.97 
83 84 −1.80 84 −1.99 
84 85 −1.80 85 −2.00 
85 86 −1.80 86 −2.10 
86 87 −1.80 87 −2.30 
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Table 2: Theoretical and Experimental Results for ⁹⁰�� if Z=30 
 If Z=30        
 Theoretical 

Result 
   Experimental 

Result 
   

 ⁹⁰��   ⁹²��   ⁹⁰��   ⁹²��   
S/N A mb A Mb A mb A mb 
1 61 -2.9 63 -0.6 59 -1.6 61 -0.4 
2 62 -1.6 64 0.1 60 -0.7 62 0.0 
3 63 -0.7 65 0.3 61 -0.2 63 0.3 
4 64 0.2 66 0.4 62 0.2 64 0.4 
5 65 0.6 67 0.3 63 0.3 65 0.4 
6 66 0.6 68 0.4 64 0.4 66 0.3 
7 67 0.3 69 0.2 65 0.3 67 0.9 
8 68 0.2 70 0.0 66 0.1 68 -0.2 
9 69 -0.1 71 -0.1 67 0.0 69 -0.4 
10 70 -0.2 72 -0.4 68 -0.5 70 -0.6 
11 71 -0.7 73 -0.8 69 -0.7 71 -0.8 
12 72 -0.6 74 -0.7 70 -0.9 72 -0.9 
13 73 -0.8 75 -0.8 71 -1.0 73 -1.4 
14 74 -0.7 76 -0.7 72 -1.9 74 -1.7 
15 75 -0.9 77 -0.8 73 -2.6 75 -2.6 
16 76 -0.9 78 -0.9 - - 76 -2.9 
17 - - - - - - 77 -3.7 
18 - - - - - - 78 -3.9 

 
Table 3: Theoretical and Experimental Results for ⁹²�� if Z=29 
 ⁹²�� if Z=29    
 Theoretical 

Result 
 Experimental 

Result 
 

S/N A mb A mb 
1 59 -2.6 58 -0.3 

87 88 −1.80 88 −2.40 
88 89 −1.80 89 −2.50 
89 90 −1.80 90 −2.70 
90 91 −1.80 91 −2.89 
91 92 −1.98 92 −3.50 
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2 60 -1.0 59 0.1 
3 61 0.1 60 0.4 
4 62 0.3 61 0.8 
5 63 0.5 62 0.4 
6 64 0.4 63 0.2 
7 65 0.3 64 0.1 
8 66 0.1 65 0.0 
9 67 0.0 66 -0.3 
10 68 -0.7 67 -0.5 
11 69 -0.8 68 -0.9 
12 70 -0.9 69 -1.4 
13 71 -0.9 70 -1.9 
14 72 -1.4 71 -2.0 
15 73 -1.1 72 -2.2 
16 74 -1.5 73 -2.5 
17 75 -1.7 - - 
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Fig 1 . Hot (red circles) and cold (blue empty circles) fragments for ⁹⁰�� and ⁹²�� 
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2A: Graph of cross section versus mass number of Theoretical Result for ⁹⁰��  
 

 
2B: Graph of cross section versus mass number of Theoretical Result for  ⁹²��  
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2C: Graph of cross section versus mass number of Experimental Result for ⁹⁰�� 
 

 
2D: Graph of cross section versus mass number of Experimental Result for  ⁹²��  
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3A: Graph of cross section versus mass number of Theoretical Result for  ⁹²�� 
if Z=29 
 

 
3B: Graph of cross section versus mass number of Experimental Result for  ⁹²�� if Z=29 
    
DISCUSSIONSDISCUSSIONSDISCUSSIONSDISCUSSIONS 
Fig 1 indicates the results achieved from the current calculation for the hot and 
cold fragment. The higher panel indicate the average multiplicity of hot and 
cold fragment from the instrument of sources of ⁹⁰�� and lower panel for the 
more neutron-rich  ⁹²��. Hot and cold distribution is simply due to the fact 
that the mass of a hot fragment is reduced after the particle emission. 
Calculations were performed for iterations and the parameter determined in 
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for relativistic collisions. The approach can be applied to reproduce the 
experimental data for the intermediate energy nuclear collisions. In fig 2a, 2b, 
2c and 2d, comparing the predicted production cross-section values for the 
fragments with Z=30 with experimental data measured. The normalization 
results obtained according to the experimental cross-section have been carried 
out. The results for normalization factors of theoretical event for the fragments 
of ⁹²�� with Z=30 and similar procedure is applied for the fragment of  ⁹⁰�� . 
When one compared the results with experimental data, one may see that the 
overestimates the fragment yields at the neutron rich side of the isotopic 
curves. The reason is that experimental isotopic yields were not fully taken 
into account due to the filters used during the measurement. While on the other 
hand, it seen that the predicated curves are located under the experimental 
ones at proton rich side. Fig. 3a and 3b, shows the results for the lighter 
fragment with Z=29 emitted from⁹²��. The calculated and experimental 
results show satisfactory agreement when compared to fig 2a, 2b, 2c and 2d.   
    
CONCLUSION CONCLUSION CONCLUSION CONCLUSION     
It has been observed a satisfactory agreement between the data given in table 
1 and 2. It was demonstrated that neutron-rich sources provide more neutron-
rich fragment production in the reactions near Coulomb barrier. The kind of 
reactions, the excitation energy deposited in the sources may drop the particle 
evaporation threshold.   
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