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Abstract

In this work the reaction cross section for the production radionuclide of2%82°7-206pp, and 207:205.204] jsotopesfrom

bismuth-208 were calculated using EXIFON code in the energy range from 0 MeV to 30 MeV. The code is based
on an analytical model for statistical multistep direct and multistep compound reactions (SMD/SMC model).The
results obtained shows that production of 2°7TI is not observed at this energy range because the interaction cross
section is zero, and also the excitation functions for the production of 2°°T1 and?**TI were obtained.

Keywords: Nuclear reaction; cross-section; Excitation function; Radioisotope; statistical multistep reaction;
nuclear model.

1. Introduction

The artificially produced radioactive isotopes are important for many different applications[1]. Radioactive isotopes
play an important role in the field of medical science in terms of beneficial applications in both diagnosis and
therapy purposes[2].

In radioisotope production programmes, nuclear reactions data are mainly needed for optimization of production
routes[3].

For the last 50 years, the International Atomic Energy Agency(IAEA) Nuclear Data Section (NDS) has been
collating, compiling and reviewing nuclear data in a collection of databases and publications, aim of making these
data available to a global audience to create an awareness of the wide ranging data available in support of nuclear-
related applications[4]-[6].

Today, the nuclear databases are accessible online through the website provided by the IAEA Nuclear Data Section
(NDS). This site offers access to tens of thousands of nuclear data sets that can be used for research, innovation,
development and dissemination.

2. Theoretical backgrounds

A nuclear reaction is a process that occurs when a nuclear particle (nucleon or nucleus) gets into close contact with
another. In Many cases of nuclear reaction a strong energy and momentum exchange takes place and the final
products of the reaction are one, two, or more nuclear particles leaving the point of close contact in various
directions. The products are mostly of a species different from the particles in the original pair. If we considered
nuclear reactions of the type

a+X=Y+b 1)
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or, in more compact notation, X(a, b)Y ,this is not the most general nuclear reaction. In the general case, an
arbitrary number of particles may emerge. This reaction is sufficiently general to include most of the known nuclear
reactions at low energy. The radiative capture process is interested, where X andastay together to form a nucleus W
while a gamma-particle is emitted:

a+X =W+ hw (2)

This might have included as a reaction of type (1), provided that the gamma- particle is considered of the same type
as b particle. The probability of processes of type (1) or (2) as a function of the energy of the incident particle ain
the energy and the direction of the outgoing particles is usually interested, we are interested in the whole set of
reactions:

X+a
X" +a
a+X={Y+b 3)
| Z+c¢
U ete

The first two reactions (3) are distinguished by the fact that the "projectile" are-emerges after the reaction. The first
of these represents elastic scattering: the projectilea leaves with the same energy and the target nucleus X is left in
its initial state. The second reaction represents inelastic scattering: the target nucleus X is forced into an excited
state X*, and the projectile a re-emerges, but with energy lower than its initial one by the amount of the excitation
energy given to the target nucleus.

2.1 Reaction Channels

All the reactions (3), except the elastic scattering, can be sub-divided again according to the quantum state of the
residual nucleus and the emerging particle. The states of the nuclei can be denote bya '8, ..., and the states of the
incident or emerging particles bya "By ", .... If particlesa, b,etc., are elementary, statesa"B", etc., refer to their spin
orientation. We get the reactions

(X,  +a,
X, +a,
a,+ X, =19 Y+ by “4)

a
{Zy'+ c,"
etc

Here a'and a” are states of the target nucleus and the incident particle, g'andg”, or ¥ andy”, can denote any
quantum state of X and a or Y andb, respectively, which can be created in this reaction. The conservation laws of
energy, angular momentum, and parity restrict the possible pairs of g/ and B!’ and a' and a'!, etc. Any such
possible pair of residual nucleus and emerging particle, each in a definite quantum state, is called a reaction
channel.

Channel a,~ + X is called the entrance channel or initiating channel of reaction (4).

To describe a reaction (1) in detail, one need to determine the motion of all the particles in the system (including all
the component particle of X and Y) within that region. This is neither possible nor desirable. In this study we are
interested only in the Probability of getting the final result Y + b.

2.2 Statistical multistep reaction

Statistical multistep models are very successful in describing nuclear reactions at energies up to about 100 MeV [7].
These models enable the description of direct, pre-equilibrium, and equilibrium processes in a consistent way for a
wide mass number range and various reaction channels, e.g. neutrons, protons, alpha-particles, and gamma-
particles.

The application of a statistical multistep model to heavy nuclei requires the consideration of fission as a competing
process to particle and "gamma-ray emissions. Therefore, statistical multistep models should be extended to the
fission channel.

In the statistical multistep model, the total emission spectrum of the process (a,xb) is divided into three main
parts[8];[9],
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dogn (Ea) _ dogh” (Ba) | dogyC (Ba) | dal'yy (Ba)

dE, dEj, dEj, dEj, ®)

The first term on the right hand side of equation (5) represents the statistical multistep direct (SMD) part which
contains from single-step up to five-step contributions. The second term represents the statistical multistep
compound (SMC) emission which is based on a master equation. Both terms together (SMD+SMC) represents the
first-chance emission process[10][11] . The last term of equation (5) represents the multiple particle emission
(MPE) reaction which includes the second-chance, third-chance emissions, etc. These terms are summarized below:

MPE
a xb (E ) Z daa,cb (Ea) + Z do—a,cdb (Ea) + (6)

dE, dE, dE,

c c,d

2.3 Activation Cross Sections

The following relations between the optical model (OM) reaction cross section and the energy-integrated partial
cross sections should be satisfied (at each incident energy (E,))

oM = o @

b

Gab = Z Oa,cb and Ga,ch = Z Ga,cdb (8)

c d

with 6,5, = o31° + oahe the total first-chance emission, in this context, activation cross sections are given by
Gaby = Oap — Z Oa,cb (9)
CFY
Ga,cby = Oa,ch — Z Oa,cbd (10)
d=#y

where b, c,d # vy

For example, the (n,p)-activation cross sections have the form

Ga,py = Gn,p - Gn,pn - Gn,Zp - Gn,pa (11)
The SMD cross section is a sum over s-step direct processes given by:[13]
oD (E, ) _ N dogp (Ea) 12)
dEb dE,
s=1
The SMD cross section has the form
dGSMC Ty (E
SMC (E, )Z n ( )ZF(AV) (E Eb) 1. (13)
dEb
(av)

where ty satisfies the time-integrated master equation

—hdyn, = TR (E) L ty_o(E) +

T2 (B) Lty 2 (B) = Ty (B)ey (E) (14)
and
I (B) U= 213 pS™ () (15)
The multiple particle emission is expressed as:
MPE E d a,cC Ea d a,c Ea
axb()zcb()zcdb() (16)
dE, dE, dE,
To keep the model tractable, a simple two-body interaction is assumed:[10]
Fo -4
I(ry, ) = —47TX [X,nl (R)] d(ry —rp)d(r; —R) (17)
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Fy, = 27.5 MeV taken from nuclear structure considerations[12].

The factor [, (R)] " contains the wave function at the nuclear radius R = ryA'/3

The single-particle state density of particles C = n, p, o with mass p_is given by

1
) = 4nVp (2p E.) /2
PR =T 2nn)
1
= (448 x 103 fm—*MeV~2) roAE,? (18)

3
where V = % is equal to the nuclear volume[9].

The single-particle state density of bound particles (at Fermi energy) is then defined by

g = 4p(Ep) (19)
where the factor 4 considers the spin and isospin degeneracy

3. Methodology

The installed EXIFON code on a personal computer was used, which is a computer program package for
computational nuclear Data physics which is based on an analytical model for statistical multistep direct and
multistep compound reactions (SMD/SMC model). It predicts emission spectra, angular distributions, and
activation cross sections for neutrons, protons, alpha particles, and photons. Multiple particle emissions are
considered for up to three decays of the compound system.

The model is based on random matrix physics with the use of the Green’s function formalism[13];[14]. All
calculations are performed without any free parameters. Cross-section Results were obtained for bombarding
energies below 30 MeV[15];[16].

3.1 Shell structure Effects

The shell structure effects are considered in SMC processes. Under such a situation, the single-particle state density
g, in equation (2.17) is multiplied by the factors

W
(1 +-l1- eXpEEE}—yEX)]> (20)
X

With y = 0.05MeV ! and W as the shell correction energy taken from tables[17].where the quantity Ey = E or U
which denotes the excitation energy of the composite or residual systems respectively.
The calculations in this study were performed with (W = 0) and without (§W = 0) shell corrections.

4. Results and Discursions

The interaction cross section was obtained and tabulated in table 1 for neutron as incident particle. Which is then
plotted the cross section against energy in Figures 1 to 6 in order to see the behavior graphically. The calculations in
which the shell correction was taken into consideration are denoted by ‘With shell correction’ on the graph’s
legend, while those without the shell correction effects are denoted by ‘Without shell correction.

Table 1. The Cross section obtained from the reactions with shell correction and reactions without shell
correction at each particular energy ranges from (0-30)MeV on target nucleus 2°®Bi.
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with shell correction without shell correction with shell correction without shell correction
Energy (na) | (nna) | (nag | (nan) (na) | (nna) | (nag) | (nan Energy (MeV)| (n,p) (n,np) | (n,2p) [ (n,2np) (np) | (nnp) | (n2p) [ (n2np)
1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 6 01 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 7 03 0 0 0 01 0 0 0
8 0 0 0 0 0 0 0 0 8 07 0 0 0 03 0 0 0
9 0 0 0 0 0 0 0 0 9 14 0 0 0 0.7 0 0 0
10 0 0 0 0 0 0 0 0 10 24 0 0 0 13 0 0 0
1 0 0 0 0 0 0 0 0 1 4 0 0 0 24 0 0 0
1 0 0 0 0 0 0 0 0 12 6 0 0 0 39 0 0 0
13 0 0 0 0 0 0 0 0 13 85 0 0 0 5.9 0 0 0
14 0 0 0 0 0 0 0 0 14 115 0 0 0 8.4 0 0 0
15 0 0 0 0 0 0 0 0 15 148 0.1 0 0 113 0 0 0
16 0 0 0 0 0 0 0 0 16 184 0.2 0 0 14.6 01 0 0
17 01 0 0 0 0 0 0 0 17 23 03 0 0 183 01 0 0
18 01 0 0 0 0.1 0 0 0 18 264 04 0 0 2.1 02 0 0
19 01 0 0 0.1 01 0 0 01 19 307 0.6 0 0 262 03 0 0
20 02 0.1 0 0.1 01 01 0 01 20 351 08 0 0 305 05 0 0
21 02 02 0 02 02 01 0 01 21 39.6 11 0 0 349 07 0 0
2 03 02 0 03 02 0.2 0 02 2 443 14 0 0 395 1 0 0
23 04 04 0 03 03 03 0 03 23 49 17 0 01 44.1 13 0 0
2% 05 05 0 04 04 04 0 03 24 53.8 21 0 0.2 489 17 0 01
25 05 0.6 0 05 04 05 0 04 25 58.8 25 0 03 53.8 21 0 01
26 06 08 0 06 05 0.7 0 05 26 637 29 0 0.4 588 25 0 02
27 07 1 0 07 06 08 0 0.6 27 68.8 34 0 0.6 638 3 0 04
28 08 12 0 07 07 1 0 0.6 28 739 38 0 0.9 689 35 0 0.6
29 08 14 0 08 07 12 0 0.7 29 79.1 42 0 12 74 4 0 09
30 09 41 0 09 08 39 0 08 30 843 47 0 16 792 45 0 12

4.1 Production of Lead Isotopes

In figure 1:2°®Bi(n, p)2°®Pb is charge exchange reactions were by the incident neutron displaced proton from the
nucleus of the bismuth forming nucleus of?°®Pb isotope. The reaction cross section increases with increase in
energy around 8 MeV, This shows that production of 2°Pb through this route is possible at this energy range.

—=— (_"N208)Bi (n,p) (_"208)Pb with shell correction
—e— (_"~208)Bi (n,p) (_"208)Pb without shell correction
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Figure 1: graph of cross section against incident energy for the 2 Bi(n, p) 2 Pb reaction

The Figure 2°°®Bi(n,np)?°” Pb reaction is The knock out reaction in which the reaction cross section increases
with increase in energy at the range 0 MeV to 30 MeV, the reaction without shell correction has a maximum cross
section around 1.4mb. While when the shell correction was considered the maximum value of cross section
increased to 1.7mb. This show that shell correction affect the values of the cross section in this reaction.
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—=— (_"N208)Bi (n,np) (_"207)Pb with shell correction
—e— (_"~208)Bi (n,np) ("207)Pb without shell correction
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Figure 2:graph of cross section against incident energy for the?°®Bi(n, np)2°” Pb reaction
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Figure 3:graph of cross section against incident energy for the2°® Bi(n, 2np)2°® Pb reaction

4.2 Production of Thallium Isotopes

Production of 2°7T1 Isotope

207T[an isotope of thallium with half-life of 4.76 minutes and it decays via beta( “e) or gamma particles. The
208Bj(n, 2p)?°" Tl is a knock out reaction where 2 protons are emitted and produce?”T1 this type of reaction is not
observed because the cross section is zero throughout the energy range we considered in the table above,
introducing the shell correction does not change anything to the results. This shows that production of 2°7T1
through this route is not possible at this energy range.

Production of 2°°T1 isotope

20577 is a stable isotope of thallium, the?°®Bi(n, a)?°>T1 reaction is the knock out reaction in which the cross
section increases with increase in energy at the range 0 MeV to 30 MeV, the reaction without shell correction has a
maximum cross section around 0.8mb. While when the shell correction was considered the maximum value of cross

section increased to 0.9mb. This show that shell correction effect affect the value of the cross section in this
reaction.
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—m=— (_"208)Bi (n,a) (_"205)TICross section with shell correction
—e— (_"208)Bi (n,a) (_"~205)TICross section without shell correction
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Figure 4:graph of cross section against incident energy for the:2°® Bi(n, a)?°>T1 reaction

The 2%®Bi(n, ag)?°>TI reaction is the knock out reaction. This type of reaction was not observed because the cross
section is zero throughout the energy range considered in table 1, introducing the shell correction does not change
anything to the results. This shows that production of 25T through this route is not possible at this energy range.

Production of 2T isotope

204Tlis an isotope of thallium with half-life of 2.7 years and it decays via beta("e) or K-capture,
the?%®Bi(n, na)?*®*Bi — 2°*T1 reaction is inelastic scattering followed by knock out reaction where an alpha

particle is emitted and produced®®*T1. Reaction without shell correction has maximum cross section around 3.9mb,
when the shell correction was considered the maximum value of cross section increased to 4.1mb

Figure 4.5:2%®Bi(n,an)?*>T1 - 2°T1 reaction is a knock out reaction where alpha particle is emitted and
produced?®>TI which is unstable nucleus and decays by emitting neutron to form?®*TI. Reaction without shell
correction has maximum cross section of 0.8mb. When the shell correction was considered the maximum value of

cross section increased to 0.9 mb. S02°®Bi(n, na)?*®*Bi — 2°*T1 is a best route for production of 2°*TI with cross
section of 4.1mb.

—=— (_"208)Bi (n,na) (_"204)TI with shell correction
—e— (_"208)Bi (n,na) (_"204)TI without shell correction
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Figure 5:graph of cross section against incident energy for the?°®Bi(n, na)?*®Bi — 2°*T1 reaction
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—=— (_"208)Bi (n,an) (_"204)TIlwith shell correction
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Figure 6:graph of cross section against incident energy in the?*®Bi(n, an)?°°TI — 2°*TI reaction

5. Conclusions

Precise knowledge of the reactions cross-section is needed in radionuclide production. Nuclear reactions were
studied and evaluated the cross section for the production of isotopes of thallium and lead using EXIFON code. Our
results show that production of *’T1 is not observe through 2°®Bi(n, 2p)?°’ Tl reaction and also production of
20571 through 2°®Bi(n, ag)?°>T1 route is not possible at considered energy range.

The reaction cross section for the production of2%pb, 207pp, 2°pp,25T] and 2°*TI through
28Bi(n, p)**® Pb,2%® Bi(n, p)**® Pb, **® Bi(n, @)*°°T1,**® Bi(n, na)?*®*Bi - ***T1 and **®Bi(n,an)***Tl - 2*'TI
were obtained respectively.

This studied show that EXIFON code is a good tool for investigation of nuclear reaction cross section and this

research work can be useful in the production of radionuclide of high purity and in an efficient manner for
therapeutic purposes embracing current and possible future needs.
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