International Journal of Applied A International Academy of Science,

and Natural Sciences (IJANS) 5

ISSN(P): 2319-4014; ISSN(E): 2319-4022 Engineering and Technology '
Vol. 4, Issue 5, Aug - Sep 2015, 77-90 IASET Connecting Researchers; Nurturing Innovations

© IASET

CROSS SECTION AND NEUTRON YIELD FOR PROTON INTERACT ION WITH
INTERMEDIATE AND HEAVY NUCLEUS

SHAFIK Y.QASTIN & HUDA M.TAWFEEQ
Physics Department, College of Ibn Al-Haytham - Bdad University, Iraq

ABSTRACT

In this study reacting proton with intermediate dmwdvy nucleus as a targ&iNi, °’zn, As, *®rh, *'cd, **Cd,
1540, 1°Tm, ¥%W) the experimental data of cross sections have bablished in Exfor library as a function of proton
energy. We have calculated the cross section ofabimve mentioned data and results have been oBitaipeusing
(Matlab-8.3 2014a) program. The stopping powersshasen calculated from Zeigler formula by using 82013 with
the results of cross sections to calculate therapytield for reactions, and also comparing betwemss section for each
one of those reactions with published experimestdizd of cross sections at Exfor library as a fumctif proton energy to
show compatibility, as well as those reactionseaibed in the production of radioisotopes sucli&si(*’Ga, "*Se, '®pPd,
Wy 14mn 105gr 19, ¥Re ), We also did found comparisons between neutron yiefdthe mentioned reactions to

choose the best reactions of highest neutron yield.

KEYWORDS: Cross Section (Excitation Function), Stopping Powéeutron Yield, Data Evaluation, Radioactive

Isotopes
INTRODUCTION

The first major advance of particle acceleratorsuo®d in 1934 with the invention of the cyclotréris machine
used to accelerate charged particles to very hpgleds, and it became possible to create the nuadsability that is a
prerequisite for radioactivity. By directing a beafrfast moving charged particles at a nucleusetaiyinduced a reaction
that results in the formation of a radioisotopehwét short half-life [1]. Particle accelerators amdparticular, cyclotrons,
were very important in the preparation of radiciges during the years from 1935 to the end of Wérht 11, After that
reactors were used to produce radioactive elembuatghe use of accelerators for this purpose bedass common. As
the techniques for using radiotracers became moplisticated, it was clear later that reactor poeduradioisotopes
could not completely satisfy the growing demand, ahdrefore accelerators were needed to produceradivisotopes
that could be used in new ways in both industry ameticine [1]. The study of nuclear reactions obtpn with
intermediate and heavy nucleus as a target whishah@gh neutron yield due to the advantages offiim reactions to
produce radioisotopes a¥Qu, ¥Ga, *Se, *®pd, in, *"Min, *Er, *Yb, ¥Re). They are very important because it
provides a base for a wide range of technical apfitins, particularly using the reactions inducgdritermediate energy
protons; it is possible to produce directly radidipes which are used in medicine and industrygnedecades, where
widespread uses of diagnostic and therapeutic isdapes had occurred. Depending on the type ofatiad, the
diagnostic isotopes are classified into two groypss emitters {*Cu, ***Re, etc.) used in Positron Emission Tomography
(PET), E.C and y-emitters {'Ga, "~Se'®Pd, *in, ™"n,**Er, **°Y)) used in Single Photon Emission Computed
Tomography (SPECT). The total cross section of sughoduction is also important in accelerator nedbgy from the

point of view of radiation protection safety [2].
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NUCLEAR REACTION

The Q-value of the X(a,b)Y reaction is defined as thdéedlédnce between the final and initial kinetic emesgand

is given by [3,4,5]:
Q=[M,+M, -(M,+M,)]x9315 D

The threshold energy for a nuclear reaction isngefias the smallest value of a projectile’s kinetiergy at

which a nuclear reaction can take place [5, 6].

- _ M, 2
£, = Q14 i) @

NUCLEAR CROSS SECTION

To study nuclear reactions, it is necessary to lmgeiantitative measure of the probability of aegivnuclear
reaction. In which the cross section of nuclidethis effective area presented [7]. When an acdekkreharged particle
interacts with a target nucleus a nuclear readti&as place, ultimately leading to a stable oraadiive product nucleus.
A nuclear reaction is characterized by a crossegctescribing the probability that a particle dateracts [6, 8].
The cross section has the units of area as it'sdloare of nuclear radius. The standard unit feasmeng a nuclear cross
section 6) is the barn (b), which is equal to (IbarnZf@m?) or (1barn=18® m?). The reaction cross section data

provides information of fundamental importanceha study of nuclear systems. The cross sectioefisetl by [9]:

a:Ff_ ) (3

WhereR is the number of reactions per unit time per nugleis the number of incident particles per unit time
per unit area, In general, a given bombarding glarind target can react in a variety of ways pcodpa variety of light

reaction products per unit time. The total crosdise is than defined as [5]:
Oita = Z g, 4)
Whereg; is the partial cross section for the process.

STOPPING POWER

The energy of charged particle loses per unit pextigth of the material it traverses. Generally &pen any
charged particle can have either electronic, nucleragravitational interaction with the particle6the material through
which it passes. However the gravitational intecercts too low to be of any significance and is gafly ignored. The

total stopping power is then just the sum of tlogpging powers due to electronic and nuclear interas [10, 11, 12].

dE
_a = S(otal = Selectronic + Snuclear )

Where S.cionic IS the electronic stopping powes, qgear IS the nuclear stopping power. The electronic sitogp
power is always much larger than the nuclear stappiower. For most practical purposes the nuclearponent of the

stopping power can also be ignored as it is gelyeoaly a fraction of the total stopping power. Rmarticles such as
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electrons, this statement is always valid sincg Hre not affected at all by the strong nucleacdor
Electronic Stopping

Electronic Stopping Power {Sthe beam particles hitting a target get slowedrdby interactions
with the electrons until it they are in thermal #iguum with their surroundings. As a consequerme gets a wide
neutron spectrum if the projectiles are completgypped in the target, even if all nuclear readtiorere two-body
reactions. The loss of kinetic energy in a nuckelacounter would be much larger [4]. In the scopehef work, the
electronic stopping powers were calculated usiegdiegler formulae [11]. Reliable data are avagdiolr many elements
over a wide range of energies. However, in ordeolitain values for all elements over a continucrsge of proton
energies, the stopping power as a function of pretwergy E (keV) and the target atomic numheris assumed to be
proportional to B* for E < 25 keV, except for Z 6 where it is proportional to’E®>, for 25 keV< E < 10 MeV
[12,13].

R S 6
(Se) (S_ow)+(s—|igh) ( )

S ow (LOW energy stopping) is
Siw = AE™ + AE™ (7)
Shigh (High energy stopping) is

A, In(%+ A,E)

Suigh = E A

(8)

Where E(KeV) energy of proton and the coeffickestfor each Z, available from SRIM [12,13]. For 10 Me¥
E<2 GeV.

In E In E

Suan = A+ () + AT+ A () ©

E In E

For use in the parameterization Proton stoppig@HJ in various target materials for 10 kev E < 100 MeV,
High-energy proton stopping Se ~St , Proton stappiower for 1 kexx E< 10 GeV and £< 92, based on a combination
of theoretical calculations and experimental d&daZ0 keV< E <1 MeV) [14,15].

Nuclear Stopping Power ()

A beam of charged particles bombarding the neat@hs of a target interacts with the atomic nuated atomic
electrons of the target. The ratio of the energgt la interaction with the atomic electrons, to #mergy lost in the

interaction with the atomic nuclei (2rhm. 0 4x10) [10].

Thus the energy lost by interaction with the nuddenegligible compared with that lost by interantiwith the
electrons. For solid targets with a given thickndse will be the more nuclear interactions andckethe electronic
stopping is comparable with the nuclear cross @edtil]. The theory of ion-solid interactions isliestablished and it
has been discussed in detail. Where the authoosdascribed the computer program SRIM. Which carudged for

calculating stopping power and range for ion taggehbinations with Z92 [12, 14, 16]. For sufficiently high projectile
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energiesS ~S.. S, in units of eV/1& atoms/crf, for any projectile with energy E (KeV), is giveg [12,14].

(B = e 0o)
(M, +M,) (2,7 +Z,™)
Where the reduced ion energy, is defined as
Reducedon Energy= ¢ = 325M,M,(E/M,) (11)

leZ(Ml + M 2)(21023 + Z2023)
Where M and M are the projectile and target masses (amu), arahd % are the projectile and target atomic

numbers. For < 30 keV.

In(L+1.138%)
(12)
2(¢ +0.0132% ®2%61.0,1959% °°)

S\(&) =

Fore > 30 keV , unscreened nuclear stopping is usatiSafs) simplifies to

S (¢) _Ine (13)
2¢

NEUTRON YIELDS

The neutron yield () detected per incident particle (proton, deuteaipia), for an ideal thin, and uniform target

and mono-energetic particles beam of incident gnEggs given by [17].

Y, = (Ndx)a (Ebh(Eb) (14)

WhereNy is the real number density of target atoms the target thickness,is the reaction cross section anpd
is neutron detection efficiency. If the target idfieiently thick, for a target which is not infirgsimally thin, the beam
loses energy as it passes through the targete ifaitget is sufficiently thick, and there exist aiem per each molecule
(i.e.,f=1) and taking (E")=1, then the resulting yieladaled the thick-target yield which is given by [18,19].

Y.(E,) = N fﬁdE (15)

WhereEy, is the reaction threshold energyE) is the cross sectiodE/dX is the incident particle initial energy,
N is the atomic number of target per unit volume,chilis defined as follows [20]:
N = WAN. (16)
A
Where,w is the abundant in the combination, is the comimnatensity, A is the mass number, i the

Avogadro's number. Thus by measuring the yieldaat tlosely spaced energies (E1) and (E2), one etermine the

average value of the integrand over this energyrial as follows [20]:

o(E)
dE/dx

Ey

Y(E,)-Y(E,)= (E2-E1) (6
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Where &) is the average otf) and E2). If o (E) are available in the literature as a function rafjgctile energy
(Ep) for natural elements, then the neutron yield loartalculated using eq. (13). If neutron yieldvaikable as a function
of projectile energyH,), then eq. (13) can be used to calculaiE) as a function ofH,). Thus consequently one can

calculate the neutron yield by using eq. (17),rmfatural elements and if only one stable isotof@vélable in nature [21].
RESULTS AND DISCUSSION

These reactions are the important interactionsléaat to the radioactive isotopes production suc{Capper-64,
Gallium-67, Selenium-75, Palladium-103, Indium-1iddium-114", Erbium-165, Ytterbium-169 and Rhenium-186).

The 2Ni (p,n) 5Cu Reaction

The cross sections of th%fNi (p,n) f;‘Cu reaction have been published as a function of preteergy by
Adam [22], Avila [23], Szelecsenyi [24], LevkovsKR5] in Exfor library. We've used the energy rande0-24.5MeV)
lower than the threshold energy (2.4956MeV) witthia step of (0.5 MeV), the cross section is diseptbportional with

proton energy until it reaches to (11.0 MeV), itte maximum value of the cross secti@y(=742.95 mb), then it

decreases with the increase of proton energy agrshrofigure 1.

67

The 5;Zn(p,n) 5;Ga Reaction

The cross sections of thEzn (p,n) $/Gareaction have been published as a function of pranergy by

Szelecsenyi [26], Hermanne [27], Levkovskij [28]dalittle [29] in Exfor library. We've used the emgr range (4-
29.5MeV) higher than the threshold energy (1.8108Mwithin the step of (0.5 MeV), the cross sectiisndirectly
proportional with proton energy until it reaches(1d.0 MeV), it's the maximum value of the crosst&en (oya=739.09

mb), then it decreases with the increase of pretargy as shown in figure 2.

The 2As(p,n) 2°Se Reaction

The cross sections of thég’As(p,n) ;ffSe reaction have been published as a function of praoergy by

Levkovskij [30], Brodovitch [31], Johnson [32], amdbert [33] in Exfor library. We've used the engrgange (2.0-
59.95MeV) higher than the threshold energy (1.6688Mwithin the step of (0.8MeV), the cross sectisndirectly
proportional with proton energy until it reacheg®02MeV), its maximum value of the cross section.{=692 mb), then

it decreases with the increase of proton energghaw/n in figure 3.
The “2Rh(p,n) 'Pd Reaction

The cross sections of th&grh (p,n) ‘%pd reaction have been published as a function of preteergy by Sudar

[34], Hermanne [35], Harper [36] and Johnson [3VEixfor library. We've used the energy range (2:39555 MeV)
higher than the threshold energy (1.3385MeV) withia step of (0.75 MeV), the cross section is diyguroportional with
proton energy until it reaches to (9.805MeV), ittee maximum value of the cross sectiay£=509.93 mb), then it

decreases with the increase of proton energy asrshofigure 4.

The %;Cd (p,n) %5in Reaction
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The cross sections of thg;Cd (p,n) L5in reaction have been published as a function of prewergy by

Tarkanyi [38], Marter[39], Skakun [40] in Exfor library. We've used tlemergy range (3.8-43.8MeV) higher than the
threshold energy (1.6596MeV) within the step oBi@eV), the cross section is directly proportionalhaproton energy
until it reaches to (11.8MeV), it's the maximum walof the cross sectiomy,=755mb ), then it decreases with the

increase of proton energy as shown in figure 5.

The *JCd (p,n) *47In Reaction

The cross sections of tHgfCd (p,n) *'45In reaction have been published as a function of pretwergy by Said

[41], Tarkanyi [42], Zaitseva [43] and Wing [44] iExfor library. We've used the energy range (4.4468V) higher than
the threshold energy (2.2486MeV) within the step(bhDMeV), the cross section is directly proportibmvith proton
energy until it reaches to (11.4MeV), it's the nraxim value of the cross sectian.f,=284.81 mb), then it decreases with

the increase of proton energy as shown in figure 6.

The *®Ho (p,n) 'wEr Reaction

The cross sections of th]§75|-|0(p,n) 166§Er reaction have been published as a function of praeteergy by

Tarkanyi [45], Beyer [46] in Exfor library. We'vesad the energy range (5.5-37.5MeV) higher tharthiteshold energy
(1.1674MeV) within the step of (0.6MeV), the cragtion is directly proportional with proton enenggtil it reaches to
(10.9MeV), it's the maximum value of the cross EBTHovx=150.1mb), then it decreases with the increaseratop

energy as shown in figure 7.

The *5eTm(p,n) *S9Yb Reaction

The cross sections of the.Tm(p,n) 'SoYb reaction have been published as a function of preteergy by

Tarkanyi [47], Sonnabend [48], Spahn [49] in Exibrary. We've used the energie range (3.3-44.7Meigher than the
threshold energy (1.6910MeV) within the step oBi@eV), the cross section is directly proportionalhaproton energy
until it reaches to (11.4MeV), it's the maximum walof the cross sectiomy= 291 mb), then it decreases with the

increase of proton energy as shown in figure 8.

The W (p,n) *Re Reaction

The cross sections of th€aW (p,n) “Re reaction have been published as a function of pretergy by

Hussain [50], Xiaodong [51] in Exfor library. We'vased the energy range (5.0-17.8MeV) higher thantkineshold
energy (1.3700MeV) within the step of (0.4MeV), tti@ss section is directly proportional with protenergy until it
reaches to (9.0MeV) and it's the maximum value hef tross sectionof,= 39.231 mb), then it decreases with the

increase of proton energy as shown in figure 9.
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CONCLUSIONS

From the results of cross sections and neutrord \f@l (p,n) reactions with many of intermediate and heavy

nucleus, we have observed in this study many csimis for this study as per below points:

From the results of cross sections (j@in) reaction with many intermediate and heavy nuctatgets to produce

radioisotopes with short half life, those radiotgzes are producing by cyclotron more demanded [52]

Copper-64: has a half-life (T,=12.7 h) and decay propertig¥ (0.653 MeV [17.8%]p", 0.579 MeV [38.4%))
[54].These characteristics make it useful for butih resolution PET imaging and targeted end radiatpy. In addition,
its electron capture decay associated with Augeisgan gives more efficient cell killing when thiadioisotope is

deposited in the cell [53]. The well-establishegdlagations in the molecular imaging of cancer [54].

Gallium-67: has a half-life of (1,=3.217 d) decays to stabf&n by electron capture. Its decay emissions
include gamma rays of 93.3 keV (37.0%), 184.6 k2¥.4%) and 300.2 keV (16.6%). Gallium behaves @libdy in a
similar way to ferric iron. It is commonly used adrivalent citrate compound for nuclear medicinaging, and is a
valuable agent in the detection and localizatiosestain neoplasms and inflammatory lesions.[53% Fadioisotop€’Ga

is well known and widely used in the field of numlemedicine®’Ga has become one of the most frequently employed
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cyclotron produced radioisotope over the last twgadles and is a widely used single photon markeddtecting the
presence of malignancy and for diagnosis of inflatury diseases. [55]-emitters from®'Ga used in Single Photon
Emission Computed Tomography (SPECT) [55].

Selenium-75: has a half-life of (I,=119.78 d) decays to stabf@As by electron capture 100 %. Its decay
emissions include gamma rays of 120.8(17.2%), 18606), 265(58.6%), 279.5(24.9%) [57]. used in thef of seleno-
methionine to study the production of digestiveyenes [59].”Se radioisotopes are widely used in medicine, induatrd
agriculture.”Se is used in high activity brachytherapy, assessrogpancreatic exocrine function, study of biledscand
evaluation of illeal function, industrial radiogtapand as a tracer in the assessment of chemioahdmmical, biophysical

processes, metabolic researches and agricultuidiest[57].

Palladium-103 has a half-life of (7,=16.9991 d) decays to stabféRh by electron capture 100 %. Which de-
excites by means of a heavily converted interraidition. As a result of both processes (EC and Xtays and Auger
electrons are emitted which are ideally suitedbi@chytherapy (its electron capture decay resultirgbundant emission
of Auger electrons and low energy X-rays (20-22 $el@8, 58]. 'Pd used to make sealed seeds (brachytherapy)
permanent implant seeds for early stage prostateecd59].’Pd is extensively used in the treatment of prostarecer

and ocular melanoma, and is mostly applied in ¢t fof sealed seeds (brachytherapy) [58].

Indium-111: has a half-life of (T,=2.83d) decays to stabl€'Cd by electron capture 100 %. There are two
prominent gamma rays, one at 171.3 keV and ond@#ZkeV [52]. Indium-111 octreotide, a radiolaloematostatin
analogue, binds to somatostatin receptors, whiehvary common in several cancers. Indium-111 miagretfore, be
useful for the visualization of metastases in capedients. [52]**!In Used for specialist diagnostic studies, brain issid

infection and colon transit studies [59].

Indium-114™: is nucleus of the nucleus ofIn in the first energy level excited*™In has a half-life of
(T1,=49.51 d) decays to stable by electron capture)(®&ith positron {5) 3.25 % and decay td*n by Internal Transition
(IT) 96.75%,"™ n used in radio-immunotherapy, therapeutic radioiget The use of positron emitters radionuclide$ suc
as f‘Cu, Mn, A, °Tb, 1%™Hg, etc), for radionuclide therapy is questionaideause the interaction of positrons in
tissues results in the 511 keV annihilation photofsese constitute a major contribution to the disth dose in the
surrounding healthy tissues. Nevertheless, posimitters may be valuable for the selection of sadimunotherapy

candidates by confirming tumor targeting and/oinesting radiation doses [60].

Erbium-165: has a suitable half-life of {((=10.36 h) decays to stabféHo by electron capture 100 %. Erbium-
165 is one from very few radionuclides exists ttiatay exclusively by EC-mode without any accompagyiadiation,
1%Er is one of them. Auger electrons are emitted byojses that decay by electron capture (EC) or haterrial

conversion (IC) in their decay of these isotopeascade of very low energy electrons is emittedl [61

Yiterbium-169: has a half-life of (7,=32.018 d) decays to stabf@Tm by electron capture 100 %°Yb can be
used for cerebrospinal fluid studies in the bre®]] Many methods to produced 8PYb in nuclear reactor or by
accelerators cyclotron, The average cross secfidned®®Yb(n,gamma)'®Yb process is very high as compared to that of
the ™ Tm(p,n)**®Yb reaction. However, the abundancé®¥b in natural ytterbium is only 0.13 %. In practite cyclotron
production via thé®Tm(p,n)**®Yb reaction, the cross section is lowest then readtigeactor , but the abundanceBTm
in natural 100% [62].
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Rhenium-186: has a half-life of (1,=3.7183 d) decays to stadféw by electron capture (E.C) 7.47 % and decay
to *°Os by electron emittedf) 92.53 % with e = 1.1 MeV, B =137 keV [63]."*Re Used for pain relief in bone
cancer, beta emitter with weak gamma for imagir@j.[5°Re is a beta and gamma emitter which is used in roéitab
radiotherapy and radio immunotherapy (RIT). Aftabélling with hydroxethylidene diphosphonate (HED®)a new
compound used for the palliation of painful skdletetastases. Make it a useful radioisotope fortteatment of small
tumors in the body. One of the most common apptinat of **Re is palliation of painful bone metastasis caused by
prostate or breast cancer, and it is also usefuiréating painful arthritis.[64] In addition, theray emitted withE, =137
keV (branching ratio of 9.5%), which can be imadndSingle Photon Emission Computed Tomography (SPBEG
determine the distribution of the radioactivitytire body [63].

In figure 10, we've noted abundant reactions wiightneutron yield value when the proton is intaragtwith

intermediate nuclei target such a&Ni, °“zn, As, '®Rh, **Cd, **Cd ) compared with heavy nuclei targéto, **Tm,

181/,

In figure 11,the 3735As(p,n) 37j’Se reaction has high neutron yield compared Wifim(p,n) ‘Sovb reaction, as the

stopping power of incident proton on nucleus targas is lower than'®*Tm and also thel°As(p,n) 2*Se reaction has a

high cross sectioas shown in figure (3) witdependence on equation (17), when incident protomtermediate mass
nuclei target®>As has a high neutron yield compared with heavy mas&ei*®Tm target.

When incident charged particle such a proton oerinediate and heavy mass nuc&kh and'®Ho targets, We've
noted the’¥Rh(p,n) “%Pd reactionis high neutron yield compared witfiHo(p,n) ‘5Er reaction, as shown in figure 12
becausd®Rrh targethas low stopping power of Incident proton companétth ‘*Ho target, as well as the abundance of
'%Rh and**®Ho is 100%, the:®Rn(p,n) *Pd reaction has a high cross sectamshown in figure (4) witdependence on

equation (17).

250 I
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l
200 b AT
S | |
= ° | |
2 =4 | |
B L R
£ = l l l
z = | | |
z ElOO***Jf*J***‘r ———————
= | |
g )
% 50————L—— L L———+———+———+———+————
‘ w | | | 33-AS-75 (P,N) 34-SE-T5
| ] | ! / ! —— 69-TM-169 (P,N) 70-YB-169
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Incident Proton Energy (MeV) .
Incident Proton Energy (MeV)
Figure 10: Neutron Yield of Intermediate and Heavy Figure 11: Neutron Yield of Intermediate and Heavy
Nuclei as a Target Nuclei as a Target
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Figure 12: Neutron Yield of Intermediate and HeavyNuclei as a
Target
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