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Abstract

The Production cross-section of radio-isotopes; 4% 152 1%58161Th have been calculated via various reactions on the Gadolinium isotopes, using nuclear model codes EMPIRE
3.2 & PACE4 based on Hausher Feshback approach and compared with TENDL-2019 library (calculated by TALYS code). Threshold for the production of radio-isotope
¥9Th through *%2Gd (p, 4n) is 30 MeV (barrier height; 22.79 MeV) while for *2Th & **Th through *Gd (p, xn); x =164 channels are 6 & 28 MeV respectively. For *¥'Th the
production threshold through reaction channel *®Gd(p, y) is around 6 MeV. Quite appreciable values of the production cross-sections of all the desired isotopes have been
obtained within the studied energy range. The results presented in this work are significant as quite less experimental data is available for the studied isotopes, further the
reaction channel studied provides an alternate pathway for production of these radio-isotopes having importance in nuclear medicine industry.
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Introduction

Our knowledge of nuclear properties initially restricted to the basic
physics, has now spawned many applications in other areas of science and
beyond as in forensic science, materials science, biology and last but not least
in nuclear medicine. Various radio-isotopes are now frequently used for the
diagnostics and therapy of certain diseases in nuclear medicine [1-4]. The very
first reported use of radio-isotopes in nuclear medicine was in 1946, when
13 was used successfully for the treatment of thyroid cancer [5]. Since then,
various isotopes have been produced through different nuclear reactions and
applied not only for the treatment of several diseases, but also as diagnostic
and therapeutic tools [6,7]. To an estimate about 140 radio-isotopes among
3000 are used worldwide for medical purposes [8]. Additionally, the medically
related radionuclides are commonly used for diagnosis, treatment and
research [9,10]. The production of radio-nuclides is on a high rise in recent
years because of wider application in advanced technological tools used in
nuclear medicine. A reliable path way for the production of these radio-nuclides
is thus, required for meeting the high demand of these isotopes. Impurity issues
always occur, in general, with the production of these radio-isotopes. Indeed,
the accurate nuclear data are required for a hard control of radio-nucleidic
purity [11]. In this context, nuclear model calculations can rapidly help
to predict unknown nuclear data and thus improved model calculations
are of considerable significance [12-16]. The different calculation codes
are available and these codes could be used to obtain accurate data for
medical radioisotope production [17-20].

In the context of nuclear medicine, Th is a very special element because it
has four different isotopes (out of 13) i.e., **Th, 1%2Th, *Tb and *'Th applicable
for therapeutic and/or diagnostic purposes [21]. Due to their chemical similarity,
radio-pharmaceuticals for therapy and diagnostics can be made with exactly
the same pharmacological properties (e.g. uptake, targeting, bio-distribution).
Therefore, the Th isotopes are very useful for theranostics, where therapy and
diagnostics are combined to improve the effects of the treatment [21]. The
importance and use of various radio-sisotopes for diagnostic and therapeutic
purposes is increasing with the advent of improved technologies in medical
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industry. The non-destructive nature of these radioisotopes makes them
suitable for diagnostic purposes [22]. Technologies such as Positron Emission
Tomography (PET), Single Photon Emission Computed Tomography (SPECT)
and the radionuclide therapy are the three modalities in nuclear medicine
[23,24]. An important aspect while choosing radio-isotope for diagnostic and
therapeutic purposes, is the lifetime of the isotope, which governs its use
in medicine. The significance of Tb lies in the fact that it offers a number of
clinically interesting radio-isotopes, which are together termed as quadruplet of
Tb radionuclide having complementary physical decay characteristics [25-27].
There are large no of isotopes of Th having alpha, beta and EC as the decay
modes, thus depending on the use, the desired isotopes may beselected.

Th emits short range a-particles (17%) of 3.967 MeV with a half-life
of 4.16 hours and extensively used for radionuclide o-therapy. Moreover, it
also emits EC/B* (83%) of 0.73 MeV and may be used for PET [21]. *?Th is
a positron emitter that emits positrons (100%) of an average energy of 1.080
MeV having half-life of 17.5 hours, therefore, it is suitable for imaging using
PET [21]. **Tb decays by EC (100%) of half-life 5.32 days and can be applied
for SPECT [21]. Another terbium isotope of interest is *¥'Th that emits low
energy electrons with an average energy of 0.154 keV (100%). Additionally, it
emits Auger electrons [22] and y-rays with an energy of 48.92 keV (17%), 57.19
keV (1.8%) and 74.57 keV (10%), therefore, can be used for Auger therapy and
for SPECT as well [21]. In the present work, theoretical calculations have been
done for the production cross-section of “Th, 1%2Th, ¥%5Th & 1Th, using nuclear
model codes EMPIRE 3.2 [18] & PACE4 [19] based on Hausher Feshback
approach and compared with TENDL-2019 library (calculated by TALYS code)
[20]. The significance of the present work lies in the fact that, despite having a high
potential of these radioisotope for therapeutic and diagnostic purposes owing to
their characteristics, very little experimental data is available in literature (Table 1).

Theoretical calculations

The nuclear reaction codes are instrumental for predicting the cross-
sections and spectra which have not been measured or need to be interpolated/
extrapolated in certain energy regime. Thus the theory based modelling is a
viable way to generate complete and consistent nuclear data files. There are
several model codes for evaluating nuclear cross-sections such as TALYS
[20], EMPIRE [18], PACE4 [19] and GNASH [28]. In the present work, we
EMPIRE, PACE and TALYS codes have been used for calculations.

Empire is a statistical modular code using advanced implementation of the
Hausher Feshbach Theory [29]. For the present calculations, we have used
this code for theoretical investigation of the unclear reaction leading to the
production of the radionuclides 14%1521%58161Th_The production cross-section of
the radio-isotope depends largely on the parameters such as the transmission
coefficients, level densities and projectile energy, etc. In the present work the
cross-sections are calculated using the formula;
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Table 1. High potential of this radioisotope for therapeutic and diagnostic purposes owing to their characteristics.

SNo Isotope Half life Decay mode & Branching ratio QB+ Qa Applications
1 149Th 4.116 hrs EC and B+ 83% -3795 keV 4078 keV a nepaty
2 152Th 17.5hrs EC and B+ 100% -599 keV 3155 keV PET
3 155Th 5.32 days EC 100% -2094 keV 978 keV SPECT
4 161Th 6.89 days B-100% 0.593 MeV -0.428 MeV Auger Therapy
o(U.m) = & s T EE e LM TR () V=E = Boone +1d (v
Where, k is the wave number of relative motion & i, I, J and S indicate E.¢ 1S the condensation energy given by;
projectile, target, compound nucleus and channel spin respectively and | is the E —15 a2 (vii)
cond IO =2 il

orhital angular momentum of the projectile a. The function f(l, 7r) ensures parity
conservation. It is unity, if pxP*(-1)' = m and zero otherwise. Here p, P and 1
are projectile, target and compound nucleus parities while £ and U stand for
the projectile and compound nucleus energy.

In the present case, the projectile is proton (A < 4), the transmission
coefficient entering the above equation are calculated using sub routine code
Sequential Iteration method for Coupled Equations ECIS [30]. This sub routine
performs the elastic scattering and direct reaction cross-section calculations
within the framework of generalised optical model and coupled channel
model. It is used for solving the coupled differential equations arising in the
nuclear model calculations and also performs the parameter searches to fit
calculated results to experimental data. The iteration technique searches for
the one required solution among the many which are mathematically possible.
The method supposes some ordering of the channels: first the ground state,
then the state most strongly coupled to it. All channels must be coupled to
some preceding one. The result of each iteration depends on this chosen
order. If there is more than one equation related to the ground state the whole
calculation must be repeated. The efficiency of the method is proportional to
the ratio of the total number of equations to the number of those related to the
ground state. The usual methods can also be used, but the iteration method is
compulsory for spin-orhit deformation and Dirac formalism. The expression for
the transmission coefficient is;

r/=1- |5 (i
The S matrix elements, 51 are obtained by solving the differential equation
for each partial wave. The calculations are done upto a point when S- matrix

elements are sufficiently close to 1. For partial waves of large |, the scattering
reduces to coulomb scattering.

These are simplified by eliminating the j dependence as;

= e 23 T DT 0

The level densities are calculated using the dynamic approach which takes
into account collective enhancements of the level densities due to nuclear
vibration and rotation. Below critical excitation energy, the superfluid model is
used whereas above the critical excitation energy, Fermi gas model is used.
This later one accounts for the rotation induced deformation of the nucleus,
which becomes spin dependent [31]. This formulism explicitly accounts for the
rotation induced deformation of the nucleus, which becomes spin dependent,
The deformation of the nucleus is accounted for in the calculations through
the moment of inertia and the level density parameter ‘a’ which increases
with increase in the surface of the nucleus. For a prolate nuclei, assuming the
axis of rotation to be perpendicular to the symmetric axix, the level density is

expressed as
BEE? f .
a(u— Hw) ” (iv)

For oblate nuclei, where the axis of rotation is assumed parallel to the
symmetric axis we have, the expression for level density given as;

1&-/em

. :
_ 1 RNz fog=apf BT\ s
pE] m) = i () a2 (v - 2 exp[z

_ 1 if L k=4 =
p(E.jm)= Lsxﬁ(g) avEgs -1 (U pr 2ypp

Here ‘a’ is the level density parameter, J is the nuclear spin and K is its
projection. U is related to the excitation energy E through the expression as;
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A'is the pairing gap given as 4= 1—1 n is 1 for odd-odd nuclei, 2 for even-

even nuclei and zero otherwise. The effective moment of inertia |, is defined
through the differences of inverses of I, and | ,3s;

1 1 1
oL (viii)
The statistical model code PACE4 is derived from the original code called

JULIAN. It uses a Monte-Carlo procedure to determine the decay sequence
of an excited nucleus using the Hauser-Feshbach formalism. The main
advantage of Monte-Carlo calculations is to provide correlations between
various quantities, such as particles and gamma-rays, or angular distribution of
particles. Sequential decays are considered until any further decay is prohibited
due to the energy and angular momentum conservation laws. A random
number selection determines the actual final state to which the nucleus decays
to and the process is, then repeated for other cascades until all the nuclei
reach the ground state. The transmission coefficients for light particle emission
(n, p, «) are determined using optical model potentials [32,33]. A fission decay
mode is employed using a rotating liquid drop fission barrier routine. The code
also provides event by event trace back of the entire decay sequence from
the compound nucleus into any one of the exit channels. The fusion cross-
sections are obtained from the Bass model [34]. There are two default level
density options that are essentially derived from the Fermi gas formalism and
are identical to constant temperature formalism at low energies. These are i)
the determination of the parameter ‘a’ and ii) ‘a’ is taken to be equal to A/K,
where, A is the number of nucleons and K is constant factor. Independent of
these options, rotational energy contribution E, (J) can be selected in two ways
viz., the spin cut-off parameter and the ground-state rotational energy of the
finite-range rotating-drop model [35]. For values of A, Z or J beyond the range
of validity of Sierk’s routine, the rotational energies are taken from the work of
Cohen, Plasil and Swiatecki [36]. It has been observed that the code PACE4
is more accurate for high spins, close to the yrast line. The fission probability is
calculated using the Bohr-Wheeler saddle point formalism [37]. The fission
barriers are those of Sierk [35]. The code cannot be used for below barrier
calculations. A special feature of the PACE4 code is its ability to provide
information on energy and angular distributions of evaporated particles.
This is obtained by tracking the distribution of projection through each
cascade. The angular distribution of the emitted particles is determined
at each stage of de-excitation. The code could be run with a large number
of events (50,000) to obtain better statistics for the energy and angular
distribution of residual nuclei.

The partial cross-section for CN formation at angular momentum (€) and
specific bombarding energy is given by,

A2
G, =

’ —W(ZZH)T@ (ix)

where, A is the reduced wavelength and T, the transmission coefficient
given by,
T, = [1+exp(l = a) /8] )

where, & is the diffuseness parameter and ¢__ is determined by the total
fusion cross-section o, since,

o = ici (xi)
(=0
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It may be pointed out that code PACE4 performs only the statistical
equilibrium model calculations and does not take pre-equilibrium and in-
complete fusion processes into consideration.

The TALYS code

The TALYS [38] code is designed for the analysis and prediction of
nuclear reactions. It comprises of different nuclear models which have been
well validated for simulation of nuclear reactions involving photons. Protons,
neutrons, deuterons, tritons, *He and alpha particles, ranging in energy from
few KeV's to 200 MeV. The target nuclei which can be studied are from mass
number 19 and heavier.

TALYS uses the optical model code ECIS06 [39] for calculating the
reaction cross-section, total cross-section, the shape elastic angular
distribution, inelastic cross sections and angular distributions using either a
coupled-channels (deformed nuclei) or DWBA (spherical nuclei) approach and
the transmission coefficients, for compound nucleus decay and pre-equilibrium
emission, The level densities are calculated using the back-shifted Fermi
gas model for most of the nuclides and for some of the nuclides a combined
Constant Temperature + Fermi gas model is used.

Results and Discussion

The Production cross-section of radio-isotopes; 4 152 1558161Th have heen
evaluated via various reactions on the Gadolinium isotopes %215%61%°Gd, using
the theoretical codes EMPIRE 3.2 and PACE4 based on Hausher Feshback
approach with the inclusion of TENDL-2019 library (calculated by TALYS
code). Variation for all the calculated values of cross-section with respect to
energy have been shown in Figures 1-4. It has been observed that the highest
value of production cross-section for “*Th is around 520 mb, while with PACE
code is 375 mb at incident proton energy of 42 MeV as can be seen from
Figure 1, the production cross-section of **Th by proton induced reaction
on **Gd is given in Figure 2, the highest value of the production cross-
section is found to be around 645 mb at proton incident energy of 38 MeV,
similar result have been reported by experiment also [25,26]. The half- life
of %2Th is 17.5 hours and the prominent decay modes are Electron capture
and M.The production of **Tb, is maximum at incident proton energy of
around 12 MeV with cross-section to be around 500 mb as depicted in
Figure 3, this is, quite a significant value as far as the production of the
radioisotope is concerned. The half-life of the isotope is around 5.3 days,
and the prominent decay mode is via EC (electron capture) thus makes it
an important candidate for the therapeutic and diagnostic purposes in the
medical industry mainly for SPECT, Moreover the isotope is also used to
generate Auger electrons for therapy. The isotope 5'Th produced through
81Gd(p.y)*iTh reaction has a maximum value of cross-section of around
55 mb at incident proton energy of 8 MeV, as is given in Fig. 4. It may be
pointed out that for the production of 1*8Th, no theoretical data has been
observed through PACEA4. The importance of the present calculations further
increases keeping in view the scarcity of the experimental results. It may
further aid to open up the new experimental opportunities for the production of
this radionuclide (Figures 1-4).
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Figure 1. Production cross section for 149Th from EMPIRE, PACE & TALYS.

Page 3 of 4

10* g e e e e e :
E 155(;d(p, 4n)152-1-b E
N 1
‘ 10 3 E
= 10F 3
E E
§ int ]
E 10 F 3
E o —%— EMPIRE CALCULATION

10°F ® - PACE4 @ LDPS E
E --a— TALYS1.9 @ TENDL 3

10—1 ........ IFFEERRTET IFETERERETY IFFEERRTET IFFEERRTET lasssaasg

—%— EMPIRE CALCULATION
.- TALYS1.9 @ TENDL

Energy (MeV)
Figure 3. Production cross section for 1565Th from EMPIRE & TALYS.
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Figure 4. Production cross section for 161Th from EMPIRE & TALYS.

The production of radionuclides 4% 121558 161Th is of significant importance
considering their use in nuclear medicine, which decays primarily through
electron capture and positron emission, thus a potential candidate for PET
and SPECT. The present work describes a direct production route of the
radionuclides 4% 152 1558 181Th which otherwise is not generally available. The

results can be studied to design new production pathway for the radionuclides
149, 152, 155 & lﬁlTb'
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