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Abstract. In this study, the excitation functions for the reactions 203 Tl(p, n)203 Pb,
203
205
203
Tl(p, 3n)203 Pb,
Tl(p, 2n)202 Pb,
Tl(p, 4n)202 Pb,
Tl(p, 3n)201 Pb,
205
201
203
200
205
200
Tl(p, 5n) Pb,
Tl(p, 4n) Pb and
Tl(p, 6n) Pb have been calculated using
pre-equilibrium and equilibrium reaction mechanisms. Calculated results based on hybrid
model, geometry-dependent hybrid model and cascade-exciton model have been compared
with the experimental data.
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1. Introduction
Recently, many experimental techniques have been developed to obtain and detect neutrons and charged particles of different energies and to measure the crosssections of different particle-induced reactions [1]. Therefore, the neutron- and
proton-induced nuclear reaction cross-section data are very important for several
technical applications. The neutron-induced nuclear reaction cross-section data are
necessary for the domain of fission-reactor technology for the calculation of nuclear
transmutation rates, nuclear heating, radiation damage etc. The proton-induced
nuclear reaction cross-section data are very important for the production of medical
radioisotopes using cyclotrons [2–5]. Nuclear data evaluation is generally carried
out on the basis of experimental data and theoretical model calculations. It is both
practically and economically impossible to measure necessary cross-sections for all
the isotopes in the periodic table for a wide range of energies. Nuclear reaction
models are frequently needed to provide estimates of the particle-induced reaction
cross-sections, especially if the experimental data are not available or unable to
measure the cross-sections due to the experimental difficulty. Therefore, nuclear
reaction model calculations play an important role in the nuclear data evaluation.
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Table 1. The Q-values, threshold energies and optimum energy ranges for
203,205
Tl(p, xn) reactions.

Reaction
203
205
203
205
203
205
203
205

Residual
nucleus

Half-life and
decay mode

Q-value
(MeV)

Threshold
energy
(MeV)

Optimum
energy range
(MeV)

Tl(p, n)
Tl(p, 3n)

203

Pb

51.9 h (EC)

−1.757
−15.960

1.766
16.037

15–20
25–35

Tl(p, 2n)
Tl(p, 4n)

202

Pb

0.05 My (EC)

−8.681
−22.883

8.724
22.996

15–25
35–45

Tl(p, 3n)
Tl(p, 5n)

201

Pb

9.3 h (EC)

−17.428
−31.630

17.515
31.786

25–35
40–60

Tl(p, 4n)
Tl(p, 6n)

200

Pb

21.5 h (EC)

−24.514
−38.716

24.636
38.907

40–50
55–65

Besides, these obtained data are necessary to develop more nuclear theoretical calculation models in order to explain nuclear reaction mechanisms and the properties
of the excited states in different energy ranges.
In the present paper, using equilibrium and pre-equilibrium reaction mechanisms,
the (p, xn) cross-section values for 203 Tl and 205 Tl target nuclei were investigated in
a range of 10–100 MeV incident energy. Equilibrium and pre-equilibrium particle
emissions during the decay process of a compound nucleus are very important
for a better understanding of the nuclear reaction mechanism induced by medium
energy particles. The highly excited nuclear system produced by charged particles
first decays by emitting fast nucleons at the pre-equilibrium (PE) stage and later
on by the emission of low-energy nucleons at the equilibrium (EQ) stage.
Thallium has two odd-mass stable isotopes with different abundances (203 Tl
(29.52%) and 205 Tl (70.48%)). Furthermore, its activation in some cases gives
the same residual nucleus through different reaction channels, but very different Q-values and threshold energies, as seen in table 1. Contributions of
equilibrium and pre-equilibrium reaction mechanisms have been investigated using different reaction model calculations. The excitation functions for the reactions 203 Tl(p, n)203 Pb, 205 Tl(p, 3n)203 Pb, 203 Tl(p, 2n)202 Pb, 205 Tl(p, 4n)202 Pb,
203
Tl(p, 3n)201 Pb, 205 Tl(p, 5n)201 Pb, 203 Tl(p, 4n)200 Pb and 205 Tl(p, 6n)200 Pb were
calculated. The excitation functions for pre-equilibrium calculations were newly calculated using hybrid model, geometry-dependent hybrid model and cascade-exciton
model. The reaction equilibrium component was performed using the Weisskopf–
Ewing model [6]. Calculation results have been also compared with the available
excitation function measurements in literature.
2. Basic calculation methods of cascade exciton model
The cascade–exciton model (CEM) combines essential features of the intranuclear
cascade (INC) model with the exciton model. The CEM assumes that the reactions occur in three stages: INC, pre-equilibrium and equilibrium (or compound
344
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nucleus). In the intranuclear cascade step, incident particle interacts with the target
nucleus through successive nucleon–nucleon hard collisions leading to the emission
of high energy nucleons. After the intranuclear cascade stage of the reaction the
nucleus is left in an excited state. This is the starting point for the second or
pre-equilibrium stage of the reaction. In the evaporation phase of the reaction, the
remaining nucleus de-excites either by evaporation or by fission. The cascade stage
of interaction is described by the Dubna version of the intranuclear cascade model
[7–9] and the subsequent interaction states are considered in terms of the exciton
model of pre-equilibrium decay which includes the description of the equilibrium
evaporative third stage of the reaction [9]. Generally, these three components may
contribute to any experimentally measured quantity. In particular, for the inclusive
particle spectrum [7], we have
σ(p)dp = σin [N cas (p) + N prq (p) + N eq (p)]dp,

(1)

where p is a linear momentum, N cas , N prq and N eq are respectively the cascade,
the pre-equilibrium and the equilibrium components. The inelastic cross-section σin
is not taken from the experimental data or independent optical model calculations,
but it is calculated within the cascade model itself. Hence the CEM predicts the
absolute values for calculated characteristics and does not require any additional
data or special normalization of its results.
3. Basic calculation methods of hybrid and geometry-dependent hybrid
model
The hybrid model for pre-compound decay is formulated by Blann and Vonach [10]
as
dσν (ε)
= σR Pν (ε)
dε
n̄
X
Pν (ε)dε =
n̄[n χν Nn (ε, U )/Nn (E)]g dε
n=n0
∆n=+2

×[λc (ε)/(λc (ε) + λ+ (ε))]Dn ,

(2)

where σR is the reaction cross-section, n χν is the number of particle type ν (proton
or neutron) in n exciton hierarchy, Pν (ε)dε represents number of particles of the
ν (neutron or proton) emitted into the unbound continuum with channel energy
between ε and ε + dε. The quantity in the first set of square brackets of eq. (2)
represents the number of particles to be found (per MeV) at a given energy ε for all
scattering processes leading to an n exciton configuration. λc (ε) is the emission rate
of a particle into the continuum with channel energy ε and λ+ (ε) is the intranuclear
transition rate of a particle. It has been demonstrated that the nucleon–nucleon
scattering energy partition function Nn (E) is identical to the exciton state density
ρn (E), and may be derived by certain conditions on N–N (nucleon–nucleon) scattering cross-sections [10,11]. The second set of square brackets in eq. (2) represents
the fraction of the ν type particles at an energy which should undergo emission
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into the continuum, rather than making an intranuclear transition. Dn represents
the average fraction of the initial population surviving to the exciton number being
treated.
The intranuclear cascade calculation results indicated that the exciton model
deficiency resulted from a failure to properly reproduce enhanced emission from the
nuclear surface [10]. In order to provide a first-order correction for this deficiency
the hybrid model was reformulated by Blann and Vonach [10]. In this way the
diffuse surface properties sampled by the higher impact parameters were crudely
incorporated into the pre-compound decay formalism, in the geometry-dependent
hybrid model (GDH). The differential emission spectrum is given in the GDH as
∞

X
dσν (ε)
= πλ2
(2l + 1)Tl Pν (l, ε)
dε

(3)

l=0

where λ is the reduced de Broglie wavelength of the projectile and Tl represents
transmission coefficient for the lth partial wave. Using the total pre-compound
neutron emission spectrum dσn (ε)/dε, the cross-section which could be involved in
R E−B
the emission of two neutrons is calculated as σ2n = U =0 2n (dσn (ε)/dε)dε, where
B2n represents the sum of the first and the second neutron binding energies.
The geometry-dependent influences are manifested in two distinct manners in
the formulation of the GDH model. The more obvious is the longer mean free
path predicted for nucleons in the diffuse surface region. The second effect is less
physically secure, yet seems to be important in reproducing experimental spectral
shapes.
4. Basic calculation methods of equilibrium model
Equilibrium emission is calculated according to Weisskopf–Ewing (WE) model [6]
neglecting angular momentum. In the evaporation, the basic parameters are binding energies, inverse reaction cross-section, the pairing and the level-density parameters. The reaction cross-section for incident channel a and exit channel b can be
written as
Γb
WE
σab
= σab (Einc ) P
,
Γb0

(4)

b0

R
2 +1
ω1 (U )
, U is the excitawhere Einc is the incident energy, Γb = πs2b ~2 µb dεσbinv (ε)ε ω
1 (E)
tion energy of the residual nucleus, µb is the reduced mass, sb is the spin and the
total single-particle level density is taken as
p
1 exp[2 α(E − D)]
6
ω1 (E) = √
; α = 2 g,
(5)
E−D
π
48
where σbinv is the inverse reaction cross-section, E is the excitation energy of the
compound nucleus, D is the pairing energy and g is the single particle level density.
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5. Calculations and analysis
The present paper describes new calculations on the excitation functions
of 203 Tl(p, n)203 Pb, 205 Tl(p, 3n)203 Pb, 203 Tl(p, 2n)202 Pb, 205 Tl(p, 4n)202 Pb,
203
Tl(p, 3n)201 Pb, 205 Tl(p, 5n)201 Pb, 203 Tl(p, 4n)200 Pb and 205 Tl(p, 6n)200 Pb reactions carried out in the 10–100 MeV proton incident energy range.
In the calculations, the codes ALICE/ASH [12] and CEM95 [8] have been used.
The pre-equilibrium calculations on the excitation functions were carried out with
ALICE/ASH computer code [12] for hybrid model and the geometry-dependent
hybrid model, and CEM95 computer code [8] for cascade exciton model. And
also the reaction equilibrium component in ALICE/ASH computer code is done
using a traditional compound nucleus model of Weisskopf and Ewing [6]. The
ALICE/ASH code is an advanced and modified version of the ALICE-91 code [13].
The ALICE/ASH code can be applied for the calculation of excitation functions,
energy and angular distribution of secondary particles in nuclear reactions induced
by nucleons and nuclei up to an energy range of 300 MeV. The generalized superfluid
nuclear model [14] has been applied for nuclear level density calculations in the
ALICE/ASH code. Model parameters were taken from ref. [15]. We used the
initial exciton number as n0 = 3 (1 proton, 1 neutron and 1 hole). A detailed
description of the ALICE/ASH code can be found in ref. [12].
Other calculations have been made in the framework of cascade–exciton model
(CEM) by making use of CEM95 code [8] with the level density parameter using
the systematic of Iljinov et al [16]. A detailed description of the CEM95 can be
found in ref. [8].
5.1 Production of

203

Pb

There is no experimental data for 203 Tl(p, n)203 Pb reaction. Therefore, we have
given only theoretical calculations in figure 1. The calculation for the excitation
function of 205 Tl(p, 3n)203 Pb reaction is compared with the reported experimental
values in figure 5 [17]. The pre-equilibrium calculations (hybrid and GDH models)
and cascade-exciton model calculations are in good agreement with the experimental data. Also, the equilibrium calculations are in good agreement with the
measurements up to 35 MeV. The optimum energy range for the production of
203
Pb (in 205 Tl(p, 3n)203 Pb reaction) is Ep = 35 → 20 MeV, and so this process
can be employed in a small cyclotron.
5.2 Production of

202

Pb

There is no experimental data for 203 Tl(p, n)203 Pb reaction, and therefore we have
given only theoretical calculations in figures 2 and 6.
5.3 Production of

201

Pb

The calculated excitation functions of 203 Tl(p, 3n)201 Pb and 205 Tl(p, 5n)201 Pb reactions are compared with the experimental values in figures 3 and 7. High
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Figure
1. The comparison of calculated excitation functions of
Tl(p, n)203 Pb reaction. No experimental data are reported in literature.

203

Figure
2. The comparison of calculated excitation functions of
Tl(p, 2n)202 Pb reaction. No experimental data are reported in literature.

203
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Figure
3. The comparison of calculated excitation functions of
Tl(p, 3n)201 Pb reaction with the values reported in literature.

203

Figure
4. The comparison of calculated excitation functions of
Tl(p, 4n)200 Pb reaction with the values reported in literature.

203
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Figure
5. The comparison of calculated excitation functions of
Tl(p, 3n)203 Pb reaction with the values reported in literature.

205

Figure
6. The comparison of calculated excitation functions of
Tl(p, 4n)202 Pb reaction. No experimental data are reported in literature.

205
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Figure
7. The comparison of calculated excitation functions of
Tl(p, 5n)201 Pb reaction with the values reported in literature.

205

Figure
8. The comparison of calculated excitation functions of
Tl(p, 6n)200 Pb reaction with the values reported in literature.

205
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discrepancies are observed in experimental data for 203 Tl(p, 3n)201 Pb reaction. The
pre-equilibrium calculations (hybrid and GDH models) are in good agreement with
the measurements of Hermanne et al [18]. The cascade exciton model calculations
(CEM95) are in good agreement with the experimental values of Blue et al [19]
and Lebowitz et al [20]. For 205 Tl(p, 5n)201 Pb reaction, the pre-equilibrium calculations (hybrid and GDH models) are in good agreement with the measurements.
In the energy region between 40 and 45 MeV, the equilibrium calculations give high
results. Also the cascade exciton model calculations (CEM95) are lower than the
experimental values.
5.4 Production of

200

Pb

The calculated excitation functions of 203 Tl(p, 4n)200 Pb and 205 Tl(p, 6n)200 Pb reactions are compared with the experimental values in figures 4 and 8. The equilibrium
calculations of 203 Tl(p, 4n)200 Pb reaction are in good agreement with the measurements between 30 and 40 MeV. For 205 Tl(p, 6n)200 Pb reaction the pre-equilibrium
calculations (hybrid and GDH models) are in good agreement with the measurements. In the energy region above 45 MeV, the equilibrium calculations give too
high results. The cascade-exciton model calculations (CEM95) are in good agreement with the experimental values at energies below 45 MeV.
6. Conclusions
In the present paper, using equilibrium and pre-equilibrium reaction mechanisms,
the (p, xn) cross-section values for 203 Tl and 205 Tl target nuclei have been calculated
for 10–100 MeV incident energy ranges.
The calculation results on the excitation functions and the optimum energy
ranges for reaction process are given in figures 1–8 and table 1. Generally the
new model calculations used for all reactions are in good agreement with the
measurement data. Also as can be seen in figures 1–8, the high energy part of
the experimental excitation functions cannot account for by the equilibrium decay
mechanism and the pre-equilibrium emission must be considered along with compound nucleus decay. Besides, the pre-equilibrium effects increase as the incident
energy increases. The results of this study are in good agreement with the earlier
investigations [5,21–24].
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