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Abstract
Auger electron emitting radionuclides have potential for the therapy of small-size cancers because of their
high level of cytotoxicity, low-energy, high linear energy transfer, and short range biologic effectiveness.
Auger emitter 165Er (T1/2 = 10.3 h, IEC = 100%) is a potent nuclide for targeted radionuclide therapy. 165Er excitation function via 165Ho(p,n)165Er, 165Ho(d,2n)165Er, 166Er(p,2n)165Tm→165Er, 166Er(d,3n)165Tm→165Er,
nat
Er(p,xn)165Tm→165Er and 164Er(d,n)165Tm→165Er reactions were calculated by ALICE/91, ALICE/ASH
(GDH Model & Hybrid Model) and TALYS-1.2 (Equilibrium & Pre-Equilibrium) codes and compared to
existing data. Requisite for optimal thicknesses of targets were obtained by SRIM code for each reaction.
Keywords: 165Er, Auger Electron, Excitation Functions, TALYS-1.2, ALICE-ASH

1. Introduction
The double strand DNA helix presents a diameter of 2
nm. In a typical Auger radiation decay, the highest energy deposition occurs in spheres of 1-2 nm, as described
elsewhere [1]. This means that the calculated local energy deposition of an Auger emitter incorporated into
DNA would hit both DNA strands with an energy of 1.6
MGy or higher. This radiation energy is therefore largely
sufficient to disrupt both DNA strands over distances of
several nucleotides [2,3]. Auger electron emitting radionuclides in cancer therapy offer the opportunity to
deliver a high radiation dose to the tumor cells with high
radiotoxicity while minimizing toxicity to normal tissue
[4]. Besides the direct effect of Auger electrons on DNA
double strands, an indirect radiation effect of Auger energy deposition will occur via production of radicals [5].
The radicals diffuse freely in the intracellular space and
can cause further DNA damage. Even a bystander effect
by diffusion of radicals through gap junctions has been
described [6]. Only very few radionuclides exists that
decay exclusively by EC-mode without any accompanying radiation, 165Er is one of them. Auger electrons are
emitted by isotopes that decay by electron capture (EC)
or have internal conversion (IC) in their decay. In each
decay of these isotopes, a cascade of very low energy
Copyright © 2010 SciRes.

electrons is emitted [7].
In this work, several methods for 165Er production using ALICE/91, ALICE/ASH (GDH Model & Hybrid
Model) and TALYS-1.2 (Equilibrium & Pre-Equilibrium)
codes have been studied. Aim of the presented study is to
compare the calculated cross sections for the production
of 165Er via different reactions with incident particle energy up to 50 MeV as a part of systematic studies on
particle-induced activations on metal targets, theoretical
calculation of production yield, calculation of target
thickness requirement and suggestion for optimum reaction to produce Erbium-165.

2. Theory
2.1. Calculation of Excitation Function
Cross sections for 165Ho + p,d 166Er + p,d 164Er + d and
Er + p reactions were calculated by using ALICE/91,
ALICE/ASH (GDH Model & Hybrid Model) and TALYS-1.2 (Equilibrium & Pre-Equilibrium) codes [9-11].
The codes were used simultaneously to increase the accuracy of calculations. An optimum energy range was
determined and employed to avoid the formation of the
radionuclide impurities and decrease the excitation functions of the inactive impurities as far as possible. To fur-
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ther achieve the aim, feasibility of the 165Er production
via various nuclear reactions per low/medium energy
accelerators was investigated. According to SRIM code
(The Stopping and Range of Ions in Matter); the required
thickness of the target was calculated for each reaction.

2.2. ALICE/ASH Code
The ALICE/ASH code [12] is a modified and advanced
version of the ALICE code [9] and ALICE/LIVERMORE.
The geometry dependent hybrid model (GDH) as
adopted originally is used for the description of the
pre-equilibrium particle emission from nuclei [13,14].
2.2.1. Pre-Compound Deuteron Emission
Following closely the exhaustive analysis of the code
ALICE/ASH by Broeders and its collaborators [12] the
main features of the deuteron emission from the compound systems (as a cluster), relative to the Fermi Energy (EF), from all the reaction channels, are summarized
as:
1) At energies below the EF, the pick-up of nucleons,
2) At energies above EF the possible coalescence of
h
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states of two excited nucleons,
3) The possibility of reactions that includes the
Knock-out of a “pre-formed” deuteron
4) Finally the inclusion of a fast or peripheral direct
mechanism resulting in deuteron formation and escape.
Taking into consideration all the above, the modified
code calculates the deuteron spectrum from the contribution of the individual differential cross sections of such
processes as
d d PU,C d KO d D



dε d
dε d
dε d
dε d

The upper index stands for Pick-Up, Coalescence,
Knock-out and Direct reaction respectively. The cross
sections are in somehow proportional to the relative
number of states available for such reaction channel to
occur. Expressions for such cross sections were derived
by Broeders et al. [13].
Using basic statements of the hybrid model [15]. The
exciton level density is calculated by Beták and Dobeš
[23] taking into account the finite depth of the nuclear
potential well

ω  p,h,E   g p g h  h C k  1   E  kE F 
k

k 0

where E is the excitation energy, EF is the Fermi energy,
g and g are the single particle level densities for particles and holes, respectively, Θ(x) is the Heaviside function, Θ = 0 for x < 0 and Θ = 1 for x > 0.The single particle level densities for particles and holes are calculated
by Beták and Dobeš [16]
g = A/14

(3)

 E  k EF 
p!h! n  1 !

n 1

g  A/E F
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(4)

(5)

teron in the nucleus; gd is the density of single particle
states for the deuteron. The deuteron emission (λed) and
absorption (λ+d) rates are calculated. In analogy with
α-particle emission the knock-out component of the
pre-compound deuteron emission spectrum is written as
follows

λ ed  ε d 
dσ k  O
g ω  p-1,h,U 
gd D  n 
 σ non  E 0   Φ d  E 0 
dε d
g d p ω  p,h,E  λ ed  ε d   λ d  ε d 
n n0

where the factor Φd describes the initial number of excited deuteron clusters in the nucleus
Φd = 2Fd (E0)
(7)
where Fd is the probability of interaction of the incident

(2)

One should note that nuclear surface effects [17-19]
influence the effective value of the Fermi energy EF used
for the calculation of pre-compound particle spectra.
This point is discussed below. The exciton coalescence
pick-up model proposed by Sato et al. [20] is used for the
calculation of the dσ P-U,C/dεd spectrum component [28].

λ ed  ε d 
ω  p-k,h,U 
dσ P  U,C
g d Dn
 σ non  E 0    Fk,m  ε d  Qd 
dε d
ω  p,h,E  λ ed  ε d   λ d  ε d 
n  n0 k  m  2

where Fk,m is the deuteron formation factor equal to the
probability that the deuteron is composed of “k” particles
above the Fermi level and “m” particles below; εd is the
channel emission energy corresponding to the deuteron
emission; λed is the deuteron emission rate; λ+d is the intranuclear transition rate for the absorption of the deu-

(1)

(6)

particle with the “pre-formed” deuteron resulting in its
excitation in the nucleus; and the factor of two reflects
the normalization on the number of particles in the initial
exciton state n0. The general expression for Fd is [21]
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(8)

where “x” refers to the initial proton or neutron, σxd, σxp
and σxn are the cross-sections of the elastic interaction of
projectile with deuteron, proton and neutron, respectively,
corrected for a Pauli principle,  is the number of
“pre-formed” deuterons in the nucleus, Z’ and A’ are the
number of protons and nucleons in the nucleus corrected
for a number of clustered deuterons.
The direct component of the deuteron spectrum is [21]
λ ed  ε d 
ω*  U 
dσ D
 σ non
gd
dε d
ω 1p,0h,E  λ ed  ε d   λ d  ε d 

(9)

where the final level density ω*(U) is approximated by
ω(0p,1h,U).γ/gd with the γ value equal to 0.002 MeV−1
for all nuclei and excitation energies. To improve the
agreement of calculations and the measured deuteron
spectra, it is useful to write the direct component of the
spectrum in the following form
λ ed  ε d 
 (E  α 2 E F )2 
dσ D
=σ non α1exp  
gd
 e
2
dε d
2(α3 E F )  λ d  ε d  +λ d+  ε d 

(10)

where α1, α2 and α3 are parameters and EF is the effective
value of the Fermi energy. The values of αi can be obtained from analysis of experimental deuteron spectra.
The global parameterization of αi parameters is hardly
possible [12].

2.3. TALYS-1.2 Code
TALYS-1.2 code is optimized for incident projectile
energies, ranging from 1 keV up to 200 MeV on target
nuclei with mass numbers between 12 and 339. It includes photon, neutron, proton, deuteron, triton, 3He, and
α-particles as both projectiles and ejectiles, and single-particle as well as multi-particle emissions and fission. All experimental information on nuclear masses,
deformation, and low-lying states spectra is considered,
whenever available [22] and if not, various local and
global input models have been incorporated to represent
the nuclear structure properties, optical potentials, level
densities, γ-ray strengths, and fission properties. The
TALYS code was designed to calculate total and partial
cross sections, residual and isomer production cross sections, discrete and continuum γ-ray production cross sections, energy spectra, angular distributions, double differential spectra, as well as recoil cross sections. The
pre-equilibrium particle emission is described using the
two-component Exciton model. The model implements
Copyright © 2010 SciRes.
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new expressions for internal transition rates and new
parameterization of the average squared matrix element
for the residual interaction obtained using the optical
model potential [23,24]. The phenomenological model is
used for the description of the pre-equilibrium complex
particle emission. The equilibrium particle emission is
described using the Hauser-Feshbach formalism.

3. Results
In the calculations of the hybrid and GDH model, the
code ALICE/ASH was used. This 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 with energy
up to 300 MeV. The generalized superfluid [25] has
been applied for nuclear level density calculations in the
ALICE/ASH code. The ALICE-91 and ALICE/ASH
codes use the initial exciton number as n0 = 3. But in
these models the different alpha (α), deuteron (d) and
proton (p) exciton numbers are used in the pre-equilibrium GDH model calculations. In details, the other code
model parameters can be found in reference [12]. In
ALICE/ASH code, the hybrid and geometry dependent
hybrid model (GDH) for pre-compound emissions and
the Weisskopf-Ewing model for compound reactions are
selected.
Although there are some discrepancies between the
calculations and the experimental data, in generally, the
new evaluated hybrid and GDH the pre-equilibrium
model calculations (with ALICE/ASH) are very close to
the experimental data in Figures 1, 2, and 6. In addition,
the GDH and hybrid model calculations are close to each
other, generally. Indeed, calculated emission cross sections with GDH and hybrid model by using ALICE/ASH
code show the best agreement with the experimental data
for natEr(p,xn)165Tm→165Er reaction in Figure 6. Moreover, these cross sections in harmony with the experimental data for 165Ho(p,2n)165Er nuclei except for the
(p,n) reaction in which the experimental data have followed above theoretical calculations in Figure 1.
The reason is that the new developed pre-equilibrium
reaction mechanism ALICE/ASH includes angular momentum conversion. Not only it gives us more information for new nuclear reaction research, but also it lets us
calculate cross sections up to many hundreds MeV energy level. In fact, when taking the pairing energy and
the mass shell correction into consideration, the experimental values are in better agreement with the theoretical
results [26]. In conclusion all figures show that, although
a few calculated data follow the experimental ones from
above or below as parallel, generally all the compared
data are in agreement with each other.
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Figure 1. Excitation function of Ho(p,n) Er reaction by: (a) TALYS 1.2 code (b) comparison of calculated excitation functions of 165Ho(p,n)165Er reaction with the values reported in literature.

(a)

(b)
165

165

Figure 2. Excitation function of Ho(d,2n) Er reaction by: (a) TALYS 1.2 code (b) comparison of calculated excitation
functions of 165Ho(d,2n)165Er reaction with the values reported in literature.

(a)

Figure 3. Excitation function of
are reported in literature.
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Er(p,2n) Tm →

165

Er reaction by: (a) TALYS 1.2 code (b) codes. No experimental data
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Figure 4. Excitation function of
data are reported in literature.
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Er(d,3n) Tm →

165

Er reaction by: (a) TALYS 1.2 code (b) other codes. No experimental

(a)

(b)
164

Figure 5. Excitation function of Er(d,n)
tal data are reported in literature.

165

Tm →

165

Er reaction by: (a) TALYS 1.2 code (b) and other codes. No experimen-

(a)

(b)
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165

165

Figure 6. Excitation function of Er(p,xn) Tm → Er reaction by: (a) TALYS 1.2 code (b) comparison of calculated excitation functions of natEr(p,xn)165Tm→165Er reaction with the values reported in literature.
Copyright © 2010 SciRes.
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3.1. Excitation Function of 165Ho(p,n) 165Er
Reaction
Excitation functions of the proton-induced reaction on
Holmium-165 were determined by ALICE/91, ALICE/ASH and TALYS-1.2 codes, and the experimental
data that have been studied by Beyer et al. (2004) [27]
and Tárkányi et al. (2008) [28]. The evaluation of the
results of the calculations showed that the best range of
energy that favor the reaction is from 12 to 7 MeV. Carrier-free 165Er production can be obtained using a proton
an energy of less than 9 MeV. There is a relatively good
agreement between the experimental data by Tárkányi et
al. and the prediction of the excitation function made by
ALICE/91 code up to 11 MeV. According to calculations
from SRIM code the required target thickness should be
34.04 µm (See Figure 1).

3.2. Excitation Function of 165Ho(d,2n) 165Er Reaction
According to results from the ALICE/91, ALICE/ASH
and TALYS-1.2 codes, the optimum energy range for the
projectile particle (deuteron) to produce 165Er from 165Ho
target in this case is from 16 to 11 MeV. Hybrid Model
predicts that the maximum of the cross section (a = A/18)
is 753.6 mb at an energy of 13 MeV. The separation of
isotope impurities is not possible by chemical methods,
so this reaction is non carrier free for 165Er production
(See Figure 2). This reaction was investigated only by
Tárkányi et al. (2008) [29]. ALICE/91 and ALICE/ASH
codes agree well with the measured data from Tárkányi
et al. up to 20 MeV. Also, the results of TALYS-1.2
code are less than experimental data, ALICE/91 and
ALICE/ASH codes.

3.3. Excitation Function of
166
Er(p,2n)165Tm→165Er Reaction
165

Er can also be produced using the 166Er(p,2n)165Tm
reaction which is unstable, 165Tm (T1/2 = 30.06 h), the
best range of incident energy was estimated for proton
energies from 23 to 16 MeV. The maximum for the cross
section, as by the GDH model (a = A/9) is predicted to
be 1263.3 mb at the energy of 21 MeV. Also 166/164Tm
impurities are generated which cannot be separated by
chemical methods. Also this reaction was leading to
non-isotopic impurities of stable (166/164Er). There have
not been any experimental data for these reactions in the
literature, therefore only theoretical calculations have
been shown in Figure 3. Also, there is a relatively good
agreement between the prediction of the excitation function made by TALYS-1.2, ALICE/91 and ALICE/ASH
Copyright © 2010 SciRes.
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codes. The theoretical thick target will give a yield of
107.3 MBq/µA·h. Recommended thickness of the target
is 31.8 µm.

3.4. Excitation Function of
166
Er(d,3n)165Tm→165Er Reaction
According to codes, optimal energy range of the projectile particle (deuteron) to produce 165Tm from 166Er target
is from 22 to 29 MeV within this range the maximum
cross section predicted by Hybrid Model (a = A/9) is
1523.9 mb at an energy of 25 MeV. Also 166Tm (T1/2 =
7.7 h), 164Tm (T1/2= 2 min) and 163Tm (T1/2 = 1.81 h) impurities are generated which cannot be separated by
chemical methods. The non-isotopic impurities of active
(166/165Er) were also produced in the reaction. There have
not been any experimental data for these reactions in the
literature, therefore only theoretical calculations have
been shown in Figure 4, so nuclear model calculations
can play an important role in excitation function of
166
Er(d,3n)165Tm→165Er reaction. Also, the results of
TALYS-1.2 code are less than ALICE/91 and ALICE/ASH codes. The theoretical thick target gives a yield
of 42.9 MBq/µAh. Recommended thickness of the target
is 31.4 µm.

3.5. Excitation Function of
164
Er(d,n)165Tm→165Er Reaction
According to ALICE/91, ALICE/ASH and TALYS-1.2
codes, the best energy range of the projectile particle
(Deuteron) to produce 165Tm from 164Er target is found to
be from 13 to 8 MeV and maximum cross section is predicted by the Hybrid model(a = A/18) to be 120.4 mb at
an energy of 10 MeV. Also 164Tm (T1/2 = 2 min) and
163
Tm (T1/2 = 1.81 h) impurities are generated and they
could not be separated by chemical methods (See Figure
5). This reaction was also producing Non-isotopic impurities of high cross section (164/163Er). The theoretical
thick target yield is 0.074 MBq/µA·h. Recommended
thickness of the target is 90 µm.

3.6. Excitation Function of
nat
Er(p,xn)165Tm→165Er Reaction
Excitation functions of the proton-induced reaction on
nat
Er were calculated by ALICE/ASH and TALYS-1.2
codes. The data from the calculations showed that in
order to optimize isotope production the best range of the
energy is 29 to 20 MeV. The calculated excitation functions of natEr(p,xn)165Tm→165Er reactions are compared
with the existing experimental values in Figure 6. The
results of TALYS-1.2 and ALICE/ASH codes are good
JMP
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Table 1. 165Er production yield via different nuclear reactions by SRIM and TALYS 1.2 codes.
Isotopic abundance
(%)

Reaction

Energy range
(MeV)

Target thickness
(m)

Theorical yield
(MBq/Ah)

165

Ho(p,n) 165Er

100

12→7

75

34.04

165

Ho(d,2n)165Er

100

16→11

61

77.7

166

Er(p,2n)165Tm→165Er

33.6

23→16

31.8

107.3

166

Er(d,3n)165Tm→165Er

33.6

29→22

31.4

42.9

Er(d,n)165Tm→165Er

1.61

13→8

90

0.074

Er(p,xn)165Tm→165Er

100

29→20

27.9

210.9

164

nat

agreement with the measured data from Tárkányi et al.
(2009) [30]. The separation of isotope impurities is not
possible by chemical methods, so this reaction is non
carrier free for 165Tm production. According to SRIM
code the required target thickness should be 210.9 µm.

3.7. Calculation of the Required Thickness of
Target
To obtain the optimum physical dimensions of the target
such as the thickness some estimations from the SRIM
code (The Stopping and Range of Ions in Matter); were
performed [31]. The physical thickness of the target layer
is chosen in such a way that, for a given beam/target angle geometry (90°), the incident beam on the target area
will produce a compound nucleus with an excitation energy with the calculated optimum energy to favor the
selected evaporation channel. To minimize the thickness
of the thin film target, a geometry of 6° is preferred; so
the required thickness of the layer will be smaller with a
coefficient 0.1 (note: it is not clear what this phrase
means, what is such coefficient). The calculated thicknesses for these ideal reactions are shown in Table 1.

3.8. Calculation of Theoretical Yield
Enhance of the projectile energy, the beam current and
the time of bombardment increase the production yield.
The production yield can be calculated as below,

N H
Y= L I 1  e-λt
M





-1

 dE 
E1  d  ρx   σ  E  dE


E2

(11)

where Y is the product activity (in Bq) of the product, NL
is the Avogadro number, H is the isotope abundance of
the target nuclide, M is the mass number of the target
element, σ(E) is the cross section at energy E, I is the
projectile current, dE
is the stopping power, λ is
d(  x)
Copyright © 2010 SciRes.

the decay constant of the product and t is the time of irradiation [32]. The production yields of 165Er via different reactions were calculated using the Simpson numerical integral as of Equation (11) (Table 1).

4. Conclusions
Result of the calculations and considerations predicted
that the high yield will be achieved by deuteron bombardment of a natural erbium target. Nevertheless this
processes lead to form the radioisotope and isotope impurities that have high cross section than 165Er. 164Er
(d,n)165Tm→165Er, 166Er(d,3n)165Tm→165Er and 165Ho
(d,2n)165Er reactions are too much undesirable than the
prior reaction, Because of high impurities go along with
the product. However, 165Er production via 166Er(p,2n) 165
Tm→165Er reaction lead to high cross section for 165Tm,
but this reaction can not be resulted in no-carrier added
of 165Er production. 165Ho(p,n) 165Er is suggested as the
best method to produce 165Er, generating minimum impurities. Moreover, its non-carrier added production feasibility using proton energy of less 9 MeV can be considered as a brilliant advantage. Solvent extraction (by
HDEHP (di-(2-ethylhexyl) phosphoric acid); H3Cit (citric acid); HLact (lactic acid) and HGlyc (glycolic acid)
and ion exchange chromatography are the best method
which used for separation erbium radionuclides from Ho
targets solution.
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