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The cross sections of the neutron reactions at En = 14.6 MeV on the isotopes of Tb-159, Dy-164, Er-168, Er-170, 

Yb-174, Yb-176, Lu-175, and Lu-176 with alpha-particle emission were studied by the use of new experimental data 
and different theoretical approaches. New and improved experimental data were obtained with the neutron-activation 
technique. The samples of natural composition of rare earth elements were irradiated with d-t neutrons from the neutron 
generator NG-300. Gamma-ray spectra of the induced activities of irradiated samples were measured with HPGe 
spectrometer. The uncertainties of the experimental cross sections were thoroughly estimated. Available experimental 
results and evaluated nuclear data from the EXFOR, TENDL, ENDF data libraries were compared with different 
systematics and calculations with the EMPIRE 3.0 and TALYS 1.2 codes. Contribution of pre-equilibrium decay was 
analyzed. Different systematics for estimations of the investigated cross-sections have been tested.  

 
1. Introduction 

 
Neutron activation cross sections for energies around 14 MeV are basic data required for design calculations in 

nuclear technologies that involve neutrons. Indeed, the amount of their various applications is increasing rapidly. 
Nuclear data are one of the main tools for extracting an important information about the nuclear structure, excited 
states, reaction mechanisms, and useful to confirm predictions of nuclear reaction theory [1, 2]. Certainly, up to now, 
many works dealing with cross section data measurements have been reported and much effort was paid to compilations 
and their evaluations. That proves a number of evaluated data libraries including general purpose and specialized ones. 
Unfortunately, in the energy and mass region of mentioned elements the experimental data are scarce and inconsistent 
[3]. Moreover, the (n, α) cross section data are of a great interest, since they are crucial in the domain of nuclear fusion 
technology. Also, Dy, Er and Yb belong to the category of fission products are used as a burnable poison in nuclear 
reactor control rods because of its high neutron absorption cross section and high melting point. The present study is 
motivated by necessity to measure accurate cross section data and performing based on them evaluations. Considered 
elements belong to the group of rare-earth (lanthanides) and are characterized by very specific nuclear properties, which 
impact the search for nuclear limits of stability, proton radioactivity as well as new reaction channels.  

The cross sections of the neutron reactions at En = 14.6 MeV on the isotopes of Tb-159, Dy-164, Er-168, Er-170, 
Yb-174, Yb-176, Lu-175, and Lu-176 with alpha-particle emission were studied by the use of new experimental data 
and different theoretical approaches.  

 
2. Experimental technique and measurement 

 
Using the well operated intense neutron source at the Department of Nuclear Physics, Taras Shevchenko National 

University of Kyiv [4], cross sections for the 175,176Lu(n,α)172,173Tm, 174Yb(n,α)171Er, 176Yb(n,α)173Er, 159Tb(n,α)156Er  at 
14.6 MeV neutron energy were measured. Cross section measurements were performed with the neutron activation 
technique [5]. Neutron generator NG-300 was used as a source of neutrons with a maximum neutron flux density of 
(d,t) neutrons ~ 5.2·108 (1/сm2·s) which was determined experimentally. The 14 MeV neutrons were produced via the 
T(d,n)4He reaction by bombarding a T-Ti target mounted on a target assembly. The target consisted of 25 Ci of tritium 
absorber on a Titanium substrate. The maximum current of the Deuterium ion beam was 1.0 mA. Mixed ion beam 
component (D+-D2+) with maximum energy ~ 225 keV was used for the neutron generation. In order to avoid any 
considerable distortion factors due to neutrons generation the corresponding neutron spectrum incident at specimen was 
modelled previously. The samples of Tb, Lu, Dy, Er, and Yb of natural composition were used. Two Dy samples in the 
shape of disc foil with Ø 15.4×0.07 mm dimensions and 132 mg mass each were irradiated at 0˚ degree angle toward to 
a primer deuteron beam. The Lu samples were irradiated under 0°, 65°, 135° with the purpose to measuring the 
excitation function. Before irradiation the dysprosium samples were studied for presence of impurities, among them the 
following were reported: Gd – 1.21 %, Sc – 0.039 %, Cu – 0.017 %. The Erbium specimen had a shape of 
parallelepiped with 8.5 × 7.3 × 2.1 mm dimensions and 1.022 g mass and was irradiated at the same geometry 
conditions (0˚). Lu specimens were in the shape of disk foil with 1.3 mm thickness and 6.3 g mass. Tb specimen was in 
the shape of disk foil with 2 mm thickness and 1.9 g mass. The γ-ray spectra of the specimens with induced activity 
were measured with a lead-shielded high-purity germanium (HPGe) spectrometer (coaxial-type detector, volume ~ 
110 cm3). The energy resolution was 2.0 keV for gamma rays with energy 1332 keV corresponding to 60Co decay and 
0.9 keV for gamma rays with energy 122 keV, accompanying a decay of 57Сo. Obviously, to prepare more intense 
activities and to reach higher nuclear reaction yield, it is necessary to irradiate specimens at the closest position from the 
neutron source. Such geometry corresponds to 0˚ degree angle and specimen location directly over the target (4 mm 
from the titanium layer), however, the irradiation angle comes to have a broad distribution, and thus the D-T neutron 
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peak energies change depending on the distances between the source and the specimen. Unfortunately this energy 
straggling cannot be avoided and demands a correct determination the average neutron energy over specimen with 
following accounting the exact spread limits. For this reason the Monte Carlo simulation [6] as well as a kinematical 
approach with DROSG code was utilized. The neutron fluence rate at the irradiated position was measured using the 
27Al(n, α)24Na (T1/2 = 14.959 h) reaction as well as the value of cross sections were determined respect to the same 
standard reaction 27Al(n,α)24Na [7]. During irradiation the neutron flux deviation was kept within ± 5 %. The full energy 
peak efficiencies at the standard position were calibrated with the standard γ-ray sources of 241Am, 137Cs, 60Co, and 
152Eu in the energy range between 50 - 1400 keV. 
 

3. Data analysis 
 

A detailed analysis of the literature and databases indicated that the cross section data in the considered energy range 
for rare-earth elements are very scarce and inconsistent. Moreover, mostly all prior reported data have been obtained 
with activation technique by using absolute beta counting for the determination of the activities. It may be one of the 
reasons of essential uncertainties. It should be emphasized that the biggest problem in working with all the 
aforementioned elements is the presence of several isotopes in the natural composition, the only exclusion is terbium. 
As a consequence, the strong interference of nuclear reaction products may take place, what reduces essentially the list 
of possible reaction channels for measurement with the activation technique applied. 

Theoretical predictions for the nuclear reactions may help us to understand the nuclear reaction mechanisms and in 
general nucleon-nuclear interactions. Currently, the cross sections were calculated with the EMPIRE-3.0 [8] and 
TALYS-1.2 [9] codes in order to perform a comparison. These codes were chosen since they contain a wide spectrum 
of nuclear reaction models that provides the quantitative calculations. In this paper, nuclear reaction calculations have 
been performed largely with input parameters and models by default. Results of calculations have been compared to the 
data taken from the EXFOR database [10] and the latest versions of evaluated nuclear data libraries: ENDF/B-VII, 
TENDL-2010, JENDL-4.0. 

A literature survey revealed several papers detailing experiments on the cross section of the 159Tb(n, α)156Eu 
reactions at 14.7 MeV neutron energy. Below there is a plot of excitation function for the reaction 159Tb(n, α)156Eu, 
more details are presented in ref [11]. The cross section value obtained in this paper is in rather good agreement (see 
Fig. 1) with work of [15 - 17]. Such consistency could be considered as an independent confirmation of the correctness 
of our application of the activation techinque.  

The (n, α) reaction cross section for the terbium was calculated with utilization the systematics of Konobeyev [12] 
and Kadem [13]. The result of comparison between calculations with the EMPIRE 3.0, TALYS-1.2 codes and evaluated 
data from the ENDF/B-VII is given in Fig. 1. The calculations with the EMPIRE 3.0 code was made with taking into 
account pre-equilibrium processes by exciton model (PCROSS = 1.5) and without ones (PCROSS = 0). The 
calculations with the TALYS-1.2 code were made with the default input parameter values.  

Similar to the theoretical calculation procedure, which employed the utilization of the different codes and data taken 
from databases, a set of curves was also obtained for the Dy isotopes. The dependence of (n, α) cross section versus 
number of neutrons is presented in Fig. 2.  

 

 

Fig. 1. Excitation function for the reaction 159Tb(n,α)156Eu. 
 

Fig. 2. The cross section dependence of the (n, α) nuclear 
reaction on neutron number in dysprosium mother nucleus. 

 
The (n, α) reaction cross section at the incident neutron energy of 14.6 MeV for the dysprosium isotopes have been 

calculated with the systematics of Konobeyev [12], Kadem [13], Kumabe [14], as well as the EMPIRE-3.0 and 
TALYS-1.2 codes. The corresponding plot with the comparison of the results is shown in Fig. 2. In addition, data have 
been taken from the EXFOR, ENDF/B-VII.0, and TENDL-2010 databases. For the reaction (n α), analogically to (n, p), 
the pre-equilibrium processes are the most probable, and a contribution of α-particle emission at this stage increases 
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essentially the final cross section value. As could be seen from the Fig.2 the cross section for the (n, α) reaction is quite 
considerably decreasing with increasing the neutron number in the mother nucleus of dysprosium.  

Following a similar procedure as described above, the (n, α) reaction cross sections were analyzed and the 
predictions of these cross sections were performed by means of the expressions suggested by Konobeyev [12], Kadem 
[13] and Kumabe [14]. Fig. 3 shows a comparison between theoretical calculations with the EMPIRE3.0 and 
TALYS-1.2 codes, data measured in the present paper and experimental cross section values from earlier work. 
Evaluated data have been taken from the ENDF/B-VII.0 and TENDL-2010 databases. The behavior of this cross section 
does resemble to the dependence observed for dysprosium. 

 

Fig. 3. The cross section dependence of the (n, α) nuclear 
reaction on neutron number in erbium mother nucleus. 

Fig. 4. The cross section dependence of the (n, α) nuclear 
reaction on neutron number in ytterbium mother nucleus. 

 
The (n, α) reaction cross section at the incident neutron 

energy of 14.6 MeV for the ytterbium isotopes have been 
calculated with the systematics of Konobeyev [12], Kadem 
[13], Kumabe [14], with the EMPIRE-3.0 and TALYS-1.2 
codes as well as retrieved from the experimental EXFOR 
and evaluated ENDF/B-VII.0, TENDL-2010 databases. 
The result of comparison is presented in Fig.4. This 
analysis of (n, α) cross section dependence on number of 
neutrons confirms a straight line trend (see Figs. 2 - 5) and 
indicates this was a correct approach to this study, and 
demonstrated the reliability of our measured data. 

Indeed, there have been many systematic experimental 
studies in the 14 - 15 MeV energy range for cross sections, 
such as (n, α). These studies indicate essential 
disagreements which should be excluded by means of 
involving the reliable experimental data. Moreover, the 
analysis of nuclear data in these particular mass and energy 
ranges showed that they were mostly obtained a long time 
ago and referred to the problems with insufficient, and 

sometimes even incorrect, nuclear structure information. That is why the main aim must be an obtaining new and more 
accurate experimental data for thorough analysis of prior systematics and improving the theoretical approaches. 

The (n, α) reaction cross section for both lutetium isotopes have been measured at the incident neutron energy of 
14.6 MeV. Similarly to the procedure mentioned above, these cross sections have been calculated with the systematics 
of Konobeyev [12], Kadem [13] and Kumabe [14] as well as with the EMPIRE-3.0 and TALYS-1.2 codes. 
Experimental data have been obtained from the experimental EXFOR and evaluated ENDF/B-VII.1, TENDL-2011 
databases. 

 
4. Summary 

 
The cross section of the nuclear reaction (n, α) was measured on isotopes of terbium, dysprosium, erbium, 

ytterbium, and lutetium at the incident neutron energy 14.6 ± 0.2 MeV. Obtained results were compared with available 
experimental data, evaluated nuclear data and the results of theoretical calculations. In major cases measured results are 
in rather good agreement within uncertainties with available experimental data. Calculated values of the cross sections 
with the EMPIRE 3.0 code with taking into account pre-equilibrium processes much better describes experimental data 
than the TALYS-1.2 code with parameters by default. Accounting the pre-equilibrium component increases essentially 
the value of (n, α). These results could be used for nuclear reaction models and for testing current knowledge about 
nuclear reaction theory. The obtained cross section values can be considered as additional data for nuclear data 

Fig. 5. The cross section dependence of the (n, α) nuclear 
reaction on neutron number in lutetium mother nucleus. 



447 

evaluation, as we think they provide a more reliable assessment of cross section values for these reactions. The analysis 
of (n, α) cross section dependence on number of neutrons confirmed a straight line trend. It could be concluded that 
among so many proposed systematics, it is hard to select the right one because of a lack of sufficient experimental data. 
It seems most probably that the idea of selecting or deriving the systematics to cover a wide range on nuclides, is not 
fully worthwhile. The present results can be used for the evaluation of the nuclear data libraries. EMPIRE 3.0 code 
calculated values of the reaction cross sections with pre-equilibrium processes consideration are in good agreement with 
experimental data. At the same time  the cross section calculations using  the TALYS 1.2 code with parameters by 
default, are not so close to experimental data. Konobeyev systematics is the most acceptable to fit available 
experimental data and is recommended for further utilization. Presented results can be utilized in the field of nuclear 
energy applications as well as in a testing of nuclear reaction models.  
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