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In the present work the cross section of the *°Dy (1, 2n) '**Dy reaction (Ey, = 9.51 MeV) was measured at
neutron beam energies above 17 MeV: 17.1, 18.1, and 19.0 MeV. The irradiations were performed at the 5.5-MV
tandem accelerator of the Institute of Nuclear and Particle Physics at N.C.S.R. “Demokritos”, where quasi-
monoenergetic neutron beams were produced via the *H (d, n) *He reaction. The cross-section measurements
were performed by means of the activation technique relative to the 2’ Al (n, o) 2*Na reference reaction. Within
the present work the experimental study is framed by theoretical calculations performed via the TALYS code

(version 1.95).
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I. INTRODUCTION

The accurate knowledge of the cross section of nuclear
reactions is of prime importance for fundamental research,
dosimetry, and the applications of nuclear technology [1]. In
particular, the study of (n, xn) reactions is significant for the
development of nuclear energy technology, as these reactions
on structural materials of the reactors may affect the neutron
flux as well as the neutron economy in these systems.

In the framework of fundamental research and as men-
tioned in the work of Goriely et al. [2], multiparticle emission
may play a role in nuclear astrophysics. More specifically,
according to Ref. [2], the (n, 2n) channel may dominate the
(n, y) channel at relatively high temperatures. This could play
a crucial role in the nucleosynthesis of neutron-rich isotopes
and, hence, in the r-process nucleosynthesis. Therefore, the
assumption that the multiparticle emission is negligible at
astrophysics-relevant energies needs to be tested. For this
reason, the cross-section measurements of the (n, 2n) reaction
channel are important.

Accordingly, a systematic study of neutron-induced nu-
clear reactions for a particular mass region utilizing in parallel
the technological and simulation advances [3] constitutes a
valuable tool both for nuclear technology and fundamental
research. The present work is part of a systematic study
that started from our group some years ago [4,5] and con-
cerns the measurement of the (n, 2n) reaction channel for the
medium- to heavy-mass region. Through the present work the
156Dy (1, 2n) Dy reaction has been measured at energies
above 17 MeV. According to our knowledge, the experimental
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data for this reaction in the literature are limited in a narrow
energy range between 13.5 and 15 MeV [6-11].

136Dy is the lightest isotope of the seven stable isotopes of
the Dy element, which are presented in Table I along with their
natural abundances [12]. This property constitutes an extra
motivation for the performance of the present work, as this
work is a continuation of our previous study for the (n, 2n)
reaction on stable but neutron-deficient isotopes [5].

In the next sections the experimental conditions and the
data analysis are presented. In addition, the theoretical cal-
culations as performed via the broadly used statistical code
TALYS (version 1.95) [13] are discussed.

II. EXPERIMENTAL PROCEDURE

A. Irradiations setup

The cross section of the ®Dy (n,2n)'**Dy reaction
was measured via the activation technique relative to the
27Al (n, @) >*Na reference reaction [14]. Three irradiations
were performed at 17.1-, 18.1-, and 19.0-MeV neutron beam
energies. The duration of each irradiation was between 18
and 21 h. The neutron beams were produced through the
3H (d, n) *He reaction (Q = 17.6 MeV) at the 5.5-MV Tan-
dem accelerator of N.C.S.R. “Demokritos”.

In the irradiations three foils of natural Dy (one for each
irradiation) were used. The Dy foils had a diameter of 13 mm
and their thicknesses were 0.9, 0.9, and 0.8 cm, respectively.
During the irradiations, each of them was placed between Al
monitor foils of equal diameter.

©2021 American Physical Society
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TABLE I. The stable isotopes of the Dy element and the corre-
sponding abundances [12].

Dy isotopes natural abundance (%)
13py 0.056 & 0.003
18Dy 0.095 £ 0.003
10py 2.329 +£0.018
1$1Dy 18.889 4 0.042
192Dy 25.475 4+ 0.036
13py 24.896 4+ 0.042
64py 28.260 + 0.054

Deuteron beams of 300-nA intensity were impinging on
a 2.1 mg/cm? Ti-tritiated target. The Ti-tritiated target was
supported by a 1-mm-thick Cu foil for optimum heat con-
duction purposes. Two 5-um-thick Mo foils were placed in
front of the Ti-tritiated target serving as energy degraders of
the deuteron beam. During the irradiations the target flange
was air-cooled. The foils were irradiated at 0° with respect to
the deuteron beam at a distance of 2.3 and 2.4 cm from the
Ti-tritiated target.

The energy distribution of the neutron beam was deter-
mined via the NEUSDESC code [15], developed at JRC-Geel.
NEUSDESC makes also use of the SRIM-2008 Monte Carlo sim-
ulation program [16]. SRIM-2008 calculates the energy loss in
the Mo foils and the Ti-tritiated target by taking into account
the stochastic nature of the phenomenon. In Fig. 1 the energy
distribution of the neutron beams is presented as calculated
by NEUSDESC. The energy distributions are normalized to the
total neutron beam flux (n/ cm?) which resulted from the ref-
erence foils. In addition to NEUSDESC, simulations of the

< (@ — NEUSDESC
€ o5k
L &
= o0F
o C
= 15
= C
L 1o
E &
S 5F
= C
o’ 1 1

6 65 47 175 18
Neutron Energy (MeV)

energy distribution of neutron beams were performed via the
GEANT4 Monte Carlo simulation toolkit [17], by taking into
account the deuteron beam transportation through the beam
line optics elements and by considering the full configuration
of the Ti-tritiated target. The results of the two codes are in
agreement with each other.

During the irradiations the deuteron beam current on the
Ti-tritiated target was recorded and was used for the accurate
calculation of the fp correction factor, which is presented in
Sec. I1I. In this way, any fluctuations of the neutron beam were
taken into account in the measurement of the cross sections.

B. Activity measurements

The irradiations were followed by the measurements of the
induced activity of the irradiated Dy samples and reference
foils.

The activity of the Dy samples following the > Dy decay
[18] was measured by means of an 80% relative efficiency
high-purity germanium (HPGe) detector at a distance of only
1 cm with respect to the detector window so as to compensate
for the very low abundance of '*Dy (0.056%) in the natural
samples used.

Such a close detection geometry causes limitations in the
activity measurements not only of the main sample but also
of the efficiency calibration sources, due to the coincidence
summing effect which becomes significant as the sample to
detector window distance is reduced. For this reason, the
detector efficiency at the detection geometry used for the
energies of the transitions following the Dy decay was
determined using the GEANT4 simulation code. More specifi-
cally, the detector was characterized through GEANT4 so that
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FIG. 1. The neutron beam energy distribution as resulting from the NEUSDESC code [15] for each neutron beam energy: (a) 17.1 £ 0.3 MeV,
(b) 18.1 £ 0.2 MeV, and (c) 19.0 &= 0.2 MeV. The distributions are normalized to the total neutron beam flux.
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FIG. 2. The spectrum of '**Dy recorded after the irradiation with the neutron beam at 17.1 MeV, along with the corresponding background
spectrum of equal measurement time (16.8 h). Panel (a) corresponds to the full spectrum, whereas the panel (b) corresponds to the energy

region around the main y ray emitted by '*>Dy (226.9 keV).

the experimental efficiency and counting rate data of an >Eu
[19] point source were reproduced via the simulations for
various source to detector distances. The counting-rate term
refers to close source to detector distances, where the counting
integral of full-energy peaks is affected by the coincidence-
summing effect. In the simulations the counting rates of the
decay energies of '>Eu were reproduced considering the de-
cay scheme of '32Eu. Details on the GEANT4 modeling of the
detector and the performance of the simulations with respect
the reproduction of experimental calibration data can be seen
in Ref. [4].

Figure 2 illustrates the recorded spectrum from the Dy
decay after the irradiation of the Dy sample with the
17.1-MeV neutron beam, along with the background spectrum
of equal data acquisition time (16.8 h). As shown in Fig. 2,
the photopeaks contained in both spectra match each other
except for the two photopeaks at 226.9 and 326.3 keV. The
226.9-keV y ray is emitted by Dy, whereas the 326.3-keV
y ray is emitted by '*’Dy, which is the product nucleus of
the 8Dy (n, 2n) "Dy and "*®Dy(n, y) ¥’ Dy interfering re-
actions. A zoom of the energy region around the 226.9-keV
peak is plotted in Fig. 2(b).

As mentioned above, the efficiency of the detector at
226.9 keV was determined via the GEANT4 model of the
detector. Corrections due to the self-attenuation of the emitted
y rays were taken into account in the efficiency calibration

by including the Dy samples’ geometry and material in the
GEANT4 simulations, whereas corrections due to coincidence
summing were considered by including the full-decay scheme
of '3Dy in the simulations as well.

The induced activity of the reference foils was measured by
a 40% relative efficiency HPGe detector at 7.3- and 11.1-cm
distances with respect to the detector window. The efficiency
of the detector at the decay energy of **Na [20] at 1368.6 keV
was also determined through the GEANT4 characterization
of the detector. As in the case of the previously mentioned
HPGe detector, the simulation of the geometry of the detec-
tor was performed so that the experimental efficiency and
counting-rate data of an '>>Eu point source were reproduced
for different source to detector distances. After the detector
characterization the efficiency at 1368.6 keV was calculated
including in the simulations the foil dimensions and material,
as well as the full-decay scheme of **Na. In this way, self-
attenuation and coincidence-summing effect corrections were
incorporated into the efficiency calculations.

In Table II the decay data of ' Dy and 2*Na are
summarized.

III. DATA ANALYSIS

In the present study the cross section of the
156Dy (n, 2n) 1Dy reaction was determined via the activation

TABLE II. Decay properties of the product nuclei.

Product nucleus Half-life y-ray energy (keV) Intensity per decay (%)
55Dy [18] 9.9+02)h 226.9 68.7+ 1.6
24Na [20] (14.997 £0.012) h 1368.6 99.9936 £ 0.0015
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TABLE III. Summary of the irradiation and

measurement parameters of the Dy samples.

17.1 MeV 18.1 MeV 19.0 MeV
Irradiation time (h) 19.5 18.6 20.6
Time-integrated flux (x10° n/cm?) 9.96 &+ 0.69 477 +0.33 5.72 £0.40
Decay correction factor fp 0.5320 0.5752 0.5295
Measurement time (h) 16.8 14.3 16.3

technique. The induced activity A which was measured via
the 226.9-keV y ray is given by

. IeNpe v (1 — e=Hm)
Cor

where [ is the intensity of the y ray and ¢ is the efficiency of
the detector at this y-ray energy for the geometry of measure-
ment. The term Ny is the number of activated nuclei at the end
of the irradiation, whereas the terms ¢,, and ¢, stand for the
activity measurement time and the time interval between the
end of the irradiation and the start of the measurement (“wait-
ing time”), respectively. The term A is the decay constant of
the product nucleus. The factor Cpr is the correction factor for
the dead time of the data acquisition system. It was calculated
as the ratio of the “real time” to the “live time” of the data
acquisition system, and in any case it was found negligible.
The self-attenuation and the coincidence-summing effect
corrections, as described in the previous section, were taken
into account in the determination of the efficiency of the detec-
tor for the 226.9-keV y ray through the GEANT4 simulations.
The cross section o is given by

Ny
c=—),
DNy fp

where @ is the time-integrated neutron beam flux and Np
is the number of nuclei in the sample. The fp term is the
correction factor for the activated nuclei decay during the
irradiation (#;;) and it is calculated including the neutron beam
fluctuations as follows:

ey
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@

T
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0

By combining Egs. (1) and (2), the formula of the cross
section is obtained:
ACpr

o = .
@Nrele_)"W(l — e Mnm )fg

“

The neutron beam flux was determined via the reference re-
action. The corresponding cross sections at the neutron beam
energies were obtained from the IRDFF-1.05 library [14].

In Table III the irradiation time and the activity measure-
ment time for the Dy samples are presented along with the
time-integrated neutron beam flux and the f5 correction factor
for each irradiation.

In Table IV a compilation of the individual uncertainties
is summarized. The cross-section uncertainty was determined
by summing up quadratically all the possible individual uncer-
tainties. The dominant source of uncertainty was the statistical
uncertainty of the photopeak at 226.9 keV. An important
contribution comes also from the neutron flux and the **Dy
abundance uncertainties. The intensity of the 226.9-keV y ray
and the detector efficiency uncertainties have a less important
effect.

IV. TALYS CALCULATIONS

The cross-section measurements of the present study, as
well as the previous ones [21], were compared with calcula-
tions performed using the broadly used statistical code TALYS
(version 1.95).

The (n,2n) reaction channel on the heavy- to medium-
mass region, which '*Dy belongs to, is dominated by the
compound-nucleus mechanism for the energies considered in
the present work. In TALYS the compound-nucleus calculations

TABLE IV. Compilation of uncertainties (in %).

E, (MeV) 17.1 18.1 19.0
Reference reaction Al (n, ) **Na

Reference reaction cross section 0.83 0.98 1.19
Neutron flux 7.0 7.0 7.0
226.9-keV peak counting statistics 8.2 13.7 16.4
80% HPGe detector efficiency 3.0 3.0 3.0
226.9-keV y-ray intensity per decay 23 23 23
156Dy natural abundance 54 54 54
Reference foils peak counting statistics (front-back) 3.1-3.1 4.6-5.1 4.1-5.1
40% HPGe detector efficiency 3.0 3.0 3.0
Reference foils y-ray intensity per decay 0.0015 0.0015 0.0015
Statistical uncertainty of cross section 8.2 13.7 16.4
Systematic uncertainty of cross section 9.5 9.6 9.5
Total uncertainty of cross section 12.6 16.7 19.0
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FIG. 3. The TALYS calculations for the '**Dy(n, 2n) 1> Dy reaction along with the present and previous measurements [21]. The calculations
correspond to each level density model combined with different models for the pre-equilibrium mechanism.

are performed via the Hauser-Feshbach theory [22], whereas
the competition between all channels is taken into account.

The TALYS calculations were performed for the default
parametrization of the code, as well as by adopting the dif-
ferent models that are incorporated to the code for the level
density, the pre-equilibrium mechanism, the y-ray strength
functions, and the optical potential. In this way, the sensi-
tivity of the calculations to the change of these models was
tested. Below, the available theoretical models of the code are
discussed.

(i) TALYS disposes six different models for the level den-
sity. Three of them are phenomenological models: the
constant temperature model [23] (keyword: ldmodel
1, default option), the back-shifted Fermi gas model
[24] (keyword: ldmodel 2), and the generalized su-
perfluid model [25,26] (keyword: ldmodel 3). The
other three models are based on microscopic calcula-
tions: Goriely et al. (2001) [27] (keyword: Idmodel 4),

064603-5

(ii)

(iii)

Goriely et al. (2008) [28] (keyword: ldmodel 5), and
Hilaire et al. (2012) [29] (keyword: ldmodel 6).

For the pre-equilibrium mechanism four models are
available. Among them the first three perform cal-
culations using the exciton model theory [30-32]:
exciton model 1 (keyword: preeqmode 1), exciton
model 2 (keyword: preeqmode 2, default option), and
exciton model 3 (keyword: preeqmode 3). The last
model (keyword: preeqmode 4) is a phenomenolog-
ical model suggested by Kalbach [33] and it has
been developed so as to describe the isotropic part
(multistep compound) and the forward peaked part
(multistep direct) of the angular distribution of the
pre-equilibrium reactions.

Concerning the y-ray strength function models,
TALYS uses the Brink-Axel Lorentzian one [34,35] for
all transitions apart from E1. For the E1 transition
the code offers the option of selecting among eight
models: Kopecky-Uhl generlized Lorentzian model
[36] (keyword: strength 1, default option), Brink-
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FIG. 4. The TALYS calculations for the '**Dy(n, 2n) 1Dy reaction along with the present and previous measurements [21]. The calculations
correspond to each level density model combined with different models for the y-ray strength functions of the E'1 transition.

Axel Lorentzian model [34,35] (keyword: strength 2),
Hartree-Fock BCS tables [13] (keyword: strength 3),
Hartree-Fock-Bogolyubov (HFB) tables [37] (key-
word: strength 4), Goriely’s hybrid model [38]
(keyword: strength 5), Goriely T-dependent HFB [13]
(keyword: strength 6), T-dependent relativistic mean
field (RMF) [13] (keyword: strength 7), and Gogny

DI1M HFB+QRPA [13] (keyword: strength 8).

(iv)

The optical model calculations for nucleons are
performed via the Koning-Delaroche parametriza-
tion [39] (default option), whereas TALYS offers the
possibility of replacing this model with the semimi-

)
(ii)

(iii)
(iv)

croscopic potential of Bauge et al. [40] (keyword:

jlmomp y).

In the Hauser-Feshbach calculations the keyword “fullhf
y” of TALYS was adopted, which enables the loop over total
angular momentum of the ejectile. This keyword is set to “no”

by default for time-saving purposes.

Through the calculations it resulted that the larger changes
in the excitation function of the reaction under study were
observed when different level density models were imple-
mented. Based on this, the calculations were performed at the
four stages described below:

adoption of different level density models,

adoption of different pre-equilibrium models for each
level density model,

adoption of different y-ray strength function models
of the E'1 transition for each level density model, and
adoption of different nucleon optical models for each
level density model.

In Figs. 3 and 4 the TALYS calculations are presented
along with the present and previous measurements. In par-
ticular, in Fig. 3 the different models for the pre-equilibrium

mechanism have been adopted for each level density model,
whereas in Fig. 4 the different models for the y-ray strength
functions of the E'1 transition have been adopted for each

level density model. The calculations of the semimicroscopic
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TABLE V. The models and the parametrization of the TALYS code that were used in the calculations of the **Dy (n, 2n) 3Dy excitation

function.

Level density model Strength function model Pre-equilibrium mechanism Keyword:
for the E'1 transition model “fullhf”

Constant temperature Kopecky-Uhl generalized Exciton model 1 Yes

(Idmodel 1)
Back-shifted Fermi gas

Lorentzian model (strength 1)
Brik-Axel Lorentzian model

(ldmodel 2) (strength 2)
Generalized superfluid Hartree-Fock BCS tables
(Idmodel 3) (strength 3)
Goriely et al. [27] Hartree-Fock- Bogolyubov tables
(Idmodel 4) (strength 4)
Goriely et al. [28] Goriely’s hybrid model
(ldmodel 5) (strength 5)
Hilaire et al. [29] Goriely T-dependent HFB
(Idmodel 6) (strength 6)
T -dependent RMF
(strength 7)
Gogny DIM HFB + QRPA
(strength 8)

(preeqmode 1)

Exciton model 2
(preeqmode 2)

Exciton model 3
(preeqmode 3)

Multistep direct/compound
model (preeqmode 4)

optical potential of Bauge are not presented, as remarkable
changes were not revealed in the excitation function of the
156Dy (n, 2n) Dy reaction when this model was adopted
against the optical model of Koning-Delaroche. In Table V
the models and the parametrization of TALYS that were used in
the calculations of Figs. 3 and 4 are summarized.

V. RESULTS AND DISCUSSION

Through the present work the cross sections of the
156Dy (n, 2n) °Dy reaction were measured at neutron beam
energies of 17.1, 18.1, and 19.0 MeV. The present data con-
stitute the first of set of measurements at energies higher than
17 MeV and are presented in Table VI.

The present and previous experimental data were compared
to theoretical calculations based on TALYS. It resulted that the
TALYS calculations have a strong dependence on the selection
of the level density model. Concerning the pre-equilibrium
models, a general conclusion that can be drawn is that the the
exciton model 1 (preeqmode 1), the exciton model 2 (pree-
gmode 2), and the exciton model 4 (preeqmode 4) produce
similar results, whereas the cross-section calculations based
on the exciton model 3 (preeqmode 3) differ from the previous
calculations for energies higher than 12 MeV. A dependency
of the TALYS calculations on the y-ray strength function mod-
els of the E'1 transition is also observed.

TABLE  VI. Measured
156Dy (n, 2n) '* Dy reaction.

cross-section  values for the

E, (MeV) o (b)

17.14+0.3 1.67 +£0.21
18.1£0.2 1.82 +0.31
19.04+0.2 1.60 £ 0.30

Another interesting remark that results from the calcu-
lations is the failure of the generalized superfluid level
density model to describe the excitation function of the
136Dy (n, 2n) °Dy reaction. In particular, a strong underes-
timation of the cross section was observed over all energies
for this level density model and the default options for the
rest of the models. The adoption of different models for the
pre-equilibrium mechanism did not improve this behavior.
An improvement was achieved when the following models
of TALYS were adopted for the strength functions of the E'1
transition: Hartree-Fock BCS tables (strength 3), Hartree-
Fock-Bogolyubov tables (strength 4), Goriely T-dependent
HFB (strength 6), and T-dependent RMF (strength 7). How-
ever, even for these models a poor reproduction of the data
was achieved.

VI. SUMMARY AND CONCLUSIONS

In the present study the cross section of the
156Dy (n, 2n) Dy reaction was measured for the first
time at energies above 17 MeV, namely, at 17.1, 18.1, and
19 MeV. The adopted method was the activation technique
relative to the 2’Al(n, «)**Na reference reaction. The
quasi-monoenergetic neutron beams were produced in the
5.5-MV tandem accelerator of N.C.S.R. “Demokritos” via
the *H (d, n) “He reaction.

The experimental data of the present and previous works
were compared to theoretical calculations based on the TALYS
code (version 1.95). The calculations were performed for all
the available level density models of the code, since it was
proven in this and previous studies [4,5] that when different
level density models are adopted the calculated excitation
functions display important changes. Each level density model
was combined with different models for the pre-equilibrium
mechanism, the y-ray strength functions of the E1 transi-
tion, and the optical potential. The results revealed that the
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replacement of the optical potential of Koning-Delaroche
with the semimicroscopic potential of Bauge does not af-
fect remarkably the excitation function of the reaction under
study. On the other hand, the adoption of different models for
the pre-equilibrium mechanism affects slightly the calculated
cross sections, especially when the exciton model 3 (preeq-
mode 3) is adopted against the rest of the models. Finally, the
adoption of different y-ray strength function models for the
E1 transition seems also to be a component that affects the
calculated excitation function. A similar conclusion resulted
also from the study of the ' Ho (n, 2rn) '**Ho reaction in
Ref. [4].

It is also interesting to note the weakness of the general-
ized superfluid level density model to reproduce the (n, 2n)
channel of '**Dy. In general, the generalized superfluid level
density model has been proven to describe very satisfactory
the (n, 2n) channel of medium- to heavy-mass nuclei, as it
was discussed in Refs. [4,41-43], where the TALYS calcula-
tions for the (1, 2n) reaction on the 'Ho, 7 Au, 'Ir, and
1931r isotopes are presented. However, when neutron-deficient
isotopes are considered the model seems to fail. This behavior
was revealed not only in the present work but also in the
study of the neutron-deficient isotope '°Er in Ref. [5]. For
this reason, in the framework of the present work, theoretical
calculations on other neutron-deficient isotopes in this mass
region were also performed. From these calculations the same
underestimation with respect to the experimental data of the
(n, 2n) reaction channel was observed. This underestimation

was found to be more pronounced in the neutron-deficient
isotopes: '>'Eu and '®Yb. In these physics cases an improve-
ment of the theoretical calculations was achieved when the
generalized superfluid level density model was combined with
the following models for the y-ray strength functions of the
E1 transition: Hartree-Fock BCS tables (strength 3), Hartree-
Fock-Bogolyubov tables (strength 4), Goriely T-dependent
HFB (strength 6), T-dependent RMF (strength 7), and Gogny
D1M HFB+QRPA (strength 8).
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