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The activation cross sections of (d, p), (d, 2n), (d, 3n), and (d, 2p) reactions on 63,65 Cu were
measured in the energy range from 4 to 20 MeV using the stacked-foils technique. Errors of present
experimental cross section data are composed of the scale factor (∼5%, due to energy and beam
current uncertainty) and datum uncertainty of the foil thickness (∼2%) and a mean statistical
error in the determination of specific activities (∼3%). Following a previous extended analysis of
elastic-scattering, breakup and direct-reaction of deuterons on light nuclei, for energies from 3 to
60 MeV, the pre-equilibrium and statistical emissions are considered in the same energy range.
Finally, all available deuteron-induced reaction cross sections for 63,65 Cu have been involved within
a simultaneous analysis of the deuteron elastic-scattering and reaction data.
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I. INTRODUCTION
The deuteron-induced activation at low and medium
incident energies has a great interest for the assessment of induced radioactivity of accelerator components. However, it is known that the actual experimental
and evaluated data for deuteron-induced reactions are
less extensive and accurate than for neutrons, e.g., [1].
Therefore, the increased accuracy of new measured data
is of great interest for the induced radioactivity assessment of, e.g., the IFMIF (International Fusion Material
Irradiation Facility) accelerator [2] or the NFS project
development at SPIRAL-2 [3]. In order to investigate
important nuclides relevant to the IFMIF, irradiation
experiments were carried out [2, 4] using the variableenergy cyclotron U-120M of the Nuclear Physics Institute Řež, while the subject of the present work deals
with the cross sections of reaction products investigated
by irradiation of copper foils with a deuteron beam of
energy 20 MeV.
An extended analysis of the nuclear reaction mecha∗ E-mail:

simeckova@ujf.cas.cz

nisms involved in the deuteron interaction with 63,65 Cu
becomes thus possible. While the formerly available
elastic-scattering data analysis has provided the optical
potential for reaction cross sections calculations [5], an
increased effort has been devoted to the breakup mechanism. Both the elastic breakup and the breakup fusion
contributions to the different activation cross sections
are hence carefully considered, e.g., [6,7], as well as direct
reaction (DR) contributions through a nucleon stripping
reaction cross sections. Finally, the preequilibrium (PE)
and compound-nucleus Hauser-Feshbach (HF) cross section calculation, corrected for the breakup and stripping decrease of the total reaction cross section, have
completed the deuteron activation cross section analysis
within a simultaneous analysis of the elastic scattering
and reaction data.
II. EXPERIMENTAL
Continuing previous activation experiments on copper
[4], two short irradiation runs to obtain cross section
data for the 65 Cu(d, p)66 Cu reaction were performed.
The stacked-foil technique was utilized. The high pu-
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rity natural Cu and Al foils (Goodfellow product) were
bombarded by deuterons from the U-120M cyclotron of
NPI Řež. Initial deuteron energy was (20.4 ± 0.2) MeV.
The declared thickness of Cu and Al foils was 25 and 50
µm, respectively. Foils were weighed to avoid relatively
large uncertainties in the foil thickness declared by producer. The Cu and the two Al foils were placed by turns,
as the Al foils serve for additional monitoring of beam
current and also for appropriate reduction of deuteron
energy, as well. Two runs with duration of 335 s and
300 s were carried out with mean beam current of 0.24
µA and 0.36 µA, respectively. During an irradiation,
the beam current was recorded with an uncertainty of
5% in a PC keeping time synchronization with the γ-ray
spectrometry device.
The absolute values of the cross sections of the
65
Cu(d, p)66 Cu reaction were calculated from the induced activities of 66 Cu (T1/2 = 5.12 min) using the
γ-ray activation method. The strong annihilation peak
accompanying β + -decay of the irradiated Cu foils causes
large dead time of the HPGe detector system in the investigation of the comparatively small γ-line at 1039.2
MeV. To reduce the dead time rate, the observed Cu foil
was situated between two iron slides of 2 mm thickness
and a lead plate of 10 mm thickness was placed between
HPGe detector (of 50% efficiency and of FWHM 1.8 keV
at 1.3 MeV) and the measured foil. The detector efficiency was recalibrated according to the experimental
conditions using a calibrated 152 Eu radioactive source.
The uncertainty of the detector efficiency is ∼3%. The
cross section data for 65 Cu(d, p)66 Cu reaction as well as
a revision of the former results [4] for 63 Cu(d, 2n)63 Zn reaction, following the suppression of pulse loading in the
detector, are given in Table 1 and compared in Figs. 1
and 2 with previous data [8] and nuclear-model calculations.
III. MODEL ANALYSIS
1. Deuteron optical potential

The present work follows a previous similarly extended
analysis of elastic-scattering and DR cross sections of
deuterons on 27 Al nucleus, for deuteron energies from 3
to 60 MeV [7], on the basis of a semi-microscopic optical
model potential (OMP) with a double-folding real part
and phenomenological imaginary and spin-orbit terms,
and finally a corresponding full phenomenological OMP
as needed for the usual model calculations. Unfortunately, the few measurements of angular distributions of
elastic scattered deuterons on the stable isotopes and on
natural copper did not allow us to also make here an
extended OMP analysis. Since previous OMP analysis
[6,7] show that no global OMP describes reasonably well
the elastic scattering data in the energy range up to 20
MeV, slight adjustment of Daehnick et al. [9] parameterization gave a good description of the elastic-scattering
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Table 1.
The measured 63 Cu(d, 2n)63 Zn and
Cu(d, p)66 Cu reaction cross sections (mb). The mean
deuteron energy and resolution due to the thickness and
straggling of each foil are shown as well as the cross section
statistical uncertainties.
65

Energy
(MeV)
7.36 ± 0.57
8.32 ± 0.54
10.12 ± 0.46
10.94 ± 0.45
12.41 ± 0.40
13.16 ± 0.39
14.46 ± 0.37
15.12 ± 0.35
16.34 ± 0.36
16.92 ± 0.33
18.08 ± 0.31
18.58 ± 0.31
19.68 ± 0.29
20.14 ± 0.29

63

Reaction
65
Cu(d, 2n)63 Zn
Cu(d, p)66 Cu

1.58 ± 0.39
8.29 ± 0.62
102.81 ± 6.10
155.35 ± 9.66
247.64 ± 15.28
280.65 ± 17.57
326.91 ± 19.97
355.36 ± 21.75
367.10 ± 25.26
379.52 ± 22.77
373.69 ± 23.84
382.10 ± 23.92
365.90 ± 25.61
349.64 ± 24.06

282.11 ± 16.87
321.84 ± 18.83
284.37 ± 17.97
260.84 ± 15.94
206.80 ± 12.66
196.34 ± 12.15
164.66 ± 10.98
166.34 ± 14.27
137.59 ± 11.24
141.50 ± 11.25
111.43 ± 8.07
103.43 ± 7.81
91.60 ± 8.92
89.68 ± 6.20

data and total reaction cross sections from 10 to 25 MeV
[5].
2. Deuteron breakup

The above-mentioned OMP has been used in the
analysis of deuteron interactions with the target nuclei, which proceeds largely by DR processes below and
around the Coulomb barrier. Other reaction mechanisms like PE or HF statistical decay of the fully equilibrated compound nucleus (CN) become important when
the incident energy is increased. On the other hand, the
breakup mechanism is important along the whole incident energy range and, since it is responsible for the
enhancement of a large variety of reactions, its contribution to the various reaction cross sections has to be taken
explicitly into account. Two components should be concerned in this respect, namely the elastic breakup (EB),
in which the target nucleus remains in its ground state
and none of the deuteron constituents interacts with it,
and the inelastic breakup or breakup fusion (BF) where
one of these deuteron constituents interacts with the target nucleus while the remaining one is emitted and eventually detected.
On the whole, the deuteron total breakup reaction
cross section reduces the amount of the total reaction
cross section that should be shared among different PE +
HF outgoing channels. On the other hand, the inelastic
breakup process, where the deuteron constituents interacting with the target leads to a secondary composite nucleus, brings contributions to different reaction channels
and enhances the secondary-chance emission of particles
from the original d-target interaction. Therefore the ab-
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sorbed neutron following the breakup proton emission
contributes to the enhancement of the (d, p) but mainly
(d, 2p) and (d, pα) reaction cross sections. In order to
calculate this enhancement, the inelastic breakup cross
(p)
section, σBF , has been multiplied by the corresponding fraction leading to the above-mentioned reactions,
e.g., σ(n,x) /σR , where σR is the total neutron reaction
cross section and x stands for γ, p, or α outgoing reaction channel [7]. A similar procedure has been followed
in order to obtain the contribution to the (d, 2n) reaction cross section due to the protons which, following
the breakup neutron emission, are absorbed in further
interactions with the target nucleus.
In order to describe the above-mentioned breakup processes, we have used the results obtained by analysis of
proton-emission spectra and angular distributions from
deuteron-induced reactions on nuclei from Al to Pb, at
incident energies from 15 to 80 MeV, for the energy- and
mass-dependence of the total proton-emission breakup
(p)
σEB + σBF and the elastic breakup σEB cross sections
[6]. Assuming that the BF cross section for neutron
(n)
emission, σBF , is the same as that for the proton emission, the total breakup reaction cross section has been
(p)
obtained as the sum σEB +2σBF and involved within the
rest of the PE + HF reaction-channel cross section calculations.
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4. Statistical particle emission

The related PE + HF cross sections have been analyzed in this work by using the default model parameters
of the widely-used computer code TALYS-1.0 [11] as well
as a local consistent parameter set within calculations
with the PE + HF code STAPRE-H [12] taking into
account also the deuteron OMP, breakup contributions
and DR results discussed in this section. The local analysis results obviously have a higher accuracy while the
global predictions may be useful for an understanding of
unexpected differences between measured and calculated
cross sections. The main PE + HF assumptions and parameters involved in this work for the sets of global and
local calculations have recently been described elsewhere
[13].
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3. Single-nucleon stripping

On the other hand, the DR one-nucleon striping contribution to the (d, p) and (d, n) reaction cross sections
for the 63,65 Cu isotopes (dash-dotted curves in Figs. 1
and 2), have been calculated by means of the code
FRESCO [10] based on the Coupled-Reaction Channels
(CRC) method and parameters given elsewhere [5]. It
has generally an energy dependence opposite to the total breakup reaction cross section, with a similar total weight just around the incident energy of ∼5 MeV.
Therefore both these mechanisms should and have been
considered for the decrease of the total reaction cross
section shared finally among the PE + HF channels.
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Fig. 1. (Color online) Comparison of measured (this work,
solid circles, and Ref. 8) and calculated activation cross sections for deuterons on the target nucleus 63 Cu, provided by
the code TALYS (dotted curves), the library TENDL-2009
(dashed), and local analysis (thick solid) using the DR results
(dash-dotted) for the (d, p) reaction and deuteron breakup
(thin solid) for the (d, xn) and (d, 2p) reactions, and the PE
+ HF components (dotted).

IV. RESULTS AND DISCUSSION
The comparison of the present as well as previous
measured [8] and calculated activation cross sections for
63,65
Cu (thick curves) [5] are shown in Figs. 1 and 2. The
sum of the inelastic breakup contribution, the DR cross
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ditional assumptions should be involved.
The main aim of this work has been to present new
deuteron cross section measurement and unitary analysis of the nuclear reaction mechanisms responsible for
the deuteron interactions with 63,65 Cu target nuclei.
The agreement between the measured data and model
calculations proves the correctness of nuclear mechanism description taken into account for the deuteronnucleus interaction. Also, the simultaneous analysis of
the deuteron elastic scattering and induced activation
appears essential for a consistent input into the nuclear
reaction model calculations. Finally the comparison of
the present calculations with predictions of the TALYS
code stress out the importance of an appropriate consideration of the deuteron breakup mechanism contribution
to the activation cross section calculations.
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Fig. 2. (Color online) As for Fig. 1 but for the target
nucleus 65 Cu.

sections provided by the code FRESCO and the PE +
CN contributions supplied by STAPRE-H, are shown together with the global predictions given by TALYS-1.0
code and within the TENDL-2009 library [14]. The appropriate consideration of the deuteron-breakup as well
as that of the DR contributions to the (d, p) activation
cross sections increase the agreement of the measured
and calculated data. A continuing underestimation of
the (d, p) reaction cross section decreasing with the incident energy could be due to the limited excitation-energy
range for which spectroscopic factors exist [5] so that ad-

[1] R. A. Forrest and I. Cook, Fusion Eng. Des. 82, 2478
(2007).
[2] S. P. Simakov et al., Fusion Eng. Des. 83, 1543 (2008).
[3] X. Ledoux and S. Simakov, Status Report of the NFS
collaboration,
http://pro.ganil-spiral2.eu/spiral2/instrumentation/nfs/
working-documents/status-report-january-2010.
[4] P. Bém et al., in Proceedings of Inter. Conf. on Nucl.
Data for Sci. and Techn.(ND 2007) (Nice, France, 2007),
p. 1003.
[5] M. Avrigeanu and V. Avrigeanu, EPJ Web of Conferences 2, 01004 (2010).
[6] M. Avrigeanu et al., Fusion Eng. Des. 84, 418 (2009).
[7] P. Bém et al., Phys. Rev. C 79, 044610 (2009).
[8] Experimental Nuclear Reaction Data (EXFOR),
http://www-nds.iaea.or.at/exfor.
[9] W. W. Daehnick et al., Phys. Rev. C 21, 2253 (1980).
[10] I. J. Thompson, Comput. Phys. Rep. 7, 167 (1988).
[11] A. J. Koning et al., TALYS-1.0 as Ref. 4, p. 211.
[12] M. Avrigeanu and V. Avrigeanu, NP-86-1995, News
NEA Data Bank 17, 22 (1995).
[13] M. Avrigeanu et al., Nucl. Phys. A 806, 15 (2008).
[14] A. J. Koning and D. Rochman, TENDL-2009:
TALYS-based Evaluated Nuclear Data Library (2009),
http://www.talys.eu/tendl-2009/.

