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The activation cross sections of (d,p), (d,2p), and (d, pa) reactions on 2’ Al were measured in the energy
range from 4 to 20 MeV using the stacked-foils technique. Following a previous extended analysis of elastic
scattering, breakup, and direct reaction of deuterons on 2’ Al, for energies from 3 to 60 MeV, the preequilibrium
and statistical emissions are considered in the same energy range. Finally, all deuteron-induced reactions on 2’ Al
including the present data measured up to 20 MeV deuteron energy are properly described due to a simultaneous

analysis of the elastic scattering and reaction data.
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I. INTRODUCTION

The complexity of deuteron-induced reactions from the
lowest energies and the variety of reactions that occur at inci-
dent energies below the nucleon-binding energy due to the very
small (2.2 MeV) deuteron binding energy, compared to the
nucleon-induced reactions, has recently been well described
[1]. The role of proton- and deuteron-induced reactions in the
assessment of induced radioactivity of accelerator components
(elements such as Al, Cu, Fe, Cr, Nb, etc.) is of great interest.
The IFMIF (International Fusion Material Irradiation Facility)
accelerator needs cross section data in the energy range from
the threshold (2—-10 MeV) up to 40 MeV, for both deuterons and
protons. To investigate the first important nuclides relevant to
the IFMIF, irradiation experiments were carried out [2,3] using
the variable-energy cyclotron U-120M of the Nuclear Physics
Institute ReZ. The experimental section of the present work
deals with the cross sections of reaction products, investigated
by irradiation of aluminium foils with a deuteron beam of
20 MeV.

In the energy range up to 20 MeV there is no optical
model potential (OMP) global parameter set [4] that describes
reasonably the scattering data as well as the total reaction
cross sections over a wide range of nuclei [5]. Because
the OMP is a basic ingredient of almost all nuclear model
studies, there is thus an increased uncertainty in the calculated
deuteron-induced reaction cross sections. However, the weak
binding of the deuteron leads to significant contributions of
the breakup reaction channel. Thus, a detailed analysis of
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the deuteron elastic scattering and induced activation cross
sections appeared essential for their consistent understanding
[5,6]. Investigation of the OMP has also proven useful for
providing a suitable input into actual engineering design
activities in the energy range up to 50 MeV [7]. We consider
in this work, along with a former related optical and direct
reaction (DR) assessment [8], the statistical processes induced
by deuterons on the 2’ Al nucleus.

II. MEASUREMENTS

A. Samples and irradiations

The NPI variable energy cyclotron U-120M provides pro-
tons and deuterons at energies of 11-37 MeV and 11-20 MeV,
respectively, in the negative-ion mode of acceleration. The
energy is varied by relocating the position of an extracting
foil. In every run, the energy was determined by a calculation
procedure, comparing the results from activation- and Si-
detector technique measurements with a resulting accuracy of
1%. The same relative uncertainty is used for the energy spread
(FWHM) of the collimated beam at each reaction chamber
position. In the present work, the energy of deuterons was
20.4 £+ 0.2 MeV.

The cross section of deuteron-induced activation was mea-
sured by the stacked-foil technique. Stacks of high purity foils
of natural Al and Cu (purity of 99.99%, Goodfellow product)
were placed in a Faraday-cup type of reaction chamber and
cooled during the irradiation. The cooling avoided the possible
destruction of the thin foils by the beam current below 500 nA
due to heating. The thickness of Al and Cu foils was 50 and
25 pm, respectively, determined by weighting with an
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accuracy of 2%. To check the consistency of measured data,
two stacks of foils were utilized and irradiated in two different
runs, A and B.

The current of the collimated incident beam in the reaction
chamber was measured with a 5% accuracy. The history of the
irradiation was determined by recording the current every 2 s.
During the irradiation for the A and B runs, the current was
kept constant at 90 and 330 nA for exposure times of 900 and
300 s, respectively.

Following a 10 min delay from the end of irradiations the y
rays from activated foils were measured by two calibrated
HPGe detectors of 23 and 50% efficiency and of FWHM
1.8 keV at 1.3 MeV. Measured spectra were analyzed using the
y -spectroscopy method. To provide reliable corrections for the
decay, the beam-current recorder and y -ray spectrometer were
synchronized in time. Activated isotopes were identified using
nuclear decay data from Ref. [9]. By analyzing the spectra,
the resulting specific activities at the end of irradiation were
obtained. The uncertainty of 3% includes statistical errors and
the uncertainty of the detector-efficiency calibration.

B. Calculation of cross sections and their errors

To enlarge the number of energy bins in the measured
excitation functions and to check the internal consistency of the
measured data, the foils were stacked with different Al vs Cu
sequences in A and B runs. The mean deuteron energy, energy
thickness, and straggling for each foil were determined using
the SRIM 2003 code [10]. The overall thickness of the available
22 foil stacks covers the excitation-curve range from 20 to
6 MeV. The cross-section value for each foil was calculated in
the standard way [11] using the number of incident deuterons,
target atoms, and measured reaction products (corrected for
the decay during the irradiation) (Table I).

Errors of experimental cross section data are composed of
the foil-thickness uncertainty (2%) and a mean statistical error
in the determination of specific activities (3%). The scale of
excitation functions is known within an error of 5% (due to
the uncertainty of beam-current integration). In Fig. 1, the
excitation functions of cross sections determined in the runs A
and B for reactions 2’ Al (d,2p)*’Mg and 3 Cu(d,2n)%Zn are
shown. The overestimation of the data from run A over run
B is clearly indicated within a factor of about 10% for both
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TABLE 1. Measured reaction cross sections (mb) for deuterons
incident on the ?’Al nucleus. The mean deuteron energy and
resolution due to the thickness and straggling of each foil are
shown. Statistical uncertainties are given in parentheses for the
cross sections in units of the last digit.

Energy Reaction

(MeV) YAL(d,p)BAl AL, 2p)" Mg Y Al(d,pa)**Na
3.38 (93) 21009) 0.15(2)* 0.096(6)*
5.14 (73) 486(35) 0.17(1)* 0.100(12)*
6.28 (63) 0.17(1)* 0.095(5)*
7.55 (58) 419(33) 0.19(2)* 0.101(12)*
8.44 (53) 361(14) 0.29(2) 0.097(5)*
9.53 (50) 327(24) 0.59(4) 0.109(9)*
10.30 (47) 239(26) 1.36(4) 0.122(5)
11.26 (90) 207(14) 2.14(14) 0.283(21)
11.93 (43) 3.95(9) 0.916(43)
12.81 (42) 186(22) 5.84(37) 2.26(15)
13.41 (40) 159(6) 6.48(18) 4.61(36)
14.23 (39) 162(12) 8.74(57) 7.94(53)
14.79 (37) 146(25) 10.41(21) 12.02(38)
15.55 (37) 135(10) 12.29(80) 16.4(11)
16.08 (75) 132(10) 14.61(34) 21.0(11)
16.79 (36) 17.3(11) 26.4(16)
17.31 (36) 17.13(46) 30.221)
17.97 (35) 19.1(12) 34.6(23)
18.47 (35) 18.84(45) 43.0(14)
19.09 (34) 21.1(13) 42.1(28)
19.57 (34) 89.6(37) 21.76(48) 48.3(14)
20.18 (33) 21.7(14) 51.8(35)

2Cross-section values that are likely to be affected by neutrons
generated into a foil behind the original one.

reactions. The scale factor of 0.95 was therefore applied to all
data from run A which was carried out at a lower beam current
(leading to larger relative uncertainty of current integration).
Except for this small effect, the consistency of data measured
at different runs is evident.

2TAl(d,p)®Al(T 2 = 2.2414 min). An attempt to deter-
mine cross sections for the ?’Al(d, p)*®Al reaction for the
short-living nuclide >8Al was also carried out. In Fig. 2(b),
the overestimation of the previous data of Wilson et al. [13]
over the present experiment (up to a factor of 2) is evident.
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FIG. 2. (Color online) Comparison of measured (this work, solid circles, and Ref. [12]) and calculated reaction cross sections provided
by the code TALYS (dashed curves); the library ACSELAM (short-dotted); and local analysis (solid) using the DR results (dash-dotted) for the
(d,p) and (d,n) reactions and deuteron breakup for the (d,2p), (d,2n), and (d, pa) reactions and the PE + CN components (dotted).

No simple explanation could be found for this discrepancy
taking into account the fairly good agreement of data for one
other short-living nuclide, >’ Mg, measured with the thin-target
technique [11] and the present stacked-foil technique.

2TAl(d,2p)*"Mg (T2 = 9.458 min). The cross section
data for the formation of >’Mg measured in the present
experiment are shown in Fig. 2(e). The present cross section
data for the 2’ Al(d,2p)*’Mg reaction are seen to be in good
agreement with the data from the only experiment carried
out by Wilson et al. [13] at other energies by the thin-target
technique.

2TAL(d, pa)**Na (T, = 14.959 h). In Fig. 2(f), the present
data are compared with a large set of data [12]. Detailed
investigation of this uncertainty agreement has confirmed that
the determination of the energy in present experiments is about
0.2 MeV, evaluated for the incident deuteron beam.

III. NUCLEAR MODEL ANALYSIS

A. Deuteron optical potential and breakup systematics

A previous extended analysis of elastic scattering and
DR cross sections of deuterons on 2’ Al nuclei, for deuteron
energies from 3 to 60 MeV [8], was based on a semimicro-
scopic optical potential with a double-folding real part and
phenomenological imaginary as well as spin-orbit terms. In

a second step of that analysis, the imaginary and spin-orbit
potential parameters were kept fixed while a full phenomeno-
logical OMP was obtained as needed for the usual model
calculations. The advantage of having already determined at
least half of the usual OMP parameters obviously increases the
effectiveness of fitting the data. Based on the corresponding
local OMP parameters at various incident energies, the average
energy-dependent OMP parameters (Table II) have been
obtained and applied successfully for a description of the
experimental elastic scattering angular distributions and total
reaction cross sections especially at deuteron energies from 5
to 20 MeV [8].

Further study has been concerned with the breakup pro-
cesses, namely, the elastic breakup (EB) [14-16], in which
the target nucleus remains in its ground state and none of
the deuteron constituents interacts with it, and the inelastic
breakup [14,15] or breakup fusion (BF) [ 16] where one of these
deuteron constituents interacts with the target nucleus while
the remaining one is emitted and eventually detected. The
deuteron breakup peak energies of the emitted constituents
are assumed to be described by Gaussian line shapes [17]
with centroids as shown in Fig. 3(a). The analyses 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 [8], provided the energy- and mass-

dependence of the total proton-emission breakup ogp + oé’l’:)
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FIG. 3. (Color online) (a) The centroid E, of
assumed Gaussian line shape [17] for deuteron
breakup peak energies of emitted neutrons (solid)
and protons (dash-dotted) and the corresponding
E, = A values (dashed). (b) The sum (solid curve)
of the ratios of deuteron breakup (dash-dotted) and
stripping DR [8] (dashed) to the total reaction cross
sections.

Eq (MeV)

and the elastic breakup ogp cross sections (Egs. (1) and (2),
respectively, of Ref. [8]) versus the total reaction cross section
og. Assuming that the BF cross section for the proton emission
is the same as that for the neutron emission 0](3";, the total
breakup reaction cross section, given by the sum ogp + 20]5{5) ,
is shown in Fig. 3(b) for the target nucleus 2’ Al and the energy
range of present interest. At the same time it is compared with
the corresponding DR contributions to the (d, p) and (d,n)
reaction cross sections [8], which have a similar total weight
around 5 MeV.

B. Statistical particle emission

While the interaction of deuterons with the target nuclei
proceeds largely by DR processes below and around the
Coulomb barrier, other reaction mechanisms like preequilib-
rium emission (PE) or evaporation from the fully equilibrated
compound nucleus (CN) become important when the incident
energy is increased. The related cross sections have been
analyzed in this work by using the default model parameters
(except for the deuteron OMP in Table II) of the widely
used computer code TALYS [18] as well as a local consistent
parameter set developed in calculations with the PE + CN code
STAPRE-H [19] taking into account also the breakup and DR
results discussed above. 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 assumptions
and parameters involved in this work for the sets of global and
local calculations have recently been described elsewhere [20],
only some points specific to the mass range A < 30 are given
here.

The deuteron phenomenological optical model parameter
set given in Table II has been used for the incident channel.
The neutron optical potential of Koning and Delaroche [21]
for 28Si, used by default in TALYS, has been checked for a
description of the total neutron cross section on 28Si at the
low energies involved within evaporation from the CN. It
was found necessary to replace the constant real potential
diffusivity ay = 0.668 fm by the energy-dependent form
0.518 4+ 0.015E up to 10 MeV, leading to a decrease of
~11% of the total neutron cross section in agreement with
the most recent data [12] and evaluation [22]. The proton
optical potential [21] for *’Al has, however, been found
to describe well the measured 27 Al (p,n)27Si reaction cross
sections available for incident energies up to ~15 MeV. Finally,
the optical potential of McFadden and Satchler [23] was used
for calculation of the «-particle transmission coefficients.
The same OMP parameter sets were employed within both
the PE generalized [19] Geometry-Dependent Hybrid (GDH)
model [24] and the CN statistical model.

The nuclear level densities were derived on the basis of
the back-shifted Fermi gas (BSFG) formula [25], for the

TABLE II. The parameters of the deuteron optical potential.

Potential depths
MeV)

Geometry
parameters (fm)

Vg =84.4—-027E

Wy = —12.7 4+ 0.455E

Wp = 14.4 4+ 0.57E,
=282 — 0.348E,

E <15
E > 15

Vso = 7.33 — 0.029E

rr = 1.30
ar = 0.871 — 0.0083E, E <11
=0.78, E>11
ry = 1.30
ay = 0.88
rp = 1.61, E <94
= 1.695 — 0.009E, 94<FE <272
=145, E>272
ap = 0.772 — 0.026E, E <118
= 0.465, E>118
rso = 1.07
aso = 0.66
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excitation energies below the neutron binding energy, with
small adjustments of the parameters a and A [26] obtained by
a fit of more recent experimental low-lying discrete levels [27]
and s-wave nucleon resonance spacings Dy [28]. Above the
neutron binding we took into account the washing out of shell
effects within the approach of Ignatyuk ez al. [29] and Junghans
et al. [30] and using the method of Koning and Chadwick [31]
for fixing the appropriate shell correction energy. A transition
range from the BSFG formula description to the higher energy
approach has been chosen between the neutron binding energy
and the excitation energy of 15 MeV, mainly to have a
smooth connection. However, the spin distribution has been
determined by a variable ratio //I, of the nuclear moment
of inertia to its rigid-body value : between 0.5 for ground
states, 0.75 at the neutron binding energy, and 1 around the
excitation energy of 15 MeV. Concerning the particle-hole
state density, which for the PE description plays the same role
as the nuclear level density for statistical model calculations,
a composite formula [32] was used within the GDH model
with no free parameter except for the «-particle state density
8« = A/10.36 MeV~! [33].

Formally, no free parameter is involved for the PE descrip-
tion within the corresponding generalized GDH model except
for «-particle emission, the above-mentioned s.p.l. density, and
the preformation probability ¢ [33] with the value of 0.2 used
in the present work. However, a particular comment concerns
the initial configuration of excited particles (p) and holes (h) for
deuteron-induced reactions in the present case. Similar careful
studies [14,16,34,35] pointed out that 3p-1h or 2p-1h may
be a suitable choice for this configuration. Our calculations
show that the latter one gives the best agreement between the
measured and calculated reaction cross sections.

IV. RESULTS AND DISCUSSION

In the present work, the activation cross sections of
deuteron-induced reactions on 2’ Al were measured in small
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energy bins in the energy range from 4 to 20 MeV using
the stacked-foils technique. Excellent agreement between
the present data and the recommended values from the
EXFOR database was found for reaction 2’Al(d, p(x)24Na.
New internally consistent data for excitation functions in this
energy range were obtained for reactions 2’Al(d,2p)*’Mg
and 2’ Al (d, p)*® Al but there was found to be only in partial
agreement with previous data [13] measured at other energies
by the thin-target technique.

The comparison of the measured and calculated (d,n) and
(d, p) reaction cross sections of 27Al are shown in Figs. 2(a)
and 2(b), including the present global and local analysis results
as well as the ACSELAM library [36] results. For the local
analysis both components of the final activation are shown,
i.e., the DR cross sections provided by the code FRESCO
and the PE 4 CN contributions supplied by STAPRE-H. The
latter alone is rather close to the TALYS predictions while the
ACSELAM data are about a factor >4 lower than the measured
(d, p) reaction cross sections at the maximum of the excitation
function, becoming lower than a factor of 2 at incident energies
214 MeV, but they are about twice as high with respect to the
other calculated results for the (d,n) reaction at lower energies.
The local approach has led to much better agreement with the
present (d, p) reaction data [2] especially due to the stripping
DR contribution.

To obtain a complete description of the (d,2p) and (d, px)
reaction cross sections, we have started by taking into account
also the neutrons that, following the breakup proton emission,
are absorbed in further interactions with the target nucleus.
The cross section oé';) [8] has been considered in this respect
as shown in Figs. 4(a) and 4(b). It has been multiplied by
the corresponding fraction leading to the above-mentioned
reactions, which have been obtained by using the ratios of
the most recently evaluated [22] (n, p) and (n, @) reaction
cross sections, respectively, to the neutron total cross sections
provided by the neutron global OMP [21]. These ratios
have been expressed as a function of the deuteron incident
energy while the Kalbach Walker [17] formula has been used

“AId20) Mg (@)
100l RSTE LI o Wilson+ (1976)] 190
- .77 T~ < _ eThiswork
- = ~ .
' ~ . 1000 1
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S ——BF add ((sr)nooth) 001 1, memee 0.001"ogg | | —-=- BF add-on
01! ---=-0.002'c} 3 e (b) : (0 ; — BF add (smooth)
0 5 10 15 20 25 30 0 20 40 60 10 5 10 15 20 25 30
E (MeV)

FIG. 4. (Color online) Comparison of measured data as in Fig. 2 and (a,b) the deuteron breakup neutron-emission cross section and (c)
proton-emission cross section [8] (dotted curves), multiplied by the factors (a) 0.002 and (b) 0.001 (dash-dot-dotted); evaluated [22] cross
sections of (a,b) the (1, p) and (n, &) reactions on >’ Al, respectively, as a function of neutron energy (dashed); and (c) calculated 2’ Al (p,n)*’Si
reaction cross sections as a function of proton energy; and the corresponding deuteron breakup corrections (dash-dotted) for (a,b,c), the
(d,2p), (d, pa), and (d,2n) reactions on >’ Al, respectively, smoothed over 3 MeV (solid) as well.
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for the centroid energy of the related breakup peaks. The
quite large widths of the assumed Gaussian line shape of
these peaks as showed in Fig. 3(a) emphasize, however, the
broad approximation of this method. Therefore, the related
contributions to the (d,2p) and (d, pa) reaction cross sections
provided by the above-mentioned multiplication have been
additionally smoothed by using an average energy width of
3 MeV, with the results shown in Figs. 4(a) and 4(b). A
similar procedure has been followed to obtain the contribution
to the (d,2n) reaction cross section due to the protons that,
following the breakup neutron emission, are absorbed in
further interactions with the target nucleus and described by
the cross section Ué? [Fig. 4(c)]. The only difference in this
case concerns the 2/ Al (p,n)?’Si reaction cross sections in the
incident energy range up to 30 MeV, which has been obtained
by the PE 4 CN calculation using the computer code STAPRE-H
and the consistent local parameter set described above. All
intermediary and ultimate reaction cross sections shown in
Fig. 4 indicate that they may contribute up to 50% of the
activation cross sections for deuteron incident energies of
~25 MeV.

The contribution due to the breakup proton, added to the PE
+ CN components provided by STAPRE-H, describe rather well
the measured cross sections of the (d,2 p) and (d, pa) reactions
as shown in Figs. 2(e) and 2(f). Similarly, the breakup neutron
emission plays the same role for the (d,2n) reaction as shown
in Fig. 2(d). Their weight is obviously increasing with the
incident energy because all reactions involved, following the
deuteron breakup, within the second step of these processes
have negative O values. As a matter of fact, the exponential
increase of these reaction cross sections just above the thresh-
old energies is well described by the PE + CN components
alone, but not the rather constant plateau around 0.1 and
0.2 mb over 4-5 MeV before the effective thresholds of the
(d,2p) and (d, pa) reactions, respectively. The same behavior,
with shifts below 1 MeV, is common also to the TALYS and
ACSELAM excitation functions. However, these yields below
the effective reaction thresholds could be affected by neutrons
generated into a foil behind the original one. Alternatively,
the observed cross-section values below threshold may be due
to the deuteron breakup, which has been taken into account
only by means of the average energies of the related breakup
energies shown in Fig. 3(a). Thus, for a given deuteron incident
energy E,, the energy of each breakup nucleon ranges from
0 to a maximum energy E;-B;, where B, is the deuteron
binding energy. Taking into account also the large widths of
the assumed Gaussian line shapes of the deuteron breakup peak
energies shown in Fig. 3(a), it follows that the lowest-energy
plateau of the (d,2p) and (d, p) reactions may be related
to similar breakup corrections as calculated and shown in
Figs. 4(a) and 4(b) but corresponding to the largest energies
of the breakup nucleon interacting with the target nucleus
just above the breakup threshold. Consequently, in Figs. 4(a)
and 4(b) are shown also the results obtained by using the
cross section oélf:) multiplied by the average factors 0.002 and
0.001, respectively, in the energy ranges where this assumption
could be meaningful. These factors stand for the ratios of
the most recently [22] evaluated (n, p) and (n, @) reaction
cross sections, respectively, to the neutron total cross sections,
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at the largest neutron energies available above the deuteron
breakup threshold as well as the corresponding (n, p) and
(n, o) reaction thresholds. Obviously, this is only a qualitative
account of the (d,2p) and (d, por) reaction cross sections below
the effective reaction thresholds, which is eventually able to
describe them in addition to a possible effect of neutrons
generated into a foil behind the original one.

A simpler analysis concerns the (d,«) reaction, which
has no other breakup corrections except the corresponding
decrease of the total reaction cross section. The DR effects have
also been overlooked, due to the symmetrical experimental
(d,a) reaction angular distributions [37] that are already
reproduced by the PE + CN contributions. Thus the PE +
CN components provide alone the corresponding activation
excitation function, for which there is unfortunately no
measured data. A check of the calculation accuracy has
made use, however, in the frame of the local approach, of
the (d,xo) spectra measured by Al-Quraishi ef al. at 5 and
7 MeV [1]. We found that they correspond to «-particle
production cross sections of 158 and 184 mb, respectively,
shown in Fig. 2(c) with error bars not given in the original
reference but coming out as typical of it. Within this error bar
the local calculation is validated at lower energies, including
additional contributions from the (d,an + na) reactions of 7
and 2 mb, respectively. It follows that, around the maximum
of this excitation function, the TALYS results are higher
by ~70% than the measured data while the ACSELAM
ones are lower by a factor of ~5. Additionally one should
note the opposite case of TALYS for the (d, pa) reaction in
Fig. 2(f) while the ACSELAM data are even lower. Finally,
all activation data of deuteron-induced reactions on 2’ Al have
been properly described, making obvious the usefulness of the
concurrent description of all reaction channels as well as the
simultaneous analysis of the deuteron elastic scattering and
induced activation.

V. SUMMARY

The production cross sections of the nuclides >*Na, ?’Mg,
and Al were measured in the energy range from 4 to
20 MeV by irradiation of aluminium foils by a deuteron
beam with an energy of 20 MeV. Excellent agreement between
present data and the recommended values from the EXFOR
database was found for the reaction 2’Al(d, par)**Na. New
internally consistent data for excitation functions in this
energy range were obtained for reactions 2’Al(d,2p)*’Mg
and ?’Al(d, p)*®Al but there was found to be only partial
agreement with previous data [13] measured at other energies
by the thin-target technique.

Following a previous extended analysis of elastic scattering,
breakup, and direct reaction of deuterons on 2T Al for energies
from 3 to 60 MeV [8], the preequilibrium and statistical
emissions have been considered in the same energy range. The
related cross sections have been analyzed by using the default
model parameters (except for the deuteron OMP in Table II)
of the widely used computer code TALYS as well as a local
consistent parameter set developed in calculations with the PE
+ CN code STAPRE-H taking into account also the breakup and
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DR results formerly discussed. The local approach has led to
much better agreement with the present (d, p) reaction data
especially due to the model calculation of the stripping DR
contribution.

Consideration of the deuteron breakup plays a key role
for the reaction channels adding a second emitted particle
to a first one. Thus, to obtain a complete description of the
(d,2p) and (d, pa) reaction cross sections, we have taken into
account also the neutrons which, following the breakup proton
emission, are absorbed in further interactions with the target
nucleus. The rather constant plateau around 0.1 and 0.2 mb
over 4-5 MeV before the effective thresholds of the (d,2p)
and (d, pa) reactions, respectively, may well correspond to
the lowest energies of the breakup neutron interacting with
the target nucleus. Finally, all deuteron-induced reactions on
27 Al, including the present data measured at 20 MeV deuteron

PHYSICAL REVIEW C 79, 044610 (2009)

energy, have been properly described due to a simultaneous
analysis of the elastic scattering and reaction data. A similar
analysis will be further considered for evaluation of the
deuteron activation of the copper isotopes [2] and other
medium-mass nuclei.
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