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The *Be(**0,'’0)'"Be reaction has been studied at an incident energy of 84 MeV and the ejectiles have been detected
at forward angles. The '"Be excitation energy spectrum has been obtained up to about 18 MeV and several known
bound and resonant states of '°Be have been identified. Calculations describing the interaction of the neutron removed
from the '®O projectile with the *Be target by means of an optical potential with a semi-classical approximation for the
relative motion account for a significant part of the '°Be continuum. Two parameterizations of the optical-model
potential for the system #-’Be have been used and compared.
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1. Introduction

Heavy-ion direct transfer reactions at energies just above the Coulomb barrier are worthy tools for
obtaining precise spectroscopic information [1] [2]. In particular, it was recently demonstrated that the
(**0,'°0) two-neutron transfer reaction is a powerful probe for quantitative spectroscopic studies of pair
configurations in nuclear states [3]. The results presented in Ref. [3] belong to a systematic study, aiming at
the investigation of one- and two-neutrons excitations, which was started at the Catania INFN-LNS
laboratories exploring the (**0,'70) and ('*0,'°O) one- and two-neutron transfer reactions. In this context, a
fully quantum-mechanical approach, such as the Distorted Wave Born Approximation (DWBA) or the
Coupled Reaction Channel (CRC) methods, would be the right framework to describe such reactions [4].
However, up to date it has been impossible to calculate exactly transfer to final continuum states due to the
slow convergence of the numerical procedure. The problem originates from the fact that the final continuum
wave functions extend to infinity, and contain in principle a sum over an infinite number of partial waves.
This problem is at present of particular importance because (d,p) reactions are often used to populate and
study resonances of unbound nuclei at and beyond the neutron drip-line (see for example [5]). On the other
hand, semi-classical approaches have proven to be accurate enough to explain integral properties such as the
selectivity of the reaction, allowing one to also treat the transfer to bound and unbound states in a coherent
way. In particular, in Ref. [6] it has been shown that different contributions to the reaction, such as elastic
break-up and absorption from bound states and resonances of the target can be distinguished, at least for the
case of one-neutron transfer. Within the same method, the problem of the convergence of the sum over
partial waves has been solved. Furthermore, the model has also proven to be quantitatively successful in
describing complicated spectra for transfer to the continuum reactions in which resonant and non-resonant
contributions were involved [6] [7]. Calculations of this kind, assuming an uncorrelated removal of the two
neutrons, were recently performed to describe the continuum of °C and “C populated by ('*0,'°0) reactions
[8] [9]- These reactions were interpreted as a two-step mechanism, as for example: Bo+8Cc - "0+ 14Cg,s,
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— 10 + 14Cg_s_ + n starting from the one-neutron emission threshold (S,) and Bo+8Bc "0+ BCg,S‘ +n—
%0 + BCy, + n + n starting from the two-neutron emission threshold (S5,). In order to perform such
calculations it is important to know the optical potential, which, in the above mentioned case, describes the n
+'C and n + "°C interaction. In Ref. [8] it was demonstrated that such an approach gives a good explanation
of the continuum background in the °C spectrum, showing an enhancement of the cross section just above
the two-neutron emission threshold (S5,).

Exploratory calculations were also developed for the *Be(**0,'°0)!'Be reaction [10]. The ''Be case is of
particular interest since it is a neutron-rich nucleus where the detailed structure of its excited states is not
well known. The semi-classical approach mentioned above can be useful to understand the contributions
present in the ''Be continuum spectrum populated by the ('*0,'°O) reaction. Therefore, the knowledge of the
optical potentials describing the n-'’Be and n-’Be interactions are needed. Moreover, it is important to have a
good description of the *Be('*0,'’0)'°Be intermediate channel at the same incident energy, which enters in
the description of the two-neutron transfer process.

In this paper we report on the study of the '°Be continuum populated via the (**0,'’O) one-neutron transfer
reaction at an incident energy of 84 MeV. In a previous experiment, the reaction *Be('*0,'’0)'’Be was
studied at incident energies of 16 and 20 MeV, but only the transition to the IOBeg,S, was observed, as those to
the excited states of '’Be were too weakly populated [11]. Two n-’Be optical potentials, recently developed
in Ref. [12], have been successfully employed here to describe the continuous part of the '°Be spectra. They
were constructed by fitting the n-’Be total, elastic and reaction cross sections measured in the free-neutron
scattering over a large range of energies.

2. The experiment

The '®0° beam, with incident energy of 84 MeV, was accelerated by the Tandem Van de Graaff facility of
INFN-LNS and bombarded a 130 + 6 pg/cm® self-supporting *Be target produced at the LNS chemical
laboratory. A total charge of 31 pC was integrated by a Faraday cup, downstream the target. Supplementary
runs with a 59 + 3 pg/cm’ self-supporting '°C target and a 212 + 10 pg/cm® WOj5 foil mounted on a 193 + 10
ng/cm’® Au backing were recorded for estimating the background in the 'Be energy spectrum coming from
"2C and '°O impurities in the *Be target. The 'O ejectiles were momentum analysed by the MAGNEX
spectrometer working in the full acceptance mode (solid angle Q ~ 50 msr and momentum range Ap/p ~
24%) [13] [14]. The spectrometer was set for covering an angular range between 4° and 14° in the laboratory
reference frame. The particle identification was performed by the simultaneous measurement of the angle
and the position at the focal plane, the energy loss in the gas section of the Focal Plane Detector [15] and the
residual energy on the silicon detector hodoscope. Details about this technique can be found in Ref. [16].

In order to compensate the high-order aberrations connected with the large acceptance of the spectrometer,
a 10™ order reconstruction of the scattering angle and momentum modulus was performed. This is based on
the fully algebraic method implemented in MAGNEX [17] [18] and needs the horizontal and vertical
position and angles at the focal plane as input. The excitation energies E, = Qp — Q (where Qy is the ground
state O-value) were then obtained by the application of relativistic kinematic transformations. An overall
energy and angular resolution of about 180 keV and 0.3°, respectively, was obtained. This was mainly
determined by the straggling introduced by the target. The total error in the measured absolute cross section
is about 10% induced by the uncertainties in the target thickness and beam integration. An example of the
obtained energy spectra for the '’Be residual nucleus is shown in Fig. 1 together with the contributions from
the '2C and '°O impurities in the target, which are found to be small.
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Fig. 1. (Color online) Excitation energy spectrum of the *Be(**0,'’0)'°Be reaction at 84 MeV incident energy and 6,
= 4.5°. The background coming from '>C and '°O impurities is shown as the blue-dotted and red-hatched areas,
respectively.

3. Spectrum description

An example of the energy spectrum obtained after the subtraction of the contribution arising from '“C and
'O impurities is shown in Fig. 2. Some narrow states of '’Be are recognized below the one-neutron emission
threshold (S, = 6.812 MeV), namely the ground (0") and the excited states at E, = 3.37 (J"=2"), 5.96 (1), 6.26
(2) MeV. These are the same '°Be bound states strongly populated in (d,p) reactions on ’Be [19] [20].
However, there are some noticeable differences between the present experiment and those of Refs. [19] [20].
When the transfer of the neutron happens from a deuteron, the neutron initial state is mainly an s-state. Thus
there is no enhancement due to the angular momentum coupling between initial and final states (see Ref.
[21] for a quantitative discussion on this point). Also the incident energy was 8.6 AMeV in Ref. [19], while
the beam energy used in the present case is 4.7 AMeV, which favours the population of the low-lying
resonances.

In the energy spectrum shown in Fig. 2, each '"Be state shows up as a doublet corresponding to the 'O
ejectile emitted in its ground and first excited state at E, = 0.87 (1/2") MeV. The contribution of the higher
0 excited states is less relevant and undistinguishable among the other peaks. Above the one-neutron
emission threshold, there are two narrow peaks at ~ 7.4 and ~ 9.4 MeV. The first is identified as the
superposition of the resonances at E, = 7.37 (3), 7.54 (2") MeV and the second of those at E, = 9.27 (4),
9.40 (2) MeV. A large background is present above ~ 10 MeV of excitation energy and no resonances are
identified in this region. In order to understand what contributions are present in the region of the spectrum
above the one-neutron emission threshold, the one-neutron continuum was studied by the transfer to the
continuum model developed in Ref. [6].
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Fig. 2. (Color online) Inclusive excitation energy spectrum of the *Be('*0,'’0)'*Be reaction at 84 MeV incident energy
and 3°< 6, < 10°. The background coming from '*C and '°O impurities has been subtracted. Peaks marked with an
asterisk refer to the '’O ejectile emitted in its first excited state at 0.87 MeV. Total 1-n break-up calculations resulting
from the use of the DOM and the AB potentials (see text) [12] are shown as the green continuous and the violet dashed
lines, respectively. The experimental data [22] of the *Be(n,nn)’Be [23] and *Be(n,a) He [24] reactions are reported as
red dotted and blue dotted-dashed line, respectively. The 1n- (S,), 2n- (S5,) and a- (S,) separation energies are also
indicated.

4. Theoretical description

The cross section for one-neutron transfer between initial and final single-particle states can be calculated
using the model described in Refs. [25] [26] [27] [28], in which it is given as a function of the final energy of
the neutron in the continuum. This energy is connected to the kinetic energy of the ejectile, which is
measured experimentally, by the energy-conservation relation:

Ec=Ey,—E+ Qp=¢+S,

where E, is the target-like excitation energy (i.e. '’Be in the present case), E;, and E; are the initial and final
centre of mass energies, Oy is the ground state to ground state O-value and ¢, is the final neutron energy. In
the region of the spectra where E, > S, the neutron final energy is positive and the transfer is populating
continuum states. Here the experimental spectra are characterized by narrow resonances and bumps
superimposed on a continuum background, which is mainly composed of elastic and non-resonant inelastic
break-up contributions.

The model adopted for transfer reactions to a final state in the continuum is a generalization of a model for
transfer between bound states [29] [30] [31]. The initial and final states are single-particle states and it is
assumed that the transfer is sensitive only to the tail of the wave functions, which are taken as Hankel
functions. The projectile-target relative motion is treated semiclassically. The transfer probability from an
initial bound state of definite energy ¢; angular momentum /; and spin j; to a final continuum state of positive
energy & is given by
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where 5_'] ; is the energy averaged and angular-momentum-dependent optical model S-matrix, which

describes the rescattering of the neutron on the target, and B(jr,j;) is the elementary transfer probability.
The latter depends on the details of the initial and final states, on the energy of the relative motion, and on
the distance of closest approach between the two nuclei [26]. A key point of this formalism is the calculation
of the S-matrix, which is determined from the choice of the neutron-target optical potential. In the transfer to
the continuum method, this matrix is calculated for each different neutron final energy, obtaining an energy-
dependent S-matrix which is best given by an energy dependent optical potential, such as that used for the
present calculations [12]. The first term of Eq. (1), proportional to |1 —§; f|2, gives the neutron elastic break-

up spectrum, while the second term proportional to 1 —|S; f|2 gives the neutron absorption spectrum. The

absorption is due to resonant and non-resonant states of the neutron plus target continuum.

The cross section is calculated within a semi-classical model by an integration over the core-target impact
parameter
dpP

* (b)
= (2§ fo bdePel(b) (2

doy,
dgf

where dP/dg,is given by Eq. (1), C’S is the spectroscopic factor of the neutron single particle initial state,
and P,/(b) is the core survival probability in the elastic channel. The latter is parameterized in terms of the S-
matrix for the core-target scattering as [32]

Py(b) = [Sup|? = e (-in2e®s™/%) o

This is possible since the conditions for the semi-classical approximation to the relative ion-ion scattering
apply to the reaction discussed in this work (Sommerferld parameter # = 2.33). The strong absorption radius
is defined as Rs = 1.4(4,"” + A7) in fm and A = 0.6 fm is a diffuseness-like parameter. The total break-up
cross section is then obtained from Eq. (2) by integrating over the final neutron continuum energy & Eq. (3)
corresponds to a smooth cut-off model for the ejectile-target scattering and its expression ensures that at an
impact parameter b equal to the strong absorption radius R;, the ejectile-target elastic scattering probability
reduces to 5.

5. Potentials used in the calculation

The calculations need the knowledge of both initial and final single-particle states of the transferred
neutron. The initial state is bound in the projectile and the final states are unbound with respect to the target.

In order to obtain the radial wave functions of the initial (projectile) bound states and the corresponding
asymptotic normalization constant C;, the Schrodinger equation has been solved numerically by fitting the
depths of the Wood-Saxon potentials V; to the experimental separation energies S,. It is known that the lgOg,s,
wave function contains an admixture of (1dsx)o (~75.9%) and (2s1,2%)o (~13.5%) configurations [3]. As a
consequence, the presence of peaks corresponding to the excitation of the '"O first excited state can be taken
into account in the calculation considering the removal of the neutron from the 2s,,, orbital. The parameters
which were used to fit the separation energy for the lgOg,s, have been calculated for both 1ds, and 2s,,
orbitals, as listed in Table 1. The neutron separation energies are the same since the two configurations are
degenerate in the 18Og,s,.



Table 1. Parameters used for the '*O potential.

S,(MeV)  Vo(MeV) Ry (fm) ao(fm) Vo MeV) R (fm)  ago (fm) G, (fm™?) 7
gs. (1dsp)  8.044 62.7 2.91 0.56 5.5 2.96 0.5 1.73 0.759
gs. (2s10)  8.044 72.9 2.91 0.56 55 2.96 0.5 6.02 0.135

(*) from Ref. [3].

It is interesting to note that the asymptotic normalization constants C,, reported in Table 1 for both
configurations, are consistent with those used in Ref. [33] for recent calculations of reactions rates for
astrophysical processes involving the same oxygen isotopes we are studying here.

The potentials used to calculate the energy-dependent S-matrix are the n-’Be optical-model potentials
recently developed by two methods in Ref. [12]. In one case (AB), the authors started from the potential of
Ref. [34] [35] and extended it to the full range of incident neutron energies for which experimental data are
available (i.e. from ~ 0.5 MeV to ~ 50 MeV). The phenomenological AB potential is

Usp(r,E) = —[Viys(r, E) + 8V (1, E) + iWyp(r, E)] “4)

which contains a Wood-Saxon real volume and spin-orbit term (Vys), a correction 8/ necessary to take into
account the surface-deformation effects and an imaginary term (W) consisting of both surface and volume
components. The second method used in Ref. [12] is the Dispersive Optical Model (DOM), where there is a
contribution to the real potential arising from the imaginary potential via a dispersion relationship. Both
potentials reproduce the experimental cross section at all energies, in particular the p;, resonance at £, =
0.7 MeV and the ds;, resonance at £, = 3.1 MeV. In the present calculations, both potentials are used to
calculate the phase shift and the S-matrix needed by the formalism to perform the one-neutron transfer to the
continuum in the '*O + *Be reaction and a comparison between the two results is made.

6. Data analysis

In order to perform a calculation which can be compared to the experimental data, a correspondence
between the scattering angle 8 and the impact parameter » is needed. The functional relation 6 = 6(b) has
been computed according to Ref. [36], thus making a correspondence of the range 3° < 6,,, < 10° to 6.8 <b
< 7.8 fm. The results obtained using this approach are superimposed on the experimental continuum
spectrum of '’Be in Fig. 3a using the DOM potential and in Fig. 3b using the AB potential. The elastic break-
up (red-dashed-dotted curve) and the absorption (blue-dotted curve) components are shown, as given by the
first and the second term of Eq. (1), respectively. These are relative to the emission of a neutron which leaves
the '’O in its ground state. The calculations include the spectroscopic factor S indicated in Table 1, coming
from the estimates of the configuration mixing in the 180g,s, wave function [3].

In order to describe the peaks in the experimental spectra coming from the transition which leaves the ''O
core in its first excited state at 0.87 MeV, supplementary calculations in which the '*O neutron is emitted
from the 2s;,, orbital have been performed. The resulting energy spectrum of the scattered neutron is shifted
by 0.87 MeV and it includes the spectroscopic factor S (as listed in Table 1) according to the shell-model
configuration admixtures in the '*O ground-state wave function [3]. It is worth noticing that the
spectroscopic factor is also consistent with the experimental ratio (~ 0.2) between the loBeg,s, (170&,,5,) and
IOBeg,s,* (1700,87) yields, deduced from the experimental spectrum shown in Fig. 1. The results are
superimposed on the experimental spectrum in Fig. 3 (green-dashed and pink-double-dashed-dotted curves
for elastic break-up and absorption, respectively). The sums of all four contributions are shown by the orange
curves. Both optical potentials reproduce the '°Be continuum spectrum reasonable well, without need of any
scaling factor. In particular, two '°Be single-particle resonances are reproduced, one at E, = 7.54 MeV, built
mainly as | 9Beg_5_(3/2') ®(1py1/2)y > and at E, = 927 MeV, which shows a dominant

| 9Beg.s.(3/2_) ®(1ds/3)y > configuration. These configurations have been identified by looking at the

contribution of each single partial wave j, to the total sum. This is possible since Eq. (1) contains an
incoherent sum over final angular momenta. The partial wave decomposition of the theoretical energy
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spectrum obtained using the DOM potential (Fig. 3a) is shown in Fig. 4. The spectrum is dominated by the
two resonances at 7.54 and 9.27 MeV, which correspond to the py, (red curve) and ds;, (blue-dashed curve)
orbitals, respectively. The contribution of other partial waves to the total cross section is found to be
negligible. The partial wave decomposition corresponding to the use of the AB potential presents the same
dominant components. Here we point out that the possibility to calculate very accurately the strength
distribution of each partial wave via the transfer to the continuum method, provides an unambiguous way to
determine the angular momentum of the resonances. This approach goes well beyond the traditional DWBA
method of fitting an angular distribution whose measurement is not necessary for final continuum states
when heavy nuclei are involved. Indeed, when considering final continuum states populated by heavy ion
reactions, the angular distributions are featureless, as it is well known and already seen in Ref. [3], because at
any energy, all angular momenta contribute. This phenomenon is observed also in the present case, by
comparing spectra taken at three different angles in the energy range 5 < E, < 13 MeV, shown in Fig. 5. The
only difference in the three cases is a scaling in the absolute value of the cross section, which decreases with
increasing angles. Contrary to the (d,p) cases, for heavy ions the core-target scattering is characterized by
strong absorption which washes out diffraction oscillations. For this reason it is possible to calculate the
cross section as an integral over impact parameters which means assuming a simple classical relationship
between angle and impact parameter and thus a smooth decrease of the cross section with increasing angle.
Indeed, in our case the grazing angle is 6. = 4.8° and data corresponding to 5.5° < 6¢y, < 9.5° are shown in
Fig. 5. It is clear that, in this conditions, the angular distributions would never provide an unambiguous
information about the angular momentum populated. On the contrary, using the present transfer to the
continuum model, the determination of the angular momentum and spin of the resonances is absolutely
unambiguous thanks to the fact that Eq. (1) contains an incoherent sum over final partial waves. The strength
distribution of each of them is provided by the energy dependence of the optical potential used in the n-’Be
S-matrix.

It is interesting to point out that there are some differences between the cross section resulting from the
present calculations and that obtained in Ref. [12], even though the same potentials were used. One has to do
with the order of magnitude of the cross section, which is much reduced in the present case (order of mb’s),
because of the re-scattering of the neutron emitted by the '*O projectile compared to the scattering of a free
neutron in the n-’Be calculation of Ref. [12]. This aspect influences also the ratio between the two
resonances appearing in the calculated cross section, indeed the ds/, resonance is more populated than the p;,,
because the emitted neutron belongs to the sd-shell in the '*O. The ratio of the strength of the two resonances
was opposite in the case of free scattering [12]. This effect is due to the matching of angular momentum and
spin as described in Ref. [30].

Resonances at E, = 7.37 (3), 9.4 (2") MeV are not reproduced within the present approach because they are
built on more complicated configurations which are not included in the transfer to the continuum model.

A comparison of the calculations obtained using the AB and the DOM potentials is visible in Fig. 2, in
which the total theoretical energy spectra are superimposed on the experimental one. The two calculations
are almost identical in their description of the resonance at 7.54 MeV, whereas the DOM potential describes
better the region of the resonance at 9.27 MeV, both in energy and in the absolute value. At higher excitation
energies above 11 MeV, both calculations give a very small contribution to the inclusive experimental
spectrum which shows an almost flat behaviour. Other contributions are expected there, since the two-
neutron (S5, = 8.476 MeV) and alpha (S, = 7.409 MeV) emission thresholds are opening. In order to estimate
these contributions, at least their shapes, the experimental data [22] of the *Be(n,nn)*Be [23] and *Be(n,a)°He
[24] are superimposed on the experimental spectrum in Fig. 2. The data have been scaled by a factor 107
resulting from the ratio between the free n-"Be cross-section [12] and the present '*O-’Be reaction. As
expected, these break-up channels manifest a shape compatible with the flat background above 11 MeV in
the present experimental '’Be spectrum. These contributions should be consistently added to our calculations
through a model containing the correct kinematics for all channels. The calculation of these contributions is
beyond the scope of the present paper and it is not available at the present stage of theory.
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contributions. All calculations are folded with the experimental resolution.
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7. Conclusions

In this paper we have reported the results of the (**0,'70) reaction on *Be at 84 MeV of incident energy.
Below the S, threshold, the cross section is concentrated in several '’Be bound states. Above S,, two narrow
peaks are identified, which correspond to the superposition of the resonances at E, = 7.37 (3), 7.54 (2")
MeV and at E, = 9.27 (4), 9.4 (2"). Each '"Be state shows up as a doublet corresponding to the ''O ejectile
emitted in its ground and first excited state at E, = 0.87 (1/2") MeV. In the energy region above 10 MeV, a
large background is observed.

Both the elastic break-up and absorption channels have been analysed in a consistent way. In the adopted
theoretical model, the interaction of the neutron, removed from the '*O projectile, with the target nucleus is
described by means of an optical potential with a semi-classical approximation for the relative motion. We
present and compare the results obtained using two parameterizations (DOM and AB) of the optical-model
potential for the system n-"Be over a large energy range, which were successfully employed to describe the
free n-’Be scattering.

The '"Be continuum spectrum is reproduced quite well by both parameterizations, including the
spectroscopic factors known in literature, without the need of any other scaling factors. The theoretical

9



spectrum is dominated by two single-particle resonances at £, = 7.54, 9.27 MeV, which correspond to the
P12 and ds;, orbitals, respectively. The DOM optical potential is found to describe better the absolute cross
section and the resonance energies. The absolute values of the two theoretical cross sections differ by ~ 35%
which can be compared to the experimental uncertainty (~ 10%). In particular, the main difference between
the two calculations is found in the region of the resonance at E, = 9.27 MeV. The DOM potential describes
well the centroid (EXD oM _93 MeV) and the absolute cross section, whereas the AB one overestimates the
absolute cross section and exhibits a centroid £, ~ 9.6 MeV. This effect is due to the different ratio of
elastic and reaction cross section in the ds,, resonance region, which in turn comes from the different real and
imaginary parts in the two optical potentials. It is very interesting that such difference would show up in the
transfer calculation, while the free-particle cross sections were almost undistinguishable. It is therefore a
proof that great care has to be taken in extracting a neutron-nucleus potential from reactions like (d,p) used to
populated resonances of unbound exotic nuclei.

Finally, the higher part of the '’Be continuum contains other contributions not included in the present
model, which probably correspond to the *Be(n,n1)*Be and *Be(n,a:)°He break-up channels.

The successful description of the '’Be continuum populated by the (**0,'70) reaction could have a strong
impact in the study of the ''Be nucleus populated via the ('*0,'°O) reaction at the same incident energy.
Indeed, the *Be('*0,'70)'"Be reaction represents the important intermediate channel for an independent
removal description of the two-neutron transfer reaction.
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