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Abstract

In this work we have studied the production of alpha particles emitted as a consequence of different
reactions in the "Li + 144Sm system at near-barrier energies. We have obtained absolute cross sections of
the total yield at backward angles and at bombarding energies of 24 and 30 MeV. We have also performed
complementary exclusive measurements of non-capture breakup processes at 30 MeV. In particular, the
neutron transfer followed by non-capture breakup of the OLi ejectile, which was found to be the dominant
process in the studied region, could be accounted for by estimations of a classical dynamical model. This
contribution, together with estimations for the incomplete fusion and alpha particle evaporation following
compound-nucleus formation, are compared to the experimental inclusive angular distributions obtained in
this work.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The reactions induced by weakly bound projectiles on heavy and medium-mass targets have
been thoroughly studied over recent years (see Refs. [1-3] and references therein). The main in-
terest lies in the possibility of understanding how different reaction mechanisms affect each other
when the projectile presents a relatively small binding energy. Many of these weakly bound nu-
clei present cluster structures in their ground states that involve at least one alpha particle and,
correspondingly, quite low energy thresholds for the breakup into a+X partitions. Therefore, it is
relatively easy to excite this mode in any nuclear interaction, thus giving rise to a relatively large
cross section for the production of alpha particles. In particular, breakup reactions are known to
account in these cases for a significant part of the total reaction cross section and stable weakly
bound nuclei are a useful alternative to investigate the various aspects of this kind of processes,
also present in their radioactive counterparts. More so, it is matter of an ongoing debate regard-
ing the connection between breakup and other reaction channels in the vicinity of the Coulomb
barrier (CB). The relationship between breakup and fusion has been studied both experimen-
tally [4-6] and theoretically [7-10] with focus on the much debated issue of whether breakup
enhances or hinders the occurrence of fusion, and under which conditions one or the other effect
might prevail.

It has also been observed that breakup can occur not only on the projectile itself but also
on the ejectile produced after a transfer reaction. For example, for the "Li projectile (binding
energy of 2.47 MeV), this mechanism could consist in either neutron stripping followed by the
fragmentation of °Li into a deuteron and an alpha particle [11-14], or proton pickup followed
by the breakup of ®Be into two alpha particles [13]. Regardless of whether the nucleus that
breaks up is the projectile or a projectile-like transfer product, the different processes can be
classified according to the fate of the generated fragments: i) all the fragments are scattered away
(non-capture breakup), ii) one of the fragments is captured by the target whereas the other scatters
away (incomplete fusion), or iii) all breakup fragments are captured by the target (complete
fusion following breakup) [15]. The experimental identification and characterization of those
breakup reactions that evolve towards the subsequent capture of one or both fragments (also
called capture breakup) usually presents more ambiguities. This happens because in general the
fragments originated in these processes may be similar to, and may have similar energies than,
the residues produced in complete fusion reactions.

In this work we present a study of the contributions of different mechanisms that produce al-
pha particles in reactions between the stable weakly bound "Li projectile and the spherical '**Sm
target at near-barrier energies (Ecp =~ 24 MeV) through inclusive and exclusive measurements.
The inclusive method consisted in the measurement of angular distributions and energy spectra of
emitted alpha particles. The exclusive measurements comprised the detection of alpha particles
in coincidence with other light particles, mainly deuterons coming from the sequential transfer-
breakup channel: "Li + "#Sm — °Li* 4+ Sm — o + d + 3Sm (see e.g. Ref. [12]). We
analyze and discuss the energy spectra and angular distributions of the alpha particles by means
of kinematic considerations related to the relevant mechanisms, the predictions of a statistical
evaporation model for fusion processes [16] and also the predictions of a classical dynamical
model for the description of breakup reactions [17].
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The present study is part of our ongoing research plan that includes previous investigations
on the %7Li + 4“Sm systems. In particular, for the °Li + **Sm system we have also carried
out studies of breakup effects through measurements of elastic [18] and inelastic scattering cross
sections [19], of the alpha-particle production at extreme backward angles [20], and of the light
particles emitted in coincidence as the result of non-capture breakup [21]. Works similar to the
present one have also been done using other weakly bound stable (e.g. Refs. [22-28]) and ra-
dioactive (e.g. Refs. [29-34]) projectiles over a range of target masses, energies and angles.

In the following Section the experimental procedure is detailed. In Sect. 3 we describe the
different data reduction processes applied. In Sect. 4 we analyze and discuss the results and,
finally, in Sect. 5 we present the conclusions and outlook of this work.

2. Experimental procedure

The experimental work was carried out using the 20 UD tandem accelerator TANDAR of the
National Atomic Energy Commission at Buenos Aires, Argentina. Beams of "Li with laboratory
energies Ej,, = 24 and 30 MeV (typical intensities in the range of 1 to 15 pnA) were used to
bombard a 96% enriched '**Sm target, with a thickness of 60 jLg/cm? (calculated from elastic
scattering measurements). Since it is extremely difficult to get self-supported samarium targets of
this thickness, a carbon backing of 20 pg/cm? nominal thickness was employed. The intensity of
the 7Li beam was determined by monitoring the elastically scattered particles on the '44Sm target
by means of a silicon surface barrier detector placed at 30° with respect to the beam direction,
small enough to ensure pure Rutherford scattering for all the projectile energies.

For a subset of detector configurations, we performed independent measurements with a car-
bon target in order to evaluate the contribution of the backing in both the inclusive and exclusive
experiments. For the inclusive measurements, it was found that this contribution was very impor-
tant, hence a particular emphasis was placed in the procedure for its removal (see Sect. 3.1). On
the other hand, the coincidence measurements were found to be almost unaffected by the backing
since in this case the observed very low uniform background can be explained as stemming from
random coincidences (see Sect. 3.2).

2.1. Inclusive measurements

The detection system used in the inclusive measurements was a position-sensitive telescope
for particle identification that consists of a segmented-anode ionization chamber filled with P10
gas, followed by an array of three silicon position-sensitive detectors (PSDs). The angular accep-
tance of the whole device is 30°. We show a schematics of this detection system setup in Fig. 1(a).
For each particle entering in the ionization chamber, the charge created by the energy loss along
its path through the gas was collected by means of two successive anode segments. In this way,
two partial energy loss signals AE| and AE; (AE = AE| 4+ AE3) were produced. Finally, the
particle was stopped in one of the three PSDs, which allowed the determination of the residual
energy E.s and the position of incidence. The absolute energy calibration of the entire detection
system was done using a triple alpha source (>**Pu—>*! Am—?**Cm) and the elastically scattered
"Li projectiles. The position calibration was carried out aligning a transit with two 1-mm-wide
needles placed in front of each PSD.

The energy resolution of the whole system was determined in a separate experiment using dif-
ferent projectiles, bombarding energies and pressures of the ionization gas, and it was found to be
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Fig. 1. Schematics of the experimental setups: (a) For the inclusive measurements we used a telescope composed by
a ionization chamber and three position-sensitive detectors (PSDs) with a total angular acceptance A6 = 30°. (b) For
the exclusive measurements the detection system consisted of two Eres — AE telescopes with an angular separation of
approximately 17°. In both cases, a solid state detector was used at 6 = 30° for normalization purposes. See text for
details.
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Fig. 2. (Color online) Eres — A E spectrum for the 7Li+ 14Sm system at E1q, = 30 MeV obtained with the central PSD
covering the & = 40°—50° range, without any gates on the angular position.

better than 3% (FWHMY/centroid). The angular uncertainty ranged from 0.2° to 0.3°, depending
on the ionization gas pressure. For a more detailed description of this device see Ref. [35].

In these measurements, we used two projectile energies: Ej,p = 24 and 30 MeV. Fig. 2 shows
a bi-dimensional Es — AE spectrum (without gates in angle) for the "Li + 44Sm system at
Ejap = 30 MeV. In this case the (position-integrated) Eqes signals correspond to the central PSD
covering the angular range 6 = 40°—50° (in what follows, all angles will be expressed in the
laboratory reference frame, unless noted differently). The effective solid angles subtended by the
bins in which the PSDs were divided were obtained by elastic scattering measurements for the
160 + 197 Au system at Ejyp = 50 MeV. In order to complete an angular distribution, runs with
the ionization chamber at four different angular positions were required: 6 = 15°—45°, 45°-75°,
75°-105°, and 105°-135°. For each position, an extra run was performed moving the detector
by 5° in the backward direction to cover the dead zones between the PSDs. The irradiation time
of each run was such that the number of events in the Z = 2 group (see Fig. 2) was around 3000
(2% statistical uncertainty). However, due to very small cross sections at backward angles, such
requirement was relaxed to a few hundred events and/or the solid angles of the PSDs angular bins
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Fig. 3. (Color online) Inclusive energy spectra of the alpha particles emitted at & = 80° and 138° for TLi projectiles at
Elap = 24 and 30 MeV impinging on a carbon-supported 144gm target and a carbon target. Each angle corresponds to
the center of a A6 = £1.5° PSD bin.

were increased. These angular bins were defined during the data analysis dividing (by software)
each PSD sensitive track.

A large number of inclusive alpha-particle energy spectra were obtained and analyzed, each
one of them corresponding to different angular bins at different bombarding energies. Fig. 3
presents a couple of representative cases corresponding to 80° and 138° (backward range of
our measurements) for both bombarding energies (Ej,p = 24 and 30 MeV). In all cases, the
angle 6 corresponds to the center of a PSD bin for which an angular aperture A6 = +1.5° was
defined by applying appropriate software cuts to the data. The histograms with empty areas
represent the alpha-particle energy spectra obtained with the carbon-backed samarium target.
To show the contribution stemming from the carbon backing, the equivalent spectra obtained
with a pure carbon target (shaded areas) are also presented. For the purpose of a qualitative
comparison, the spectra produced by the two targets shown in each panel of Fig. 3 have been
arbitrarily normalized to their maximum values. From this very preliminary analysis we conclude
that the contribution of the unwanted background might become increasingly important as the
bombarding energy decreases and as the detection system moves to forward angles, as can also
be expected from kinematic considerations.

2.2. Exclusive measurements

The non-capture breakup contribution was analyzed through coincident measurements per-
formed at Ejyp = 30 MeV. For this purpose two silicon E.s — AE telescopes mounted in the
scattering chamber were used as is schematically shown in Fig. 1(b). The thicknesses were 1 mm
for both E,s detectors and 30 (20) wm for AE; (AEp). Typical angular acceptances of the de-
tectors were A9 &~ £2°. In general, the angular separation between telescopes was kept at the
minimum possible value compatible with the geometry of the mountings, usually around 17°. At
this fixed angular separation, the maximum angular range which could be covered by varying the
position of both telescopes was 6 = 45° to 135°. All the detectors were energy-calibrated using
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Fig. 4. (Color online) Two-dimensional Eres vs. AE spectra of the light particles emitted in the reaction TLi (30 MeV) +
1449, detected in singles (a) and coincidence (b) modes by one of the telescopes, placed at & = 108° (associated with
a second telescope at & = 92°). The dashed curves are the calculated loci for (Z = 1,A =1,2,3)and (Z =2,A = 4).

a triple alpha source (>*°Pu—2*' Am—>**Cm) together with the measured "Li + '**Sm elastic-
scattering peak. The breakup products were detected using standard slow and fast coincidence
techniques, either in singles or coincidence modes. The recorded parameters were the signals
produced by the four solid-state detectors (AE;, AEj, Eres1, and Eegn) and the time-of-flight dif-
ference (AToF) between the fragments that hit each telescope. For that purpose we have used a
time-to-amplitude converter (TAC) module whose fast start and stop input signals were provided
by the preamplifiers associated to the AE detectors.

Fig. 4 shows typical two-dimensional E.s vs. AE spectra taken by one of the two telescopes
in: (a) singles and (b) coincidence (any particle in each detector) modes. The dashed curves that
are superimposed to the data points represent the calculated loci of various light particles for a
wide range of energies. From Fig. 4(b) it can be seen that, while in singles mode protons seem to
be the most abundant particles, coincident events involve mostly the detection of deuterons and
alpha particles. These coincidence patterns will be discussed in detail in the following sections.

3. Data reduction

The whole body of data available from the reported experiments comprises: a) a total of
168 inclusive energy spectra of the alpha particles emitted in angular bins of average width
AB = £1.5° over the angular range 15° to 145°, and b) event-by-event files obtained from
measurements in coincidence at the highest bombarding energy at six angular positions of the
two-telescope system, covering the angular range from 50° to 130°.

3.1. Inclusive measurements

With the purpose of ensuring that all the alpha particles considered in each energy spectra
were emitted only in reactions with '**Sm nuclei, subtraction of the background coming from
the carbon backing was necessary (see Fig. 3). Fig. 5 presents alpha particle spectra, both ex-
perimental and calculated, for three representative laboratory angles (80°, 115°, and 138°) at the
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Fig. 5. (Color online) Upper row: Energy spectra at Ej,, = 30 MeV and 6 = 80°, 115°, and 138° from TLi projectiles
on natural carbon (shaded area) and carbon-backed 144Sm (empty area) targets compared with fusion-evaporation cal-
culations from the 7Li 4+ 12C system (PACE). Lower row: differential cross sections obtained by subtracting the fitted
PACE calculations to the experimental samarium-target data (see text for details).

highest bombarding energy (30 MeV). Each panel of the upper row compares the experimental
spectra obtained for natural carbon (shaded area) and carbon-backed '#*Sm (empty area) targets,
under exactly the same geometrical configuration and the same conditions of the data analysis.
In addition, the dashed curves show the energy distribution calculations of the alpha particles
evaporated following compound nucleus reactions in the bombardment of '2C with Li projec-
tiles, which were performed with the code PACE, version 2 [16]. For this calculations, we have
chosen the fusion cross section estimated by the Bass model [36] with a /-diffuseness value of
0.3 £ for the initial spin distribution (bombarding energies above the Coulomb barrier). The level
density formalism of Gilbert and Cameron [37] was employed with a level density parameter of
a = A/7.5 and the optical model parameters from PACE built-in systematics were chosen for the
calculation of the transmission coefficients of particle emission. Concerning the remaining input
parameters, we tested that the results of the statistical model calculations are quite insensitive to
changes in them.

Given the excellent agreement between the results of PACE and the available data obtained
with the carbon target, we decided to use similar calculations in order to subtract the contribution
of the backing from the samarium target at all the measured angles. For that purpose, each one of
the corresponding calculated spectra was normalized to fit the experimental spectrum (samarium
plus carbon) within the energy region to which only the carbon backing is expected to contribute.
The lower row of Fig. 5 shows, for these selected cases, the differential cross-sections obtained
after subtracting the calculated carbon background from the samarium data. The uncertainty
bands (dotted curves) of the differential cross-sections shown in the lower row of Fig. 5 were
obtained from the fitting process by modifying the parameters so as to obtain a change in 1 unit
of the x%/v minimum value (being v the degrees of freedom).

From the systematic application of this procedure it can be seen that at Ej,p = 30 MeV it is not
possible to reliably separate the data of interest from the background for angles below 6 ~ 60°. In
the case of Ejgp = 24 MeV, the angular limitation for a reliable separation of the alpha particles
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Fig. 6. Coincidence-gated spectrum (shaded area) superimposed over a singles-gated one (empty area) for the TLi +
144gm system (Ejap = 30 MeV, 0 = 92°, 6, = 108°). Deuteron—alpha coincidences (d) resulted the dominant channel
over proton—alpha (p), triton—alpha (t) and alpha—alpha (a).

coming from reactions with **Sm from those originated in the backing was found to be at
approximately 8 > 110°.

3.2. Exclusive measurements

In what follows we describe the procedure applied for a full identification and characterization
of the non-capture breakup events from the results of the coincidence measurements of light
particles using the two-telescope detection setup. A more detailed discussion of the subject can
be found in Ref. [21].

The most outstanding result from these measurements was the dominance of coincidence
events between deuterons and alpha particles. This observation is confirmed by the spectra pre-
sented in Fig. 6, where we display the distribution of the particles detected by one of the two
telescopes according to a parameter proportional to M Z? for particle identification, both for the
case of singles (empty area) and coincidence (shaded area) modes. Each breakup mode was ini-
tially identified by means of appropriate gates set on the Er.s — AE spectra of both telescopes.
True coincidences were subsequently selected from the analysis of the correlation between the
time-of-flight difference (AToF) between the two particles and the residual energy recorded by
either one of the telescopes. An example of such correlation and of the corresponding level of
random coincidences is illustrated in Fig. 7(a) for the particular case of deuteron—alpha coinci-
dences.

The group of events that resulted from this type of analysis for other breakup channel were fur-
ther characterized through the study of the energy correlations between the coincident particles.
As an example, Fig. 7(b) shows a two-dimensional spectrum of the residual energies recorded
in both telescopes after selection of true coincidences for the deuteron—alpha breakup mode.
For comparison, the data points are overlaid to different calculations done with the code SU-
PERKIN [38,39] that incorporate the actual detection geometry of the setup (distances from the
target to each telescope, shape and dimensions of the entrance collimators) and the thicknesses of
the AE detectors. For clarity of the presentation, the calculated positions of the individual events
have been replaced by representative dashed curves that show just the average position predicted
for the selected breakup channel (deuteron—alpha) and, as a reference, for other channels as well
(deuteron—alpha, triton—alpha, alpha—alpha). In all the calculations we assume that the target is
left in its ground state. The possible contribution of the carbon backing to the background, if we
assume a representative breakup reaction for a carbon target, was evaluated through an additional
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Fig. 7. a) Residual energy (Eres) vs. time-of-flight (AToF) difference spectrum for the deuteron—alpha channel used
for the analysis and selection of true and random coincidences. b) Correlation between the residual energies (E vs
E») recorded in both telescopes for the deuteron—alpha channel after selection of true coincidences. The dashed curves
correspond to the calculated positions for different breakup modes on a lddgn target. For the evaluation of the possible
background introduced by the carbon backing, an additional calculation of one breakup mode is included for the case of a
carbon target. All the calculations have been made with the code SUPERKIN assuming wide relative-energy distributions
and both target and projectile in their ground states.

calculation. It can be seen that the corresponding results on the lower left corner of the spectrum
are well separated from the region of interest for the samarium target.

The comparison between the data and the calculations in Fig. 7(b) shows that the bulk of the
coincidence events that appear distributed in four groups are very well described by the curve
for the corresponding deuteron—alpha breakup channel. The observed structure of the data is a
known kinematic fingerprint of a narrow relative-energy distribution, thus it can be taken as an
indication of a resonant decay. As shown in Fig. 8, this can be further studied by filtering and pro-
jecting the corresponding set of events onto the residual-energy axis of one of the telescopes and
then by comparing the experimental results (shaded histogram) with the curves corresponding to
calculations done under different assumptions. The solid curve corresponds to a calculation for a
very narrow relative-energy distribution centered at a value of 0.712 MeV, which would in turn
correspond to the excess kinetic energy expected after the decay of °Li from its first resonant
37 state at an excitation energy of 2.18 MeV. The position of the calculated peaks describe very
well the observed structure of the data and lend additional support to the interpretation that a °Li
nucleus is actually formed during the reaction as the product of an intermediate neutron-transfer
reaction prior to the occurrence of breakup. For comparison, the dotted curve shows the calcu-
lation for a different kinetic-energy distribution of the same breakup mode, an arbitrary uniform
distribution from almost the threshold for the alpha—deuteron breakup of °Li (1.47 MeV) up to
approximately the energy of the first resonance. Finally, the dashed curve illustrates the expected
spectrum for the triton—alpha channel that would result from projectile breakup through the 7/2~
first resonant state of ’Li at an excitation energy of 4.63 MeV. The three curves have been calcu-
lated assuming equal total yields over the respective ranges of relative energies. Therefore, even
though the absolute normalization is arbitrary, the channels are comparable to each other and the
amplitudes of the curves do reflect the actual geometric efficiency for each one of them.
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Fig. 8. (Color online) Projection of the correlated energy events from Fig. 7(b) onto the energy axis corresponding to
telescope 1, together with numerical simulations for different relevant reaction channels. The absolute normalization is
arbitrary, but the relative heights are directly related to the geometric detection efficiency. Deuteron—alpha coincidences
turned out to be the most prominent breakup process measured.

Once classified, the analysis for the deuteron—alpha breakup mode involved the event-by-
event transformation of the laboratory energies and scattering angles to a set of more physically
meaningful variables [21], namely: a) the total reaction Q-value, b) the kinetic energy of the
deuteron—alpha system in the OLi frame, Eq_q, ¢) the c.m. binary scattering emission angles 6 ;
and ¢, and d) the breakup emission angles 84—, and ¢q—q. Distributions of these relevant vari-
ables were produced taking advantage of the fact that the event-by-event handling of the raw data
automatically takes care of the Jacobian of the transformation.

Finally, absolute breakup differential cross sections were obtained from the data. For this pur-
pose we have applied a procedure extensively explained in Refs. [38,39], where the reader is
suggested to refer for further details on the calculations. For the particular case of our experi-
ments, the cross section that could be directly obtained from the data is dzo/d Qi_qdQr as a
function of the binary scattering angles 6r;, ¢1; and the breakup emission angles 64—y, Pg—q-
Lower-order differential cross sections can be obtained through integration over the whole range
of the appropriate variables, although in most practical cases these sums should extend well be-
yond the regions that have reasonably high efficiencies. For our case, in order to calculate the
partially integrated cross section do/d€2;, we have incorporated the information contained in
the binary and breakup angular distributions that we have measured in the present work, as a
guide for the required interpolations and extrapolations. In this way, we obtained the differential
cross section do/d€2y; as a function of the binary angle 6;; at 30 MeV bombarding energy.

With the appropriate adaptations, a very similar procedure to the one described above for the
deuteron—alpha channel was also applied for the analysis of the triton—alpha and alpha—alpha
breakup modes at 30 MeV. Due to the much lower geometric efficiencies, for these cases it was
only possible to obtain upper bounds of the corresponding cross sections. The maximum values
obtained in this way, expressed in units of the measured cross sections for the deuteron—alpha
channel, were 0.77 for a — t and 0.24 for a—a. As a reference it is useful to compare these upper
bounds with the results obtained by Luong, et al. [13] for the same breakup channels, which
were measured for the same reaction system but at a lower bombarding energy. By integration
of the Q-value spectra presented in that work we can estimate the corresponding yields of the
breakup channels under discussion in units of the a-d channel. For the case of 'Li — a+t the
value that we obtain from their data is 0.26 which is consistent with the results of our work. For
the 8Be — o + o channel the ratio obtained from Ref. [13] is 1.78, a value considerably larger
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Table 1

Reactions that produce alpha particles in the TLi + 1%sm system. Several other reactions, mostly with larger negative
Q-values, are also possible but are not considered in this work. ER stands for “evaporation residue” and the asterisk
indicates that the nucleus is in a highly excited state. Q-values are for ground states of the products in the final partitions,
except for the one in parenthesis which corresponds to the respective intermediate partition, and the ones in brackets that
correspond to the optimal values (for Ej,, = 30 MeV, see text for details).

Channel Intermediate partition Final partition Q-value (MeV)
1 Complete fusion (CF) 151y o+ ER + xn (4.56)
2 Incomplete fusion (ICF) a+147Eu* o+ ER + xn [—11.92]
3 t-transfer a+147Eu* o +ER +xn [—9.31]
4 Projectile non-capture breakup ("Li-NCBU) o+ t+144Sm —2.47
5 n-stripping — ejectile breakup (°Li-NCBU) OLi+145sm a+d+*Sm —-1.97
6 p-pickup — ejectile breakup 8Be+143Pm o+ a+143Pm 11.05
7 d-stripping — ejectile breakup SHe+140Eu o+ n+140Eu —0.44
8 2n-stripping — ejectile breakup SLi+1408m a+ p+146Sm 4.22
9 p-stripping — ejectile ternary breakup SHe+!45Eu o+n+n+!4Eu —7.63
10 Projectile ternary breakup o +d+n+!44Sm —8.72

than the upper bound obtained in the present work. Nonetheless the results of these comparisons
should be evaluated cautiously since they correspond to different bombarding energies and, tak-
ing into account the particular geometry of each detection system, to different regions of the
multidimensional space of relevant angular variables that describe the breakup process.

4. Results and discussion

A list of possible sources of alpha particles that could have important contributions to the
present data and a summary of their basic characteristics is presented in Table 1. The second
column of the table displays the products of a (real or virtual) intermediate stage useful solely
for the purpose of characterization of each reaction. The third column lists the final products that
would in principle be subject to actual detection, and the fourth column shows representative
Q-values.

The complete-fusion reaction (channel 1) that occurs when the “Li projectile or all breakup
fragments are captured by the '**Sm target leads to an excited 3! Tb nucleus, which may subse-
quently decay through the emission of neutrons and, possibly, protons and/or alpha particles.

Incomplete fusion reactions leading to alpha-particle emission (ICF, channel 2) involve in turn
the fusion of one of the breakup fragments with the target while the alpha particle flies away.
The heavy reaction partner in this process (*’Eu, in our case) is left in a highly excited state
resembling the formation of a compound nucleus that eventually decays via neutron evaporation
and gamma ray emission of the successive residues. For this channel, the alpha-particle energy
distributions have been obtained from the classical dynamical model described in Refs. [17,40]
using the code PLATYPUS [41]. As an example, those calculated distributions for the case of
30 MeV bombarding energy and backward emission angles (135° to 140°) are approximately
centered between 14 and 15 MeV, with FWHM values around 3 MeV (see Fig. 9). It is worth
noticing that those predicted centroids are very close to the values that can be estimated under the
simplified assumption that the emitted alpha particles from ICF reactions behave as unperturbed
spectators whose asymptotic outgoing velocities are equal to those of the elastically scattered
projectiles. At 30 MeV this condition is satisfied for an excitation energy of the '4’Eu nucleus
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Fig. 9. (Color online) Inclusive energy spectrum of the alpha particles emitted in reactions with TLi projectiles at Ejp =
30 MeV impinging on the carbon supported 1445m target for 6 = 138.0° £ 1.5°. The labeled segments indicate the
expected energy ranges of the alpha particles that would be emitted in reactions listed in Table 1. See text for details.

E* =20.7 MeV which corresponds to laboratory energies of the emitted alpha particles close to
14.5 MeV for the same angular range.

Direct triton-transfer reactions (channel 3) give rise to the same exit channel partition as that
of ICF. Following the semi-classical approach proposed in Refs. [42,43] it is possible to estimate
the optimal Q-value and the Q-window for t-transfer to occur. In our case these calculations lead
to a distribution of alpha-particle energies centered at 17.5 MeV with a FWHM of 8.4 MeV (see
Fig. 9).

Projectile non-capture breakup leading to the emission of a triton and an alpha particle ("Li-
NCBU, channel 4) is known to be one of the dominant processes at sub-barrier energies [13],
with significant cross sections also at energies close and above the Coulomb barrier.

More complex processes that involve the non-capture breakup of a weakly bound nucleus
are also important and can occur when the reaction is preceded or triggered by a transfer [13]
(ejectile non-capture breakup). This may occur in different ways: n-stripping followed by the
fragmentation of the formed ®Li into an alpha particle and a deuteron (°Li-NCBU, channel 5);
proton pickup leading to the formation of the unbound 8Be, which then breaks into two alpha
particles (channel 6); deuteron stripping followed by the breakup of >He (channel 7); 2n-stripping
and the consequent breakup of the SLi into an alpha particle and a proton (channel 8).

Alpha particles can also be produced in other channels leading to ternary breakup of the light
transfer product mostly with large negative Q-values (e.g. channels 9 and 10).

The evolution of alpha-particle energy spectra, both in shape and intensity, as a function of
the scattering angle contains substantial information on the emission sources. For the particu-
lar case of the various non-capture breakup modes listed in Table 1, even from simple kinematic
considerations it is possible to quite accurately predict which of them could actually play a signif-
icant role in the description of the experimental energy distributions. This kind of analysis, using
the code SUPERKIN, has been performed assuming uniform distributions of different widths
of the center-of-mass energies of the breakup fragments (one of them being an alpha particle in
all cases). The agreement (or lack thereof) between the calculated and experimental shapes and
positions of the energy spectra allows us to make a preliminary classification of these breakup
modes. Fig. 9 shows a schematic result of such kinematic analysis where the horizontal bars rep-
resent typical positions and widths of calculated alpha-particle energy distributions, compared
to experimental data (CF, ICF and t-transfer calculations are also shown to present their energy
relations and will be discussed later in this Section). According to Fig. 9 the resulting groups of
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breakup modes, in decreasing order of plausibility for becoming candidates to explain the data,
are the following:

(@ 'Li > a+t,°Li »> o +d,
(b) 3Be »> a+a,
(©) a+n,a+p.

So far we have presented experimental data and calculations for 'Li + '2C that show the
position in energy of the carbon background (Fig. 5) and preliminary calculations showing the
energy position of the alpha particles emitted in the ’Li + '**Sm reaction (Fig. 9). All of this
reinforces the validity of the proposed '>C background subtraction procedure and it will be made
even more clear in what follows.

Taking into account the preliminary results from kinematic considerations, we have subse-
quently performed a more quantitative analysis of all the energy spectra, where reactions in
group (c) have not been taken into account given their contribution is not significant. The partial
contributions from different processes (complete fusion, incomplete fusion, direct triton trans-
fer and non-capture breakup) to the total differential cross sections for alpha-particle production
were calculated using the present exclusive data in combination with various theoretical models.

To estimate the cross section of the alpha-particle emission originated in “Li + '**Sm com-
plete fusion reactions we have implemented the code PACE once again. For this, we made the
same considerations as in Sect. 3.1 except that at near barrier energies (i.e., 24 MeV), we used the
fusion partial cross sections calculated by the parameter-free double folding Sao Paulo potential
(SPP) [44.,45] as input of the statistical code.

The contributions from incomplete fusion and the non-capture breakup modes of group (a)
have been calculated using the code PLATYPUS. For the case of "Li — o+t (projectile breakup)
we used the values given by the systematics of Ref. [46] for the breakup parameters « and . For
the °Li — o + d mode, taking into account that the model can only consider the breakup of the
projectile, we have followed the prescription of Ref. [47] by considering a ®Li pseudo-projectile
(instead of the actual "Li projectile) with values of the breakup parameters that were extracted
from the exclusive measurements reported in Ref. [21]. In both cases, the corresponding nuclear
potentials parameters were obtained from the systematics of Broglia and Winther [48,49].

Finite-range DWBA calculations for the direct triton transfer were carried out using the code
FRESCO [50]. In this case we used the SPP for the real and imaginary parts of the "Li 4+ '*Sm
entrance channel potential (which successfully reproduces the elastic data of Ref. [18]). The
same approach was used for the exit channel (a+'*"Eu) and core-core (a+'*4Sm) potentials.
For the t + o and t + '**Sm binding potentials we used the optical parameters of Refs. [51]
and [52], respectively.

Finally, we have been able to establish upper bounds for the cross sections of the Be — a +a
channel taking into account in detail the efficiency of our detection system for the coincidence
measurements of this breakup mode (see Sect. 3.2). These maximum cross sections, that could be
expressed as a fraction of the equivalent °Li — o 4d yields, were subsequently used to normalize
the shapes of the distributions calculated with the code SUPERKIN. As already mentioned, these
calculations require in turn as an input the distribution of asymptotic kinetic energies of the
alpha—alpha system; for this purpose we have chosen a uniform distribution in the range [0.5,
3.6] MeV, compatible with the experimental events observed for this reaction channel.

Fig. 10 shows an example of the comparison between the experimental absolute differential
cross sections of the alpha-particle production and the calculations described above, for the par-
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Fig. 10. (Color online) Quantitative analysis of alpha-particle energy spectra through the comparison of the inclusive
experimental results with calculations for the predominant processes carried out with different models (see text for
details). The upper panel corresponds to 24 MeV and the lower to 30 MeV bombarding energies, for each energy we
show two laboratory angles: # = 118° and 138°. The contributions of t-transfer, 7Li-NCBU and o + processes are
negligible.

ticular cases of two laboratory angles (6 = 118° and 138°) and at both bombarding energies (24
and 30 MeV). In addition to the individual contributions, Fig. 10 also shows as a solid curve the
sum of them. In this calculation we excluded the o + p and o + n channels due to kinematic
arguments. It can be seen in this figure that the contribution from the fusion-evaporation channel
is dominant at 30 MeV whereas at 24 MeV it amounts to a small fraction (approximately 15%)
of the total production of alpha particles. On the other hand, the non-capture °Li — o + d chan-
nel, which is dominant at 24 MeV, does not contribute significantly at 30 MeV. Finally, alpha
particles emitted from incomplete fusion reactions are predicted to make a small or moderate
contribution at both bombarding energies. It ought to be noticed that all these calculated energy
distributions overlap very reasonably with the experimental spectra. Although this is also true
for direct triton transfer, and for the 'Li — a -+ t and 8Be — o+ breakup modes, the cross
sections are negligible and not visible when displayed using the vertical scale of Fig. 10. See
the supplementary material for more example spectra corresponding to Ejpp = 30 MeV and at
6 =75° and 91°.

In Fig. 11 we summarize the experimental angular distributions of the total alpha-particle pro-
duction cross section at both bombarding energies (full circles). For the purpose of comparison,
the same angular range is displayed for both energies even though at 24 MeV only the alpha par-
ticles emitted at the most backward angles of this range could be discriminated. In the 30 MeV
case, the experimental results for the °Li-NCBU measurement (empty circles) are also shown
and were obtained assuming that the relative energies of the light breakup products in their cen-
ter of mass system are negligible and therefore, that the laboratory velocities of those fragments
are equal to the velocity of the ®Li nucleus that breaks up. Additionally, this figure displays a
prediction for the total cross section (solid curve) corresponding to the sum of complete fusion
(dashed curve), incomplete fusion (dotted curve) and 6Li-NCBU (dash-dotted curve) calculated
contributions.

We can see that the experimental angular distribution of the total alpha-particle production
obtained at 24 MeV does not show any important feature. On the other hand, at 30 MeV the most
evident structure is a bump centered approximately at 6 ~ 78°, which is related to the broad
peak in the experimental angular distribution of the alpha-particle production obtained for the
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Fig. 11. (Color online) Laboratory angular distributions of alpha-particle production in the TLi + 144Sm system at Ejap =
24 MeV (upper panel) and Ej,, = 30 MeV (lower panel). We present experimental total (full circles) and 6Li-NCBU
(empty circles, only for 30 MeV) alpha-particle production cross sections. The experimental results of this work are
compared with a prediction for the total cross sections (solid line) corresponding to the sum of three different calculated
processes: CF (dashed curve), ICF (dotted curve) and 6Li-NCBU (dash-dotted curve).

Li-NCBU process. At the energy above the barrier, the experimental ®Li-NCBU cross section
accounts for 27% of the total production cross section. Within the angular range where there
are experimental data available for both bombarding energies, the integrated cross section of the
total alpha-particle production at 30 MeV is approximately three times larger than at 24 MeV.

Comparing the experimental results with the calculations, at 24 MeV the main contribution
comes from ®Li-NCBU, representing 44% of the experimental production in the measured angu-
lar range. Complete fusion contributes in a 14% at this energy, while the incomplete fusion cross
section is at least two orders of magnitude below the other two processes.

At 30 MeV the principal emission source within the measured angular range is complete
fusion, which amounts to approximately 55% of the total experimental production. The angle-
integrated contribution from the calculations of °Li-NCBU is approximately 20% of the total
experimental production. This calculation is in very good agreement with the exclusive experi-
mental data. Incomplete fusion is seen to contribute to the emission of alpha particles mostly at
backward angles (6 2 80°) and the predicted integrated yield is less than 8% of the total experi-
mental production.

The comparison between the °Li-NCBU 30 MeV data (empty circles) and the model calcu-
lation (dash-dotted curve) deserves some additional discussion. At the most forward angles the
observed agreement owes to the fact that the breakup parameters used in the calculation have
been extracted from those same data points, which happen to correspond to distant collisions
for which non-capture breakup is expected to dominate over incomplete fusion. As we move to
backward angles, corresponding to lower impact parameters, the model predicts an increasing
contribution of the incomplete-fusion channel such that the calculated behavior of the remaining
non-capture breakup component still agrees with the data. A question about the significance of
the observed overall agreement arises in connection with the meaning of this incomplete-fusion
(or capture breakup) component. In the present interpretation, this process would be presumably
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associated to the breakup of a transfer product (°Li in this case), rather than the breakup of the
projectile itself. Although non-capture transfer-breakup is by now a well established mechanism,
there is to date no direct experimental evidence for the existence of its capture counterpart.

In what respects only to calculations, at 24 MeV the ®Li-NCBU contribution is approximately
three times higher than the one corresponding to CF (for 114° <6 < 138°). In the same (limited)
angular range, the contribution of °Li-NCBU (CF) is approximately five times higher (lower)
than at 30 MeV. At this energy, the incomplete fusion cross section may seem negligible but in
fact its contribution becomes a factor of two larger than that of °Li-NCBU at 6 > 105°.

Finally, the solid curves shown in Fig. 11 for both energies are the sums of the sources con-
sidered in this analysis and should therefore be compared to the full-circle data points. For the
relatively narrow angular range for which experimental data are available at 24 MeV, the sum of
the theoretical predictions only describes 59% of the experimental results. On the other hand, at
30 MeV the calculations provide an acceptable description of the behavior exhibited by the data
points and account for 83% of the integrated cross section.

5. Summary and conclusions

We have measured and analyzed the emission of alpha particles at backward angles in reac-
tions induced by the bombardment of '#*Sm with the weakly bound ’Li projectile at laboratory
energies of 24 and 30 MeV. At the highest energy the inclusive data were complemented by
the results obtained from the detection in coincidence of the emitted light particles in the same
system.

From these experiments we have obtained absolute differential cross sections for the to-
tal alpha-particle emission and for the most intense transfer-breakup channel: "Li + '**Sm—
o + d+'*Sm. The predominance over other breakup processes is consistent not only with pre-
vious experimental results of different reaction systems and/or at different bombarding energies,
but also it finds support in favorable Q-values and large relevant spectroscopic factors [53]. In
addition, the inclusion of neutron-stripping followed by breakup in this reaction system has been
shown to improve the theoretical description of quasi-elastic excitation functions at backward
angles and the corresponding barrier distributions in this system [14].

For projectile breakup and for other transfer-breakup modes, in the best case, only upper limits
of the cross sections could be obtained. In particular, for the o + a+'#*Pm channel, no similar
theoretical support as in the case of transfer-breakup exists to our knowledge. The expectation
of an important contribution from this process based on large positive Q-value (Table 1) and
spectroscopic factor for proton-pickup [53] is not confirmed by the present experimental results.

The resulting distributions of alpha-particle energies at all measured angles have been ana-
lyzed in terms of the different possible contributions to the total yield. The component arising
from complete fusion followed by particle evaporation was estimated using the standard statisti-
cal formalism. The contribution from different non-capture breakup channels and the plausibility
of each one of them was preliminary evaluated by application of a kinematic analysis of the co-
incidences, that took into account in detail the geometry of the detection system. The strongest
candidates emerging from such study were further investigated comparing the inclusive and ex-
clusive data with the results of classical dynamical calculations. Apart from this, the direct triton
transfer reaction was studied in the DWBA framework resulting in a negligible contribution at
all the angles and energies considered in this work.

We have shown that the relative contributions from different sources to the total alpha-particle
emission vary significantly when moving from the above-barrier towards the near-barrier regime.
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Above the barrier, a fair and consistent agreement between the experimental and theoretical
results is found. In particular, the agreement between the data and the calculation for the non-
capture ®Li— o 4 d breakup mode, especially at the backward angles, raises questions about
the existence of the associated capture (incomplete-fusion) mechanism, for which there is no di-
rect experimental evidence. Within the limited angular range of the available data at the energy
around the barrier (24 MeV), we observe that the calculations do not account for the total cross
section. More data appears to be necessary at this near-barrier regime in order to confirm that
other channel/s might be contributing to the alpha-particle production.
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