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This paper reports on elastic scattering excitation functions for the reaction 9Li+4He measured at 
backward angles in the centre of mass energy range 5 MeV ≤ Ec.m. ≤ 9.5 MeV, with the aim of 
investigating the possible existence of molecular resonances which have been predicted to exist in the 
case of neutron-rich B-isotopes. Due to the short lifetime of 9Li, the experiment necessitated the use 
of inverse kinematics on a gaseous 4He target. The Thick Target Inverse Kinematics technique was used 
which allowed for the measurement of the full excitation function in a single 9Li run. Broad resonances 
were observed in the excitation region for 13B 15 MeV ≤ Ex ≤20 MeV. To understand the nature of such 
broad structures, various theoretical attempts are reported concerning possible reaction mechanisms for 
this neutron rich reaction. The most promising approach to interpret the data is within the orbiting 
reaction scenario.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

When two nuclei interact in their peripheral surface region, a 
variety of phenomena may result: elastic and inelastic scattering, 
pick up, transfer or breakup of one or both of the participating nu-
clei. Often it is assumed that such phenomena are governed by a 
transition matrix element linking the entrance channel quantum 
state, to the final quantum state by a one-step perturbing poten-
tial. However, it has been long recognised that for some reactions 
this one-step transition could not explain all experimental features, 
in particular the differential cross sections at large scattering an-
gles. One possible explanation is that when two reacting nuclei 
first interact in the peripheral region, they begin to rotate about 
each other, and it is only after rotating by a finite angle that they 
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make a transition into the final channel. This so-called orbiting 
phenomenon was extensively studied over many years by inves-
tigating mainly reactions with stable nuclei [1–10].

It is now well established that neutron-rich light nuclei have 
a larger extension of the matter density radius than stable nu-
clei. As more neutrons are added to an isotope, the binding of the 
neutrons decreases resulting in a greater extension of the neutron 
outer regions, and, in some extreme cases, a neutron-halo (n-halo) 
appears. It has been shown that, in the case of collisions induced 
by n-halo nuclei, the reaction dynamics exhibits a variety of effects 
connected to the extension of the neutron wave function. Indeed, 
the extension of the halo, the low binding energy and the large 
dipole strength above threshold, affects various reaction processes, 
such as elastic scattering, breakup and transfer [11–19]. Therefore, 
this raises an important question: does a more extensive neutron 
tail lead to a greater importance of orbiting and, if so, what im-
plications would this have for the final reaction outcomes? This is 
an important question, since such exotic isotopes are thought to 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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be produced in various dynamic astrophysical events, and the re-
actions between them are one of the most important factors which 
determine the evolutionary path.

This letter reports on a study concerning the 4He elastic scatter-
ing reaction mechanism from 9Li, which is a neutron-rich nucleus. 
A possible hint of the underlying mechanisms for the 9Li+4He re-
action may be found in the theoretical results of Kanada En’yo et 
al. [20]. These calculations clearly indicate that the entrance chan-
nel of the reaction 9Li+4He would be influenced by the rotational 
band structure of 13B. Further, the mass density plots of the rota-
tional bands that could be excited by the 9Li+4He channel, show 
that the density profile of some states could be an indication that 
possible molecular systems are formed between the 9Li and 4He 
ions rather than a symmetric fused compound nucleus. A picto-
rial representation of this is that at particular reaction energies, 
and for a range of impact parameters (i.e. angular momentum), 
the helium ion is temporarily captured by the weak attraction of 
the extended neutron tail of 9Li and begins to rotate about it. How-
ever, this transient quasi-molecular state is unstable and will either 
evolve by ejecting the 4He back into the elastic entrance channel, 
or excite inelastic degrees of freedom leading to other reaction 
channels. This will mean that the elastic cross section will ex-
hibit broad energy resonances due to the transient nature of these 
quasi-molecular states. In addition, the differential cross section at 
backward angles is likely to be enhanced due to the orbiting of the 
4He ion about the 9Li ion.

Experimental reaction investigations involving such short-lived 
isotopes are challenging due to the difficulty of producing beams 
of sufficient intensity. TRIUMF is one of the foremost laboratories 
in the world to produce such beams by the ISOL method. Nev-
ertheless, the beam intensities are rarely sufficient to study more 
than the elastic or one or two high yield inelastic channels. In this 
paper we report a first experiment to study the elastic reaction 
9Li+4He, specifically to investigate the possibility that transient or-
biting could be influencing this channel.

2. Experiment

The experiment was performed at the TRIUMF laboratory 
(Canada) using a 32 MeV 9Li beam delivered by ISAC-II imping-
ing on a 4He gas target. The Thick Target Inverse Kinematic (TTIK) 
technique was adopted for the experiment [21]. When passing 
through the 4He gas target the beam loses energy, elastic scat-
tering may occur in a continuous range of energies starting from 
the initial beam energy entering the target down to zero. Indeed, 
the 9Li beam is stopped in the gas before reaching the detectors, 
while the recoiling α particles, owing to the lower stopping power, 
are detected. In the present experiment, the target consisted of the 
TUDA chamber (see Fig. 1) filled with isotopically pure 4He gas at 
pressure of 650 Torr, enough to stop the beam before reaching the 
zero degree detector. The temperature of the gas was continuously 
measured using a thermocouple. A φ = 20 mm Kapton window 
≈ 12 μm thick was used to separate the gas-filled chamber from 
the high vacuum beam line. During the experiment, the gas pres-
sure was continuously monitored, and the gas was replaced several 
times. α-particles from elastic scattering were detected and dis-
criminated from other reaction processes using Time of Flight (ToF) 
techniques. The detected α-particle energy depends on the reac-
tion process that has produced it, as well as on the position in the 
target where the reaction has occurred. If the target is extended 
enough, the ToF measurement allows discrimination of elastic scat-
tering from other reaction events, for example, inelastic scattering.

The detection system consisted of three telescopes each made 
of 50×50 mm2, 50 μm thick silicon detector segmented into four-
quadrants as �E and a 50×50 mm2, 1500 μm thick single PAD 
silicon as residual energy detector. A sketch of the experimental 
2

Fig. 1. Sketch of the experimental set-up. See text for details.

set-up is shown in Fig. 1. One of the telescopes, T1, was centred 
at θlab = 0◦ , and telescope T2 was adjacent to T1. The four quad-
rants of T1 were covering the same scattering angles. Telescopes 
T1 and T2 were placed downstream of the TUDA chamber, at ap-
proximately 1400 mm from the Kapton window. A third telescope, 
T3, was positioned closer to the entrance window, at about 600 
mm, and angled at 45◦ with respect to the beam axis. In this way, 
although in T3 the excitation function was not measured in the full 
excitation energy range as for T1 and T2, it provided a broader an-
gular distribution measurement for the highest excitation energy 
events. For telescopes T2 and T3 the quadrants up and down of 
each �E detector were at the same scattering angles. To measure 
ToF, a microchannel plate (MCP) detector [22] was placed under 
vacuum, upstream of the Kapton window; it gave a signal when-
ever a 9Li beam particle entered into the chamber, hence, it was 
also used for the cross-section normalisation. The beam intensity 
was kept to �5×105 pps to avoid pile-up events. The MCP effi-
ciency for 32 MeV 9Li beam was measured to be ε = 99%. The 
detectors around θlab = 0◦ , besides αs and protons produced in the 
reaction, were detecting also βs and β-delayed αs coming from 
the radioactive decay of the 9Li beam. This background was very 
large in detector T1 since the beam was stopped in the gas a few 
cm before reaching the detector. This necessitated the introduction 
of an energy threshold for accepting the detected α particles of ∼5 
MeV.

Events of interest in telescopes T2 were also selected with an 
energy threshold of ∼ 4 MeV. In fact, below this energy, helium 
and hydrogen particles which stop in the �E detector cannot be 
discriminated in time. This can be seen in Fig. 2 which shows the 
ToF vs �E spectrum for detector T2. The detected α particles in de-
tector T3, due to its position in the chamber, have an energy above 
15 MeV. This means for this detector no events at c.m. energies 
lower than ∼ 8 MeV could be detected.

In Fig. 2 besides elastic scattering, inelastic scattering events 
can be observed just above the elastic locus. These events can be 
discriminated with proper gating. For α-particles stopping in the 
�E detector, the selection of events was undertaken by putting 
gates on the elastic locus of the �E vs ToF spectrum (see Fig. 2), 
with the condition that no particle was detected on the residual 
energy detector E; whereas, for the high energy events, punch-
ing through the �E, gates on both E vs ToF, and �E vs E, were 
set. Residual background coming from the radioactive decay of the 
beam was subtracted by shifting the gates on the �E vs ToF in a 
different time-energy region where only time-uncorrelated events 
occurred. For the events punching through the �E detectors, the 
total energy (�E+Eres) was reconstructed on an event by event 
basis, correcting for the energy loss in the dead-layers of the de-
tectors and in the gas volume in between the two detectors of the 
telescope.
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Fig. 2. ToF vs �E energy spectrum for one quadrant of telescope T2. The ToF cor-
responds to the sum of the time of flight of the beam before interacting with the 
target plus the time of flight of the recoiling particles. The ToF start signal is given 
by the Si detectors while the stop is given by the delayed MCP signal. α-particles 
coming from elastic and inelastic events are clearly distinguished. Beta and alphas 
background events, uncorrelated in time, coming from the 9Li radioactive decay can 
be observed. The threshold energy of 4 MeV corresponds to channel ∼ 700.

Centre of mass energy spectra, for elastically scattered α-
particles, have been obtained from the energy deposited in the 
detectors, information of the detector geometry and the stopping 
power of the 4He gas for both the beam and the αs. Knowledge of 
stopping power is crucial for this type of measurements, as shown 
in [23], not only to deduce the centre of mass energy but also the 
cross-section. For this reason the stopping power of helium gas for 
Li was measured using the stable 7Li isotope [24]. A very good 
agreement was obtained in this case between the measured stop-
ping power and the one calculated by SRIM [25]. The electronic 
stopping power depends only on the atomic features of the ions. 
The scaling of different isotopes requires only the change in veloc-
ity arising from the difference in mass, which can be calculated. 
Therefore, in the analysis, the energy loss of 9Li, as well as the one 
for αs on Helium, was calculated using SRIM. Indeed, it was ver-
ified, by changing gas pressure, that the measured energy loss of 
9Li through various target thicknesses corresponded to the calcu-
lated one.

Since the TTIK technique involves a complex relationship be-
tween the measured quantities (energies and position of the de-
tected αs) and the reconstructed ones (c.m. energy and scattering 
c.m. angle), a Monte Carlo simulation was undertaken to quantify 
the details of the relationship. Simulations included energy and 
angular straggling for the beam and the recoiling α-particles. An 
example of such a simulation, regarding the angular distribution, is 
shown in Fig. 3. Here, simulation of elastic events were generated 
corresponding to 13B 19.5 MeV excitation, and with c.m. angular 
distribution corresponding to the Legendre polynomial |P�(cos θ)|2, 
with � = 7. Events were then allowed to be intercepted by the de-
tector. The number of events in each detector were recorded. These 
numbers were then associated with the mean scattering angle of 
each of the fired detector quadrants and the corresponding event 
location within the gas. The full line shows the |P�=7(cos θ)|2 Leg-
endre polynomial and the points, the probability an event will be 
recorded in the detector quadrant mean angle as given by the 
Monte Carlo. As one can see from the figure there is only a very 
small difference between the analytical form and the results of the 
simulations for the smallest measured angles. These outcomes give 
confidence that the experimental results are not affected by the 
complexity of the experimental technique adopted.
3

Fig. 3. (Symbols) Monte Carlo simulation results for a � = 7 Legendre polynomial in 
the case of the detector geometry corresponding to an excitation energy Ex = 19.5
MeV. The symbols correspond to the mean-probability of detection at the mean 
angle of each detector. (full line) |P�=7(cosθ )|2 Legendre polynomial. See text for 
details.

Fig. 4. 13B excitation functions. Each plot represents the excitation function in the 
angular region specified. Angles change with energy, the smallest angle of each plot 
corresponds to the minimum energy and the largest angle to the maximum energy 
(see text for details). In the plot are also indicated the detectors used to extract the 
associated excitation function.

3. Results

The 13B excitation energy spectrum was obtained from the Ec.m.
spectrum by adding the two-body Qval = 10.82 MeV. In Fig. 4
the excitation functions at various detector scattering angles are 
shown. Each angular range covered by a detector corresponds to 
the detection module sketched in Fig. 1 and Fig. 4. Using the TTIK 
technique means that a particular detector records events for scat-
tering angles which depends on the location of the events within 
the gas, that in turn determines the associated excitation energy 
of the events. Hence, each energy bin in Fig. 4 corresponds to a 
bin in angle which, in turn, depends on the detector geometry. 
In each plot the minimum and maximum angles reported cor-
respond to the smallest and largest excitation energy measured, 
respectively. The Monte Carlo simulations performed were used to 
deduce detection efficiency as well as the c.m. energy resolution, 
which varies from ∼40 keV to ∼100 keV FWHM, and the c.m. an-
gular resolution, which varies from ∼0.1◦ to ∼3◦ , depending on 
energy and detector. In Fig. 4 the excitation function at the most 
backward angles (telescopes T1 and T2) shows two broad peaks, 
centred at 13B excitation energy of Ex ≈16.3 MeV and Ex ≈19.5 
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MeV with strong angular dependence. The excitation function of 
telescope T3, shows the appearance of a possible third peak at 
Ex ≈18.4 MeV.

4. Theoretical interpretation

Nuclei participating in reactions are traditionally either consid-
ered to completely merge into a slowly evolving compound system, 
or directly interact only in their peripheral regions. If a com-
pound system is formed, this can lead to narrow resonances for 
σ vs E, while the direct processes lead to more smoothly varying 
cross sections. R-matrix calculations have been particularly use-
ful to help identifying the resonance parameters associated with 
measured resonances in the elastic channel excitation function. As 
discussed below, the R-matrix method has been used in an attempt 
to interpret the experimental data. For reasons that will be dis-
cussed, this has not been very successful. Alternative to compound 
nucleus resonances, orbiting or shape resonances may occur. In 
order to investigate this possibility a simplified orbital model is 
introduced which, although simple, has the merit of needing few 
parameters, which can, in addition, be related to known informa-
tion. Using the information derived from the orbital model, optical 
model calculations were performed, confirming the results of the 
simplified model. In what follows, the R-matrix together with the 
seemingly more successful orbital model and optical model calcu-
lations will be reported.

4.1. R-matrix

In order to obtain spectroscopic information on the structures 
observed in the excitation functions, R-matrix analysis is widely 
adopted. The R-matrix theory is an accurate theory and its applica-
tion is not in its general formulations limited to reactions that pro-
ceed by compound nucleus formation. In principle it can be used 
to describe all types of reaction phenomena where either “strong 
absorption or moderate absorption [26]” occur. Therefore, R-matrix 
can describe nuclear reactions in which nuclei do not form a com-
pound nucleus but directly scatter each other with or without a 
change in their internal structures. Moreover, it can be applied 
also to the case of overlapping levels, i.e. the compound nucleus 
continuum. However, there are underlying hypothesis and/or ap-
proximations that are necessary when the theory is applied to a 
specific process [26,27]. Therefore, care must be taken when per-
forming calculations with the available R-matrix codes.

In the present experiment the 9Li+4He excitation function was 
measured in a 13B excitation energy region where, n (Sn = 4.88
MeV), 2n (S2n = 8.2 MeV), α (Sα = 10.82 MeV), t (St = 10.995
MeV), p (Sp = 15.80 MeV) and d (Sd = 16.75 MeV) channels are 
open.

No information about 13B states in the excitation region ex-
plored here is available in the literature, nor can be inferred by 
looking at isobaric analogue states in neighbours nuclei because 
they would be at very high excitation energy. Moreover, none of 
the open competing outgoing channels, listed above, have been 
measured experimentally as they involve reactions with radioac-
tive beams.

A further difficulty comes from the examination of the ex-
tracted excitation functions, where only three broad peaks are ob-
served with the possible contribution of a fourth peak at an excita-
tion energy ∼18.9 MeV that disappears at smaller angles (Figs. 4d 
and 4e).

The R-matrix code AZURE2 [27] was used for the present anal-
ysis. In AZURE2 the reaction is assumed to proceed through the 
population of a set of compound nucleus states which, in turn, 
decay into one of the open reaction channels. The underlying hy-
pothesis in the present analysis is, hence, that the observed peaks 
4

Fig. 5. (Symbols) angular distribution at four excitation energies. (dot-dashed line) 
� = 4, (full line) � = 5, (dashed line) � = 6 Legendre polynomials normalised to the 
experimental cross-section at the most backward c.m. angle. See text for details.

in the excitation functions correspond to resonances of the com-
pound nucleus 13B. However, the observed resonances are very 
broad and smoothly varying, indicating single broad resonances 
rather than accumulation underlying narrow resonances. Thus, this 
hypothesis of compound nucleus formation may not be appropri-
ate in the present case.

A multilevel-mulichannel R-matrix fit was performed. As pos-
sible exit channels, along with elastic scattering, the n+12B and 
p+12Be have been taken into account. In order to reduce the num-
ber of free parameters, for each Jπ the lowest � values were 
considered. To define the input parameters, the angular distribu-
tions shown in Fig. 5 were used as guidance. In this figure each 
point in the angular distribution was extracted by considering the 
cross section value at the corresponding Ex . It was verified that 
performing a fit of the excitation functions with multiple gaus-
sians or lorentians did not modify the behaviour of the angular 
distribution. The lines in the figure represent Legendre polynomials 
normalised to the experimental cross-section at the most backward 
c.m. angle. States with � = 4, 5, 6 were included, as well as possi-
ble contributions from lower �. A lengthy survey of the possible 
spins contributing to the excitation functions shown in Fig. 4 a, b 
and c was undertaken with the aim of finding the most relevant 
Jπ contributing to the 13B excitation energy spectrum. It was found 
that possible spins are Jπ = 5

2
−

, 7
2

−
, 9

2
+

, 11
2

+
and 13

2
−

, but other 
contributions cannot be ruled out. These spins were used as in-
put parameters for the best-fit of the data. Energies and widths of 
the states were considered as free parameters. A separate fit was 
determined for each individual excitation functions of Fig. 4a, 4b
and 4c. The optimised parameters of each separate fit had simi-
lar energies for the corresponding Jπ but very different widths in 
all final channels included in the fit. Although individual fits could 
be made, when using the optimised parameters obtained from the 
fit of any one excitation function to fit the others, good fits were 
never achieved. So, a converged simultaneous fit of all excitation 
functions was not obtained, even after the many attempts that 
were made. This seems to demonstrate, in the present case, the 
limit of this approach which assumes the presence of long-lived 
compound nucleus states while the excitation functions shows in-
stead very broad (i.e. short-lived) structures.

4.2. A molecular orbital rotational interpretation

For energies above the Coulomb barrier, shape resonances may 
occur at angular momentum � ∼ kR . These resonances corre-
spond to quasi-molecular states whose peculiarity is: large back-
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scattering cross section with angular distributions characteristic of 
� [7]. The cross-section and angular distribution observed experi-
mentally in the present study may be an indication of the occur-
rence of molecular-type resonances originated from an orbiting-
type phenomenon. As referred to in Sec. 1, the phenomenon of 
orbiting for stable reacting nuclei has been studied for some time. 
This phenomenon is essentially a rolling process where the react-
ing nuclei encounter each other at an impact parameter near the 
sum of their radii. After attachment and rolling, they break apart, 
often resulting in an enhancement of cross-section at backward 
angles. However, for neutron rich nuclei, this surface interaction 
region will be extended. So, the question arises as to whether 
orbiting is more prevalent for neutron rich nuclei than stable nu-
clei. This experiment involving 9Li and 4He has shown broad res-
onances at backward scattering angles. So, could this resonance 
behaviour observed in this experiment be linked to an orbiting 
phenomenon? The possibility that this might be so is outlined be-
low.

For the reaction system like 9Li+4He, the extended low density 
neutron field of 9Li provides a weak attraction for orbital angu-
lar momentum components of the wave function corresponding to 
peripheral interactions between the two ions. The simplest model 
to represent this physical situation is a two-step potential with 
a volume core potential VC (r) for 0 ≤ r < r1 and a shallow sur-
face potential VS (r) for r1 ≤ r ≤R. For this light ion system, the 
Coulomb potential is small, and so to a first approximation VC (r) 
and VS (r) are taken as constant potentials, VC and VS , respectively 
(which can be complex). In this case, it is possible to express the 
reaction wave-functions for r<R as combinations of spherical Han-
kel functions. The external wave-function will be a combination of 
incoming and outgoing Coulomb wave components, which are re-
lated to hypergeometric functions [28]. By matching the amplitude 
and slopes of wave-function components at r1 and R, it is possible 
to derive an analytical expression for the scattering matrix, and so 
the differential cross section.

A close inspection of the results of Kanada En’yo et al. [20], in-
dicates that the cross-section for the reaction 9Li+ 4He at a c.m. 
energy corresponding to 19.5 MeV excitation energy in 13B, could 
be associated with a molecular resonance with angular momentum 
� = 5h̄, and with r1 = 3.4 fm and R=5.1 fm. Using these values of 
�, r1, R and the c.m. energy, it was found that the intensity of the 
wave function within the radial shell r1 ≤r≤R varies rapidly with 
the value of VS , reaching a maximum when VS = -13.16 MeV. This 
reaction condition also produced resonance peaks corresponding 
to 13B excitation energies of 15.8 and 13.2 MeV, with values of 
angular momentum 4h̄ and 3h̄ respectively. For this value of VS , 
Fig. 6 full line, shows the calculated cross section at the average 
angles corresponding to the data of Fig. 4, where the most appro-
priate VC was found to be VC = -(148+i×33) MeV. This value of 
the real component of the potential seems consistent with previ-
ous investigations [29]. A point of note, is that the magnitudes of 
the resonant peaks of Fig. 6 were found to strongly depend on the 
value of VC , but the resonance energy positions were insensitive.

This simplified approach (identified here as TRM, Transient Ro-
tational Model) to investigate the reaction mechanism yields an 
analytical expression for the scattering matrix, so it is straightfor-
ward to explore its structure over the complex angular momentum 
plane. It has been known for some time that the scattering ampli-
tude for a reaction can be represented by a closed path integral in 
the complex angular momentum plane (often regarded as a back-
ground contribution), together with a sum of residuals of singular-
ity poles associated with any resonances [30]. For the parameters 
specified above, the complex plane profiles of the scattering matrix 
at the resonances are shown in Fig. 7. For each resonance there is 
a clear singularity pole. It can be shown that the angular momen-
tum imaginary values of the poles are related to the decay-time of 
5

Fig. 6. (Full line) The analytical model (TRM) predictions of the differential cross sec-
tions for the average angles of the experimental data. (Dashed line) Optical model 
calculations with the two-step potential of the TRM. See text for details.

Fig. 7. Angular momentum plane intensity profiles of the modulus of the scatter-
ing matrix at the resonant energies shown in Fig. 6. a) corresponds to a pole at 
Ex = 13.2 MeV, � = 3h̄; b), corresponds to a pole at Ex = 15.8 MeV, � = 4h̄; c), cor-
responds to a pole at Ex = 19.5 MeV, � = 5h̄.

the resonances, so yielding a lifetime of 1.94 × 10−22 s for reso-
nance b), and 1.68 × 10−22 s for resonance c). For these lifetimes, 
and using a semiclassical treatment of the rotating flux within the 
VS shell, the rotating 9Li+ 4He system breaks apart before a half 
rotation is completed.

Clearly, there is not a complete agreement between the an-
alytical and experimental results, see Figs. 4 and 6. Due to the 
simplifications of the model, this is not unexpected. A close in-
spection of the measured resonance structure in the region of 18 
to 20 MeV, Fig. 4, indicates that there are more structures than 
a single resonance. One possibility is that the single orbital reso-
nance associated with the TRM is energy split due to a spin-orbit 
interaction potential, Vso� · s, in the surface region. For � = 5, this 
will split the single resonance into four components. In fact, it is 
possible to identify at least three components 18.4, 18.9 and 19.5 
MeV, which seem to follow an � = 5 angular distribution, Fig. 5. 
The fourth component may be an unresolved part of one of these 
three identified components. The analytical model shows that the 
� = 5 resonance will be spread by 1.1 MeV when a spin-orbit po-
tential, with Vso = 0.12 MeV, is combined with the shell potential 
-13.16 MeV. This spin-orbit potential is taken as a constant in the 
surface region rather than a function of radius; nevertheless, this 
value of 0.12 MeV is reasonably consistent with other analyses in-
volving spin-orbit potentials for light mass systems (e.g. [31]). The 
addition of this small surface spin-orbit potential has an interesting 
influence on the position of the four resonant pole components in 
the complex angular momentum plane. The real part of the poles 
only varies by a few percent, but the imaginary parts vary by up 
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Table 1
Optical potential parameters of the real and imaginary 
part of the optical potential of the core C and surface 
S potentials. The potential depths are in MeV, radii and 
diffuseness in fm. See text for details.

VC RC aC VS RS aS

122.44 4.36 0.03 7.24 7.11 0.50
WC RW C aW C WS RW S aW S

33 3.4 0.05 1.11 4.38 0.01

Fig. 8. Experimental (symbols) and calculated excitation function with an optical 
model fit (dashed line). a) telescope T11−4; b) telescope T21−2; c) telescope T23−4.

to 40%, which will influence the energy widths and decay times of 
the different resonant components.

An important feature of such a simple model is that it provides 
physical insight into the reaction mechanism such as the concen-
tration of wave intensity within the surface region and its temporal 
decay. It also provides guidance to the parameters that can be used 
in optical model codes such as FRESCO [32].

As a cross-check between the TRM analytical results and the 
optical model (OM), the FRESCO code was run with the same two 
potentials as for the TRM; the results are shown in Fig. 6, as full 
lines for the TRM and dashed lines for the OM model calculations. 
As one can see from the figure, the OM calculations produce sim-
ilar results as TRM. Three peaks are observed in the region of in-
terest of the excitation function, peaked at approximately the same 
excitation energy. However, in Fig. 6 it can be seen that the cross 
section magnitudes and peak positions do not quite agree. This 
may be due to the TRM model using a constant potential within 
the potential wells, whereas the full optical model code will take 
account of the varying Coulomb potential within the wells, which 
will presumably suppress the cross sections and rises the energy 
of the peaks.

Guided by the above results, a OM search was then undertaken 
to use the two potential concept, and to allow the parameters to 
vary until a best fit was achieved to the experimental data. The 
calculations used two squared Woods-Saxon potentials, real and 
imaginary, both for the core and the surface. The fit was per-
formed having as free parameters depth, radius and diffuseness 
of the real part of both, the core and the surface potential. A fit 
was attempted also by varying the parameters of the imaginary 
part of the core and surface potentials, leading to a poorer result. 
The parameters of the best fit are listed in Table 1. Fig. 8 shows 
the results of the OM fit. The agreement between the OM fit and 
the data is rather satisfactory. The potential parameters are not 
too different than the ones of the TRM, only the surface is more 
extended.
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In addition to the above investigation using FRESCO, extensive 
searches were made using other types of potentials. For exam-
ple, starting with a single Woods-Saxon and a spin-orbit potential, 
with parameters similar to those reported by Taylor et al. [31] for 
the 9Be+ 4He elastic reaction, an investigation was undertaken as 
to whether, for given partial waves, there are resonant peaks in 
the elastic scattering excitation function in the region of interest. 
Initially, the potential was assumed to be purely real, with the ab-
sorptive terms included in a second step. Indeed, the calculations 
showed that the elastic cross-section exhibit strong peaks for se-
lected Jπ at the Ec.m. energy of interest, with various widths. The 
choice of the spin-orbit potential changed the energy position of 
the peaks. When adding the imaginary potential, sharp peaks were 
fully absorbed while the broader structures survived, provided the 
imaginary potential did not extend up to the surface of the nu-
cleus. At the conclusion of these searches, a fit better than shown 
in Fig. 8 could not be found.

Finally, it is interesting to note the basic difference between 
these two types of optical model calculations. The more successful 
one (Table 1), separates the potential into two separate and dis-
tinct regions, whereas the conventional approach (e.g. [31]) just 
considers the surface as the diffused part of a single central core. 
So this result seems to highlight the distinct nature of the surface 
tail from the central potential core.

5. Summary and conclusions

The main objective of this experiment was to investigate the 
possible existence of molecular resonances which have been pre-
dicted to exist in the case of n-rich B-isotopes [20]. The research 
discussed in this paper was, in fact, inspired by the work of Kanada 
En’yo et al. [20]. This indicated the possibility, at high excitation 
energies, that the 13B nucleus could exhibit molecular type res-
onances with 4He and 9Li clusters coupled in rotational states. 
Although this study indicated such states would be bound, they 
would in reality be above the helium plus lithium threshold. So 
if the structures are still preserved they would be quite energy 
broadened. Therefore, the entrance channel of helium plus lithium 
reaction may be influenced by these rotational states, which nev-
ertheless would be quite short lived.

One of the most direct ways to investigate experimentally this 
theoretical result is study of the 4He+9Li elastic channel. However, 
this can only be undertaken with a radioactive 9Li beam which is 
unstable and so only can be produced with limited intensities. The 
experiment reported in this paper involved study of 9Li+4He elas-
tic scattering using an extended gas target, so the reaction could 
be studied over a range of bombarding energies initiated by one 
beam entrance energy into the gas cell, thus reducing the beam-
time. The disadvantage of this method is that it is challenging 
to uncouple events at different reaction energies within the gas 
and their corresponding angular distributions. Nevertheless, using 
Monte Carlo simulations to unfold the experimental data, excita-
tion functions over 14.5 to 20 MeV energy, and for various scatter-
ing angle ranges have been obtained. The excitation functions at a 
range of angles, show peak cross section values at 16.3, 18.4 and 
19.5 MeV.

Three approaches were used in attempts to interpret data. The 
first approach concerned the use of R-matrix analysis to see if 
a set of compound nucleus resonances could consistently repro-
duce the observed data. This did not seem to be the case. It was 
found that, while it was possible to fit the experimental data at 
particular scattering angles with a set of resonance parameters, 
these parameters were not unique and substantially varied for dif-
ferent angles, i.e. a universal set of resonance parameters could 
not be found to fit all angles. The second approach was to follow 
up the possibility that the entrance channel, in the energy range 
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explored, is influenced, to some degree, by molecular type reso-
nances, as indicated by the work of Kanada En’yo et al. [20]. To 
this end, a simplified molecular rotational reaction model was de-
veloped. The various parameters of the model were deduced from 
Kanada En’yo et al. [20]. It was found that the model predicts rea-
sonably close values to the energies and cross section magnitudes 
of the 16.3 and 19.5 MeV resonances. Finally, the last attempt to 
interpret the data was to use an optical model with various inter-
action potentials deduced from other similar elastic reactions (e.g. 
9Be+4He).

At the conclusion of these three approaches, it was consid-
ered that the interpretation that best describes the data, in this 
entrance channel energy range, is that to some degree molecular 
type resonances are responsible. However, this can only be a tenta-
tive conclusion, since the measured angular distributions are quite 
limited. To follow up this work, it would be most interesting to 
study the reaction with solid helium targets [33] and ref. therein, 
so complete angular distributions could be measured at the reso-
nance peaks observed in this experiment. Moreover, it would be 
important to investigate if, for neutron rich nuclei, where the low-
density neutron tail weakly interacts with the incoming projectile, 
the orbiting reaction scenario is a common feature, and if it is 
more prevalent for these nuclei than for stable ones.
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