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Abstract. Numerous studies have demonstrated that the phenomenological optical potential of tightly bound
nuclear systems presents a threshold anomaly phenomenon in the near-Coulomb barrier energy region, where
the relationship between the real and imaginary potentials can be well described by the dispersion relation.
However, for some weakly bound nuclear systems, the phenomenological optical potential seems to manifest
differently, and the dispersion relation struggles to describe the behavior between real and imaginary poten-
tials. Recently, we measured the angular distributions of the transfer reaction 2’Pb(’Li,°Li)**®Pb in both near
and deep barrier energy regions, as well as the elastic scattering angular distributions of the entrance channel
"Li+27Pb. Optical potentials of the ®Li+2%Pb system were extracted.The current results indicate that the op-
tical potentials exhibit an abnormal threshold anomaly, and the dispersion relation is not applicable. Possible
explanations are discussed, yet further investigations into the underlying physics are required.

1 Introduction

The optical model has been widely used in the field of nu-
clear physics and has achieved great success in the past
seventy years. It is considered one of the most funda-
mental reaction models in nuclear physics. With develop-
ment of the research, it has been found that the depths of
the optical model potential (OMP) vary significantly near
the Coulomb barrier with energy. In 1983, J. Lilley ex-
tracted optical potential parameters for the 'O + 2%8Pb
system through elastic scattering anglular distributions [1].
They found that the optical potentials exhibit energy de-
pendence near the Coulomb barrier: at the sensitive radius,
the depths of the imaginary potentials decrease approxi-
mately linearly with decreasing energy, falling to zero in
the sub-barrier energy region; while at the same time, the
real potentials show an anomalous variation around the
barrier. This phenomenon is called "threshold abnormaly"
(TA). Subsequently, the same phenomenon was observed
in many other reaction systems [2—4]. Through long-term
systematic studies, it has been gained: the imaginary po-
tential approaches zero rapidly in the sub-barrier energy
region, indicating that various reaction channels gradually
close as the energy decreases and that there exists a thresh-
old energy for reaction occurrence. The variation in the
depth of the imaginary potential generates a dynamic po-
larization potential in the real potential, which ultimately
also leads to changes in the depth of the real potential. The
relationship between the changes in the depth of the imag-
inary and real potentials can be described by dispersion
relations [5].
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With the completion of the radioactive beam facility,
researches on exotic nuclear structures and dynamics have
become one of the hot topics in the field of nuclear physics.
Compared to tightly bound nuclei, the optical potentials of
both stable weakly bound nuclei and halo nuclei exhibit
different patterns of variation near the potential barrier [6—
9]: in these systems, as the incident energy decreases be-
low the barrier, the depth of the imaginary potential does
not approach zero quickly, but rather shows an increas-
ing trend. We refer to this phenomenon as the anoma-
lous threshold anomaly (ATA). An importance question
emerges: is the dispersion relation still applicable in these
systems? This is currently still a highly controversial and
hot issue. Our previous measurement of the optical poten-
tial for the *He+2"?Bi system [10] in the complex potential
region revealed that the dispersion relation is not applica-
ble to this system. However, there is still a lack of experi-
mental data for stable weakly bound nuclei such as °Li and
“Be to allow for a deterministic conclusion to be drawn.

In general, optical potential parameters are extracted
by fitting the angular distribution of elastic scattering.
However, at energies close to or below the barrier, the an-
gular distribution of elastic scattering becomes very flat,
making it difficult to extract enough information from it.
Therefore, a transfer reaction method [11] was proposed
to study the OMPs of weakly bound nuclear systems. The
principle of the transfer reaction method can be simply in-
troduced as follows: For a transfer reactiona+A — b+ B
(assuming @ = b+ x and B = A + x, the transferred par-
ticle x moves from a to A). The element of the transition
matrix T can be derived from the Schrodinger equation
when the optical potentials U, and Uy for the entrance and
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exit channels, as well as the bound state potential V4 (for
a = b+ x)and VB (for B = A + x) are known. So the
differential cross section can be described as:

do
(E) ) = £ (Ua» Up, Va, V). e
Therefore, if U,, V4 and Vp are known exactly, the opti-
cal potential Up for the entrance channel can be deduced
by means of fitting the angular distribution of the transfer
reaction. The sensitivity of this method has been investi-
gated theoretically [12] and the results indicate that, except
for some ambiguity in the real depth V at low energiesthe
other parameters of the exit channels OMPs can be reli-
ably extracted by fitting the transfer angle distribution. It
is worth mentioning that as the energy further decreases,
the sensitivity of this method will also decrease. More-
over, the reliability of this method also was confirmed ex-
perimentally in the previous works [13, 14].

In this work, we measured the angular distributions
of elastic scattering for the Li+**’Pb system and single-
neutron transfer reaction 2°’Pb("Li,°Li)**®Pb , with bom-
barding energies ranging from 21 MeV to 37 MeV. This
experiment extracts the optical potential parameters of the
Li+%%8Pb system based on the transfer reaction method
developed by our group, to studies the energy dependence
of the real and imaginary parts of the optical potential and
obtains the reaction threshold energy in the deep barrier
energy region.

2 Experimental setup

The experiment was carried out at the HI-13 tandem ac-
celerator of the China Institute of Atomic Energy, Bei-
jing. The accelerator provided a ’Li beam with approx-
imately 40 pnA intensity, bombarding on a >*’Pb target
with a thickness of about 100 ug/cm? on a 20 ug/cm? car-
bon backing. Seven energy points of 21.98, 23.90, 25.81,
27.72,31.54,35.37, and 39.19 MeV in the laboratory sys-
tem were measured.

Two Si-detector telescopes were fixed on a plate that
can rotate around the target, to achieve measurements of
large angles ranging from 30° to 170°. Each group of tele-
scopes consists of two layers of Si detectors. The first layer
is a 40 um double-side strip detector (16x16 pixels) with
an active area of 50x50 mm? as the AE detector. The sec-
ond layer is a 1000 um quadrant silicon detector (2Xx2 pix-
els) with the same active area for measuring the remain-
ing energy Er. Besides, two PIN detectors were placed at
+ 15 as monitors to measure pure Rutherford scattering,
which is used for relative normalization of the differential
cross section.

3 Data Analysis

3.1 Elastic scattering of "Li + 2’Pb

The elastic scattering angular distribution (normalized to
the Rutherford cross section) of “Li+2%’Pb at all ener-
gies obtained in the experiment is shown in Fig.1. To

obtain a reliable optical potential for the "Li+>"Pb sys-
tem, a simultaneous fit of the six parameters {X;} =
{V,ry,ay, W,ry,ay} of the optical potential was per-
formed by the code FRESCO [15]. In the fitting proce-
dure, a grid search on all the six potential parameters was
carried out to obtain the best fit to the angular distributions
at different bombarding energies. For each angular distri-
bution of N data points, the goodness of fit quantity y> was
calculated as Eq.(1).

2
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where O'Ehe s 0'fo and 50’?XP are the calculated cross sec-
tion, the experimental cross section, and its associated er-
ror at each angle 6;, respectively. The obtained optimal
optical potential parameters and y?/pt values are listed in
Table 1. The fitting results are shown in Fig.1 by the red
solid curves, it can be seen that they fit the experimental
angular distributions quite well.
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Figure 1. Elastic scattering angular distributions of the
"Li+?7Pb system at different energies. The circular dots repre-
sent experimental data, and the red solid line is the fitting result
by the optical model.

3.2 OMPs of Li + ®®Pb system

The angular distribution of the 2°’Pb(’Li,°Li)**Pb trans-
fer reaction obtained from the experiment is shown in
Fig.2. Only the statistical errors are considered for the
experimental data. At lower energy points below 25.81
MeYV, the experiment observed only the transfer reaction fi-
nal states where neutrons were transferred from ’Li to the
ground state of 2%Pb. As the reaction energy increased,
at incident energies of 27.72, 31.54, and 35.37 MeV, in
addition to the ground state-to-ground state transfer reac-
tion process, the reaction final states where neutrons were
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Table 1. The OMP parameters extracted from the elastic
scattering data of the "Li+>*’Pb system

Elab \% ry ay w rw aw 2/ ¢
MeV MeV fm fm MeV fm fm X /P
39.19 14.19 132 0.56 15.98 1.28 0.67 453
35.37 15.35 1.35 0.54 15.88 1.32 0.60 4.57

31.54 23.01 1.30 059 12.03 134 0.66 3.08
27.72 27.14 1.25  0.71 12.34 1.34 052 337
25.81 14.29 137 0.51 3.06 127 058 2.6l
23.90 12.61 1.27  0.64 4.07 1.21 059 355
21.98 4.72 122 0.62 3.74 120 060 445

transferred to the 3.197 and 3.475 MeV excited states of
208pp were also observed. The results are shown as trian-
gles and rhombuses in Fig.2.
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Figure 2. Angular distributions of the 2’Pb("Li,®Li)*®Pb trans-
fer reactions. The red open circles, blue triangles, and green di-
amonds represent the experimental results of neutron transfer to
the ground state (gg), the excited states at 3.197 MeV and 3.475
MeV of 2%Pb, respectively. The solid curves are the results of
fitting by the CRC method.

In order to extract the optical potential parame-
ters of the exit channel SLi+2®Pb, the coupled reac-
tion channels (CRC) calculation was employed to fit
the 27Pb(’Li,%Li)*®®Pb transfer reaction. The coupled-
channels method describes the effects of non-elastic and
other reaction channels on the elastic channel by solving
a set of coupled channel equations, and further consider-
ing the coupling effects between different reaction chan-
nels. The optical potentials for the entrance channel were
fitted using the optical model based on the elastic scatter-
ing data of TLi+297Pb; while for the exit channel, the radii
and diffuseness parameters were fixed at ry = 1.15 fm,
rw = 1.30 fm and ay = 0.66 fm, ay = 0.60 fm, respec-
tively. In order to investigate the energy dependence of
the optical potential of the ®Li+2®Pb system, the diffuse-
ness parameters ay and ay were changed separately with
a step size of 0.02 fm to extract the sensitivity radius Ry
, while the depth values were fitted again [17]. For both
the real and imaginary parts of the potential, the average
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Figure 3. Energy dependence of the real (a) and imaginary (b)
potentials at the sensitivity radius of 13.5 fm for the °Li+2*Pb
system. The present results are shown by the circles, and aster-
isks represent the results taken from Ref. [16]. The solid curve
in (b) shows the linear segment fitting for the imaginary poten-
tial. The prediction of the dispersion relation according to the
variation of the imaginary potential is present in (a) by the solid
curve.

sensitivity radius was found to be Ry = 13.5 fm. All cal-
culations were performed using the FRESCO code [15].
The real and imaginary parts of the optical potential at
the sensitivity radius of 13.5 fm for the ®Li+2%Pb system
is shown in Fig.3, where the data at high energies from
Ref.[16] are shown by asterisks. Moreover, The errors of
potential depths were derived by y? analysis with a confi-
dence level of 68.3%. One can find that the errors become
large for the sub-barrier-energy range. This indicates that
the interactions below the Coulomb barrier may not be as
sensitive to the depth of the OMP as those above the bar-
rier. For the depths of the imaginary potential, there is
a gradually rising trend as the incident energy decreases.
When the incident energy is below the Coulomb barrier
(~29 MeV), the depth of the imaginary potential begins to
decrease gradually and approaches zero quickly, indicat-
ing that there exists a threshold for reactions to occur. For
the real part depths, it exhibits a bell-shaped curve near the
barrier. These results are very similar to those for the °He
+ 209Bi system, representing a typical abnormal threshold
anomaly phenomenon.

Additionally, the applicability of the dispersion rela-
tion in this system was also investigated. As shown by
the solid line in Fig.3(a), we use a simple linear model to
describe the imaginary potential, the real part is obtained
through the dispersion relation [18], as shown by the solid
curve in Fig.3(b). Comparing with the experimental re-
sults, it is clearly shown that the dispersion relation for
°Li+2%8Pb does not hold, which is also presented in other
weakly bound systems [19, 20].
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The dispersion relation is based on the causality prin-
ciple as manifested in the Kramers-Kronig relation, which
is obtained from Cauchys residue theorem. To satisfy
the derivation conditions, it is required that the complex
plane should contain a series of isolated singularities cor-
responding to the discrete states of interacting nuclear sys-
tems. In the case of exotic nuclear systems, the existence
of a continuum state due to the breakup process clearly
does not satisfy the requirements of the residue theorem.
Therefore, the direct application of the dispersion relation
to exotic nuclear systems is not mathematically rigorous.
It is necessary to found a new relationship that describes
the anomalous behavior between the real and imaginary
potentials of weakly bound nuclear systems with continu-
ous states.

4 Summary and Conclusions

In conclusion, the angular distributions of the transfer re-
action 27Pb("Li,°Li)?®Pb were measured at near-barrier
and sub-barrier energies, as well as the elastic scattering
angle distributions of the entrance channel "Li+2°’Pb. The
optical potential parameters of the weakly bound system
Li+2%8Pb were extracted by fitting the experimental data
within the CRC framework. Preliminary results indicate
that the real and imaginary parts of the optical potential
as functions of bombardment energy exhibited a clear ab-
normal threshold anomaly. Moreover, the classical disper-
sion relation cannot be used to describe the relationship
between the real and imaginary parts. We have discussed
possible reasons for this particular behavior, but further re-
search is needed to uncover the underlying physics.
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