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An analytical expression for the dynamic polarization potential is derived for the elastic scattering of light halo
nuclei in the Coulomb field of heavy targets. The derivation is based on the adiabatic motion of the projectile
below and close to the Coulomb barrier together with a uniform approximation for the Coulomb functions.
Detailed computations have been carried out for the elastic scattering of d + 208Pb and 6He + 208Pb at collision
energies of 8 and 17.8 MeV and are compared with measurements as far as available. The obtained expression
for the dynamic polarization potential is simple and can be applied for any arbitrary system with a dineutron
configuration.
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I. INTRODUCTION

Light halo nuclei are exotic and weakly bound systems that
have attracted a great deal of interest during the past decades.
In particular, neutron-rich nuclei near the drip line provide a
new path for studying nuclear matter and correlations at low
densities. In these nuclei, the halo is often formed by one
or several loosely attached (valence) neutrons with binding
energies of less than 1 MeV and with low angular momenta
(l = 0, 1). Because of their weak binding, the valence neutrons
may extend far out in space and thus help us obtain information
about the (range of) nuclear forces [1–3], neutron-neutron
correlations [1,4–7], or even the (so-called) astrophysical S

factors [8,9] that have been found useful to characterize nuclear
reactions. Today, neutron halos are known not only for a
number of light nuclei, such as 6He, 11Li, and 14Be, but also
for 19C [1,4–6,8–12].

Nuclear scattering and transfer reactions are the main
experimental techniques used to explore the neutron-neutron
correlations and their interaction with the (more or less)
inert core of the nuclei [1,13–15]. Apart from enhanced
reaction cross sections for neutron transfer and some rather
narrow momentum distributions of the reaction products, these
measurements revealed sizable cross sections, especially for
the elastic scattering and the Coulomb dissociation (breakup)
of the halo nuclei in collisions with heavy targets below or close
to the Coulomb barrier. To describe the anomalous behavior
of these light (halo) nuclei, several semiclassical and quantum
mechanical models have been developed that aim for a better
understanding of the correlated motion of the neutrons and
how this is affected by the properties of the nuclear core.
In practice, however, a complete microscopic description has
remained a great (theoretical and computational) challenge,
and typically further approximations are required to deal with
these reactions fully quantum mechanically. For this reason, it
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often appears more efficient to treat the neutron halo, the inert
core, and the target as a three-particle system, within which all
the (nuclear many-body) configurations of the halo nucleus are
taken into account. The main theoretical method that follows
this line is the continuum-discretized coupled channel theory
(CDCC) [16,17] that has been developed recently. Apart from
the discretization of the continuum of the projectiles, this
method even enables one to treat the scattering of a three-body
projectile in the field of the target as an “effective” four-body
system [18,19].

From the viewpoint of semiclassical scattering theory,
three techniques have been applied during the past decade
to describe the electrical polarization as well as the Coulomb
breakup of the neutron halo nuclei. These techniques include
the coupled-channel approach [20], the adiabatic theory
[10,21], and applications of some optical model potential
[22]. In the semiclassical picture, the halo nucleus is hereby
supposed to move along a classical (Rutherford) trajectory in
the external Coulomb field of some heavy target. Emphasis
in most previous work was placed especially on the elastic
scattering of light halo nuclei to explore the structure and
shape of the neutron halos. Much of the recent interest was
focused moreover on finding an optical potential that would
enable one to produce the elastic scattering cross sections in
the strong electric field of heavy targets [15,23]. Although a
number of case studies have been carried out for the Coulomb
breakup and the near-barrier fusion cross section, based on the
time-independent Schrödinger equation for the motion of the
halo nucleus in the Coulomb field of heavy targets [20,23–25],
less attention has been paid so far to improve the optical
potentials available for their elastic scattering.

A first attempt to obtain a dynamic polarization potential
(DPP) was made some years ago by Andres et al. [22], who
applied the semiclassical Coulomb excitation amplitudes to
calculate the scattering of 11Li on 208Pb nuclei at energies
around and above the Coulomb barrier (26 MeV). It should
be noted however that, in their approach, the real polarization
potential was obtained from the behavior of the imaginary
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potential at the given projectile energy and as function
of the dipole excitation energy. Therefore, the polarization
potential was quite sensitive with regard to uncertainties
in the distribution of the dipole strength. More recently
Sanchez-Benitez et al. [14] have described the scattering
of 6He on 208Pb nuclei at energies around the Coulomb
barrier by using the prescription developed in Ref. [22].
To reproduce the experimental data, however, a very large
(so-called) diffuseness parameter ai (2.21 fm) was needed
for the imaginary part of the potential, which appears to be
rather unusual. Later, Moro et al. [26] also applied the CDCC
approach to describe the elastic scattering of 6He. In that work,
the 6He + 208Pb interaction potential was obtained from the
interactions between the dineutron and the target as well as
the α-like core and the target, and this was folded with some
internal function from the 6He projectile. However, to make the
rms point nucleon matter radius consistent with the value from
the three-body calculation, they needed to set the two-neutron
separation energy to a rather unrealistic value.

A different viewpoint in obtaining a DPP for the elastic
scattering of light halo nuclei in the Coulomb field of heavy
targets is taken by the adiabatic model, which was developed
recently by us [21]. In this model, the internal motion of the
halo nucleus is assumed to be fast when compared with its
motion through the Coulomb field of the target. With this
assumption in mind, we derived an implicit equation for the
DPP that is independent of any parameter (other than it is
required to describe the scattering process) and can be applied
for the scattering of any dineutron configuration. So far,
however, this implicit equation could not be solved analytically
but had to be obtained numerically by using a quasiclassical
approach. In the present work, an analytical expression for the
DPP is derived in terms of the Airy functions. This expression
is based on the adiabatic and the uniform approximations
for the elastic scattering of light deuteron-like nuclei in the
Coulomb field of heavy targets. In fact, this potential can be
applied for any light and weekly bound system with a dineutron
configuration and may be utilized also for light neutron halo
nuclei.

The paper is organized as follows. In the next section, we
shall start from the Schrödinger equation of the dineutron
halo in the Coulomb field of the target and first divide this
equations in two: one equation for the center-of-mass motion
along the Rutherford trajectory and a second one for describing
the internal motion of the halo nucleus (Sec. II A). From the
“coupling” of these equations, an expression is then obtained
for the DPP in Sec. II B by using the uniform approximation for
the internal motion of the projectile. This analytical form of the
polarization potential is later utilized in Sec. III to calculate
the elastic angle-differential cross sections for the collision
of low-energy 6He ions with 209Bi and 208Pb targets. Good
agreement is found with recent experiments [13,15]. Finally,
a brief summary is given in Sec. IV.

II. THEORY

To describe the elastic scattering of neutron-halo nuclei in
the Coulomb field of heavy targets below and close to the

Coulomb barrier, let us assume for the projectile a deuteron-
like structure in which the neutral halo (“neutron”) with mass
mn revolves around the charged core (“proton”) with mass
mp and charge Zp. In this simplified picture, the total mass
of the halo nucleus (“deuteron”) is md � mn + mp, while the
(binding) energy needed to break the halo nucleus into its
“proton” and “neutron” clusters is supposed to be

ε0 = −h̄2α2

2µ
,

with µ = mnmp/md being the reduced mass as associated
with the relative motion of the neutron halo and the core.
For the target, moreover, we shall assume in the following a
heavy and (nearly) magic nucleus with mass MT � md and
charge ZT � 1. This latter assumption is made to allow us to
neglect the effects of the Coulomb excitation of the target right
from the beginning since, for nearly magic nuclei, their lowest
excited levels are typically well separated from the ground
state. This assumption seems justified, especially for the two
scattering systems d + 208Pb and 6He + 208Pb we consider in
the following, but it is appropriate also for various other targets.
For the sake of completeness, in addition, Table I displays the
masses and constants that were utilized in the computations in
the following.

For the following, moreover, we assume the target nucleus
at the origin of the coordinate system and introduce the
center-of-mass coordinate R and the relative position (vector)
r between the core and the halo as

R = µ

mp

rn + µ

mn

rp, r = rn − rp, (1)

where rn and rp denote the position vectors of the neutral
halo and the charged core, respectively. Figure 1 displays
these coordinates, which are appropriate to describe both the
polarization as well as a breakup of the projectile during its
semiclassical motion along some Coulomb trajectory with
given scattering angle θ .

A. Dynamic polarization of the projectile

In the course of the scattering of halo nuclei, as discussed
previously [21], the Coulomb field of the target affects the
projectile in two different ways while moving along the
trajectory. Apart from a polarization of the mass and charge
distribution of the halo nucleus, the target field may eventually
also cause a breakup of the projectile into its charged core
and the neutral halo. Both effects can be taken into account
for sufficient low collision energies by applying the adiabatic

TABLE I. Characteristic constants for describing the scattering
of deuterons and 6He in the Coulomb field of heavy targets as utilized
in the computations in the following.

ε0 (MeV) mn (amu) mp (amu) md (amu) µ (amu) Zp

d −2.23 1 1 2 1/2 1
6He −0.975 2 4 6 4/3 2
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FIG. 1. (Color online) Coordinates to describe the elastic scat-
tering of a halo nucleus in the Coulomb field of a heavy target with
charge ZT and mass MT � md . The deuteron-like projectile with
mass md is formed by a charged core p (“proton”) and a neutral halo
n (“neutron”). See text for further details.

approximation

� (r, R) ≈ χ (R) ϕ+(r, R) (2)

and by introducing a dynamic (Coulomb) polarization po-
tential δV (R). Indeed, such a potential arises naturally if
we assume that the (internal) motion of the halo nucleus
is fast compared with the motion of the projectile through
the Coulomb field of the target, so that the relative distance
between the projectile and target enters the internal motion of
the halo nucleus only parametrically.

By making use of this “adiabaticity,” it was shown [21] that
the Schrödinger equation for the total system,

(H0 − E) � (r, R) = �V (r, R)� (r, R) , (3)

can be separated into two (parametrically coupled) equations,
one for the center-of-mass motion of the halo nucleus along
the Rutherford trajectory, χ (R), and a second equation,

(T̂r − �V (r, R) + Vnp(r))ϕ+(r, R) = [ε0 + δV (R)]ϕ+(r, R),

(4)

for its relative motion, where the total energy of the halo
nucleus E = Ed + ε0 is the sum of the (asymptotic) kinetic
energy Ed and the binding energy ε0 of the projectile. In these
equations, moreover, T̂r = −h̄2�r/2µ denotes the kinetic
energy (operator) for the relative motion of the neutron halo
and the charged core and Vnp(r) is the (well-known nuclear)
Hulthen potential for the deuteron-like halo [27]. The Hulthen
potential assumes a special form for the “neutron-proton”
interaction with an rather narrow and deep trough. The
potential between the target and projectile,

�V (r, R) = ZpZT e2/R − ZpZT e2/rp

= ZpZT e2[1/R − 1/|R − µ/mpr|], (5)

includes moreover the deviation from a pure Coulomb field
owing to the internal structure of the halo nucleus.

As seen from Eq. (4), the wave function for the relative
motion of the projectile, ϕ+(r, R), depends parametrically

on the center-of-mass coordinate R and is associated with
the “energy” [ε0 + δV (R)], in which the binding between the
neutron halo and the charged core is modified by the Coulomb
field of the target which leads to appear (complex) potential
δV (R) (with |δV (R)/ε0| � 1), to account for the polarization
of the projectile by the target. Moreover, by applying the
zero-range approximation to the term

Vnp(r) ϕ+(r, R) ≈ −2πh̄2

µ

( α

2π

) 1
2
δ(r) (6)

it was shown in Ref. [21] that the polarization potential obeys,
along with the Coulomb-Green’s propagator H+

0 , the equation

µ

mp

k(R)

{
H+′

0 (ρ)F
′
0(ρ) −

(
2η

ρ
− 1

)
H+

0 (ρ)F0(ρ)

}
= −α,

(7)

where k(R) =
√

(2m2
p/h̄2µ)[ZpZT e2/R + ε0 + δV (R)] is the

wave number of the charged core in the field of the target,
η = (m2

p/µ)ZT Zpe2/h̄2k(R) is the Sommerfeld parameter,
and the prime denotes the derivative with respect to ρ ≡
k(R)R. Furthermore, the Coulomb-Green’s propagator H+

0 =
iF0 + G0 is known to consist of the regular Coulomb function
[28]

F0(η, ρ) = C0(η) ρe−iρ M(1 − iη, 2, 2iρ) (8)

at the origin and the irregular Coulomb function

G0(η, ρ) = iF0(η, ρ) + e
πη

2 −iσ0Wiη,1/2(2iρ), (9)

where, within the definition of these functions, we have

C0(η) = e− πη

2 |
(1 + iη)|,
exp(iσ0) = 
(1 + iη)

|
(1 + iη)| .

In these expressions, finally, M(a, b, z) denotes the confluent
hypergeometric function of the first kind, Wa,b(z) denotes the
Whittaker function, and 
(z) denotes the gamma function,
respectively. Let us note here that Eq. (7) is free of any
additional parameter, apart from those that are needed to
describe the energy and impact parameter of the projectile,
and may hence be utilized to obtain an (analytic) solution for
the elastic scattering of the halo nuclei in the Coulomb field of
heavy targets.

B. Analytic expression of the dynamic polarization potential

In our previous work [21], the transcendental equation
[Eq. (7)] was solved numerically for every distance R to
determine the elastic scattering of 6He + 209Bi at collision
energies between 14.7 and 19.1 MeV. Especially Newton’s
method was applied for solving the complex-valued first-order
differential equation [28], which often results in quite tedious
computations. In the present work, we now derive an approxi-
mate analytical expression for this DPP δV (R) by making use
of the uniform approximation for the internal motion of the
projectile. In this approximation, the Coulomb wave function
in Eq. (7) is written in terms of the Airy functions whose
argument contains the integral over the Coulomb action. In
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FIG. 2. (Color online) Dynamic polarization potential δV (R)
as a function of the action integral S(R, η) if calculated at the
same center-of-mass coordinate R. Results are shown for the exact
value of δV (R) as obtained from the numerical solution of Eq. (7)
for the elastic scattering of 6He + 208Pb (—) and d + 208Pb nuclei
(- - -), respectively. The potential is displayed in units of the binding
energy of the halo nucleus; the action integral is calculated in units
of Planck’s constant. See text for further discussions.

more detail, the expression for the Coulomb action integral is
defined as

S(R, η) =
∫ 2η

0<ρ<2η

√(
2η

ρ
− 1

)
dρ, (10)

with ρ = k(R)R = ρ[δV (R, η)]. However, to make use of this
action integral, we first need to know how S(R, η) is related
to the polarization potential δV (R, η). This relation can be
found if we compute and display both the action integral
in Eq. (10) and the polarization potential as functions of
the center-of-mass coordinate R, where the δV (R, η) was
obtained from the implicit Eq. (7). Figure 2 displays the
polarization potential δV (R)/ε0 for the elastic scattering of
6He + 208Pb and d + 208Pb nuclei as a function of the action
integral if calculated for the same value of R. In this figure,
the computations were performed for the projectile energies
E

6He
d = 17.8 MeV and Ed

d = 8 MeV (i.e., just below of the
Coulomb barrier). Moreover, the potential is displayed in units
of the corresponding binding energies of −0.975 MeV for
6He as observed experimentally [29] and of −2.23 MeV for
deuterium [30] (cf. Table I), whereas the action integral is
calculated in units of Planck’s constant.

Figure 2 demonstrates that the dynamic polarization po-
tentials for the elastic collisions 6He + 208Pb and d + 208Pb
are rather close to each other below the Coulomb barrier.
Deviations from each other mainly occur for the real part of the
polarization potential at small values of S (i.e., in the region of
the Coulomb barrier where we cannot neglect nuclear forces).
In fact, this independence of the DPP on the particular collision
system below and close to the Coulomb barrier enables us to
derive an analytical expression for the polarization potential
without needing to know the properties of the collision partners
in great detail.

To find the dependence of the implicit Eq. (7) on the
Coulomb action S(R, η), we first need to express this equation
in terms of δV (R) and ε0. In practice, this is possible only
in an approximate way [since there is no direct dependence
between Eq. (7) and the Coulomb action S(R, η)], for instance,

by making use of the criterion∣∣∣∣δV (R)

ε0

∣∣∣∣ � 1 (11)

from the adiabatic model. To rewrite the implicit Eq. (7) in a
form that is appropriate for the future analysis of the relation
between Eq. (7) and the Coulomb action integral S, let us
introduce the function

f (R) = 1 − D

(
2η

ρ
− 1

)−1/2

, (12)

where the expression

D =
(

2η

ρ
− 1

)
H+

0 (ρ)F0(ρ) − H+′
0 (ρ)F

′
0(ρ).

With this definition at hand, Eq. (7) can be written as

µ

mp

k(R)

α

(
2η

ρ
− 1

)1/2

{1 − f (R)} = 1. (13)

Moreover, using the definition of ρ and the Sommerfeld
parameter η from before, we see that their ratio is

2η

ρ
= ZpZT e2

R

1
ZpZT e2

R
+ ε0 + δV (R)

, (14)

and by substituting Eq. (14) into Eq. (13) and making use of
α and the wave number k(R) of the charged core in the field
of the target, we can therefore rewrite the implicit equation
for the dynamic Coulomb polarization potential δV (R) in the
form √

1 + δV (R)

ε0
{1 − f (R)} = 1. (15)

It is Eq. (15) from which we can easily find the dependence
of these equations on the Coulomb action integral. For an
adiabatic motion of the projectile for which the criterion of
Eq. (11) is satisfied, the function f (R) → 0 if R � Rt , that is,
for all distances far away from the classical Coulomb turning
point Rt . To understand how well the function f (R) from
Eq. (15) can be approximated by a uniform approximation,
Fig. 3 shows the function f0 = f |δV =0 for the elastic
scattering of 6He + 208Pb and for d + 208Pb if expressed in
terms of Coulomb action integral [Eq. (10)]. For all values
of this integral with S � 1/3, the real part of the function f0

FIG. 3. (Color online) Function f0 ≡ f |δV =0 for the elastic
scattering of 6He + 208Pb (—) and d + 208Pb nuclei (- - -) as functions
of the action integral S. The notation is the same as in Fig. 2.
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depends very smoothly on S, whereas the imaginary part of
f0 displays an exponential decay for all S with f0 ≈ 0 for
S � 0.5. This behavior of f0 therefore shows that the adiabatic
approximation also works in the region where the uniform
approximation is to be applied for the Coulomb functions in
Eq. (12) to obtain an analytical form for δV (R).

In the uniform approximation (e.g., for the Sommerfeld
parameter η � 1), the regular and irregular Coulomb functions
in Eqs. (8) and (9) can be expressed in terms of the
Airy functions Ai(σ ) and Bi(σ ), respectively [28]. In this
approximation, for example, the function F0(η, ρ) is written
as [31]

F0(ρ) � √
πσ

1
4

(
2η

ρ
− 1

)− 1
4

Ai(σ ), (16)

while its derivative becomes

F
′
0(ρ) �

(
2η

ρ
− 1

) 1
2

[1 − a(σ ) + h(ρ)] F0(ρ), (17)

and where we have utilized the short-hand notation

a(σ ) = 1 + Ai
′
(σ )

σ
1
2 Ai(σ )

+ 1

4σ
3
2

,

h(ρ) = 1

8η

(
2η

ρ

)2 (
2η

ρ
− 1

)− 3
2

, (18)

σ =
(

3

2
S

) 2
3

.

Similarly, the irregular Coulomb function G0(η, ρ) in Eq. (9)
is given in the uniform approximation by [31]

G0(ρ) � √
πσ

1
4

(
2η

ρ
− 1

)− 1
4

Bi(σ ), (19)

with the derivative

G
′
0(ρ) � −

(
2η

ρ
− 1

) 1
2

[1 − g(σ ) − h(ρ)] G0(ρ), (20)

and with

g(σ ) = 1 − Bi
′
(σ )

σ
1
2 Bi(σ )

− 1

4σ
3
2

.

With these expressions substituted into the differential equa-
tion (15), indeed, an (approximate) solution is much simpler to
obtain than for the exact equation. Following the work of Berry
and Mount [31], we have that the uniform approximation to
the Coulomb functions is valid for

ε(ρ) =
∣∣∣∣∣
(

2η

ρ
− 1

)−1 (
dσ

dρ

) 1
2 d2

dρ2

(
dσ

dρ

)− 1
2

∣∣∣∣∣ � 1, (21)

Figure 4 displays the value ε[ρ(R)] as a function of the center-
of-mass coordinate R for the elastic scattering of 6He + 208Pb
and for d + 208Pb, respectively. As seen from this figure,
the uniform approximation [Eqs. (16)–(20)] of the Coulomb
functions is useful and appropriate for all values R of the
center-of-mass coordinate, including even the region around
the classical turning points at Rd

t ≈ 10 fm and R
6He
t ≈ 15 fm,

FIG. 4. (Color online) The criterion of Eq. (21) as a function of
the center-of-mass coordinate R. Results are shown for the elastic
scattering of 6He + 208Pb (—) and for d + 208Pb nuclei (- - -).

respectively. Note that Eqs. (16)–(20) are very similar also to
the quasiclassical expressions for the Coulomb functions in
Ref. [28].

Now, let us return to the DPP δV (R). If we expand the
left-hand side of Eq. (15) in powers of the small parameter
δV (R)/ε0 up to first order, we obtain(

1 + δV (R)

2ε0

)
= 1 − Ref (R) − i Imf (R). (22)

From this expression, we can construct Ref (R) and Imf (R) ·
exp(2S) by using Eqs. (16)–(20), and both functions are
found to behave smoothly with regard to the Coulomb action
(variable) S. Because of this smooth behavior and since the
adiabatic criterion [Eq. (11)] applies for (almost) all R, we
finally obtain

Ref (R) = Ref (R)|δV =0 � Ref0(R), (23)

Imf (R) � Imf0(R) − 2Imf0(R)

(
dS

dδV (R)

)
δV =0

δV (R).

(24)

By substituting Eqs. (23) and (24) into Eq. (22), the DPP
takes the form

δV (R) � 2ε0
Ref0(R) + iImf0(R)

1 + 2iS
′
0ε0Imf0(R)

, (25)

where S0 = S |δV =0 and the derivative of the Coulomb action
integral with respect to the DPP at the point δV = 0 is given
by

S
′
0 = 2

(
dS

dδV (R)

)
δV =0

= 1
ZpZT e2

R

2η

ρ

(
S0 + 2ρ

√
2η

ρ
− 1

)
. (26)

This (analytical) approximate expression for the DPP is the
main result of this work; this expression can be utilized if the
neutron halo nucleus (or the deuteron) follows adiabatically
a Rutherford trajectory within a strong Coulomb field. Let us
emphasize here that this DPP has been obtained without any
multipole expansion of the projectile-target interaction.

The expression for the polarization potential [Eq. (25)] has
been utilized to calculate the elastic scattering of both the
deuteron and 6He on 208Pb nuclei as functions of the projectile-
target separation R. In Fig. 5, we display the real and imaginary
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FIG. 5. (Color online) Dynamic polarization potential δV (R) as
functions of the projectile-target separation R. Comparison is made
between the (numerically) exact value δV (R) (—) from the implicit
Eq. (15) and the approximate analytical expression [Eq. (25)]. Results
are shown for (a) the scattering of d + 208Pb at the collision energy
Ed

d = 8 MeV and for (b) 6He + 208Pb at the energy E
6He
d = 17.8 MeV.

All potentials are displayed in units of the binding energy of the
corresponding projectile.

parts of this potential in units of binding energy of the
corresponding projectiles. In both cases, the calculations were
performed just below of the Coulomb barrier (i.e., at Ed

d =
8 MeV and E

6He
d = 17.8 MeV, respectively). Comparison is

made in this figure between the—numerically—exact value
(solid line) from Eq. (15) and the approximate analytical
expression (dashed line) for δV (R) from Eq. (25). Note that
both approximations for the polarization potential coincide for
all R > Rt larger than the classical Coulomb turning points,
which are Rd

t = 8 fm for d + 208Pb and R
6He
t = 15 fm for

6He + 208Pb, respectively. For similar reasons, we also have a
very good agreement for the Coulomb action integral S � 1/3
between its numerical and analytical treatment at R > Rt .
However, although the modulus of the potential is small, the
real and imaginary parts of the polarization potential show
a long-range behavior. It is this behavior of the interaction
potential between a deuteron-like nucleus and a heavy target
that may be one of the causes for the rather large and atypical
(radii and diffuseness) parameters of the optical potential in the
scattering treatment of Ref. [13]. Let us note, moreover, that the
DPP in our computations was obtained by taking into account
only the Coulomb interaction between the target and the
projectile. As shown in Ref. [15], however, there might be other
sources that contribute to the DPP apart from the Coulomb
interaction between 6He and 208Pb. Further theoretical analysis
will be required to better understand all the physical reasons
that may affect the DPP in the scattering of halo nuclei.

III. CALCULATION OF THE ELASTIC CROSS SECTIONS
FOR 6He

Using the analytic expression for the DPP [Eq. (25)],
we can predict the theoretical cross sections for the elastic
scattering of 6He + 208Pb at energies below and close to the
Coulomb barrier (∼20 MeV). For this, we apply δV (R) as an
optical potential (without any need of introducing additional
parameters) and calculate the differential cross section for the
elastic scattering of a 6He under the assumption that the 6He
nucleus consists of a α-like core and a dineutron halo. Figure 6

FIG. 6. (Color online) Elastic angle-differential cross sections for
the collision of low-energy 6He + 208Pb nuclei as a function of the
scattering angle θ in the center-of-mass frame. The cross sections
are taken relative to the cross sections of pure Rutherford scattering
for a projectile with mass md and charge Zp and are shown for two
collision energies as observed experimentally [15].

displays the (ratio of the) cross sections (dσel/dθ )/(dσRuth/dθ )
for the elastic scattering of 6He + 208Pb target nuclei as a
function of the scattering angle, relative to the cross section
for pure Rutherford scattering of the projectile with mass md

and charge Zp. In this figure, the Rutherford cross section
therefore appears as a straight (constant) line. For the two
projectile energies Ed = 14 and 16 MeV, which are just below
of the Coulomb barrier, our predictions for the differential
cross sections are compared also with the recent measurement
by Sanchez-Benitez et al. [15] for which the 6He beam was
produced by the Cyclotron at the Centre de Recherches du
Cyclotron at Louvain-la-Neuve, Belgium [32].

Deviations from a purely Rutherford cross section occur
for several reasons: Although, at small angles, these deviations
can be explained by the so-called electric polarization of the
projectile [33], the decrease at larger angles (in the backscat-
tering) mainly arise from the Coulomb breakup of the 6He
halo nuclei, which increases because of the strong Coulomb
field. Overall a very good agreement is found between our
theoretical predictions and the experiments, in particular at
small angles (θc.m. = 20◦–64◦). A slight overestimation of the
cross section occurs at the energy E

6He
d = 14 MeV for large

angles, which means that the probability for a breakup of
6He is somewhat smaller at this energy than described by the
DPP δV . However, the measured cross sections are slightly
underestimated at large scattering angles for E

6He
d = 16 MeV.

This underestimation relates perhaps to the nuclear interaction
between target and projectile. In the future, we therefore plan
to include an additional bare interaction that accounts for these
nuclear effects.

IV. CONCLUSIONS

In summary, the elastic scattering of deuteron and light
halo nuclei in the (Coulomb) field of heavy targets has been
investigated for collision energies below and close to the
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Coulomb barrier. By assuming an adiabatic approach for the
internal halo-core motion of the projectile along a classical
Rutherford trajectory, emphasis was placed on deriving an
analytical expression for the (dynamic) polarization potential.
Apart from the elastic scattering of the projectiles, this
potential enables one to describe the internal dynamics of
the halo nucleus, including its (electrical) polarization and
breakup. The dynamic polarization potential can be applied
for any arbitrary system with a dineutron configuration. For a
strong enough Coulomb field, this potential may describe also
the breakup of the “deuteron-like” projectile into its neutron
and proton parts. In particular, it has been shown that the
asymmetry of the halo nuclei leads to a considerable decrease
in the (elastic) scattering cross section at large scattering
angles.

To derive the dynamic polarization potential, we utilized the
uniform approximation for the Coulomb functions apart from
the adiabatic motion of the projectiles along their trajectory.
The obtained expression shows a long-range behavior for the
dynamic polarization potential, although the modulus of both

its real and imaginary part is small. This long-range behavior
of the potential is expected to be the main reason for the
rather large (and atypical) diffuseness parameter that occurs
in the optical potential for elastic scattering [13]. But further
theoretical analysis is likely required to understand all sources
of the DPP. Detailed computations have been carried out in this
work for the elastic scattering of d + 208Pb and 6He + 208Pb
at collisions energies of 8 and 17.8 MeV, respectively. The
theoretical cross sections predicted from the model agree well
with the measurements by Sanchez-Benitez and co-workers
(cf. Fig. 6) and, hence, make a dineutron configuration very
likely for the ground state of the 6He halo nucleus. No
additional parameters were needed to explain the deviations
from the Rutherford cross section.
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