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We study the local dynamic polarization potential, DPP, component of the6He+208Pb interaction generated
by the coupling to breakup channels as calculated using the continuum-discretized coupled-channels(CDCC)
method. The results are for6He at a laboratory energy of 27 MeV. The elastic channelS-matrix is inverted and
the bare potential of the CDCC calculation is subtracted to yield the DPP. This has a very long attractive and
absorptive tail, with the real component extending beyond 40 fm, generated by Coulomb breakup. Although
the long tail of the DPP has a major effect on the elasticS-matrix, it is shallow enough to have a more modest
effect on the root mean square(rms) radius(increased) and the volume integrals. To facilitate comparison with
other theories, the potential tails are fitted to analytic forms.
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I. INTRODUCTION

A full understanding of the interaction between pairs of
nuclei requires an understanding of the contribution of exci-
tation and transfer processes which occur as nuclei interact.
In a recent paper[1] we discussed the local,l-independent
representation of the dynamic polarization potential(DPP)
arising from breakup processes for the case of protons scat-
tering from6He. Such local DPPs are appropriate for evalu-
ating theoretical descriptions of elastic scattering in terms of
folding models with dynamic polarization corrections. In this
paper we present a locall-independent representation of the
DPP generated by projectile breakup for the elastic scattering
of 27 MeV 6He from 208Pb. This DPP is generated with es-
sentially the same model applied[1] to p+6He scattering, but
it has very different properties.

The calculations are conceptually straightforward: The
elastic channelS-matrix, generated by continuum-discretized
coupled-channels(CDCC) calculations of breakup processes,
is subjected toSsld→Vsrd inversion. The bare potential of
the CDCC calculations is then subtracted fromVsrd to yield
the DPP. The inversion is carried out using theiterative-
perturbative, IP, method[2–4], reviewed in[5], which gen-
erally gives reliable potentials at relevant radii.6He+208Pb
elastic scattering presents a very different challenge to IP
inversion to that presented by6He+p scattering, adding to
our general understanding of inversion. IP inversion is imple-
mented in the code IMAGO[6].

II. ELASTIC SCATTERING AND BREAKUP OF 6HE

Of necessity, a highly simplified model of6He is adopted,
but one that appears to provide a useful description of
p+6He scattering, see discussion in[1,7]. The model is es-
sentially that of[1,7], but with the omission of theL=3
continuum and the use of finer momentum bins,Dk

=0.1 fm−1. The model was also employed in calculations[8]
of 6He+208Pb at 29.6 MeV and in calculations[9] of 6He
+209Bi at somewhat lower incident energies, 19.0 and
22.5 MeV. These references present figures showing the ef-
fect of the coupling on the elastic scattering partial differen-
tial cross-section; the effect is similar in the present case, and
not shown here. The fit is qualitative, but no parameters are
adjusted and, as noted above, many reaction channels must
be omitted. The CDCC calculations were performed using
the code FRESCO[10]. All inter-channel couplings are in-
cluded; the importance of this is demonstrated in[1].

Many other reactions beside the breakup contributions
modify the elastic scattering of6He. A full calculation in-
cluding them all, respecting nonorthogonality terms, ex-
change processes, finite range transfer, etc. is a formidable
task, and it could not be an aim of this work to determine the
complete DPP.

Figure 1 comparesSsld from the bare potential with the
CDCC Ssld. The coupling generates a very long absorptive
tail on uSsldu and an even longer attractive tail on argSsld.
Inversion will confirm that the behavior ofSsld when cou-
pling is switched on corresponds to a very shallow but very
long-ranged attractive and absorptive potential. In Sec. V we
make explicit the distinctive contribution of Coulomb exci-
tation.

For l ø18, the coupling increasesuSsldu. This apparently
nonintuitive behavior has precedents and is discussed below.
The effect of breakup onSsld for high l dominates the change
in total reaction cross section which more than doubles from
1764 to 3652 mb.

III. INVERSION OF THE ELASTIC SCATTERING
S-MATRIX

The natural starting potential for the iterative inversion
procedure is the bare potential of the CDCC calculation. We
reconstituted the bare potential by inverting theSsld from a
calculation with coupling switched off. This was then*Electronic address: r.mackintosh@open.ac.uk
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adopted as both the starting potential for subsequent inver-
sions and as the bare potential to be subtracted from the
potentials inverted from the CDCC elastic channelSsld to
give the DPP. Since the DPP is the difference between two
similar potentials, this procedure yields a DPP that is inde-
pendent of any small differences between the way elastic
scattering is calculated in the FRESCO and IMAGO codes.

When using the IP method,Ssld→Vsrd inversion allows
various different choices for the inversion basis[5]. Zero-
order bessel functions were a suitable inversion basis for the
bareSsld, and did work for the full CDCCSsld in spite of the
very large number of active partial waves in this case, far
more than shown in Fig. 1, and the corresponding very long
range of the DPP. Satisfactory inversion required a matching
radius of 100 fm, and the inversion defined the potential out
to this radius. Over 200 partial waves were included. The
inversion was unable to fit certain slight irregularities in
arg Ssld for low l, and this prevented really low values of the
“phase shift distance”[5] being achieved. The irregularities
are possibly due to numerical instabilities in FRESCO aris-
ing from the low incident6He energy. Nevertheless, visually
perfect fits toSsld were achieved over the rest of the range of
l, except for very small oscillations forl .100, where 1
− uSsldu is very small in magnitude. Pursuing closer fits toSsld
leads to oscillatory potentials and we present volume inte-
grals and rms radii for three potentials which give succes-
sively closer fits toSsld at the cost of a small but increasing
degree of oscillatory character. The solution that we have
adopted as the CDCC potential is smoother than another with
a slightly closer fit toSsld; this is more easily seen when we
present the DPPs below(Fig. 5).

In Fig. 2 we compare the adopted CDCC potential with
the bare potential forr ø13 fm. The potential might be sub-
ject to some ambiguity forr ø5 fm, but it is for larger radii
that the potential is of particular interest. In Fig. 3, we

present the potentials between 13 and 40 fm. The imaginary
and, even more, the real components have very long tails
extending well beyond 40 fm. The imaginary tail is absorp-
tive, as expected, and the real is attractive.

The properties of the potentials can be quantified in terms
of the real and imaginary volume integrals per nucleon pair,
JR andJI, and the corresponding rms radii, see Satchler[11].
The calculation of these moments requires care because of
the nature of the long tails. The inverted potentials have very
small amplitude oscillations at the largest radii which are of
concern owing to ther4 factor in the rms integrals. We, there-
fore, integrated out to cutoff radii of 70 fm for the real po-
tential and 40 fm for the imaginary potential, which falls off
more rapidly. These cut-off radii yield stable values of the

FIG. 1. For 27 MeV6He scattering from208Pb, uSsldu (above)
and argSsld (below) with the solid lines representing the uncoupled
(bare potential) S-matrix and the dashed lines representing the full
CDCC calculations.

FIG. 2. Inverted potentials for 27 MeV6He scattering from
208Pb for the radial range out to 13 fm. The solid line is the bare
potential, the dashed line is for the CDCC calculation.

FIG. 3. As for Fig. 2, but covering the range from 13 to
40 fm.
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respective quantities which are presented in Table I. The
three CDCC solutions correspond to successively closer fits
to Ssld, as mentioned above. The potential presented in Figs.
2 and 3 is “CDCC 5.”

Despite the long but shallow attractive and absorptive
tails of the CDCC potentialsJR, JI are less than for the bare
potential. In this sense, the coupling has had a slightly repul-
sive overall effect. Breakup increases the rms radius of the
real component by 2 fm, but this does not give a measure of
the extreme long range of the DPP. Although very shallow,
the long tails lead to the substantial change in form shown by
Ssld in Fig. 1 as well as the doubling of the total reaction
cross section.

IV. PROPERTIES OF DYNAMIC POLARIZATION
POTENTIALS

Subtracting the bare potential from the CDCC potential
yields the DPPs shown in Figs. 4 and 5. The real and imagi-
nary components are comparable in magnitude, a general
property of DPPs. Although very shallow beyond 13 fm,
they have a major influence on scattering.

The real component is attractive in the long tail, becoming
repulsive asr falls below 13 fm and exhibiting oscillations
further in. Such oscillations are not uncommon for a local
l-independent representation of the DPP, which is
l-dependent and nonlocal. The loosely bound6He must dis-
tort as it passes near or through the nucleus, and such distor-
tion amounts to removal from the elastic channel. Insofar as
it regains its shape as it leaves the nucleus, it returns to the
elastic channel, a typical nonlocal effect[12]. The folding
model implies that nonlocality for composite particles is
short range[13], but this applies to exchange nonlocality
arising from the knock-on exchange nonlocality for each
nucleon.

Where the absorption is low, as in the far nuclear surface,
the DPP is expected to be attractive, just as bound state en-
ergies are lowered when components are added. In the pres-
ence of strong absorption, the situation is different. The pro-
jectile propagates in a potential having strong radial
gradients in both the real and imaginary parts. When the
projectile is excited, momentum and angular momentum
matching excitation spread its path; where it passes through a
deeper real potential, it will also be more absorbed. An un-
absorbed projectile, when it re-enters the elastic channel, will
thus have acquired the phase corresponding to a shallower
potential, registering as a repulsive DPP. The importance of
the nature of the imaginary potential in determining the at-
tractive or repulsive nature of the DPP has been discussed in
Ref. [14] and references therein. Similar arguments show
why, contrary to first expectations, coupling can, as here,
lead to reduced absorption.

V. CONTRIBUTION OF COULOMB EXCITATION

We now report earlier calculations, carried out with a
slightly nonoptimal bare potential, that bring out the role of
Coulomb excitation. Figure 6 shows three sets ofS-matrix
elements: for all couplings switched off; with all nuclear

TABLE I. Volume integral per nucleon pairJsMeV fm3d and
rms radii sfmd of the 6He+208Pb effective potentials representing
the one-channel and CDCC calculations. The cut-off radii for the
integrals are 70 fm(real parts) and 40 fm (imaginary parts), see
text.

Case JR Rrms,R JI Rrms,I

Bare 320.41 6.588 57.20 8.323

CDCC, 4 312.68 8.588 54.72 9.132

CDCC, 5 312.51 8.609 54.69 9.135

CDCC, 6 312.20 8.541 52.81 9.112

FIG. 4. For 27 MeV6He scattering from208Pb, the dynamic
polarization potentials for the CDCC inverted potentials of Table I.

FIG. 5. As for Fig. 4, but covering the range from 13 to
40 fm.
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couplings included but with the Coulomb coupling omitted;
and with all couplings included.

Pure nuclear couplingincreasesuSsldu for almost all the
partial waves corresponding to nuclear overlap. The Cou-
lomb coupling generates the long absorptive tail onuSsldu and
even longer attractive tail on argSsld. For l ø12 the Cou-
lomb excitation makes little difference toSsld so the decrease
in absorption for lowl is not related to Coulomb excitation.

The total reaction cross-section with no coupling is
1847 mb. With coupling but without Coulomb excitation, the
total reaction cross-sectionfalls to 1525 mb, corresponding
to the increase inuSsldu over many values ofl. Coulomb
breakup increases the total reaction cross-section to almost
double the original value: 3662 mb.

Displaced Gaussians provided a satisfactory inversion ba-
sis in this case. Although both the bare and inverted poten-
tials are appreciably different from those presented in Sec. II,
the DPPs are virtually identical, and the effect of the full
coupling in Table II is very close to that in Table I. The DPPs

with and without Coulomb excitation are shown in Figs. 7
and 8. Coupling without Coulomb breakup leads to a reduc-
tion in the imaginary potential, in accord with the change in
uSsldu in Fig. 6. The same is true for the full CDCC potential
between 9 and 13 fm, but at smaller radii the potential ex-
hibits a broad oscillation. BothJR and JI are reduced by
coupling when the Coulomb term is omitted, as expected
from Fig. 7.

VI. RELATION TO RECENT WORK

Kakueeet al. [15] have added a dipole Coulomb DPP,
calculated using a semi-classical analytical expression, to a
standard phenomenological potential for the present case.
They show that it makes a substantial contribution to the
elastic scattering angular distribution. Their formalism pre-
dicts that the imaginary potential becomes more important at
higher scattering energies, something we can study in future
work. They have also fitted the elastic scattering by varying
phenomenological parameters, something that is difficult for

TABLE II. Volume integral per nucleon pairJsMeV fm3d and
rms radii sfmd of the 6He+208Pb effective potentials representing
the one-channel and CDCC calculations. The cut-off radii for the
integrals are 70 fm(real parts) and 40 fm (imaginary parts), see
text.

Case JR Rrms,R JI Rrms,I

Bare 319.77 6.576 59.20 8.451

CDCC, No Couex 302.83 6.364 47.25 8.147

CDCC, 1 313.21 8.544 56.37 9.195

CDCC, 2 312.06 8.485 55.34 9.193

CDCC, 3 312.03 8.503 55.21 9.189

FIG. 6. For 27 MeV6He scattering from208Pb, uSsldu (above)
and argSsld (below) with the solid lines representing the uncoupled
(bare potential) S-matrix, the dashed lines representing the cases
with Coulomb coupling omitted, and the dotted lines representing
the full CDCC calculations.

FIG. 7. For 27 MeV6He scattering from208Pb, the dynamic
polarization potentials for the CDCC inverted potentials of Table II.

FIG. 8. As for Fig. 7, but covering the range from 13 to
40 fm.
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us within the framework of a full CDCC calculation. They
find an extremely large diffuseness parameter for the imagi-
nary part. The present work suggests that the phenomeno-
logical potential might best be thought of as having acom-
ponentof long range. We note their remark that there is an
indication that “. . . there are reaction mechanisms that take
flux out of the elastic channels at distances as large as
20 fm. . . an extraordinary result . . .” We agree.

Keeley et al. [9] contains further discussion of the
breakup model that we have used, in particular establishing
the reasonableness of the dipole strength, a critical factor in
determining the magnitude of the long range DPPs. The
6He+208Pb elastic scattering data of Raabe[19] at 29.6 MeV
are rather well described[8] by this breakup model, although
the error bars are rather large. However, the description of
the 27 MeV data of Kakueeet al. [15] is rather less good,
suggesting that the Coulomb breakup component of the
model is too large. This apparent discrepancy between the
two energies could be accounted for by uncertainties in the
position of the LAMP detector, discussed in detail in Kakuee
et al. [15], changing the relative normalization of the forward
and backward angle portions of the angular distribution at
27 MeV (there is an unfortunate gap in the crucial angular
range due to the constraints of the experimental setup). Fur-
ther data will be needed to clarify this issue.

A full comparison with the various semi-classical studies
of Andréset al. [16] and Cantoet al. [17] as well as those of
Kakuee [15] is clearly desirable. Since the dipole DPP is
sensitive to details of the dipole strength function, a full
comparison should involve the same nuclear model; a project
to make such comparisons is clearly a priority for the future.

In the meantime, we have attempted to fit the tails of our
potentials to powers or exponentials. Since there are no cal-
culated errors on our potential, we express the goodness of fit
with the statistical quantityR2, as provided by Excel. The
real potential CDCC-5 is quite well fitted between 17 and

70 fm byVsrd=−1367.5r−3.2851, not exactly the inverse quar-
tic predicted by Loveet al. [18]. The statistical quantityR2

was 0.986, indicating that the potential was well represented
by this function, apart from oscillations in the tail. The real
potential could not be fitted by an exponential. The imagi-
nary part, on the other hand, could not be well-fitted by a
power of r, but was fitted, between 17 and 40 fm, byVsrd
=−3.174 exps−0.2173rd with R2=0.9796, the departure ofR2

from unity being mostly due to oscillations about the expo-
nential form. It would be interesting to include long range
additive terms based on these forms in a phenomenological
approach. There appear to be no semi-classical results relat-
ing to the inner regions of the interaction to which our po-
tential can be compared.

VII. SUMMARY AND CONCLUSIONS

We have presented the local DPP generated by breakup of
6He on 208Pb at a laboratory energy of 27 MeV. The Cou-
lomb contribution to breakup generates a DPP having a very
shallow, very long ranged tail with a major effect onSsld
over many partial waves and increasing the rms radius sub-
stantially. The surface attraction and absorption switch to
repulsion and emissiveness asr falls below 13 fm. This
emissiveness and repulsion in the DPP are not unique to this
case, and are related to the strong absorptiveness of the bare
potential. In principle, the bare potential should be adjusted
to fit the cross-section of the full CDCC calculation but this
was not done; reasonable changes to the bare potential will
not alter the character of the DPP. There are many ways this
work should be extended such as the inclusion of reaction
channels and a more realistic model for6He.

The DPPs presented here show again that it is unphysical
to represent dynamic polarization corrections to folding
model potentials as a multiplicative correction factor.
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