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Breakup dynamic polarization potential for °He+2%Pb at 27 MeV
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We study the local dynamic polarization potential, DPP, component diHke-2%b interaction generated
by the coupling to breakup channels as calculated using the continuum-discretized coupled-gaD@GE)s
method. The results are ffHe at a laboratory energy of 27 MeV. The elastic charSelatrix 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 elaStinatrix, it is shallow enough to have a more modest
effect on the root mean squains) radius(increasegland the volume integrals. To facilitate comparison with
other theories, the potential tails are fitted to analytic forms.
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I. INTRODUCTION =0.1 fm. The model was also employed in calculati¢8
A full understanding of the interaction between pairs ofmt ‘He+*Pb at 29.6 MeV and in calculatior(§] of °He
. . 9 . ween p +29Bj at somewhat lower incident energies, 19.0 and
nuclei requires an understanding of the contribution of exci- ' .
) . S 2.5 MeV. These references present figures showing the ef-
tation and transfer processes which occur as nuclei interacf, ) ) . s
. ; ect of the coupling on the elastic scattering partial differen-
In a recent papefl] we discussed the locakindependent . T Tom T 2eE
tial cross-section; the effect is similar in the present case, and

representation of the dynamic polarization potent@PP) o .
oy not shown here. The fit is qualitative, but no parameters are
arising from breakup processes for the case of protons scat-;. )
; 6 ; adjusted and, as noted above, many reaction channels must
tering from°He. Such local DPPs are appropriate for evalu-

. . - . N e omitted. The CDCC calculations were performed using
ating theoretical descriptions of elastic scattering in terms o he code FRESCQ10]. Al inter-channel couplings are in-
folding models with dynamic polarization corrections. In this i . ) g piing

. cluded; the importance of this is demonstratedlin
paper we present a Iopaindependent representation of th(_a Many other reactions beside the breakup contributions
DPP generated by projectile breakup for the elastic scatterlnrq,]Odify the elastic scattering dHe. A full calculation in-
of 27 MeV ®He from 2%Pb. This DPP is generated with es- '

. . 5 : cluding them all, respecting nonorthogonality terms, ex-
_sentlally the same model applleﬁj to p+"He scattering, but change processes, finite range transfer, etc. is a formidable
it has very different properties.

The calculations are conceptually straightforward: Thetask, and it could not be an aim of this work to determine the

elastic channeb-matrix, generated by continuum-discretized complete DPP.

! ) Figure 1 compare§(l) from the bare potential with the
coupled-channelgCDCC) calculations of breakup processes, CDCC S(1). The coupling generates a very long absorptive
is subjected tdS(l) —V(r) inversion. The bare potential of il on |S(I)I| and an Zve?w ?on or attractiveytail %n gg)p
the CDCC calculations is then subtracted froim) to yield Inversion will confirm that theg behavior &) when COL.I-
the DPP. The inversion is carried out using titerative- S :
perturbative IP, method[2—4], reviewed in[5], which gen- pling is switched on corresponds t_o a very s_hallow but very
erally gives reliable potentials at relevant radiie +2%8Pb long-ranged attractive and absorptive potential. In Sec. V we

elastic scattering presents a very different challenge to “g1ake explicit the distinctive contribution of Coulomb exci-

inversion to that presented ByHe +p scattering, adding to tation.

our general understanding of inversion. IP inversion is imple- F_or |§_ 18, the c_:oupllng increaseSy()). Th|s_apparently
mented in the code IMAGQ6]. nonintuitive behavior has precedents and is discussed below.

The effect of breakup o8(1) for high| dominates the change

6 in total reaction cross section which more than doubles from
Il. ELASTIC SCATTERING AND BREAKUP OF °HE 1764 to 3652 mb.

Of necessity, a highly simplified model Bifle is adopted,
but one that appears to provide a useful description of

p+®He scattering, see discussion[ih7]. The model is es- IIl. INVERSION OF THE ELASTIC SCATTERING
sentially that of[1,7], but with the omission of thé.=3 S-MATRIX
continuum and the use of finer momentum binsk The natural starting potential for the iterative inversion

procedure is the bare potential of the CDCC calculation. We
reconstituted the bare potential by inverting B¢ from a
*Electronic address: r.mackintosh@open.ac.uk calculation with coupling switched off. This was then
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FIG. 1. For 27 MeVPHe scattering fronf%Pb, |S(1)| (above FIG. 2. Inverted potentials for 27 MeSHe scattering from

and argS(l) (below with the solid lines representing the uncoupled 2080y, o the radial range out to 13 fm. The solid line is the bare
(bare potenna)l_Smatrlx and the dashed lines representing the fu"potential, the dashed line is for the CDCC calculation.
CDCC calculations.

i , . present the potentials between 13 and 40 fm. The imaginary
a_dopted as both the starting p_otentlal for subsequent invelq even more, the real components have very long tails
sions _and as the bare potential to be s_ubtracted from th@xtending well beyond 40 fm. The imaginary tail is absorp-
potentials inverted from the CDCC elastic chan&) to e as expected, and the real is attractive.
give the DPP. Since the DPP is the difference between two The properties of the potentials can be quantified in terms
similar potentials, this pr_ocedure yields a DPP that is |nde_bf the real and imaginary volume integrals per nucleon pair,
pender_lt of any small @fferences between the way elast|gR andJ,, and the corresponding rms radii, see Satcf4f.
scattering is calculated in the FRESCO and IMAGO codes.The calculation of these moments requires care because of

When using the IP method(1) —V(r) inversion allows  the nature of the long tails. The inverted potentials have very
various different choices for the inversion bafi§. Zero-  small amplitude oscillations at the largest radii which are of
order bessel functions were a suitable inversion basis for thgoncern owing to the? factor in the rms integrals. We, there-
bareS(l), and did work for the full CDCCS(l) in spite of the  fore, integrated out to cutoff radii of 70 fm for the real po-
very large number of active partial waves in this case, fatential and 40 fm for the imaginary potential, which falls off

more than shown in Fig. 1, and the corresponding very longnore rapidly. These cut-off radii yield stable values of the
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 S(1) for low I, 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 incidenfHe energy. Nevertheless, visually
perfect fits toS(l) were achieved over the rest of the range of
[, except for very small oscillations fdr>100, where 1
-|S(1)| is very small in magnitude. Pursuing closer fits3t)
leads to oscillatory potentials and we present volume inte-
grals and rms radii for three potentials which give succes-
sively closer fits taS(1) 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

Redl potential

Imag potential

a slightly closer fit toS(1); this is more easily seen when we s 20 25 30 35 40
present the DPPs beloi@#ig. 5). r (fm)
In Fig. 2 we compare the adopted CDCC potential with — ESEE
the bare potential for=<13 fm. The potential might be sub-
ject to some ambiguity for=5 fm, but it is for larger radii FIG. 3. As for Fig. 2, but covering the range from 13 to

that the potential is of particular interest. In Fig. 3, we 40 fm.
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TABLE I. Volume integral per nucleon paif(MeV fm3) and ]
rms radii (fm) of the ®He +2%%Pb effective potentials representing 0.2
the one-channel and CDCC calculations. The cut-off radii for the ]

= 014
integrals are 70 fm(real party and 40 fm(imaginary party see 2 ]
text. > 0.0
Case Jr ers,R J, ers,l _0'1_; Real potential
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 E
CDCC, 6 312.20 8.541 52.81 9.112 >
=
[

D) Imag potential

respective quantities which are presented in Table I. The

three CDCC solutions correspond to successively closer fits 15 20 25 30 35 40

to S(I), as mentioned above. The potential presented in Figs. r (fm)

2 and 3 is “CDCC 5.” T oo
Despite the long but shallow attractive and absorptive —-— DpPé

tails of the CDCC potentialdg, J; are less than for the bare o 5 5o ¢, Fig. 4, but covering the range from 13 to
potential. In this sense, the coupling has had a slightly repulzf0 fm

sive overall effect. Breakup increases the rms radius of the '

real component by 2 fm, but this does not give a measure of . o ) ]
the extreme long range of the DPP. Although very shallow, 1he real componentis attractive in the long tail, becoming
the long tails lead to the substantial change in form shown byePUISive as falls below 13 fm and exhibiting oscillations

Sl in Fig. 1 as well as the doubling of the total reaction urther in. Such oscillations are not uncommon for a local
cross section I-independent representation of the DPP, which is

I-dependent and nonlocal. The loosely boGkig 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

Subtracting the bare potential from the CDCC potentialelastic channel, a typical nonlocal effgd2]. The folding
yields the DPPs shown in Figs. 4 and 5. The real and imagimodel implies that nonlocality for composite particles is
nary components are comparable in magnitude, a generghort range[13], but this applies to exchange nonlocality
property of DPPs. Although very shallow beyond 13 fm, arising from the knock-on exchange nonlocality for each
they have a major influence on scattering. 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-
N 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
Imag potential why, contrary to first expectations, coupling can, as here,
lead to reduced absorption.

IV. PROPERTIES OF DYNAMIC POLARIZATION
POTENTIALS

Real potential

r (fm) V. CONTRIBUTION OF COULOMB EXCITATION

o DPPS We now report earlier calculations, carried out with a
slightly nonoptimal bare potential, that bring out the role of

FIG. 4. For 27 MeVPHe scattering from?®®Pb, the dynamic Coulomb excitation. Figure 6 shows three setsSehatrix
polarization potentials for the CDCC inverted potentials of Table I.elements: for all couplings switched off; with all nuclear
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FIG. 7. For 27 MeVPHe scattering fron?®®b, the dynamic
polarization potentials for the CDCC inverted potentials of Table II.

FIG. 6. For 27 MeVPHe scattering fron?%Pb, |(1)| (above . . . -
and argS(l) (below) with the solid lines representing the uncoupled with and W'thOUt (_Zoulomb excitation are shown in Figs. 7
(bare potentigl Smatrix, the dashed lines representing the casesa,nd 8. Coupling without Coulomb breakup leads to a reduc-

with Coulomb coupling omitted, and the dotted lines representindiOn in the imaginary potential, in accord with the change in
the full CDCC calculations. S()| in Fig. 6. The same is true for the full CDCC potential

between 9 and 13 fm, but at smaller radii the potential ex-

d.hibits a broad oscillation. Botllg and J, are reduced by
"coupling when the Coulomb term is omitted, as expected
from Fig. 7.

couplings included but with the Coulomb coupling omitte
and with all couplings included.

Pure nuclear couplingncreases|S(l)| for almost all the
partial waves corresponding to nuclear overlap. The Cou-
lomb coupling gene.rates fthe long absorptive tai|$h)| and V1. RELATION TO RECENT WORK
even longer attractive tail on afl). For <12 the Cou-
lomb excitation makes little difference &l) so the decrease =~ Kakueeet al. [15] have added a dipole Coulomb DPP,
in absorption for lowl is not related to Coulomb excitation. calculated using a semi-classical analytical expression, to a

The total reaction cross-section with no coupling isstandard phenomenological potential for the present case.
1847 mb. With coupling but without Coulomb excitation, the They show that it makes a substantial contribution to the
total reaction cross-sectidialls to 1525 mb, corresponding elastic scattering angular distribution. Their formalism pre-
to the increase ifS(l)| over many values of. Coulomb dicts that the imaginary potential becomes more important at
breakup increases the total reaction cross-section to almoBtgher scattering energies, something we can study in future
double the original value: 3662 mb. work. They have also fitted the elastic scattering by varying

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

0.2

R V /MeV

0.0+

TABLE 1l. Volume integral per nucleon paid(MeV fm?® and

rms radii (fm) of the ®He+2%%Pb effective potentials representing
the one-channel and CDCC calculations. The cut-off radii for the
integrals are 70 fm(real party and 40 fm(imaginary party see

text.

Case

‘]R ers,R JI

ers,l

Bare

CDCC, No Couex
CDCC, 1

CDCC, 2

CDCC, 3

319.77
302.83
313.21
312.06
312.03

6.576
6.364
8.544
8.485
8.503

59.20
47.25
56.37
55.34
55.21

8.451
8.147

9.195

9.193

9.189
40 fm.
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us within the framework of a full CDCC calculation. They 70 fm by V(r)=-1367.53281 not exactly the inverse quar-
find an extremely large diffuseness parameter for the imagitic predicted by Loveet al. [18]. The statistical quantityr?
nary part. The present work suggests that the phenomengas 0.986, indicating that the potential was well represented
logical potential might best be thought of as havingaa- by this function, apart from oscillations in the tail. The real
ponentof long range. We note their remark that there is anpotential could not be fitted by an exponential. The imagi-
indication that “... there are reaction mechanisms that tak@ary part, on the other hand, could not be well-fitted by a
flux out of the elas_tic channels ?t distances as large aSower ofr, but was fitted, between 17 and 40 fm, Wr)

20 fm... an extraordinary result ...” We agree. =-3.174 exp-0.2173) with RZ=0.9796, the departure &8

Keeley et al. [9] contains further discussion of the om unity being mostly due to oscillations about the expo-
breakup model that we have used, in particular establishing i |fy Itg Id)l:/) int ting to include | P
the reasonableness of the dipole strength, a critical factor i ential form. 1t would be Interesting fo include fong range
determining the magnitude of the long range DPPs. Th&dditive terms based on these forms in a phenomenological

6He +2%8Ph elastic scattering data of Ragh€] at 29.6 MeV gpproach. There appear to be no semi_-classical_ results relat-
are rather well describe@] by this breakup model, although N9 to the inner regions of the interaction to which our po-
the error bars are rather large. However, the description dntial can be compared.
the 27 MeV data of Kakueet al. [15] is rather less good,
suggesting that the Coulomb breakup component of the VIl. SUMMARY AND CONCLUSIONS
model is too large. This apparent discrepancy between the
two energies could be accounted for by uncertainties in the We have presented the local DPP generated by breakup of
position of the LAMP detector, discussed in detail in Kakuee®He on2°®Pb at a laboratory energy of 27 MeV. The Cou-
et al.[15], changing the relative normalization of the forward lomb contribution to breakup generates a DPP having a very
and backward angle portions of the angular distribution ashallow, very long ranged tail with a major effect &)
27 MeV (there is an unfortunate gap in the crucial angularover many partial waves and increasing the rms radius sub-
range due to the constraints of the experimental gefeyr-  stantially. The surface attraction and absorption switch to
ther data will be needed to clarify this issue. repulsion and emissiveness asfalls below 13 fm. This
A full comparison with the various semi-classical studiesemissiveness and repulsion in the DPP are not unique to this
of Andréset al.[16] and Cantcet al. [17] as well as those of case, and are related to the strong absorptiveness of the bare
Kakuee[15] is clearly desirable. Since the dipole DPP is potential. In principle, the bare potential should be adjusted
sensitive to details of the dipole strength function, a fullto fit the cross-section of the full CDCC calculation but this
comparison should involve the same nuclear model; a projestas not done; reasonable changes to the bare potential will
to make such comparisons is clearly a priority for the futurenot alter the character of the DPP. There are many ways this
In the meantime, we have attempted to fit the tails of ouwork should be extended such as the inclusion of reaction
potentials to powers or exponentials. Since there are no cathannels and a more realistic model féte.
culated errors on our potential, we express the goodness of fit The DPPs presented here show again that it is unphysical
with the statistical quantityR?, as provided by Excel. The to represent dynamic polarization corrections to folding
real potential CDCC-5 is quite well fitted between 17 andmodel potentials as a multiplicative correction factor.
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