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Dynamic polarization potential for 6He¿p due to breakup
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We study the local dynamic polarization potential~DPP! component of the6He1p interaction, determining
that part which is due to breakup processes. Results are presented for c.m. energies of 21.57 and 35.06 MeV.
The DPP is found by subjecting the elastic scatteringS matrix from continuum-discretized coupled-channels
calculations toSmatrix→potential inversion. The iterative-perturbative inversion method is employed, and the
method is shown to give reliable potentials down to projectile-target separation close to zero, a necessary
requirement for this case. The contributions of different continuum states are compared, and the way they
interact to give the overall DPP is studied. The DPP is found to be very different from that determined using
the weighted trivially equivalent approximate method.
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I. INTRODUCTION

A full understanding of the interaction between nucleo
and nuclei or between pairs of nuclei requires an understa
ing of the contribution of excitation and transfer proces
which occur as nuclei interact. In this paper we demonstr
in the context ofp16He elastic scattering, how the use
inversion techniques should enable a systematic inves
tion of these contributions.

The contributions of breakup, excitation, and transfer p
cesses are conventionally represented by the dynamic p
ization potential~DPP! and there are many papers whic
claim to determine this and also exploit it. We shall sho
that there are shortcomings in methods sometimes use
establish DPPs. We present a method that is able to
consistent and reliable results and is straightforward eno
to become a routine adjunct to reaction calculations.

The calculations presented here are conceptually stra
forward: the elastic channelS matrix, generated by
continuum-discretized coupled-channel~CDCC! calcula-
tions, including breakup processes, is subjected toS→V(r )
inversion. The bare potential of the CDCC calculations
then subtracted fromV(r ) and the remainder is identified a
the DPP. The inversion is carried out using the iterati
perturbative~IP! method@1–3# which can give very reliable
potentials, including spin-orbit potentials for the spin-h
case, for all relevant radii. The model used for6He, while
simplified, is rich enough to provide a number of insigh
and achieve the specific aims of this study listed below.

Specific aims are as follows.
~1! To show that the IP inversion method can reliab

determine the DPP in the present unfavorable case and
tablish the necessary ‘‘inversion parameters’’~these latter
must be chosen carefully for successful inversion in the c
of a spin 1/2 projectile and a limited number of contributi
partial waves!.

~2! To establish the breakup contribution to the DPP fo
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nucleon interacting with the halo nucleus6He according to a
specific breakup model.

~3! In the context of this model, to establish generic fe
tures of the DPP and its dependence upon such things a
l transfer and other characteristics of the specific reac
channels. In particular, to study its radial shape and verify
otherwise the common phenomenological representation
the DPP as a uniform renormalization of a folding mod
potential.

~4! To evaluate the weighted trivially equivalent~WTE!
method for determining the DPP.

Many other reactions beside the breakup contributio
contribute to the elastic scattering of6He from protons. A
full calculation including them all, respecting nonorthogon
ity terms, exchange processes, finite range transfer, etc.,
formidable task, and it could not be an aim of this work
determine the complete DPP.

The plan of this paper is as follows. Section II reviews t
general problems of identifying and determining the DP
Section III briefly reviews relevant aspects ofp16He scat-
tering. Section IV presents the model for6He breakup. Sec-
tion V concerns the application of IP inversion to the spec
case ofp16He scattering. Section VI presents the resu
concerning the breakup contribution to the DPP forp16He
elastic scattering and Sec. VII summarizes the conclusio

II. THE DYNAMIC POLARIZATION POTENTIAL

A. Conceptual difficulties

The nucleus-nucleus potential is often thought of
composed of a folding model potential and a dynamic po
ization potential. Behind this idea stands Feshbach’s the
@4# according to which the effective potential in the elas
channel is

V P5PFV1VQ
1

E1 i e2QHQ
QVGP, ~1!

whereV is the projectile-target interaction. Projection oper
tor P projects onto internal nuclear states for the elastic ch
©2003 The American Physical Society07-1
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nel, with P1Q51. The second term is the contribution
the effective potential,V, of virtual excitations of the inter-
acting nuclei and is known as the dynamic polarization
tential. In fact, there are serious difficulties of calculation a
also interpretation:~1! If PVP is represented by a folding
model potential, as is often the case, then there is an ind
nite degree of double counting since theoretical folding m
els include particle hole excitations.~2! Reaction channels
make a major contribution toV, but nonorthogonality be-
tween different channels poses a severe challenge.~3! The
requirement of antisymmetrization is very difficult to impl
ment. ~4! There are vast numbers of states that should
principle be included together with coupling between ea
pair. ~5! The second term is both nonlocal andL dependent.

The difficulties are exemplified by proton scattering fro
nuclei where a very substantial DPP arising from coupling
pickup channels has been established@5#. Yet folding model
analyses appear not to require this correction. The states
tributing to the DPP are not orthogonal to the particle-h
contribution to the folding model potential which cannot u
bare nucleon-nucleon interactions. It therefore appears
the effect of coupled channels is included in the foldi
model to some unknown extent and only in an average w
The folding model being a local density model cannot re
resentL-dependent effects. But there is evidence both t
the DPP calculated directly from CRC calculations does r
resent anL-dependent effect and that precision fits to elas
scattering data do suggestL dependence~distinct from parity
dependence!.

B. Why the DPP is required

In spite of serious conceptual difficulties, the concept o
DPP is widely used and many papers claim to determine
To cite a single example, the detailed analysis of the6Li
folding model by Khoaet al. @6# makes essential use of th
DPP due to breakup of the6Li projectile. While the DPP in
the far surface region is probably established~solving
anomalies in the6Li potential!, the DPP at somewhat smalle
radii is not so well established, and in fact there are diff
ences between that used by Khoaet al. and that established
by inversion methods@1,2#. It is quite clear that the rigorou
evaluation of folding models demands a more detailed s
tematic knowledge of the DPP. For the case of compo
projectiles, it has been known for many years@7# that collec-
tive target states lead to surface attraction or repulsion
the DPP consequently affects the extraction of nuclear
information from elastic scattering.

It is important to understand the contribution of speci
direct processes since these are not fully represented by
rent folding models based on a local density approximati
Such processes explain, for example, departures from
global behavior of internuclear potentials, and could rev
new features of elastic scattering of weakly bound nuc
Certainly, a fuller understanding of elastic scattering th
presently exists is a prerequisite for the rigorous extraction
spectroscopic information from direct reactions. It might
possible to establish an optical model equivalent of
Strutinsky model in which the DPP is divided into smoo
03460
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and fluctuating components with the smooth part represe
by the folding model.

C. Determining the DPP

Most attempts to determine the DPP fall into three cate
ries.

Phenomenological. Fit data with Vfold1Vcorrection and
identify the correction as the DPP. This assumes thatVfold is
appropriate and does not contain any part of the DPP,
though in fact it must contain some part of the DPP. T
method has the uncertainty of optical model searching
gether with the uncertainty associated with the poorly
fined boundary between folding potential and DPP. It do
not permit the identification of specific components of t
DPP

Theoretical method 1, explicit calculation of Green’s fun
tions. This is very hard when, as is often necessary, int
channel coupling makes this a complex iterative proble
For an example of a calculation in which interchannel co
pling is omitted, leading to a simple sum of terms, s
Coulter and Satchler@8#.

Theoretical method 2, coupled channel plus inversi
Three steps:~i! Coupled channel givesSl j elastic;~ii ! invert
Sl j →V to get local representation ofV P; ~iii ! subtract the
bareV of the CC calculation,V p as defined in Eq.~2!.

A further problem with the first theoretical method is th
it yields a nonlocal andL-dependent potential that cann
readily be compared with phenomenological potentia
Method 2 gives a local potential directly that is a loc
equivalent of a nonlocal andL-dependent potential. Many
DPPs calculated this way involve approximate inversio
such as the weighted trivial equivalent~WTE! method or
eikonal methods. This paper shall compare WTE results w
exact inversion in forp16He elastic scattering.

D. Formal theory of contribution to DPP of specific channels

We review the formal basis of the DPP calculations. A
sume a set of specific states of interest are coupled to
elastic channel and correspond~in Feshbach sense! to pro-
jection operatorp and that all the other states correspond
projection operatorq.

With the elastic channel represented by projection ope
tor P, we haveP1p1q51 so that the ‘‘usual’’Q5p1q,
etc. The space of the coupled channel calculations is defi
by projection operatorp5P1p.

We regard the contributions ofq states as being smoothl
varying, analogous to macroscopic term in Strutinsky mod
this might even be folding model space. In the same way,
contributions ofp space lead to the specific effects of pa
ticular strongly coupled, low excitation channels~cf. shell
correction term in Strutinsky model!.

Define

V p5pFV1Vq
1

E1 i e2qHq
qVGp, ~2!

the appropriate interaction for use in ap-space calculation.
The collective contribution ofp-space statesDV5V P2V p

can be shown@7# to be
7-2
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DYNAMIC POLARIZATION POTENTIAL FOR 6He1p . . . PHYSICAL REVIEW C67, 034607 ~2003!
DV5PV pp
1

E1 i e2p~H01V p!p
pV pP. ~3!

Even for few states inp, this is hard to evaluate because
coupling between all thep-space states. The potentialV p is
the formal ‘‘bare’’ potential andDV is the formal DPP.

III. 6He¿p ELASTIC SCATTERING

Elastic scattering of radioactive6He from protons was
recently studied and DPPs for this system were found@9,10#.
In Ref. @9#, scattering data taken at a c.m. energy of 21
MeV were analyzed using the CDCC method, which
cluded the effects of breakup processes. The DPP pote
was extracted from these calculations using the weigh
trivially equivalent~WTE! method as described by Thomp
son et al. @11#. The real part of this potential has gener
features found previously for other weakly bound projecti
@1,2#. The most conspicuous features are surface repuls
attraction in the nuclear interior and general, but not radia
uniform, absorption.

Lapouxet al. @10# studied6He1p elastic scattering at the
higher c.m. energy of 32.8 MeV with an optical model ana
sis based on a folding potential derived from nucleo
nucleon interactions. They found that they could describe
data when a purely phenomenological DPP is added to
central folding model potential. However, this DPP, the d
ted line in Fig. 1, is very different from the WTE DPP o

FIG. 1. Real and imaginary parts of three polarization potent
for 6He1p elastic scattering. Two of them IP and WTE were o
tained from CDCC analysis of elastic scattering data atEc.m.

521.57 MeV in this work and in Ref.@9#, respectively. The third,
plotted as dotted curves, was obtained from elastic scattering
analysis atEc.m.532.8 MeV @10#.
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Ruseket al. @9#, the dashed line in Fig. 1. Imaginary parts
both DPPs have different signs and different strengths.
real parts atp-6He separations larger than 2 fm are of t
same repulsive character but the potential of Lapouxet al.
@10# is much stronger. At separations smaller than 2 fm
difference between the two DPPs is even larger. The po
tial of Ruseket al. @9# becomes slightly attractive while th
phenomenological potential becomes increasingly repuls
as r decreases. These discrepancies cannot be due to
different energies. The solid line in Fig. 1 represents the n
DPP presented in this work and discussed below. The W
potential of Ruseket al. does not represent the CDCC DP
accurately at smallp-6He separations, since one-channel c
culations with this DPP added to the bare potential do
reproduce the results of the original CDCC calculations
backward scattering angles.

IV. MODEL ADOPTED FOR BREAKUP OF 6He

In order to study the effect of6He breakup on low energy
elastic scattering one needs a three-body model which
account for coupling to resonant and nonresonant state
the continuum. Unfortunately, such a model is not availa
yet. The model which can be used at present is a two-b
coupled-channels model where the continuum of brea
states is discretized into energy bins with square-integra
wave functions.

In the model used by Ruseket al. @9# the 6He nucleus was
assumed to have a two-bodya12n cluster structure with the
spin of the dineutron set tos50. Breakup into continuum
states with relative orbital angular momentumL50, 1, 2, 3
was included by discretizing the continuum and there w
coupling to theL52 resonance at 1.8 MeV excitation en
ergy. Coupling of multipolarities fromDL50 to DL53 be-
tween the various channels was included. The choice of in
parameters is described in Ref.@9#, as are the details of how
the continuum was discretized. Three different geometrie
the potential binding thea core and dineutron into6He were
used in Ref.@9#. Most of the calculations in the present wo
are based on set II parameters of that paper. We also pre
calculations involving the set I parameters in order to est
lish the sensitivity of the general results to such details.

Recent studies of6He breakup on various targets at a
energy of 23.9 MeV/A led to the conclusion that the distr
bution of angle between the two neutrons shows a tende
towards the dineutron model@12#. In Ref. @9#, the
1H(6He,a)3H reaction was calculated using CCBA, so n
representation of the contribution to the DPP of coupling
this or other reaction channels was included. All CDCC c
culations were performed using computer codeFRESCO@13#.

V. INVERSION OF THE ELASTIC SCATTERING
S MATRIX

A. Establishing the parameters for IP inversion

The iterative perturbative~IP! S-matrix to potential inver-
sion procedure@1# is well developed and has been applied
a wide variety of cases. For details of recent developme

ls
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R. S. MACKINTOSH AND K. RUSEK PHYSICAL REVIEW C67, 034607 ~2003!
and earlier references, see Ref.@3# which presents test case
showing the precision achievable. The present calculat
were performed using the IP inversion codeIMAGO @14#.

IP inversion requires a choice of the starting referen
potential~SRP! and the inversion basis. The SRP is the sta
ing point for the iterative inversion process and the invers
basis is the set of functions in which the correction to
SRP is expanded. Too large a basis can lead to a pote
having spurious oscillations, although the use of SVD ma
methods moderates this@15#. In favorable cases the SR
does not need to be close to the unknown potential, and
be often be zero, but in general the SRP should be reason
close to the potential which is sought. The natural choice
SRP when determining the DPP is the bare potential.
present case is quite unfavorable since the small numbe
active partial waves is not much greater than the numbe
parameters required to describe the potentials. This ma
the choice of inversion basis somewhat critical and will
discussed elsewhere@16#.

B. Test of the method; inverting Slj for the one-channel case

The accuracy of the inversion procedure for6He scatter-
ing from protons atEc.m.521.57 MeV was confirmed by
inverting theSmatrix for the case with the channel couplin
switched off, one-channel calculations. The correspond
potential, the bare potential, is just the elastic channel in
potential for the CDCC calculation. The inversion para
eters were chosen so that the result is free of spurious o
lations and is stable to changes in SRP and inversion b
The optimum potential representing the bare potential will
referred to as POT8. A full discussion of the determination
POT8, will be presented elsewhere@16#, where we present an
account of the necessary features of the inversion basis
quired for successful IP inversion in this regime. POT8 ga
a good representation of the uncoupledSmatrix, agreed with
the bare potential of the CDCC calculations and was use
the SRP for subsequent inversions.

C. Inversion of the CDCC S matrix

The CDCC calculations included the breakup channels
specified in Sec. IV. The calculations were performed for t
6He energies 151 and 245.4 MeV, corresponding toEc.m.

521.57 and 35.06 MeV, respectively. Potentials correspo
ing to the S-matrix elements from those calculations we
found by IP inversion. The DPPs were calculated by s
tracting POT8, rather than the CDCC bare potential, from
subsequent inverted potentials. Calculating the DPP as
difference between two potentials both derived byIMAGO

makes any small disparities betweenIMAGO and the coupled
channel codeFRESCOirrelevant.

The various potentials can usefully be quantified in ter
of their low order moments. These are well determin
phenomenologically for light ions, and also subject to u
ful folding model relations@17#. They are the volume inte
grals per nucleon pairJ and root mean square radiusr rms
defined as
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4p

NPNT
E

0

`

V~r !r 2dr ~4!

and

~r rms!
25^r 2&5

4p

NPNTJE0

`

V~r !r 4dr, ~5!

where NP and NT are the numbers of projectile and targ
nucleons.

The CDCC inverted central potentials leading to the DP
shown as solid lines in Fig. 1 are shown in Fig. 2. They c
be considered well established down to 0.5 fm. All four co
ponents of the DPPs are presented in Fig. 3. For both e
gies, the central real part is substantially repulsive at
nuclear center and has a repulsive surface tail, but is att
tive for 1.5<r<3 fm. The central imaginary part is predom
nantly absorptive but has emissive regions, a general fea
of DPPs and related to the fact that they are a local rep
sentation of a nonlocal term@4#.

The volume integrals of the central potentials, bare~1
channel! and CDCC labeled IP~1!, are presented in lines 1, 2
9, and 10 of Table I. The changes in these, given as abso
and percentage, reflect the overall repulsive plus absorp
effect of the breakup. The change in the realr rms is also of
interest, and is relevant to the extraction of nuclear si
from elastic scattering; it is presented in Table II. Break
evidently has the effect of making the nucleus look smal
Nuclei would, on this account, be larger than analyses
experiments using simple folding models might suggest.

FIG. 2. ForEc.m.521.57 MeV, the dashed line represents POT
the central bare potential as determined by invertingSl j for the one
channel calculation. The solid line represents the corresponding
tential for the full CDCC calculation labeled IP~1!, set II, in Tables
I and II.
7-4
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FIG. 3. Real and imaginary central~top! and the real and
imaginary spin-orbit components of the DPP for6He1p. The
solid and dashed lines correspondEc.m.521.57 and 35.06 MeV,
respectively.
03460
The real and imaginary parts of the DPP at 35.06 MeV
remarkably similar to those found at 21.57 MeV, as can
seen in Fig. 3. The change in the DPP with energy can
seen quantitatively by comparing the corresponding volu
integrals and rms radii presented in lines 1 and 2 and line
and 10 in Tables I and II. Apart from the change inDJR , the
dynamic polarization effect falls slightly with increasing e
ergy, as expected. The decrease is probably too small to b
phenomenological significance since the energy depend
of JR is largely due to knock-on exchange.

As a check, the inverted potentials were input intoFRESCO

to verify that they reproduced the CDCC calculations to h
accuracy, consistent with small differences betweenIMAGO

and FRESCO, see Ref.@16#. The agreement between the fu
CDCC differential cross-section and that calculated with
channel coupling using the sum of the bare potential and
DPP is shown in Fig. 4 where the angular distributions
barely distinguishable. This figure also shows that the ag
ment with the data of Refs.@18,19# is very good forward of
60°. We also see from Fig. 4 that the role of the spin-or
term increases with energy. One-channel calculations u
the inverted DPP with this term omitted are plotted as d
dashed lines. At the higher energy the spin-orbit term sign
cantly enhances the differential cross section at backw
angles.

D. Alternative inversion

The 21.57 MeV CDCC inversion was repeated witho
forcing the inversion to such a close fit to the CDCCS ma-
trix. This leads to potentials which are somewhat smoothe
the surface region. The results are labeled IP~2! in lines 13
and 14 of Tables I and II. The new inversion provides
better comparison with later cases for which inversion w
carried out in a similar way. The volume integrals are clo
to those in lines 1 and 2 of Table I. The rms radii in lines
f
II

1

TABLE I. Volume integral per nucleon pairJ ~MeV fm3) of the 6He1p effective bare1DPP potentials
representing the one-channel and CDCC calculations. TheDL column lists the allowed multipolarities o
the couplings whileDJ represents the change ofJ and DJ % is the percentage change. Sets I and
correspond to alternative potentials bindinga and dineutron into6He as specified in Table I of Ref.@9#. Lines
are numbered to facilitate reference from the text.

J Ec.m. Set 1 chan CDCC DL DJ DJ %

1 IP~1!, Real 21.57 MeV II 559.34 526.20 0,1,2,3 233.14 26.0
2 IP~1!, Imaginary 21.57 MeV II 252.24 298.31 0,1,2,3 46.07 18.3
3 Real 21.57 MeV II 559.34 527.39 0,1,2 231.95 25.71
4 Real 21.57 MeV II 559.34 554.14 0,1 25.2 20.93
5 Real 21.57 MeV II 559.34 558.00 0 21.34 20.24
6 Imaginary 21.57 MeV II 252.24 298.89 0,1,2 46.65 18.49
7 Imaginary 21.57 MeV II 252.24 251.43 0,1 20.81 20.32
8 Imaginary 21.57 MeV II 252.24 262.62 0 10.38 4.11
9 Real 35.06 MeV II 559.37 524.71 0,1,2,3 234.66 26.2
10 Imaginary 35.06 MeV II 252.31 288.36 0,1,2,3 36.05 14.3
11 Real 21.57 MeV I 559.34 513.90 0,1,2,3 245.44 28.12
12 Imaginary 21.57 MeV I 252.24 313.06 0,1,2,3 60.82 24.1
13 IP~2!, Real 21.57 MeV II 559.34 525.28 0,1,2,3 233.96 26.07
14 IP~2!, Imaginary 21.57 MeV II 252.24 297.82 0,1,2,3 45.58 18.07
7-5
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TABLE II. Root mean square radiusr rms ~fm! of the 6He1p effective bare1DPP potentials representin
the one-channel and CDCC calculations. TheDL column lists the allowed multipolarities of the coupling
while K is their sum.Dr rms represents the change inr rms andDr rms % is the percentage change. Sets I and
correspond to different potentials bindinga and dineutron into6He and listed in Table I of Ref.@9#.

r rms Ec.m. Set 1 chan CDCC DL K Dr rms Dr rms %

1 IP~1!, Real 21.57 MeV II 3.098 2.911 0,1,2,3 6 20.187 26.0
2 IP~1!, Imaginary 21.57 MeV II 3.741 3.614 0,1,2,3 6 20.127 23.4
3 Real 21.57 MeV II 3.098 2.927 0,1,2 3 20.171 25.52
4 Real 21.57 MeV II 3.098 3.006 0,1 1 20.092 22.97
5 Real 21.57 MeV II 3.098 3.098 0 0 0.0 0.0
6 Imaginary 21.57 MeV II 3.741 3.633 0,1,2 3 20.108 22.89
7 Imaginary 21.57 MeV II 3.741 3.736 0,1 1 20.005 20.134
8 Imaginary 21.57 MeV II 3.741 3.692 0 0 20.049 21.31
9 Real 35.06 MeV II 3.097 2.939 0,1,2,3 6 20.158 25.1
10 Imaginary 35.06 MeV II 3.745 3.635 0,1,2,3 6 20.110 22.9
11 Real 21.57 MeV I 3.098 3.058 0,1,2,3 6 20.040 21.29
12 Imaginary 21.57 MeV I 3.741 3.877 0,1,2,3 6 0.136 3.64
13 IP~2!, Real 21.57 MeV II 3.098 2.885 0,1,2,3 6 20.213 26.88
14 IP~2!, Imaginary 21.57 MeV II 3.741 3.626 0,1,2,3 6 20.115 3.07
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FIG. 4. Angular distributions of the differential cross section f
elastic scattering of6He from p. Data sets are from Refs.@18,19#.
Solid curves show results of CDCC calculations of Ref.@9#. The
other curves correspond to the one-channel calculations with
effective potential consisted of the bare plus DPP potentials. Re
of the one-channel calculation with the DPP obtained by mean
IP method~dashed curves! are practically indistinguishable from
the full CDCC results. Dot-dashed curves show results of o
channel calculation with DPP obtained in this work but witho
spin-orbit term.
03460
and 14 of Table II differ a little more, but rms radii are mo
sensitive than volume integrals since the former involve
dial integrals involving a higher power ofr. The far surface
is also susceptible to the presence of noise inSl j . The four
components of the resulting DPPs are compared in Fig
where the solid lines represent the original DPP, and
dotted lines the DPP obtained as described here.

The alternative inversions indicate the reliability of th
inversion method. The true DPP is nonlocal andl-dependent
resulting in some ‘‘waviness’’ in the local andl-independent
potential found by inversion. The inevitable noise in t
S-matrix elements contributes to this. Restricting the pre
sion to whichSl j is fitted ensures that the waviness in t
solution is not a fit to numerical noise inSl j . This flexibility
is specific to IP inversion.

E. Alternative 6He binding interaction

It has recently become evident that CDCC calculatio
with the set I parameters of thea1dineutron binding poten-
tial from Ref. @9# appear to give a better description of in
elastic scattering data than calculations with set II para
eters. We therefore compare the DPP generated with s
parameters with that from set II, see Fig. 5, and lines 11
12 of Tables I and II.

Set I parameters lead to much greater repulsion in the
potential and greater absorption in the imaginary potentia
measured byDJI . This is consistent with the greaterB(E2)
and inelastic scattering cross section to the 21 state. Inter-
estingly, the effect on the rms radius was small in the r
part ~line 11 of Table II! and of reverse sign in the imaginar
part ~line 12! compared to what is given in lines 1 and 2,
alternatively, lines 13 and 14. This might be connected w
the fact that the geometric parameters in the set I and s
parameters were different.

The rms radii of the real parts of the CDCC potentia
lines 1, 11, and 13 of Table II, are somewhat higher th
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expected. However, they correspond to reasonable fits to
angular distributions, especially with set I parameters
which the CDCC inverted potential has a greater rms rad
than for set II.

VI. PROPERTIES OF DYNAMIC POLARIZATION
POTENTIALS

A. Comparison with other DPPs

In Ref. @9#, the polarization potential for6He1p at
Ec.m.521.57 MeV was extracted from the CDCC calcul
tions using the WTE method described by Thompsonet al.
@11#. Trivially equivalentL-dependent polarization potentia
were weighted according to the partial wave reaction cr
sections. It is of interest to compare the exact local D
calculated by means of IP method with the approxim
WTE DPP. The real and imaginary parts of the central po
ization potentials obtained from inversion and by means
approximate WTE method are compared in Fig. 1. T
agreement is only qualitative. The difference in the real p
at small radii is dramatic, and we have verified that the sc
tering, in this case, is sensitive to the potential forr ,2 fm.

FIG. 5. For 21.57 MeV c.m. energy comparing components
DPP found with differenta1dineutron binding potentials; solid
lines correspond to set II, dashed lines correspond to set I. Do
lines show DPP found from an alternative inversion, see t
for details.
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The DPP as found by inversion and the WTE approxim
DPP can be compared by checking how well they reprod
the CDCC observables when added to the one-channel
tential. As shown in Fig. 4, the inversion DPP gives virtua
perfect agreement, but the WTE fails at backward ang
Dashed lines representing one-channel calculations with
effective potential being the sum of bare potential and
DPP are hardly to be distinguished from the solid lines r
resenting the CDCC calculations.~The small discrepancy is
due to small differences betweenIMAGO andFRESCOparam-
eters, see Ref.@16#.! Calculations with the WTE DPP ar
represented by the dotted lines which are distinct from
solid lines from 50° outwards.

In their analysis of 6He1p elastic scattering data a
Ec.m.532.8 MeV, Lapouxet al. @10# introduced a phenom
enological DPP with a repulsive real part.

Upol52~Vpot1 iWpot!exp~r /apot!/@11exp~r /apot!#
2, ~6!

whereVpot5247.2 MeV,Wpot524.4 MeV, andapot51.33
fm. The real part is repulsive at all radii, about 12 MeV at t
origin, falling to about 2 MeV at 4 fm~Fig. 1!. It agrees quite
well with the set II CDCC-inversion potential near th
nuclear center and in the nuclear surface, but has the o
site sign between 1.5 and 3 fm, an important radial rang

The disagreement of the imaginary parts is more serio
that of Ref.@10# being wholly emissive in sign. While DPP
found by inversion can be emissive over a limited rad
range, as a consequence of underlying nonlocality, a wh
emissive DPP is implausible, and, in fact, contrary to wha
found by inversion. It also contradicts general properties
breakup DPPs as found in other cases@1,2# and it is most
unlikely that the various omitted reaction channels wou
generate overall emission. The extraction of a DPP by
means hinges on the use of the folding model. We take
interesting result of Ref.@10# to be evidence of the limits o
the folding model. The target nucleus is very different fro
those for which the folding model was established so it is
surprising that it fails to predict the small imaginary part.

Determining the DPP by fitting an additive term is pre
erable to the common practice of applying uniform multip
cative factors to the real and imaginary parts. Folding mod
based on a local density model present the radial shape
magnitude of a potential as a single consistent package. S
a model cannot fully represent phenomena connected
the density gradient in the nuclear surface. Probably the
way to determine the DPP phenomenologically is to fit
additive component to the folding model potential model
dependently. If the folding model is sound, this should rev
generic features that can be related to DPPs found by in
sion. Unfortunately, establishing an unambiguous poten
by model independent fitting requires elastic scattering d
of much greater information content than is generally av
able, especially for unstable nuclei.

It has been shown@1,2# that the DPP arising from breaku
processes has general features which apply to both deute
and 6Li projectiles scattering from nuclei ranging from ca
bon to tin. Similar conclusions have been found by Sakur
@20# for the surface region using approximate inversi
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methods. However, for6He1p the DPP is important down
to r;0, as generally true for proton-nucleus scattering. T
most conspicuous general features of breakup on heavie
clei are surface repulsion, attraction in the nuclear inte
following a distinctive pattern, and general but not radia
uniform absorption. General semiclassical arguments ca
made explaining some of these features, but a full expla
tion is lacking. It is natural to ask whether the DPP for sc
tering from protons follows these trends. The real DP
shown in Fig. 3 share withd or 6Li breakup on heavier targe
nuclei the properties of repulsion in the surface (r .3.5 fm!
and increased absorption, but the behavior is different e
where. This might relate to the fact that the nuclear cen
has a different significance for more absorptive systems@2#.
Similar comments apply to the imaginary parts.

B. Contribution of different multipolarities

A study of 6He breakup performed by Wanget al. @12#
has shown that for heavy targets this process is dominate
CoulombE1 excitation while for light targets like Al or C
the nuclear transitions are much more important. In the la
case other multipolarities thanDL51 may play an importan
role. It is straightforward to study the contribution to the DP
of channel couplings with different multipolarities. Sinc
there are no spin-flip transitions included, the multipolarit
DL of the breakup coupling interaction correspond to
states with the spinI that are directly coupled to the groun
state. However, restricting the possible multipolarities d
not in general restrict the coupling to that between
ground state and specific continuum states, but may pe
various continuum-continuum couplings depending on w
multipolarities are included. For example, ifDL50 is
among the multipolarities included, then there is coupl
between all continuum states of the same spin and parit

Three CDCC calculations atEc.m.521.57 MeV included
all couplings with, respectively, multipolarities~i! DL50,

FIG. 6. Dependence of the root mean square radius of the
tral 6He1p potential on the multipolaritiesDL of the couplings
included in the CDCC calculations. NumberK is a sum of multi-
polarities, as shown in Table III. Full and open symbols corresp
to the real and imaginary parts of the central potential, respectiv
Dots represent the full calculations while the squares show res
of the calculations without couplings between excited states
cluded. The calculations were performed for 21.57 c.m. energy
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~ii ! DL50 and 1, and~iii ! DL50, 1, and 2. These thre
cases led to DPPs with central components characterize
the volume integrals given in lines 3 to 5~real! and 6 to 8
~imaginary! in Table I. The corresponding changes in the rm
radii are given in lines 3 to 5 and lines 6 to 8 in Table II. Th
dependence of the rms radii on the multipolarities included
plotted in Fig. 6 which shows how the radial sizes of the r
and imaginary parts of the effective6He1p potential are
modified by coupling to breakup states.

It can be seen~Fig. 7! that when included alone, th
monopole,DL50, couplings make a relatively small contr
bution to the DPP; this restriction effectively excludes a
but theI 50 continuum states. The effect on the real pote
tial is not a surface effect at all, but a small repulsion ne
the nuclear center with little change beyond 2 fm. The co
tribution of the dipole,DL51, transitions are also quite
small, and even somewhat paradoxical, since the overal
fect on the volume integral of the imaginary potential
emissive~generative!. The imaginary DPP with both mono
pole and dipole coupling is not uniformly emissive, howev
being absorptive forr ,2.5 fm, emissive for 2.5,r ,4 fm,
and absorptive in the far surface. This pattern closely follo
the change inuSl u which is increased by the coupling fo
partial waves nearl 53. Quadrupole coupling has a larg
effect, contributing most of that seen in the complete cal
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FIG. 7. Contributions of different multipolarities to DPP fo
21.57 MeV c.m. energy
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TABLE III. Volume integral per nucleon pairJ ~MeV fm3) of the 6He1p effective bare1DPP potentials
representing the one-channel and CDCC calculations atEc.m.521.57 MeV.I p is the spin of the excited state
included in the CDCC calculations whileDJ represents the change ofJ andDJ % is the percentage change
In the fourth column, cont.-cont. indicates whether the coupling between excited states was included

J 1 chan CDCC cont.-cont. I p DJ DJ %

1 Real 559.34 529.81 no 21 229.53 25.28
2 Real 559.34 529.52 no 01,12,32 229.82 25.33
3 Real 559.34 498.97 no 01, 12, 21, 32 260.37 212.1
4 Imaginary 252.24 306.85 no 21 54.61 21.65
5 Imaginary 252.24 252.87 no 01, 12, 32 0.53 0.21
6 Imaginary 252.24 306.42 no 01, 12, 21, 32 54.18 21.5
7 Real 559.34 530.71 yes 21 228.63 25.12
8 Real 559.34 557.83 yes 01, 12, 32 21.51 20.27
9 Imaginary 252.24 301.77 yes 21 49.53 19.64
10 Imaginary 252.24 258.97 yes 01, 12, 32 6.73 2.67
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lations. Octupole coupling in the complete calculations
pears to have a slightly emissive effect, as can be dedu
from Table I.

Many other combinations of multipolarities could be stu
ied. For example, the comparison ofDL52 alone withDL
50, 2 would give insight into the contribution o
continuum-continuum coupling, but these effects are stud
more directly in the next section.

C. Contribution of continuum-continuum coupling

The total contribution when many excited states
coupled includes the effect of the coupling between th
states. When the coupling between excited states is inclu
the effect of particular states is not additive in a simple w
It is of interest to evaluate the effect of the coupling betwe
excited states since this can throw light on just how vario
kinds of excitation processes contribute to the DPP. It is a
salutary to see how large these effects are because the o
sion of these couplings greatly simplifies the calculation, a
it is therefore tempting to omit them. Various calculations
the imaginary part of optical potentials, such as those
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Coulter and Satchler@8#, make that simplifying assumption
Green function methods present a very difficult iterati
problem without it@7#.

Feshbach theory@4# implies that when there is no cou
pling between excited states, the nonlocal~and l dependent!
DPPs arising from the coupling to individual excited sta
add linearly. That is, the sum of the DPPs generated by c
pling individual states to the ground state is just the ove
nonlocal DPP when the states are simultaneously couple
the ground state. It is expected that the local-equivalent
tentials, as determined by inversion, should also add linea
This can easily be tested and is what we have done.

Three calculations were performed, each with no coupl
between excited states: one with allDL52 transitions from
the ground state, one with allDL50, 1, 3 transitions, and
one with all transitions. The results are presented in lines
6 in Tables III and IV. In effect, these are calculations i
cluding either theI 52 excited states or theI 50, 1, 3 ex-
cited states, respectively. They arenot the same as full
CDCC calculations omitting, respectively,I 50, 1, 3 excited
states andI 52 excited states.
s

cluded.
TABLE IV. Root mean square radius,r rms, ~fm!, of the 6He1p effective bare1DPP potentials repre-
senting the one-channel and CDCC calculations atEc.m.521.57 MeV. I p is the spin of the excited state
included in the CDCC calculations whileDr rms represents the change ofr rms andDr rms % is the percentage
change. In the fourth column, cont.-cont. indicates whether the coupling between excited states was in

r rms 1 chan CDCC cont.-cont. I p Dr rms Dr rms %

1 Real 3.098 2.969 no 21 20.129 24.16
2 Real 3.098 2.962 no 01, 12, 32 20.136 24.39
3 Real 3.098 2.802 no 01, 12, 21, 32 20.296 29.6
4 Imaginary 3.741 3.710 no 21 20.129 24.16
5 Imaginary 3.741 3.844 no 01, 12, 32 20.136 24.39
6 Imaginary 3.741 3.790 no 01, 12, 21, 32 20.296 29.60
7 Real 3.098 2.983 yes 21 20.115 23.71
8 Real 3.098 2.973 yes 01, 12, 32 20.125 24.03
9 Imaginary 3.741 3.644 yes 21 20.97 22.592
10 Imaginary 3.741 3.731 yes 01, 12, 32 20.010 20.27
7-9



-
a
he

an
nl
r
e

d
e

e
ly
e
e

ce
ls

x-
ts of

s,
as

are
u-

is
rp-

s is
sts.

that
ra-
st

to
fer-

ab-

orm

ing
rac-
rp-
be-

ses
ig-
ta.
PP
rge,
al-
n.

ake a

ts:
tion
a
to

ld-
d-

dis-
bly

ble
.
er-
riate
of
to

e
lt

a

R. S. MACKINTOSH AND K. RUSEK PHYSICAL REVIEW C67, 034607 ~2003!
The additivity that is expected when continuum
continuum coupling is omitted can be tested through the
ditivity of the volume integrals, as presented in Table III. T
sum of theI 52 ~line 1! and I 50, 1, 3 ~line 2! real terms
is 259.35 which is close to260.37~line 3!; the correspond-
ing values for the imaginary terms are 55.14 and 54.18~lines
4, 5, and 6!. The potentials also add point by point, as c
be seen in Fig. 8. The addition is nearly perfect, the o
exception being for the small real spin-orbit DPP near
50. This confirms the additivity of the potentials for th
L-independent local equivalents of the DPP as determine
inversion, and implies that IP inversion yields reliable d
tailed radial forms of the potential.

The corresponding changes in the rms radii are given
lines 1 to 6 in Table IV; there is no requirement for chang
in the rms radii to add exactly, though they do approximate
By comparing lines 3 and 6 of Tables III and IV with th
21.57 MeV results in lines 13 and 14 of Tables I and II, w
see that continuum-continuum coupling substantially redu
the DPP, particularly its real component. This effect is a
shown in Fig. 6.

FIG. 8. Additivity of the potentials calculated with th
continuum-continuum coupling omitted. Dotted lines show resu
with I 52 states included, dashed withI 50,1,3 excited states while
the dash-dotted present their sum. Solid lines show results with
the states included.
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To evaluate the contribution of the coupling between e
cited states, we studied cases involving the same two se
states:~i! including all excited states except those withI
52 and~ii ! including I 52 excited states only. In both case
all coupling between the included excited states w
switched on. The resulting volume integrals and rms radii
presented in lines 7 to 10 in Tables III and IV. The contrib
tions no longer add: compare228.6321.515230.14 with
233.96 of Table I and 49.5316.73556.26 with 45.58 of
Table I. Roughly speaking, the full CDCC repulsion
greater than the sum of its parts, but the full CDCC abso
tion is less than the sum of its parts.

The effect of coupling between excited state channel
greater than the change in the volume integrals sugge
Comparison of the DPPs plotted in Figs. 8 and 3 shows
continuum-continuum coupling completely changes the
dial form. We conclude that calculations of the DPP mu
include coupling between excited state channels.

The CDCC potentials should, in principle, be adjusted
the particular set of channels coupled together so that dif
ent potentials should be used in calculations withI 52 only,
I 50, 1, 3, etc. There is at present no practical way of est
lishing appropriate potentials.

VII. SUMMARY AND CONCLUSIONS

We have presented the DPP for breakup of6He on pro-
tons according to a specific model of6He described in Ref.
@9#. There is considerable agreement between the radial f
and the magnitude of the DPP atEc.m.521.57 and 35.06
MeV. The radial shape of the real part is nonuniform, be
repulsive in the surface and at the nuclear center, but att
tive in the intermediate range. The imaginary part is abso
tive overall, but is emissive near the surface, probably
cause it is a local equivalent to a nonlocal potential.

We find a consistent pattern in the way dynamic proces
change the rms radius of the nuclear potential. This is s
nificant when relating nuclear size to elastic scattering da

It has not been possible in this case to evaluate the D
due to stripping and pickup processes. These can be la
but rigorous evaluation is difficult because of nonorthogon
ity terms and complexities arising from antisymmetrizatio
Exchange processes and the associated nonlocalities m
full understanding of these reactions very challenging.

One conclusion is independent of further developmen
the DPP cannot be represented by a uniform renormaliza
of a folding model potential. The folding model is valid as
guide to the depth of the potential in the surface using fits
forward angle data. Any requirement to renormalize a fo
ing model potential reveals that the folding model is ina
equate. This is not contradicted by the fact that angular
tributions of limited angular range can be fitted reasona
well with such renormalization.

We have also shown that the IP method yields relia
potentials from CDCCS-matrix elements at quite low c.m
energies, and would probably work well at even lower en
gies as long as due care is taken to establish an approp
inversion basis. It is the only inversion method capable
yielding reliable central and spin-orbit potentials down
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radii r;0, particularly when the set ofSl j contains the in-
evitable numerical ‘‘noise’’ associated with coupled chan
calculations. We have indicated the extent to which the ra
shape and other characteristics are well determined. A
essary~though not sufficient! condition for the point by point
additivity of the potentials of Fig. 7 is the reliable determ
nation of the radial form of the potentials by inversion.

In the course of this work, we have shown that the st
dard WTE method yields an inadequate representation o
DPP in the case of proton scattering, for which the DPP
small r is important. When the formal DPP is both highlyL
dependent and relevant forr less than surface values, th
nature of the partial wave weighting is crucial. The inversi
method, in giving a DPP which precisely fits elastic scatt
ing, yields a local potential that can be compared with p
tentials found by means of precision local-potential pheno
enology. Inversion can readily evaluate any spec
application of the WTE method.
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We pointed out in Sec. VI A that the DPP forp16He did
not conform closely to the generic properties of the DPP
breakup of deuterons or6Li on heavier nuclei. Understand
ing the generic properties of the DPP and how excepti
occur is an important part of understanding nucleus-nucl
elastic scattering. Many features of the DPP are unexplain
and, to provide clues, future work should explore, for a ran
of cases, the way the DPP depends upon theL-transfer,Q
value, and the bare potential, the complex coupling pot
tials, etc. The present work establishes the feasibility of
ing IP inversion together with coupled channel calculatio
as a tool for such studies.
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