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Improved d14He potentials by inversion: The tensor force and validity
of the double folding model
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Improved potential solutions are presented for the inverse scattering problem ford14He data. The input for
the inversions includes both the data of recent phase shift analyses and phase shifts from RGM coupled-
channel calculations based on theNN Minnesota force. The combined calculations provide a more reliable
estimate of the odd-even splitting of the potentials than previously found, suggesting a rather moderate role for
this splitting in deuteron-nucleus scattering generally. The approximate parity-independence of the deuteron
optical potentials is shown to arise from the nontrivial interference between antisymmetrization and channel
coupling to the deuteron breakup channels. A further comparison of the empirical potentials established here
and the double folding potential derived from the M3Y effectiveNN force ~with the appropriate normalization
factor! reveals strong similarities. This result supports the application of the double folding model, combined
with a small Majorana component, to the description even of such a loosely bound projectile as the deuteron.
In turn, support is given for the application of iterative-perturbative inversion in combination with the double
folding model to study fine details of the nucleus-nucleus potential. Ad-4He tensor potential is also derived to
reproduce correctly the negative6Li quadrupole moment and theD-state asymptotic constant.
@S0556-2813~98!03905-3#

PACS number~s!: 25.45.De, 21.30.Fe, 24.10.2i, 21.60.Gx
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I. INTRODUCTION

Many basic features of the interactions between li
composite particles are now well established. In particula
good description@1–6# of the interactions of light nucle
such asd1t, t13He, 4He14He, etc. is obtained from a dee
attractive potential with Pauli-forbidden states with the ad
tion of parity dependence, Young scheme splitting, an
spin-orbit interaction. Importantly, this type of interaction
now justified from microscopic considerations, both in t
quasiclassical picture@4# and also in the quantum mechanic
shell-model framework@1,7#. These results lead to a gener
comprehensive understanding of the interrelations betw
various interaction models which appear, at first glance
contradict each other.

Nevertheless, a number of finer features of the interact
notably the role of the dynamic polarization of loosely bou
projectiles such asd or 6,7Li when combined with antisym-
metrization effects, are not yet fully understood despite m
previous efforts. The existing problems and contradictio
are illustrated by the following example. On the one hand
is well known ~see, e.g.,@1,8–13#! that antisymmetrization
and coupled-channel effects in composite particle scatte
unavoidably result in complex nonlocal and energ
dependent potentials, in which the breakup channels~with
their various angular momenta in the relative motion of
fragments! lead to rather peculiar contributions inr space
and the specific energy dependence. On the other hand,
long time it has been standard practice to describe the el
570556-2813/98/57~5!/2462~12!/$15.00
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scattering of deuterons and nuclei such as6Li by the stan-
dard optical model~via local potentials! with a smooth en-
ergy dependence, or even by global optical models@14#.

The low energyN14He interaction presents a further e
ample of these problems. An attempt undertaken long ago
Satchleret al. @15#, to describeN14He phase shifts forEN

,20 MeV by a standard optical potential of Woods-Sax
form, required a significant energy dependence in theradial
form of the potential~i.e., of geometric parameters!. Further
studies based onS matrix to potential inversion@16,17#,
showed that theN14He phase shifts can be described exc
lently over a wide energy range (EN,65 MeV! with a
Gaussian-like potential with odd-even splitting and with
small energy dependence in the potential depth alone. T
odd-even splitting is a direct consequence of antisymme
zation @1,5,18#. Thus the artificial energy dependence fou
by Satchleret al. @15# reflects only the omission of the odd
even splitting in theN14He potential.

Similar problems are also expected to arise ford14He
and analogous systems. Moreover, many previous studie
deuteron scattering have demonstrated@12,13,19# the strong
contribution of deuteron breakup channels, in particular w
D l 52, i.e., through the excitation of theD state in theN-N
subsystem.

We can then ask, in what way can the above strong n
local contribution be incorporated into, say, the double fo
ing potential, which, at first glance, contains no such effec
~Here we must emphasize that the usual type of nonlocal
2462 © 1998 The American Physical Society
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considered in the literature@9,10# differs from the terms, sin-
gular in energy, arising when the virtual breakup chann
are excluded.! The important problem which must then b
solved is to formulate the above nonlocal and specific ene
dependent effects in terms of an ‘‘exact’’ optical potenti
i.e., one which is reconstructed by inversion from the data
from microscopic theory as opposed to a standard phen
enological optical potential with a prescribed form~and fitted
parameters!.

Our plan of study is as follows. As a first approach, ite
tive perturbative ~IP! inversions are presented based
phase-shift analyses of experimental data. These invers
follow Ref. @16#, in directly calculating an explicit Majorana
exchange force, instead of applying separate inversions
even and odd partial amplitudes as in previous determ
tions of the empiricald1a potential @20#. In this way the
even and odd partial amplitudes are treated simultaneo
and the inversion process is considerably stabilized. In
second approach, an extended RGM study is presented
the same system in order to gain a deeper understandin
the complicated interplay between antisymmetrization a
projectile breakup effects. Increasing the number of coup
channels in these RGM calculations leads to three set
microscopic models for thed-4He interaction:~i! the direct
d-4He potential without incorporation of any exchange
fects and which is related to standard double folding~df!
models~see, e.g.,@21#!, ~ii ! the one channel (d14He! RGM
model with full antisymmetrization but with a ‘‘frozen’’ deu
teron, and~iii ! the multichannel RGM model inclusive o
breakup channels. RGM potentials are determined by in
sion from the phase shifts of the last two models. The co
parison of these different potential models then yields
contributions of antisymmetrization and deuteron break
effects in terms of the local potential. The further compa
son of our new empirical parity dependent solutions and
RGM solutions allowsquantitativedeductions to be made o
the validity of the df model for the deuteron projectile~as
applied in@24# for example!. Our approach has one furthe
advantage, since the considerable flexibility of the invers
method allows the determination of potentials, which d
scribe the system under study not at a single energy but f
wide energy range simultaneously~previously denoted as
‘‘mixed case’’ inversion@17,22,23#!.

The final part of our study is dedicated to a reconstruct
of the tensor part of thed-4He interaction. Here we study th
range and depth of thed-4He tensor force and compare
with the same quantities for central and spin-orbital com
nents of the same system.

The contents of this work are then as follows. In Sec
we describe, in brief, our inversion method and discuss
importance of including odd and even partial waves simu
neously in the inversion. Section IV describes the empiri
input data used and presents a new solution for the empi
case. Section V is devoted to inversion of RGM calculatio
for d14He, which include coupling to the virtual breaku
channels. Section VI contains a detailed discussion of
validity of the df model. In Sec. VII, we describe the calc
lation of a tensord-4He potential which nicely fits the6Li
quadrupole moment and the tensor mixing parameter«1. Our
findings are summarized in a concluding section.
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II. THE INVERSION METHOD

The inversion method used in the next sections has b
developed in Moscow~in the Moscow State University!
@20,22,23,25# and independently in the Open University b
Mackintosh and co-workers~originally in Ref.@26#, with fur-
ther developments and references in Ref.@16#!. It has been
named as the iterative-perturbative~IP! method by the latter
group and as the linearized iterative method by the Mosc
group. The two approaches have only minor differenc
which relate to the choice of inversion basis and details
the iteration process. The overall method is extremely fl
ible and convenient to use. It enables us to reconstruct m
types of potentials, central, spin-orbit and tensor, real a
complex, both from phase shifts or directly from scatteri
observables. The appropriate input quantities, e.g.,S matrix,
differential cross sections, analyzing powers etc. are non
ear functions of the interaction potential and so may be c
sidered as a functional response to variations in the inte
tion potential. In general, excluding some special case
small variation of the interaction potential is directly relat
to a small variation of theS matrix or other response func
tion.

The basic idea behind the approach is then a local line
ization of the response function in neighborhood of a giv
point in an appropriate functional space. This local line
approximation, together with an expansion of the unkno
potential in some complete basis~for example the Fourier
expansion in an orthogonal basis@20,22,23,25# or Gaussian
functions that worked well in inversions forp1a @16#!, re-
sults in a set of linear algebraic equations to be solved
yield the expansion coefficients. The initial approximati
~i.e., initial values of the expansion coefficients or a start
reference potential! is usually chosen based on physical co
siderations. In particular, as will be shown in later sectio
the results of the present paper suggest that a good choic
the initial potential would be the df potential. This initia
potential is then corrected with step-by-step iterations wh
converge rapidly~5–7 iterations at most are usually re
quired!. A stable solution results for the first expansion c
efficients of the sought potential and the number of rec
structed coefficients depends directly on the completen
and consistency of the input data.

The approach developed by the Moscow group has a
been successfully applied@27# to reconstruct interactions in
the field of heavy ion scattering in systems such as12C113C,
16O117O, etc. The algorithm developed at the Open Univ
sity has also been applied to a wide range of systems;
example top116O directly from experimental observable
@28#, to mixed caseN-nucleus phase shifts calculated fro
nonlocal interactions@29#, and to single energy empiricalS
matrices, for nuclei such as16O116O @30#, and for 11Li scat-
tering @31#.

III. PARITY DEPENDENCE IN INVERSION

The general form of operator~or potential! of particle
interaction can be expressed as follows:

V5VW1M̂VM ~1!
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whereVW is the Wigner-type interaction which includes th
central, spin-orbit, and tensor interaction terms, i.e.,

VW5VW
~c!1VW

~sl!l– s1VW
~ t !Ŝ12, ~2!

VM is the Majorana type interaction which includes, in ge
eral, similar terms, i.e., central, spin-orbit, and tensor, andM̂
is the Majorana exchange operator. In the case here, fo
interaction of two nuclei,a and b, M̂5Pab5(21)l ab and
l ab is a relative angular momentum of the paira and b.
Furthermore, in the standard approach the operator~1! can be
rewritten in the form

V5~VW
~c!1PabVM

~c!!1~VW
~ ls!1PabVM

~ ls!!l–s

1~VW
~ t !1PabVM

~ t !!Ŝ12

5 (
k5c,ls,t

~VW
~k!6VM

~k!!A~k! ~3!

where the operators

A~k!5H 1, k5c,
l–s, k5 ls,

Ŝ12, k5t,1
~4!

and the plus sign relates to even partial waves and m
sign to odd partial waves. In this way, the interaction in t
odd and even partial waves are uncoupled and each one
be parametrized and determinedindependentlyfrom the
other.2

The procedure by which two inversions are applied
establish the odd and even components of interaction po
tials independently will be denoted here as ‘‘separate’’ in-
version. This method has been previously applied top14He
@17# andd14He @20,25#.

The presence of well-expressed low-energyd14He reso-
nances in theL52 partial waves and near theS-matrix pole
in the S wave has been shown previously@20,23,25# to ren-
der the solution of the inverse problem for the above ch
nels so reliable that the data for even a small energy inte
0–5 MeV is sufficient to give quite a correct reconstructi
of d-4He interaction potential in even partial waves. In sha
contrast to this, the odd partial amplitudes are derived fr
the phase shift analysis with large errors due to a low se
tivity of majority of observables~cross sections and tenso
analyzing powers! to these odd-parity partial phase shifts. A
a result, the odd parity solution of the inversion has la
errors which become more enhanced at the higher ene
@20,25#. Hence, when the odd and even partial amplitud
are treatedindependentlyin the inversion@20,23,25#, the
magnitude and radial form of the Majorana interaction te

1In Sec. VII we use the standardS12 form for the tensor operator
A full classification for the tensor force based on symmetry pr
ciples was given by Satchler@10#. See also Robson@32#.

2Formal mixing of odd and even partial waves is excluded due
parity conservation in nuclear interaction. Here we neglect a v
small degree of mixing of the odd and even components due to
parity nonconserving terms.
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cannot be established with sufficient accuracy. However,
structure of this term is very important for our understand
of the role and significance of exchange effects in nucle
nucleus interactions.

The alternative approach is to derive the odd and e
potential components simultaneously using the original fo
of interaction operator~3!, i.e., to be denoted ‘‘simulta-
neous’’ inversion, as first introduced in Ref.@16#. For the
inversion of p14He empirical phase shifts the two ap
proaches lead to very similar potentials. However, simu
neous inversion was necessary to provide a stable pa
dependent inversion ofp116O scattering observables@28#,
because the Majorana term is very small in comparison
the Wigner-type interaction. On the same note, it is comm
practice to apply inversion to whole multiplet of partial am
plitudes,JW5LW 11W , simultaneously, i.e., to determine centr
and spin-orbit potentials directly rather than to calculate
tentials for the separate spin channels withJ5L2S, . . . ,L
1S.

The general philosophy behind the simultaneous appro
is the following. While the Majorana components descri
exchange terms in the nucleus-nucleus interaction@5,12#,
these components represent only a minor part of the
change correction compared to that contributing to the m
Wigner term, the term which appears in the conventio
simple and double folding models. This difference sugge
that a more stabilized inversion is obtained by expandingVW
andVM in separate basis sets, as in Ref.@28#, i.e.,

VW~r !5(
i 50

N1

Ci
~1!f i

~1!~r !, ~5!

VM~r !5(
j 50

N2

Cj
~2!f j

~2!~r !. ~6!

Heref (1) andf j
(2) are basis sets with appropriate, but po

sibly differing radial scale parameters.
This approach then leads to a more reliable determina

of the radial form and range ofVW andVM compared to the
potentials resulting from the separate inversion which m
have significant uncertainties in the Majorana compone
The inversions in the following section well illustrate th
importance of simultaneous inversion. The two poten
components are now simultaneously determined from e
~well determined! and odd~poorly determined! partial ampli-
tudes on equal footing. Applying a step-by-step extension
the basis in Eqs.~5! and ~6! then yields a considerably sta
bilized inversion.

IV. STABILIZED INVERSION OF THE d-4He EMPIRICAL
DATA FOR 0 <Ed<15 MeV

A. The empirical d14He phase shifts

The inversions from empiricald14He data, described in
the next section, are based on two separate sets of phase
analysis~PSA! data: ~i! single energy PSA of the Zu¨rich
group @33# established for the energy range 6–43 MeV a
~ii ! the extended energy-dependent PSA of Kuznetsovaet al.
@34# for 0–10 MeV, with a special emphasis on the lowe
energy region.
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As in previous inversions based in this PSA, tensor
tential terms are excluded from all the inversion calculatio
presented here except those described in Sec. VII. The
ing parameter data are too poorly determined to give a st
inversion, due to the very weak influence of the tensor in
action on the low-energy phase-shifts, e.g.,«1 differs from
zero only in the narrow region near 6.5 MeV, where the3S1

and 3D1 phase shifts are close in value. For similar reaso
only real potentials are determined due to the limitations
the inelasticity parameters. However, in Sec. VII we pres
a reconstruction of the4He1d even-parity tensor potentia
from the 6Li quadrupole moment and the existing PSA da
for the «1 mixing parameter.

Although the PSA solutions of the Zu¨rich group contain
many irregularities and some nonmonotonic behavior, es
cially for Ed.20 MeV, the phase shifts in the energy ran
6–14 MeV @33# are satisfactorily smooth functions of en
ergy. On the other hand, the energy-dependent PSA@34#
gives very reliableS- and D-wave phase shifts forEd,6
MeV, which strongly stabilizes the inversion for both ev
and odd partial waves~see Sec. II!. Therefore in this work
we present results for inversions based on the phase shi
energies up to 15 MeV only. A reconstruction of thed- 4He
interaction using all the Zu¨rich PSA data~up to 43 MeV!,
but by separate inversion, has been presented previo
@20#.

B. Inversion from the d14He phase shift analysis data

In this section we compare two solutions of thed14He
inverse problem, determined using the algorithm develo
by the Moscow group, for the energy range 0,Ed<15
MeV, obtained as follows:~i! by separate inversion of od
and even partial amplitudes@20#, ~ii ! by simultaneous inver-
sion of both amplitudes~present work!. As a starting ap-
proximation we take only one term in the expansions of e
potential component, e.g., central, spin-orbit, etc. Follow
our initial suggestions@22# we have used as wave orthonor-
mal harmonic oscillator basis, for which the first term of t
series corresponds simply to a Gaussian. Then, in each
sequent stage, we add one term to each of the above co
nents~either to each component alternately or to all comp
nents at once!. If the input information is insufficient to
determine the next expansion term, either the iterations
to converge or the uncertainties in the expansion coefficie
become too large,;100% @22#. The convergence of the
method had been investigated previously@22,23# and here
we only give the final results of the inversion.

In Figs. 1~a!, 1~b! and 2~a!, 2~b! we compare the poten
tials found for cases~i! and ~ii ! ~the central components ar
displayed in Fig. 1 while the spin-orbit components a
shown in Fig. 2!.

The degree to which these two potentials reproduce
phase shifts is shown in Figs. 3 and 4 for the even and
l -values, respectively. The apparent disagreement betw
the predictions of the inversion and the data of the ph
shift analyses for theP waves~Fig. 4!, probably arises due to
the large errors in the PSA data for these amplitudes@33,34#.
In particular, the results of accurate Faddeev calculations
d-4He scattering@7,35# show a much better agreement wi
our predictions than with the PSA. So our simultaneous
-
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version for theP waves may be closer to the ‘‘true’’ solutio
than is apparent from Fig. 4.

It is evident from Figs. 1 and 2 that the modifications d
to the improved stabilization of the inversion are compa
tively small only for the even central potential. For the ev
spin-orbit and all the odd components, the differences
quite significant.

Strong changes are also found in the odd potential
inclusion of theF phase shifts in the input data@the dashed
curve in Fig. 1~b!#, when compared with inversion based o
the P wave amplitudes alone@the dotted curve in Fig. 1~b!#.
The solution based onP-wave phase shifts alone gives

FIG. 1. ~a! The central part ofd-4He potential for even partia
waves reconstructed with PSA input data up to 15 MeV. The so
line is the result of simultaneous inversion~present work! and the
dashed line represents the result of separate inversion@20#. Also
shown is the potential obtained by separate inversion including
ergies up to 33 MeV@20# ~dotted line!, the df potential with the
MinnesotaNN force ~triple dot-dashed line!, and this df potential
multiplied by Ndf51.572~dot-dashed line!. ~b! The central part of
d-4He potential for odd partial waves reconstructed with PSA in
data up to 15 MeV. Solid line is the results of simultaneous inv
sion ~present work!, dashed line is from a separate inversion
odd-parity P and F waves@20#, and the dotted line shows the inve
sion based on the P-wave phase shifts only.
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very poor prediction of theF-wave phase shifts, even whe
taking into account the large errors in theF-wave phase
shifts @33#.

The above result is in agreement with our initial gene
expectation that incorporation even of rather ‘‘noisy’’ b
independentinput data into the inversion, together with som
definite additional constraint~e.g., requiring some degree o
smoothness in the potentials!, leads to a noticeable stabiliza
tion of the solutions. This general feature of the IP invers
procedure then convincingly distinguishes our appro
from more traditional and strict methods like Gel’fan
Levitan or Marchenko approaches. In the applications of
latter procedures, it is impossible to incorporate essenti
incomplete or ‘‘noisy’’ data into the initial data set.

The forms for the Wigner and Majorana potentials a
compared in Fig. 5. Clearly, the Wigner potential is peak
at the origin while the maximum of the Majorana potential
displaced to around 1.5 fm and its value is about 6 MeV, i
more than an order of magnitude less than the Wigner te
The relatively small value of the Majorana potential, whi

FIG. 2. ~a! Thed-4He spin-orbit potential for even partial wave
reconstructed with PSA input data up to 15 MeV. The notation is
in Fig. 1~a!. ~b! Thed-4He spin-orbit potential for odd partial wave
reconstructed with PSA input data up to 15 MeV. The notation is
in Fig. 1~b!.
l

n
h

e
ly

d

.,
.

arises as a manifestation of basic exchange effects, sh
this contribution to be moderate in the present case. Mic
scopic multichannel RGM calculations presented in Sec
confirm the relative difference in size of the Majorana a
Wigner terms.

If a similar relation between Wigner and Majorana term
exists for the spin-orbit interaction as for the central comp
nents, there is no possibility of determining a Majorana~i.e.,
exchange! spin-orbit term from the existing PSA data. I
fact, this supposition is confirmed by our results. The reas
for this are partly due to the errors in the PSA data as wel
due to the small size of the Majorana spin-orbit term.

Thus, summarizing our findings in this section, we co
clude that the effects of the odd-even splitting ford14He are
rather moderate. This conclusion is also supported by
volume integrals,

s

s

FIG. 3. TheS- andD-wave phase shifts for the potential reco
structed by simultaneous inversion for energies up to 15 MeV~solid
lines!. Dashed lines show the results for inversion of even wa
only @20#. PSA data are designated:d–from @34#, n, m, j, l
from @33# for S andDJ waves (J5L21,L,L11), respectively.

FIG. 4. Similar to Fig. 3 but for theP-wave phase shifts.
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J~k!52
4p

ATAP
E V~k!~r !r 2dr ~7!

for the different componentsV(k) of the inverted potential,
Eqs.~1!–~4!. Table I displays the magnitudes of volume i
tegralsJ(k), for the potentials reported above.

We have also estimated the value ofJ(c) for the Majorana
terms of the potentials determined by simultaneous inv
sion. These potentials give

Jeven
~c! 2Jodd

~c! 52JM
~c!.0.17JW

~c! ,

i.e., JM is about 8.5% ofJW . Again, the Majorana term
represents just a small correction to the main Wigner co
ponent.

The same interrelation between the Wigner and Major
components should also be valid for the spin-orbit inter
tion and our stabilized inversion corroborates this conc
sion. While the difference in volume integrals for the sp
orbit terms obtained from separate inversion of even and
partial waves is quite remarkable~see Fig. 2!, for simulta-
neous inversion this difference is beyond the accur
achievable with the existing PSA. Thus we may conclu
that the initial assumption on which the simultaneous inv
sion of even and odd parity states was based, i.e., tha
interaction is of mainly Wigner type, is well justified by th
results of the inversion.

FIG. 5. WignerVW ~solid line! and MajoranaVM ~dashed line!
parts of the central potential reconstructed from PSA input data
to 15 MeV.

TABLE I. Values of volume integrals2(4p/8)*V(r )r 2dr
@Mev fm3# for different d14He potentials.

Simultaneous Separate df with df with
inversion, inversion Minnesota DDM3Y

present work @20# force @24#

Even waves 665.6 672.3 646.9 675.0
Odd waves 546.3 573.3 614.0
Spin-orbit 13.8 19.8
r-

-

a
-
-

-
d

y
e
-
he

V. INVERSION OF RGM S„ l … WITH BREAKUP
CHANNEL CONTRIBUTIONS

The resonating group method~RGM! offers fundamental
advantages for the study of the important effects contribut
to d14He scattering, despite the simplified approximatio
necessary in the method. Here contributions to the poten
due to both the full antisymmetrization of all nucleons a
the inclusion of breakup channels can be directly assesse
a way not possible by inversion from empirical phase shi
This formulation of thed14He RGM calculations closely
follows the work of Kanadaet al. @36#, and the breakup
channels are included using the pseudostate method
scribed therein, although onlyD l 50 transfer is included.

The RGM S matrices are numerically calculated usin
modified forms of the codes of Blu¨ge et al. @37#, adapted to
incorporate the MinnesotaNN force @38# as described in a
previous work @39#. The exchange mixture parameteru
50.97, but the potentials described below are not sensitiv
this value. The deuteron and excitedn-p pseudostates ar
described by an 8 Gaussian basis@40#, which allows cou-
pling to 4 distortion channels of low energy deuteron exci
tion. No spin-orbit force is included in these calculatio
since the empirical spin-orbit terms cannot be determined
sufficient accuracy.

The RGM code yields tabulatedS-matrix values which
are input into the IP inversion code. As in Sec. IV, the i
version is confined to the energy range 0,Ed,15 MeV.
With the inclusion of channel coupling theS matrix becomes
complex. At energies less than 10 MeVuSu is close to unity,
but at higher energies, the coupling to breakup channels
duces an irregular variation ofuSu with energy. Other calcu-
lations show the imaginary potential arising from break
coupling to have a marked variation with energy@20,41#.
Since the imaginary potential cannot be established to
reliable accuracy over the energy range currently conside
all inversions in this section establish real potential com
nents only.

The theoretical RGM phase shifts can be reproduced
inversion to a far greater accuracy than the empiricalS( l ).
However the most accurate inversions give irregula
shaped potentials due to an inherent, but small, energy
pendence associated with the underlying nonlocality. T
energy dependence ofS( l ) cannot be reproduced by simpl
introducing an energy dependence in the potential ma
tude, but requires a variation in thepotential formwith en-
ergy. Since the details of such a dependence are far bey
what can be determined empirically, only smooth energy
dependent solutions are now considered and these lead
adequate fit to the phase shifts.

Solutions are obtained for both inversion methods
scribed in Sec. II, i.e., for separate inversion of even and
l -values and for simultaneous inversion to determineVW and
VM . The choice of method is less critical in the case
theoreticalS( l ) and, with a small inversion basis~two func-
tions per component! the two methods lead to very simila
parity dependent potentials. The simultaneous inversi
also show that, using only aVW term, a slightly more mod-
erate fit to the RGMS( l ) results and thus theVM component
clearly represents only a small correction.

Figure 6 shows the even and oddl potentials for all four
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cases, i.e., with and without breakup coupling and using
two inversion approaches. The componentsVW and VM for
the potentials obtained by simultaneous inversion are il
trated in Fig. 7 together with the RGM direct potential o
tained from the double folding model for the MinnesotaNN
force. The breakup channels primarily change the evel
phase shifts only@36#, so that, although the even potenti
increasessignificantly in magnitude on inclusion of breaku
coupling, there is little change in the odd component.

The restriction to energy-independent potentials lead
some uncertainties in the inversion but interesting results
revealed. The introduction of coupling produces both an
crease in the Wigner potential magnitude at small radii an
small decrease atr;3 fm. However, at larger radii the so
lution inclusive of breakup coupling is very close to the d
rect potential multiplied byNdf51.572~see also Fig. 1!.

The large changes in the evenl phase shifts due to
breakup coupling significantly decrease the parity dep
dence~i.e., the amplitude of the Majorana force! for r ,2
fm. At larger radii there is a considerable agreement in
parity dependence for all solutions, but the strength of
VM term barely exceeds 1 MeV.

The empirical solution presented in Sec. IV is indicated
the dotted line in Fig. 7. The limitations of the RGM calc
lations and its dependence on simple interactions, prec
the possibility of a very exact agreement with empirical
sults. Indeed the magnitude ofVM is too small at both large
radii and near the nuclear center, although the latter prob
is improved by the addition of breakup coupling. Signi
cantly, the inclusion of breakup effects brings the Majora

FIG. 6. Even~upper panel! and odd~lower panel! parity poten-
tials determined from single channel RGMS( l ), by the two inver-
sion approaches, separate~solid line! and simultaneous~dashed
line!, and from RGMS( l ) with breakup channel coupling by sep
rate ~dotted line! and simultaneous inversion~dot-dashed line!.
e
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component closer to the empiricalVM potential, although the
RGM potential is still too small in magnitude forr ,2 fm.
As a consequence, the net effectived-4He RGM potential is
close to a conventionallocal parity-independent potential
The empirical potential resulting from separate inversion
a much poorer agreement with the RGM solutions.

VI. VALIDITY OF DOUBLE FOLDING MODEL FOR d-4He
AND SIMILAR SYSTEMS

In the last two or three decades the df model has beco
extremely popular for the description of optical scatterin
not only for p, 3He(3H), 4He, etc., but also for such loosel
bound particles asd, 6,7Li or 9Be @1,10,11,42–47#. How-
ever, for the latter projectiles the normalization constantNdf
was found to deviate considerably from unity and is anom
lously low. This problem has been explained@9,19,26,42,43#,
by the strong coupling effects of the virtual or real break
of the loose projectile.

The accurate and fairly reliable potential ford-4He estab-
lished by inversion now allows us to study the behavior
the normalization constant in a more quantitative man
than was possible in the simple phenomenological analy
of deuteron scattering by medium and heavy nuclei@14#.

The most important question here is how adequate is
df potential form? The general success of the df model
parently argues in favor of its correctness, but the situat
here is far from trivial. The df potential~which corresponds
to the so-called no-distortion approximation! must ad-

FIG. 7. The componentsVW ~upper panel! andVM ~lower panel!
for simultaneous inversion from single channel RGMS( l ), ~solid
line! and from RGMS( l ) with breakup channel coupling~dashed
line! compared with the empirical potential from simultaneous
version ~dotted line! and the RGM direct potential~dot-dashed
line!.
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equately describe only the peripheral part of the internuc
interaction where there is no distortion of the colliding n
clei. Moreover this is only achieved using anNN potential
which has the correct peripheral behavior, and the norm
ization factorNdf should be close to unity. One then hop
that the short-range part of the internuclear interacti
where the effects of distortions and breakup are of gre
importance, will be screened by a strong imaginary poten
In such circumstances the df model will be a good appro
mation for the exact interaction.

However, most practical applications of the df procedu
are based on an effectivescalar NN potential ~usually the
M3Y force! which is quite dissimilar to the trueNN force. In
such an approach the degree of similarity between the ‘
act’’ potential and the df potentials in both the peripheral a
short-range radial regions is very interesting. Below we w
try to answer these important questions.

In Fig. 1~a! a df potential, calculated with the effectiv
NN Minnesota force, is compared with the stabilized so
tion of the inverse scattering problem described in Sec. I
is evident that theinitial df potential, even in the far periph
eral region, is very different from the ‘‘true’’ interaction po
tential and the difference is rather large in the inner regio

Following standard practice@14#, the df potential can be
multiplied by a normalization coefficient,Ndf , and we find
the even-parity partial amplitudes are most accurately re
duced withNdf51.572. The quality of fit to the phase shif
reached with this value ofNdf is displayed in Fig. 8. Clearly
the renormalized df potential provides a very reasonable
to these phase shifts, with the exception of theS waves. In
fact, the direct comparison of the renormalized df poten
with potential obtained by inversion@see Fig. 1~a!# reveals
that the peripheral parts (r>3 fm! of both potentials are in
reasonable agreement. In the inner region, however, ther
large differences between the potentials which contrib
significantly only to theS-wave phase shifts. The contribu
tions of the short-range region will be further screened by

FIG. 8. Comparison between theS-, D-, and G-wave phase
shifts for the double folding potential multiplied byNdf51.572
~solid lines! and the ‘‘average’’ phase shifts calculated with t
central part of the reconstructed potential~dashed lines!. (G-wave
phase shifts are multiplied by 10 for convenience.!
ar
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imaginary potential, which is present forEd.3.5 MeV.
Further agreement is provided by a comparison of volu

integrals,J(k), for the various potentials, as shown in Table
In fact, the volume integral of the even parity potential,
determined by simultaneous inversion, is very close~with a
difference of;1% only! to that of the df potential@24#,
calculated with the standard~density-dependent! DDM3Y
NN effective force and withNdf adjusted to reproduce th
even l phase shifts. The equivalent comparison for the o
parity phase shifts shows far less agreement, and the vol
integral of that M3Y df potential for oddl is closer to the
volume integrals for the even parity cases. The volume in
grals for the df potentials calculated with both the Minnes
and M3Y potentials~after multiplication by appropriate nor
malizing factorsNdf) are close to each other.

We can now turn to the role of deuteron breakup chann
and antisymmetrization effects. The basic problem here
was emphasized earlier, is how to reconcile the apparent
tradiction between the rather good fit to scattering data gi
by the double folding model~with the M3Y force!, on the
one hand, although highly renormalized@10,11,43–46# and
the proven contributions of the large effects of the virtu
deuteron breakup channels@11–13#. In fitting the phase
shifts with the df model only theNN effective force constan
is adjusted, so that a good description of data means tha
radial form of deuteron polarization potential3 must be simi-
lar to the potential giving rise to purely elastic scattering, i.
without any channel coupling. Thus the renormalized fo
constant in the df potential should effectively incorpora
three important effects:~i! coupling with virtual breakup
channels;~ii ! antisymmetrization effects; and closely co
nected with the latter,~iii ! the odd-even splitting effect.

Our conclusions derived in Sec. V of the present wo
and also in Refs.@12,13# can be summarized as follows:

~1! The Majorana force component, although definite
contributing, plays a rather moderate (;8%) role and hence
does not destroy the good quality of fit achieved with t
pure central interaction potential of the df approach.

~2! Antisymmetrization and channel coupling effects a
rather large when considered separately, but the effects c
pensate each other to a considerable degree.4 Thus, the re-
sulting net contribution is rather small~see Figs. 6 and 7!.

The odd parity potential shows almost no change wh
the deuteron breakup channels are included, whereas
even potential changes, on average, by 15–25 % at s
radii. The reason underlying this change is seen in Fig
where one can see that both the Wigner termVW and the
Majorana termVM deepen by;10 MeV near the origin on
inclusion of channel coupling. However, the interaction
the even partial waves is described by the combinat
VW(r )1VM(r ) while that for the odd partial waves is gov
erned by the combinationVW(r )2VM(r ). As a result, the

3We assume quite naturally that the excitation of tightly bou
nucleus4He atEd<15 MeV can be safely ignored.

4This is quite clear from a physical point of view since inclusio
of the deuteron breakup components with a large radial range l
to an effective stretching of the deuteron while the antisymmetr
tion with the compacta-cluster wave function acts in the opposi
direction, i.e., produces a ‘‘compressing’’ effect on the deuteron
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channel coupling~CC! leads to a deepening of the even p
tential by;20 MeV near origin and to almost no change
the odd potential component.

Moreover, as we have already observed, the net effec
CC is mostly short range~see the upper part of Fig. 6!. In
practice this short-range contribution is often screened by
imaginary potential and is effectively invisible. Contrary
this, the long-range contributions of CC, which originate p
ticularly from real breakup effects, usually produce surfa
repulsion@19# and these contributions cannot be simula
by renormalizing the totalNN force constant in fitting the
d1A scattering cross sections. However these surface re
sion terms are generally important only at higher energ
Ep> 20 MeV and in our low-energy case they are unlike
to be important. In fact, the one-channel effectived-4He
RGM potential~see the solid and dashed curves on the up
part of Fig. 6!, which takes into account only the antisym
metrization effects but not the coupling to breakup chann
is very similar to the renormalized df potential@see the dot-
dashed curve on Fig. 1~a!#.

The renormalized df potential then reproduces the ‘‘tru
potential in the peripheral region (r .2 fm! quite well. How-
ever, the renormalized df potential is a little deeper than
‘‘true’’ one in the intermediate region 2 fm,r , 3 fm and
also more shallow by;20% than the true potential in th
innermost region,r ,2 fm. Consequently, when the df mod
is applied to deuteron scattering off light nuclei we expec
obtain quite a reasonable description of the elastic scatte
cross section, but with some deviations from the data for
vector and especially the tensor analyzing powers, which
sensitive to variations of the oddl phase shifts and to inter
ference effects.

A careful comparison of the potentials determined fro
RGM phase shifts calculatedwithout channel coupling ef-
fects ~solid lines in the upper part of Fig. 6! with the renor-
malized df potentialVdf(r ) @the dot-dashed line in Fig. 1~a!#
shows that the deviation of the df potential from the true o
is most likely to arise due to deuteron breakup chan
coupling.5 Therefore one expects the df model to give
highly accurate description when applied to the descript
of scattering of more dense and heavily polarized project
such asa particles. Recent work@45# confirms this conclu-
sion.

Thus, the rather good agreement of both df and invers
potentials at intermediate and large distances, and in
phase shift behavior, does support the application of the
procedure for the description of deuteron scattering, even
the very light 4He-nucleus.

VII. TENSOR d-4He POTENTIAL AND THE 6Li
QUADRUPOLE MOMENT

The d14He tensor interaction has been neglected in
preceding sections due to the lack of reliable mixing para
eters in the present PSA data. However, a tensor pote

5This conclusion is in agreement with the results of analysis of
scattering of other weakly bound projectiles like6,7Li, 9Be, etc.
@43,47#.
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must be incorporated to describe the quadrupole momen
6Li nucleus.

It is well known that the very small negative value
the 6Li quadrupole moment (Q520.0644 fm2) cannot
be explained by the standard three-bodya12N model@48#,
but probably originates through the coupling between
D-wave component of thea particle in the closed channe
d1d→4He and theD-wave component of thea1d relative
motion. The negative value ofQ is associated directly
with the negative value of the asymptotic mixing consta
hD520.0125@49#, i.e., the sign of theD component of the
bound-state wave function~in the asymptotic region! must
beoppositeto that of theS component. A6Li wave function
of this type has been formulated@47,48# and this model does
give the correct sign of quadrupole moment.

Here we attempt to reconstruct ad-4He potential which
describes the3S1 and 3D1 low-energy phase shifts and th
main properties of the6Li ground state, including the quad
rupole moment. Consequently the data input into the inv
sion includes the binding energy and quadrupole momen
6Li together with the phase shifts for energies up to 11 Me
To retain stability in the inversion, we have restricted t
expansions of both central and tensor parts of interaction
just one term:

V~r !5Vc~r !1Vt~r !S12, ~8!

Vc~r !52V0exp~2ar 2! ~9!

Vt~r !52V1exp~2br 2!. ~10!

Table II lists the parameters of two possible potenti
satisfying the above criteria. The properties of the6Li
ground state calculated from these potentials are present
Table III, together with the corresponding experimental v
ues. The3S1 and 3D1 phase shifts and the mixing paramet
«1, evaluated with the two potentials, are shown in Figs
and 10~solid lines are for variant A, dashed lines for varia
B!. The negative values of«1 can be obtained only from
narrow tensor potentials. The use of wider potentials res

e

TABLE II. Parameters of the tensor potential ford14He.

Variant V0 @MeV# a @fm22# V1 @MeV# b @fm22#

A 271.979 0.20 27.0 1.12
B 277.106 0.22 40.0 1.60

TABLE III. The properties of the6Li ground state, calculated
with the reconstructed tensord14He potential.

Properties Potential A Potential B Experimental value

Eb @MeV# 21.4735 1.4735 1.4735
Rr @fm# 2.60 2.56 2.56~5!

Rf @fm# 2.53 2.50 2.54~5!

Q @fm2# 20.064 20.064 20.0644~5!

C0
0 1.9 1.9 2.15~10!

hD 20.0115 20.0120 20.0125~25!

md /m0 0.848 0.847 0.822
PD % 1.59 1.78
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in both a change of sign of«1 and a change of the asymptot
mixing constant of the ground statehD . Thus the range of
the d-4He tensor potential is much less than that of the c
tral potential. This finding provides evidence for a stro
d-exchange contribution to the tensord-4He force@48#6 be-
cause the range of the exchange force in the excha
mechanism should be rather short due to the small rms ra
of 4He and the large binding energy in the channel4He
→d1d.

A separate work is now in preparation to investigate f
ther this short-range tensor force induced by the Pauli p
ciple.

VIII. CONCLUSIONS

In this work we have studied some important proble
relating to the interaction potential underlying the scatter
of composite particles such asd14He. In order to establish
the true interaction potential, we solved an inverse scatte
problem using our effective method of linearized iteratio
The input for the inversions include both phase shifts cal
lated from RGM coupled channel calculations, which inc
porate virtual and real breakup channels, and the results
recent phase shift analysis.

The success of the inversions presented here depe
considerably on combining the very reliable even par
wave amplitudes with the ‘‘noisy’’ oddl values within the
empirical data set. The Majorana exchange interaction
explicitly evaluated in the inversion, and by this procedu
the odd parity potential is determined with greater stabil
The resulting empirical potentials then represent an impro
ment on previousd14He potentials for which the odd parit

6This effect should be compared with theNN one-pion-exchange
forces where both central and tensor components have the
range,m21 (m is the pion mass!.

FIG. 9. The theoretical eigenphase shifts corresponding to
3S1 and 3D1 phase shifts in the uncoupled channels and the P
results. The circles and triangles display the PSA data. The s
and dashed lines correspond to the tensor potentials A and B
spectively.
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potential was unreliable and inaccurate. The new stabili
empirical potential can be applied to predict improved ph
shifts for the odd partial waves.

The new empirical potential agrees quite well with t
RGM predictions for both the Wigner and the Majora
components of the potential, but only after inclusion in t
RGM of the breakup channel coupling. The Majorana co
ponents of both the RGM and the empirical-phase-shift
lutions are small in magnitude and this odd-even splitting
then expected to be of minor importance for otherd1A
systems.

We have also compared these ‘‘exact’’ interaction pote
tials with the potentials calculated using the popular
model based on two different effectiveNN forces: ~i!
DDM3Y NN force, and~ii ! MinnesotaNN force. On whole
the general agreement is reasonable for both effective for
The DDM3Y force, multiplied by an appropriate normaliz
tion factor, leads to a better agreement with empirical pot
tials and provides a quite satisfactory reproduction of
‘‘experimental’’ phase shifts~see also@14,24,44–46#!. Nev-
ertheless effects such as the odd-even splitting etc. are
included in the df approach.

This agreement of the df M3Y model with the empiric
potential arises as a result of the interference of severa
fects omitted in the df model, notably antisymmetrizati
and breakup channels coupling. The RGM calculations sh
that the breakup effects only contribute noticeably to
even parity potential and have little effect on the odd par
component. These contributions of antisymmetrization a
breakup coupling then mutually compensate each othe
the peripheral nuclear region.

An analysis ofd140Ca scattering atEd552 MeV @44#,
leads to very similar results, in particular in the interrelati
between the df potential ford140Ca and the ‘‘exact optica
potential’’ extracted from the data by a model independ
analysis. Our findings may then have a much wider appli
bility than the particular case considered here.

Combining the above results leads to a very powerful
me

FIG. 10. The comparison between the theoretical and exp
mental values of the tensor mixing parameter«1. The solid and
dashed lines correspond to the tensor potentials A and B, res
tively.
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2472 57KUKULIN, POMERANTSEV, COOPER, AND DUBOVICHENKO
version procedure. The modified IP inversion method, as
ployed widely in the present work, converges very fast a
in a stable manner with a good choice of initial potential. W
now suggest the df model as a convenient candidate for
initial approximation. The complete method, when invok
for inversion directly from cross-section data@25,28#, offers
many opportunities to study fine details of the interactions
complicated systems such as24Mg1112Sn, 12B1A, etc. and
even for unstable radioactive projectiles scattered off sta
targets~see, e.g.,@50#!.

In this paper we have also determined ad-4He tensor
interaction. The resulting potential is rather short ranged
is relatively large in amplitude (;30–40 MeV!. As has been
previously suggested@40#, this interaction may arise due t
the very specific exchange effect in which the ‘‘inner’’ de
teron in the D state of the4He core is exchanged with th
outer valence deuteron. This exchange mechanism can
plain both the short-range character of thed-4He tensor
force, through the very small rms radius of4He, and the
negativevalue of the 6Li quadrupole moment. The secon
result is consistent with the fact that thes-wave andd-wave
components of the total6Li wave function, when projected
onto the d-4He channel, have opposite signs in t
asymptotic region. Thus the form and strength of thed-4He
tensor force at both low and intermediate energies des
detailed further study.

Many characteristic features of interaction of thed-4He
system have been established in this and a series of pre
ing works @1,7,20,23,25,34,40,48#. Important features such
as the Pauli principle manifestation and the appearanc
Pauli-forbidden states, the description of higher par
waves, channel coupling effects, the interrelation with sup
.
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symmetrical partner potentials and the general manifesta
of dualism repulsion-attraction in composite particle intera
tion have now been studied in detail. In particular we ha
shown@1,3#, that the deep attractive interaction potentials
the systems4He14He, 4He1N, etc. arise as a consequen
of well-localized Pauli-forbidden states and the appropri
conditions of orthogonality for the scattering wave functio
to these forbidden states. In turn, the structure of the P
forbidden states is very closely interrelated to the shell mo
structure of the whole unified system@4,7#. Other interesting
effects found concern the joint action of antisymmetrizati
and~virtual! breakup ind14He system@12#. These calcula-
tions establish that, while the inclusion of deuteron break
channelsdiminishesthed14He cluster probability in the full
three body6Li wave function, the subsequent antisymmet
zation of then1p14He wave functionincreasesthed14He
cluster probability. Again both these important contributio
produce opposing effects. Thus the present paper can be
sidered, in some sense, as a very illuminating illustration
the fruitfulness of the six-nucleon system as a test study
nuclear physics.
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