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Improved potential solutions are presented for the inverse scattering probleht féte 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 tN& 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 effectivd 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-*Ale tensor potential is also derived to
reproduce correctly the negativélLi quadrupole moment and theD-state asymptotic constant.
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PACS numbgs): 25.45.De, 21.30.Fe, 24.16i, 21.60.Gx

[. INTRODUCTION scattering of deuterons and nuclei such®s by the stan-
dard optical modelvia local potentials with a smooth en-
Many basic features of the interactions between lightergy dependence, or even by global optical mofi&4s.
composite particles are now well established. In particular, a The low energyN + *He interaction presents a further ex-
good descripti()e‘ril—ii] of }he interactions of light nuclei ample of these problems. An attempt undertaken long ago by
such agl+t, t+°He, "He+"He, etc. is obtained from a deep satchleret al. [15], to describeN+“He phase shifts foEy
attractive potential with Pauli-forbidden states with the addi-—2g pev by a standard optical potential of Woods-Saxon
tion of parity dependence, Young scheme splitting, and o, required a significant energy dependence inréual
spin-orbit interaction. Importantly, this type of interaction is 5. of the potentiali.e., of geometric parametgré-urther
now justified from microscopic considerations, both in theStuolies based of$ matrix to potential inversior{16,17
quasiclassical picturgt] and also in the quantum mechanical showed that thé&l+ *He phase shifts can be describea e;<cel—
shell-model framework1,7]. These results lead to a general . .
Iéntly over a wide energy rangeE(<65 MeV) with a

comprehensive understanding of the interrelations betwee . . - ) L .
P g aussian-like potential with odd-even splitting and with a

various interaction models which appear, at first glance, to . X i
contradict each other small energy dependence in the potential depth alone. This

Nevertheless, a number of finer features of the interactior?dd-even splitting is a direct consequence of antisymmetri-
notably the role of the dynamic polarization of loosely boundZation[1,5,18. Thus the artificial energy dependence found
projectiles such ad or ®7Li when combined with antisym- by Satchleret al. [15] reflects only the omission of the odd-
metrization effects, are not yet fully understood despite mangVven splitting in theN+ *He potential.
previous efforts. The existing problems and contradictions Similar problems are also expected to arise dor *He
are illustrated by the following example. On the one hand, itand analogous systems. Moreover, many previous studies of
is well known (see, e.g.[1,8—13) that antisymmetrization deuteron scattering have demonstrgted, 13,19 the strong
and coupled-channel effects in composite particle scatteringontribution of deuteron breakup channels, in particular with
unavoidably result in complex nonlocal and energy-Al=2, i.e., through the excitation of tH2 state in theN-N
dependent potentials, in which the breakup chanfelth subsystem.
their various angular momenta in the relative motion of the We can then ask, in what way can the above strong non-
fragment$ lead to rather peculiar contributions mspace local contribution be incorporated into, say, the double fold-
and the specific energy dependence. On the other hand, forirag potential, which, at first glance, contains no such effects?
long time it has been standard practice to describe the elastitlere we must emphasize that the usual type of nonlocalities
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considered in the literatuf®,10] differs from the terms, sin- Il. THE INVERSION METHOD

gular |n|eé1e(;g_|¥h arising ;Nh?n tht?l thua;:_br:eaku? tc;]hanrt])els The inversion method used in the next sections has been
aré excluded. The important problem which must then be developed in Moscow(in the Moscow State University

solved is to formula_te the above no“nlocal’:':md §pecific energihg 52 23 2% and independently in the Open University by
erendent .effe'cts in terms of an 'exact' optical potential, p15ckintosh and co-worker@riginally in Ref.[26], with fur-
i.e., one which is reconstructed by inversion from the data ofner developments and references in R&6]). It has been
from microscopic theory as opposed to a standard phenomyamed as the iterative-perturbati¢i®) method by the latter
enological optical potential with a prescribed foemd fitted  group and as the linearized iterative method by the Moscow
parameters group. The two approaches have only minor differences
Our plan of study is as follows. As a first approach, itera-which relate to the choice of inversion basis and details of
tive perturbative(IP) inversions are presented based onthe iteration process. The overall method is extremely flex-
phase-shift analyses of experimental data. These inversiorilsle and convenient to use. It enables us to reconstruct many
follow Ref. [16], in directly calculating an explicit Majorana types of potentials, central, spin-orbit and tensor, real and
exchange force, instead of applying separate inversions faromplex, both from phase shifts or directly from scattering
even and odd partial amplitudes as in previous determinasbservables. The appropriate input quantities, &gnatrix,
tions of the empiricad+ « potential[20]. In this way the differential cross sections, analyzing powers etc. are nonlin-
even and odd partial amplitudes are treated simultaneousg@ar functions of the interaction potential and so may be con-
and the inversion process is considerably stabilized. In théidered as a functional response to variations in the interac-
second approach, an extended RGM study is presented f§Pn potential. In general, excluding some special cases, a
the same system in order to gain a deeper understanding gemall varlatlon_ qf the mteractlon_ potential is directly related
the complicated interplay between antisymmetrization ancéﬁf% r? small variation of thes matrix or other response func-
projectile breakup effects. Increasing the number of coupled™"_: . _ . .
channels in these RGM calculations leads to three sets of The basic idea behind the.approac.h Is then a local I|r_1ear-
microscopic models for the-4He interaction:(i) the direct ization of the response function in neighborhood of a given

d-*He potential without incorporation of any exchange ef_point ir_1 an appropriate fu_nctional space. This local linear
fects and which is related to standard double foldid§ approximation, together with an expansion of the unknown

. potential in some complete badifor example the Fourier
models(see, e.g.[21)), (ii) the one channeld+ “He) RGM expansion in an orthogonal ba$R0,22,23,2% or Gaussian

model with full antisymmetrization but with a “frozen” deu-  ,nctions that worked well in inversions far+ a [16]), re-
teron, and(iii) the multichannel RGM model inclusive of gyits in a set of linear algebraic equations to be solved to
breakup channels. RGM potentials are determined by inverig|d the expansion coefficients. The initial approximation
sion from the phase shifts of the last two models. The comgj e, initial values of the expansion coefficients or a starting
parison of these different potential models then yields thgeference potentiais usually chosen based on physical con-
contributions of antisymmetrization and deuteron breakupsiderations. In particular, as will be shown in later sections,
effects in terms of the local potential. The further compari-the results of the present paper suggest that a good choice for
son of our new empirical parity dependent solutions and thene initial potential would be the df potential. This initial
RGM solutions allowsjuantitativedeductions to be made on potential is then corrected with step-by-step iterations which
the validity of the df model for the deuteron projecti@s  converge rapidly(5-7 iterations at most are usually re-
applied in[24] for examplg. Our approach has one further quired. A stable solution results for the first expansion co-
advantage, since the considerable ﬂelelIlty of the inverSiorbfﬁcients of the Sought potentia| and the number of recon-
method allows the determination of potentials, which de-structed coefficients depends directly on the completeness
scribe the system under study not at a single energy but for gnd consistency of the input data.
wide energy range simultaneouslpreviously denoted as  The approach developed by the Moscow group has also
“mixed case” inversion[17,22,23). been successfully applid@7] to reconstruct interactions in
The final part of our study is dedicated to a reconstructionhe field of heavy ion scattering in systems suchs+ 13C,
of the tensor part of thd-*He interaction. Here we study the 160 170, etc. The algorithm developed at the Open Univer-
range and depth of thé-*He tensor force and compare it sjty has also been applied to a wide range of systems; for
with the same quantities for central and spin-orbital compoexample top+ %0 directly from experimental observables
nents of the same system. [28], to mixed caseN-nucleus phase shifts calculated from

The contents of this work are then as follows. In Sec. llnon|ocal interaction§29], and to single energy empiric&l
we describe, in brief, our inversion method and discuss thenatrices, for nuclei such 860+ €0 [30], and for 'Li scat-

importance of including odd and even partial waves simultayering [31].

neously in the inversion. Section IV describes the empirical

input data used and presents a new solution for the empirical

case. Section V is devoted to inversion of RGM calculations Il. PARITY DEPENDENCE IN INVERSION

for d+“He, which include coupling to the virtual breakup

channels. Section VI contains a detailed discussion of the The general form of operatofor potentia) of particle
validity of the df model. In Sec. VII, we describe the calcu- interaction can be expressed as follows:

lation of a tensod-*He potential which nicely fits théLi

guadrupole moment and the tensor mixing paramete©ur -

findings are summarized in a concluding section. V=Vy+MVy (1)
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whereV,y is the Wigner-type interaction which includes the cannot be established with sufficient accuracy. However, the

central, spin-orbit, and tensor interaction terms, i.e., structure of this term is very important for our understanding
. of the role and significance of exchange effects in nucleus-
V=V + Vi s+VY)S,,, (2)  nucleus interactions.

The alternative approach is to derive the odd and even
Vy is the Majorana type interaction which includes, in gen-potential components simultaneously using the original form

eral, similar terms, i.e., central, spin-orbit, and tensor, ldnd Of interaction operator(3), i.e., to be denoted simulta-

is the Majorana exchange operator. In the case here, for tHeeous inversion, as first introduced in Ref16]. For the
interaction of two nucleia andb, M=P,,=(—1)ab and  INversion of p+“He em_plr_lcal phasg shifts the two ap-
|, is a relative angular momentum of the pairand b. proaches lead to very similar potentials. However, simulta-

Furthermore, in the standard approach the opefajaran be ~ N€OUS inversion was necessary to provide a stable parity-
he dependent inversion gb+ %0 scattering observabld£8]
rewritten in the form p g )

because the Majorana term is very small in comparison to
V=V + P V) + (VIS + P Vi) s the Wigner-type interaction. On the same note, it is common
practice to apply inversion to whole multiplet of partial am-
+ (VI + PV S, plitudes,J=L + 1, simultaneously, i.e., to determine central
and spin-orbit potentials directly rather than to calculate po-
= > (VPxva® (3) tentials for the separate spin channels witaL—S, ... L
k=c,ls,t +S.
The general philosophy behind the simultaneous approach
where the operators is the following. While the Majorana components describe
exchange terms in the nucleus-nucleus interacf®i2],
1, k=c, these components represent only a minor part of the ex-
AW=1{1-s  k=ls, (4 change correction compared to that contributing to the main
”312, k=t,1 Wigner term, the term which appears in the conventional
simple and double folding models. This difference suggests
and the plus sign relates to even partial waves and minuthat a more stabilized inversion is obtained by expandipg
sign to odd partial waves. In this way, the interaction in theandV,, in separate basis sets, as in HeB], i.e.,
odd and even partial waves are uncoupled and each one can

be parametrized and determinéddependentlyfrom the N1

other? V() =2, CUgN(r), ®)
The procedure by which two inversions are applied to

establish the odd and even components of interaction poten- N,

tials independently will be denoted here aseparaté in- V()= Cc@¢?(r). (6)

version. This method has been previously appliegt¢*He M 12::0 o

[17] andd+“He [20,25.

The presence of well-expressed low-enedgy*He reso-  Here ) and ¢{*) are basis sets with appropriate, but pos-
nances in thé.=2 partial waves and near tt®matrix pole  sibly differing radial scale parameters.
in the S wave has been shown previou$B0,23,29 to ren- This approach then leads to a more reliable determination
der the solution of the inverse problem for the above chanof the radial form and range af,, andVy, compared to the
nels so reliable that the data for even a small energy intervatotentials resulting from the separate inversion which may
0-5 MeV is sufficient to give quite a correct reconstructionhave significant uncertainties in the Majorana component.
of d-*He interaction potentia| in even partia| waves. In SharpThe inversions in the fO”OWing section well illustrate the
contrast to this, the odd partial amplitudes are derived fronimportance of simultaneous inversion. The two potential
the phase shift analysis with large errors due to a low sensFomponents are now simultaneously determined from even
tivity of majority of observablegcross sections and tensor (well determinegiand odd(poorly determinegpartial ampli-
analyzing powersto these odd-parity partial phase shifts. As tudes on equal footing. Applying a step-by-step extension of
a result, the odd parity solution of the inversion has largethe basis in Egqst5) and (6) then yields a considerably sta-
errors which become more enhanced at the higher energi&dlized inversion.
[20,25. Hence, when the odd and even partial amplitudes
are treatedindependentlyin the inversion[20,23,25, the |v. STABILIZED INVERSION OF THE d-*He EMPIRICAL
magnitude and radial form of the Majorana interaction term DATA FOR 0 <E4<15 MeV

A. The empirical d+*He phase shifts

In Sec. VII we use the standa&], form for the tensor operator. The inversions from empirical + “He data, described in
A full classification for the tensor force based on symmetry prin-the next section, are based on two separate sets of phase-shift
ciples was given by Satchl¢t0]. See also Robsof82]. analysis(PSA) data: (i) single energy PSA of the Zich

2Formal mixing of odd and even partial waves is excluded due togroup[33] established for the energy range 6—43 MeV and
parity conservation in nuclear interaction. Here we neglect a veryii) the extended energy-dependent PSA of Kuznetsba.
small degree of mixing of the odd and even components due to thg34] for 0—10 MeV, with a special emphasis on the lowest
parity nonconserving terms. energy region.
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As in previous inversions based in this PSA, tensor po- 0
tential terms are excluded from all the inversion calculations
presented here except those described in Sec. VII. The mix-  _5; |
ing parameter data are too poorly determined to give a stable
inversion, due to the very weak influence of the tensor inter-
action on the low-energy phase-shifts, ea,.,differs from
zero only in the narrow region near 6.5 MeV, where fi$
and 3D, phase shifts are close in value. For similar reasons, =
only real potentials are determined due to the limitations in %
the inelasticity parameters. However, in Sec. VII we present
a reconstruction of théHe+d even-parity tensor potential
from the ®Li quadrupole moment and the existing PSA data

—40 1

_60 i

_80 4

for the £, mixing parameter. —100 7 1
Although the PSA solutions of the Zioh group contain
many irregularities and some nonmonotonic behavior, espe- _j2¢
cially for E4>20 MeV, the phase shifts in the energy range 6
6-14 MeV [33] are satisfactorily smooth functions of en-
ergy. On the other hand, the energy-dependent PSA 0
gives very reliableS- and D-wave phase shifts foE <6
MeV, which strongly stabilizes the inversion for both even 20 |
and odd partial wavetsee Sec. )l Therefore in this work
we present results for inversions based on the phase shifts at
energies up to 15 MeV only. A reconstruction of tte'He -40 ]
interaction using all the Zich PSA data(up to 43 MeV,
but by separate inversion, has been presented previously — |
> —60
[20]. (S
2
. . . =
B. Inversion from the d+“He phase shift analysis data —80 1
In this section we compare two solutions of the *He ;
inverse problem, determined using the algorithm developed  —100 + i
by the Moscow group, for the energy range<By<15 1 i
MeV, obtained as follows(i) by separate inversion of odd ~120 ‘ ‘ L
and even partial amplitud¢&0], (i) by simultaneous inver- 0 1 2 4 5 6

3
sion of both amplitudegpresent work As a starting ap- r (fm)

proximation we take only one term in the expansions of each - | (a) The central part ofi-*He potential for even partial

pote.nfufal Compon(_ant, e.g., central, spin-orbit, etc. FOHOW'ngKNaves reconstructed with PSA input data up to 15 MeV. The solid
our initial suggestion22] we have used & wave orthonor-  |ine s the result of simultaneous inversigoresent work and the
mal harmonic oscillator basis, for which the first term of the gashed line represents the result of separate invef&@oh Also
series corresponds simply to a Gaussian. Then, in each subhown is the potential obtained by separate inversion including en-
sequent stage, we add one term to each of the above compgrgies up to 33 MeV[20] (dotted ling, the df potential with the
nents(either to each component alternately or to all compo-MinnesotaNN force (triple dot-dashed line and this df potential
nents at once If the input information is insufficient to  multiplied by Ng=1.572(dot-dashed ling (b) The central part of
determine the next expansion term, either the iterations faili-*He potential for odd partial waves reconstructed with PSA input
to converge or the uncertainties in the expansion coefficientdata up to 15 MeV. Solid line is the results of simultaneous inver-
become too large~100% [22]. The convergence of the sion (present work dashed line is from a separate inversion of
method had been investigated previough2,23 and here odd-parity P and F wave®0], and the dotted line shows the inver-
we only give the final results of the inversion. sion based on the P-wave phase shifts only.

In Figs. X&), 1(b) and Za), 2(b) we compare the poten-
tials found for casesi) and (ii) (the central components are version for theP waves may be closer to the “true” solution
displayed in Fig. 1 while the spin-orbit components arethan is apparent from Fig. 4.
shown in Fig. 2. It is evident from Figs. 1 and 2 that the modifications due

The degree to which these two potentials reproduce th&o the improved stabilization of the inversion are compara-
phase shifts is shown in Figs. 3 and 4 for the even and odtlvely small only for the even central potential. For the even
|-values, respectively. The apparent disagreement betweepin-orbit and all the odd components, the differences are
the predictions of the inversion and the data of the phasguite significant.
shift analyses for th® waves(Fig. 4), probably arises due to Strong changes are also found in the odd potential on
the large errors in the PSA data for these amplity88s34]. inclusion of theF phase shifts in the input dafthe dashed
In particular, the results of accurate Faddeev calculations foturve in Fig. 1b)], when compared with inversion based on
d-*He scatterind 7,35 show a much better agreement with the P wave amplitudes alonfghe dotted curve in Fig.(b)].
our predictions than with the PSA. So our simultaneous in-The solution based of-wave phase shifts alone gives a



2466

KUKULIN, POMERANTSEYV, COOPER, AND DUBOVICHENKO 57

|
o

|

f

Va1 (MeV)
&

|
—
o

,

t

—-12

10

_15 =+

-20

2
r (fm)

360 r—
320 | \\} i
— S
n i 5 ]
a0 e |
:;D I \%\\5\\ 1
O 240 eAe . L, S
) I ——i ]
N
m200f 1
ha) I Dl
< 160 | vy
n | DZ
q) —g—8—8——8—=u_z__ 1
W 120 | ey
< 0 - 1
A got J
40 - .
0 Il L
0 12 15

Elab (MeV)

FIG. 3. TheS- andD-wave phase shifts for the potential recon-
structed by simultaneous inversion for energies up to 15 NsNid
lines). Dashed lines show the results for inversion of even waves
only [20]. PSA data are designate®@—from [34], A, A, H, ¢
from [33] for SandD; waves J=L—1L,L+1), respectively.

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

If a similar relation between Wigner and Majorana terms
exists for the spin-orbit interaction as for the central compo-
nents, there is no possibility of determining a Majordne.,
exchangg spin-orbit term from the existing PSA data. In
fact, this supposition is confirmed by our results. The reasons
for this are partly due to the errors in the PSA data as well as

FIG. 2. (a) Thed-*He spin-orbit potential for even partial waves due to the small size of the Majorana spin-orbit term.
reconstructed with PSA input data up to 15 MeV. The notationis as  Thus, summarizing our findings in this section, we con-
in Fig. 1(a). (b) Thed-*He spin-orbit potential for odd partial waves ¢|yde that the effects of the odd-even splitting(ﬂolr4He are
reconstructed with PSA input data up to 15 MeV. The notation is a%ather moderate. This conclusion is also supported by the

in Fig. 1(b).

very poor prediction of thé-wave phase shifts, even when

volume integrals,

taking into account the large errors in tlifiewave phase 15
shifts[33]. I
The above result is in agreement with our initial general 10 I
expectation that incorporation even of rather “noisy” but ~ 5
independeninput data into the inversion, together with some § —
definite additional constrair(e.g., requiring some degree of Y
smoothness in the potentigléeads to a noticeable stabiliza- S |
tion of the solutions. This general feature of the IP inversion E =9 I
procedure then convincingly distinguishes our approach E -10
from more traditional and strict methods like Gel'fand- w —
Levitan or Marchenko approaches. In the applications of the § —-15
latter procedures, it is impossible to incorporate essentially i—zo I
incomplete or “noisy” data into the initial data set. I J
The forms for the Wigner and Majorana potentials are —o5| s
compared in Fig. 5. Clearly, the Wigner potential is peaked — 1
at the origin while the maximum of the Majorana potential is -30 ) ) ‘ ‘
displaced to around 1.5 fm and its value is about 6 MeV, i.e., 0 3 Ela?) (MeV) 9 12 15

more than an order of magnitude less than the Wigner term.

The relatively small value of the Majorana potential, which

FIG. 4. Similar to Fig. 3 but for thé-wave phase shifts.
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V. INVERSION OF RGM S(I) WITH BREAKUP
CHANNEL CONTRIBUTIONS

The resonating group methd®GM) offers fundamental
advantages for the study of the important effects contributing
to d+*He scattering, despite the simplified approximations
necessary in the method. Here contributions to the potential
due to both the full antisymmetrization of all nucleons and
the inclusion of breakup channels can be directly assessed in
a way not possible by inversion from empirical phase shifts.
This formulation of thed+“He RGM calculations closely
follows the work of Kanadaet al. [36], and the breakup
channels are included using the pseudostate method de-
scribed therein, although onlf(l =0 transfer is included.

The RGM S matrices are numerically calculated using
modified forms of the codes of Bie et al. [37], adapted to
incorporate the MinnesotblN force [38] as described in a
previous work[39]. The exchange mixture parametar
=0.97, but the potentials described below are not sensitive to
Rnis value. The deuteron and excitedp pseudostates are
described by an 8 Gaussian bapi€], which allows cou-
pling to 4 distortion channels of low energy deuteron excita-
tion. No spin-orbit force is included in these calculations
since the empirical spin-orbit terms cannot be determined to
sufficient accuracy.

The RGM code yields tabulate8matrix values which

Egs.(1)—(4). Table | displays the magnitudes of volume in- are input into the IP inversion code. As in Sec. IV, the in-

tegralsJ®, for the potentials reported above.
We have also estimated the valueJ&? for the Majorana

version is confined to the energy rangecBy<15 MeV.
With the inclusion of channel coupling ti&matrix becomes

terms of the potentials determined by simultaneous invercomplex. At energies less than 10 M¢$§| is close to unity,

sion. These potentials give
I8 I8 =230 =017,

even

i.e., Jy is about 8.5% ofJ,,. Again, the Majorana term

represents just a small correction to the main Wigner com-

ponent.

The same interrelation between the Wigner and Majoran
components should also be valid for the spin-orbit interac-
tion and our stabilized inversion corroborates this conclu-
sion. While the difference in volume integrals for the spin-
orbit terms obtained from separate inversion of even and od

partial waves is quite remarkablsee Fig. 2, for simulta-

neous inversion this difference is beyond the accurac
achievable with the existing PSA. Thus we may conclud
that the initial assumption on which the simultaneous inve
sion of even and odd parity states was based, i.e., that trw
interaction is of mainly Wigner type, is well justified by the

results of the inversion.

TABLE |. Values of volume integrals— (4/8)fV(r)r2dr
[Mev fm?] for differentd+“He 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

but at higher energies, the coupling to breakup channels pro-
duces an irregular variation ¢§| with energy. Other calcu-
lations show the imaginary potential arising from breakup
coupling to have a marked variation with enerf0,41].
Since the imaginary potential cannot be established to any
reliable accuracy over the energy range currently considered,
all inversions in this section establish real potential compo-
nents only.

@ The theoretical RGM phase shifts can be reproduced by
inversion to a far greater accuracy than the empiri{).
However the most accurate inversions give irregularly
haped potentials due to an inherent, but small, energy de-
endence associated with the underlying nonlocality. This
energy dependence &) cannot be reproduced by simply

Yntroducing an energy dependence in the potential magni-

re_tude, but requires a variation in thtential formwith en-

ergy. Since the details of such a dependence are far beyond
hat can be determined empirically, only smooth energy in-
dependent solutions are now considered and these lead to an
adequate fit to the phase shifts.

Solutions are obtained for both inversion methods de-
scribed in Sec. Il, i.e., for separate inversion of even and odd
I-values and for simultaneous inversion to determifyeand
Vu . The choice of method is less critical in the case of
theoreticalS(l) and, with a small inversion basfsvo func-
tions per componepthe two methods lead to very similar
parity dependent potentials. The simultaneous inversions
also show that, using only ¥, term, a slightly more mod-
erate fit to the RGM5(I) results and thus th€,, component
clearly represents only a small correction.

Figure 6 shows the even and obgotentials for all four
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FIG. 6. Even(upper pangland odd(lower panel parity poten- FIG. 7. The componentg,, (upper panglandV,, (lower panel

tials determined from single channel RG3(l), by the two inver-  for simultaneous inversion from single channel R@{), (solid
sion approaches, separatolid line and simultaneougdashed line) and from RGMS(l) with breakup channel couplin@lashed
line), and from RGMS(I) with breakup channel coupling by sepa- line) compared with the empirical potential from simultaneous in-
rate (dotted ling and simultaneous inversiddot-dashed ling version (dotted ling and the RGM direct potentialdot-dashed
cases, i.e., with and without breakup coupling and using thgne)'
two inversion approaches. The componevijg andVy for  component closer to the empiricd|, potential, although the
the potentials obtained by simultaneous inversion are illusRGM potential is still too small in magnitude for<2 fm.
trated in Fig. 7 together with the RGM direct potential ob- As a consequence, the net effecti¥éHe RGM potential is
tained from the double folding model for the Minnesdt&l  ¢lose to a conventiondbcal parity-independent potential.
force. The breakup channels primarily change the even The empirical potential resulting from separate inversion has
phase shifts only36], so that, although the even potential 3 much poorer agreement with the RGM solutions.
increasessignificantly in magnitude on inclusion of breakup
coupling, there is little change in the odd component. V1. VALIDITY OF DOUBLE FOLDING MODEL FOR  d-*He
The restnc'qo_n tq energy-lndgpendent poter)t|als leads to AND SIMILAR SYSTEMS
some uncertainties in the inversion but interesting results are
revealed. The introduction of coupling produces both an in- In the last two or three decades the df model has become
crease in the Wigner potential magnitude at small radii and &xtremely popular for the description of optical scattering,
small decrease at~3 fm. However, at larger radii the so- not only forp, He(®H), “He, etc., but also for such loosely
lution inclusive of breakup coupling is very close to the di- bound particles asl, %Li or °Be [1,10,11,42—4} How-
rect potential multiplied byNy=1.572(see also Fig. 1 ever, for the latter projectiles the normalization constdgt
The large changes in the evdnphase shifts due to was found to deviate considerably from unity and is anoma-
breakup coupling significantly decrease the parity depenlously low. This problem has been explain@gl19,26,42,48
dence(i.e., the amplitude of the Majorana fojctor r<2 by the strong coupling effects of the virtual or real breakup
fm. At larger radii there is a considerable agreement in thef the loose projectile.
parity dependence for all solutions, but the strength of the The accurate and fairly reliable potential ¥*He estab-
Vy term barely exceeds 1 MeV. lished by inversion now allows us to study the behavior of
The empirical solution presented in Sec. IV is indicated aghe normalization constant in a more quantitative manner
the dotted line in Fig. 7. The limitations of the RGM calcu- than was possible in the simple phenomenological analyses
lations and its dependence on simple interactions, precludef deuteron scattering by medium and heavy nufildi.
the possibility of a very exact agreement with empirical re- The most important question here is how adequate is the
sults. Indeed the magnitude 9f, is too small at both larger df potential form? The general success of the df model ap-
radii and near the nuclear center, although the latter problerparently argues in favor of its correctness, but the situation
is improved by the addition of breakup coupling. Signifi- here is far from trivial. The df potentidivhich corresponds
cantly, the inclusion of breakup effects brings the Majorando the so-called no-distortion approximatjormust ad-
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360 imaginary potential, which is present far;>3.5 MeV.
Further agreement is provided by a comparison of volume

320 _ _ : .
I integrals, J®, for the various potentials, as shown in Table I.

§ 280 In fact, the volume integral of the even parity potential, as
o) I determined by simultaneous inversion, is very closgh a
g =40 difference of ~1% only) to that of the df potentia[24],
& 200 calculated with the standar(ensity-dependentbDM3Y
g , ] NN effective force and witiNy adjusted to reproduce the
< 160 ¢ ] evenl phase shifts. The equivalent comparison for the odd
120 2 ) parity phase shifts shows far less agreement, and the volume
@ | integral of that M3Y df potential for oddl is closer to the
i 80 L volume integrals for the even parity cases. The volume inte-
- grals for the df potentials calculated with both the Minnesota
40 - and M3Y potentialgafter multiplication by appropriate nor-
0 ‘ =T ‘ malizing factorsNg) are close to each other.
00 3 s 9 2 15 We can now turn to the role of deuteron breakup channels
Elab (MeV) and antisymmetrization effects. The basic problem here, as

was emphasized earlier, is how to reconcile the apparent con-

FIG. 8. Comparison between tf&, D-, and G-wave phase tradiction between the rather good fit to scattering data given
shifts for the double folding potential multiplied bMy=1.572  py the double folding modelwith the M3Y force, on the
(solid lines and the “average” phase shifts calculated with the jhq hand, although highly renormalizgt0,11,43—4% and
central part of the reconstructed potentidashed lines (G-wave  he proven contributions of the large effects of the virtual
phase shifts are multiplied by 10 for convenience. deuteron breakup channef4¢1-13. In fitting the phase

shifts with the df model only th&IN effective force constant

equately describe only the peripheral part of the internucleais adjusted, so that a good description of data means that the
interaction where there is no distortion of the colliding nu- radial form of deuteron polarization potentiahust be simi-
clei. Moreover this is only achieved using &N potential  lar to the potential giving rise to purely elastic scattering, i.e.,
which has the correct peripheral behavior, and the normalwithout any channel coupling. Thus the renormalized force
ization factorNg should be close to unity. One then hopesconstant in the df potential should effectively incorporate
that the short-range part of the internuclear interactionthree important effects(i) coupling with virtual breakup
where the effects of distortions and breakup are of greatethannels;(ii) antisymmetrization effects; and closely con-
importance, will be screened by a strong imaginary potentialnected with the latterii) the odd-even splitting effect.
In such circumstances the df model will be a good approxi- Our conclusions derived in Sec. V of the present work
mation for the exact interaction. and also in Refg[12,13 can be summarized as follows:

However, most practical applications of the df procedure (1) The Majorana force component, although definitely
are based on an effectivaealar NN potential (usually the  contributing, plays a rather moderate 8%) role and hence
M3Y force) which is quite dissimilar to the trudN force. In does not destroy the good quality of fit achieved with the
such an approach the degree of similarity between the “expure central interaction potential of the df approach.
act” potential and the df potentials in both the peripheral and (2) Antisymmetrization and channel coupling effects are
short-range radial regions is very interesting. Below we willrather large when considered separately, but the effects com-
try to answer these important questions. pensate each other to a considerable debiBeus, the re-

In Fig. 1(a) a df potential, calculated with the effective sulting net contribution is rather smdlee Figs. 6 and)7
NN Minnesota force, is compared with the stabilized solu- The odd parity potential shows almost no change when
tion of the inverse scattering problem described in Sec. Il. Ithe deuteron breakup channels are included, whereas the
is evident that thenitial df potential, even in the far periph- even potential changes, on average, by 15-25 % at small
eral region, is very different from the “true” interaction po- radii. The reason underlying this change is seen in Fig. 7
tential and the difference is rather large in the inner region.where one can see that both the Wigner térg and the

Following standard practicgl4], the df potential can be Majorana termV,, deepen by~ 10 MeV near the origin on
multiplied by a normalization coefficienNy, and we find inclusion of channel coupling. However, the interaction in
the even-parity partial amplitudes are most accurately reprathe even partial waves is described by the combination
duced withNg=1.572. The quality of fit to the phase shifts V,(r)+Vy(r) while that for the odd partial waves is gov-
reached with this value dfl4 is displayed in Fig. 8. Clearly erned by the combinatioN,(r) —Vy(r). As a result, the
the renormalized df potential provides a very reasonable fit
to these phase shifts, with the exception of S wavaves. In
fact, the direct comparison of the renormalized df potential 3we assume quite naturally that the excitation of tightly bound
with potential obtained by inversiofsee Fig. 18)] reveals nucleus*He atE4<15 MeV can be safely ignored.
that the peripheral parts £3 fm) of both potentials are in  “This is quite clear from a physical point of view since inclusion
reasonable agreement. In the inner region, however, there asethe deuteron breakup components with a large radial range leads
large differences between the potentials which contribut&o an effective stretching of the deuteron while the antisymmetriza-
significantly only to theS-wave phase shifts. The contribu- tion with the compact-cluster wave function acts in the opposite
tions of the short-range region will be further screened by thelirection, i.e., produces a “compressing” effect on the deuteron.
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channel couplingCC) leads to a deepening of the even po-  TABLE Il. Parameters of the tensor potential fb-*He.
tential by ~20 MeV near origin and to almost no change in

the odd potential component. Variant Vo [MeV]  a[fm~?]  Vi[Mev] B [fm~?]
Moreover, as we have already observed, the n_et effect of ~71.979 0.20 270 112
CC is mostly short rangésee the upper part of Fig)6in g 77106 0.22 400 1.60

practice this short-range contribution is often screened by an
imaginary potential and is effectively invisible. Contrary to
this, the long-range contributions of CC, which originate par-must be incorporated to describe the quadrupole moment of
ticularly from real breakup effects, usually produce surface®Li nucleus.
repulsion[19] and these contributions cannot be simulated It is well known that the very small negative value of
by renormalizing the totaNN force constant in fitting the the °Li quadrupole moment @=—0.0644 fnf) cannot
d-+ A scattering cross sections. However these surface repupe explained by the standard three-bedy 2N model[48],
sion terms are generally important only at higher energieut probably originates through the coupling between the
E,= 20 MeV and in our low-energy case they are unlikely D-wave component of ther particle in the closed channel
to be important. In fact, the one-channel effectatéHe  d+d—*He and theD-wave component of the +d relative
RGM potential(see the solid and dashed curves on the uppemotion. The negative value of is associated directly
part of Fig. §, which takes into account only the antisym- with the negative value of the asymptotic mixing constant
metrization effects but not the coupling to breakup channelsyp= —0.0125[49], i.e., the sign of thé® component of the
is very similar to the renormalized df potent[mkee the dot- bound-state wave functiofin the asymptotic regionmust
dashed curve on Fig.(8)]. be oppositeto that of theS component. A°Li wave function

The renormalized df potential then reproduces the “true” of this type has been formulat¢d7,48 and this model does
potential in the peripheral regiom ¢ 2 fm) quite well. How-  give the correct sign of quadrupole moment.
ever, the renormalized df potential is a little deeper than the Here we attempt to reconstructda’He potential which
“true” one in the intermediate region 2 frer< 3 fm and ~ describes thé’S; and *D, low-energy phase shifts and the
also more shallow by-20% than the true potential in the main properties of théLi ground state, including the quad-
innermost region; <2 fm. Consequently, when the df model rupole moment. Consequently the data input into the inver-
is applied to deuteron scattering off light nuclei we expect tosion includes the binding energy and quadrupole moment of
obtain quite a reasonable description of the elastic scatterin@Li together with the phase shifts for energies up to 11 MeV.
cross section, but with some deviations from the data for thd o retain stability in the inversion, we have restricted the
vector and especially the tensor analyzing powers, which arexpansions of both central and tensor parts of interactions to
sensitive to variations of the oddphase shifts and to inter- just one term:
ference effects.

A careful comparison of the potentials determined from V(1) =Ve(r)+Vi(r) Sy, ®
RGM phase shifts calculatedithout channel coupling ef- B 2
fects(solid lines in the upper part of Fig) @vith the renor- Ve(r)=—Voexp(—ar®) ©
malized df potentiaV 4(r) [the dot-dashed line in Fig.(d)] V()= — V,ex — Br2). (10)

shows that the deviation of the df potential from the true one
IS most 5I|kely to arise due to deuteron breakup channel Tgple || Jists the parameters of two possible potentials
coupling” Therefore one expects the df model to give agatisfying the above criteria. The properties of thEi
highly accurate description when applied to the descriptionygynd state calculated from these potentials are presented in
of scattering of more dense and heavily polarized projectileggpje 111, together with the corresponding experimental val-
such asa particles. Recent work45] confirms this conclu- | jag. The3S, and ®D; phase shifts and the mixing parameter

sion. &4, evaluated with the two potentials, are shown in Figs. 9

Thus, the rather good agreement of both df and inversionn4 10(solid lines are for variant A, dashed lines for variant
potentials at intermediate and large distances, and in thg)_ The negative values of; can be obtained only from

phase shift behavior, does support the application of the df5rrow tensor potentials. The use of wider potentials results
procedure for the description of deuteron scattering, even by

" . .
the very light "He-nucleus. TABLE IIl. The properties of the’Li ground state, calculated
with the reconstructed tensdr+ *He potential.

VII. TENSOR d-*He POTENTIAL AND THE 6Li Properties Potential A Potential B Experimental values
QUADRUPOLE MOMENT E, [MeV] —1.4735 1.4735 1.4735
The d+*He tensor interaction has been neglected in theR, [fm] 2.60 2.56 2.5(0)

preceding sections due to the lack of reliable mixing paramR; [fm] 2.53 2.50 2.56)

eters in the present PSA data. However, a tensor potentig [fm?] —0.064 —0.064 —0.06445)
c 1.9 1.9 2.1610)
b —0.0115 —0.0120 —0.012525)

5This conclusion is in agreement with the results of analysis of they,, / u 0.848 0.847 0.822
scattering of other weakly bound projectiles liRéLi, °Be, etc.  pg % 1.59 1.78

[43,47.
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FIG. 9. The theoretical eigenphase shifts corresponding to the FIG. 10. The comparison between the theoretical and experi-
33, and °D, phase shifts in the uncoupled channels and the PSAnental values of the tensor mixing parametgr The solid and
results. The circles and triangles display the PSA data. The solidashed lines correspond to the tensor potentials A and B, respec-
and dashed lines correspond to the tensor potentials A and B, reively.
spectively.

potential was unreliable and inaccurate. The new stabilized

in both a change of sign af; and a change of the asymptotic empjrical potential can be applied to predict improved phase
mixing constant of the ground statg, . Thus the range of = ghifts for the odd partial waves.

the d-*He tensor potential is much less than that of the cen- The new empirical potential agrees quite well with the
tral potential. This finding provides evidence for a strongrgm predictions for both the Wigner and the Majorana
d-exchange contribution to the tenst*He force[48]° be-  components of the potential, but only after inclusion in the
cause the range of the exchange force in the exchangRGm of the breakup channel coupling. The Majorana com-
mechanism should be rather short due to the small rms radiLtﬁ)nents of both the RGM and the empirical-phase-shift so-
of “He and the large binding energy in the chanfiele  |utions are small in magnitude and this odd-even splitting is

—d+d. _ _ _ ) ) then expected to be of minor importance for otltet A
A separate work is now in preparation to investigate fur-systems.

ther this short-range tensor force induced by the Pauli prin-" \we have also compared these “exact” interaction poten-
ciple. tials with the potentials calculated using the popular df
model based on two different effectivBlN forces: (i)
VIIl. CONCLUSIONS DDM3Y NN force, and(.ii) MinnesotaNN force. On \{vhole
the general agreement is reasonable for both effective forces.
In this work we have studied some important problemsThe DDM3Y force, multiplied by an appropriate normaliza-
relating to the interaction potential underlying the scatteringtion factor, leads to a better agreement with empirical poten-
of composite particles such as+“*He. In order to establish tials and provides a quite satisfactory reproduction of the
the true interaction potential, we solved an inverse scatteriniexperimental” phase shift§see alsd14,24,44—4¢. Nev-
problem using our effective method of linearized iterations.ertheless effects such as the odd-even splitting etc. are not
The input for the inversions include both phase shifts calcuincluded in the df approach.
lated from RGM coupled channel calculations, which incor-  This agreement of the df M3Y model with the empirical
porate virtual and real breakup channels, and the results of gotential arises as a result of the interference of several ef-
recent phase shift analysis. fects omitted in the df model, notably antisymmetrization
The success of the inversions presented here dependedd breakup channels coupling. The RGM calculations show
considerably on combining the very reliable even partialthat the breakup effects only contribute noticeably to the
wave amplitudes with the “noisy” odd values within the even parity potential and have little effect on the odd parity
empirical data set. The Majorana exchange interaction wasomponent. These contributions of antisymmetrization and
explicitly evaluated in the inversion, and by this procedurebreakup coupling then mutually compensate each other in
the odd parity potential is determined with greater stability.the peripheral nuclear region.
The resulting empirical potentials then represent an improve- An analysis ofd+%°Ca scattering aE4=52 MeV [44],
ment on previousl+ *He potentials for which the odd parity leads to very similar results, in particular in the interrelation
between the df potential fat+*°Ca and the “exact optical
potential” extracted from the data by a model independent
5This effect should be compared with theN one-pion-exchange analysis. Our findings may then have a much wider applica-
forces where both central and tensor components have the sarbdity than the particular case considered here.
range,u” ! (u is the pion mass Combining the above results leads to a very powerful in-
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version procedure. The modified IP inversion method, as emsymmetrical partner potentials and the general manifestation
ployed widely in the present work, converges very fast andf dualism repulsion-attraction in composite particle interac-
in a stable manner with a good choice of initial potential. Wetion have now been studied in detail. In particular we have
now suggest the df model as a convenient candidate for thishown[1,3], that the deep attractive interaction potentials in
initial approximation. The complete method, when invokedthe systems'He+ *He, *He+N, etc. arise as a consequence
for inversion directly from cross-section dd26,28, offers  of well-localized Pauli-forbidden states and the appropriate
many opportunities to study fine details of the interactions oftonditions of orthogonality for the scattering wave functions
complicated systems such &8g+11%Sn, 12B+A, etc. and  to these forbidden states. In turn, the structure of the Pauli
even for unstable radioactive projectiles scattered off stabléorbidden states is very closely interrelated to the shell model
targets(see, e.g.[50]). structure of the whole unified systdi,7]. Other interesting
In this paper we have also determinedddHe tensor effects found concern the joint action of antisymmetrization
interaction. The resulting potential is rather short ranged andnd (virtual) breakup ind+“He systen{12]. These calcula-
is relatively large in amplitude~30—40 Me\j. As has been tions establish that, while the inclusion of deuteron breakup
previously suggestef#0], this interaction may arise due to channelsliminisheshed+ “He cluster probability in the full
the very specific exchange effect in which the “inner” deu- three body®Li wave function, the subsequent antisymmetri-
teron in the D state of théHe core is exchanged with the zation of then+ p+“He wave functiorincreaseghed+ *He
outer valence deuteron. This exchange mechanism can egluster probability. Again both these important contributions
plain both the short-range character of tte'He tensor produce opposing effects. Thus the present paper can be con-
force, through the very small rms radius 8He, and the sidered, in some sense, as a very illuminating illustration of
negativevalue of the ®Li quadrupole moment. The second the fruitfulness of the six-nucleon system as a test study in
result is consistent with the fact that teavave andd-wave  nuclear physics.
components of the totdiLi wave function, when projected
onto the_ d—4H_e channel, have opposite signs in the ACKNOWLEDGMENTS
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