Yy

j I&:eptwce of this*articte, the publisher of

Aeciplent acknowledges the U.S. Govornment's
" right 10 retain a non - exclusive, royally « lree ) ] } /O~
Niconse In and 1o any copyright covering tie NUCLEUS NUCLEUS pOTEN”ALS @’% y'§ & 5(/ ‘
anticle, .
e G. R. SATCHLER CONF~830340--1

Oak Ridge Nationa) Laboratory, Physics Division DEE3 009799
O0ak Ridge, Tennessce 37830

Abstract: The significance of a nucleus-nucleus potential is discussed.
Information about such potentials obtained from scatterin? experiments is
reviewed, including recent examples of so-called 'rafnbow’ scattering that
probe the potential at smaller distances. The evidence for interactions
involving the nuclear spins 1s summarized, and their possible orfgin in
coup]ing; to non-elastic channels. Various models of the potentials are
discussed.

1. Introduction
2. Meaning of a nucleus-nucleus potential
2.1 Feshbach projection theory
2.2 Resonating-group/generator-coordinate theories
2.3 Other interaction potentials
3. VWhat do we learn from experiments?
3.1 Low energies and the strong-absorption radius
3.2 The nuclear stratosphere
3.3 Potentials at smaller distances and incomplete absorption
3.3.1  Refractive effects
3.3.2 'Rainbow' scattering

3.3.3 ‘’Anomalous large-angle scattering' and model independent
- potentials

3.4 Potentials from fusion barriers
3.5 Spin dependence

4. Some potential models
4,1 Interaction energy functions
4.2 Folding model

4.3 Surface interactions

Catantia, Italy, March 21-26, 1983 -

M DISTRIBUTION OF Y443 Dinuegy 1o IRIMED

Talk to be presented at the Confercnce on Heavy-Ion Physd TER



NUCLEUS-NUCLEUS POTENTIALS
G. R. SATCHLER

0ak Ridge Natioral Laboratory, Physics Division
Oak Ridge, Tennessee 37830

Abstract: The significance of a nucleus-nucleus potential is discussed.
Information about such potentials obtained from scattering experiments is
reviewed, including recent examples of so-called ‘'rainbow' scattering that
probe the potential at smaller distances. The evidence for interactions
involving the nuclear spins is summarized, and their possible origin in
couplings to non-elastic channels. Various models of the potentials are
discussed.

1. Introduction

Usually the first step in a description of the coliision of two nuclei is the
introduction of a simple one-body potential that describes some gross features of
the scattering. This provides a basis upon which a more detailed description may
be built, The DWBA treatment of non-elastic transitions is a well-known
examp]elj. Another is that almost all models of the fusion of two nuclei intro-
duce an interactio? potential which, together with the Coulomb field, provides a
potential barrier2). 1In these various ways, elastic scattering is treated as a
doorway through which the system must go before other processes are manifest,
whether they be direct reactions, deep-inelastic scattering or complete fusion.
Nucleus-nucleus potentials play important roles in other phenomena also, such as
quasi-molecular resonances.

Naturally, we try to incorporate into such potentials as much of the known
physics as is possible or practical. This includes choosing the potentials to
reflect the overall sizes of the interacting nuclei and making them complex so
that they accommodate the loss of flux (‘absorption') into other, non-elastic,
channels. Conversely, we hope to obtain more information about the physics by
studying the properties of phenomenological potentials required to fit the
measurements, such as on elastic scattering and fusion reactions.

Although only a sub-field of nuclear physics, the subject of potentials in
general, and elastic scattering in particular, is already too broad to be reviewed
in detail here. (For a somewhat wider discussion, and other references to the
Titerature, see ref. 1, for example.) Rather, a few topics of particular interest
have been selected and (bearing in mind the admonitions of the conference orga-
nizers) the approach is more didactic than just a review of the latest results.

In contrast to most discussions of 1ight-ion scattering, in heavy-ion physics we
frequently encounter the use of classical terms like 'trajectories' and 'rainbows'..
These are often useful aids to thought, even though they are never appropriate in
a literal sense because of diffractive effects and the presence of absorption.

2. Meaning of a nucleus-nucleus potential

2.1 FESHBACH PROJECTION THEORY

Unfortunately there is not a unique prescription for the nucleus-nuc}eus
potential. For example, in theories of the type developed by Feshbachl»3} ap
effective interaction appears which is defined as that object which, when used in
a one-body Schrodinger equation

[-(h2/21)v2 + P IXoe(x) = E Xoolr) (1)



. 2

{where u is the reduced mass of the colliding pair and E is their relative kinetic
energy), reproduces the wavefunction for relative motion Xggo(r) of that part of
the total wavefunction in which the two colliding nuclei both remain in their
ground states. (Even that statement requires qualification when anti-
symnetrization is taken into account properly. The identification of the separa-
tion of the centers of mass of the two nuclei is not unique when they overlap
because of the indistinguishability of the nucleons.) This part of the wavefunc-
tion may be very small in the region of space where the two nuclei interact
strongly.

Although a substantial contribution to the real part of 1’?5 expected to be
the folded potential Ur to be discussed below,

V=t + au, (2)

the remainder AU, sometimes referred to as the dynamic polarization potential, is
very complicated (complex, non-local, energy-, and angular momentum-dependent).
It contains the effects of the couplings to non-elastic channels, including the
loss of flux (absorption) into these channels, as well as any consequences of
anti-symmetrization that are not already included in Us. If we ignore anti-
symmetrization between the two nuclei, the effective interaction may be written
in the familiar form

V' = (0ga0gIV10,00) + (%%Ivomé-o—r,;ovl%%). (3)

where Ggs & are the internal wavefunctions for the two nuciei in their ground
states, wh?]e Q projects on to all the excited states. We may then identify the
first term of (3) as the folded potential Ur and the remaining term as AU. In
principle, V is a sum of bare nucleon-nucleon interactions between the two nuclei;
however, because of the strong, short-ranged repulsion, some kind of Brueckner
transformation is frequently assumed so that V itself becomes an effective (or
G-matrix) interaction which already includes some ‘polarization’ corrections, pri-
marily those associated with the short-ranged correlation between the interacting
nucleons; thus there may be an element of double-counting when this interaction is
used in eq. {3). This effective interaction may also be complex, density-
dependent and energy-dependent.

In principle, some averaging over the microstructure is also needed before a
reasonable formal identification of as an optical model interaction can be made.
In phenomenological approaches, it is thic  which is approximated in eq. (1) by a
local, complex optical model potential Ugm(r), with the optical model equation

[-(h2/2u)v2 + Ugm(r)IXom(r) = E Xgm(r). (3)

One consequence is that the corresponding optical model wavefunction Xgy(r)
is no longer identical to the exact Xgo(r) of eq. (1) (if only because of the
corrections for non-locality). Even if Ugy is adjusted to give the observed
elastic scattering, so that Xgu and Xgq are the same asymptotically, they will
differ in the interactiion region where the separation distance r is small and the
two nuclei overlap.

Equation (3) is merely a formal rearrangement of the original probiem and is
scarcely any easier to solve. However, such formal manipulations frequently exhi-
bit more clearly the structure that a solution must have and which should be
incorporated, as far as possible, into any model Upy.

2.2 RESONATING-GROUP/GENERATOR-COORDINATE THEORIES

The aim of the Feshbach theory is to define a potential operator to be used

in the usual form (1) of one-body Schrddinger equations, whose solution describes
the motion of the two nuclei while they remain in their ground states (with due

regard for the ambiguity of that condition when they overlap). The RGM/GCM iypes
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of theories can also be manipulated to yield Schrédinger equagions“’S). These
theories take antisymmetrization into account fully in a straightforward way.

" 1f a one-channel trial wavefunction is used, a one-body Schrodinger equation
like (1) results, and the associated (non-local) potential is rea) (unless a

complex effective interaction V was used). When trial functions involving more
than one channel are considered, the result is a set of coupled-channel equations.
These may be reduced to one-channel equations 1ike {1) and (3) by the same type of
channel elimination procedures, with the same attendant complications.
Unfortunately, computational difficulties have restricted most applications of
these approaches to models with one or very few channels, whereas typical heavy-
jon collisions involve very large numbers of open channels. One-channel RGM
calculations have provided insights into the importance of correctionssé) to the
folding models discussed below due to the exchange of nucleons between the two
nuclei because of antisymmetrization, though still leaving unresolved the problem
as to whether these results are seriously affected by the presence of strong
absorption (i.e. the coupling to many non-elastic channels).

2.3 OTHER INTERACTION POTENTIALS

It is not always true that other ways of calculating a nucleus-nucleus
interaction energy result in something that can be directly interpreted as a
potential to be used in the one-body Schrddinger equation (1) or (4) (see par-
ticularly the discussion in ref. 5). In microscopic approaches a total energy
curve is calculated as a function of the distance separating the two nuclei (as
before, care must be taken over the definition of this distance when the two
nuclei overlap). Often this energy curve is interpreted as a potential and used
in eq. (4) to caiculate the elastic scattering. Strictly this is incorrect.
These calculations may use the energy-density approach, the Thomas-Fermi or
Hartree-Fock approximations, the liguid-drop model, the proximity theorem, etc.,
but they all attempt to follow explicitly to a greater or lesser degree the read-
justments that the two nuclei must make as they begin to interact and overlap;
distortion of the nuclear shapes, reaction to the Pauli principle, effects of the
saturating nature of nuclear forces, etc. Such an interaction energy function
does not determine just the ground-state component Xoo(g) of the wavefunction, but
is related to the motion of a wavepacket which includes a wide range of excited
states of the separated systems. Such a wavepacke? may be appropriate for
describing the evolution of a process like fusion?!, but the ground-state com-
ponent must be projected out asymptotically before it can describe elastic scat-
tering. Thus the calculated potential is not to be identified with the operator
of egs. (1) and (3), even though the consequences for elastic scattering of the
same physical excitation processes are manifested in the polarization potential
term A in eq. (2). Even when the calculation is performed (as it frequently is)
in the adiabatic approximation, so that the systems do return finally to the
elastic channel, corrections to the kinetic energy term of eq. (1) are required.-
For example, the mass parameter in the interaction region is not the reduced mass
of two point masses, but itself depends upon r. It is possible that the model
equations may be recast into the form (4) by transforming the corrections into an
effective potential (see ref. 7 for a recent discussion of this and ref. 8 for an
early example). We also note in passing that the adiabatic approximation results
in a real potential; there is no absorption, no loss of flux to other channels.
Thus the potential has to be suppiemented by a phenomenological imaginary poten-
tial in scattering calculations. There is a certain inconsistency in this proce-
dure, especially when the absorption is strong.

Thus we see that there is more than one way of formulating the nucleus-
nucleus potential problem and the corresponding scattering solutions X(r) will
differ (and require different interpretations) in the overlap region even if they
give the same elastic scattering, so that X(r) » Xgp(r) at large r. In some ways
the Feshbach formalism of eq. (3) is the most transparent, yet also this
expression is deceptively simple. It is most convenient to use when the effects
of just a few non-elastic channels are to be. studied explicitly. The energy-
surface approaches provide vehicles for including, perhaps in intuitively more
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obvious ways, various bulk physical effects. It 1s instructive to contrast this
situation with the scattering of nucleons from nuclei. In that case the optica)
potential is much better understood in terms Tike eq. {3), and is closely related
to the Hartree-Fock potential for bound states. Other light ions, 'being composite
nuclei, share most of the problems just discussed for heavy ions.

3. What do we learn from experiments?

Here we consider what properties we need for a phenomenological, local, opti-
cal model potential U{(r), used in eq. (4), in order to interpret various experi-
mental data on heavy-ion collisions. In a general sense, heavy-ion collisions are
associated with strong absorption; {i.e. intimate contact leads to non-elastic
events and absorption from the elastic channel. Consequently, the scattering is
dominated by conditions at the surface, and it is difficult (in many cases,
impossible) to learn about U(r) at small values of r. (Here, 'surface' means the
region in r where the nuclear forces begin to act strongly.) Against this
background, an important question is: how deeply can various measurements probe
the nucleus-nucleus potential?

3.1 LOW ENERGIES AND THE STRONG-ABSORPTION RADIUS

The majority of heavy-ion elastic scattering data have been obtained at rela-
tively low bombarding energies (< 10 MeV per nucleon) which often are not very far
above the Coulomb barrier. Their angular distributigns usually show the c¢harac-
teristic Fresnel or Fraunhofer diffraction patterns®). It is well known!) that
under these circumstances the scattering is "only sensitive to the potential in
the vicinity of the strong absorption radius, Rgp". Clearly, it is incompatible
with quantum mechanics to say that we can determine the potential at a single
point; what is implied is that there .i a particularly sensitive region centered
near Rgp and a fermi or so in extent!l). Given good data, together with the
constraint that there is strong absorption at smaller radii, we can then obtain
guite accurate values for the real and imaginary parts of the petential in this
region as well as some information about their slopes.

This strong absorption radius can be defined in various (but similar) ways;
for example, as the distance of closest approach of a classical Rutherford trajec-
tory with the same angular momentum as that for which the optical model .
transmission coefficient is one-half, or (in the case of Fresnel-like scattering)
one corresponding to the scattering angle for which the observed cross section has
fallen to one-fou~th of the Rutherford value, etc. Typically the values of Rgp
are given approximately by

Rsp = 1.5(A}/3 + AL/3) fm, or  Rga = L.1(AV/3'+ Al/3) + 2.5 fm.  (5)
Physically, the variation with A is better represented1°) by the latter, which
corrasponds roughly to a constant separation between the half-central-density
points of the two nuclei. The noteworthy feature is that the values of Rgp are
quite large; the nuclei are barely tickling each other (see fig. 1 for an
example). However, the onset of the strong but short-ranged nuclear forces is so
sudden that approaches somewhat inside Rgp lead to removal from the elastic chan-
nel. Thus it is the character of the potential in this region that determines
precisely how the transition from no absorption to essentially complcte absorption
takes place. The values of the attractive real potential near Rgp are typicallyi2)
one to a fSw MeV and are reproduced quite well by theoretically constructed poten-
tials!3-16), (Qn general grounds, one expects the potential to be well represented
by an exponential in this region, with a strength proportional to the mean radius
of curvature of the surfaces of the two nuclei, or
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ReU(r) = -5, Ry7R; exp [} — r = Rgp. (6)

Empirically, ¢ ~ 0.65 fm and the strength constant S, ~ 60 MeV. There is little
or no evidence for any dependence on bombarding energy.

3.2 THE NUCLEAR STRATOSPHERE

The situation just related has been known for a number of years. Of more
interest, perhaps, is learning about the potential in other regions. At one
extreme have been recent attempts!?) to "probe the nuclear stratosphere", namely
measurements of deviations from Rutherford scattering at energies significantly
below the Coulomb barrier so the nuclei only interact at large distances, several
fermi beyond Rgp. Various corrections (atomic screening, vacuum polarization,
virtual excitation of the giant dipole resonance, relativistic effects, etc.) must
be made very carefully before nuclear potentials can be extracted.

3.3 POTENTIALS AT SMALLER DISTANCES AND INCOMPLETE ABSORPTION

In the other direction, there are a number of scatterings which appear to
probe the potential at distances smaller than Rgp. By necessity, these must
involve incomplete absorption, at least in the surface region. We consider three
categories.

3.3.1 Refractive effects

Much insight is provided by formally decomp?sing the scattering amplitude
into 'near-side' and 'far-side' components!>?»181, £(@) = fy(e) + fr(6). These
have a simple interpretation when X << Rgp, as for heavy ions, which is
illustrated in fig. 2 for scattering from a strongly absorbing sphere. The ampli-
tude is predominantly Rutherford, fg(e), for small scattering angles, but this
term is eliminated by absorption in the shadow region, for angles greater than 99
which corresponds to a grazing collision. In addition, there are amplitudes
corresponding to the wavelets diffracted from the far- and near-side edges. These
have profiles peaked at + 65 and with exponential decays into the classically for-
bidden regions, as indicateg in fig. 3. Thus the far-side contribution
corresponds to diffractive scattering to 'negative' angles. When the Coulomb
repulsion is sufficiently strong, the far and rear grazing trajectories diverge so
much that only the near-side amp]itgde is significant; this is the case for
Fresnel-1ike angular distributionsd). The divergence decreases at energies
further above the Coulomb barrier, and we begin to see oscillations for 6 > 8, due
to interference between the two terms. In the limit this becomes the Fraunhofer
diffraction pattern®!. N
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FAR SIDE

Fig. 2 Illustrating classical trajectories and waves diffracted from the near and
far sides of a strongly absorbing region. The solid curves represent classical
grazing trajectories which suffer diffraction at the edge of the 'black’ sphere.
The long-dashed curve is a Rutherford trajectory for a large-impact parameter,
which experiences little diffraction. The short-dashed curve is a Rutherford tra-
jectory for a small impact parameter, which is strongly absorbed.
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When we include a short-ranged nuclear attraction at the surface of the
sphere, this enhances the waves diffracted from the far side and (for @ > eg)
reduces those from the near side. The amplitude profiles become asymmetric about
0= 0 {fig. 3). These Eropertie«i can be exhibited formally in a simple model of
the sCattering amplitudels®s18,19) which gives for 6 > 8g

. -{n+a)A(6-0_)
fy(8) = (sing)™'/% &9 ¢ 9, (7a)

: ra ~(m-a)a(e
fF(e) « (sine}*l/2 o8 o (r-alal +99). (7b)
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Here A is the angular momentum for the grazing collision and A, which Jctermines
the angular width of the fan of diffracted waves from each edge, is related to the
surface diffuseness. The (positive) parameter a is a measure of the effects due
to refraction at the surface by the attractive nuclear potential; its character
can be ssen from its approximate relation to the potential U(r) in the surface
regionl®,

tana = ReU(r)/Imu({r). (8)

This shows how refractive effects depend upon the balance between the strengths of
absorption and attraction in the surface.

The phase factors exp(+iA8) in (7) mean that interference between fy and ff
gives oscillations with a period in 6 of =n/A. However, in the absence of refrac-
tion (a = 0), fp is smaller than fy by the factor exp(-2nA8g). This changes dra-
matically when a # 0, for then the two terms have different siopes (fig. 3) and,
indeed, the far-side term is the larger one for 8 > 8 = (n/a)6q. The resulting
angular distribution is very characteristic (fig. 4). When obServed, it allows
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one to place constraints on the strength of the real potential in the surface, at
distances somewhat inside Rgp.

This effect has been seen for 6Li + 285i at. 135 MeV20) and 154 MeV2l), As
fig. 5 shows, a shallow Woods-Saxon potential can fit the oscillations for 8 < 25°
but a potential that is deeper for r < Rgp is required to reproduce the tail of
th: far-side amplitude seen for © > 40°. Indeed it has been shown2!) that fits to
these data are sensitive to the real potential for r ~ 4 fm (ReU ~ -60 MeV) to 8
fm (ReU ~ -1 MeV), whereas Rgp =~ 7 fim. Measurements on 12C and 160 + 2BSj at
energies nrar 200 MeV did not show this characteristic angular digtribution (fig.
5) and are only sensitive To the real potential at larger radii?2) because of the
stronger surtace absorption in these cases. (It is curious that 28Si should be
more 'transparent' to the loosely b?und 6Li than to the tighter clusters 12C and
160¥) This led to the suggestion?®) that there was a qualitative change in the
scattering characteristics (from "light ion" to “"heavy ion") for projectile masses
between 6 and 12, However, since then a similar pattarn has been seen for 12C +
12¢ at 300 MeV23s (fig. 6) and some indications of it at 289 MeV and 1016
MeV24, 25} as well as further evidence for 6Li on 12C and “OCa at 156 MeV26).
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Fig. 5 Heavy-ion scattering with (right) and without (left) marked refractive
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Fig. 6 Comparison of optical model fits to 12C + 12C at 300 MeV and « + S8Nj at
139 MeV. (The curves follow the data closely over the whole range-shown.) —

If the 156-MeV 6Li+12C data are f;tted using a local optical potential, the
real potential values are determired?®) quite accurately over a range of radii
from r ~ 2.5 fm (ReU ~ -80 MeV) to r ~ 7 fm (Rel = -1 MeV). In the case of 12C
12 at 300 MeV, we can determine the potential from r ~ 4 fm (ReU ~ -60 MeV) to
~7 fm (ReU =~ -1 MeV), whatever form (Woods-Saxon, folded, proximity, etc.) is
assumed for it. Scattering at 1 GeV extends this region of sensitivity to
somewhat smaller radii by about 1 fm2*»25); this possibility is indicated by the
optical model absorption profiles shown in fig. 7. These distances correspond to
a substantial overlap of the densities of the two 12C nuclei (fig. 7) and thus

S +
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provide severe tests of our ideas about the meaning of such potentials (see
discussion of Sec. 2). These various 12C+12C data sets cover a wide range of
energies, and provide one of the first unequivocal pieces of evidence for an
energy dependence in the optical potential for heavy ions. At 1 GeV, the poten-
tial in ?he surface has the same shape as at 300 MeV but is nearly a factor of two

weaker24

3.3.2 'Rainbow’ scattering

The appearance in the cross section of an exponential-like fall-off, such as
seen in fig. 4, is often cited as evidence for nuclear rainbow scattering. This
usage of the word seems to be inappropriate, so we should now briefly discuss
rainbows.

As the absorption is weakened, refraction becomes more important until in the
1imit we have scattering by a real potential. Then, when the wavelength is suf-
ficiently short, the language of classical particle scattering can be used (with
caution!). The scattering properties are conveniently embodied in the deflection
function (fig. 8), whose quantal generalization is frequently defined as

o(L) = 2 Re {d& /dL),

Fig. 8 Left: classical trajectories leading to Coulomb (C) and nuclear (N)
rainbows. Right: Deflection function.
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where & 1is the Lth partial wave phase shift (nuclear plus Coulomb). A rainbow
occurs whenever OfL) has an extremum O(L) = Op, corresponding to an enhancement in
the cross section at that angle. .(In the classical limit, do/de = |do/dL|-!.)

The ‘Coulomb' rainbow at large L corresponds to crossing the Coulomb barrier. The
inner one is called a 'nuclear' rainbow because it depends upon the nuclear poten-
tial at smaller distances. Because such a rainbow corresponds to negative-angle
scattering, it appears as a modification of the far-side component of the scat-
tering amplitude. A residuum of this classical feature survives a surprising
amount of absorption and can be ob?erved in the angular distributions for alpha
scattering at energies > 100 MeV2?7), Figure 6 provides an examﬂ1e for a + 98Nji at
139 MeV; ghe 'hump’ in the angular distribution around 40° is the signature of the
rainbow, followed by the smooth fall-off on the dark side. Since ep becomes more
negative as the nuclear potential becomes more attractive, the observation of this
rainbow feature helps one to determine tne real potential.

Such a distinctive hump is not observed in the SLi scattering of fig. 5, nor
the 12c+1% case of fig. 6. Indeed, examination of the scattering matrix elements
for 12 + 120 at 300 MeV shows that the partial waves in the vicinity of The rain-
bow are strongly absorbed, |S;| =~ 0.002 for L ~ Lp. 1In fact, we may put S ] =0
for all partial waves with L up to several units greater than Lg without notice-
ably affecting the fit to the data. This is in contrast to the a + 53Ni case,
where |S{| =~ 0.03 is an order of magnitude larger for L ~ Lp and the cross section
is sensitive to 5 for the small L-values. (Note that, in one sense, this still
is "strong" absorption, since T =1 - ISLI2 = 0.999, Quite small transmissions
are sufficient to produce observable effects.) In addition, a decomposition of
the 12c+1% amplitude into far and near components reveals28} a pattern 1like that
shown in fig. 4, with no rainbow feature in the far-side term. Only if the
absorption is artificially reduced does a true rainbow emerge. Consequently,
there seems to be little justificaiion for using the name 'rainbow' for the
120412¢ scattering, even though it is refractive enough to allow the characteris-
‘tic far-side amplitude to be observed and thus to determine the real potential in
some region of the inner surface. The situation may be different at the higher
energy of 1 GeV, where the absorption is significantly weaker for the partial
waves associated with the classical rainbow, |S_| = 0.1 for L =~ Lp.

3.3.3 'Anomalous large-angle scattering' and model-independent potentials

In addition to the 'high-energy' data just discussed, there are a number of
cases of heavy-ion scattering at lower energies which, if described in terms of
potential scattering, imply incomplete absorption at least within the inner sur-
face and, to that extent, say something about the potential at smaller distances.
The prototype 'anomalous large-angle scattering® (ALAS) was observed for « + “0Ca
" at energies of ~ 20-50 MeV, called anomalous because, after a rapid decrease at
forward angles, the cross section rose to values larger than the Rutherford one
near 180°. Analogous, thou%h not as ‘strong, effects have-been seen -for some -
heavy-ion systems: 180 + 28Sj (energies of 30 to 60 MeV), 160 + “0Ca (54 MeV),
6.5 + %0Ca (30 MeV), ®Li + 28Si (27 and 34 MeV), etc. These phenomena.are also
associated with a resonance-like structure in the excitation functions for large -
scattering angles. - - '

It has been shown that these ‘data ‘can be understood in terms of potential
scattering provided the real potential is sufficiently deep to sustain a pocket in
the total nuclear + Coulomb + centrifugal ‘'potential' for partial waves with
impact parameters smaller than the grazing wave, and that the absorption‘is suf-
ficiently 'weak' to allow ion-zero fSLI values (~ a few %) for these waves.
Whether or not one decides finally that this is a useful way to describe these
phenomena, it is of interest that scattering by simple potentials can exhibit this
kind of behavior.

The observation of oscillatory structure in an angular distribution suggests
the interference between iwo sub-amgxitudes (c.f. Sec. 3.3.1). 1In this case, the
WKB approximation has been used1®,2%) to decompose the scattering amplitude into
‘barrier' (B) and ‘internal' (1) parts, -
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corresponding to reflection from the outer barrier, and from the centrifugal

barrier at the inner face of the pocket in the total 'potential’ (see left side of
fig. 9). If the absorption in the pocket is strong, the inner reflected wave is
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Fig. 9 ‘Barrier' and 'inner' decomposition3®) for 160 + 285i at 55 MeV. Left:

nuclear + Coulomb + centrifugal potential for grazing waves. Center: decom-

position of partial wave scattering elements ISL| . Right: cross secticns due to

B and I waves separately (no interference shown). The B amplitude by itself shows
evidence for far-side/near-side interference.

completely damped, Sél) +» 0. Consequently, observation of the effects due to this
contribution implies incomplete absorption inside the pocket region and the possi-
bility of gaining information on the real potential there. A number of decom-
positions following eq. (9) have been made for heavy-ion systems!»11),

Early optical potential analyses of such data were made using conventional
Woods-Saxon forms, later generalized to other shapes such as Woods-Saxon-squared.
More recently, so-called model-independent techniques have been used. These may
add to a conventional potential, a limited Fourier-Bessel series whose coef-
ficients are adjusted to fit the data. Another technique is to specify the values
of the potential at a number of radial points and use a spline interpolation be-
tween them. These methods provide a controlled way of generalizing from simple
analytic forms. They also provide error bands that reveal the regions of sen-
sitivity for a given fit, although it has to be remembered that the uncertainties
at different radii are correlated. Frequently the scattering is found to be less
sensitive to the precise shape of the imaginary potential, so that conventional
‘volume' and ‘surface' Woods-Saxon forms are used, the added flexibility being
reserved for the real potential.

Many such analyses have been made for alpha scattering3l), which, for medium
weight targets, often determins the potential down to within one or two fermis of
the center. Applications32-39) to the scattering of heavier jons have given more
ambiguous results, Eresumab1y because the absorpti09 is usually stronger. For
example, for 160 + *0Ca at 50 MeV, one may obtain3®) two or more potentials which
give equally acceptable fits to the data, depending upon the starting points used.
These potentials differ considerably even in the surface region, and result in
quite different scattering matrix elements35), implying a ‘phase-shift ambiguity’
also for this particular data set. Ore lesson to be learned from these and other
studies is that the successful use of these techniques requires very precise and
extensive data. Another is that fully unconstrained potentials have limited



usefulness; for systematic results, it is important to input some prejudice. An
example of this is a study3?) of 160 + 285§ at seven energies from 30 to 55 MeV,
using data that extend out to 180°. "Use of a completely model -independent real
potential revealed substantial (discrete) ambiguities and potentials with pro~
nounced structures that did not vary in a systematic way. Consequently, a
constraint was introduced by using as a fixed reference potential one that was a
very deep (673 MeV at r = 0) folded one, supplen:nted by a spline-interpolated
correction AU confined to the surface region r > 5 fm, together with & Woods-Saxon
and its derivative for the imaginary part. -

The Tits to the data were as good as those obtained with the unconstrained
potentials; they are shown in fig. 10. The corresponding potentials are shown in
fig. 11. The real significance of these results lies in their systematic be-
havior, despite the fluctuations from energy to energy. (Note that the data them-
selves involve incomplete averaging over fine structure ~ 200 KeV that an optical
model is not expected to reproduce.) The real, spline, correction aU is similar
in character at all energies and qualitatively like that obtained*?! from eq. (3)
due to coupling to inelastic channels. Although the AU almost certainly depends
upon the choice of reference potential, its qualitative features are probably more
general. Sensitivity tests indicated that AU s determined down to about r ~ 6 fm
at 31.6 MeV. The imaginary potentials also show fluctuations in their detailed
shapes, but show one striking feature that their radial extent shrinks as the
energy falls; i.e. they exhibit more surface transparency at the lower energies.
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Fig. 10 Model-independent potential fits37) to 16g + 28si,
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Fig. 11 Potentials corresponding to fits37) in fig. 10. Left: model-independent

real correction. Right: imaginary potentials W(r), and the real folded (M3Y)
reference potential. Also shown in the corrected real potential at 21.1 MeV.

This behavior can be reproduced by making the radius parameters depend linearly on
energy,

ry(Ecm) = ry(Ecu = 26.2)[1 + &(E)], 6(E.) = 0.0SS[ECM‘- 26.2).  (10)

This prescription also reproduces the main features of the excitation function at
180°.

Another interesting ALAS case concerns 6Li + 285i at 27 and 34 Mev39)
measured out to 175°. Woods-Saxon-squared or folded shapes for the real poten-
tial, with central depths ~ 200 MeV, gave the best fits. A model-independent
Fourier-Bessel analysis indicated that there was no discrete ambiguity in this
case and that the real potential was essentially determined from 2 or 3 fm out to

about 9 fm. This indicates another example of incomplete absorption in the
interior.
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3.4 POTENTIALS FROM FUSION BARRIERS

At energies close to their Coulomb barrier, the fusion of two nuclei is fre-
quently assumed?) to be a barrier penetration process. Thus measurements give a
measure of the attractive nuclear potential at that position. This extends our
knowledge of the nucleus-nucleus interaction somewhat inside the strong absorption
radius for low-energy elastic scattering, although (see Sec. 2) it is not obvious
that the same ‘potential’ is involved. 1In any case, the potential values
extracted are generally in good agreement with theoretical expectations!3»l4,41},

At higher energies, a critical radius r = Rc, is introduced“?) and, in the
potential barrier model, the fusion cross section is determined by this radius and
the value of the potential there. Since R., is appreciably smaller than the
barrier radius, this ggovides information on the potential inside the barrier.
Figure 12 summarizes“3! the values of the nuclear potential Vy(r=Rc,.) available

° T T T _1z
40 - ;.’44—’:*/ ]
A

-20 |~ ’7.’
PROXIMITY ,%
-

- Fig. 12 Nuclear potentials at
the critical radius Rcp deduced
from fusion cross sections. The
. proximity potentiall3) is plotted
for b =1 fm.

Vo /R (Mav-tm=")

from high-energy data, plotted vs. the separation of the nuclear surfaces
s=r-R,-R,, where R;sR, are taken to be the radii of the half-central-density

points of the nuclei. On this scale, the strong absorption radius (5) occurs at
s =~ 2.5 fm. Also, as suggested by eq. (6), Vy is scaled by their mean radius of
curvature R = R1R2/(R1+R2% to provide a 'universal' curve. This approach provides

values of Vy as deep as 100-115 MeV (for 20Ne + 2"Mg, 27A1: see ref. 44), and
values of R (s = -2 fm) corresponding to appreciable overlap of the nuclear sur-
faces. The values of R, were deduced assuming the moment of inertia to be that
of separated spheres, J = p Rér. Some 'sticking' of the two nuclei would result
in larger v?1ues of J, and the values of R, then deduced would be somewhat
smaller8 42}, '

Also shown in fi?. 12 are the predictions of a double-folding model which
accounts successfully 5) for scattering data that are se?sitive to the potential
at larger s-values, as well as the proximity potentiall3). The 'measured' values
fall between. However, we emphasize again that the validity of the simple poten-
tial model, and the precise significance of the potential, has not yet been
determined?). )

The possible effects on the fusion process of the nucleus-nucleus potential
being non-spherical {because one or both nuclei are deformed) has also received
attention recently"3). Then the potential barrier may depend sensitively ioon the
ralative orientation of the two nuclei and, particularly at low energies, may re-
sult in penetrabilities very different from the assumption of a spherical poten-
tial. )



3.5 SPIN-DEPENDENCE

Earlier, it was common to think that spin-orbit coupling for heavy jons arose
only from the odd, valence nucleon(s), thus it was a “1/A" effect and much weaker
than for light ions. Explicit folding model calculations“®} appeared to support
this conclusion. However, experimental evidence has been accumulating that this
is completely wrong. Spin-dependent effects are much stronger, and their obser-
vation provides a rich new field for the study of heavy-~ion interactions. Current
theoretical analyses are ascribing the spin-dependence to the coupling to various
non-elastic channels. This raises the interesting question whether such studies
can suggest certain universal features of the effective spin coupling, or whether
each case has to be treated individually because it depends in detail on the spe-
cific channels available. '

The experimental evidence is both direct and indirect. The former consists
of measuring the vector analyzing 9owers for the elastic scattering o{ polarized
beams, and is confined to 6Li and ‘Li ions at quite low energies“7»"48),
Nonetheless, the spin-orbit cogpling required to explain these data is very much
stronger than folding models“6} predict; indeed for 7Li, it has the opposite sign.
Indirect evidence comes from non-elastic reactions which appear to require the
introduction of strong spin couplings for their explanation B,49)

The theoretical explanation offered3%) is that the spin coupling is an effec-
tive one, arising from couplings to inelastic and/or transfer channels (i.e. it is
contained in the aU of egs. (2) and (3)}. Thus the precise nature (including
sign) of the effective coupling for any particular projectile-target system
depends upon the spins of the strongly coupled intermediate states and the angular
momentum transfers involved in their excitation. When the target spin is negli-
gible, and the projectile has spin I, the effective coupling can always be written
as proportional to the usual vector spin-orbit LeI (plus tenscrs of higher rank if
1 > 1), but the coefficients will be non-local and depend upon the magnitude of L.
Some local approximation has to be found before it can ?e compared to phenomeno-
logical spin-orbit potentials. Explicit calculations®?) jndicate that such an
effective coupling can be one or two orders of magnitude stronger than that
obtained from a simple folding model“6),

4. Some potential models

4.1 INTERACTION ENERGY FUNCTIONS

The uncertainties over how to use many calculated (and real) 'potentials'

= jnteraction energies) were discussed in Sec. 2. Such potentials tend to be
similar for segarated nuclei {r ~ R%ﬁ or s > 2 fm), where their behavior is
characterized by eq. (6) and where there is most justification for simply using
them in the Schrodinger equation (4). Thus they might be appropriate for
describing 'low' energy scattering which does not sense smag?er separations.
However, the interaction energy is quite weak in this region (~ 1 MeV) and
behaving exponentially, so that it is quite sensitive to the physics input. Thus,
close agreement with scattering data might not be expected unless the calculation
was designed with that in mind. One such ca1cu1a§ion using that constraint was
based upon the microscopic-macroscopic approach!*) and yielded reasonable
agreement with some elastic data. This potential is not defined for s < O.
Another popular potential is based upon the proximity theorem and the Thomas-Fermi
model 13}, "Elastic scattering was not used to constrain the parameters of the
calculation and the predicted potential usually requires some adjustment in order
to fit measured scattering. The superposition of two ‘'frozen' densities is
assumed and the proximity energy ‘acludes contributions from changes in the
kinetic energies of the nucleons. Consequently the ‘potential’ becomes less
attractive (minimum at s = -1.3 fm), and finally repulsive (s < -3 fm), as the
nuclei overlap (see fig. 12). _
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4.2 FOLDING MODEL
Another potential model is derived from the double-folding expression

Ur(z) = H Pr{ry)e,le,)vinte, ry dr, dr,s (11)

where pj(rj) is the density distribution for nucleus i and v is some effective
nucieon-nucleon interaction. A popular model for v (the M3Y) is based upon the
(real) G-matrix for two nucieons bound in a nucleus51) and includes an approximate
correction for the exchange of the two interacting nucleons. The model (11) is
supposed to represent the first term Up of the Feshbach potential (2), (3); thus
it is appropriate to use it as an optical potential. It is implicitly assumed
that the remainder AU is predominantly imaginary and is to be represented by a
phenomenological absorptive potential. One advantage of this model is that one
may incorporate structure information, such as shell effects, in the nuclear den-
sities. In contrast to the proximity potential, eq. (11} gives very deep poten-
tials at sma]l distances {fig. 12). The model has been extensive1¥ reviewed
elsewherels15), Suffice it to say that, with the M3Y interaction®!), it has had
considerable success in in}erpreting elastic data which are dominated by
peripheral collisions!3:52), Somewhat surprisingly, it also seems to be com-
patible with some cases which are sensitive to the potential at smaller
radii2%37), such as the 12C+12C system at 300 MeV mentioned in Sec. 3.3 (figs. 6
and 7). Exceptions occur for the weakly-bound projectiles €>7Li and °Be, but the
failure of the M3Y_interaction for these appears to be understood now in terms of
break-up effects53).

The M3Y model for v does not depend upon the density or the energy. Density
dependence is required for & detailed understanding of nucleon-nucleus potentials,
and had to be introduced in order to fit alpha scattering in the 'rainbow’
regions“). However, no significant density dependence appears to be allowed by
the 300-MeV 12C+12C results. On the other hand, there is clear evidence from
12c + 120 at 1016 MeV that the potential must decrease in strength as E increases.
Finally, any theory of the effective interaction which reco%nizes the presence of
open channels will yield a complex v. Mcre recent studies®>) derive a G-matrix
for two interacting nucleons embedded within two pieces of nuclear matter that are
flowing through each other. This effective interaction is complex and depends
upon energy and density. It is used in eg. {11) by evaluating it at the local
density p, + p, midway between the two nucleons. However, uniform nucliear matter
neglects surfaCe effects, such as collective shape oscillations and transfer pro-
cesses, so that the potential (11) has to be supplemented by surface contributions
calculated (in a semi-phenoTenological way) according to eq. (3) for AU. In the
one system so far studied55), 160 + 160, both the real and imaginary parts of AU
dominated over Ur in the important surface region. This violates the assumption
made in applications of the simple M3Y folding model that ReAlU is negligible.
Clearly, further applications of this approach are needed; 12C + 12C at 300 MeV
would be an interesting example.

4.3 SURFACE INTERACTIONS

Other calculations, like th?t just mentioned, have been made for AU, taking
account of surface excitations“®). When the bombarding energy is much greater
than the excitation ener%ys the process is sudden and the ccentribution to AU is
predominantly imaginary“U»36:57), When the two energies are comparabl?, the pro-
cess is more adiabatic, the system readjusts and AU tends to be real58). Th
long-ranged polarization potentials that arise from Coulomb excitation?»56,58)
provide one example of each.

An illuminating studys9) of the sources of peripheral absorption was made
using a semi-classical approximation. It made clear that single-nucleon transfer
reactions should give rise to an absorptive potential that has a longer range in
the surface (exponential decay length ~ 0.5 fm) than does the absorption due to

collective surface excitations (~ 0.3 fm). Which process dominates depends upon
+hea awatTahla avettard ctatae a3 wall ae +he hamRardTnn anavauvs 2harmea e mmmme
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\nd\cat1on that transfer is the most important source of absorption at 1ar?e radii
g It is interesting that the transfer contributions to Imal for
Sy sgow the same tendency to decrease with decreasing energy that is found

empirically (fig. 11).
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