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Remarkable optical-potential systematics for lighter heavy ions

M. E. Brandan
Instituto de Fı´sica, Universidad Nacional Auto´noma de Me´xico, Apartado Postal 20-364, Me´xico 01000 Distrito Federal, Mexico

K. W. McVoy
Physics Department, University of Wisconsin, Madison, Wisconsin 53706

~Received 22 April 1996!

Nuclear rainbows, which appear in the elastic scattering angular distributions for certain combinations of
lighter heavy ions like12C112C and16O116O, uniquely determine the major features of the optical potentials
for these systems. These features are conveniently summarized by the central depth of the real part of the
potential,V(r50);1002300 MeV, and by the ratio of imaginary to real parts of the potential,W(r )/V(r ),
found to be!1 for both small and larger ~internal and far-tail transparency!, but'1 in the surface region.
The resulting maximum inW/V, which is found over the entire energy range 6 MeV&EL /A&100 MeV,
appears to correlate with the peripheral reactions that occur in this energy range. At higher energies the data
available indicate that the far-surface region is no longer transparent. Rather,W'V there, suggesting the
dominance of nuclear knockout reactions in the far tail. The knockout mode of inelasticity is the one described
by the double-Glauber approximation, andW(r )'V(r ) agrees with the Glauber prediction in the high-energy
range. This suggests that the double-Glauber prediction begins to be accurate in the low-density tail of the
A11A2 interaction aroundEL /A'100 MeV and that its failure for the higher-density interior may provide a
means of investigating the density dependence of Pauli blocking onNN scattering in the nuclear medium. By
way of contrast, systems like20Ne112C and 14N112C, which do not exhibit rainbows, have distinctly more
absorptive potentials and do not follow the above systematics. This suggests that the imaginary part of the
optical potential reflects the shell structure of the target and/or projectile in important ways, and so will not be
easy to calculate from an infinite-matter many-body approach.@S0556-2813~96!00410-4#

PACS number~s!: 25.70.2z, 24.10.Ht, 25.60.2t
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I. INTRODUCTION

The nuclear rainbows seen in the elastic-scattering an
lar distributions for certain combinations of lighter hea
ions unambiguously determine the major features of Vopt,
the optical potential for these systems@1–6#. The potentials
are by no means static, but evolve with bombarding ene
and vary with the ion pairs (A11A2) involved, in a manner
which reflects both the structure ofA1 andA2 and the reac-
tions emanating from this entrance channel.

This information is not of long standing. Although prim
tive guesses at heavy-ion optical potentials were extra
from even the earliest elastic scattering experiments, it s
became apparent that the low energies and limited ang
ranges then available admitted such extreme potential a
guities that these early data determined little more than
values of the real and imaginary parts of Vopt over a narrow
radial region near the surface of the system@7#. The situation
has improved greatly over the past 10 years, almost enti
as a result of good large-angle data and of the appearan
nuclear rainbows in several light-ion systems at many bo
barding energies. For these systems the remaining pote
ambiguities have been reduced to fine details of their d
interiors. Stimulated by this recent~and growing! availability
of reliable potentials and by the obvious need to extrapo
them to nearby exotic nuclei as many radioactive beams
come available, our purpose here is to review the curr
body of established potentials, presenting them in a man
that exhibits their systematic dependence on both (A11A2)
and on the bombarding energy.
550556-2813/97/55~3!/1362~9!/$10.00
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These potential systematics seem to be most clearly
dent in a single function that we might call the ‘‘reduce
imaginary potential,’’

w~r ![W~r !/V~r !, ~1!

i.e., the ratio of the imaginary and real parts of the opti
potential. The choice of name forw(r ) is motivated by the
fact that the radial shape ofV(r ) directly reflects the matte
distributions ofA1 andA2 ~i.e., is very close to the double
folding potential! @8#, and so provides a physically meanin
ful normalization function forW(r ).W(r ) itself provides the
radial weighting of flux removal or absorption from the e
trance channel. As the typical examples shown in Fig
illustrate, its shape is distinctly and consistently very diffe
ent from that ofV(r ), andw(r )5W/V provides a useful
measure of this difference, by exhibiting the ratio of the a
sorptionW(r ) to the matter distribution itself. In addition
w(r ) provides a contact with the Glauber approximatio
since, as the previous article explains, the simplest form
this approximation predicts thatw(r )'1, independent ofr ,
for energies below;100 MeV/nucleon.

Section II of this article presents the characteristics of
heavy-ion potentials, and in Sec. III their uniqueness is d
cussed. Section IV contains the evidence for thew(r ) sys-
tematics and Sec. V presents their relation to the Glau
approximation. Section VI concludes with an overview
the systematics and with conjectures about their physical
nificance.
1362 © 1997 The American Physical Society



55 1363REMARKABLE OPTICAL-POTENTIAL SYSTEMATICS . . .
FIG. 1. Typical potentials considered in this study.~a! Woods-Saxon shape forV(r ) andW(r ) @29#; ~b! folding model real part calculated
with DDM3Y effective interaction and Woods-Saxon imaginary part@29#; ~c! Woods-Saxon squared real and imaginary parts@2#; ~d!
Woods-Saxon squared real and imaginary parts plus Woods-Saxon derivative absorption@11#.
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II. POTENTIAL SYSTEMATICS IN BRIEF

As we illustrate in more detail below, thew(r ) curves
shown in Fig. 1 for12C112C and16O116O are typical of an
entire class of scattering systems, and are remarkable
three characteristics.

~1! Internal transparency.For smallr values,W is typi-
cally 20 MeV deep, which is only 1/10–1/5 ofV over the
samer range. This implies deep, elastic interpenetration
the target and projectile, and is a feature unambiguously
quired by the appearance of nuclear rainbows in the ang
distributions.

~2! Far-surface transparency.Both V(r ) andW(r ) have
exponential tails, with the quite different decay lengt
aV;0.9 fm andaW;0.6 fm, implying lower reaction rates in
the far tail than the matter distribution might suggest: As
function of r , reactions fall off much more sharply than do
the matter distribution for these systems.

~3! W'V in the near surface. The pronounced maximum
in w(r ), with a peak value in the range 0.5–1.3, occurs wi
out exception for this class of scattering systems, over
wide energy per nucleon range 6 MeV&EL /A&100 MeV.
As the logarithmic plots of Fig. 1 make clear, the maximu
is in part a consequence of the conditionaW,aV .

This maximum in thew(r ) ratio is an intriguing feature o
the potential systematics; as we indicate below, when it
curs, its location always seems to be very close to
‘‘strong absorption radius’’ of the corresponding scatteri
system. The few data available at higher energy suggest
for

f
e-
ar

a

-
e

c-
e

at

the far-surface transparency and, hence, also thew(r ) maxi-
mum disappear above approximately 100 MeV/nucleon. F
thermore, it is not universal even within this range: Count
examples for which reliable potentials are available inclu
the scattering of20Ne, 14N, and 9Be, all by a 12C target.

III. UNIQUENESS OF THE POTENTIALS:
A AND E RANGES COVERED

The potential systematics illustrated by Fig. 1 persist o
the cited energy range 6 MeV&EL /A&100 MeV, but have
so far been found only for a rather narrow range of~target
1projectile! combinations: 12,13C1 12C, 16O1 16O,
16O1 12C, a1X and 6Li1X ~whereX ranges from12C to
208Pb). This narrow range may be due in part to the fact t
data at sufficiently large angles are not available for ma
more systems, but those for which reliable potentials
available, and are known to lie outside thew(r ) systematics,
are a1116Sn, 20Ne112C, 14N112C, 9Be112C, and 9Be
116O.

Because these systematics are seen much more clea
the optical potentials than in the angular distributions the
selves, the reliability and degree of uniqueness of these
tentials are crucial and require some discussion. It is
claimed that the potentials included in this analysis
unique, energy by energy, for they are not. As recent an
ses have made clear@9–12#, a given set of elastic data wil
probably never determine an optical potential uniquely,
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1364 55M. E. BRANDAN AND K. W. McVOY
the sense that the fit to one set of data points can alway
improved by adding more potential parameters, permitt
ever more exotic shapes to the potential. What we do cl
as unique for the potentials considered in this work is th
smoothness and systematics as a function of energy. Gu
in part by this criterion, we have restricted our consideratio
to a very specific class of potentials: the customary s
parameter Woods-Saxon~WS! potentials, extended in a few
cases to include~WS! n and surface absorption, as well as
few ‘‘microscopic’’ or double-folding potentials. We hav
done so for two reasons: first, because these are the p
tials which were originally found to provide impressive a
physically significant fits to the data, and second beca
these ‘‘simplest’’ potentials fall into clear families, only on
of which has parameters~and real and imaginary volum
integrals! which vary smoothly and systematically with bom
barding energy. Figure 2 shows, as an example of the
tematics displayed by the real and imaginary volume in
grals per interacting nucleon pair, the values of the
quantities for three heavy-ion systems over a wide range
energies analyzed with a variety of phenomenological
microscopic potentials of the type considered in this analy
At many individual energies these potentials may not be
tinctly unique, but to the best of our knowledge they are
only ones which have a consistent dependence on
energy—a point to which we return at the end of this secti

As a reminder of the general features of the angular
tributions which determine these potentials, Fig. 3 shows
typical examples, the first five of which produce potenti
exhibiting thew(r ) systematics, while the last does not. A
of them show near-side@13,14# dominance~from the long-
range repulsive Coulomb interaction! at forward angles and
far-side dominance~from the short-ranged attractive nucle
interaction! at larger angles. The near-far interference at
termediate angles produces the high-frequency Fraunh
oscillations (Du'1/kR) that determine the radius of the a
sorptive part of the potential. Other essential features of th

FIG. 2. Volume integrals per nucleon pairJV andJW as a func-
tion of laboratory energy per nucleon. The values are the resu
phenomenological@1,29# and folding model@5,29,31# analyses of
12C112C, phenomenological@2,30# and folding model@31# analy-
ses of 16O116O, and phenomenological@1# and folding model
@5,31# analyses of16O112C. Numbers in parentheses correlate sy
bols to references.
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complex angular distributions are the angular position a
width of this Fraunhofer diffraction region~determined by
the relative sizes and slopes of the near-side and far-
amplitudes! and the position and depth of the broad far-si
minimum ~especially pronounced for a190Zr and
16O116O!, if present at all. It is this combination of distinc
features which suffices to fix uniquely the parameters of
standard Woods-Saxon potential,

V~r !5
2V0

11e~r2R!/a , W~r !5
2W0

11e~r2Ri !/ai
. ~2!

The most important of these features, and certainly
one most clearly responsible for reliably determining the p
tential parameters, is the above-mentioned broad far-side
seen most clearly in16O116O @15# and a190Zr @16#, less
clearly in 6Li158Ni @3# ~at about 30°) and12C112C @17#,
and not at all in either16O112C @18# or 20Ne112C @19#.
When present, this dip has been unambiguously identifie
the Airy minimum of a nuclear rainbow, i.e., a destructi
interference between two far-side trajectories which th
oughly sample the interior of the potential. It is these traje
tories which unambiguously require the internal region of
potential for these systems to be ‘‘transparent,’’ i.
W0 /V0&0.1–0.2.

of

-

FIG. 3. Elastic scattering data ofa scattering off 90Zr at 20
MeV/nucleon@16#, 16O116O at 22 MeV/nucleon@15#, 12C112C at
13 MeV/nucleon @17#, 6Li158Ni at 35 MeV/nucleon @3#, 16O
112C at 38 MeV/nucleon@18#, and 20Ne112C at 20 MeV/nucleon
@19#.
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55 1365REMARKABLE OPTICAL-POTENTIAL SYSTEMATICS . . .
If this Airy minimum fails to appear, as in the16O112C
angular distribution shown, the optical potential is n
uniquely determined. In this case, as in several others@1,5#, a
x2 search does produce a distinctive local minimum w
W0 /V0&0.2, i.e., internal transparency, but in addition fin
a wide range of equivalent fits to the data in which the p
tential interior is strongly absorbing,W0 /V0;0.5–1
~‘‘black interior’’ ! @5#. Curiously, both16O116O and
12C112C exhibit angular distributions which at some ene
gies in theEL /A,100 MeV range show unambiguous Air
dips, but at other, interleaved, energies show none@20#. At
these latter energies the potential becomes ambiguous
we have included these energies in our catalog of poten
cases because it seems highly unlikely thatW0(E) would
jump from, say, 25 to 100 MeV as the bombarding ene
went from 200 to 300 MeV, and then back again at 4
MeV. Consequently we have used the unambiguous shal
W potentials at the energies where they are well determin
to argue that shallow-W potentials should also be chosen
those energies where the Airy minimum is ‘‘missing’’; th
remarkable feature is not that these shallow-W potentials are
unique, but that they exist at all, at every energy measu
for these systems. This is the ‘‘consistency criterion’’ me
tioned earlier in this section. In similar fashion, since bo
16O116O and 12C112C so frequently exhibit shallow-W be-
havior, we have also chosen shallow-W solutions for the
16O112C system, even though Airy minima are not appar
in either of the angular distributions which have been m
sured so far@21,18,22#.

In this context of uniqueness, we note the extensive~and
contrasting! work of Cooper and Mackintosh@10#. This work
has produced multiparameter potentials, identified by the
ronym PIPS, that provide significantly better fits to severa
these same angular distributions, but which are entirely
ferent, in many cases, from the potentials we include.
particular, in those distributions which do not exhibit a cle
far-side Airy minimum, the PIPSV(r50) is often as much
as a factor of 10 shallower than those of the WS potential
yet when an Airy minimum does occur, it demands t
deeperV(r ) for both the PIPS and WS potentials. In th
most striking example, the excellent 350 MeV data
16O116O @15# forces the PIPS potential into exactly th
deep-V WS class we have chosen, with aw(r ), shown in
Fig. 6 below, nearly identical to those of the WS class. Th
the PIPS potentials exhibit an erratic energy dependence
noW/V systematics at all. This does not necessarily sugg
that they are unphysical, but our purpose here is to ana
energy systematics, and for this reason we are driven to
Woods-Saxon-type potentials, which are smoother bothr
and in energy.

The 20Ne112C case shown, on the other hand, appear
define a limit to thew(r ) systematics. Although this angula
distribution seems to be qualitatively similar to that f
16O112C, it is evidently different, for all attempts to fit th
data have failed to turn up a potential of the type displayed
Fig. 1. The closest potential available@23#, though of mod-
erately shallowW (W0 5 35 MeV!, is not at all surface
transparent and in fact hasuW(r )u.uV(r )u for r.6 fm.
Similar results are found for14N112C @24#, 9Be112C , and
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9Be116O @25#. Thus theW/V systematics, though persiste
over a wide energy range for several light systems, are
universal.

IV. w„r … SYSTEMATICS

The above examples make it clear that thew(r ) system-
atics, though immediately obvious as a property of the o
cal potentials, are well camouflaged in the angular distri
tions, unless they exhibit clear nuclear rainbows. T
systematics arepotential systematics, which we explore i
some detail in this section.

A. Preliminaries
12C112C is a typical example. Figures 4~a! and 4~b! show

V(r ) andW(r ) over a wide enough energy range that t
potential for the highest-energy case (EL51016 MeV,
EL /A585 MeV! violates the systematics by havin
W(r )'V(r ) in its tail. This is clearer from Fig. 4~c!, which
shows the correspondingw(r ) curves. The optical potentia
for 12C112C is clearly not static:V0, e.g., decreases from
330 to 115 MeV over the bombarding energy range 6 M
,EL /A,85 MeV, whileW0 increases from 7 to 27 MeV. In
spite of these large changes in the potential parameters,
4~c! shows the shape ofw(r ) to remain remarkably stable
via appropriately correlated variations in the geometrical
rameters. In fact, the maximum inw(r ) actually reaches its
largest value of about 1.3 for one of the lowest bombard
energies, whereW0 is small andV0 large. As can be ob-
served in the figure, at energies where a maximum exists
location moves to smaller radii as the energy increases.

FIG. 4. Phenomenological ~Woods-Saxon! potentials
for12C112C @29#. ~a! Real parts,~b! imaginary parts, and~c! ratios.
Numbers indicate laboratory energy per nucleon, in MeV.
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1366 55M. E. BRANDAN AND K. W. McVOY
Although it is this maximum inw(r ) which first strikes
the eye, the maximum appears to us to be less signifi
than thesmall values ofw(r ) at large and smallr , which
physically describe unusual transparency. In this contex
is perhaps worthwhile inquiring under what conditio
w(r ) has a maximum at all, since there are certainly pot
tials for which it is monotonically increasing, with no max
mum. Taking the WS shapes of Eq.~2! as a representativ
example,w8(r )50 yields the condition

a

ai
5
11e2~r2Ri !/ai

11e2~r2R!/a [R~r !, ~3!

which will have a solution forr.0 if the maximum is
present. Although there are several ways in which this eq
tion can be satisfied at a maximum, it is intuitively obvio
from Fig. 1 thatai,a is a necessary condition, and inde
the potentials satisfying thew(r ) systematics all have

Ri.R, ai,a, ~4!

which make the left-hand side of Eq.~3! greater than 1. The
right-hand sideR(r ) then has the value

R~0!5
11eRi /ai

11eR/a
.1 ~5!

at r50 and descends through 1 at

r 15
aRi2aiR

a2ai
. ~6!

Hence the two sides can be equal for somer between 0 and
r 1. This is exactly what happens for potentials of the syste
atics type, whose parameters typically satisfya/ai
;1.6, Ri /ai;7, andR/a;3.

Thus the essential conditions which produce thew(r )
maximum for these potentials are those of Eq.~4!, Ri.R and
ai,a; the appearance of a maximum is not affected by
value ofW0 /V0, though the height of the maximum is, o
course, proportional to it. Under these conditions, the ma
mum occurs at anr value slightly larger thanRi . This is
illustrated in Fig. 5, which comparesw(r ) with dW/dr
~which peaks atr5Ri) for potentials that describe three di
ferent systems. We extend the comparison by displayin
additionduSu/dl , whereS(l )5e2id(l ) is theS-matrix ele-
ment for a given potential, and we plot it as a function
r (l ) by taking r as the distance of closest approach fo
given trajectory, found numerically from

l 5rk~r !5rk`F12
V~r !1VCoul

Ec.m.
G1/2. ~7!

duSu/dl also peaks slightly outside ofdW/dr, because of
the longer-ranged attractionV(r ), which pulls flux into the
W(r ) absorption from larger values that would otherwise
have missed it altogether. In accordance with the Auste
Blair @26# approximation,duSu/dl provides an indication of
the peripheral radial region in which collective direct rea
tions originate, and its peak marks the so-called ‘‘strong
sorption radius’’ for the system. It is curious, and perha
significant, that wheneverw(r ) has a maximum, it occurs
nt

it
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f
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s

very close to this strong absorption radius, slightly outs
r5Ri . This is true both for different systems and for diffe
ent energies.

Since the transparency of the far-tail region plays such
important role in defining theW/V systematics, it is worth
emphasizing that this transparency is unambiguously
manded by these experimental angular distributions, as
have verified by a variety of notchlike tests. In fact, the fa
tail transparency is even found to be a feature of the de
W potentials@5# for 16O112C at 608 MeV~the ones we have
not included here!, whosew(r ) decreases monotonically
without a maximum.

B. Main body of the w„r … systematics

In order to conveniently comparew(r ) curves for scatter-
ing systems of differing sizes, we plot them versus the sca
radius

r 0[
r

A1
1/31A2

1/3, ~8!

rather than versusr , recalling that for the real and imaginar
parts of the potentials, typical empiricalr 0 radial parameters
are

r 0~V!'0.7 fm, r 0~W!'1.1 fm. ~9!

FIG. 5. w(r ) ~solid line!, dW/dr ~short dashed line!, and
duSu/dl ~long dashed line! for three different systems. All curve
have been normalized to 1.0 at their peaks.
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55 1367REMARKABLE OPTICAL-POTENTIAL SYSTEMATICS . . .
By far the most extensively studied system is12C112C. Re-
liable potentials for it are available@27,28,1,29# at a large
number of energies, 20 of which are represented in
w(r ) curves of Fig. 6~a!. With the single exception of the
highest-energy (EL /A585 MeV! data, all show distinct
peaks centered in ther 051.2–1.4 fm range. The16O
116O @2,30,31# potentials are similarly very reliable becau
of the prominent rainbows in the data. Only two sets of m
surements have so far been published~those at 250 and 350
MeV; at 124, 480, and 704 MeV they have been prelimin
ily reported!, and theirw(r ) curves, shown in Fig. 6~b!, are
very similar to the12C112C results, as are the shallow-W
curves for 16O112C @1# shown in Fig. 6~c!, with the excep-
tion of their highest-energy case. The lowest-energy4He
144Ca curves@32#, Fig. 7~a!, are somewhat unusual in hav
ing an ‘‘extra’’ maximum@from a corresponding sharp max
mum inW(r ) itself# at r 0'0.9 fm, which may arise from
excitation of the four valence nucleons of44Ca; it is not
present in 4He140Ca. The 4He190Zr curves @16# of Fig.
7~b! and those for6Li1X @3,4# in Fig. 7~c! all follow the
w(r )systematics, over the energy range available, the hig

FIG. 6. Ratiosw(r ) versus the reduced radius for systems t
follow the systematics. In~a!, different curves correspond to phe
nomenological potentials~Woods-Saxon! at different energies
@1,29#; the dashed line is for 85 MeV/nucleon. In~b!, w(r ) for
potentials at 145 and 350 MeV. Solid curves are ratios for phen
enological potentials~Woods-Saxon squared! at each energy@30,2#;
dashed curves are ratios for two PIPS potentials obtained at
MeV by inversion @10#. In ~c!, phenomenological potential
~Woods-Saxon! at different energies@1#; the dashed curve corre
sponds to 94 MeV/nucleon.
e

-

-

st

energy showing the previously observed tendency for
w(r ) peak to become extremely wide.

By way of contrast, Fig. 8~a! shows a few intermediate
energy examples for20Ne112C, 14N112C, 9Be112C, and
9Be116O, all of which haveai.a and so are far-surface
absorptive, with aw(r ) curve which is monotonic increas
ing, with no maximum. In particular, the optical mod
analysis of 14N112C at 20 MeV/nucleon@24# offered two
possible descriptions of the data, one in terms of a ‘‘sh
low’’ imaginary potential @W(0)526.9 MeV# and another
with a ‘‘deep’’ imaginary part@W(0)567.9 MeV#. Both
types of potentials have a relatively large imaginary diffus
ness (ai'0.9 fm! and do not follow the systematics; appa
ently, this feature is required by the measurements. Ano
situation is found ina1116Sn shown in Fig. 8~b!. Exactly
what it is about the structure of these nuclei that sets th
apart from the previous ‘‘a-particle nuclei’’ is not yet clear,
but the mere fact that they deviate so strongly from
w(r ) systematics indicates that the detailed structure of
get and projectile influences the absorptive part of their
tical potential. Although the simple folding procedure is a
equate forV(r ), it is entirely incorrect forW(r ) @8#. Data for
the systems in Fig. 8~a! exist only at single energies; cons

t

-

50

FIG. 7. Ratiosw(r ) for other systems that follow the systema
ics, at different energies. In~a!, phenomenological potential
~Woods-Saxon squared plus Woods-Saxon squared derivativ! at
a energies between 24 and 100 MeV@32#. In ~b!, Woods-Saxon
potentials between 40 and 142 MeV@16#. In ~c!, solid curves cor-
respond to Woods-Saxon potentials at 35 MeV/nucleon for6Li on
12C, 40Ca, and58Ni targets@3,4#; dashed curve is for6Li112C at
53 MeV/nucleon@36#.
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1368 55M. E. BRANDAN AND K. W. McVOY
quently, no information is available on the energy dep
dence of their potentials.

We point out that the microscopic potentials@folding
model V(r ), phenomenological WS W(r )# for
12C112C between 6 and 85 MeV/nucleon frequently viola
theW/V systematics. The example included in Fig. 1~b! hap-
pens to be a case in whichw does present a well-define
peak, but this peak tends to disappear, for these poten
above 10 MeV/nucleon. In terms of potential paramete
this is explained by the fact that the real ‘‘diffuseness,’’ d
termined in this case by the ingredients entering the dou
folding procedure~choice of theDDM3Y effective interaction
@33# and parametrization of the12C density distribution!, is
comparable to or smaller than the phenomenological im
nary diffuseness required by the fit. A recent study
Satchler@9# has addressed in detail the issue of the optim
shape for the real part of the potential, in particular for t
16O112C data at 608 MeV. The use of splines in addition
theDDM3Y potential led to the conclusion@9# that the tail of
the folding model real part is too steep, possibly due to
simplified treatment of the nucleon exchange term; a po
tial tail extending further out improves the description
these data. The comparison between the microscopic
phenomenological12C112C real potentials depicted in Figs
1~a! and 1~b! shows good agreement in the interior and d
ferences beyond'5 fm; in this case, too, the folding rea
part is steeper than the phenomenological result, differing
about 40% at 6 fm. A qualitatively similar result is observ
at other energies. This suggests that the conclusions@9# for
16O112C at 608 MeV might be generalized to similar sy
tems and, therefore, could explain this exception to thew
systematics as due to a limitation of the form of theDDM3Y

interaction.

FIG. 8. Ratiosw(r ) for systems that do not follow the system
atics. In ~a!, 20Ne112C at 20 MeV/nucleon@23#, 9Be112C and
9Be116O at 18 MeV/nucleon@25#, and 14N112C at 20 MeV/
nucleon@24#. In ~b!, alpha particles off116Sn between 72 and 12
MeV/nucleon@37#.
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V. IMPLICATIONS FOR THE GLAUBER
APPROXIMATION

The preceding article@34# demonstrated that in the energ
rangeEL /A, 100 MeV, the ‘‘optical limit’’ of the double-
Glauber approximation fails completely to describe nucle
nucleus scattering in terms of nucleon-nucleon scatte
amplitudes. The problem is not in the use of the eiko
approximation, but rather in the ‘‘Glauber potential’’ em
ployed for the optical phase shifts, which is nothing mo
than the above-mentioned double-folding potential, e
ployed forW(r ) as well as forV(r ), with complete neglect
of Pauli blocking. This potential not only givesV(r ) and
W(r ) the same radial shape, but even makes them appr
mately equal@i.e.,w(r )'1# in the energy range below 10
MeV/nucleon.

As the above examples ofw(r ) make clear, this grossly
overestimates the absorption in this energy range, but
few angular distributions available at somewhat higher en
gies do suggest thatw(r )'1 in the far-surface region, eve
for 12C and16O nuclei, at these energies. Since the densit
the lowest in the surface, where the nucleons are close
being free and the local Fermi energy is low, Pauli blocki
should be minimal, and it is plausible that the double-foldi
procedure should be most reliable there forW(r ). If so, this
suggests that the increased absorption implied byw(r )' 1
in the far surface may be due to an increased probab
there of nucleon knockout, which is the only form of absor
tion included in the Glauber description.

At sufficiently high energy, where the bombarding ener
is much larger than the total~target1projectile! binding en-
ergy, one expects that all nuclear binding effects should
come negligible and that the double-Glauber approximat
should become accurate for all phase shifts, even the l
l ones. Consequently we conjecture thatEL /A;100 MeV
may be the transition energy range, where this approxima
begins to be accurate at largel ~large r ) and that the ap-
pearance of optical potentials withw(r )'1 in the far surface
may be an indication of this. If so, this would make heav
ion optical potentials at these 100 MeV/nucleon energies
ceptionally interesting, since theirw(r ) curves could provide
direct evidence of the density dependence of Pauli block
This would imply, in particular, that

w~r !'a21[Im@ f NN~0°!#/Re@ f NN~0°!# ~10!

at larger values, where Pauli blocking is weak. Further,

D~r ![a212 w~r ! ~11!

could then serve as a measure of the Pauli blocking
smaller r values, where the higher nucleon density impli
higher local Fermi momenta. However, accurateD(r )’s re-
quire accurate potentials, and all past experience sugg
that reliable optical potentials can only be determined
accurate large-angle data, extending in angle well beyond
near-far crossover region of Fraunhofer oscillations.

VI. SUMMARY AND DISCUSSION

The body of data summarized by thew(r ) curves of Sec.
IV is very large, and the stability of these curves over suc
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range of energies and of heavy-ion systems suggests th
may carry an important message. We conjecture that the
sence of this message lies in the small values ofw(r ) at both
large and smallr values, for systems like12C112C and
16O116O, at energies below 100 MeV/nucleon. These sm
w’s imply a substantial suppression of reactions in these
gions, relative to systems like20Ne112C as well as to the
w(r )5a21'1 predicted by free nucleon-nucleon scatteri
in the optical limit of the double-Glauber approximation.
particular, the far-surface reactions which do take place
systems like20Ne112C below 100 MeV/nucleon, and poss
bly in all heavy-ion systems at higher energies, occur outs
the r range in which peripheral transfer and collectiv
inelastic reactions originate, and so must represent o
forms of absorption.

In this connection we recall an early work on low-ener
20Ne112C and 16O116O elastic scattering@35# which found
a much larger absorption in the first of these systems.
authors suggested that angular momentum matching co
tions might explain the difference, by favoring th
20Ne112C direct reaction channels over those for16O
116O. Even if the explanation is only valid at the energy
was applied to, it indicates important differences in the
sorption properties of these two systems arising from det
of their nuclear structure.

In an attempt to understand thew(r ) systematics, we of-
fer two conjectures, both subject to experimental test. T
first is that the far-surface reactions which appear above
MeV/nucleon are largely nucleon knockout, the only rea
tion mode included in the GlauberNN-scattering model.
Glauber predictsw(r )5a21'1 for this mode, witha given
by Eq. ~10!. Values ofw(r ) larger than 1, which sometime
occur, would then imply the presence of other react
modes as well.

The second conjecture is that the small values ofw(r )
@w(r )!a21# seen at interiorr values for ‘‘a-particle nu-
clei’’ may be due to Pauli blocking, in which case
C
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D~r ![a212 w~r ! ~12!

could serve as a measure of this effect, as a function or ,
i.e., of local density. If this is indeed the cause of the sm
internal values ofw(r ), their suppression should diminis
with increasing bombarding energy above 100 MeV/nucle

Independently of their interpretation, the existence of
w(r ) systematics carries substantial implications for t
many radioactive beam experiments currently being plann
The interesting question is the degree of transparency
can be expected in systems formed by an exotic projec
and the influence of this transparency on the correspond
optical potential. The systematics presented here sho
serve as a reminder that the potentials on which they
based were obtained only by measuring small cross sect
at large angles, well beyond the Fraunhofer crossover reg
Since it is unlikely that radioactive beams of a quality a
equate for such measurements will ever be available, i
equally unlikely that unambiguous optical potentials for r
dioactive nuclei will be determined. One plausible means
reducing these potential ambiguities would be to extrapo
~most reliably the real part! from well-known potentials for
stable nuclei. For such a purpose, systematics of the
described here would be extremely helpful. Consequently
suggest that programs of radioactive beam studies would
well advised to include a parallel program of elastic scatt
ing of nearby stable nuclei on the same targets.

Preliminary reports of these results have been prese
elsewhere@38–40#.
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