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We investigate the properties of the optical model wave function for light heavy-ion systems where absorp-
tion is incomplete, such as+*°Ca anda+ %0 around 30 MeV incident energy. Strong focusing effects are
predicted to occur well inside the nucleus where the probability density can reach values much higher than that
of the incident wave. This focusing is shown to be correlated with the presence at back angles of a strong
enhancement in the elastic cross section, the so-called ABA8malous large angle scattefifgnenomenon;
this is substantiated by calculations of the quantum probability flux and of classical trajectories. To clarify this
mechanism, we decompose the scattering wave function and the associated probability flux into their barrier
and internal wave contributions within a fully quantal calculation. Finally, a calculation of the divergence of
the quantum flux shows that when absorption is incomplete, the focal region gives a sizable contribution to
nonelastic processelsS0556-28188)04903-9

PACS numbgs): 25.70.Bc, 25.55.Ci, 24.10.Ht

[. INTRODUCTION is weak[8,10]. The importance of the focus in building up of
a backward peak in some transfer reactions involving pro-
A better understanding of nucleus-nucleus collision dy-tons in the entrance or exit channel was also pointed out by
namics has been achieved in the past few years by investikromminga and McCarthy13]. In the case ofa-particle
gating light ion and light heavy-ion systems whose scatteringcattering, where absorption is stronger, it was found at that
is not dominated by strong absorptiph]. When strong ab- time[9] that, even when it could be discerned in the far side
sorption dominates the scattering—the most commomegion, such a focusing effect has a negligible influence on
situation—the scattering is known to be sensitive to the inthe scattering, since propagation of the flux out of the nuclear
teraction potential in the extreme surface region only, arounenedium leads to a nearly complete extinction of this contri-
the so-called strong absorption radii#. In contrast, sys- bution. Moreover, not much physical significance was attrib-
tems that display incomplete absorption have been found tated to the scattering wave function inside the nuclear vol-
carry information on conditions prevailing at much smallerume, since the status of the optical model potential for
distances. This information is contained in the large-angleomposite particle scattering was then still very obscure.
region[3], as “anomalous large angle scatteringALAS) Surprisingly enough, few calculations of this type were re-
features at low energl4] and clear rainbow scattering sig- ported subsequently in the literature; they have however
natures when energy increag@$. Very small absorption is been revived now and then in various contepitd—17).
not a prerequisite to the occurrence of these phenomena; in- One obvious drawback of this type of approach is that the
deed even in exceptional cases suclrgzarticle scattering scattering wave function, and derived quantities like the
from %0 or “°Ca, the absolute value of the lo#-S-matrix ~ quantum flux, contain contributions from all the mechanisms
elements above 30 MeV incident energy is of the order of 1Qhat are possibly active in the scattering system under study.
percent6,7]. Therefore many techniques have been developed to try to
Although the optical model provides a satisfactory ac-understand particular features observed in the cross sections
count of many experimental data, including those displayingn more familiar terms. Semiclassical approactesin Ref.
ALAS, one is often left with a “black box” description, [3] and references thergirhave played a key role in this
where the link between the model parameters and the calcuespect, even for systems where the applicability of these
lated cross sections is rather obscure. In the early days of thmethods could seem problematic. Concepts like rainbow or
optical model, calculations of the full scattering wave func-glory scattering, orbiting and spiral scatterifig], nearside
tion (r) and the associated quantum fli{x) were carried and farsidg19], or internal wave and barrier wave contribu-
out by McCarthy and by Amo8—12] in order to investigate tions [20], have thus become commonplace in the optical
the scattering properties of the potential. Among other remodel literature. One is thus led to the somewhat paradoxical
sults, these calculations revealed the importance of focusingituation where, although numerically exact results can be
effects in systems such as nucleon-nucleus, where absorptiabtained from the formalism, the latter often contains less
useful information than approximate solutions.
The philosophy of many of these approaches is to decom-
*Electronic address: michel@umh.ac.be pose the scattering amplitude into several subamplitudes
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with, hopefully, simpler properties. For example, in one of As energy increases, the focus is found to move away
these approachd49,21], the elastic scattering amplitude is from the center towards the far side of the nucleus; accord-
decomposed into the so-called nearside and farside ampliagly the flux that is refracted at back angles decreases—an
tudes. The cross sections corresponding to each of these ca#ffect which is enhanced by the increase of absorption with
tributions are generally smooth, and their interference exenergy—and glory scattering is progressively replaced by
plains the Fraunhofer diffractive oscillations seen in varioug@inbow scattering.

heavy-ion elastic scattering angular distributions. In another ©On the other hand, the calculation of the divergence of the
approach(20], the scattering amplitude is decomposed intodua@ntum flux, which indicates where absorption is most ef-

its barrier and internal components. In contrast to the previfectlve, shows that the latter occurs in two distinct regions: in

ous method, this approach works best at low energies, wheltged s;Jrf?hce _reg_i((j)n t(r)1n the lilluminateddsi(:]e ?f thle n_ucle[L:Js,
the effective potential displays for each active partial waveind: further inside the nucleus, around the focal point. For
(provided the nuclear potential is deep enoughpotential stron_gly apsorblng systems, the first mechanism is clear]y
pocket separated by a barrier from the external region. Thigpmlnant, In accordance with the mod_els generally used in
approach has explained how the anomalous fealédesS) |rect_nuclear reactions calculations which locate most of t_he
observed in elastic scattering for some light-ion system oupling streng@h n t_he surface of the targ_et nucleus, while
emerge from an optical model description when the real pa or ;yst_ems_ dl_splafylngtl redL;]ced gbsorphon, the second
of the potential is deep and absorption is particularly [8ly me_?hgnlsm IS significan g enf a”nce .I Sec. ||

in particular, it has definitely settled the surprising fact that, IS paper Is organized as 107ows. In Sec. 11, we compare
in admittedly exceptional cases, part of the incident flux CaL{Jrobablllty densities calculated for several optical model po-

remain in the entrance channel after a deep excursion into t 8”“3'5’ both for systems presenting reduced or Str"”g_?‘b'
nuclear medium. sorption, as well as the associated quantum probability

The information obtained from semiclassical approacheéluxfaS; we also_ investigate the energy dependence of the fo-
using properties of these potentials. In Sec. Ill, we decom-

can sometimes be obtained by resorting to purely quantﬁ

methods. For example, it has been shown that the semiclaB2S€ the scattering wave functions into barrier and internal
sical barrier-internal wave decomposition of the elastic scat//ave components, thus obtaining the contribution of these

; ; . - o two components to the probability density and the probabil-
tering amplitude by Brink and Takigaw&0], initially car- . : R
fied gout v[\)/ithin a )\/NKB approxima%iovr\l{ cc]mtext gould be ity flux for these systems; the importance and localization of
performed by resorting to ordinary optical moéjel Calcula_absorptlon _are_studled by c_alculating the barrier and internal
tions [6]. In its simplest version, the technique consists inwave contributions to the divergence of the quantum flux. A

enhancing artificially the absorptive potential in the insigeSUMMary 1 presented in Sec. V.
region of the potential, in order to make the internal wave
contribution negligibly small, which provides the barrier 1I. FOCUSING PROPERTIES OF OPTICAL POTENTIALS
wave contribution; the latter is subsequently subtracted from
the full amplitude to calculate the internal wave component.
An advantage of this approach is to provide—in contrast to The measurement of low-energy elastigarticle scatter-
the semiclassical calculations whose basic ingredients are aityg up to large angles has disclosed the existence, for a few
tion integrals evaluated between the active turning pointdight targets like 0 [7,22] and #°Ca [4,23], of anomalous
[3,20—wave functions corresponding to the different con-features in the angular distributions: whereas in many cases
tributions to the scattering amplitude. the angular distributions remain diffractive over the whole
In view of the importance of a better understanding of theangular range, a large rise of the cross section is observed at
mechanisms underlying light ion and light heavy-ion scatterback angles for these targets; around 30 MeV incident en-
ing, we have reinvestigated the properties of the elastic scaergy, this rise can exceed the Rutherford cross section by two
tering wave function and the associated quantum flux for do three orders of magnitude. When the energy increases, this
few light-ion systems. Our results can be summarized as folbackward rise, termed ALAS, disappears progressively and
lows. In all cases we have studied, focusing effects are inis replaced around 100 MeV incident energy by a rainbow
deed observed at low energy. When absorption is incombehavior.
plete, focusing can become very strong and the probability It was found that these anomalous features, which were
density at the focus is found to reach values much larger thalong thought to lie outside the capabilities of an optical
that of the incident wave—in some cases even larger than thmodel description, can be reproduced quantitatively by using
values reported by McCarthy8,10] and by Amos[11] for  optical potentials with an imaginary part distinctly weaker
low energy nucleon scattering. The presence of the focughan that used for “normal” systems and with a real part
which is located well inside the nuclear medium at low en-described by a conveniently chosen form fadt®4,4,7. It
ergy, is then found to be correlated with the occurrence atvas soon realized that the existence of a backward rise in the
large angles of an internal wave contribution that dominatesross section is due to part of the incident wave that crosses
the scattering in the backward hemisphere and is responsibtbe effective potential barrier and reemerges after having
for the ALAS phenomenon. This is clearly demonstrated bybeen reflected at the innermost turning pdi2®], and thus
examining the properties of the internal wave contribution tothat, contrary to what had been considered to be a general
the total wave function. This focus thus appears to be theule, elastic scattering of composite particles like the
region of the nuclear medium from which most of the inter- a-particle is not necessarily governed by strong absorption.
nal wave contribution to the elastic scattering cross sectio\n important consequence of this unexpected transparency is
originates when absorption is incomplete. that the experimental elastic scattering cross sections carry

A. A historical perspective
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ferential cross sectionmormalized to the Rutherford cross secjion
for the a+%%Ca (full line) and o+ #‘Ca (dotted ling systems at 29
MeV incident energy.

information on the interaction potential well inside the strong
absorption radius. Indeed, a consistent study of the phenom
enon on a broad energy range makes possible extraction o
an unambiguous global optical potential whose real part is
definitely deep and is well defined up to fairly small dis-
tanceg 23,7].

These potentials were later shown to contain more than a
simple parametrization of the cross sections. Indeed the
properties of the phenomenologicat %0 global optical
potential were showii7,25 to be compatible with micro-
scopic approaches such as resonating group meRGd),
which take into account antisymmetrization effects between
projectile and target in an exact way. In particular, the nu-
merous unphysical states, which are bound by the deep phe
nomenological potentials below the threshold, were shown to,,
be close analogues of the so-called forbidden states of the Ca(o,o) 29 MeV
RGM, and must thus be discard€®6]. One is thus led to o . _ _ _
give credibility to the wave functions associated with the F!G- 2. Probability densities associated with the two optical
deep local potentials obtained from analyses of elastic light™°de! potentials used in Fig. 1. In this and similar figures, the
ion scattering down to small distances, the more so as thgc/dent beam comes along the negaivaxis and the probability
effects of nonlocality on the wave functiofthe so-called ensity has been normalized to 1 for large negativalues.

Perey effegtare known to be small for low-mass projectiles
[26].
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The probability densitiep(r)=|y(r)|? associated with
these two optical potentials are displayed in Fig. 2 and are
seen to be generally similar. In particular, the “parabolic
cup” surrounding the interaction region is essentially a Cou-
lomb effect. In the forward direction, the structures observed

As a starting point, we investigate the properties of twofor the two systems are also nearly identical outside the in-
optical potentialg6] describing a-particle scattering from teraction region. This is not so at larger angles: one observes
targets of comparable masses at the same incident enerdgite appearance of ripples on the illuminated side offi@a
that is, °Ca and*‘Ca at 29 MeV. The main difference be- nucleus in several preferred directions, especially aro@ind
tween these two systems lies in the strength of the absorption 180°, which(as shown latgrare due to an internal wave
needed for describing the data: whereaparticles scattered contribution to the scattering, whereas the **Ca probabil-
from #4Ca are strongly absorbed and the angular distributiority density is essentially flat on the illuminated side. More-
displays a diffractive behavior up to large angles, theover, a strong focusing effect is seen to be present behind the
a+%Ca system is characterized by an incomplete absorptionenter of the nucleus in th#Ca case, whereas it is barely
and a spectacular backward enhancement. The angular digisible in *‘Ca. (Note the use of a logarithmic scale in the
tributions calculated with these two potentials, which give afigure) This focus is followed at larger distances by a broad
good description of the experimental angular distributionsidge whose importance is seen, in contrast, to be barely
over the whole angular range, are contrasted in Fig. 1. affected by absorption.

B. Comparison between strong absorption
and reduced absorption
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To give a more quantitative impression of these effects, A x3) -
we present in Fig3 a section of the probability densities s h
along the axis of the incident beam &xis). It is clearly seen N
that the focus is localized well inside the interaction region, g 0
at about 2 fm from the center of the target nucleus. This 5, I
behavior is similar to that reported by McCarthy in his analy- S
sis of low-energy neutron scatterir/@,10]. Whereas the g
magnitude of the peak at the focus in tffi€a case is lower crr T T T
than that of the incident wave, it reaches about 20 times tha 51 1'0 s

value in the*°Ca case. In contrast, the broad ridge alluded to
above is seen to develop mainly outside the interaction re-
gion. Finally, the oscillations observed on the illuminated
side of the*°Ca nucleus, which will be shown to be related  FIG. 4. Quantum probability flux associated with the 29 MeV

to the internal wave contribution to the scattering, are seen te + *°Ca scattering wave functiofarbitrary unit3; in the lower part
be strongly suppressed MCa. of the figure, which presents an enlargement around the focal point,

the flux has been multiplied by a factor of 3. The full-line and

dashed-line circles represent the distances where the real and the

imaginary parts of the optical potential have a depth equal to one
To understand better the origin of the features seen in theenth of their central values.

density plots, we calculated the quantum flux

C. Quantum probability flux and classical trajectories

is seen to be rapidly damped on its way towards the focus in
ji(r= ﬁlm(zﬁ*(r)vw(r)) (1) the"""'Ca case, and as a (r)esult the in'tel'nsity a}t the focus re-
M mains rather small, in th&°Ca case this intensity is seen to
increase significantly, reaching a much higher value at the
associated with the total wave functioi(r) for the two  focus.
cases presented abof€igs. 4 and » For large impact pa- Unfortunately, it is difficult to obtain more insight from
rameters the incident flux does not penetrate into the nucledhis figure, because the flux calculated here includes both the
interaction region and one observes a bunching of théncident wave and the scattered wave contributions.
streamlines at the edge of the parabolic cup mentioned As was shown by McCarthy in his pioneering calcula-
above, which is clearly associated with the Coulomb interactions, the classical trajectories are useful for investigating
tion. For smaller impact parameters, the streamlines are praualitatively the focusing properties of the potential, pro-
gressively pulled towards the nuclear center and the flux vecvided the incident energy is not too lol@]. The classical
tors are seen to converge to a region located near the foctiajectories associated with the real part of the 29 M&@a
observed in the probability density. Whereas the flux densityotential for a few impact parameters are shown in Fig. 6. It
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X ? \\ \\ : : l (x3) - pected to shift away from the nuclear center as energy in-
T~ ‘ creases, if one assumes that the potential depth is energy
MmN N R . L . . .
_ L~ < v independentwhich is indeed the case in a first approxima-
E 0o+—m—~ . - - tion), a feature already observed by McCarthy in his calcu-
= ) y y y
I e i 1S e e lations.
I~ g A ] e e s s s s
M/ V. P S o e e e e . .
/o e D. Energy dependence of the focusing properties
5 L/ - . of the potential
5 0 5 10 15 To conclude this tour of the focusing properties of the
a-nucleus optical potential, we examine the energy behavior
z (fm) of the probability densities. We concentrate here on another

FIG. 5. Same as Fig. 4 for the 29 Max# *‘Ca system; for that transparent system which has played a key (G126 in

system the real and imaginary radii, as defined in Fig. 4, are nearlynd&rstanding the dynamics of thenucleus interaction, the
equal. a+~°0 system. The parameters used are those of the global

optical potential in Ref[7]. As is seen in Figs. 7 and 8, the

is seen that the trajectories with an impact parameter Iesfé)CUS moves away from the |IIum|nat_ed side of the nucleus
than about 6 fm converge in a precise way to a point Iocateéi"hen energy increases, and the density at the focus decreases

very near the quantum focus. These classical trajectories af'éead'ly' These properties are easily unde_rstood if one takes
identical to the rays which would be calculated in a geo-'mo account the fact that the real potential depth at small

- - : . distances decreases slowly with energy, ranging from about
metrical optics context using the position-dependent refrac: N .
P 9 P P 160 MeV to 120 MeV when the incident energy increases

tive index from 30 to 150 MeV([7], while absorption increases regu-
larly in this range. The refractive index in E) thus also
n(r)= /1_ v(r) ) decreases with energy; fol0O(«,a) scattering, it varies
Ecm. from about 2.7 to 1.4 over the same energy range and the

focal length of the system increases accordingly. It is inter-

whereV(r) denotes the real part of the optical potential.  esting to note that the region of the potential to which the
The refractive index near the origin for the incident en-scattering is most sensitive, which was obtained in IR&f.

ergy and potential considered here is comparable to that dfom a notch test analysis, coincides with the location of the
diamond for ordinary light, that is about 2.5; this is why focus at low energy.
focusing occurs inside the refracting sphere at low energy. Above about 60 MeV, we found that the low angular
When the energy increases, EB) predicts a decrease of the momentum classical trajectories are still converging to a fo-
refractive index; in this simple picture the focus is thus ex-cus inside the target nucleus but, contrary to the example
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322 MeV 49.5 MeV
150 (or,00) FIG. 7. Evolution with energy of the probabil-
’ ity density for thea+ %0 system between 32.2
and 104 MeV.
10!
i
Z(f’ll)
69.5 MeV 104 MeV
displayed in Fig. 6, they are not deflected beyond some criti- 10
cal angle that decreases with energy. Accordingly, ALAS is
progressively replaced by a rainbow behavior and the ripples o 1
that were still clearly observed on the illuminated side of the O(o.0)

target at 32.2 and 49.5 MeV are seen to have completely
disappeared by 69.5 MeV as a result of the disappearance ¢
the internal wave contribution to the scattering beyond this
energy.

32.2MeV

107
Ill. BARRIER-INTERNAL WAVE DECOMPOSITION

OF THE WAVE FUNCTION 49.5

10?2 +
A. The barrier and internal wave contributions

to elastic scattering

wi?

69.5

In order to clarify the focusing properties of the nuclear 10% 7
potentials, we have decomposed the elastic scattering wav
function into two contributions, corresponding respectively
to the part of the incident flux reflected at the barrier of the
effective potential and the part that penetrates the nuclea
interior. This decomposition makes sense for the system:
studied here at low energy, since the effective potentials have
a pocket for all the active partial waves. It must be stressec
that in the original semiclassical internal-barrier wave de- 105 -
composition of Brink and Takigaw[&0], this decomposition
was not performed on the scattering wave function but on the 15 -10 -5 0 5 10 15
scattering amplitudé(#), making possible the calculation of 2 (fm)

“pbarrier” and “internal wave” contributions fg(6#) and

f,(8) to f(6), and thus of the contributions FIG. 8. Evolution with energy of the probability density along
the incident beam axis for the+ %0 system between 32.2 and 146

og(0)=|fa(0)%,  o(0)=1f,(0)|? (3  Mev.

104

105 1
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to the full elastic scattering cross sectiotif). More pre-  external WKB phase shiff; and the barrier penetration fac-

cisely, the elastic scattering matr$ is written as[20] tor N, . Although, as explained in Reff6], this simple tech-
_ nique leads in most cases to good agreement with the full
S/=Se,tS, (4) WKB calculation, it was found to lead sometimes to serious

discrepancies, and therefore a more elaborate quantum me-

chanical scheme was devised in Héf in order to alleviate
—exn(2i 57)/N 5 these_ problems. In the rest o_f the present paper, we will use

Se,/ =exp(2i 6/, ® e simpler technique described above, since for the cases

and, if multiple reflections between the two inner turning ©x@mined here it proved quite stable and reliable. _
points (that is, resonances in the potential pogkate ne- An important byproduct of this technique is to provide,

glected, a condition which is met in most cases except poégeyond_theSmatripesSB _and S , wave functionsws and .
sibly at very low incident energ)g, , is given by ¥, defined even in the interaction region, associated with

the barrier wave and internal wave contributions. Use of a

S, /=exp(2i6/)/N§ (6) conveniently enhanced absorption provides the barrier con-
’ 37 tribution ¢ to the total wave functiony, and the internal
In Eq.(5), 8; is the usual WKB phase shift corresponding contributiongs; , which we define by

tq _the external _turnlng point apvsl/ meagure/s the penetra- =g+ (12)

bility of the barrier of the effective potenti&ly for angular . . .

momentum/’; in Eq. (6), 6§ is the WKB phase shift corre- IS thus obtained in a second step by subtractiofgffrom

sponding to the innermost turning point

whereSg , is given by

Although fine details of the components of the wave func-
%:%ﬁ 52/1+ 5{ (7)  tion thus obtained depend somewhat on the exact prescrip-
tion used for enhancing the absorption, we checked that—as
whereS;; denotes the semiclassical action integral for angufar as the WKB componentS-matrices are correctly

lar momentum/’, evaluated between thigomplex turning reproduced—Ilittle uncertainty arises in our decomposition of
pointsr; , andr; , the wave function.

B. Components of the wave function

1/2
s“=f Y ] 2 B UL ®) i i bed i -
i) p2 Loem” Veft : We applied the technique described in the previous _sub—
s section to the***Ca(a,a) cases at 29 MeV. The potential
parameters are still those of Ré6]; for the imaginary po-
tential AW(r) needed to enhance absorption in the internal
region, use was made of the same form factor as the pertur-

Finally, the full elastic scattering amplituddg 6) is de-
composed af20]

f(0)="Fg(0)+f,(0) 9) bative potential used in that work, that is
where the barrier wave and internal wave amplitudgsnd AW(r)=AWoexd —(r/p)*]. (13
fi, are given in conventional notation by As discussed in Ref6], an adequate choice of the param-
1 eterp guarantees that this form factor decreases sufficiently
fa(0)=fr(0)+ =—>, (2/+1)exp2ic,) rapidly in the barrier region, a feature that is important to
2ik7 ’ avoid unwanted modifications of the barrier contribution. A
convenient choice is
X[Sg ,—1]P,(cosb), (10
p~Rg/2 (14
1
fi(0)==—2, (2/+ Dexp2io,)S P, (cos¥). where Rg denotes the barrier radius at the grazing angular
2ik*7 momentum. At the same time, this form factor decreases

(11 sufficiently smoothly so as not to introduce additional spuri-

This d i hich . the localization f ous turning points in the problem. The results of the calcu-
IS decomposition, which requires the localizalion 10r4i5n should not depend critically on these cutoff param-

each/ va_lue of the_ active turning points and the evaluanneterS; the values used here aré/,=— 100 MeV, p=3.25

of action integrals in the complex plane between these turng, for the 4°Ca case, andW,= —50 MeV, p=23.40 fm for

ing points, seems in principle to be restricted to analyticakne 44c3 case.

potentials. It was however shown in R¢€] that it can in The barrier wave and internal wave cross sectiogéd)

fact be carried out in a fully quantal context, using scatteringand o, (¢) corresponding to these two systems are compared
matrix coefficients supplied by any optical model code. Thein Fig. 9, together with the moduli of the corresponding
basic technique consists in enhancing artificially the absorps-matrix coefficientsSg , andS, ,. One sees that, whereas
tion at small distances to enhance the imaginary paB;9f  the barrier wave contributions are remarkably similar for
in order to damp the internal wave contribution to the scatboth systemsexcept for trivial size effecjs the internal
tering amplitude and thus to provide the barrier wave contriswwave contributions to th&-matrix have the same cutoff an-
butionfg(#). The internal wave amplitudi is obtained ina gular momenta but differ by about one order of magnitude.
second step by subtraction bf from the full scattering am- Correspondingly, the internal wave cross sections are seen to
plitude f(6). The extra absorption used must of course bediffer by about two orders of magnitude, but they have a
restricted to small distances in order to preserve both theery similar pattern. The ALAS phenomenon observed in the
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FIG. 9. Modulus of the internal and barrier wa8ematrix ele-
ments(upper part and the corresponding differential cross sections Z(f’h 10 3715
(lower pan for a+%°*Ca elastic scattering at 29 MeVinternal )
: : . 40, : .44, . .
wave contr_lbut_lon;10 Ca, dot_ted J;me' Ca, dashed_ line. Barrier FIG. 10. Internal and barrier wave contributions to the probabil-
wave contribution:*°Ca, full line; *“Ca, dot-dashed ling. ity density for thea+“°Ca system at 29 MeV.

40Ca case is thus seen to be entirely due to an enhanced larger distances, the internal density is seen to oscillate in
internal wave contribution to the scattering, as was first esthe backward hemisphere; the angular positions of its
tablished by Brink and Takigaw0]. maxima and minima coincide with those of the internal wave
The very different role played by these two Comributionscontributi.on to the cross sgctiojﬁig. 9, and thug w?th those
is illustrated by the probability densitiégg|? and|yy|2 ob-  Of ALAS in the *°Ca casdFig. 1. A more quantitative com-
tained for the two systems, which are displayed in Figs. 1gParison of the different components of the wave function
and 11. Again the barrier probability densities are seen to b@long the axis of the incident beam can be found in Fig. 12.
strikingly similar for both systems. We note in passing that One of the merits of our decomposition of the wave func-
the broad ridge observed in the very forward direction,ion is to display in a striking way the strong correlation
which has a comparable importance in the two systems, arflgetween the existence of a focus inside the target nucleus and

which should not be confused with the focus found inside theétn internal wave contribution to the scattering cross section.
nucleus, is essentially a barrier phenomenon. When absorption dominates the scattering, a focus can still

In Contrast, while the internal probabmty densities have abe discerned in the internal density, but its contribution to the
Very Sim”ar pattern1 they differ by about two Orders of mag_total density iS C.Omparativt.al)./ Weak and |tS Qontribution to
nitude. They both display a prominent peak located behindpackward scattering is negligible. In contrast, in a context of
the center of the target, which coincides with the focus obincomplete absorption, the focus is found to play a leading
served in the full scattering wave functigeee Fig. 2 of  role in the building up of the ALAS phenomenon observed
course the*/Ca focus is about two orders of magnitude in the backward angular distribution.
lower than its*®Ca counterpart. This peak is preceded on the
illuminated side by a broad bump centered around the origin;
the latter was not conspicuous in the full wave function be- We have likewise calculated the quantum flux corre-
cause the barrier contribution is still important in this region.sponding to each of the wave function components for the

C. Components of the quantum flux
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FIG. 12. Internal wave contributiofiong dashed linesand bar-
rier wave contributior(dotted line$ to the total probability density
(full lines) for the a+“°Ca anda +#‘Ca systems at 29 MeV along
%ty 07505 the incident beam axis.

FIG. 11. Same as Fig. 10 for the+*/Ca system at 29 MeV. bution on a broader scale; it has been multiplied by a factor
of 1000 in order to enhance its asymptotic behavior and has

same two systems; these flux components, which will benot been represented for distances lower than 6 fm, where it
denoted byjg andj,, are calculated from Ed1) using the is much larger and would overflow the figure at this scale.
barrier or the internal component of the wave function. WeThe full line and dashed line circles represent the distance
note thatj andjg, which both derive from wave functions where the real and the imaginary parts of the optical poten-
satisfying a Schrdinger equation with an absorptive poten- tial have fallen to one tenth of their central values.
tial, have necessarily a negative divergence. This is not nec- In Fig. 14, we finally display the barrier part of the quan-
essarily so folj, since the equation fo#, , which reads tum flux for “°Ca(x,a) scattering; one sees in this figure
how the current lines grazing the surface of the potential
survive absorption to build up a sizeable contribution to the
probability density in the forward direction along the axis of
the incident beam. Calculations carried out fiCa(x, @)
[whereV+iW is the original optical potential anAlW is the  scattering give a very similar picture for the barrier contri-
extra absorption of Eq13)], is coupled toyg . bution to the flux. As expected, the internal wave contribu-

For the a+%°Ca system, we present in the lower part of tion to the flux is found to be nearly negligible in tHéCa
Fig. 13 a closeup of the internal flux contribution in the focuscase, and is not represented here.
region, which essentially confirms the features observed for
the total flux in the lower part of Fig. 4 for that system. It is,
however, interesting to notice that the rather peripheral cur-
rent lines which bend towards the axis and contribute to the The divergence of the flux associated with the scattering
enhancement of the total wave function beyond 10(éme  wave function gives a measure of the localization of nonelas-
Fig. 4 are not present here and that they are thus clearlyic collisions, which deplete the entrance channel. It is sim-
associated with the barrier wave function. On the other handyly related to the probability density and to the imaginary
we show in the upper part of Fig. 13 the internal flux contri- part W(r) of the optical potential used in the calculation by

hZ
_ ﬁVZ(/,IJF(VJriW) P — 1AWy =E (19

D. Divergence of the quantum flux
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r2sing and will have the effect of considerably reducing con-

tributions from points located near the origin or near the

axis (#=0); in particular, the contribution of the focus will

be much lower than Fig. 15 would suggest.

x3 In order to disentangle the various contributions to the

reaction cross section, we have calculated the divergence of

the quantum flux from the barrier wave contribution to the

scattering wave function, as also presented in Fig. 15. Since

calculation of the barrier contribution to the wave function

involves using an enhanced absorption, we have taken into

account this extra absorption in the calculation of the diver-

gence of the barrier flux from Eq16). As expected, the

' barrier contributions for thex+4%Ca anda+“*Ca systems

10 15 are found to be very similar and localized at the surface of

z (fm) the potential. The barrier contribution 3, to the total re-
action cross section can be obtained by integrating the diver-
FIG. 13. Internal wave contribution to the probability flux for gence of the barrier flux over space
the a+%°Ca system at 29 MeV. In the upper part, for clarity the flux

in the central regionr(< 6 fm) has not been drawn. The lower part Reac 3 )

displays the same contribution around the focal point. In the upper o :f d°rV-jg 17
(lower) part of the figure, the flux has been multiplied by a factor of

1000(3) with respect to the upper part of Fig. 4. in which unit incident flux has been assumed. More directly,

from the barrier waves-matrix,

2
V() = W) y(n)|? (16) -
05 52 (271118517, (18

which is easily derived from the definition of the fl{iEq. ’
(1)] and from the S(_:hmnnger equa}:)on. 4 The value obtained for the barrier wave contribution to

The results obtalned for the+"Ca "?‘”d“+ 4_Ca.sys- the a+“#Ca reaction cross sectidi382 mb is only 3.5%
tems are presenteq in Fig. 15. I.nspecnon of this figure re[arger than that obtained far+“°Ca (1334 mb; this differ-
‘{ea'? two cpntnbuhons to the divergence Of. the flux. Theence is essentially a geometrical effect. It is interesting to
first is localized at the outskirts of the potential and has it alculate in a similar way the internal wave contribution
maximum on the illuminated side of the target. The secon {-Reactq the reaction cross section. This is given in terms of
one is located near the focus, much deeper inside the pote{H'e internal waves-matrix b '
tial and is distinctly much larger in the+“%Ca case. One y
should of course not forget, before making any statement
about the relative importance of these various contributions, UlReac:ZE (2/+1)|S |2 (19)
that integration in three dimensions introduces the factor k%7 "
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®Ca(o,0) 29.0 MeV FIG. 15. Divergence of the totéleft) and the
barrier (right) probability fluxes for thex+4°Ca
and a+%Ca systems at 29 MeV in arbitrary
units. The barrier flux has been multiplied by 3
with respect to the total flux.

“Ca(o,0) 29.0 MeV

The internal wave contribution to the reaction cross seceated near the quantum focus. At low energy these trajecto-
tion is found to be completely negligible in th¥Ca case ries are deflected to large angles and the occurrence of strong
(0.04 mb. It has, in contrast, a modestly larger value in thefocusing thus appears to be correlated with the large angle
“0Ca case(6.8 mb); this last value represents only about enhancemerfALAS) observed for these systems. The focus,
0.5% of the total reaction cross section. It should not beocated well inside the nuclear medium at low energy, moves
concluded however that the internal wave does not contribaway from the illuminated side of the target when the energy
ute to inelastic scattering processes in low enesgy*°Ca  increases and ALAS is progressively replaced by a rainbow
scattering; indeed DWBA calculations of the inelastic differ- hehavior.
ential cross section fgr excitation of thE'=3",E,=3.73 Use of a fully quantal procedure makes possible decom-
MeV excited state in*°Ca, show that use of a strongly ab- position of the scattering wave function into its barrier and
sorbing potential for describing the entrance channel undelniemal wave components, that is, into contributions corre-
estimates the inelastic experimental data by more than a§bonding respectively to the part of the incident wave re-

ggjlgffbrgggvcg?geeﬁ:‘;rgeemaenn%lE‘fs]s’e?cg dthiﬁt ttr?ii siﬁglc;stiﬂected at the barrier of the effective potential, and to that
rossing the barrier and reemerging after reflection at the

channel is also related to the internal wave contribution, an ) : : o )
thus to the focusing properties of the potential. !nnermost turning point. Th.IS decomposmon _conflrms the
importance of the focus, which dominates the internal wave
component, in building up the ALAS phenomenon in
IV. SUMMARY a+4%Ca anda+ %0 scattering at low energy. Indeed far

We have calculated the quantum probability density and+ **Ca, which is dominated by strong absorption and where
flux for light heavy-ion scattering, taking the+4%%€Ca and ALAS is absent, the internal wave probability density is
a+1%0 systems as illustrative examples. When absorption i§ound to be two orders of magnitude lower than that pre-
incomplete ¢°Ca and®0 case} strong focusing is observed dicted ina+“°Ca. Moreover, the calculation of the quantum
at low energy, a phenomenon known for a long time influx for the o +“%Ca system shows that the focusing effect is
nucleon-nucleus scattering, and the probability density at thentirely due to the internal wave component of the wave
focus is found to reach values much higher than that of théunction. Finally, calculation of the divergence of the flux
incident wave. Classical calculations then show that theshows that when absorption is incomplete the focal region
small impact parameter trajectories converge to a point logives a sizable contribution to nonelastic processes.
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