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anomalous features observed 1n the large—angle scatterlng ol.

n.o type heavy ions, in partlcular of the pronounced structures:.t
in the backangle ex01tat10n functlon for 16 o + 28 . Our: |
treatment is based on the close connection between these anomalles_
and particular structural dev1atlons of the partlal—wave S-matrix
from normal strong-absorption behav1our The prOpertles of these
dev1at10ns are found to be rather well spec1f1ed by the data: Lhey
are locallzed within @ narrow "R-w1ndow" cemxﬂed at a crltlcal
angular momentum 51gn1flcantly smaller than the gra21ng value,” “
and have a parity- dependent as well as a parlty 1ndependent part.

These propertles prov1de 1mp0rtant clues as to the physlcal

processes causing the large-angle enhancement.
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1. INTRODUCTION

The unusual structures observed in the large-angle
scattering of certain heaVy—ion systems have been the subject
of intensive study and have attracted lively interest in recent
yeérs. Following the discovéryl) of a strong, oscillatory
enhancement of the angular distribution at large angles, and of
pronounced regular structures in the backward-angle excitation
functionZ) for the elastic and inelastic scmﬁﬁrhx;ofjéo-kzsai
in the c.m. energy range E = 19f37 MeV, similar phenoména

288' 32

were found in many other heavy-ion SYStems: 120-+ 1,12C + 78,

160 + 24Mg, 120 + 40Ca, 160 + 40Ca. (For references see

3)

the recent review by Barrette and Kahana™'). It seems most
significant that in all of_theée.éfsfeﬁs both the projectilé'
and the target nucleus are of n;d tfpe.(i.é., they may be
regarded as "consisting of" an ihteger mmber of o particlesf:
the anomalous large-angle scattering (ALAS) disappears or is
greatly reduced if one or both reacﬁion partners are not of

3) )'..

n.a type (see ref.
| Andmaidﬁé large—angle:sééttefing with enhanced;.
osciuauny'mxnﬂarcﬁstr&ﬁiions.ﬁad 5eén dbserved éarlier in the
scattering of o particles by n.o targets (notably 40Ca) and.
of lighfer heavy ions; and it ‘is an intriguing questibh whether
or nbt all of these phenomeng have the samé or a simiiaf
dvnamical origin. | o - - | ” | |
Numerous attempts havé beéﬁ méaé.to“give aufheoreticéi'ﬁ
description and find é physical interpretation of the new

structures (see the literature quoted in refs.3'4)

), since it
soon became clear that conventional theories appropriate for

"normal” heavy-ion scattering fail to reproduce the data. - The
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pasic problem of what are the new features of the heavy-ion -
interaction responsible for ‘the anomalous scattering, already

brought into' focus by Barretter and Kahanas)

,-can be stated as
follows: are the new structures due to resonances or ‘'resonance-
like" processes associated with the specific composition of’
individual nuclei, or do ‘they arise from a "universal' feature
of :the heavy-ion interaction;which*onlyimaﬁifests itself ina
- particularly pronounced  way in n.o type nuclei?:

We shall ‘argue that there is overwhelming evidence for
the second alternative, at ‘least as far as the greoss structure.
properties of ALAS in heavy ions- are concerned.:

With few exceptionssfﬁ), most theoretical attempts to
account for ALAS -as a "universal® feature of the average heavy- =
ion interaction are based on modifications of the optical:’
potential: addition of a' "Regge pole", - -surface. transparency,
-E-depatkmce'Upraﬁjﬁuhm:pari@rdepakace) and energy-dependence, -
inclusion of elastic: transfer; etc.,.: Some ‘of these modifications:
are based on dynamical or'microscopiCrconsidérations,ﬂotherSv
are purely phenomenological. - Although a few of these;attémpts-_a
have been successful in giving géod-fits to the data (see,
especially, ref,7)), no satisfactory description has as yet been
given which 'reproduces all the experimental features on the
basis of a convincing dynamical model.
In this situation, one of u541<ha5 proposed a different
approach, based on-investigatingwinjgenéral those properties of-
the elastic partial-wave S-matrix SQ(E) that are capable of .
producing enhancement of the large-angle scattering cross.
section. Since normal heavy-ion scattering, with angular
distributions falling rapidly to small values towards larger angles, is
characterized by S-matrices with a "normal strong-absorption.

profile“4),iany backward-angle enhancement must be due to -
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deviations. from the normalastrugture.of_SQ(E).- This suggests .. -
an "inductive" method based on the hope that the anomalous
features of the large-angie-anéular distributions, and especially
ofzthe-backWard—aﬁgle excitation functions, are related
specifically énough to the corresponding structure of the S—-matrix

as to determine the angular momentum-and energy dependence of .. :
its "deviating” part‘gg(E).f-This“hdpe,’inxturn, is grounded on -
the much more direct connection between cross section and S-matrix
than between cross section and potentialfbecause'6f-thé.well—
known ambiguities of potential parameters for heavy-ion
scattering. Moreover, our qxnoaﬂ;emgkysaclosed—form.ekpressions‘
for the angular distributions andhéﬁéitation:functions4% allowing
us to study the relation between cross- section and S-matrix.. .

in analytic aetail.

If §£(E) can be successfully wdetermined in this way, .
the final stage of our program would be to-identify the dynamical
origin of the large—angle enhancement;, by constructing a model
of the physical mechanism which generates a contribution to_the~
total ‘S-matrix having all the: characteristic properties of -

ER(E) that are demanded by the e%perimental data.

In the present paper we show that the'first stage of
our "minimum assumption” approach is' successful. = From an analysis
of the dominant features Qf'thé'large-angle cross sections and .
the backward-angle excitation function we first determine the
essential properties of §R(E), and then show that this together
with a "background”" S-matrix EQ(E) of normal strong-absorption .
profile gives an adequate .description of the full angular .
distributions and the total 180° excitation. function.

In this paper we do not address: the final-stage problem
of identifving a specific physical mechanism for the ALAS of .

heavy ions.  Here we use simplegphenomenological_forms'of_the.:-
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function-gg(E) (as well as of EQ(E)), but show that the salient-
features are independent of the:detailed analytic form of its

2- and“E-dependénce; However, our analysis provides significant-
and highly suggestive clues as toﬁtbe'nature of the undexrlying
dynamic process which will be taken up in' a subsequent
investigation. At the least our results indicate that a number .

of physical mechanisms currently under discussion;are:ruled-out g
or are highly improbable. -

We confine ourselves here to the first-and best-~known . =
example of ALAS for heavy ions,'thezsystem:lGO +"2BSil'2l;
Because of our conviction that we:are dealing. with a "universal"
phenomenon, we suggest: that very similar conclusions apply to.

other?systems;

2. EXPERIMENTAL FEATURES -

Before formulating our basic assumptions, let us recall.
and emphasize the essential features of the experimental data.

{i)’ The angular Gistribution G(B)/OR(G) (at-a particular

energy, E = 35 MeV, say) sﬁows, at forward angles, the familiar: -
damped Fresnel pattern characteristic of normal heavy-ion-
scattering.’ This is followed by a relatively: smooth fall-off:
which, beyond the grazing angle*eﬁ; becomes: more and more
oscillatory. At intermediate ‘angles (6:% 90-150°) the cross section
levels off with irregular structure, but at larger angles shows
regular oscillations of ‘increasing amplitude, and at 180° has
a pronounced maximum of about one-hundreth of = the Rutherford
value. The period of these large—angle oscillations is

determined by a critical angular momentuim Q’C' "close to" the grazing

angular momentum'zg. The significant features are the backward-




.6.

angle enhancement and the irregular structure at intermediate

angles. "Normal" strong-absorption scattering of heavy ions
of similar mass would show a continued steep fall-off beyond
BR, but the appearance of regular oscillations at backward

angles, of the form P (cose)EEJO[(QC+%)(N—8)],=though normally

%

c
of small amplitude, can be shown to be a universal (diffractive).
phenomenon4) arising-from the interference between the

"near-side" and "far-side" branches of the scattering amplitude. .
Therefore, much more sensitive to the specific nature of the
enhancement mechanism is the structure of

(ii) the'backwardrangle'excitation‘function-zo(ﬂ)/oP(ﬂ)-

as a function of energy E.- (Experimentally this is an average.
over a small angle interval of typically 5° near 1809).-:This__
shows a pronounced gross structure in the range E = 19-37 MeV,
which at the higher energies becomes fairly reqular, with
oscillations of gradually increasing "period" and gradually
decreasing amplitude. ' (These oscillations, which we shall call
"E-oscillations”, are often referred to as "resonance-like",

yet the very nature of this gross structure is the.gardinal point
in guestion! In some systems (e.g..lzc-+ 2851) there is’ an
additional fine structure in the excitation function, but- this

is not the subject of our present investigation.) The average
cross section ratio decreases slowly with increasing energy -
indicating that the backangle enhancement phenomenon tends

to disappear at high energies. Again thiélbehaviour is "anomalous"
mainly because of the niagnitude of the.effect: £for "normal"
backangle - scattering of heavy ions the exditation function

drops sharply with increasing energy to very small values, but

the presence of small-amplitude E-oscillations with periods

determined by the energy dependence of the grazing angular -

mementum Qg(E) had been predicted long agoB). Such weaker
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oscillatory behaviour has indeed been observed for systems in

which one reaction partner is not of n.a type, e,g.,160.+ 29511

160 3 BOSi' l3c +-288i and 18O + 2881 (see ref.3)

). Unlike

the oscillations in the angula; distribution, these E-oscillations
are not of diffractive origin buﬁ arise rfrom the interference:
between the leading terns (mqstly m= =1 and m = 0) of the

Pcisson series representation of the backward-scattering

4)

amplitude . Their omnipresence, albeit;with:widely_different:

amplitudes, is the_most_significapt_indication_chtheyggizggggli

natgre of the gross_structu;e in backangle.excitation fupqtions,
' However, a very important and ﬁnexpected featu:e_of_

the enhanced E~oscillations in 160 + 285i (and other systems)

is that their "periods" are twice as large as predicted for

normal scattering. This indicates a parity-dependence df the'
interaction that pfoduces the enhancement phenomenon: it favours
either odd or even partial waves over those of the opposite
parity. This is prpbably the most_telling,hint_toward:the
nature of the underlying dynamical process.

On the other hand, it can be shown (sgg gqs,(3.l;)
and (3.12) below) that the‘very_existencgfof pronounced
oscillations in the gnhanced part of thé'exCitation.funqtion
indicates that there must also be glparity;independgnt_
contribution to the enhancement-causing interaction: a purelv paritwv--.
dependent deviation from 'the normal baékground“é-matrix ("odd-
even staggering") would render the enhanced part.of o (m)
essentially'Smodth, leaving only the tiny osciilétioﬁs ériéing
from interference with the small normal components of the
backward scattériﬁg amplitude. In faét we‘shéll éeé in £he‘.:“.
folldwing se'étion huw the pronomiced .E-o’sc.:il‘l.a.ti'on.s J_n ;f(ﬂ):. OOI‘DE about

by interference between the contributions arising from the
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parity-dependent and the parity-independent part of the S-matrix

deviation §Q(E).

3. BASIC ASSUMPTIONS

On the basis of these éxperiméntal features and the

general theory of ref. %

’ we afe now in é'positioh to specifY”
the main properties of §Q(E). First we recall that the total
partial-WaVe'S¥matrik;"regarded'és a function of the continuous
variable A_i'%¥hQ.(amicmiﬂﬂng'the dependence on E for simplicity)

is written as
s, =8, . Y5 s() =80 +80) = [§N<x)’+§N(>L).]eiZU”\) .

(3.1)

where the Rutherford (point~charge) phase shifts o, > oc(A) have

L

been factored out. By assumption, S()A) has a "normal strong-
4)

absorption profile" as defined in ref. -, while the "anomalous"

part 5(A) engenders the backangle enhancement.
It is well known from the Closed Formalism (CF) for

2,10) that the "normal"” SCattering is

heavy-lon collisions

determined by'the Fourier transforms of the normal absorptive

shape function D (1) #iHEﬁ(A)/dk,"
® iqu -

e |
FNLﬁx]__ / dx Dy (A) o

o OO

=|
;
>
LI
=

. x =036 ,(3.2)

o

where the parameters A and A characterlze the position and
width, respectlvely, of the normal Qrspace "w1ndow" deflned

by ID (A)l and where

oy = 2 arctan(n/h) (3.3)
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is the Rutherford grazing angle determined by the Sommerfeld

parameter n and A = 2g+1/2,In an optiéal model description,

scattering functions of the form S(}) are generated by strongly
_ _ : . o _

absorbing potentials, e.g. of the type known as ElS; ’ which

fits_the forward—-angle scattering cross section of 16O + 2851
over a wide range of energies. |

4 that in order to produce

It has been shown in ref.
backward-angle enhancement, the deviation function g(h) must be
localized within a narrow region of fL-space centred about a :
critical angular momentum K not too far from K,:and that the
width A of |;N(A}|-must satisfy the condition | . |

Bo<< d . o (3.4)

In view of the experimental evidence we assume that SN(A) has
a parity-dependent and a parity-independent part, of the same

form in g¢-space, and we write

gN(A) = dl:lw'(—)g‘:]w(n o - (3.5)
where d is the overall strength of the deviétiqn ;nd.y__ig tﬁéf
parity parameter. -The.(complex) function m(A)_deﬁines the “
_ fbrm of the "anomalous window" in R—spaqe,;and_méﬁ;bercpnsidered
a function of w = (=My/b. -
;f_the enhancement gondition (3.4) islsatisfied, the
"normal" céﬁtribution to the backangle scattering cross section
is negligibly small, and the 180° excitation function, in the
form of the cross section ratio p(E) = o(ﬁ)/cR(ﬂ), can bé weli
approximated by.the anomalous part. This is giyenuby eq.(7.12)
1 _ _ T T :

of ref. as
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'{(pLA(e -m)]) +(HIA(e +ﬁ)l)2-2H[A(8 -ﬂ)IHrA(G +ﬁ)]cos 2m\) |
(3 6)

+y? (H[A0]) 2+ 2yH[A8L] (H[./_\.(SR—'IT):]+H [A(6R+jr)])53;n(wﬂ}‘},
where
B[] = 57 daw(neiMixE o ME 37y
is the Fourier transform of the anomalous window function
{assuming H[Eé] to be real for simplicity), and

6_ = 2 arctan(n/k) - (3.8)

R

is the Rutherford scattering angle essbciated with K.

The "normal scattering" contributions to p(E), ﬁeglected
in eq. (3.6}, contain the Fourier transforms FNEE(BR-W)] and
F TE(B +ﬂ)] (see eq. (3.16) of ref.d)), which because of the
condition (3. 4) are very much smaller than the Fourler traanorms
H[Ax] in eq (3 6). Thus the relatlve broadness of the functlon

HLAx] compared with F [Ax] (a dlffractlve effect ) is the formal

reason for the backangle enhancement.

Equatlon (3 6) contalns two klnds of contrlbutlons- The
terms in the flrst llne w1th1n the curly brackets arise From |
the parlty-lndependent part of eqg.(3.5), those in the second
line come from tﬁe'parity—dependent part of g (A). Both parts;
have contrlbutlons, proportional to cos(ZﬂA) and 51n(ﬁA), |

respectively, which are E-oscillations if A depends on energy.



.11.

4)

Their periods are given by
- ak, -1 - BT TA R

. _ 1 5 - . L |
pm - GH7h LB =2 [ ] . (3.9)

respectively, the oscillations arising from the parity¥aependent
interaction having twice the period of those from the parity-
independent contribution. Fufther} because of the relative
magnitude of the Fourier transforms HE&&], the parity-~dependent
terms dominate over the others at intermediate energies. More

specifically, under the condition

H[B(QR-HT)] << H[E(QR-W)] , : (3.10)

eq.{3.6) reduces to

[0

o(E) = (2dcot = 5R)2

CHA O =mT) 24y 2 (]38, 1) 2+ 2yH[B8 JH[A(,-m) ]sin(Th) },

(3.11)

containing only the parity-dependent E-oscillations of period

D (E).
,Y —

If SN(A) had no parity-independent part (corresponding

in (3.5) to the limit v+« with finite dy) eq.(3.11) would

reduce to

2
o . 2 —~ . .
g (E) = (2dycot 3 GR) [H[?Q?]] ’ {(3.12)

MLk

and the enhanced part of the excitation function would be non-

oscillatory.
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Now, assuming that eq.(3.11) represents the dominant;

part of the gross structure in the 180° excitation function for

2 : ~
160 + 8Si, we can determine the energy dependence of A(E) quite

accurately from the spacing of the maxima and minima of the
”Eéoscillations as
1/2

AE) = A(E—E)l/‘“, A=5.138 Mev """, . E =17.80 MeV . (3.13)

Thus from the second eq.(3.9). we have the proportionality

)

ME) = GR P (B) . (3.14)
On the other hand, A also determines the period of the large-

angle diffraction oscillations in the angular distributions,

as ﬂ/ﬁ » and we have found that the values of E derived from

the angular periods for energies at which angular,distributions_

have been measured are in close agreement with the relation (3.13).
It is highly significant to compare the result (3.13)

with the energy variation of the.grazing angular momentum f(E),

determined from the forward-angle scattering by means of the

"normal” part of the S-matrix §()) as

A(E) = A(E-F) L7z

V2 E - 6.033 mev /¥, . E=17.58Mev . (3.15)
These energy dependences of A(E) and A(E) are shown in fig.1.
It is seen that at all energies the peak A of the "anomalous

2-window" |w(A)| is several units below the grazing value T,

This finding is at variance with the popular notion that the
structure causing the backangle enhancement is located "clase
to" the centre & of the "normal" window defined by o O 1,

corresponding to a process occurring near the strong absorption
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radius R. Regarding (3.15) as a semiclassical relation between

grazing angular momentum and R, the latter can be calculated as

ReB . ox o _w,a1/3.,1/3, _ |
R 172 A = 8.65 £m, “r  =R/(A]THAD ) =1.56 fm

(3.16) .

(where u is the: reduced: mass), while the semiclassical radius -
associated with A(E) is

=~ A

R=—""cs A=7.36 fm , : (3.17)
(2m) /2

about 1.3 fm inside the strong-absorption radiﬁs! Although we
regard this difference as a further important clue as to the
physical nature of ALAS, we note it here merely as - a "semi-
empirical™ fact. Another noteworthy feature is that the
difference between the "threshold energies" of-E and & is-
guite small, E-E = 0.22 MeV. For later reference we calculate
the Coulomb barrier at the strong absorption radius as

_ leze2 :
VC(R) = .~ = 18.65 MevV . . _ (3.18) -
R ‘

Having determined A(E) rather uniquely from the periods
of the dominant E=oscillations alone, one would hope to be able
to specify the other characteristics of the window function: w(A),
its width E and its phase, in a similarly unique way from the.
amplitude of the:E-oscillations and the energy variation of the. ..
average excitation function. This turns out to be a less & ..
unambiguous : task than expected, if.the aﬁomalous S-matrix (3,5);
and the corresponding features in excitation function an@

angular distribution are considered in isolation, i.e. without .

taking into account the interference with the normal part F(})..
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The main reason is that both the strength parameter d and the
parity parameter y in (3.5) are expected to vary- (decrease) .
with energy: whatever physical process causes the backangle
enhancement, it will aﬁ higher energies have to compete_with'
the rapidly growing number of channels causing "normal" ébsaqﬁion,
and thus diminish in relative importance. We expect

further that the rate of decrease with energy is different for:
the parity-dependent and the parity-independent parts of the-
interaction. Without implying a specific dYnamical model we
simply assume the energy dependence of. d and v to Be exponential,

d(E) =aeF, R R S (3.19)

with the understanding that this behaviour may be modified at. -
lowér energies where ‘the’ "normal" part of the 180° excitation .
function, o(rm), becomes dominant.

Without a priori information about the constants b
and c, the energy variations of d(E), v(E) and of the width .

A(E} cannot all be determined unambiguously from o(7) alcne.

We therefore make the assumption’

H

A = const, ol - SRS {(3.20)

merely for "parameter economy"”, and show that a consistent - -
description of the data can be achieved this way.:. On physical
grounds, however, we consider assumption (3.20) rather
unrealistic for processes characterized by constant spatial
parameters; these will give rise to zuw;ndowS-whose width tends to. :
increage with energy, roughly as E ~1E1/2.' Such an energy |

dependance must of course be expected for the width A(E) of . -

the normal S-matrix S(A); this® is semiclassically related to ..
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K(E) by 8)

1-E/2E f(g) ., S (3.21)

where a is a surface diffuseness parameter. From an analysis
of the forward-angle scattering of-l§é¢+ 28Si'_we-find-thel

value
a=0.47 fm . 3Ly

Finally, from eq.(3.6) or (3.11l) it can be seen that
the sign of the ﬁérity paraméterryl déﬁérmines the phase of the
parity-dependent E-oscillations relative to the parity-
independent ones. Conversely, the sign of y can be_determined'”

unambiguously from the experimental excitation function.

4, PARAMETRIC MODELS

Now we choose as a convenient analytic form of w (A}
the function
A=A

= — . (4.1)

=t

1 ~ ~ 71

w(A) = —== [} + COsh(u+ia)] y
S 2h | J
The form of (4.1) is that of the derivative of the Ericson para-
12) '

metrization often used for the "normal" strong-absorption

S-matrix,

L Ly
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Writing w(}) = |w(X)| exp i2§N(A)] » we obtain

!w()\)] = = ~1 " Coiy o : BRI (4.3)
2A coshuy + co8&d ' B
28, (0) = -arctan (SiRC sinhi ) o 4.

1 +cosa coshy

and_from eq. (4.4} for the anomalous part of the nuclear deflection

function

sina

. oo - :._[N.(A)Isina . _(4_°5). -
dai h 2A  coshpy+coso ™ 7 L o - '

The minimum of'éﬁfk) is at A and has the value
5.0 =L tanls (4.5)
A

which shows that the “dip“ in the deflection function is the

deeper the smaller A, Since the phase parameter is restricted

by 0 2 g« ; v , the lowest pOsSiblé value is —a~1,

The Fourier transform H[BXJ of (4.1) 154) S
' 1. abx. : o
sinhmAx -

thus a real_fﬁnction as assumed in egs. (3.6) and (3.11). Using
(4.7) in the latter equations allows a detailed analytic
discussion of how the backangle excitation function depends on:E,_

o and BR(E), in addition to the more explicit dependences on

A(E), G(E) and Y(E).
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If a satisfactory_description of the data can be given
with a window of the form (4.1), to what extend does this depend
on the specific shape of this function? To answer this question
we have also carried out analyses with a window of the following

qﬁite different analytic form,

- (4.8)

‘which may be regarded as ariSing_from a "Regge poié" projected
onto the real g-axis. The Fourier transform of wr(h) is a

‘pure exponential,
N “1/2R X . o
H@rﬂ =e X (4.9)

In this Simélé:éaéé'thé'full Boisson series for the
écattering aﬁplitude (See.fef;4))“éan“be'éﬁmﬁed;'ahd the
followiﬁg.cidéed.éxpfeésion'for”(tﬁé anomalous part of) the
180° excitation function is obtained |

' 1
A B  =TA -5TA
p (E)= _gdm) ~AreR
o ?R(ﬁ?.

=d2 (cot %ﬁR)Z e
(4..1.0‘)

This shows that.the pariﬁywdeﬁeﬁdéﬁﬁ E¥ééci115£10nsafé domihant
under thé.qbnditiop 'L' o ”

Cze Ter 0w

for which eq.(4.10) reduces to
38 ~Lik

l~ \» "rR —mh, 2 °r ~
p (E)=d? (cot 36.)%e e + vZ + 2ve sin(rA) | < (4.12)
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5. RESULTS AND DISCUSSION

We have fitted the 180° excitation function for
16 .. o . _ e .
6O + 2881, and the angular distribution at E = 35.0 'MeV, using,

in the partial-wave sum, a total S-matrix of the form - -

i

B (0 + 5.0

_ 7L i¢ 7 -1
[l + eXp[K—_)-\* - ia]:l + de_,_ ‘l + v (=) ﬂ'] [l + cosh [i“—:i - ig ] .
X o5 L ATy T

(5.1)

SN(A)

The parameters appearing in (5,1) have been discuésed in Section
3. T and A are given respectively in.eqs.(3.13) and (3.15). The
width A is given by (3.21), with a/R = 0.054, compared to

A = 0.79, and the phase parameters are E =.l 5 and & =_Q,%,_ The
energy. dependences of the strengths d and Y were 1ndlcated in

egs. (3.19) with d = 3.1, b= 0. 07 ’ Y # -3 0 and c = 0. 09...
The relative phase ¢ was found to be equal to 7 indlcatlng clearly
that the abnormal part S(A) corresponds to a +;E in the total

reflection functlon

Notice that the parameters A, A and
E.Qf the normal, st;ong-absorption, component of S(A) were.chOSen.
in such a way as to reproduce rather closeiy the results of
:Optlcal model calculation with the "El8" potentlal 1)
Our results for the excitation funCtlon and the‘ancular
distribution at E = 35 MeV are shown in figures 2 and 3 ,
respectively. Considering the simplicity of our model, we

consider our overall fit of the data quite satisfactory. It is

important to note that although the abnprmal parp:of S(A) gives by
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far the dominant contribution to the 180° excitation function at
¢c.m. energies larger than about 20 MeV, the normal part of  5(X)
contributes equally importantly at E < 20 MeV and therefore
results in an important interference effect in this energy region.
Clearly at E <Vc(ﬁ) (see eg.(3.18)), S(A) dominates completely..
The above interference effect between §(A) and §(l) would '
certainly reflect itself in the angular distribution at these -
energies. Further, at energies below Vc(ﬁ) -the angular
distribution at backward angles would be characterized by K
in contrast to higher energies where . I determines the angular . .
ogscillations {(see our discussion in Section 3). Lastly, to test
our contention that the oscillations in the 180° excitation
function are due to interference between the L-independent and
2-dependent windows, we have éﬁahgéd.the sign of vy . The
resulting oscillations were found to be exactly 130? out of
phase with the ones shown in figure 2. . | |

One notices in figure 2 that at ELab < 37 MeV the
calculation.becomes gualitatively and guantitatively different
from the data.  This is expected owing to the assumption théﬁ_.
the strengths d and Y increase expoﬁentially with decréasinglﬁ._
More realistic energy dependences of 4 and v, showing maxima at.
an_energy_of about 35‘Mev and a decrease_with decreééing_energy
below E .

Lab

energy region.

= 35 MeV, would certainly improve our fits in this

Our results for the angular distribution at E = 35 MeV
may be easily understood along the lines of our discussion in
Secticn 3. At extreme backward angles both the parity—independent:.
and parity-dependent windows come into play, with the parity-
dependent window giving an enhancement of both the magnitude of

o/op(n) (by a factor of ~ 10) and the amplitude of the E-oscillations.
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At smaller angles (6~120°%) , where the peaking of ‘the contribution

of the parity-independent window’ occurs, the-oscillations seen

are due to this window alone. At angles in the'fange 50° s 0 slooq,-
one notices clearly another kind of oscillation arising from the
interference between the contributions of the normal part of S(i) .- .
and the parity—indepéndent window. At forward angles 6 < 8, SO0
dominates completely. Figure 3 shows that in the "interference
region" at intermediate ahqles 50° < b salOOO our present,
preliminary, calculation does not yet reproduce the data very well.

However, in both the small-angle and large-angle regions the

agreement is quite satisfactory.

6. CONCLUSIONS

'Thé results of our analysis have shown thaﬁ it is poésible
to obtain adeguate fits to both the 180° excitation function and
the full angular distributions for a typical case of anomalous heavy-
ion scatterlng, by assumlng a certaln structure in the total |
S-matrix superlmposed on a background of "normal strong—absorptlon”f
profile"” | | |

I£ tufns ouf tha£ this structure is.quite well defined
by the features of the expériméﬁtélldata;'especially regarding'its”:
position I (well below the grazing value), and as to its yiggﬁ,
but the aata are rather insensitive to the detailed shape of thé”'
"anomalous window". |

Our main argument that the gross structure seen in the -
180° excitation functions for the scattering of n.a type heavy
ions is (a strongly enhanced form of) a.“nniversal" phénomenon,: i
goes as follows. The presence of regular oscillations in the
backward-angle excitation function, with an energy-dependént Ci
"period" P(E)~(E-ﬁ)%, has been predicteds) for the scattering of

all strongly absorbed nuclei. However, under normal strong-
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absorption conditions the magnitude of the 180° cross sections and-
the amplitude of the "E-oscillations" are extremely small.  Only
recently has the early prediction been confirmed for heavy=-ion.

systems in which one of the reaction partners differs by one or two

nucleons from an n.a composition, such as 160-+298 i, l§Qj+3OSi,

13¢ 128355 ana 180 + 2851, for which the E-oscillations are visibly
enhanced. The pronounced gross structure in the 180° excitation,
functions for. systems in which both partners .are of n.o type, has: ..
the same form (except for the doubling of the period due to the
parity-dependent part of the interaction), the strong enhancement .
being presumably associated with the. "a-cluster" composition of .
the nuclei. If the gross structure were due to resonances or.
"resonance-like" interactions at fixed angular momenta, it would
inmply regulér sequences of resonant. levels whose spacings and widths
increase_sjstematically with energy, for all "compound" systems .
formed by n.o type nuclei.

We now turn tb the clues our analysis gives as to the
dynamical origin of the enhancement phenomenon. Firstly, the parity
dependence in the interaction suggests an exchange process. However,
it seems highly unlikely thét it is due to a contribution ffom_a,
single~step elastic transfer, for the_fqllowing_reasons. In the.

case of lso-kzssi,thisdwould involve the transfer of a 12

C cluster
fdr which the spectrosqopic factor is very small. Further, a single-
step elastic transfer gives a refractive contribution to the S-matrix
(see refs.9 l3)).. while our analysis. 1ndlcates a predominantly
absorptive effect. Secondly, the very existence of E~oscillations. ...
in the 180° excitation function implies, according to the discussion.
of eq.(3.11), the presence of a paritywindependént component in the

anomalous part of the S-matrix. It has been shown insref.l3)

tha‘t e
such an (absorptive) component can arise from a two-step. transfer

coupling contribution to elastic scattering. . Our third clue is the
fact that the "anomalous window" in gt-space is centered at a.value.K,

L

several units smaller than the grazing angular momentum A.  This = .
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suggests that the contribution causing the enhancement takes place"
at a distance where the overlap of the densities of the colliding
nuclei is considerably larger than that at the strong absorption =
radius.

These cohéiderations;'tbgethér with the all*important'
fact that the ALAS phenomenon in heavy-ion scattering.is confiﬁed"
to n.o type nuclei, lead us to the tentative suggestion that the’
enhancement is caused by multi-step a-transfer processes : a two-
step o-transfer contribution giving rise to the parity-independent
part, and a (much weaker) three-step successive transfer of o-
clusters resulting in the parity-dependent part of the anomalous
S-matrix. Such a picture would account qualitatively for the
smallness of the parity parameter v(E) in the relevant'energy'
range, and for the energy dependence of d(E) and y{(E} : Qoth
types of transfer processes will become less likely at higher
energies due to the shorter collision time; moreover, they will =~
gradually lose out in the competition with the rapidly growing
number of other channels causing "normal" absorption. |

We shall investigate the validity of this picture in
subsequent work, where we replace the present phenomenological
form of the anomalous S-matrix §(i) by expressionsderivéd by means
of the coupled-channels S-matrix formalism described in ref.l3).
It is instructive to compare our results with those of

7)

the Minnesota group’’, who have obtained satisfactory fits to the -

160-+2881'data'by means of an energy-dependent, surface-transparent
and’ parity-dependent optical potential. It turns out that the
4)

S-matrix generated by thispotential1 shows very similar features
to cur "inductively" determined form, which indicates that these
features are essential for reproducing the ALAS phenomena.

Finally, we mention that because of the cloée relationships
between elastic scattering and quasi-elastic heavy-ion reactions, -

the enhancement-causing anomalous part of the elastic S-matrix

engenders closely related anomalous structures in the angular
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distributions and excitation functions for quasi-elastic: reactions

of n.a type nuclei, as demonstrated'éxplicitly by the closed
15)

formalism for inelastic scattering™ 16)

and transfer . reactions™ .. :

These processes will also be studied in our further work.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Energy dependence of the angular momentum parameters

T and A.

Fit to the 180° excitation function for the elastic

scattering of 160-+2881 obtained with the S-matrix

given by eq.(5.1) and the parameter values indicated

in section 5. The data points were taken from Ref.l.

Fit to the angular distribution for the elastic

scattering of 160-+2851 at E = 55 MeV, obtained

lab

- with the S-matrix given by eq.(5.1} and the parameter

values indicated in section 5. The data points were

~ taken from Réfs.l and 7.
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