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a-nucleus scattering in angular momentum space
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We provide an interpretation of anomalous large angle scattédb4S) for a-nucleus systems by decom-
posing the full scattering amplitud&(#) into three components ih space viz.A;(0), Ag(8), and Ag(6)
corresponding to interior, surface, and predominantly Coulombic outer partial waves and show that it is the
interference betweeAg(6) andAg(6) terms which is primarily responsible for ALAS. The interpretation of
ALAS given here is complementary to that of Brink and Takigawa where the nuSlesatrix was split into
a barrier region part and an interior region part in coordinate space. We also compute the resonance-like poles
of the S matrix in the complex energy plane and find that one can associate broad barrier region resonance
poles with the few partial waves which contributeAg(6). [S0556-28188)00101-7

PACS numbgs): 24.10.Ht, 25.55.Ci, 25.76.z

Anomalous large angle scatteri®@LAS) has been stud- phenomenon. Also, the imaginary part Uf«(r) becomes
ied by several workers using different approaches. Withinjery small forr>6 fm leaving a substantial part of the ef-
the framework of phenomenological approaches, potentialfective potential practically surface transparent. We have
have been constructed which can reproduce the ALAS datgerified that a similar feature is present in other phenomeno-
in a-nucleus system§l-6] as well as in nucleus-nucleus |ogical a-nucleus potentials such as those of Micaehl.[5]
systems such a®0+28Si[7-9]. Nuclear potentials with the for o+ %0 and Lega and Madf] for a+2®Mg. Thus in the
form factor f(r)={1+exd(r—R)/val}”" used by Gubler surface region, the potentials which reproduce back angle
et al. [4] and Delbaret al. [2] show that simple potentials oscillations havei) slow variation of the effective potential
can give rise to ALAS. ALAS potentials can also be con- groundl =14 and(ii) the imaginary part is quite small.
structed using microscopic approaches like the double- e also observe that the-nucleus potentials have three
folding model[10]. Frahnet al.[11-13 have used phenom- turning points for only a few partial waves. A typical case is
enological closed form expressions for tf& matrix to  shown in Fig. 1 for thex+%°Ca system a€,=29 MeV.
analyze nuclear scattering problems including ALAS. BrinkDue to the flatness of the effective potential, the separation
and Takigawa 14] have explained ALAS in terms of the petween the two outer turning points is quite large. Thus for
interference of internal and barrier waves, whereas Shastifiese partial waves, a rather wide barrier is to be traversed to
and Parijg 15] and Parijeet al.[16] have used the concept of tunnel into the pocket region and for smaller partial waves
interference of the surface region and outer region amplifor which the height of the barrier is less than the center-of-
tudes. In this paper, we undertake a detailed analysis of the

phenomenological optical potential approachesafaucleus 40
scattering and the corresponding features ofStmeatrix and o
their correlation with the back angle oscillations. 35 c “fzgchj v
The potential used by Gubleet al. [4] to reproduce tap = 25 1€
ALAS in the a+%%Ca system has the form %
25
vir)= Vo 1+ exd —| | Ziwg 14+ exd =) | %
(r)y=—V ex Vo A ex a, € 2
+Ve(r). (1.2 3 15
Here, Rr=rgA}® and R,=r,A}" pertain to the target R\ NG
nucleus,Vc(r) is the Coulomb potential for a uniformly 5L 4 2
charged sphere of radilR:, andv is the parameter which 3
plays a crucial role in fitting the experimental data. Gubler ol 2
et al. have fitted the data withv=5 at E|;,=29 MeV for
which the grazing partial wave Ig=13. We have also stud- o + : : T

ied the potential at this energy for various valuesvoDe-
fining Veu(r)=V(r)+V(r), where V|(r) is the centrifugal
term, we find that whereas far<5, the potential shows a  FG. 1. Plot of R¥.(r) defined by Eq(1.1) for partial waves
distinct pocket, it is monotonic for>5 and aty=5, it aroundl,. The line marked? corresponds to the incident energy.
shows maximum flatness around the barrier region. Thi$=13 and 14 have three turning points. The potential paramigtérs
means that the parameter=5 generates an effective poten- areV,=232.5 MeV, rg=1.89 fm, ar=0.37 fm, W,=35.15 MeV,
tial which can give rise to surface waves or orbiting-like r,=0.74 fm, a,=1.01 fm, r=1.3 fm.
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TABLE I. Poles of theS matrix for a-nucleus systems.

o
o
T

o
o

S matrix components
o
=

E Location of poles
System MeV) 14 I (MeV) Reference
a+%Ca 26.45 13 13 26.473.84 [4]
a+%Ca 2645 13 14 31.785.51i [4]
a+1%0 2576 10 10 23.173.66 (5]
a+1%0 2576 10 11 31.235.45 [5]
a+®®Mg 1924 10 11 17.463.67 [6]
a+®®Mg 1924 10 12 22.872.82 [6]
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FIG. 2. (a) Plot of ALAS nuclearS matrix with the same po-
tential parameters as that of Fig.(b) Plot of non-ALAS nucleaS
matrix [17] with V;=90.1 MeV, Wy=42.9 MeV, rg=1.22 fm, r,
=1.22 fm,ag=0.5fm,a=0.5fm,rc=1.25fm. Curves A, B, and
C correspond toy,, ReS, and Inf§, respectively.

mass energ¥. ., the inner turning point lies quite inside

However, in the present set of calculations the magnitudes of
the imaginary part of the poles are rather large and hence
these will give rise to broad resonances which may be diffi-
cult to observe experimentally. In the non-ALAS heavy ion
system*80+°8Ni [17], we did not find resonance-like poles
in the E plane forl aroundly.

In the interior regiorl <l g, the reflection functiony, os-
cillates with small amplitude and large frequency whereas in
the non-ALAS cases it oscillates rather slowly as shown in
Fig. 2. Im§ shows sharp prominent peak aroundn con-
trast with the non-ALAS case. These imply that it is impor-
tant to study separately the role of the amplitudes generated
by surface partial waves=I4, outer partial waves>I,
+A/2, and interior partial wavels<l —A/2 [15]. It is desir-

the interior inr space. Due to these features, the reflectionypie to use the full expansion for the scattering amplitude

function #; turns out to be highly absorptive férx 1, and
rises rapidly ton =1 for |>1. __

In Fig. 2, we show the variation of Rg ImS, and 7,
=|S| of the nuclearS matrix S, as a function of for the «
+%9Ca system aE,,=29 MeV using the potential given by
Eqg. (1.1) with the best fit parameters of Ré#]. A similar
feature of the nuclea$ matrix is found at other ALAS en-
ergies. One observes the following featur@ssharp rise of
7, around the grazing partial wavg= 13, (ii) oscillatory
structure of R§ and In§ for smaller partial waves in _the
absorption regior <ly, and (iii) prominent peak of Ir§

without isolating the Coulomb amplitudé-(6) because
strictly speaking, smaller partial waves get affected more by
the nuclear charge distribution than the?/r type potential.
We express the total scattering amplitudg Hs|

A(0)= % % (21+ 1)e2i”'§P|(cos9), o<f=mw
(3.1

as

around the grazing partial wave. The oscillatory structure of
S, for lower partial waves can be attributed to the compara-
tively reduced imaginary part of the optical potential in the
surface region. This can be contrasted with a typical non-
ALAS heavy ion scattering cage®0+%8Ni) in the same fig-
ure where the interior partial waves have negligible oscilla-
tions with the corresponding, approximately zer¢17].

The special role of the surface partial waves in ALAS can
further be illustrated by studying the classical deflection
function ®(l) for the real effective potential as defined in
Ref. [18] with the scattering angle® defined as® == 0
—2mm, m=0,1,2---. We have found that for the potential
defined by Eq(1.1) with »=5, 6 tends more towards back
angles aroundl;= 13 than forv= 1. This shows that it is the
special feature of the effective potential which makes it pos-
sible for the scattering to get enhanced at back angles.

We have also searched for resonance poles associatet
with the few surface waves in the barrier region. In Table |
we list the poles in the complek plane for those partial
waves aroundy obtained using the potential parameters

from the references listed therein. We see that those partial FIG. 3. Real and imaginary parts of the scattering amplitude
waves are capable of giving rise to resonance sfde20. components with the same potential parameters as that of Fig. 1.

Real component

&
o

@
2
T

It
=)
T

imaginary component

-
(3,

-
o
T

a
o

[=]
L

’
N
L

~N
2

a+40Ca

Epap = 29 MeV

180

40

60

80

00 120 140 160
scattering angle 0 (deg)



1002 BRIEF REPORTS 57

1.0
a+%Ca a+180
1 Eiep = 29 MeV E E,op = 146 MeV
@2
g o1f 5
o
T 8
z
g
0.01 | 7]
0.001 ] 1 1 L 1 : 1 1 02 L | L
0 20 40 60 80 100 120 140 160 180 0 10 20 30 20
scattering angle 6 (deg) angular momentum ¢

FIG. 4. Effect of neglecting thé, () term in the cross section FIG. 5. NuclearS matrix for non-ALAS case from Ref.5].
in Eg. (3.2. Curve A corresponds to the actual cross section andCurves A, B, and C correspond g, ReS, and Inf§, respectively.
curve B to that obtained by ignoring,(6). The potential param- The potential parameters akg=38 MeV, a=2.174,p=4.5 fm,
eters are same as that of Fig. 1. Rr=4.3 fm, ag=0.6 fm, Wy=25 MeV, R,=4.65fm, a,=0.65
fm, rc=1.3fm.
A(O)=A(0)+Ag(0)+Ao(0), 3.2
160-+28si, A(6) is comparatively smal[15]. The conclu-
where sion is that the ALAS can be attributed primarily to the in-
terference between the surface and predominantly Coulom-
bic outer partial waves.
Using the potential of Micheét al. [5], we take a close
look at @+ 1%0 scattering at 146 MeV where ALAS van-
li-1 ishes. This potential has the form

A(O)= 5 ; (21+1)e?9SP,(cosd), (3.4

It o
As(6)= 5o IZ (21+1)e%91SP,(cos), (3.3

1+a exgd —(r/p)?]
L - o ~Vo {1+exd (r — Rg)/2ag]}?
Ao((6)= 5 lgl (21+1)e? 1S Py(cos) . W,
{1+exd(r—R))/2a]

V(r)=

72 +Ve(r). (3.6
It

1 .
=fe(0)— =— 21+1)e? 7P (cos), (3. , . : — —
c(6) 2ik g ( ) I ) 39 In Fig. 5 we show the reflection function , ReS, and In§

_ for this potential with best fit parameters from RE5]. We
since =1 in this range. Herer, is the Coulomb phase see that the band inspace through whichy, rises from 0.1
shift, I; andl; are the partial waves wherg=0.1 andz,  to 0.9 is quite large having around 18 partial waves. This
=0.9, respectively. Clearly the partial waves<I<I|; are  defines a wide surface of widthr=1.9 fm in contrast with
around the grazing partial wave. For the- “°)Ca system at the ALAS case aE,,,=32 MeV for the same potential where
Eip=29 MeV, |;=11, I;=14, andl4=13. In the ALAS Ar=1fm, [;=9, andl;=11. Thus in the non-ALAS case,
cases];—I; is small[15] and forl>I;, the contributions to the partially absorptive--nucleusS, are spread over a wide
the amplitude are primarily Coulombic. Similarly, fdr  region in thel space. Further, for smalll is also compara-
<I;, the contribution from any given partial wave can betively larger. In such cases there is large cancellation of con-
expected to be small and because of oscillationS, incan-  tributions from different partial waves leading to highly sup-
cellations may occur further reducing the relative importancepressed oscillations at large angles.
of A/(6). In Fig. 3, we show the real and imaginary parts of It is clear from the above results that the sum of surface
A(0), Ag(0), and Ag(6) for the scattering ofx+4°Ca at and outer region partial waves can generate ALAS with
E.p=29 MeV. In Fig. 4 we plot o(6) and |Ag(6) A(0) contributing marginally. Whermg(#) consists of a
+Ao(6)|% i.e., the cross section obtained by ignoring the convery small number of partial waves arouhg, both Ag(6)
tribution of the interior termA(6). We see that ignoring andAg(#) are dominated by similar Legendre polynomial-
A, (6) in the cross section causes only marginal changes ifike terms with different amplitudes. This is elaborated math-
the structure ofr(6) and that the rise of-(6) at back angles ematically in Ref[15]. The same situation does not arise in
is primarily a surface phenomenon governed by the interfernon-ALAS cases because of smoother variationppfand
ence betweenAg(d) and Ap(#). Even in the case of comparatively larger and less oscillatory behaviouSofor
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smallerl as can be seen by comparing Fig. 5 and Fig. 2absorption the internal wave is highly damped but for poten-
Hence we conclude that within the frame work of fully tials with weak absorption, these two terms interfere giving
guantum-mechanicélspace analysis, it is the interference of rise to the enhancement of§) at back angles. Thus in this
partial waves from the narrovwindow aroundly and the  picture, ALAS occurs primarily due to the interference be-

predominantly Coulombic outer partial waves which givestween diffracted wavesinterior) and refracted wavear-
rise to enhanced back angle oscillations. The phenomengyier).

logical optical potentials such as the one used in Réfs6]  |n conclusion, we find that at energies where ALAS oc-
to generate ALAS implicitly simulate the desired features incyrs in a-nucleus systems, Rigy(r) is remarkably flat for
the S matrix. partial waves close tb, and ImVeg(r) is small around the

The interpretation of ALAS given by Brink and Takigawa
[14] is a semiclassical approach using the WKB method

Here, the nuclea matrix is split up into a barrier compo- . .
nentg(l) and an internal compone&(l) corresponding to The nuclearS matrix around |=Iq is found to have
resonance-like poles for potentials generating ALAS. Split-

waves reflected at the outer turning point of the barrier and. ;
inner turning point of the centrifugal barrier. This division of %ng A(6) into three terms,(6), Ag(6), andAo(6) corre-
sponding to interior, surface, and outer terms, we find that

the S matrix is in ther space. However, the Coulomb am- b imaril buted he interf b
plitude is separated and treated as a full entity without ALAS can be primarily attributed to the interference be-

space splitting. For normal heavy ion systems with strongWeeNAs(6) andAo(6).

barrier region. Also Ir§ peaks sharply arourld with oscil-
latory structure forl <I,. #, also rises sharply aroundq.
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