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We show that incomplete absorption¥?Zr(«,a,) scattering is responsible for the spectacular dip observed
in the backward excitation function at low energi & 25 MeV), which we interpret as a destructive
interference effect between the barrier and internal wave contributions to the scattering amplitude. Because of
this transparency, an optical potential, which is in line with the higher energy data, can be extracted with good
accuracy. The real part of this potential is found to support several rotational bands; the properties of the states
of the first Pauli-allowed band, witN=16, in particular the electromagnetic transition rates between the first
states, are in good agreement with those of the states of the experirtfsvaground state band, suggesting
that a-cluster structure is still an important feature in #he- 90 region.

PACS numbgs): 21.60.Gx, 24.10.Ht, 25.55.Ci, 27.66.

a-cluster structure is a dominant and unmistakable featuref the *Ti ground state band, with even spins ranging from
of the spectroscopy of light nuclei. In particular, many in- 0 to 12, correspond in this interpretation to the allowed states
truder states appearing in the low energy spectra of thessith N=12 [7,12,14-18. An extension of the LPM ap-
nuclei can be understood in a simple and pictorial way inproach to several nuclei of thed-shell closure region sug-
terms of a-particle clusterind1]. Whether this concept can gested thate-clustering could be an important ingredient for
be usefully extended to heavier mass nuclei is a matter afinderstanding the low energy nuclear properties in this mass
great interesf2,3] and has been a key issue in several recentegion[17]. A recent account of the present statusvoflus-
paperd4—6]. In this Rapid Communication, we present new tering in medium-weight nuclei can be found in RES].
arguments in favor of the persistence of alpha-cluster struc- Because of strong absorption, the OM potential is rarely
ture in theA=90 mass region. determined precisely on the whole radial range, especially if

a clustering is now known to persist at least up to theuse is made of data extending on a restricted angular range.
sd-shell closure and the beginning of thp shell[7,8]. For  However, it has been shown that the OM potential can be
example, the ground state band“fTi, which is thefp-shell  traced with good accuracy down to low energies, provided
analog of the’®®Ne ground state band—whose description inabsorption is mild enough to allow part of the incident flux,
terms ofa-cluster structure is well establishgt]l—can, like ~ which passes the Coulomb barrier and penetrates the nuclear
the latter, be understood in terms of arparticle orbiting an  interior, to survive the scattering in the elastic channel and to
unexcited closed-shell core. This interpretation was first pubring back information on the-nucleus interaction at much
forward on the basis of local potential mod&PM) calcu-  smaller distances than usual; if this “internal” information is
lations [9,10], similar to those performed earlier by Buck, missing, which is the case if absorption is strong and/or if the
Dover, and Vanyf11] for investigatinga-cluster structure in data are restricted to too small an angular range, the OM
20Ne. This picture was considerably reinforced in a subsepotential can be determined only beyond the barrier radius,
quent study{7,12], where the real part of a unique global around the so-called strong absorption radius. This admit-
optical model(OM) potential, fitting the*°Ca(a, ao) differ- tedly rather exceptional situation—which has been termed
ential cross sections down to about 20 MeV incident energyincomplete absorptiofil8]—has up to now been encoun-
was shown to automatically locate the states of ff&i tered for several targets around threand thesd-shell clo-
ground state band at the correct absolute energy, with elesures 8]; in these cases, the internal contribution to the scat-
tromagnetic properties in good agreement with experiment.tering manifests itself at large angles as an anomalous

The validity of the(seemingly simplisticLPM approach enhancement of the elastic cross section, which is then domi-
is now well understood in more microscopic terms. In par-nated at these angles by the internal contribution to the elas-
ticular, the local potential equivalent to the strongly nonlocaltic scattering amplitudg19].
resonating group methd@®GM) interaction was showfl 3] One of the aims of this Rapid Communication is to prove
to depend weakly on angular momentum and to be deep; thifat incomplete absorption, which had up to now not been
potential supports a number of bound states, which have thmentioned fora-particle scattering from nuclei heavier than
same quantum numbers as the so-called forbidden states alboutA =40, persists in fact at least up to thAe=90 region.
the RGM, and which have thus to be discarded, while boundSeveral optical model or coupled channel studies have been
quasibound, and scattering states with higher quantum nuntlevoted to thex+ °°Zr interaction[20—22; more recently,
bers are physically allowed. In the LPM calculation of Refs.LPM (and in particular folding modglcalculations have
[7,12], bound states with a principal quantum numiér been reported for the+°°Zr system, both in the scattering
=2n+1 less than 12, which correspond to the RGM forbid-and in the bound state energy regi¢ds-6]. While the LPM
den states for the+“°Ca system, were discarded:; the statescalculations of Buclet al.[4], which make use of a modified
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Woods-Saxon potential, are restricted to the bound and quaﬂ-ﬁo(a,ao) data—which offer one of the most remarkable
sibound state properties of the+%%Zr=%Mo system, the cases of incomplete absorption at low energy—between 16
double folding model potentials of Ohkup®] and of Atzrott  and 160 MeV, that is

et al. [6], used for predicting the low energy properties of

%Mo, were tested against the+ °°Zr elastic scattering data V(r)=—Vq{1+ aexd — (r/p)?1}/{1+exd (r — Ry)/2a,]}?

in a broad range of energies and angles. Although Kobos

et al.[22], in their folding model analysis, interpret the ex- +Vc(r),
istence of two maxima in the Airy rainbow pattern at 79.5
MeV in terms of a particular transparency of the potential at W(r)=—Wy/{1+exd (r —Rw)/2aw]}?, (]

this energy, and the error band on the real part of the poten-
tial at 40 and 118 MeV is briefly discussed in Rgf], none  for the real and imaginary parts of the potential, respectively.
of these studies addresses the problem of the possible exishe form factor used for the real part has more parameters
tence of an internal wave contribution to the scattering amthan the conventional Woods-Saxon or Woods-Saxon
plitude at low energy, and thus that of the sensitivity of thesquared form factors; however, in taet %0 case, this ad-
low energy scattering cross section to the potential at smallitional flexibility made possible the reproduction of the
distances. complicated energy dependence of the data with a fixed set
We found that the most convincing evidence for the exis-of parameters for the real part of the potential, excepiafor
tence of such a sensitivity is containedZr(«,a,) data of ~ which was used to control the real potential strength and
Wit et al. [23], which have to this date remained largely found to vary smoothly on the whole energy rangs.
unnoticed. This group measuredparticle elastic scattering An excellent agreement with the data at 25 and 40 MeV
excitation functions, and angular distributions extending orwas obtained within this scheme, resulting in the parameter
the whole angular range between 18 and 26 MeV, for severalalues V=35 MeV, R,=7.56 fm, ay,=0.43 fm, andp
nuclei aroundA=90. The most spectacular and unexpected=4.93 fm; the imaginary potential parameters were adjusted
feature of these data is the appearance of a narrd® ( independently at the two energies. The energy dependent pa-
=0.5 MeV) and deep dip in the excitation functions nearrametersa,W,,Ry, and ay, take the values 4.748, 17.5
180° for the®%Y and °>%%r targets around 23 MeV incident MeV, 6.52 fm, and 0.135 fm, respectively, at 25 MeV, and
energy. This dip is correlated with a deep minimum in the4.801, 15.2 MeV, 7.44 fm, and 0.251 fm, respectively, at 40
differential cross section around 180°, a rare phenomenoNleV. These correspond to real volume integrals per nucleon
since a maximum is observed at this angle for the vast mapair j, =346 and 348 MeV frh at 25 and 40 MeV, respec-
jority of the availablea + nucleus angular distributions; at tively.
neighboring energies a more classic maximum is indeed ob- The parameters obtained at 25 MeV automatically de-
served in®°Zr(«,a). Wit et al.[23] succeeded in reproduc- scribe the 21 and 23.4 MeV data in a very satisfactory way,
ing qualitatively their data within an optical model approach,including the dip around 180° at 23.4 MeV, as can be seen in
using a simple four-parameter Woods-Saxon potential, but &ig. 1 where the data between 21 and 40 MeV are compared
full understanding of the phenomenon was evidently not atwith the OM calculations; it can be concluded from the good
tained. It was shown incidentally by Alski and Michel agreement at 21, 23.4, and 25 MeV that the small angle
[24] that this deep minimum results from an accidental de{problem encountered by Wt al.[23] was due to the use of
structive interference between the internal and barrier wavan inadequate form factor. We also note that the small dis-
contributions to the scattering amplitude at this energy an@grepancy observed at 40 MeV arouéie- 100° can easily be
angle; however, in the absence of additional physical moticorrected by adding a small surface term in the absorptive
vation this point was not investigated further. potential; since this small modification does not affect the
In the present work, we first reinvestigated the propertiesonclusions of the forthcoming discussion we will in the
of the optical potential which describes the low energyfollowing stick to the above version of the potential.
%7r(a,aq) data, especially since the potential used by Wit A comparison of the experimental excitation function at
et al. [23] has serious deficiencies in the small angle regionl76° between 18 and 26 MeV with the predictions of the 25
at 23.4 and 25 MeV, where the calculated angular distribuMeV potential appears in Fig.(®; it is seen that the spec-
tutions are out of phase with the dattn Ref.[23] the au- tacular dip around 23.5 MeV is accurately reproduced by the
thors found it impossible to remedy this defect without los-calculation. To understand the origin of this dip, it is instruc-
ing the good description of the backangle phenomenon.ive to decompose the elastic scattering amplitfig) into
Moreover, we insisted on reproducing the low energyits barrier and internal wave contributiorfg(6) andf,(6),
anomaly using a potential which is in line with those describ-as defined within a semiclassical context by Brink and Taki-
ing higher energy data, in particular at the next energy whergawa[19]. It was shown by Albiski and Michel[24] that
a complete angular distribution is available, that is, 40 MeV this decomposition can be performed in a fully quantum way
Finally, we searched for a potential belonging to the uniqueby repeating several optical model calculations using slightly
potential family which describes the data above about 100nodified versions of the imaginary part of the optical poten-
MeV; the volume integral per nucleon paiy of the real part tial in the internal region, that is, inside of the barrier radius
of this potential is about 300 MeV finat 141.7 MeV[21]. at the grazing angular momentum. We have performed such
Use was made of the same form factors as those used in tleedecomposition at 21, 23.4, and 25 M&eke Fig. 3, it is
successful global optical model analys[®5] of the seen that while the barrier contribution dominates the scat-
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FIG. 1. Comparison of the experiment&iZr(«,«,) angular
distributions at 21, 23.4, and 25 Md¥%3] and at 40 Me\{21], with
the predictions of the optical potential. The potential parameters a@re very dissimilar; in contrast, around 23.5 MeV these mag-
21 and 23.4 MeV are the same as at 25 MeV. nitudes turn out to be comparable and the dip due to the

interference is much more spectacular. Similarly the broad
tering on the whole angular range at 21 MeV, at 25 MeV themaxima observed in the excitation function around 20 and 26
internal contribution becomes dominant at angles near 180MeV are due to a constructive interference between the two
and that—even at 21 MeV—the internal wave contribution isamplitudes whose phases differ by an integral multiplerof
instrumental in the building up of the oscillations observed inat these energies.
the data in the backward hemisphere. The same decomposi- It is worth stressing that the same interpretation for the
tion, carried out at 40 MeV, shows that the internal contri-occurence of the dip observed in the experimental data con-
bution still dominates the data beyond about 140° at thasistently emerges from the barrier-internal wave decomposi-
energy. tion of the scattering amplitude, whatever potential is used

The contributions of the barrier and internal wave compo-for performing this decomposition, provided this potential
nents,og=|fg|? and o, =|f,|?, to the excitation function at reproduces successfully the data; for example, the crude
176° between 18 and 26 MeV are displayed in Fig);:2he  four-parameter Woods-Saxon potential of \&tital. [23], de-
barrier wave contribution decreases steadily in this energgpite its imperfections at small angles, provides the same
range, while the internal wave contribution displays the op-icture for the scattering mechanism. We can therefore con-
posite behavior. In fact, the dip observed in the experimentatiude that the existence of a substantial internal contribution
data is seen to occur not far from the energy where the twto the scattering at large angles is an essential ingredient to a
contributions become comparable. To better understand hoguantitative description of thé’Zr(«,«,) data at low en-
this dip builds up, we have plotted the phases of the the twergy, a somewhat surprising result for a system which one
contributions at 176°,¢g=arg(fg) and ¢,=arg(f;), as a would have expected to be dominated by strong absorption.
function of incident energyFig. 2(b)], as well as their dif- As a result of this interference, which persists beyond 40
ference. One sees that the latter, as a result of the steadl§eV incident energy, the full elastic scattering cross section
decreaseéincreasg of the phase of the barri€éinterna) con-  is a very sensitive function of the optical model parameters,
tribution (an effect discussed by Brink and Takigad®]), which are thus much better determined than in a strong ab-
increases rapidly with energy. Each time this difference is arsorption context. Another consequence of this sensitivity is
odd multiple ofsr, the two amplitudes interfere destructively; that it is not straightforward to obtain a detailed reproduction
this is the case, e.g., around 18.5 and 23.5 MeV. At 18.%f the data in the interference region.

MeV the dip due to this interference is however weak, since In view of the relatively weak energy dependence of the
the magnitudes of the internal and barrier wave contributionpotential expected from the microscopic approaches for
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T T T T T TABLE I. Excitation energiesE, and transition probabilities
B(E2) for the Mo ground state bantenergies in MeV, transition

0
10 probabilities ine? fm?).
J7 E, B(E2)(J—J—2)
102 Exp. Calc. Exp. Calc.
2+ 0.87 0.24 3926 244
47" 1.57 0.79 666100 337
10+ 6" 2.42 1.64 347
8+ 2.96 2.78 328
10" 3.90 4.18 290
& 10°
© 23.4 MeV well reproducedone should recall in this respect that micro-

~ \/-’\V/ \-, scopic calculations indicate that the local potential equivalent
to the RGM nonlocal interaction is only approximatélin-
dependent, and that in addition the magnitude of thite-
pendence varies with incident enerf)3].) A comparison

with experiment[28] of the calculated electric quadrupole

10-10 .. . .
/ transition rates between the first states of this band also ap-
25 MeV N pears in Table I; one sees that the calculd@¢&?2) values,
~I\ \-j \I which are obtained without any effective charge, are of the
1012 | = Y right order of magnitude, a remarkable result if one takes

into account the fact that the most elaborate shell-model cal-
o s e e culations fall short of the experimental values, even after
Y 3 60 9% 120 150 180 introducing a substantial effective charf@9]. Our local po-
tential supports also bands with highgrvalues which will

Oem. (deg) be discussed elsewhere.
FIG. 3. Decomposition of the OM angular distributions at 21, I conclusmgno, we have shown that the low energy, (
23.4, and 25 MeV(full line) into their barrier(dashed lineand =25 MeV) a—=Zr Interaction Is more transparent tha.n ex-
internal-wave(dash-dotted linecontributions. pected, and that the interplay between the barrier and internal

wave contributions to the elastic scattering amplitude is re-
liah 13 d fi d for | sponsible for the remarkable structure observed in the elastic
ighter systemg13] (and confirmed for lower mass targets scattering excitation function around 180° at 23.4 MeV. This

16, 40, H
such as™0 or ™Ca|8]), it is not unreasonable to calculate y,nsnarency makes possible the extraction of an optical po-
the location and properties of the bound and quasiboun

- rainbow scattering sets in. This potential supports several
complements  the segeuend}da—ﬁ),s, and 12 used for the | ,aiional bands; the bandhead of the figsbsitive parity
closed-isﬁhell targeta, O, and™"Ca, respectively. Like for - 504 gllowed by the Pauli principle, which corresponds to
the @ +*°0 anda +““Ca system$8], the first allowed states N=16, falls automatically near the—zr threshold, and

are found to group into a quasirotational even-parity bandy,e predicted electromagnetic properties of the first states of
with spins ranging from O t&, whose bandhead falls a few he hand—which are notoriously difficult to reproduce in
MeV below thea threshold. A small renormalization of the gpell-model calculations—are in good semiquantitative
real potential depth, perform_ed by finely tuning the param-4greement with those of the ground state band®iMlo.
etera to the value 4'36Z5’ brings thé=16[26], =0 state  These results strongly support the suggestion that
in agreement with thé“Mo ground state(this value ofa a-clustering might still be an essential ingredient for quanti-

corresponds to a volume integra}=329.1 MeV fnf). A tatively understanding the properties of nuclei in the 90
comparison of the experimental valugz7] with the spec- region.

trum obtained in this way appears in Table I; as in similar
calculations for this syster#,5], the spectrum is too com- S.0. was supported by the Japan Society for the Promo-
pressed at low spin, but the average experimental spacing i®n of Science.

[1] See, for example, Y. Abet al, Suppl. Prog. Theor. Phy68, tems Kyoto, 1988, edited by K. lkeda, K. Katori, and Y. Su-
1(1980. zuki [J. Phys. Soc. Jpra8, 755(1989].

[2] P. E. Hodgson, irProceedings of the Fifth International Con-  [3] M. Fujiwaraet al,, Prog. Theor. Phys. Supd32, 1 (1998.
ference on Clustering Aspects in Nuclear and Subnuclear Sys-[4] B. Buck, A. C. Merchant, and S. M. Perez, Phys. Re\61C

041601-4



RAPID COMMUNICATIONS

UNEXPECTED TRANSPARENCY IN LOW ENERGY ... PHYSICAL REVIEW 61 041601R)
559 (1995. [17] G. Reidemeister, S. Ohkubo, and F. Michel, Phys. Re¥1C
[5] S. Ohkubo, Phys. Rev. Leff4, 2176(1995. 63 (1990.
[6] U. Atzrott et al, Phys. Rev. (53, 1336(1996. [18] M.-E. Brandan and G. R. Satchler, Phys. Regh 143(1997).
[7] F. Michel, G. Reidemeister, and S. Ohkubo, Phys. Rev. Lett[19] D. M. Brink and N. Takigawa, Nucl. Phy#&279, 159(1977;
57, 1215(1986. D. M. Brink, Semi-classical Methods for Nucleus-Nucleus
[8] F. Michel, S. Ohkubo, and G. Reidemeister, Prog. Theor. Phys.  Scattering(Cambridge University Press, Cambridge, 1985
Suppl.132 7 (1998. [20] P. P. Singh, P. Schwandt, and G. C. Yang, Phys. I58B,
[9] A. A. Pilt, Phys. Lett.73B, 274 (1978. 113(1975.
[10] K. F. Pd and R. G. Lovas, Phys. Let96B, 19 (1980. [21] L. W. Put and A. M. J. Paans, Nucl. Phy&291, 93 (1977).
[11] B. Buck, C. B. Dover, and J. P. Vary, Phys. RevlC 1803 [22] A. M. Kobos, B. A. Brown, R. Lindsay, and G. R. Satchler,
(1975. Nucl. Phys.A425, 205 (1984).
[12] F. Michel, G. Reidemeister, and S. Ohkubo, Phys. Re@7C  [23] M. Wit, J. Schiele, K. A. Eberhard, and J. P. Schiffer, Phys.
292 (1988. Rev. C12, 1447(1975.

[13] H. Horiuchi, in Trends in Theoretical Physicedited by P. J.  [24] J. Albinski and F. Michel, Phys. Rev. 25, 213(1982.
Ellis and Y. C. Tang(Addison-Wesley, Reading, MA, 1991 [25] F. Michel et al, Phys. Rev. @28, 1904(1983.

p. 277. [26] S. Okabe, Nucl. PhysA247, 87 (1984).

[14] T. Wada and H. Horiuchi, Phys. Rev. B, 2063(1988. [27] B. Kharrajaet al, Phys. Rev. 57, 2903(1998.

[15] S. Ohkubo, Phys. Rev. @8, 2377(1988. [28] J. K. Tuli, Nucl. Data Sheet§6, 1 (1992.

[16] A. C. Merchant, K. F. Plaand P. E. Hodgson, J. Phys. 15, [29] Chang-hua Zhang, Shun-jin Wang, and Jin-nan Gu, Phys. Rev.
601 (1989. C 60, 054316(1999.

041601-5



