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It is emphasized that the coupling of the elastic channel to an elastic transfer channel leads to a
nondispersive polarization potential with a periodic energy dependence. Evidence of this is found in

the elastic scattering data &6fC + 2*Mg at low energies. The finding hints at a significat® + >C
clustering effect in the ground state 4Mg. [S0031-9007(99)09159-0]

PACS numbers: 24.10.Ht, 25.70.Bc, 27.30.+t

Clustering in many-fermion systems is a very intriguingwhere P stands for the principal part arfd; is taken for
phenomenon. A well-known example of this is the pairingsimplicity to be Hermitian. Clearly, one can write
effect in superconductors and in nuclei. Here bosonlike

entities become effective degrees of freedom in the oth- P L P [ dz M

erwise Fermi environment. Heavier clusters, suchwas E - H; E -

particles in nuclei, are also known to be important degrees —776(1 H; )

of freedom. Usually, well-formed cluster states in nuclei I f E — (3)

are found above the ground state, such as the famous Hoyle
3 a resonance if?C and the quasilinear® chain in*Mg. From Egs. (1) and (3), one finds the dispersion relation
It is certainly very interesting to assess whether there is a . P ImVg(z, 7, ')
hierarchy of clusteringa, 'C, etc. As is already well ReVe(r,r',E) = — f dz——F >
known,?*Mg contains an important component in several 7 ¢
of its excited state wave functions, which corresponds tavhich can be generalized to the whdfe [Eqg. (1)]. The
two '2C clusters. How much of thEC clustering is there generalization of the dispersion relation for the case of
in the ground state of such a nucleus? non-Hermitian H; is given in Ref. [3]. This reference
The purpose of this Letter is to supply evidence ofshows that Eq. (4) still holds. In actual use in data analy-
such a ground state clustering effect. We show this byis one relies on local potentials. The intrinsically nonlo-
providing an analysis of the elastic scattering angulacal dispersive Feshbach potential is therefore transformed
distributions at low bombarding energies of the system#to a local-equivalent one. This brings in more subtle
12C + Mg and '2C + 2Si. The importance of the energy dependence. We should point out that the nondis-
elastic transfer, a manifestation of such clustering igpersive “bare” part of the interaction is also nonlocal ow-
clearly demonstrated for the former system. The basiég to the Pauli exchange effects. In its local-equivalent
of our analysis is the nondispersive nature of the elasti¥ersion the bare interaction also carries important energy
transfer polarization potential, which we describe below. dependence as has been stressed recently in [4—6]. In
The dispersive optical potential usually referred to agoractical application, it was found [7] that the local-
the Feshbach potential [1], obeys a dispersion relation. Igquivalent Feshbach potential, at a given value of the now
the heavy ion context this relation has gained notorietyne spatial variable, still satisfies Eq. (4).
in recent years and is usually referred to as the threshold We now raise the following question: Do all channel
anomaly. As eloquently explained by Satchler [2], thecouplings result in a dispersive Feshbach potential? The
dispersion relation of the Feshbach potential comes abo@nswer is “no,” at least in cases involving elastic transfer.
as a consequence of the polarization nature in the senétere we mean a process which involves the elastic

(4)

that the potential has the general structure scattering of the following objects:
n 1 (
N — . S S a+b)+b—(a+b)+b, (5)
Ve(r,r') ‘E:] Voi (r) (r]| E—H e [r"YWio(r') .
(1) (@a+b)+b—b+(a+b). (6)

The intermediate channel Green operat@f, — H; +

ie)~!, has the simple structure The two corresponding amplitudes add coherently. Since

the projectile-target system, in the second process, be-

1 comes the target-projectile system (no change in internal
E—H;’ structure), the second process in Eq. (6), the elastic trans-
(2) fer process, is important at large angles. The Feshbach

(E—H; +ie) ' =—iwd(E—H)+ P
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potential that takes into account the coupling of the elastic #Mg(*2C,"*C)**Mg %5i("2C,"*C)®Si
channel to the elastic transfer channel is found to be [8,9] [ ] [
V;Elas{ic transfer __ (_ l)lF(r) (7) R Ec‘m‘=1 2.00MeV . Ec,m,=1 3.30MeV

[ Eom=14.70MeV
10°

where! is the orbital angular momentum adtr) is an
approximate transfer form factor of the second process
in Eg. (6). Generally, owing to the strong nonlocal
character of the exchange process, the form fagto) &
should be taken to be the local equivalent version of  ~
the otherwise nonlocal form factor. This implies a ©
nondispersiveenergy dependence ivig*stic st quite
distinct from the genuine dispersive Feshbach potential.
There is no dispersive energy dependence in (7). Clearly,
(7) does not satisfy any energy dispersion relation. Of 107
course some weak energy dependence may be found in

elastic transfer
VF

_o/on

OO

E 10-‘_—
F(a) £ (b) ]
, when higher-order processes are taken into [Em=14.00MeV [E,,=16.08MeV | ]
account, e.g., 0 50 100 150 0 50 100 150

(@a+b)+b—(a+b)*+b—b+(a+b). (8 Ocm(deg) Ocm(deg)

For simplicity, in the following we ignore these processesFIG. 1. (a) The'?C + ?*Mg elastic scattering angular distri-
In a recent experiment [10,11] the complete angulaputions, measured at the indicated energies, are represented
distributions of the elastic scattering dfC + Mg by the dots. The solid lines are optical model calculations

. . ith our best-fit optical potentials (Pot.ll). The&. .. /Vcs
were measured at fifteen energies near the COUIOmyalues at these energies are respectively, 0.947, 1.026, and

barrier, namely, betweef. . = 10.67 and 16.00 MeV. 1105, with Vo = 12.67 MeV. (b) The 1°C + 3Si elastic
The data were analyzed in the optical model framescattering angular distributions, measured at the indicated en-
work (Pot.ll) and the best-fit potentials were shallow,ergies, are represented by the dots. T, /Vcp values at
energy dependent, real potentialsV, (~ 37 MeV, thesierLerg|<KAS ia/re, respectively, 0.926, 1.023, and 1.120 with
ro = 1.29 fm, a = 0.4 fm) with no continuous ambiguity Vep = 14.36 MeV.
and very weak, energy dependent, imaginary potentials
Wo/Vo ~ 001, Wy =05-1.5MeV, r, =177 fm, Both optical potentials are dependent on the bombard-
a; ~ 0.4-0.8 fm). ing energy. From the point of view of radial dependences,
We present in Fig. la some of the lowest energytheir differences can be pinned down in the notch test
angular distributions, situated at energies under anfill]. It showed very different results for the two systems.
at the Coulomb barrier icg = 12.67 MeV using the For the >C + 28Si system the notch test presents a lo-
Christensen-Winther radius) together with the opticalcalized peak aR; + R, = 7.3 fm, which means that the
model fits. The angular distributions present a cleaelastic data are sensitive to the optical potential only in
oscillatory pattern even at the lowest energies. In Fig. 1la radially restricted region at the nuclear surface at about
the low-energy elastic scattering angular distributions of7.3 fm. For the!’C + 2*Mg system the notch test indi-
the 1’C + 28Si system are presented. These unpublishedates that the elastic data are sensitive to the optical po-
data [12] were also measured at the Pelletron Laboratoriential on the surface and in the nuclear interior, from 3 to
of the S&o Paulo University, and will be published in the8 fm, results compatible with the very transparent optical
near future together with an optical model analysis. Theotentials used to fit the data [11].
optical model used to reproduce the data is much more Such optical potentials will introduce reflections in the
absorptive (3 to 5 times more) than the Pot.Il used for theffective potentials which would dominate the internal
12C + 2*Mg system. The Christensen-Winther Coulombwave contribution and whose interference with the exter-
barrier for the!>’C + 28Sj system isVcg = 14.36 MeV.  nal wave would result in the oscillations seen in the cross
We indicate in the figure caption the ratib..,./Vcs sections [13]. The internal wave contribution seems, how-
to allow a quantitative comparison between angularever, completely damped in th&C + 8Si system. What
distributions of Figs. la and 1b. causes the great qualitative difference between the poten-
While the oscillations are clear for theC + 2*Mg tials of the two systems may be related to the fact that
system, even at energies under the Coulomb barriefMg and?®Si have quite different cluster properties.
they are smooth and nonoscillating for theC + 28Si The differences between the two potentials become
system at the same energies. Even at energies 12% aboseen more interesting when they are compared from the
the Coulomb barrier, where the very back angle regiorpoint of view of their energy dependences, through the
of the '2C + 28Si begins to show one oscillation, the dispersion relation [Eq. (4)]. While the optical potentials
12C + 2*Mg system shows much more oscillation in the of the '>C + 28Si system satisfy the dispersion relation at
intermediate angle region. theR = 7.3 fm, the optical potentials of theC + 2*Mg

3973



VOLUME 82, NUMBER 20 PHYSICAL REVIEW LETTERS 17 My 1999

system do not satisfy the dispersion relation at any radiuig. 3. We also show in Fig. 3 a very qualitative fit to
(see Fig. 2). Nevertheless, the volume integrals of th&ReV,ondgispersive DY @ cosine function. We assumed that
optical potentials of thé?C + 2*Mg system satisfy the the argument of the cosine function, whichrig, wherel
dispersion relation as shown previously [10,11]. is an orbital angular momentumlike quantity, varies/as
The difference between the real part of the fit opticaland linearly withr. The argument for the cosine function
potential and the real potential obtained through thén the three fits was roughly
dispersion relation using the fit imaginary part is plotted s
in Fig. 3. In the case of th&C + 28Sj system, at least 7l = constx VEr. (11)
at these very low energies, the differenceVR@aispersive This is different from that obtained from the classical
is zero, while for the!2C + 2*Mg system it presents a turning point relation’ = const/1 — V/E VE r.
clearly oscillatory pattern, as a function of energy and Note that the volume integral of the right-hand side
with a decreasing amplitude, when the radius increasesf Eq. (9) is roughly zero, in accordance with our earlier
If we assume that the nondispersive part of the potentiafliscussion.
is responsible for the coupling of the elastic channel to The reaction amplitudes of Egs. (5) and (6) can interfere
the elastic transfer channel, then, from the point of viewonly in case the clusteb is present in the target. Thus,
of Egs. (4) and (7), we can write from the nuclear structure point of view the crucial ques-
_ _ o tion is whether or not the (exotic) cluster corresponding to
ReVoptmoa — R&VE = ReVuondispersive the projectile nucleus is present in the ground state of the
= (=1'F(r) target. The phenomenon of clustering in light nuclei has
= cos(7l(r,E))F(r), 9

received considerable attention in the literature [14].

] o ) ] For different samples of light nuclei selection rules
where a semiclassical interpretation was invoked to trangsptained from 03) symmetry [15,16] have been applied
form the/ dependence inte and E dependences. Here, systematically [17]. As a result we have found that (in
_l(r,E)_ls a fun(_:t_lon to be obtained from the classical turn-ipe leading term approximation) th&C cluster is present
ing point condition in the ground state of thé&Mg nucleus, but is absent
from the ground state of th&Si. (For these two nuclei
more detailed cluster calculations have also been carried
put in the algebraic framework, which incorporated a large
number of excited states as well [18].)

R+ 1)
2ur:
Then, qualitatively, the nondispersive part of the potentia

should have an oscillatory characteoss/) and decrease
in amplitude with increasing [F(r)], as it appears in

E=V(r)+ (10)
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FIG. 2. The imaginary and the real depths of the best-fit ELAB( e\/)

optical potentials of thé>’C + Mg system, as a function of

the laboratory energies (squares) for= 7.1 fm. We alsoused FIG. 3. The difference between the real part of the optical
data at higher energie&(,, = 37.9 and40.0 MeV [10,11]) to  potential and the real part of the dispersive potential (calculated
fix the imaginary part of the potential. The dispersion relationby the dispersion relation) as a function of the laboratory
calculations are indicated by solid lines and the disagreemergnergy, at three radial positiong, = 5.5, 6.5, and7.1. See
with the real optical potential is evident. text for discussion of the solid line.
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