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Nonlocal interactions are an intrinsically quantum phenomenon. In this work we point out that, in the
context of heavy ions, such interactions can be studied through the refractive elastic scattering of these
systems at intermediate energies. We show that most of the observed energy dependence of the local
equivalent bare potential arises from the exchange nonlocality. The nonlocality parameter extracted
from the data was found to be very close to the one obtained from folding models. The effective
mass of the colliding, heavy-ion, system was found to be close to the nucleon effective mass in nuclear
matter. [S0031-9007(97)02958-X]

PACS numbers: 25.70.Bc, 21.30.Fe, 21.65.+f, 24.10.—i

Of fundamental importance in nuclear physics are the efwhich contains an explicit energy dependence. This latter
fects arising from the Fermi nature of the nucleons. Whertontribution is called the Feshbach term and thus we refer
calculating interaction potentials between nuclei, these etto its nonlocality as the Feshbach nonlocality.
fects translate into a nonlocality. This Pauli nonlocality When confronting theory with experiment one usually
has been discussed in the context of the nucleon-nucleuslies on a one-body optical model with a local potential.
scattering [1,2]. A fully microscopic calculation of the This brings into light immediately the issue of extracting
nucleus-nucleus interaction is quite complicated and onffom Eq. (1) a local equivalent potential. This potential
relies here on procedures such as the resonating-groupthus defined through the equation
method [3]. Other methods rely on relating the nucleus- @) +)
nucleus nonlocality to that of the nucleon-nucleus one us- f V(g (r)dr' = VFEE)e (F),  (2)
ing folding procedure [4]. However, the prediction of +)

Jackson and Johnson [4], namely, the nonlocality rang@here ¢z '(7) is the exact wave function that describes
in the nucleus-nucleus systems, is smaller than that in thiée elastic scattering of the nucleus-nucleus system.
nucleon-nucleus one by about the inverse of the reduced Clearly, from the structure of Eq. (1) fdr (7, r/), the
mass in the former, was never really subjected to tests. lanergy-dependent local equivalent potential is

this Letter we supply such a test through a careful analy- - - S

sis of the elastic zgailttering of the systegr?@ + 12C and Y VGE) = Vesuni L E) + Veessacn(F E). 3)

10 + 12C at intermediate energies. where Vpayurr is the local equivalent ofVp,. and

Before we set the stage for our analysis of exchang&zsypacy is the corresponding one for the second term
effects in the ion-ion interaction, we first say a few wordson the right-hand side of Eq. (1). Her®resupacu
about this interaction. The effective, one-body interactioris manifestly complex, whereagpaur; is taken to be
that determines the elastic scattering between two nuclgjredominantly real. A small imaginary component in
can be written in a schematic way as VpauL: May be present due to the complex nature of

s Pn s 2 oy () s 2, > the underlying effective nucleon-nucleon interactia@n (
V7 11) = Voare (7, r1) + Z Vit")Gi (7, 1 E)Vi(r). matrix) and as a consequence of Eq. (2) through the wave
l (1) function. The energy dependencelgfyyr would have
. two origins: the nucleon-nucleo matrix and, more

The first term,Vbare(?, r’), is usually called the bare in- importantiy, the Pauli noniocaiity_
teraction. It represents the ground state eXpeCtation value Notwithstanding the fact that the maior part of the non-
of the interaction operator, which contains as basic in{ocality in the potential is related to channel couplings
put the average effective nucleon-nucleon forGerfa-  (Feshbach nonlocality), we take the view that the effect
trix). The nonlocality here is solely due to the Pauliof these couplings is embedded in the energy-dependent
exclusion principle and in what follows we refer to it as imaginary potentiai_ Further energy dependence may be
the Pauli nonlocality. The second term contains the conexpected in the real part of the potential that comes from
tribution arising from virtual transitions to intermediate the dispersion relation. However, the part of the ion-
statesi (inelastic channels, transfer channels, etc). Thegon interaction which contains this Feshbach nonlocality-
corresponding nonlocality arises almost entirely from theelated energy dependence is concentrated in the surface.
polarizations that ensue in the heavy-ion system owing tqherefore, in the inner region the ion-ion potential is ex-
the propagation in the intermediate channels. _I_:hIS is eXpected to have its energy dependence arising predomi_
emplified by the channel Green’s functiﬁf“(?,r’;E), nantly from the Pauli nonlocality alluded to above. The
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probe of the inner region is made possible through thevhere we use the notatidr g to designaté/payL1. Here

elastic scattering at intermediate energies [5]. Vc(r) is the Coulomb interaction given as usual by

In a recent review article [5] the phenomenon of rain-
bow scattering seen in several heavy-ion elastic scattering Ve(r) = (RE — 1)Z,Z,¢2/2R:  r < R @
data was discussed. It was emphasized that by measuring "€ Z1Z2e%/r r=Rc’

the angular distribution of systems such '8€ + !>C,

'°0 + 1°0, etc., in the energy region where the far-sideyhere R is the Coulomb radius. Thus a plot of
amplitude dominates, one is able to extract unambigumy, .. (r, E) against E.... — Vie(r, E) should yield a
ously the depth of the real part of the ion-ion poten-giraight line whose slope is justub? /272,

tial. This has been shown in detail in [6—9]. Further, by ag said above, ample proof has been accumulated over
tracing the nucleus-nucleus interaction to its underlyingine |ast several years, which indicates that the real part
density-dependent, effective nucleon-nucleon interactionef the jon-ion interaction, at very short distances, can be
one is eventually able to extract the compressibility of nuynambiguously extracted from the refractive scattering of

clear matter, heavy ions at intermediate energies. Elastic scattering an-
, 9 (E gular distributions for the systedi?C + '>C at interme-
K =9p; a_pz <Z>pp ’ (4)  diate energies were analyzed in Ref. [12]. It was shown
—Po

that the region of radial sensitivity, where the optical po-

wherep is the density and /A is the average binding en- tential is probed, is = 4 fm. Those angular distributions
ergy per nucleon of the cold system. The extracted valuare dominated by the far side component in the region of
of K from the '°0 + 0 system [9] at several center momentum transfeg = 400 MeV/c. Theoretically, us-
of mass energies was found to be roughly 220 MeV, ining the semiclassical approach, it is possible to demon-
dicative of a soft equation of state. What other physicsstrate [13] that for this value of momentum transfer the
may one extract from these angular distributions? Theeal part of the potential is probed at interacting distances
question which we raise here is certainly asked by manwaround 4 fm.
other heavy-ion physicists. We shall give sufficient evi- Having spelled out the possible limitations of our
dence in the affirmative to the above question. In parmodel, we turn now to the extraction of the nonlocal-
ticular, we show below that the same data that weréty range parameteb, using Eq. (6) and the potential
analyzed by Khoeet al.[7-9] for the purpose of the values in the probed radial region, which were unam-
extraction of K can be used to extract the nonlocality biguously determined from the elastic data analyses of
parameterb which measures the nonlocal spread in conRefs. [7,12,14—-16]. In Fig. 1(a) is shown\pg(r) ver-
figuration space where the ion-ion force is operative. Thesus E.,, — Vig(r) for the system!’C + 1°C at r =
extracted value ob is very close to the one predicted 4 fm (circles). The extracted value ab is 0.14 fm
22 years ago by Jackson and Johnson [4], who showetd be compared to 0.15 fm expected from single fold-
within the single folding model thab = bom/u, where ing result of Ref. [4],b = bom/u, where by is about
by is the nucleon-nucleus nonlocality parameteris the 0.9 fm. Also shown in the inset in Fig. 1(a) is the en-
nucleon mass, angd is the reduced mass of the nucleus-ergy dependence oV, g(r = 4 fm). Similar analysis
nucleus system. Theoretically, it was estimated [10,11jvas made on the systetiO + '>C. This is shown in
that by ~ 1 fm. By an extensive fit of nucleon-nucleus Fig. 1(b) (circles). Hereb was found to be 0.11 fm,
elastic scattering data, Perey and Buck [1] have foundvhereasbom/u is 0.13 fm. We point out that within
by = 0.85 fm. about 10% accuracy, as shown in Fig. 1, the energy de-

As stressed in the introduction, we assume that the baqgendence ofVy g extracted from data analyses is de-
nucleus-nucleus real potential is nonlocal and we adoptcribed by Eq. (6). There is also an excellent agreement

the following form for it: for the extractedb values and those predicted by the
) |7+ b | 7 — ;/)2 folding mpdel. These_ findings are consistent with our
Viare (7, 1) = VNL<7>eXF{_72i|» hypothesis that associates the main energy dependence
2 b of the local equivalent potential to exchange nonlocal
(5) effects.

We should mention that the region of radial sensitiv-
ity, where the potential is unambiguously extracted from
refrative elastic data, is rather system dependent. For
example, nucleon, deuteron, and alpha-nucleus systems
present radial sensitivity near= 0 fm [17] while, as dis-
cussed above, for systems like&C + '2C this region is
around 4 fm. Thus, with the aim to extend our analyses

to other systems, we have considered the potential val-
- VC(’)]}’ (6)  ues atr = 0fm. The potential extrapolation from the

where the nonlocal potentiaVny (|7 + ;/|/2) is of a
density-density folding inspired form. Using the Perey
prescription [1], based on Eq. (2), for finding a local
equivalent potential, we obtain

7’

b2
Vige(r,E) = VNL(V)eXD{—W[Ec.m — Vig(r,E)
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100 ¢ FIG. 2. The resulting nonlocal potentiddy. (r = 0), using

the Perey prescription [1] and the elastic data analyses as a
function of the reduced mass of the system. The data peint

80 is the result of the Perey and Buck analyses of several nucleon-

60 nucleus systems. The solid line in the figure serves only as a

40 guide to the eye.

20

K i ] We stress at the outset that the concept of effective mass
N is intimately related to the nonlocal nature of the in-
0 400 800 1200 teraction [19]. We further stress that since the nucleon

B Ve (MeV) effective mass determined from the mean free path in

) the nuclear matter [20,21] is:*/m = 0.7, one should
FIG. 1. The energy dependence of the local equivalent pofing ,*(0)/x =~ 0.7. In Fig. 3 we show the extracted

tential, Vig at r = 4 fm (circles) andr = 0 fm (crosses), * . .
in the ehlfergy rrangelo s(Elab/A)s 20(r) MeV/nuéIeon fo)r #*(0)/u, using Egs. (6) and (8) and the experimen-

(@) 2C + 2C and (b)!°0 + 2C. The solid and dashed lines tally determinedV,g(0). Clearly, our expectations are
represent the Perey prescriptionra& 4 fm andr = 0 fm, re-  reasonably met.
spectively (see text for details).

1 ' [
sensitivity region to- = 0 is shape dependent. Therefore, | 1
in our analyses we have considered only realistic shapes,
such as those provided by the DDM3Y folding calcula- 075 - | + v + -
tions. Using this extrapolation for th&C, '°0 + 12C [N
- j A -

systems, the energy dependenceVgf(r = 0) (crosses o°
in Fig. 1) is well described by Eq. (6) and the correspond-:_l::_ 05 S —
ing b values are also very close to those obtained through © ref. [17]
the potential values at = 4 fm. i & ref. [71i[=2]:{4]:[6] 7

We have used expression (6) and the data analysis from 0.25 & ref. {14] —
Refs. [1,7-9,12,14,16—18] to extrdd, (0) as a function v ref. [71i[ 9]:[18]
of u. For the systems which the data energy range was i o ref [1] i
not sufficiently extensive, we have used thealues from 0 PR RN RS R TR R
Ref. [4]. As is shown in Fig. 2V (0) increases linearly 0 2 4 6 8 0 12
with w. M

A further test of the consistency of our analysis method ™m (a.m.u.)

IS Supplleq by a look at the efffectlve reduced mpésof FIG. 3. The dimensionless effective reduced masgu as a
the combined system. Back in 1956, Frahn establishegction of the reduced mass of the colliding system. The solid

the following simple relation [19]: line in the figure represents the average value from several
systems. The data poirfte] is the result of the Perey and
w(r) 1 Buck analyses of several nucleon-nucleus systems. [Fe
w - 1+ wb? |V | . ) points represent the theoretical predictions using the generator
2 17 nL(r) coordinate method (see text for details).
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