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teraction, satisfies time-reversal invariance to
within the accuracy of the measurements.
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With a schematic model for the nuclear matter we give a unified treatment of the real
and imaginary parts of the elastic 01%-0%¢ scattering potential. The model connects the
parameters of the potential with the density and binding properties of the 0%-01¢ gystem
and reproduces the structure of the excitation function quite well. It is shown that the
nuclear compressibility can be obtained from the scattering data, and in the case of the
S% compound system there results an effective compressibility (finite quenching of the

nuclei) of about 200 MeV.

In ion-ion collisions, as for example in the
elastic O'®-0'® scattering process, the two nu-
clei penetrate each other if the bombarding ener-
gy exceeds the Coulomb barrier (about 12 MeV
in the c.m. system for O'¢-0'). Above 15 MeV
(c.m.) the experimental 90° O!®-0O!® differential
cross section found by the Yale group! is de-
pressed by more than a factor 10 from the Mott
cross section and shows a regular resonance
structure (see Fig. 3). This obviously suggests
that a real scattering potential alone cannot de-
scribe such a behavior and that a strong imagi-
nary part has to be present.!»?2 It is the aim of
this paper to present some ideas on the origin of
the real and imaginary parts of the ion-ion poten-
tials and to compare the results with the experi-
ment.

Before the ions come in contact, the probabili-
ty for transitions from the O ground state re-
mains small since the double-closed O shells
have no low-lying excitations. Behind the con-
tact point we expect a competition between two
processes: the superposition of the densities of
the two nuclei and the rearrangement of the O'¢
shells. Both processes develop in nearly the
same time, because the collision time 7= 5X 10722
sec is of the same order of magnitude as a sig-
nigicant nuclear time, e.g., the orbital time of a
nucleon in the O nucleus. In this intermediate
region between the limits of an adiabatic and a
sudden process we choose the sudden approxima-
tion as our starting point. We superpose the nu-
clear densities to calculate the real part of the
potential. The destruction of the O'® shells, by
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which highly excited states of the S** compound nucleus are formed, will be considered as an essen-
tially irreversible process leading to inelastic scattering. Therefore, we attribute to this latter pro-
cess the imaginary part of the potential. For its calculation we evaluate the flow of nuclear matter
out of regions where the density is compressed and unstable (see Fig. 2).

We propose a simplified and phenomenological model of the nuclear matter similar in the fundamen-
tal ideas to those of the recently proposed nuclear matter theories of Bethe® and Brueckner.? The fol-
lowing Ansatz for the total nuclear energy is constructed under the condition that we get a linear and
analytically solvable equation for the nuclear density distribution p:

e Ay
E=W,A +Ef(p—p0)d*r+8ﬂf p(t,) =

The total energy (1) is thus composed of an ener-
gy proportional to the particle number A, an es-
sentially repulsive energy, an attractive inter-
action energy (V < 0) of Yukawa type with the
range U, and the Coulomb energy in which we put
the charge density proportional to the nuclear
density.

Disregarding the Coulomb energy and assum-
ing constant density in (1) we obtain the binding
energy per nucleon in infinite nuclear matter,

E 2
Z=WO+§C%Q(§—1) . 2)
0

One recognizes the meaning of the constants im-
mediately. W, is the binding energy per nucleon
if the density of nuclear matter is in the state of
saturation, i.e., if p has the equilibrium value
Po- The constant C measures the compressibili-
ty of the infinite matter and is connected with the
usual compression modulus K =9C.

With the subsidiary condition of constant parti-
cle number the variation of the energy with re-
spect to p(F) leads to the following system of lin-
ear equations:

[C/py=VuB|lp+d+(eZ/A)p = const,
AY-y/u2=-Vp,
Ap=-4m(eZ/A)p. 3)

In the limit of very small densities, p < p,,

our energy Ansatz (1) is incorrect, as Eq. (2)
shows. Therefore, the density cannot steadily
fall off to zero in the nuclear surface. From the
variation of the energy (1) we also get in addition
to the differential equations (3) a boundary condi-
tion which cuts the density down at the nuclear
surface (*=R):

PR)=py/(1=V 12D,/ C)2. 4)

The general solution for the density distribution
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l has the form
p =ajy(ar) +bj,(Br). (5)

Inserting p in (3) we find the numbers @ and B,
possibly complex, as the roots of a quadratic
equation.

With the density distribution of the O'® nucleus
obtained in (5) we calculate the real part of the
potential for the O'-0'® elastic scattering. As
mentioned before we superpose the densities of
the O'® nuclei assuming the sudden approxima-
tion:

V(r):E[pols(?l) +p015(Fz)]—2B (6)

016!

with the binding energy of O'€, B =E(pge).

The densities of the O'® nuclei are functions of
the distances T, and T, measured from their cen-
ters of mass. All integrals occuring in (6) can
be analytically solved for the density (5) by mak-
ing use of the Fourier transformation of the Yu-
kawa potential.

At large distances only the Coulomb interac-
tion contributes to the potential (Fig. 1). Near
the contact point the long-range attractive poten-
tial depresses the Coulomb barrier. Finally, if
the two nuclei appreciably overlap, a repulsive
core arises due to nuclear compressibility. The
potential V(0), diminished by the difference of
the binding energies of the S* and the two O'® nu-
clei (16.6 MeV), gives the amount of energy
needed to compress the mass of the S nucleus
into the shape of the O nucleus. To this energy
we relate an effective compressibility constant,
which includes the influence of the finite size of
the nucleus and which turns out to be about two
times larger than K=9C, the compressibility of
infinite nuclear matter in our schematic model.

In the region of contact of the two ions the su-
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FIG. 1. Real and imaginary part of the potential for
08-0'8 scattering (W,=—14.6 MeV, p,=0.14/fm?, C
=100/9 MeV, V=-13616 MeV fm, and #=0.3 fm). The
real potential is 115 MeV for r=0.

perposed densities are highly unstable. We ex-
pect a flow of nuclear matter out of the regions

of compressed densities (see Fig. 2). In a micro-
scopic description we interpret the outflow of
matter as the destruction of the O shells. The
outflow times are comparable with the reaction
times of the S% compound system. Therefore, in
a never-come-back approximation, the outflow
can be thought of as the beginning stage of all in-
elastic processes.

To connect the imaginary part W of the poten-
tial with the characteristic outflow time T we as-
sume that the time-dependent wave function ¥ de-
creases as
ppr~e /T (1)
Then the imaginary part has the same form as
derived with the uncertainty principle of Heisen-
berg,

W=-i(i/2T). (8)

The outflow time 7 depends on the degree of
overlap of the two O'® nuclei and therefore on
their relative distance. To simplify the problem
of fixing 7 we introduce some assumptions:

(a) The nuclear matter flows out in the direc-
tion of the smallest resistance, which is the di-
rection perpendicular to the relative motion of
the two nuclei (see Fig. 2).

(b) The expansion of the overlap region leads
to compression oscillations. The density oscil-
lates about the equilibrium state. Since the out-
flow of matter is thought of as an irreversible
process and our model contains no damping
force, we assume an outflow time 7 of half this
oscillator period. This assumption needs further

FIG. 2. Model for the imaginary part of the ion-ion
potential. The compressed nuclear matter flows out of
the region of higher density shown by the shadowed
area. The arrows indicate the flow of compressed
matter. The cylinder is equivalent to the overlap vol-
ume and expands radially to the dotted size drawn in
the right-hand figure.

improvement in the future.

(c) To clarify the concept of the oscillator we
replace the volume of the overlap region by a
cylinder of fixed height as shown in Fig. 2. The
radius of the cylinder becomes the oscillator co-
ordinate. Additionally we choose a proper densi-
ty distribution in the cylinder depending only on
the radial coordinate and normalized by the mass
in the overlap region.

(d) Instead of expression (1) it is convenient to
treat the potential energy of the oscillator by

Eot” (/20 [ (0-p Fd. ©)

In Epot we neglect the finite range of the attrac-
tive potential in (1) and the Coulomb energy.

Near the point of contact the density is too low,
no compression takes place yet, and consequent-
ly no outflow occurs. Therefore, the imaginary
potential starts first at a certain degree of over-
lap (see Fig. 1). At the starting point of W the
described mass cylinder oscillates with a zero
amplitude according to the potential energy (9).
As the ions overlap more and more, the oscillat-
ing mass increases and, consequently, the out-
flow time 7 increases which in turn leads to a
decrease of the imaginary potential.

Since no further free constants appear in the
model of the imaginary part we have only to
choose the five parameters W,, p,, C, V, and u
of Eq. (1) in order to fix the potentials. Though
W,, Py, and C are approximately known from nu-
clear matter work,** we adjust W,, p,, and V
for a given value of C and u to the binding ener-
gies of O'® and S* (-127.6, -271.8 MeV) and to
the equivalent radius of O or $* (3.40, 4.10 fm).
For example with Roie= 3.40 fm, C=100/9 MeV,
and 4 =0.8 fm we find W= -15.74 MeV, p,=0.154/
fm® and V=-594 MeV fm. With that the follow -
ing nuclear properties result in agreement with
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FIG. 3. Comparison of the experimental 90° (c.m.)
differential cross section for elastic 0¥-0¢ scatter-
ing with the theory. The experimental points (open cir-
cles) are measured by the Yale group. In the upper
half of the figure the theoretical curve is calculated
without the imaginary part of the potential, in the low-
er half with the imaginary part. The parameters of the
curves are those of Fig. 1.

experiment: The equivalent radius of S$** is 4.18
fm, the surface thicknesses of O' and S are
1.79 and 2.18 fm, respectively, and the specific
constant of the surface energy in the mass for-
mula is 17 MeV.

The range U of the attractive force causes two
main effects in the cross section: (a) It influenc-
es the absolute value of the cross section sensi-
tively up to 15 MeV, since it changes the height
of the Coulomb barrier. (b) The position of the
maxima and minima above 16 MeV is shifted to-
wards higher energies with decreasing range (.
So we adapt the range ¢ by the low-energy elas-
tic ion-ion cross section and by the position of
the resonances.

Finally the last parameter C is used to fix the
absolute value of the peaks. With increasing C
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the imaginary part of the potential also increas-
es, and, therefore, absorption becomes more ef-
fective. Because the theoretical cross section is
sensitive to C, this method can be used to deter-
mine the nuclear compressibility constant from
ion-ion scattering data.

In Fig. 3 we compare our calculations with the
experiment.! The potentials used are drawn in
Fig. 1. The importance of the imaginary poten-
tial is evident. The theoretical cross section is
too high in the energy range above 33 MeV. Be-
cause our calculated imaginary part is energy-
independent this obviously shows that in the high-
er energy region energy-dependent inelastic re-
actions take place.® It is clear that such a crude
treatment can only account for the main struc-
ture of the excitation function and that the fine
structure deserves further investigation.

The constant C is found to be 100/9 MeV. With
that we calculate the effective compressibility
constant of the S% compound system to be 201
MeV. Further details will be published else-
where.5
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