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The very large deviations from Fresnel diffraction due to Coulomb excitation seen in
heavy-ion scattering can be reproduced by a polarization potential which is derived with-
out making the adiabatic approximation. This potential is predominantly imaginary.

Recent measurements' ' have confirmed that
Coulomb excitation occurring during the scatter-
ing of two heavy ions can have dramatic effects
upon the elastic cross sections when there is
strong coupling to low-lying 2' states. The cross
section deviates from the typical Fresnel shape
by falling below the Rutherford cross section at
small scattering angles which correspond to im-
pact parameters much larger than those for graz-
ing collisions. This is due to the long range of
the Coulomb excitation interaction.

This effect can be reproduced by coupled-chan-
nel calculations which include Coulomb excita-
tion. ' ' However, these are time consuming and
expensive, so there is considerable interest in
having an effective potential to add to the usual
optical-model potential which will reproduce this
effect. We present here such a potential together
with some applications.

The existence of such a polarization potential
was suggested long ago.4 However, previous at-

tempts to construct it have relied upon an adia-
batic approximation which results in a real po-
tential; our approach shows that the polarization
potential is predominantly imaginary.

We construct the potential to second order in
the interaction V coupling the two ions. We will
describe the derivation in detail elsewhere, but
the essential approximation is to use plane waves
in the intermediate states and to consider the ef-
fect of the potential acting on a plane wave. To
lowest order, this is the approach used by Mott
and Massey' for atomic collisions and it results
in a local potential. We next make a sudden ap-
proximation in which it is assumed that the ex-
citation energy of any important intermediate
state is small compared to the bombarding ener-
gy. This yields a polarization potential for a 2~-
pole excitation which has the form
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where

E~(R) =2m'i" f qdqj ~(qR) V~(q), (2)

and V„(q) is the 2~-pole Fourier transform of
V„(R). Here V„(R) is the radial dependence of the
2~-pole part of the interaction V, E, is the
center-of-mass energy, k is the wave number,
and g is the separation of the centers of mass of
the two ions. I'~ is real and we can show that U~ ~
is predominantly imaginary.

The plane-wave approximation assumes no de-
flection or acceleration by the Coulomb field as
the two ions approach. However, we are most
interested in scattering where the deflection is
not very large. Furthermore, the braking effect
in the repulsive Coulomb field may be accounted
for approximately by using the local energy and
local wave number at radius R in place of E,
and k in Eq. (1). This gives a radially dependent
correction factor

K(R) = (1-Z,Z,e'/RE, ) '~'. (3)

[K(R) diverges for R =R~ where R~ = Z,Z,e'/E, ~,
so we arbitrarily set K(R) =K(R, /0. 9) for R&R, /
0.9.] In addition, the derivation of the expression

gg(n, 5) =fg(n, 5)/fg(n, 0),
where ii is the usual Coulomb parameter, '

$ is
the usual adiabaticity parameter,

g =-,'rl~/E,

(4)

and f„(rj, $) is the standard factor' that appears in
expressions for the cross section for 2"-pole
Coulomb excitation. The classical limit for f„is
adequate for the large q values that occur for
most heavy-ion scatterings; values of f„are tab-
ulated in Ref. 4.

When we collect these results, using the Cou-
lomb interaction for V in Eqs. (1) and (2), we ob-
tain an explicit expression for the imaginary part
of U~. (The real part is found to be negligible. )
Quadrupole excitation is by far the most impor-
tant, and for this we find

(1) involved neglecting the excitation energy AE
of the intermediate state relative to the bombard-
ing energy. However, the probability of Coulomb
excitation is known' to depend strongly upon this
excitation energy, because of the lack of high-
frequency components in the long-range Coulomb
interaction. This dependence may be included by
introducing another correction factor,

1 R 4 W,KS)—', fo. R-R
( )

7(R 21 R

——;K(R)W,R'/R, ' for R&R„
where R, is the charge radius; typically, A,
=1.2(A.,' '+&,' '). The strength is given by

W~ = C(pZ~'/k)B(E2, 0- 2)g, ($) MeV fm', (7)

where C = (Sic'/V5)(e'/hc)', or C =0.0166 if the
reduced mass p. is given in atomic mass units,
the wave number k is in fm ', and the B(E2) is in
e'-fm4 units. Z~e is the charge on the ion which
is causing the excitation. (When more than one
state may be excited, the various contributions
are simply to be added. )

The expressions (6) and (7) were tested by see-
ing how well they would reproduce the results of
coupled-channel calculations with Coulomb ex-
citation alone. The results were excellent and
will be described in detail elsewhere. We show
here (Fig. 1) the results of using this polariza-
tion potential, together with a conventional Woods-
Saxon nuclear optical potential Uo to fit the data'
for "0+'~W at 90 MeV. The Woods-Saxon-po-
tential depth was fixed at V=40 MeV, but the
other three parameters, S', y„and a, were ad-
justed for an optimum fit. The B(E2) for '"W

was taken to be (3.76X10')e'.fm' and the result-
ing W~ was increased 'I% to account for other ex-
citations (e.g., of the "0 ion). This gave W~
=88.5 GeV fm'. The fit shown in Fig. 1 was ob-
tained with TV =9.06 MeV, y, =1.313 fm, a=0.45V

1.2—

~ 0.8—
b

0.6--b

0

90 MeV
/

/
/'e,

Up+ Up——U

~ 0~~%
I I I I I I I

10 20 30 40 50 60 70 80 90 100 110
ec.m (deg)

FIG. 1. Fits to the measured (Ref. 1) cross sections
for |p+ +W with use of polarization potential U& a,s de-
scribed in the text.
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FIG. 2. Ilustrative calculations of the of E2 Coulomb
excitation on the elastic scattering of very heavy ions.
The polarization potential U& was used with strengths

=1100 GeV fm ( Ar+ U) and 500 GeV fm ( Kr
foSBt ~d f86~e 208g. )

fm. Also shown is the scattering induced by the
Woods-Saxon potential U, alone. The hope is that
a U, obtained in this way is then a good starting
point for a potential to be used in a full coupled-
channel analysis of the elastic and inelastic data.
This program has not been completed, but pre-
liminary results' are encouraging. Alternatively,
U, + U~ may be used to represent some of the ef-
fects of Coulomb excitation in distorted-wave
Born-approximation calculations of transfer re-
actions.

The effects of Coulomb excitation on the elastic
scattering may be seen stronger for very-heavy-

ion collisions. To indicate this, we present re-
sults using our polarization potential for three
systems that have been studied experimentally. '
The measurements were unable to resolve inelas-
tic scattering to the low excited states, so we
cannot compare directly with these data. How-
ever, for illustrative purposes, we simply took
the optical potentials U„which have been adjust-
ed' to fit these data, and added to them our poten-
tial (6) with reasonable estimates of the strengths

The results are shown in Fig. 2. It is seen
that the nuclear potential U0 for "Ar+" U has
little opportunity to act at all because of the
strong damping due to Coulomb excitation.

Franey" has studied the use of a simple phe-
nomenological imaginary potential of the form
iW~/R" to reproduce the effects of Coulomb exci-
tation. He found an optimum value of n= 6.3. Al-
though our potential has a basic dependence of
1/R', the effect of the local energy correction
(3) is to steepen it so that in the important region
of R it is very close to l/R". Of course, our
strength W~ is determined by Eq. (7) so that our
potential has predictive power, whereas the phe-
nomenological one has to be adjusted to fit the
data.

We are indebted to M. A. Franey and P. D.
Bond for helpful communications and to the latter
for providing the 0+ 8 W data. Useful comments
from C. E. Bemis are also appreciated.

~ ~Oak Ridge Associated Universities Summer Facul-
ty Besearch Participant at Oak Bidge National Labora-
tory, 1976.

~". &Besearch supported in part by the National Science
Foundation.

~ ~Besearch sponsored by the U. S. Energy Besearch
and Development Administration under contract with
Union Carbide Corporation.

~@Summer Research Visitor at Oak Bidge National
Laboratory, 1976.

C. E. Thorn et al. , Phys. Bev. Lett. 38, 384 (1977).
D. J. Weber et al. , Bull Am. Phys. Soc. 21, 1006

(1976).
T. P. Cleary et a/. , Bull. Am. Phys. Soc. 22, 564

(1977).
K. Alder et al. , Bev. Mod. Phys. 28, 432 (1956).

'N. F. Mott and H. W. Massey, Theory of Atomic Col
lisions (Oxford Univ. Press, New York, 1949), 2nd ed. ,
p, 221 ~

J.B.Birkelund et al. , Phys. Bev. C 13, 133 (1976).
M. A. Franey, private communication.


