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Polarization in Heavy-Ion Inelastic Scattering in the Coulomb-Nuclear Interference Region
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The polarization in the region of Coulomb-nuclear interference has been determined
from the y-ray correlation following excitation of the 856-keV 2+ state in Fe by 48-MeV
~60 ions. Elastic and inelastic scattering cross sections were also measured. Dramatic
interference effects are observed in the transition amplitudes which can be reproduced.
by coupled-channel distorted-wave calculations.

Inelastic scattering data for heavy ions exhibit,
in certain cases, ' a narrow and deep minimum in
the inelastic cross section at a scattering angle
corresponding to a grazing collision. This dip,
attributed to Coulomb-nuclear interference, can
be reproduced by distorted-wave calculations us-
ing several optical potentials. ' The analysis of
such data yields the heavy-ion-nucleus potential
in the surface region which is also important for
transfer reactions. To understand better the re-
action mechanism and to determine the optical-
model parameters for these reactions the elastic
cross section for 43-MeV "0 ions scattered by
"Fe has been measured along with the inelastic
cross section of the 856-keV, 2' excited state.
The m-state transition amplitudes, which are
more sensitive for the Coulomb-nuclear interfer-
ence, have also been determined from a complete
y-ray angular-correlation measurement as a
function of the particle scattering angle. The lat-
ter measurement gives a check of the validity of
the Coulomb-nuclear interference explanation of
the observed behavior. Coupled- channel effects,
in particular the reorientation effect due to the
nonzero static electric quadrupole moment of the
"Fe 2' state, 2 have also been investigated and
shown to be important.

The elastically and inelastically scattered ions
were measured at angles from 15' to 110' by us-
ing a 43-MeV "0beam from the Rochester MP
tandem Van de Graaff accelerator. The two most-
abundant charge states of ions scattered by a 5-
10 pg/cm' isotopically enriched "Fe target (on a
10 pg/cm' carbon backing) were detected by two

position-sensitive silicon detectors in the focal
plane of the Enge split-pole magnetic spectrom-
eter. The charge-state distribution of scattered
"0 ions was measured repeatedly during the ex-
periment. Since the two most-abundant charge
states contained at least 75% of the total strength,
the uncertainty due to the charge-state distribu-
tion was negligible. The elastic cross section,
plotted as a ratio to the Rutherford cross section,
and the inelastic scattering cross section are
shown at the top of Fig. 1. The inelastic scatter-
ing data has a minimum at the grazing angle y&,
=80' where the elastic cross section displays a
maximum.

The de-excitation y correlation was measured
using a 150 pg/cms isotopically enriched '6Fe
target on a 20 pg/cm' carbon backing. Four sili-
con surface-barrier particle detectors, masked
to subtend 1.8' in the scattering plane, were
placed in a hemispherical chamber to detect the
scattered "0 ions. Six 3 in. &3 in. NaI(T1) y-ray
detectors were placed at 15 cm from the target
and at any angle in the upper hemisphere. Data
for any one of the six y detectors in coincidence
with any one of the four particle detectors (24 in-
dependent measurements) were simultaneously
collected. A time resolution of 1.3 nsec (full width
at half-maximum) was sufficient to discriminate
against contaminant groups mainly from transfer
reactions which had different times of flight. The
particle and y energy, time difference, and count-
er identification were stored event by event on
magnetic tape and subsequently analyzed using
the Rochester Nuclear Structure Research Labor-
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points, each with statistics of a few hundred
counts.

The de-excitation y-correlation data are suffi-
cient to determine completely the transition am-
plitudes for any particle scattering angle. The
transition amplitudes are most conveniently ex-
pressed in a coordinate system in which the x ax-
is is along the beam direction and the z axis is in
the k, xkf direction. In this system the odd-m
amplitudes are zero, and the three magnitudes
I T+, I, I T-, I, and I T, I and two relative phases6„—5, and 5, —5, of the even amplitudes com-
pletely determine the transition. 4 Furthermore,
the in-plane y correlation depends only on the + 2
transition amplitudes. For a point detector the
in-plane angular correlation is given by

~(g&=90', yz) =A —B cos[4(yz —y, )j,

where
V) 2—
E rY

2.0—

l.O: ~ =2

A =( 5/16m)( TI+21'+ I T 212),

the anisotropy

B/A = 21T„II T 21/( I T„I'+ I T 2 I2),

and the symmetry angle

q, =-,'(v„-c,). (4)
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FIG. 1. As a function of the c.m. scattering angle,
(a) the ratio of elastic to Rutherford cross sections,
(b) the inelastic cross section to the 2+ state, and
(c)-(e) the m-substate populations of the 2+ state. Dots
are data with the magnetic spectrometer; open circles
are y-ray angular-correlation data. The solid lines
show the coupled-channel calculation results, the
dashed lines show distorted-wave Born-approximation
(DWBA) predictions and the dotted line in (b) shows the
coupled-channel calculation assuming Q&+ = D. The
quantization axis is chosen in the direction k; &k~.

atory PDP-6, POP-8 data-acquisition system. '
Measurements were performed at 28 particle de-
tector angles in the range y, =38' to 131' and
many y angles, giving a total of about 550 data

The m = 0 transition amplitude I T, I and relative
phase 5, —6, are determined by the out-of-plane
y-correlation data. At each scattering angle a
least-squares fit to the data was made with the
five variables (do/dQ)2„A, anisotropy B/A, and
the two relative phases. With these parameters,
the identification of the ( T

„

I and I T, I ampli-
tudes is ambiguous because of their symmetric
dependence in Eqs. (2) and (3). However, at for-
ward angles only the IT, I component is impor-
tant, allowing one to assign correctly the transi-
tion amplitudes at all angles. The calculated y
correlation included corrections for the finite
size of the y detectors, for the decay in flight of
the recoiling nuclei by using the expressions of
Lesser, ' and for the attenuation of the correla-
tion due to hyperfine interactions (deorientation
effect) by assuming a pure magnetic interaction
and using attenuation coefficients measured by
Lesser et al. '

The experimentally determined m-state popula-
tions (do/dQ) =

I T 1' are shown as a function of
c.m. scattering angle in Fig. 1. The relative
phases are shown in Fig. 2. A dramatic dip is
observed in the m =+ 2 amplitude accompanied by
a large shift in the relative phase 5„—6, at
y, =78' that is near the grazing angle. This is
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FIG. 2. The relative phases of the transition ampli-
tudes to the 2+ state as a function of the c.m. scatter-
ing angle. The solid lines show the coupled-channel
calculation results; the dashed. lines show DWBA pre-
dictions.

accompanied by a large decrease in the anisotro-
py and a shift of the symmetry angle of the y cor-
relation in the scattering plane. At the interfer-
ence minimum, the recoiling ' Fe are almost
completely polarized because here only the m
= —2 substate contributes to the in-plane y corre-
lation (Fig. 1) and, therefore, the in-plane corre-
lation is essentially isotropic.

The search program JIBB' was used to find the
best Woods-Saxon optical-model parameter set
to fit the elastic scattering data. The fitted curve
shown in Fig. 1 was obtained for V= 30.0 MeV,
W=7. 6 MeV, r, =1.30 fm, r,.=1.30 fm, gp 0 533
fm, a, =0.37 fm, and r, =1.25 fm, values close
to those obtained from fits in the Ni isotopes. '
The optical-model parameters were used in a
DWBA calculation of the transition amplitudes us-
ing a version of DWUCK' modified to treat the
Coulomb excitation properly by including up to
200 partial waves. " A collective form factor
was used with B(E2:0'-2')/e'=974 fm' and P,
=0.23. This value of P, corresponds to an effec-
tive isoscaler Bq,(E2:0'-2')/e'= 1200 fm4 with
the assumption of a Fermi charge distribution
with "Fe r, ~,=3.825 fm. The results of this cal-
culation are shown by dashed curves in Figs. 1
and 2. Although these calculations qualitatively
exhibit the observed behavior, they are unable to
reproduce the 6+, —6, phase behavior for any
reasonable value of B(E2:0'-2') and P,.

A coupled-channel (CC) calculation' was per-
formed with 8'=3.6 MeV and otherwise using the
same parameters, collective form factors, B(E2),
and P„andboth with and without a rotational val-
ue for the excited-state static quadrupole moment
(Q„/e= —28 fm', in agreement with experiment. ')
These are shown by solid and dotted lines in Fig.
1(b). The complete CC calculation, including the
static quadrupole moment, is in excellent agree-
ment with the data. The fit to the elastic scatter-
ing data is comparable, but the observed discon-
tinuity for 6„—6, is reproduced correctly. The
excited-state static quadrupole moment produces
a 2' shift in the position of the interference mini-
mum and about a 40/0 reduction in the back-angle
inelastic cross section. One feature of the CC
calculation is to reduce the rise of the elastic
cross section above the Rutherford prediction by
coupling to the 2' state, while in the DWBA cal-
culation this is done by an increase of the imagi-
nary potential.

To understand qualitatively the Coulomb-nucle-
ar interference, each transition amplitude is a
coherent sum of the Coulomb and nuclear com-
plex amplitudes:

T =exp(i5 )(a —a„"exp[i(5"- 5 )]). (5)

The oscillating behavior results from the scatter-
ing-angle dependence of the phase difference 6
—6 ", mainly determined by the optical potential.
A DWBA calculation has been performed where
the Coulomb part and the nuclear part of the form
factor were separately set to zero. The nuclear
transition amplitude is very small a,t forward
scattering angles, as expected, and behaves sim-
ilarly for each m substate. However, the Cou-
lomb amplitude varies strongly with the m state,
and for the rn =+ 2 substate is the smallest, being
about the same magnitude as the nuclear ampli-
tude, resulting in the considerably more striking
interference effects for this transition amplitude
than for the inelastic cross section. The behav-
ior of the phase 6„-5, depends on the relative
size of the Coulomb and nuclear amplitudes as
the Coulomb-nuclear phase passes through zero.
That is, the occurrence of the discontinuity in
6+, —~, as plotted in Fig. 2, depends upon wheth-
er the vector difference of the Coulomb and nu-
clear amplitudes rotates clockwise or counter-
clockwise through the interference minimum.

We conclude that the dramatic effects seen in
the polarization measurements can be entirely
understood in terms of Coulomb-nuclear inter-
ference. Whereas the conventional DWBA ana, ly-
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sis does not account for all the observed fea-
tures, inclusion of coupled-channel effects proves
to be important. In particular, for back-angle
scattering the reorientation effect due to a non-
zero excited-state quadrupole moment produces
an appreciable effect, and in the interference re-
gion a correct ratio of the Coulomb to nuclear
amplitudes is obtained.
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Yields of 156 nuclides were measured radiochemically to delineate the mass distribu-
tion in the reaction of 605-MeV Kr with thick 3 U targets. The yields are consistent
with decomposition of the mass distribution into five components: transfer products (700
+120 mb), 'Quasi-Kr" products centered at A ~ 85 (470+70 mb) and the products from
symmetric fission of their complements (420 + 60 mb), products from low-energy fission
of Z~ 92 nuclides (200+40 mb), products from complete fusion-fission {55+15mb), and
unexplained neutron-deficient yields at A = 195 ( 40 mb).

A new phenomenon has been observed in heavy-
ion reactions and has been termed "multinucleon
transfer, "' "quasifission, "' "relaxation phenom-
ena, "' and "deep inelastic scattering. "4 These
reactions are characterized by energy equilibra-
tion without mass equilibration, resulting in
(i) two fragments with masses close to the ta.rget
and projectile masses, (ii) fragment kinetic en-
ergies close to the calculated Coulombic repul-
sion of two normal fission fragments, and (iii) an-
gular distributions distinct from those for com-
plete fusion-fission. For ions with Z ~ 18, these
new reactions were observed to have modest
cross sections' in contrast to the complete fu-
sion process that accounts for an important part
of the reaction cross section. ' For reactions of
"Kr ions with '"Bi, much of the total interaction
cross section goes into the new reaction chan-
nel,"contrary to expectations, whereas the
complete fusion-fission cross sections were

found to be low. ' The "Kr results were ob-
tained by measuring fragment- fragment coinci-
dences at correlated angles.

The work reported here is a radiochemical
measurement of the mass yield distribution for
the reaction of Kr with thick targets of U.
This technique provides yields of radioactive
products uniquely characterized with respect to
Z and A. The integral nature of these cross sec-
tions supplies information that is independent of
any assumptions about the reaction mechanism.
These data are used below to complement the in-
formation about mass distributions obtained in
kinematic coincidence measurements, in which
masses are deduced indirectly from the labora-
tory energies of the two fragments by assuming
full momentum transfer from the projectile to
the combined system. Also, kinematic coinci-
dence measurements lack strict differentiation
between inelastically scattered projectiles and

502


