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Compound-nucleus cross sections from heavy-ion reactions are here parametrized by
two terms: one for the compound nucleus and one for the entrance channel. The former
is simply based on A,„&the latter involves the tails of the nuclear charge-density dis-
tributions for the projectile and target. Excellent agreement is obtained with a wide
range of experimental excitation functions. No parameter adjustments, even between
the lightest and heaviest systems, are necessary.

Heavy-ion compound-nucleus cross sections
(v„),generally measured as the sum of fission
and evaporation-residue cross sections, have
been described with success in the models of
Glas and Mosel' ' and of Bass. ' A shortcoming
of the former model, however, is the number of
free parameters (five) to be fitted for each pro-
jectile-target system. Bass offers a set of uni-
versal parameters, but to obtain good fits to a
wide range of systems at energies both above and

below the abrupt change of slope where a plot of
v,„vsI/E turns over, several parameters need
to be adjusted for each case. In his calculation
of the universal potential function g(s), six em-
pirical parameters are invoked.

This Letter suggests a simpler empirical for-
mulation which gives excellent agreement with
measured cross sections throughout the range of
systems examined: "N+ "C to "Cl+'"Sn. Agree-
ment is found for energies from just above the
Coulomb barrier, 1.2E

„

to beyond the energy F j.
for which Bass' predicts the onset of tangential
friction. This range includes the kink at which
Glas and Mosel change potential and radius pa-
rameters from their "barrier" to "critical" val-
ues. Our results are obtained using empirical
charge-density distributions' and making no pa-
rameter adjustments throughout the range of en-
ergies and systems studied.

From a simple classical argument as well as
from a wave mechanical derivation assuming the
sharp-cutoff approximation (see Scobel et al. ' for
a brief discussion), the compound-nucleus cross
section may be written as

o (E) =nR'[I-V(R)/Z],

where R is the distance of closest approach, V(R)
is the potential at R, and E is the incident ener-
gy in the center-of-mass system. If V(R) were
taken simply as the Coulomb potential, then at
low energies Eq. (I) might be a reasonable ap-
proximation to the fusion cross section for fixed
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FIG. 1. (a) Comparison of the parameter p for 4~Ca

formed by F+ Na and by ~60+ 6Mg, showing lineari-
ty in E~ ~ . Similar slopes but different intercepts
are obtained. (b) Experimental fusion cross sections
from which p was obtained using 0,„=7'(p —D). The
data are from Ref. 9.

fusion distance R. Clearly this would be a gross
oversimplification, since with increasing inci-
dent energies the nuclear interaction should be
of increasing significance. Rather than including
the nuclear potential in V, we introduce a vary-
ing parameter, p, in place of the fixed distance
R. If we define the collision distance, D =Z, Z~'/
E as the product of target and projectile nuclear
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System m (fm/Mev)

i4N + i2(

iBF + i2C

S+ Mg
32S + 27A

3 Cl+ Al
"Cl+ "Ti
35( 1+62Ni
35C1 + ii6Sn
35C 1 + i24Sn

8.71
9.25

10.83
10.88
11.12
12.02
12.43
18.56
18.57

—0.0758
—0.0610
—0.0848
—0.0884
—0.0822
—0.0261
—0.0235
—0.0179
—0.0174

TABLE I. Parameter s for calculation of p = mE + b.
b is the sum of radii at 1.35@ of central density for tar-
get and projectile. Charge-density distributions are
taken from Bef. 7 and the value for Cl is estimated
from systematics of radii. m is calculated from Eq.
(4)

cept in plots of the type shown in Fig. 1(a). This
figure, and the cross-section plot [Fig .1(b)] show
data for the same compound nucleus, Ca, made
by two different reactions. ' The fact that the two
lines in Fig. 1(a) have the same slope but differ-
ent intercepts suggests that ~ may be dependent
on the compound nucleus and 5 on the entrance
channel. Starting with this possibility, we in-
vestigate the systematics of the two quantities
with a view toward establishing general expres-
sions for them.

Two-parameter (m and b) fits to the data give b
=—1.80(A,"'+A,'i') with deviations of up to 8% in
the coefficient for various systems. A more uni-

t
—f.2

charges divided by energy, then
+ Mg- 08

24

This is not to say that we expect the true poten-
tial to be Coulomb in nature, but that within Eq.
(2), p is required to compensate for effects of
the nuclear inter a,ction.

We have investigated how p must vary so that
the observed experimental fusion cross sec-
tions' "can be represented by Eq. (2). Over the
range of energies specified (1.2E, to E1), a sim-
ple linear relationship is observed, i.e. ,

(3)

where ~ =dp/dE is the slope and b is the inter-
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FIG. 2. A „~of the compound nucleus plotted as a
function of —1/m for compound nuclei from Al to
i~eHo. m was obtained from Befs. 8-18 after 6 was
fixed as the distance between centers for overlap to
1.85% of the centra, l density.
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FIG. 3. Compound-nucleus excitation functions cal-
culated from nuclear charge-density distributions using
Eqs. (4) and (5). The values of m and b obtained are
listed in Table I. No parameters are adjusted between
the lightest and heaviest systems. The vertical bars
are experimental points: 4N+i2C from Bef. 10, '~F
+i C from Befs. 11 and 12, 3 S reactions from Bef. 1$,
and Cl reactions from Bef. 8.
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form expression for b may be obtained from an
examination of experimental nuclear charge-den-
sity distributions. ' Defining "contact" as overlap
to 1.35'%%u&. of the central density for each of both
target and projectile universally reproduces 5 as
the distance between centers. A choice of, e.g. ,
1 20.%%uo would give 5's larger by -0.15 fm. Values
obtained are listed in Table I. b would then seem
to be the distance at which the nuclear potential
becomes significant. In this connection, one
might conjecture that the nuclear matter-den-
sity distribution should be of greater significance
than the more readily available charge distribu-
tion.

With b established, m =n 'Q;(p,. —b)/E, is eas.y
to extract from experimental excitation functions
with n energy points. A plot of m '(MeV/fm) ver-
sus a simple compound-nucleus radius, taken as
A 'I'(fm) (see Fig. 2) reveals a convincing linear-
ity:

pie, the experimental maximum for "N is great-
er than that for "N by 19%. Despite the fact that
we use charge distributions rather than matter
distributions, our calculations obtain a, 12% in-
crease in cross section for "N over "N. This is
encouraging and may be attributed to the fact that
though the rms charge radius only varies by 0.04
fm' between the two isotopes, the radius at 1.35%%ug

(of central density) changes by 0.23 fm. Ex-
pressed as a percentage of the radius, the change
is more than three times as great at the tail of
the potential as at the rms radius, and further
underscores the importance of the tail of the nu-
clear potential in compound-nucleus r eactions.

A survey of greater scope, fitting gyes and b to
experimental cross sections in the equation

o (E) =m(m'E'+2mZb+5'

'= 18(2 23 A 'i') (4)
—m ZiZ2e —bZiZ2e /8) (5)

Values of ~ calculated from (4) are listed in Ta-
ble I. Both the dimensionality and the magnitude
of the coefficient on the right-hand side of Eq.
(4) correspond to the liquid-drop surface-energy
parameter, a, = 18 MeV/fm'. The quantity m
has the dimensions of a potential gradient and

~F- is the amount by which the nuclear potential
reduces 5 to yield p at a given incident energy.
The reader should be cautioned that though it is
perhaps an analogous quantity, ~ ' is not the
actual potential gradient of the system at p(F).

Simply fitting m and b to individual excitation
functions (Fig. 1), one obtains excellent agree-
ment with data by using these two parameters
where previous models required more. What is
of greater interest, however, is that it is now

possible to calculate cr,„(E)for the entire range
of heavy-ion systems' " "using only the experi-
mental radii at 1.35% charge density' and m as
expressed in Eq. (4). This has been done for
representative systems from ' N+ "C to "C].
+" Sn and the results are shown in Fig. 3 (see
also Table I). Note that there are no adjustments
in the calculation between the lightest and the
heaviest systems. The systems of Fig. 1, "F
+ "Na and "0+"Mg are discussed in greater de-
tail in Ref. 9.

In a recent presentation of fusion systematics
Kovar et al. '~ point out that, in contrast to predic-
tions, the maximum observed fusion cross sec-
tion for N+ C substantially exceeds that of
other P-shell projectiles on carbon. For exam-

may yield improved values for the constants in
Eq. (4) and for the density determining b, par-
ticularly if a good measurement of the charge-
density distribution of "Cl were available.
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7i'e study a model of a deformed nucleus in which protons and neutrons are described
as interacting rigid rotors with axial symmetry. The nucleus as a whole is no longer
axially symmetric. A magnetic-dipole collective state describing rotational oscillations
of protons against neutrons is predicted.

The electric dipole giant resonance is an iso-
vector collective excitation existing in all nuclei.
It has a semiclassical interpretation as a trans-
lational oscillation of protons against neutrons. '
This two-fluid picture suggests the existence of
additional modes of excitation in deformed nu-
clei. For instance, the neutron and proton de-
formed fluids might perform rotational oscilla-
tions of opposite phase around a common axis, '
generating an isovector magnetic resonance. '

In this paper we study the properties of a de-
formed nucleus in which protons and neutrons
are described as identical rigid rotors with axial
symmetry. The orientation of the two rotors is
completely specified by the Euler angles a~, P~,
n„,and P„needed to identify their symmetry .

axes Et, and E„.
If relative translational motion is excluded, the

kinetic energy of the whole system about its cen-
ter of mass is

r =(I/2iI, )[(r, ~')'+ (r ~')'+(lt„')'~(l„„'")'J,(I)

where I@~, I&~, I&„",, and I„~are the compo-
nents of the angular momenta of protons and neu-
trons along their respective principal axes gp, gp,
$„,and q„(which are arbitrary) and 8, is their
common moment of inertia. Rotations around
the symmetry axes are excluded.

We assume the potential to be a function of the
angle between the symmetry axes f~ and E„,which
we denote by 2~. It is then convenient to express
T in a form which exhibits its ~ dependence. To
this end we define the principal axes for the

whole nucleus:

sin(28)

and the O(4) generators I =I ~ +I" and S =I+ - I ".
As will be shown in a more detailed presentation
of this work, the commutation relations of the
components of I and 8 are satisfied if we put

8
Sg =i—,Sq = —cotOI g, Sg = -tanHIq.

We can now replace the four dynamical varia-
bles n~, P~, n„,and P„bythe Euler angles identi-
fying the principal axes and 0. The correspon-
dence is one to one if we allow the Euler angles
to vary over their full range and 6I to vary be-
tween zero and ~~. In order to express the
Hamiltonian in the new variables we observe
that the kinetic energy can also be written

T = [(8')'+ (I "&)'] = (t'+S')
28o

with the constraint
(P) I (n) P~p ~n

These constraints are automatically satisfied
by the realization (3) of S. We can therefore
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