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Limitation of Heavy-jon Fusion: Fusion of Aligned 23Na with 23Na
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The excitation function for fusion of "Na with "Na was measured in the energy range
40«E, «88.5 MeV. Additionally, the tensor analyzing power T2O was determined to be
T20= —0.0060+0.0125 at E, =85 MeV. The results are discussed in terms of an entrance-
channel versus a compound-nucleus model for the observed limitation of fusion. A typical
entrance-channel model, the surface-friction model, which is able to describe all fusion excitation
functions leading to ~Ti, fails to reproduce the observed value of T20. The data are consistent, on
the other hand, with the compound-nucleus interpretation.

PACS numbers: 25.70.Jj, 24.70.+s

One of the open questions in present-day research
on heavy-ion fusion is the limitation of complete
fusion at high energies. ' At low energies the fusion
cross section is determined by the grazing angular
momentum and exhausts a fair fraction of the total
reaction cross section. At higher energies the fusion
cross section starts rather suddenly to deviate from the
reaction cross section and after reaching a maximum
decreases again. Two completely different concepts
have been proposed to explain this limitation of the
fusion process: One is based on the entrance-channel
properties, the other on the properties of the com-
pound nucleus.

The conventional approach clarifying this situation is
the comparison of various entrance channels leading to
the same compound nucleus. 23 Here we present
results for a new entrance channel (23Na+23Na) lead-
ing to one of the most studied compound nuclei4 8:
~Ti (Fig. 1). In addition we use a new tool: the mea-
surement of the second-rank tensor analyzing power
T20 for fusion of 23Na with 23Na. This experiment pro-
vides new, independent information by testing the
sensitivity of the fusion cross section to the alignment
of one of the deformed reaction partners. It clearly
points to a compound-nucleus explanation for the lim-
itation of the fusion cross section in the system under
io.vestigation.

At low energies, near and below the fusion barrier,
it is well known experimentally that the alignment of
deformed nuclei influences the fusion cross section
considerably. 9 '2 Among other calculations those'3
within the surface-friction model, '4 an entrance-chan-

nel model, reproduce the data around the barrier,
received with aligned 7Li and 23Na beams, very well.

This model also predicts small but nonvanishing
values of the analyzing power T20 for the fusion of
23Na with 23Na at high energies. '3 On the other hand,
any (simple) interpretation of the limitation of the
fusion cross section within a compound-nucleus model
has to predict no dependence of the fusion cross sec-
tion on the alignment, and therefore a vanishing
second-rank tensor analyzing po~er T20. This predic-
tion is based on the general argument that any kind of
entrance-channel variables, among them various
orientations of the alignment axes of the deformed
projectile, cannot affect the fusion cross section if it is
determined exclusively by the properties of the com-
pound nucleus. (A more sophisticated analysis is
found below. )

The experiment, which will be described in greater
detail in a forthcoming paper, 's was performed at the
Heidelberg MP-tandem-postaccelerator facility using
unpolarized and polarized (aligned) 23Na beams from
recently installed atomic-beam sources. '6' The ener-
gies of the unpolarized beams ranged from 80 to 177
MeV. The measurement with the aligned beam was

performed at a beam energy of E= 170 MeV only.
A time-of-flight spectrometer'8 was used to detect

the reaction products at up to eighteen angles ranging
from 8„b=2' to H„b= 30'. The achieved time resolu-
tion of 70 to 100 ps, with an energy spread of 1 MeV,
allowed for the separation of individual masses in the
region of interest (A ( 45). The targets consisted of
100 to 150 p, g/cm2 NaBr on 10-15-p,g/cm2 '2C back-
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ings. The separation of the evaporation residues
resulting from the 23Na+'2C fusion on the carbon
backing from those of the 3Na+ 3Na fusion was
achieved by analysis of the velocity spectra for each
mass. The uncertainty in this separation is important
for the determination of the cross section for the low-

mass evaporation-residue-like fragments from 23Na

+23Na fusion. But because of the small contribution
of these masses, the integrated fusion cross section is
affected only slightly by this uncertainty. The values
for the total fusion cross section were obtained by in-
tegrating the measured differential cross sections der/
d8 for the evaporation-residue-like fragments over 18.
Absolute values of these cross sections were obtained
by normalization to the Rutherford cross section.

The contribution of the incomplete fusion process to
the total ~3Na+23Na fusion cross section, which for
symmetric systems cannot be deduced from the differ-
ence between the compound-nucleus velocity and the
mean velocities of the evaporation-residue-like frag-
ments, was estimated to be small. This estimate was
based on the general dependence of the threshold en-
ergy for the onset of incomplete fusion on the mass
asymmetry in the entrance channel. '9

The tensor analyzing powei' T2p for the fusion of
23Na with 23Na was obtained by comparing the fusion
cross section o.,i for an aligned beam with the cross
section iT for an unpolarized beam and normalizing
with the alignment t2o of the beam, 20 according to
T20=(o.,i/o —I)/r2o. In order to reduce systematic
errors, the beam was switched between different
polarization states at intervals of approximately 2 s.
The reaction 'H(23Na, a)2oNe~, at 0' has an energy-
independent analyzing power T20= —1,2' and was
used to determine the alignment r20=0.23+0.05 of
the accelerated 170-MeV 23Na beam. At this energy
the analyzing power for fusion of 23Na with z3Na

turned out to be T2q= —0.0060+0.0125, which is
consistent with zero. The error includes both statisti-
cal and estimated systematic contributions.

Figure 1 shows the excitation function for fusion of
23Na with 23Na together with data for four other en-
trance channels leading to the same compound nucleus
~Ti.4 8 Also plotted in this figure is the value for the
tensor analyzing power T2ii measured at E, =85
MeV. The limitation of the fusion cross section is ob-
vious in the 2oNe+26Mg and in the 23Na+23Na data
which extend to sufficient high energies. The formula

o. (E) = mW'(l +1)'
which gives the fusion cross section o.(E) in terms of
a critical angular momentum l„;„ is often used to re-
late the fusion cross section to the properties of the
compound nucleus. Figure 2 displays all data points of
Fig. 1 in form of an l„;,E' plot, E' being-the excita-
tion energy of the compound nucleus. This plot indi-
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FIG. 1. Excitation functions of the fusion cross section
for different entrance channels 'IO+ 'OSi (Ref. 4), "0+""Si
(Ref, 5) 'IF+27Al (Refs. 6 and 7) Ne+26Mg (Ref. 8),
and 'INa+23Na (this work), all leading to the same com-
pound nucleus ~Ti. Also plotted is the tensor analyzing
power T20 for fusion of the aligned deformed "Na projectile
with the Na target. The solid lines display calculations
within the surface-friction model (Refs. 14 and 23 ). The
dashed curve in the Tqo plot represents the prediction of the
compound-nucleus model (multiplied by a factor of 10).

cates that, for sufficient high excitation energies(E') 70 MeV), all data points converge towards one
curve. This points to the properties of the compound
nucleus as a reason for the observed limitation of the
fusion cross section. Figure 2 displays also the yrast
line E„„„,(l) and the statistical yrast line Es„„(l),"

Esvt ( I) = E„(I) +5 Q

= (ll 2/28 ) l ( l + 1) +6 Q, (2)

calculated with a moment of inertia for a rigid sphere
[8=(2/5)MR2] with R=1.2Ag fm for the com-
pound nucleus ~ Ti. According to the systematics
of Lee, Matsuse, and Arima, 22 b, Q was chosen as
AQ =10 MeV.

Like the compo ond-nucleus yrast-line concept,
entrance-channel models are also able to explain the
limitation of the fusion process. Moreover, some of
the entrance-channel models describe excitation func-
tions of the fusion cross section successfully in a wide
energy range. Calculations within the surface-friction
model, ' which is able to describe a large variety of
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angular momentum which can be stood by the com-
pound nucleus. Taking the spin sof the projectile into
account, I„;, is replaced by a critical total angular
momentum I„;,. Then for a polarized beam, in a sin-
gle substate m, the fusion cross can be calculated to
be'4

r

crit J+S
a. =+4.2Q X (sml0~ Jm) (21+1),J,l = ll —sl

whereby the orbital angular momentum /and the spin
s of the projectile couple to the total angular momen-
tum J. This leads to

— Yrast line

0 -'
0 10

I

20 30 40

lcrit. {ft}

FKJ. 2. Excitation energy of Ti vs critical angular
momentum I„;,. The data points of the different entrance
channels leading to the compound nucleus ~Ti are deduced
from the experimental cross sections of Fig. 1 by use of the
sharp cutoff procedure. The yrast and statistical yrast lines
(SYL) are also plotted.

systems„are plotted in Fig. 1 as solid lines. They

reproduce the five excitation functions of the cross

section for fusion leading to ~Ti reasonably well. Ob-

viously, both the entrance-channel and the
compound-nucleus concepts are able to reproduce the

limitation of fusion as far as excitation functions are

concerned.
In order to predict second-rank-tensor analyzing

powers T20 within the surface-friction model, trajec-

tories for aligned nuclei have to be calculated. For
this, conservative and friction forces depending addi-

tionally on the alignment of the symmetry axes of the

deformed projectile have to be introduced as well. The

T20 plot in Fig. 1 shows the result of such a calculation

as a solid line. '3 In the energy range 40~ E, ~ 100
MeV the calculated tensor analyzing power T20 for

fusion of 23Na with 23Na is negative (because of the

positive quadrupole moment of 23Na) and increases

with energy to a few percent. Despite its relatively

large error bar, the experimental value clearly

disagrees with the prediction of the surface-friction
model. This might point either to a failure of this

model or to a need to refine it.
On the other hand, and also within the statistical

yrast-line model, an estimate for T20 can be obtained.
Within this model I„;, is interpreted as the maximum

T20 = nK—2/a'

The prediction of the compound-nucleus model
(multiplied by a factor 10) is shown as dashed curve in
the T20 plot of Fig. 1. At E, m =85 MeV T20= —5
x 10 4 is in good agreement with the data.

Another hint that compound-nucleus properties ex-
plain the limitation of fusion at high energies is the
fact that the experimental values of T20 for the indi-
vidual evaporation-residue-like masses are also in
agreement with zero and show no mass dependence. '5

Since evaporation residues with different masses are
correlated with different parts of the angular momen-
tum distribution, this experimental result indicates the
insensitivity of the fusion cross section at this energy
to entrance channel angular momenta.

In summary, this experiment on the 23Na+23Na

fusion has added to the investigation of the fusion to
the compound nucleus 6Ti via a new heavy-ion en-
trance channel. The T20 datum point for fusion of
23Na with the aligned 23Na projectile is the first ene of
this type measured for heavy-ion fusion at high ener-
gies. It demonstrates that the second-rank-tensor
analyzing power T20 represents a sensitive test for the
heavy-ion fusion mechanism at high energies. The
results obtained for the fusion cross section and T20
are consistent with a compound-nucleus explanation of
the limitation of fusion. An entrance-channel model,
the surface-friction model, is able to describe in detail
the fusion excitation functions of different entrance
channels leading to the compound nucleus 46Ti. How-
ever, this model fails to reproduce the value of the
tensor analyzing power for the 23Na+23Na fusion at
high energy. Future work, both experimental and
theoretical, on this problem has to investigate whether
this failure is one of a fundamental character or wheth-
er it merely reflects the incompleteness of the model.
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