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Clear Signatures of Specific Inelastic and Transfer Channels in the
Distribution of Fusion Barriers
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Pusion excitation functions for Sm + 0 and 0 have been measured to high precision.
The extracted fusion barrier distributions show a double-peaked structure which is interpreted in
terms of coupling to inelastic excitations of the target. The effect of the neutron stripping channel is
evident in the reaction with O. These barrier distributions show clearly the signatures of specific
inelastic and transfer channels.

PACS numbers: 25.70.Jj

The complex interactions between composite particles
are often approximated by an effective central potential.
The inHuence of internal degrees of freedom on this po-
tential is a general problem in many branches of physics
and chemistry, and is of fundamental importance in de-
scribing the phenomena which may occur during a colli-
sion. In the case of the fusion of heavy nuclei, the cou-
pling between the relative motion and internal degrees of
freedom causes a splitting in energy of the uncoupled fu-
sion barrier. The resultant distribution of fusion barriers
has a shape indicative of the relevant couplings, and is
directly manifested as an enhancement of the fusion cross
section at energies below the uncoupled barrier. The lat-
ter is well known, and, in many previous investigations,
cross-section data have been Gtted by the successive in-
clusion of channels expected to be important [1—7]. This
approach was at the time reasonable, since the value of
very precise cross-section measurements was not realized.

Recently, it has been shown that fusion excitation func-
tions can be simply transformed to reveal directly the
distribution of barriers as a function of energy [8]. The
barrier distribution from precision measurements of fu-

sion cross sections for the 5 8m+ 60 reaction showed
the very distinctive shape due to strong coupling to
the ground-state rotational band (0+ + 2+, 4+, . . .) of

~ Sm. Moreover, the extracted quadrupole and hexade-
capole deformation parameters agreed with those from
nonfusion studies [9,10]. The barrier distribution is also
sensitive to relatively weaker couplings [11],however, in
the presence of strong coupling effects, the small pertur-
bations caused by the former make it difficult to identify
them unambiguously. By choosing 44Sm as a target,
which has no low-lying rotational states, such strong cou-

pling effects should be absent, and hence allow investiga-
tion of the influence of more weakly coupled individual
channels.

This Letter demonstrates that precisely determined
fusion excitation functions can give quantitative infor-
mation about the weakly coupled inelastic and transfer
channels influencing the fusion process, including their
coupling strengths.

The experiments were performed with the 14UD tan-
dem accelerator at the Australian National University.
Targets of Sm, isotopically enriched to 96.5%, with
areal densities of = 40ygcm were bombarded with
pulsed "0 beams in an energy range of 61 ( Et b &

100 MeV. Excitation functions for evaporation residues

(ER) were measured at k2' to the beam axis using a
compact velocity filter [12] to deHect the intense elasti-
cally scattered beam. The residues were detected in a
multiwire proportional counter positioned behind the 61-

ter and were identified by their time of Hight with respect
to the pulsed beam and their energy loss in the detector.
A beam energy calibration performed in conjunction with
these measurements, using the 14.23 Mev resonance in
the i2C(p, n)sae reaction, defined the projectile energy
to better than +0.05 MeV [13]. Total ER cross sections
were obtained by normalization of the measured differ-

ential cross sections at +2' with measurements of full

angular distributions as described in Ref. [9). The total
fusion cross section is equal to the ER cross section since
Gssion for this system is negligible. The uncertainties in

the cross sections were less than 1 mb for energies up to
F, = 63 MeV, and were +1% for the higher energies.
All six heavier samarium isotopes were present at 1%
levels in the target. Corrections to the measured cross
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FIG. 1. The experimental fusion excitation functions for
the Sm+ ' 0 reactions as a function of the difference
between the center of mass energy and the respective average
barriers. In the low energy region, the ' 0 cross sections are
up to 4 times greater than those for the 0 reaction. The
dotted line is the cross section for a single barrier obtained
by fitting to the high energy data. The dashed and solid lines
are theoretical calculations for the ' 0 and 0 reactions,
respectively (see text).

sections were made using calculations which systemat-
ically reproduced the experimental results presented in
Refs. [9,14].

The measured fusion cross sections o(E) for the
i44Sm+is irO reactions are shown in Fig. 1 as a function
of the difFerence between the center of mass energy and
the average barrier (E, —B0) for each system. Only
at energies below Be do the data difFer significantly, the
i~O induced reaction giving cross sections up to 4 times
larger. This difFerence will be discussed later.

The first step in the analysis of these data was to fit
the high energy cross sections, where E, —Bo & 4
MeV, using a single barrier. The diffuseness a and depth
of a Woods-Saxon nuclear potential were varied, the best
fit occurring for a = 0.80 6 0.10 fm, corresponding to
an s-wave barrier height B0 = 61.11 MeV for the isO
reaction, at a barrier radius of Rb ——10.80 fm with a cur-
vature hu = 4.34 MeV. The corresponding parameters
for the ~70 reaction were Bo = 60.78 MeV, Rb = 10.86
fm, and hem = 4.20 MeV. This small difference in s-wave
barrier heights is due to the change in radius required for
the i70 projectile. The excitation function calculated
with the 0 parameters is shown in Fig. 1 by the dotted
line; clearly it is a poor representation of the experimen-
tal data at lower energies. By changing the parameters of
the single barrier, or by introducing any other degree of

FIG. 2. The experimental fusion barrier distribution for
the reaction ' Sm+ 0 (open squares). The dotted line is
the theoretical distribution for a single barrier. The dashed
line is the distribution produced with a ccMQD calculation
which includes the 2+ and 3 states in Sm. The theo-
retical barrier distributions were derived from the calculated
excitation functions in the same manner as the experimental
distributions.

freedom, the agreement over the full energy range can in
principle be improved. It is shown below that when the
data and calculations are presented in terms of the dis-
tribution of barriers, the reasons for the enhanced fusion
cross sections become apparent.

The quantity d2(Eo)/dE2 is directly related to the dis-
tribution of barriers smoothed by barrier penetration [8].
Figure 2 shows the experimental barrier distribution for
i44Sm+isO derived from the cross sections presented in
Fig. 1 using the point difFerence formula given in Ref. [9]
with an energy step of AE = 1.8 MeV. The d~(Eo)/dE~
from the calculated single barrier excitation function is
indicated by the dotted line in Fig. 2. The measured dis-
tribution shows that the single barrier is split into two
discrete components. Previous analyses of less precise
data assuming a single barrier 15 or a distribution due
to a small prolate deformation [14] are inconsistent with
the results presented here.

The main features of the two barrier distributions for
the isO and i~O induced reactions are very similar (see
Fig. 3), strongly suggesting that the double-peaked dis-
tribution is due to inelastic excitations of the target. To
model this, a modified version CCMOD [6) of the coupled-
channels code CCDEF [16] was used. This modified pro-
gram includes the excitation energies in the coupling ma-
trix in a similar manner to CCDEF but the matrix is di-
agonalized at each value of the internuclear separation
r. The eKect of coupling to nonfusion channels is to
replace the single-channel barrier with a set of barriers
B = Bo+g, where a represents the channel index and
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FIG. 3. (a) The experimental barrier distribution for
Sm+ 0 (solid circles) compared with the 0 reaction

(open squares). The solid line is a ccMOD calculation includ-

ing single particle transfer with a coupling strength of 2.8
MeV. The dashed line is the same calculation without the
transfer channel. (b) The difference between the Sm+' 0
and Sm+ 0 barrier distributions (see text).

are the eigenvalues of the coupling matrix at the cor-
responding barrier positions. The coupling strength for
inelastic excitations [16] was taken as

Pq dV„(r) 3ZiZze2 R"
dr 2A+1 r"+'

where A is the multipolarity of the transition, P~ is the
deformation parameter of the mode, B is the radius of the
nucleus which is excited, and V„ is the nuclear potential.
The deformation parameter P~ was calculated from the
relevant ground-state transition strengths B(EA) $:

4m
P" =

3ZR~
B(EA) t

'"
g2 (2)

with R = 1.06M i3 fm.
A two-channel calculation using the code CCMOD with

coupling to the 3 state of Sm, with B(E3)t'=
0.27e2bs [17], was performed using the Woods-Saxon
nuclear potential parameters given above. The resul-
tant two barriers have weights and energies (tu, B ) =
(0.73, 60.42 MeV) and (0.27, 64.62 MeV). The distribu-

tion for a three-channel calculation, with additional cou-

pling to the 2+ state B(E2)T= 0.266 e b [18], is shown
by the dashed line in Fig. 2; it is essentially the same as
the two-channel calculation because of the smaller cou-
pling strength of the 2+ state. The agreement between
experiment and the simple coupled-channels calculation
is good, and confirms that coupling to single-phonon ex-
citations of Sm is responsible for the splitting of the
distribution of barriers. Because of approximations in-
herent in CCMOD, the results are expected to deviate in-
creasingly from those of an exact coupled-channels cal-
culation as the excitation energy of the intrinsic states
increases. Since the 2+ and 3 states in Sm are at
= 2 MeV, the CCMOD calculations presented here were
compared with a more exact coupled-channels calcula-
tion which demonstrated that the approximations made
were reasonable in this case.

The barrier distribution for ' Sm+' 0 is shown in
Fig. 3(a) with the isO distribution for comparison. At
the higher energies the two distributions agree within
experimental uncertainty. However, the main peak of
the distribution for 0 is lower than that for O. The
strength missing from this peak is present at lower ener-
gies, a reBection of the threefold to fourfold increase in
the cross sections for the 0 reaction over 0 in the
energy range of E, ~ —Ba & —3 MeV (see Fig. 1). To
emphasize this difference, the distribution for the 'sO
reaction has been subtracted from that for 170, after
shifting the former distribution by 0.33 Mev so that the
uncoupled barriers (Bo) coincide. This difference distri-
bution is shown in Fig. 3(b), and clearly illustrates the
shift in barrier strength to lower energies. For weak cou-

pling, barrier strength at energies below the main barrier
can only be explained by coupling to a positive Q-value
transfer reaction [19].

The code CCMOD was used to include the additional
eEects of transfer for the 0 reaction, using the same
inelastic coupling strengths as for the 1sO case. The
transfer coupling strength L was specified at the posi-
tion of the unperturbed barrier, and the spatial variation
of this strength [20] was taken as

iC
FtrrLn(r) = exp

47r

r —Rg

1.2 fm
(3)

In Fig. 3(a) the solid line is the distribution produced
with a CCMOD calculation by including the single neutron
stripping channel with Q = +2.6 MeV. The dashed line
is the same calculation but with no transfer channel. The
inclusion of the transfer channel gives very good agree-
ment in the low energy region. The value of K which
provides the best representation of the data is 2.8 MeV,
compared to a previous estimate of = 3 MeV [20]. Cal-
culations have been performed assuming equal coupling
to a series of single particle states in Sm with average
energies taken from Ref. [21]. An equally good represen-
tation of the data was obtained when the total coupling
strength to states with Q ) 0.8 MeV vras 2.8 MeV. The
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quality of the data presented here justifies the use of a
full coupled-channels calculation to obtain experimental
coupling strengths.

These data demonstrate again [9—11] the benefits of
precise and comprehensive excitation function measure-
ments, and show that detailed information can be ex-
tracted for this weak coupling case. Continuing to fit
less precise data is unlikely to be as efFective in extend-
ing our understanding of fusion.

A full understanding of near-barrier reactions requires
a simultaneous analysis of inelastic scattering, transfer,
and fusion excitation functions. However, it has been
shown here that precisely measured fusion excitation
functions convey more information than had previously
been thought. In particular, by using the distribution of
barriers representation, features are seen which indicate
the infiuence of the individual channels on the internu-
clear potential and hence on the fusion barrier. By virtue
of the choice of the fusion reactions studied here, the sig-
natures of inelastic excitation of single phonon states and
of a positive Q-value transfer reaction have been isolated
and clearly identified in the fusion barrier distribution
for the first time. Furthermore, quantitative information
can be obtained on the strength of the coupling of fusion
to inelastic and transfer channels, which can be exploited
to obtain a clearer picture of the interplay of near-barrier
reaction processes.

Permanent address: SERC Daresbury Laboratory,

Daresbury, Warrington WA4 4AD, United Kingdom.
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