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J. R. Leigh, M. Dasgupta, D. J. Hinde, J. C. Mein, C. R. Morton, R. C. Lemmon, * J. P. Lestone, ~ J. O. Newton,
H. Timmers, and J. X. Wei~

Department of Nuclear Physics, Research School of Physical Sciences and Engineering, Australian National University, Canberra,
Australian Capital Territory 0200, Australia

N. Rowley~
Department of Astronomy and Physics, The University of Manchester, Manchester M/3 9PL, United Kingdom

and Department of Physics, University of Surrey, Guilford, GU2 5XH, United Kingdom
(Received 22 June 1995)

Fusion excitation functions for the reactions ' ' ' Sm and ' W + ' 0 and ' Sm + ' 0 have been
measured with high precision, both in the cross sections and the small energy intervals, thus allowing mean-
ingful fusion barrier distributions to be extracted. In this representation it is clearly seen that the excitation
functions are not smooth and featureless; each is unique and is shown to depend on the details of the structure
of the interacting nuclei. The effects of excitation of the collective single phonon states in ' Sm are evident.
For the ' 0 projectile, the role of additional coupling to neutron stripping channels with positive Q values can
be seen. As expected, the barrier distributions associated with ' Srn and ' W are dominated by deformation
effects. However, the data appear to display sensitivity to additional couplings, even though they involve
relatively weak inelastic and transfer channels.

PACS number(s): 25.70.Jj

I. INTRODUCTION

Heavy-ion fusion cross sections at energies well above the
Coulomb barrier can be reproduced by a barrier penetration
model in which the one-dimensional fusion barrier results
from a combination of the repulsive Coulomb and centrifu-
gal potentials and the attractive, short range nuclear poten-
tial. At energies below this single barrier, measured fusion
cross-sections o.f„, are generally enhanced relative to calcu-
lations with this model. The role of static deformation effects
in enhancing sub-barrier fusion has long been recognized
[1,2] and has been demonstrated experimentally [3,4]. Here
the enhancement occurs because there is a distribution of
barrier heights which can be thought of as resulting from
different orientations of the deformed target nuclei. Any dis-
tribution of barriers around the single barrier leads to en-
hancement of the cross sections, at energies below that of the
single barrier, because passage over the lower barriers is
much more probable than penetration through the single bar-
rier. The effects of collective surface vibrations on fusion
were also considered [5] in a semiclassical picture, again
resulting in a distribution of fusion barriers. The term "sub-
barrier" fusion is conventionally used to describe fusion at
energies below the single fusion barrier, even though the
cross sections result largely from passage over barriers
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whose heights are lower than the bombarding energy.
The subject of sub-barrier heavy ion fusion received fur-

ther impetus following the observation [6,7] that the en-
hancement of the cross sections was a general phenomenon
and not necessarily associated with the static or dynamic
deformations of the reactants. This recognition inspired the
idea that coupling between the relative motion and any
nuclear degrees of freedom might be important. Theoretical
investigations of coupling to inelastic [8] and transfer chan-
nels [9,10] were carried out in a coupled-channels frame-
work and these again gave rise to a distribution of fusion
barriers. In the case of nuclei with a static deformation, it
was later demonstrated [ll] that the classical picture is
equivalent to the quantum mechanical coupled-channels ap-
proach, in the limit of zero energy for the rotational states, in
that the two descriptions give rise to the same barrier distri-
butions.

The importance of the distribution of fusion barriers was
recognized in Refs. [2,12,13], where attempts were made to
use fusion data to define some properties of the distribution.
The major problem with these approaches was that the form
and symmetry of the barrier distributions were built into the
analyses. The first attempt to extract a barrier distribution
directly from fusion data, using an unfolding procedure, was
performed in Ref. [14]. The distributions were reasonably
well defined at low energies but around the peak of the dis-
tribution, near the average barrier, the uncertainties were
larger than the measured values. Only qualitative compari-
sons between the data and simple model calculations could
be made and so this procedure has not been pursued.

It was recently shown analytically [15] that the distribu-
tion of barrier heights in a reaction could be extracted di-
rectly from a fusion excitation function using the second de-
rivative of Fo.f„, as a function of energy E. The degree to
which this relationship holds is illustrated in Fig. 1 by con-
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FIG. 1. Barrier distributions associated with a set of discrete
barriers with weights represented by the height, and energies rela-
tive to the average value Bo represented by the position of the
vertical lines. The dashed line shows the smoothing effect of barrier
penetration whilst the solid curve is the second differential of
Eo.f„, from a realistic calculation; this is an excellent representation
of the smoothed barrier distribution.

sidering a set of discrete barriers. The discrete barriers are
shown by vertical lines whose positions are the barrier ener-
gies, relative to the average barrier Bo, and whose lengths
represent the probability of encountering that barrier.

In a classical sharp cutoff model,

Ear„,=mR g w (E 8), —

where R is the fusion radius, ~ is the barrier weight, and
the B is the barrier energy associated with the channel index
n. In this case, d (Eo,„,)/dE returns the original discrete
barrier distribution as a set of delta functions, normalized by
the w, at the barrier energies [15].

When quantum mechanical penetration of the barriers is
considered, the cross sections vary smoothly in the vicinity
of each barrier and d (Eo&„,)/dE becomes continuous. A
calculation in which the radius and curvature A, ~ of each
barrier is assumed to be the same produces the distribution
shown by the dashed line in Fig. 1, which is identical to the
distribution obtained by smoothing the discrete distribution
with a near Gaussian function [15] with a width of 0.56
A co.

The solid line in Fig. 1 shows the result of a more realistic
calculation in which the dependence of the barrier radius and
curvature on the angular momentum 16 and the barrier en-

ergy is included. The reduction in the mean fusion radius
with increasing energy, as a result of the increase in the mean
/, is responsible for the negative values of d (Err&„,)/dE at
energies above the barrier region.

The differences between the two curves in Fig. 1 demon-
strate the degree to which the second derivative of Eo.f„,,
represented by the solid line, differs from the smoothed bar-
rier distribution, shown by the dashed line. Since the differ-
ences are small, it is convenient to refer to d (Eo r„,)l/dE as
the barrier distribution. Experimental data are measured at
discrete energies and the barrier distribution is extracted us-

ing a point difference formula. For consistency, when com-
paring an experimental distribution with theory, we evaluate
the theoretical distribution in an identical manner. We have
made no attempts to unfold the effects of quantum mechani-
cal barrier penetration in order to extract the true barrier
distribution because in an exact coupled-channels approach
for example, there are no explicit barriers for comparison.

Before the start of this work, fusion cross sections had

typically been measured to an accuracy of = 10% at intervals
between 2 MeV and 5 MeV. Such data yield poorly defined
barrier distributions [15,16j and can therefore be equally
well reproduced with models incorporating very different
barrier distributions. Analyses of such data gave rise to a
generally accepted belief that fusion excitation functions are
smooth and featureless and do not provide a good test of
models [17,18].When the cross sections have high precision
(typically = ~ 1%) and are measured in small, precisely de-
termined energy steps, the barrier distributions are well de-
fined and they place more stringent limits on any models
used.

In the past, the typical procedure which was followed in

fitting an excitation function had been to fit the higher energy
data using a calculation with a single barrier and then to
successively introduce couplings (first to inelastic channels
in the target, then in the projectile, and finally to transfer
channels if necessary) until the calculated cross sections at
the lowest energies matched the trend of the data. The suc-
cess of the model calculation was then judged by its ability
to fit these low energy data, which was often achieved at the
expense of reproducing higher energy data less well. Pos-
sible dangers in this approach, and the advantages of being
able to "see" the barrier distribution, are illustrated in Fig. 2
where three theoretical excitation functions for reactions in-
volving different coupling schemes are shown. The coupling
schemes involve coupling to a single channel with a negative
Q value in Fig. 2(a), a positive Q value in Fig. 2(b), and
coupling associated with a deformed nucleus in Fig. 2(c).

The three calculated excitation functions are essentially
identical at the highest and lowest energies and fitting these
regions with a model does not necessarily mean that the cor-
rect couplings have been incorporated. In this example, the
excitation functions differ significantly in the range of
E, JB0 between 0.97 and 1.05 MeV where differences of
up to a factor 2 occur. Even with these large differences, the
type of coupling involved is not immediately apparent from
the excitation functions themselves. It is possible to use theo-
retical guidance in assessing the likely couplings in a particu-
lar reaction and subsequent fitting of the cross sections may
be used to interpret the excitation function. In contrast, the
shapes of the barrier distributions, shown in the lower half of
the figure, are more easily interpreted and reveal directly
where the barrier strength lies, without recourse to detailed
theoretical calculations.

The calculations in Fig. 2 were performed for a specific
reaction but details of the calculation are unimportant since
the conclusions are expected to apply generally; cross sec-
tions for any reaction at energies well above and well below
the barrier from one calculation can be reproduced by the
others if the Q values, coupling strengths, and deformations
are treated as free parameters.
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FIG. 2. Calculated excitation functions and barrier distributions
for a single barrier (dotted lines) compared with three coupling
schemes involving coupling to a negative Q value channel (a) and

(d), a positive Q value channel (b) and (e), and coupling associated
with a nucleus with a permanent quadrupole deformation (c) and

(f). The excitation functions, plotted as the ratio of the energy to the

average barrier Bo, are essentially identical at low and high ener-

gies. The type of coupling is more easily seen in the lower part of
the figure than in the excitation functions themselves.

We do not wish to imply that the barrier distributions
contain more information than the excitation functions from
which they are derived; clearly this cannot be so. There are,
however, several advantages to this form of representation,
not the least of which is that the fine structure in an excita-
tion function becomes more apparent. The barrier distribu-
tions can also be used to indicate whether data are of suffi-
cient quality to serve as a useful test of models, since if the
barrier distribution is not well defined the data are too im-
precise. Finally, as illustrated in the lower half of Fig. 2, a
barrier distribution gives a strong indication of the important
channel couplings. It should be noted that the interpretation
of an experimental barrier distribution is not always as
simple as suggested by the examples shown in Fig. 2. These
are idealized cases and in reality several different types of
coupling may be involved in a given reaction, complicating
the situation. Nonetheless, the ability to see directly how
barrier strength is distributed can be useful in probing such
questions as the following: are the theoretical coupling
strengths associated with inelastic and transfer channels ap-
propriate?; do the coupling strengths depend on the reaction
Q value?; are there channels other than the obvious ones
which play a significant role in fusion?; how well do the
available models work?

This paper presents the excitation functions for five reac-
tions ' ' ' Sm+ '0 ' Sm+ '0 and ' W+ 'Q
measured in small energy intervals and with high precision.
Various aspects of the work have already been presented in
condensed form [16,19—22]. These reactions were chosen to
test the efficacy of the barrier distribution technique and to
investigate specific coupling schemes. Based on earlier stud-
ies [23], the ' Sm + ' 0 reaction was expected to show a

distribution consistent with a single barrier, though some
small effects could have been expected from couplings to the
weak inelastic channels associated with the semimagic

Sm. The measurement with the ' Q projectile was chosen
to study the additional effects of the neutron transfer channel.
The use of the deformed ' Sm and ' W nuclei was in-
tended to serve as an experimental test of the barrier distri-
bution concept since the effects of deformation are well es-
tablished and the barrier distributions are expected to be
close to the classical ones, which are readily calculable. The

Sm nucleus lies between the spherical and statically de-
formed limits.

II. EXPERIMENTAL METHODS

The ANU 14UD Pelletron accelerator was used to provide
beams of oxygen ions in the energy range 50—110 MeV. The
beams were bunched to provide bursts of 1 ns full width at
half maximum, separated by 533 ns. The samarium targets
were typically 40 p, g/cm in thickness and were produced by
evaporating isotopically enriched metals onto self-supporting
carbon foils of =20 p, g/cm . In the case of ' W, enriched
oxide material was sputtered onto the backing foil using a
saddle-field ion source. For all targets, the carbon foils were
masked to produce deposits in the form of a strip of width 2
mm. The targets were mounted with the target strip vertical
in order to limit angular variation due to possible beam spot
movement.

Evaporation residue (ER) differential cross sections were
measured over an angular range from —5' to 10' using a
position sensitive multiwire proportional counter (MWPC)
located behind a compact velocity filter [24]. The apparatus
was mounted on a moveable arm, housed in a 2 m diameter
scattering chamber. The filter removed the intense elastically
scattered beam particles whilst transmitting ER s with 100%
efficiency. The geometrical efficiency of the MWPC was
98%, the 2% loss being due to the wires which were used
for position determination. The efficiency of the combined
filter and detector was measured by placing a silicon surface
barrier (SSB) detector behind the entrance collimator and
directly observing ER's at 8' where the elastic scattering was
not too intense. The SSB detector was then removed and the
ER yield was measured in the MWPC. The ratio of the latter
to former was 1.03 ~ 0.04, indicating an efficiency for trans-
mission and detection of the residues close to the expected
value of 98%. We use the expected geometrical efficiency in
evaluating cross sections. Details of the performance of the
filter and the geometrical arrangement are given in Ref. [24].
The ER's were identified by their energy loss AE, position,
and time of Aight (TOF) relative to the pulsed beam; a spec-
trum of AE plotted against TQF is shown in Fig. 3.

At larger angles, ER's were also detected and identified
by their energy and time of Aight using a SSB detector with
a solid angle about ten times that of the filter. It was mounted
on the same moveable arm as the velocity filter but displaced
from it by a nominal angle of 20 . This allowed direct ob-
servation of ER's at angles ~10', where the elastic rates
were not excessive. All the ER yields were normalized to the
Rutherford scattering yields in two SSB detectors, located at
~ 30'.

The moveable arm on which the ER detectors are
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FIG. 3. Energy loss plotted against time of flight for ' Sm +
' 0 at 68 MeV. The ER's are well separated from the elasticlike
events. There are 5000 events in the ER labeled group.

mounted is connected to an angle encoder with a readout that
specifies the angle to only 0.1 . However, by always ap-
proaching the required angle from the same direction, it was
determined that the angle could be consistently reproduced
with an accuracy better than 0.01 . The absolute angles of
the ER detectors were determined by the measurement of the
ratio of the Rutherford cross sections at two angles with a
well defined angular separation. Since the efficiency for
transmission of elastically scattered particles through the ve-
locity filter is small, and unknown, a SSB detector was in-

troduced behind the defining aperture of the velocity filter for
this calibration. Then, for nominal angles of +10 and—
10, separated by a well defined 20, the true angles can be
determined to ~0.01 if the relative cross sections are mea-
sured to ~ ~0.5%. The calibration measurements were
made at several pairs of angles, for instance ~8, ~10,
~12', and consistency between these measurements gave
assurance that the target position was on the axis of rotation.
Having established the absolute angles of the detectors, the
measurement of elastic yields in the ER detectors, for known
Rutherford differential cross sections, provides a calibration
through which all ER yields can be converted into differen-
tial cross sections.

The beam energies were defined by the field in the ana-

lyzing magnet, measured with an NMR probe. A method of
recycling the magnet [25] was consistently used to ensure
differential hysteresis effects were minimized. Over a period
of fifteen years the magnet constant has been measured on
more than twenty occasions, after recycling the magnet, giv-
ing a standard deviation of 0.04%. The latest calibration
measurement was performed during the course of this work
using the ' C(p, a) Be resonance at 14.23 MeV and gave a
magnet constant which was consistent with previous values.
Thus for the fusion measurements, the absolute beam energy
is defined to about ~50 keV but relative energies have a
much smaller uncertainty, as discussed below. The energy
reproducibility has been checked frequently by remeasuring
points in the excitation function after recycling the magnet;

the differential cross sections at 2' generally agree within the
statistical errors of ~ ~ 1%.

Excitation functions were obtained by measuring differen-
tial cross sections der&„,(~ 2')/dA, for ER's at ~ 2' at small

energy intervals, typically 0.5 MeV. Full angular distribu-
tions were measured at intervals of 5 or 10 MeV. Typically, a
series of measurements was made with monotonically in-

creasing energies, for which the analyzing magnet was
steadily increased, care being taken not to overshoot the de-
sired field. The magnet was then recycled and a second ex-
citation function was measured, at intermediate energies. For
some reactions, as many as four independent sweeps were
made. Selected points from the excitation functions were
subsequently remeasured following magnet recycling. Dur-

ing the monotonic increase in field the energy intervals were
defined to better than a few keV.

The differential cross section at ~ 2' for ' "Sm + ' 0 at
90 MeV has now been measured nine times, in a series of
different runs, giving a standard deviation of 0.3%, consis-
tent with the statistical errors. This demonstrates that the
potential difficulties associated with defining the beam en-

ergy and setting detector angles can be overcome such that
their contribution to the uncertainty in the cross sections can
be significantly smaller than ~ 1%.

However, in the early experiments with the ' Sm,
W, and '" Sm targets, we found occasional cross sections

which deviated considerably, by up to 7%, from those ex-
pected from interpolation of the neighboring points. Such
scatter most probably arose from human error in following
the intricate procedures in setting beam energies and detector
angles. The point with the largest deviation was easily iden-
tified and rejected [16].However, where the deviation is not
so large, «4%, the points must be retained. Some scatter,
greater than that expected statistically, is evident in the high-
est energy regions for these reactions and is particularly ob-
vious in the barrier distribution representations. It is likely
that this scatter arises from the poor application of the meth-
ods used, rather than the methods themselves.

The experimental procedures have been developed and
refined, and with increasing experience, the data for the two
reactions with the ' Sm target were apparently free of such
anomalies; here the cross sections generally had a scatter
which was consistent with that expected statistically. For this
reason, it was considered worthwhile to obtain data of higher
statistical precision for these reactions in order to enable bar-
rier distributions to be extracted which are better defined at
the higher energies.

III. RESULTS

A. Cross sections

Typical ER angular distributions are shown in Fig. 4. To-
tal ER cross sections were obtained by fitting these distribu-
tions using two Gaussian functions, indicated in Fig. 4, and
analytically determining the areas under those Gaussians.
This parameterization may be physically justified in a quali-
tative way by associating the wider Gaussian with emission
of u particles from the recoiling composite system whereas
the narrower one results from neutron and proton evapora-
tion. Generally there were systematic differences in the
shapes of the data and the fitted functions, which gave rise to
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FIG. 4. Typical angular distributions of evaporation residues.
The dashed lines are the two Gaussian functions used to obtain the
total cross section at each energy. The filled and open circles are
measurements using the velocity filter on opposite sides of the beam
axis. The triangles are measured directly with a SSB detector.

values of y per degree of freedom y of typically between 2
and 4, when the statistical errors on the data points were
typically = ~ 1%, although larger errors apply when the
yields are very low at large angles. However, the reliability
of the extracted cross sections was confirmed by fitting, in an
identical way, angular distributions calculated for a known
cross section using the statistical model code PACE2 [26].
Since the targets are thin, multiple scattering of the ER's is
negligible and the shapes of the angular distributions are
determined by kinematics. Thus they are readily calculable if
the multiplicity, energy, and type of the emitted particles are
known. The statistical model calculations of the angular dis-
tributions should be a useful guide to their shapes. The fits to
the pACE2 calculations showed similar systematic deviations
and y, values to those obtained in fitting the measured data.
The fits, on average, underestimated the input cross sections
by 0.2% and had a further scatter around the mean of about
0.3%. The small systematic shift may be expected to apply to
the experimental data but has not been taken into account in
the extracted cross sections.

Small movements in the beam spot position were deter-
mined from the relative yields in the two monitor detectors,
allowing corrections of the differential cross sections at
2' to be made.

Total ER cross sections were obtained from the differen-
tial values by interpolation using the measured ratios of
o. r„,/[do. (2')/dA]. It should be noted that the measure-
ments of the total cross sections need not be performed as
part of the excitation function involving measurements of the
differential cross sections. Indeed a totally different tech-
nique for measuring the total cross sections could be used.
The total cross sections basically provide a series of points at

FIG. 5. (a) Experimental ratios of the total ER cross sections to
the differential values at 2' for ' Sm + ' O. The circles are ob-
tained from the full angular distributions whereas the triangles use
the same total cross sections but independent measurements of the
differential values. (b) Calculated ratios using PAcE2 (inverted tri-
angles). The best fit to the experimental data is shown by the solid
lines in (a) and (b). The fit to the PAcE2 calculations is shown as a
dashed line in (b). The lines have the same gradient but the calcu-
lation gives slightly smaller ratios than the data.

which the differential excitation function can be normalized.
Two sets of data for rr &„,/[do. (2')/dA] are presented in Fig.
5(a) for the reaction ' Sm + ' O; one consists of the ratios
obtained from the full angular distributions whilst the other
is obtained from the same total cross sections and indepen-
dent measurements of the differential values. The good
agreement between the two sets is expected since the experi-
mental conditions were the same for all measurements. The
variation with energy is seen to be smooth and slow and a
linear fit, also shown in the figure, is an excellent represen-
tation of the data. Statistically, there is an error of about
~ 7% in the gradient of the fitted line and this gives an error
in the ratio of ~ 0.5% at the highest energies and ~ 0.8% at
the lowest energies. Thus the interpolation is not expected to
introduce significant errors. At beam energies below 70 MeV
the experimental data scatter due to the difficulties in defin-

ing the shapes of the angular distributions because the yields
at large angles are very small for these small cross sections.
The low energy region is just that where the barrier distribu-
tions are well defined and larger errors on the cross sections
would not significantly change the barrier distributions. Also,
any deviation from the linear behavior would be gradual,
giving small systematic errors in the cross sections. Argu-
ments presented later show that such systematic errors do not
affect our conclusions regarding the effectiveness of barrier
distribution measurements.

The use of a linear function over the full energy region is
supported by PACE2 calculations, as shown in Fig. 5(b).



3156 J. R. LEIGH et al. 52

TABLE I. Fusion cross sections for the indicated reactions. The errors quoted are statistical.
distributions were performed are marked with an asterisk.

The energies at which full angular

E„„(MeV)

62.88
63.38
63.88
64.38
64.88
65.38
65.88
66.38
66.88
67.38

*67.88
68.38
68.88
69.38

*69.88
70.38
70.88
71.38
71.88
72.88
73.88

*74.88
75.88
77.88

*79.88
*84.88

89.88
*99.88

60.88
61.38
61.88
62.38
62.88
63.38
63.88
64.88
65.88
66.88
67.88

*68.88
70.01
70.88
71.88
72.88
73.88
74.88
75.88
76.88
77.88
78.88

*79.88

o.,„, (mb)

144S + 16p

0.15
0.33
0.45
1.5
2.7
5.5

10.2
17.5
28.6
41.3
55.5
71.2
90.6

108
131
150
169
184
208
253
295
348
383
469
552
700
876

1076
'~Sm+ "p

0.07
0.11
0.19
0.40
0.81
1.2
2.4
5.7

13.9
30.8
57.2
90.5

137
171
209
253
296
345
383
428
463
508
548

ho.f„, (mb)

0.08
0.08
0.08
0.2
0.3
0.3
0.4
0.3
0.3
0.4
0.4
0.5
0.6
1

1

1

1

1

1

2
2
2
2
3
3
5

4
15

0.05
0.07
0.09
0.09
0.23
0.2
0.2
0.3
0.5
0.6
0.7
0.9
1

1

1

2
2
2
2
2
3
3
3

E„~ (MeV)

*89.88
*99.88

57.86
58.36
58.86
59.36
59.86
60.36
60.86
61.36

*61.86
62.36
62.86
63.36
63.86
64.36

*64.86
65.36
65.86
66.36
66.86
67.36
67.86
68.36
68.86
69.36

*69.86
70.36
70.72
71.36
71.86
72.36
72.86
73.36

*73.86
75.86
77.86

*79.86
*89.86
*99.86

*109.86

67.86
68.36
68.86
69.36
69.86
70.36
70.86

*71.36
71.86
72.36

of„, (mb)

852

1072
154S + 6p

0.18
0.19
0.81
1.06
2.4
3.6
5.1

7.7
11.0
15.4
19.4
25.2
31.9
39.8
46.8
61.5
74.3
87.1

103
118
138
165
186
201
222
247
263
295
318
341
354
375
391
463
555
630
933

1025
1229
186~ + 16p

0.35
0.40
0.9
1.0
1.7
2.9
4.5
8.0

12.0
17.9

8'o;„, (mb)

0.05
0.04
0.06
0.09
0.2
0.3
0.3
0.3
0.4
0.5
0.4
0.4
0.4
0.5
1.2
0.7
0.8
1.0
1

1

1

2
2
2
2
4
3
3
3
4

4
5

6
6
9

10
13

0.08
0.09
0.2
0.1

0.2
0.2
0.3
0.3
0.4
0.5
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TABLE 1. (Continued)

Ei.b (MeV) o,„, (mb) 8'o.t„(mb) E),b (MeV) (Tt„, (mb) Btrt„, (mb)

72.86
73.36

*73.86
74.36
74.86
75.36
75.86
76.36
76.86
77.36
77.86
78.36
78.86
79.36

*79.86
80.36
80.86
81.36
81.86
82.36
82.86
83.86
84.86
85.86

*89.86
*99.86

24.9
33.4
43.9
55.1

67.2
81.0
95.6

111
130
149
165
183
214
222
244
267
285
310
323
340
373
405
445
490
626
918

0.4
0.4
0.7
0.5
0.7
0.8
0.9
1

1

2
2
2
2
2
3
3
3
3
3
3
4
6
5

5

6
9

60.86
61.36
61.86
62.86
63.36
63.91

*64.86
65.36
65.86
66.86
67.40
67.86
68.86
69.36

*69.86
70.86
71.36
71.86
72.86
73 ~ 86

*74.86
75.86
77.86

*79.86
81.86

148S + 16O

0.4
1.1
1.7
5.8
7.9

12.6
25.0
31.0
43,4
70.7
83.0

105
145
140
179
233
260
274
318
356
399
442
536
605
652

0.1

0.2
0.2
0.2
0.4
0.3
0.4
0.7
0.4
0.7
0.8
1

2
2
2
3
3
3
4
4
4
4
5
6
7

Although there are small differences in the magnitude of the
measured and calculated ratios, largely because the calcula-
tions underestimate the n-multiplicity, the energy depen-
dence is well reproduced, as indicated by the lines in Fig. 5.

The measured fusion excitation functions are presented in
Table I and in Fig. 6; the associated errors are statistical,
though for the ' W and ' Sm reactions they have been
modified by the following considerations.

In the case of the ' W + ' 0 reaction, the most fissile
system studied, the fusion cross section is the sum of the ER
and fission components. The fission cross sections were
taken from Ref. [27] and the uncertainties in fission cross
sections are included in the errors quoted in the table. The
individual ER and fission cross sections have been published
in Ref. [21].

The ' Sm target was enriched to 96.5%, with contami-
nation of ~1% from each of the heavier Sm isotopes. A
correction to the measured ER cross sections should be made
to account for the contributions from these isotopes, particu-
larly at the lowest energies where the cross sections associ-
ated with the highly deformed, heavier isotopes can be sig-
nificant. This was achieved by using the measured cross
sections presented here for ' Sm and ' Sm and those of
Refs. [3,28] for the other isotopes. Interpolation to the re-
quired energies was performed using calculations which re-
produced these data. In the calculations, the Sm nuclei were
assumed to be statically deformed with the deformation pa-
rameters changing smoothly and systematically with mass.
In the case of the ' 0 reaction, there are no data available.

Here, the corrections applied to the ' 0 data were scaled by
the ratio of the cross sections calculated for the two projec-
tiles incident on ' Sm, where the ' 0 calculation included a
positive Q value neutron stripping channel with a coupling
strength taken from the fits to the ' Sm + ' 0 excitation
function, as discussed later. The errors have been increased
to account for uncertainties in making these corrections.

The methods used to establish the absolute beam energy
and to determine the detector angles, discussed in Sec. II,
serve to minimize the associated systematic errors as well as
the random errors. Additional systematic errors may result,
for instance, from the conversion from differential to total
cross sections and from the efficiency of the detector system.
The errors associated with these identified sources are ex-
pected to be smaller than 1%.

(E~t-)2 —(E~ f..) i' '

t iE3 —Eii' (2)

where (Eo.f„,), are evaluated at energies E;.

B. Fusion barrier distributions

The second derivative of Eo.f„, was extracted from the
excitation functions using a simple point difference method.
It is defined at energy (E, + 2E2 + E3)/4 as

d (Eot„,) ((Ea.f„,)3 —(Eof„s)2
dE

2"' =2
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FIG. 6. Measured excitation functions for the indicated reac-
tions. The dashed curves are calculated using the single barrier
which best reproduces those cross sections above 200 mb.
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Of course, large intervals smooth the extracted distribution,
resulting in the damping of features in the distribution whose
energy scale is smaller than the step length. Since the barrier
distribution is already smoothed because of barrier penetra-
tion by 0.56', co, which is typically =2 MeV, using AF. =2
MeV does not result in significant additional smoothing. A
step length equivalent to 2 MeV in the laboratory frame has
been adopted for all results presented here.

The fusion barrier distributions for the reactions studied
are plotted in Fig. 7. An advantage of making measurements
with intervals smaller than the step length used in the point
difference method is that several barrier distributions can be
generated, as shown in Ref. [16], and their consistency in-

creases confidence in the shape of the distributions. It is ap-
parent that the barrier distribution is an extremely sensitive
method of displaying an excitation function. The shapes of
the distributions in Fig. 7 are all different and show features
which are not evident in the conventional representation of
the excitation functions in Fig. 6. As discussed below, the
structure in the barrier distributions reveals details of the
nuclear structure of the interacting nuclei.

Before attempting to interpret the barrier distributions for
each reaction, it is worthwhile establishing that the features
of the distributions are insensitive to effects of the systematic
uncertainties, referred to in Sec. III A, and insensitive to the
various corrections made to the cross sections. This is done
in Fig. 8 for reactions with the ' Sm target, for which the

1200
I I I I I

(c)

Then the statistical error 8', associated with the second de-
rivative at energy F is approximately given by

800—
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0
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~c gp2 I ( ~~fus) 1 ( ~~fus) 2 ( ~~fus) 3l
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where the (Bo.&„,); are the errors in the cross sections. They
have dimensions of cross sections and are not percentage
errors. Thus when, as is common, the o.f„, are measured with
a fixed percentage error, 6', is proportional to the value of
cr f„, and increases with increasing energy. Hence 6, would
be an order of magnitude larger when a.f„, = 1000 mb than
when o. = 100 mb. The barrier distribution is therefore well
defined at the lowest energies where the cross sections are
small, even though the percentage errors may be relatively
large, but it becomes increasingly poorly defined as the en-

ergy increases. Generally, the measurements presented here
have statistical errors ~ ~ 1 mb for o. f„, below 100 mb and
~ ~ 1Vo for larger cross sections.

The value of 8', is also inversely proportional to AF. and
can therefore be reduced if larger energy intervals are used.
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FIG. 7. Experimental barrier distributions for the indicated re-
actions. The dashed curves are extracted from the calculated exci-
tation functions in Fig. 6 and hence show the single barrier which
best reproduces the higher energy cross sections.
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TABLE II. Fusion barriers and the diffuseness parameters of the
nuclear potential obtained by fitting high energy fusion cross sec-
tions using a calculation with a single barrier. The values of Bo and
a are correlated; columns 3 and 5 indicate the ranges which in-
crease the y values by 1. Higher values of Bo correspond to lower
values of a.

Reaction Bp (MeV) a (fm)
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61.10
60.68
59.85
59.40
68.90

0.05
0.07
0.08
0.05
0.06

0.84
0.92
1.05
1.10
1.11

0.03
0.04
0.04
0.04
0.04

IV. ANALYSIS AND DISCUSSION

It is therefore clear that the features in the barrier distri-
butions are real and are not artifacts of the data reduction
techniques.

55 60 65 70
E (MGV)

FIG. 8. Barrier distributions for the indicated reactions extracted
(a) using cross sections assumed to be proportional to the measured
differential cross sections at 2', (b) and (c) from the total cross
sections assuming the target to be 100% ' Sm, open circles, and
after correction for the contributions from the heavier Sm isotopes,
filled squares.

largest corrections have been made. Whilst systematic errors
may affect the cross sections they would need to have a
strong energy dependence to significantly affect the shape of
the extracted barrier distributions. For instance, the use of an
incorrect detection efficiency simply results in a rescaling of
the barrier distributions, without affecting the relative barrier
weights. Systematic errors associated with the conversion of
the measured differential values to total cross sections are
expected to have the largest energy dependence. The effect
of assuming that this conversion is independent of energy is
shown in Figs. 8(a). Even with this extreme assumption, two
peaks in the barrier distribution are still evident, although
now the distribution becomes increasingly negative at the
higher energies.

The effects on the barrier distributions of the corrections
for the contamination of the ' Sm target by heavier isotopes
of samarium are shown in Figs. 8(b) and 8(c), for the ' 0
and ' 0 reactions, respectively. Each figure shows two over-
lapping barrier distributions derived from the use of the un-
corrected cross sections, extracted assuming that the target
was 100% ' Sm (open circles) and from the cross sections
after correction for the contributions of the heavier Sm iso-
topes (filled squares). At the lowest energy, half the cross
section is estimated to result from the heavy impurities al-
though the effects of the corrections reduce rapidly with en-
ergy and become only a fraction of one percent at energies
above Bo. Despite the large infIuence that the contaminants
can have on the cross sections, the barrier distributions are
affected only marginally, as seen in Fig. 8.

The cross sections for each reaction have been fitted with
a barrier penetration model, at energies above the barrier
region, initially using only a single barrier. For these reac-
tions this corresponds to fitting cross sections greater than
200 mb. The calculated cross sections at these energies are
very sensitive to the average barrier height but are relatively
insensitive to the form or magnitude of the coupling. Thus
the parameters defining the nuclear potential between the in-
teracting nuclei, in the absence of channel coupling, can be
obtained. The nuclear potential was assumed to have an ex-
ponential form in the region of the barrier and it can then be
conveniently parameterized in terms of the barrier height
Bo for the l = 0 partial waves and the diffuseness a of the
potential. These parameters are presented in Table II and the
associated excitation functions are shown by the dotted lines
in Fig. 6.

A striking feature of the nuclear potentials in Table II is
the consistently large values of the diffuseness parameters
compared with the average value of 0.63 fm [29] extracted
from elastic scattering data, especially for the reactions with
the deformed targets. These values for the ' Sm and ' W
reactions are slightly lower than those previously published
[19,21] due to the omission of the highest energy points from
the present analysis. These points were rejected because of
uncertainties in the elastic scattering cross sections in the
monitor detectors, at 30; the elastic scattering may not be
Rutherford at beam energies as high as 110 MeV. The y for
both reactions, in fitting the cross sections above 200 mb,
decreased by a factor of 3 when one or two of the highest
energy points were excluded from the fit. This change in a
also results in changes in the extracted deformation param-
eters for these reactions, as shown below. Large values of the
diffuseness from fusion analyses are not restricted to our
measurements or to this mass region. For example, in Ref.
[30], a value of a = 0.75 fm was required to fit the measured
fusion data for ' Sm + ' 0 although a value of only 0.3 fm
gave the best fit to elastic scattering data. Also, a value of 1.2
fm is obtained [31] for analysis of fusion for Ca + "Ca
[32] and some theoretical support for a large diffuseness
comes from a double folding potential [33].
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The difference in the a values consistently obtained in the
analysis of fusion and elastic scattering data may arise, at
least in part, from their different treatment of the high l graz-
ing collisions associated with transfer reactions. The fusion
model must scatter such partial waves to prevent them from
contributing to the fusion cross section and this requires a
high barrier for these l waves. In contrast, the scattering
calculations must allow these high l waves to pass over the
barrier and to be absorbed, to prevent them from appearing
in the elastic channel. This requires lower barriers for high
I-values. The diffuseness parameter determines how the bar-
rier heights vary with angular momentum and a larger value
of a gives barriers which increase more rapidly with l, giv-
ing qualitative support to the above arguments.

The inconsistency in the a values extracted from scatter-
ing and fusion data demonstrates the problems inherent in
considering specific channels in isolation. The potentials ex-
tracted from such analyses are presumably "effective" ones,
appropriate for describing that particular channel only; they
should not be regarded as representing the true potentials.
Only when all the relevant channels are considered simulta-
neously, in a full coupled-channels calculation, is it likely
that the interaction potential can be extracted.

Although the interesting features of an excitation func-
tion, those which reAect the role of nuclear structure, are
displayed at energies around the average barrier, precise
measurements at higher energies are very important in the
detailed analysis and interpretation. These data place strict
limits on the effective nuclear potential parameters. Without
such restrictions it may be possible to vary barrier height or
diffuseness parameters to improve the fit to low energy cross
sections. Even small changes in these nuclear parameters
change the calculated low energy cross sections dramatically,
even in the absence of coupling. It should be noted that there
is some sensitivity of the calculated high energy cross sec-
tions to the coupling. For all reactions, the average barrier
energy had to be adjusted slightly, compared with the single
barrier in Table II, in order to retain the fit to these data when
coupling effects were included. Increases of «0.3 MeV were
required but the diffuseness parameters were unchanged.

A. The "Sm + 0, 0 reactions

For these reactions, the coupling scheme is expected to be
relatively simple because the degree of collectivity associ-
ated with the semimagic nucleus ' Sm is small. Indeed, a
previous fusion analysis has treated ' Sm as inert [23].The
excitation functions are shown in Figs. 6(a) and 6(b) and the
barrier distributions in Figs. 7(a) and 7(b). Calculations as-
suming no coupling are shown by the dashed lines in these
figures; clearly they are inconsistent with experiment. The
experimental barrier distributions for both reactions are
dominated by barrier strength around 60 MeV, whose width
is close to that of the single barrier. Both show additional
strength near 65 MeV and it appears that a second barrier
exists which is almost completely resolved from the main
one. Since the two reactions have significantly different Q
values for one- and two-particle transfer reactions and the
projectiles have different structure, the consistency of this
feature strongly implies that it is associated with inelastic
excitation of ' Sm.

We have performed a series of calculations to investigate
the structure in the experimental barrier distributions. The
simplified coupled-channels code CCMOD [34] has been used
to determine the effects of coupling to inelastic channels
[22]. The code is a version of CCDEF [35] which has been
modified to perform the matrix diagonalization exactly at
each value of the internuclear separation r.

Inelastic coupling strengths were included using

d V„(r) 3ZiZ2e R—R +
dr (2k+1) r +' (5)

where Px is the deformation parameter associated with mul-

tipolarity X, R is the radius of the nucleus which is excited,
taken to be 1.06A" fm, and V„(r) is the nuclear potential.
The Px were obtained from measured transition probabilities
[36] using

47r B(EX)T
Px 3ZRx 2 (6)

Having adjusted the nuclear potential parameters to fit the
high energy data, and in view of the approximations inherent
in the simplified coupled-channels code, no further param-
eter adjustments have been made. The most important chan-
nels associated with excitation of ' "Sm are expected to in-
volve those states with the largest B(Ek) t' values, i.e., the
first 2+ and 3 states. The associated deformation param-
eters, from Eq. (6), are P2 = 0.11 and P3 = 0.21. Since an
effective deformation [37] may be estimated by combining
these in quadrature, the larger value of the latter suggests the
coupling to the inelastic 3 channel should be dominant.
Considering first the ' 0 reaction, including the 3 state in
the calculation gives a good representation of the data, as
shown in Figs. 9(a) and 9(b). The quality of the representa-
tion is modified only marginally by the addition of the 2+
state in the calculation, also shown in Figs. 9(a) and 9(b),
and this confirms that the effects of target octupole excitation
are dominant in this case.

Frequently the effects of inelastic excitation of the projec-
tile are included in these CCMOD calculations. However, in-
clusion of the inelastic channel associated with the excitation
of the most collective state in ' 0, the 3 state at 6.1 MeV
with P3 = 0.71, destroys the agreement between experiment
and theory as shown in Figs. 9(c) and 9(d). The coupling
pushes barrier strength above 70 MeV and depletes strength
around 65 MeV, giving a barrier distribution which is incon-
sistent with the measured one. This demonstrates that it is
inappropriate to include the excitation of ' 0 in simple
coupled-channels calculations, which do not account for dy-
namical effects of the coupling, and supports the conclusions
of Ref. [38] that the role of projectile excitation, specifically
in the ' Sm + ' 0 reaction, would be strongly suppressed
because of "proximity" and dynamical effects. We have per-
formed a series of CCMOD calculations with reduced strength
for the ' 0 coupling. The data suggest that the coupling
strength associated with excitation of ' 0 must be reduced
by at least a factor of 4 compared with that calculated using
Eq. (5).

It is instructive to note that the increase in low energy
cross sections resulting from the coupling to the ' 0 excita-
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FIG. 9. Comparison of the measured excitation function and
extracted barrier distribution for ' Sm + ' 0 with various calcu-
lations. The solid lines in (a) and (b) are the results of coupling to
inelastic channels involving excitation of the 2+ and 3 states of

Sm; the dashed lines show the effect of omitting the 2+ state.
The solid lines in (c) and (d) are the results of including the exci-
tation of the 3 state of the projectile. The dashed lines are the same
calculation with the average barrier increased by 0.5 MeV in order
to fit the low energy cross sections.

tion can be largely compensated by an increase in the height
of the average barrier by 0.5 MeV, as shown in Fig. 9(c).
Indeed, over the energy range displayed this excitation func-
tion appears to reproduce the data at least as well as the
calculation in Fig. 9(a). However, the barrier distribution in
Fig. 9(d) is still poorly reproduced and calculated cross sec-
tions at the highest energies are now a few percent too low.
This comparison serves to reinforce several important points.
Simply adjusting the parameters of a calculation to give what
appears to be a fit to the low energy cross sections, as done in
Ref. [39j for instance, does not ensure that the correct cou-
plings have been included. Accurate data at high energies are
essential to constrain the height of the average barrier. The
barrier distribution representation offers a much more sensi-
tive method of determining the important couplings. This
latter point is particularly important in a case such as this
because the calculated excitation function is not an ideal rep-
resentation of the data and the y, is much greater than unity.
A statistical analysis of a fit to the data may not distinguish
between different models which have similarly large y, val-
ues but the major contributions to y, may come from differ-
ent energy regions where the fits are systematically poor.
Such a region can be seen in Fig. 9(a) where the data are
consistently higher than the calculation around 60 MeV. Un-
der these circumstances, a calculation which has the qualita-
tive features displayed in the experimental barrier distribu-
tion, like that in Fig. 9(b), is much more likely to contain the
appropriate channel couplings than one which does not, as in
Fig. 9(d).

In considering the reaction with the ' 0 projectile, its

X
F„,„(r)= exp-

47r

r —R b

FIG. 10. Comparison of (a) the measured excitation functions
and (b) extracted bamer distributions for ' Sm + ' 0 and for

Sm + ' O. The ' 0 data are compared with calculations which
involve excitation of 2+ and 3 states of ' Sm (long dashed lines)
in (c) and (d). The solid lines show the effects of a neutron transfer
channel with positive Q-value of +2.6 MeV. The short dashed lines
result from distributing the transfer strength over four channels.

inelastic excitation has not been included in the calculations
since its collective properties may be expected to be similar
to those of ' 0. The excitation functions for the ' 0 and
'70 reactions are compared directly in Fig. 10(a). The cross
sections are very similar at high energies and the barrier
distributions, in Fig. 10(b), are also the same above the main
peak. However, at low energies the cross sections for the
' 0 reaction are more than four times higher than those for
' 0 and the increased cross-section is rejected in the barrier
distribution as a weak tail extending to low energies. A cal-
culation using inelastic coupling to the 2+ and 3 states of

Sm, with strengths identical to those which described the
' 0 data, fails to fit the ' 0 data, as shown by the dashed
lines in Figs. 10(c) and 10(d); clearly additional coupling is
required for the heavier projectile. An increased cross-section
will result from any form of extra coupling, as was shown in
Fig. 2 and in the associated discussion; however, the type of
coupling required is not immediately apparent in the excita-
tion function. The assumption that transfer plays a role is not
unreasonable because of the loosely bound neutron in ' O. In
contrast, no theoretical guidance is required to interpret the
barrier distribution. In this reaction, barrier strength below
the main one can only be produced by coupling to a channel
with a positive Q value, which rules out inelastic channels.
The additional channel must be associated with transfer. The
reaction ' Sm(' 0, ' 0)'" Sm has a ground-state Q value of
+ 2.6 MeV and is the obvious candidate for inclusion in the
calculations.

The effects of transfer can be treated approximately in the
code ccMQD which uses coupling of the form [9]
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where Rb is the sum of the radii of the interacting nuclei and

a = 1.2 fm. Coupling to the ground-state transfer channel

has been included in a calculation where the strength M of
the coupling was adjusted to fit the data; none of the other
parameters were adjusted. The calculated excitation function
and barrier distribution, shown in Figs. 10(c) and 10(d), re-
spectively, are in excellent agreement with the experimental
data. The best fit was obtained with the value of M = 2.8
MeV. This compares with an average value of =3 MeV for
single nucleon transfer in a range of reactions [40], calcu-
lated using spectroscopic factors of unity, though these cal-
culated values vary by almost two orders of magnitude, de-
pending on the nucleon orbitals and transferred angular
momentum.

It is interesting to note that the barrier strength below the
main peak, introduced as a result of coupling to the transfer
channel, is about a factor of 3 smaller than that above the
main peak, which arises mainly from coupling to inelastic
channels. The inelastic coupling strength is weak in this case,
because of the low P~ values of the semimagic ' Sm. On
the other hand, the single-neutron transfer to low lying states
is associated with reasonably large spectroscopic factors [41]
and is therefore expected to be a strong transfer channel.
Thus it is not unreasonable to conclude that individual trans-
fer channels will generally have a minor effect in redistrib-
uting barrier strength. Whilst the effects of a positive
Q-value channel may be easily observed, the effects of a
transfer channel with a negative Q value are likely to be
difficult to identify when even the weakest inelastic channels
are involved. This conclusion is supported by the results of
Ref. [42] for the fusion of Ni + Ni, where the coupling
effects were dominated by multiphonon excitations and the
anticipated two-neutron transfer channel could not be identi-
fied. However, transfer might be expected to have a signifi-
cant effect when the number of transfer channels is large
compared with the number of inelastic channels [9].

The initial assumption that transfer to the ground state of
'" Sm is the only important channel is too simple since it is
expected that several states in ' Sm will be populated in the
stripping reaction. In the ' Sm(' C, ' C)' Sm reaction,
transfer to four single-particle states, 2f7/2 3p3/2, 3p»2, and

2fz&2, was observed [41]. The transfer strength to each
single-particle state was similar but was distributed over sev-
eral energy levels, with centroid energies of 0.0, 1.43, 1.61,
and 1.78 MeV, respectively [41].We have therefore included
four transfer channels in a second CCMOD calculation. A
common coupling strength was used for all channels and it
was adjusted to give a reasonable representation of the data,
as shown in Figs. 10(c) and 10(d). A fit to the data of similar
quality to that for the one transfer channel was obtained us-
ing ~ = 1.4 MeV. Now the coupling to each individual
channel is reduced although the total effective coupling
strength is unchanged since the individual strengths are
added in quadrature. Thus our measurement gives an esti-
mate of the total coupling strength but gives no indication of
its distribution between the available transfer channels. It
would be necessary to use a reaction with an isolated posi-
tive Q-value channel in order to determine its individual cou-
pling strength.

The excellent representation of the data for both the ' 0
and ' 0 reactions could be to some extent fortuitous. As

discussed earlier, the nuclear potential is an effective one
which requires a large diffuseness to fit high energy cross
sections. It is not obvious that this is the appropriate potential
to use in Eq. (5). Also the coupling strengths depend on the
choice of the nuclear radius parameter used in Eqs. (5) and

(6). The original choice of 1.06 fm was somewhat arbitrary
and was used in calculations for ' Sm + '"0 [19]. For
consistency, the coupling strengths for all the reactions dis-
cussed here are evaluated using a radius parameter of 1.06
fm and using the effective nuclear potential which fits the
high energy data. Because of these uncertainties, as well as
approximations implicit in the CCMOD calculations, no at-

tempt has been made to obtain the optimum fit to these cross
sections by adjusting any parameters. For the same reasons
care should also be taken in drawing conclusions from the

P~ values which provide good representations of the data.
Despite these limitations, the clear qualitative agreement

between the calculated and experimental barrier distributions
strongly supports the above assignments and unambiguously
demonstrates the effects on fusion of channels associated
with inelastic excitation of the target nucleus and single neu-
tron transfer. Our data also indicate that projectile excitation
appears to play an insignificant role in these reactions.

V(r, 0, I) = Vc(r, 8) + V&(r, 0) + VI(r), (8)

where Vc(r, 9) is the Coulomb potential including quadru-

pole and hexadecapole terms, expanded to order Pz and

P4, and V,(r) is the usual centrifugal potential. The nuclear
potential V~(r, 0) uses parameters which fit the high energy
data but its exponent contains a factor R( 0)/a with R( t9) =
RT[I+ P2Y2(8)+ P4 Y4(0)] to account for the dependence
of the radius of the deformed target nucleus on its orienta-
tion. RT is the mean radius of the target nucleus given by
1.06A ' fm. The barrier heights B(l, 8) were calculated nu-

merically for each l value and target nucleus orientation. The
fusion cross sections were then evaluated using

B. The "Sm, W + 0 reactions

The measured excitation functions [16,21] are shown in

Figs. 6(c) and 6(d), respectively. The dashed curves are the
results of calculations using single barriers resulting from the
nuclear potentials in Table II. The barrier distributions ex-
tracted from these data are shown in Figs. 7(c) and 7(d).
They are compared with the distributions calculated for the
average barrier of each reaction. The obvious features are
that the experimental distributions are very wide relative to
the single barrier and extend to lower energies compared
with the ' Sm distributions. This is not surprising since the
target nuclei are known to have permanent quadrupole defor-
mations and a wide range of barriers would be expected clas-
sically, due to the random orientations of the deformed target
nuclei.

The fusion excitation functions have been calculated us-

ing Hill-Wheeler transmission coefficients associated with a
set of fusion barriers which depend on the angle 0 between
the symmetry axis of the deformed target nucleus and the
beam direction. The projectile is treated as inert. The barriers
depend on l and they are calculated from the maximum in
the potential
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In practice, the integration in Eq. (9) was performed using
an eigenchannel formalism [43] using 20 channels which
represent different orientations of the classical shape with
geometric weights associated with the probability of encoun-
tering the nucleus with that orientation. Alternatively, the 20
channels can be considered as representing members of the
ground state rotational band of a deformed nucleus.

Early attempts to fit fusion data, using a distribution of
barriers associated with a static deformation [3,23,28],
yielded very low values of p2. Reasons for this have been
discussed elsewhere [19].For comparison with those previ-
ous results, and because the model approximations are less
severe for deformed nuclei, we chose to fit the data by ad-
justing the deformation parameters. Initially, the p2 deforma-
tion parameters for ' 4Sm and ' W were adjusted to give
the best fits to the excitation functions, defined as those giv-
ing the minimum y value. These fits give reasonable de-
scriptions of the data, supporting the expectation that the
fusion enhancement is largely due to the target deformation.
The results are presented in Fig. 11 as differences of the
experiment and theory as a percentage of the experimental
cross section. The top panels in Fig. 11 show the deviations
obtained from a calculation using the single barrier in Table
II.

The inclusion of a pz deformation dramatically improves
the agreement, as seen in the center panels of Fig. 11, giving
values of y of 17 for each reaction compared with =800
when using the single barrier. The corresponding excitation

FIG. 11. Percentage deviation of the calculated cross sections
from those measured for the ' Sm + ' 0 and ' W + ' 0 reac-
tions for various combinations of p2 and p4. The optimum fits in
the lower panels underestimate the data at the lower energies for
both reactions.
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functions and barrier distributions are presented in Fig. 12.
The best fits to the excitation functions are achieved with

p2 values of 0.37 and 0.31 for 's Sm and ' W, respectively.
The fits to the cross sections are still poor at low energies,
although the agreement now extends to lower energies rela-
tive to the single barrier calculations. Also the calculated
barrier distributions, shown in Fig. 12, show clear systematic
deviations from the data and the p2 values are larger than the
accepted values of =0.30 and =0.24 from Coulomb excita-
tion studies [44,45]. These failures suggest the data are sen-
sitive to nuclear properties other than the quadrupole defor-
mation.

The ' Sm and ' W nuclei are known to have significant
hexadecapole deformations and the results of including such
a term in the calculations are shown in Figs. 11 and 12. The
ranges over which the fits are good now extend to lower
energies, as seen in the lower panels of Fig. 11, and the
overall fits to the excitation functions are improved, y, now
being 7 for ' Sm and 6 for ' W. However, at the lowest
energies the cross sections in the ' W reaction are fitted less
well, as seen in Figs. 11 and 12(c), whereas the fit in the
'5 Sm case is improved, Fig. 12(a). There is good qualitative
agreement in the shapes of the barrier distributions in Figs.
12(b) and 12(d). The optimum fits to the cross sections are
obtained with deformation parameters p2 = 0.33 and p4 =
0.05 for ' Sm and P2 ——0.31 and P4 = —0.03 for ' W.
The p2 parameters are slightly larger than those in Refs.
[19,21] as a result of using a smaller diffuseness parameter in
the nuclear potential. Again this illustrates the need for good
quality data at energies above the barrier as

FIG. 12. Comparison of the measured excitation functions and
barrier distributions for ' Sm + ' 0 and ' W + ' 0 with calcu-
lations assuming each has a static deformation. The long dashed
lines are optimum fits assuming quadrupole deformations, the solid
curves include hexadecapole deformations (see Fig. 11 also). The
short dashed lines show the effects of additional coupling to octu-
pole and quadrupole vibrations and a positive Q value transfer
channel. The sensitivity of the extracted deformation parameters to
these couplings can be seen.



3164 J, R. LEIGH et al.

well as indicating the sensitivity of the extracted deformation
parameters to the nuclear potential.

The largest differences between the deformation param-
eters extracted from fusion and those from Coulomb excita-
tion and inelastic n-scattering measurements [45] occur for
's6W, where the nonfusion values are pz

——0.24 and p4 =
—0.08. It was demonstrated in Ref. [21] that smaller defor-
mation parameters were required to fit the fusion data when
additional couplings to vibrational states in the target were
included in the calculations. The need for additional coupling
for both reactions is suggested by the failure of the calcula-
tions to reproduce the lowest energy data using only defor-
mations. It is also clear in the ' W case that the height of the
plateau in the barrier distribution in Fig. 12(d), in the energy
range 66 MeV to 69 MeV, is underestimated by the theory.
This latter feature could be reproduced in the calculation
using a smaller p2 value, a more negative p4 value, or a
combination of both. The resultant decrease in the width of
the barrier distribution, and in the cross sections at low en-
ergies, cannot then be compensated by including couplings
to the known vibrational 2+ and 3 states in ' W. However,
the proton stripping channel has an effective positive Q value
of +2 MeV, given by the difference between the ground state
transfer Q value and the optimum Q value when changes in
Coulomb energy are taken into account. Since a positive-Q
transfer channel has been shown to play an important role in
the ' Sm + ' 0 reaction, it has also been included in a
CCMOD calculation in addition to the phonon couplings used
in Ref. [21].The coupling strengths for the inelastic channels
(two 2" states and one 3 state) were evaluated from pub-
lished B(Ek) $ values [46] using Eq. (5) whilst that for the
transfer channel was taken to be 2.8 MeV, the value extracted
from the ' Sm data. The optimum fit to the data, obtained
by adjusting the static deformation parameters, is shown in
Figs. 12(c) and 12(d) and the data are reproduced surpris-
ingly well in all respects, using P2 =0.28 and P4—0.07. Both these values are closer to those obtained from
inelastic scattering studies; now the fit to the cross sections
has y, = 3.

Since ' Sm has vibrational states [47] equivalent to those
in ' W and the reaction also has a similar positive Q value
(+1.5 MeV) transfer channel, the ' "Sm cross-sections have
been calculated as described above. The results are displayed
in Figs. 12(a) and 12(b). Again the fit is remarkably good,
giving y„= 4 using P2 = 0.28 and P4 = 0.05.

It is not clear to what degree these last calculations are
parameter fitting. However, they do serve to demonstrate the
sensitivity of the excitation functions and barrier distribu-
tions to relatively weak coupling even in the presence of the
strong effects expected from static deformations. They also
illustrate the dependence of the extracted deformation pa-
rameters on these additional couplings.

Despite these uncertainties, it is clear from the qualita-
tively different shapes of the experimental barrier distribu-
tions for the two reactions, as illustrated in Fig. 12, that the
fusion excitation functions are very sensitive to both quadru-
pole and hexadecapole deformations. Fusion data may thus
be used to estimate the magnitude of deformation parameters
and importantly to determine their signs, removing ambigu-
ities often associated with other techniques.
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FIG. 13. Fits to the excitation function and barrier distribution
assuming ' Sm has a static deformation. The dashed lines result
from a smaller, more reasonable, deformation with additional cou-
pling to channels involving vibrational excitations.

C. The ' Sm + ' 0 reaction

Theoretically, the form required for the couplings in this
vibrational nucleus is not as clear as those for the near-
spherical and deformed coupling cases discussed above. The
excitation function is shown in Fig. 6(e) and the barrier dis-
tribution in Fig. 7(e). The distribution is much wider than
that for the single barrier required to fit the high energy data
and it appears to have an asymmetry similar to, but smaller
than, that for ' Sm. This form of asymmetry, with a tail
extending to low energies, is characteristic of a static positive
pz. Positive Q-value transfer reactions can also produce bar-
rier strength at low energies but there are no such single-
particle transfer channels for this reaction. The data have
therefore been analyzed using the same procedure as that for
the deformed nuclei in the preceding section. The optimum
fit to the excitation function gives a y, of =7 and is obtained
with p2 = 0.28 and p4 = 0.0. The excitation functions and
barrier distributions are displayed in Fig. 13.

The value of p2 is high, 50% larger than the value of
0.18, extracted from the B(E2)]' using Eq. (5). The possible
effects of additional couplings have been investigated by in-

cluding known 2+ and 3 states of ' Sm in a CCMOD cal-
culation, again using established B(Ek)T values [48]. The
results of the calculation using static deformation parameters
of P2 = 0.18 and P4 = .05 are shown in Fig. 13. The cross
sections are well reproduced and the barrier distribution
gives an improved fit to the data in the range below the peak.
The additional coupling produces structure in the barrier dis-
tribution at higher energies where our data show a significant
degree of scatter. The effects of other couplings, to transfer
channels with negative Q values for instance, might tend to
wash out this calculated feature; more precise measurements
would be required to confirm its presence, or absence.
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The overall width of the barrier distribution suggests that
coupling between successive members of a collective band is
important in this reaction. It does appear that a good repre-
sentation of the data can be achieved using accepted defor-
mation parameters in our calculations, provided the expected
weak couplings are also included. This does not necessarily
mean that the use of a static deformation is correct. It is also
possible that the more realistic option of coupling between
several members of a vibrational band can produce similar
features, although a calculation [49] in which the vibrational
nature of ' Sm was reproduced using an interacting boson
model, gave a near symmetric barrier distribution.

V. CONCLUSION

There had been a general acceptance of the notion that
fusion excitation functions are smooth and featureless. This
attitude had arisen mainly because cross sections were typi-
cally measured with relatively poor precision and at only a
small number of energies. Under these circumstances, a
range of models with different parameters could fit the data
equally well, giving the impression that fusion excitation
functions did not serve as a good test of models.

We have measured five fusion excitation functions with
small, well-defined energy intervals and with sufficiently
high precision to demonstrate that these excitation functions
contain structure which depends in detail on the properties of
the interacting nuclei. This structure is most dramatically
seen when d (Ear„,)/dE is plot.ted as a function of energy.
This form of presentation is very useful in that it accentuates
the unique features of each excitation function. Comparison

of our data with model calculations demonstrates that the
interpretation of d (Eof„,)./dE as a distribution of fusion
barriers is justified. This "snap-shot" of the important barri-
ers involved in a fusion reaction then makes interpretation of
the sub-barrier fusion process much clearer.

The barrier distributions for the reactions with the
semimagic ' Sm nucleus show structures which can readily
be associated with specific inelastic and transfer channels.
Importantly, the barrier distribution can indicate which chan-
nels are not playing a significant role in fusion; the inclusion
in the simplified coupled-channels codes of states in projec-
tiles such as ' 0 is not warranted.

In the reactions involving the deformed target nuclei, the
barrier distributions are dominated by deformation effects. In
particular, the role of the hexadecapole deformation is imme-
diately evident in the qualitative differences between the two
barrier distributions. At present, the fusion method cannot be
regarded as a precise way of determining the magnitudes of
deformation parameters although it does have the important
benefit of giving their signs without ambiguity. Although the
deformation effects are strong, the excitation functions show
that additional relatively weak channels are important. Thus
fusion may prove to be a most sensitive probe of channel
coupling.

Fusion excitation functions can now be measured with
high precision. However, comparison of such data with the
results of the fusion models in common use may be limited
because of the approximations made in these models. The
refinement of the models to achieve a degree of precision and
reliability comparable to the data presents an interesting
challenge to theory.
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