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Abstract. Measurements of fusion-evaporation cross-sections for the system **Ca + 1°*Sm have been per-
formed in the sub- and near-barrier energy range. Barrier-passing cross-sections have been obtained by
adding recently measured capture-fission cross-sections at the same energies, and the barrier distribution
for capture has been extracted. The data have been analyzed within a coupled-channel model, and a large
subbarrier cross-section enhancement is observed, due to the ground-state prolate deformation of 1°*Sm.
The *8Ca + ®*Sm capture cross-sections are compared to existing data on 10 + ¥W fusion, leading to
the same CN, where a few higher-energy points have also been measured. The evaporation residue cross-
sections for the two systems above the barrier indicate that complete fusion is inhibited for **Ca + 1°4Sm
by ~ 40% in that energy region, with respect to 10 + 8¢W.

PACS. 25.70.-z Low and intermediate energy heavy-ion reactions — 25.70.Jj Fusion and fusion-fission

reactions

1 Introduction

The experimental knowledge on fusion between light and
medium-heavy nuclei at sub- and near-barrier energies has
grown considerably in the last twenty years [1,2]. The
theoretical models are able to reproduce and predict the
main features of such processes, but properly understand-
ing the fusion dynamics for heavy systems requires many
more ingredients. The need for more experimental data
to disentangle various concurrent effects, is clearly felt. A
full understanding of all steps of the reaction dynamics
is very important for the challenging issue of superheavy
elements production.

For light or medium-heavy systems, capture inside the
Coulomb barrier leads invariably to fusion, so that the
capture (or barrier-passing) cross-section coincides with
the total fusion cross-section. Total fusion implies the for-
mation of the compound nucleus. However, for heavy sys-
tems capture inside the barrier, i.e. formation of a di-
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nucleus, is not a sufficient condition for fusion. The di-
nucleus may reseparate into two fragments before that full
equilibration of all degrees of freedom has been reached.
Consequently, a considerable part of the total capture
cross-section is “lost” into the quasi-fission channel. This
phenomenon is experimentally observed as a hindrance to
fusion [3,4].

Very schematically, fusion enhancements and fusion
hindrance phenomena are both present in the interest-
ing energy range near the Coulomb barrier for heavy and
very heavy systems. They influence fusion cross-sections
in opposite ways, but the underlying phenomena are act-
ing at different stages of the dynamical evolution of the
projectile + target system. Channel coupling effects, ex-
pected to be very strong in heavy systems, facilitate cap-
ture inside the Coulomb barrier. At a slightly later stage,
when capture has taken place and the di-nucleus has been
formed, its ability to form a real compound nucleus (CN)
depends on other (less studied) entrance-channel prop-
erties, like energy, mass-asymmetry, nuclear deformation
and shell effects.
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The dependence of fusion hindrance on mass asym-
metry in the entrance channel was indicated by early
experiments (see, e.g., [5]) and analyzed within the
extra-push model [6-8]. In the measurements of Back
et al. [9], evidence for quasi-fission was found for
328 4+ 82W, and it was shown that complete fusion is
only a small fraction of the total reaction cross-section for
48Ti 4+ 166FEr and %ONi 4 '4Sm. All three systems lead to
the 2"Th* CN. More recent measurements on the pro-
duction of 2'*Ra* and 22°Th* CN [10,11] have shown, in
a model-independent way, that fusion is increasingly in-
hibited near the barrier, for Z; Z5 values as low as ~ 700,
when entrance channels have decreasing mass asymmetry,
due to the competition with quasi-fission. Those experi-
ments demonstrated that the inhibition exists already for
the low partial waves associated with a significant evapo-
ration residue (ER) production.

The influence of nuclear static deformation on the
fusion process has been the object of various investiga-
tions (see, e.g., [12]). In particular, the fusion barrier
distribution of 150 + 14Sm [13] has a characteristic
shape due to the prolate deformation of **Sm. Using
this nucleus as the target and a spherical projectile,
heavier than 60, should reveal stronger subbarrier fusion
enhancements and a wider barrier distribution. However,
one has also evidence that deformation may facilitate
the onset of quasi-fission, thereby inhibiting fusion. In
6ONi + 154Sm [14], a strong hindrance to fusion was
deduced from the measured subbarrier ER cross-sections.
The fusion hindrance was attributed to “tip” collisions
with the deformed samarium target at subbarrier ener-
gies, following previous evidence for 160 + 238U [15]; no
hindrance was observed above the barrier where “side”
collisions become energetically possible.

Closed-shell nuclei are usually rigid against quadrupole
vibrations. Therefore, couplings with such inelastic states
have a small effect on subbarrier fusion probabilities. But
couplings to octupole deformations may be strong even
in magic nuclei (e.g. in *°Ca or in 2°Pb), so leading to
large cross-section enhancements [16-18]. The case of **Ca
is interesting, since it is very stiff both for quadrupole
and for octupole vibrations. Fusion hindrance itself may
be affected as well by shell effects in the entrance chan-
nel [19,20].

This paper presents the results of our experimental
study of fusion of the relatively heavy, magic nucleus *3Ca
with the well-deformed target **Sm. We provide experi-
mental information on fusion dynamics of *¥Ca + 154Sm
in a large energy range going from well below to well
above the Coulomb barrier. Fusion hindrance has been
recently observed [21] in the similar, but heavier sys-
tem 48Ca + 1%8Er. The purpose of the present work was
twofold: 1) to obtain experimental confirmation to the ex-
pected large channel coupling effects in the subbarrier en-
ergy regime, and to analyze the results within the coupled-
channel model; 2) to look for fusion hindrance in a system
where Z; Zy is as large as 1240, but the CN 2°2Pb* is rela-
tively lighter than in previous studies [9-11,14,15,21], and
where deformation is present, so to extend our knowledge
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on the entrance channel properties which may be relevant
for the onset of fusion hindrance/quasi-fission.

We have measured the cross-sections for ER produc-
tion (a clear signature for fusion) for this system. By
adding recently measured capture-fission cross-sections in
the same energy range, we have deduced total capture
(barrier-passing) cross-sections. The barrier distribution
has been extracted as the second derivative of the cap-
ture excitation function [1]. Both capture cross-sections
and barrier distribution have been compared with the pre-
dictions of coupled-channel calculations where the static
deformation of 1°4Sm has been taken into account. A rel-
ative comparison has also been done with the subbar-
rier fusion cross-sections of 160 + 186W [12,22]. Above
the Coulomb barrier the *Ca + '%*Sm ER cross-sections
have been analyzed together with the corresponding data
for 160 4 '86W, leading to the same CN, where we have
also measured a few higher-energy points. The reduced ER
cross-sections for the two systems have been compared,
looking for a possible fusion hindrance in *3Ca + '®4Sm.
Part of the present results was presented at recent Con-
ferences [23].

The following section 2 describes the experimental set-
up and presents the results. Section 3 is dedicated to the
analysis of the capture cross-sections for *®Ca + 154Sm
within the coupled-channel model, and to a comparison
of capture cross-sections for 48Ca + '*Sm with respect
to fusion cross-sections of 160 + 186W. Section 4 shows
the ER cross-sections for ¥Ca + 154Sm and 160 + 186W
in a reduced scale where fusion hindrance effects can be
readily put into evidence, in a model-independent way. A
summary and the conclusions of the paper are presented
in sect. 5.

2 The experiments
2.1 Set-up and procedures

Heavy-ion beams from the XTU Tandem-ALPI acceler-
ator complex of the Laboratori Nazionali di Legnaro of
INFN have been used for the experiments reported here.
The “8Ca beams were produced by the sputter ion source
where a metallic calcium sample, enriched to 50% in mass
48, was sprayed with ammonia and the resulting CaH™
ions were injected into the accelerator. Beam intensities
on targets were ~ 2-5pnA, depending on the experimen-
tal conditions. The energy range for measurements was
163-220 MeV (roughly from 11% below to 20% above the
nominal Coulomb barrier). The 1O beams had energies
in the range 105-121 MeV with intensities around 10 pnA.

The targets, placed in the center of a @ = 100 cm
scattering chamber, were evaporations of metallic 1°4Sm
(50-200 pg/cm?) and of ¥SWOj3 (50 ug/cm?) on carbon
backings (15-20 pug/cm?) facing the beam, with isotopic
enrichments 98.7% and 97.5%, respectively. The beam en-
ergy losses in the carbon backings were ~ 400keV and
~ 70keV for 48Ca and for 160, respectively, and they were
taken into account in the data analysis.
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Fig. 1. Energy - Time-of-flight matrix obtained for the reac-
tion *¥Ca + 1%4Sm, at Ej.p = 208 MeV and 61ap = 0°.

The nominal beam energy was defined by the 90° an-
alyzing magnet of the XTU Tandem with an uncertainty
< 1/800 [24]. A fluorescent quartz was used to focus the
beams to the same position on the targets.

Four silicon detectors monitored continuously the
beam intensity and position. They detected Rutherford
yields from the target and were placed above and below,
and to the left and right of the beam at the same scatter-
ing angle 0,5, = 13° or 16°, depending on the run. Small
corrections to ER cross-sections were made according to
observed variations of the relative yields in the monitors,
due to possible changes of beam focusing and position
during the various runs.

The forward-recoiling ER were separated from the
much stronger flux of beam and beam-like particles by
means of an electrostatic deflector [25], installed outside
the scattering chamber, with an entrance collimator and
two separated pairs of metallic plates 10 x 25cm?. The
electrostatic field between the plates (perpendicular to
the ion direction), deflected beam particles less than ER.
While the beam was stopped after the plates, the ER en-
tered a second collimator and were detected by an energy
time-of-flight telescope consisting of a micro-channel plate
detector (collimated to a 15mm diameter) and, 40cm
downstream, of a 300mm? silicon surface-barrier detec-
tor. Figure 1 shows a two-dimensional time-of-flight wvs.
energy spectrum measured for ¥¥Ca + %4Sm at 6),;, = 0°
and Fj,, = 208 MeV. The group of ER is cleanly separated
from the energy-degraded beam-like particles. At the same
time, due to the mass resolution of the set-up (AA/A ~
1/50) we cannot distinguish the individual xn, pzn and
axn evaporation channels from the 202Pb* CN decay.

Besides 0° excitation functions, ER angular distri-
butions were measured for *8Ca+ %4Sm at Fp, =
183,194, 208,220 MeV in the range —4° to +4°, and for
160 4+ 186W at Ej,p, = 121 MeV in the range —6° to +4°,
with one degree steps.
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Fig. 2. The ratio K between the total ER cross-section and the
differential ER cross-section measured at 0° for **Ca + *4Sm
(see text). The Bass barrier [26] is around 183 MeV. The full
line is an interpolation between the measured points.

2.2 Results

Detailed studies of ER excitation functions for
160 4+ 186W were performed in the past at sub-
and near-barrier energies [12,22]. The results of the
two experiments are in good agreement with each
other. We repeated the measurement of Oak Ridge at
FEi.p = 105MeV, and extended the experiment to the
higher energies Fj,;, = 109.7,115.6,121.1. The very low
energies of the ER in this system make it difficult to esti-
mate the overall efficiency of our set-up (beam deflector
and detectors). Consequently, we have normalized the ab-
solute cross-section scale to the point at Fi,p, = 105 MeV
(E&n = 75.5MeV), measured in ref. [22]. Starting from
that point upwards, the energy dependence of the ER
angular distribution width was calculated taking into
account, besides the increasing number of evaporated
particles, the ER angular straggling in the target and
in the carbon foil of the MCP detector. Actually for
those ER with very low energy, the dominant factor in
determining the angular distribution width is the angular
straggling, due to multiple scattering on the atoms of the
materials. The calculation gives good agreement with the
angular distribution we measured at Ej,;, = 121 MeV.

For #Ca + ¥*Sm the set-up efficiency (mainly depen-
dent on the electrostatic filter transmission 7" in this case)
was measured using the same procedure as in previous
experiments (see ref. [24] for details) at Epp = 194,208
and 220 MeV. Since no appreciable energy dependence of
the transmission was observed within the experimental ac-
curacy, the weighted average value T' = 0.61 £ 0.05 was
adopted for all “Ca, energies.

The ER cross-sections for 48Ca + 1%4Sm were obtained
by fitting the five measured angular distributions by Gaus-
sian functions (see, e.g., [12]). The ratio K between the
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Table 1. Evaporation residue cross-sections for Ca + *4Sm
measured in the present work. The quoted errors are statistical
uncertainties (see text).

Ecm. (MeV) oer (mb) Ec.m. (MeV)  ogr (mb)
125.18 0.048 4+ 0.029 140.43 36.2+0.7
125.79 0.145 4+ 0.039 141.04 41.5+0.8
126.40 0.184 4+ 0.039 141.65 50.3+ 1.0
127.01 0.407 4+ 0.058 142.26 55.0+ 1.0
127.62 0.688 4+ 0.087 142.87 60.1+1.0
128.23 1.07 £ 0.096 143.48 629+ 1.1
128.84 1.70 £ 0.12 144.09 66.6 = 1.2
129.45 1.86 £0.12 144.70 69.4+1.2
130.06 2.86 +0.15 145.31 76.9 £ 1.6
130.67 3.60 + 0.16 145.92 81.6 +1.7
131.28 4.61 +£0.19 146.53 88.7+ 1.8
131.89 5.96 + 0.25 147.14 88.8+1.5
132.50 7.20 +0.30 147.75 88.2+ 1.6
133.11 8.10 £ 0.32 148.36 95.8+ 1.8
133.72 9.34 +0.29 148.97 97.1+ 1.8
134.33 11.18 £0.39 150.80 103.7 £ 2.1
134.94 11.93 +£0.36 152.70 111.2 £2.2
135.55 14.0+0.4 154.53 1079+ 2.4
136.16 15.9+0.5 156.36 115.6 £2.5
136.77 17.1+0.5 158.19 110.3 £+ 2.4
137.38 19.9 £ 0.6 159.87 107.0 £ 6.1
137.99 22.8 +0.7 161.24 105.1 £5.3
138.60 26.5 £ 0.8 164.29 102.6 £5.3
139.21 31.6 = 0.6 165.20 99.7 + 4.6
139.82 34.9 + 0.6 167.34 102.2 £5.8

total area under the Gaussian and the ER differential
cross-section at 0° gives the total ER cross-section. This
ratio is shown in fig. 2. Interpolated values were used for
the energies where no angular distribution was measured.
The width of the angular distributions increases signifi-
cantly above FEi,;, = 194 MeV. This is mainly due to the
increasing number of neutrons, protons and a-particles
evaporated at high CN excitation energies Efy. The ab-
solute cross-section normalization relies, additionally, on
the knowledge of the relevant geometrical solid angles of
the detectors (~ 0.025msr for the energy time-of-flight
telescope) [24]. The ER cross-sections we have obtained
for 8Ca + '%4Sm are listed in table 1.

3 Capture cross-sections

The capture, or barrier-passing, cross-section we are going
to discuss in the following, is the sum of the capture-fission
and ER cross-sections. The present ER cross-sections for
48Ca + '%4Sm have been summed with the capture-fission
cross-sections recently measured in a parallel experiment
at LNL [23]. Those fission cross-sections actually include
possible quasi-fission contributions besides CN fission, so
that the resulting numbers are the total cross-sections
for capture inside the Coulomb barrier. They are shown
in fig. 3, together with the ER excitation function mea-

The European Physical Journal A

L e s B L B A |
1000 | o
capture 3
100 - 0000000 m O 4
a F \ i
£
c ! ER
o 10} : 4
k3] F '
(6] '
® H
0 ]
)] ]
o 1L h 4
O F ,' ]
h
r '
01 L H *Ca + **Sm _
E h
,' ]
n ' 1 ' n L4 s | n ' n | n | ' 1
128 136 144 152 160 168
Ec'm_ (MeV)

Fig. 3. Capture (full dots) and ER (open dots) excitation
functions for *¥Ca + '®*Sm. The full line is the result of the
CC calculations discussed in the text. The dotted line shows
the no-coupling limit (one-dimensional barrier tunnelling).
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Fig. 4. Capture barrier distributions. The full line is the result
of the CC calculations discussed in the text. The no-coupling
limit (dotted line) has been divided by two for the sake of
clarity.

sured in the present work. The quoted errors are statisti-
cal uncertainties only, and they are smaller than the sym-
bol size except for the lowest energies. The absolute ER
cross-section scale has a systematic uncertainty of about
+15% [24], mainly due to the uncertainties in the set-
up efficiency and ER angular distributions measurements.
The overall error in the fission cross-sections [23] is near
to £10%.

Since fission cross-sections are negligible at very low
energies, capture and ER cross-sections are practically
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identical there. By increasing the energy, the ER cross-
sections reach a wide maximum (ogr =~ 100mb) around
FE.n =~ 152-154MeV, and then decrease slowly, being
only one tenth of the capture cross-section well above
the barrier. By differentiating twice the quantity Eo
(energy X capture cross-section) with respect to the en-
ergy, one obtains the usual representation of the capture
barrier distribution. The result is reported in fig. 4. Here a
point-difference formula was used [1], with an energy step
of 2.4 MeV.

The barrier distribution is very wide (~ 20-22MeV)
and extends down to about 125MeV, i.e. ~ 15MeV be-
low the nominal Coulomb barrier. The asymmetry of the
barrier distribution shape towards low energies is typical
of the collision of a rigid spherical nucleus with a prolate
deformed target as 1**Sm. We notice that in the Canberra
experiment of some years ago on 160 + 154Sm fusion [13],
a barrier distribution width ~ 8-9 MeV was observed. In
the present case, channel couplings are stronger and pro-
duce a barrier distribution approximately wider by the
factor 20/8, since coupling strengths are proportional to
ﬁZprontarg-

3.1 Coupled-channels calculations

The analysis of capture cross-sections and barrier distribu-
tion has been performed using the coupled-channel model
with the code CCFULL [27]. In CCFULL the number of
CC equations is reduced by means of the isocentrifugal
approximation, and an incoming-wave boundary condi-
tion is placed inside the barrier. It has become clear that
simple linear couplings and the adiabatic approximation
fail to describe the dynamics of heavy-ion subbarrier fu-
sion [28-30]. Hence CCFULL includes the effects of in-
elastic non-linear couplings to all orders, and takes full
account of the finite excitation energies of the coupled
modes. Vibrational couplings are treated in the harmonic
limit. The potential we used in the present CC calculations
was chosen by fitting the capture cross-sections in the
range of 200-400 mb. We remind that the Akyiiz-Winther
potential parameters [31] for *¥Ca+ %4Sm are V, =
78.8 MeV, rop = 1.18fm and a = 0.69 fm. The correspond-
ing potential barrier has V;, = 139.6 MeV, R, = 11.95fm
and fiw = 3.64 MeV (very similar to the Bass barrier [26]).

Our potential requires a barrier near to the Akyiiz-
Winther estimate and a diffuseness a ~ 0.85. Larger val-
ues of the diffuseness, as suggested by the systematic in-
vestigation of ref. [32], do not make the situation better,
even by readjustments of V; and/or ry within reasonable
ranges. The radius parameter has to be in the vicinity
of 1o = 1.05fm. As a consequence, a deep potential well
(Vo =200 MeV) is needed, which, in any case, ensures the
applicability of the ingoing-wave boundary condition. The
barrier parameters for this potential are V;, = 139.6 MeV,
Ry = 11.82fm and hw = 3.56 MeV.

The present potential contains the effect of all chan-
nels not included in the CC coupling scheme, as, e.g.,
the (weak) high-lying quadrupole and octupole vibra-
tions in *®Ca and possible analogous excitations in 4Sm.
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Only the low-lying octupole vibration of %4Sm (Fey. =
1.013MeV, G3 = 0.08) and its ground-state rotational
band (B2 = 0.31, B4 = 0.05 [12]), up to the 24T state,
were explicitly included in the present calculations. It
was checked that this ensures convergence of the results,
in particular that no significant variation of the cross-
sections is observed when coupling higher states of the
rotational band. Transfer couplings are not expected to
be important, since all -values for neutron stripping and
pickup channels are largely negative. They have not been
considered here.

The results of CCFULL for the cross-sections are
shown in fig. 3; the no-coupling limit is also shown for
reference. There is a reasonably good agreement between
data and calculations, even if we notice an underestima-
tion of the data at high energies (by up to ~ 15%, within
the systematic error), and a tendency for the calculated
excitation function to fall down too much rapidly below
E.... = 128MeV. A comparison with the no-coupling
limit allows us to appreciate the very large subbarrier
cross-section enhancement for 48Ca + 1%4Sm.

The calculated barrier distribution has been derived
from the excitation function using the same procedure we
applied for the experimental data. Figure 4 shows the re-
sult. The agreement with data is fairly good, in particu-
lar the long tail extending towards low energies and the
overall width of the distribution are reproduced. We no-
tice that the main peak is slightly shifted with respect to
the data. Should we not consider the octupole vibration
of »Sm in the coupling scheme, the situation becomes
worse, i.e. the main peak is more shifted to the right, and
its width reduces.

Concerning 60 + 86W | the existing fusion excitation
function [12,22] (fusion-ER + fusion-fission) was success-
fully analyzed in [12], and, more recently, in the systematic
work of Newton et al. [32]. The effect of prolate deforma-
tion of '®6W, with a negative hexadecapole component,
was clearly reflected in the subbarrier cross-sections and
in the shape of the barrier distribution. At the three ener-
gies (Fap = 109.7,115.6,121.1) where we have measured
the ER cross-sections discussed below, no fission data are
available. Consequently, no new fusion cross-section can
be added to the excitation function for further analysis.

3.2 Comparison with 10 + 186y

We have considered the capture cross-sections
of “8Ca+ '%4Sm and the fusion cross-sections of
160 + 186W, in the whole energy range, using a rep-
resentation where the two excitation functions can be
directly compared to each other. For this we remind here
the well-known Wong formula [33] which is valid both
above and below a single potential barrier. It is obtained
by assuming a parabolic shape of the barrier top, and
by replacing the sum over the transmission coefficients
Ty(E) by an integral. It reads

o= hwa
2EIn(1 + exp[(2n/hw)(E = V3)])

(1)



478
1000
es® 0 7
4SCa + 154Sm - «® 1
100 |- .
10 L § i
£ ) ]
B ' g °
o]
© S S
® o)
1E ¢ o E
® o
;P
L ° 160 + 186W
0.1 | g
. @ :
001 Lo o 0
-20 -10 0 10 20 30
Ec.m.- Vb (MeV)
Fig. 5. Modified capture (fusion) cross-sections for

BCa4 %48m (190 + '8W) vs. the energy distance from the
Coulomb barrier. The ordinate o’ is defined by eq. (2) in the
text.

This formula gives the barrier-passing (or capture)
cross-section which, in the case of 160 + 86W_ coincides
with the fusion cross-section, since no indication of quasi-
fission exists in that case.

We define

, 2Fo

- =% 2
7 T hwR? @)

and we use for Vj,, R, and hw the values obtained from the
potentials of the CC calculations described above and in
ref. [32], which best fit the data for o ~ 200 mb. We notice
that the barrier curvatures Aw are very similar for the two
systems considered here (hw is 3.56 MeV and 3.50 MeV for
48Ca + 1%4Sm and for 160 + B6W, respectively). There-
fore, the modified cross-section ¢’ should be almost the
same in both cases, at the same distance from the barrier,
if no coupling effects modify the situation. Relative sub-
barrier enhancements of one system with respect to the
other can be readily put in evidence in a plot of ¢’ wvs.
E —V,,. This is shown in fig. 5. In the region above the
barrier the cross-sections are very similar for the two sys-
tems, as it is obvious to expect. Subbarrier cross-sections
show the much stronger coupling effects in the heavier and
more mass-symmetric system, although the prolate defor-
mations of 1%4Sm and '8W are quite comparable. We can
clearly deduce from fig. 5 that more of the barrier strength
is moved to lower energies in the *8Ca + °*Sm case.

Far below the barrier, the relative enhancement is in
excess of two orders of magnitude. This is much more than
any reasonably expected fusion hindrance phenomenon in
the more mass-symmetric system *®Ca + '54Sm, in that
energy region.

The European Physical Journal A

1600 et

1400 [
1200 [ C} 8
1000 |-

800 |

o, (K¥m)

600 |
400 |

200 |

60 ‘70 80 ‘ 90
E 5, (MeV)

Fig. 6. Excitation functions corresponding to the reduced
ER cross-sections for **Ca+ *®*Sm (present work) and for
160 + 85W ([12] and present work). The reported errors are
purely statistical.

4 Evaporation residue cross-sections

We analyze now the measured ER cross-sections for the
two systems near and above the Coulomb barrier. This will
allow us to obtain interesting information on the dynamics
of the reactions after that capture inside the barrier has
taken place.

In order to compare ER cross-sections oggr for dif-
ferent systems leading to the same CN, where the cap-
ture cross-sections can be different due a variery of rea-
sons (different Coulomb barriers, coupling effects, etc.),
it is appropriate to use a representation of reduced
cross-sections [5,10,11,21,34] wvs. CN excitation energy
E¢n = E*. Figure 6 is this kind of plot for the two sys-
tems we are considering. The reduced ER cross-section
oER = 0gR X (k?/7), where k is the wave number, can be
written as

Ger = Y _(21+ 1)Ty(E)Pon(C, E*) P (G, E¥),  (3)
£

where T;(E) is the transmission coefficient for the par-
tial wave £ at the energy E, Pon (¢, E*) is the probability
that the CN is formed starting from a di-nucleus configu-
ration (from capture inside the barrier), and Py, (¢, E*) is
the probability that the CN survives against fission. Both
probabilities are ¢- and E*-dependent.

Following the underlying assumption of the validity of
Bohr’s hypothesis that CN decay is independent of the
way it was formed, Py, (¢, E*) does not depend on the
entrance channel. Hence, if no hindrance to fusion were
present (i.e. Pon (¢, E*) = 1), plotting égr vs. E&y should
show identical reduced cross-sections for the two systems,
above a critical energy where Ty, ~ 1 for all partial waves
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leading to ER production. In other words, when such par-
tial waves are fully populated, the yield of ER saturates
and Ty = 1 can be dropped from the formula. This is the
case above Efy ~ 70-72MeV (see fig. 6).

Figure 6 shows actually that, around Efy = 72MeV
and above, the *3Ca + '®*Sm reduced cross-sections are
smaller by ~ 40% with respect to 60 4 86W. The ev-
idence is that, in analogy with the cases of production
of heavier compound nuclei (?!*Ra* and 2?°Th*) stud-
ied recently [10,11], the fusion of *®Ca+ **Sm lead-
ing to 292Pb* is inhibited, due to the presence of quasi-
fission [23], for the low partial waves associated to the pro-
duction of ER. A comprehensive statistical-model analy-
sis of the present data, together with those on CN fission
and quasi-fission, is in progress. This analysis will be pre-
sented elsewhere, and it will hopefully lead to a better
understanding of the reaction dynamics for the relatively
heavy 44Ca + ®*Sm system from well below to well above
the barrier.

Indeed, the comparison of fig. 6 is model independent,
but it cannot tell us much about the situation below the
critical energy Efyn ~ 70-72MeV, even if, qualitatively
speaking, it is likely that an inhibition exists at lower en-
ergies too. In any case, we have learnt from the analyses of
the previous sections that channel-coupling effects are very
strong for *8Ca + 154Sm. Therefore, any realistic fusion
hindrance below the barrier would be more than counter-
balanced by the competing orders-of-magnitude subbar-
rier enhancements.

Of course, processes such as pre-equilibrium charged-
particle emission and incomplete fusion will be different in
the two entrance channels [11,35], the former being more
important for *Ca + '°*Sm and the latter more impor-
tant for 160 + 86W. This should be taken into account
in high-resolution studies of mass and Z distributions of
evaporation residues. Such processes cannot be discrimi-
nated in our experiments and could not be corrected for in
the data analysis by, e.g., selecting xn evaporation chan-
nels only (cf. sect. 2.1). It has to be pointed out, however,
that incomplete fusion does not appear to be significant for
160 + 86W in the energy range we are discussing (see [36]
and references therein), where the fusion excitation func-
tion is nicely reproduced by the CC calculations with po-
tential parameters following the recent systematics [32]
quite well.

5 Summary and conclusions

We have measured fusion-evaporation cross-sections for
the system “8Ca + !%#Sm in an energy range from ~ 11%
below to ~ 20% above the Coulomb barrier. The excita-
tion function for capture (barrier-passing) has been de-
rived by adding recently measured capture-fission cross-
sections, in the same energy range, to the present ER
cross-sections. The barrier distribution has been extracted
as the second energy derivative of the capture excitation
function. The distribution extends down to ~ 15 MeV be-
low the Coulomb barrier, and is typical of the collision of
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a spherical rigid nucleus like *®Ca with a prolate deformed
target as 1°4Sm.

Both capture cross-sections and barrier distribution
have been compared to the predictions of coupled-channel
calculations where the static deformation of **Sm has
been taken into account. A good description of the ex-
perimental data has been obtained, and a large subbar-
rier cross-section enhancement is clearly seen. Actually,
a simple comparison with the fusion excitation function
of 160 + 186W leading to the same compound nucleus
202ph* . shows a large relative subbarrier enhancement in
favour of 48Ca 4 %4Sm.

For 160 + '86W we have measured ER cross-sections
at a few energies higher than what available in the lit-
erature [12,22]. Comparing the *8Ca + 1%Sm ER cross-
sections to the corresponding ones for 10 + ¥6W in a
reduced scale, reveals that fusion is relatively inhibited
for 8Ca + 154Sm by at least ~ 40%, for the above-barrier
energies around E¢y ~ 72MeV. The need for a detailed
analysis of ER, CN-fission and quasi-fission cross-sections
within the statistical model is clearly felt, so to get a
deeper insight into the reaction dynamics after that cap-
ture inside the Coulomb barrier has taken place. Such
analysis is underway.

48Ca 4+ 1%4Sm is a heavy system where both strong
channel couplings and the competing quasi-fission reac-
tion channel are active. Hence we have been able to ob-
serve both a very large enhancement and a large inhibition
of fusion, in nearby energy ranges. For very heavy systems
where channel couplings may be even stronger, but where
quasi-fission becomes at the same time largely dominat-
ing, a very careful choice of the bombarding energy and of
the projectile-target combination is necessary for the pro-
duction of a compound nucleus, taking into account also
the capture barrier distribution.
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