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Fusion of S+ ' Sm at sub-barrier energies
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Fusion-evaporation cross sections for the S+"Sm system at bombarding energies near the Coulomb
barrier have been measured by off-line observation of the E x rays emitted in the radioactive decay of the
residual nuclei. The total fusion cross sections were obtained by adding the contributions from evapora-
tion and fission processes. The fusion excitation function for this system is compared with coupled-
channel calculations that include the deformation of the target and vibrational states of both target and
projectile.

PACS number(s): 25.70.Jj, 25.70.6h

I. INTRODUCTION

The enhancement of the fusion cross sections at ener-
gies below the Coulomb barrier, relative to the predic-
tions of one-dimensional barrier penetration models, has
been studied during the last years. Among the different
approaches used to explain such enhancements are
coupled-channel calculations, including inelastic and
transfer channels, and the search of degrees of freedom
which may influence the fusion mechanism by splitting
and lowering the Coulomb barrier, such as the permanent
deformation of the nuclei, zero point oscillations of the
nuclear shape, and neck formation. Although the role of
the static deformations of the colliding nuclei has been
well established, it is usually difficult to isolate the effect
of each individual degree of freedom.

In this paper, we attempt to evaluate the relative im-
portance of the different contributions to the enhance-
ment of the fusion cross section. We present new experi-
mental evaporation-residue cross sections for the reac-
tions induced by S projectiles on deformed ' Sm nuclei.
The fusion cross sections obtained from these results, and
from the contribution of the previously measured Sssion
channel [1], are compared with the predictions of
coupled-channel calculations that include the deforma-
tion of the target as well as the vibration degree of free-
dom of both projectile and target [2]. A similar analysis
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is performed for several systems consisting of projectiles
ranging from He to Ar on the same deformed target
nucleus.

Section II describes the experimental procedure. The
results are presented in Sec. III. Finally, Sec. IV summa-
rizes the conclusions of this work.

II. EXPERIMENTAL PROCEDURE

Fusion-evaporation cross sections were determined by
off-line detection of the x rays emitted by the electron-
capture or internal conversion of radioactive evaporation
residues and their daughters. The residues produced in
the reaction were collected in an aluminum catcher foil
placed just behind the target. The experimental set up
and method are described in detail elsewhere [3].

The experiments were performed with the 20 UD Tan-
dem accelerator at the TANDAR Laboratory in Buenos
Aires. The energies of the 3 S beams were in the range
from 122.5 to 155 MeV, corresponding to energies from
0.85 to 1.1 times the Coulomb barrier.

The target consisted of 98%o isotopically enriched
Sm with a thickness of 183 pg/cm evaporated onto a

thin carbon backing. The thicknesses of the aluminum
catcher foils were either 1.6 or 2.6 mg/cm, depending on
the beam energy, and were calculated to stop the eva-
poration residues, but not the products of reactions with
the catcher foil and with light contaminants of the target.
The normalization for the derivation of absolute cross
sections was obtained by monitoring the Rutherford elas-
tic scattering with two silicon surface-barrier detectors
placed at 8=+30' to the beam direction.

The irradiation periods were of the order of 120 min.
Following each irradiation, the catcher foils were re-

0556-2813/94/49(1)/245(5)/$06. 00 49 245 1994 The American Physical Society



P. R. S. GOMES et aI.

moved from the scattering chamber and placed in front
of a germanium detector. After a 3 to 5 min interval, the
x ray spectra were recorded automatically at four inter-
vals of 5, 10, and 20 min each (total of 140 min).

In order to measure very low cross sections, a
compromise in the detection system was made, favoring a
detector with high eSciency at the expense of the resolu-
tion at medium energies. The absolute photopeak
eSciency, determined by the use of calibrated radioactive
sources and corrected for summing and dead-time effects,
was found to be 16.8+0.8% for the energy region from
50 to 70 keV. The energy resolution of the detector at
these energies was 0.86 keV (FWHM}, enough to separate
the Ka& and Ea2 lines of each element, but not the Eu2
line of the element with atomic number Z from the Ka,
hne of the (Z —1) element. The procedure used to derive
the areas of the Ka, x-rays of Ir, Os, Re, W, and Ta was
the following: Starting from the Ea, line of the highest Z
element, which is a single peak, and using the known re-
lation between the Eai/Eaz intensities, the area of the
Ka2 line of this element was subtracted from the doublet
Eaz(Z)+Ea&(Z —1), and so on. The derived area of the
lowest Ea2 peak for the lowest Z was then compared
with the area of that single peak and found to be con-
sistent. Figure 1 shows a typical spectrum, with the Ka
and EP peaks corresponding to the decay chains.

Evaporation-residue cross sections cr„were obtained
as adjustable parameters in a least-squares fit of the x ray
activities as a function of the time for different atomic
numbers. The calculations were done using the code
BIDU [4]. If we define Az(t, , t2) as the area of the Ea x
rays in the counting interval (t „t2 ), then

the activity over the interval (ti, t2) for the decay of the
nucleus (Z, A) with half-life T,&2.

The values of 8'z ~ are calculated by taking into ac-
count the electron-capture and the internal-conversion
processes. Most of them were taken from Ref. [5], and
the others were taken from specific references [6]. For
the evaluation of the function Fz „,the beam intensities

during the irradiations were obtained by recording the in-

tegrated current in the Faraday cup in 1 min intervals.
The activities of up to five generations could be simul-

taneously fit. However, the best fits were sometimes ob-

tained by using a smaller number of generations if the x-

ray areas were very small and the uncertainties were

large.
Systematic errors in the evaluation of the evaporation

cross sections arise from both the absolute normalization
based on Rutherford scattering and the detection
efficiency (12% each). Statistical errors come from (a) the
determination of the photopeak areas (5 to 15%) and (b)
uncertainties in the coefficients Wz z (up to 10%). Due
to the inclusion of different generations in the fit, nonsys-
tematic errors are reduced to between 5 and 10%. The
total error in the fusion cross sections varies from 10% at
high energies to 20% at the lowest energies.

III. RESULTS

In the determination of the evaporation cross sections,
xn and axn channels were considered. The pxn channels
could not be distinguished from the (x +1)n decay due to
the very short half-lives of the first members of the decay
chain. The cross sections of each individual evaporation
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FIG. 1. Portion of a typical x-ray spectra showing Ka and
KP lines fram the different decay chains.

FIG. 2. Relative yields for the different evaporation channels

and 6ssion (expressed as a percentage of the total fusion cross
section) vs center-of-mass energy for the ' S+"Sm system.

The solid curves are statistical model calculations obtained with

the cade pAcE [7], using the parameter described in the text.
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TABLE I. Experimental xn, axn and fission relative yields expressed as a percentage of the total
fusion (evaporation+ fission) cross sections.

E,
(MeV)

101.0
103.1
105.2
107.2
109.3
111.4
115.5
121.7
127.9

3n +p2n
(%)

100
78.6
61.4
39.6
28.4
16.9
12.5
3.8

4n +p3n +a
(%)

21.4
38.6
60.4
71.6
75.0
56.1

40.9
26.7

5n +p4n +an
(%)

8.1

28.3
45.9
42.6

6n +p5n +a2n
(%)

2.5
15.9

Fission
(%)

3.1
6.8

14.7

channel were found to be sensitive to changes in the input
data, such as the number of generations considered and
8'z z coeScients, but the total fusion evaporation cross
section was less afFected by them.

Figure 2 and Table I show the partial cross sections ex-
pressed as a percentage of the fusion cross sections. The
center of mass energies correspond to those at the center
of the target. The dashed curves in Fig. 2 guide the eye
through the data points corresponding to the 3n+p2n,
4n +p3n, 5n+p4n+an, 6n+p5n+a2n and fission
channels. The fission cross sections were obtained by in-
terpolation of the data obtained by Back et al. [I]. The
full curves are the results of statistical model calculations
using the code pAcE [7] with a level density parameter
a„=A /8. 5 [MeV] ', and taking the ratio a&/a„equal to
one [8]. This value was tested for different systems, lead-
ing to the same compound nucleus as that produced in
the reaction S+' Sm. We have also used constant re-
duced gamma transition strengths in all of our calcula-
tions, with values 0.005, 0.01, 9.0, and 1.2 W.u. for the
E1, Ml, E2, and M2 transitions, respectively. All of
these parameters are in reasonable agreement with other
statistical model calculations performed for compound
nuclei in the neighboring region of the periodic table
[3,8]. The spin distribution used in these calculations was
obtained from the code CCDEF with parameters that
reproduced the fusion cross sections as discussed below.

Considering that the relative yields have errors on the
order of 20%, one can see from Fig. 2 a good general
agreement between the data and the theoretical predic-

tions. In particular, the crossings of the curves for the
different evaporation channels and fission is well repro-
duced. Table II shows evaporation residue, fission, and
fusion cross sections. Due to the very large static quad-
rupole deformation of the ' Sm target, the first approach
used to describe the large sub-barrier fusion enhancement
of the 3~S+' Sm system was to consider, explicitly, the
deformation degree of freedom in the calculations of
transmission coeScients. In this paper, we use the code
CCDEF.

In the no-coupling and no-deformation mode, this code
calculates fusion cross sections from a Christensen-
Winther type potential [9]. There is only one free param-
eter in the calculation, the potential depth, which is ob-
tained by a best fit procedure in the energy region above
the Coulomb barrier. In the mode where the permanent
nuclear deformations are explicitly considered, the
transmission coefficients are calculated by taking into ac-
count the different Coulomb barrier heights and the nu-
clear radii for all the relative orientations of the deformed
nuclei. The total fusion cross section is obtained by
averaging the cross sections over all those possible orien-
tations.

Figure 3 shows the results of the calculations for the
S+' Sm system. The dashed curve is the prediction of

the one-dimensional potential for spherical, colliding nu-
clei. The short, dotted curve is obtained when the per-
manent quadrupole deformation of the target
(P2z =0.34) is considered without explicitly including
any excited state of the nuclei involved. The dotted curve

TABLE II. Total fusion cross section for ' S+"Sm. Fission cross sections are interpolated from
the data of [I].

E, (MeV)

101.0
103.1
105.2
107.2
109.3
111.4
115.5
121.7
127.9

cr,„(mb)

0.158+0.03
0.758+0.2
2.39+0.4
6.43+1.0

14.7+2
26.4+4
77.7+8
164+18
260+30

~„, (mb)

2.5+0.5
12+2
45+9

~ fUsion {mb )

0.16+0.03
0.76+0.02

2.4+0.4
6.4+1.0

15+2
26+4
80+8

176+18
305+31
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FIG. 3. Experimental fusion excitation function versus the
center of mass energy. The dashed curve is the uncoupled cal-
culation. The short, dotted curve takes into account the quad-
rupole static deformation of the target (pqr =0.34); the dotted
curve also includes its hexadecapole deformation (and
P4r =0.07); the dot-dashed curve adds the octupole vibration of
the target (P,r=0. 10); the solid curve is the result when the
quadrupole vibration of the projectile (p2~ =0.31) is also cou-
pled.
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is obtained when the hexadecapole deformation of the
target (p4T=0. 07) is also considered. One can see that
these degrees of freedom are responsible for most of the
observed fusion cross section enhancement, but that is
not enough to fit the data.

In addition, we have performed simplified coupled-
channel calculations by considering vibrational states of
both nuclei. The code CCDEF, used in this mode, per-
forms calculations equivalent to those of the code CCFUS

[10],which is a very simple and attractive code that gives
a good qualitative idea of the influence of different cou-
pling channels on the fusion process. The dot-dashed
curve in Fig. 3 is the result of the coupling of the octu-
pole vibration of the target (E = l.0125 MeV,

p3r=0. 10), in addition to permanent deformations. The
contribution of the quadrupole vibrational states of ' Sm
(such as gamma vibration) is negligible. The solid curve,
which fits the experimental data, is the result obtained
when the quadrupole vibration of the projectile
(F. + =2.23 MeV, Pzr =0.31) is also coupled

The same procedure was applied for other systems
with the same ' Sm target and difFerent projectiles, for
which sub-barrier fusion cross section data were avail-
able: He, ' C [11], ' 0 [12,13], Si [14], and Ar [15].
Similar conclusions could be drawn from the calculations
for all the systems: The permanent deformation of the
target is the main cause responsible for the fusion cross
section enhancement, but the best fit of the data is
achieved when considering, in addition to the deforma-
tion, couplings to the first 3 state of the '-' Srn and the
first 2+ state of the projectile, namely p2=0. 58 for ' C,
P2=0. 36 for ' 0, P2=0.41 for Si, P2=0. 31 for S and
p2=0. 25 for Ar. The results of the fit to the cross sec-

FIG. 4. Experimental fusion cross sections as a function
of the reduced center-of-mass energy E„d=E, /
[Z&Z2e'/( 2 ', '+ A2 ')] for different projectiles on '~4Sm.

Dashed curves correspond to the uncoupled case. Solid lines
take into account the quadrupole and hexadecapole deforma-
tion of "Sm, as we11 as the octupole vibration of the target and
the quadrupole vibration of the different projectiles (see text).

tions, as a function of the reduced center-of-mass energy
ER,d=E, /Vs for the uncoupled and coupled cases for
the different projectiles on ' Sm, are shown in Fig. 4.

IV. CONCLUSIONS

With the inclusion of the measured fusion cross section
data for the S+' Sm, we have analyzed the behavior of
the fusion excitation function for systems consisting of
different projectiles and the same permanent deformed

Sm target. The large static deformation of the target is
the main cause for the sub-barrier fusion enhancements
observed experimentally.

Simplified coupled-channel calculations show that the
sub-barrier excitation functions for the different systems
can be understood by the coupling of the permanent
quadrupole and hexadecapole deformations of the target,
octupole vibrations of the target, and the quadrupole os-
cillation of the projectiles.
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