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Barrier distributions for 16O1152Sm quasielastic and elastic scattering
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~Received 14 October 1997!

Excitation functions have been measured for quasielastic and elastic scattering of16O1152Sm around the
Coulomb barrier at three backward angles with high precision in small energy steps. The barrier distributions
have been extracted from the quasielastic and elastic scattering excitation functions and compared with ex-
perimental barrier distributions obtained from the existing fusion excitation function and spin distributions for
the same reaction system, and from the quasielastic and elastic scattering excitation functions for the neigh-
boring isotope154Sm. The agreement is rather good. The results show clearly that the asymmetric barrier
distributions are due to the effects of static deformations on the target nucleus. This is the first attempt to
compare quantitatively the experimental barrier distributions with the fusion barrier distributions extracted
from the spin distributions for the same system.@S0556-2813~98!50903-X#

PACS number~s!: 25.70.Bc, 25.45.Hi, 25.70.Jj
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Recently, the exploration of the fusion process in terms
the barrier distributions has attracted much attention in he
ion collisions at near- and sub-barrier energies. It is w
known that the observed sub-barrier fusion enhancemen@1#
is due to the coupling between the relative motion and
internal degrees of freedom of the colliding nuclei, such
static deformation, collective vibration, inelastic excitatio
and nucleon transfer. The coupling gives rise to a distri
tion of fusion barriers rather than a single barrier and pass
over the lower barriers is responsible for the fusion enhan
ment at lower energies. Information on the nature a
strengths of the couplings thus lies in the distribution of
sion barriers. The experimental determination of this dis
bution will provide a stringent test for sub-barrier fusio
models.

It has recently been shown theoretically@2# that the bar-
rier distribution can be extracted directly from a fusion ex
tation function which is measured with high precision
small energy steps, using the second derivative of the p
uct of the energyE and the experimental fusion cross secti
s fus(E)

D fus~E!5
1

pRf
2

d2

dE2 @Es fus~E!#, ~1!

whereRf is the fusion radius. In the case of fusion of d
formed nuclei, one expects an asymmetric barrier distri
tion @2#.

The fusion excitation function was first measured to
precision of ;1% with 0.5 MeV energy steps for th
16O1154Sm reaction@3#. The extracted distribution of fusion
barriers was consistent with that for the deformed tar
nucleus. However, the quadrupole deformation parameteb2
determined from the best fit to the data was significan
lower than that from Coulomb excitation. According to th
modified theory@4#, both quadrupole and hexadecapole d
formations for the optimal fit of154Sm fusion data were re
quired. The deformation parametersb2 andb4 extracted are
in good agreement with those obtained from nonfusion re
tions. In contrast, with the same theory the deformation
rameters extracted from16O1186W data @5,6# were signifi-
570556-2813/98/57~3!/1047~4!/$15.00
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cantly different from the accepted values. The situation w
similar for the 16O1184W system@7#.

Although the barrier distributions were extracted from t
fusion excitation functions successfully, the barrier distrib
tions became less defined at higher energies, because
experimental error increases in proportion to the cross s
tion. The barrier distribution data cannot be used to dis
guish different model calculations at energies above the
erage barrier. Therefore, an alternative method of defin
the distribution at high energies is required.

It has been proposed@8,9# that some information on the
barrier distribution for a reaction might be contained in t
scattering excitation function at backward angles. In
semiclassical derivation for a single barrier, the reflect
coefficientR0(E) for angular momentuml 50 is given by
the ratio of the quasielastic differential cross section and
Rutherford differential cross section at 180°. The cor
sponding transmission coefficientT0(E) can be expressed in
terms of the fusion cross sections fus. The derivative of
T0(E), with respect toE, represents the fusion barrier dis
tribution D fus(E). SinceT0512R0 it follows that D fus(E)
[dT0 /dE52dR0 /dE52d/dE(dsel/dsR). Therefore, in
the classical picture a representation of the barrier distri
tion Del(E) can be obtained from the derivative ofdsel/dsR

with respect toE. Under the adiabatic and isocentrifug
approximation, for the multiple barriers the quasielastic d
ferential cross section is a weighted sum of the eigencha
elastic differential cross sections. The barrier distribution c
be deduced from the quasielastic scattering excitation fu
tion @10# as follows:

Dqel~E![2
d

dE S dsqel

dsR ~E! D52 (
k50

n

Wk

d

dE S dsk

dsRD ,

~2!

where Wk is k channel’s weight;dsk is the k channel’s
quasielastic scattering differential cross section; thedsqel

and dsR are the quasielastic scattering and the Rutherf
scattering differential cross sections, respectively. In ad
tion, Rowleyet al. @11# further proposed that, if the phase
R1047 © 1998 The American Physical Society



te

n
m

r
a
d
a

y
rg

ys

st-
io
on

em

an
lit
.

e
th

un
r-
re
ng

a
so
-

s-
m

e
e

r
ro

to
of

re-
ar-
the
ea-
al-

t to
d at
the

was
al

en-
he
the

nal

as-

-
ere
ith
ita-
and
,
ies
the

cept
re-
ns
ith

am-

ring
lues
nal

RAPID COMMUNICATIONS

R1048 57ZHANG, YANG, LIN, LIU, AND HU
fk did not depend too strongly on the eigenchannelsk, the
barrier distribution can be extracted from the elastic scat
ing excitation function.

Del~E![2
d

dE S dsel

dsR ~E! D 1/2

52
d

dE (
k50

n

WkU f k
el

f R eifkU
'(

k50

n

WkG
el~E,Bk!, ~3!

wheredsel is the elastic scattering differential cross sectio
f k

el and f R are the elastic scattering and the Rutherford a
plitudes, respectively;Bk is the k eigenchannel’s barrie
height; Gel(E,Bk) defines a sharply peaked test function
energy barrierBk . Due to the difficulty of detecting scattere
particles atu lab5180°, the detectors were setup at angle
close to 180° as possible. In order to compare theDqel(E,u)
or Del(E,u) with the barrier distribution at 180°, the energ
scale of the former was reduced by the centrifugal ene
Ecent,

Ecent5Ec.m.

cosec~uc.m./2!21

cosec~uc.m./2!11
, ~4!

whereuc.m. is the detection angle in the center-of-mass s
tem.

It may be interesting to compare theDqel(E) or Del(E)
with the fusion barrier distribution extracted from the exi
ing experimental spin distribution. The analytic express
@12# of the relation between the fusion barrier distributi
and the spin distribution is as follows:

Dmom~E![2
4m2Rf

2E0

p\4~2l 11!2

ds l
fus~E0!

dl
, ~5!

whereE0 is the incident energy in the center-of-mass syst
andm is the reduced mass of the entrance channel.

At present, although for many systems quasielastic
elastic angular distributions are well documented in the
erature, excitation functions have rarely been measured
far quasielastic@10# and elastic@11# barrier distributions
have only been measured for the16O1144,154Sm and 186W
systems with these two methods. In order to examine th
methods, we have extracted the barrier distributions from
measured quasielastic and elastic scattering excitation f
tions for the 16O1152Sm reaction around the Coulomb ba
rier with high precision in 1 MeV energy steps and compa
them with barrier distributions extracted from the existi
fusion excitation function@13,14# and spin distributions@14#
for the same reaction system and from the quasielastic
elastic scattering excitation functions for the neighboring i
tope 154Sm @10,11#. This is the first work to compare quan
titatively the barrier distributions with the fusion barrier di
tributions deduced from the spin distributions for the sa
system.

The experiment was carried out with collimated16O beam
from the HI-13 tandem accelerator at CIAE, Beijing in th
energy range 53.0–75.1 MeV. The isotopically enrich
152Sm ~98.4%! target 100mg/cm2 in thickness was 3 mm in
diameter to define the beam profile. Two collimators we
mounted in the entrance and exit tubes 120 cm apart f
r-
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each other. Two Si~Au! detectors, located at136.0° and
224.0° with respect to the beam direction, were used
monitor the Rutherford scattering. The defining apertures
the two detectors were 3 mm and 2.5 mm in diameter,
spectively, and were both positioned 226 mm from the t
get. The number of the Rutherford events detected by
two monitors was used to normalize the cross-section m
surements. The ratio of the rates from the two monitors
lowed any horizontal offset of the beam position on targe
be determined. Three gas-ionization chambers positione
156°, 160°, and 164°, respectively, were used to measure
energy loss of the scattered particles. Each chamber
backed by a Si~Au! detector, which measured the residu
energy. The combined information from theseDE2E detec-
tors, with energy resolution less than 1.3%, allowed the id
tification of the atomic number of the detected nuclei. T
energy resolution of the detectors allows to distinguish
ground state from excitation states withEx>0.8102 MeV,
while the inelastic scattering from the three lowest rotatio
states ~0.1218, 0.3665, and 0.7069 MeV! of the target
nucleus152Sm could not be resolved from the measured el
tic scattering.

The CAMAC-MBD-MVAXR system was used for on
line data acquisition event-by-event. The cross sections w
obtained by projecting the two-dimensional spectra w
gates on O, N, C, and B products. The experimental exc
tion functions of the quasielastic and elastic scatterings
the transfer reactions for the16O1152Sm system at 156°
160°, and 164° are shown in Fig. 1. The incident energ
have been corrected for the target thickness. In general,
relative errors of all cross sections are less than 1%, ex
for transfer data. In order to compare with experimental
sults, the theoretical elastic scattering excitation functio
were calculated in terms of the coupled-channels theory w
code ECIS79. In the calculations, the Woods-Saxon par
eters V522 MeV, r V51.34 fm, aV50.57 fm, W
522 MeV, r V51.34 fm andaV50.36 fm were used. The
152Sm deformation parametersb250.280, b450.092, and
b650.010 were taken from Ref.@15#. Also, the calculations

FIG. 1. The ratio of the differential quasielastic scattering~qel!,
elastic scattering~el! and Z58 ~O!, Z57 ~N!, Z56 ~C! and Z
55 ~B! reaction cross sections relative to the Rutherford scatte
cross sections. The solid curves are the ECIS79 calculation va
including the inelastic scattering from the three lowest rotatio
states of152Sm.
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of the elastic scattering cross sections included inelastic s
tering from the three lowest rotational states of the tar
nucleus152Sm. It can be seen from Fig. 1 that the agreem
between the experimental and theoretical excitation fu
tions is quite satisfactory for all the three angles. The fig
also shows that the quasielastic and elastic scattering ex
tion functions monotonically decrease with energy, but th
are small oscillations due to diffraction effect in the low
energy range. It should be pointed out that the elastic s
tering differential cross sections are much larger than that
the other channels at near- and sub-barrier energies,
transfer differential cross sections are comparable with e
tic scattering or even larger above the average barrier ene
This has a great influence on the extraction of the bar
distributions from excitation functions.

According to Eqs.~2! and ~3!, the barrier distributions
Dqel(E) and Del(E) have been extracted by a poin
difference formula applied directly to the experimen
quasielastic and elastic scattering excitation functions.
results are shown in Fig. 2. The energy scales were redu
by the centrifugal energy given in Eq.~4!. It can be seen
from Fig. 2 that the shape and magnitude of barrier distri
tions Dqel(E) and Del(E) are very similar for all three
angles. The barrier distributions are asymmetric, increas
slowly from 50 to 60 MeV, and then decreasing relative
quickly due to the effect of static deformations of the targ
nucleus. The barrier distributionsDel(E) extracted from elas-
tic scattering excitation functions using the code ECIS79
also shown in Fig. 2. The solid and dashed curves in Fig
represent the theoreticalDel(E) including inelastic scatter
ings from the three lowest rotational states of the tar
nucleus and only considering the 01 ground state scattering
respectively. The coupled-channels calculations basic
agree with the experimental barrier distributionsDel(E), es-
pecially for the 01 ground state scattering calculations. It c
be seen from Fig. 2 that there are some differences betw
the ECIS79 calculations and the experimental results. P
haps, an energy dependent optical potential should be us
the calculations.

In order to compare the measured barrier distributio

FIG. 2. The representationsDqel(E) and Del(E) of the barrier
distribution compared with the ECIS79 calculations. The dash
solid curves are theoretical calculation values for the 01 ground
elastic scattering and elastic scattering including inelastic scatte
from the three lowest rotational states of152Sm, respectively. The
energy scales are reduced by the centrifugal energyEcent.
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with other experimental results, Fig. 3 shows the barrier d
tributions Dqel(E) and Del(E) extracted from the measure
quasielastic@10# and elastic@11# scattering excitation func-
tions of 16O1154Sm at 170°, respectively. In addition, th
fusion excitation function has been obtained from the exp
mental fusion cross sections@13,14# at seven energies repro
duced by coupled-channels theory for the16O1152Sm fusion
reaction. According to Eq.~1!, the barrier distribution
D fus(E) was deduced from the fusion excitation functio
with pRf

253420 mb and relative errors of cross sectio
;1%. These data are also presented in Fig. 3. In fact,
measurement was not with high precision and not in sm
energy steps, however, the fusion data still reflect the ef
of the static deformation of the target nucleus. The res
indicate that, the peak position, weight, and shape of
measured barrier distributionsDqel(E) and Del(E) at three
angles for the16O1152Sm system are consistent with ea
other. There are small phase shifts at different angles.
shifts were also found in theoretical calculations@11#. Sec-
ondly, the peak positions, weights, and shapes of barrier
tributions Dqel, Del and D fus for 16O1152Sm are consisten

FIG. 4. The comparison of the measured barrier distribut
Dqel(E) at u lab5160° with Dmom(E) extracted from spin distribu-
tions taken from Ref.@14#.

d

ng

FIG. 3. The comparison of the quasielastic, elastic, and fus
barrier distributionsDqel(E), Del(E), andD fus(E) for 16O1ASm.
The energy scales are reduced by the centrifugal energyEcent.
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with each other. Thirdly, the measured barrier distributio
Dqel and Del for the 16O1152Sm system are in agreeme
with the 16O1154Sm system. These facts indicate that info
mation about the fusion barrier distribution for th
16O1152Sm reaction could be probed from the quasielas
and elastic scattering excitation functions.

Figure 4 shows the barrier distributionsDmom(E) ex-
tracted from the experimental fusion spin distributions@14#
at five incident energies using Eq.~4!. For the sake of com-
parison, the measured barrier distributionDqel(E) at u lab
5160° is also shown in Fig. 4 by the solid curve. This is t
first time that such kind of quantitative comparison is ma
for the same reaction system. It is seen from Fig. 4 that
agreement betweenDmom andDqel is quite satisfactory for all
incident energies except the 80 MeV data. As Wuosm
et al. @14# pointed out, atElab580 MeV, the discrepancy be
tween the theory and the experiment in the spin distribut
is not yet understood. At energies well above the Coulo
barrier, however, other reaction mechanisms not containe
the coupled-channels calculations, such as neutron tran
deep inelastic scattering, and incomplete fusion could be
to affect the spin distribution.
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In summary, we have measured the quasielastic and e
tic scattering excitation functions for the16O1152Sm reac-
tion around the Coulomb barrier at three backward ang
with high precision in 1 MeV energy steps. The elastic sc
tering excitation functions were calculated using t
coupled-channels theory with the code ECIS79. The bar
distributionsDqel andDel have been extracted from the me
sured excitation functions and compared with barrier dis
butions extracted from the existing fusion excitation fun
tion, spin distributions, and from the quasielastic and ela
scattering excitation functions for the neighboring isoto
154Sm. The agreement is quite good, except for theElab
580 MeV spin distribution data. Asymmetric barrier distr
butions~as theoretically predicted! are obtained. These fact
indicate that the information about the fusion barrier dis
bution for a reaction can be probed by quasielastic and e
tic scattering excitation functions.
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