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Barrier distributions for %0+'%?Sm quasielastic and elastic scattering
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Excitation functions have been measured for quasielastic and elastic scattefif@+df?Sm 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 isotope!®Sm. 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 systd®0556-281®8)50903-X]

PACS numbg(s): 25.70.Bc, 25.45.Hi, 25.70.Jj

Recently, the exploration of the fusion process in terms otantly different from the accepted values. The situation was
the barrier distributions has attracted much attention in heavgimilar for the 60+84W system[7].
ion collisions at near- and sub-barrier energies. It is well Although the barrier distributions were extracted from the
known that the observed sub-barrier fusion enhanceirignt fusion excitation functions successfully, the barrier distribu-
is due to the coupling between the relative motion and theions became less defined at higher energies, because the
internal degrees of freedom of the colliding nuclei, such asxperimental error increases in proportion to the cross sec-
static deformation, collective vibration, inelastic excitation, tion. The barrier distribution data cannot be used to distin-
and nucleon transfer. The coupling gives rise to a distribuguish different model calculations at energies above the av-
tion of fusion barriers rather than a single barrier and passagerage barrier. Therefore, an alternative method of defining
over the lower barriers is responsible for the fusion enhancethe distribution at high energies is required.
ment at lower energies. Information on the nature and It has been proposed,9] that some information on the
strengths of the couplings thus lies in the distribution of fu-barrier distribution for a reaction might be contained in the
sion barriers. The experimental determination of this distri-scattering excitation function at backward angles. In the
bution will provide a stringent test for sub-barrier fusion semiclassical derivation for a single barrier, the reflection
models. coefficientRy(E) for angular momentuni=0 is given by

It has recently been shown theoreticdlB] that the bar- the ratio of the quasielastic differential cross section and the
rier distribution can be extracted directly from a fusion exci-Rutherford differential cross section at 180°. The corre-
tation function which is measured with high precision in sponding transmission coefficieh§(E) can be expressed in
small energy steps, using the second derivative of the proderms of the fusion cross sectiom™s. The derivative of
uct of the energ¥ and the experimental fusion cross sectionT,(E), with respect toE, represents the fusion barrier dis-
a“S(E) tribution DS(E). SinceT,=1—R, it follows that DS(E)
=dTy/dE=—dRy/dE=—d/dE(do®/do®). Therefore, in
the classical picture a representation of the barrier distribu-
tion D®(E) can be obtained from the derivative @é*/do®
with respect toE. Under the adiabatic and isocentrifugal
whereRs is the fusion radius. In the case of fusion of de- approximation, for the multiple barriers the quasielastic dif-
formed nuclei, one expects an asymmetric barrier distribuferential cross section is a weighted sum of the eigenchannel
tion [2]. elastic differential cross sections. The barrier distribution can

The fusion excitation function was first measured to abe deduced from the quasielastic scattering excitation func-
precision of ~1% with 0.5 MeV energy steps for the tion [10] as follows:
160+15sm reactior{3]. The extracted distribution of fusion
barriers was consistent with that for the deformed target d [ do% d (d

) o O

nucleus. However, the quadrupole deformation paranmgter D¥(E)=— — ( ) ( )
determined from the best fit to the data was significantly
lower than that from Coulomb excitation. According to the )
modified theory[4], both quadrupole and hexadecapole de-
formations for the optimal fit of>*Sm fusion data were re- where W, is k channel's weight,do, is the k channel’s
quired. The deformation parametess and 3, extracted are quasielastic scattering differential cross section; the®
in good agreement with those obtained from nonfusion reacand do® are the quasielastic scattering and the Rutherford
tions. In contrast, with the same theory the deformation pascattering differential cross sections, respectively. In addi-
rameters extracted from®O+18W data[5,6] were signifi-  tion, Rowleyet al. [11] further proposed that, if the phases
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¢\ did not depend too strongly on the eigenchantelthe By

barrier distribution can be extracted from the elastic scatter- s
ing excitation function. L vo
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wheredo® is the elastic scattering differential cross section; sl %
fE_' and fR are the_ elastic ;cattering _and the Rutherford_ am- P T I e
plitudes, respectivelyB, is the k eigenchannel's barrier E,_ (MeVv)

height; G®(E,B,) defines a sharply peaked test function at _ _ _ _ _

energy barrieB, . Due to the difficulty of detecting scattered ~ FIG. 1. The ratio of the differential quasielastic scatteriqg),
particles atf,,,=180°, the detectors were setup at angle aglastic scatterindel) andZ=8 (0), Z=7 (N), Z=6 (C) and Z
close to 180° as possible. In order to compareDﬁ@(E, 6) =5 (B) reaction cross sections relative to the Rutherford scattering
or De'(E ¢) with the barrier distribution at 180°, the energy cross sections. The solid curves are the ECIS79 calculation values

scale of the former was reduced by the centrifugal energ' cluding the inelastic scattering from the three lowest rotational
E tates of'5%Sm.
centy

cose€b.,/2)—1
Ecent= EC-m-W' (4 each other. Two $Au) detectors, located at36.0° and

—24.0° with respect to the beam direction, were used to

where 6., is the detection angle in the center-of-mass sysimonitor the Rutherford scattering. The defining apertures of
tem. the two detectors were 3 mm and 2.5 mm in diameter, re-
It may be interesting to compare tfiz"®(E) or D(E)  spectively, and were both positioned 226 mm from the tar-
with the fusion barrier distribution extracted from the exist-get. The number of the Rutherford events detected by the
ing experimental spin distribution. The analytic expressiontwo monitors was used to normalize the cross-section mea-
[12] of the relation between the fusion barrier distribution surements. The ratio of the rates from the two monitors al-

and the spin distribution is as follows: lowed any horizontal offset of the beam position on target to
be determined. Three gas-ionization chambers positioned at
Doy £ 4uREEy  do|"(Eo) 156°, 160°, and 164°, respectively, were used to measure the
"E)=- mhA(21+1)2 dl ' ( energy loss of the scattered particles. Each chamber was

backed by a S{Au) detector, which measured the residual

whereE, is the incident energy in the center-of-mass systermenergy. The combined information from theSE — E detec-
and u is the reduced mass of the entrance channel. tors, with energy resolution less than 1.3%, allowed the iden-

At present, although for many systems gquasielastic antification of the atomic number of the detected nuclei. The
elastic angular distributions are well documented in the lit-energy resolution of the detectors allows to distinguish the
erature, excitation functions have rarely been measured. Sground state from excitation states wiy=0.8102 MeV,
far quasielasti/10] and elastic[11] barrier distributions while the inelastic scattering from the three lowest rotational
have only been measured for tH80+44155m and®Ww  states(0.1218, 0.3665, and 0.7069 Mg\Wf the target
systems with these two methods. In order to examine theseucleus®?Sm could not be resolved from the measured elas-
methods, we have extracted the barrier distributions from théic scattering.
measured quasielastic and elastic scattering excitation func- The CAMAC-MBD-MVAXR system was used for on-
tions for the 0+5%Sm reaction around the Coulomb bar- line data acquisition event-by-event. The cross sections were
rier with high precision in 1 MeV energy steps and comparedbtained by projecting the two-dimensional spectra with
them with barrier distributions extracted from the existinggates on O, N, C, and B products. The experimental excita-
fusion excitation function13,14] and spin distribution§14]  tion functions of the quasielastic and elastic scatterings and
for the same reaction system and from the quasielastic arttie transfer reactions for th&0+1%Sm system at 156°,
elastic scattering excitation functions for the neighboring iso-160°, and 164° are shown in Fig. 1. The incident energies
tope 1%%Sm[10,11]. This is the first work to compare quan- have been corrected for the target thickness. In general, the
titatively the barrier distributions with the fusion barrier dis- relative errors of all cross sections are less than 1%, except
tributions deduced from the spin distributions for the saméor transfer data. In order to compare with experimental re-
system. sults, the theoretical elastic scattering excitation functions

The experiment was carried out with collimat&d beam  were calculated in terms of the coupled-channels theory with
from the HI-13 tandem accelerator at CIAE, Beijing in the code ECIS79. In the calculations, the Woods-Saxon param-
energy range 53.0-75.1 MeV. The isotopically enrichedeters V=22MeV, ry=134fm, a,=057fm, W
1525m (98.499 target 100ug/cn? in thickness was 3 mm in =22 MeV, r,=1.34 fm anda,=0.36 fm were used. The
diameter to define the beam profile. Two collimators were!®’Sm deformation paramete8,=0.280, 8,=0.092, and
mounted in the entrance and exit tubes 120 cm apart fronB=0.010 were taken from Ref15]. Also, the calculations
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FIG. 2. The representatiori3®(E) and D®(E) of the barrier FIG. 3. The comparison of the quasielastic, elastic, and fusion

distribution compared with the ECIS79 calculations. The dash angayrier distributionsD{(E), D(E), and D™(E) for %0+ASm.
solid curves are theoretical calculation values for the dround  The energy scales are reduced by the centrifugal erBrgy.
elastic scattering and elastic scattering including inelastic scattering

from the three lowest rotational states 58Sm, respectively. The

energy scales are reduced by the centrifugal enErgy. . . ) . .
with other experimental results, Fig. 3 shows the barrier dis-

. . o . ~ tributions DY(E) and D®(E) extracted from the measured
of the elastic scattering cross sections included inelastic scaguasielastid10] and elastid11] scattering excitation func-
tering from the three lowest rotational states of the targefions of 160+1%4Sm at 170°, respectively. In addition, the

15 i . e . ' 7 ' .
nucleus™®?Sm. It can be seen from Fig. 1 that the agreementysjon excitation function has been obtained from the experi-
between the experimental and theoretical excitation funcmental fusion cross sectiofi$3,14] at seven energies repro-

tions is quite satisfactory for all the three angles. The figurgyyced by coupled-channels theory for t©-+152Sm fusion
also shows that the quasielastic and elastic scattering excitgsaction. According to Eq.(1), the barrier distribution

tion functions monotonically decrease with energy, but therebfus(E) was deduced from the fusion excitation function

are small oscillations due to Q|ffract|on effect in thel low- \vith wa=3420 mb and relative errors of cross sections
energy .range..lt should be_pomted out that the elastic scat- 1%. These data are also presented in Fig. 3. In fact, this
tering differential cross sections are much larger than that fof, .o« ,rement was not with high precision and not in small

the other channels at near- and sub-barrier energies, b%ergy steps, however, the fusion data still reflect the effect

transfer differential cross sections are comparable with elaséf the static deformation of the target nucleus. The results
tic scattering or even larger above the average barrier energy yicate that, the peak position, weight, and shape of the

This has a great influence on the extraction of the bamaneasured barrier distributior3%(E) and D®(E) at three

d|sX|but|grls frtomEexu;atlon dfu?:lct[[cr)]ns.b ier distributi angles for the'®O+1°%Sm system are consistent with each
ccording to Egs.(2) and (3), the barrier distributions other. There are small phase shifts at different angles. The

| | ;

5.::('5) an? De(lE) ha}(e d bggn Iextract?]d by a . po'nt'lshifts were also found in theoretical calculatidid]. Sec-
nerence formula appiie Irectly to the experimenta ondly, the peak positions, weights, and shapes of barrier dis-

guasielastic and elastic scattering excitation functions. Thrlar

ibutions D% D& and D™ for 1%0+!%%Sm are consistent
results are shown in Fig. 2. The energy scales were reduceol '
by the centrifugal energy given in E¢4). It can be seen
from Fig. 2 that the shape and magnitude of barrier distribu- T
tions DY(E) and D®(E) are very similar for all three

angles. The barrier distributions are asymmetric, increasing [ e 190+1528m
slowly from 50 to 60 MeV, and then decreasing relatively A E 65 0MeV

quickly due to the effect of static deformations of the target ; v E::=62.5Mev

nucleus. The barrier distributiol®®(E) extracted from elas- 2 %'+ g_=60.0mev il
tic scattering excitation functions using the code ECIS79 arey” qel =160

also shown in Fig. 2. The solid and dashed curves in Fig. 2&

represent the theoretic@®®(E) including inelastic scatter- g" 005 |-

ings from the three lowest rotational states of the targetf |

nucleus and only considering thé @round state scattering, A

respectively. The coupled-channels calculations basically o.00

agree with the experimental barrier distributidd&(E), es- T R ,

pecially for the 0" ground state scattering calculations. It can 35 40 45 50 55 60 65 70

be seen from Fig. 2 that there are some differences betwee E, . (MeV)

the ECIS79 calculations and the experimental results. Per-

haps, an energy dependent optical potential should be used in FIG. 4. The comparison of the measured barrier distribution

the calculations. DYI(E) at 6,,=160° with D™™E) extracted from spin distribu-
In order to compare the measured barrier distributionsions taken from Ref{14].
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with each other. Thirdly, the measured barrier distributions In summary, we have measured the quasielastic and elas-
D% and D® for the 1%0+'52Sm system are in agreement tic scattering excitation functions for th#0+2%’Sm reac-
with the 1%0+1%%Sm system. These facts indicate that infor-tion around the Coulomb barrier at three backward angles
mation about the fusion barrier distribution for the with high precision in 1 MeV energy steps. The elastic scat-

160+1525m reaction could be probed from the quasielastidering excitation functions were calculated using the
and elastic scattering excitation functions. coupled-channels theory with the code ECIS79. The barrier

Figure 4 shows the barrier distributioB™™E) ex- distributionsD %' andD® have been extracted from the mea-
tracted from the experimental fusion spin distributid] sured excitation functions and compared with barrier distri-
at five incident energies using E@f). For the sake of com- butions extracted from the existing fusion excitation func-

paron, the measured baer dSEUGT(E) at i 197 P dSttons, and fom he quasielasticand castc
=160° is also shown in Fig. 4 by the solid curve. This is the g 9 9 P

-0 ) S ; X 159Sm. The agreement is quite good, except for
first time that such kind of quantitative comparison is made_ 80 MeV spingdistribution (?ata. A?symmetric %arrier%‘j?;tri-

for the samg reacnonr]lons]ystgméelt' IS seen fr(_)rp Fig. ithah th%utions(as theoretically predictechre obtained. These facts
agreement betwedn " andD™ is quite satisfactory for all jgicate that the information about the fusion barrier distri-

incident energies except the 80 MeV data. As Wu0Smag, ;sion for a reaction can be probed by quasielastic and elas-
et al.[14] pointed out, aE,,=80 MeV, the discrepancy be- . scattering excitation functions.

tween the theory and the experiment in the spin distribution

is not yet understood. At energies well above the Coulomb We would like to thank the tandem crew for reliably de-
barrier, however, other reaction mechanisms not contained ilivering the beam. This work was supported by the National
the coupled-channels calculations, such as neutron transféXatural Science Foundation of China under Contract No.
deep inelastic scattering, and incomplete fusion could begin9675071 and supported by the Nuclear Industry Science
to affect the spin distribution. Foundation of China Contract No. H17196A0107.
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