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Threshold anomaly in *2C+2°Bi scattering
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Elastic scattering angular distributions have been measured for the sy&Zeni®Bi at ten energies be-
tween 58.9 to 87.4 MeV. Optical model analysis of these, together with existing data at 118 MeV, using both
phenomenological and microscopic models, shows a pronounced energy dependence of the optical potential.
Fusion cross sections have been deduced, by a barrier penetration model and by subtracting the direct reaction
contributions from the reaction cross sections. Threshold anomaly of the optical potential has been explained
both by dispersion relation and by coupled reaction chat@BIC) calculations. The CRC calculations, in-
cluding inelastic excitation and transfer channels, reproduce simultaneously the elastic, inelastic, and transfer
angular distributions measured at 61.9, 63.9, and 87.4 MeV. Comparison of threshold anomaly results for
“He, 1B, 0-+29%Bj systems along with the present case indicates that the degree of anomaly increases with
the projectile masg4.50556-28139)05808-3

PACS numbes): 25.70.Bc, 25.70.Jj

I. INTRODUCTION are many heavy ion scattering systefi2s-1€], where the
threshold anomaly has been observed, it is not very clear
The dynamics of both elastic scattering and fusion aravhy some of the systems, likéLi+2%Pb [15] and %0
influenced by the couplings of the relative motion to nuclear+®3Cu [16] do show the anomalous behavior while others,
intrinsic degrees of freedom of the colliding nuclei. The like 5Li+2%%Pb and%0+%Cu do not. Attempts have also
strong energy dependence of the real part of the optical pseen made to explain the threshold anomaly within the CRC
tential near the Coulomb barrigthreshold anomaly en-  framework for a few systems likel®0+2%%b [17] and
hancement of fusion cross section, broadening of spin distril6g- 58.60.62.64; [18] but the anomaly is not yet well re-
bution at near barrier energies, the distribution of fusionsplved, which may be because of the number of channels
barrier, etc., are the manifestations of such coupling effectsncluded in the CRC calculation are not sufficient. In none of
The apparently anomalous behavi@ bell shaped maxi- the above systems the experimental transfer angular distribu-
mum) of the modulus of the real part of the optical potential tions are compared with the CRC resullts.
is associated with the closing of the nonelastic channels as The target,?°Bi, has a structure liké°®b (core® 1hy,
the energy drops below the Coulomb barrier. The nonelastigsingle particlg. There are seven and ten excited states of
channel Couplings can produce Changes in the real potenti3D9Bi Corresponding to 3 and 5 collective states 0?08Pb
through virtual excitations even below the thresholds whereore respectively. It will be interesting to see the coupling
the corresponding channels are energetically cl¢sgdThe  effects on the entrance channel due to such a large number of
explicit coupled channel calculations including both inelasticinelastic channels which are coupled individually .
scattering and transfer reactions, where the effective poten- \we have measured the elastic scattering angular distribu-
tial calculated to be the sum of an energy independent reajons for 12C+2°Bj system at several energies in the range
bare potential and a derived polarization potential due tgf58.9 to 87.4 MeV. Optical model analysis using both phe-
coupling effects, should be able to explain all the above efnomenological and microscopic potentials, were performed
fects. to find the energy dependent potentials and are explained by
The motivation of this work is tdi) measure the elastic, a dispersion relation. Measured angular distributions for in-
inelastic and transfer cross sections'fi€+°Bi scattering,  elastic scattering for low lying vibrational states correspond-
(i) investigate the energy dependence of the optical potenng to 3~ of 2°%b core and 1-neutron transfer corresponding
tial, (iii) explain the anomalous behavior, if any, in terms ofto ground state (5) plus first excited state (4, 0.063 Me\}
a dispersion relation and coupled reaction char@®C)  of 2088 along with the elastic scattering data have been
calculations, comparing the measured elastic, inelastic, a”@ompared with the CRC results at three energi&s,(
transfer data simultaneously. Systematic elastic scattering 61.9, 63.9 and 87.4 MeV
data and threshold anomaly results already eX|st_4Ide, Finally, we have compared the threshold anomaly ob-
*1B, and *°0 on ?*Bi [2—4). It is interesting to combine the served experimentally in different systenisame target

data for these systems witiC+2*Bi to investigate the pro- 209 byt different projectilel to determine the projectile
jectile dependence of the threshold anomaly. Although thergependence of this anomaly.

*Pres.enF address: Ngtiongl Supercondgcting Cyclotron Labora- Il. EXPERIMENTAL DETAILS
tory, Michigan State University, East Lansing, M| 48823.

TPresent address: I.N.F.N., Laboratory Nazionali di Legnaro, The elastic scattering measurements were carried out us-
1-35020 Legnaro, Italy. ing 1°C beam at energie&,,,=58.9, 59.9, 60.9, 61.9, 62.9,
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FIG. 1. Typical pulse height spectrum fdfC scattered from ak ‘ . . \ ‘ ‘ ‘ ; E
2095 _ 10 R e
*Bi at Ej;,=87.4 MeV. 20 40 60 80 100 120 140 160 180
63.9, 65.9, 69.9, 74.9 and 87.4 MeV, from the BARC-TIFR 0, ., (deg)

14UD Pelletron at Mumbai. The targets used were in the

form of self supporting foils of natural bismuth metal and FIG. 2. Elastic scattering angular distributions for tH&C
were prepared using vacuum evaporation technique. The tar=>*Bi system at different laboratory energies. The solid lines rep-
get thickness was determined by the energy loss method witigsent optical model fits to the data.

an ?*’Am a-source and estimated to be300 ug/cnt.

Three telescopes of surface barrier detectors were set up @mgular range at near and below barrier energies and for
one of the movable arms ingida 1 mdiameter scattering energies well above the barrier it is about 3% towards ex-
chamber for measuring the projectile like particles. A moni-yreme backward angles. The errors remain within the size of
tor detector was mounted on the other arm at 30 ° with rethe circle representing the data points. Significant differences
spect to beam direction for obtaining the absolute cross segye observed between the present data and those ef din
tions assuming Rutherford scattering at this angle. The¢1g] who have also reported elastic scattering dat& g}
angular distributions were measured in the rafige=25°-  —64.3, 70.1, and 72.5 MeV. The values ®f;/o at back-
173°. The angular resolution was about 0.5°. The detectqfvard ang|es for 64.3 and 70.1 MeV of RéIg] are |arger by
thicknesses were typically 20 to 4am for AE and 300 t0  nearly a factor of 2 compared to the present work at nearby
2000 um for E-detectors. Proper gain matching A€ and  energies of 63.9 and 69.9 MeV, respectively. The reason for
E-signals led to a total energy resolution #f500 keV. It  thjs difference is not clear. It may be pointed out that, due to
was possible to identify the charge and mass separated reagse of energy degrader foils, the uncertainty in the beam
tion products from®He to *“C in 2D-spectrum ofAE versus  energy values could be larger in their work. The ratio of the
E+ AE obtained from a fast-slow coincidence setup. A typi- elastic to Rutherford, the inelastic cross sections correspond-
cal pulse height spectrum ofC band at 87.4 MeV bom- ing to 2.62 MeV state and the transfer cross sections
barding energy is shown in Fig. 1. The single particle proton209B;j(2C 13C)2%8B;j corresponding to the ground state GE
state 1j3, of *°Bi at E,=1.608 MeV is well resolved. The (with ground state plus first excited state #¥¥Bi) at Eyp
group of seven states with,=2.49-2.741 MeV formed by =61.9, 63.9, and 87.4 MeV, are compared simultaneously
coupling of 1k, single particle proton ground state with the with the CRC results.

3~ collective excitation ir*°%b appears to be a single broad

peak with the centroid at 2.62 MeV. The other particle-core

coupled states corresponding to %ind 2" of 2%Pb core Il OPTICAL MODEL ANALYSIS
vibrational states are centered at 3.09 and 4.18 MeV respec- _ _
tively. However, 4.18 MeV of?°Bi could not be resolved A. Phenomenological analysis

from the 4.44 MeV of'“C(2") state. In*3C band the ground The elastic scattering differential cross sections for all the
state (5') and the first excited state (4 0.063 MeV) are  apove energies and the data available at 118 FROY, were
unresolved, and therefore, the combined angular distribuanalyzed consistently in the framework of optical model. A
tions have been extracted for 1n pick up. The differentialolume Woods-Saxon form of real and imaginary potential
elastic scattering cross sections, normalized to Rutherfor¢ias used. The total potential is defined as

cross sections, are shown in Fig. 2. The statistical errors on

the elastic cross sections are typicaiyl % over the entire U(r)=Vc(r,re) —{V(r)+iw(r)}, (1)
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TABLE |. Optical model(phenomenologicalparameters from 0.6 T T T T T T T
elastic scattering analysis.
! Ing analysi 05 "c+®Bi PHENOMENOLOGICAL |
Eiab Vo lo ao Wo M Ay Oreac 04 - 7
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (mb) x?N 03 L |
58.9 57.60 1.277 0.447 0.14 1.223 0.376 6.8 0.63 E 0.2 | i
59.9 5443 1.282 0.449 0.38 1.270 0.442 20.6 1.59 —
60.9 60.62 1.282 0.446 9.43 1.270 0.477 80.4 393 g 0.1 I
61.9 99.18 1.264 0.451 7.46 1.322 0.385 144 5.8 o 0.0 J
62.9 80.01 1.264 0.451 9.66 1.322 0.385 181 3.64 N
63.9 99.92 1.270 0.446 96.81 1.276 0.350 301 573 ! ©!°r 7
65.9 88.21 1.264 0.452 26.73 1.332 0.338 397 5.85 =
69.9 111.07 1.272 0.410 26.74 1.332 0.341 644 3.32 -»g 0.10 - 7
749 147.82 1.242 0.413 24.60 1.248 0.484 891 227 8
[&]
87.4 103.97 1.235 0.427 6.25 1.239 0.688 1372 2.93 o 0.05 Imaginary -
118 66.12 1.235 0.427 5.46 1.239 0.697 2047 0.83
0.00 { | 1 1 1 1
50 60 70 80 90 100 110 120
whereV(r)=Vyfq(r) andW(r)=Wyf,(r). HereVy andW, E., (MeV)

are the strengths of the real and imaginary potentials, respec-

tively, and the Woods-Saxon form factors are given by FIG. 3. Real and imaginary potentials at 12.9 fm obtained
from the phenomenological analysis. The solid and the dashed lines
represent the two forms assumed for the imaginary potential. The

1 corresponding real part has been obtained using the dispersion re-

fx(r)= M——sz)/.ax)’ @ Jation. (See text for details.

B. Microscopic analysis
AR, ALY i v .
whereR,=r(Ap*+A7r") with x=0 or w corresponding to The elastic scattering data were also analyzed using a

real or imaginary parts of the potential respectivély.and  ¢514ing model potential21]. The double folded potential for
Ar are the projectile and target masses, respectively. Thg o system?C+299Bi may be written as

Coulomb potential\V/(r,r.) was taken a.:,/ghatltlja;Je to a uni-
formly charged sphere of radid®,=r.(Ap°+A7°) with r

fixed at 1.3 fm. Optical model searchFés Wgre carried out szf fdrlerP(rl)p(rZ)V(rlz)r (4)
where all six parameters, i.e., strength, radius and diffuseness

of real and imaginary potentials are allowed to vary towherer is the separation of the centers of mass of the two
achieve the best fit. The parameters obtained from the fits toolliding nuclei,v is the effective nucleon-nucleon interac-
the experimental elastic scattering data at various energia®n and thep’s are point nucleon densities 6fC and2°*Bi.

are given in Table I, where N is the number of data points forThe potentials were computed using the caa®oT [22].
respective energies. The values of the real potentials are calhe interaction used was of the M3Y forf1], given by
culated at strong absorption radiuRs,=12.9 fm. The

strong absorption radius can be computed from the formula e ¥ e 29
for the distance of closest approach for Coulomb trajectories, v(r)=7999 Ar _21342_5 *+Jood(r), ®)
ie.,
where the third term accounts for knock-on exchange with
L2\ 12 Joo=—265 MeV fn?. For the densitiesp; and p,, the
Rsazz 1+(1 (ﬂ) ) } (3) charge density distributions obtained by fitting the electron
k Y scattering data and parametrized in the Fermi parabolic form,
_ . (1+wr?/c?)
wherek is the wave numbery is the Sommerfeld parameter Po

p(r)= (6)

andLq,, is the partial wave for which the transmission coef-
ficient is 0.5. The mean value f&;, is estimated to be 12.9
fm. Using the data from Table | the values of the real andwith ¢=2.355 fm,a=0.522 fm, andw= —0.149 for 2C
imaginary potentials are calculated rat 12.9 fm. and are and c=6.75 fm, a=0.468 fm, andw=0 for 2°Bi were
plotted as a function of energy in Fig. 3. The errors on theused. Thep, values were chosen so as to normalize the
potentials represent the values where becomes twice of distribution to their respective charge numbers. The point
that at the central values, and are obtained by varyingnd  nucleon densities were obtained from the charge densities
W, on either side of its best fit value in the optical model fit after correcting for the finite size of the proton in the stan-
to the elastic scattering data. dard way[21], using the root mean square values of the radii,

1+ e(rﬂ:)/ﬁ
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TABLE Il. Optical model(microscopi¢ parameters from elastic 0.5 —— 77—
scattering analysis. I 12 209,
MICROSCOPIC
Ejap A Wy M'w ay O'reac — 04 |
MeV MeV MeV  fm fm mb %N c
2 o3} 4
58.9 2.28 158 1.233 0.453 54 075
59.9 2.56 733 1270 0.442 248  2.26 ; ozl |
60.9 296 1455 1270 0.452 792 403 o :
619  3.05 431 1322 0503 149 197 1 I
629 294 1604 1323 0379 191 541 &
63.9 284 492 1329 0561 300 537 5 918[ T
65.9 2.86 490 1.332 0472 379 575 &
69.9 2.63 7.99 1.394 0348 644 332 2o 010f §
749 255 1777 1320 0.404 886 2.22
87.4 219 11.77 1320 0.411 1348 2.05 0.05 - 3
118 1.76 8.82 1.317 0.382 2012 1.04 i 1
0.00 ' L | 4 ] L | ' | " | L |
50 60 70 80 90 100 110 120
(r?)Y2=2.455 and 5.51 fm, of*C and 2°Bi, respectively. E.,, (MeV)

The potential used to carry out the fits to the elastic scatter-

ing data was of the form FIG. 4. Same as Fig. 3 but obtained from a microscopic analy-

SIS.
U(r)=—=AVg(r)—iW(r)+V(r). (7)

represented in the form of two straight line segments and the
In the analysis, the folded real potentigl(r), was allowed real potential calculated using dispersion relation is shown
an overall adjustable normalization coefficiantThe forms by the continuous curve. It can be seen that the optical model
of the imaginary potentia¥V(r) and the Coulomb potential analysegboth phenomenological and folding moyelearly
V.(r) were the same as that used in the phenomenologicastablishes the threshold anomaly for the present system.
analyses of the data. The best fits were obtained by varying

the parameters aanW(r). The parameters corresponding to IV. FUSION CROSS SECTION
best fits are listed in Table II. It can be seen that there exists
a strong energy dependence in the valuek.of Fusion cross sectiono{) can be calculated by a one di-

The consistency between the real and imaginary potermensional energy dependent barrier penetration model
tials can be easily tested by a dispersion relafi®8]. The  (EDBPM) using the energy dependent fusion barrier param-
nucleus-nucleus optical potential can be expressed in a locatersVg andRg, deduced from the sum of the real part of
and angular momentum independent form as the optical potential and the Coulomb potential at each en-

ergy. The values ofg calculated using the expression

V(r,E)=V(r)+AV(r,E)+iW(r,E), (8)
2
whereAV(r,E) is the dispersive term arising from the en- o :RBﬁwln{HeXF{z”(E_VB)) (11)
ergy dependent imaginary paf/(r,E) through the disper- F2E hw
sion relation

are shown as hollow circles in Fig. 5. The valuefiah was

P W(E") , determined to be 4.52 MeV. Using the same expression, the

AVEs(r’E): (E- Es);f (E'—EJ)(E'—E) 9 fusion cross sections were also calculated by the one dimen-
s sional barrier penetration mod¢lD-BPM) with energy in-

where,P is the principal value of the integrdk, is a suitable ~ dependent barrier parameters. These parameters were taken

reference energy, and to be same as that obtained for 87.4 MeV data, assuming that
coupling effects are negligible at this energy compared to
AVEs(r,E) =V(r,E)—V(r,Ey). (10 near barrier energies. The values of the fusion cross sections

are shown in the figure as a dashed line. There is an enhance-
In principle, the real potentiaV/(r) must coincide with the ment in fusion cross sections calculated at the barrier and
microscopic potential and the suv(r)+AV(r,E) with the  sub-barrier energies compared to the values obtained using
empirical potential that reproduces the experimental elastithe energy independent barrier.
scattering. Figures 3 and 4 show the real and imaginary parts It is also possible to calculate the fusion cross section
of the potentials calculated at the strong absorption radius (o) if the reaction cross sectiomr) is known, by subtract-
=12.9 fm using the parameters obtained from the phenoming the total quasielastiénelastic and transfgcross section,
enological and microscopic analyses respectively, plotted asge from og. The values ofage are obtained by using the
a function of bombarding energy. The imaginary potential isexpression
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FIG. 5. Fusion cross sections obtained from quasielastic model (gs) ) <— 72" (( @ &
and energy dependent barrier penetration mggeBPM) are com- ~— 9/2" ag
pared with those of Ref19]. The continuous line is obtained from - 3/2 -
CRC calculations. ot 62 ()
0o’ (gs) =—=9/2 (gs) (g.s.)

21 T 12 209 _ BB 213
ole= fo dé f Tqel 0)SIN(6)d6, (12) ¢ B ) "
o FIG. 6. Coupling scheme used for the CRC calculations. The

. . . spacing between different channels included are not to energy scale.
where 6 is the angle corresponding to the maximum value-

(Fresnel peakof o( ). Figure 5 compares the fusion crossto 3~ and 5, it is decided to attribute all the strengths of
sections ¢g) obtained by these two methods with the ex-these five states to a single state (9/2o reduce the space
perimental fusion cross sections measured byedial. [19]. and time requirement for computation. Moreover we are in-
The data of Jiret al. are in general smaller than the onesterested to see the coupling effects due to some of the im-
deduced here. From comparison of our déiath elastic and portant channels rather than the individual angular distribu-
fusion) with [19], it is estimated that the actual energy cor-tions for all the states. The single particle state,f2fat
responding to their data could be less4y. MeV. 0.896 MeV which is weakly excited as compared fo 8nd
These fusion cross sections are an additional constraiB™ collective excited states has not been included in the
for the CRC calculations. The fusion cross sections obtaine@RC calculations. The 1§, single particle level at 1.608
by CRC calculations are represented by the solid line. TheskleV is known to have a large admixture of 13/2nember
values at energies below the barrier are little more comparegf 2.62 MeV septuplef25]. In essence, the contribution of

to those obtained by barrier penetration model. this state is already included in the fragmented states cen-
tered around 2.62 MeV. Three transfer partitions included in
V. CRC CALCULATIONS EOR 12C+ 299 the calculations, correspond to one neutron pickup, one pro-

ton stripping and a single equivaleattransfer channel. All

In order to explain the threshold anomaly, the CRC cal-the nonelastic channels are coupled to the entrance channel
culations for the present system were performed with thenly. The inelastic states were treated as collectiubra-
program FRESCO[24]. The channels included in the CRC tional states and their form factors were chosen to be the
calculations are those expected to have significant couplingserivatives of the potentials. The values[26] and the de-
to the elastic channel, and are shown schematically in Fig. Gormation lengths are listed in Table IlI. Different Coulomb

The inelastic states iR°Bi arising due to collective ex- and nuclear reduced deformation lengths were calculated for
citations alone have been included in the present CRC cakach possible transition corresponding to the same collective
culations. There are 19 inelastic channels coupled to the envibrationa) states. The spectroscopic facto3?8 values
trance channel, out of which, 17 channels are correspondingsed in the calculations for nucleon transfer channels were
to the inelastic states generated due to coupling of the singlgiken from the literaturf27—31] and are listed in the Table
proton (1K) g.s. to 3 (2.62 MeV) and 5 (3.09 MeV)  |V. The strength of then transfer was adjusted to get the
states o"%®Pb core. The last inelastic channel corresponds t@ross section of the same order as was meagd@jdt 72.5
the projectile excited state (9 at 4.44 MeV. Since the cou- MeV.
pling strength of the inelastic states corresponding tg,1h The optical potentials in the elastic and inelastic channels
®2%%Pp(2") with the centroid at 4.18 MeV is less compared were assumed to be identical and consisted of the bare,
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TABLE 1ll. B’'s and deformation lengths for inelast{ibra- L B AL AL

tional) states used in the CRC calculations. ] 12042%%;
Elab: 61.9 MeV
Nucleus State Energy B Deformation 10°
(MeV) length (fm)

2 2" 4.44 0.592 1.549 N
20%Bj 3” 2.62 0.122 0.828 <
209 5° 3.09 0.0802 0.544 °
2098 2° 4.18 0.05 0.340
double folded real potential and a Woods-Saxon squared
imaginary potential of depth 50 MeV with a radius parameter 107t bt P P
of 1.0 fm and a diffuseness parameter of 0.4 fm. The imagi- B0 100 120 140 160 180
nary term serves to absorb flux which has penetrated inside Ocm (de8)

the Coulomb barrier and not on the surface. Thus it is nec- FIG. 7. Effect on elastic scattering due to the coupling of other

essary to couple explicitly all nonelastic modes which OCCUR, snelastic channels. In the figure the calculations with inelastic plus

at nuclear surface. The parameters of the bare potential in tmeomsfer, only inelastic and no coupling are represented as solid,
entrance channel were taken to be same as the real part of iy jashed, and short-dashed curves, respectively.

optical potential obtained from microscopic analyses for 87.4

MeV data, which is equal ta(=2.19) times the value of the The CRC results for elastic and nonelastic cross sections

double folded potential. were compared with the experimental data at three selected
For transfer partitions, the real potentials were calculate@&nergiegwo near barrier and one much above the barrier

using the semiemperical parametrization of folding modeknergies The effect of couplings of various nonelastic chan-

potentials given by Broglia and Winth¢82] nels on the elastic cross section at 61.9 MeV is shown in Fig.
7. The final calculations with all significant channels repro-

U.(r)=—316 R(ADR(A2) duce the measured data reasonably well at all the energies

n “R(A)+R(A) and are shown in Fig. 8. The above calculations are done

. using the same set of channels and coupling parameters and
1+ex%r—R(A1,A2)” MeV, (13) without introducing any energy dependent parameters. It
a ' may be noted that we have used the structure information
available in the literature and predicted the cross sections
where, R(A)=1.23AM-0.980"13 fm and R(A;,A,) instead of trying to fit the experimental data. The effective
=R(A;) +R(A)+AR fm with the diffuseness parameter potential[17] which was obtained by adding the polarization
set toa=0.63 fm and the free parametaR=0.2 fm. The  potential to the bare potential evaluatedrat12.9 fm is
imaginary parts were of Woods-Saxon squared form, of 1@&ompared in Fig. 9 with the energy dependent potentials ob-
MeV, radius parameter 1.0 fm and diffuseness parameter O#ined from the microscopic optical model analyses.
fm. The potentials binding the transferred particles were of
Woods-Saxon form, with radius 143" fm and diffuseness VI. PROJECTILE DEPENDENCE
0.6 fm, their depths being automatically adjusted to obtain OF THRESHOLD ANOMALY
the required binding energies.

X

Several systems*He, B, 0+ 2%Bi) studied[2-4],
TABLE V. Spectroscopic factors G?S values for transfer with different projectiles but using the same target, having

states. pronounced threshold anomaly, are compared including the
present system-{C+2°°Bi) to see the degree of barrier shift
Nucleus State Energy c?s with projectile mass. The fusion barrier parameters at differ-
(MeV) ent energies for each system are obtained by adding the Cou-
15e 1 0.00 115 Iomp potential to'the real part' of t'he phgnomenological po-
15 :, : ' te_nt_|al. The maximum reduction in barrier heightsyg,
o 2 3.089 0.95 arising due to the threshold anomaly compared to that ob-
2083! S 0.00 1.07 tained at highest available energies, deduced*fde, *'B,
Bi 4" 0.063 0.87 12C, and %0+2%%Bi systems, are 0.280.06, 0.54-0.12,
20 6" 0.511 1.30 1.56+0.31, and 1.880.40 MeV respectively. The product
1B 3" 0.00 2.98 of AVg and the barrier radiuRg, are shown as open circles
2% o 0.00 1.00 in Fig. 10. It can be seen that these values increase with the
21%p0 2" 1.1814 1.00 mass of the projectile. This observation is consistent with the
%Be o* 0.00 0.48 expectation that the coupling effects should increase with the
203t 2- 0.00 1.69 mass of the projectile, which will be clear from the following

discussions.
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FIG. 8. Results from CRC calculations for elastic, inelastic (Bi) &nd 1n transfer corresponding to g.s. (b plus first excited state
(4%, 0.063 MeV) of2%8Bj; angular distributions are compared with the experimental values at 61.9, 63.9, and 87.4 MeV.
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2 2
+

The average reduction in barriexVg, produced only by crease ofAVgRg with A,. In addition, there will also be
the deformations of the target and projectile is to a first ordecontribution to the threshold anomaly arising due to the spe-
given by[33] cific structure of the projectile concerned.
The CRC calculations are performed to derive the
R R effective polarization potentialsAV,,, for all the above
p t pol

AVg=Vpg \/ (2 By Re ; ,th) R (149 four systems including only the inelastic channels. Three vi-

l:l)rational st?tes (3,115*, and 2") of the target, 3 of

T . o9

whereR, and R, are the radii of the projectile and target, °0, 2" of *2C and*'B and no projectile excitation fotHe
respectively, and is the multipolarity of the deformation. In  Were included in the calculations. The productd,, and
the present case, the target is same. Therefore, the abolie are represented by the filled circles in Fig. 10 for com-
equation can be rewritten as parison. It is interesting to note that the dedud®dgRg

values increase witlh, as expected from simple consider-
AVgRg=[C1(p,MAT+C,]Vs, (15 ~ atons.

whereC,=(=,8%)?, is a function of projectile deformation VII. CONCLUSIONS

parameters, A, is the projectile mass, andC, Systematic elastic scattering measurements are reported
=(3,8Y)2R?, is a constant. Sincéd/g increases with pro- for the systeleCJr 209 in the energy range of 58.9 to 87.4
jectile chargeZ,,, the right hand side terms should increaseMeV. The optical mode{both phenomenological and micro-

with mass and charge of the projectile, provided, B scopig analysis of the data at all the above energies and the
values are comparable. ’ ' data available in the literature at 118 M¢X0], has clearly

Apart from the inelastic channels, the contributions to thees’t""b"Shed thehreshold anomalyior this system and the

barrier shift will also come from the transfer channels. InSaMe has been explained using the dispersion relation. The
fusion cross sections obtained by energy dependent barrier

?rg?]g'gr] ctr?a;hnee|2elg;(;?ugafgrSfr?é;;Qferéh:gﬁe?go?fesmg;e enetration model and quasi elastic model are in good agree-
P Proj P ent and show an enhancement at sub-barrier energies

ing to the stripping of theirprqtons which are more favorablecompared to those obtained from the energy independent
at lower energies than the pick up channels, the number Qf\e "dimensional barrier penetration model. The results of
channels coupled will be more. If there aeinelastic plus  the CRC calculations, which included a large number of
transfer channels and we assume that couplings to the groufiejastic and transfer channels, are consistent with the
state V/cp) are similar for each channel and neglect anyobserved threshold anomaly. The comparison of the thresh-
other cross channel couplings, it can be shown that the babld anomaly seen in various systenf$ié, B, *°C, and

rier is reduced by/ﬁvcm at lower barrier energig84]. The  %0-+29Bij) shows that the barrier shifteduction increases
barrier shift associated with each channel is also given bwiith the projectile mass as expected.

A" =1(-Q2—\/Q2+4f?) [35], wheref is the coupling
strength andQ, is Q-value of the channel. Neglecting the ACKNOWLEDGMENTS

cross couplings the polarization potentials arising due to The authors thank the staff of the BARC-TIFR Pelletron
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