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Coupled reaction channel analysis of elastic, inelastic, transfer, and fusion
cross sections for*?C+2%pp
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Elastic, inelastic, and transfer angular distributions were measureld@er?°®Pb in the energy range from
58.9 to 84.9 MeV. While the fission fragment angular distributions were measured over the energy range from
58.9 to 79 MeV, the residue cross sections aftaréaporation from the compound nucleifé%Ra) were
measured by counting at 58.9, 60.9, and 62.9 MeV. Combining the above data with the ones from the
literature, the fusion cross sections have been obtained. Quasielastic excitation function at 170° was also
measured to obtain the fusion barrier distribution. Optical model analysis of the elastic scattering data, using
both phenomenological and microscopic models, brought out the pronounced energy dependence of the optical
potential at near barrier energies. A simultaneous description of the elastic and all the nonelastic channels was
obtained from the coupled reaction chanf@RC) calculations using a consistent set of parameters at all the
energies. The effective nucleus-nucleus real potential, obtained from CRC calculations, explained the observed
energy dependence of the real part of the optical potential. Thus, the real potential used in these calculations
with such a large number of constraints can be considered as the bare nucleus-nucleus potential.
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[. INTRODUCTION the dominant nonelastic channels, by CRC calculations. Sys-
tematic analysis of elastic, inelastic, transfer, and fusion

The energy dependence of the interaction potential becross sections for’C+2°Bi have been reported previously
tween two nuclei solely depends on their structure and thé&3], similar to the present investigation, though not as exten-
kinetic energy of the projectile. The coupling of the relative Sive. It is of interest to see the effect of the extra proton in
motion of two interacting nuclei to their intrinsic degrees of the target(if any) on the interaction potential of the latter
freedom, e.g., rotation, surface vibrations, etc., gives rise t§yStem compared to the present case.
different effective potentials at different beam energies, 2‘(I)'he elastic scattering angular distributions fdfC -
which in turn generate a distribution in energy of effective * - PP System have been measured at several energies in the
potential barriers[1]. The effective potential determined 2nge of 58.9-84.9 MeV. The data are presented in Sec. I.
from the optical model analysis of the elastic scattering datPtical model analysis using both phenomenological and mi-

exhibits a variation near the Coulomb barrier that has beeﬁrOSCOpiC potentials, has been perfornidc. II) to find the

interpreted in terms of energy dependent polarization poten(?nergy dependent potentials that are explained by the disper-

. N - : . sion relation. Section IV deals with the measurement of fis-
tial contributions arising from reaction channel couplings. ItsSion and ER data. The results of the statistical model and
interpretation relies on the already known existence, on th%Ré calculations ére compared with the data. Measured an-
basis of the causality principle, of a dispersion relation cony, ar gistributions corresponding to the elastic, inelastic,
necting the real and the imaginary parts of the potef#al  one_neutron and one-proton transfer cross sections along
Explanation of these optical potentials, by explicit coupledyith the fusion cross sections are compared with the CRC
reaction channe{CRC) calculations using correct structure (ggyits at two near barrier energieE,4=62.9 and 64.9
information of all possible reaction channels, and underyjev), and one much above the barrier energg.(
standing both the dynamics and the mechanism of the-g84.9 MeV) in Sec. V. The quasielastiQE) excitation
nuclear reactions, is of current interest. Ambiguity in assum+ynctions at 170 ° are also measured and the barrier distribu-
ing the bare potential in the CRC calculations often leads tgions (BD) are obtained from the derivative of
incorrect conclusions regarding nuclear structure and the r&-— goe/oryy (the ratio of quasielastic to Rutherford
action mechanism. Restricting the fit to only elastic or elastiGscattering with respect to energy. These results are discussed
and inelastic scattering data with limited range of energy angh Sec. vI. Finally, in Sec. VII, the present results are com-
angular distributions are the primary reasons for these pajared with those for2C+2°Bi [3], to look at the effect of
rameter ambiguities. A simultaneous description of elastiCthe extra proton in the target of the latter system.

inelastic, transfer, and fusion cross sections over a wide

range of energy and angular distributions through the CRC Il. MEASUREMENTS OF ELASTIC. INELASTIC
calculations, will essentially be able to fix the unique poten- ' AND TRANSFER CROSS SléCTIONS '

tial parameters, and is a challenging task.

The motivation of this work was to measure elastic, in- The elastic scattering measurements were carried out us-
elastic, transfer, fission, and ER cross sections f6€  ing '°C beam at energies,,;,=58.9, 60.9, 62.9, 64.9, 69.9,
+29%ph  and study the dynamics of the nucleus-nucleus in74.9, and 84.9 MeV, from the BARC-TIFR 14UD Pelletron
teraction by a simultaneous explanation of the elastic and ahit Mumbai. The targets used were prepared by vacuum
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evaporation 0f?%%Pp (of thickness~250 ug/cnt) on to a 10° . —

12C backing(of thickness~40 wgl/cn?). Three telescopes ” ; 12,208,

(AE—E) of silicon surface barrie(SSB detectors were set 10 3 Elastic scattering 3
up insice a 1 mdiameter scattering chamber for measuring 108 L[ 089 MeV S
the projectilelike particles. A monitaisingle SSB detector ; £0.9 MoV <10°
was mounted at 20 ° with respect to beam direction for nor- 10" ¢ © ‘”‘Q\s\g\N* 3
malization. A second monitor at 25° was mounted on the 10* _ 62.9 MeV R
wall of the scattering chamber. The angular distributions *
were measured in the rangg,,=20°-173°. The angular 108 [ 345N \ ]
resolution was about 0.5°. The detector thicknesses were o F 9.9 MoV x10*
typically 20 to 45 um for AE and 300 to 2000um for E S 10 ¢ 3
detectors. Proper gain matchingAre andE signals led to a bs 10t [ 749 MeV x10° ]

total energy resolution of=500 keV. It was possible to

. . . [ 84.9 MeV
identify charge and mass separated reaction products from 100 ¢
'H to “C in the two-dimensional spectrum &E vs E

+ AE obtained from a fast-slow coincidence set up. While :
the separation between the elastic and the inelastic populat- 1072 L
ing the 1st excited state d®®Pb (37,2.62 MeV) is good, g

F 118 MeV

the inelastic states 2 (4.2 MeV) of ?®Pb and 2 (4.44 107 1o ol 1
MeV) of 2C are merged together. For one neutron pickup Lot Lo ‘ ‘ \ ‘
(*3C) channel, the ground state peak corresponds’® 20 40 60 B0 100 120 140 160 180
(9.5., P1)®°Pb (g.5.,P12) of 2°Pb(°C,3C)*Pb 8 (deg)

. om (deg
reaction. The second peak corresponds to
Bc(g.s. 1)@ [2°Pb (0.59 MeV,2,,) plus FIG. 1. Elastic scattering angular distributions f8€+2°%Pb at

20Pph (0.90 MeV,d3,)]. The combined cross sections different laboratory energies. The solid lines represent the optical
have been extracted for these two channels as the two peak@del fits to the data.
were not energetically well separated. In case of one proton

stripping channel {B), the three states corresponding to the 1
ground state (f3,) of B with 1hg, (0.0 MeV), 2f,, (0.9 fu(r)= TR 2
MeV), and 1i 13, (1.63 MeV) of 2°Bi are well resolved and 1+ex;{ 2 )

X

hence their yields are extracted separately. The differential
elastic scattering cross sections, normalized to Rutherford

_ 13, Al . _ .
cross sections, are plotted in Fig. 1. The data available in thghere R.X_r%(AP +AT3) with x=0 orw correspondlng to
literature[4] for E,,,=118 MeV, are also plotted. The sta- real or imaginary parts of the potential, respectivély.and

tistical errors on the elastic scattering cross sections are ty fir are the projectile and the target masses, respectively. The

Pi : i
cally =1% over the entire angular range at near and bel boulomb potentialVe(r,r) was taken as that due to a uni

o S 13, AU ;
barrier energies and for energies well above the barrier it g&rgllyaffllazr%? ipr?aesrethoef ]fgg:&_rC(AP +AT3) with e

about 3% towards extreme backward angles. The errors re-

main within the size of the circle representing the data points 5
. ZpZt€
except for a very few points at backward angles. [3—(r/R)?] for r<R.
2R,
V(r)= 3
C( ) ZpZTez ( )
I1l. OPTICAL MODEL ANALYSIS T for r>R..

A. Phenomenological analysis

A systematic optical model analysis of the elastic scatter- Optical model parameter searches were carried out where
in dif¥ rential rp tions for ﬁth bove eneraies w all six parameters, i.e., strength, radius, and diffuseness of

g difterential cross sections for all the above energies wag, 5 5, imaginary potentials are allowed to vary to achieve
performed. The volume Woods-Saxon form for the real an

the i . tential 4. The total potential is d he best fit to the data. The parameters obtained from the fits
ﬁneeémaa'lsglnary potential, was used. 1he total potential IS A€, e experimental elastic scattering data at various energies

are given in Table I.

U(r)=Ve(r.ro)— V() +iw(n)l, (1) The strong absorption radius, at any energy, was com-
puted(Table |) from the formula for the distance of closest
approach for the Coulomb trajectories, i.e.,

2) 1/2
2 e

whereV(r)=Vfo(r) andW(r)=W,f,(r). HereVy andW,
are the strengths of the real and the imaginary potentials,

. . +
respectively, and the Woods-Saxon form factors are given by 1

1+

Y
Rsa: E
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TABLE I. Optical model(phenomenologicalparameters from elastic scattering analyiliss the number
of data points for respective energies.

Elan Vo ) Eh) Wy Mw ay Oreac XZ/N Rsa
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (mb) (fm)
58.9 74.13 1.282 0.426 3.95 1.261 0.313 20 1.1

60.9 55.64 1.282 0.483 56.49 1.261 0.384 136 6.5 12.50
62.9 52.57 1.282 0.481 51.58 1.261 0.432 286 4.5 12.54
64.9 65.50 1.282 0.463 163.71 1.265 0.365 429 6.2 12.55
69.9 51.74 1.282 0.444 25.73 1.268 0.502 715 4.4 12.39
74.9 86.94 1.282 0.395 18.81 1.256 0.527 969 7.8 12.34
84.9 31.07 1.282 0.473 25.66 1.256 0.527 1373 8.4 12.18
118.0 7.43 1.280 0.684 26.93 1.118 0.824 2218 5.7 11.87

Here,k is the wave numbery is the Sommerfeld parameter,

andL 1, is the partial wave for which the transmission coef- VF:J j drydrop(ri)p(ra)v(ry), 5)
ficient is 0.5, at the above energy. The mean valueRigy

was estimated to be 12.3 fm. Using the data from Table I, thgvherer is the separation of the centers of mass of the two
values of the real and the imaginary potentials are calculategblliding nuclei,v is the effective nucleon-nucleon interac-
atr=12.3 fm and are pIotted as a function of energy in Fig.tion, and thep’s are point nucleon densities 01f2C and

2. The errors on the potentials represent the difference be20%p The potentials were computed using the cpHeoT

tween two extreme values of the potential whegfeébecomes [6]. The interaction used was of the M3Y foifa], given by
twice of the best fit value, and are obtained by varyifyg

andW, on either side of its best fit value in the optical model e g 2
fit to the elastic scattering data. v(r)=7999 4r _213425 +Jood(r), ®
B. Microscopic analysis where the third term accounts for knockon exchange with

The elastic scattering data were also analyzed using
folding model potentia[5]. The double folded potential for
the system'“C+2%%Pb may be written as

%202—265 MeV fn?. For the densitiesp; and p,, the
charge density distributions obtained by fiting the electron
scattering data and parameterized in the Fermi parabolic

form
2'0 LA LA L UL B B L B p (1+Wr2/02)
el 12C4208ph (Phenomenological) ] p(r)= Oﬁ’ 7
: { ] 1+ex;< —)
12 - . a
- I Real 1 .
> o8t 4 with c=2.355 fm,a=0.522 fm, andw=—0.149 for °C,
= . 5 and c=6.624 fm, a=0.549 fm, andw=0 for 2%%Pb [7]
g 04 . were used. Theg values were chosen so as to normalize the
o I | | | | | . L] distribution to their respective charge numbers. The point
& 00 PR nucleon densities were obtained from the charge densities
b o0l . - after correcting for the finite size of the proton in the stan-
%’ 0l ® Imaginary . dard way[5], using the root mean square values of the radii,
€ °r 1 (r?)Y2=2.455 and 5.521 fm of?C and 2°Pb, respectively.
g 06 - { _ The potential used to carry out the fits to the elastic scatter-
(- 04 i - 1 ing data was of the form
02l . U(r)=—NVe(r)—iW(r)+V(r). (8)
0-050' - ;0' - '7'0' - '8'0' - '9'0' - 1(')0 - 11'0 - 1;0 ' In the analysis, the folded real potenti&l(r), was allowed
E,_ (MeV) an overall adjustable normalization coefficieantThe forms

of the imaginary potentialV(r) and the Coulomb potential
FIG. 2. Real and imaginary parts of the optical potentials at Vc(r) were the same as that used in the phenomenological
=12.3 fm, obtained from the phenomenological analysis. Theahalysis of the data. The best fits were obtained by varying
imaginary potential has been represented in the form of two straighihe parameters andW(r). The parameters corresponding to
line segments, and the resulting real potential calculated on thbest fits are listed in Table Il. It can be seen that there exists
basis of the dispersion relation is shown as a continuous curve. a strong energy dependence in the values .of
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TABLE Il. Optical model(microscopi¢ parameters from elastic
scattering analysis. 10° E
Eiab Wo M Ay Oreac Rsa 3
MeV) X (MeV) (fm) (fm) (mb) x% N (fm) 102 L i
2 : ]
589 187 19.61 1.261 0.416 145 1.2 E»
60.9 232 46.81 1.257 0.399 130 6.8 12.50 £ r
62.9 2.18 5246 1.261 0.430 282 50 1252 § 10" £ E
64.9 236 148.45 1.264 0.362 415 52 1250 g E
69.9 1.83 4764 1262 0441 695 4.2 1238 © L /
749 167 3495 1256 0492 965 95 12.33 1wl ¥ UCHOPh
849 125 2556 1.256 0.536 1370 81 1217 S T S
1180 0.59 20.30 1.105 0.890 2186 8.2 11.85 50 60 70 80 90
Ecpy (MeV)

Both the phenomenological and the microscopic analysis 45 I ' ' '
yielded real and imaginary potentials that are in good agree- aol ™ J
ment with each other. The consistency between the real and L
the imaginary potentials can be easily tested by a dispersion 35 - { s
relation[8]. The nucleus-nucleus optical potential can be ex- I ]
pressed in a local and angular momentum independent form & 30 7

5 I ]
as 3 asf { |
=
. < r -
V(r,E)=V(r)+AV(r,E)+iW(r,E), 9 20 :
whereAV(r,E) is the dispersive term arising from the en- 15 Legspy |
ergy dependent imaginary paft(r,E) through the disper- r 1
. . 10 L | L L L L . L . L
sion relation, 1.0 12 14
Ecy/V,
p W(E/) ’ cm! VB
AVES(rvE):(E_Es); (E'—E )(E’—E)dE d FIG. 4. Experimentally measuref® fission (oyiss, filled
S.

(10

whereP is the principal value of the integrét is a suitable
reference energy, and

AVe (r,E)=V(r,E)= V(1 Ey).

2.0
16
1.2 i
0.8 _

04 -

L B L B B
12C4208Ph (Microscopic) |

Real

10]
08|
06 |
04l

Potentials(r=12.3 fm)(MeV)

0.0 |+

Imaginary

r

1]

0.0 —

50

70 80

90 100 110 120

E,,(MeV)

11

FIG. 3. Same as Fig. 2 but with microscopic analysis.

circles, fusion (o, open circles and ER ggg, filled triangles
cross sections, an) fission anisotropies at different energies. The
solid line corresponding to the fusion was obtained from the CRC
calculations. The long-dashétission), and the short-dashe&R)
lines, in(a), are obtained from the statistical model calculation. The
continuous lingfission anisotropyin (b) is the saddle-point model
prediction.

This is known as the subtracted dispersion relation. The real
and imaginary parts of the potentials calculated at the strong
absorption radius=12.3 fm, using the parameters obtained
from the phenomenological and the microscopic analysis, are
plotted as a function of bombarding energy in Figs. 2 and 3
respectively. The imaginary part of the potential is repre-
sented in the form of two straight line segments and the real
part of the potential calculated using the dispersion relation
is shown by the continuous curve. The referrence potential at
Ei.p=118.1 MeV was taken to be 0.65 MeV. It can be seen
that the optical mode(both phenomenological and folding
mode) analysis clearly establish the threshold anomaly for
the present system.

IV. FUSION CROSS SECTIONS

The fission fragment angular distributions fol°’C
+20%pp system were measured at energies 58.9, 60.9, 62.9,
65, 72, and 79 MeV, in the angular range of 80 °—170 °. Two
telescopesAE—E) of SSB detectors were used. One moni-

024602-4



COUPLED REACTION CHANNEL ANALYSIS O . .. PHYSICAL REVIEW C 64 024602

TABLE Ill. Evaporation residues forr2, 3n, 4n, and 5 chan- TABLE IV. B’s and deformation lengths for inelastigibra-

nels. tional) states used in the CRC calculations.

Ejab Oon O3n Ouan U5, E|cvel Of State Reduced deformation

MeV (mb) (mby) (mb) (mb) Nucleus State (MeV) B length (fm)

58.9 10.4-2.1 W8pp 3 2.60 0.122 0.853

60.9 35.0:7.0 Wpp 5 3.09 0.0802 0.575

62.9 27.0:5.4 20%pp 2t 4.18 0.05 0.418

65 160 7.5

72 195 205 . ]

79 4.9 260 100 whereA is the atomic mass of the compound nucleus. Ex-

86 81 220 perimental mass was considered in the calculation of excita-
Reference Present work  [9] [9] [9] tion energy.

Fission anisotropy has also been calculated to see how the
system behaves at the energies around the Coulomb barrier.
) o The anisotropies A=W(180 °)MW(90°), were calculated
tor (single SSB detectpmwas kept at 40 ° for normalization. sing the saddle-point model by incorporating the presaddle
The evaporation residu&R) cross sections forrg 4n, and  neytron correction for each energy. As shown in Fith) 4
5n channels at energies 65, 72, 79, and 86 MeV were availthe calculated values ok (solid line) agree well with the
able in the literatur¢9]. The reS|dU(_a cross sections for the experimental datdfilled circles implying that the present
2n channel have been measured in the present work by anjsotropy data are “normal.” This observation is consistent

counting at energies 58.9, 60.9, and 62.9 MeV to supplemeRy;ith the earlier results obtained for other spherical target-
the ER measurement. For ER measurements, three targgdgjectile systenj12].

(with thin aluminum catcher foils on the bacwere irradi-
ated at different energig€68.9, 60.9, and 62.9 MeMor 5 h L 208
each to populate the compound nuclé@N) 2?°Ra. After V. CRC CALCULATIONS FOR *2C+2**Pb

two-neutron evaporation and decay of the daughter and  CRC calculations were performed with the cageEscq
grand daughter, the CN populaté§Po, which has a half- jncluding all important channels that couple to the entrance
life of 138 d. Thea activity of *%Po has been measured to channel, and the results are compared with the experimental
determine the @ ER cross sections. The activity of catcher gata. Simultaneous description of elastic, inelastic, transfer,
foil was also taken into account. and fusion cross sections has been attempted by using the
The angle integrated fission cross sectiotgiss, Ob-  same set of potential parameters for all the energies. The full
tained from the angular distribution data, are shown in Figcoupling scheme includes couplings to the, %, and 2
4(a) as filled circles. The measured ER data for tgether  states 0f2%%Pb and to a few states of the outgoing transfer
with the existing data for 8, 4n, and 5 (as read froni9])  partitions £3C+2°7Pb, 1B+ 2°%Bj, and 8Be+ 2'%P0). These
are given in Table Ill. The total ER (2+3n+4n+5n)  gare strongly populated, direct reaction channels. All the non-
cross sections are shown as filled triangles in Fi@).4"u-  elastic channels are coupled to the entrance channel only.
sion cross sectiongi , are determined by addingy;ss with The optical potentials in the elastic and the inelastic chan-
the corresponding ERs at all the above energies and afgels were assumed to be identical and consisted of the bare,
shown in Fig. 4a) as open circles. A fit to the fusion data
[solid line in Fig. 4a)] was obtained by the CRC calculations  TABLE V. Particle-core binding energies and spectroscopic fac-
using FREsco[10] including all the significant channels as tors(C2S values for transfer states.
described in Sec. V. The potential used was of Woods-Saxon
form with Vy=50.0 MeV, ry=1.2 fm, anday;=0.63 fm. Nucleus State E, Binding energy C?S Ref.

Since, the aim of the present work was to achieve a simul- (nlj)  (MeV) (MeV)

taneous explanation of all the elastic and the nonelastic chan-13

nels, thel distributions for each energy, generated from the ~C 1py,  0.00 4.946 0.63 [16]
FREscocalculations, have been used as input to the statistical "¢ 2fs,  3.089 1.857 0.95 [16,17
model(SM) codePAcE2[11] to compare with the fission and  °Pb  3py,  0.00 7.376 1.90 [18,19
the ER data. In Fig. @), long-dashed line corresponding to  *°Pb  2fs, ~ 0.570 7.947 5.60 [18,19
fission, and short-dashed line corresponding to total ER, *Pb  3pz,  0.900 8.274 3.70 [18,19
were obtained from the SM fit to the data. Sierk values for *°Pb  li;3,  1.630 9.006 12.2 [18,19
the fission barrierB;), rotational energyk,), and effective B 1ps,  0.00 15.949 2.91[16]
moment of inertia (.4) were used in the calculation as start- 2°Bi  1hg, 0.00 3.791 0.95 [18,19
ing values. The Sierk fission barrier was multiplied by a 2°Bi  2f,, 0.897 2.894 0.85[18,19
factor of 1.07 and the rotating liquid drop rotational energy 2°Bi  1i,5, 1.613 2.178 0.70 [18,19
was multiplied by a factor of 1.1, to obtain the best fit to the 8Be 0" 0.00 7.365 0.48 [20]
data. The values of the level density parametesnd the 21%pg  of 0.00 1.000 1.69 [3]

ratio of a; to a, were A/9 MeV ! and 1.0, respectively,

024602-5



S. SANTRAEet al.

PHYSICAL REVIEW C 64 024602

80 100 120 140 160
0., (deg)

80 100 120 140 160

0, (deg)

10" e e 6
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2
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----- ncou
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os| @ 0 "(lzgllzs_cﬁgp b fa) _m" "(DC’BC)_W" b FIG. 5. The experimental and the CRC calcu-
= = (5127059 MeV+3/2709 MeV) | lated angular distributions fdg) the ratio of elas-
< . tic to Rutherford,(b) inelastic (37, 2.60 MeV, of
E o4f 1 % 208pp), the2%%Pb(*2C,13C)?°Pb reaction populat-
a = ing 13C ground state witfic) 3py/,, g.s., andd)
5 % 1 2fs,,  0.57 MeV+3pz,, 0.9 MeV states of
L o % 207pp, and?*&Ph(2C, 1B)2%Bi reaction populat-
© ing the *B ground state with(e) 1hg,, g.s.,(f)
0.0 L . . . 0.0 2f,,, 0.9 MeV, and(g) 1lii35, 1.61 MeV states
60 80 100 120 140 160 180 80 100 120 140 160 of Zo%i' atE...=62.9 MeV.
O, m. (deg) 0., (deg) =
1.2 T T T T T T T T T T T T T T 1.2
[e] 208pp(12¢,115) 20954 [£] 208pp12¢,115)209; [g] 208pp(12¢,115)2098)
1.0 02, 85) (7127, 0.897 MeV) T 1312+, 1.612MevV) 1.0
E 08| L -108
-l Y
g 06 g los £
g -
S o4t + {04 G
- 3
02t - ‘ﬁj//_ 0.2 _lg
o.o (] ] 1 1 1 1 ] 1 1 1 Ié 1 o

.0
80 100 120 140 160 180

6,1, (deg)

real potential of Woods-Saxon form with parametsfg ~ where R(A)=1.23A1"-0.98A" "% fm and R(A;,A;)
=50.0 MeV,ry=1.2 fm, anday=0.63 fm and a Woods- =R(A;)+R(A;)+AR fm with the diffuseness parameter
Saxon squared imaginary potential of depth 50 MeV with aset toa=0.63 fm and the free parametaR=0.2 fm. The
radius parameter of 1.0 fm and a diffuseness parameter of Oréal potential for the transfer partitioh!B + 2°°Bi, when cal-
fm. The interior imaginary potential provides an effective culated in the surface region, using the above relation, are
ingoing wave boundary condition for fusion and ensures thatound to be in a very good agreement with that obtained
any surface absorption was due entirely to the couplingsSrom Ref.[14] at energyE,,=84.1 MeV (where the poten-
Fusion is defined as the total absorption due to the interiofig| is expected to be free of coupling effectShe imaginary
imaginary potentials, those in the transfer partitions being oparts are exactly same as that of the entrance channel. The
the same interior form as the entrance channel. Thus it iSotentials binding the transferred particles were of Woods-
necessary to couple explicitly all nonelastic modes that occusaxon form, with radius 1£Y2 fm and diffuseness 0.6 fm,
at the nuclear surface. For transfer partitions, the real potenheir depths being automatically adjusted to obtain the re-
tials were calculated using the semiempirical parametrizatioguired binding energies. The parameters of the real potential
of folding model potentials given by Broglia and Winther \as first taken to be the same as that obtained from the
[13], phenomenological analysis &,,=84.9 MeV as starting
values.

UF) =—316 R(A1)R(AZ) The inelastic states were treated as collectidierationa)
n(r)= 'R(A)+R(A,) states and their form factors were chosen to be the deriva-
. tives of the potentials. Thg valueg 15] and the deformation
r—R(A1,A7) lengths are listed in Table IV. The particle-core binding en-
X|1+exg ——— MeV, (12 - . ) 2
ergies and their spectroscopic factorsC<E values
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[16—20), which are used in the CRC -calculations for coupling, and with full(inelastic + transfej coupling re-
nucleon transfer channels are listed in the Table V. Thespectively. Figures (), 6(b), and 7b) show the inelastic
strength of thex transfer was taken to be the same as that irangular distributions corresponding to Pb™(32.62 MeV)
the case of*Bi(*°C,2Be)?**At in Ref. [3]. state. The angular distributions corresponding to the
The full CRC calculations including as many as 20 sig- 2®®Pb(**C,**C)?*°"Pb reaction populating the*C ground
nificant channels were performed using the above informastate with (i) 3py,, 0 MeV, and (i) 2fg,, 0.57 MeV
tion in the energy range of 50—86 MeV, in steps of 1 MeV. +3ps,, 0.9 MeV states of°Pb are plotted in Figs. (6),
The same set of channels and coupling parameters were usétl, 6(c),(d), and 7c),(d). The angular distributions corre-
throughout and no energy dependent parameter was intreéponding to the?*®Pb(*2C,*'B)?°*Bi reaction populating the
duced in the analysis. It may be noted that the attempt here i5'B ground state with(i) the 1hg,, 0 MeV, (ii) 2f;,, 0.9
rather to use the structure information available in the literaMeV, and(iii) 1i,3,, 1.61 MeV states of%®Bi are plotted in
ture and predict the cross sections instead of trying to fit thé-igs. 5e)—(g), 6(e)—(g), and 1e)—(g). Although, there were
experimental data by varying the parameters. The CRC reseveral channels included in the full CRC calculations, the
sults for elastic and some of the inelastic and the transferesults are compared with the experimental data for only
angular distributions were compared with the experimentateven channels that have been analyzed. It can be seen from
data at three energies, two near bart@2.9 and 64.9 Me),  Figs. 5, 6, and 7 that there is a good agreement between the
and one well above the barrié84.9 MeV), in Figs. 5, 6, and results of the CRC calculations and the experimental data
7, respectively. The effect of couplings of inelastic and trans<corresponding to the elastic and the nonelastic channels for
fer channels on the elastic scattering at 62.9 MeV is shown iall three energies. The experimental values of the inelastic
Fig. 5@. The dotted, dashed, and solid lines correspond t@ross sections in the forward angles are larger than the cal-
the CRC calculations without any coupling, with inelastic culated ones. This may be due to inclusion of the elastic tail
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under the inelastic peak in the analysis of data. The comtained by another approach that is employed by Sdtal.
bined values of elastic and inelastic cross sections have be¢p2] for %0+ 2%%Ph system.

compared with the calculatiorfaot shown in the figuneand

they match very well in the whole angular range. As pointed

out Qarlier, the calculated .fusion excita_tion functions, pIotte_d VI. QUASIELASTIC BARRIER DISTRIBUTION

in Fig. 4(a), also agree with the experimental data. The si-

multaneous description of elastic, inelastic, transfer, and fu- The effects of couplings of various inelastic and transfer
sion data over the wide range of energy and angular districhannels on the elastic and the fusion channels at near barrier
bution ensures that the real potential used for the entrancgnergies can also be observed in the fusion BD in the form of
channel in the CRC calculations, can be considered as thaultiple peaks or a shoulder depending upon the strength
bare nucleus-nucleus potential. The effective potefiga] and excitation energy of each couplif@3]. One way to
that was obtained by adding the polarization potential to thebtain the representation of fusion barrier distributions is
bare potential evaluated at=12.3 fm is compared in Fig. 8 from QE scattering as suggested by Timmetsal. [24].

with the energy dependent potentials obtained from the miSince, for the present systerf?C+2%Pb), (i) there are no
croscopic optical model analysis. The solid line representsignificant transfer channels with positi@values, andji)

the effective(bare plus polarizationpotential obtained by the target is spherical, one can expect that vibrational exci-
the CRC calculations with full couplings. The depth of the tation will dominate over rotation and nucleon exchange, and
effective potential increases at and around the barrier shovihus barriers higher than the uncoupled barrier will give
ing the correct trend similar to that of the optical potentialmore information regarding the coupling effects. Thus it is
determined from the elastic scattering analysis. It may belesirable to have accurate BD data in the region of higher
relevant to point out that the bare potential can also be obbarriers that can be obtained better by the QE method be-
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cause the errors on the BD calculated from fusion excitation . I
functions in this region are very large. It has also been shown PR R R B
[25] that one has to be careful about the effect of long range 50 55 60 65 70
absorption on higher fusion barriers while estimating fusion E_ (MeV)

by an optical model. Here, the couplings lead to change in
the shape of the BD for the higher barriers, which cannot be FIG. 9. (a) Ratio of the measured differential cross sections to
distinguished within the large experimental errors of the BDthe Rutherford scattering for elastic, elastic inelastic (3" of
obtained from the fusion excitation function. However, the **Pb), elastic+ inelastic (3 and 2" of *°Pb and 2 of **C), and
small error on the QE data at this region of the barrierdduasielastiqelastic + inelastic + transfey channels, andb) their
makes it more sensitive to a small deviation due to the abovgorresponding first derivatives of the quantity- v qe/ orym” With
effects. As concluded in Ref26], the dynamics of the fu- eSPect tE.
sion of two colliding nuclei and their structure information
cannot be obtained unambiguously just from the fusion BDlong tail in the region of higher barriers instead of distinct
study. One needs to study all the aspects of the reaGtmn  peaks corresponding to different couplings as seen in the
fusion and quasielasficsimultaneously that should be ex- fusion barrier distributions for some casgz3]. With the
plained by the same set of potentials and coupling paramincreasing number of channels added to the elastic scattering,
eters in CRC calculations at all the energies. Thus, the quasihe tail becomes more prominent. From the excitation func-
elastic BD will be an important constraint to choose the bargions measured for each chanfElgs. 1Ga) and 1@b)], the
potential while performing the CRC calculations consis-components of the BD are derived in order to know their
tently. individual contributions to such structure and are shown in
The QE excitation functions have been measured usingigs. 1dc) and 1@d). It can be seen from Fig. 16) that, the
two telescopes at: 170 ° in the energy range of 51-73 MeV shoulder structure is mainly due to the inelastic components
in steps of 1 MeV. Two monitors were kept at30° for  of the BD. The components of the BD corresponding to the
normalization. The ?°Pb target used was of thickness Q-integrated transfer channelEig. 10d)] have negligible
~160 pglen? sandwiched between thin films of carbon contributions in this region of the barriers.
(=40 uglen?) and nickel &40 uglen?). The QE excitation functions obtained from the CRC cal-
The measured differential cross sections relative to theulations(using the parameters same as discussed in Sec. V
Rutherford scattering cross sections for elastic, elastiand the BDs derived from it are compared with the experi-
+inelastic (3~ of Pb), elastictinelastic (3" and 2" of 2°%Pb  mental data in Figs. 18 and 11b), respectively. The dash-
and 2" of C), and quasielastic(elastictinelastic  dot-dot and the continuous lines in Fig.(lblcorrespond to
+transfej cross sections have been shown in Fig) 9The  elastictinelastic and elastieinelasticttransfer, respec-
corresponding values of the first derivatives of the quantitytively, and they are in good agreement with the data.
“ — oqe/ oryun 'With respect to energye as in Ref[24], are In the results of the CRC calculations, shown in these
derived and are shown in Fig(l9). The distribution shows a figures, the coupling to the quadrupole excitation of the pro-
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jectile was not considered. Inclusion of the quadrupole excicoupling that included three inelastic states8fPb, one-
tation of the projectile deteriorates the matching of the CRGheutron pickup, one-proton stripping, and one-alpha strip-
results of both the quasielastic excitation function, and theying channels, provide very good agreement of the excitation
resultant barrier distributiofparticularly in high-energy re- functions and the BDs. This implies that the channels con-
gion) with the experimental data. It has been pointed outsidered in the CRC calculations are sufficient for understand-
[23,27) that, the use of linear coupling approximatiitA)  ing the coupling mechanism involved in the present system.
for states ofE,=%w (barrier curvature energyin the BD  The couplings of only 3 of Pb(dash-dot lingand 37, 27,
analysis, is not justified. Interestingly, the CRC calculationsand 5 of Pb (dash-dot-dot linehave considerable effect on
with LA for 2* of projectile seems to work well in repro- elastic, fusion, and BD obtained from fusion, as compared to
ducing o and angular distributionglimited to small #  the uncoupled resultéFig. 12. In both of these cases, the
rangg of other dominant channels at high energy. This mightfusion cross sections were enhanced, the height of the main
imply that the use of LA in the CRC calculations with pro- barrier was reduced, and the signature of a higher barrier
jectile excitation E,=4.4 MeV) has more influence on the became prominent. It was interesting to see that, the inclu-
QE data measured at high energy and for lar§e sion of transfer channels has also enhanced the fusion cross
(=170°) values. It may also be pointed out that a calculasection, and improved the match between the BD obtained
tion of QE (elastic + inelastic only using ECIS [28] yields  from the calculated fusion excitation functions and that from
results that agree with the CRC values over the entire energyne experimental QE data. However, there is no significant
range. However, the pronounced oscillation in QE cross secffect of transfer coupling on the elastic excitation function
tions at high energy predicted by CRC is not reproduced byFig. 12a)].

ECIS calculation. To investigate the long range effect on higher fusion bar-
To see the effect of individual channel on the excitationriers[25], the CRC calculations are performed with different
functions of elastic and fusion, and the BD obtained fromradius parameter of the short range imaginary potential, i.e.,
fusion, the CRC calculations were performed by couplingr,,=1.0 fm, 1.1 fm, and 1.15 fm. The excitation functions of
different channels. The calculated values were comparedlastic and fusion, and the BD obtained from fusion for the

with the experimental datBD was from QE datain Figs.  above three cases are shown in Figs(al3(b), and (c),
12(a)—(c), respectively. The fusion barrier distributions were respectively. It can be observed that when the value,dé
obtained from the second derivative of the quantity-E” changed from 1.0 fm to 1.1 fm, the results do not change
with respect to energl, normalized by a factor azlré. The  appreciably. However, the CRC results with a valyg
value ofrg was 11.45 fm. The CRC calculations with full =1.15 fm deviates from the experimental data significantly
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in the region of higher barriers for both in elastic and fusion E,,, (MeV)

BD, although the fusion excitation functions for all three

cases are almost the same. Therefore, one should lintion kG, 12, Excitation functions of) elastic @,,=170 °), andb)

to a maximum value of 1.1 fm, without interfering the region fusjon as obtained from CRC calculations usirgscq with dif-

of direct reactions that might have been modified due tderent coupling, are compared with the uncoupled resiltsted

coupling. As suggested in RdR5], it is clear that BD from line), and the experimental datapen circles (c) The correspond-

QE can be a tool to see the sensitivity of fusionrgn ing barrier distributions, obtained from the second derivative of the
product “oE” with respect toE (see text are compared with the

fusion barrier distribution obtained from quasielastic data.
COMPARISON BETWEEN ?C+2%pp AND *2C+20%Bj a

shell model in 2°°Bi, which are not present in the case of

: : 208, But thep values for these states are very small, and
ground state spind#) of 2°Bi has only one extra odd pro- : :
2 hence, due to their weak coupling to the entrance channel, no

ton comggre_d to the doubly shell closed magic nucleus ofirastic effect on the effective nucleus-nucleus poteritiat

%Pb. In ?Bi, it has been observg@9] that the most domi-  tained from optical model analysis of elastic scattering data
nant inelastic excitations are due to the particle-core vibrajg expected. Some differences can be expected in the transfer
tions. The group of seven states Witly~2.492-2.751 MeV  channels as th€ values and spectroscopic factors are dif-
appears to be well described as a multiplet formed by couferent for some of the transfer channels. For example, in the
pling a 1y, single-particle proton staté {Bi ground state 1 pickup reactions?®®Bi, 2%6Ph(12C,13N), the Q values are
with the 3" collective excitation at 2.614 MeV if®Pb. The  _1 855 MeV and-6.068 MeV, respectively, implying the
energy of the septuplet centroi@.62 Me\) and the com-  fgrmer case to be more favorable.
bined value ofg3 (0.11) are similar to those for%%Pb. A The optical potentials for the two systems are compared
decuplet of states if%Bi with the centroid at 3.09 MeV in Figs. 14 and 15 for different energies normalized to the
corresponding to the 5 of 2%%Pb has similar value oBZ.  Coulomb barrier. No significant difference was observed in
The same is true for 4 and 2" states of?°®Pb. Therefore, the real part of the phenomenological potenti&lig. 14) of
no major difference in the coupling of the inelastic statesthe two systems. The potential values around the Coulomb
(due to core excitation®n the entrance channel is expected.barrier lie within the error bars. In the microscopic model the
However, there are six single particle states predicted by real potentials for the Bi case are somewhat smélfay. 15

The single particle configuration [}, with nonzero
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02} .
% - BDgg(expt) also plotted in Fig. 1€). The fusion and the reaction cross
s sections are similar for the two systems.
5 01} With the motivation to see the differences in some of the
a i other reaction channels, the data of various transfer channels
:§§ _ for the two systems was analyzed. At the near barrier energy
00 [ {f\ (E./Vg~1.02), the elastic, inelastic (3of 2°%Pb core,
L and Q-integrated angular distributions for the reactions
50 5 80 65 70 75 208pp 209Bj(12C,13C) and 2%%Pb2*%Bi(*%C,'B) are shown in
E_, (MeV) Fig. 11&@—(d), respectively.

The Q-integrated transfer angular distributions for

FIG. 13. Excitation functions ofa) elastic (¢,,,=170°), (b)
fusion, and(c) BD obtained from fusion for,=1.0 fm (solid
line), 1.1 fm (long-dashed ling and 1.15 fm(short-dashed line

(@ *3c, (b B, (c) %Be, (d) °Be, (¢) "Li+°Li, and (f)
inelastic (3 of 2%Pb core@ channels measured for
208pp 209Bj(12C x) reactions afE.,/Vg~1.4 are also ex-

tracted and compared in Fig. 18.

around the barrier region. This is due to different shapes used
in the double-folded potential calculations. It is known that
the potential is sensitive only in a small region arolg,

the strong absorption radius. The valueRy, for Bi case
was 12.9 fm[3], where both phenomenological and micro-
scopic potentials were the same. In the case of Pb too, the
potentials obtained in the two models at the strong absorp-
tion radiusRy, (=12.3 fm) are similar.

The fission and the fusion excitation functions for both
the systems are plotted in Fig. 16 at energies normalized to
Coulomb barrier. Fission for Bi case is significantly higher
than Pb casfFig. 16a)]. This can be understood in terms of
fissility (Z?/A) consideration. Also, for the same beam ener-
gies(normalized to Coulomb barrigrthe compound nucleus
excitation energies for the Bi case are lar¢ey 3.49 Me\)
that will enhance the fission cross sections and hence consis-
tent with the observation. The fusion cross sections obtained
by the quasielastic method and measured by the authors for
both the systems are compared in Fig(l6The reaction
cross sections obtained from the optical model analysis are
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an assumed shape of the imaginary part and a reference rea and BD obtained from fusion when the valuerqQf was
potentialV,e¢, reproduces the experimental values. A statischanged from 1.0 fm to 1.15 fm. An upper limit on radius
tical model fit to both fission and fusion data at each energyarameter,,=1.1 fm ensures the imaginary potential to be
has been achieved using théistributions obtained from the short ranged while calculating fusion for the present system
CRC calculations. The measured fusion excitation functioryy optical model. Thus, the BD obtained from QE data was

shows an enhancement at subbarrier energies as comparedd@nd to an important tool to probe the sensitivity of fusion
those obtained without coupling in the CRC calculations.onr,, .

The results of the CRC calculations, which included a large A comparison with the data for some of the dominant

number of inelastic and transfer channels, explained all thenhannels showed that, on the ,, /Vg scale, the two systems
channels simultaneously at all the energies. The effectivel2c 209 and 12C+2%%h) behave in a similar way. This
real potentials obtained from the CRC calculations are conmgicates that the extra proton #%Bi does not have a sig-

sistent with the observed energy dependence of the real pafficant effect on these channels as well as on the energy
of the optical potential. A good agreement between the fuyependence.

sion barrier distributions obtained from quasielastic data and
that obtained from both quasielastic and fusion excitation
functions by the CRC calculations, was achieved. Thus the
bare potential(of Woods-Saxon form withvV,=50 MeV,
ro=1.2 fm, anday=0.63 fm) used in the CRC calcula- The authors thank U. K. Pal, V. Jha, A. Navin, and B. J.
tions, with such a large number of constraints, can be conRoy for their help during one of the experiments of this
sidered as the unique nucleus-nucleus potential &  program. Thanks are also due to the Pelletron crew, for the
+2%8pp system. smooth operation of the accelerator during the experiments
The effect of long range absorption was observed on elaszarried out for this work.
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