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Abstract. Cross-section for transfer reactions “°Zr(*°0, X) have been measured at an incident energy
of 90 MeV. The angular distribution of the elastic scattering *°Zr(*90,'®0)?Zr, the inelastic scattering
to excited states of ?°Zr, the one-nucleon transfer reactions 90Zr(lGO,l‘r’N)gle (g.s., 0.104 and 3.37 MeV
states), 9°Zr(*90,'0)%' Zr (g.s. and 2.17 MeV state) *°Zr(*¢0,'70)' Zr (g.s.) and the two-nucleon transfer
reactions 2°Zr(*90,C)%*Mo (ground and 1st excited states) are analyzed in the coupled-reaction-channel
(CRC) formalism. Starting with a double-folded real potential, the elastic-scattering angular distribution is
calculated using the CRC code FRESCO. The absorptive potential is then generated through the coupling
of various inelastic and transfer processes that occur at the nuclear surface. Addition of a short-range
imaginary potential in the coupling scheme, whose purpose was to take into account the effect due to
loss of flux in fusion channel, reproduces the measured elastic-scattering angular distribution. A good
description of all the quasi-elastic data has been achieved and the absolute magnitudes are reproduced
without any arbitrary normalization. The relative importance of the one-step cluster transfer of two protons

vs. the two-step successive transfer has been studied.

PACS. 25.70.Hi Transfer reactions — 25.70.Bc Elastic and quasielastic scattering

1 Introduction

Nucleon(s) transfer between heavy ions represents an im-
portant reaction mechanism to understand 1) spectro-
scopic aspects and correlation effects in nuclei, 2) the tran-
sition from the quasi-elastic to the deep-inelastic regime
and 3) coupling effects with other competing channels [1—-
3]. Transfer reactions are also a competitive tool for the
production of neutron-rich nuclei and give access, with the
availability of radioactive beams, to a wide field of nuclear
structure studies in the far off-stability region. In view of
its importance, a large amount of work has been carried
out and is reported in the literature on heavy-ion trans-
fer reactions. One of the main emphasis of all these works
was to understand the reaction mechanism. The mecha-
nism in which a large number of nucleons are transferred
from projectile to target or viceversa is not well under-
stood. The presence of a multi-step transfer involving se-
quential transfer, inelastic excitations prior or after the
transfer etc., in addition to the usually dominant direct
cluster transfer complicate the reaction mechanism. The
number of such possibilities increases dramatically with
the number of transferred nucleons and consequently it
becomes more and more difficult to estabilish the reaction

# e-mail: b.roy@fz-juelich.de

mechanism. On the experimental side, unambiguous data
on multi-nucleon transfer reactions is not easily available.
A good charge, mass and energy resolution and at the
same time a high detection efficiency is a difficult task
to achieve, especially, when both the colliding nuclei are
heavy. In a series of measurements carried out by us at
the 14UD pelletron accelerator facility at Mumbai, In-
dia, reactions corresponding to up to twelve-nucleon trans-
fer have been observed. In these experiments a variety of
target (6Fe,®¥Sr,%0Zr,115In) and projectile (12C,60,80)
combinations was used. A good charge and mass sepa-
ration up to Z = 8, A = 18 has been achieved using
AE-FE surface barrier detector telescopes. The work on
12C 488 G, 12C 4115 In and '2C +°% Fe has already been
reported in our earlier communications [4-8]. The empha-
sis was on the understanding of the reaction mechanism
aspects, in particular, the importance of one-step direct
vs. multi-step sequential transfer and channel coupling ef-
fects amongst elastic, inelastic and transfer reactions.

In the present work, we report an analysis of various
quasi-elastic processes induced in the collision of 160 ions
with 90Zr nuclei at an incident energy of 90 MeV. The
coupled-reaction-channel(CRC) formalism [9] allows one
to couple all possible direct/indirect channels in a heavy-
ion—induced reaction and hence the effect of channel cou-



390
384
256
o
128 B
ol e T
0 256

Channel No.

Fig. 1. Mass spectrum (PI ws. Energy) in *°Zr(*°0,X) at
Fine = 90 MeV and 61,, = 30°. PI has been defined in the
text.

pling amongst various reaction channels and the relative
importance of multi-step indirect processes as compared
to the direct one-step process (for example, as in the
case of two-nucleon transfer reactions, the competition be-
tween the direct cluster transfer vs. the two-step sequen-
tial transfer) can be studied. Single-nucleon transfer reac-
tions are usually well described in the DWBA framework
using the phenomenological optical-model potential ob-
tained from fitting of elastic-scattering data, however, very
often a large normalization factor (so-called unhappiness
factor) is invoked to reproduce the absolute magnitude
of the experimental cross-section. The situation in the
two-proton transfer reactions is even worse. Normaliza-
tion factors as large as 1000 are used to obtain agreement
between experiment and one-step DWBA calculations for
the (160,'C) reaction [10-12]. The discrepancy improves
when the successive two-step processes are included in the
calculations, even then the disagreement between theory
and experiment is large [11,12]. In the present work, data
have been analyzed in the coupled-reaction-channel for-
malism with an optical potential which consisted of a bare
double-folded potential for the real part and an imaginary
part generated from channel couplings [13]. A consistent
description of all the measured quasi-elastic data has been
achieved and the magnitudes are reproduced without any
arbitrary normalization. The experimental procedure is
described in sect. 2, while the details of the CRC analysis
of elastic, inelastic and transfer reactions are described in
sect. 3.

2 Experimental procedure

Experiments are performed with 60 ions of 90 MeV en-
ergy from the 14UD Pelletron accelerator in Mumbai.
The targets used are isotopically enriched (> 99 %) self-
supporting ?°Zr of 400 ug/cm? thickness. Reaction prod-
ucts are detected using Silicon surface barrier detector
telescopes (AE = 30pum and E = 300pum) mounted
on two movable arms inside a 1 m diameter scattering
chamber. A fast-slow coincidence set-up was employed to
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Fig. 2. Counts vs. PI spectrum generated from fig. 1 by taking
the projection on the PI axis.

Table 1. Measured differential cross-section for various reac-
tion channels in %0 + °°Zr at 90.0 MeV and 0. = 20°. The
differential cross-sections listed here are for the excitation en-
ergy integrated data. The reaction @ values (Qo) listed in the
table are ground-state ) values.

Reaction Qo do/df2

(MeV) (mb/sr)
07r(*°0,'*N)  —6.948  15.76 4+ 0.32
207r(*0,**N)  —9.915  7.550 + 0.63
207r(*°0,"®N)  —11.642  1.326 & 0.09
07r(*%0,C)  —9.718  5.822 £ 0.20
07r(*°0,13C)  —9.827  13.872 4 0.30
207r(*%0,2C)  —5.094  37.825+ 0.51
207r(*%0,2B)  —22.718  0.2504 0.04
207r(*%0,''B)  —16.157  2.650 £ 0.13
07r(*°0,'°B)  —19.734  0.682 + 0.07
207r(*°0,'°Be) —19.484  0.1424 0.03
207r(*%0,°Be)  —18.741  0.472 4 0.06
207r(*0,"Be)  —21.658  0.092 & 0.03
07r(*°0,"Li)  —22.865  0.2344 0.04
207r(*%0,5Li)  —22.002  0.224 £ 0.04

achieve charge and mass separation of the reaction prod-
ucts. Proper gain matching in AE and FE signals led to a
energy resolution of 600 keV for the elastically scattered
particles. Particle identification (PI) spectrum was con-
structed from the measured AE-FE plot using the familiar
algorithm

PI=[(E+ AE)" — E"] o M" *Z?

and the best separation is obtained with n = 1.86. It
has been possible to separate and identify not only the
charge but also mass separation of all the projectile-like
fragments °Li to O (figs. 1 and 2). The Q-integrated
cross-section for various reaction channels has been ob-
tained by selecting appropriate charge and mass in the
PI spectrum and are listed in table 1. The errors shown
in the table are statistical errors. In addition, an overall
systematic uncertainty of 10% is estimated.

Various discrete transitions in the inelastic, one-
nucleon and two-nucleon transfer reactions are identified.
The corresponding energy spectra are shown in fig. 3. The
angular distributions have been measured in the angular
range O, = 12° to 65°.
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Fig. 3. Energy spectrum of a) *°0 from the °Zr(*°0, 1°0)*Zr
reaction, b) N from the *°Zr(*°0,'®N)°'Nb reaction and
¢) *C from the *°Zr(*°0,*C)?*Mo reaction all measured at
an incident energy of 90 MeV and 61,5 = 30°.

3 Coupled-reaction-channel calculations of
gOZI’(IGO, X)

The measured angular distributions of elastic and inelastic
scattering, one- and two- nucleon transfer reactions have
been analyzed in the coupled-reaction-channels (CRC)
model. The computer code FRESCO (version FRX) of 1.
J. Thompson [9] is used. The following channels (experi-
mentally observed strongly populated discrete transitions)
are included in the coupling scheme:
i) elastic scattering 9°Zr(160,160)%Zr,
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ii) inelastic scattering for transitions to 2.18 MeV(21),
2.319 MeV(57), 2.747 MeV(37) excited states of %9Zr and
6.14 MeV(37), 6.92 MeV(27) excited states of 160,

iii) one-proton stripping reactions *°Zr(160,1°N)?'Nb
(g.s., 0.104 MeV and 3.37 MeV states),

iv) two strong transitions in the 1n stripping reaction
07r(160,%0)21Zr (g.s. and E, = 2.17 MeV state),

v) the strongest transition in the 1n pick-up channel
07Zr(160,170)%9%Zr (g.s. 9/27),

vi) two-proton stripping reactions *°Zr(160,4C)%2Mo
(g.s. and 1.5 MeV 2% states). The relatively broad peak
seen at 2.4 MeV excitation in 92Mo (fig. 3) was not in-
cluded in the present analysis as a number of levels exist
at this excitation energy and it was not possible, within
the present energy resolution, to separate and identify in-
dividual transitions.

The CRC calculations are performed as detailed be-
low. First, the elastic-scattering angular distribution is
calculated with a bare, double-folded (DF) real potential.
The DF potential Vpr = [ [ dridrap(ri)p(re)v(riz) was
computed using the computer program DFPOT [14] with
M3Y form of }he effective gucleon—nucleon interaction
v(ri2) = 79994~ — 2134%=— — 2626(r) and the charge
densities, p’s, taken from the atomic and nuclear data ta-
bles [15]. Next, various nonelastic modes which occur at
the nuclear surface e.g., inelastic and transfer processes
are coupled. The absorptive potential is then generated
through this coupling. The deformation parameters(dy)
for 160 and ?°Zr nuclei, used in the present calculations,
are taken from the experimentally extracted values re-
ported in the literature [16,17]. The values are listed along
with references in table 2. The Coulomb and nuclear de-
formation parameters are taken as equal. The one- and
two-nucleon spectroscopic amplitudes needed for generat-
ing strengths of the various transfer processes mentioned
above are taken from the data available in the litera-
ture [11,18-22]. The amplitudes along with references are
listed in table 3. The two-proton transfer channel includes
a one-step direct transfer as well as a two-step sequential
transfer through various intermediate states as detailed
in the coupling diagrams (fig. 4). The higher-order multi-
step transfer processes involving inelastic excitation in the
target and (or) residual nuclei are not included. These ef-
fects, as also argued in ref. [11], are expected to be less
significant because of the relatively small deformation pa-
rameters involved. The details of the 2p transfer calcu-
lations are discussed later. Finally, a short-range imagi-
nary potential of Woods-Saxon squared shape with depth
Vo = 50 MeV, radius parameter g = 1 fm and diffuseness
parameter ag = 0.4 fm was added in the coupling scheme.
The purpose of this imaginary potential was to take into
account the effect due to the loss of flux in the fusion chan-
nel [23]. A cross-section of 1259 mb for the fusion channel
has been obtained from the present calculation and the
value is 1202 mb when inelastic and transfer channels are
decoupled. It is to mention that no experimental fusion
cross-section, to the best of our knowledge, is available
for this system near the present bombarding energy. The
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Table 2. Deformation lengths §5 and Coulomb deformation
parameters of the *O and °°Zr nuclei used in the calculation.

Nuclei E. J™ Multipolarity — da Be Ref.
(MeV) A (fm)

%0 613 3 3 1.41 056 [16]
6.92 27T 2 0.95 0.38

07r 2186 2* 2 0.42 0.092 [17]
2319 5~ 5 0.34 0.075
2.747 37 3 0.77 0.165

Table 3. Spectroscopic amplitudes (SA) for various one- and
two-nucleon transfers used in the present calculations.

nlj SA Ref
160(0%) — ®N(1/27) Ipi, 414142 [11]
B0(0%) — BN(3/27) 1ps 2 +2.00 [11]
0(0%) — 50(1/27) 1p1 2 +1.34 (18]
150(0%) — 70(5/2T) ldsss  +0.9644  [19]
o(0%) — Mc(oh) (1pij2)®  +0.914  [11]
(1psj2)®  +0.405  [11]
BN(1/27) — *C(0™) Ipi, 409141  [11]
15N(3/27) — *C(0T) 1ps/»  +0.2867  [11]
207r(07) — P*Nb(9/27) lgge  +0.9657  [11]
907r(07) — ?'Nb(1/27) 2p12  —0.5799  [11]
907r(0%) — ?'Nb(5/2%) 2ds;>  4+0.5744  [20]
907r(07) — 'zr(5/2%) 2ds,2  +0.8062  [21]
P7r(0") — M'Zr(11/27)  1hyiye  +0.7280  [21]
07r(0%) — 8Zr(9/27) lgo/2  +0.8944  [22]
P7r(0%) — PMo(0%)  (lggj2)®  +1.084  [11]
(2p1/2)°  —0.4843  [11]
207r(07) — 2Mo(27) (1gos2)®> +0.9300  [11]
@p2)? 00 (1]
INb(9/2%) — ?Mo(0%)  1ge»  +1.5834  [11]
INb(1/27) — PMo(0%)  2pi»  +1.1809  [11]
INb(1/27) — Mo(2%)  1gg»  +1.3642  [11]
(1g,)? NG 3/2° (6.324 MeV)
2+(1.51MeV)

(@pyy2) (Ip32)

1/2°(0.104MeV)

(1gy72) (gg7) (py)  (py)
NN N N
0%(0.0) 9127(0.0) 0%(0.0) 0%(0.0) 12 (0.0) 7 0+(0.0)
0z¢ 9INp “2Mo 160 15N 14c
(1992 (1py)?
(@py2)? (1py)?

Fig. 4. Coupling diagram showing the different transfer paths
used in the CRC calculations.

variation of the CRC results with the parameters of this
absorptive potential is discussed at the end of this section.

The CRC results for the elastic channel are shown
in fig. 5. The effects of inclusion of inelastic, transfer
channels and the short-range imaginary potential are also
shown. The elastic and inelastic channels are observed to
be strongly coupled, in particular, the 3~ state of 60O
which has a relatively large deformation parameter affects
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Fig. 5. Elastic-scattering angular distributions for the sys-
tem 2°Zr + °0 at E(*°0) = 90 MeV. The results of the
FRESCO calculations are shown as i) dashed curves when only
inelastic channels are coupled, ii) dotted curves when inelas-
tic plus transfer coupling is considered and iii) solid line when
a short-range imaginary potential was included in addition to
the transfer plus inelastic coupling. See text for details.

the elastic angular distribution the most. The inclusion of
transfer processes did not make any significant change in
the elastic-scattering cross-section. The measured elastic-
scattering angular distribution after inclusion of all the
channels, as mentioned above, is well reproduced by the
calculation (fig. 5). The present prescription simultane-
ously describes the measured inelastic and transfer angu-
lar distributions as detailed below.

The angular distributions for the one-nucleon trans-
fer reactions ?9Zr(190,1°N) are plotted in fig. 6. The data
shown in the figure (fig. 6a) include the experimentally un-
resolved ground and 1st excited states (E, = 0.104 MeV)
of 91Nb. However, as calculations indicate, the maximum
contribution is due to the 9/2% g.s. (dotted line shown
in the figure). The cross-section for the 1st excited state
(1/27) (dashed line) is about one order of magnitude
less than that for the ground state. The incoherent ad-
dition of these two states is also shown (solid line). In
fig. 6b, the data and CRC results for the transition to
the 5/27(E, = 3.37 MeV) state are displayed. All the
CRC results presented here are of absolute magnitude
without any arbitrary normalization factor. A reasonable
good agreement between the measurement and present
CRC calculations is obtained. No normalization constant
(so-called unhappiness factor in standard DWBA finite-
range calculations) is needed. The disagreement between
the measurement and the calculation at forward angles for
the g.s. transition is significant. Some refinement in the fit
may be obtained by varying exit channel potential as usu-
ally followed in the literature [24,10], however, it was not
done in the present study.
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Fig. 6. Angular distribution of °Zr(**0,'®N) in transition to
the a) unresolved ground and E, = 0.104 MeV states and
b) E, = 3.37 MeV state in *'Nb. The lines drawn are the
results of CRC calculations. The line represented by X in a)
corresponds to the sum of the contribution from the two unre-
solved states at £, ~ 0 MeV.

In fig. 7, the CRC results along with data for one-
neutron transfer reactions 2°Zr(*¢0,'%0)'Zr( g.s. and
E, =2.2 MeV ) and 2Zr(*60,'70)%%Zr( g.s.) are shown.
A number of close-lying levels exists around the 2 MeV
excitation in %'Zr. In an earlier study [20] of heavy-ion—
induced one-neutron stripping reaction on the same tar-
get nucleus at an incident energy close to the present one,
the largest cross-section was observed due to the state at
2.17 MeV(11/27). Also the peak observed in the present
reaction is quite narrow with about the same FWHM
as that of the g.s. The present calculations are, there-
fore, performed for the 11/2~ (2.17 MeV) state (fig. 7b).
However, calculations were also repeated by including
some of the close-lying states (2.04(3/27%), 2.13((9/27),
2.19(5/27) and 2.201(7/2%7) MeV) and the observation
is that the 11/2~ state has the maximum contribution
amongst all these. As is obvious in the figure, the 11/2~
state alone accounts for the observed cross-section. The
absolute magnitude is also well reproduced for the g.s.
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transition. However, the CRC predictions in both the cases
are broader than the experimental angular distributions.
Finite-range DWBA calculations for the same states popu-
lated via the 1n stripping reaction *°Zr(*2C,'*C)?1Zr also
report a similar failure in predicting the shape of the mea-
sured angular distribution. The reason for this disagree-
ment, as is hinted in ref. [21], could be due to a large
angular-momentum mismatch between the entrance and
exit channels (L, ~ 45h and Lgr ~ 38h). A similar ex-
planation may well be valid for the present reaction also
(Li, ~ 37h and L] ~ 29h).

Calculations do reproduce the measured cross-section
for 1n pick-up reaction “9Zr(160,170)%Zr(g.s.). It is to
mention that the peak observed at 0.0 MeV excitation
energy in this channel has a long tail extending up to
2.0 MeV. A Gaussian of the same width (FWHM =
600 keV) as that observed for the g.s. transition in
07Zr(160,1%0)%1Zr was fitted to extract the cross-section
for the ground state of 3Zr. The single-nucleon spectro-
scopic factors that are used in the present calculations for
various transitions are listed in table 3. All single-nucleon
transfer calculations presented here were performed in the
prior representation of the transition potential with simi-
lar results obtained in the post representation. The transi-
tion potentials were chosen as those which are responsible
for binding the nucleon to the corresponding core nuclei.
A Woods-Saxon form of this potential with the following
standard choice of ro = 1.25 fm and a¢g = 0.6 fm for the
radius and diffuseness parameters was taken. The depth
of the transition potentials were adjusted to reproduce the
correct one-nucleon separation energy in the correspond-
ing nuclei. The Coulomb radius parameter was assumed to
be ro. = 1.25 fm. It has been observed, in additional calcu-
lations, that the calculated single-nucleon transfer cross-
sections, as usual, depends strongly on the geometry(rg
and ag) of bound states, however, the shape remains more
or less the same.

In the analysis of two-proton transfer reactions, com-
bined simultaneous (one step) and successive (two step)
transfer calculations were performed with an emphasis to
understand the relative importance of these two paths.
The ground and 1st excited states of 2Mo have been de-
scribed, in the truncated (2p; /2, 1g9/2) shell model, as [11]

Pg.s. = —0.4843(2py /2) + 1.084(1gg2)?,

Y1simev = 0.93(1gg/2)” .

Therefore, in the description of the sequential process
for the 9°Zr(0%) to 2?Mo(0") transition, two intermedi-
ate channels populating the 9/2%(g.s.) and 1/27 (1st ex-
cited state) in 9'Nb are considered, while the “°Zr(0F)
to 92Mo(2%) transition includes one intermediate chan-
nel, 9/2%, of 9IND (see fig. 4). Successive calculations were
treated as a two-step transfer of single nucleons where the
interaction/transition potential acts twice. In each step
of a sequential transfer, the appropriate measured one-
proton separation energies were used in constructing the
form factors. The two-step calculations were performed in
the prior-post representation of the transition potential so
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Fig. 7. Angular distribution of the 1n transfer reaction
907r(*¢0,'*0) in transition to a) the g.s. and b) the E, =
2.2 MeV state in °*Zr. In c), the angular distribution for the g.s.
transition in the neutron pick-up reaction is displayed. Solid
lines are the CRC calculations.

as to make cancellation of the so-called “non-orthogonality
terms” [9,25].

For the simultaneous-transfer calculations, two ap-
proaches were followed: extreme cluster and microscopic
calculations. In the extreme cluster model [25], the in-
teraction is assumed to act on the centre of mass of the
correlated proton pair and not on its internal variable. In
this situation, the transfer is described in the same way
as that for a single nucleon. The 2p cluster was assumed
to be in the S = 0, T = 1 state and the Os internal
motion (n = 0, I = 0) for these nucleons were consid-
ered. The quantum numbers (N, L) of the centre-of-mass
motion were restricted to satisfy the harmonic-oscillator
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energy conservation relation

@N+L)+@2n+1) =Y (2n; +1),

i=1,2

where (n;, l;) are the quantum numbers of the individ-
ual transferred nucleons. The initial and final bound-state
wave functions were calculated in a Wood Saxon potential
well with R = 1.24Y/3 fm, ap = 0.60 fm and the depth
of the potential was adjusted for the two-proton separa-
tion energy. The transition potential is the same as that
responsible for binding the 2p to the core. The post form
of the transition potential was used with prior form of the
potential giving similar results. Also included in the cal-
culations are the full “remnant” terms which are due to
the difference in the core-core interaction [9].

In the microscopic approach [25], where the transition
potential acts separately on each of the transferred nucle-
ons and the transfer pair is not restricted to be in a state
of zero total spin and zero relative angular momentum, the
form factors were generated by transforming two single-
particle eigenfunctions of a Wood Saxon potential. The
radius and diffuseness parameter of the well were taken as
ro = 1.2 fm and ag = 0.6 fm. The depth of the potentials
were adjusted to reproduce half the two-proton separation
energy and the post-form of the transition potential was
taken.

The CRC results along with the experimental data for
the two-proton transfer reaction °Zr(160, 14C)?2Mo (g.s.)
are shown in fig. 8a. A very good agreement (both in shape
and absolute magnitude) between the calculation (cluster
model) and data for the present two-proton transfer re-
action has been obtained. It is again to emphasize that
the absolute magnitude of 2p cross-section is reproduced
without the need for any arbitrary normalization. We also
observed: i) the two-step sequential process, as shown by
the dotted line in the figure, is more than one order of
magnitude smaller as compared to the cluster calculation,
ii) the microscopic calculations are successful in reproduc-
ing the shape of the measured angular distribution but
the absolute magnitude is far off and iii) the contribution
from the two-step sequential process is 6 times more than
from the one-step direct process when only microscopic
calculations are considered. The combined sequential plus
microscopic calculation underpredicts the absolute mag-
nitude. Similar results (point iii)) were also obtained by
Tung et al. [11] for the same reaction studied at a rela-
tively lower energy of 80 MeV. The relative contribution
of the sequential process, in those calculations, was found
to be a factor 4 larger than for the one-step transfer, and
the absolute magnitude, even after the simultaneous and
successive processes were combined, was nowhere close to
the experimental value (N = Oexp/0cal = 139 as quoted
in ref. [11]).

The coupled-reaction-channel calculations for the
2+ (E, = 1.509 MeV) state in *2Mo (fig. 8b) reproduce the
shape of the measured angular distribution very well. The
absolute magnitude in the extreme cluster model when
calculated with bound-state well radii R = 1.24'/? fm is
over-predicted but the magnitude is correctly reproduced
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Fig. 8. Cross-section for a) the g.s.(07) and b) the
1.509 MeV(2") state of >Mo populated via the two-proton
transfer reaction QOZr(IGO, 14C) plotted as a function of Ocy,.
The solid and dash dotted lines are results of CRC calculations
for the simultaneous transfer using the cluster and microscopic
form factor, respectively, while the dotted curve is the calcu-
lation for the two-step sequential processes. The results of the
combined cluster+successive calculation are about the same as
that of the cluster alone and hence they are not shown sepa-
rately. The results of combined sequential+microscopic calcu-
lation for the 27 state merge with the dotted curve.

when the radius is changed to R = 1.1A4'Y3 fm. Again,
the microscopic calculations, as in the previous case, un-
derpredict the absolute magnitude of the measured cross-
section and is also much lower as compared to the results
of two-step calculations.

The cluster transfer cross-section is usually very sen-
sitive to the choice of binding well radius [25]. A small
change in the binding potential can result in large changes
in the cross-section. There are earlier studies reported in
the literature [26,10] on two-nucleon transfer reactions
where a change in the cross-section as large as a fac-
tor of 100 is observed when the radius is changed from
R = 12AY3 to R = 1.2(A'/? + 2/3) (= 50% change in
the radius). In the present work, the effect of the bound-
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Fig. 9. Angular distribution of the inelastic scattering of
907r(*%0,°0)*°Zr*. The CRC results are represented by the
long dashed curve for the 2.17 MeV (27) state and dotted curve
for the 2.47 MeV (37) state. The incoherent addition of these
two contributions is shown as solid line (curve labelled as X).

state radius parameter on the cluster transfer cross-section
has been investigated. The results so obtained are tabu-
lated in table 4. A change in radius from R = 1.24'/3 to
1.3AY/3 fm for both projectile and residual nucleus leads
to an increase in the °>Mo (g.s.) cross-section by a factor
of &~ 5, while the cross-section goes down by a factor of
about 10 when the radius is decreased to R = 1.14'/3 fm.
A similar variation in the cross-section (a factor of 6 in-
crease for a change in r¢ from 1.2 to 1.3 fm and a factor of
about the same decrease for a decrease in ry from 1.2 to
1.3 fm) is also observed for the 92Mo (27 excited state).
The shape of the angular distributions for both the tran-
sitions was observed to remain insensitive to the choice of
bound-state radii. Thus, the magnitude of the two-proton
cluster transfer cross-section depends very much on the
choice of the radius of the cluster well potential, however,
a choice of radius R ~ 1.14/2 to 1.24'/3 fm yields correct
magnitude of the present 2p transfer cross-sections.

The results of the inelastic-scattering angular distri-
bution are plotted in fig. 9. The peak seen at 2.3 MeV
excitation energy in ?°Zr (fig. 3) is relatively broader and
may include a number of states present in this excita-
tion energy region. In a high-resolution study [21] of in-
elastic scattering from 2C on 9°Zr at an incident energy
(98 MeV) close to the present one, only two states (27
at 2.186 MeV and 3~ at 2.748 MeV) are observed to be
strongly excited. The present calculations were performed
for these two transitions only and the incoherent addition
(solid line in fig. 9) of the contribution from these two
individual transitions were used for the comparison with
experimental data. However, the 5~ state at 2.32 MeV
which has relatively large deformation parameter (table 2)
and two states in the projectile excitation (6.14 MeV(37)
and 6.92 MeV(2T)) are also added in the coupling scheme
in order to include their effects on the elastic as well as
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Table 4. Bound-state radius dependence of 2p transfer cross-section in the extreme cluster model (values are at a representative

point of e = 20°).

2Mo*  J” Calculated cross-section (mb/sr)

(MeV) R=11AY3fm R=12A"/3fm R=13AY3fm
0.0 0t 0.022 0.28 1.3
1.51 2% 0.053 0.32 1.85

Table 5. Variation of CRC cross-sections (angle integrated) on
the radius of the short-range absorptive potential with Vu (=
50 MeV) and aop (= 0.4 fm) being fixed.

Table 6. Variation of CRC cross-sections (angle integrated) on
the depth of the short-range absorptive potential with ro (=
1 fm) and ap (= 0.4 fm) being fixed.

Reaction channel CRC cross-sections (mb)

Reaction channel CRC cross-sections (mb)

ro=1fm rp=12fm 7r9=14fm Vo=10MeV V5=50MeV Vp=80MeV
Fusion 1259 1207 1288 Fusion 1217 1259 1261
9INb(9/21) 11.86 14.28 6.33 91Nb(9/27) 14.45 11.86 12.03
(1/27) 0.94 1.15 0.71 (1/27) 1.12 0.94 0.91
(5/2%) 3.63 4.47 2.90 (5/27) 4.38 3.63 3.77
Nzr(5/2%) 4.44 6.48 3.98 Nzr(5/2%) 5.26 4.44 4.47
(11/27) 3.05 4.17 2.51 (11/27) 3.62 3.05 3.07
897r(9/2%) 4.43 5.55 2.47 897r(9/27%) 4.89 4.43 4.46
92Mo(0T) 0.42 0.66 0.20 2Mo(0T) 0.65 0.42 0.42
2" 0.72 1.13 0.43 (2 1.13 0.72 0.72
907r*(21) 11.18 11.53 14.3 07 (27) 11.30 11.18 12.88
(57) 9.62 9.71 6.91 (57) 9.86 9.62 9.64
(37) 22.78 23.34 18.12 (37) 23.39 22.78 23.05

other channels. The data are satisfactorily described by
the calculations. Both the 27 and 3~ states have compa-
rable strength, while the 5~ state is observed to be less in
magnitude.

The sensitivity of the present CRC results to the short-
range absorptive potential has been studied. A set of CRC
calculations have been carried out in which the radius,
depth and diffuseness parameters are varied. The results
for angle-integrated (from 10° to 70°) cross-section are
tabulated in tables 5 and 6 and our observation is as fol-
lows. When the radius is increased from rg = 1 fm to
1.2 fm, a small reduction (~ 4%) in the fusion cross-
section is noticed while the transfer and inelastic cross-
sections, in general, are increased. By increasing rg to 1.4
fm, the fusion cross-section again increases and the quasi-
elastic (inelastic+transfer) cross-sections are reduced. The
enhancement of fusion cross-section for an increase of rq
from 1 to 1.4 fm has also been observed in the CRC cal-
culation of Thomson [27] for 6O + 20%Pb. The effect of
the reduction of the depth of the potential is to reduce the
fusion cross-section and to increase the quasi-elastic cross-
sections while an increase of V4 from 50 MeV to 80 MeV
seems to have little effect. The effect of a¢ (diffuseness
parameter) variation from 0.2 to 0.6 fm is negligible.

The « stripping has also been included in the coupling
scheme in order to study its influence on other reaction
channels. The experimental energy spectrum for *°Zr (160,
12(0) has a broad peak around @ ~ 20 MeV and it was not
possible, within the present energy resolution, to identify
any discrete transition hence this channel was coupled as

follwed in ref. [27]: a single a-transfer channel with a Q-
value = 20 MeV and a form factor obtained by binding
the a-particle on %°Zr with 1 MeV binding energy. The
strength was adjusted to reproduce the measured angle-
integrated (from 10° to 70°) cross-section of ~ 60 mb. We
noticed (as shown in table 7) that coupling of a-transfer,
though it accounts for a significant part of the total re-
action, has a little influence on other channels (a small
decrease in fusion as well as quasi-elastic cross-sections).
It is to mention that Thompson [27] and also Sastry [28]
have studied the effect of a-transfer for the 10 + 205pb
sytem at various energies and the present findings are con-
sistent with their observations.

4 Conclusion

The angular distributions of the elastic scattering
907r(160,160)%7%r, the inelastic scattering to excited
states of 99%Zr at E, = 2.3 MeV, the one-nucleon trans-
fer reactions 29Zr(190,1°N)?'Nb (E, = 0 and 3.37 MeV
states), 99Zr(160,%0)% Zr (ground and E, = 2.0 MeV
states), 99Zr(*¢0,170)%%Zr (g.s.), and the two-nucleon
transfer reactions “°Zr(10, *C)%2 Mo (ground and 1st
excited states) have been measured at an incident energy
of E(160) = 90 MeV. Coupled-reaction-channel calcula-
tions with full recoil and exact finite-range couplings us-
ing the code FRESCO [9] have been performed by cou-
pling all these quasi-elastic transitions. In addition, a
short-range absorptive potential was included. The in-
teraction potential, thus generated by the CRC calcu-
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Table 7. Angle-integrated cross-section in mb.

Cross-section Couplings in the CRC calculations

without a coupling with a coupling

Fusion 1259 1224
9INb(9/27) 11.86 13.25
(1/27) 0.94 0.91
(5/21) 3.63 3.4
N7zr(5/2%) 4.44 3.25
(11/27) 3.05 2.43
897r(9/27) 4.43 3.95
92Mo(0T) 0.42 0.43
(21) 0.72 0.72
907r*(21) 11.18 10.77
(57) 9.62 8.21
(37) 22.78 13.15

lations in this coupling scheme, is successful in describ-
ing the quasi-elastic data. The absolute magnitudes of
one-nucleon transfer cross-sections have been reproduced.
This, as we have seen, obviates the necessity for introduc-
ing any arbitrary normalization constant (so-called un-
happiness factor in the finite-range DWBA calculations).
The combined simultaneous/successive transfer calcula-
tions have been performed for the 2p transfer reactions.
For simultaneous transfer, calculations were performed us-
ing both the cluster form factor and the microscopic form
factor. Though the shape of the measured angular distri-
bution is well reproduced by both the calculations, the
microscopic calculation underpredicts the absolute cross-
section and is also much lower as compared to the two-step
sequential magnitude. The two-step successive processes,
usually important in heavy-ion transfer reactions, also un-
derpredict the present 2p cross-sections. The simple clus-
ter model calculation (assuming the Os internal motion
of the two protons), though very much depends on the
bound-state well radii, reproduces correctly the magnitude
of the measured 2p cross-sections with radius R ~ 1.1A4'/3
to 1.24'/3 fm. The reason behind the present large dis-
crepancy between the microscopic and cluster model re-
sults is not very clear; however, as is also mentioned in
ref. [10] it is not very surprising as the two treatments cal-
culate the two-proton form factor differently. On the other
hand, such a good agreement in the present CRC calcula-
tion with cluster form factor probably indicates that the
0s internal representation of the 2p cluster is a fairly good
approximation, at least, for the transitions concerned here.

The authors would like to thank the operation staff of the Pel-
letron Accelerator for the excellent support during the exper-
iment. Two of the authors(VJ and BJR) are greatly indebted
to Dr. B.K. Jain and Dr. S. Kailas for valuable discussions and
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