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Abstract. Multi-nucleon transfer reactions in **0 + °°Zr and '*O + °°Zr have been studied at an incident
energy of 90 MeV. The energy spectra and angular distributions are measured. The data have been analyzed
to obtain cross-section dependence on the number of nucleons transferred and on the ground-state Q-
values. In the ?°Zr(*®0, X); X = 16Q, 17161514 14,1312 12,1110 10.9.TBe and 71 reactions, 2n and
2n-correlated transfer cross-sections are observed to be enhanced as compared to the °O + °°Zr reaction.
A detailed comparison in the multi-particle stripping and elastic-scattering cross-section between these two
systems are made in order to investigate the possible influence of the two valence neutrons in **O nucleus.
Diffractional model DWBA calculations, based on the direct surface transfer model, have been performed
to understand the reaction mechanism of multi-nucleon transfer to continuum.

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

1 Introduction

Multi-nucleon transfer in heavy-ion reactions at energies
above the Coulomb barrier can proceed through differ-
ent reaction mechanisms with a continuous evolution from
quasi-elastic transfer to deep inelastic regime. It is well
known that the quasi-elastic transfer processes manifest
themselves as bell-shaped angular distributions peaked
near the grazing angle, whereas the processes involving
massive transfer occur at relatively smaller internuclear
distance and are generally more forward-peaked [1]. A re-
cent review article [2] gives a good account of the multi-
nucleon transfer between heavy nuclei. An important as-
pect of heavy-ion transfer reactions is the matching of
various kinematical quantities, e.g. energy, angular mo-
mentum, etc., in the entrance and exit channels. Apart
from the kinematical factors, projectile and target struc-
ture influence multi-nucleon transfer cross-section signifi-
cantly. Recent observations of large enhancement in the 2n
and 2n-correlated transfer cross-sections in 180 + 174Yb
have been explained by interpreting the projectile as a core
plus two loosely bound valence neutrons in a “di-neutron”
configuration outside the relatively tightly bound 6O
core [3]. Such an interpretation for the nucleus *O, hav-
ing a large two-neutron separation energy (12.19 MeV),
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certainly needs further investigations. With a motivation
to study the possible role of two valence neutrons in the
80 nucleus on multiparticle stripping cross-section we
have studied, in the present work, multi-nucleon trans-
fer reactions in the two systems *0 + °Zr and 60 +
90Zr measured under same kinematical conditions. A de-
tailed comparison between these two systems in the multi-
nucleon transfer channels as well as elastic-scattering pro-
cess has been made to shed more light on these aspects.
The energy spectrum and angular distribution for multi-
nucleon transfer reactions to continuum are analyzed in
the DWBA-based diffractional model (DDWBA) calcu-
lations [4]. Such DDWBA calculations, based on direct
surface transfer reaction model, have been used in the
past [5-8] and are quite successful for the description of
multi-nucleon transfer processes to the continuum. The
results of the analysis are presented and discussed here.

2 Experimental procedure

The measurements were carried out using 0 and 80
beams of 90 MeV incident energy from the 14UD Pelletron
accelerator in Mumbai. Isotopically enriched (> 99%) self-
supporting %°Zr targets of 400 pg/cm? thickness were
used. Light ejectiles were detected using silicon sur-
face barrier detector telescopes (AE = 30 pm and
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Table 1. Measured differential cross-sections for various reaction channels in 10 + °°Zr and 20 + %°Zr both studied at the
same incident energy of 90 MeV and 6,1, = 20°. The differential cross-sections listed here are for the excitation energy integrated
data. The reaction Q-values (Qo) listed in the table are ground-state Q-values.

Reaction Qo do/df2 Reaction Qo do/df2
(MeV) (mb/sr) (MeV) (mb/sr)
07r(*0,°0) | +3.642 | 34.90 & 0.35
207r(**0,'"N) | —10.783 | 1.95 % 0.08
907r(*¥0,'°N) | —8.783 | 1.64 + 0.08
207r(*°0,'°N) | —6.948 | 15.76 £ 0.32 | °Zr(*®0,""N) | —2.443 | 12.56 4+ 0.21
07r(*°0,"N) | —9.915 | 7.55 £0.22 | P°Zr(**0,"N) | —6.047 | 2.34 £ 0.09
07r(*0,®N) | —11.642 | 1.33 £0.09 | °°Zr(**0,*N)
07r(*°0,1C) | —9.718 | 5824+ 0.20 | Zr(**0,"*C) | —4.159 | 9.71 +0.18
207r(*%0,2C) | —9.827 | 13.87 £ 0.30 | °Zr(*®*0,'3C) | —4.968 | 7.47 £ 0.16
207r(*%0,2C) | —5.094 | 37.83 + 0.51 | 9Zr(*®*0,'*C) | —0.760 | 10.57 £ 0.19
207r(*%0,?B) | —22.718 | 0.25 +£0.04 | *°Zr(**0,"?B) | —17.102 | 0.11 £ 0.02
07r(**0,M'B) | —16.157 | 2.65 + 0.13 | *°Zr(**0,''B) | —10.998 | 1.20 + 0.06
207r(*°0,'°B) | —19.734 | 0.68 £ 0.07 | *°Zr(**0,'B) | —15.173 | 0.21 £ 0.03
07r(*%0,'Be) | —19.484 | 0.14 4+ 0.03 | P°Zr(*®0,°Be) | —13.934 | 0.11 £ 0.02
07r(*%0,°Be) | —18.741 | 0.47 £ 0.06 | *°Zr(**0,°Be) | —13.282 | 0.44 £ 0.04
907r(*°0,"Be) | —21.658 | 0.09 + 0.03 | °°Zr(**0,"Be) | —17.370 | 0.03 + 0.01
07r(*0,"Li) | —22.865 | 0.23 +£0.04 | °Zr(**0,"Li) | —17.049 | 0.21 + 0.03
207r(*%0,5Li) | —22.002 | 0.22 £ 0.04 | °Zr(**0,°Li) | —16.825 | 0.16 £ 0.03
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Fig. 1. Counts vs. particle identification (PI) spectra gener-
ated from a two-dimensional PI vs. energy plot by taking the
projection on the PI axis.

E =300 pm) mounted on two movable arms inside a 1 m
diameter scattering chamber. The detailed experimental
procedure is the same as described previously [9] and
hence is not repeated here. Particle identification (PI)
spectra for both systems are shown in fig. 1. It has been
possible, using the AE — F technique, to obtain not only
charge but also a good mass separation between various
projectile-like particles thus allowing us to make a detailed
study of multi-nucleon transfer reactions in these two sys-
tems. The Q-integrated cross-sections for various reaction

channels are listed in table 1. Though the values for the
160 4 99%Zr have already been reported in our previous
publication [9], they have been given here for comparison
purposes. The errors given in the table are the statisti-
cal ones. In addition, an overall systematic uncertainty of
13% is estimated. The measured laboratory angular dis-
tribution for the dominant transfer channels in both the
systems is shown in fig. 2.

3 Results and discussion

The total cross-sections, obtained by integrating the dif-
ferential distributions, are plotted as a function of the
number of nucleons transferred x in fig. 3. In general, the
cross-section decreases as the number of transferred nucle-
ons increases. In the 160 + 90Zr system, the projectile-like
products strongly populated are >N, 14N, 14C, 13C, 12C,
HB, 198, 9Be, "Li, SLi, etc., corresponding to a trans-
fer of 1p, (1pln), 2p, (2pln), «, (ap), (apn), (a2pln),
etc., with 1p and « transfer reactions being the strongest.
Interestingly, 80 4 99Zr reactions also populate same
projectile-like products now corresponding to a transfer
of (1p+2n), (1pln+2n), (2p+2n), (2pln+2n), (a+2n),
(ap+2n), (apn+2n), (a2pln+2n), etc., nucleons, respec-
tively. The 2n transfer reaction (the only positive @Q-value
reaction) has largest cross-section and (a+2n) transfer
is stronger than o transfer. Also observed is the single-
nucleon transfer, usually the most dominant reaction
channel, a factor of 6 lower in cross-section as compared
to the 1p+2n transfer. Usually, the transfer cross-section
decreases exponentially with the increasing number of nu-
cleons transferred. The present observation suggests a pos-
sible influence of the projectile structure on multi-nucleon
stripping reactions.
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Fig. 2. Measured laboratory angular distribution of dominant transfer channels in 160 + 297 and 0 + °°Zr at El.p = 90 MeV.
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Fig. 3. Total cross-section plotted as a function of the number
of nucleons transferred in *°0 + 99Zr and 0 + 99Zr reactions.

To understand this, the @-value dependence of the
cross-section has been studied. From earlier studies [10-
19], it is known that the differential cross-section for iso-
tope production of each charge decreases exponentially
with increasing negativity of ground-state @Q-value (Qp)
(do/df2 ~ e20/T) and is understood in the picture of a
partially statistical equilibrium of a di-nuclear system with

an effective temperature 7. The same exponential depen-
dence can also be explained in the framework of direct
reaction mechanism where the slope parameter T is re-
lated to the mean energy loss per transferred nucleon and
the probability for single-nucleon transfer [15]. The mea-
sured cross-sections for the production of N, C, B and Be
isotopes are plotted in fig. 4. Yields for different isotopes of
a given element follow, in general, the exponential depen-
dence and slopes for different elements are about the same,
with some exception in the case of beryllium isotopes
where a much steeper slope has been observed in both
the 60- and '8O-induced reactions. Similar irregularities
in the @ systematics have also been observed in previ-
ous studies [13,14] and have been systematized by taking
effects of pairing energies into account. The importance
of such pairing energy corrections (A) (so-called “non-
pairing” corrections) has been emphasized in those works
and is observed to have a significant effect in reactions
with Zr target and less pronounced with other systems.
The present data (the Qg-values) have been corrected
for the pairing energies and are re-plotted in fig. 5 (in
a bit different way for the comparison purposes between
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Fig. 4. Differential cross-section for the projectile-like prod-
ucts of the *°Zr(*60, X) and *°Zr(**0, X) reactions at O, =
20° and E.p = 90 MeV plotted as a function of ground-state
Q-value (Qo). The lines are merely to guide the eye.
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Fig. 5. Isotope production cross-section as a function of
ground-state -value. Similar to fig. 4 but with non-pairing
corrections (A) added and plotted in a bit different way
for the comparison purposes between the 90Zr( 160, X) and
907r( 0, X) reactions. The arrows shown in the figure indi-
cate the position of Qo for *°Zr(**0, X).

the two systems studied). A significant improvement has
been obtained. The data for all elements now follow a
single slope corresponding to an effective temperature of
T ~ 2.45 MeV and is independent of projectile combina-
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tion. It is to mention that the present value of the parame-
ter T is similar to those obtained from other reactions [14].
The reason behind the absence of/the very low cross-
section of 1p, 1pln, 2p, 2pln, «, ap, etc., transfer in
the '®0-induced reactions, which are quite strongly pop-
ulated in the O + 99Zr reactions, can be simply ex-
plained in terms of this Q-value systematics. The Q-values
for the 2n and 2n-correlated transfer channels are less
negative in 80 4 9“Zr and hence the cross-sections for
these channels are enhanced. For example, the 2p transfer
(99Zr(180,1°C)) and 2pln transfer (°Zr(*¥0,'°C)) reac-
tions which are seen with large cross-section in the 160-
induced reactions, are not observed in the 20 case. The
reason, as is clear from fig. 5, is due to a large negative
Q@-value for these channels (the Q-values for these reac-
tions are indicated by arrows in fig. 5) as compared to
the (180,1C) and (180,'3C) reactions. Similarly, in the
case of nitrogen isotopes, the cross-section for the one-
nucleon transfer (10,1°N) is the highest which is then
followed by the two-nucleon and three-nucleon transfer re-
actions. In the (*¥0, N) case, the cross-section for three-
nucleon transfer is larger compared to the corresponding
one- and/or two-nucleon transfer channels as the Q-value
for this three-nucleon transfer reaction is relatively much
less negative (fig. 5). The explanation can very well be
extended to other isotopes and is clear from the figure.
Hence it is clear that the observed large yields in the 2n
and 2n-correlated transfer reactions seen in the 9Zr(180,
X) reactions are due to the @Q-value effect and the data
can be well accounted for by the Q-value systematics.
The dependence of optimum Q-value (Qop¢) on the
number of nucleons transferred x has been studied for
these two systems. A number of earlier works exist in
the literature on Qopt studies in heavy-ion transfer re-
actions [16-18,20,21] and different models have been pro-
posed [18,20,21] to calculate the optimum Q-value Qopt.
We follow the prescription [18], as has also been used in
our previous study [19], that gives a satisfactory descrip-
tion to both charge and mass dependence of the observed
Qopt- The effective optimum @)-value due to the matching
of relative velocities at the distance of closest approach,
immediately before and after the transfer, is defined as

(1)

where x is the net number of nucleons transferred and
w; the reduced mass of the entrance channel. €; is the
available energy at the barrier and AE¢ is defined as the
difference between the exit and entrance channel Coulomb
barrier. The inclusion of the effect of kinetic energy loss
due to frictional force in addition to momentum transfer
modifies the above expression as

opt - Qopt + AEC = €f — € — (x/uz)el,

o= =1 = (0= e/p) expl-az/ml|ei. ()
« is related to the frictional constant which is fixed for all
exit channels and depends only on the entrance channel.
o was kept as a free parameter. The calculated Qopt val-
ues along with experimental points are plotted in fig. 6.
A good agreement with almost same value of frictional
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Table 2. Optical-Model parameters.

Reaction Vo To ao W; T a; Te OR
(MeV) | (fm) | (fm) MeV) | (fm) | (fm) | (fm) | mb
207r(*2C,'2C) | 100.0 | 0.982 | 0.782 | 80.00 | 0.982 | 0.782 | 1.25
907r(**0,'°0) | 135.7 | 1.154 | 0.509 | 29.93 | 1.207 | 0.457 | 1.25 | 1445
07r(*80,%0) | 135.7 | 1.167 | 0.509 | 29.93 | 1.207 | 0.457 | 1.25 | 1500

Qeff (op)(MeV)
o

| %07r(30.X)
- oUp =0.13 1

1 1 1 1 1 1 1 1 1

01 2 345 6 7 8 910 1112
No. of nucleons transferred (x)

Fig. 6. Effective optimum @-value as a function of the number
of transferred nucleons z for the *°Zr(*¢0, X) and *°Zr(**0,
X) reactions. The solid lines are the results of calculation as
detailed in the text. The dotted lines correspond to a situation
in the absence of frictional force and equivalent to the one
described in ref. [14].

coefficient (a/p) for both the systems has been obtained.
For both the systems, the effective optimum @-value ap-
proaches the same asymptotic value of ~ —25 MeV.

The measured elastic-scattering angular distribution of
the two systems 20 + 2°Zr and 60 + ?°Zr has been com-
pared and the possible influence of two valence neutrons
in 0 nucleus has been investigated. The data have been
analyzed using the optical-model program SNOOPY [22].
A Woods-Saxon volume form of real and imaginary poten-
tials was used. The OM potentials of 2C + °Zr [23] are
used as starting parameters for the analysis of 160 + 90Zr
data. A search was made on all the parameters and the
resulting parameters for which a best fit was obtained are
given in table 2. These parameters are used as starting po-
tentials for the analysis of the 20 + 90Zr elastic angular
distribution. The same potential gives a good description
of the 180 + %9Zr elastic scattering as well (shown by
the dotted line in the fig. 7). Only a small variation of rq

10' Elab= 90 MeV
QOZr(mO, 160)90Zr
10°
< QOZr(180,18O)90Zr
=)
o
°
©
107 £
102
OM Calculations with best fitted parameters
........ OM Calculations with 160+90zr parameters
10-3 1 1 1
20 40 60
B (deg.)

Fig. 7. Measured elastic-scattering angular distributions of
907r(*%0,°0)°Zr and 2°Zr(*®0,'®*0)*Zr both measured at
an incident energy of 90 MeV. The optical-model fits to the
data (solid lines) are also shown. The dotted curve is the result
with the best-fitted °O + %°Zr parameters.

(~ 1% increase), the radius parameter for the real part
of the potential, was needed to achieve the best fit to the
data (solid line). The final parameters are given in the last
column of table 2. The present study also observes a small
(~ 4%) increase in the reaction cross-section in going from
160 + 997y to 180 + 99Zr. The almost equal values of the
potential parameters (except only a small ~ 1% increase
in radius) suggest that the two valence neutrons in the 80
nucleus have no significant influence on the elastic scatter-
ing and OM potential compared to the elastic scattering
with the core '°0O nucleus.

4 Analysis of energy spectra and angular
distributions in the diffractional DWBA
model

The measured energy spectra and angular distributions of
projectile-like particles have been analyzed in the DWBA-
based diffractional model formalism. In this model the
double differential cross-section to the continuum states
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is given by [24,25]

J1+J2/
Z Z pi(E; — E3,J2)
deEf JL,J2J1—J2

Xp2(E27 JQ)J(Efv 97 LT)dEEk . (3)

The indices 1 and 2 are for the projectile-like particles and
residual nucleus, respectively, and o(Ey,6, L) is the re-
duced transfer cross-section which is related to the DWBA
transition matrix element as detailed in [24,25]. The spin-
dependent form of the level density

—J(J+1)
p(E*, J) = p(E*)Me 29 Cutoff (4)
2 27racut0ff
is used. ocutor is the spin cutoff parameter and p(E)*
is the level density of particles and holes in the ejectile
and residual nucleus. The level densities are calculated
according to the Oblizinsky formula [26]. The reduced
cross-section is parametrized in terms of three parame-
ters: the radius parameter (rq), the diffusivity (d) and the

Table 3. Kinematical quantities and diffractional model pa-
rameters deduced from the optical-model fits to the elastic
scattering.

Reaction ) d Af Lg, 0oy

(fm) | (fm) | (rad) (deg.)
207r(*°0,°0)"Zr | 1.5 | 0.28 | 0.41 | 46 48
07r(*0,'80)Zr | 1.51 | 0.26 | 0.41 | 47 49

phase angle Af, which is defined as the difference between
the Coulomb and nuclear rainbows. This set of parame-
ters have been deduced from the optical-model analysis
of elastic-scattering data and are listed in table 3. The
values are close to the recommended values of Mermaz et
al. [27]. The results so obtained for the kinetic energy spec-
tra and angular distributions are displayed in figs. 8 and 9.
The calculated values were normalized to the experimen-
tal data as the spectroscopic information to the continuum
states could not be supplied in the calculations.

The calculations predict the experimental energy spec-
tra reasonably well. The peak is well reproduced whereas
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model calculations. See the text for details.

the predicted shape of the kinetic energy spectra are
in general narrower compared to the observed one. The
lower energy part of the experimental spectra which cor-
responds to a higher excitation energy, in particular, is
not described by the calculations. This is expected as this
part of the spectrum can be attributed to more dissi-
pative and multi-step processes and are not included in
the present calculations which are based on direct sur-
face transfer model. In fig. 9, the energy integrated an-
gular distributions are compared with the model predic-
tions. The observed angular distributions are bell-shaped
for the one-nucleon transfer reactions peaked near ~ 40°,
about 10° lower than the grazing angle, and become more
forward-peaked with the increasing number of nucleons
transferred. The shape of the one-nucleon transfer reac-
tions is reproduced well by the calculations. In order to re-
produce the measured spectra for more-than-one-nucleon
transfer, it was necessary to increase the values of Af. The
A values used in the calculations are indicated in the fig-
ure. Such a practice of using larger values of A than
obtained from the elastic-scattering fit has been followed
in the literature [25] to describe transfer angular distribu-

tions especially when the number of nucleons transferred
is large. The necessity of larger values of A with the in-
creasing number on nucleons transferred is an indication
of the increasing importance of nuclear effects and a con-
tinuous evolution from quasi-elastic transfer to the more
dissipative processes.

5 Conclusions

The energy spectrum and differential cross-section of
multi-nucleon transfer reactions in (10, X) and (*#0, X)
with X = 160, 17,16,15,14N 14,13,12(; 12,1110 10.9,7B¢ apnd
7614, have been measured on the same target °°Zr and
at the same incident energy of 90 MeV. Transfer of up
to 12 nucleons has been observed with significant cross-
section. A clear charge and isotope separation for light
ejectiles from lithium to oxygen has been achieved. The
cross-sections for 2n and 2n-correlated transfer channels
are seen to be enhanced in the 30 + ?°Zr system. The
data, when plotted as a function of ground-state @Q-value
for different isotopes, are understood in terms of @)-value
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systematics. The charge and mass dependence of optimum
Q-value are described in a model that takes into account
the energy loss due to both momentum transfer and fric-
tional force with only a single adjustable parameter «;, the
frictional constant. An almost equal value of the frictional
coefficient («/p;) has been obtained for both the systems
and both the systems approach the same asymptotic value
of effective optimum @-value ~ —25 MeV.

The measured elastic-scattering angular distributions
of these two systems are compared. The effect of two extra
neutrons in 180 is not significant on the elastic-scattering
angular distribution and on the optical potential (only a
small ~ 1% increase in the radius parameter) as compared
to the 160 + 99%Zr case.

The energy spectra and angular distributions of
projectile-like particles observed in these two systems are
analyzed in the diffractional model DWBA formalism con-
sidering one-step peripheral process. The calculations re-
produce the energy spectra reasonably well. The angular
distributions are well described by increasing the differ-
ence between the Coulomb and nuclear phase angle as
the number of nucleon transfer increases. A continuous
evolution from the quasi-elastic to the more dissipative
processes has been observed.
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