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Angular distributions and Q-value spectra for transfer reactions in the systems 36S+'~'5 Sm have
been measured at two energies close to the Coulomb barrier. Mass and charge identification was
achieved using a time-of-Qight system followed by an ionization chamber. Transfer probabilities were
analyzed considering direct and sequential barrier penetration mechanisms. The dependence of the
cross sections on the static quadrupole deformation of the targets was compared with the predictions of
a semiclassical approach. The relative yields of the different channels were analyzed in the light of a
random-walk approach based on the reaction Q values.
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I. INTRODUCTION

During the last few years, much experimental and
theoretical effort has been devoted to the study of heavy-
ion reactions at bombarding energies near the Coulomb
barrier. Attention has been focused on these types of
processes as a result of the observed enhancement of
fusion cross sections compared to one-dimensional mod-
els for a variety of systems. Among other aspects (such
as deformation of the participant ions, neck formation,
coupling to inelastic channels), the importance of transfer
channels in producing such an enhancement has been
predicted [1—3]. The tnechanism of heavy-ion transfer re-
actions may be affected by collective features as well as
by single-particle effects. On the other hand, experimen-
tal data suggest a correlation between transfer cross sec-
tions and the static deformation of one of the reaction
partners [4,5]. On the other hand, the reaction mecha-
nism is also influenced by nuclear structure effects
reflecting the single-particle states populated in the pro-
cess.

Static nuclear deformation effects in transfer probabili-
ties may be investigated in reactions using targets of the
same element whose isotopes have different shapes. The
isotopes of samarium are an excellent choice in this ap-

proach as they exhibit a wide range of deformation, from
the spherical, semimagic, ' Sm to the well-deformed

Sm. Prior to this work, near-barrier transfer on these
targets was studied using the doubly magic projectile ' 0
[4]. Larger cross sections for the ' Sm case were ob-
served which re6ect the effect of target deformation [5].

In this work we have studied transfer reactions in the
S+ ' ' Sm systems at two energies around the

Coulomb barrier. This neutron-magic sulfur isotope is an
appropriate projectile for isolating the deformation
effects of the targets since it is almost spherical. It was
our aim to address the question of whether the effects of
deformation, observed in the reactions induced by ' 0,
are still dominant or if other structure effects show up
with S projectiles. Another aspect that may be investi-
gated is the possible influence of the mass-asymmetry de-
gree of freedom on transfer reactions when using a
heavier, but still spherical, projectile.

The experimental setup is described in Sec. II, and the
analysis of the experimental data is detailed in Sec. III.
Section IV contains semiclassical calculations of transfer
probabilities, an analysis of the effects of nuclear static
deformations, and a study of transfer cross sections in
terms of Q-value considerations. A summary is given in
Sec. V.
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The experiment was carried out at the XTU tandem
accelerator of the Laboratori Nazionali di Legnaro.
The analysis and reduction of the data were done at the
TANDAR Laboratory in Buenos Aires. The measure-
ments were performed at two bombarding energies (142
and 155 MeV) in the vicinity of the Coulomb barriers [6],
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which are 143.2 and 139.8 MeV for the S+' Sm and
S+'s Sm reactions, respectively. The S beams were

produced from a sputter source with Ag2S cone enriched
to about 40% in mass 36 and had typical intensities rang-
ing from 5 to 20 particlenA. The ' Sm and ' Sm tar-
gets were enriched to 96.5% and 98.7%, respectively.
They had an approximate thickness of 100 pg/cm and
were evaporated onto 30 JMg/cm carbon backings.

The experimental setup consisted of a sliding-seal
scattering chamber followed by two microchannel plate
detectors (MCP's) and an ionization chamber (IC) with
subdivided anode in order to obtain E —hE information.
The IC was filled with CH4 at pressures ranging from 120
to 150 torr and had an entrance window made of
stretched polypropilene about 50 pg/cm thick. Details
on the IC are given elsewhere [7]. Two different flight
paths were used by setting the MCP's at distances of 144
and 233 cm between each other; the corresponding solid
angles of the setup were 0.51 and 0.31 msr, respectively.
The transmission of the detection system, considering the
MCP's and the entrance grid of the IC, was about 74%.
Moreover, the coincidence emciency was measured to be
about 95%. Two monitor detectors mounted at
8&,b= +16' served to establish absolute normalizations.

Angular distributions were measured in the range
75'&8„b&120' at E&,b=155 MeV and 105'&8~,b&135'
at E&,b =142 MeV. The choice of the angular range for
the run at 155 MeV was based on the predicted grazing
angles [6] for the different systems (8 „,=105' and 98' for

Sm and ' Sm, respectively). At the lowest bombard-
ing energy, the limit 8&,b=135' was given by mechanical
restrictions of the sliding-seal chamber. The determina-
tion of the total energy, considering kinetic-energy
spread, straggling in the IC window and target thickness,
had uncertainties of about 1.5%%uo.

III. DATA ANALYSIS
AND EXPERIMENTAL RESULTS

Particle identification was achieved by measuring the
total energy of the ejectiles (Er), their energy loss in a
difFerential zone of the gas detector (b,E), and the time of
flight (TOF} between the MCP's. The b,E resolution of
the IC signals allowed a precise determination of the
yields of the difFerent charged-particle transfer channels.
As an example, Fig. 1 shows the identification of the
different elements obtained from the ET-hE piut for the
reactions S+' Sm and S+' Sm taken at E&,b =155
MeV and 8&,b=85'. These scatter plots clearly exhibit
differences between the two systems. On the one hand,
reactions on the ' Sm target present essentially charge
stripping events that correspond to ejectiles with Z =14
and 15. In addition to these channels, charge pickup
events leading to Cl and Ar are observed in the case of
'44sm.

Mass spectra for each Z were obtained by linearization
of Ez--TOF plots and subsequent projection onto the
mass axis. A mass resolution 5 A /A = 1/50 full width at
half maximum (FWHM} was typically obtained. The
identification of the different masses was helped by sum-
ming up the mass spectra over the different angles. The

36' ~14@pm

Estab=155 MeV, lab-85'

Z =18
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36' + 15/pm

Estab =155MeV, e(ab = 85'

15
14

FIG. 1. Scatter plots ET-hE obtained for the reaction
S+ ' Sm and S+ ' Sm at E»b = 155 MeV and 8»b =85'.

centroids and widths of the peaks appearing in these
summed spectra were used as an additional test for the
identification of ejectile masses in the spectra for each an-
gle.

Angular distributions of the different ejectiles for both
systems are shown in Figs. 2 and 3 for ' Sm and ' Sm,
respectively, at both beam energies. The errors bars take
into account statistical fluctuations as well as uncertain-
ties in mass identification and background determination.
The angular distributions for the bombarding energy
slightly above the barrier (155 MeV) show bell-like
shapes, 20'—30' wide, centered between 0, =100' and
110' for ' Srn and between 0, =95' and 100' for ' Sm.
Maximum values of the differential cross sections range,
for the analyzed reactions, from 2.5 to 10 rnb/sr for the

S+ ' Srn system and from 8 to 25 mb for the
S+ ' Sm system.
Differential cross sections at E&,b

= 142 MeV were mea-
sured in the range 0, =117'—145'. This bombarding
energy corresponds to 0.99 of the Coulomb barrier for
the S+' Sm system and 1.02 of the barrier for the

S+ ' Sm case. Ratios between maxima of the
differential cross sections at 155 and 142 MeV seem to be
generally greater for the ' Sm than for the ' Sm case.

Figure 4 summarizes the transfer cross sections for
Sm [Fig. 4(a)] and ' Sm [Fig. 4(b)] at the two bom-

barding energies, showing values for the dominant exit
channels which our experimental setup was able to
resolve in mass. These cross sections were obtained by
numerical integration of a smooth curve interpolating the
experimental points for each angular distribution (see
Figs. 2 and 3). The shadowed regions indicate some evi-
dence for the corresponding transfer channels at both en-
ergies. In each case an upper limit of about 25%%uo of the
charged-particle transfer cross section for the relevant Z
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FIG. 2. Angular distributions for different transfer channels for ' S+ ' Sm at E&,b =155 MeV (open symbols) and 142 MeV (solid

symbols). The lines correspond to the interpolation used in the determination of the total transfer cross sections. Plus and minus
signs indicate pickup and stripping reactions, respectively.
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FIG. 4. Transfer cross sections for the (a) ' S+' Sm and (b) ' S+"Sm systems at E» =142 MeV (upper values) and 155 MeV
(lower values). The shadowed regions indicate some evidence of transfer (see text).

was estimated. These charged-particle transfers cross
sections 0.„, which were obtained by integration of the
differential cross sections extracted from the E-hE
scatter plots, are given in Table I. As can be seen in Fig.
4, silicon ejectiles with A =34, 33, and 32 (2p, 2p -ln, and

a-particle stripping, respectively) are present with similar
intensities for ' Sm, while for ' Sm the Si isotope (i.e.,
a-particle stripping} dominates. This feature is reversed
in the case of phosphorus ejectiles. The ' Sm target
shows a dominant peak in A =35 (lp stripping}, while for
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FIG. 5. Q-value spectra for different transfer channels in the ' S+ ' Sm reaction at E„b= 155 Me&. Solid (dashed) vertica] arrows

indicate the position of the ground-state (optimum) Q values. Plus and minus signs indicate pickup and stripping reactions, respec-
tively.
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TABLE I. Charge-transfer cross sections.

Z ejectile
clt (E] b

= 142 MeV) (mb)
36S+ 144S "S+'"Sm

+tr(Elab 155 MeV) (mb)
S+' Sm 36S+ ' Sm

14
15
17
18

17.6+2.8
20.4+3.0
22.7+3.5
8.0+1.8

96.4+6.7
119.7+13~ 1

68.4+6.7
87.8+8.2
52.2+5.7
22.4+2.2

159.8+14.8
213.4+21.6

the ' Sm target the strengths are evenly distributed
among A =35, 34, and 33 (lp, lp ln, -and lp-2n strip-
ping, respectively).

As mentioned above, charge pickup reactions are
significant only for S+' Sm; charge Z =17 is mainly
associated with A =37 (lp pickup) and charge Z =18
with A =38 (2p pickup).

The case of pure neutron transfer posed special
difficulties because of the mass resolution, the tails com-
ing from the dominant elastic peak, and the limited
statistics in some cases. Therefore, we were not able to
uniquely identify these transfer events. Neutron strip-
ping seems to be more important than neutron pickup.
In some cases lower limits for the cross sections could be
established (See Fig. 4). For the ' Sm target, pure neu-
tron transfer is also evident, but not so significant.

The mass and charge identification allows the deter-
mination of the Q-value distributions for the various exit
channels. Q-value spectra taken at EI»=155 MeV for
the S+' Sm and S+' Sm reactions are shown in
Figs. 5 and 6, respectively. To obtain these spectra all
runs of the angular distributions were summed up. Gen-
erally, Q-value distributions begin at the ground-state Q
value. The a-particle stripping in the case of the

S+' Sm system seems to be the exception since the Q-
value peak is shifted by almost 10 MeV (a hint of a simi-

lar behavior is seen in the 2p nan-d 2p stripping Q-value
distributions). The centroids of the distributions are in
reasonable agreement with calculated optimum Q values,
with the obvious exception of those cases where the latter
are not negative enough compared to the corresponding
ground state Q values. Excitation energies extend over a
range of 15-20 MeV.

IV. DISCUSSION

A. Semiclassical description of transfer probabilities

Differential transfer cross sections as a function of
center-of-mass angles are commonly presented as transfer
probabilities versus distances of closest approach. Exper-
imental transfer probabilities are readily obtained as the
ratio between the cross section at a given angle for the
relevant transfer channel and the sum of the cross sec-
tions for all the processes (including elastic and inelastic
scattering) contributing to the emission of projectilelike
fragments at that same angle:

do„(8)/d0
g [do y (8)/d 0]

Assuming Coulomb trajectories, the distance of closest
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FIG. 6. Same as Fig. 5 for the "Sm target.
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approach, D, is calculated as a function of the scattering
angle by

Z)Z2eD=
2E,

1+ 1

sin(8, /2)
(2)

P„~exp( aD) . — (3)

The normalization constant can be factorized into two
contributions, one containing a Q-value dependence,
whereas the other is essentially given by the correspond-
ing spectroscopic factor [8]. The exponential decay con-
stant can be written as

ct = (2pg /R2 }1/2

where IM is the reduced mass and 8,& is an effective bind-

This presentation was early recognized as particularly
useful in the study of neutron transfer reactions occur-
ring at relatively large internuclear distances compared
to the range of nuclear forces. In this regime the transfer
process is expected to be well described by semiclassical
formalisms. As a further approximation [8], only the
minimum internuclear distance is considered for the
determination of the transfer probability. This probabili-
ty is governed by the tunneling of an effective barrier re-
lated to the binding energies of the neutron in the donor
and acceptor cores. According to this description, the
dependence of the transfer probability P„as a function of
D follows a characteristic exponential law:

ing energy. This exponential behavior has been experi-
mentally verified for a variety of systems (see, e.g., Ref.
[8]},although the observed values of the decay constants
do not always agree with simple expectations from the
model.

Figures 7 and 8 show transfer probabilities P„versus
the reduced distance of closest approach,
do=D/(Az + Ap~ ), corresponding to the S+' Sm
and S+' Sm systems, respectively, for the various
transfer channels measured in the present work. Data for
the two bombarding energies were included in each case.
A general feature exhibited by all these plots is, within
experimental errors, an exponential decay at large dis-
tances, suggesting tunneling processes. The comparison
between the two bombarding energies shows a systematic
difference consisting of a slower decay for 155 MeV than
for 142 MeV. This difference is in principle inconsistent
with the simple idea of the transfer being determined only
by the minimum internuclear distance given by Eq. (2).
A similar energy dependence has also been observed for
one- and two-neutron transfer reactions in Si+ Pb [9]
and, to some extent, in proton as well as neutron transfer
in Ti+ Zr [8]. This energy dependence of the transfer
probabilities has been tentatively attributed to shortcom-
ings in the evaluation of the deflection function implied
by Eq. (2), which neglects the nuclear contribution to the
trajectories, although this effect is expected to be less im-
portant as the apsidal distance increases. Another possi-
ble explanation relates to the total Q value (i.e., including
the excitation energies) of the reaction. lf the latter does
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not agree with the kinematical selectivity rule that is sim-

ply based on the requirement of a smooth matching of
trajectories in the entrance and exit channels [6],

ZfZf
0 =E . . —1 (5)~OPt ~m zizi

t p

then a deviation from Eq. (2) would be predicted even for
pure Coulomb trajectories before and after transfer at the
distance of closest approach. Unfortunately, the present
data do not allow us to evaluate this assumption because
only the results at 155 MeV could be adequately pro-
cessed because of poor statistics at the lowest bombarding
energy.

In order to achieve a somewhat more qualitative un-
derstanding of the present data, we performed calcula-
tions based on the simple model of Brosa and Gross [10].
These authors consider that the transferred particle (a
proton or a neutron) moves under the influence of the
combined potentials created by the donor and acceptor
cores:

where R
&

and a are the core radius and diffuseness, re-
spectively, and

8 Zi
r, ~R,

1

Coul, I (

e Z 1 2R
C)

2

2R,
r](Rc

R, being the Coulomb radius. In the case of a neutron,
1

U„ I(r) = V„&(r) [1+exp[(r —R I )/a]] (9)

Expressions similar to Eqs. (7)—(9} hold for the acceptor
core (core 2} if the coordinate r is replaced by D r. —

Finally, the model assumes that the potential barrier
relevant to the transfer process can be approximated by
an inverted parabola, thus allowing the use of the analyt-
ic expression of Hill and Wheeler [ll] for the transmis-
sion probabilities P:

U ~„I(D,r) = U ~„~ &(r)+ U ~„~ 2(D r), —(6) P = 1+exp ( V+S)27K (10'
where D is the distance between the cores 1 and 2, p (n}
means proton (neutron), and r indicates the spatial coor-
dinate of the transferred particle with respect to the
donor core. In the case of a proton, the potential created
by the donor core may be decomposed into nuclear and
Coulomb contributions:

where V is the energy corresponding to the top of the
barrier, S is the separation energy of the transferred par-
ticle in the core, and co is related to the barrier width
through the expression

U~ I(r)=V &(r)[1+exp[(r —R&)/a] '+Vc,„I &(r),

(7)

1 82U
CO—

p Br

' 1/2



45 NEAR-BARRIER TRANSFER REACTIONS IN THE. . . 755

For the calculations performed in the present analysis, we
have taken from Ref. [10] the following values for the pa-
rameters of Eqs. (7) and (8):

V = —51+33 MeV
A

(12)

V„=zV +nV„. (13)

In a similar way the Coulomb potential is given by multi-

plying Eq. (8) and the equivalent equation for the accep-
tor core by z. A more accurate procedure for the calcula-
tion of V„would require fits to the experimental binding
energies, but we will postpone the discussion on the valid-

ity of the assumption given by Eq. (13). For each transfer
the energy level used in the evaluation of V+S [see Fig.
9 and Eq. (10)] was taken as that corresponding to the
least-bound case if we compare separation energies in
both cores, so as to ensure the availability of states at

10
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FIG. 9. Potential used in the calculation of the transmission
probabilities of one-proton stripping in S+' Sm at an inter-
nuclear distance of 13 fm.

(+ for neutrons and —for protons; N, Z, and A refer to
the core},

R =1.27M ' fm,

a=0.67 fm,

Rc =1.2A ' f

As an example, Fig. 9 shows the potential correspond-
ing to the case of one-proton stripping in 36S+' Sm (i.e.
the potential created by the 3 P and ' Sm cores) at an in-
ternuclear distance of 13 fm. The dashed curve illus-

trates the quality of the parabolic fit to the barrier. The
zero-energy level has been arbitrarily taken as that corre-
sponding to the three fragments (two cores plus the
transferred proton) separated by infinite distances. The
energy levels indicated in both wells corresjrond to the
binding energies Eb of the proton in S and "' Eu.

In order to analyze our experimental results, we have
extended the applicability of an expression similar to Eq.
(6} to the case of the direct transfer of a complex frag-
ment by simply adding the contributions from the indivi-
dual nucleons to the potential. Therefore, the parameter
V„, corresponding to a complex fragment x formed by z
protons and n neutrons, is taken as

both sides of the barrier. This choice of energy levels
contains the implicit assumption that the excitation pro-
cess that accounts for the experimental Q values occurs
as a second step following barrier penetrations (except for
the amount of energy initially required in the case of re-
actions with negative Q values between ground states).
The different curves shown in Figs. 7 and 8 correspond to
the probabilities given by Eq. (10) normalized to the ex-
perimental data. This normalization includes spectro-
scopic information as well as Q-value-dependent correc-
tion factors. The solid lines correspond to the case of
single-nucleon transfers or to the transfer of a cluster in
the case of complex particles. The dashed and dotted
lines correspond to different sequential transfers as indi-
cated by the labels on the figures. These sequential
transfer probabilities were calculated as the (uncorrelat-
ed) product of the probabilities for the individual steps.
In each step the cores, transferred particle, and energy
levels were appropriately taken following the above-
described procedure for the single-nucleon or cluster
case. The absolute normalization was fit to the short-
distance region where the probabilities reach an approxi-
mately constant value. For the case of four-particle
transfer, Fig. 8 also shows a band for each sequential
transfer. Each band illustrates the effect produced by
considering different sequences in the occurrence of
transfer and excitation at every step, keeping the final ex-
citation energy fixed in accordance with the experimental
average Q value. In the calculations of the bands, the fol-
lowing cases were considered: (a) The excitation occurs
after the exit-channel partition has been reached, (b} the
excitation occurs in the entrance-channel partition, i.e.,
before any particle is transferred, and (c} the final excita-
tion energy is shared among the different steps.

The main feature observed in comparing the different
calculations to the data refers to the distance at which
"saturation" of the probabilities is reached. In general,
the calculation predicts that when multinucleon transfer
occurs in one step, the plateau extends to larger distances
than when two or more steps are involved. As pointed
out earlier, it becomes important to evaluate the sensitivi-
ty of this behavior with respect to the assumptions made
in the calculation of the potential for complex fragments,
in particular Eq. (13}. For that purpose we may compare
the value calculated using Eq. (13) for a two-proton clus-
ter in ' Sm, Vz&=111.2 MeV, to the value Vz&=101
MeV obtained by Kunkel et ol. [12] from fits to the ex-
perimental binding energies. If one considers, for exam-
ple, the direct transfer of two protons from S to ' Sm,
an uncertainty of about 10 MeV in Vz translates into a
shift of about 0.02 fm in the reduced distance at which
saturation occurs.

It is also apparent from Fig. 8 that the several possible
ways of considering the excitation energy do not alter
significantly the above-discussed behavior of the curves
as a function of the number of steps involved, since there
is little overlap between adjacent bands.

The comparison of the calculation with the data for
multinucleon transfer shows, in general, a better agree-
ment with processes that involve two or more steps rath-
er than a single cluster transfer. The transfer of two pro-
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tons in S+' Sm is somewhat unique in that there is no
clear distinction between the calculated curves for
sequential and direct transfers, whereas the data in this
case extend to larger internuclear distances than both
theoretical predictions.

B. Effects of nuclear deformation

The choice of a spherical projectile and the well-known
structural characteristics of the samarium isotopes allow
one to study the effect of nuclear deformation. Previous
measurements of charged-particle transfer probabilities
at large internuclear distances for oxygen-induced reac-
tions on both ' Srn and ' Srn have shown noticeable
differences between these two isotopes, which have been
attributed to the corresponding different values of the
quadrupole deformation parameter [4]. In a recent pa-
per, Landowne and Dasso [5] have proposed a semiclas-
sical model to explain this effect, from which a simple ex-
pression for the enhancement factor of the transfer cross
sections at sufficiently low bombarding energies can be
derived.

In order to address the question of the nuclear defor-
mation in connection with the present data, we proceeded
as follows. From the experimental mass-integrated angu-
lar distributions, we calculated transfer probabilities for
ejectiles with Z =14 and 15, following the procedure of
Sec. IVA. The usual apsidal distance D derived under
the assumption of Coulomb trajectories [Eq. (2)] was re-
placed by the distance d between effective nuclear sur-
faces relevant to the occurrence of transfer:

d=D —p, (14)

where p was taken as the internuclear distance corre-
sponding to the experimental maximum of the angular
distribution at 155 MeV. The same value was adopted
for the 142-MeV data. If one defines an effective nuclear
radius parameter p0 through the equation

p=po(A~ +A' ) (&5)

the above-described procedure yields for p0 a value
around 1.52+0.01 fm in all cases.

Figure 10 compares the transfer probabilities between
Sm and ' Srn for projectilelike particles with Z =14

and 15 at both bombarding energies. One observes that
the probabilities for ' Sm are in all cases larger than
those for ' Sm. Also, there is a systematic difference be-
tween the two targets in the decay rates of these probabil-
ities as a function of d, which suggests an enhancement of
subbarrier transfer with increasing distance for ' Sm. A
similar behavior was observed in charged-particle
transfer in ' 0+' ' Sm [4], indicating that mass asym-
metry does not play a significant role in the enhancement
of the transfer. Table II summarizes the decay constants
a associated with the solid curves of Fig. 10, which are
least-squares fits of exponential shapes [Eq. (3)] to the
data points.

In Ref. [5] the authors predicted an enhancement of
4.6 in transfer cross sections at low bombarding energies
for spherical-on-deformed samarium systems considering
a deformation parameter P2=0.29 for ' Sm. Table II
shows the enhancement factors Et, =~t154/gati~. In order
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TABLE II. Decay constant and deformed-to-spherical cross-section ratios.

Me

142

Z

14

15

Target

'44sm

"4sm
'44sm

"4sm

a (fm ')

3.55+0. 1

2.32+0.18
2.67+0.3
1.50+0.2

6.9+2.0

9.0+3.0

&DC

6.4+1.0

12.3+4.0

155 14

15

144Sm"Sm
Sm
Sm

1.95+0.19
1.16+0.19
2.41+0.27
1.2320.2

2.3+0.3

2.4+3.0

2.2%0. 1

2.7+0.4

to compare under more adequate conditions from the
standpoint of the model, transfer cross sections for dis-
tant collisions, 0DC, were obtained by integrating the
differential cross sections over the forward-angle range
starting from the angle corresponding to d =0. Table II
also shows the enhancement for distant collisions,

154 144
eDc +Dc~~Dc'

The analysis of the deformed-to-spherical ratios
displayed in Table II indicates that there are significant
enhancements in all cases. Also, the enhancement factors
are not affected (within errors) when peripheral collisions
(i.e., d )0) are selected, possibly with the exception of
Z =15 at 142 MeV. On the other hand, there is an im-
portant dependence upon bombarding energy; the factor
calculated in Ref. [5] is larger than the experimental
values at 155 MeV, but it is smaller than those measured
at 142 MeV.

larger energy difference between the Q, , and Q for
these processes (Q = —0.6 MeV for Ip pickup and

Q =2.3 MeV for 2p pickup).
The global trend of the cross sections can be visualized

with the help of a driving potential defined as the
difference between the ground-state Q values and
Coulomb, rotational, and nuclear potential in the initial
and final channels [15]. The transfer process can be
characterized as a two-dimensional random walk on the
N-Z plane led by the driving potential while an energy-
conservation check is performed in each step. In this pic-
ture the driving potential determines the direction of the
mass and charge flows, favoring the transfer steps leading
to minima in the N-Z plane.

Calculations succeed in reproducing the experimental
cross sections for charged-particle transfers in S+ ' Sm
and S+' Sm systems at E&»=155 MeV (see Fig. 11).

C. Q-value dependence of stripping and pickup reactions

As mentioned above, the S+' Sm system presents
charged-particle stripping as well as charged-particle
pickup. This fact distinguishes this system from those
with '60 and 32S as projectiles [4,13] where only stripping
channels are open. In this particular system the transfer
flow tends to lead the neutron-rich S toward larger
values in Z, whereas at the same time, from the ' Sm
point of view, a preferential formation of elements with
lower values of Z is observed.

The nature of the different channels opened in these re-
actions can be understood from simple Q-value con-
siderations. According to Eq. (5), for the S+ "Sm sys-
tems, stripping reactions will have a Q distribution cen-
tered at negative Q values, whereas the Q distribution
corresponding to pickup reactions will be centered at
positive Q values. The width of these distributions is not
well established since it depends, among other things, on
the mechanism of the transfer process [14]. The Q, ,
values for the pickup channels are 5.63 MeV (5.70 MeV)
and 11.0 MeV (11.14 MeV) for the +lp and +2p
transfers for ' Sm (' Sm) at E&» =155 MeV. Therefore,
since the two pickup channels in the S+' Sm reaction
leading to Cl and Ar have positive Q values between
ground states (Q =2. 1 and 8.0 MeV for + Ip and +2p,
respectively), these transfer reactions are possible. In the

S+' Sm case, on the other hand, very few pickup
events were observed, which is to be expected from the
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FIG. 11. Comparison of experimental cross sections and
theoretical predictions obtained with a driving potential for the' S+' ' Sm systems at E&,b =155 MeV. The calculations are
normalized to the cross sections for Z = 15.
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For ' "Sm, only stripping reactions are expected. In the
ease of the S+' Sm system, the calculations predict
stripping as well as pickup reactions as is experimentally
observed. In these calculations best fits were achieved us-
ing a radius parameter for the Coulomb potential of
ro=1.2 fm for ' Sm and ro=1.3 fm for ' Sm. Analo-

gous calculations for the S+' ' Sm systems using
these values of the radius also succeed in reproducing
quantitatively the experimental data [13].

V. SUMMARY

Transfer reactions in the S+' ' Sm systems were
measured at incident energies close to the Coulomb bar-
rier with mass and charge identification. The transfer
cross sections show increasing enhancements with in-
creasing target deformation as pointed out in previous
work with ' O. The experimental enhancement factors
are consistent with those obtained from a simple model
that includes an angle-dependent separation between the
nuclear surfaces in the transfer form factors. A simple

semiclassical analysis considering direct and sequential
tunneling between the interacting ions favors the second
mechanism. The trend of the transfer How can be under-
stood with Q-value considerations; more quantitative re-
sults can be obtained in the framework of a driving-
potential formalism.
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