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Elastic scattering and quasielastic transfer in the system ' Se+' ' Pt
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Elastic scattering and quasielastic transfer yields have been measured for ' Se+ ' ' 'Pt using Se
and ' Se beams with laboratory energies of 487.7 and 499.0 MeV, respectively. The variation of the one-
neutron transfer yields as function of projectile and target mass can be understood on the basis of Q
matching. Quasielastic transfer contributes at most 30% to the total reaction cross section with the
remainder probably accounted for by deep-inelastic scattering.

PACS number{s): 25.70.Bc, 25.70.Hi

I. INTRODUCTION

The systematic study of the neutron-number depen-
dence of the quasielastic transfer cross sections in the
Ni+ Sn system showed that their strength increases with
increasing mass number of the target for the Ni-induced
reactions, while it is constant for the Ni-induced reac-
tions [1]. Although the behavior of the one-neutron
transfer cross section can be understood from underlying
nuclear structure effects, namely, the binding energy of
the transferred particle and kinematic matching condi-
tions during transfer [2], the dependence of the total qua-
sielastic yield on neutron number of projectile and target
is not yet understood. Both Ni and Sn have a closed pro-
ton shell (Z =28 and 50) and a possible influence of the
shell closure on the total quasielastic cross section cannot
be ruled out. In order to study the dependence of the
quasielastic cross sections on neutron number for a sys-
tem where shell effects should be minimal, we have mea-
sured elastic and quasielastic yields for ' Se+' ' Pt
at bombarding energies 35% above the Coulomb barrier,
comparable to the Ni+ Sn studies which were performed
at about 30% above the barrier.

II. EXPERIMENTAL PROCEDURE
AND DATA ANALYSIS

Se beams from the Argonne Tandem Linac Ac-
celerator System (ATLAS) were incident on targets of
80—140 pg/cm ' ' ' Pt evaporated onto a 10-
pg/cm ' C backing. The enrichments of the targets
used are 58.6, 95.1, and 95.3'F for ' Pt, ' Pt, and ' Pt,
respectively. The main contaminants in the ' Pt target
are ' Pt (26.1%) and ' Pt (11.0%). The measured yields
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on the ' Pt target were used to extract the reaction
yields for ' Pt from the measured yields on the ' Pt tar-
get. Based on the level of contamination and the ob-
served variations of the yield as a function of neutron
number, we believe that the error associated with this ex-
traction is less than 10%.

The reaction products were momentum analyzed with
an Enge split-pole spectrograph and detected in the focal
plane with a position-sensitive ionization counter [3].
The position along the focal plane, the specific energy
loss hE, and the total energy E were measured for each
detected particle. In addition, the time of flight of the re-
action products was measured with respect to the rf time
structure of the beam, using a parallel-plate avalanche
counter mounted in front of the ionization counter. The
magnetic field in the spectrograph was chosen such that
the 6—7 most abundant charge states were detected in the
focal plane. The data were corrected for contributions
from those charge states that were not detected in the fo-
cal plane for a given field setting, but these corrections
were always less than 5%. Two silicon surface-barrier
detectors, mounted at forward angles, were used to moni-
tor the beam and target quality during the experiment,
and for relative normalization between different runs.
The absolute normalization was obtained using the
elastic-scattering data at the forward-scattering angles,
assuming that these yields are described by Rutherford
scattering. The total error in this procedure is estimated
to be 10%. The actual beam energy was measured using
the time-of-flight energy measurement system of ATLAS
[4] to be 487.7 and 499.0 MeV for the Se and Se
beams, respectively. These energies were chosen such
that the Se-induced reactions were studied at about the
same center-of-mass energies as the Se-induced reac-
tions.

From the position along the focal plane, the total ener-
gy, and the time of flight, the atomic charge of the reac-
tion products can be calculated. For each atomic charge
state, a mass spectrum was obtained using the measured
position along the focal plane and the time of flignt. Fig-
ure 1(a) shows an atomic charge-state distribution ob-
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FIG. 1. (a) Atomic charge-state distribution and (b) mass
spectrum gated on q=27+, for ' Se+' Pt at 0~»=50' and

E~,b =499.0 MeV.

tained for Se+' Pt at 8&,„=50'. Figure 1(b) shows the
mass spectrum obtained for the q =27+ charge state [see
gate in Fig. 1(a)]. The various transfer products can be
clearly separated from the scattered beam particles.

The energy resolution obtained in the measurements
was =4 MeV. This did not allow the separation of elas-
tic scattering from inelastic excitation of low-lying states
in projectile and target and the measured elastic-
scattering cross sections will include these inelastic exci-
tation yields. The total reaction cross sections, obtained
from the measured "elastic-scattering" angular distribu-
tions, does not include the yields of inelastic excitation of
low-lying states in projectile and target with a Q value
more positive than —20 MeV. Likewise, in our analysis
of quasielastic transfer reactions, we have only included
those events with a Q value more positive than —20
MeV. Figure 2(a) shows an energy spectrum of scattered
beam particles for Se+' Pt at O~,b=50'. Figures 2(b)
and 2(c) show energy spectra of the reaction products for
one-nucleon pickup and stripping reactions, respectively.
The arrow in Fig. 2(b) indicates the laboratory energy
corresponding to the ground-state Q value for one-
neutron pickup. The arrows in Fig. 2(c) indicate the lab-
oratory energies corresponding to the ground-state Q
values for one-neutron and one-proton stripping reac-
tions. The energy spectra of the transfer products are
peaked around laboratory energies corresponding to
small negative-Q values, indicating that the transfer
occurs predominantly to low-lying states in the projectile-
like and targetlike fragments.

The AF. resolution achieved in this experiment was not
sufficient to obtain an unambiguous Z identification of
the reaction products. Figure 3 shows the Z spectra ob-
tained from the E-AE spectra for reaction products with
mass 81, 82, and 83 for Se+ ' Pt at 0]&b=50 . The ar-

IOO:

50—

0 ' I

I

'I i I

A=83

I
I

I
I 1 I I

I

I

O
O

20—

0 '

30— A= 8 I

I I

(c) '

20—

to—

0 , J4. . . , i. . . ,

350 360 370
E( b(MeV)

I I

380

FIG. 2. Energy spectra for (a) elastic scattering, (b) one-
nucleon pickup, and (c) one-nucleon stripping for Se+ ' Pt at
0&,b=50' and E~,b =499.0 MeV. The arrow in (b) indicates the
laboratory energies corresponding to the ground-state Q values
for one-neutron pickup. The arrows in (c) indicate the laborato-
ry energies corresponding to the ground-state Q values for one-
neutron stripping (Qg~

= —3.70 MeV) and one-proton stripping

(Qgg
= —5.87 MeV).

III; EXPERIMENTAL RESULTS

A. Elastic scattering and the total reaction cross section

Figure 4 shows the measured elastic-scattering yields
(including inelastic excitation with

I Q ~

~ 20 MeV) divided
by the Rutherford cross section as function of the
center-of-mass scattering angle for 7 ' Se+ ' ' ' SPt.
The solid curves in Fig. 4 show the results of optical-
model fits to the data with an energy-independent real
and imaginary Woods-Saxon potential with parameters
V=100 MeV, ra=1. 15 fm, a =0.50 fm, 1@=30 MeV,
I";0=1.28 fm, and a, =0.43 fm, using the code PTOLEMY

[5I. The total reaction cross sections obtained from the

rows in Fig. 3 indicate the calculated position of the
Z =33 and 34 contributions. The one-nucleon pickup re-
actions are dominated by one-neutron pickup, while for
the one-nucleon stripping reactions both proton and neu-
tron stripping is important. The division of the total
yield of the one-nucleon stripping reactions between neu-
tron and proton stripping has large errors due to the poor
Z resolution (see Fig. 3). Whenever possible, we will talk
about the total one-nucleon stripping yields, whose errors
are mainly determined by uncertainties in the statistics
and in the absolute normalization. No attempts have
been made to obtain Z identification for the products of
two-nucleon stripping and pickup reactions.
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TABLE I. Total reaction cross sections o., for
Se+' ' ' 'Pt obtained from an optical-model (OM) and

quarter-point (01&4) analysis of elastic plus inelastic scattering.

Projectile Target
E,

(MeV)

o.,(OM)'
(mb)

2-
,illll I

co 40

~ 30-
0~ 20-

l0-
0 a

I

4= 82.

I

A=83

76S

76S

76S

82Se

82S

82Se

192pt

194pt

198pt

192pt

194pt

198pt

349.4
350.4
352.4
349.7
350.7
352.9

1470
1550
1610
1660
1740
1800

1530
1510
1620
1710
1760
1760

'Optical-model potential: V=100 MeV, r0=1.15 fm, a =0.50
fm, 8'=30 MeV, r;o=1.28 fm, a, =0.43 fm.
%idth parameter 5= 14.4A.
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FIG. 3. Measured Z spectra for reaction products with mass

81, 82, and 83 obtained for Se+ ' Pt at Ohb =50' and

Ei,b =499.0 MeV. The arrows indicate the expected position of
the Z =33 and 34 contributions.

optical-model analysis are tabulated in Table I. This
table also lists the total reaction cross sections obtained
from the quarter-point angle 0&&4 of the sum of elastic
and inelastic scattering, using the generalized Fresnel
model developed by Frahn [6) with a width parameter
5=14.4A. The reaction cross sections calculated using
the quarter-point angle are consistent with those obtained
from the optical-model analysis.

B. Transfer yields

lo~ I I I I

76S l92pt

Figure 5 shows the measured angular distributions of
the one- and the two-nucleon pickup and stripping chan-
nels with IQI 20 MeV for Se+' Pt at E~,b =499.0
MeV. The solid curves in Fig. 5 are fits to the measured
angular distributions with the semiclassical formula of
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FIG. 4. Elastic-scattering angular distributions for
76Se+ 192, 194, 198pt d 82Se+ 192, 194, 198pt at E 487 7 and 499 0lab

MeV, respectively. The solid curves are results of optical-model
calculations used to obtain the total reaction cross sections.

FIG. 5. Measured angular distributions for one- and two-
nucleon stripping and pickup reactions for Se+ ' Pt at
E1,b=499.0 MeV. The solid curves sho~n are fits to the data
used to obtain the angle-integrated transfer cross sections.
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TABLE II. Measured quasielastic cross sections for one-nucleon pickup (o»p), one-nucleon strip-
ping (o.1N, ), two-nucleon pickup (o.»p ), and two-nucleon stripping (o.2» ) for Se+ ' ' Pt.

Beam

76S

76S

82Se

82Se

Target

192Pt

'"Pt
192Pt

198pt

(MeV)

349.4
352.4
349.7
352.9

~ I Np

(mb)

160+20
240+40
95+10

140+15

~ 1Ns

(mb)

85+10
140+30
150+25
150+20

~2Np

(mb)

55+20
50+10
15+5
15+5

~2Np

(mb)

25+15
20+15
40+15
20+5

Bass [7]. The angle-integrated transfer yields, obtained
from these fits, are listed in Tables II and III.

The measurements on ' Pt did not cover enough
scattering angles to allo~ a reliable measurement of the
total transfer cross section. The transfer yields discussed
in Sec. IV will therefore only include the measurements
on the ' Pt and ' Pt targets.

rV. DrSCUSSrow

A. Total reaction cross sections

The strong absorption radius D can be obtained from
the total reaction cross section, deduced from elastic
scattering, using the sharp cutoff approximation. The
solid squares in Fig. 6 show D as function of
( A~ + A,' ). The solid line shows a fit to the data with
D =ro(A 'i3+ A,'i ), where ra=1.44 fm.

The open circles in Fig. 6 show the distance of closest
approach, calculated using Rutherford trajectories, at
which the one-neutron pickup cross section peaks as
function of ( A ' + A,' ). On average, the transfer prob-
ability peaks at a distance 0.6 fm outside the strong ab-
sorption radius (the corresponding distance observed for
the Ni+Sn system [1] is 1.1 fm).

Figure 7 shows D„as function of ( A~' + A, ' ) for the
Se+Pt, Ni+Ni (Ref. [8]), Ni+Sn (Ref. [9]), Ni+Sm
(Ref. [2]), Ni+Pb (Ref. [10]), Ni+Th (Ref. [11]), and
Si+Ni (Ref. [12]) systems. The solid line shows a fit to
the data with D„=d „(A ' i'+ A,' i ) + Ad, where
d„=1.11 fm and Ad =4.0 fm. The trend of the data is

very well described by this solid line, indicating that the
distance at which the transfer probability peaks is not
strongly influenced by the detailed nuclear structure of
the projectile and/or target, but depends mainly on the
size of the nuclear system.

B. Total quasielastic transfer cross sections

The fraction of the total reaction cross section ac-
counted for by quasielastic transfer for the Se- and

Se-induced reactions is shown as function of the target
mass in Fig. 8. The relative strength of quasielastic
transfer for the Se-induced reactions does not strongly
depend on target mass. In contrast, for the Se-induced
reactions, the relative strength of quasielastic transfer in-
creases from 22% for ' Pt to 28% for ' Pt. This is simi-
lar to the results obtained previously for Ni+Sn at com-
parable energies [1], where the total quasielastic transfer
yields again increase strongly with target mass for the

Ni-induced reactions while they remain fairly constant
for the Ni-induced reactions.

C. One-nucleon pickup and stripping reactions

The open bars in Figs. 9(a) and 9(b) show the measured
angle-integrated cross sections for one-neutron pickup.
In order to evaluate the extent to which Q-matching

15.5
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TABLE III. Measured cross sections for one-neutron and

one-proton stripping for ' '8 Se+ ' ' 'Pt. The error in the
one-nucleon stripping yields (0., N, ) is dominated by the statisti-
cal error and the systematic error in the absolute normalization
of the data. The errors in the one-neutron and one-proton strip-
ping yields, o. ,„, and 0.»„are mainly due to the poor Z resolu-
tion obtained in this measurement.
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FIG. 6. The strong-absorption radius D (solid squares) and
the distance at which the one-neutron pickup cross section
peaks (open circles) plotted as function of ( Ap + 2 ) The
solid and dashed lines show the results of fits to the data as dis-
cussed in the text.
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FIG. 9. Cross sections for (a), (b) one-neutron pickup and (c),
(d) one-neutron stripping. Shown are the measured yields (open
bars), and yields obtained from DWBA calculations (solid bars)
normalized to the data for Se+' Pt.

effects influence these transfer processes, we have carried
out distorted-wave Born approximation (DWBA) calcula-
tions with the code pTQLEMY [5], assuming pickup of a
3p3/2 neutron in the target, and transferring it to a 2p&/2
orbit in the projectile. The reaction Q value was taken to
be equal to the ground-state Q value. The calculations
were done with the bound-state parameters of ro = 1.2 fm
and a =0.65 fm, and the optica1 potential obtained from
fits to the measured elastic-scattering angular distribu-
tions. Normalizing the strength of the calculated cross
section to the data for Se+' Pt, we obtain the results
shown by the solid bars in Figs. 9(a) and 9(b). The varia-
tions in the quasielastic cross sections for one-neutron
pickup as function of projectile and target mass is quite
well reproduced. A comparison between the measured
and the calculated angular distribution for Se+ ' Pt is
shown in Fig. 10. The solid curve shows the results of

CD
CO
CD

20—

r
I
1 I

82s [25, , I ~

i
I ~ I I

i
~ ~ ~ I

)
I ~ ~

100

50

25

I

192

Ap,

198

0
50 70

8c.m.

80 90

FIG. 8. Strength of the total quasielastic transfer yields, and
the one- and two-nucleon pickup/stripping yields shown as frac-
tion of the total reaction cross section vs the target mass for

Se- and Se-induced reactions.

FIG. 10. Measured angular distribution for
Pt( Se Se)' 'Pt at El,b =499.0 MeV. The solid curve shows

the result of the DWBA calculations discussed in the text. The
dashed curve shows the result of DWBA calculations after an
angle shift of —6 has been applied.
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the DWBA calculations, with the height normalized to
the data. The centroid of the calculated distribution is
shifted backwards by 6' with respect to the measured dis-
tribution. This shift in angle has been observed in vari-
ous other heavy-ion reactions [13—17]. Tamura et al.
[14] have shown that for several systems this shift in an-

gle can be removed by carrying out coupled-channels
Born approximation calculations, or by DWBA calcula-
tions in which the value of ro for the outgoing channel is
increased. The dashed curve in Fig. 10 shows the calcu-
lated angular distribution, shifted by —6. The DWBA
calculation clearly reproduces the width of the measured
angular distribution.

DWBA calculations similar to those just discussed for
the one-neutron pickup reactions have been carried out
for the one-neutron stripping reactions. The DWBA cal-
culations were carried out for the transfer of a 2p, &z neu-

tron in the projectile to a 3p3/Q orbit in the target. The
same bound-state parameters and optical potential as for
the one-neutron pickup calculations were used. Normal-
izing the strength of the calculated cross section to the
data for Se+' Pt, we obtain the results shown in Figs.
9(c) and 9(d). Again, these simple DWBA calculations
reproduce the variations of the measured one-neutron
stripping yields as function of the mass of the projectile
and target quite well.

The dependence of the one-neutron transfer yields at
bombarding energies between 10 and 80% above the
Coulomb barrier on the ground-state Q value has been
studied in detail by van den Berg et al. [2]. These au-
thors show that the dependence of the reduced transfer
cross section [obtained by multiplying the measured yield

by (B;Bf)",where B, and 8f are the ground-state bind-

ing energies of the transferred neutron in the entrance
and exit channels, respectively] on the ground-state Q
value can be understood on the basis of Q-matching be-
havior [2]. The solid data points in Fig. 11 show the re-
duced cross sections for one-neutron transfer for

Se+' ' Pt as function of the ground-state Q value.
The open data points show the reduced yields for one-
neutron transfer in several other heavy-ion reactions in-
duced by projectiles with mass between A =28 and 64,
on targets ranging from Ni to Pb. The solid curve in
Fig. 11 shows the result of a least-squares fit to the data
discussed by van den Berg et al. [2]. Clearly, the one-
neutron transfer data obtained for ' Se+ ' ' Pt are in
good agreement with the observed systematic for other
heavy-ion interactions.

D. Two-nucleon pickup and stripping reactions

The yields for two-nucleon transfer are small, and ac-
count for, at most, 6%%uo of the total reaction cross section.
These yields are larger than one would expect if two-
nucleon transfer would be the result of two consecutive
single-nucleon transfer reactions. The ratio of the mea-
sured yield for two-nucleon transfer and the yield expect-
ed for two consecutive single-nucleon transfer reactions,
calculated as in Ref [17], is between 3 and 5 for

Se+' Pt, and between 1.4 and 1.7 for ' Se+' Pt.
This enhancement of the two-nucleon transfer cross sec-

Cf)
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2.5

FIG. 11. Reduced cross section for one-neutron transfer as
function of the ground-state Q value. The solid data points
show the measured yields for ' Se+' ' 'Pt. The open data
points show the measured one-neutron transfer cross sections
for several other heavy-ion systems. The solid curve is a fit to
the data discussed in Ref. [2].

tion has been observed in many other heavy-ion systems
and is thought to be a result of nucleon pairing
[9,10,17—20]. The usual interpretation of the transfer
data in terms of a transfer probability as function of the
distance of closest approach cannot be applied to our
data since most of the data points were measured at an-

gles beyond the grazing angle, corresponding to distances
of closest approach within the strong absorption radius.
In the region where the transfer probability should show
an exponential dependence on the distance of closest ap-
proach, only one or two data points have been measured.

V. SUMMARY

Cross sections for elastic scattering and quasielastic
transfer have been measured for ' Se+' ' ' Pt at
bombarding energies about 35%%uo above the Coulomb bar-
rier. The quasielastic cross sections increase with in-

creasing target mass for the Se-induced reactions, while

they are constant for the Se-induced reactions. This is
similar to what has been observed in the Ni+Sn system

[1,9]. The total quasielastic yields are dominated by one-
nucleon transfer. The one-nucleon pickup yields are
dominated by one-neutron pickup, while the one-nucleon
stripping yields contain significant contributions from
both one-neutron and one-proton stripping. The varia-
tion of the one-neutron transfer yields as function of pro-
jectile and target mass can be understood on the basis of
Q matching. The strength of two-nucleon transfer varies
between 13 and 32%%uo of that of one-nucleon transfer.
Quasielastic transfer accounts for, at most, 30% of the
total reaction cross section. For a heavy system, like
Se+Pt, it is expected that fusion is a weak reaction chan-
nel, and that the remaining strength is probably due to
deep-inelastic scattering.
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