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Deep-inelastic scattering in124,136Xe158,64Ni at energies near the Coulomb barrier
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Cross sections, angular distributions, and mass distributions have been measured for deep-inelastic scattering
in 124Xe158Ni and 136Xe164Ni at laboratory energies in the vicinity of the Coulomb barrier. The mass
distributions show distinct components due to deep-inelastic and fissionlike processes. The strength of deep-
inelastic scattering is similar in the two systems measured and comparable to previous measurements in
58Ni1112,124Sn. @S0556-2813~97!04306-9#

PACS number~s!: 25.70.2z
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I. INTRODUCTION

During the last 15 years, considerable effort has been
voted to understanding the fusion of heavy nuclei at ener
near or below the Coulomb barrier. Reasonable agreeme
theory with the experimental results has been achieve
many cases by including the coupling of low-lying excit
states of the projectile and target in the calculation of
fusion cross sections. In the vicinity of the Coulomb barri
various reaction modes occurring in the interaction of t
heavy ions are thus known to strongly influence each o
and the most studied of these connections is the effec
quasielastic processes~inelastic scattering and transfer! on
the fusion probability.

Little information is available about competition wit
other processes, such as deep-inelastic scattering@1–3#. Most
studies of deep-inelastic scattering have been performe
energies above the barrier where various damping me
nisms are normally invoked to explain the loss of kine
energy in this process. It was therefore a surprise when
systems58Ni1112,124Sn were found to exhibit many of th
features of deep-inelastic scattering at near or subbarrier
ergies@4#. The kinetic energy of the reaction products in bo
systems was smaller than the barrier energy by 40–50 M
the smallest observed energy being relatively independen
the bombarding energy. These deep-inelastic processes
found to be an important reaction mode, contributi
8–10 % of the total reaction cross section at energies be
the barrier.

The experiments of Wolfs@4# involved nuclei with a
closed proton shell for both projectile, Ni, and target, Sn.
this paper, results are presented of similar measurement
volving a closed neutron shell136Xe and a transitiona
nucleus124Xe, incident on targets of58Ni and 64Ni, respec-
tively, in order to study whether a similar nuclear structu
dependence as observed in subbarrier fusion reactions@5#
can also be found in subbarrier deep-inelastic processe
order to improve the detection efficiency for the experimen
the reactions were studied by using inverse kinematics,
bombarding lighter targets58,64Ni with heavier beams
124,136Xe.
550556-2813/97/55~6!/2959~6!/$10.00
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II. EXPERIMENTAL METHOD

The measurements were performed using the ATLAS
celerator at the Argonne National Laboratory. Beams
124,136Xe ions of energy 522–556 MeV were incident o
98%-enriched58,64Ni, targets of thickness 50–400mg/cm2.
The targets were mounted in the center of a 90-cm-d
scattering chamber. Two extension boxes were mounted
adjacent sides of the chamber, separated by 45°. The wal
the chamber and the extension boxes were connected to
base by a rotating vacuum seal and could be rotated by u
625° with respect to the targets and beam line. The be
was collimated to 3 mm diameter by two Ta apertures
cated 30 and 45 cm upstream of the target.

The reaction products were detected in kinematic coin
dence in three large-area, position-sensitive parallel grid a
lanche counters~PGAC!. The counters were all of the
parallel-grid type described in detail in Ref.@6#. A fast time
signal derived from the anode grid was used for time-
flight ~TOF! measurements relative to the rf signal from t
accelerator. The position in two dimensions was obtained
a delay line readout. The time and position resolution w
400 psec and 1.5 mm, respectively. The absence of cath
and anode foils in the parallel-grid detector reduced
amount of material traversed by incident heavy ions and
creased the detection energy threshold. The entrance foil
all detectors were 1-mm-thick Mylar which allowed the de-
tection of Xe ions with a kinetic energy of as little as 1
MeV.

Two of the counters were mounted inside the two ext
sion boxes. The third counter was fixed to the chamber in
136Xe measurements and mounted on a rotating platform
the 134Xe measurements. The latter arrangement pro
more advantageous as it allowed rotation of the third dete
with respect to the first two. The first two counters had act
areas 45 cm in length and 10 cm in height@6#. They were
located at a distance of 115 cm from the target to the an
grid of the counter. The third had an active area 20 cm
length and 20 cm in height@4#. It was located at a distance o
56 cm from the target to the anode grid in the136Xe experi-
ment and a distance of 32 cm from the target to the an
grid in the 124Xe experiment. The experimental setup is
lustrated in Fig. 1.

The absolute TOF as well as the relative time differen
2959 © 1997 The American Physical Society
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2960 55J. GEHRINGet al.
and position of the incident particles was measured for ki
matic coincidences between the detector pairs 1-2 and
The data were corrected for energy loss in the target m
rial, deviations in the direction of the beam, and the pro
gation time of the signal across the anode wire planes of
detectors. The corrections were less than 0.1° in the m
sured angles and 3 nsec in the measured TOF’s. The ma
c.m. scattering angle, andQ value for the reaction product
were then calculated from the measured parameters, as
ing two-body kinematics. Events arising from nonbinary
actions or random coincidences between detectors were
jected through examination of the sum of the azimut
angles. The mass resolution was typically 1 u full width at
half maximum~FWHM! and the energy resolution 5 MeV
Events resulting from impurities in either target or bea
were removed from the data by comparison of the final s
masses calculated using the absolute TOF and the rel
time difference. This was possible because the six meas
parameters overdetermine the reaction kinematics for t
body events.

FIG. 1. Schematic diagram of the experimental arrangem
PGAC3 was fixed to the outside of the chamber in the136Xe mea-
surements and was located inside the chamber to allow rota
with respect to 1 and 2 in the124Xe measurements. The chamb
could be rotated by625° with respect to the beam and target, t
zero angle being that which placed PGAC1 directly behind
beam.
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The elastic scattering of the beam from the target w
measured at laboratory angles forward of 10° by a pair o
surface barrier detectors. This information was used to p
vide a relative normalization between runs. The absolute n
malization was determined from a comparison of the ela
scattering cross section measured with the PGAC’s at
ward angles to the Rutherford value.

The bombarding energy was measured from the TOF
beam bunch between three different resonator pairs in
ATLAS Linac @7#, with a typical uncertainty of 0.5 MeV.
The beam energies were corrected for the loss in the ca
backings of the targets, which faced the beam, and in ha
the Ni material, using the systematics of Anderson and Z
gler @8#. The uncertainty in this correction is taken to b
one-half of its total magnitude. The relevant beam and tar
parameters are listed in Table I.

III. RESULTS

A. Elastic1quasielastic scattering

The ratio of the measured elastic1quasielastic scattering
cross sections to the Rutherford cross section is show
Fig. 2 for both systems and all bombarding energies. In th
cross sections all events withQ values greater than220
MeV were included, as the resolution did not allow the se
ration of elastic scattering from quasielastic reactions.

As the elastic1quasielastic angular distributions do n
extend backwards of the quarter-point angle (s/sR51/4), it

t.

on

e

FIG. 2. Ratio of the measured elastic plus quasielastic scatte
cross section to the Rutherford cross section is shown for124Xe
158Ni and 136Xe164Ni. The data are labeled by the center-of-ma
energy.
TABLE I. Reaction parameters.

Projectile
Elab

~MeV!

12C
(mg/cm2)

Ni
(mg/cm2)

(Elab2DE)a

~MeV!
Ec.m.

~MeV! E/Bb

124Xe 556.260.5 20 56 553.661.4 176.460.4 1.005~3!
124Xe 544.660.5 20 56 542.061.4 172.760.4 0.984~2!
124Xe 529.260.5 20 56 526.761.4 167.860.4 0.956~2!
136Xe 545.960.5 0 397 53964 172.461.1 1.013~7!
136Xe 522.160.5 20 78 519.461.4 166.260.5 0.977~3!

a
DE5energy loss in C and 1/2 of Ni target~see text!.
bCalculated usingr 051.4 fm.
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55 2961DEEP-INELASTIC SCATTERING IN . . .
was not possible to extract the total reaction cross sect
from the experimental data.

B. Mass distributions

Mass distributions are shown for a subset of the data
Fig. 3. The distributions exhibit two components. The fi
component is sharply peaked around the masses of proje
and target, with the peak becoming broader at more nega
Q values. The second component exhibits a rather broa
peak centered at half of the mass of the composite syste

Contour diagrams of the cross section versus mass
Q value are shown in Fig. 4. The solid curves represent
averageQ value expected on the basis of the Viola syste
atics @9# for the total kinetic energyEK in fissionlike pro-
cesses. The Viola systematics represents the Coulomb re
sion for an elongated scission configuration where the cha
centers are approximately 50% farther apart than for a tou
ing sphere configuration. The solid curves are thus given

Q5EK2Ec.m.50.787S Z1Z2
A1
1/31A2

1/3D 2Ec.m.

50.787S ZAD 2S A1A2

A1
1/31A2

1/3D 2Ec.m. ~MeV!,

where the charge and mass numbers of the combined sy
and the individual fragments are denoted byZ,Z1 ,Z2 and
A,A1 ,A2 , respectively, and it is assumed that the system
charge equilibrated at scission. We observe that the fiss
like products essentially follow this curve and, furthermo
that the quasielastic and deep-inelastic processes extend
elastic scattering atQ50 to the fully damped value consis
tent with the fissionlike kinetic energies. At these energ

FIG. 3. Mass distributions for the two systems studied for d
ferent ranges ofQ value.
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the two reaction types blend into each other and beco
indistinguishable. Although the center-of-mass energy in
entrance channel is already very close to the barrier, we
that deep-inelastic fragments can emerge with lower kin
energies by reaching very elongated shapes before resep
ing.

For the most negativeQ values, the136Xe data exhibit a
drift toward larger mass asymmetry, an effect that is le
clear in the124Xe data. This can be understood in terms
the potential energy surface for touching spheres as give
the liquid drop model which show a strong driving potent
for mass transfer in the136Xe case and a weaker drivin
force for 124Xe.

The tails of theQ-value distribution toward the unphys
cal positive values are the result of energy loss and sm
angle scattering in the target material. This was verified
Monte Carlo calculations including these effects. The res
of the calculations are shown in Fig. 5~a!. The calculations
are based on an initial energy ofElab5556 MeV for 124Xe
1 58Ni, a target thickness of 60mg/cm2, and an initial dis-
tribution in mass andQ, which is a delta function around th
projectile mass andQ5250 MeV. These initial values are
chosen as they are typical of the experimental data~see Figs.
3, 4, and 6! and allow a comparison of target effects wi
those of neutron evaporation, which are significant at
more negativeQ values. The same calculation including ne
tron evaporation is shown in Fig. 5~b!. The neutron multi-
plicity and energy spectrum are obtained from the statist
model usingPACEcode@10# calculations for fusion reaction
leading to nuclei with similar excitation energies and angu
momenta as the deep-inelastic products. Neutron evapora
is seen to move the distribution toward lower masses
more negativeQ values and to introduce a considerab
broadening in both mass andQ.

C. Total kinetic energies

Spectra of the total kinetic energy~TKE! of reaction prod-
ucts with a mass within 10 u of projectile or target are sho

-

FIG. 4. Contour plots of the yield as a function of mass a
Q value, with a logarithmic scale, such that four contours repres
a factor of 10. The solid lines represent the Viola systematics
described in the text.
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2962 55J. GEHRINGet al.
FIG. 5. The effects of energy straggling, small-angle scatter
and neutron evaporation on the measured mass andQ-value spectra
are shown based on the Monte Carlo calculations described in
text. The initial distribution is assumed to be ad function in both
mass andQ. The effects of energy and angle straggling are to cre
a tail to larger masses and more positiveQ values. Neutron evapo
ration moves the distribution to lower masses and more nega
Q values and introduces considerable broadening in both pa
eters.

FIG. 6. Spectra of the total kinetic energy over the angular ra
covered in the measurements. Note that the spectra are not
rected for the geometric detection efficiency and represent o
events with masses differing by less than 10 u from the entra
channel. The bombarding energies are indicated by the downw
arrows, the Coulomb energies of touching spherical nuclei by
vertical lines with upward pointing arrows and letterB, and the
Coulomb energy of two nuclei with deformation of 2:1 and touc
ing end on by the vertical lines without arrows.
in Fig. 6 for the two systems and five bombarding energ
investigated. The position of the interaction barrier,B, is
indicated in the figure. A lower limit to the TKE spectra o
about 100 MeV is observed which is rather independen
the system and the bombarding energy. In all cases, this l
is not the result of the detector geometry or energy loss in
entrance foils of the detectors. The 1-mm Mylar foils used in
the PGAC detectors allow the detection of Xe ions with
kinetic energy of as little as 10 MeV. The TKE spectra a
seen to extend down to~and below! the expected range fo
fissionlike processes.

The size of the low-energy shoulder relative to the elas
1quasielastic peak diminishes dramatically with decreas
bombarding energy. The shoulder is clearly evident at
highest bombarding energies and is almost gone at the lo
energy in the system124Xe1 58Ni. However, even at inciden
energies below the barrier, there are processes where sig
cant dissipation of the kinetic energy occurs. The obser
lower limit to the shoulder corresponds to an energy 70–
MeV below the Coulomb barrier in the entrance channel

D. Angular distributions

In order to integrate the deep-inelastic cross section,
will include all reactions with aQ value more negative than
220 MeV and a mass within 10 u of projectile or target
the deep-inelastic scattering component@4#. This distinction
is purely an empirical one, and some contributions to th
reactions could result from the tail of the fission distributi
as well.

Angular distributions for deep-inelastic scattering
124Xe1 58Ni are plotted in Fig. 7 for the three different bom
barding energies. They show a bell-shaped component w
moves to larger angles with decreasing bombarding ene
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FIG. 7. Angular distributions for deep-inelastic scattering f
124Xe158Ni. The solid line represents the fit to a fourth-order pol
nomial in cosu used to extract the total cross section.
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55 2963DEEP-INELASTIC SCATTERING IN . . .
together with a forward-rising component, such that at
lowest energies the angular distribution becomes more s
metric around 90°. The136Xe date are illustrated in Fig. 8
Because of the detector geometry and target effects~see Sec.
II !, deep-inelastic scattering could not be separated f
quasielastic and elastic scattering at forward angles in
136Xe measurement. This is the reason that for this case
the data at backward angles are shown.

E. Deep-inelastic scattering cross sections

Total cross sections for deep-inelastic scattering were
tracted from the angular distribution by fitting with a fourt
order polynomial in the cosine of the scattering angle a
integrating the fitted curves. The total cross sections
listed in Table II and plotted in Fig. 9 versus the bombard
energy divided by the Coulomb barrier energy@calculated
using the equationB5Z1Z2e

2/r 0(A1
1/31A2

1/3), where r 0
51.4 fm#. The forward angle contribution for136Xe1 64Ni
was estimated from the measured backward angle cross
tion and a linear interpolation of the ratio of the forward a
backward contributions in124Xe1 58Ni as a function of the
center-of-mass energy divided by the Coulomb barrier
ergy. This is an empirical procedure to extrapolate into
unobserved region. The angular distribution in the obser
region did not require any additional terms in the fitting pr
cedure.

FIG. 8. Angular distributions for deep-inelastic scattering
136Xe164Ni. The solid line represents the fit to a fourth-order po
nomial in cosu used to extract the total cross section.

TABLE II. Total cross sections for deep-inelastic scattering.

System
Ec.m.

~MeV! E/B
sdis

~mb!
su.90°

~mb!
su,90°

~mb!

124Xe 176.460.4 1.005~3! 6569 5668 9.561.1
124Xe 172.760.4 0.984~2! 31610 2266 964
124Xe 167.860.4 0.956~2! 1064 663 4.161.5
136Xe 172.461.1 1.013~7! 55628a,b 52620b
136Xe 166.260.5 0.977~3! 1769a 1262

aIncludes uncertainty in estimated forward angle contribution~see
text!.
bCorrected for thick target~see text!.
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The uncertainty in the measured cross section is due
statistical uncertainties in the data, uncertainties in the
trapolation of the fit to forward and backward angles, a
uncertainties in the overall normalization. Statistical unc
tainties are included in the fitting procedure. For the124Xe
data, the uncertainty in the extrapolation to angles wh
there is no experimental data is taken to be one-half of
contribution to the cross section from these angles. The
certainty in the overall normalization is estimated to be 10
All of these uncertainties are added in quadrature to arriv
the values listed in Table II. For the136Xe data, the uncer-
tainty in the backward angle cross section is calculated s
larly to 124Xe. The uncertainty in the total cross section
taken to be one-half of its magnitude, in order to account
the uncertainty in the estimate of the forward angle con
bution.

The 136Xe high-energy cross section was measured wit
thick target 397mg/cm2 and was corrected for the effect o
the energy loss in the target material combined with the
ponential energy dependence below the barrier. This cor
tion was performed by fitting an exponential function of t
energy over the barrier to the other Xe data points and t
integrating this function to derive an effective target thic
ness for the measurement. This correction increases the
sured cross section by a factor of 1.6 for this energy. Sim
corrections were negligible for the other measurements
formed with thin targets~,100 mg/cm2! and were not in-
cluded.

The deep-inelastic cross sections of Ref.@4# are included
in Fig. 9 for comparison~open symbols!. We observe that
the deep-inelastic cross section in all of the measured
tems is similar at energies below the barrier.

F. Comparison to the extra push model

It is of interest to compare the present data to the pre
tions of the extra push model. In this model, deep-inela
collisions are associated with events where the system
ceeds behind the interaction barrier, but fails to surpass
conditional saddle ridge. For this comparison we use a mo

FIG. 9. Total cross sections for deep-inelastic scattering co
bined with the measurements of Wolfs@4# as a function of bom-
barding energy relative to the Coulomb barrier.
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2964 55J. GEHRINGet al.
fied version of the extra push model@11#, where the liquid
drop model surface tensiong and the nuclear radius param
eterr 0 are taken from Ref.@12#. These values, when used
compute interaction barrier with the proximity potential Re
@13#, give good overall agreement with experimental da
The model has furthermore been modified to include the
fects of target deformation or zero-point vibrations@14#, and
the parameters for the extra push energy have been adju
to account for a large set of data on quasifission and c
plete fusion cross sections@15#. Calculations using this
model are compared to the measured deep-inelastic c
section in Fig. 9. The data are reproduced quite well by
calculations, including the observed deep-inelastic cross
tion at subbarrier energies. It is interesting to note that
macroscopic model reproduces both sets of data equ
well, pointing to the conclusion that the difference in nucle
structure between124Xe and136Xe does not seem to signifi
cantly affect the deep-inelastic cross section.

IV. CONCLUSIONS

With few exceptions@4#, studies of deep-inelastic scatte
ing of heavy projectiles have traditionally been carried ou
beam energies substantially higher than the Coulomb bar
where this reaction channel constitutes a larger fraction
the total reaction strength. In the present study, we h
shown that the deep-inelastic scattering process plays a
nificant role also at subbarrier energies, despite the fact
at the distance of closest approach the relative motion
effectively eliminated in the entrance channel. The m
.
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negativeQ values observed correspond to total kinetic en
gies characteristic of fission processes.

The main motivation for this work was to identify pos
sible effects of the differences in nuclear structure of the t
projectiles124Xe and 136Xe on the deep-inelastic cross se
tion. Such effects are expected to be larger below the ba
as a result of lower excitation energies of the final state
clei. In a comparison of the two systems where the triv
Coulomb-barrier effect has been removed, as well as i
comparison of the data with the prediction of the mac
scopic extra push model, we do not observe any eff
within experimental uncertainty, that can be attributed to
difference in nuclear structure. We find also that the de
inelastic cross section, even at subbarrier energies, is
described by the modified extra push model.
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