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Deep-inelastic scattering int?413%e+%8®Ni 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 12*Xe+%Ni and *%Ke+%Ni 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
58N +112125n. [S0556-28187)04306-9

PACS numbegps): 25.70-z

I. INTRODUCTION II. EXPERIMENTAL METHOD

The measurements were performed using the ATLAS ac-
During the last 15 years, considerable effort has been dec€lerator at the Argonne National Laboratory. Beams of
voted to understanding the fusion of heavy nuclei at energies - Xe ions of energy 522-556 MeV were incident on
near or below the Coulomb barrier. Reasonable agreement §8%-€nriched®™®*Ni, targets of thickness 50-400g/cn.

theory with the experimental results has been achieved i "€ targets were mounted in the center of a 90-cm-diam
many cases by including the coupling of low-lying excited scattering _chamber. Two extension boxes were mounted on

L . - adjacent sides of the chamber, separated by 45°. The walls of
states of the projectile and target in the calculation of th

. : e M%he chamber and the extension boxes were connected to the
fusion cross sections. In the vicinity of the Coulomb barrier, ;556 py a rotating vacuum seal and could be rotated by up to
VariOUS I’eaCtion mOdES OCCUrring in the intel’action Of tWOi 25° W|th respect to the targets and beam |ine. The beam
heavy ions are thus known to strongly influence each othefjas collimated to 3 mm diameter by two Ta apertures lo-
and the most studied of these connections is the effect afated 30 and 45 cm upstream of the target.
quasielastic processémelastic scattering and transfeon The reaction products were detected in kinematic coinci-
the fusion probability. dence in three large-area, position-sensitive parallel grid ava-

Little information is available about competition with lanche countergPGAC). The counters were all of the
other processes, such as deep-inelastic scattglrir@. Most  parallel-grid type described in detail in R¢6]. A fast time
studies of deep-inelastic scattering have been performed atgnal derived from the anode grid was used for time-of-
energies above the barrier where various damping mechdlight (TOF) measurements relative to the rf signal from the
nisms are norma”y invoked to exp|ain the loss of kinetic&CCE'Gl’&tOf. The pOSitiOﬂ in two dimensions was obtained by
energy in this process. It was therefore a surprise when th@ delay line readout. The time and position resolution were
systems®Ni+ 112125 were found to exhibit many of the 400 psec and 1.5 mm, respectively. The absence of cathode
features of deep-inelastic scattering at near or subbarrier e@"d anode foils in the parallel-grid detector reduced the
ergies[4]. The kinetic energy of the reaction products in both amount of materlal_ traversed by incident heavy ions and_ de-
systems was smaller than the barrier energy by 40—50 Me\):reased the detection energy thresholq. The entrance foils on
the smallest observed energy being relatively independent | detectors were Jam-thick Mylar which allowed the de-

. . ; ection of Xe ions with a kinetic energy of as little as 10

the bombarding energy. These deep-inelastic processes weyr

foundoto be an Important_reaction _mode, con_tnbutmg Two of the counters were mounted inside the two exten-
8-10 % of the total reaction cross section at energies below,,, 1yoyes The third counter was fixed to the chamber in the
the barrier. _ o 136xe measurements and mounted on a rotating platform in
The experiments of Wolf§4] involved nuclei with a yhe 134 measurements. The latter arrangement proved
closed proton shell for both projectile, Ni, and target, Sn. Inmore advantageous as it allowed rotation of the third detector
this paper, results are presented of similar measurements iith respect to the first two. The first two counters had active
volving a closed neutron shef**e and a transitional areas 45 cm in length and 10 cm in heigBl. They were
nucleus***Xe, incident on targets of’Ni and *Ni, respec- |ocated at a distance of 115 cm from the target to the anode
tively, in order to study whether a similar nuclear structuregrid of the counter. The third had an active area 20 cm in
dependence as observed in subbarrier fusion reacflghs length and 20 cm in heigh4]. It was located at a distance of
can also be found in subbarrier deep-inelastic processes. B6 cm from the target to the anode grid in th&Xe experi-
order to improve the detection efficiency for the experimentsment and a distance of 32 cm from the target to the anode
the reactions were studied by using inverse kinematics, i.egrid in the 12*Xe experiment. The experimental setup is il-
bombarding lighter targets®5Ni with heavier beams lustrated in Fig. 1.
124,138, The absolute TOF as well as the relative time difference
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FIG. 2. Ratio of the measured elastic plus quasielastic scattering
cross section to the Rutherford cross section is shown'¥bte
+ %8Ni and *38Xe+ %Ni. The data are labeled by the center-of-mass
energy.
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The elastic scattering of the beam from the target was
FIG. 1. Schematic diagram of the experimental arrangementmeasured at laboratory angles forward of 10° by a pair of Si
PGAC3 was fixed to the outside of the chamber in ¥¥fXe mea-  surface barrier detectors. This information was used to pro-
surements and was located inside the chamber to allow rotatiogide a relative normalization between runs. The absolute nor-
with respect to 1 and 2 in th&%Xe measurements. The chamber malization was determined from a comparison of the elastic
could be rotated by-25° with respect to the beam and target, the scattering cross section measured with the PGAC’s at for-
zero angle being that which placed PGAC1 directly behind theyard angles to the Rutherford value.
beam. The bombarding energy was measured from the TOF of a
beam bunch between three different resonator pairs in the
and position of the incident particles was measured for kineATLAS Linac [7], with a typical uncertainty of 0.5 MeV.
matic coincidences between the detector pairs 1-2 and 1-3he beam energies were corrected for the loss in the carbon
The data were corrected for energy loss in the target matdsackings of the targets, which faced the beam, and in half of
rial, deviations in the direction of the beam, and the propathe Ni material, using the systematics of Anderson and Zie-
gation time of the signal across the anode wire planes of thgler [8]. The uncertainty in this correction is taken to be
detectors. The corrections were less than 0.1° in the meane-half of its total magnitude. The relevant beam and target
sured angles and 3 nsec in the measured TOF's. The massesrameters are listed in Table I.
c.m. scattering angle, ar@ value for the reaction products
were then calculated from the measured parameters, assum-
ing two-body kinematics. Events arising from nonbinary re- . RESULTS
actions or random coincidences between detectors were re-
jected through examination of the sum of the azimuthal
angles. The mass resolution was typigdll u full width at The ratio of the measured elastiquasielastic scattering
half maximum(FWHM) and the energy resolution 5 MeV. cross sections to the Rutherford cross section is shown in
Events resulting from impurities in either target or beamFig. 2 for both systems and all bombarding energies. In these
were removed from the data by comparison of the final stateross sections all events wit® values greater than-20
masses calculated using the absolute TOF and the relatindeV were included, as the resolution did not allow the sepa-
time difference. This was possible because the six measuredtion of elastic scattering from quasielastic reactions.
parameters overdetermine the reaction kinematics for two- As the elastie-quasielastic angular distributions do not
body events. extend backwards of the quarter-point anglé¢g=1/4), it

A. Elastic+quasielastic scattering

TABLE I. Reaction parameters.

Elab 12C Ni (Elab_ A E)a Ec.m.
Projectile (MeV) (nglcm?) (mglcn?) (MeV) (MeV) E/BP
124y 556.2+0.5 20 56 553.6:1.4 176.4-0.4 1.00%3)
124y 544.6-0.5 20 56 542.61.4 172.72-0.4 0.9842)
124y e 529.2+0.5 20 56 526.71.4 167.8-0.4 0.9562)
136xe 545.9+0.5 0 397 5384 172.4+1.1 1.01%7)
136y 0 522.1+0.5 20 78 519.41.4 166.2:0.5 0.9713)

"AE=energy loss in C and 1/2 of Ni targ&tee text
PCalculated using,=1.4 fm.
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FIG. 3. Mass distributions for the two SyStemS studied for dif- the two reactlon types blend |nt0 each Other and become

ferent ranges o value. indistinguishable. Although the center-of-mass energy in the
entrance channel is already very close to the barrier, we see
was not possible to extract the total reaction cross sectiorthat deep-inelastic fragments can emerge with lower kinetic
from the experimental data. energies by reaching very elongated shapes before reseparat-
ing.
B. Mass distributions For the most negative values, the'*Xe data exhibit a
o _drift toward larger mass asymmetry, an effect that is less
~Mass distributions are shown for a subset of the data ilear in the'’Xe data. This can be understood in terms of

Flg. 3. The distributions exhibit two Components. The flrStthe potentia| energy surface for touching Spheres as given by
component is sharply peaked around the masses of projectiffe liquid drop model which show a strong driving potential
and target, with the peak becoming broader at more negativier mass transfer in thé*®Xe case and a weaker driving
Q values. The second component exhibits a rather broadéorce for 12%xe.
peak centered at half of the mass of the composite system. The tails of theQ-value distribution toward the unphysi-

Contour diagrams of the cross section versus mass arzhl positive values are the result of energy loss and small-
Q value are shown in Fig. 4. The solid curves represent thangle scattering in the target material. This was verified by
averageQ value expected on the basis of the Viola system-Monte Carlo calculations including these effects. The results
atics [9] for the total kinetic energE in fissionlike pro-  Of the calculations are shown in Fig(eh The calculations
cesses. The Viola systematics represents the Coulomb rep@t€ based on an initial energy iz,=556 MeV for =“Xe
sion for an elongated scission configuration where the chargé *'Ni, a target thickness of 6@g/cnt, and an initial dis-
centers are approximately 50% farther apart than for a toucHfibution in mass an@, which is a delta function around the

ing sphere configuration. The solid curves are thus given bprojectile mass an@=—50 MeV. These initial values are
chosen as they are typical of the experimental ¢see Figs.

Z,Z, 3, 4, and 6 and allow a comparison of target effects with
Q=Ex=Ecm=0.781 11 p13| ~Ecm those of neutron evaporation, which are significant at the
1 2

more negativ&) values. The same calculation including neu-

Z\2[ AA, tron evaporation is shown in Fig.(®. The neutron multi-
=0.787< K) AT AlB) Ecm (MeV), plicity an(_j energy spectrum are ot_)tained from the sta_tistical
1 2 model usingPACE code[10] calculations for fusion reactions

leading to nuclei with similar excitation energies and angular
where the charge and mass numbers of the combined systéfpmenta as the deep-inelastic products. Neutron evaporation
and the individual fragments are denoted ByZ,,Z, and is seen to move the distribution toward lower masses and
A,A;,A,, respectively, and it is assumed that the system ignore negativeQ values and to introduce a considerable
charge equilibrated at scission. We observe that the fissiofroadening in both mass aigl
like products essentially follow this curve and, furthermore,
that the quasielastic and deep-inelastic processes extend from
elastic scattering a@ =0 to the fully damped value consis-  Spectra of the total kinetic ener¢yKE) of reaction prod-
tent with the fissionlike kinetic energies. At these energiedicts with a mass within 10 u of projectile or target are shown

C. Total kinetic energies
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FIG. 5. The effects of energy straggling, small-angle scattering,
and neutron evaporation on the measured mas$lanalue spectra
are shown based on the Monte Carlo calculations described in the
text. The initial distribution is assumed to besdunction in both
mass and. The effects of energy and angle straggling are to create
a tail to larger masses and more positiyevalues. Neutron evapo-
ration moves the distribution to lower masses and more negative FIG. 7. Angular distributions for deep-inelastic scattering for

Q values and introduces considerable broadening in both param- Xe+*Ni. The solid line represents the fit to a fourth-order poly-
eters. nomial in cosé used to extract the total cross section.
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@c_m. (deg)

in Fig. 6 for the two systems and five bombarding energies
investigated. The position of the interaction barriB, is
indicated in the figure. A lower limit to the TKE spectra of
about 100 MeV is observed which is rather independent of
the system and the bombarding energy. In all cases, this limit
is not the result of the detector geometry or energy loss in the

1012 L Eom=172MeV (x109)—> entrance foils of the detectors. Theun Mylar foils used in
the PGAC detectors allow the detection of Xe ions with a

136%e 44N
1 01 4

B kinetic energy of as little as 10 MeV. The TKE spectra are
seen to extend down t@nd below the expected range for
fissionlike processes.

The size of the low-energy shoulder relative to the elastic

1010 LEcm=166MeV (x10°%)

2 10° F +quasielastic peak diminishes dramatically with decreasing
S F reyessni bombarding energy. The shoulder is clearly evident at the
10¢ | highest bombarding energies and is almost gone at the lowest
FE, , =176MeV (x10%) —3 energy in the systertt*Xe+ °&Ni. However, even at incident
. energies below the barrier, there are processes where signifi-
0 cant dissipation of the kinetic energy occurs. The observed
FE, ,=173MeV (x10%) —> B lower limit to the shoulder corresponds to an energy 70—80
10% | MeV below the Coulomb barrier in the entrance channel.
P . =168MeV (x10%) —1
o b . | ‘ . D. Angular distributions
© %0 100 150 200 In order to integrate the deep-inelastic cross section, we

Total Kinetic Energy (MeV) . A N A
will include all reactions with & value more negative than

FIG. 6. Spectra of the total kinetic energy over the angular range_ 20 MeV and a mass within 10 u of projectile or target in

covered in the measurements. Note that the spectra are not co_t|he deep-lnelast|c; scattering componptit Th'ls d'lstlnctlon
rected for the geometric detection efficiency and represent onlyS Purely an empirical one, and some contributions to these
events with masses differing by less than 10 u from the entrancEeactions could result from the tail of the fission distribution
channel. The bombarding energies are indicated by the downwar@s well.

arrows, the Coulomb energies of touching spherical nuclei by the Angular distributions for deep-inelastic scattering in
vertical lines with upward pointing arrows and let®r and the  *2*Xe+ °®Ni are plotted in Fig. 7 for the three different bom-
Coulomb energy of two nuclei with deformation of 2:1 and touch- barding energies. They show a bell-shaped component which
ing end on by the vertical lines without arrows. moves to larger angles with decreasing bombarding energy
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FIG. 8. Angular distributions for deep-inelastic scattering for
136xe+ ®Ni. The solid line represents the fit to a fourth-order poly-  FIG. 9. Total cross sections for deep-inelastic scattering com-
nomial in cosd used to extract the total cross section. bined with the measurements of Wo[&] as a function of bom-

barding energy relative to the Coulomb barrier.

together with a forward-rising component, such that at the
lowest energies the angular distribution becomes more sym- The uncertainty in the measured cross section is due to
metric around 90°. Thé**Xe date are illustrated in Fig. 8. statistical uncertainties in the data, uncertainties in the ex-
Because of the detector geometry and target effsets Sec. trapolation of the fit to forward and backward angles, and
II), deep-inelastic scattering could not be separated frorancertainties in the overall normalization. Statistical uncer-
quasielastic and elastic scattering at forward angles in thtainties are included in the fitting procedure. For #i&e
136xe measurement. This is the reason that for this case onigata, the uncertainty in the extrapolation to angles where

the data at backward angles are shown. there is no experimental data is taken to be one-half of the
contribution to the cross section from these angles. The un-
E. Deep-inelastic scattering cross sections certainty in the overall normalization is estimated to be 10%.

. . . . All of these uncertainties are added in quadrature to arrive at

Total cross sections for deep-inelastic scattering were ®%he values listed in Table II. For th&%e data. the uncer-
tracted from th? af‘gu'af d|st_r|but|on by fitting V.V'th a fourth- ainty in the backward angle cross section is c1alculated simi-
order polynomial in the cosine of the scattering angle anciarly to 1?*Xe. The uncertainty in the total cross section is
: gfaken to be one-half of its magnitude, in order to account for
L ) he uncertainty in th im f the forward ang| ntri-
energy divided by the Coulomb barrier energalculated buEE[i(l)Jn certainty in the estimate of the forward angle cont

- . / / .
using the equauonBzzlzzeZ/ro(A-} 3+.A%3)' wher§4r9 The 13%Xe high-energy cross section was measured with a
=14 fn_1]. Thg :orwaLd angle contnbut;(on folr36xe|+ Ni thick target 397g/cn? and was corrected for the effect of
was estimated from the measured backward angle cross s energy loss in the target material combined with the ex-
tion and a linear interpolation of the ratio of the forward and ;e ntial energy dependence below the barrier. This correc-
backward contributions it*’Xe+ **Ni as a function of the o as performed by fitting an exponential function of the
center-of-mass energy divided by the Coulomb barrier engnqrqy over the barrier to the other Xe data points and then
ergy. This is an empirical procedure to extrapolate into th&teqrating this function to derive an effective target thick-
unobserved region. The angular distribution in the observe@iaqq for the measurement. This correction increases the mea-
region did not require any additional terms in the fitting pro-g,req cross section by a factor of 1.6 for this energy. Similar

cedure. corrections were negligible for the other measurements per-
TABLE II. Total cross sections for deep-inelastic scattering. f?”(;‘eg with thin targetd<100 ug/cn?) and were not in-
cluded.
Eem. O gis Opoo0r  Tgeoor The deep-inelastic cross sections of Réf. are included
System  (MeV) E/B (mb) (mb) (mb) in Fig. 9 for comparisonfopen symbols We observe that

oa the deep-inelastic cross section in all of the measured sys-
Xe  176.4:0.4 1.00%3) 65*9 56£8  9.5t11  tems is similar at energies below the barrier.

1256 172.7-0.4 0.9842) 31x10 22+6 9+4

124
Xe 167.8-0.4 0.9562) 10+4 b 6+3 4.1x1.5 F. Comparison to the extra push model

136e  172.4r1.1 1.0187) 55+28P 52+2¢P

136y o 166.2-0.5 0.9773) 17+9% 1242 It is of interest to compare the present data to the predic-

tions of the extra push model. In this model, deep-inelastic
4ncludes uncertainty in estimated forward angle contributeee  collisions are associated with events where the system pro-
text). ceeds behind the interaction barrier, but fails to surpass the
®Corrected for thick targefsee text conditional saddle ridge. For this comparison we use a modi-
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fied version of the extra push moddll], where the liquid negativeQ values observed correspond to total kinetic ener-
drop model surface tensiopand the nuclear radius param- gies characteristic of fission processes.

eterr, are taken from Ref.12]. These values, when used to ~ The main mativation for this work was to identify pos-
compute interaction barrier with the proximity potential Ref. sible effects of the differences in nuclear structure of the two
[13], give good overall agreement with experimental dataprojectiles?*Xe and¢Xe on the deep-inelastic cross sec-
The model has furthermore been modified to include the eftion. Such effects are expected to be larger below the barrier
fects of target deformation or zero-point vibratiddd], and  as a result of lower excitation energies of the final state nu-
the parameters for the extra push energy have been adjustekki. In a comparison of the two systems where the trivial
to account for a large set of data on quasifission and comcoulomb-barrier effect has been removed, as well as in a
plete fusion cross sectiongl5]. Calculations using this comparison of the data with the prediction of the macro-
model are compared to the measured deep-inelastic crossopic extra push model, we do not observe any effect,
section in Fig. 9. The data are reproduced quite well by thevithin experimental uncertainty, that can be attributed to the
calculations, including the observed deep-inelastic cross sedifference in nuclear structure. We find also that the deep-
tion at subbarrier energies. It is interesting to note that thisnelastic cross section, even at subbarrier energies, is well
macroscopic model reproduces both sets of data equallgescribed by the modified extra push model.

well, pointing to the conclusion that the difference in nuclear

structure betweeh®Xe and**®Xe does not seem to signifi-

cantly affect the deep-inelastic cross section. ACKNOWLEDGMENTS
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