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Excitation functions of deep-inelastic scattering and fission have been measured for
"Ni+" ' Sn at bombarding energies between 230 and 290 MeV. It is found that even at ener-
gies below the Coulomb barrier deep-inelastic scattering is an important reaction channel with
yields similar to that of fusion. The total reaction cross sections are now in good agreement with
the sum of the measured fusion, deep-inelastic, and quasielastic scattering yields. Attempts to
reproduce the sub-barrier fusion yields by coupled-channels calculations are discussed.

I. INTRODUCTION II. EXPERIMENTAL METHOD

Although in recent years considerable attention has
been paid to the study of heavy-ion reactions at energies
in the vicinity of the Coulomb barrier, only limited in-
formation exists on the strength of reaction processes
other than fusion. In order to study the distribution of
the total reaction strength among the various reaction
modes, the evaporation residue, fission, and quasielastic
scattering yields were measured previously for

Ni+ " ' Sn at energies around the Coulomb bar-
rier. ' The total reaction cross sections, deduced from
the measured elastic plus inelastic scattering angular dis-
tributions, were not accounted for by the sum of the ob-
served yields (see Fig. 1). The reaction mode that is
most likely to have been missed in the previous measure-
ments is one that may be related to deep-inelastic
scattering, a process where all the incident kinetic ener-
gy is rapidly dissipated and the two fragments (with
masses near those of the projectile and target) emerge
with energies well below the Coulomb repulsion energy
of two touching spherical nuclei, possibly from a strong-
ly deformed system.

In this paper results are presented of the measurement
of the fission and deep-inelastic scattering cross sections
for Ni+ " ' Sn at laboratory energies between 230
and 290 MeV, corresponding to energies from 20 MeV
below to 50 MeV above the Coulomb barrier [calculated
with Rb ——1.4(A~'~ + A, ' ) fm]. A first report of these
results for Ni+ ' Sn has been submitted for publica-
tion. In Sec. II the experimental technique will be
presented, together with some aspects of the data
analysis. In Sec. III the experimental results are dis-
cussed and compared with results from a previous exper-
iment. ' In Sec. IV the deep-inelastic scattering cross
sections are compared with results from friction model
calculations, the decomposition of the total reaction
cross section is discussed, and the sub-barrier fusion
yields are compared with model calculations.

Ni beams from the Ar gonne Tandem-Linac Ac-
celerator System (ATLAS) were incident on isotopically
enriched " '' Sn targets (80 pg/cm " Sn, 99.9% en-
riched, and 50 pg/cm ' Sn, 96% enriched, both on
10—20 pg/cm carbon), mounted in the center of a 165
cm diameter scattering chamber. The beam spot on the
target was defined by a set of circular collimators to less
than 3 mm. Beam currents measured in the Faraday
cup behind the target were typically 1 —2 particle nA.
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FICx. 1. Comparison of the total reaction cross sections de-
duced from the previously measured elastic plus inelastic
scattering angular distributions (Ref. 4) and the sum of previ-
ously measured fusion (Ref. 3) and quasielastic scattering (Ref.
4) yields for ' Ni+ " Sn and Ni+ ' Sn at laboratory ener-
gies of 253.7 and 245.8 MeV, respectively.
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The stability of the beam and the target quality were
monitored with three silicon surface barrier detectors.

Reaction products were detected in coincidence with
two large-area (20)&20 cm ), position-sensitive, parallel-
grid avalanche counters (PGAC's), 40 cm from the tar-
get. The principle of operation of the PGAC's, which
were especially developed for this measurement, is very
similar to that of a parallel plate avalanche counter
(PPAC), the difference being that the foils customari-
ly used for anodes and cathodes in a PPAC have been
replaced by wire grids. A PGAC was preferred over a
PPAC due to its lower detection energy threshold ( =10
MeV for ' Sn ions). The counters provided a fast tim-
ing signal (extracted from the anode) and position signals
(extracted from the position wire planes using delay-line
readout). The timing signal from each detector was used
to determine whether there was a coincidence, which
was defined as an event in both detectors within 200 ns,
and to start a time-to-digital converter (TDC) for the po-
sition measurements. The TDC's were stopped with the
signals from both ends of the delay lines of the corre-
sponding detector. The absolute time of Bight of the
two reaction products with respect to the rf time struc-
ture of the accelerator, and their time-of-Aight difference
were also measured. The data were monitored on line
and written event by event onto magnetic tape. The
detector signals were calibrated using the elastic scatter-
ing of Ni ions from a thin ' Au target and a mask
with 40 collimator holes. The intrinsic position and tim-
ing resolution of each detector were 0.5 mm and 275 ps,
respectively.

From the scattering angles of the two reaction prod-
ucts and their relative time of Bight, their masses and en-
ergies can be calculated, assuming a two-body final state.
The mass resolution obtained was 2.5 u [full width at
half maximum (FWHM)], a large fraction of it due to
energy and angle straggling in the target. The energy
resolution was —10 MeV. During the analysis, events
were only accepted if the two reaction products were in
the reaction plane within +2.5. This limit will include
those events in which the direction of the reaction prod-
ucts may be slightly changed due to the evaporation of
light particles. Events from scattering by target contam-
inants were rejected using the measured absolute time of
Bight of both reaction products to calculate the sum of
the fragment masses, which does not require a
knowledge of the actual target mass.

The monitor yields were used for relative normaliza-
tion between different runs. Absolute cross sections
were obtained by normalizing the number of elastic
events at the most forward angles to the corresponding
Rutherford cross sections. The accuracy of this pro-
cedure is estimated to be about 10%%uo. The data were
corrected event by event for the geometrical detector
efficiency which is a function of the detector position
and the reaction kinematics.

III. EXPERIMENTAL RESULTS

Figure 2 shows mass spectra obtained for Ni + ' Sn
at E&,b ——290 MeV, gated on various Q values. The mass
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distributions for events with a Q value more negative
than —20 MeV show two distinct components: two
peaks centered around a mass close to that of the projec-
tile and target (width —10 u) and a wide mass distribu-
tion centered around half that of the compound nucleus
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FIG. 3. Total kinetic energy (TKE) spectra of events with
mass between 48 and 68 u, for "Ni + " Sn at various incident
center-of-mass energies. The arrow indicates the TKE corre-
sponding to the Coulomb repulsion energy of two touching
spherical nuclei.

0 I j i j i I i t j

25 50 75 100 I 25 I 50
lVIASS ( u }

FIG. 2. Mass spectra for ' Ni + ' Sn at 290 MeV, gated on
different Q values (shown in MeV).
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(width 30—40 u), consistent with fission. Figures 3 and 4
show total kinetic energy (TKE) spectra for events with
masses between 48 and 68 u for Ni+ " ' Sn at vari-
ous bombarding energies, obtained with the two detec-
tors at 37.5' and 52.5. This detector geometry allows
the detection of events with Q values as negative as
—120 MeV, and the observed low energy cutoff in the
TKE spectra is therefore not related to a change in the
coincident detection efficiency. The arrows in Figs. 3
and 4 indicate the TKE corresponding to the Coulomb
repulsion energy of two touching spherical nuclei. The
asymmetry of the peaks associated with quasielastic
scattering towards higher energies is due to the
deterioration of the Sn targets during the experiment as
can be shown using detector simulations.

Based on the results shown in Figs. 2 —4, I have
defined deep-inelastic scattering events as those with
mass close to the mass of projectile and target
(

~

b,m
~

& 10 u) and with a reaction Q value more nega-
tive than —20 MeV. The TKE spectra show a distinct
plateau for more negative Q values. As has been ob-
served for many other systems' ' at energies above the
Coulomb barrier, the low energy cutoff in the total ki-
netic energy of the deep-inelastic fragments is rather in-
dependent of bombarding energy and much smaller than
the Coulomb repulsion energy of two touching spherical
nuclei. Figures 3 and 4 show that the lower endpoints of
the TKE spectra are located at around 120 MeV for
both " Sn and ' Sn, independent of incident energy,
and consistent with a deformation in each reaction prod-
uct of P =0.65.

Figures 5 and 6 show as examples angular distribu-
tions for deep-inelastic scattering for Ni + " ' Sn for

events with Q value between —60 and —40 MeV. The
total angle- and energy-integrated deep-inelastic scatter-
ing yields of course include contributions from all events
with Q value more negative than —20 MeV. The angu-
lar distributions in Figs. 5 and 6 reveal two components;
one is peaked around an angle close to the grazing angle;
the other shows an increase towards forward scattering
angles. The deep-inelastic scattering yields were extract-
ed from the measured angular distributions by fitting the
yields in the vicinity of the grazing angle with a Gauss-
ian and arbitrarily assuming a linear dependence of the
yields as function of angle in the forward region. This
assumption has little effect on the measured total deep-
inelastic scattering cross sections, since at all but the
lowest bombarding energy the component peaking near
the grazing angle dominates. The errors in the yields of
the forward peaked component of the angular distribu-
tions were estimated by using different functions to ex-
trapolate to forward angles, including an exponential in-
crease towards 0 and a constant do. /dQ between the
most forward observed angle and O'. The dashed curves
in Fig. 6 show some of the fits used to obtain estimates
of uncertainties.

Fission was defined as events with fragment masses be-
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FIG. 4. Total kinetic energy (TKE) spectra of events with
mass between 48 and 68 u, for "Ni + ' Sn at various incident
center-of-mass energies. The arrow indicates the TKE corre-
sponding to the Coulomb repulsion energy of two touching
spherical nuclei ~

FIG. 5. Measured deep-inelastic scattering angular distribu-
tions for ' Ni + " Sn for events with Q value between —40 and
—60 MeV at various incident center-of-mass energies. Curves
shown are fits to the data used to extract the total deep-
inelastic scattering yields.
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tween that of the projectile and target and a net mass
transfer of at least 10 u (see Fig. 2). The fission yields
were obtained from the measured angular distributions
assuming a 1/sin(9) dependence to extrapolate to the
very forward and backward angles. This assumption is

only valid in the limit of rapidly rotating systems; at en-
ergies around the Coulomb barrier the difference be-
tween the total fission cross sections obtained from
fitting the measured angular distributions using the sta-
tistical model of fission and those obtained assuming a
1/sin(0) dependence can be at most 25%. However,
my fission data do not cover the very forward and back-
ward angles where fission angular distributions of the
statistical model start deviating from a 1/sin(8) depen-
dence and therefore no attempt has been made to obtain
total fission yields using statistical model fits.

Fission yields for ' Ni+ " ' Sn have been mea-
sured previously by Lesko et al. ' using the kinematic
coincidence technique with a silicon surface barrier
detector telescope and a position sensitive ionization
counter. Their data for Ni+ " '' Sn are compared
with my data in Fig. 7. For Ni + " Sn both data sets
are in good agreement. For Ni + ' Sn the fission
cross sections reported here agree at the lowest and
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FgQ. 7. Measured fission yields for "Ni + "" Sn corn-
pared with those previously measured by Lesko et al. (Refs. 2
and 3).

0 3 ~ r

I

r r

124
Sn

O. 1:—

0=
+r

( 0

O.

10—

r r r

I

«r r

I

r r»
I

r r~

156 MeV—

163 MeV

169 MeV

highest energies with their results, but are larger at in-
termediate energies. Since the present experiment al-
lowed a cleaner separation between fission and quasielas-
tic and deep-inelastic scattering I have only used the
current results.

The average fission g value is independent of the
scattering angle and more negative than the Coulomb
repulsion energy of two touching spherical nuclei. At
290 MeV the measured average fission Q values are in
good agreement with the Viola systematics. ' At the
lower bombarding energies the average kinetic energy of
the fission fragments decreases with decreasing excita-
tion energy of the compound nucleus, which can be un-
derstood in terms of a change the average spin of the
compound nucleus.

b
0

20
184MeV-

IV. DISCUSSION

A. Deep-inelastic scattering
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FICx. 6. Measured deep-inelastic scattering angular distribu-
tions for Ni ~ ' Sn for events with Q value between —40 and
—60 MeV at various incident center-of-mass energies. Curves
shown are fits to the data used to extract the total deep-
inelastic scattering yields. The dashed curves show some of the
fits used to obtain error estimates.

The mass spectra of deep-inelastic scattering events
for Ni+ " ' Sn are peaked around masses close to
those of the projectile and target. This has been ob-
served for other systems at energies above the Coulomb
barrier and is consistent with the picture that at energies
around and below the barrier deep-inelastic scattering is
governed by the equilibration of the charge asymmetry
degree of freedom, and the interaction time is not long
enough for the equilibration of the mass asymmetry de-
gree of freedom to become important. '

Dissipative phenomena in heavy-ion reactions at ener-
gies above the Coulomb barrier can be treated in a clas-
sical approximation by introducing a frictional force
which governs the transfer of kinetic energy to internal
degrees of freedom of the reaction products. I have
compared my deep-inelastic scattering data with predic-



36 FISSION AND DEEP-INELASTIC SCATTERING YIELDS FOR. . . 1383

-20—

CD

-40—
C3

C3

l258
Nl +

330
——290

270
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component are in reasonable agreement but the calculat-
ed strength of the component peaked near the grazing
angle is significantly smaller than the measured cross
sections.

B. Decomposition of the total reaction cross section
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tions of the one-body dissipation code developed by
Feldmeier. ' Due to its assumptions this model only
works at incident energies above the Coulomb barrier
and I can only compare the calculations with my data at
270 and 290 MeV. Some results of the calculations for

Ni+ ' Sn at Ei,b
——270, 290, and 330 MeV are shown

in Fig. 8. The angular distributions are related to the
calculated deflection functions by

dc'
dQ 2pEc. m.

sin(8)—1 dO
L dL

where p is the reduced mass of the system. They have
an orbiting component extending towards forward angles
as well as a component that peaks near grazing angle, in
qualitative agreement with my measured deep-inelastic
scattering angular distributions. The cross sections for
these two components at Ei,b ——270 and 290 MeV, ob-
tained from these angular distributions, are listed in
Table I and are compared with the measured yields.

FIG. 8. Results of calculations using the one-body dissipa-
tion model for ' Ni + ' Sn at 270, 290, and 330 MeV.

The total reaction cross sections may, in principle, be
deduced from the quarter-point for elastic scattering in
an almost model-independent way. ' However, in this
measurement elastic scattering could not be separated
from quasielastic scattering and the quarter-point recipe
could not be used. Therefore, the total reaction cross
sections were obtained from coupled-channels calcula-
tions with the code PTOLEMY including inelastic excita-
tion of the lowest 2+ and 3 states in projectile and tar-
get. The potential parameters were chosen such that the
sum of the calculated elastic and inelastic scattering an-
gular distributions reproduced the previously measured
"elastic plus inelastic" scattering angular distributions at
245.8 and 253.7 MeV (Ref. 4) and at 330 MeV. The
optical model parameters used were V = 100 Me V,
ro ——1.14 fm, a =0.71 fm (0.75 fm for ' Sn), W =24
MeV, r;0 1.26 f——m, and a; =0.54 fm (0.60 fm for ' Sn).
Since experimentally it is difficult to separate elastic
scattering from inelastic excitation of the low lying
states in projectile and target, neither the measured nor
the calculated total reaction cross sections will include
the inelastic scattering yields. The calculated total reac-
tion cross sections are listed in Table II. The errors
reAect the uncertainty in the optical model parameters.

The quasielastic scattering yields were obtained by
linear interpolation between the low energy measure-
ments of Betts et al. ' and the measured yields at two
energies above the Coulomb barrier ' and are listed in
Table II. In Ref. 20 the separation between deep-
inelastic and quasielastic scattering was based on the
measured angular distributions and therefore the quasi-
elastic scattering yields in Ref. 20 will also contain con-
tributions from events with a Q value more negative
than —20 MeV. However, if a cut at —20 MeV would
have been used, the quasielastic yields in Ref. 20 would
not change by more than 20% and the resulting changes
in the interpolated quasielastic scattering cross sections
used in this paper are within the errors. In principle,
nuclear inelastic excitation is a quasielastic reaction
channel. However, since the coupled-channels calcula-

TABLE I. Comparison between the measured and calculated deep-inelastic scattering yields for
Ni+ " ' Sn at 270 and 290 MeV. The calculations are described in the text.

Target

112S

124S

E,
(MeV)

191.1
177.9

197.6
184.0

~peak

(mb)

57
44

118
58

Calculation
~ forward

(mb)

93
36

124
44

~peak
(mb)

100+ 15
135+20

130+20
170+25

Experiment
0 forward

(mb)

65+30
30+ 15

100+50
55+30
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TABLE II ~ Comparison of the sum of the measured cross sections for evaporation residues, fusion,
deep-inelastic, and quasielastic scattering with the total reaction cross section obtained from coupled-
channels calculations for "Ni + " ' Sn.

Target

112S

124S

E,
(MeV)

191.1+1.0
177.9+ 1.0
163.5+ 1.0
157.5+ 1.0
151.2+ 1.0

197.6+ 1.0
184.0+ 1.0
169.0+ 1.0
162.8+ 1.0
156.4w 1.0

a
fus
(mb)

280+40
195+25
50+ 10
15+3
2+0.5

465+65
405+55
190+30
95+15
20+4

(mb)

165+35
165+25
50+10
10+5
4+2

230+55
225+40
140+25
40+ 10
10+6

&qe

(mb)

205+30
135+20
55+10
40+15
25+ 10

540+80
415+60
250+40
190+30
115+20

650+ 80
495+55
155+20
65+15
31+10

1235+140
1045+ 110
580+65
325+40
145+25

0cc
(mb)

785+ 100
615+75
245+30
125+15
50+ 10

1345+95
1025+75
615+45
310+25
150+ 15

'Sum of evaporation residues (Ref. 1) and fission yields.
bg ~ i

=~fus+ ~di+ ~qe

tions show that the nuclear part of inelastic excitation
accounts for only a small fraction of the total quasielas-
tic yields, it has not been included in the quasielastic
cross sections.

A comparison between the total reaction cross section
and the sum of the measured fusion, deep-inelastic, and
quasielastic scattering yields as function of the incident
center-of-mass energy is shown in Figs. 9 and 10 for

Ni+ " ' Sn (see also Table II). The total reaction
cross sections for Ni + ' Sn are, within the error bars,
equal to the sum of the measured fusion, deep-inelastic,
and quasielastic scattering yields. For Ni+ " Sn at
energies below the Coulomb barrier a significant part of
the total reaction cross sections is still unaccounted for.

However, for this system no quasielastic scattering data
are available below the Coulomb barrier and the quasi-
elastic scattering yields at these energies were obtained
from the measured cross sections above the barrier, us-
ing the shape of the measured quasielastic excitation
function for Ni+ ' Sn to extrapolate to the lower en-
ergies. This can induce large errors.

Figure 11 shows the strength of fusion, deep-inelastic,
and quasielastic scattering relative to the total observed
reaction cross sections for Ni+ " ' Sn as function of
the incident center-of-mass energy. At energies above
the Coulomb barrier the partition between the various
reaction modes seems constant, with fusion and quasi-
elastic scattering being the dominant modes for
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FIG. 9. Comparison between the total reaction cross sec-
tions obtained from coupled channel calculations, and the sum
of measured fusion, deep-inelastic, and quasielastic scattering
yields for Ni + " Sn.

FICz. 10. Comparison between the total reaction cross sec-
tions obtained from coupled channel calculations, and the sum
of measured fusion, deep-inelastic, and quasielastic scattering
yields for ' Ni + ' Sn.
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ner ies slightly above the bar-scattering at bombarding energ'
rier has been observed for other systems,s but t is is
h fi t d tailed study of such a process at incident ener-

gies well below the Coulomb barrier. Although fu
'

h fusion is

10:

2
10 =

l0 =

I

I40

l

I

160 I80 200 220
E (MeV)c.m.

58Nj + 112, 124SFIG. 12. Measured fusion cross sections or i
compared with the results of IWBC calculations. The solid

f coupling results of including coupling to in-
own b theelastic excited states in projectile and target are shown y

dashed curves.



1386 F. L. H. WOLFS 36

scattering angles. At 270 and 290 MeV the measured
strength of the forward peaked component is in reason-
able agreement with predictions made using the one-
body dissipation model, but the calculated yields for the
backward peaked component are smaller than the mea-
sured cross sections. The existence of deep-inelastic
scattering at energies below the Coulomb barrier indi-
cates that the frictional force is still very effective even
when the density overlap between projectile and target is
rather small.

The sub-barrier fusion yields are much larger than the
results of one-dimensional barrier penetration calcula-
tions. The coupling between elastic and inelastic chan-
nels gives a large increase of the calculated sub-barrier
fusion yields, but they are able to account for only a
small part of the observed enhancement, indicating the
need to include coupling to other reaction modes, such
as nucleon exchange.
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