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Total cross sections for the quasielastic and fission channels in reactions of ' 0 on "'Ta and ' 'Pb were

measured as a function of the incident energy near the Coulomb barrier. For ' 'Pb, the fission and quasielastic

components account for essentially all of the total reaction cross sections as deduced from the elastic

scattering. However, for "'Ta, the fission and quasielastic components account for only about 25%%uo of the total
cross section as deduced from elastic scattering. The fission fragment angular distributions for ' 'Pb are

analyzed with a simple statistical approach yielding an effective moment of inertia at the saddle point

compatible with the liquid-drop-model prediction. Fission excitation functions for "'Ta are described

reasonably well by a statistical evaporation code.

NUCLEAR REACTIONS Ta( 0, 0), ( 0, 0), ( 0, N), (i 0 C) (i 0 f )
EI =83, 90, 96 MeV. Pb( 0, 0) ( 0, 0) ( 0 N), ( O, C) EI =80, 83,
88, 90, 96, 102 MeV, measured o(8, E). Ta( 0, f) Ez =77-102 MeV, mea-
sured o.(E); deduced optical-model parameters, total reaction cross sections;

enriched targets.

I. INTRODUCTION

Systematic studies of the competition of the
various processes which contribute to the total
reaction cross sections are of considerable im-
portance in understanding the dynamics of heavy-
ion collisions. ' ' However, most heavy-ion
induced reaction studies have concentrated on
specific transitions populating individual. final
states and on spectroscopy resulting from y and
particle deexcitation of the intermediate system.
Such studies usually have not been especially
concerned with the gross properties of the
reaction cross section leading to various quasi-
elastic channels (inelastic scattering and few
nucleon transfer) or the formation and deexcita-
tion of a compound system (evaporation residues
and, for heavy systems, fission).

The present paper reports systematic, high
resolution elastic, quasielastic, and fission data
or &60 ions on i'iTa and "'Pb targets at incident

energies from the Coulomb barrier up to -20
MeV above the barrier. In Secs. II and III the
experimental procedure and the data are dis-
cussed. The systematics of the present elastic
scattering data and existing "p+ "'pb elastic
data' ' are discussed in Sec. IV in terms of optical-
and strong- absorption- model analyses. In Sec.
V the quasielastic and fission cross sections are

discussed together with the total reaction cross
section obtained from the optical-model analysis
of the elastic data. The fission-fragment angular
distributions and the resulting estimates of the
saddle point moments of inertia, determined
from the deviations from (sine) ' of the "0+"'Pb
data, are discussed in Sec. VI. The excitation
functions of the fission fragments are discussed in
Sec. VII in terms of the variation of the rotating
liquid-drop fission barrier as a function of angular
momentum, ' and the work is summarized in Sec.
VIII.

II. EXPERIMENTAL METHODS

The "P beams in the energy range of 77 to 102
MeV were produced at the three stage Mp tandem
accelerator facility at Brookhaven National Lab-
oratory. Beam intensities were typically of the
order of 50-200 nA. Targets of -100-300 pg/
cm' of natural Ta (rolled or evaporated on
-20 pg/cm' C backing) and '"Pb (99.1' enrich-
ment) evaporated onto 20 gg/cm' carbon backings
were used for the bombardments.

The scattered particles and reaction products
were identified using silicon surface barrier de-
tector telescopes. The forward angle data were
obtained using a telescope consisting of a 32 p, m
4E detector and a 60 pm E detector. The 32 gm
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FIG. 1. Energy spectra of the reaction products of 60+ Pb which were stopped in the 32 pm b, E detector of a two-
detector telescope. These spectra corresponding to an ~ 0 incident energy of 83 MeV and measured at laboratory
angles of 35, 90, and 165' were obtained in anticoincidence with events in the E detector of the telescope. The broad
bump at higher energy is attributed to fission. Contributions from low-energy 0 stopped in the 4E detector are ob-
served below channel 90. The difficulty in distinguishing the fission events from the low-energy ~60 events is evident
in the 165' spectrum. The solid curves are Gaussian fits to the fission groups.

4E detector is thick enough to stop the fission
fragments emitted in the reaction, while "0 ions
deposit a maximum of 35 MeV in this detector.
Fission spectra were obtained from the 4E de-

. tector using the E detector to give a reject signal.
For the back angle scattering data, and in partic-
ular at incident energies close to the Coulomb
barrier, the energies of the fission fragments
emitted are low and there is a large background
of particles stopped in the ~E detector corre-
sponding to beam related low-energy "0events.
This is demonstrated in Fig. 1, which shows
typical fission spectra obtained by this method.
Therefore, to measure this cross section reli-
ably, a three-detector counter telescope consisting
of a 9 jU,m ~E„a 1.5 p,m ~E, and a 60 p, m E solid
state detector was used. By using the third de-
tector for rejecting light-ion events, the fission
fragments can be uniquely discriminated from
lighter particles by the energy signal in the first
detector. For comparison, a fission spectrum
obtained using this setup is shown in Fig. 2.

The elastically scattered particles and few nu-
cleon transfer- reaction products were measured
using the same detector telescope in a conven-
tional coincidence mode. For the three-detector
telescope the signals from the tmo thin detectors
were added and treated as a single &E signal.
The &E detectors mere sufficiently thin to detect

j I j j
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FIG. 2. Fission energy spectrum for 0+ Pb at
E( 0) =83 MeV and 9& =160' obtained with the three-
detector telescope as described in the text. The dif-
ficulty in distinguishing the fission events from the low-
energy 0 events (illustrated in Fig. 1) has been removed

by particle identification in the first two detectors of
the telescope.
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46 MeV "Ne. The various signals were fed into
the Brookhaven Sigma 7 on-line computer and
displayed as two- dimensional spectra typically of
128 x 256 channels. The yield of the elastic scat-
tering in an additional Si detector placed at -20'
was used to normalize between the individual runs.

The energy of the heavy particles was calibrated
initially using a '"Cf fission source mounted on a
thin backing (as described in Ref. 8) and later by
elastically scattering 100 MeV "Br and "'I ions
from a thin Au target. The calibration for the
light particles was obtained from the elastic scat-
tering of "0by the Ta and Pb targets.

An energy resolution, typically 400 keV and
mainly determined by the target thickness and
angular openings of the detectors, was obtained
for the light particles. The separation between
the various reaction products with different Z was
excellent (see Fig. 3). Groups belonging to dif-
ferent isotopes of the same element, e.g. , "0and
"0, were apparent in the two-dimensional spec-
tra, but separated spectra of each group generally
were not extracted. The energy spectra of the
various groups were projected from the two-
dimensional ~E versus E spectra. Spectra for
the quasielastic oxygen channel, which includes
inelastic scattering as well as one-neutron trans-
fer and two-neutron transfer reactions were ob-
tained from the oxygen group by subtracting the
background due to the elastic tail. Typical spectra
for some of the groups in the "0+Ta reaction at
96 MeV are shown in Fig. 4. At the incident en-
ergies of the present study, which are just above
the Coulomb barrier, the angle corresponding to

a grazing collision is large. Therefore, the
groups emerging from light target impurities can
be identified easily and cause no problems except
at the most forward angles where the quasielastic
cross sections of interest are very small. The
term quasielastic is an appropriate description
for the inelastic scattering and transfer reactions
for several reasons: The incident energies are
close to the barrier height, and deep inelastic
phenomena are negligible; the Q values involved
in the reactions are generally small, and the an-
gular distributions are typical of grazing colli-
sions.

III. EXPERIMENTAL DATA

Angular distributions were measured in inter-
vals of 5-10' over the angular range of 30 to 160'
in the laboratory system. Data were obtained at
beam energies of 83, 90, and 96 MeV for the '"Ta
target and of 80, 83, 88, 90, 96, and 102 MeV for
the '"Pb target. Absolute cross sections for the
elastic scattering were established by assuming
that the experimental cross section at the most
forward angles is the Rutherford cross section.
Differential cross sections for the various trans-
fer- reaction products were obtained from the cor-
responding yield integrated over energy and nor-
malized to the absolute elastic cross section. Due
to the background subtraction, the uncertainties
in the cross section for the quasielastic oxygen
channels are larger than for the other channels.
In the ease of '"Ta the resolution was not suffi-
cient to separate the inelastic groups for the
states of ' 'Ta below an excitation energy of 1.5
MeV.

Typical angular distributions for the '"Ta and
'"Pb targets are displayed in Figs. 5—8. Total
cross sections were obtained by integrating the
differential cross sections over angle
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FIG. 3. Contour plot of the reaction products for
90 MeV 60+ Ta, detected at 90 in the laboratory
with the two-detector counter telescope as described
in the text. The energy scales are approximate.

0 = 2m —sin8~dL9~.
dQ

The angular distributions were extrapolated
towards larger and smaller angles, assuming a
nonrising differential cross section. At the most
forward angle at the highest energies the reaction
products from C and Q impurities in the target
contribute to the differential cross section and the
data contain no indication that the products from
Ta and Pb should be forward peaked at the mea-
sured energies. Because the sino~ factor is so
dominant at the angular extremes, 90%%uo or more
of the total cross section is obtained from the
angular range covering the actual data. For ex-
ample, if one were to increase the extrapolated
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value at 0' by two orders of magnitude, the total
cross section is increased by at most 5% and
usually much less. The integrated cross sections
are given in Table I.

The number of counts for the fission groups
measured with the two-detector telescopes was

obtained from the area under a Gaussian peak
fitted to the part of the spectrum which did not
contain the low-energy oxygen stopped in the E
detector. The cross sections obtained in this
way agreed with those of the much cleaner spec-
tra from the three-detector telescopes. (Compare
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FIG. 4. 0, N, and C energy spectra for 96 MeV 0 incident on ~ Ta obtained at a laboratory angle of 60 . A 70

and a N excitation energy scale is shown with the 0 and N spectra. Since no one C isotope dominates the C group (see
text), an excitation energy scale which is the average of C and C is shown with the C spectra. The ground state Q
values corresponding to C, ~3C, and C exit channels are —9.375, —12.214, and —10.398 MeV, respectively. The
dominant cross sections move to more negative Q values (higher excitation energies) with increasing number of protons
transferred. In the 0 and N spectra a few discrete states contribute a large fraction of the cross section; however, in

the C spectrum the strength is concentrated in a large "bump" of overlapping states at a very high excitation in the final
systems. Similar systematics were observed at other incident energies and angles and for the corresponding reactions
on the Pb target.
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Figs. 1 and 2.) The center-of-mass differential
cross sections were calculated from the labora-
tory cross section in a manner described in Ref.
9 using the transformation parameter y'=v, /vz
where v, is the velocity of the center-of-mass
system and vf the average velocity of the fission
fragment. This parameter was determined by
fitting the measured laboratory mean kinetic en-
ergies $~ to an expression of the form

E~=E, (1+y+ 2y' cos8), (2)

where E, is the mean kinetic energy of the
fission fragments and 0 the center-of-mass scat-
tering angle. Examples of such a fit are shown in

Fig. 9. The resulting angular distributions for
the fission fragments are displayed in Figs. 10
and 11. The total fission cross section obtained
by integration of the angular distributions are
given in Table I.
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FIG. 5. Angular distributions corresponding to the
total energy integrated yield in the 0, N, C, B, and Be
exit channels for 90 MeV ~ 0 incident on ~Ta. The 0
channel does not include inelastic scattering to states
below 1.5 MeV excitation, since such transitions were
not resolved from the elastic scattering. The peak in
the C angular distribution is broader than the corres-
ponding peak in the N angular distribution, and such a
peak is nearly lost in the B and Be angular distributions.

FIG. 6. Angular distributions corresponding to the
total energy integrated yield in the 0, N, C, B, and Be
exit channels for 90 MeV 60 incident on Pb. The 0
channel includes the total cross section for inelastic
scattering as well as the transfer reaction cross section.
The peak observed in the C angular distribution is
broader than the corresponding peaks in the N and 0
angular distributions.
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An excitation function for the fission products
emerging in the "0 reaction with '"Ta was mea-
sured at energies from 77 to 102 MeV in steps of
1 or 2 MeV. The fission cross section was mea-
sured at laboratory angles of 77 and 160', corre-
sponding to 90 and 165 in the center-of-mass
system. From the three angular distributions
measured at 83, 90, and 96 MeV the values of
o (165')/o (90') and o'&/o'(90') were obtained. For
all other incident energies, from the measured
cross section at 90' (c.m. ) and the ratio of
a'(165')/v(90'), the total fission cross sections
were established by finding the appropriate ratio
of crz/o(90') by interpolating to the known value
from the angular distributions. The corrections
introduced to the cross sections by using this

method, rather than assuming a 1/sin0 dependence
of the angular distributions, depress the cross
sections by about 15' at the lowest energies and
are negligible at the highest energies. The exci-
tation function obtained is presented in Fig. 12.

IV. ELASTIC SCATTERING

Considerable Q+ Pb elastic scattering data
exist from the present work and from other stud-
ies "for incident energies between the Coulomb
barrier and 104 MeV. The heavy-ion version of
the optical-model search codes ABACUS' and
HIGENOA' has been used to analyze these data
and the "0+'"Ta elastic data in a systematic
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FIG. 7. Angular distributions corresponding to the
total energy integrated cross section in the N exit
channel for 80, 88, 96, and 102 MeV '0 incident on

Pb. The progression from a backward peaked angular
distribution at 80 MeV incident energy, which is near
the entrance channel Coulomb barrier, to a "grazing
peak" which moves to smaller angles with increasing
incident energy is observed.
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FIG. 8. Angular distributions corresponding to the
total energy integrated cross section in the C exit
channel for 80, 88, 96, and 102 MeV ~60 incident on

Pb. An energy dependence of the maximum of the
angular distribution similar to that observed for the N

exit channels (Fig. 7) also is obtained for the C cross
sections. Except at the lowest incident energy, however,
the C angular distributions are broader and are peaked
at a more forward angle than the corresponding

Pb(~60, N) angular distribution.
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TABLE I. Experimental total cross sections.

Target
Elab

(MeV)

o(0') '
(mb)

o.(N)
(mb)

o(C)
(mb)

o(B)
(mb)

o.(Fis)
(mb)

b
~qe
(mb)

208I b

isiTa

80
83
88
90
96

102

83
90
96

24+4
60+ 12

117+ 25
92 +20
c

157 +20

36+ 15
37+10
43 +10

21+ 2

33+2
48+3
48+ 2

52+ 2
65+3

44+ 3
52+2
59+ 2

19+2
36+3
57+ 3
60+3
73+ 2

89 +4

48+3
64+ 3
76+4

0.22 + 0.1

0.80+ 0.2
1.6 + 0.2

~3.0
1.5+ 0.7

1.5 + 1.0
3.3 + 0.6
8.9 + 2.0

36 +4
108+ 10
350+40
377+ 50
685 + 70
844+ 90

11+1
49+5

140+ 14

64+8
129 + 18
222 + 31
201 + 25
c
313+ 28

130+ 22
156+15
187 +16

~Contains contributions from '60 inelastic plus ' 0 and ' 0 transfer channels.
"3um of o(0'), o.(N), o(C), and o(B).
'Data not sufficient to resolve 0 quasielastic from elastic.

may. In the analysis, Woods-Saxon potentials
with identical real and imaginary geometry were
used. In the automatic sea, rches the radius and
imaginary well depth were varied for a fixed real
potential of V, = 100 MeV and various diffusivities
(0.45 &a &0.55 fm). The best-fit potentials for
a = 0.45, 0.50, and 0.55 fm are tabulated in Table
II and the resulting best fits are shown with the
Ta and Pb experimental data in Figs. 13 and 14,
respectively. Nearly identical total reaction
cross sections mere predicted for the best-fit
parameter sets with different diffusivities.

The grazing angular momentum l and the pre-
dicted total reaction cross section o~ obtained
from the optical-model calculations" are com-
pared in Table III with similar values obtained
from a, "quarter-point" analysis" of the elastic
scattering. The variation in l, and OR for the dif-
ferent optical-model parameter sets which re-
produce the elastic scattering data is small as
seen from Table II. At the lowest incident ener-
gies, which are near the Coulomb ba, rrier, the
grazing angular momentum l, obtained from the
optical-model analysis of the Pb data, is -4 units
larger than the corresponding value from the
quarter-point analysis (see Table III). This dis-
crepancy decreases at higher incident energies;
however, a,t the highest energy the value from the
optical-model analysis remains nearly one unit
larger than that of the quarter-point formula.
Such a variation in the grazing angular momentum
also is reflected in the total reaction cross sec-
tions predicted using these two prescriptions. ""
In both analyses os- mX'(l~+ 1)'. Indeed the sum of
the measured Pb fission and quasielastic cross
sections (oz and a„of Table I) exceeds the quar-
ter-point total reaction cross section by as much
as 50Vo at incident energies near the Coulomb
barrier.

Two potentials of Woods-Saxon geometry with
constant well depths and varying diffusivities can
only have identical values in the exponential re-
gion at a single radius. Therefore, the radial re-
gion in which the potentials are determined by the
elastic scattering data may be studied by fitting
the same data with Woods-Saxon potentials of dif-
ferent diffusivity. ' This is illustrated in Fig. 15
where groups of real nuclear potentials with

va, rying diffusivity, which give a nearly identical
description of the 80 and 90 MeV "0+'"Pb elas-
tic data, are plotted as a function of the ra,dius.
All the potentials shown which fit the 80 and 90
MeV data have nearly identical values at a. radius
of -12.50 and 12.90 fm, respectively. The figure also
illustrates the sensitivity in determining this radius.
Similar radii have been determined for the
"0+'"Pb data at the other incident energies, and
this sensitive radius (=—R,) is shown in Fig. 16 as
a function of the incident energy. Also shown in
this figure for comparison are strong-absorption
radii a.s determined' from the angle at which the
elastic scattering falls to & of the Rutherford
cross section, and from the angular momenta for
which the transmission coefficient determined
from the optical-model analysis equal 0.5. The
sensitive radius obtained from fits to the elastic
data with varying diffuseness increa. ses with in-
creasing incident energy, up to 90-95 MeV. At
high bombarding energies, however, the value of
such sensitive radii no longer increase. In fact,
above an incident energy of 90 MeV, the radius
at which the optical-model parameters are deter-
mined is independent of energy within the errors
of the analysis (see Fig. 16). A similar analysis
of i60+ Pb ela, stic da,ta a.t 129.5, 140, 192, and
216.6 MeV measured elsewhere' ' gives values
for the optical-model sensitive radius between
12.8 and 13.2 fm. The quarter-point strong-
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absorption radii are nearly constant as a function
of incident energy and the strong-absorption
radii (using Rutherford orbit) determined from
T, =0.5 decrease slightly with increasing incident
energy.

It is apparent (see Fig. 16) that for incident en-
ergies near the Coulomb barrier there are sizable
differences between the radii determined from

IOO

fitting the data with potentials of varying diffusivity
and those values determined from T, = 0.5
(crosses) and from a quarter-point analysis
(open circles). Similar discrepancies recently
have been noted' in the analysis of 100 MeV "S
elastic scattering on "Al.

The sharp decrease in R, as the incident energy
approaches the Coulomb barrier from above is
not understood. Elastic scattering usually is
thought to determine the height and radius of an
interaction barrier that is the sum of the poten-
tials associated with the Coulomb and nuclear
forces and angular momentum. It is expected
that as energy and angular momentum increase
such a barrier position will move toward smaller
radii.
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FIG. 9. Mean laboratory kinetic energy of the fission

products resulting from 83 and 90 MeV ~60 incident on
Ta and 208Pb plotted versus laboratory angle. The

kinetic energies have been corrected for energy loss in
the target. The full drawn curves are fits to the data
using Eq. (2). The resulting values of g, also given in
the figure, are used as described in Ref. 9 to obtain
fission differential cross sections in the center-of-mass
system. The errors on X do not include systematic
errors.

05 I I I I I I L. } l. i l I t I I I I

50 60 90 l20 l50
cm. ~deg~

FIG. 10. Fission angular distributions in the center-
of-mass system for 0+ Ta at 83, 90, and 96 MeV
incident energies. The dashed curves are a (sin8) ~ fit
to the data.



962 F. VIDE BAEK et al.

150

100
90
80

60

Ioo
90
80
70

50

40

30

I'

35

I I
I

I I
I

I I

Pb( O, f )

I02 M e

II

~ + II II +li
lt Ir

II

/
96MeV

l~
II

lt

90 MeV

V. QUASIELASTIC AND FISSION CROSS SECTIONS
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Representative angular distributions for the
energy integrated 0, N, C, B, and Be cross sec-
tions are shown in Figs. 5-8. No events were
observed corresponding to ejectiles with Z) 9.
All the angular distributions are typical of a
grazing collision; however, differences exist
between the various final quasielastic channels.
The C and Be distributions, for example, are
considerably broader than the distributions for
the N and 0' channels. The strength for the 0'
and N channel is concentrated in a few discrete
states below 3 MeV of excitation while the strength
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FIG. 11. Fission angular distributions in the center-
of-mass system for ~ 0+ Pb at 80, 83, 88, 90, 96, and
102 MeV incident energies. The solid curve is a fit to
the data using Eq. (3) and the parameters given in Table
V.

FIG. 12. Total fission cross section for 0+ Ta as
a function of the incident laboratory energy. The data
at 83, 90, and 96 MeV incident energies were obtained
by measuring the angular distribution of fission pro-
ducts, see Fig. 10. The remaining data points were ob-
tained as described in Sec. III of the text from mea-
surements at laboratory angles of 77 and 160'. The full
drawn curve is a calculation of the energy dependence of
the total fission cross section using the code ALIcE (Ref.
7) and an s-wave fission barrier Bf =13.8 MeV. The
dashed curve is obtained for a value of B& =18.0 MeV.
See the text for further details of the calculation.
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in the C channel is contained in a broad bump of
overlapping states centered about a large negative
Q value (-- 30 MeV). The carbon groups consist
pf roughly equal ampunts pf C and C. The C
cross section is more difficult to judge from the
present data but at the higher incident energies
seems to be comparable with the "C and ' C cross
sections. This feature is in agreement with a
study" of reactions induced by 137 MeV "0on
'"Au. In that work, however, the angular distri-
butions are forward peaked for the carbon and
lighter groups while the nitrogen channel still
shows evidence of a grazing peak.

The magnitude of the total cross sections for
the C and N channels is similar for both targets

TABLE II. Optical-model parameters:

Vz(r) = (V+ iW) [1+exp(r —R/a)] ',

where R = rp [(16) + (A t ) 3].

and at all the incident energies studied. For the
'"Ta target nucleus the integrated cross section
for the neutron transfer is about the same and
has a similar energy dependence as for the single-
prpton transfer. This is in contrast to the ' 'Pb
results, where the integrated cross section for
the "0quasielastic channel is much larger than
for the other transfer channels. The few-nucleon-
transfer cross section increases fairly rapidly
for the incident energies just above the Coulomb
barrier; however, the rate of increase is some-
what reduced at higher energies (see Fig. 17).
The cross sections corresponding to the B and
Be channels are much smaller than for the other
observed final products (see Table I). For the
'"Pb target such data are too sporadic for a sys-
tematic trend to be distinguished in the present
data. However, in the Ta data, where the incident

Eg V 8" rp a 0'~

(MeV) (MeV) (MeV) (fm) (fm) (mb)

b

(@)
83 MeV

leo I 8 I

T

83

88

90

94

96

102

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

16O + 2P8Pb

23.4 1.272
21.8 1.249
21.8 1.225
46.8 1.266
37.9 1.244
41.8 1.215
65.4 1.260
64.6 1.232
67.4 1.202
66.4 1.262
66.9 1.233
73.6 1.203
71.9 1.263
81.8 1.232
84.6 1.201
54.7 1.266
66.5 1.234
82.4 1.2O4

57.3 1.261
71.4 1.227
65.5 1.202

16O+ 181Ta

045 113 9 9
0 50 113 9 8
0.55 118 9.3
0.45 286 20.5

0 50 287 20 3
0.55 292 20.0
0.45 556 30.6
0.50 562 30.4
0 55 570 30 3
0.45 664 34.0
0.50 668 33.8
0.55 686 33.9
0.45 861 39.8
0.50 876 39.9
0.55 884 39.8
0.45 928 41.9
0.50 939 41.9
0.55 977 42.5
0.45 1147 48.2

0.50 1156 48.1

O 55 «61 480

10—

1.0 —-
9Q MeV

Q. l

O.OI—

96 MeV

1Q —~e~~~e
b
'el

b
o

83

90

100
100
100
100
100
100
100
100
100

125.9
123.5
141.0
99.7

114.7
125.0
85.8
97.4

104.6

1.226
1.191
1.156
1.230
1.195
1.160
1.246
1.212
1.179

0.45
0.50
0.55
0.45
0.50
0.55
0.45
0.50
0.55

577 29.9
575 29.6
602 30.0
879 38.9
894 39.0
911 39.2

1155 46.4
1168 46.4
1180 46.4

40
1

80 120

ee (deg)

l

160

Total reaction cross section calculated from the op-
tical model —see Ref. 12.

"Grazing angular momentum —see Ref. 12.
'Data from Ref. 4.

FIG. 13. Angular distributions of O elastically
scattered from 1 Ta plotted as a ratio to the Rutherford
cross section. The full drawn curves are optical-model
calculations based on the parameters (a =0.50 fm) given
in Table II.
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FIQ. 14. Angular distributions of the ~ 0 elastically scattered from Pb at 80, 83, 88, 90, 94, 96, and 102 MeV.
The data for 94 MeV are from Ref. 4. The full drawn curves are optical-model calculations based on the parameters
{with a = 0.50 fm) given in Table II. Nearly identical cross sections are obtained for the other corresponding parameter
sets given in Table II.

TABLE III. Comparison of grazing angular momentum and total reaction cross sections
calculated from the optical model and from the quarter point of the elastic data.

quarter point ~

&c ~ ~i(4 ~g

Target (Me V) (MeV) (deg) (k) (mb)

optical model"
&g

(k) (mb) 0 g(o.m. )/0 / {q.p. )

Pb

481Ta

80
83
88
90
94
96

102
104
83
90
96

74.29
77.07
81.71
83.57
87.29
89 ~ 14
94.71
96.57
76.26
82.69
88.20

d

139
115
107
96
92
82
78

114
93
80

d
16.5
27.5
31.7
37.9
40.2
46.5
49.5
25.6
36.2
44. 1

d 9 8 113
174 20.3 287
440 30.4 562
565 33.8 668
763 39.9 876
840 41.9 939

1053 48.1 1156
1166 50.9 1268
419 29.6 571
753 39.0 894

1039 46.4 1168

1.65
1.28
1.18
1.15
1.12
1.10
1.09
1.36
1.19
1.12

~Values from the quarter-point analysis as defined in Ref. 13.
"Values from optical-model calculations as defined in Ref. 12. These values were obtained

using the optical-model parameter set from Table II with a =0.50 fm.
'Ratio of total reaction cross section obtained in optical-model and quarter-point analyses.

Elastic data do not fall to a quarter of the Rutherford value; therefore quarter-point analy-
sis is not defined.
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energies are well above the Coulomb barrier, the
cross section for a boron ejectile increases rap-
idly with increasing energy (see I"ig. 18).

The total quasielastic cross section, i.e. , the
sum of the cross section for inelastic and few-
nucleon transfer, makes up a sizable fraction of
the total reaction cross section of "0on both
'"Ta and 'ospb targets. Ratios of a„/os~ 0.5 are
observed for "0+'"Pb near the Coulomb barrier
(see Table IV). This ratio decreases to -0.25 at
the highest energy measured for the ' 'Pb target.
For the '"Ta target the measured quasielastic
cross section accounts for a smaller fra, ction of
the total-reaction cross section (see Table IV).
The difference between the Ta and Pb quasielastic
cross sections appears to be in the 0 channels
(see Table I). The inelastic excitation to the low-
lying sta, tes in isxTa which were not resolved
from the elastic group, could well be significant
and large enough to account for the observed dif-
ference. These ratios of quasielastic to total

FIG. 15. Log plot of the "best fit" real nuclear po-
tentials for 80 and 90 MeV 0+ BPb as a function of
the channel radius. The potentials indicated by the solid
short dashed and long dashed lines correspond to best
fit potentials with diffusivities of 0.45, 0.50, and 0.55 fm,
respectively; see Table II for the optical-model param-
eters. The potentials for the same energy are nearly
identical in magnitude at a radius of -12.5 and 12.9 fm
for the 80 and 90 MeV data, respectively.

FIG. 16. Optical-model sensitive radius, solid points
(at which optical-model real potentials determined from
fitting 0 plus Pb elastic scattering with varying dif-
fusivities have nearly identical values —see text and
Fig. 15) shown as a function of incident energy. Also
shown for comparison are strong absorption radii as
determined from the angle at which the elastic scattering
falls to 4 of the Rutherford cross section (open circles),
and from the angular momenta for which the trans-
mission coefficient determined from the optical-model
analysis equals 2 (crosses). The solid and broken lines
indicate the trend of the strong absorption radii.

cross sections obtained in the present work are
not consistent with the ratios of the compound-
nuclear and total reaction cross sections which
appear in the literature. For example, Sikkeland"
concludes, from a rather limited set of data, that
vc„-0.72 o~ for "0 induced reactions independent
of target and incident energy.

The total fission cross sections oz also are
shown as a function of the incident "Q energy for
the "Ta and ~Pb targets in Figs. 17 and 18,
respectively. The fission almost certainly results
from the compound system (first chance fission)
or from a nucleus in the decay chain of the com-
pound system (second, third, etc. , chance fission).
The quasielastic processes that have large cross
sections leave residual nuclei at excitation ener-
gies below (or perhaps in the C channels near) the
fission barrier, which is much higher than the
particle emission thresholds for nuclei" "near
A = 181 and 208. Cross sections for "0 induced
reactions, e.g. , ("0,n) transfer, on heavy tar-
gets, in which most of the mass of the projectile
is transferred to the target are expected to be
extremely small. '
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FIG. 17. Total cross sections measured for the various
quasielastic processes and fission induced by ~60 on

Pb as a function of the incident energy. o&, OQ, aN,
and ac are designated by solid circles, open triangles, open,
circles, and crosses, respectively. The 82 and 94 MeV

quasielastic cross sections are from Ref. 4. The experi-
mental quasielastic and fission cross sections shown are
summarized in Table I. The curves shown with the quasi-
-elastic and fission cross sections are only to guide the eye.
Also shown is a comparisonbetween the total cross sections
measured in the quasielastic plus fission channels
(solid triangles) and the reaction cross section, az,
predicted from the optical model —see Table II.

The sum of the measured quasielastic and fis-
sion cross sections for ' Q on '"Pb is compa, red
in Table IV with the total-reaction cross section
obta, ined from the optical-model. calculation using
parameters which reproduce the elastic scattering
data. Within the uncertainties of the measure-
ments, these reaction channels account for nearly
all of the reaction cross section as determined
from the optical model. Thus the probability of
fission in the deexcitation of the compound system"Th formed from"Q+'"Pb must be large. This
is not surprising, since the s-wave fission bar-
rier of the lightest measured Th nuclei is 6-7
MeV, ' which is of the order of the particle emis-
sion threshold for these systems (8„='7.73, 6.02,
and 7.80 MeV for "Th, ' 'Th, and "'Th, respec-
tively"). Furthermore, there is sufficient exci-
tation energy available in the compound system
(see Table IV) for fission to compete after emis-
sion of one or more particles. Measured com-
pound-evaporation-residue cross sections" for

J

80 90
( lVleV )

l

IOO

83-91 MeV ' Q+"'Pb are of the order of a few

mb, which is much less than the uncertainties in
our measured cross sections.

In contrast, for "Q+'"Ta, the fission and
quasielastic channels only account for a small
fraction of the total reaction cross section, as
obtained from the optical model (see Fig. 18).
Presumably, this is the result of a fission barrier
in the '"Tl compound and lighter Tl systems that
is much higher than the particle emission thres-

FIG. 18. Total cross sections measured for the vari-
ous quasielastic processes and fission induced by 0
on Ta as a function of the incident energy. 0& OQ ON,

Oc, and 0& are designated by solid circles, open tri-
angles, open circles, crosses, and closed triangles,
respectively. The curves shown with the quasielastic
and fission data are only to guide the eye. The oxygen
quasielastic channel does not include inelastic 0 pro-
cesses populating states in Ta below an excitation of
1.5 MeV. The 83, 90, and 96 MeV cross sections are
summarized in Table I. The remaining fission cross
sections are described in the text and in the caption to
Fig. 12. Also shown is the total reaction cross section
Oz predicted from the optical model.
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holds. Indeed measured fission barriers" "in
this mass region are -22 MeV compared with
neutron binding energies" of 8.98, 7.55, and 9.36
fpr Tl, Tl, and Tl, respectively. There-
fore, the evaporation-residue cross section
should account for a large part of the total reac-
tjpn crpss sectjpn of x60+isxTa.

TABLE IV. Comparison of measured quasielastic and
fission cross sections calculated from the optical model.

EJ. EcN'
Target (MeV) (MeV) 0 q, /o.

R (cd, + 0&)/cr& l ~

80 27.80
82 29.65
83 30.58
88 35.22
90 37.08
94 40.80
96 42.65

102 48.22
51.46

90 57.89
96 63.40

0.57 + 0.07
0.43
0.45 + 0.06
0.40 + 0.06
0.30+ 0.04
0.38

&0.$3
0.27 + 0.02
0.23+ 0.04
0.18+ 0.02
0.16+ 0.01

0.88 + 0.11 11.2
e 16.1
0.83 + 0.10 17,2
1.02 + 0.13 24.7
0.87 + 0.11 29.4
e 32.0

&0.86
0.99+ 0.10 41.7
0.25 + 0.04 28.7
0.23 + 0.02 37.5
0.28+ 0.03 44.0

Excitation energy in the compound systems Th
( Pb target) and Tl ( Ta target).208

Ratio of measured quasielastic cross section to total
reaction cross section (see Table I) as calculated from
the optical model using parameters given in Table II
(a = 0.50).

Ratio of measured quasielastic plus fission cross
section (Table I) to the total reaction cross section.

Critical angular momentum corresponding to a sharp
division in l of the reaction cross section (as calculated
from the optical model) between quasielastic and other
processes.

Data from Ref. 4. Fission cross sections have not
been measured.

These values given as lower limits for the 96 MeV
data do not include the oxygen quasielastic channels
which were not well resolved from the elastic scattering
at this energy.

VI. FISSION ANGULAR DISTRIBUTIONS

The angular distributions for fission fragments
are presented in Figs. 10 and 11. In the case of
the Ta target the distributions are compa, red with
the (sin8) ' dependence predicted for the decay of
high- angular- momentum states. The differences
between the experimental results and these dis-
tributions are small and no further attempts to
analyze this prediction were made. The angular
dependence of the '"Pb data, however, deviates
considerably from (sin8) ' and, therefore, is
discussed in further detail.

The fission fragment angular distribution can
be expressed as"

exp(-x)Z, (ix)
W(8) = Q (2l+ 1)'T', f[(l,)/(2~, ),~,].

Here J, is the zero-order Bessel function, K,' is
the width of the spin distribution of K states at
the saddle point, T', is the transmission coeffi-
cient for the initial spin distribution of the com-
pound system, and x is given by the expression

x = (l + —,')'(sin'8)/4'', '. (4)

v~= mX' Q (2l+1)T', . (6)

The values of l, and 4 used to define the spin dis-
tributions of the compound system are given in

Table V. The transmission coefficients and par-
tial cross sections [a, = mX'(21+ 1)T, ] corresponding
to the optical-model analysis and the assumed
parametrization of the spin distribution of the
compound fissioning system are shown in Fig. 19
for the case of 90 MeV "0+'"Pb. Such a de-
scription of the spin distribution for the compound
system is arbitrary. It is felt, however, that it
is more physical than a sharp cutoff in l space,
especially for the present study where the incident
energies are near the Coulomb barrier.

Angular dj.strjbutjons pf the O+ Pb fjssjon
fragments fitted by varying K, are shown with the
experimental distributions in Fig. 11. The corre-
sponding best-fit values of K, are given in Table
V together with an uncertainty determined from
the data analysis. A trend of increasing K, with

increasing bombarding energy is perhaps present.
It is emphasized, however, that the observed
changes of the angular shapes with energy are
determined primarily by the initial spin distribu-
tions and to a lesser extent by changes of Kp.

The width of the spin distribution of K states at

This expression is valid for first-chance fission
of systems formed with spinless particles where
the initial population of M substates is restricted
to M=0. For the case of "O+'"Pb, where fission
after particle emission can contribute, this ex-
pression was used, assuming that the prefission
neutron emission does not significantly alter the
initial spins and magnetic- substate distributions.
Thus K,' is interpreted as an average width of the

spin distribution for the various products which
contribute to fission. The transmission coeffi-
cient T' corresponding to the fissioning system is
parametrized as' '2'

T', = 1- (1+exp[(l, —l)/b. ]j '.
values of l, and ~ are used which reproduce the
measured fission cross section az (see Table I),
i.e. ,
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TABLE V. Fission angular distribution parameters for
"O+'08I b.

208@b l6O

9QMGV

EcN'
(Mev) (Mev)

b ~b
C

(e) (e) K0e

d
~ef f
S&v a~

l.0—

80

83

88

90

102

27.8

30.6

35.2

37.1

42.6

48.2

—4.0 6 0 6+2

7.0 5.0 6 + 2

19.5 4.4 7 + 2

21.6 4.0 7 + 1.5

322 40 8+2

37.5 4.0 8 + 2

7 8+6, 0
-4.3

7 3+5+7-4. 1

9 1 6, 0
~ +~4

8.8'4 '
Qo4

10.6' '
-4.6

9 9+5e5
-4.3

0.5—

~Kxcitational energy of the Th compound system.
bAssumed values in the parametrization of the trans-

mission coefficients T&, of the fissioning system —see
Eq. (5) and text.

'Obtained from fitting fission fragment angular dis-
tributions —see Fig. 11.

Obtained from Eq. (9) assuming a value of 6.3 MeV
for the fission barrier height.

A negative value results if T~ does not exceed 0.5.

the saddle point K, can be related" to the nuclear
temperature at the saddle point, t, and the effec-
tive moment-of-inertia, J,«,

Ko =t j,~~/h2.

An energy- temperature relation"

I0

E ~ Bf~ af t ~t af t (8)

is assumed, where E„—Bf is the excitation ener-
gy of the fissioning system above the fission bar-
rier and af is the level-density parameter for the
fission states. The ratios

K~ J,~~

(E II )&~ 2
x f f

corresponding to the K, which was obtained from
the analysis of the fission-fragment angular dis-
tribution a,re given in Table V. A value of Bf
= 6.3 MeV, obtained from the extrapolation of the
fission barrier height for heavier Th isotopes, "
was assumed as the fission barrier height. Since
the determination of K, is not precise and J,f f- K,', the limits for determining an effective mo-
ment of inertia are large and are relatively in-
sensitive to either af or Bf. Assuming an af
=A/8= 28 MeV ', an effective moment of inertia
0 45+0 2 times the rigid sphe r ical body value s,
J„ is obtained. Such values are not inconsistent
with the liquid-drop prediction'7 of J„,/J, = 0.64.

VII. FISSION EXCITATION FUNCTIONS

As discussed in Sec. V, fission has a very dif-
ferent role in the deexcitation of the '"Tl and

IO 20 30 40

FIG. 19. Optical-model transmission coefficients T,
and partial cross sections o.= W (2l +1)T, are shown as
a function of l for 90 MeV 0 incident on SPb. Also
shown are the transmission coefficients [see Eq. (5) and
Table V] and corresponding partial cross sections as-
sumed for the fissioning system in the analysis of the
fission angular distributions —see Sec. VI of the text.

"'Th compound systems. In the former case the
s-wave fission barrier is very much above the
particle emission threshold; wherea, s in the case
of ' Th the s- wave fission barrier is similar
with the particle emission thresholds. Therefore,
fission competes much less favorably in the deex-
citation of the '"Tl compound system than in
"'Th, even though the compound-nuclear excita-
tion energies for ' 'Tl are higher than for" Th
(see Table IV).

The increase in the fission cross section for
~ O+ ~ Ta, from a few percent of the total reaction
cross section to -15% of o„ in the energy range of
the excitation-function data, can be attributed to
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the lowering of the fission barrier with increasing
angular momentum. This effect has previously
been described' in terms of a rotating liquid
drop. " The code ALICE' has been used to calcu-
late the competition between particle evaporation
and fission through the angular-momentum-de-
pendent, rotating liquid- drop fission barrier.
The initial spin distribution was calculated from
the transmission coefficients obtained from the
parabolic approximation" to a real Woods-Saxon
plus Coulomb potential. The parameters of the
Woods-Saxon potential were adjusted to reproduce

the energy dependence of the deduced compound
cross section —see Fig. 20.

In the ALICE calculation the angular momentum
of the composite system was reduced two units
for each neutron emitted, three units for proton
emission, and 10 units for n-particles emission
as prescribed in Ref.. 7. To check this assumption
the competition between the various particle de-
cays also has been calculated using the statistical
deexcitation code" GROGI. In this calculation
angular momentum is conserved at each stage in
the particle decay sequence. For the present
system, where the Coulomb barriers for charged-
particle emission are high, such calculations pre-
dict (in agreement with the ALIGE calculations)
that proton and n-particle emission shouM be
small for the whole range of angular momenta, con-
sidered. Furthermore, the GROGI calculations in-
dicate that the angular momentum reduction of two
units per neutron decay is reasonable.

Predicted "Q+"'Ta fission excitation functions
are shown with the data in Fig. 12. The calculation
which reproduces the data was obtained using the
liquid-drop value for the s-wave fission barrier
(B~~ = 13.8 MeV) and az—- 0.97a„. (az and a„are the
level-density parameters for fission and neutrons,
respectively. ) Analysis of the previous measure-
ments" "of 1 z/I'„ for this mass region from
proton and n-particle induced reactions have
yielded values of B&= 19-23 MeV and az
= (1.10-1.35)a„. Such values of Bz are in agreement
with recent predictions. " It has not been possible
to reproduce the '"Ta ("O,f) excitation function
over the entire range of incident energies with
such large values of B&. A calculation of 0& as a
function of the incident energy using a value of

B&= 1.3 B~= 18.0 MeV, and af = 1.20a„ is shown
as the dashed curve in Fig. 12. Variations of
a&/a„change the magnitude of cr&,

. however, it has
not been possible to find an energy independent
value of az/a„ to reproduce the present excitation
function over the entire range of incident energies.

FIG. 20. Comparison of optical-model total reaction
cross sections, dots, with reaction cross sections pre-
dicted using the parabolic approximation (see Ref. 7) to
the sum of the Coulomb and nuclear (%oods-Saxon form
with V =67 MeV and a =0.57 fm} potentials. Also shown
as crosses is a similar comparison for the total ~60

+ ~BPb fission cross section and the difference between
the 0+ Pb optical-model total reaction cross section
and the measured 60+~ Ta quasielastic cross section,
oz -O.qe. Such cross sections are labeled as compound
in the figure. It is possible to reproduce the energy
dependence of the total reaction cross sections with
radius parameters of 1.26 and 1.29 fm for ~Ta and

Pb, respectively. The energy dependence of the
"compound" cross section for both nuclei can be repro-
duced with a radius parameter of 1.23 fm.

VIII. SUMMARY

Systematic data on elastic, quasielastic, and

fission cross sections yield a consistent descrip-
tionof ' Q induced reactions near the Coulomb
barrier. For "Q+"'Pb, where the s-wave fission
barrier for the compound system is comparable
with the neutron threshold, nearly the entire total
reaction cross section predicted by the optical
model is observed in the fission and quasielastic
channels. The quasielastic cross section accounts
for about half of the total reaction cross section
at the Coulomb barrier and still as much as 25'%%uo
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at the highest incident energies. The observed
deviations from a 1/sin8 dependence for the "0
+' 'Pb fission angular distributions can be ac-
counted for by assuming that the initial spin dis-
tribution of the fissioning system is given by the
lower (interior) partial waves. The widths of
the spin distribtuion at the saddle point, which
reproduce the observed shapes of the fission
fragment angular distributions, give a curde esti-
mate of the effective moment of inertia at the
saddle point that is not inconsistent with a liquid-
drop- model prediction. "

In contrast, the s-wave fission barrier is con-
siderably above the particle emission threshold
for the compound and daughter Tl system formed
by "0+'8'Ta. Thus, a much smaller fission cross
section is observed than for i 0+ Pb. The
energy dependence of the "0+"'Ta fission cross
sections can be reproduced in terms of a rotating
liquid-drop model' "which yields reduced fission
barriers for the higher partial waves. However,
to reproduce the "0+"'Ta fission excitation
function, it is necessary to assume lower values

for the s-wave fission barrier (- the liquid-drop
barrier) than obtained from a similar analysis of
light- ion induced fission data. The observed
(sin&) ' angular distributions for "0+"'Ta induced
fission is consistent with the assumption that this
system undergoes fission from high-angular-
momentum states.

An optical-model analysis of the elastic scat-
tering cross sections indicates that these data
determine a real nuclear potential in a radial re-
gion which increases as the incident energy is
raised above the Coulomb barrier. Such an en-
ergy dependence was not expected.

Finally, for incident energies near the Coulomb
barrier, a significant difference was observed be-
tween the optical-model total reaction cross sec-
tion calculated using potentials which reproduce
elastic scattering and such a cross section ob-
tained from the semiclassical quarter-point
prescription. The present experimental quasi-
elastic and fission cross sections show that for
heavy ions such as "0 the quarter-point method
should not be used near the Coulomb barrier.

+Permanent address: The Niels Bohr Institute, Uni-
versity of Copenhagen, Copenhagen, Denmark.
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