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Fusion, strongly damped, quasielastic and elastic scattering yields have been measured for the

0+ ' B systems at 1 MeV ( E/A ( 4 MeV and F+ Be at 56 MeV. The significant yields

observed for the strongly energy-damped products are attributed to a fusion-fission process. This
identification is supported by statistical model calculations based on the transition-state model of
fission. The elastic scattering data present enhanced back-angle yields which can be understood in

terms of a compound elastic process. These results help to further establish the reaction systematics

in this mass region.

PACS number(s): 25.70.Jj, 25.70.Gh, 25.70.Lm

I. INTRODUCTION

Fusion reactions involving light heavy ions present
many new and interesting features [1—15]. Despite the
systematic investigations of these reactions during the
past two decades, many of the questions regarding the
limitation of complete-fusion cross sections, the relation-
ship between the gross features of the reaction data and
the structure of the involved nuclei, and the character-
istics that act as signatures of the competing reaction
mechanisms remain uncertain [16]. The diliculty in deal-

ing with these global features is that for light ions, where
the binding energy per nucleon has yet to reach satura-
tion (B/A ( 8 MeV), the single-particle characteristics
dominate over the macroscopic features of nuclei, thus
obscuring the systematic behaviors. At the same time,
valence nucleons are found to have a dramatic influence
on the competition between open reaction channels. Ad-

ditional difficulties arise in the characterization of the
competing processes experimentally because of the am-

biguities associated with the kinematics for different re-

action mechanisms. For example, different processes may
populate exit channels with a given atomic number, mass,
and energy. The lack of microscopic models able to sup-

ply a systematic description of the effects of the nuclear
structure on the fusion cross section of these light nuclei

reflects the complexity of the problem.
In this work we present a systematic study of the

6, 7, 80+ o, x&B and F+ Be reactions. Detailed mea-
surements of atomic number and mass distributions
of all charge particle channels with Z ) 2, includ-

ing the evaporation-residue, binary-reaction, and elastic-
scattering channels, were performed. Coincidence mea-
surements and velocity distribution measurements were
used to con6rm the binary nature of the reaction yields.

The specific choice of reactions to investigate was based
on three primary considerations. First, by using reverse

kinematics, the significant entrance-channel mass asym-
metries

(Aheavy Ahght)/(Aheavy + Alight)

of these systems allow for clear identification of the tar-
getlike products emitted at large center-of-mass angles.
These reaction products, which are detected at forward

laboratory angles, can be associated with long-lived in-

termediate configurations of the compound system [15].
Second, a large number of nuclear systems can be in-

vestigated using these reactions with small variation of
the entrance-channel geometrical characteristics but with

important changes in the channel spins [16,17]. Third, a
given composite system can be populated by these reac-
tions using different entrance channels, e.g. , Al formed

by the 0+ B 0+ B, and F+ Be reactions. By
varying the entrance channel, it is possible to verify that
the Bohr hypothesis of compound-nucleus reactions is

satisfied [15].
The paper is organized as follows. The experimen-

tal setup is briefly described in Sec. II. Results for the
different identi6ed processes are outlined in Sec. III. Dis-

cussions and model predictions are presented in Sec. IV.
The conclusions are discussed in Sec. V.

II. EXPERIMENTAL SETUP

The measurements were performed using ' ' 0 (22
MeV ( Eiah ( 64 MeV) and F (Eiah = 56 MeV) beams

&om the University of Sao Paulo Pelletron accelerator.
The targets consisted of self-supporting B and B foils

of areal densities between 30 and 50 pg/cm and Be
foils of areal density 200 pg/cm . Carbon buildup was

minimized during the exposure by surrounding the target
with a liquid-nitrogen-cooled ring and using a cryogenic

pumping system.
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The atomic number of charged reaction products
and elastically scattered particles was identi6ed using a
position-sensitive ionization chamber (PSIC) followed by
a large-area solid-state detector [17). The in-plane an-
gular acceptance of this detector was 6 . In addition,
mass identi6cation was achieved using a time-of-Sight
telescope (TOFT) [17] fixed at Hi b = 15' on the op-
posite side relative to the beam direction and composed
of a microchannel-plate tiine (MCP) detector, used in
conjunction with another ionization chamber, 1.8 m up-
stream &om the MCP detector. A schematic diagram of
the experimental setup is presented in Ref. [17] and Fig.
1(a). The 6E and time resolutions (bDE/b, E ( 6%
and b,t —700 ps) were suKcient to provide a unit mass
and charge resolution. Absolute cross sections, as well as
the amount of carbon and oxygen contamination present
in the target, were determined by comparing the elastic-
scattering cross sections to optical-model predictions.

A description of the angular and energy range cov-
ered by this work is presented in Table I. As indicated in
Table I(b), coincidence data between the fragments de-

tected by the TOFT 6xed at 8& ———15' and the PSIC
were obtained for the 0+ B and 0+ B reactions at
Ei b ——53 MeV. The coincidence kinematics for isO+ioB
reaction, typical of the reactions studied, is indicated in
Fig. 1(b). As evident from this figure, for the coincidence
measurements, the PSIC scanned a sufEciently wide an-

gular region 82 to cover the complete Q-value range for
all possible binary exit channels.

III. EXPERIMENTAL RESULTS

A. Elastic scattering

The experimental elastic-scattering angular distribu-
tions, presented in Figs. 2 and 3, display a general be-
havior of oscillatory decreasing cross section with angle
and a smooth back-angle enhancement. The origin of
the back-angle enhancement and its energy dependence
deserved special attention.

There are several plausible explanations for the en-

e„=15

8 ~e,&50

FIG. 1. (a) Experimental setup used for
the kinematical coincidence measurements.
The angle Hi of the TOFT was 6xed at —15'
and the Hq of the PSIC varied from 8' to
50' for the coincidence measurements. (b)
Kinematics of the binary products as a func-
tion of the mutual excitation energies for the

0+ B system at 53 MeV.
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hanced yields observed at large angles. These yields have
been variously attributed to elastic cluster transfer [18],
to the coupling of important reactions channels [19, or
to compound-elastic processes [16,17]. Here we explore
this latter possibility.

The statistical-model code STATIS [20], was used to
estimate the contribution of the compound-elastic (CE)
processes. The schematic nature of this calculation needs
to be emphasized. It is known that variations of the
level density and spin-cutoff parameters can induce large
changes in Hauser-Feshbach cross sections [21]. For real-
istic calculations, all of the important decay channels for
the relevant partial waves need to be considered.

In principle, the compound-elastic mechanism should
be considered within the more general &amework of the
binary-fission mechanism, whereas the STATIS calcula-
tion only includes the neutron, proton, and alpha-particle
evaporation channels in addition to the compound-elastic
channel. Also, in the case of the compound-elastic chan-
nel, as well as for the emission of other complex &ag-

ments, the absolute cross-section magnitude is strongly
dependent on the angular momentum distribution as-
sumed for the compound nucleus [21].

Although the above caveats suggest that a detailed
description of the experimental results cannot be ex-
pected, the STATIS calculations are still useful to gauge
the likely importance of the compound-elastic mecha-
nism. These studies can also help in establishing the an-
gular dependence of the process since full spin-weighted
calculations are done. In contrast, the fission transition-
state model, discussed later in this paper, only deter-
mines the total decay probabilities to the Gnal channels.
The transmission coeKcients for STATIS, including the
compound-elastic decay channel, were parametrized in
terms of Fermi functions adjusted to reproduce fusion
and reaction cross sections, respectively. The optical-
model (OM) parameters, indicated in Table II, were ob-
tained &om individual y2 fits to the elastic-scattering
distributions assuming an incoherent sum of direct and
compound-elastic amplitudes, with cr,~~,q,, ——croM + o CE.
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FIG. 2. Elastic-scattering angular distri-
butions o jaa„tI, for the 0+ ' B systems
at the highest energy. The solid curve rep-
resents a St of the data at forward angles to
the optical model (PTQLEMY). The dashed
curve represents fit to the statistical model
(sTATIS), and the dotted curve represents the
incoherent sum of both fits.
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The forward-angle data were 6tted by OM predictions
using the computer code PTOLEMY [22).

Fits presented in Figs. 2 and 3 indicate that the
CE contributions account very well for the structureless
behavior observed in the experimental back-angle data.
These results indicate that the CE process may fully ac-
count for the observed large-angle yields.

B. Fusion components

One of the difhculties that is &equently encountered
while analyzing evaporation-residue yields of light heavy-
ion fusion reactions is that certain elements can be pro-
duced by multiple-reaction mechanisms. As an example,
the incomplete-fusion mechanism occurs when nucleon or
light-fragment emission takes place early in the reaction
process, thus leading to a composite system whose lin-
ear momentum is difFerent from that of the projectile.
This incomplete-fusion system might subsequently decay

by light-particle emission to produce the same elements
formed by the complete-fusion process [16,23—25]. As
a second example, a given element might be produced
as the end product of a chain of light-particle evapo-
rations or, alternatively, it might be produced directly
through the binary decay of the compound nucleus or
even through a direct transfer process.

To help resolve these ambiguities, it is useful to an-
alyze the velocity spectra converted to the center-of-
mass kame. Since the shapes of velocity spectra for
evaporation residues can be satisfactorily reproduced by
statistical-model calculations [23—25], channels in which
evaporation residues and other components are simulta-
neously present can be unfolded by subtracting &om the
experimental spectra the evaporation-residue yield pre-
dicted by these calculations.

In the present analysis, reaction products with Z = 12,
11, 10, and 9 were identi6ed as being essentially evapo-
ration residues (ER's) resulting from a complete-fusion
process. On the other hand, the elements with Z = 3, 4,
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TABLE II. Optical-model parameters for the ' ' 0+' ' 'B reactions.

E&~b (MeV)
16p+10B

42
56
64

Vp (MeV)
100
100
100

(fm)
1.15
1.15
1.21

a„(fm)
0.64
0.64
0.64

Wp (fm)
4.2
7.2

15.0

r; (fm)
1.80
1.74
1.50

a, (fm)
0.57
0.70
0.76

42
56
64

17p+11B
42
64

"0+"B
42
56
64

18Q+10B
32
40
48
55
63

18Q+11B
32
40
48
55
63

100
100
100

100
100

100
100
100

100
100
100
100
100

100
100
100
100
100

1.15
1.15
1.21

1.15
1.21

1.15
1.15
1.21

1.15
1.15
1.15
1.15
1.21

1.13
1.15
1.15
1.15
1.21

0.64
0.64
0.64

0.64
0.64

0.64
0.64
0.64

0.64
0.64
0.64
0.64
0.64

0.65
0.64
0.64
0.64
0.64

4.2
7.2

16.2

7.0
8.4

7.2
6.4
8.4

6.7
8.5
7.8
7.3

12.9

8.2
7.0
7.9
7.3

11.8

1.66
1.80
1.47

1.64
1.65

1.65
1.83
1.66

1.52
1.53
1.59
1.63
1.47

1.46
1.63
1.60
1.63
1.50

0.74
0.72
0.77

0.70
0.70

0.73
0.70
0.75

0.43
0.70
0.78
0.76
0.72

0.44
0.70
0.78
0.75
0.72

be = 10%—15%, reHect counting statistics, extrapolation
of the data to zero and large angles, uncertainties in the
determination of target thickness and detector solid an-
gle, and errors originating from subtraction of contribu-
tions from contaminants and binary-reaction processes.
Differential cross sections for complete fusion are pre-

sented in Figs. 7—9. The curves are the predictions of
the code 1.1LITA [24], scaled to the data. Good overall
agreement between the calculated and experimental re-
sults is observed.

Experimental excitation functions are presented in Fig.
10. Fits to the evaporation-residue excitation function
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FIG. 5. Unfolding of the B( 0, N) Q-value-converted spectrum assuming a N+ C binary channel. (a) The solid
line corresponds to the raw data, and the dashed spectrum corresponds to the evaporation-residue contributions (calculated
using the statistical-model code LILITH); the hatched spectrum corresponds to the resultant subtracted spectrum associated
with nonevaporation-residue nitrogen components. (b) The B( 0, N) q-value spectrum obtained &om the raw data. No
evaporation residues are predicted or observed in this channel.
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FIG. 6. Comparison between the experimental angular distributions for several evaporation residues (circles) and the Monte

Carlo Hsuser-Feshbsch calculations normalized to the data (LILITA) for the 0+ B reaction at E~ b = 64 MeV.

were done with the Glas-Mosel model [26] to determine
the fusion barrier height Vjy and barrier radius B~. The
experimental V~ and B~ values are listed in Table III.
The extracted barrier parameters follow, within the ex-
perimental uncertainties, the overall systematics estab-
lished for this mass region [16].

IV. BINARY-REACTION CHANNELS

A. Inclusive cross sections

After extracting the ER yields resulting from light-
particle evaporation from the compound nucleus, there
remains a second reaction component that also appears
to result &om compound-nucleus decay. This origin can
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TABLE III. Experimental values for fusion barriers height

(V~) and (Rs) obtained in the present work and from Ref.
[25].
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FIG. 9. Same as Fig. 7 for the 0+ ' B reactions.

bon, oxygen, and Buorine channels. Their angular dis-
tributions are presented in Figs. 11—13. The anisotropy
of these angular distributions about 8, = 90' may be
associated with the "lifetime" v of the intermediate nu-

clear configuration by using the Regge-pole model [27].
The lifetime w = o./u is related to the observed "life an-
gle" o. and the intermediate nucleus angular velocity u.
To determine these quantities, the experimental angular
distributions were fitted by the expression
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FIG. 10. Experimental fusion cross sections plotted vs
1/E, for the ' ' 0+ ' B systems.

be deduced by noting that the contours of constant in-
variant differential cross sections for these yields as func-
tions of their longitudinal and transverse velocity com-
ponents v~~ x v~, as shown in Fig. 4, are centered at
the velocity of the center of mass. Assuming a binary-
decay process, as will be confirmed by the coincidence
measurement, it is possible to establish &om these data
channel-dependent values for the most probable total ki-
netic energies (TKE) and corresponding q values, with
the most probable mass value for each nuclear charge
determined by the TOFT data.

Contributions &om binary-reaction processes were
clearly identified in the lithium, beryllium, boron, car-

JO

dO sin 8,
2 —8.

(2)

Values obtained for the life angle o, are indicated in
Figs. 11—13. Long-lived nuclear configurations (r
2m/u), associated with large life angles, present isotropic
angular distributions in the reaction plane (do/dO oc

1/ sin8). This was found for the C, B, Be, and Li prod-
ucts, associated with targetlike particles, for all of the
systems and energies investigated. Alternatively, the N,
0, and F products, associated with projectilelike parti-
cles, present forward-peaked angular distributions with
different 25' & n & 45', suggesting that a more periph-
eral reaction mechanism dominates the small-angle yields
in these channels.

Reaction anisotropies can also be deduced for indi-
vidual masses identified by the TOFT fixed at 8~ b ——

15' as shown in Fig. 14. Assuming binary decays,
the angular distributions for the partners z-y =C-N,
O-B, F-Be, Ne-Li must have similar behavior, that is, if
they originate from the same long-lived process, do(z, 8)
= do(y, (m —8)). The absence of this symmetry in some
of the C-N cases, as illustrated in Figs. 11—13, again sug-
gests a significant direct-reaction component dominating
the forward-angle nitrogen distributions.

A general feature to the non-ER energy spectra, as
seen, for example, in Fig. 5, is the superposition of
narrow peaks on the otherwise bell-shaped distributions.
These peaks are associated with the mutual excitation
of particle-bound states (or relatively long-lived states)
of both projectilelike and targetlike reaction &agments.
This fact further supports the binary nature of the pro-
cess as this structure will be attenuated for more com-
plicated processes involving three or more particles. It
is interesting to note that the structure persists to very
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negative Q values, indicating a high selectivity in the
breakup process.

Although the singles data offer compelling evidence of
significant binary-reaction yields, the experimental con-
firmation of such yields requires the detection of both
&agments in coincidence. In the next section, we discuss
such coincidence measurements.
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FIG. 14. Differential cross sections for some binary reac-
tion products identi6ed in A and Z. Same as Fig. 7 for the

O+ ' B reactions.

B. Coincidence measurements

Coincidence data between the &agments detected
by the TOFT (do/dA) (Zq, Aq, Hq) and the PSIC
(der/dO)(Z2, 82) were obtained for the ~sO+MB reaction
and ~rO+~~B reaction at 53 MeV (see Fig. 15). This lat-
ter detector covered a wide angular region 8' ( 02 ( 50'
and had good efficiency for detecting the recoil fragments
associated with the particles identified in the TOFT.

13
I I I I I I I

18O +10EI

E„=53MeV

9 I L=5%
L

8
64 7 O ~

6 0 ~ ~

5
4
3
2
1

I I I I I I

0 1 2 3 4 5 6 7 8 9 10 ll 12 13

FIG. 15. Typical coincidence matrix Zq (TOFT at 16')
vs Z2 (PSIC at es integrated over the angular range
8' ( Hs ( 50') for the 0+ B reaction at E~~b = 53 MeV.
The size of the square is linearly proportional to the relative
intensity of the pair.
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The angular region covered by the PSIC was sufhcient to
scan the complete Q-value spectrum of the fully energy-
damped binary products (see Fig. 1(b)). To establish
the binary-reaction nature of the coincidence yields, en-
ergy spectra (d o/dAqd02dQ) are generated for specific
reaction pairs and compared to the corresponding singles
spectra of (d2o /dOqdQ) obtained with the 5' TOFT. The
results, as well as similar results for the other reactions
studied, indicate the doxninance of binary reaction prod-
ucts for those yields that are not associated with the ER
mechanism.

A typical coincidence matrix for the binary products
is presented in Fig. 15. The sizes of the squares are
proportional linearly to the differential cross sections
(d o'/dAqd02dQ). The Zq + Z2 ——ZCN line represents
the loci for binary products. The effect of secondary
light-particle emission, which results in the population of
channels with Z~ + Z2 ( ZcN, is small. It is only for
the heaviest &agments observed in the TOFT detector
(corresponding to large Zq) where this effect, associated
to the contributions of evaporation residues, is found to
be signi6cant. It should be noted that the binary nature
of the reaction products has also been verified in terms of
the mass of the fragment using the xnass identification of
the TOFT in conjunction with the position information
of the PSIC and binary-reaction kinematics.

C. Properties of the binary products
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FIG. 16. Experimental values for the total kinetic energy

(TKE) for the ' ' ' 0+' "Bsystems. Curves describe pre-
dicted values on the basis of Eq. (3) (for details see the text).

The forward-peaked angular distributions and corre-
sponding small life angles a of the Z & 7 elements reveal
a major contribution of direct processes. However, in
the case of Z & 6 elements, the isotropic angular dis-
tributions point toward a process in which a long-lived
intermediate nuclear con6guration is formed. Two com-
peting processes, deep-inelastic orbiting and compound
nuclear fusion, may produce such yields.

TKE of the bina~-maction component

Experimental values for the total kinetic energy (TKE)
in the exit channels as a function of bombarding energy
are shown in Fig. 16. The values are obtained under the
assumptions that arise &om binary processes using the
most probable mass values identi6ed by the TOFT. For
the fully energy-damped processes, the TKE is expected
to peak at a value related to the potential energy of the
system at scission, with

(h'l
(TKE) = V~+ V~+ I

—
~
[~(~+1)],

where VN describes the nuclear interaction potential, V~
the Coulomb interaction, and the third term describes
the centrifugal energy. The curve in Fig. 16 describes the
predictions based on the nuclear shape extracted at the
saddle-point configuration (see Sec. V A) for a fissioning
compound nucleus.

2. Ento ance-channel dependence

Recent measurements have demonstrated the presence
of strongly energy-damped binary processes in heavy-
ion reactions [3—10,28—32]. In the case of systems with

2~+32 & 40, a controversy has developed concerning the
reaction dynamics leading to the emission of these com-
plex kagments. Two competing processes, deep-inelastic
orbiting and compound-nucleus (CN) fusion followed by
fission, have been suggested as possible mechanisms.
Both processes lead to totally relaxed reaction products.
Therefore the 1/sin8 angular distributions cannot be used
as a signature of the process. The main experimental
observable that can be used to distinguish between a di-
rect reaction orbiting mechanism and a CN fusion-fission
process is the presence or absence of an entrance-channel
dependence for the energy-daxnped yields. The orbiting
mechanism, where the colliding nuclei form a complex
dinucleus without reaching the more compact configura-
tion of an equilibrated compound nucleus, is expected to
be strongly dependent on the specific nature of the en-

trance channel. The fusion-fission process, alternatively,
assuxnes the formation of an equilibrated CN, where the
only memory of the entrance channel is through the con-

served quantities. This criterion, independent of calcula-
tion uncertainties and based on the Bohr hypothesis, is

a fundaxnental characteristic of coxnpound-nucleus pro-
cesses.

This criterion has been used in the case of the reactions
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A quantitative comparison can be made by calculating
the excitation functions for the angle-integrated cross sec-
tions (assuming a 1/sin8 dependence) of several products
as a function of the compound-nucleus excitation energy
(ECN). This comparison is shown in Fig. 17 and indi-
cates that all of the excitation functions for a given com-
pound nucleus (2sA1) leading to the same decay channel
are identical, independent of entrance channels. A simi-
lar conclusion is reached by comparing the ratio of yields
for different exit channels as a function of the excitation
energy of the emerging &agments. Figure 18 presents the
ratio R = oc/0B of yield for carbon products (oc) com-
pared to the yield for boron (o B) for three entrance chan-
nels populating the same compound nucleus. Although
it is not possible, in general, to form a compound nucleus
with the same excitation energy and angular momentum

distribution using two different entrance channels, those
involved in this measurement achieve similar conditions.
For the same compound-nucleus excitation energy, the
angular momentum distribution inferred from the fusion
cross section appears to be similar to within 1h, assum-

ing a given l diffuseness. The only deviations observed in

Fig. 18 are associated with the discrete states at E' ( 7
MeV, which presumably are populated preferentially by
direct processes.

V. THEORETICAL DESCRIPTION
FOR THE REACTION MECHANISM

A. Fusion-Sssion calculations

The findings reported above suggest that the strongly
energy-damped yields result &om a compound-nucleus
process. This origin is supported further when a compar-
ison is made between the predictions of statistical fusion-
fission calculations and the experimental mass distribu-
tions.

Fission cross sections were calculated within the &ame-
work of a transition-state model, where the probability
of the compound nucleus decaying by the fission mech-
anism is determined by the available phase space at the
saddle-point configuration. Since the details of these cal-
culations are presented in Ref. [30], in the following dis-
cussion we will give an overview of the model and concen-
trate on those aspects that are particularly relevant to the
light systems being studied in this work. In these calcu-
lations fission is assumed to compete with light-particle
emission &om the compound nucleus with a branching
ratio given by

FIG. 17. Excitation function of the strongly en-
ergy-damped yields (Z = 3, 4, 5, and 6) from 0+ B,

0+ B, and F+ Be reactions as a function of the Al
compound-nucleus excitation energy. The dotted curves rep-
resent the "transition-state-model" calculations, considering
spin- and mass-asymmetry-dependent saddle-point energies.

(4)

where I't t is the total decay width, I'f is the fission
width, and I' are the partial decay widths for light-
particle emission (x = n, p, or n). The light-particle
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widths are calculated in terms of the evaporation-residue
level densities, as discussed in Ref. [33]. The fission
width I'f is obtained &om the truncated sum of the par-
tial fission widths to specific channels I'f (ZI„AL,), with

ACN /2 AL /2+2

ZL, ——AL, /2 —2

I'f (ZI„AI, ) .

I' (Z, A )= ' T „()d, o 2vrhpcNA(E, JCN)

where

E = ECN —E~(Z, A) —Eg " (Z, A) .

E~ is the measured binding energy of the nucleus,
and E& " is the corresponding macroscopic energy
without considering the pairing energy [34]. The

The partial widths, specified by the charge ZL, and mass
AL, of the lighter &agment, are determined by counting
the number of configurations available to mediate the
fission decay at the saddle point. Denoting the saddle-
point level density as pf, the partial widths are then given
by

spin- and mass-asymmetry-dependent saddle-point en-

ergy V, qadi, (J~N ~), included in the b, V term and de-
termined with respect to the macroscopic energy ground
state of the compound nucleus, was found using the
double-spheroid approximation discussed in Ref. [30].
AV, h ~~, also included in the AV term, represents a shell

energy correction which was approximated by the sum
of the signer energy corrections for the two nascent fis-

sion fragments [30]. A sharp cutoff approximation is used
for the transmission coeKcients, with unit transmission
for energies above the barrier and blocked fission decay
below the barrier. The integration variable e can be en-

visioned as the radial component of the kinetic energy at
the saddle point. It was set an upper limit of t „=20
MeV.

A Fermi-gas level-density formula was used for both
the light-particle evaporation residues and saddle-point
configuration with the level-density parameters for the
evaporation residues a and fission saddle point ay as-
sumed to be equal, using a = af = A/8 MeV. This is

the same level-density assumption that was found to suc-
cessfully describe the fission behavior in heavier systems
with 40 & AgN ( 80 [30].

An important difference between the present calcula-
tion and the corresponding calculations in heavier sys-
tems is that a significantly better reproduction of the
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transition-state model (open histogram). The solid histograms correspond to orbiting calculation for the highest bombarding
energy.
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light-system results is achieved by increasing the l difFuse-
ness of the fusion partial-wave distribution to 25, rather
than using the value of 1h that was found to give the best
overall results in the heavier systems. This change tends
to increase the predicted fission yields since it places more
cross sections in the higher partial waves that are more
likely to lead to fission. It is not possible to claim, how-
ever, that these results indicate a characteristic difference
between the fusion partial-wave distributions in light and
heavier systems. At least two alternative possibilities can
be suggested. The first is that the fission barriers are be-
ing systematically overpredicted in the lighter systems.
Lowering these barriers will increase the predicted fis-
sion yield. A second possibility is that taking the ratio
of level-density parameters as a /ay = 1 is too simplis-
tic. The highly deformed saddle-point configuration is
very difFerent &om the more spherical shapes expected
for the evaporation residues, and it is possible that the
level-density parameters will refiect the difference.

The predictions of the transition-state calculations for
the fission mass and charge distributions are compared
to the experimental results in Figs. 19—22. In mak-
ing this comparison, it is necessary to correct the cal-
culated fission distributions for the effects of secondary
light-particle emissions &om the fission &agments. This
correction was accomplished by using the binary-channel
option of the Monte Carlo evaporation code LiLITA [24].
The resulting predictions are found to be satisfactory in
reproducing the charge, mass, and bombarding energy
dependence of the observed yields, thus supporting the

idea that these yields arise &om a fission process medi-
ated by a saddle-point transition state.

Using the double-spheroid approximation for the
saddle-point energy, it is possible to also estimate the av-
erage kinetic energy in the fission channels. This is done
by assuming that the saddle- and scission-point config-
urations are similar and calculating the relative energy
of the two spheroids assuming that their centers do not
move significantly as the neck snaps [30]. These results
are compared with the experimental (TKE) values in Fig.
16 and are found to be in good agreement. This further
supports the use of the double-spheroid approximation
in describing the fission saddle point.

B. Deep-inelastic orbiting calculations

The equilibrium model for fusion and orbiting devel-
oped by Shivakumar et al. [31] gives an unified descrip-
tion of fusion and binary decay &agments in terms of
an orbiting, dinuclear complex. In a similar way to that
of Beck et ol. [7,8,28], we compare the experimental re-
sults for ~ ' O+ ~ B with the predicted cross sec-
tions &om this model for orbiting.

The model uses the Bass parametrization of the nu-
clear interaction, where the universal function g(s), of
the surface separation 8, is responsible for the strength
of the interaction. According to Shivakumar et al. , this
strength can be used as a parameter of the model. We
have imposed some reasonable limits for g(s) from the
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Bass description of this function [35,36]. This is shown
by the shaded area in Fig. 23.

We adjust the parameters in order to reproduce with a
reasonable agreement the experimental fusion cross sec-
tion, and in doing so, we extract the predicted orbiting
cross sections (see Figs. 19—22).

C. Number of open channels

Qs, f~
™xps(E, I))TP "'(E)rdE

Q)(2l + 1)T)'"
(8)

The 2C+ C and C+ 0 systems show very low
minimum values (= 10 ). This is consistent with the
prominent resonant behavior clearly described for these
systems [12,38] and for which important orbiting yields
may be expected. On the other hand, the B+O sys-
tems show much higher values for the NOC. In the case
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FIG. 23. Bass potential parameter g(s) used in the calcu-
lations of the "orbiting yields. "

Either the fusion-fission reaction or orbiting processes
are dominated, in the angular momentum space, by the
highest-l partial waves, located around the l grazing.
Therefore it is important to calculate the number of open
channels (NOC) available to carry away the grazing an-
gular momentum l~ of the composite system. Studies
reported in the literature [12,37] have shown for several
systems a strong correlation between the existence of very
low NOC and the occurrence of resonant behavior and
back-angle enhancement in the elastic, inelastic, or n-
transfer channels. These systems, basically composed of
n nuclei, presented the important deep-inelastic orbiting
yields.

The NOC has been calculated for the systems inves-
tigated in the present work, as well as for the C+ C
and i2C+isO systems (see Fig. 24). The NOC is de-
termined by the Hauser-Feshbach denominator for the
grazing partial wave. The level density of states avail-
able is described by the Fermi-gas expression. Namely,
the number of open channels per unit of incident 8ux is
given by

x10 -I5

Z

Z

100+ B

170 10B

17o
~ ~ ~ ~'

11B

z'

UJ
a

~10—
Z2
x
O
z 10
CL
O

O

~~10

II

Uz 10"
I I I I I I I I I

0 5 10 15 20 25 30 35 40
GRAZING ANGULAR MOMENTUM (5)

FIG. 24. Number of open channels for the decay of the
compound nucleus normalized to the incident Hux, as a func-
tion of the entrance-channel grazing angular momentum.

of heavier systems, strongly energy-damped yields pro-
duced by reaction with large NOC have been associated
with the occurrence of fusion-fission processes [37]. The
large phase space available for the decay of the 0+B
system (e.g. ,

—104 times larger than in the C+C case)
further supports the fusion-fission picture for the origin
of the binary energy-damped yields.

VI. CONCLUSIONS

The 16~17i18O+10~11Band 19F+9Bereactions
investigated over a wide energy regime. Elastic, strongly
energy-damped, and evaporation yields were determined
using both singles and coincidence measurements. The
coincidence data were particularly useful in helping to
characterize the binary component of the reaction yields.

Results presented in this work indicate that statisti-
cally equilibrated compound nuclei formed in these reac-
tions can decay by either light-particle emission or binary
fission. The observed yields are shown to be consistent
with statistical-model predictions. No evidence is found
for an incomplete-fusion process at the energies mea-
sured. The analysis of the elastic-scattering back-angle
cross section based on Hauser-Feshbach calculations sug-
gests an important contribution of the compound-elastic
yields. This is consistent with the evidence for significant
binary-fission yield.

The excitation functions of fusion-fission cross sections
in the (B+0)' channel as well as compound-elastic cross
sections allow one to determine, as shown in Fig. 25, the
"inelastic fission" barriers (V~ ) as well as compound-
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16Q+10B
16Q+11B
17Q+10B
17Q+11B
18Q+11B
18Q+11B

VF (MeV)
12.5+1.0
13.7+1.0
13.0+1.2
13.4+1.0
11.7+0.9
12.5+0.8

VF (MeV)
13.9+0.9
14.8+1.0
13.5+0.9
14.5+0.7
12.7+0.6
13.3+0.6

TABLE IV. Experimental values for "elastic fission barri-
ers" (Ve) and "inelastic" fission barriers (Vp ).
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0
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E
Q. 'l5 o

—0.'l0

—0.05

0.04 0.08
'I/E, „[MeV)

0.12
'0

16O+10EI
'.fusion Satisfactory fits were obtained for our data, both for

evaporation residues and mainly for fusion-fission prod-
ucts, expanding the validity of statistical and liquid drop
models for such light systems [39]. The success of the
transition-state model in describing such processes, as
shown in Figs. 17 and 19—22, supports the applicability
of statistical models in very light nuclear configurations.

These results suggest the possibility of investigation
of highly deformed configurations in very light nuclear
systems.

FIG. 25. Total compound elastic and fission cross section
for the (B+0)" channel as a function of 1/8,

elastic or an "elastic fission" barrier VF associated with
the threshold for production of inelastic binary products
and compound-elastic yields, respectively (see Table IV).
The consistency of those values further supports the pic-
ture proposed for the reaction mechanism.
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