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Limitation of the fusion cross section for the 12C1 11B system atEc.m.536.5 and 41.7 MeV
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Inclusive spectra of protons,a particles, and heavy ejectiles as well as coincidence spectra of protons and
a particles with heavy ejectiles were measured for12C111B system at several angles and at two laborabory
energies of11B: 70 and 80 MeV. A Hauser-Feshbach model analysis was performed for inclusive and coin-
cidence spectra to extract the fusion cross section values 8006 50 mb and 7506 50 mb atElab 70 and 80
MeV, respectively. These values are in agreement with the limitation of the fusion imposed by entrance
channel conditions and by properties of the compound nucleus, in contradiction to results of earlier investiga-
tions which suggested an anomalous energy dependence of the fusion.@S0556-2813~96!02610-6#

PACS number~s!: 25.70.Jj, 24.60.Dr, 25.70.Gh
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I. INTRODUCTION

Fusion process plays an important role in nuclear col
sions in a very broad range of energies. The energy dep
dence of the fusion cross section for light heavy-ion syste
exhibits different behavior in three beam energy regions@1#:
In the low energy region—Ec.m. smaller than approximately
two heights of the Coulomb barrier~‘‘region I’’ !—the fusion
cross section is proportional to 1/Ec.m.. This is well under-
stood in terms of the barrier penetration effects. At high
energies~‘‘region II’’ ! the fusion cross section decrease
substantially due to a dynamical competition between fusi
and peripheral reactions mediated by both: properties of
compound nucleus and specific features of the entrance ch
nel. A highest energy range~‘‘region III’’ ! is characterized
by a rapid falloff of the fusion cross section@2#, due to the
lack of fulfillment of conditions for the formation of a com-
pound nucleus at higher angular momenta.

A typical example of such an energy dependence is p
sented in Fig. 1~a! for 18O1 12C @3–6#. In the case of the
12C1 11B system, however, the experimental values of th
fusion cross sections at energies from region II stay acco
ing to results of Ref.@7# almost constant as shown in Fig
1~b! instead of decreasing with energy. Such an unusual
ergy dependence of the fusion cross section in this ene
region seems to be in contradiction with the distinct mon
tonic decrease of the fusion cross section predicted by d
ferent fusion models. It is interesting to stress that an anom
lous behavior was observed for this system also in anot
reaction. Experimentally it was found that elastic and inela
tic proton transfer has a very large probability@8–10#. What
is more, the energy dependence of the elastic transfer cr
section shows an anomaly, which in the direct reactio
model analysis could be only simulated by introducing th
unphysical assumption of an energy-dependent spectrosc
factor of 12C @8#. This stimulates suspicion that both anoma
lies, in the fusion cross section as well as in elastic transf
could have some common origin, being somehow coupl
through the mechanisms of both processes.
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Having this in mind we performed in the present work
precise measurement of the fusion cross section for
12C1 11B system at two energiesEc.m.5 36.5 and 41.7 MeV,
where a distinct decrease of the the fusion cross sectio
expected according to fusion models. Usually the fusi

FIG. 1. Experimental fusion cross section as a function of
reciprocal c.m. energy of colliding nuclei~a! for 18O112C ~ @3–6#!,
~b! for 12C111B system@7#.
1720 © 1996 The American Physical Society
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54 1721LIMITATION OF THE FUSION CROSS SECTION FOR . . .
cross section is extracted from the inclusive spectra of
evaporation residua. However, for light heavy-ion collisio
at higher energies this may lead to confusion due to the c
siderable contribution from direct processes. To avoid a
ambiguity the inclusive measurements of the energy spe
~of both heavy nuclei and light particles! were supplemented
by coincidence measurements of protons ora particles with
heavy ejectiles.

The results of the measurements were compared w
Hauser-Feshbach model predictions. The fusion cross sec
was the only free parameter in this analysis while the valu
of the other parameters of the model were taken from ear
investigations of fusion reactions published in the literatu

The experimental procedure and the results are prese
in Sec. II of the paper. The description of the statistic
model analysis and discussion of the limitation of the fusi
cross section follows in Sec. III, while a summary with co
clusions is provided in Sec. IV.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The measurements have been performed at the Labor
rio Nazionale del Sud~LNS! in Catania, Italy. The experi-
ment has been done with the11B ion beams of 70 MeV and
80 MeV laboratory energies from the 13 MV SMP Tande
Van de Graaff accelerator. The12C foil with a thickness of
0.2 mg/cm2 served as the target. The measurements w
performed usingDE-E counter telescopes for particle iden
tification. Inclusive energy spectra for light particles~protons
anda particles! and heavy reaction products as well as c
incidence energy spectra of light particles with heavy eje
tiles have been measured in a broad angular range. For
measurement of the inclusive energy spectra of the B, C,
O, F, and Ne nuclei, an ionization chamber was used as
DE counter and the semiconductor position-sensitive det
tor as theE counter@8#. The range of laboratory angles wa
from 5° to 27°, covered in 2° steps. The overall ener
resolution of the telescopes was about 500 keV while tha
the DE counter was sufficient to allow an unambiguou
charge identification of the detected reaction products.
the determination of the energy spectra of protons,a par-
ticles, Li and Be nuclei thedE-DE-E telescopes consisting
of Si surface barrier detectors of thickness 10-300-30
mm or 50-400-3000mm, with a solid angle of 0.3 msr were
used @11#. The energy resolution of these telescopes w
around 200 keV. Also in this case a very good charge id
tification has been obtained. The measurements covered
range of laboratory angles from 10° to 110°, divided into
steps atElab(

11B! 5 70 MeV, and the angular range from 5
to 34°, divided into 1° steps at 80 MeV.

In all the measurements the accuracy of the energy c
bration was about 300 keV. The detection energy thresh
depended on the experimental conditions and was within
range of 5 MeV~for Li ! to 25 MeV ~for Ne! for heavy
ejectiles and about 8–12 MeV for light particles. The abs
lute values of the cross sections were determined from
measured counting rates, the target thickness, the s
angles of detecting systems, and the integrated beam cha
The uncertainty of the absolute normalization was estima
to be about 7%.

The ejectiles with differentZ in the range 1–10 were
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identified on the basis of the two-dimensional energy plot
In Fig. 2 an example of such plot is shown for a measure
ment with thedE-DE-E detector system.

Typical experimental energy spectra of all the reactio
products from protons anda particles up to Ne nuclei are
shown in Fig. 3. According to qualitative features the spectr
can be grouped into three categories. One group is chara
terized by the presence of a broad bump near the ener
Ec5

1
2mejectilevc.m.

2 wherevc.m. is the center-of-mass velocity
~in Fig. 3 arrows labeledc), which can be attributed to the
reaction proceeding through the compound nucleus form
tion. Another group of the energy spectra exhibits discre
peaks near the energyEb5

1
2mejectilevbeam

2 corresponding to
the beam velocity~in Fig. 3 arrows labeledb), which can be
explained as caused by direct reactions. The energy spec
of Ne, F, and O nuclei belong to the first group. The energ
spectra of Li and Be nuclei possess characteristic features
the second type. In the energy spectra of B, C, andN nuclei
one can find signatures of both groups described abov
which suggests contributions of both reaction mechanisms

The two-dimensional coincidence energy spectra of pro
tons ora particles with heavy ejectiles were measured fo
six angular configurations. Ejectiles were detected andZ
identified by five Si telescopes positioned on both sides o
the beam. Two of them~10-300-3000mm, for heavy ejec-
tiles!, were placed at27° and214°, and three other~50-
400-3000mm, for light particles! were at17°, 114.4°, and
121.6° .

In Fig. 4 examples of these coincidence spectra are show
which exhibit all typical features observed in the present ex
periment. For coincidence energy spectra ofa particles with
Li ejectiles one can notice a strong grouping of events on th
three-body kinematical curve of the12C~11B, a 7Li !12Cg.s.
reaction. The coincidence pattern ofa particles with heavy
ejectiles~nuclei C–F! and that of protons with heavy ejec-

FIG. 2. Two-dimensional plot used for particle identification.
On the horizontal axis the total energyEt5dE1DE1E is shown,
on the vertical one an identification parameter equal todE3Et .
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FIG. 3. Experimental energy
spectra~LAB ! of various products
originating from the interaction of
the 11B projectiles with the 12C
target nuclei at 70 MeV laboratory
energy. The energy spectra o
heavy ejectiles are measured at 7
and those of light particles (a,p)
at 10°. Arrows labeledb and c
show the energy of the particle
moving with the beam velocity
and center-of-mass velocity, re
spectively. For ejectiles heavier
than the beam particle11B the ar-
row b lies outside the plot.
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tiles exhibit a completely different structure. All the event
lie inside the three-body kinematics area, which sugge
their origin in more than three-body reactions. An interm
diate behavior is shown in thea-B coincidence spectrum,
where many events lie in a strip around the three body kin
matical curve, grouped in few peaks, but there is also quit
large amount of many-body reaction events.

III. STATISTICAL MODEL ANALYSIS

From an examination of the qualitative features of th
experimental spectra, discussed in the previous section,
can conclude that the nuclear reactions in the studied nuc
system 12C1 11B proceed via direct as well as compoun
nucleus mechanisms. We focus our attention on the p
cesses connected with the formation of the compou
nucleus. To describe them the statistical model formalis
was applied in the frame of the Hauser-Feshbach model@12#.
This model contains several parameters which should
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fixed in a reliable, unambiguous way. The procedure used
this purpose is described in the first subsection, Sec. III
Results of the calculations of inclusive and coincidence e
ergy spectra are compared with the experimental data in
second subsection, Sec. III B. Various models for limitatio
of the fusion cross section are discussed in the third subs
tion, Sec. III C, and their predictions are compared with th
experimental fusion cross section obtained in the present
periment.

The calculations were performed with the aid of the com
puter codePACE-2 @13# modified by Kistryn@14# to allow
extraction of coincidence spectra of the evaporated particl
(a,p,n) and evaporation residua.

A. Parameters used in the Hauser-Feshbach
model calculations

The main ingredients of the Hauser-Feshbach model a
the probability of compound nucleus formation and the pro
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FIG. 4. Two-dimensional energy spectra for~a! a-Li, ~b! a-B, ~c! a-N, and ~d! p-O coincidences. The solid lines show kinematica
curves for~a! 12C(11B, a 7Li !12C g.s., ~b! 12C~11B, a 11B!8Be, ~c! 12C(11B, a 15N!a, and~d! 12C(11B, p-17O!5He processes.

FIG. 5. Comparison of the experimental energy spectra~histograms! with the Hauser-Feshbach model calculations~solid lines! for the
Ne, F, and O nuclei emitted atu lab 5 7° at Elab570 MeV ~left side! andElab580 MeV ~right side!. The sharp low-energy cut in the
experimental data is due to the detection energy threshold.
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FIG. 6. Comparison of the experimental energy spectra~histograms! with the Hauser-Feshbach model calculations~solid lines! for O
nuclei produced at different laboratory angles for both beam energies (Elab570 MeV, left side,Elab580 MeV, right side!. The sharp
low-energy cut in the experimental data is due to the detection energy threshold.
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ability of evaporation of light particles from the compoun
nucleus. These probabilities are determined by transmiss
coefficientsl fus, in the entrance and exit channels, the de
sity of states of nuclei produced during various stages of t
evaporation process, and by the fusion cross section. T
transmission coefficients as well as the density of nucle
levels depend on parameters of the phenomenological form
las ~of the optical model potentials and level density formu
las, respectively!. Thus the fusion cross section could be de
termined unambiguously as the only free parameter
Hauser-Feshbach model calculations by comparison of
calculated spectra of different ejectiles with the experimen
ones.

The following prescription has been applied to fix value
of the parameters of the model.

The optical model potentials which reproduce well th
experimental data on the elastic scattering in the entran
and the exit channels were used. The transmission coe
cients in the entrance channel were obtained with the opti
d
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model using the parameters from Ref.@8#. In the case of the
exit channel the optical model calculations were perform
employing potentials for protons and neutrons from the co
pilation of Perey and Perey@15# and for a particles those
from Ref. @16#.

At low excitation energies the existing experimental in
formation on the energy (E* ) and spin (I ) of individual
levels was used@17,18#. At higher excitation energies (E* )
the commonly accepted Gilbert-Cameron parametrization
the level densities@19#, given by the formula

r~E* ,I !5
1

24A2s3a1/4
exp2@a~E*2D!#1/2

~E*2D!5/4

3~2I11!exp
2~ I11/2!2

2s2 , ~1!

with spin cutoff parameter
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FIG. 7. Comparison of the experimental energy spectra~histograms! for the N, C, B, Be, and Li nuclei produced atu lab 5 7° in the
12C111B reaction atElab570 MeV, with the Hauser-Feshbach model calculations~solid lines!. In the case of beryllium, the HF model
predictions are very small. The sharp low-energy cut in the experimental data is due to the detection energy threshold.

FIG. 8. Comparison of the experimental energy spectra~histograms! of a particles~left side! and protons~right side! measured at 10° and
61° with the Hauser-Feshbach model calculations~solid lines!. The sharp low-energy cut in the experimental data is due to the detec
energy threshold.
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1726 54M. KISTRYN et al.
s250.0888@a~E*2D!#1/2A2/3,

was accepted. This parametrization contains two basic
rameters: the level density parametera and pairing energy
D.

The value of the level density parametera was calculated
according to the formula given in Ref.@19#:

a5A@0.00917~SZ1SN!10.142#, ~2!

with shell corrections for protonsSZ and for neutronsSN
published in Refs.@19,20# for nuclei with charge numberZ
and neutron numberN both >9. For lighter nuclei we as-
sumed a mean value of(SZ1SN) equal to 6.2 MeV based
on the known values of the shell corrections for nuclei wi
Z and N in range 9–12~from 18F up to the compound
nucleus 23Na!. Values of the pairing energiesD for nuclei
with Z,N>9 were taken from Ref.@19#. The method pro-
posed in@21,22# was used to calculate pairing energy fo
lighter nuclei. The pairing energy calculated in this way fo
nuclei with N,Z>9 agrees very well with values obtained
using parameters of Ref.@19#.

FIG. 9. Coincidence spectra ofp and oxygen ejectiles emitted at
angles17° and 27°, respectively.~a! Two-dimensional scatter
energy plot; the solid line represents the kinematical curve f
12C~11B, 17O p) 5He with all particles in their ground states.~b! and
~c! Comparison of Hauser-Feshbach model calculations~solid lines!
with experimental coincidence energy spectra~histograms! for pro-
tons and O nuclei, projected on corresponding energy axes.
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This procedure leaves the fusion cross section as the on
parameter of the model to be extracted from the analysis.

B. The comparison of experimental energy spectra
with model calculations

The values of the fusion cross sections fus were estimated
at both energies by comparison of experimental inclusive
energy spectra with the predictions of the Hauser-Feshbac
model. The results for neon, fluorine, and oxygen ejectile
are especially significant in this procedure since the qualita
tive properties of their spectra, discussed in the previous se
tion, suggest a dominant role of the compound nucleu
mechanism. Furthermore, it is very unlikely that these ejec
tiles are produced by direct reactions, because such a mech
nism must involve the transfer of many nucleons~five for
16O and more for other ejectiles! from the 12C target to the
11B projectile. Such processes proceed with a very sma
cross section at the energies under investigation@23#. The
excellent agreement between Hauser-Feshbach model calc
lations and the experimental spectra obtained for both bea
energies and all measured angles confirms that the Ne, F, a
O ejectiles are produced in compound nucleus process
only and can be used for thes fus cross section determination.
The examples of experimental data for Ne, F, and O nucle
measured atu lab57° and at both beam energies are presente
in Fig. 5 together with the Hauser-Feshbach model calcula
tions performed with the obtained values ofs fus. The ex-
perimental spectra for oxygen nuclei for both beam energie
and for different angles are compared with the Hauser
Feshbach model calculations in Fig. 6. The consistency o
the analysis is confirmed by the fact that for ejectiles with
Z<7, where the considerable contribution of direct pro-
cesses appears, the Hauser-Feshbach model prediction d
not overcome the experimental values of the cross section
~see, e.g., Fig. 7!. This is also true for the spectra ofa par-
ticles whose examples are shown in Fig. 8, while the proto
spectra presented in the same figure are well reproduced
Hauser-Feshbach model.

Within the above described procedure the values of fusio
cross sections obtained from fits to the inclusive spectra o
ejectiles withZ. 7 are 800 mb and 750 mb atElab(

11B! of
70 MeV and 80 MeV, respectively. The fusion cross section
accounts for about 50% of the total reaction cross sectio
obtained from the OM calculations@9#. A similar ratio of
fusion to reaction cross section was obtained for other com
parable nuclear systems in the same energy range@24–29#.

The stringent check of consistency of the Hauser
Feshbach model analysis was provided by comparing th
results of the present coincidence measurements with mod
calculations. For the lighter ejectiles withZ< 7 the contri-
bution of other~direct! reaction mechanisms prevents the
determination of the fusion cross section from comparison o
results of model calculations with the experimental spectr
of ejectiles only. However, in these cases the measuring co
incidences with the light ejectiles,a particles, and protons
provides an excellent selection of compound nucleus mech
nisms, presenting a stringent test of our fusion cross sectio
determination. Very good agreement of the theoretical an
experimental coincidence energy spectra has been obtain
for proton-oxygen and proton-carbon coincidences for al

or
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FIG. 10. Coincidence spectra ofa particles with carbon~left column!, nitrogen~middle column!, and oxygen~right column! nuclei. ~a!
Two-dimensional scatter energy plot with kinematical curves12C~11B, 14C a) 5Li, 12C~11B, 15N a)a, and 12C~11B, 17O a)d shown as solid
lines.~b! and~c! Comparison of Hauser-Feshbach model calculations~solid lines! with experimental coincidence energy spectra~histograms!
of a particles and heavy ejectiles~C, N, O! projected on the corresponding energy axes.
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measured angular configurations. As an example the coi
dence energy spectra for protons and oxygen nuclei at c
figurationu lab(p)517° andu lab~O!527° are presented in
Fig. 9. Figure 9~a! shows this coincidence pattern in the form
of the two-dimensional scatter plot while projections of th
plot on the proton or on the oxygen nuclei energy axes
presented in Figs. 9~b! and 9~c!, respectively, together with
the Hauser-Feshbach model predictions with values of fus
cross section determined from analysis of inclusive spect

A similar calculation within the framework of the Hause
Feshbach model has been performed for the coincidence
ergy spectra ofa particle with O, N, C, B, and Li nuclei. A
very good description of the coincidence energy spectra
Hauser-Feshbach model calculations has been obtained
a-particle coincidences with oxygen, nitrogen, and carb
nuclei for all measured angular configurations. Typical e
amples of obtained results are shown in Fig. 10 for one
gular configuration fora-O, a-N, and a-C coincidences,
while the results for all measured angular configurations
the case of thea-C coincidences are presented in Fig. 11

In contradistinction to these results thea-B anda-Li co-
incidence energy spectra are not entirely described when
nci-
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are
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suming the presence of compound nucleus processes o
As can be seen from Figs. 12~b! and 12~c! the Hauser-
Feshbach model calculations underestimate the experime
values fora-B coincidence spectra in angular configuratio
17° / 27°. The same effect was observed for all angu
configurations fora-B anda-Li coincidence energy spectra
This indicates the large contribution of direct processes
these reactions. Such processes could proceed, e.g., thr
the formation of unstable states of15N with their consecutive
decay into ana-B channel. Selective grouping of coinci
dence events on the kinematical line corresponding to
12C (11B,a 11B! 8Beg.s. reaction, visible in Fig. 12~a!, con-
firms this conclusion. Similar sequential processes app
also ina-Li coincidences; see Fig. 4~a!.

The large contribution of direct reaction processes o
served also in some inclusive spectra~see Fig. 7!, can ac-
count for the difference between the optical model predicti
of the total reaction cross section and fusion cross sect
following from the Hauser-Feshbach model analysis.

In order to check the consistency of the performed ana
sis the calculations were done with the fusion cross sect
values varied inside of the experimental cross section n
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malization errors650 mb. As can be seen from Fig. 13 th
results of such calculations lead to the spectra—both inc
sive as well as coincidence ones—with absolute values w
outside of those obtained from experiment. This indica

FIG. 11. Comparison of the experimental results~histograms!
for a-C coincidences at different angular configurations with t
Hauser-Feshbach model calculations~solid lines!. Coincidence en-
ergy spectra are projected on thea particle energy axis~left col-
umn! and on the carbon nuclei energy axis~right column!.
e
lu-
ell
tes

that the model analysis introduces no additional inaccura
to the determined values of the fusion cross section, bei
thus 800650 mb and 750650 mb atElab(

11B! of 70 MeV
and 80 MeV, respectively.

C. Entrance channel and compound nucleus limitation
of the fusion cross section

The results obtained in the present work are presented
Fig. 14 ~solid squares! together with results of Refs.@7,42#
obtained in a broad energy range. These results should
confronted with fusion model predictions. At higher energie
there arise factors limiting the fusion probability. According
to different models they could be attributed either to prope
ties of entrance channel as, e.g., in Refs.@30–36# or to the
features of the compound nucleus, e.g., Refs.@37–40#.

Among the models assuming the entrance channel limi
tion of the fusion cross section two main ideas were deve
oped: The idea of the ‘‘critical distance’’ which has to be
reached by colliding nuclei in order to form the compoun
nucleus@31#, and the idea of the ‘‘critical angular momen-
tum’’ at which the ‘‘pocket’’ in the effective potential van-

he

FIG. 12. Coincidence spectra ofa particles and B nuclei.~a!
Two-dimensional scatter energy plot; the solid line represents t
kinematical curve of the12C(11B,a 11B!8Beg.s. reaction.~b! and~c!
Comparison of Hauser-Feshbach model calculations~solid lines!
with experimental coincidence energy spectra~histograms! for a
particles and B nuclei, projected on the corresponding energy ax
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FIG. 13. Comparison of the experimental en
ergy spectra ~histograms! with the Hauser-
Feshbach model calculations performed with th
s fus parameter value equal to 800 mb, 850 mb
and 750 mb~solid, long-dashed, and short-dashe
lines, respectively! for the F nuclei emitted at
u lab 5 11° and 25° atElab570 MeV, left column,
while for coincidence measurement, right col-
umn. a-C coincidence energy spectra are pro
jected ona particle energy axis~up! and on car-
bon nuclei energy axis~down!.
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ishes, which invalidates the condition necessary for fus
@33#.

The other models specify the properties of the compou
nucleus as the most important factor for the limitation of t
fusion. According to them the presence of a sufficiently hi
density of states of the compound nucleus at a given exc
tion energy and angular momentum~i.e., achieving by the
compound system the so-called ‘‘statistical yrast line’’@37–
39#! and the stability of the virtually formed compound sy
tem against the immediate decay into smaller parts~exist-
ence of nonvanishing fission barrier for the compou
system@40#! are the conditions necessary for fusion. It r
mains an open question which of the properties of the
trance channel and of the compound nucleus puts the m
stringent constraints to the fusion and thus plays a domin
role in the limitation of the fusion cross section for th
12C1 11B system. This calls for the confrontation of predic
tions of different models with experimental values of th
fusion cross sections. In Fig. 14 the energy dependence
the experimental fusion cross sections for12C1 11B is pre-
sented together with theoretical calculations based on
entrance channel limitation models: that proposed by Wi
zyński @33# ~dashed line! and the model of Bass@36# ~solid
line!. Both models are parameter free; however, the limi
tion imposed to fusion by the Bass model is more restricti
As can be seen in the figure, the fusion cross sections m
sured in the present work~squares! agree well with both
models while the former results of the Tallahassee group@7#
are significantly larger than the values allowed by these t
models at the highest energies. The other formulation of
entrance channel condition model as, e.g., that of Glas
Mosel @30,31# gives inconclusive results since through a
propriate selection of free parameters of the model we c
reproduce the fusion cross section energy dependence g
by both the Wilczyn´ski and Bass models.
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The models of the fusion limitation which rely on the
properties of the compound nucleus assume that a heavy-
system, in order to fuse, must reach an effective yrast lin
where the compound nucleus has a sufficient level density
assure a strong absorption. This so-called ‘‘statistical yra
line’’ is shifted by some amount of excitation energyDQ
from the yrast line of the compound nucleus. In the origina
paper of Leeet al. @37# it was proposed to assume for all
systemsDQ 5 10 MeV. In successive works it was found
thatDQ is proportional to the mass number of the compoun
nucleusDQ50.27ACN @39#. The limitation of fusion cross
section due to statistical yrast line for23Na compound
nucleus is shown in the upper part of the Fig. 15~the solid
line for DQ50.27ACN, i.e., 6.2 MeV! and compared with
the experimental data on the fusion cross section. As can

FIG. 14. The energy dependence of experimental fusion cro
section for the12C111B system compared with predictions based
on the entrance channel limitations models of Wilczyn´ski ~dashed
line! and Bass~solid line!. The data obtained in the present work
are shown as solid squares and those from the literature as d
monds@7# and circles@42#.
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seen the fusion cross sections measured in the present w
agree also well with the limitation requested by the statisti
yrast line.

The same experimental data are shown in another re
sentation in the lower part of Fig. 15. In this representati
the data points show the excitation energy of the compou

FIG. 15. The upper part: the energy dependence of the exp
mental fusion cross section for the12C111B system compared with
predictions based on the compound nucleus limitations models.
solid line was calculated from the statistical yrast line~SYL! model
usingDQ 5 6.2 MeV; with long and short dashed lines correspo
to the limitation of the fusion cross section by the fission proce
with a vanishing height of the barrier and with an 8 MeV fissio
barrier, respectively. The lower part: the excitation energies of
compound nucleus23Na as a function of squared fusion angula
momentum obtained from experiments compared with the limi
tion imposed by the statistical yrast line ‘‘SYL’’ calculated with
DQ 5 6.2 MeV ~solid line!. In both parts the solid squares sho
the data from the present experiment and diamonds those from
@7#.
ork
cal

pre-
on
nd

nucleus achieved during the fusion process as a function
the square of the fusion angular momentuml fus defined as
that limiting the fusion cross section. The statistical yrast lin
‘‘SYL’’ ~for DQ 5 6.2 MeV! shows the lowest excitation
energies of the23Na compound nucleus allowed for given
angular momenta. In this representation the limitation put t
the fusion is even more pronounced than in the former on
Again, the experimental points obtained in the present wo
fulfill the condition requested by the statistical yrast line.

Another limitation of the high energy fusion cross sec
tions is caused by the instability of the compound nucleu
against fission at high angular momenta and high excitatio
energies@40#. This limitation is shown in the upper part of
Fig. 15 by short and long dashed lines. The former line co
responds to a complete vanishing of the fission barrier a
calculated in the frame of the liquid drop model@41#. The
latter corresponds to fission barrier of the height of 8 MeV
i.e., such that is comparable to the separation energy of lig
particles~nucleons anda particles! and therefore it causes
the fission of the compound system to compete strongly wi
the emission of light particles. As can be seen in Fig. 15 th
fusion cross sections, measured in the present work, a
within the values allowed by this limitation.

IV. SUMMARY

The reactions in the12C1 11B system have been investi-
gated atElab(

11B! 5 70 and 80 MeV where a decrease of the
fusion cross section due to some fusion limitation shoul
appear. The inclusive spectra of protons,a particles, and Li,
Be, B, C, N, O, F, and Ne ejectiles as well as coincidenc
spectra of proton ora particles with heavier ejectiles have
been measured for several angular configurations.

In order to extract values of the fusion cross sections a
extended Hauser-Feshbach analysis was performed for
obtained data including both inclusive spectra as well as c
incidence ones. Fixing the parameters of the optical mod
and level density formula at values taken from the literature
the only free parameter to be found in the analysis was th
fusion cross section. This procedure allowed us to extra
precise values of the fusion cross section: 8006 50 mb at
Elab(

11B! 5 70 MeV and 7506 50 mb at 80 MeV. The
fusion mechanism was found to be responsible for approx
mately 50% of the total reaction cross section value dete
mined from optical model calculations. The large contribu
tion of direct processes in some reaction channels seems
account for the other part of the total reaction cross sectio

The fusion cross sections measured in the present wo
agree very well with the fusion limitation imposed by models
relying on the properties of the entrance channel as well
those taking into consideration compound nucleus propertie
The former results at similar energies obtained by the Talla
hassee group@7# evidently overcome these fusion limita-
tions. To achieve agreement the considerable and rather u
physical changes in the model parameters would b
necessary. So, e.g., to achieve agreement with a limitati
based on the concept of the ‘‘statistical yrast line,’’ its slop
must be changed at about 40 MeV excitation energy of th
23Na compound nucleus, which would correspond to a mod

eri-
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fication of the moment of inertia of the23Na compound
nucleus. It is obscure what mechanism could be respons
for such a phenomenon.

The results of the present experiments and their care
analysis show evidently the limitation of the fusion cro
section in the12C1 11B system in the energy region aroun
ible

ful
ss
d

40 MeV ~c.m.! in accordance with the energy dependen
indicated by accepted fusion reaction models. This implie
lack of anomalous energy dependence of fusion wh
through some coupling could induce an abnormal behav
of the elastic and inelastic proton transfer reactions found
this system in Ref.@8#.
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Romański, Phys. Rev. C50, 300 ~1994!.

@12# W. Hauser and H. Feshbach, Phys. Rev.87, 360 ~1952!.
@13# A. Gavron, inComputational Nuclear Physics 2, Nuclear Re

actions,edited by K. Langanke, J. A. Maruhn, and S. E. Ko
nin ~Springer-Verlag, Berlin, 1993!, p. 108.

@14# M. Kistryn, Ph.D. thesis, Jagellonian University, 1996~unpub-
lished!.

@15# C. M. Perey and F. G. Perey, At. Nucl. Data Tables17, 1
~1976!.

@16# J. R. Huizenga and G. Igo, Nucl. Phys.29, 462 ~1962!.
@17# F. Ajzenberg-Selove, Nucl. Phys.A460, 1 ~1986!; A475, 1
a-
ev.

r,

n-
P.
nd

e-

G.

.
, B.

-

C

i,
H.

-
J.

-
o-

~1987!; A490, 1 ~1988!; A506, 1 ~1990!; A523, 1 ~1991!.
@18# P. M. Endt and C. van den Leun, Nucl. Phys.A310, 1 ~1978!.
@19# A. Gilbert and A. G. W. Cameron, Can. J. Phys.43, 1446

~1965!.
@20# A. G. W. Cameron and R. M. Elkin, Can. J. Phys.43, 1288

~1965!.
@21# T. D. Newton, Can. J. Phys.34, 804 ~1956!.
@22# A. E. S. Green and D. F. Edwards, Phys. Rev.91, 46 ~1953!.
@23# L. Jarczyk, B. Kamys, M. Kistryn, A. Magiera, Z. Rudy, A.

Strzałkowski, R. Barna`, V. D’Amico, D. De Pasquale, A. Ital-
iano, and M. Licandro, Phys. Rev. C54, 1302~1996!.

@24# R. G. Stokstad, J. Gomez del Campo, J. A. Biggerstaff, A. H
Snell, and P. H. Stelson, Phys. Rev. Lett.36, 1529~1976!.

@25# R. K. Bhowmik, E. C. Pollacco, N. E. Sanderson, J. B. A
England, and G. C. Morrison, Phys. Lett.80B, 41 ~1978!.

@26# B. Fernandez, C. Gaarde, J. S. Larsen, S. Pontoppidan, and
Videbaek, Nucl. Phys.A306, 259 ~1978!.

@27# D. E. DiGregorio, J. Gomez del Campo, Y. D. Chan, J. L. C
Ford, Jr., D. Shapira, and M. E. Ortiz, Phys. Rev. C26, 1490
~1982!.

@28# M. E. Ortiz, J. Gomez del Campo, Y. D. Chan, D. E. DiGre-
gorio, J. L. C. Ford, D. Shapira, R. G. Stokstad, J. P. F. Sel
schop, R. L. Parks, and D. Weiser, Phys. Rev. C25, 1436
~1982!.

@29# M. M. Coimbra, R. M. Anjos, N. Added, N. Carlin Filho, L.
Fante, Jr., M. C. S. Figueira, G. Ramirez, E. M. Szanto, and A
Szanto de Toledo, Nucl. Phys.A535, 161 ~1991!.

@30# D. Glass and U. Mosel, Phys. Rev. C10, 2620~1974!.
@31# D. Glass and U. Mosel, Nucl. Phys.A237, 429 ~1975!.
@32# J. R. Birkelund, L. E. Tubbs, J. R. Huizenga, J. N. De, and D

Sperber, Phys. Rep. C56, 107 ~1979!.
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