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Limitation of the fusion cross section for the 12C+ 1'B system atE.,=36.5 and 41.7 MeV
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Inclusive spectra of protonsy particles, and heavy ejectiles as well as coincidence spectra of protons and
«a particles with heavy ejectiles were measured &€+ 1'B system at several angles and at two laborabory
energies of''B: 70 and 80 MeV. A Hauser-Feshbach model analysis was performed for inclusive and coin-
cidence spectra to extract the fusion cross section valuest860 mb and 750t 50 mb atE,, 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 fi&06566-28136)02610-69

PACS numbg(s): 25.70.Jj, 24.60.Dr, 25.70.Gh

I. INTRODUCTION Having this in mind we performed in the present work a
precise measurement of the fusion cross section for the
Fusion process plays an important role in nuclear colli-*?C+ B system at two energie&; ,, = 36.5 and 41.7 MeV,
sions in a very broad range of energies. The energy depemvhere a distinct decrease of the the fusion cross section is
dence of the fusion cross section for light heavy-ion systeméxpected according to fusion models. Usually the fusion
exhibits different behavior in three beam energy regidis
In the low energy region-&, ,, smaller than approximately
two heights of the Coulomb barri¢fregion I” )—the fusion
cross section is proportional toB/,,,. This is well under- 6 12
stood in terms of the barrier penetration effects. At higher 0+"C
energies(“region II") the fusion cross section decreases 120071 §§@§%§
ﬁﬁﬁ 5

substantially due to a dynamical competition between fusion
and peripheral reactions mediated by both: properties of the
compound nucleus and specific features of the entrance chan- 8001 % (a)—
nel. A highest energy ranggéregion 1lI"” ) is characterized §
by a rapid falloff of the fusion cross secti¢g@], due to the
lack of fulfillment of conditions for the formation of a com- 400} 3
pound nucleus at higher angular momenta. — ]
A typical example of such an energy dependence is pre- 2 '
sented in Fig. @) for 0+ 1°C [3-6]. In the case of the
12c+ 1B system, however, the experimental values of the
fusion cross sections at energies from region |l stay accord-
ing to results of Ref[7] almost constant as shown in Fig.
1(b) instead of decreasing with energy. Such an unusual en-
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ergy dependence of the fusion cross section in this energy Oc%

region seems to be in contradiction with the distinct mono- 800t Ooo (b)
tonic decrease of the fusion cross section predicted by dif- 0%

ferent fusion models. It is interesting to stress that an anoma- ° 5

lous behavior was observed for this system also in another 400+ © 3

reaction. Experimentally it was found that elastic and inelas-
tic proton transfer has a very large probabi(i8~10. What

is more, the energy dependence of the elastic transfer cross 0 . . . ‘
section shows an anomaly, which in the direct reaction 0.00 003 0.06 009 0.12 0.15
model analysis could be only simulated by introducing the -1

y y y 9 1/Ecm [MeV™ ]

unphysical assumption of an energy-dependent spectroscopic
factor of 1C [8]. This stimulates suspicion that both anoma-
lies, in the fusion cross section as well as in elastic transfer, FIG. 1. Experimental fusion cross section as a function of a

could have some common origin, being somehow couplegeciprocal c.m. energy of colliding nuclé) for 20+ 12C ( [3-6]),
through the mechanisms of both processes. (b) for ’C+ 1B system[7].
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cross section is extracted from the inclusive spectra of the . . . T
evaporation residua. However, for light heavy-ion collisions '
at higher energies this may lead to confusion due to the con-
siderable contribution from direct processes. To avoid any
ambiguity the inclusive measurements of the energy spectra
(of both heavy nuclei and light particlesere supplemented

by coincidence measurements of protonsrgparticles with
heavy ejectiles.

The results of the measurements were compared with
Hauser-Feshbach model predictions. The fusion cross section
was the only free parameter in this analysis while the values
of the other parameters of the model were taken from earlier
investigations of fusion reactions published in the literature.

The experimental procedure and the results are presented
in Sec. Il of the paper. The description of the statistical
model analysis and discussion of the limitation of the fusion
cross section follows in Sec. lll, while a summary with con-
clusions is provided in Sec. IV.
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II. EXPERIMENTAL PROCEDURE AND RESULTS Total Energy [MeV]

Identification Parameter [arb.units]

The measurements have been performed at the Laborato-
rio Nazionale del SudLNS) in Catania, Italy. The experi- FIG. 2. Two-dimensional plot used for particle identification.
ment has been done with tHéB ion beams of 70 MeV and  On the horizontal axis the total ener§y= SE+AE+E is shown,
80 MeV laboratory energies from the 13 MV SMP Tandemon the vertical one an identification parameter equasfo<E, .
Van de Graaff accelerator. THEC foil with a thickness of
0.2 mg/cn? served as the target. The measurements werislentified on the basis of the two-dimensional energy plots.
performed using\E-E counter telescopes for particle iden- In Fig. 2 an example of such plot is shown for a measure-
tification. Inclusive energy spectra for light particigsotons ~ ment with thesE-AE-E detector system.
and « particles and heavy reaction products as well as co- Typical experimental energy spectra of all the reaction
incidence energy spectra of light particles with heavy ejecProducts from protons and particles up to Ne nuclei are
tiles have been measured in a broad angular range. For ti§&own in Fig. 3. According to qualitative features the spectra
measurement of the inclusive energy spectra of the B, C, Ncan be grouped into three categories. One group is charac-
O, F, and Ne nuclei, an ionization chamber was used as th€rized by the presence of a broad bump near the energy
AE counter and the semiconductor position-sensitive deted=c= 3Mejectid =.m, Wherev ., is the center-of-mass velocity
tor as theE counter[8]. The range of laboratory angles was (in Fig. 3 arrows labele), which can be attributed to the
from 5° to 27°, covered in 2° steps. The overall energyreaction proceeding through the compound nucleus forma-
resolution of the telescopes was about 500 keV while that ofion. Another group of the energy spectra exhibits discrete
the AE counter was sufficient to allow an unambiguouspeaks near the energ§b=%mejecmg)§eam corresponding to
charge identification of the detected reaction products. Fothe beam velocityin Fig. 3 arrows labelet)), which can be
the determination of the energy spectra of protamspar-  explained as caused by direct reactions. The energy spectra
ticles, Li and Be nuclei thédE-AE-E telescopes consisting of Ne, F, and O nuclei belong to the first group. The energy
of Si surface barrier detectors of thickness 10-300-300Gpectra of Li and Be nuclei possess characteristic features of
mm or 50-400-300Qwm, with a solid angle of 0.3 msr were the second type. In the energy spectra of B, C, Mmliclei
used[11]. The energy resolution of these telescopes waone can find signatures of both groups described above,
around 200 keV. Also in this case a very good charge idenwhich suggests contributions of both reaction mechanisms.
tification has been obtained. The measurements covered the The two-dimensional coincidence energy spectra of pro-
range of laboratory angles from 10° to 110°, divided into 5°tons or « particles with heavy ejectiles were measured for
steps aE,(}'B) = 70 MeV, and the angular range from 5° six angular configurations. Ejectiles were detected @nd
to 34°, divided into 1° steps at 80 MeV. identified by five Si telescopes positioned on both sides of
In all the measurements the accuracy of the energy calithe beam. Two of then10-300-300&m, for heavy ejec-
bration was about 300 keV. The detection energy thresholtiles), were placed at-7° and —14°, and three othef50-
depended on the experimental conditions and was within thé00-300Q.m, for light particles were at+7°, +14.4°, and
range of 5 MeV(for Li) to 25 MeV (for Ne) for heavy  +21.6° .
ejectiles and about 8—12 MeV for light particles. The abso- In Fig. 4 examples of these coincidence spectra are shown
lute values of the cross sections were determined from thehich exhibit all typical features observed in the present ex-
measured counting rates, the target thickness, the soligeriment. For coincidence energy spectraxgbarticles with
angles of detecting systems, and the integrated beam chardé.ejectiles one can notice a strong grouping of events on the
The uncertainty of the absolute normalization was estimatethree-body kinematical curve of th®C(*'B, a "Li)**Cy
to be about 7%. reaction. The coincidence pattern @fparticles with heavy
The ejectiles with differenZ in the range 1-10 were ejectiles(nuclei C—B and that of protons with heavy ejec-
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tiles exhibit a completely different structure. All the eventsfixed in a reliable, unambiguous way. The procedure used for
lie inside the three-body kinematics area, which suggestthis purpose is described in the first subsection, Sec. Il A.
their origin in more than three-body reactions. An interme-Results of the calculations of inclusive and coincidence en-
diate behavior is shown in the-B coincidence spectrum, ergy spectra are compared with the experimental data in the
where many events lie in a strip around the three body kinesecond subsection, Sec. Il B. Various models for limitation
matical curve, grouped in few peaks, but there is also quite af the fusion cross section are discussed in the third subsec-

large amount of many-body reaction events. tion, Sec. Il C, and their predictions are compared with the
experimental fusion cross section obtained in the present ex-
periment.
. STATISTICAL MODEL ANALYSIS The calculations were performed with the aid of the com-

From an examination of the qualitative features of thePUter codePAce2 [13] modified by Kistryn[14] to allow
experimental spectra, discussed in the previous section, offtraction of commdence speptra of the evaporated particles:
can conclude that the nuclear reactions in the studied nucle&f:P:) and evaporation residua.
system *?C+ B proceed via direct as well as compound
nucleus mechanisms. We focus our attention on the pro-
cesses connected with the formation of the compound
nucleus. To describe them the statistical model formalism
was applied in the frame of the Hauser-Feshbach mddgl The main ingredients of the Hauser-Feshbach model are
This model contains several parameters which should bthe probability of compound nucleus formation and the prob-

A. Parameters used in the Hauser-Feshbach
model calculations
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FIG. 4. Two-dimensional energy spectra f@ «a-Li, (b) @-B, (c) a@-N, and(d) p-O coincidences. The solid lines show kinematical
curves for(a) *C(*B, @ "Li)*°C 45, (b) *C(*'B, « 'B)®Be, (c) *C(*'B, @ ™N)a, and(d) ?)C(*'B, p-'’0)°He processes.
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FIG. 5. Comparison of the experimental energy spegtistograms with the Hauser-Feshbach model calculati¢salid lineg for the

Ne, F, and O nuclei emitted &,, = 7° at E,;,=70 MeV (left sidg and E,;,=80 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 spegtrstogram$ with the Hauser-Feshbach model calculatigsslid lines for O
nuclei produced at different laboratory angles for both beam ener&igs=(70 MeV, left side,E,,=80 MeV, right side. The sharp
low-energy cut in the experimental data is due to the detection energy threshold.

ability of evaporation of light particles from the compound model using the parameters from Rig]. In the case of the
nucleus. These probabilities are determined by transmissiogxit channel the optical model calculations were performed
coefficientsls,s, in the entrance and exit channels, the den-employing potentials for protons and neutrons from the com-
sity of states of nuclei produced during various stages of theilation of Perey and Perejl5] and for « particles those
evaporation process, and by the fusion cross section. ThHeom Ref.[16].

transmission coefficients as well as the density of nuclear At low excitation energies the existing experimental in-
levels depend on parameters of the phenomenological formdermation on the energyE*) and spin () of individual

las (of the optical model potentials and level density formu-levels was usefl17,18. At higher excitation energiesEf)

las, respectively Thus the fusion cross section could be de-the commonly accepted Gilbert-Cameron parametrization of
termined unambiguously as the only free parameter othe level densitie§l9], given by the formula
Hauser-Feshbach model calculations by comparison of the

calculated spectra of different ejectiles with the experimental . 1 expJa(E* —A)]Y2
ones. p(E ,|): 24\/50’38.1/4 (E* _A)5/4
The following prescription has been applied to fix values
of the parameters of the model. —(1+1/2)
The optical model potentials which reproduce well the X2+ 1)exp—s 7, 1)

experimental data on the elastic scattering in the entrance
and the exit channels were used. The transmission coeffi-
cients in the entrance channel were obtained with the opticakith spin cutoff parameter
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FIG. 7. Comparison of the experimental energy spegtistograms for the N, C, B, Be, and Li nuclei produced éf, = 7° in the

12C+ 1B reaction atE,,=70 MeV, with the Hauser-Feshbach model calculatiswlid lineg. 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.
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This procedure leaves the fusion cross section as the only

_ ol ®1abl(p): ey parameter of the model to be extracted from the analysis.
E ®lab(o):_7o
: 407 (a) B. The comparison of experimental energy spectra
\Z, with model calculations
20 The values of the fusion cross sectiops were estimated
o . . at both energies by comparison of experimental inclusive
0 20 40 60 energy spectra with the predictions of the Hauser-Feshbach
E(p) [MeV] model. The results for neon, fluorine, and oxygen ejectiles
15 are especially significant in this procedure since the qualita-
Bp(p)=+7° tive properties of their spectra, discussed in the previous sec-
10 81a5(0)=—7° tion, suggest a dominant role of the compound nucleus
mechanism. Furthermore, it is very unlikely that these ejec-
= (b) tiles are produced by direct reactions, because such a mecha-
N% 5 nism must involve the transfer of many nucledfise for
5 160 and more for other ejectiledrom the 1°C target to the
3 0 , 1B projectile. Such processes proceed with a very small
E Yo 20 40 60 cross section at the energies under investigatk8]. The
= E(p) [Mev] excellent agreement between Hauser-Feshbach model calcu-
S 8 , lations and the experimental spectra obtained for both beam
;1 Oran(p)=+7" energies and all measured angles confirms that the Ne, F, and
T 6 81,5(0)=-"7 O ejectiles are produced in compound nucleus processes
mg only and can be used for thg, cross section determination.
47 The examples of experimental data for Ne, F, and O nuclei
ol measured afl,,,=7° and at both beam energies are presented
in Fig. 5 together with the Hauser-Feshbach model calcula-
0 tions performed with the obtained values @f,s. The ex-
0 perimental spectra for oxygen nuclei for both beam energies

MeV] and for different angles are compared with the Hauser-
Feshbach model calculations in Fig. 6. The consistency of
FIG. 9. Coincidence spectra pfand oxygen ejectiles emitted at the analysis is confirmed by the fact that for ejectiles with
angles+7° and —7°, respectively.(a) Two-dimensional scatter Z<7, where the considerable contribution of direct pro-
energy plot; the solid line represents the kinematical curve forcesses appears, the Hauser-Feshbach model prediction does
12c(M1B, 0O p) °He with all particles in their ground statéb) and ~ not overcome the experimental values of the cross sections
(c) Comparison of Hauser-Feshbach model calculatieakd lineg (see, e.g., Fig.)7 This is also true for the spectra af par-
with experimental coincidence energy spec¢trstogramg for pro-  ticles whose examples are shown in Fig. 8, while the proton

tons and O nuclei, projected on corresponding energy axes. spectra presented in the same figure are well reproduced by
Hauser-Feshbach model.
o?=0.0888a(E* —A)]2A%"3 Within the above described procedure the values of fusion

cross sections obtained from fits to the inclusive spectra of
was accepted. This parametrization contains two basic pajectiles withZ> 7 are 800 mb and 750 mb H,.(*'B) of
rameters: the level density parameterand pairing energy 70 MeV and 80 MeV, respectively. The fusion cross section

A. accounts for about 50% of the total reaction cross section
The value of the level density parametewas calculated obtained from the OM calculation®]. A similar ratio of
according to the formula given in R€f19]: fusion to reaction cross section was obtained for other com-
parable nuclear systems in the same energy rf24e29.
a=A[0.00917SZ+ SN +0.142, 2 The stringent check of consistency of the Hauser-

Feshbach model analysis was provided by comparing the
with shell corrections for protonSZ and for neutronsSN  results of the present coincidence measurements with model
published in Refs[19,2Q for nuclei with charge numbeZ  calculations. For the lighter ejectiles with< 7 the contri-
and neutron numbeN both =9. For lighter nuclei we as- bution of other(direch reaction mechanisms prevents the
sumed a mean value ¢5Z+SN) equal to 6.2 MeV based determination of the fusion cross section from comparison of
on the known values of the shell corrections for nuclei withresults of model calculations with the experimental spectra
Z and N in range 9-12(from ¥ up to the compound of ejectiles only. However, in these cases the measuring co-
nucleus *Na). Values of the pairing energies for nuclei  incidences with the light ejectilesy particles, and protons
with Z,N=9 were taken from Refl19]. The method pro- provides an excellent selection of compound nucleus mecha-
posed in[21,22 was used to calculate pairing energy for nisms, presenting a stringent test of our fusion cross section
lighter nuclei. The pairing energy calculated in this way fordetermination. Very good agreement of the theoretical and
nuclei with N,Z=9 agrees very well with values obtained experimental coincidence energy spectra has been obtained
using parameters of Rdf19]. for proton-oxygen and proton-carbon coincidences for all
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FIG. 10. Coincidence spectra af particles with carborileft column), nitrogen(middle column, and oxygen(right column nuclei. (a)
Two-dimensional scatter energy plot with kinematical curi@&(*'B, C «) 5Li, ’C(*'B, N a)«, and ?’C(*!B, "0 a)d shown as solid
lines.(b) and(c) Comparison of Hauser-Feshbach model calculatieakd lineg with experimental coincidence energy spe¢hiagtograms
of a particles and heavy ejectilé€, N, O projected on the corresponding energy axes.

measured angular configurations. As an example the coincsuming the presence of compound nucleus processes only.
dence energy spectra for protons and oxygen nuclei at cofks can be seen from Figs. @@ and 12c) the Hauser-
figuration 6,(p) =+ 7° and 0,,,(O)=—7° are presented in Feshbach model calculations underestimate the experimental
Fig. 9. Figure %a) shows this coincidence pattern in the form values fora-B coincidence spectra in angular configuration
of the two-dimensional scatter plot while projections of this+7° / —7°. The same effect was observed for all angular
plot on the proton or on the oxygen nuclei energy axes areonfigurations forw-B and a-Li coincidence energy spectra.
presented in Figs.(B) and 9c), respectively, together with This indicates the large contribution of direct processes in
the Hauser-Feshbach model predictions with values of fusiothese reactions. Such processes could proceed, e.g., through
cross section determined from analysis of inclusive spectrathe formation of unstable states &N with their consecutive

A similar calculation within the framework of the Hauser- decay into ana-B channel. Selective grouping of coinci-
Feshbach model has been performed for the coincidence edence events on the kinematical line corresponding to the
ergy spectra ofv particle with O, N, C, B, and Li nuclei. A 2C (B,a 'B) 8Be, reaction, visible in Fig. 1@), con-
very good description of the coincidence energy spectra bYirms this conclusion. Similar sequential processes appear
Hauser-Feshbach model calculations has been obtained farso ina-Li coincidences; see Fig.(4).
a-particle coincidences with oxygen, nitrogen, and carbon The large contribution of direct reaction processes ob-
nuclei for all measured angular configurations. Typical ex-served also in some inclusive spectsge Fig. 7, can ac-
amples of obtained results are shown in Fig. 10 for one aneount for the difference between the optical model prediction
gular configuration fora-O, a-N, and «-C coincidences, of the total reaction cross section and fusion cross section
while the results for all measured angular configurations irfollowing from the Hauser-Feshbach model analysis.
the case of thex-C coincidences are presented in Fig. 11. In order to check the consistency of the performed analy-

In contradistinction to these results theB and «-Li co-  sis the calculations were done with the fusion cross section
incidence energy spectra are not entirely described when asalues varied inside of the experimental cross section nor-
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FIG. 12. Coincidence spectra of particles and B nuclei(a)
Two-dimensional scatter energy plot; the solid line represents the

401 Bren(C)=~ 7.0° Bus(C) =~ 7.0°] kinematical curve of thé?C(*'B,a 1!B)®Be, s reaction.(b) and(c)

Comparison of Hauser-Feshbach model calculati@mid lineg

with experimental coincidence energy spedthéstograms for «
<0 % | particles and B nuclei, projected on the corresponding energy axes.
0 , ‘ ' N Y that the model analysis introduces no additional inaccuracy
Op(a)=+ 7.0° Bp(a)="+ 7.0° to the determined values of the fusion cross section, being

40t Ou(C)=—14.0°1[ Oun(C)=—14.0°] thus 800=50 mb and 75050 mb atE(*'B) of 70 MeV

and 80 MeV, respectively.

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

}

0

0 o 20 40 60 The results obtained in the present work are presented in
(a) MeV E(C) [MeV] Fig. 14 (solid squarestogether with results of Ref$7,42]
obtained in a broad energy range. These results should be
confronted with fusion model predictions. At higher energies
FIG. 11. Comparison of the experimental resuftistogramy  there arise factors limiting the fusion probability. According
for a-C coincidences at different angular configurations with thet0 different models they could be attributed either to proper-
Hauser-Feshbach model calculatigsslid lineg. Coincidence en- ties of entrance channel as, e.g., in R¢&0-34 or to the
ergy spectra are projected on theparticle energy axigleft col-  features of the compound nucleus, e.g., RES3-40.
umn) and on the carbon nuclei energy axight column. Among the models assuming the entrance channel limita-
tion of the fusion cross section two main ideas were devel-
malization errors=50 mb. As can be seen from Fig. 13 the oped: The idea of the “critical distance” which has to be
results of such calculations lead to the spectra—both inclureached by colliding nuclei in order to form the compound
sive as well as coincidence ones—with absolute values wetucleus[31], and the idea of the “critical angular momen-
outside of those obtained from experiment. This indicategum” at which the “pocket” in the effective potential van-
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ishes, which invalidates the condition necessary for fusion The models of the fusion limitation which rely on the
[33]. properties of the compound nucleus assume that a heavy-ion
The other models specify the properties of the compoungystem, in order to fuse, must reach an effective yrast line
nucleus as the most important factor for the limitation of thewhere the compound nucleus has a sufficient level density to
fusion. According to them the presence of a sufficiently highassure a strong absorption. This so-called “statistical yrast
density of states of the compound nucleus at a given excitdine” is shifted by some amount of excitation energyQ
tion energy and angular momentu(ice., achieving by the from the yrast line of th_e compound nucleus. In the original
compound system the so-called “statistical yrast lij@7—  Paper of Leeet al. [37] it was proposed to assume for all
39]) and the stability of the virtually formed compound sys- SYStemsAQ = 10 MeV. In successive works it was found
tem against the immediate decay into smaller péetdst- thatAQ is proportional to the mass nur_nber of thg compound
ence of nonvanishing fission barrier for the compoundnUCI?USAQ:0'27AC'\! [,39]' The I|m|tat|on of fusion cross
system[40]) are the conditions necessary for fusion. It re- Section QUe to st_atlstlcal yrast line fo%SNe} compound
mains an open question which of the properties of the enFUCIffusA'S S_hgvgr;Aln the upp6e£ F?\;‘” of ﬂ:je Flg.(ﬂiedsoll_ctih
trance channel and of the compound nucleus puts the mo pe for .Q_ ' IdCN' "e"h .f .e\/) an compareA wi b
stringent constraints to the fusion and thus plays a dominan € experimental data on the fusion cross section. As can be
role in the limitation of the fusion cross section for the
12c+ 118 system. This calls for the confrontation of predic-
tions of different models with experimental values of the
fusion cross sections. In Fig. 14 the energy dependence of
the experimental fusion cross sections fé6€+ 1B is pre-
sented together with theoretical calculations based on two
entrance channel limitation models: that proposed by Wilc-
zynski [33] (dashed ling and the model of Bass36] (solid
line). Both models are parameter free; however, the limita-
tion imposed to fusion by the Bass model is more restrictive.
As can be seen in the figure, the fusion cross sections mea- 0 . . ‘
sured in the present worksquarep agree well with both 0.00 0.05 0.10 0.15 0.20
models while the former results of the Tallahassee gfa@iip 1/Eem [MeVT']
are significantly larger than the values allowed by these two
models at the highest energies. The other formulation of the G 14, The energy dependence of experimental fusion cross
entrance channel condition model as, e.g., that of Glas angkction for the?C+ B system compared with predictions based
Mosel [30,3] gives inconclusive results since through ap-on the entrance channel limitations models of Wilcsiin(dashed
propriate selection of free parameters of the model we cafine) and Basgsolid ling). The data obtained in the present work

reproduce the fusipn cross section energy dependence givare shown as solid squares and those from the literature as dia-
by both the Wilczyski and Bass models. monds[7] and circleg42].
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nucleus achieved during the fusion process as a function of
the square of the fusion angular momentiypn defined as
that limiting the fusion cross section. The statistical yrast line
“SYL” (for AQ = 6.2 MeV) shows the lowest excitation
energies of the?*Na compound nucleus allowed for given
angular momenta. In this representation the limitation put to
the fusion is even more pronounced than in the former one.
Again, the experimental points obtained in the present work
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 nucleus
against fission at high angular momenta and high excitation
energieqg40]. This limitation is shown in the upper part of
Fig. 15 by short and long dashed lines. The former line cor-
responds to a complete vanishing of the fission barrier as
calculated in the frame of the liquid drop moddll]. The
latter corresponds to fission barrier of the height of 8 MeV,
i.e., such that is comparable to the separation energy of light
particles(nucleons andr particle3 and therefore it causes
the fission of the compound system to compete strongly with
the emission of light particles. As can be seen in Fig. 15 the
fusion cross sections, measured in the present work, are
within the values allowed by this limitation.

IV. SUMMARY

The reactions in thé*C+ B system have been investi-
gated a€E,,(*'B) = 70 and 80 MeV where a decrease of the
fusion cross section due to some fusion limitation should
appear. The inclusive spectra of protoasparticles, and Li,

Be, B, C, N, O, F, and Ne ejectiles as well as coincidence
spectra of proton or particles with heavier ejectiles have
been measured for several angular configurations.

In order to extract values of the fusion cross sections an
extended Hauser-Feshbach analysis was performed for all
obtained data including both inclusive spectra as well as co-
incidence ones. Fixing the parameters of the optical model
and level density formula at values taken from the literature,

FIG. 15. The upper part: the energy dependence of the experfhe only free parameter to be found in the analysis was the

mental fusion cross section for tHéC+ 1B system compared with fusion cross section. This procedure allowed us to extract
predictions based on the compound nucleus limitations models. Thgrecise values of the fusion cross section: 800 mb at
solid line was calculated from the statistical yrast li®L) model  E,(*'B) = 70 MeV and 750+ 50 mb at 80 MeV. The
usingAQ = 6.2 MeV; with long and short dashed lines correspondfusion mechanism was found to be responsible for approxi-
to the limitation of the fusion cross section by the fission processmately 50% of the total reaction cross section value deter-
with a vanishing height of the barrier and with an 8 MeV fission mined from optical model calculations. The large contribu-
barrier, respectively. The lower part: the excitation energies of thejon of direct processes in some reaction channels seems to
compound nucleus®Na as a function of squared fusion angular account for the other part of the total reaction cross section.
momentum obtained from experiments compared with the limita- The fusion cross sections measured in the present work
tion imposed by th(_a st_atistical yrast line “SYL”_ calculated with agree very well with the fusion limitation imposed by models
AQ = 6.2 MeV (solid line). In both parts the solid squares show \g|ving on the properties of the entrance channel as well as
the data from the present experiment and diamonds those from Ret‘nose taking into consideration compound nucleus properties.
7. The former results at similar energies obtained by the Talla-
hassee group7] evidently overcome these fusion limita-
seen the fusion cross sections measured in the present waikns. To achieve agreement the considerable and rather un-
agree also well with the limitation requested by the statisticaphysical changes in the model parameters would be
yrast line. necessary. So, e.g., to achieve agreement with a limitation
The same experimental data are shown in another reprdased on the concept of the “statistical yrast line,” its slope
sentation in the lower part of Fig. 15. In this representationmust be changed at about 40 MeV excitation energy of the
the data points show the excitation energy of the compound®Na compound nucleus, which would correspond to a modi-
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fication of the moment of inertia of thé®Na compound 40 MeV (c.m) in accordance with the energy dependence
nucleus. It is obscure what mechanism could be responsibledicated by accepted fusion reaction models. This implies a
for such a phenomenon. lack of anomalous energy dependence of fusion which

The results of the present experiments and their carefuthrough some coupling could induce an abnormal behavior
analysis show evidently the limitation of the fusion crossof the elastic and inelastic proton transfer reactions found for
section in the'’C+ 1B system in the energy region around this system in Ref[8].
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