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Complete and incomplete fusion in the reaction®CI+°C at the energy range 76-154 MeV
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Velocity spectra of evaporation residues produced ini@i+*°C reaction have been measured at bom-
barding energies of 125, 140, and 154 MeV using time-of-flight techniques. These distributions were used to
identify evaporation residues and to separate complete fusion and incomplete fusion components. The results
show the presence of small contributions of incomplete fusion components which appear to be due to a cluster
transfer reaction mechanism. Angular distributions and total and complete fusion evaporation residue cross
sections were extracted at 70, 90, 110, 125, 140, and 154 MeV. The complete fusion cross sections and the
deduced critical angular momenta are compared with other experimental data and the predictions of existing
models.[S0556-28137)04105-9

PACS numbegps): 25.70.Jj

[. INTRODUCTION 154 MeV. The targets were placed perpendicular to the beam
direction.
In previous recent workg1,2], we studied the3S, The evaporation residues were identified in charge and

285+ 12C reactions around 5 MeV/nucleon in order to inves-mass by using a particular experimental apparatus described
tigate the existence of an incomplete fusion component in thin detail in Ref.[7]. We remind the reader briefly that it
evaporation residue cross section also at this low energyonsists of a sliding seal scattering chamber, 45 cm in diam-
Indeed, from the kinematical analysis of the inclusive veloc-eter, which can be rotated around the target axis, and is rig-
ity spectra, we deduced that the main contribution to thddly connected to & E-E multianode ionization chamber. A
evaporation residue cross sections originated from a comntime-of-flight telescope, consisting of a microchannel-plate
plete fusion mechanism, but incomplete fusion componentand a parallel-plate avalanche counter as start and stop sig-
were also present. In addition, we suggested that it was posrals detectors, respectively, is coupled to the ionization
sible to interpret these incomplete fusion events as generateghamber. Utilizing a flight path of 118 cm an overall time
by cluster-transfer reactiong]. Our conclusions were in resolution of 400 ps is achieved.

agreement with the results of other auth[8} and the val- Typical examples of charge and mass resolution are
ues of the incomplete fusion cross sections we determineghown in Figs. 1 and 2, respectively. The relative normaliza-
agreed with a previously established systempdic which  tion between runs at different angles settings was established
correlates the fraction of incomplete fusion with the centeryy using the elastic yields observed by two silicon surface-
of-mass velocity at contact with the lighter reaction partnemarrier monitor detectors placed #t9° with respect to the
and with the mass asymmetry in the entrance channel. beam axis.

Following the same research line, in the present paper we The absolute normalization of the differential cross sec-
extend our study on th&€Cl+'°C system in the energy range tions was determined at all energies by comparing the elastic
70-154 MeV, also in order to reduce the lack of the experiscattering data to the Rutherford scattering cross section at
mental data in the first and second regions of the fusion
excitation function because, untii now, the reaction
35%CI+12C has been investigated only at the bombarding en-
ergiesE(*°Cl) =180 and 200 Me\[5] and more recently at 3000
E(*°Cl)=280 MeV[6].

The experimental procedures are described in Sec. Il. The
experimental results and the analysis of the velocity spectra .
are presented in Sec. lll. In Sec. IV the results of these analy- -

2500+

unit

sis are discussed and compared to the predictions of theoret-§
ical models. Finally, the conclusions are summarized in Sec. 3
V. 20001
Il. EXPERIMENTAL PROCEDURE
The experiments were performed at the SPM Tandem ac- 0 1000 larbunits) 2000
celerator facility of the Laboratorio Nazionale del SludNS)
in Catania. Self-supporting?C targets 4Qug/cn? thick were FIG. 1. Scatter plot oAE versus energy at 140 MeV bombard-

bombarded with beams oPCl at 70, 90, 110, 125, 140, and ing energy and a laboratory angle of 3°.
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FIG. 2. Scatter plot ofZ versusA at 140 MeV bombarding
energy and a laboratory angle of 3°.
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very forward angles. The systematic uncertainty in this nor-
malization procedure has been estimated to be less than 5%.
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IIl. EXPERIMENTAL RESULTS AND ANALYSIS

A. Elastic scattering

The elastic scattering angular distributions were measured FIG_. 3. Elastic s_cat_tering cross section norma_llized to Rut.herford
over the angular range 2.5%9, <12°, in steps ranging from scattering. The solid lines are the results of optical model fits.
0.5° at small angles to 2° at the larger ones.

In Fig. 3 the experimental ratiog/oryn between the Figures 4, 5, and 6 exhibit typical velocity spectra of
elastic and Rutherford cross sections at enerié€¥Cl)  separated individual masses &t=3° and E(3°Cl)= 125,
=70, 90, 110, 125, 140, and 154 MeV versus the laboratory40, and 154 MeV, respectively. The shape of the velocity
angle are reported. The solid lines in the same figure correspectra was found to be consistent with the assumption that
spond to optical model fits obtained by using the codethe main contribution arises from the evaporation residue
PTOLEMY [8] with the parameters of Table I. In the same following complete fusion. In fact, in the Galilean-invariant
table the total reaction cross sectiomg OM) obtained by  representation V2. d2%0/dV dQ, the structures are sym-

means of the optical model analysis are reported. metrical with respect to the compound nucleus velof&y
The position and width of the complete fusion component
B. Velocity spectra further confirm the previous considerations. In Fig. 7 are

At the three highest energi&(3*Cl) =125, 140, and 154 reported for each evap_oration resid.ueEafSCI).: 125, 140,
MeV, the velocity spectrum for each residue mass<(3g 2nd 154 MeV, the ratios of velocity centroidéycosd, ,
<44) was decomposed with a Gaussian fitting procedur€XPected in the case of complete fusion, to ¥heones ob-
[1,2,9-1] to determine the complete fusion contribution. tained by fitting the experimental velocity spectra with stan-
For the lower energie&(3°Cl)=70, 90, and 110 MeV, no dard formula9,11]. _ o
attempt was made to separate the evaporation residue crossFigure 8 shows the ratios of the standard deviagoof
sections into complete fusion and incomplete fusion compoth€ velocity distributions, obtained by means of the fit pro-
nents, because, as is well known at these energies, the togdure, to the ones expected in the case of complete fusion
reaction cross sections, in practice, coincide with the comscr [11]. In thesce formula the valuea=A/10 was assumed
plete fusion cross sections. for the level density parameter.

TABLE I. Elastic scattering optical model fit parameters and total reaction cross sections derived from the
fits. Only the well depthVg andV, were allowed to vary during the fit.

Eap VR Vi Mor ol ar a, o (OM)
(MeV) (MeV) (MeV) (fm) (fm) (fm) (fm) (mb)
70 3.05 2.38 1.30 1.16 0.62 0.61 329
90 14.9 2.10 1.30 1.16 0.62 0.61 686
110 8.87 14.9 1.30 1.16 0.62 0.61 969
125 12.7 11.0 1.30 1.16 0.62 0.61 1115
140 8.9 19.9 1.30 1.16 0.62 0.61 1260

154 11.7 25.8 1.30 1.16 0.62 0.61 1417
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In both graphics the experimental values agree, within théuses with the projectile while the other fragment continues
errors, with the theoretical expectations. to move with almost the same velocity in the c.m. system.
For some massesAE38,39,41,42), we observe further Refering to the laboratory enerd(*°Cl)=154 MeV, an in-
structureshatched areas in Figs. 4, 5, anflvéhich cannot  complete fusion reaction with aa particle, e.g.,%Cl+ «,
be explained as due to complete fusion. The velocities colteads to an excitation energyE* (3%K) = 4E(3°Cl)
responding to these structures are larger than the velocity Qqq(—0.148 MeVJ=16 MeV. Similarly, the*CI+®Be re-
centroid VCNCO&‘}L_ expected in the case qf compounq action leads to an excitation enerdy* (“3Sc)= £E(35Cl)

nucleus so that, since we studied the system in reverse kine- Qgg(4.75 Me\)~33 MeV.

matic, we expect that these structures originated from incom- | %, picture of the MT moddli4—16, the production of

plete fusion{4]. a given residual nucleus can be considered as the result of a

P_articularly, we_interpreted the_ hatchet_j areas as a Cro??vo-step process. First, a nucleon or a group of nucleons is
section due to an incomplete fusion reaction governed by ?ransferred from the projectile to the target. Second, this in-

cluster transfer reaction mechanism: th&, *'Ca, “*Ca, termediate nucleus dissinates its excitation eneray by ev

and “’Sc masses originating from 8Be transfer et' € aet ucleus s.tst'pa ei tse cTaho energy yte ago—
(BCI+12C M5 +a; B¢t 4K +2p, *Cat 1n+1p, rating neutrons or emitting photons. These massive transfer
2cat 1p 4256+ 1n respectively and the 3% and 3Ar reactions, as is known, form a class of reactions which form
masses f,rorm transfer(35CI+12C—>39K*+SBe; 39c*_,3% @ bridge between the complete fusion processes and deep

+ and 3%K* -38Ar+ 1p). inelastic and direct processes.

We draw these conclusions by comparing the implications The reaction is characterized by @Q"value window"
derived from simple reaction models proposed for incom-centered at so-calledQ optimum.” In this case the excita-
plete fusion, i.e., breakup fusidBUF) and massive transfer tion energy is calculated a&* =Qgg—Qqp, Where Qo
(MT). =(Z32412,Z,—1)E ,, in which the indices 1,2 and 3,4

We recall that assuming the BUF mechanisi2,13], the indicate the entrancei ) and the exit channel, respectively
12C must break into am particle and &Be in the first stage [17,18. By using the previous formulas, we found the exci-

of the reaction and, successively, one of these fragmentstion energie€* (*330~28 MeV, for a ®Be transfer, and
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E* (3%)~10 MeV, for ana transfer. sibility of 1p decay only. So that, in the BUF framework, we

For the incomplete fusion contributions originating from cannot justify the presence of th€K nuclide, experimen-
B3 (42sc, “Ca, “Ca, 3K residues, the above excitation tally observed.
energiesE(**Sc*)~33 and 28 MeV, calculated, respec- On the other hand, the MT excitation energy
tively, in the BUF and MT frameworks, are enough for E(**K*)~10 MeV, and this value, in principle, does not al-
1N, 2N, or le-particle evaporation. In fact, in this mass low nucleon evaporation, so that we cannot justify far
region, the mean excitation energy removed by a nucleon druclide contribution, even if in this case thesCADE calcu-
an a-particle evaporation is about 16 and 22 MeV, respeciations predict the possibility of gamma ang tlecays.
tively [10]. Therefore the excitation energies are not able to Therefore, from the previous considerations we can con-
discriminate between the two mechanisms. clude that, in our case, the excitation energies, calculated in
As regards the incomplete fusion contributions originatingthe BUF and MT models, are not a discriminant argument to
from 3%* (3%, S8Ar residue$, the BUF excitation energy distinguish between the two mechanism of the incomplete
E(®*K*)~16 MeV is enough for a single nucleon evapora-fusion.
tion so that we should detect only tH8Ar nuclide produced As a consequence, the observation of the trend of the
in the reaction(3°CI+C—3%K* +8Be; 3%K* -3Ar+1p)  incomplete fusion residue velocities constitutes a good probe
and not the3®*K nuclide which indeed we observed experi- t0 discriminate among the various reaction mechanism. In
mentally. This last result is confirmed by the calculation per-Fig. 9 we report the ratios between the experimental velocity
formed with the codeeascADE [19], which predicts the pos-
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values of the incomplete fusion component and those calcunechanism different from fusion. Particularly, this mecha-

lated assuming a breakup fusi@pen squargor a massive nism seems to be attributed to a massive transfer reaction,

transfer (solid circle3 mechanism, respectively, at various because, as is well known, the breakup fusion mechanism

angles and at 154 MeV energy. For all masses, the ratioshows fusionlike angular distributions.

calculated in the MT frame are equal to 1, within the experi-  The angular distributions at 125 and 154 MeV energies

mental errors, while the trends of ratios obtained in the BURshow the same trend.

frame show at small angles values larger than 1 and at larger gy integrating the angular distributions, we obtain the ab-

angles values smaller than 1. We note that similar results arg,| e cross sections for complete and incomplete fusion
. : 5 — .

obtained for the other bombarding energi86*°Cl)=125  paytial and total cross sections are listed in Table Il for

and 140 MeV also. 35~y — ;
, , . E(*>Cl)=125, 140, and 154 MeV. We point out that the
A further argument which confirms the hypothesis that the (™ch b

incomplete fusion components originate from cluster transfePosSible contribution of the evaporation residife! to the
np omp 9 .~ ~complete fusion cross section has not been experimentally
reaction can be derived from the slope of the angular OIIStrIaetermined because of the intense background present in the
butions, as we will show in the next subsection. - : 9 P
Cl spectra. The values predicted by cadata [20] for
the cross section of this residue at the various energies are

C. Angular distributi :
nguiar distribtions reported in the same Table II.

Figure 10 shows the differential angular distributions of
the residues formed by complete and incomplete fusion for
the 3CI+*2C reaction at 140 MeV. The exponential slope of
the angular distributions of incomplete fusion products
(lower part of the figurg differs markedly from complete The experimental fusion angular distributions for each
fusion (upper part of the figude thus indicating a reaction atomic number (1&Z<22) detected aE(*°Cl)="70, 90,

110, 125, 140, and 154 MeV are shown in Fig. 11 together
with the statistical model calculatioriepen histogramsob-

IV. COMPARISON WITH THEORY AND DISCUSSION
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tained by using the Monte Carlo codeaIta. We used as
input data for the codeiLITA the measured total fusion cross
sections as reported in Table Il and the vaare A/10 for

the level density parameter. The spin cutoff parameter is cal-
culated assuming a radiug=1.2 fm. In general, there is a
satisfactory agreement for all the considered energies.

Similar good comparisons between experimental and cal-
culated relative mass and charge yields are shown in Fig. 12.

In Fig. 13 we display the experimental fusion cross sec-
tions available to date on th&Cl+%C system as a function
of E_ L. There, the solid circles are the present results, while
the open circles are taken from Beekal. [5,6].

In the same figure we report the predictions of the Mat-
suseet al.[21] and the Basf22] models as dashed and solid
curves, respectively.

In the framework of the critical distance model of Mat-

FIG. 10. Angular distributions of evaporation residues from suseet al. [21], the fusion cross section is evaluated in the

complete fusion(upper pant and incomplete fusiorflower parj.

The solid lines are drawn only as a guide for the eye.

three different energy regions by means of the following ex-
pressions:
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TABLE II. Values of the completed ) and incomplete ¢,c¢) fusion cross sections for each evapora-
tion residue aE(%°Cl)=125, 140, and 154 MeV. The reported value fSEI? represents the cross section
predicted by the evaporation codeiTa for this residue. In the last line we report the total fusion cross
section obtained considering the measured and calculated cross sections.

E=125 MeV E=140 MeV E=154 MeV
ace (mb) aicr (Mb) ace (mb) aicr (Mb) ocr (Mb) aicr (Mb)
STAr 4+1 5+1 16+2
S8Ar 45+10 6+2 55+11 10=2 97+20 19+4
38 6=1 7+1 17+2
3K 5611 6+2 367 10+2 55+11 11+2
40K 12+1 16+2 40+4
4K 37+8 1+.5 66+13 5+1 7916 4+1
“ca 232 21+2 27+3
“Ica 165-33 14+3 204+40 8+2 222+44 11+2
4Ca 210:42 2+1 172+34 13+3 109+21 11+2
4Ca 18+3 24+2 41+4
4Ca 13+1 17+2 14+1
425¢ 34t7 2+1 29+6 3+1 22+2 4+1
43s¢ 45+5 44+4 58+6
43¢ 16717 232+23 169+17
45sc 56+ 6 24+2 25+2
43T 5+1
44T 25+3 26+3 21+2
45Tj 43+4 29+3 12+1
46Tj 7+1
So 970160 31+10 1007156 59+11 1024155 60+12
35CR 0 6 12
3o+ o(3Cl) 970+160 1013-156 1036-155
10° gy 108 51°5§*"|""I'51°55' T 3 10%
f 110 Mev] [ 125 MeV] [ 140 MeV] 154 MeV

104 - 10%- =
{ 10°%

4 10%
3 10%

FIG. 11. Comparison of ex-
perimental angular distribution of
the complete fusion (closed
circles with the prediction of
evaporation LILITA code (histo-
gramsg for eachZ>17 detected at
E(*Cl)=70, 90, 110, 125, 140,
and 154 MeV.
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region | (low energy region o= wRé( 1-

VB(RB)) =1.12A"%-0.86A; '3, AR;=3.05 fm, andAR.=3.70 fm.

Ecm For og,:, | =2/3AM(r?) o, whereM is the nucleon mass,
(r3),=3(1. 12A1’3)2(1+3.84A‘2’3), «=0.80, and AQ

I —A =13 MeV. F , wg=Pw, with ©=40A""3% and
region Il (central energy region O'I(I:FZ(W—)[l-i— QE Q, :0726 or oce, wg=pw, With and 8
o The theoretical prediction of the Bass model is obtained
region Il (high energy region by using the following empirical nuclear potential:
RiR,
1 2/42 2\\1l/
3 d“)—u d +
ST [ rwg(d?)—Ud((d*)*?]+Q] Va(s)= g, 99,
Ec.m.
where

where (d?))Y2is the critical distance between the colliding

nuclei. g(s)=[A exp(s/d;)+B exp(s/d,)] ™.
In the present calculations, the following parameters have

been used: Forr'CF, Vg(Rg)=Vc(Re)=Z,Z,€%/Rc, Re  The parameters used in the calculations are those reported in
=Rp+AR:, and Rg=Ry+ARg, with Ry=R;+R,, R Ref. [22], based on a global fit to fusion data, i.é,
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TABLE lll. Complete fusion cross sectiongrgg) and critical  the intermediate excitation energy rangg30 MeV
angular momental {;) for all studied energies. <E*(*"V) <90 MeV] is reproduced rather well by this line.
The data of the?Ne+2’Al system[10] show a saturation

Era Ecom. Icr ler value in the critical angular momentum which agrees with
(MeV) (MeV) (mb) () the calculated Sierk fission barrier limi25,26 of the 4’V

70 17.9 302-60 8.1+0.8 compound nucleus, represented by the vertical dashed line in

90 23.0 776125 15.0-1.2 the figure. Thel,,=27.5: value reported in Ref.6] might

110 28.1 996:150 18.9-1.4 indicate the existence of a limitation on high energy cross

125 319 976:160 20.6:1.6 section imposed by the entrance channel. We observe, be-

140 35.7 1013 156 21.7-1.6 sides, that this., value, extracted from the evaporation resi-

154 393 1036 155 23.0-1.7 due cross section, should be lower, taking into account a

contribution of about 20% of the incomplete fusion compo-
nents in the evaporation residue cross section as predicted by

~0.03 MeV'fm, B=0.006 MeV', d,;=3.30 fm, d, the systematics of Morgensteet al. [4].
=0.65 fm, andR,=1.16A°—1.39A 1%,

Both calculations reproduce the experimental data quite
well in the first and second energy regions so that the dis-
crimination between the two models depends essentially on In this paper we have presented the elastic scattering cross
the experimental points in the third energy region. In thissections and the mass, charge, and angular distributions for
region, at present, there is only the experimental data ahe evaporation residues produced in the reactigi+*?C
E(*Cl)=280 MeV, which is better fitted by the Matsuse in the energy rang&(*°Cl)=70—154 MeV.
curve. However, a more convincing argument in favor of this  From the analysis of the velocity spectra, performed at the
last model should be derived only from the knowledge ofthree highest energids(*°Cl) =125, 140, and 154 MeV, we
other new experimental data at the highest energy. deduced that the main contributions to the evaporation resi-

The critical angular momenta, extracted from the com-due cross sections originate from a complete fusion mecha-
plete fusion cross sections using the sharp cutoff approximasism, but for all energies incomplete fusion components are
tion, are listed in Table Ill, where the uncertainty in the also present. We interpret these incomplete fusion events, as
represents the experimental uncertainty in the cross sectiomenerated by cluster transfer reactions. This last result is in

A plot of excitation energy as a function of thg for  agreement with the ones obtained analysing4gi+%C at
fusion is shown in Fig. 14, for the present data and for datdbombarding energies ranging from 3.7 and 5.5
extracted from previous results,6,10,23, relative to differ-  MeV/nucleon. Values of the incomplete fusion cross sections
ent entrance channels that populate the same compournd about 3—6 % of the deduced complete fusion cross sec-
nucleus*'V. tions are in agreement with a previously established system-

The solid line showed in the figure is the statistical yrastatics[4], which correlates the fraction of incomplete fusion
line [24], calculated withry=1.2 fm and AQ=10 MeV. with the center-of-mass velocity at contact with the lighter
With the exception of the data of Becktal. [6] at reaction partner and with the mass asymmetry in the entrance
E* (*'V) =88 MeV, the behavior of all analyzed systems in channel.

V. CONCLUSIONS

T T T T l T T T T | T T T T ] T T T T
1500 [— —
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i — — — MATSUSE
i A |- ~ ] FIG. 13. Complete fusion
z evaporation residue cross section
= 1000— Pl AN as a function ofE_}. The solid
E B // \\ 7 circles are the present data, and
a - ’ . the open circles are the data re-
oy L y AN i ported from Beclet al.[5,6]. The
L7 \ | dashed and solid curves are the re-
\\ ] sults of fusion model calculations
500 — N of Refs. [21] and [22], respec-
L N i} tively.
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The experimental excitation function constructed byenergy range, we cannot rule out the possibility of an en-
present data and those available at present in the literature timance channel limitation in the complete fusion cross sec-
quite in agreement especially in the first and second energyons.
regions with the theoretical previsions derived in the frame Additional measurements for systems leading &/
of the Bass and Matsuse models. compound nucleus at high excitation energ[ds* (V)

Finally, the critical angular momenta extracted from the~ gg MeV] are required to determine whether the observed

complete fusion evaporation residue cross sections show @fferences in the values of the critical angular momentum
saturation at high energies which is consistent with the calyegly reflect an entrance channel dependence.

culated Sierk fission barridi25,26 limit of the 4V com-
pound nucleus. The vallg=27.5: at E*(*V) =88 MeV,
deduced recently from Becét al, could indicate a satura-
tion in the critical angular momentum at a different lower
value and consequently the existence of a limitation on the We would like to thank the Laboratorio Nazionale del
fusion cross section imposed by the entrance channel. Sud(Catania accelerator staff for their assistance in provid-

Since thel ., values deduced from our experimental dataing the beam in the experiment. Besides, thanks are due to V.
are confined in the 30 Me¥E* (*'V) <55 MeV excitation =~ Campagna for technical help during the measurements.
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