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Sub- and near-barrier reactions for 1°C+ 1981pd and “Li + 13119n
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Evaporation-residue and transfer reaction cross sections have been measurég-+df®'Pd and
Li+133n, The residual nuclei were detected and identified by off-line observation of tags emitted in
their radioactive decays. Then3vaporation channel is the dominant decay mode following the fusion of
12C+11%d and’Li+%%n at sub- and near-barrier energies, @@+ °%d and’Li+ *'3n at bombarding
energies just above the Coulomb barrier. The experimental evaporation-residue excitation functions are com-
pared with calculations obtained using simplified coupled-channel and statistical models. In these calculations
it is not necessary to include transfer channels to explain the data in the ci#&e+f%Pd and'*C+ 1%%Pd but
they must be taken into account féki+*¥n and "Li+ *n.

PACS numbds): 25.70.Hi, 24.10.Eq, 25.70.Gh, 25.70.Jj

I. INTRODUCTION II. THE EXPERIMENTAL METHOD

. . . The experiments were carried out at the 20-UD tandem
In recent years, there has been considerable interest in the ) .
. . . . accelerator of the TANDAR Laboratory in Buenos Aires.
study of heavy-ion reactions at sub-barrier energies becau

N . . eams of'%C with laboratory energies from 36.5 to 54 MeV
of the significant enhancement of fusion cross sections over

the expectations from one-dimensional barrier penetratioty - used to bombard thin targets of enriched metallic pal-
b P ladium (200 wg/em? thick, 96.98% %Pd and 2.35%

models. This enhancement has been ascribed to the coupling N .

of the relative-motion coordinate in the entrance channel t?n :;?IIicThZﬁg dtﬁrr%efi vr\llﬁrrli Fg;ga;?% bged'cl)gﬂgg %fneggrcg]:nd
other degrees of freedoistatic deformation, vibration, and foils 40 p/cm2 thick. The evaporation anf)j transfer residue
transfej. The inclusion of coupling produces energy-shifted s 2Uug ICK. vaporatl S siaues

barriers that result in an increase of the barrier penetratio 5ecr)e Cf"egt‘?ﬁ' by talu:cmntjm Iqllz_Wlthoghlclineszsegso;;SO—
probabilities. All these and other considerations have bee 15|nﬂgn%m4.3;r%§|:)Owgfeutr)?)rrlfl])a"rj(;fd wﬁiftl%lfin?o,ns v.vitr;)
. . . . . 0
extensively discussed in a recent review artdlg laboratory energies ranging from 20.4 to 37.1 MeV. These
In the present work, we report experimental data on Cms%argets were made by vacuum evaporation onto 9g0-
sections for the production of evaporation residues and f

m<-thick aluminum films. This backing also acts as a
; ; 11 1 10
transfer reactions in four system&'C-+ *%d, *2C+ 1%%d, catcher foil. To verify that none of the evaporation and trans-

‘Li+*n, and 'Li+*4n. The 31 evaporation channel is  fer residues were lost, a second catcher foil was added be-
the most important decay mode of the compound nucleus iRjng the first one at the highest bombarding energy in all
all the systems. The experimental evaporation-residue exCystems.
tation functions are compared with the predictions of a sche- During the bombardments, two silicon surface-barrier de-
matic coupled-channel calculation combined with a statistitectors were used to monitor the elastic scattering. For the
cal model. The effect of the coupling to the vibrational 7| j+ 113113, systems, both detectors were placed=80°
degrees of freedom of these target nuclei is small due to theelative to the beam direction. Since at this angle the cross
relatively small Coulomb barriers of the systef@$ There-  section for elastic scattering follows the Rutherford formula,
fore, one would expect that the effect of the coupling to theand the solid angles of the monitor detectors were known, it
transfer channels on the fusion cross sections can be easilyas possible to obtain an absolute measurement of the cross
isolated. This assumption was tested in this paper. sections independent of the target thickness and of the inte-
The evaporation-residue and transfer reaction cross segrated beam current. For the systetig+ 1°811Pd, in order
tions were determined through off-line observation of de-to avoid possible overlap between the elastic peaks coming
layed y-ray emission. This experimental technique has beefrom the target and from the catcher, one detector was placed
applied in the study of fusion and transfer reactions in sevat 30° and the other at 90° where only the peak correspond-
eral systemgRefs.[3—7]). In Sec. Il the experimental pro- ing to the palladium is present. Short irradiations without the
cedure is described. The analysis and interpretation of theatcher foils allow the determination of the ratio between the
experimental results for each system are given in Sec. lllelastic scattering cross sections at 90° and the pure Ruther-
Finally, Sec. IV summarizes the conclusions. ford cross sections at 30°. These ratios permit one to monitor
the beam intensity through the counting rate corresponding
to backward elastic scattering, given by the 90° detector
“Permanent address: Lawrence Berkeley Laboratory, Berkeleyhen target and catcher foils are placed at the appropriate
California 94720. angles relative to the beam direction. The beam intensity
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during the bombardments was recorded by multiscaling irand the parent nucleus or the reaction channel. The HPGe
one-minute intervals the integrated current in a Faraday cupletector achieved an energy resolution of 2.0 kieNl width
Following irradiations of about 2—10 h at intensities of at half maximum(FWHM)] at 1332.5 keV. The absolute
~100 nA(electrig, the catcher foils were removed from the photopeak efficiency of the detector, which was obtained us-
scattering chamber and placed in front of a high-purity in-ing a set of calibrated sources, was determined with an ac-
trinsic germanium detector. The rays resulting from the curacy of=4% in the energy range from 200 to 2000 keV
activated foils were counted off line and the correspondingwvhile it was estimated to be-15% for energies below 200
energy spectra were accumulated and recorded automaticakgV.
at various time intervals during several hours. Figures 1 and Given the known half-lives and absolujeray intensities
2 show two typical spectra associated with the decay of théaken from Ref[8], it was possible to obtain the production
different radioactive residues obtained ftiC+1%11Pd at  rates of the parent nuclei and, hence, the cross sections. The
Eip = 54.0 MeV and for’Li+ 1319n atE,,, = 37.1 MeV,  production rates were determined from the peak areas of the
respectively. A large number of rays can be observed in the vy rays, taking into account the detector efficiency and by
spectra, which covered the photon-energy range from 70 textrapolating the decay curves at the end of the bombard-
2000 keV.y rays are labeled with the decay enefgykeV)  ment. An absolute measurement of the evaporation-residue

the delayedy rays emitted from
the radioactive residues.
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TABLE I. Experimental fusion-evaporation cross sections for  TABLE IIl. Experimental fusion-evaporation cross sections for

12c+ 110pq, "Li+3n,

llgTe lla’nsb 119Te ll&nsb
Ecm (MeV) o3n (Mb) Op3n(m.s) (mb)? Ecm. (MeV) o3n (Mb) oy (Mb)+ oy (mb)?®
48.7 156.1+ 1.2 12.81+ 0.06 35.0 220.2+ 5.7 80.01+ 0.25
46.0 190.6x= 1.0 5.38+ 0.03 32.3 311.2+ 6.3 47.56* 0.23
43.3 2359+ 1.5 1.64+ 0.05 29.6 462.2*= 6.0 34.43+ 0.20
41.5 203.6= 0.9 0.52+ 0.03 27.8 528.2+ 9.5 29.92+ 0.26
39.7 1459+ 1.4 0.12+ 0.03 26.0 5249+ 5.9 21.85+ 0.16
37.9 101.4+ 1.5 24.2 442.3+ 5.8 15.3+ 1.2
37.0 56.32*+ 0.59 22.4 2959+ 4.4 9.20+ 0.12
36.1 36.65+ 0.81 215 232.8+ 3.6 6.85+ 0.12
35.2 11.92+ 0.21 20.6 155.9+ 3.4 4.26*+ 0.09
34.7 6.85+ 0.11 20.1 112.4+ 2.9 2.97* 0.09
34.3 3.26+ 0.12 19.7 72.1+ 2.9 2.16* 0.10
33.8 1.87+ 0.08 19.2 56.1+ 1.9 1.40= 0.06
334 0.81+ 0.07

#These cross sections correspond to the formation of the metastable
#These cross sections correspond to the formation of the metastalstate, o, for the p3n fusion-evaporation reaction, ang, for the
state(m.s). 2pn stripping transfer reaction.

and transfer reaction cross sections was obtained by normal- IIl. RESULTS AND DISCUSSION

izing to Rutherford scattering. The measured evaporation- . ] o o
residue cross sections are listed in Tables | to Ill, and V. 10 illustrate the radioactive isotopes studied in this work,

Table IV includes the experimental transfer and inelastic-ig- 3 displays the region of interest in the chart of nuclides.

scattering cross sections féti+ 18n. The center-of-mass All observed radioactive evaporation and transfer residues
- . . . ! H 108,11 71 113,11

bombarding energies given in these tables correspond to tffoduced in the*C+ d and’Li+ in systems are

energy at the center of the target. The uncertanties in thenderlined in this figure. . o
tables include statistical errors. The experimental excitation functions are shown in Figs.

There are several sources of error that contribute to thé—8. The & evaporation channel is the strongest decay
uncertainty in the cross sections. Systematic errors arise froffode in all the systems. The error bars in the figures only
both the absolute Rutherford normalization %) and the ~ Include statistical errors. .
detector efficiencyquoted above Uncertainties in the abso- 1€ fusion-evaporation experimental results were com-
lute intensity of they transitions of the radioactive isotopes Pared with model calculations. For this purpose it was nec-
(< 1%) are partly random and partly systematic in nature £SS&ry to relate a fusion cross section and a spin distribution

Purely statistical errors come from the determination of thdf©" the compound nucleus to the evaporation channel cross
peak areas< 5%). The addition in quadrature of random sections. This was done by combining a schematic coupled-

and partially random errors yields an overall uncertainty of
about 5.1% in the cross sections. The uncertainty in the TABLE IV. Experimental transfer and inelastic scattering cross

beam energy was determined to an accuracy of 1%. sections for’Li+9n.

TABLE Il. Experimental fusion-evaporation cross sections for H5Mn 1M 1N
12C+108pq, Ecm. (MeV) Tinel(1/27) (mb) o4, stripping (mb)? o, stripping (mb)b
E Ue 17gp 1167 116mgp 35.0 4,32+ 0.34 54.37+ 0.64 9.30*+ 0.20

c.m.

323 3.15+ 0.29 43.40*= 0.57 9.22+ 0.20
MeV) o3, (mb T mb o4y (Mb) o mb)?
(MeV) oz (MD) Tpzn (MO)  0an (MB)_ Opanimsy (MO 557 3.06+ 037 42.41+ 052  10.66* 0.18
48.6 368.3+ 4.7 148.8+ 4.0 104.2+= 25 17.5* 35 27.8 3.66+ 0.44 42.76*+ 0.85 12.38+ 0.32
45.9 316.3f 2.5 1232+ 2.1 38.7x 14 7.7+ 2.2 26.0 3.55+ 0.31 43.52+ 0.52 12.21+ 0.18
43.2 3125+ 3.9 757t 35 16.1* 24 224 2.07= 0.21 31.63*= 0.39 8.49+ 0.14
414 2214+ 28 731+ 23 9.1+ 1.2 21.5 1.69+ 0.19 28.58*= 0.40 7.31+ 0.13
39.6 137.5« 3.1 38.2x 2.7 20.6 1.53+ 0.23 21.81*+ 0.29 4,93+ 0.10
37.8 88.9+ 4.1 17.6*+ 3.4 20.1 1.32+ 0.19 17.91+ 0.36 3.80+ 0.11
36.9 30.9+ 2.8 19.7 1.02+ 0.20 17.64+ 0.41 3.61*+ 0.14
36.0 216+ 23 75+ 19 19.2 0.76+ 0.11 12.56+ 0.25 2.23+ 0.08

35.1 11.5x 2.5
34.7 0.16x 0.04

#These cross sections correspond to the formation of the two meta-
stable states.

These cross sections correspond to the formation of the metastabi€hese cross sections correspond to the partial formation of the
state(m.s). metastable state and total population of the ground state.
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116Te 1‘|7-|-e 118-|>e 1‘|9-|—e 120Te 121Te 122-|-e
2.49h 1.03h 6.00d m 9 stable m 9 stable
4.69d [16.1h 154d | 16.8d

1158b 1168b 117Sb 1188b 119$b 1203b 121Sb

32.1m m| 9 2.80h m |9 1.59d mo|9 stable

1.01h | 15.8m 5.00h | 3.6m 5.76d | 15.9m FIG. 3. Region of the chart of the nuclides

relevant to this work. The observed radioactive
Mag 155, 165, M7g, 18g, 195, 1205, isotopes are indicated by underlined symbols.
stable stable stable m 9 stable m 9 stable
13.6d | stable 293d | stable

(AR 14 (AT 18, "7, 18, (AETM
m g m g m 9 m2 <] m2 g

1.66h | stable | 48.5d | 71.9s | 4.48h |~stable|2.18s 43.8m | 8.5s 2.4m

mi| g m mi| g m
54.2m 14s | 1.94h 4.45m 5.0s| 18.0m

channel model, which gives the fusion cross sections andulated using the computer codeAce with default input
spin distributions, with a statistical model, which gives theparameter$11]. The most relevant parameters are the level
probability of each evaporation channel. density parameteia, = A/7.5[MeV ~1]) and the reduced

The first step in the calculations was performed using aransition strengths. We have used 0.000 01, 0.01, 5.9, and
modified version of the codeccber[9]. When this code is  0.000 88 Weisskopf unitdV.u.) for the E1, M1, E2, and M2
used in the no-coupling mode, two out of the three paramtransitions, respectively.
eters of the nuclear potentighe depth, the diffuseness, and
the radiug are considered as free parameters to be obtained A. The 2C+%d system
from a least-squares fit to the corresponding experimental ) o,
points at energies above the Coulomb barrier for each sys- TTf:anmeasureq cross sections for the productiorrofe
tem. In this region, the coupling to other degrees of freedon@Nd "~ b are given in Table | and their excitation functions
(deformation, vibration, and transjenas little influence. In &€ shown in Fig. 4. The presence bfTe was observed
our calculations, we have considered couplings to vibrationaihrough the 1212.7 keVI( = 66.79) and the 644.07 keV
states of the target nuclei. The corresponding deformatiof!» = 84.5% transitions from the ground and metastable
parameters were obtained from REE0]. The coupling to

inelastic excitations of the projectile nuclei has been ne- NN B B B B B
glected because of the high quadrupole transition energies. 1000 & -
Coupling to transfer channels was included when it was suit-
able. The statistical decay of the compound nucleus was cal- 1oL ]
TABLE V. Experimental fusion-evaporation cross sections for /_8 F 1
i+ M, c 10
p— F ]
2L17-|-e 116-|-e 11&nsb b 1 ;_ _;
Ecm. (MeV) T3, (Mb) o4n (M) Tp3n(m.s) (mb)? E ?
34.9 461.3+= 7.6 351.2*= 6.9 87.8+ 9.7 0.1¢ =
32.2 436.9+= 7.1  159.2*+ 6.1 40.3£ 7.0 g E
29.5 551.0= 6.9 52.6* 4.3 28.8+ 4.1 ni|||
27.7 601.+ 11. 1.25+ 0.32 0.35+ 0.18 35 40 45 50
25.9 514.4+ 6.5
22.3 239.5+ 4.4 ' Ec'm' (MeV) -
21.4 179.2+ 4.3
20.5 97.8+ 3.0 FIG. 4. Experimental excitation functions of the &nd p3n
20.1 56.5+ 3.0 (metastable stateevaporation channels fo’C+ '%d. The solid
19.6 455+ 3.4 (dotted curve is the ccper calculation for the fusion cross section
19.2 240+ 2.2 with (without) coupling to the inelastic excitation of the target as

described in the text. Dashed curves show the fits to thea®d
#These cross sections correspond to the formation of the metastab#pn channels obtained by combining the coupled-chagoeben
state(m.s). and the statistical modébAce) calculations.
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FIG. 5. Experimental excitation functions of ther &nd p2n FIG. 7. Experimental & stripping, 2h stripping, and inelastic

evaporation channels fol’C+1%pPd. Possible spurious contribu- (1/27) excitation functions for’Li+ *19n. The 1n stripping reac-
tions are indicated in parenthegsse text The solid(dotted curve  tion corresponds to the formation of the two isomeric states
is the ccoercalculation for the fusion cross section withithout) (%™ n and 1*"2|n). The  stripping reaction is associated with
coupling to the inelastic excitation of the target as described in thehe total population of the ground stat8’In) and the partial for-
text. Dashed curves correspond to the 8nd p2n evaporation  mation of the metastable stat& {"In).

channel cross sections calculated usi@per and PACE.

not be observed with our technique. Regarding #&e
states of the nucleus, respectively. Because there is no is@ucleus(4n channe), it was not studied because there is no
meric transition connecting these states, the cross section gfemission in its decay path and therefore the activities could
the 3 channel was simply calculated by summing the cor-not be determined using this method. In principle, one could
responding cross sections obtained from the activities of theyllow its decay through the daugther nucledé®Sh), but
mentioned transitions. The decay 6t™"Sb was studied the intensities of the emittesi rays are too small. The decay
through the 253.73 keVI( = 99%) vy transition. The B  of 195p could not be observed because the energy of the
channel leads to a stable isotopé’Te; therefore, it could transition involved (23.9 keV} was below our detection

threshold.
L B L L AL B
1000 ¢ E IR L B B B
1000 ¢ 3
P 1005— E [ ]
e, F i . ]
4 7~
E | ~ |
- / -
o 'OF o* ; E S 100 £ 4
r [ /| 7,:,115 E F ]
L Li+" ~In |3 r .
L .. // .1‘19Te(;n)- b [ 1 ]
1F ¢ / e '"8mgp [ = Li+"In )
g lvb ‘ 3 I e """Te (3n)
IR AU BN B B 10F A 5n from 115ir
20 25 30 35 |l|¢|
20 25 30 35
c.m.

FIG. 6. Experimental excitation functions of the &vaporation
channel and th@3n evaporation channet 2pn transfer channel FIG. 8. Experimental B evaporation channel fofLi+%n.
(both metastable stategor ’Li+1¥In. The dot-dasheddotted Possible spurious contributions are indicated in parenthésases
curve represents thecper calculation for the fusion cross section text). The dot-dashe¢dotted curve represents thecper calcula-
with (without) coupling to the inelastic excitation of the target. The tion for the fusion cross section wittwithout) coupling to the in-
solid line shows the effect of including the coupling to transfer elastic excitation of the target. The solid line shows the effect of
reaction channels. Dashed curves correspond to thar p3n including the coupling to the transfer reaction channels. Dashed
evaporation channels cross sections calculated usinger and curve corresponds to then3evaporation channel cross section cal-
PACE. culated usingccpberand PACE
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The dotted curve in Fig. 4 represents teDeF calcula-  tion includes the contributions front®in and 18"|n
tion of the fusion cross section corresponding to the unsince theT,,, = 2.18 s half-life isomer fully decays into the
coupled case. The values for the height and the position of;,, = 54.15 min half-life isomeric state. Thus the &trip-
the barrier ar&/, = 37.0 MeV andR, = 10.22 fm. The full  ping cross sections are associated with the formation of the
curve is the prediction of cCDEF when one includes the two isomers t*™In and '®|n). The production of
coupling to the first 2 state of1*%Pd (E,, = 0.3738 MeV, '™Mn was barely observed through the 315.22 keV transi-
B> = 0.257. The dashed curves correspond to tmea®hd tion, but since the statistics were very poor we were not able
p3n channels cross sections obtained through the statistica obtain a reliable cross section for this isotope. Therefore,
model calculatioPACE) using the spin distribution resulting since this metastable state decays to the ground state with a
from ccperfor the coupling case. The agreement for tmee 3 probability of 47%, the activity of the 552.97 keV transition
channel is quite good. As can be seen in Fig. 4, the couplingccounts for the formation of'®In plus some contribution
to the inelastic excitation of the target nucleus is barely apeoming from™in. Thus the 2 stripping cross sections are

preciable at sub-barrier energies. associated with the total population of the ground state plus
the partial formation of the metastable state. Other transfer
B. The ’C+10%d system channels are energetically favored in this systempickup

The absolute cross sections for the evaporation residu nd Ip, 1pn, 1p2n, 2pn, and P2n stripping reactions.
owever, most of these channels cannot be measured

measured in this system are listed in Table Il. The excitatio Jhrouah our experimental method. This | b h
functions corresponding to th87Te and 1*’Sb residues are ' o-dn OUr expenmental method. Ihis 15 so because Inese
transfer channels correspond to stable isotopEéCd,

plotted in Fig. 5. The activities for the decay of thé'Te, s 11 : :
117gp 11676, and18"Sh nuclei were determined by analyz- 63n, _ 8n), and either they have a long half-life compared
to the time scale of our experiment:(Sn), or the energy of

ing the 719.7 keV K, = 64.7%), 158.56 keV (., = 85.9%), L .
93.74 keV (7 — 32/1%), and 972.54 keVI(,/ 2 72.0% vy ;ﬁag;r;nsmon involved is below the threshold of our detector
f .

transitions, respectively. The experimental cross sections N
P Y P The dotted curve in Fig. 6 represents the resultobeF

the 3n channel at the two highest energies could have som? h led he barri
contribution coming from the 15 channel in thel?C+ 119pg  for the uncoupled case. The barrier parametery/gre 21.1
MeV andR, = 9.70 fm. The coupling to the inelastic exci-

system, since®Pd is also present in the target. Sincetation of 1¥n was calculated taking an average value of the
"'Sb is also fed by its parerit e, this additional contribu- formation parameters of the nei%hboring e?/en—even nuclei

tion was subtracted. There are three isotopes whose dec _ 1 1 .
paths proceed through the sametransition (158.56 keV: r this target {*°Sn and*“Cd), as was done in Ref12].
This procedure gave a value §8,) = 0.152. However, the

1y 1100 and 11™Sn. However, the contribution from > P Ko in & diff A val ¢
11Mgp with a 13.61 days half-life can be neglected since oufXcltation energy was taken in a different way. A value o
* = 0.941 MeV was chosen because it corresponds to the

measurements lasted less than 4 h. The other two contribt= o .
tions from ™n and 11%In can be safely ignored since we quadrupole transitio9/2* to 5/2") [13]. Although the in-

did not find purey transitions of such isotopes in the spectra.CIUSion of such cou_p!in_g incr_egses the fusi_on cross section at
In Fig. 5, the dotted curve corresponds to thecDEF the lowest energy, it is insufficient to explain the data, as can

calculation of the fusion cross section without couplings. Thé)e seen from the dot-dashed curve in Fig. 6. Since some
barrier parameters aié, = 36.4 MeV andR, = 10.45 fm. transfer channels were observed in our spectra, we were led

The full curve is the result obtained when adding the cou—t[0 include couplings to these channels. In our approach, we

pling to the first excited state of the target nucled®@Rd, included the previously mentioned reactions in a single

E,, = 0.4339 MeV,3, = 0.243. The dashed curves are the :La_msfzr Crhaengﬁ: nglr;nrleig?(t:g\fevséqesfe(?jualato ;nergf'felgt. o
predictions for & and p2n channels using then distribu- IS way, yp Justed was v

tions obtained withPACE. This calculation describes reason- couplm.g str'eng'th at the barner. POSitioR ). A]though this
ably well the experimental 8 cross section. approximation is rather crude, it turns out quite useful to get

a qualitative idea of the effect on fusion arising from the
coupling of transfer channels.

Following this procedure and using thxan distributions

The absolute evaporation-residue and transfer cross seobtained withPACE, we found that a reasonable fit for tha 3
tions are reported in Tables Il and IV, and are shown as a&hannel excitation function can be achieved vl = 2.9
function of bombarding energy in Figs. 6 and 7, respectivelyMeV, as shown in Fig. @dashed curve The disagreement
The “Li+ 9n system forms the same compound nucleus adetween the calculated curve for tp8n evaporation chan-
the 2C+ 11%d system; therefore the saméransitions were nel and the corresponding experimental points suggests that
used to extract the corresponding evaporation-residue crossother reaction contributing to the activities for tH€"Sb
sections. We have also found in the speatnays belonging may be present. A possible contribution could come from the
to the decay of isotopes produced in transfer reactions an@ipn stripping reaction in théLi + 1*n system. As was just
inelastic scattering. Thus we measured the activities fopointed out, this transfer channel is energetically favored. On
151K (inelastic scattering *%™In (one-neutron stripping  the other hand, such an extra contribution cannot correspond
and *®In (two-neutron strippingfollowing the decay of the to the *n("Li,pn)*'8Sh reaction because the subsequent
336.26 keV (, = 45.8%), 416.92 keV (, = 29.2%), and  activities should be very low. This is due to the very low
552.97 keV (, = 99.7%) transitions, respectively. It is to be concentratior{4.3%) of the **3n isotope in the target. There-
noticed that the measured activity of the 416.92 keV transifore, one can reasonably assume that the extra formation of

C. The “Li+%9n system
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118sh may come from the 2n stripping reaction in the S
Li+ " system.

100 o ~
D. The “Li +3n system g , 1

The excitation function for*Te is shown in Fig. 8. The
absolute cross sections for the production'6fTe, *'6Te,
and 1®"Sh are presented in Table V. The fusion fi +
13 forms the same compound nucleus &€+ 1%Pd;
therefore, we used the sametransitions(described in Sec.

Ill B) to obtain the corresponding cross sections. As in the
12C+ 1%8p( system, the cross sections féfTe at the highest
energiegthe two points shown between parentheses in Fig.
8) can have an additional contribution from tha Bhannel P R R PR R
of the “Li+ ¥In system. 20 25 30 35

In Fig. 8 the dotted curve shows thecDEF calculation
for the no-coupling case. The adopted parameters for the ' Elob (Me\/)
barrier areV, = 20.5 MeV andR, = 10.03 fm. The cou-
pling to the inelastic excitation of the target nucleus was 5 9 pashed curve correspondsg@n evaporation channel
taken ir_1to account. Its _deformation paramet(_ar was chosen QY citation function for’Li + 3n obtained by combining coupled-
averaging the respective values of the adjacent even-ev&Manneiccoer and statistical moddbace) calculations. The open
nuclei (*“Sn and**Cd): (B8,) = 0.153. The energy of the ircles are the deducedp2stripping cross sections fofLi+ 9n
quadrupole transitiot8/2" to 5/2") is 1.0242 MeM13]. The  obtained through the calculated cross sections of that reaction and
dot-dashed curve in Fig. 8 illustrates the results of this calthe total measured activity df-’Sb (see text
culation. As one can see, this coupling is not enough to ex-
plain the observed enhancement below the Coulomb barriefeaction cross sections. In Fig. 9, we present the calculated
Then we included coupling to the transfer processes in 0Upop evaporation channel excitation function fiLi+ 3n
calculations as in théLi+**In system. An identical proce- ang the deducedp2stripping reaction cross sections in the
d.ure was followed, replau_ng the same.transfer channels by g 4 115, system. However, it must be taken into account
single transfer channel with an effectivg value equal to  h4t the cross sections deduced for this channel just have a
zero. Taking into account then distributions calculated with  copjectural character based on the hypothesis of its presence
PACE, the best fit for the B evaporation excitation function j, the 7| j + 115 system. On the other hand, the calculations
was obtained withF e = 2.9 MeV, as can be seen from the performed to evaluate thp2n evaporation channel cross

dashed curve in Fig. 8-17 sections in the’Li+ *3n system are just an estimate based
The formation of the'’Sh nucleus was analyzed through on the statistical model.

the 158.56 keV transition that belongs also to other decay
paths(see Sec. Il B. The additional formation coming from
its parent nucleus't‘Te) was subtracted. Furthermore, it was
necessary to take into account the contributions'%Iin and We have measured experimental excitation functions of
118In to the activities of the 158.56 keV transition becauseall observed radioactive isotopes in the following systems:
pure y transitions of these nuclei were observed in the spec??C+ 11%Pd, 12C+ 198d, "Li + 19n, and 'Li+ *3n. The &

tra. However, if one assumes that the resulting activities onlgvaporation channel is the dominant decay mode for the fu-
correspond to thg2n evaporation channel, the cross sec-sion evaporation of’C+ %d and ’Li+ *3n at sub- and
tions of this channel remained much higher than the predicnear-barrier energies. The same channel exhausts more than
tions of our fusion-evaporation calculatiorifor example, 50% of the total fusion cross section fdfC+ 1%Pd and

O meas~ 700 mb versusre,c~100 mb atE. ,, = 32.2 MeV).  “Li+3n at energies just above the Coulomb barrier. We
The reason for this anomalous enhancement might be thHeave compared our experimental results for timecBannel
presence of other reaction channels. Theskripping reac- with a simplified coupled-channétcDER and a statistical

tion might also be present in thidi + *9n system although model (PACE) calculation. The parameters used in the code
this transfer channel is not amongst the most energeticallpaACE were the same for all the systems and were taken from
favored. To verify this assumption, we have determined theRef. [11].

activities corresponding to thé'’Sb nucleus coming from The effects of the coupling to the quadrupole oscillations
the p2n evaporation channel in thé.i + 1*3n system. These of the participant nuclei are weak due to the small size of the
cross sections were estimated usingberand PACE. Then  Coulomb barrier[2]. This statement can also be inferred
the calculated activities corresponding to this evaporatioffrom Ref.[6] where, for a given target, the enhancement of
channel were subtracted from our total measured activitiethe fusion cross sections decreases as the atomic number of
for 117Sh. Thus their cross sections were calculated on théhe projectile decreases. Therefore, the study of the present
assumption that the resulting activities correspond exclusystems provides useful information on the effects of transfer
sively to the D stripping reaction from théLi+ '%n sys-  processes on the fusion cross sections. The coupling to the
tem. The 2 stripping reaction cross sections deduced in thisnelastic excitation in'?C+ 1%11Pd has little influence on
way look reasonable when compared with thEnXtripping  fusion cross sections at sub-barrier energies. No transfer re-

10 / o E

g (mb)

7Li+113,115|n

1F (""sb formation)

IV. SUMMARY
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actions were observed as expected from energetic considehat the enhancement of the fusion cross section due to the
ations in these systems. In addition, it was not necessary teoupling to the transfer channels ought to be considered for
include the coupling to transfer channels to explain the datahe Li+ '3'3n system, even when small transfer cross
This has also been observed in tH©+!*%Cd systen{14]  sections have been measured in one of théti+ 9n).
where the nuclear structure of the reactants is similar to thehis is consistent with the observations presented in Ref.
?C+1%11%Pd systems. The situation is different for the [15]. There, smalllarge transfer cross sections were corre-

'Li+1*319n system. The fact that coupling to the inelastic |ated with small(large sub-barrier fusion enhancement.
excitation was not enough to describe threchannel experi-

mental cross sections and the presence of transfer channels

induced us to couple these processes in the calculations. This ACKNOWLEDGMENTS
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