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Effect of shell structure in the fusion reactions 8Se+13*Ba and 8%Se+1%%Ba
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The dependence of fusion on the nuclear shell structure was investigated for the two reaction systems
825e+ 13%8Ba and ®%Set 1%4Ba, where the nucleu$™Ba has a closed neutron shall=82 while the nucleus
1¥%Ba has a neutron numbét=78, four neutrons less than the closed shell. Evaporation residues for these
reaction systems were measured in the vicinity of the Coulomb barrier. The measured evaporation residue cross
sections ofxn and pxn channels for the reaction systeftfSe+ *%Ba were considerably larger than those for
the reaction systerf?Se+1*Ba, almost 100 times larger at the excitation eneifgy) region of 20-30 MeV.
The fusion probabilities for these reaction systems were obtained from the evaporation residue cross sections
with the aid of calculated survival probability and compared with those of the other reaction systems that make
the same compound nucleus as the present systems. It was found that the fusion FégetidfBa occurs
without hindrance, while that of?Set+**Ba is considerably hindered as commonly seen in the massive
reaction system with the charge proddgZ=1800 of projectile and target. The present result suggests that
the neutron shell closurd =82 promotes fusion.
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I. INTRODUCTION than those for the fusion reactidfi®e+ 8r near the Cou-
lomb barrier region. The enhancement of the evaporation
Fusion process between massive nuclei has been exteresidue cross sections near the Coulomb barrier region be-
sively investigated so far. It is well known that the fusion tween the double closed shell nucffPb and“*eCa is also
probability between massive nuclei depends on the charggointed out in4]. These facts suggest that the shell structure
productZ,Z, of projectile and target. When the charge prod-plays an important role in the low energy fusion process.
uct is less than 1800, its fusion cross section has been well In order to investigate the effect of the nuclear shell struc-
reproduced by the one-dimensional barrier penetration modelre on the fusion process, we investigated the isotope de-
taking into account the coupling of inelastic excitations. Onpendence in the fusion reaction&Set+*Ba and #Se
the other hand, when the charge product is larger than 1800; 1388a. The nucleus!®®Ba has a closed neutron shell
its fusion cross section is hindered compared with the calcu=82, while the nucleug*Ba has a neutron numbai= 78,
lated result of the model. This fact means that the interactingour neutrons less than tié=82 closed shell. In the present
nuclei cannot always fuse to make a compound nucleus eveskperiments, the evaporation residue cross sections were
if the system overcomes the entrance channel fusion barrieeasured as a function of excitation energy and the fusion
In order to drive the colliding system into the formation of probability was extracted from the sum of the evaporation
the compound nucleus in the heavy reaction system, wherngsidue cross sections with the help of a calculated survival
the contact point of the colliding nuclei is located outside theprobability. The measured fusion probabilities were com-
fission saddle point of the compound nucleus, an extra kipared with those in the other asymmetric or more symmetric
netic energy is needed so that the system can reach theaction systems that make the same compound nucleus
saddle point after surmounting the fusion barrier. The necesCN) as the present reaction systems.
sary kinetic energy against a friction is called the extra-extra
push energy ). , , Il. EXPERIMENTAL PROCEDURE
The fusion between massive nuclei depends on not only
the charge product but also on the nuclear structure of the Evaporation residue cross sections for the fusion reactions
projectile and target. It is reported that the number of a va?Se+ *®a and 8?Se+ *4Ba were measured by usirffSe
lence nucleons outside a major shell affects the fusion probbbeams from the JAERI tandem booster accelerator. The tar-
ability [1,2]. This fact is in part correlated with the coupling gets of 138a and'**Ba were fabricated by sputtering barium
of the inelastic excitations and also the nucleon transfecarbonate on a thin aluminum foil of thickness L&. The
channels in the fusion proce$d]. Recently, Oganessian enrichments of the barium isotope 138 in¥Ba target and
et al.[3] measured the evaporation residue cross sections ihe barium isotope 134 in &*Ba target were 99.7% and
the fusion reaction$3%Xe+ &Kr and 3¢Xe+ 8Kr, where the ~ 73.5%, respectively. The contaminations of the barium iso-
nucleus™®Xe has a closed neutron shal=82 and the neu- topes 135, 136, 137, and 138 in#Ba target were 15.24%,
tron number of the nucleus®®Xe is 76, six neutrons less 4.03%, 1.94%, and 5.26%, respectively. The measured thick-
than the closed shell. They found that the measured evapmesses of*Ba and'**Ba targets were 410 and 5Q@y/cn?,
ration residue cross sections for the fusion reacttdtxe respectively. The targets were mounted on a rotating target
+8Kr are almost two to three orders of magnitude largerframe and were rotated at 100 rpm during the beam irradia-
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tion to prevent the targets from breaking due to the beam [ ' ' ' ' ' ' '
heating. '
The details of the experimental procedure are described
elsewhere[5,6]. The evaporation residues emitted in the
beam direction from a target foil were separated in-flight
from the primary beam by the JAERI recoil mass separator
(JAERI-RMS [7]. A carbon foil (of thickness 30ug/cnt)
was mounted at the entrance of the JAERI-RMS to reset the
charge state of the evaporation residues. The separated
evaporation residues were implanted into the double-sided Qs —%65 7 75 8§ &85
position-sensitive strip detectoDPSD, 73<55 mnt) Energy (MeV)
mounted at the focal position of the JAERI-RMS. The ener- ) .
gies and the positions of incoming particles and their subse- FIG: 1. Energy spectrum for the events h_awr;g nol;'OF signal at
quent a-particle decays were measured by the DPSD. AFcm=225 MeV (Ee,=46 MeV) for the reactior’Set *8a.
clock signal was recorded at the moment of the event occur-
rence to construct the time interval between the implantationiue was obtained by taking into account the charge distribu-
of the incoming particles and the successiveecay events. tion calculated by the Shima formula0]. The typical trans-
The typical energy resolution was 75 keV full width at half port efficiencies ofxn, pxn, and exn channels were 0.37,
rznlaX|mum,(FWH_l\/I) for a-decay energy of 7.921 MeV from 0.31, and 0.25, respectively. Furthermore, the detection effi-
°Th produced in the present reaction. ciency of the DPSD for full energy absorption efparticles
The time-of-flight(TOF) signal of incoming particles was fom implanted residues, for exampl&Th, was typically
_obtained by two microchannel-plate detectors, one mountef g4 at a beam energy of 323 MeV. This means that 36% of
in front of the DPSD and the other_ at a distance of 30_ CMhe decay events originating from the implanted residues
upgtream (.)f the .DPSD' The TOF signal was used to dIStInE;ould escape from the DPSD after depositing only a part of
guish the incoming p_artlc_les from the subsequerndecay their kinetic energies.
event. The rough estimation of the mass number of the in- The short-living isotopes of9Th (T,=1.50 us) and

coming particles was obtained by a two-dimensional specy; B . . .
trum of the energy versus the TOF signal of the incomingSZZTerl 1(;-85;_ 1(?3028)’inWhI;?t aérer.ﬁrodu;:segnm :E?o rezri]ctlt?]n
particles. A silicon surface barrier detector was set at 45° : y Inp uring  passing ugh the

with respect to the beam direction in the target chamber tJAERI-RMS, because the flight time in JAERI-RMS was
measure the elastic scattering of tA&Se beam from the about 1us. To determine the evaporation residue cross sec-
barium target. The elastic scattering events were used to déons of #°Th and 2'*Th from the measured yields, the fol-

termine the absolute value of the evaporation residue crodgwing assumption was made: the residdé¥h and *°Th
sections. decaying in flight between the position of the reset foil and

the exit of the JAERI-RMS could not reach the DPSD be-
cause of the change of their charge states. Since the residue
218Th has a short lifetime compared with the flight time in
All evaporation residues produced in the present fusiorthe JAERI-RMS, we assumed that when the residtigh
reactions decay by emitting particles. Theirw-decay ener- decays between the target position and the reset foil installed
gies and half-lives are known from the literaty@. The 16.4 cm apart from the target position, the daughter nucleus
identification of each evaporation residue was made event b§™“Ra (T,,=2.46 s) resets its charge state after passing
event by measuring its subsequentiecay energy and the through the reset foil and is transported to the detector DPSD
time interval between the implanted evaporation residue anthrough the JAERI-RMS. We also assumed that the residue
its decay event. In addition, the correlation of evaporation?'°Th decaying before reaching the exit of the JAERI-RMS
residuea;- o, chains were also used for the identification of is completely lost and only the surviving®Th after passing
the evaporation residue, whetie and a, are the parent and through the JAERI-RMS are detected. We neglected the
daughtera-decay events, respectively, detected at the samemall amount(0.7%) of 2'°Th decaying between the target
position in the DPSD as the implanted evaporation residugposition and the reset foil. The angular spread of the daugh-
Here a correlated event in position in the DPSD was defineter 22“Ra caused by the-particle emission of*Th in-flight
by the condition AX, AY)=(0.6 mm, 0.6 mmwhereAX  was simulated by assuming the isotropic emissioia qfar-
and AY are the position uncertainties in the horizont)  ticles with an energy of 9.664 MeV. This angular spread in
and vertical(Y) directions, respectively. addition to the inherent angular distribution dfTh and also
The typical energy spectrum is shown in Fig. 1 for thethe straggling due to the multiple scattering in the target was
a-decay events at the center-of-mdsam) kinetic energy taken into account for the estimation of the transport effi-
E.m=225 MeV in the fusion reactioi’Se+ '*®Ba. In order  ciency of 2®Th. The transport efficiencies fof'°Th and
to obtain the absolute evaporation residue cross sections, ti#&®Th were thus estimated to be 0.19 and 0.04, respectively,
transport efficiency of the evaporation residue through thdy taking into account the charge distribution. In this case,
JAERI-RMS was estimated by the methods giver{69].  the sum of the cross sections for the paréfh and the
The estimated transport efficiency for each evaporation resdaughter?®Ra and also that for the pareAt®Th and the
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TABLE I. Summary of evaporation residue cross sections for the present reatt®eis’*®Ba and®Set+ *4Ba, which includes both
statistical and systematicak40%) errors.

Channel E.m (MeV) o Channel E.m (MeV) o
82501 13335 245 1.1°3% ,u.b
0.43
in+aln 193 1. 8+ o ub 251 0. 8f°38
196 8.4°5% ub
200 2612 43 b p3n 220 12t+0249 ub
201 6232 225 3419,ub
206 0+ b 230 Jd%ub
210 o. SFSZE 235 0. 7o+gig
o1E 0.44° 358 ub 240 0.12"332 ub
2 7‘3
30 $gmb 220 0.41°37 ub
235 70"2nb 343
245 50" 2% nb 225 0 32026“
41 230 4 729
2n+a2n 193 056*8§2M 233 +1$“b
196 4.2 b 240 4-]-—1.7 b
-2 s 245 2.499 b
200 21 S ub 2027
201 57°23 b 251 0-5Z 0264
206 0. 16+° 08
210 7+9°Zb p5n 230 0.42°332 ub
- 235 1.2°38 ub
215 30_ ,LLb 2'5
20 1 b 240 5.7°55 ub
,LL .
oos o. 8?831 245 8.5%%@
230 448 np 251 8.43qmb
an 201 055041 , p6n-+p7n 240 0. 20*82%
206 21+f36 b 245 053+825
0 M +0
251 2.
210 50723 ub 0755 ub
215 +§95“b adn+ a5n 230 6.9°52 ub
220 5 o 14 wb 235 22*11 ub
225 09 s kb 240 251 ub
230 84+l nb
245 18+ ub
251 b
4n 206 o.19t8;§g b 04w
+0
iig 11§+ bb abn+a’7n 245 TF% 6 ub
aH 251 3518 ub
220 2173 ub
225 14+ Mb 82ge+ 13485
230 3.8 18 ub e
235 0.6 8% ,U«b 1n 200 621(5)11?b
0.12 204 0.19° 515> ub
240 0. 15*009 012 K
245 3% b 209 0.26" 514 ub
214 0.48 53 ub
+0.35
5n 220 0. 54*332 b 221 041 g5 ub
205 1.3°98 4 232 62728 nb
230 3.6°15 ub 235 7333 17 ot
L +5
235 4.1t1;§ ub 239 51z nb
240 1.3'9% 4 245 38 3 nb
245 0. 4285? 2n+3n 200 % nb
251 0.21'8:3; ub 204 0. 39+313 b
6n+7n 230 0.16'3% ub 209 08875 ub
027 214 0.79°93% ub
235 0.42°337 ub +ggg
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TABLE I. (Continued.

Channel E.m (MeV) o Channel E.m (MeV) o
232 81728 nb 235 0.78 542 ub
235 0.14' 515 ub 239 0.57" 318 ub
239 96" 33 nb 240 0.56' 935 ub
240 0.11° 5% ub 245 0.40°333 ub
245 51°% nb 249 0.29"31Z ub
4n+5n 221 848 nb p4n+p5n 232 0.56' 533 ub
232 4552 nb 235 0.36°337 ub
235 48"3%%nb 239 0.13°3%f ub
249 19"38 nb 240 0.31°322 ub
245 0.26°917 ub
p 204 9.53%%nb 249 0.11°339 ub
209 2833 nb
" elfgz'%r:]b a+aln 232 2.ot%;§mﬂb
291 0.28"916 b 235 0.60 036 ub
S 239 1.4%9% b
232 0.20°015 ub 240 0.87°943 ,p
235 0.17°922 ,p O/l_0.41 M
—0.14 M 245 0 8 0.36 b
239 8951 nb e 03
010 249 0.34.51¢ ub
240 0.19'313 ub
+ . v+0.80
5n+pln-+a5n 204 028015, ¥2NTasn ;;‘ 019(7);8;;7 ’;b
209 0.30°0115 ub i i
035 232 1.607 ub
214 0-77io.35 ub 235 1.0706 ub
221 0.41°5%% ub 08
232 0.777043 ub 239 1.05g5 ub
935 0. 37;8;§2 b 240 0.70" 538 ub
o024 M 245 0.80' 349 ub
239 0.48"q17 ub +0.32
7#8:28 249 0.79 g3 ub
240 0.3 ;%%pb
;ig ggég;g “E adn+ asn 232 0.28"3% ub
Coou M 235 o.32i§;§§ ub
p2n+p3n 204 16" % nb 239 0'62;8'58’“)
6 240 0.197329 ub
209 0.36 910 ub 03
014 1 Zg_-gﬁ b 245 462 nb
405 249 0.19°9% 1ub
221 1.6°07 ub -
232 1.1"32 ub

daughter?“Ra were obtained using the yields of the prod-present reactions are listed in Table I, and are also shown in
ucts ?*Ra and?*Ra, respectively. Figs. 2 and 3 as a function of c.m. energy determined in the
We assumed that the nucled®Ra measured in the en- middle of the target layer together with the calculated results
ergy regionsEy,=<201 MeV, 206 Me\<E., <215 MeV, Using theHvVAP code[11]. The details of these calculations
andE.,,=230 MeV is produced by theri.channel, thexn will be shown in the following section. The experimental
ChanneL and the man ChanneL respective|y_ We also as- el’ror.for.the data includes both S-tatiStical a.n(.j SyStematiC.al
sumed that the nuclet’d4Ra measured in the energy regions contribution, where the systemancal uncertainty was esti-
E. <206 MeV andE,=215 MeV is produced by ther2 mated to be 40% by'tgklng into account the uncertainties
channel and ther2n channel, respectively. Since tH&‘Ra from the_transp_ort efficiency and the charge distribution of
data measured at the enery,=210 MeV corresponds to €vaporation residue.
the middle of the overlapping region of these two compo-
nents, we assumed that half of the yields is produced by the
2n channel and the rest half of the yields is produces by the
a2n channel. The measured evaporation residue cross sections were
The obtained evaporation residue cross sections for theompared with theoretical calculations. In the present theo-

IV. DISCUSSIONS
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FIG. 2. Evaporation residue cross sections for the reaction F!G.3. Same as Fig. 2 except for the reactféBie+ '*Ba. The

8256+ 13883 with the calculated ones that were estimated by usindhiCk curve in gqch .channel is the .calculate.c(%%rgesult including the
the statistical model codaivap. In the calculation of the fusion COmPonents originating from the fusion reactionSe+"Ba, where

cross section, the coupling of inelastic excitations of the first 2 A=135. The p_erce;wtage of the heavier bilrium isgtopes 10351 136,

and 3~ states for both the target and projectile to the fusion procesd37. and 138 in @*Ba target were 15.24%, 4.03%, 1.94%, and

were taken into account by the use of the cad®Eer Error bars 5.26%, respectively. The thin curve shows the component originat-
’ i ; i (82 13

represent not only the statistical contribution but also the systematind from the fusion reactiori’Se+ **Ba.

cal one of 40%.

tions. The calculated barrier shifts are almost the same as in
retical calculation, first, the fusion cross section was estithe present reaction systems except for a small difference of
mated by the coupled-channel calculation using the codabout 1 MeV.
CCDEF [12]. After that, the survival probability of each In the statistical model calculation, there are several im-
evaporation residue was calculated by using the statisticaortant parameters such as level density parameters at the
model codeHIVAP. In the calculation of the fusion cross sec- equilibrium deformation and the saddle point deformation,
tion, the coupling of the inelastic excitations of the first 2 the binding energies of emitted neutrons, protons, @nar-
and 3 states for both the projectile and the target to theticles, and the fission barrier. We used the formulfldi to
fusion process were taken into account. The adopted defocalculate the level density parameters. Here the shell damp-
mation parameters of the first quadruple and octupole vibraing effect as a function of the excitation enerdy.{) was
tions wereB,=0.164[13] and 8;=0.124[14] for **Ba and  taken into account as proposed by Ignatilal. [16]. The
B,=0.093[13] and 8;=0.118[14] for 13®Ba. These for the shell damping parameter of 18 MeV was assumed. We also
projectile 82Se were3,=0.194[13] and 8;=0.161[14].  took into account the collectivotational and vibrational
The calculated fusion cross sections for both reactiorenhancement of the level density as pointed out by Junghans
systems show enhancement below their Bass barfigis{ et al.[17]. The rotational enhancement factdy,(E.,) was
=207.8 MeV for the fusion reaction of?’Se+3Ba and calculated according to the procedure[d7] and the vibra-
206.6 MeV for the fusion reaction of?Se+1%%8a), where tional enhancement facté,;,(E.,) was calculated using the
the calculated barriers were shifted toward lower energyformula of [18]. The critical deformation parametgt, to
by about 10 MeV compared with the calculation without distinguish a deformed nucleus from a spherical nucleus was
taking into account the coupling of these inelastic excita-assumed to be 0.17 in the estimation of the level density. The
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calculated 3, value of [19] for ground state deformation ascribed to the fusioff’Se+ **Ba. The observed cross sec-
was used for nuclei encountered in the deexitation process @bns corresponding to the maximum of the-23n channels
the compound nucleus. As for the ground state mass, ware 0.1-0.5ub, which are more than two orders of magni-
used the mass table of Audi and Wapdt28]. The fission tude too small compared with the maximum cross section of
barrier B; was calculated a8=aB p—Eg, whereB,p is  the 2n or 3n channel in the fusiorf’Se+ 1*%a.
the liquid drop fission barrier of21] and E; is the shell It is important to verify the survival probability calculated
correction energy. The scaling parametavas fixed to be 1.  in the HIVAP code by using the experimentél,/T’; value of
The shell correction energy was estimated to be the differf23]. Here the decay widths of the neutron and fission are
ence of the experimental mal0] and the calculated liquid denoted byl', and Iy, respectively. Schmidet al. obtained
drop masg22]. averagd’,/T’; values from the A& channel evaporation resi-
As seen in Fig. 2, the maximum evaporation residue cros§Ue cross sections for the compound nucléli (214<A
sections of the & and % channels in the reactiof?Se  =220). We can estimate tHg, /I’y values for the compound
13 : : : nuclei 21Th and ?2°Th as 0.07 and 0.18, respectively. Then
+ 13884 are about 10@b and are quite consistent with the ' P Y

H 21 22 H ~
calculated evaporation residue cross sections for these chajil€ ratioP of the I',/I'y value for °Th to #°Th is P~0.4.

nels. The calculated evaporation residue cross sections qince th_e dgp(_andence of th/I's values on the excitation .
energy is similar to each other for the compound nuclei

the In channel is limited at the low energy side by the fusion 216 and 22°Th, the ratioP depends weakly on the excita-

barrier. The measured cross section of the dhannel tion energy. The present calculation sho®s-0.3~0.5 at

also shows such an effect because the peak position of t . : :
1n channel cr tion is shifted to an excitation ener E.=80 MeV. Using this experimental value, we can
channel cross section 1s shifted to an excitation energy of, |y estimateo; (2Th)~ Po,(22°Th) and o,(216Th)

1_8 MeV. It is noted that the evapora_tlon residue cross sec-_ P24, (229Th), where the f and 2n channel cross sections
tions measured below the Bass barhgy,ssare well repro-

- whT i pass o originating from the CN are denoted by (CN) and
duced by the present calculation, indicating the S|gn|f|canc%2n(CN) , respectively. This simple consideration shows that

of the coupling of the inelastic excitations of thé 2and 3~ o1 226Th) =~ 0.40 1, (?2°Th) ando,,(216Th)~0.150,,(22°Th).

states. The fact that the 4 and 2h channel cross sections for the

The excellent agreement between the measured evapor@(-)mpound nucleu'*Th are smaller than the compound

tion residue cross sections and the calculated results meaRscleus22°Th is mainly due to the increasing neutron bind-

. . . 13 . .

that the fusion in the reactioffSe+ **8a is properly simu- ing energy with decreasing mass number of the thorium iso-
lated by theccDEF calculation without any fusion hindrance. tope. These estimations are consistent withithep calcu-
This is not true for the so-called extra push systematiCs,iion shown in Figs. 2 and 3. Contrary to the estimation, the
of Quintet al.[1], where measured extra-extra push ENergi€seasured @ and 2 channel cross sections for the fusion
Ex are plotted as a function of the charge proddgZ. o ction®2se+ 13483 are smaller by two orders of magnitude
of the projectile and target plus a nuclear shell COIrection . those for the fusion reaction &fSet 13%Ba. We also
1_0me-AZThAeN smaII_ fzcétorAﬁmm 's diflzned gsAﬁmin checked the contribution of the shell energy to the fission
=min(AZ,,ANy) +min(AZ;, ANy, whereAZ, ; an p.t  barrier in the present calculation, because both the excited

are the numbers of valence particles or holes from the neareé&mpound nuclei and also the excited daughter nuclei are

major closed shell of projectilg) and target (). From this  ¢\se 14 the\ =126 shell. If the shell damping parameter is
systematics we expect an extra-extra 1'3DUSh energy arou’Hiacreased from 18 MeV to a few MeV, the calculatedahd
10-15 MeV for the present reactiiSe+ *Ba. This effec- 5" 3" pannel cross sections f6fSer 14Ba decrease to

tively matI:]es rlthe dfuzsqlonhbarrlelr high and tgon5|d?r?hblyl de'the experimental values d&.~20-30 MeV. But, at the
creases therl an channels cross sections at tne 1ow g, 0 time, the calculatedn2and also & channel cross-

excitation energy regiok.,=< 30 MeV. There is no such evi- sections for 3%Se+ 1¥8a also decrease by two orders of

dence seen in the excitation function shown in Fig. 2. magnitude. This means that the strong shell energy around

On the other hand, the measured evaporation residug_~ 55 is not the cause of the observed deficit Ase
cross sections in the fusion reactiSfSe+ ™*Ba show clear | 13igy Thys this deficit cannot be ascribed to the evapora-

deviations from the calculated cross sections mainly in thefion process in the fusion reactiofSe+ *4B8a, but can
lO.W excit.ation energy regiokte,=20-30 MeV as shown in rather be ascribed to the fusion process. ’
Fig. 3. Since the present target HfBa has the admixture of From the measured evaporation residue cross sections we

t_he other Isotopes of banum,_V\_/e can see a 5|zablt_e COntr'blf:'an extract the fusion probability with the aid of calculated
tion of the fusion products originating from the fusion reac-¢  wival probability as follows:

tions 8’Se+”Ba, whereA=135. However, these contribu-
tions mainly concentrate on excitation energies higher than

40 MeV except for the residued':?rh, 2192UAc, and > Tere(Ecm)
?0720Ra. According to the present calculation, these residues  (p, (E_ )= ¢
are produced only by the fusioffSe+ **Ba in the energy fustmem
region (56<E.=70 MeV). Large deficits of the evapora-

tion residue cross sections are seen, for instance, in ithe 1

(?Th), 2n+3n (?3214rh), and also the f (**°Ac) chan-  where the fusion probability Py,¢ is an averaged value
nels atE.=20-30 MeV, where the main contribution is weighted by the angular momentuin Actually, in the

.
m@ (2141) D) Were(Eexs))
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10" g ———— —— — — — = —S 40Ar +176.184f (Z 7,=1296) [24] and the more symmetric
E @) 3 reactions'?/sn+ %297y (z,z,=2000) [25], where the same
10°F 3 compound nucle?*®Th and ??°Th as in the present work are
& »15 ] produced. As shown in Fig. 4, the fusion probability for the
2 10°F E reaction®Se+1*®a is very close to that of?Ar +*¥Hf and
2 10_21 1 consistent with the calculation, while it is clearly different
n‘; ] 3 from that of 12Sn+ %6Zr. On the other hand, the fusion prob-
£ 00k ] ability for the reaction®Set 1*Ba deviates from that of
e £ ¢ o  sesligy 3 40Ar+17%4f and also from the calculation. It is rather close
0L o lion ] to the *?“Sn+92Zr case below the Bass barrier. The present
2 O Msn+ %z 3 results indicate that there is no fusion hindrance for the re-
105 Lussussne byt bty action 82Se+ 13883, while for the reactionf’Se+ 13%Ba the
20 -10 0 10 20 3 40 50 : e
1T — : M : : I fusion around the Coulomb barrier is hindered.
In order to obtain the extra-extra push energy for the re-
10°k - action #Se+1%Ba, we used the expression proposed in
. [1,25], where a fusion barrier distribution of a Gaussian
% 10" 3 . shape having the mean vallg; and varianceaé was as-
%‘ F ] sumed. In this analysis, the transmission coefficient of the
£ 107F 3 Hill-Wheeler type[26] with 7w = 3.0 MeV was used and we
g i é ®  USeslBy ] ignored the contribution of the centrifugal potential to the
E 10°F \ O S I fusion potential, because the centrifugal potential is very
1 # O Psns+ Tz ] small (only 0.8 MeV atl=20%) in the present reaction sys-
10 p (E.., G0) 3 tems. From this analysis we obtained the extra-extra push
o | ZUOMVIMY parametersE,,,og) = (10 MeV, 5.1 MeV for the reaction

825e+ 13Ba. These values are quite consistent with the sys-
tematics of{1].
The present result suggests that the fusion process after
FIG. 4. Fusion probabilities obtained from the measured evaposurmounting the fusion barrier may be different in the reac-
ration residue cross sections for the reactims®Se+**8a and  tions 8°Se+ 13%Ba and®’Se+ 13%Ba. The target nucleuS®Ba
(b) #?Se+13Ba as a function oE .~ Vgass(MeV), whereVe,iis  has the closed neutron shéll=82 and the target nucleus
the Bass fusion barrier. The solid curve shows the fusion probability!34g4 has the neutron numbkir= 76, only four neutrons less
with no fusion hindrance calculated by the catteper, which in- than the closed shell. The projectile nucletfse is also
cludes the coupling of inelastic excitations of the first and 3 close to the closed neutron shill=50. The calculated sub-
states. The dashed curve @ is the fusion probability calculated o rier fsion enhancement due to the coupling of the inelas-
by the expression ii1,25] assuming By, o8)=(10 MeV, 5.1 40 oy citations of 2 and 3~ states is almost the same in both
MeV) (see text The data for “°Ar+1"%18Hf [24] and '?*Sn ) X
+9297, [25] are also plotted to make a comparison with the the present reactions mentlongd .above, because the deforma-
present data. tion parameterg, and 35 are similar to each other fpr both
the isotopes'**Ba and 1*®Ba. In the present calculation, the
coupling to the neutron transfer channel was not included.
present reactions, the angular momentum contributions to thehe effect of the neutron transfer during the sub-barrier fu-
evaporation residue production is fronk @o 20z, because sjon process can be roughly estimated by@healues for the
of a large fission probability for a lardevalue. Therefore the pickup and the strip reactions. Ti@ values for one- and
obtained fusion probability is considered to be that for thetwo-neutron transfers are negative for the reactfge
central collision. The survival probability,, . as a function  +13Ba, while theQ value for the two-neutron transfer is
of the excitation energfe,=E.,+ Q (reactionQ value for  positive, 0.79 MeV, for the strip reaction dFSe+'**Ba.
a specific channet and angular momentuinwas calculated  This may result in the more sub-barrier enhancement in the
by using HIvAP. The fusion probability for the reaction fusion reaction®Se+ 13%Ba than the case of?Se+ 3%Ba.
82Se+ 13*Ba was obtained by subtracting the other contribu-This expectation is in contradiction with the present experi-
tion ascribed to the heavier barium isotopes théiBa. Es- mental results.
pecially the cross sections df*?Th at E,,=24 and 27 The importance of the shell energy in the fusion process is
MeV, #1221 1¢ at E.,=33 and 38 MeV, and also those of pointed out by Myers and Swiateck27]. They suggest that
211.212rn and 2102A¢ at E.,=>45 MeV were used, because the shell energy resists neck growth at the time of contact
there is a negligible contribution to these residues from théetween the projectile and target, and then the projectile
fusion products in the reactiof’Set+”Ba (A=135) based nucleus can go deeply into the target nucleus with a small
on the present statistical model calculation. kinetic energy dissipation. This process is also suggested
The results are shown in Fig. 4 as a function&f,, by the theoretical calculation of Mer et al.[28], where the
—Vgasstogether with the calculated onésolid curvg. They  single particle levels for the two-center system of closed
are also compared with those of the asymmetric reactionshell nuclei show a prominent energy gap up to a short
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distance between mass centers. This qualitatively suggests+al®®Ba were almost two orders of magnitude larger near
small friction during the fusion process of closed shellthe Coulomb barrier region than those for the reactit®e
nuclei. +1*Ba. This large difference is ascribed to the entrance
Oganessian suggests the important relation between thehannel of the fusion process. The fusion probabilities ob-
fusion process and the fission proc¢29]. The compound tained from the measured evaporation residue cross sections
nucleus??°Th at low excitation energy can decay into asym-with the aid of the calculated survival probability were com-
metric fission fragments, where the heavy fragment is conpared with the other reaction systems, that is, the asymmetric
centrated around the atomic numbgs54 with a narrow  systems“°Ar+*%17Hf and also the more symmetric sys-
charge width 4.7(FWHM) [30]. The compound nucleus tems '?‘Sn+%9Zr. These make the same compound nuclei
21Th has no such asymmetric fission component. The targets the present systems. From these comparisons, we con-
and projectile combination for the fusion reactidiSe clude that there is no fusion hindrance for the reaction sys-
+1%8Ba is close to the asymmetric fission components otem 82Set 138Ba, while the fusion for the reaction system
220Th, Also in the case of the fusion reactidi®e+8%Kr,  #Se+ *4Ba is considerably hindered near the Coulomb bar-
the compound nucleu$?’Th has asymmetric fission frag- rier. The obtained extra-extra push parameteEs, (o)
ments close to®Kr and 13%Xe. Both the fusion reactions = (10 MeV,5.1 MeVj for the reactiorf?Se+ *4Ba were con-
(8%set+ 138Ba and *%e+8%r) show large evaporation resi- sistent with the systematics of Quiat al. [1] of the extra-
due cross sections in the present work and3h In these extra push phenomena.
cases, the two asymmetric fission fragments are spherical The present result suggests that the fusion of massive re-
and thus have a compact shape at scission. Such a combiraction systems strongly depends on the shell structure of
tion of the target and projectile may follow the fission valley colliding partners. It is important to realize theoretically the

in the reverse way to reach the fission saddle point. energy dissipation due to the friction after contact by taking
into account the shell structure of colliding nuclei. Further
V. CONCLUSION experimental investigation is needed to confirm the impor-

) _ ) 13 tance of the shell closure in the fusion process, and also
Evaporation residues from the reactioffSe+ **8a and  make the relation between fusion and fission clear.

82Se+ 134Ba were measured to investigate the dependence of
the fusion reaction on the nuclear shell structure of the col-
liding nuclei. The nucleus®®Ba has the closed neutron shell
. ACKNOWLEDGMENT
N=82 while the nucleus'®Ba has a neutron numbe
=78, four neutrons less than the closed shell. The measured The authors thank the crew of the JAERI tandem-booster
evaporation residue cross sections for the reacfi@®e facility for the beam operation.
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