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Effects of nuclear deformation on fusion probability in the reactions of 82Se+ "Ce
and "°Ge+°Nd near the Coulomb barrier
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Evaporation residuéER) cross sections fof’Set+ "3Ce (Z,Z,=1972) were measured in the vicinity of the
Coulomb barrier and the fusion probability was obtained with the aid of calculated survival probability. This
fusion probability was compared with that féfGe+ 'Nd (Z,Z,=1920), which was determined with the
same manner by using the data published by us. The former system represents fusion of two spherical nuclei,
the latter fusion involving the prolately deformed tardgiNd. The collision of"Ge with the side of*™Nd is
the most compact configuration at touching. The syst&&e+ "¥Ce showed fusion hindrance in the form of
extra-extra-push energy of 25 MeV, whereas the systediGe+ °Nd does not show fusion hindrance at
and above the Coulomb barrier energy, suggesting that the reaction starting from the compact touching point
results in a higher fusion probability.
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[. INTRODUCTION fission fragments of complete fusion, making the fusion
cross section ambiguous when only the fission fragments are
Heavy ion fusion reactions between massive nuclei neameasured. Therefore detecting the evaporation residues is es-
the Coulomb barrier have been investigated experimentallgential to identify the fusion reaction and obtain the fusion
and theoretically so far. This is partly because there is grobability.
possibility of synthesizing a super-heavy element as an There are several investigations on the fusion hindrance
evaporation residue by complete fusion under a propeof massive system based on the measurement of evaporation
choice of colliding particles and the bombarding energy. Theesidueg5—8|. These investigations show thagy increases
production of evaporation residues is comprised of two sepawith Z,Z, aboveZ,Z,~1800.
rate processes: the fusion process between two interacting Recently, we investigated the fusion involving a deformed
nuclei (entrance channgland the survival process against target nucleus and discussed the fusion hindrance from the
fission in the course of the deexcitation procésst chan- measurement of evaporation residue cross sect®as). In
nel). The former process is successfully understood by ahe °Ge+ 1°Nd[10] system Z,Z,=1920), there is a fusion
coupled channel modéll] in the limit of light projectile- hindrance at the energy corresponding to the collision of
target combination ofZ,Z,<1800. Fusion enhancement "®Ge with the tip of the prolately deformed®Nd (3,
relative to the one-dimensional barrier penetration modek 0.3583,=0.104[11,12), and an extra-extra-push energy
was observed below the Coulomb barrier regj@h This  of 13 MeV was determinetfusion barrier height in the tip
could be explained by replacing the one-dimensional barriersollision is 184 MeV, determined by thecDeF code[13]).
by a distribution of barrier§3—5]. The origins of the barrier On the other hand, there was no fusion hindrance for the side
distribution are the nuclear deformation, the inelastic cou<ollision of 6.,,>50°, where the barrier height is nearly
plings of the vibrational states in the colliding nuclei, and theconstant within 211-215 MeV and is close to the Coulomb
nuclear transfer couplings. On the other hand, in heavy sydarrier Vg=209 MeV (see Fig. 10 in Ref[10]). Note that
tems Z,Z,>1800), the formation of a compound nucleus is Vg is calculated from thecber code by assuming the inter-
not warranted even if the system overcomes the fusion ba@cting nuclei to be spherical and is referred to as spherical
rier. This is because at the contact point the distance betwedpoulomb barrier hereafter. We expected that tf&e
the centers of projectile and target is larger than the distance 1>°Nd system exhibits larger fusion probability than the
of the centers of the nascent fission fragments at the fissiosystem consisting of spherical colliding nuclei wha&e,
saddle point. The kinetic energy of the interacting nucleivalue is close to that of°Ge+ ®Nd. In order to test this
decreases in the course of the fusion process, with the energypposition, we chose the fusion reactiorf’Se
being dissipated into the intrinsic excitation energy, and thet "¥Ce (Z,Z,=1972), leading to compound nuclé??>4
system fails to surmount the fission saddle point for the bomwhich are similar t0??®U from "Ge+'°Nd, and the ER
barding energy corresponding to the Coulomb barrier. Taross sections were measured. From the experimental data
drive the system into the compound nucleus, an additionalve obtained the fusion probability dSe+"¥Ce with the
energy called extra-extra-push enerdi () is needed. help of statistical model calculations which derives the sur-
Collisions that fail to form a compound nucleus may vival probability. The result was compared with the fusion
break as quasifission after a significant amount of nucleoprobability of "Ge+*°Nd, obtained in the same manner
transfer and kinetic energy loss. Fission fragments fronmusing the data published previously by us, in order to find the
quasifission are difficult to distinguish experimentally from difference in the fusion probability between two types of
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fusion reactions: the one using spherical nuclei and the othen the target chamber to determine the absolute values of the
involving largely deformed nuclei. ER cross sections.
Il. EXPERIMENT Ill. DATA ANALYSIS AND EXPERIMENTAL RESULT

Measurement of evaporation residue cross sections fol- The identification for a specific channel was made by
lowing the fusion of82Se+"Ce was made by usin§’Se  counting the ERx;-a, chains, where ER stands for the
beam supplied by the JAERI-tandem booster acceleratogvents produced when the incoming evaporation residue hits
The targets were made by sputtering the natural cerium metéihe DPSD. Thex; and «, are the first and the second cor-
(abundance of*%Ce and***Ce are 88.5 and 11.1%, respec- relateda-decay event. Figure 1 shows the two-dimensional
tively) on a 1.5um thick aluminum foil, and the thickness spectrum ofa particle energy and the time interval between
was 425ug/cnt. The " Ce target was set to a rotating target the ER implantation and the decay. All the events shown
frame in the target chamber. in Fig. 1 satisfy the condition that the position difference

Since the evaporation residues produced in the preseletween ER andy event has to be less thaAX,AY)
reaction area decaying nuclei, the evaporation channels=(1.0,1.0) mm. We searched the correlated decay chain,
could be identified by observing-decay energies and life- ER-a;-a,, to identify the specific evaporation channels with
times. The experimental details are described elsewherigelp of the knowne decay energy and half-life. The events
[9,10], and thus only the essence is written here. The evapdorming ER«4-a, chains are shown in Fig. 1, where each
ration residues emitted in beam direction were separated ichannel is distinguished by different symbols. Since the
flight from the primary beam by the JAERI recoil mass sepa-w-decay energies and half-lives ét°Th and ?*3Ac are al-
rater (JAERI-RMS [14]. The separated recoils were im- most similar, we obtained the cross section in the form of
planted into a double sided position-sensitive strip detectof*Th+ 2%3Ac. Also if a; escaped the detector with the en-
(DPSD. Two large area timing detectors, one positioned inergy deposition larger than the discrimination enei@y
front of the DPSD and the other 30 cm upstream the DPSDMeV) of the DPSD, the identification was possible when the
were used to obtain the time-of-flightOF) signal of incom-  full energy of a, was detected except the chain including
ing particles. The presence of the TOF signal was used t3*®Ac(a,), for which the corresponding daught&Fr(a,)
distinguish ER implantation events from the subsequent has a long half-life of 20.0 min and consequently the identi-
decays, which generate no TOF signals. A two-dimensiondication was impossible due to chance coincidences. The
spectrum of the energy versus TOF gave a rough estimate 6f1?1Ra box contains 11 events, which is significantly larger
a mass number of the incoming particle, allowing the distincthan the five events arising from E&fTh-*'Ra and
tion of ERs from background particles. Alpha-decay eventER-?°Th-2''Ra chains. This difference is attributed to the
later than 5us after the implantation of ER were recorded. direct production of?'*?'Ra as evaporation residue.

The energy calibration of the DPSD was made using known To obtain absolute ER cross sections the efficiency of the
« transition energy from?®Th(7.921 MeV) [15] which  ER to be transported to the focal plane detectors through the
were produced in the present reactions. Typical energy resGAERI-RMS has to be known, which was estimated by the
lution of the DPSD was 70 kel #WHM). A silicon surface  method described in Ref10,16. The estimated transport
barrier detector to monitor the beams was set at 45° directiosfficiency for a specific charge state of ER was multiplied by
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the charge fraction calculated by the Shima formula]. ER-A6Th-*"Ra chain in Fig. &) may include the compo-
The transport efficiency for thexn channels ranged from nents 0f??°U channel, which cannot be detected in this ex-
0.22 to 0.33 depending on the beam energy. Xheeffi- periment because of the short half-l{fetnknown). This is the
ciency ranged from 0.29 to 0.40. The estimation does nosituation for the channelg), (d)—(g). The upper right sec-
show a significant difference betweerxn and apxn effi-  tion of Fig. 2 represents the sum of ER cross sections over
ciencies. the channels ofa)—(g). Estimated upper limits of the cross
The probability of detecting ther decay of evaporation section are shown by the symbBl in Fig. 2 and also in
residues implanted in the DPSD was taken into account iable I. Even though the isotogé’Ce is the minor constitu-
the analysis. This is the function of ER kinetic enefgyus  ent in the"®Ce targef11.5%), the ER cross sections contain
the implantation depyhand thea decay energy. For ex- the component arising from th&Set+ #°Ce reaction. This
ample, the probability of full energy absorption af par-  will be discussed in the next section on the basis of the
ticles from ?'Th was 0.62 atE.,,=238.0 MeV. The es- statistical model calculation.
caped event of this decay was detected with the probability
0.24 with respect to the present energy discrimination of 2 IV. DISCUSSIONS
MeV. We also took into account the decay branch in the
a-EC(B™") competition by referring t¢15].
The obtained evaporation residue cross section$48e
+"aCe are shown in Fig. 2 as a function of c.m. energy of
825e+14%Ce, which is determined in the middle of the target

The experimental ER cross sectiog, . for the observed
channelc was used to obtain the fusion probability weighted
by the angular momentutnby

layer. The data are also listed in Table I. The error includes Ec: Terc(Ecm)

both statistical contributions and the estimated uncertainty of  p; (E. )= . (D
50% coming from the transport efficiency of ERs through the ' X2 21 +1 We (E. 40
JAERI-RMS. The cross section determined from the m §|: ( )Ec: erc(Eemt Q1)
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TABLE |. Summary of evaporation residue cross sectiongnis] from the reaction off?Se+ "®Ce for the channels dfa) 2Th, (b)
219+ 215Th+ 213, (c) 22U+ 215Th, (d) 22U+ 22'Th, (e) 2®Pat 2YAc, (f) 2*%Pat 2°Ac, and(g) ?*%Pat 1®Ac. Upper limit is shown in
parentheses when no event is detected. The last column shows the sum of ER cross secti@hs(gker

Ecm. @ (b) © (d (© (f) (9 sum
215.0 (3.0 (3.5 3.07%2 17.3°159 (3.9 (3.6 (5.4 20.3' 133
220.0 (3.0 (3.5 18.1°138 11.2° 346 (3.9 (3.6) (3.8 29.3 132
223.0 (1.4 1.7 10.0°72 @.7 1.9 .7 (3.9 10.0°¢3
228.0 1.225 (1.5 19.5 118 8.4" 140 1.7 (1.5 (3.5 29.2°1%%
230.0 (2.6) 20.2°131 38.0" 239 10.073%* (3.2 (3.3 (3.4 68.3° 352
233.0 (3.9 9.8"129 11.8°3%3 25.6"333 13.3°1742 6.8"140 (10.6 67.5 359
238.0 12.5"1%3 24.8"182 23.3"158 21.6"%52 22.4 %22 22.8"%99 (8.9 127728
243.0 10.7°342 4.89° 7.7°100 (12.5 12.8°168 (4.6 (10.3 36.0°337
245.0 175153 8.8°37 9.4°8%4 2.9 39.3333 8.0°:%° (2.9 83.0° 43¢
253.0 432332 74.2°99¢ (6.6) 8.2 55.3'332 22.52%¢ (8.3 195*192

The survival probabilityw,, . against fission for the specific a specific channely,, . [see Eq.(1)], includes two compo-
evaporation channel is a function of the excitation energy nents representing the decay of compound nuclei
Eex=EcmtQ (reactionQ valug and the angular momen- 223 (825e1 149ce) and 224U (82Set14%Ce) with their frac-
tum|. This was calculated by theivap code[18] using the  tion being determined in accordance with isotope abundance.
parameters described in Ref8,10] except the slight modi- The obtained fusion probability fo#2Se+ "@Ce is shown in

check if the present statistical model calculation reasonablyjey of 82Se+140Ce. The error inPy includes only statis-

provides the survival probability, we have determined the

P for the fusion reactior?®Si+ %%t by using the data in

Ref. [10], which is the light fusion system witlZ,Z, 10*

=1092 and is expected to have no fusion hindrance. The

result is shown in Fig. 3 as a function &t ,/Vg, where

Vg=125.5 MeV is the spherical Coulomb barrier for this 10°

reaction. Above this barriePy,s is almost constant with 1,

indicating that the presemtivap calculation reasonably re-

produces the survival probability. We want to mention that

P;,s at the two lowest energies have large values of 0.2

—0.3 even below the spherical Coulomb barrier. This indi- 3

cates the fusion enhancement primarily due to the deforma-&-

tion of 28Si [10]. 107
When fission is the dominant deexcitation channel like in

the present case, the evaporation residue cross section doe

not contain information on the fusion of high partial waves, 1073

because they will lead to fission. The survivihgange is

limited to | <~25%, corresponding to an impact parameter

less than 1 fm, and hend, ¢ is reasonably approximated to -4

that of central collision. 10
The fusion probability for®?Se+ "®Ce was determined 0.9 1.0 1.1 1.2

from the ER cross sections with the assumption thattjje E _/V

for 82Set+ 14%Ce and®Set+ 1%Ce are the same. This assump- cm. / ¥B

tion is justified by the weak dependencekgfy on the target FIG. 3. Fusion probability, for 23Si+19%Pt (open diamony

isotopes  investigated  for  the  fusion of %Kr  s25e, nace (open circle, and %Get1Nd (solid circle deter-

+ 12h128h (£12,=1836) and 24sn+ 90’92"94’9% (Z1Z3  mined from the experimental ER cross sections. Reversed triangle
=2000)[7]. The difference of two neutrons in the targ8b  (solid) is the upper limit for’®Ge+5Nd. Solid curve is the fusion

or Zr) changes thé&yy value only less than 4 MeYerror of  probability of 8°Se+"@Ce calculated by Eqg2)—(4). Details are
3—5 MeV is reported irEyxy). The surviving probability of  described in the text.

10!

T T
«

o 2Bgj 4 198p¢
o %ge + ™Ce

® Ge + "'Nd
{¥Y upper limit)

o
oo [
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tical error. BelowE, ,/Vg=1.15, Ps, for 8Set+"3Ce de- from the fusion reaction®2Se+ 14%Ce and®Set+ 17 Ce, are
creases considerably with lowering the bombarding energyshown, from which one can see the former component to be
exhibiting the curve similar to the massive system havingpredominant in this spectrum.
fusion hindranc¢5,7,8|. By finding theE. , at whichPy,s of The fusion probabilityPy, for "6Ge+°Nd was deter-
8Set"Ce crosses theéP;,,=0.5 level, we obtained the mined by using our datgl0] and the survival probability
extra-extra-push enerdyyx=27+5 MeV for this reaction. = was calculated by theiivap code. The results are
The authors of Refd.7,8] investigated the fusion prob- shown by the solid circles with statistical error bars in Fig. 3.
ability for the massive a_nd nearly symmetric fusion reacuonspfus values of ®Ge+ 50Nd is nearly flat with~1.0 down to
and _found that_the fusqon prot_)abl!lty is reproduced b_y aSEc_m.~VB (Vg=209.0 MeV). This trend is similar to the fu-
suming the fusion barrier distributiofy to have Gaussian sion of 28Si+ 1%8pt which exhibits no fusion hindrance, and

shape of a mean valus =V + Exx and a standard devia- o so6ctrum shows marked contrast to thatsie+ ™Ce. It

tion o, is apparent that the reactidfiGe+ Nd has no fusion hin-
drance above the spherical Coulomb barrier. We did not ob-
Pfus(Ecm)=fEmaxdEéfB(Eé;EB,UB)T|—0(Ecm EL). serve any event irE.,<Vg and thus the upper limit is
' Emin N o shown by the solid reversed triangle in Fig. 3.
(2 The anomalously large fusion probability foféGe

+159Nd will be clear when one compares the present result
1 with the prediction of the Quint systematidsy,yx=25 MeV,
exp{— (Eg—Eg)%/202}, (3)  determined from the scaling;Z,+ 10vy,=2040 for °Ge
V27og + 150N (= 12).
Because of the strongly prolate shape'®iNd, the Cou-
20 -1 lomb barrier height depends on the colliding anglg, of
1+exp[ﬁ—(E,’3— Ec'm)H . (4  T"®Ge with the symmetry axis of°Nd. It was concluded in
@ Ref.[10] that the collision off.,;>50°, which is the inter-
action of "°Ge on the side of°Nd, results in a fusion with-
Equation(4) is thes-wave transmission probability € 0) of  out extra-extra-push energy, whereas the collision’iGe
the barrierEg and ignores the centrifugal potentiaV/\j,  with the tip results in quasifission. The side collision of
from the consideration tha¥, is only about 1.0 MeV at  §,,,>50° amounts to 65% in solid angle fdfGe+>Nd
=20A. The barrier curvaturé w is taken as 2.92 MeV for system and the Coulomb barrier height at these angles is
82Se+ 10Ce from theccperFcode[13]. The integration range nearly constant with 218215 MeV (see Fig. 10 in Ref.
(Emin 'Emad Was set Eg— 100y, Eg+1003p) in this study. [10]) which is close to or slightly larger than the spherical
We found thatPy, for 82Se+"@Ce agrees reasonably with Coulomb barrier.
the expressions (2)—(4) by taking Exx,0p) The larger fusion probability of’Ge+'*Nd near the
=(27, 10) MeV, as shown by the solid curve in Fig. 3. It Coulomb barrier, compared with the fusion #iSe+ "Ce,
must be noted here thatz has a rather large uncertainty of may be related to the contact point of the interacting two
about 2 MeV. nuclei relative to the fission saddle point of the compound
We compared the preseBt value of 8Set+"¥Ce with  nucleus, from the consideration that the necessary condition
the prediction of Quint systemati¢8] by standing on his for forming a compound nucleus is the dynamical trajectory
scaling parameteZ,Z,+ 10v,,,,,, Wwherev,, is determined to pass inside the fission saddle point on the potential sur-
by the number of particles or holes of projectile and targetface. The touching point of the fusing two nuclei is more
and represents the structure effects on the fusion process. Fommpact in the configuration wheffGe collides with the
825et+ 14%Ce (vmin=2), the Quint systematics predicEy  side of 1°Nd than the fusiorf’Se+ "®Ce. The side collision
=~21 MeV, which is close to the present value. (#=90°) for "°Ge+ 1¥Nd gives a fusion barrier position of
By assuming Gaussian barrier distributiohy of  11.7 fm, determined by using th&cDEF code, whereas the
(Exx ,08)=(27, 10) MeV for 8Se+"Ce and the barrier corresponding value df’Se+ 1*Ce becomes 12.3 fm. If we
penetrability of the Hill-Wheeler formulgEq. (4)] including  assume that the fission saddle points do not differ very much
the centrifugal potential, we constructed the partial waven the two systems 2 for 82Set+14%Ce and 22U for
cross sectiorr|(E. ) as 7A%(21+1)Py«Ecm). This was  "®Ge+ Nd), it can be considered that the configuration of
inputted to theHIvAP code as an initial spin distribution and side collision of "°Ge+'°Nd is close to the fission saddle
the ER cross sections were calculated. The calculated resyibint, and thus the loss in kinetic energy in the fusion pro-
is shown by the thick solid curves in Fig. 2. To obtain the ERcess is minimized in the side collision and is smaller than
cross sections fof’Set+"3Ce, those for®?Set+1%%Ce and that for the fusion®’Se+'#®Ce. This discussion is supported
82Se+ 142Ce were calculated and summed, considering théy the theoretical consideration in RgL9], where they cal-
isotope abundances. It is found in Fig. 2 that the calculatedulated the macroscopic potential energy surface of the in-
cross sections agree with the experimental data in the chateracting symmetric nuclei as well as the fission saddle point
nels(a)—(f). In the channe(g), the calculation lies below the of the compound nucleus. For the light reaction system
upper limit and is consistent with the experiment. In the sum(Z,Z,<1800), the distance between the mass cerRgyef
spectrum over the channél—(g), two constituents coming the nascent fission fragments at the fission saddle point is

fB(Eé;EB,UB):

Ti—o(Ecm.s EI,B) =
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larger than the distand®, between the mass centers of pro- This is a reaction characterized by the spherical and massive

jectile and target at the contact point, so that the two collidcolliding partners withZ,Z,=1972, and fusion hindrance

ing nuclei can fuse automatically after touching. On the othewas observed in the form of the extra-extra-push energy of

hand, for the heavy reaction systenZs Z,>1800), the dis- 27+5 MeV. We also determined the fusion probability of

tanceRyy is smaller tharR;, which means that an additional "6Ge+ 15INd, which has aZ;Z, value of 1920. This is in

energy relative to the fusion barrier must be supplied in ordestriking contrast to the fusion probability §fSe+ "¥Ce and

to drive the dynamical trajectory inside the saddle point andloes not exhibit any fusion hindrance above the spherical

form a compound nucleus. Coulomb barrier. The different fusion probabilities between
The present result partly supports the theoretical considiwo types fusion reaction suggest that the nuclear deforma-

eration in the fusion reaction leading to a superheavy eletion plays an important role in the fusion process. The phe-

ment, which is referred to as “gentle fusiori20] or “hug- ~ nomenon that fusion is not hindered whéige collides with

ging fusion” [21]. This type of fusion reaction suggests the the side of the prolately deformed targéNd, suggested in

possible enhancement of fusion probability when the projecthe current analysis as well as the previous wdr], sup-

tile collides with a well deformed target nucleus with their ports that the reaction starting from the compact touching

symmetry axis being orthogonal. Since this is the most compoint results in higher fusion probability than the fusion from

pact configuration at touching, the smallest distance betweethe distant touching point.

the saddle point and the interacting point is achieved. This

specific configuration would presumably result in higher fu-

sion probability than any other touching configuration. ACKNOWLEDGMENTS
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