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Effects of neutron number and nuclear deformation on complete fusion
of 595Ni+1%Sm near the Coulomb barrier
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In order to study the effects of heavy projectile neutron number on complete fusion with a well-deformed
target, we have measured the excitation functions of the evaporation residue cross sectiongfar, and
axn channels x=2-6) by using the JAERI recoil mass separator in the reactiof§Nift+ 154Sm and®*Ni
+1%4Sm at energies around the Coulomb barrier. In tfidi-induced reaction, the evaporation residue cross
section was larger by about two orders of magnitude than that if°Mieinduced reaction. This is mainly due
to the exit channel effect of the small neutron separation energy in the more neutron-rich compound nucleus.
The fusion probability has been obtained from the calculated survival probability, which had agreed with the
evaporation residue cross sections measured in the same compound nucleus sy4&m®. No obvious
difference in the extracted fusion probability between #di- and ®“Ni-induced fusion reactions was ob-
served in the excitation functions. In both reaction systems, the fusion probabilities at the lowest energies,
where collisions only at the tip of the deformé¥Sm nucleus are possible, were significantly smaller than the
coupled channel calculation by three orders of magnitude. On the other hand, fusion hindrance was negligible
at higher energies where side collisions with the deforfté8m become possible. This is consistent with our
previous conclusion that tip collisions need some extra kinetic energy over the fusion barrier in order to fuse,
while side collisions lead to complete fusion without such extra energy.
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[. INTRODUCTION large deformations §,~0.3) would yield compound sys-
tems aroundZ =126 andN=184[6]. In this type of fusion
The synthesis of transactinidsuperheavyelements ap- reaction, the relative orientation of the symmetry axes of the
proaching the predicted double magic nucleus With 184  deformed nuclei significantly changes the Coulomb barrier
and Z=114 (and/or 126 is an important current topic in height at the touching point. In different varieties of the
nuclear physics. Superheavy elements have been formed viauching configuration, hugging fusion takes place when the
either one neutron (1) evaporation channel in cold fusion symmetry axes are orthogonal to each other. This specific
reactionsg[1] or via 4n and 5 channels in hot fusion reac- configuration has two characteristic features. First, this fu-
tions [2]. These types of fusion-evaporation reactions havesion configuration has the most compact shape. Second, the
been the most successful methods to produce superheawythogonal configuration leads to a fusion path far from the
elements so far, but unfortunately the production cross se@xial-symmetric fission path. It is predicted that this compact
tions of the heaviest elements are close to the sensitivitgonfiguration would lead to high formation probability in the
limit of present day experimental techniques. In order toentrance channel.
search for a new approach to the superheavy region with In order to check this speculation experimentally, we have
measurable cross sections, many experimental and theorestarted to investigate sub-barrier fusion with strongly de-
cal possibilities have been explored. formed nuclei of'®sm (8,=0.32), *¥AVv (B,=0.28), and
One of the most promising solutions is the cold fusion ¥®Nd (8,=0.36). To obtain direct evidence that the heavy
reaction of two closed-shell nuclg8]. In addition to doubly  projectile really fuses with the deformed target, the fusion-
magic 2°%Pb- and ?°Bi-based cold fusion with théN=50  evaporation residues emitted along the beam direction were
magic projectile of®®Kr, 8’Rb, or 88Sr[4], more symmetric separated by the JAERI recoil mass separéRdiS) [8] and
projectile-target combinations betwedh=82 magic nuclei identified on the basis of time- and position-correlated
of 1*%e, 138Ba, or “%Ce have been proposéf]. Another  decays. The angular distributions of fission fragments were
possibility is to use intense radioactive beams for producinglso measured around the target to obtain the total fusion
more neutron-rich superheavy elements. Many authors haveoss section. The experimental results have recently been
suggested that there will be an enhancement of the sulpublished in Ref[9] for the reactions offNi+%*Sm and
barrier fusion cross sections for vemyrich projectiles due to %S+ 83V, where the same compound nucled¥Th is
their extended neutron density distribution far beyond theormed, and also in Ref[10] for the reactions of’®Ge
range of normaj3-stable nuclei. +1Nd and 28Si+ 1%%t, where the compound nucleg&U
Among some other possibilities of synthesizing superds formed. By comparing two reaction systems that make the
heavy elements, an appealing speculation has been theoretame compound nucleus, one can discuss the effect of target
cally proposed; a gentle fusidf] or a hugging fusiofi7] by  deformation on the fusion process in the entrance channel,
using well-deformed nuclei as colliding partners. The com-because the survival process against fission in the exit chan-
binations of rare-earth nuclei, e.g., Nd, Sm, Gd, and Dy withnel is the same. Moreover, in R¢i.1], the effect of nuclear
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deformation in the’®Ge+'°Nd reaction has been directly sion is well outside the saddle point. This means that the
compared with the case of spherical projectile and targegompound nucleus could be more easily formed in the com-
combination in the®2Se+ "aCe reaction. pact touching configuration through a side collision than in

In these papers, we showed that the fusion probabilitghe elongated one through a tip collision. . _
depends strongly on the orientation of nuclear deformation. In the present work, we have investigated this effect in a
When the projectile collides at the tip of the deformed targefhore detailed way by making two improvemertig;the sta-
(hereafter called tip collisionthe distance between the two tStics of the evaporation re§|due Cross sectlons. were in-
mass centers at the contact point is the largest. Consequen%&ﬁ?sﬁg by an order of magnitudetat, =182 MeV in the
the Coulomb barrier height becomes minimum, but the shapé Ni+ “Sm system because our previous measurements be
of the touching configuration is much elongated. In a sidelow this energy gave only an upper limit of a few nanobarns,
to-side collision(hereafter called side collisionon the other and (i) excitation functions were measured by usin§"ali
hand, the barrier height becomes maximized but the touchin§éam having four more neutrons th&i, especially to see
configuration is the most compact. It is of interest to underhow then-rich projectile acts on the fusion probability. The
stand which type of collision is more favorable for heavy- latter also would be helpful to the intriguing aspect of near
element synthesis. In light systems, it is expected that tiguture experiments using intenseich radioactive beams. In
collisions have the advantage of lowering the Coulomb barthe future section, we describe the experimental procedure
rier height. In fact, in the®’S+ 83 and 28Si+ 198t reac-  and results for thé“Ni+*‘Sm reaction. In Sec. Ill, the pos-
tions of light projectiles with deformed nuclei, we observed asible fusion hindrance and enhancement of the evaporation
large fusion enhancement over the prediction of the onetesidue cross sections in th@, pxn, andaxn channels are
dimensional barrier penetration model at energies below théliscussed on the basis of the calculated survival probability,
Bass barrier. This can be well explained by taking into acwhere the parameters used have been determined in the pre-
count static deformations as well as couplings to the inelasti¥ious analysis of?S+ %AW (Z,Z,= 1184, y.;=0.613)[9].
excitations of the colliding nuclei. On the contrary, in reac- The entrance channel effects of extra neutron number on
tions involving heavy projectile-target combinations, com-complete fusion with a well-deformed target are also dis-
plete fusion was significantly hindered even if the incidentcussed by comparing directly the data in tPNi and *Ni
energy exceeded the Coulomb barrier. Such fusion hindrandgfojectile systems. In Sec. V, we give a summary and some
is well known as the extra-push phenomenon, which hagoncluding remarks.
been widely observed in reactions between massive nuclei,
as the charge produ&;Z, of the prqjecti!e _a.nd target in- Il EXPERIMENTAL PROCEDURE AND RESULTS
creases beyond-1800 or the effective fissility parameter
Xeit beyond~0.73. For the synthesis of heavy and super- The experiments were carried out at the tandem-booster
heavy elements, one of the key issues is how to reduce thfacility of the Japan Atomic Energy Research Institute
large hindrance of the heavy-ion fusion probability in the (JAERI). Details of the experimental procedure are described
entrance channel. in our previous paperf9,10], and only the essential points

A clue to the solution is the fact that, even in the heavyand the experimental results in the preséi—+*°‘Sm re-
projectile systems of ®Ni+1°*Sm (Z,Z,=1736, x.;; action are presented here.
=0.735) and’%Ge+ **Nd (1920, 0.749 [9,10], there was Beams of%*Ni and ®Ni (4—5 MeV/nucleohwere used to
little fusion hindrance observed at energies near and abovgombard a thin target of®*Sm (oxide, 350 ug/cn?, 98.6%
the Bass barrier, where side collisions mainly contributeenriched, which was prepared by sputtering with 30-keV Ar
This suggests that side collisions may lead the system moiiens onto 0.7em aluminum foils. The target foils were
easily to complete fusion than tip collisions. It is worth re- mounted on a rotating wheel 80 mm in diameter and rotated
lating this to the distance between the two mass centers at tta 100 rpm. Rutherford scattering was monitored at a for-
contact point, as expected in cold fusion, where two shelivard angle ofd_ =45° by a small-area solid state detector
closures can merge inside the contact point without energfor normalization of the cross section measurements. Evapo-
dissipation[3,12]. In general, the contact point of massive ration residuesER9 emitted from the target along the beam
colliding partners is located outside the fission saddle poindirection were separated in-flight by the RMS from the pri-
of the compound nucleus because the fission saddle shapgary beam and the background of other reaction products.
rapidly becomes more compact than the fusion touching confhe primary beam was stopped by a large-area Faraday cup
figuration with increasing mass value. When the incident enfocated behind the first electric dipole without hitting the
ergy is just enough to overcome the fusion barrier, the sysanode surface so as to reduce a background originating from
tem will easily evolve towards the fission valley and beam scattering at the anofi&]. The Faraday cup also en-
reseparate without forming a compound nucléeserred to  abled the beam current to be monitored during the experi-
as first fission or quasifissiprTo surmount the fission saddle ment.
point in the course of compound nuclear formation, an extra For the present measurements of low-yield ERs of sub-
kinetic energy called extra-extra-push energy is needed. Inanobarn cross sections, it is important to use the RMS with
the previous cases 6PNi+%Sm and’®Ge+ Nd, the dis-  a large transmission efficiency and low background. In order
tance between the mass centers at a side collision is thHe provide a large angular acceptari2® ms) and an energy
shortest and is very close to the position of the saddle poingcceptance£12%) while keeping good beam suppression,
whereas the maximum distance corresponding to a tip collithe ion-optical parameters of the RMS were set to make the
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originating from evaporation residues are clearly separated from the L 1
backgrounds of beamlike and targetlike particles passing through r | Eo =190MeVi o 1
the RMS. r ¥ ]
_ 600 ot A -
mass dispersion zero at the focal pldd&]. In this setting, g L[ = 19aMev _
some amounts of background could pass through the RMS, 8 i .
when the corresponding nuclei have the same ratios of mass 500 . |
and energy to charge as the ERs of interest. To extract the .
ERs from such a background, they were passed through two - | E,, =200MeV

thin-foil timing detectors consisting of microchannel plates
separated by a distance of 30 cm, in order to provide a time-
of-flight (TOF) signal. Then they were implanted into a
double-sided position sensitive silicon detect®®SSD in
order to measure the kinetic energy and two-dimensional po-
sitions. Figure 1 shows a typical two-dimensional matrix be- 300
tween the TOF and kinetic energy of the implanted particles

in the reaction of®*Ni+%Sm atE. =183 MeV (Epeam

=269 MeV). ERs are clearly separated from the back-

ground of beamlike and targetlike particles passing through 200
the RMS. The total event rate was about a few counts per
second for a typical beam intensity of @5 particle nA.

The implanted ERs, which were produced through
pxn, and axn evaporation channelsx{-2-6) from the
compound nucleus®Th or 2¥Th, subsequentlyr decay
and thengB decay toward thes-stability line. Because their
a-decay branching ratios are nearly 100% and the half-life is B e L
of the order of 1 msec, which is longer than the flight time 3 4 5 6 7 8 9
through the RMS and also the dead time of the detection
system, the PSSD signals associated with no TOF signal are Energy (MeV)
considered to originate from the subsequerdecays of the
implanted ERs. Figure 2 shows PSSD energy spectra in an-
ticoincidence with the TOF in th&*Ni+ 1>*Sm reaction at all FIG. 2. Measured singles energy spectra of the PSSD in antico-
incident energies. The dashed lines indicatdecay energies incidence with the TOF signal at all incident energies in i
of known isotopes. It can be seen that the relative strengths !5“sm reaction. The dashed lines indicatedecay energies of
of the a-decay peaks drastically change according to thenown isotopes.
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reaction energy. At low energies, €. =175 MeV, “Ni+'"Sm E =183MeV
three peaks can be observed, which are considered to origi- 100 em
nate from thea-decay chain of?'Th-2’Ra?%Rn. These
peaks disappear as the reaction energy increases, while other
decay-chain peaks appear and then disappear. The s#rong
peaks were also used for the energy calibration of the PSSD
(73 mmx55 mm, 15 strips in the front face and 128 strips

in the back facg as well as the 5.486-Me¥W peak from an 0
24IAm source(shown in Fig. 2 atE,,,=190 MeV). The @ a0
typical energy resolution of the individual front strips was 70 10*
keV (FWHM, full width at half maximum and the horizon-

tal and vertical position resolutions were 0.25 mm and 0.5 10°
mm (FWHM), respectively.

The isotopes were identified by time- and position-
correlation analysis of the-decay events of ER+-a5 type,
that is, the implanted ER and the subsequerdecays oc-
curred within the time interval related to their half-lives at
the same position within the PSSD resolution. Figure 3
shows a typical example in th&Ni+1%Sm reaction at
E.m=183 MeV; (a) is the single energy spectrum of the
a-decay particles antb) is the two-dimensional spectrum of
the energyE, versus the time difference between the
position-correlated ER and the subsequerdecay particle,
and (c) is the two-dimensional energy matrix of the corre-
lated «1-a, chains between the parent and the daughter
nuclear decays. The maximum search times were 1000 sec 75 I
for ER-a in Fig. 3(b), 100 sedclosed symbolsand 10 000 | [ 4T < 100 sec 1B |
sec(open symbolsfor a;-a, in Fig. 3(c). The boxes in the || o dT < 10000sec mmn,D_
figure are guides to the eye for the variamwslecay proper- i mm—rh
ties (e-decay energ¥, and lifetimer) having an appropri- 7.0 b 2152 T 2iopgg]
ate energy width o, =50 keV and+i;7<AT<10r. The — ’ : :
dashed boxes are for the correlateg 5. Since the decay
properties for some pairs of isotopesg., 2!'Ra and?'?Ra)
are very similar to each other, definite identification between
them was not achieved.

The ER cross sections for each evaporation channels were
obtained by counting the ER+ events thus identified. The
number of ERe; events, for example, 68 fof'Th in Fig.

3(b) is consistent with the observed 3¥;-a, chains for
216Th-21Ra in Fig. 3c), because half of the-decay events
escape from the PSSD without depositing their full energy.
For other cases, consistency was also obtained; for example,
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234 events for?**?'Ra are consistent with 19 chains for ssle o
211.21Ra20720Rn because the daughter nuci’Rn and 6.5 7.0 75 80
2%%_n have ana-decay branching ratio less than 20% and ©) Energy E ~ (MeV)

60%, respectively. The isotopesl?'Ra are considered to

beln%t (t)nlly thtT] EI; directly zroc:%?gglelﬁ?n anc? a2ré Cbhag- FIG. 3. Measured spectra as a function of the ené&gyin the
nels but also the decay proauc produced by & 64Ni + 15%Sm reaction aE; , =183 MeV ([Epeam=269 MeV).(a)
and h chqnnels. For such.xn channels, the cross sections Singles energy spectrum of the-decay particles.(b) Two-
were obtained by subtracting the countaf channels cor-  gimensional matrix of,, versus the time difference between the
responding to their parent nuclei. position-correlated ER and the subsequentlecay particle.(c)

In order to obtain absolute values of the ER cross seCtyo-dimensional energy matrix of the correlateg e, chains of
tions, the efficiency of the present detection system needs @e parent and the daughter nuclear decays. The maximum search
be known. For this purpose, we previously measured th@mes are(b) 1000 sec(c) 100 sedclosed symbols and 10 000 sec
solid angle and the transmission efficiency of the RMS by(open symbols The boxes indicate the energy-time regions for the
using « particles from a source, elastic recoils, and evaporavarious a-decay properties of decay energy, and lifetimer (E,,
tion residues produced in several reactiph3]. The mea- +50 keV ands57<AT<107). The dashed boxes are for the cor-
sured efficiency was compared with an ion-optical calcula+elateda;-as.
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tion of the codecios [14], and good agreement between —0.084)[24] for the target*>‘Sm were taken into account.
them was obtained. In the present RMS setting of zero mass/e effect of an additional coupling to higher vibrational

charge dispersion, two charge states of ER were transportegates of & (1.178 MeV and 2" (1.44 Me\V) of %%Sm was
to the focal plane. The charge state distributions of low eNyery weak.

ergy heavy recoils have also been measured and confirmed to og for the statistical model calculation usimgvAP, the

be reproduced by the empirical Shima form{d&]. Energy  narameters used f6PNi+ 154Sm have been confirmed in the

and angular distributions were estimated by the statisticalyme compound system GfS+ 18V, where good agree-

model codepAcE2[16], and the effects of energy loss and ment hetween the data and the calculated results for both the

multiple scattering were estimated by the coem [17].  fysjon-fission cross sections and the ER cross sections were

The total efficiency of the present system was typically 18%yptained without any extra-extra-push enefgy. For 5Ni

and 10% forxn and exn channels, respectively. +1%Sm, the parameters were confirmed to reproduce the
The ER cross Seft'_onfs thus obtained for, pxn, and  enorted ER cross sections in the same compound system of

axn channels in théNi+>‘Sm reaction are shown in Fig. 40a, 178 [25]. In the region of thorium isotopes near the

4 as a function ofE., as well as excitation energiiex.  N=126 shell closure, the standard statistical model calcula-

Error bars include the statistical error in addition to a sys+jg, generally overestimates the measuxedcross sections.
tematic error of 40% for the estimates of RMS transmission]—hiS problem was solved by Junghans and co-workers

and ER distributions. The inverted. triangles indicat_e the UP126,27] by taking into account collective enhancements of
per limit of the measurement, which were determined as g,q |evel density for a deformed nucleus,
one-event counting yield when no ER was observed. The
_solid and da\_shed curves are the calculated results described p(E)=K, oK, ibpint(E), (1)
in the following section.
whereK,,; andK;, are the coefficients for rotational and
vibrational enhancements, respectively, of the intrinsic level
densityp;+(E) at excitation energ¥. The value oK, (or
In order to discuss the possible fusion enhancement of,;,) was set to 1.0 when the quadrupole deformation pa-
hindrance depending on the target deformation in tip andameterg, is less(or large) than 0.1726]. The 8, values of
side collisions, we compared the measured excitation functhe ground-state quadrupole deformation and the saddle-
tions of ER cross sections with simple model calculationspoint deformation were taken from Refd.2] and[28], re-
first, the total fusion cross section in the entrance channepectively. Here, the level density parameter was assumed to
was estimated by a coupled channel calculation using thbe
codeccDeF[18] and second, the survival probability of each _
ER in the exit channel was calculated using the statistical a=a{l+[1l—exp —E/Egy) ] SW/E}. 2
model codeHivaP [19]. Because the theoretical analysis is
basically the same as the previous analysis®fbti+>Sm A shell damping factor oEs4=18 MeV was used29], and
and 5Ge+5Nd [9,10], only the key points are mentioned the shell correction energgW was the difference of the
here. experimental masg30] and the calculated liquid drop mass
In the sub-barrier energy region, a large fusion enhanceg-31]. The asymptotic value cd was given in Refs[32,33.
ment has been observed due to the deformatiod®®m.  The fission barrier height was given W;=aB p— W,
Gomeset al. [20] measured fusion cross sections with thewhere the liquid drop fission barri@®, p was calculated ac-
projectiles*He, °C, %0, %25, and“’Ar and found that the cording to Ref[28]. The adjusting parameter was set to
static deformation of thé**Sm target was the main cause 1.03.
responsible for the fusion enhancement. However, the best fit The solid curves in Fig. 4 show the ER excitation func-
to the fusion cross sections was achieved when consideringjpns thus calculated. Except for the absolute values of the
in addition to the deformation, the coupling to the first 3 cross sections, the calculated results reasonably reproduce
state of the!®*Sm and the first 2 state of the projectile. The the gross structure of the bell-shaped distribution such as the
importance of static deformation on the sub-barrier fusionpeak position and the width for each ER channel. For tho-
enhancement was also demonstrated by Lemetai. [21],  rium isotopes, for exampl€s°Th (2n channel has a peak
in that the barrier distribution was well reproduced by theat low excitation energ¥., of about 25 MeV, and the peak
coupled channel calculations including quadrupole and hexaenergy shifts toward higheE,, for ?°Th (3n), 2142%Th
decapole deformations of th€“Sm. In the present analysis (4n,5n) and 2*22fh (6n,7n) according to their neutron
for ®Ni+1%%Sm, fusion cross sections were calculated byseparation energies of about 8—9 MeV. The same trend is
using a simple coupled channel calculatiooDEF, to take  shown for actinium isotopesp@n—p6n), while the radium
account of the static target deformations together with thésotopes have two peaks correspondingaton and Zoyn
coupling of the inelastic channels to the fusion process. Thehannels x=0-5 andy=x+2).
parameters of the static quadrupole and hexadecapole defor- As for the absolute cross section, however, the calculated
mations for the!®*Sm target are8,=0.321 andB,=0.08 results largely overestimate the data especially in the low
[22], respectively. The couplings to the inelastic excitationsexcitation channels liker2, 3n, andp2n. This discrepancy
of the low-lying vibrational states 2 (8,=0.207)[23] and  gradually decreases as the number of evaporation particles
3~ (B3=0.208) [24] for the projectile ®Ni and 3= (B; increases, and finally good agreement is obtained for five to

[ll. THEORETICAL ANALYSIS AND DISCUSSION
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64Ni + 134Sm
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FIG. 4. Measured evaporation residue cross sectionsrippxn, and axn channels in thé*Ni+%“Sm reaction as a function &,
and excitation energ¥.,. The inverted triangles indicate the upper limit of the measurement, which were determined as a one-event
counting yield when no ER was observed. The solid and dashed curves show the calculated resuis of
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seven particle evaporation channels like, @n, p4n, p5n, Ni + P*Sm
pén, a4n, anda5n. It is noted that no ER leading t8Ra B (MeV
was observed belo.,=184 MeV, in contrast with cal- ex (MeV)
culations for thea channel, whereas thep2n channel was 10* 2,0 —— 4,0 ——— 6,0 — .
well reproduced in the higk,, region. The ERs of*Ra 102 b 3
and ?12?1Ra also showed smaller yields than the calculated i RPN
an and a2n,a3n channels, but for each of them, better 10" : ézoo-/,, 3
agreement was observed fBg ,,=190 MeV. For the high 10° L >80~ 1]
excitation channels of4n,a5n, the absolute cross sections = F / : 0 2040 60 80 3
210,20 g 107 [ : 6 (deg) -
of #1920Ra were well reproduced. 5 S A T
A similar situation has also been observed in @i 107 [ -
+1%%Sm reaction system as reported in our previous paper w0k i E
[9]; i.e., good agreement between the data and the calculated £ [
results was obtained in the high energy region Ef, 10°*F £ I
=200 MeV, while a large hindrance of the ER cross sec- 1056 [ ¢ / -
tions occurred below the Bass barrier. At the lowest energies 10_65 i L |
of Ecm= 175 and 21282 MeV, there was no event observed 160 180 200 220
corresponding t&*22h (2n,3n), 2121%c (p2n,p3n), E.., (MeV)

21020Ra (a,an), and?°%2%Ra (a,apn). Because the pre-

vious measurements at these energies gave only an upperFfiG. 5. Measured excitation functions in tA&i+1%‘Sm reac-

limit, the ER cross sections were measured again in thé@on for xn channels (B, solid circles; 3, open circles; #+5n,
present experiment with about ten times better statistics afolid triangles; &+ 7n, open squarésThe thick solid curve with
E.m=182 MeV (and also 207 MeV for reconfirmation error bars and the dashed curve are the sum of the measured and the
The measured ER cross sections of #2153 nb and 5.5 calculatedxn cross sections, respectively. The slopes from around
+2.5 nb for 7,3n and a,an channels, respectively, were 10° mb are the calculated results of theper, the solid (dotted
considerably smaller than the predictions. The hindrance faclope is with(without) both the effects of static target deformation

tor of the measured cross sections in these low energy rénd inelastic couplings, and the dashed slope is with target defor-
gions was typically about 0] mation alone. The inset is the fusion barrrdepending on the

These facts mentioned above become quite obvious Wheqplliding ang_lee o_f 64Ni projectile with respect to the ori_entation_of
extracting thexn channels as shown in Fig. 5. The thick € Symmetric axis of the deformé&'Sm target. The solid curve in
solid curve with error bars and the dashed curve are the Sume |.nset is the original barrier and the dashed curve is the modified
of measured and calculateth cross sections, respectively. barrier (see text
Reasonably good agreement between them is shown in the
high energy regiorE.,,, =200 MeV. The calculated re- higher energy region and large hindrance in the lower energy
sults, however, gradually deviate from the observed crossegion, it is considered that near side collisions lead the sys-
sections as the reaction enefgy,, is decreased. The maxi- tem to complete fusion and near tip collisions do not always
mum discrepancy amounts to about three orders of magnform a compound nucleus. In other words, the actual fusion
tude at the lowest energy. ,=172 MeV. The calculated barrier at the tip collision is larger than the calculated barrier.
results of theccDer are also shown in Fig. 5. The solid In order to confirm this consideration, we recalculated the
(dotted line is the calculated result wittwithout) both ef- ER cross sections by adding a certain extra-extra-push en-
fects of static target deformation and inelastic couplings, an@érgy E, to the original barriel depending on the colliding
the dashed line is with target deformation alone. The imporangle 6. This means that largek,, is needed for tip colli-
tance of target deformation on the sub-barrier fusion ensions than for side collisions, as indicted by the dashed curve
hancement is clearly shown, because the32 channel has in the inset of Fig. 5. The calculated results for all measured
a certain cross section below the Bass barrier energies indiR cross sections are shown by the dashed curves in Fig. 4.
cated by the dotted line, although large fusion hindrance ocThe dashed curves well reproduce the experimental ER cross
curred. sections even in the sub-barrier region, better than the solid

The inset in Fig. 5 shows the fusion barrrdepending curves with the original barrier height. This supports our
on the colliding angle of the ®Ni projectile with respectto  simple assumption, i.e., a largEs, is needed for tip colli-
the orientation of the symmetric axis of the deform'@Sm  sions than for near side collisions. The same conclusion was
target. The barrier height becomes minimized arofig,  reached for the fusion reactions &PNi+2%‘Sm [9] and
~170 MeV for near tip collisions §=0°-10°) and maxi- "Ge+°Nd [10]. The present result is also consistent with
mized around E.,~200 MeV in side collisions § the conclusion obtained by Hindet al. in the %0+ 2%
=60°-90°). Although collisions for all possible orientations reaction[34]; side collisions with the deformed nucle&®U
occur at above-barrier energi€s ,,=200 MeV, it is con- lead to fusion-fission while tip collisions undergo quasifis-
sidered that near side collisions mainly contribute because «fion without forming a fully equilibrated compound nucleus.
their large solid angle compared to that of the tip collisions.The present result shows that side collisions have the advan-
From the fact that small fusion hindrance is observed in theage of small fusion hindrance, consistent with the prediction
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smaller than the simple coupled channel calculations by

1
10 AL B - three orders of magnitude, whereas no hindrance was ob-
10° i ] served aboveE, ,—Vgass~20 MeV. Although there was
2 no evident effect of tha-rich projectile on complete fusion,
B 101L N the orientation effect of the target deformation was clearly
_‘-; observed in the entrance channel.
& 102l _; It is worth considering the entrance channel effect due to
g , the deformation by comparing with the contact point of the
cg 103L ; - colliding nuclei and the fission saddle point of the compound
=% F / o 60 150 nucleus. A tip collision gives the maximum value of the dis-
Ta S — Ni+7Sm ] tanceR/R, between the mass centers of the colliding nuclei
' O 6oy 15ig at the contact point, wher, is the radius of the compound
10°L e T MR nucleus. In the present system $Ni+ %‘Sm, the position
of the maximum distancR,,,,/Ro=1.77 at the tip collision
poflew o e 0 v b e 1 is well outside the saddle poifRs,qqe/ Ro~1.5[35] of the
-40 -20 0 20 40 compound nucleus?®Th. Consequently, a tip collision
Ec.m-VBass MeV) would need extra energy to surmount the saddle point on the

potential surface towards compound nucleus formation. A
FIG. 6. Fusion probability for the reactiorf®éNi+*>*Sm (solid  side collision, on the other hand, would minimize the kinetic
circles and solid curvgsand ®Ni+***Sm (open circles and dashed energy loss in the fusion process because the Riia/R,
curves, extracted by summing total measured evaporation residue- 1 48 implies that the contact point is closer to the position
cross sections with the aid of the calculated survival probabilitiesyf the saddle point. This supports the original speculation
from Hivap. The curves are the calculated resultcoberwith the 51 the compact touching configuration of side collisions is
original and modified fusion barrigsee text more favorable for fusion than the elongated configuration.
_ _ o Here, in the cases of the previodés+ %AV system and
of_ hugging fg3|on. This is the er_1trance chann_el effect ob-1s4g,, target systems with projectiles lighter thir, com-
tained by using deformed nuclei as the reaction parinergyjete fusion can occur irrespective of the deformed target
However, at the same time, side collisions have the disadsrientations, because even the maximum distance achieved

vantage of a small survival probability in the exit channelying a tip collision is well inside the saddle point of the
because of high excitation energy. compound nucleus.

In general, the ER survival probability against fission is
very sensitive not only to the excitation energy but also to
the separation energies of emitted light particles relative to
the fission barrier. The ratid',/T's of neutron emission
width to fission width is roughly proportional to eXB; We have measured the excitation functions of the ER
—B,)/T], whereT is the nuclear temperature of the com- cross sections fokn, pxn, and axn channels in the®Ni
pound nucleus. In the thorium isotope region, the fission bar+1%4Sm reaction at energies around the Coulomb barrier.
rier By has a peak at thid=126 shell closure, and the neu- The orientation effect of the deformed nucleus was clearly
tron binding energyB,, gradually decreases as the massobserved when the measured cross sections were compared
number increases, although there is an odd-even effect. Fevith the coupled channel calculatiatcper for the fusion
the even-even isotop&*Th, which is the compound nucleus processientrance channehnd the statistical model calcula-
formed in ®Ni+1%Sm, B,, is larger by about 1 MeV than tion HIvAP for the evaporation procegexit channel. Com-

B¢, while 2*®Th formed in ®*Ni+'%Sm has a smalleB, plete fusion certainly occurred for small collision angles in
than B;. This small neutron separation energy would pro-the energy region below the Bass barrier, but was largely
duce a larger survival probability. In fact, the experimentalhindered by almost three orders of magnitude, while a small
cross sections for each ER channel in ffii-induced reac- fusion hindrance was observed in the higher energy region.
tion were about 10-100 times larger than that in theThis sub-barrier fusion hindrance was investigated by taking
0Ni-induced reaction. It is of interest to see whether suchinto account the orientation angle of th&Ni projectile with
enhancement comes only from the exit channel or also fromespect to the deformetP’Sm target at the contact point. By
the entrance channel in the case of the merieh projectile  assuming that a larger extra kinetic energy was needed for
%INi. To see the entrance channel effect, the fusion probabilrear tip collisions than for side collisions, the measured ex-
ity was extracted from the measured total ER cross sectiongtation functions of the ER channels were well reproduced.
with the aid of the calculated survival probability in the same  The present result is consistent with our previous conclu-
manner as our previous analysis described in REL] in sion for the fusion reactions of heavy projectil@®Ni and
detail. As shown in Fig. 6, no obvious difference between the’°Ge with well-deformed target$>*Sm and **Nd, respec-
64Ni- and ®Ni-induced reactions was observed in the exci-tively [9,10]. It was found that near tip collisions needed
tation functions normalized by the Bass barrier. In both re-some extra kinetic energy to surmount the saddle point, be-
action systems, the fusion probabilities in the low energycause the distance between the mass centers of the colliding
region corresponding to tip collisions were significantly nuclei is larger than the saddle position of the compound

IV. SUMMARY
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nucleus, while near side collisions would favor fusion occur-survival probability of a more-rich compound system. The
ring inside the saddle. This supports the original speculatiofusion probability for both reaction systems was obtained
of gentle fusion and hugging fusion that the compact touchfrom the measured ER cross sections by using the calculated
ing configuration of the side collision is more favorable for survival probability. There was no obvious difference be-
complete fusion than the elongated configuration. By comiween two isotopes differing by four neutrons, thus failing to
paring the data between tfféNi-induced and®Ni-induced  show the expected entrance channel effect for nmerieh
reactions, it was found that the ER cross sections in th@rojectile systems. This is also consistent with the recent
former reaction were about 100 times larger than those in theesults usingn-rich radioactive beams in the reactions of
latter reaction. This is an exit channel effect due to the large?”?%3Al + °7Au [36] and 238+ 18T [37].
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