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Sub-barrier fusion of deformed nuclei in ®°Ni+1°*Sm and 325+ 183y reactions
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We have investigated the sub-barrier fusion between spherical projectiles and well-deformed targets in
50N+ %%Sm and32S+ 1¥AN reactions, and both lead to the same compound nud¥F$. In order to get
direct evidence that the projectile really fuses with the deformed target, the fusion evaporation residues emitted
to the beam direction were measured by using the JAERI recoil mass separator and identified on the basis of
time- and position-correlated decays. The angular distributions of fission fragments were also measured to
obtain the total fusion cross section. The measured cross sections of the fusion fission and the fusion evapo-
ration were compared with the results of the coupled channel calculation and the statistical model calculation,
respectively. In the’?S+ 84V system, a good agreement between them was obtainechfguxn, and axn
channels. In the heavy projectile system®3Xi+ 15Sm, on the other hand, the observed evaporation residue
cross sections below the Bass barrier were much less than the calculated results whereas they were well
reproduced above the barrier. It was found that this large hindrance could be reproduced by assuming an
extra-extra push energy of around 20 MeV in the tip collision of the deformed target and nearly zero in the side
collision.

PACS numbes): 25.70.Gh, 25.70.Jj, 27.86w

I. INTRODUCTION ber of authors investigated the sub-barrier fusion of light
spherical projectiles with several deformed targets. In the
Toward the “island of stability” of superheavy elements fusion reactions of*®0 with even-even samarium isotopes
at or near the predicted double magic nuclédfd 14, great 146,150152.18m, whose equilibrium ground-state shapes
efforts have been made to synthesize the superheavies G?ange from spherical to deformed as the mass number in-
using the hot-fusion reactidr] with actinide targets and the creases, Stokstadt al. clearly demonstrated an important

cold-fusion reaction[2] with lead-based targets of shell (’Lole of the static deformations on the fusion enhancement

. . . 7]. Further analysis in the fusion of more massive projectile
closed spherical nuclei. Very recently, the synthesis of ] y pro)

: i O9Ar with various Sn and Sm isotopes by Reisdetfal. [8]
good candidate for the heaviest elements of [Bl4116, and  ingjcated that the sub-barrier enhancement is strongly corre-

118[4] by these reactions has been reported. These types gfted with the static deformations and the dynamical effects
fusion reaction have been promising to produce such supebf collective vibrations. In an early stage of such investiga-
heavy elements but the production cross sections are of th@ns, Beringer pointed out the possibility of the distortion of
order of a picobarn or less due to the strong decreasing tremiiclear shape by the long-range Coulomb interaction, that is,
of the cross sections as the atomic number of the synthesizé@e approaching two charged nuclei would be flattened into
elements increases. As a novel path to the superheavy regi&b'ate _shapes befo_re they contg&lt However, the results of

by heavy-ion fusion reactions, the gentle fus[@i and the dynamical calculations by Wonfl0] and several authors
hugging fusior6] between well-deformed nuclei have been [11] indicated that the effect of such nuclear deformability

theoretically proposed. The relative orientation of the sym\Was much smaller than the static nuclear deformation. In

metry axes of the deformed nuclei significantly changes th@%dltlog,ghehrotatlor a';g.le of the dgfotmedhtarget nucrl]eus
Coulomb barrier height and the compactness of the touching 24¢© y the Coulomb interaction during the approaching

configuration. When the symmetry axes are orthogonal to oo o Was found also to be small ¢35°) [11].

hg h fth tact yr ¢ thytw def d 9 lei Nowadays it is generally accepted that the static deforma-
each other at the contact point, the two deformed nNuclel Cafl, g the couplings to the inelastic excitations of projectile
take the most compact configuration. It is predicted that this,, target, and nucleon transfers are important factors to

compact configuration would have a high formation prob-gypain the sub-barrier enhancement of the fusion reaction.
ability of the spherical compound nucleus. Furthermore, it ISRecently, high-quality data of fusion cross sections and more
expected that this touching configuration with the orthogonakxact coupled channel calculations have been available for
symmetry axes would make the fusion path far from theseveral reaction systems. By taking the second derivative of
competing axial-symmetric fission path. As a first step tothe excitation functions precisely measured in the fusion re-
investigate this speculation experimentally, we have meaactions of*%0 with 14414%156m and®w [12], Leighet al.
sured the fusion cross sections in the reactions of stronglgemonstrated that the fusion barrier distribution thus ex-
deformed targets®‘sm (3,=0.32) and 3V (8,=0.28) tracted can be a very sensitive probe of the channel coupling,
with spherical projectiles of°Ni and 32S, respectively. not only with respect to the dominant effects of static defor-
Heavy-ion fusion cross sections at energies above thmations but also with respect to the relatively weak inelastic
Coulomb barrier can be reproduced by the one-dimensionalhannels.
barrier penetration model. On the other hand, below the bar- In the systems of heavy projectile-target combination, the
rier, the measured cross sections are generally enhanced o¥asion cross sections are extremely hindered as the product
the predictions of this model. From the early 1970s, a numZ,Z, of the atomic numbers of projectile and target increases
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beyond~ 1800. This fusion hindrance is known as the extra-tion is assumed to be approximately equal to the measured
push phenomenon, which means that colliding nuclei neefission cross section, since the heavy compound nuclei
an extra kinetic energy to surmount a saddle point of thdormed in the present reaction system predominantly un-
compound nucleus. We called this energy extra-extra dergo fission. And then, the excitation functions of each ER
push energy E,. In the present case of heavy projecfifNi channel are compared to the calculated cross sections by us-
with **Sm, some amount d&,, may be expected because ing the statistical model codeivap [15]. Here, the param-

of the largeZ,Z, value of 1736. For heavy reaction systems,eters used in thelivAp calculation should be confirmed in

it has been found that quasifission which proceeds withouthe reaction system where no extra-extra push energy is
the formation of a fully equilibrated compound nucleus com-needed. For this purpose, we also have measured the fission
petes with the fusion-fission. By measuring the fusion barrieand the ER cross sections in tfés+ 83N reaction, where
distribution and the fission anisotropy in th&+23% reac-  the same compound nucleus &fTh is formed as in the
tion [13], Hindeet al. pointed out that the nuclear orientation ®Ni+%Sm reaction. Since thé?S+1®AN system is ex-

of the deformed target at the contact point plays an importanpected to need no extra-extra push energy because of the
role in the compound nucleus formation. Especially, theysufficiently small value oZ,Z,=1184, this reaction system
insisted that the collisions with the tips of the deformedwas used as a reference to simulate the evaporation process
nucleus 2% (tip collision) lead to quasifission, while the of the compound nucleu$“Th. In this paper, we will dis-
collisions with the flattened sideside collision lead to the cuss how the heavy-ion fusion process depends on the orien-
complete fusion. This suggests that the compact configurdation of the deformed target with respect to an angle of
tion at touching is more favorable for fusion, like the hug- incidence of the projectile.

ging fusion configuration.

In order to get direct evidence that the heavy-ion projec- Il. EXPERIMENTAL PROCEDURE
tile really fuses with the deformed target, we have measured _
the fusion-evaporation residuéSR’s) in addition to the fis- The experiments were carried out at the tandem-booster

sion fragments. Because of small ER cross sections down figcility of Japan Atomic Energy Research Instit(AERI).

a few nb level, it is needed to effectively detect a small ®Ni and *2S beams of 4—6 MeV/nucleon were used to bom-
amount of the ER’s in huge backgrounds of the primarybard targets of>“Sm (oxide, 350ug/cn?, 98.6% enriched
beam and other reaction products. For this purpose, we foend #aW (metal, 400 ug/cn?, 94.5% enrichey respec-
lowed a similar technique used to search for superheavy etively. The targets were prepared by sputtering with 30 keV
ements[1,2]; the combination of the in-flight separation of Arions onto 0.7um aluminum foils. Typical beam intensity
ER’s by using a recoil mass separator of large solid anglérom the superconducting booster linac was-BD pnA.

and the identification of ER’s by taking advantage of their A schematic view of the experimental setup is shown in
a-decay properties. In order to extract the effects of the tarFig. 1. The target foils were mounted on a rotating wheel of
get deformation on the compound nucleus formation, w80 mm in diameter and rotated at 100 rpm. The angular
compared the obtained data with simple model calculationgdistributions of the fission fragments were measured by two
First the fusion-fission cross sections are compared with theompactAE—E ionization chamber$16], which covered
fusion cross section predicted by the coupled channel calcuhe angular range of =60°-90° and 120°-150°. The
lation using the codecDEF[14]. Here, the fusion cross sec- Rutherford scattering was monitored at forward angle,of
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=45° b_y a small-area solid—_state detedt86D) for the nor- 2g L18%W B 1655MeV, 6 =62°
malization of the cross section measurements. ¢m. L
The ER’s emitted from the target to the beam direction
were separated in-flight from the primary beam and various i
products of background reactions by the JAERI recoil mass 800
separator(RMS) [17]. To provide large angular acceptance i
(20 msy and energy acceptance-(12%) of the RMS, the
ion-optical parameters were set so that the mass dispersion at
the focal plane was zeffd 8]. As mentioned in Ref.17], the
RMS had been designed especially to reduce a background
originating from beam scattering at the anode surface of the
first electric dipole ER. Consequently the primary beam can
pass through the vertical slit of the EDvithout hitting the
anode and be stopped by a large-area Faraday cup located :
behind the ED. P S T E A Y S
At the focal plane of the RMS, the ER’s passed through 0 200 400 600 800 1000
two thin-foil timing detectors consisting of microchannel E (channel)
plates(MCP’s) and were implanted into a double-sided po-
sition sensitive strip detectdPSSD, 73 mmx 55 mm, 15 FIG. 2. Two-dimensional matrix oE-AE for the 3254183y
strips in the front face and 128 strips in the back jadde  reaction att;,=165.5 MeV Epean=170 MeV) and 6, =62°.
kinetic energy, the detection time and two-dimensional posi-
tions of both the implanted ER and the subsequemtecay ments (including both fusion-fission and quasifissjoare
particles were measured. The horizontal and vertical positioglearly distinguished from elastic/quasielastic and deep-
resolutions were 0.25 mm and 0.5 nifull width at half  inelastic scattered particles. The angular distributions of the
maximum(FWHM)], respectively. The energy resolution of fission fragments obtained at this energy are shown in Fig. 3.
the individual front strips was typically 80 ke WHM) for  In the transformation from laboratory to center-of-mass sys-
5.486 MeV « particles from ar?*’Am source. The isotopes tem, the symmetric mass division in the fission process was
of the implanted ER’s were identified by the time- andassumed and the total kinetic energy of fission fragments was
position-correlation analysis of the-decay events, that is, calculated by the Viola systematif24]. As shown in Fig. 3,
the implanted ER and the subsequentdecays occurred the present angular distributions are well fitted by using a
within the time interval related to their half-lives at the samestandard formalism for angular distribution of fission frag-
position within the PSSD resolution. The details of the de-ments as described in R¢25], which involves a summation
tection method are shown elsewhét®)]. over the spin of the fissioning system and its projectiéh
To obtain the absolute cross sections, we had measuré the symmetry axis. In this fitting, the distribution if
the solid angle and the transmission efficiency of the RMS/a|Ue was assumed to be Gaussian with standard deviation
by using « particles from the source, elastic recoils, andK§ which was a fitting parameter. Here, the transmission
ER’s produced in several reactioffs3]. The measured effi- coefficientT(l) for the partial wavd was calculated by us-
ciency was compared with an ion-optical calculation of the
code GIos [20], and a good agreement between them was 32 , 182 _
obtained. The charge-state distribution of low-energy heavy 1 S+ W Ec.m_ 165.5MeV
recoils were also measur¢d8]. It was found that the em-
pirical formula by Shimeet al.[21] reproduced well the ex-
perimental data. Therefore, we used this formula to estimate

10000 T T T T T T T T
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the most probable charge state of the ER in a charge-rest 0
carbon foil (30 ug/cn?) located downstream of the target. E
The effects of the energy loss and the multiple scattering of 'g 0.1
ER in the target were estimated by the cagemv [22]. The ot
energy and the angular distributions for each ER channel %
were calculated by the statistical model cedeE2[23]. The _lg

total efficiency of the present system was typically 25% for
the xn channel and 18% for thexn channel in the®Ni
+159Sm reaction. 0.01 Lwees Lo Lo L i TR

IIl. EXPERIMENTAL RESULTS AND ANALYSIS GLab (deg)
A. Fusion-fission cross section and@cper calculation o .
FIG. 3. Angular distribution of fission fragments for tH#éS

Figure 2 shows a typical result of theE—E measure- 4183y reaction atE, ,=165.5 MeV Epean=170 MeV) and 6,
ments obtained in the?S+ %3V reaction atE.,,=165.5 =62°. Solid curve represents the best fit to the data obtained by
MeV (Epean=195 MeV) and 6, =62°. The fission frag- varying theK? parameter.
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Fusion-fisson cross section This result indicates that the static deformation and the cou-
1 p:ing tohthe ir;)elt?stip excitgtions e;]re equally imporr]tant to ex-
S g 182y 6ONj L15tg ] ggzlgz\il.su arrier fusion enhancement in the reaction
= In the heavy projectile system &fNi+ 15Sm, the fission
é 106 L measurements could not be extended down to the sub-barrier
= energy. Belowk. ,,=190 MeV, it was experimentally diffi-
2 10'L cult to distinguish the fission fragments unambiguously from
§ the intense background events of the target recoils, quasi-
@ 10";- and deep-inelastic products at the forward angles. At the
e E backward angles, the kinetic energy of the fission fragments
@) 101 L was too low(5-10 Me\) to be measured by the present
detection system. The present data were compared with the
102 CCDEF calculation only above the barrier regid ,=190
100 MeV, where the fusion cross section was well reproduced by

E  (MeV) the ccDEF calculation. Below the barrier region, a large en-
c.m. hancement due to the static deformation’stSm was pre-
FIG. 4. Experimental fusion-fission cross section in the reac-d'Cted' Gomeet al. [31] measured the fusion cross sections

tions of %25+ 15w (left side, ©Ni+ 15Sm (right side. The datain  ©Of the 1545m target with the various projectiles te, *°C,

16+ 32 40 : :
Ref. [26] for the same reaction systems are indicated by the openGO’ S, and™Ar at sub-barrier energy regions and found

circles. The solid lines are the calculated results of¢beer by ~ that the static deformation of th&‘Sm is the main cause
taking into account the static quadrupole and hexadecapole defofesponsible for the fusion enhancement, but the best fit of the
mations of the deformed target and the couplings to the inelastifusion cross sections was achieved when considering, in ad-
excitations of the low-lying vibrational states of the projectile and dition to the deformation, the coupling to the first 3tate of

the target(see the teyt The dotted lines are without the target the °“Sm and the first 2 state of the projectile. The impor-
deformations and the inelastic couplings, and the dashed lines atance of the static deformation of tH&*Sm nucleus on the
with the target deformations alone. sub-barrier fusion enhancement was also clearly demon-
. . . . strated by Ref[32], where the barrier distribution was repro-
ing the CCDER. The fission cross sections were obtained byq,,ced well by the coupled channel calculations including the
integrating the angular distributions of fission fragments thu%]uadrupole and hexadecapole deformations of tHsm.

fitted. i ;
According to these results, we took into account the defor-
i i i 18 '
The obtained cross sections both in thiS+*%W and | i 5 15450 and the inelastic couplings of 2(8,

0Ni +1%%Sm reactions are shown in Fig. (illed circles ~0.207) [29] and 3~ (B,=0.208) [30] for ®Ni and 3

together with the data in R€i26] (open circlegfor the same réf3:0'084) [30] for 1“Sm. The effect of an additional cou-
i

reaction systems at higher energies. Since the compou ng to the higher vibrational states of 21.178 Me\} and
nucleus #“Th formed in the present reaction systems is,+ (1.44 MeV) o

highly fissible, we assumed that the measured fission Crosl%sult(solid ling) i
section is approximately (_equal ioihe fu_3|on cross section. Ir&ross section was used to estimate the ER cross sections in
order to calculate the fusion cross section by taking into aChe ivap calculation.
count the static target deformations and the coupling of the
inelastic channels to the fusion process, the coupled channel
codeccDeF[14] was used. The dotted lines in Fig. 4 are the
calculated results without deformation and coupling, and the As mentioned in the previous section, the ER’s separated
dashed lines are with the static target deformations alonday the RMS were implanted into the PSSD, which was used
Here, the used parameters of the static quadrupole and hexi@ measure their kinetic energies and two-dimensional posi-
decapole deformations ag@,=0.276 andB,= —0.089, re- tions. Before the implantation, the ER’s passed through the
spectively, for the'®QW target[27], and 8,=0.321 andB, two timing detectors to obtain the time-of-flighltOF) infor-
=0.08 for the®*Sm target. The value g8, for >Sm was mation. Figure 5 shows a typical two-dimensional matrix
obtained from the measured quadrupole momeht87 barn  between the energy and the TOF of the incoming particles in
in Ref.[28]. the reaction of *Ni+%Sm at E.,=200 MeV (Epeam

In the case of3?S+'4y, the fusion enhancement ob- =291 MeV). The ER’s were clearly separated from a large
served below the Bass barrier of 136 MeV was not reproamount of scattered particles passing through the RMS. The
duced by the effect of the static deformations alone. By tak{otal event rate was about a few cfzounts per second
ing the target deformations into account together with the Since the ER evaporated from the present compound
couplings to the inelastic excitations of the low-lying vibra- nucleus?'“Th, throughxn, pxn, andaxn channels x~0 to
tional states 2 (8,=0.312) and 3 (B3=0.485) for the 4) has ane-decay branching ratio of nearly 100%, the PSSD
projectile 3°S and 3 (B;=0.050) for the target'®3W  signals associated without the TOF signal are considered to
[29,30, an excellent agreement between the data and theriginate from the subsequent decays of the implanted
calculated resultsolid line) was obtained as shown in Fig. 4. ER’s. Figure 6 shows a typical example measured in the

f 159Sm was very weak. The calculated
s shown in Fig. 4. This calculated fusion

B. Evaporation residue cross section anegiivap calculation
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FIG. 5. Two-dimensional matrix between the energy and the % 10° - o
TOF of the incoming particles in the reaction &iNi+1%‘Sm at © L1 2107
Ecm=200 MeV (Epean=291 MeV). Events enclosed by the g 10! B *
dashed curve originate from the evaporation residue. g -
&: ﬂn‘z.uA
60N+ 15%Sm reaction atE.,=200 MeV; Fig. a) is the | 107 A
single energy spectrum of thedecay particles and Fig(16) é
is the two-dimensional spectrum of the enekjyversus the = 103
detected time intervaAT (<500 9 between thex-decay
particle and the position-correlated ER, whose position dif- 1074
ference was withiM X=AY=0.5 mm. The identification of
each evaporation channel was performed on the basis of the 7.5 F————f—————f———
a-decay properties«-decay energ¥ ,, and lifetimer) of - .
the ER- «; decay chain. The boxes in Fig(® indicate the - “"rhO .
eyes guide for each-decay property having appropriate en- - Y .
ergy width of + 50 keV andi; 7<AT=10r. Since the decay S - 208 O -
properties for some pairs of isotopésg., 2*?Th and ?!'Th, v 7| ACOO“””'H—
2LIAc and #1%c, and so op are very similar to each other, 2 8 A 1

the definite identification between them was not achieved. ¢ } 75 1
Some events observed uniformly arouad =100~500 s = s T e ]
are chance coincidence with the backgrounds. The ER iden- g3 i R*’O()ju-mm 4
tifications were confirmed by the correlated — a, chains Iy 65 F 207g . . .
between the parent and the daughtedecays as shown in Lﬁ K wmf@ .
Fig. 6(c). For example, the identified ERa; events of 19 A 09.210R, 4 . i

for 2192LAc is consistent with the observed ten events of the Y _
aq1— a5 chain, because half of the-decay events were con- zmﬁ.@ i
sidered to escape from the PSSD without depositing its full A T T T
energy. For the other cases, consistency is also obtained,; 66.5 7 75 8
e.g., the identified events 37 f6P%?°Fr consist of the six
events of thean;— a, correlations since the daughter nuclei Energy E“ MeV)
202200t has ana-decay branching ratio of less than 30%.
We could estimate the ER’s directly produced Aayn_ and reaction atE, ;, =200 MeV (Epear=291 MeV). (a) Single energy
apxn channels separately from the daughter nuclei of ER SSpectrum of thex-decay particles without the TOF signéb) Two-

produced byxn and pxn channels. In order to obtain the gimensional spectrum of the energy versus the detected time inter-
cross sections afxn andapxn channels, the counts @xn  ya| within AT=500 s between thex-decay particle and the

and apxn channels were subtracted from thosexaf and  position-correlated ER, whose position difference was withi
pxnchannels, respectively, corresponding to their parent nu=AY=0.5 mm.(c) Two-dimensional matrix showing the correla-
clei. tion between parent and daughtedecays ofx, — a, chain. Boxes

The ER cross sections thus obtained far, pxn, axn, in (b) and circles in(c) are guides for the eyes for eashdecay
and apxn channels are shown in Figs. 7 and 8 in the reacproperty of decay energf, and lifetime r (E,—50 keV<E
tions of 325+ 84\ and ®Ni+1%‘Sm), respectively. The error <E,+50 keV, f57<AT<10r).

FIG. 6. Measured spectra of the eneifgly in the 5Ni+1%%Sm
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FIG. 7. Measured ER cross sections in 8+ 84 reaction. The solid curves show the calculated resultsiofp. The dotted and
dashed curves are for the individual ER component. Each evaporation channel is shown on each corresponding curve.

includes the statistical one in addition to the systematic erroformation, respectively, were assumed to be

of 40% for the estimations of the RMS transmission and the
angular distribution of the ER’s. We compared the obtained
data with a statistical model calculation using the cadepr
[15]. In this calculation, the level density parameggrand
a; at the ground-state deformation and the saddle-point deRef.[33]

a=a{l+[1—exp —E/18)]E4/E},

(€Y

where the asymptotic value af was calculated as given in

100 E 1 M 1 M 1 M 1 M 1 v T 1 v T H ] v 1 v 1 v T 1 T Ll T T M 1 M T
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FIG. 8. Same as Fig. 7 except for tAi+1%Sm reaction. The solid curves are the calculated resultsvaP. The dotted and dashed
curves are for the individual ER component. Each evaporation channel is shown on each corresponding curve.
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2=0.069A+0.165A%3B +0.175AB, . 2) in the code, where thB(E2) values were taken from Ref.
s [43] and the quadrupole momentl.87 barn 28] of the first

The shape dependencBs and B, are defined in Ref{34]. excited state I(=2%) was used. After the excitation prob-
E, is a shell correction energy aifilis an excitation energy. abilities of the rotational ground states 5fSm were calcu-
Here the shell damping factor of 18 MeV was u$86]. The lated as a function of time, the time-integrated rotation angle
shell correction energy was obtained as the difference of thef *'Sm up to the closest approach was obtained by using
experimenta| mass taken from REBB] and the ||qu|d drop the moment of inertial/A=2.41X 10_20 s. The calculated
mass[37]. According to Refs[38,39, the rotational and rotation angle was 25 degrees at the bombarding energy of
vibrational enhancements of the level densjitfE) was Ecm=190—220 MeV and various scattering angles. This ro-

taken into account: tation angle is somewhat overestimated at the bombarding
energy above the Coulomb barrier because the nuclear attrac-
p(E)=K;otKyibpint(E), (3) tive force was neglected. As mentioned previously, the effect

of the distortion of the nuclear shape due to the Coulomb
whereK,,; andK,;, are the coefficients for rotational and force during the collision had been discussed by several au-
vibrational enhancements of noncollective internal nucleathors[10,11] to be much smaller than the static deformation.
excitations p;(E). In this calculation, the ground-state In the following discussion, we neglected the small effects of
guadrupole deformatiop, was taken from Ref40], while  both the rotation and the deformability of the deformed tar-
the saddle-point deformation was taken from Réfl]. The get induced by the Coulomb interaction before the collision.

fission barrier heighB; was given af3;=B, ,—E,, where The Coulomb barrier height in the present system of
the liquid drop fission barrieB,p was calculated by Ref. °Ni+***Smis 172 MeV at the tip collision and 198 MeV at
[41]. the side collision. Although the barrier distribution becomes

The solid lines in Fig. 7 shows the calculated results forwider due to the additional inelastic couplingshich effects
the 325+ 183y reaction, and the dotted and dashed lines in-are minor but important it is considered that the ER yields
dicate those of each ER channel. For all ER channels, gooalt E. ,,~180 MeV mainly come from the near-tip collisions.
agreement between the data and the calculated results wabe fact that no ER was observed Bt ,,=175 and 182
obtained without any hindrance as we expected. In%ih MeV suggests that the fusion probability is significantly
+1%4Sm reaction, however, as shown in Fig. 8, the observegmall at the near-tip collision below the Bass barrier. On the
ER’s cross sections were considerably smaller than the catontrary, no fusion hindrance was observed at energy higher
culated resultgthe solid line$ at the low-energy region of than E.,~200 MeV. Though the collisions for all target
E.m=180-200 MeV, while a reasonable agreement isorientations occur in the above-barrier energies, it is consid-
shown at the higher energy region. Here, the Bass barrier iared that the near-side collisions mainly contribute to the
this system is 192.8 MeV. It is remarkable that no event wagompound nucleus formation because of their larger solid
observed aE, ,=175 and 182 MeV in the contrast with the angle than that of the tip collision. These facts suggest that
calculations for the ER corresponding to the, 2v, andap  the near-tip collision needs some extra kinetic energy to be-
channels. The upper limits of the cross section at dagh ~ come fused, while the side collision leads to complete fusion
were determined as 1 event counting the yield indicated byvithout such extra energy.
the arrows in the figure. The hindrance factor of the mea- In order to confirm this consideration, we recalculated the
sured ER cross section at these low-energy regions is aboBR cross sections by assuming that extra-extra push energy
10°—10°. E.x may be needed depending on the colliding anglef
0Ni projectile with respect to the orientation of the symmet-
ric axis of the deformed®*Sm target. As mentioned above,
the barrier height becomes minimum arouig ,,~180

As shown above, for both the fusion-fission and ER crossvieV in the tip collision #=0°) and maximum around
sections, good agreement between the data and the calculated,,~200 MeV in the side collision §=90°). Hence, we
results was obtained in the lighter projectile system®®  properly modified the fusion barrier by addirig,, of 20
+18y. In contrast, in the heavier projectile system®Ri  MeV to the original barrier height at the tip collision and
+1%Sm a large hindrance of the ER cross sections was okeero E,, at the side collision, namel§,,=20(1— 6/90°)
served below the Bass barrier, whereas no hindrance wadeV. The calculated results are shown by the solid lines in
observed above the barrier. These facts can be related to tiéy. 9, together with the results using the original barrier
nuclear orientation of the deformed target at the contacheight(dotted line$. The fact that the solid lines could rea-
point. sonably reproduce the fusion hindrance below the Bass bar-

Before going into this discussion, we estimated the netier would support our simple consideration, that is, larger
rotation angle of the deformedf’Sm target until the®Ni  E,, is needed at the tip collisions than that at the side colli-
projectile comes to the closest distance by the Coulomb insions.
teraction. The probability of the Coulomb excitation of the It is worth relating this consideration to the distarRiR,
1%4Sm nucleus by thé%Ni projectile was calculated by using between the mass centers of the colliding nuclei at the barrier
a code developed by Winther and de Bg42]. In this cal-  position, whereR; is the radius of the compound nucleus. In
culation, theE2 transition up tol =12" of ®Sm was as- the tip collision of the preserf®™Ni+%Sm system, the dis-
sumed and the correspondiB@ matrix elements were input tanceR/Ry=1.99 is longer than the saddle position of 1.83

IV. DISCUSSION
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FIG. 9. Same as Fig. 8. The solid curves show the calculated results taking into account the extra-extra pusbeenggyext for the
detailg, and the dashed curves are without any extra-extra push eftegggame curves as the solid ones in Fig. 8

[41], thus extra energy is needed to surmount the saddlabove the barrier. This sub-barrier fusion hindrance was in-
point of the compound nucleus. On the other hand, the sideestigated by relating the colliding angheof ®°Ni projectile
collision, where the mass centdR/Ry,=1.64) is inside the with respect to the orientation of the symmetric axis of the
saddle point, would lead to complete fusion without any ex-deformed®*Sm target at the contact point. In the tip colli-
tra energy if the incident energy is above the fusion barriersions (#=0°), some extra kinetic energy to surmount the
This supports the original speculation that the compactaddle point would be needed because the distance between
touching configuration leads to the formation of the com-the mass centers of the colliding nuclei is longer than the
pound nucleus more easily than an elongated configuratiosaddle position of the compound nucleus, while the side col-
In the case of the®’S+ 183w system, the fusion can occur lision (6=90°) which is inside the saddle would lead to
irrespective of the touching configuration, because the diseomplete fusion without any extra energy. By assuming that
tance of mass centers is smaller than the position of thextra-extra push enerdy,, is around 20 MeV in the near-tip
saddle point even in the tip collisioR(R,=1.75). collisions and zero in the near-side collisions, the measured
excitation functions of the ER channels were well repro-
duced. The present result is consistent with the conclusion
obtained by Hindeet al,; the side collisions lead to fusion-
We have measured the fusion-fission and fusion evapordission whereas the tip collisions undergo quasifission with-
tion residue cross sections in th®Ni+“Sm and 32s  out forming the fully equilibrated compound nucleus. These
+ 183V reactions at the sub-barrier energy region. The meafacts suggest that it is of importance for the compound
sured cross sections were compared with the coupled channgiicleus formation to take more compact configuration in the
calculation for the fusion procegentrance channehnd the side collision than an elongated shape in the tip collision, as
statistical model calculation for the evaporation prodesit ~ proposed in the original idea of the hugging fusion. In order
channel. In the light projectile system ot?’S+ 83N, a good  to confirm the present conclusion, further experimental stud-
agreement between the data and the calculated results wigs and more realistic calculations of the fusion dynamics
obtained both for the entrance channel and for the ewjt  between deformed nuclei should be carried out at the sub-
pxn and axn evaporation channels. In the case of the heawyparrier region.
projectile systenP®Ni+ %“Sm, even though the same param-
eter setting with3?S+ 1AW was used in the calculation for
the deexcitation from the same compound nuclétfgh, a
large discrepancy was observed below the Bass barrier; the The authors thank the crew of the JAERI tandem-booster
measured ER cross sections for all evaporation channefacility for the operation of beams, and thank Dr. Hojyo and
were much less than the calculated results. The hindrancstaff for use of their sputter ion source for the target prepa-
factor was about 3-10°, while no hindrance was observed ration.

V. SUMMARY AND CONCLUSION
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