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Evaporation residue cross sections f&8i+ %Pt and "°Ge+°Nd, both of which form a compound
nucleus??®U, were measured in the vicinity of the Coulomb barrier. The measurement gives direct evidence
that the system really fuses together to form a fully equilibrated compound nucleus. Fé?Sike Pt
reaction, we have measured the fission fragments to determine the fusion cross section by taking advantage of
the highly fissile character of?®J. The evaporation residue cross section and the fusion cross section for
283j+ 198pt allowed us to investigate the deexcitation prodesi channel of the compound nucleug®U, and
the parameters entering in a statistical model calculation could be determined. By estimating the deexcitation
of the compound nucleu&®U with the statistical model, the effect of the deformed nuclétfsid on the
fusion reaction’®Ge+ ®™Nd was extracted. The experimental data indicated that there is more than 13 MeV
extra-extra-push energy for the system to fuse together when the proj&@iecollides at the tip of the
deformed™®™Nd nucleus. On the contrary, for the side collision which is more compact in configuration than
the tip collision, no fusion hindrance is suggested.

PACS numbd(s): 25.60.Pj, 25.70.Jj, 24.60.Dr

[. INTRODUCTION below the spherical Coulomb barrier compared to the calcu-
lation of the one-dimensional barrier penetration model
Synthesis of a superheavy eleméBHE) is one of the which assumes a spherical nuclear shape. Coupling to the
important topics in nuclear physics because it gives insighinelastic channels also enhances the sub-barrier fusion cross
into the shell stabilization in the vicinity of the double magic section[5—7]. This fusion model is based on the idea that the
nucleus ofZ=114 andN= 184, without which such a heavy colliding systems are bound to amalgamate with each other
nucleus cannot exist due to the overwhelming repulsive Couwhen they overcome or penetrate the fusion barrier. On the
lomb force. Recently, an evidence of producing a new SHEcontrary, in the reaction of a heavy target-projectile combi-
was reported. A successivedecay chain was observed by nation leading to a heavy and fissile compound nucleus, to
hot-fusion reaction of®Ca+ 2*4Pu[1], which was attributed overcome the fusion barrier alone is not enough to form a
to the decay of the element 114. The Berkeley group reeompound nucleus. The system must overcome the saddle
ported the observation of the three decay chains starting frompoint of the compound nucleus, which is located inside the
Z=118 [2] and consisting of six subsequent decays. fusion barrier between the heavy target and projectile. In
Among thesex-decay nuclei they have observed, there is noorder to drive the system over the saddle point, additional
nuclei whose decay propertiggnergy and lifetime are  energy is needed, which is called the extra-extra-push energy
known. Therefore, further experimental study of synthesizEyy . If the system cannot overcome the saddle point, it
ing SHEs and measuring its-decay properties is necessary. breaks as quasifission after a significant amount of nucleon
The production cross section of SHEs using hot- andransfer and kinetic energy loss. The appearance of quasifis-
cold-fusion reaction is extremely low, i.e., picobarn range,sion makes the experimental identification of the complete
making an investigation of SHEs very difficult. Other ap- fusion event ambiguous when one only measures the mass
proaches of synthesizing a SHE proposed theoretically are mumber and the kinetic energy of fission fragment. The am-
gentle fusion[3] and a hugging fusiof4] which use de- biguity expands with increasing the mass symmetry and
formed nuclei as colliding partners. In these cases, there ismass number of colliding nuclei. In order to get direct evi-
certain probability that the deformed target and projectiledence of fusion, detecting the evaporation residues is essen-
collide with each other with their symmetry axis being or- tial.
thogonal. Since this configuration is compact at touching, the The extra-extra-push energy increases quite rapidly with
dynamical fusion process starting from this specific configuincreasing an effective fissility parametgg [8] in the re-
ration may proceed to form a compound nucleus with largegion of y.>~0.75 The sharp increase By is attributed
probability than the other configurations. to the damping of the kinetic energy in the course of dynami-
The effects of nuclear deformation on the fusion procesgal evolution. The distance between the fusion barrier posi-
have been investigated in reactions using light projectildion and the true saddle point increases with the mass of the
beams. This is seen in reactions using a deformed target suatiteracting nuclei. It might result in a significant loss of mu-
as %%sm[5,6], where the fusion barrier height varies with tual kinetic energy during the course of fusion process. Let
colliding angle and hence the barrier height distributesus consider the case of a reaction using a prolately deformed
widely around the spherical Coulomb barrier. It leads to aarget and a spherical projectile with their effective fissility
substantial enhancement of fusion cross section in the regigmarameter being close to or larger than the threshqld
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=0.75. The distance between the mass centers of two nuclei
at the touching configuration varies with the colliding angle
with respect to the symmetric axis of deformed targgj;
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The effects of target deformation on fusion process in the .
massive target-projectile combination were investigated by Fission Fragment

Mitsuokaet al. [10]. By measuring the cross section of the
evaporation residue for the reaction 8MINi+%Sm (yf
=0.735), they found that an extra-extra-push energy of
about 20 MeV is required for the system to form a compound
nucleus wherf°Ni collides at the tip of the deformetP*sm

and additional energy is not needed for the side collision.

In this paper we have carried out the measurement of the, |
evaporation residue cross section in the reactiond%@fe
+150Nd (xe=0.749) and?3Si+ 198t (y.=0.584), both of
which form the same compound nucleé®U. The system

Monitor 0

FIG. 1. Experimental arrangement for the measurement of fis-
n fragment angular distribution f3fSi+ 1%pt.

the detector was 642 ¢ .5 <92° for the front side detector
and 129% ¢, .5 =156° for the back side detector. A silicon

76, 15 i

Goﬁ.eJr 154l\ld has da slightly Iargefr v_alueh_oiaﬁ compﬁred tc:j_ surface barrier detector was used to monitor elastic scattering
I+ m, and we expect a fusion hindrance, depending; oy arq angle of 40° for the cross section normalization.

on the colliding angle. We have also measured the fission

cross sections for the reaction &iSi+ %%t to estimate the
fusion cross section. No extra-extra-push energy is expected . . .
for the fusion of this system because of the s ” value. B. Measurement of'the evaporatlon residue cross section
Yy e 28ciy 19 76, 15

. . . S for 28Si+1%pPt and "*Ge+°Nd
In this system, we can fix the parameters used in a statistical
model calculation by comparing the measured evaporation Measurement of the evaporation residue cross sections
residue(ER) cross sections with the calculations. After this, following the fusion of 28Si+1%%t and "°Ge+°WNd was
we can extract the fusion probability 6fGe+1°Nd at the = made by using?®Si and "°Ge beams supplied by the JAERI-
sub-barrier energy region by comparing the measured ERandem booster facility. The beam eneigy.,, was varied
cross section and the results of the statistical model calculde measure the excitation functions of ER cross sections as
tion for the decay of the compound nucletfU, assuming listed in Table | ¢&Si+%Pt) and Table Il (*Ge+°Nd). In
the deexcitation is well simulated by the statistical model. these tables the c.m. energy in a parentheses is determined at

In Sec. Il we describe the experimental setup followed bythe half-depth in the target layer. The integrated beam dose
data analysis in Sec. lll. The calculations and discussion wilsupplied is also listed in these tables. The targets were made
be given in Sec. IV. We give in Se¥ a summary and some by sputtering the enriched material on a @8 thick alumi-
concluding remarks. num foil. The thickness of th&®®t (enrichment of 98%and
150Nd (Nd,0O5, enrichment of 92.5% targets was 460
wgl/cn? and 380u.g/cnt, respectively.

The evaporation residues emitted to the beam direction
were separated in flight from the primary beams by the
JAERI recoil mass separat@tAERI-RMS) [11]. Before en-

The fission cross section fofSi+ %Pt was determined tering the recoil mass separator, the ER’s charge state was
by measuring the angular distribution of fission fragmentsreset by passing through a 3g/cn? carbon foil (charge
The experimental arrangement is shown in Fig. 1. Beams afeset foi). The separated recoils were implanted into a
28Si having energy of 131.7-190.3 MeV were supplied bydouble sided position-sensitive strip detect®PSD, 73
the JAERI-tandem accelerator and used to irradiate’tfiet 55 mnf). Two larger area timing detectors, one positioned
target. Typical beam current was 10—-@@A. The target of at the front of the DPSD and the other 30 cm upstream of the
195 pg/en? thickness was prepared by sputtering the enDPSD, were used to obtain the time-of-fligfitOF) signal of
riched materia(98%) of %Pt isotopes on a 3pg/cn? thick  incoming particles. The timing detector consists of a micro-
carbon foil. The target was tilted at 30° to the beam axis withchannel plate detector that detects electrons ejected when the
the carbon backing facing the downstream of the beam. Ancoming particle passes through a gold plated Formvar foil.
AE-E ionization chamber was used to measure the fissiofhe presense of a timing signal in the TOF detectors was
fragments. It consists of a position-sensitive silicon detectoused to separate ER implant events from the subsequent
(PSD and an ionization chamber, which are mounted in thedecays, which generate no TOF signals. A two-dimensional
stainless steel containésee Fig. 1L The PSD has an active spectrum of the energy versus TOF gives a rough estimate of
area of 34.0 mm lengthk 2.5 mm width. The ionization the mass number of the incoming particle. A clock signal
chamber is operated with 20L Torr isobutane under gas was recorded at the moment of the event occurrence to re-
flow condition. Two AE-E ionization chambers were construct the time interval between the successivéecay
mounted on both sides of the target. The acceptance angle efients. Alpha-decay events longer thau$ life were re-

Il. EXPERIMENTAL SETUP

A. Measurement of the fission cross section fofeSi+ 1%pt
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TABLE I. Integrated beam dose supplied for the measurement of evaporation residue cross secti@is 18Pt reactionEeam(Ec.m)
is the beam energfc.m. energy in MeV units. Cross sections in nb for evaporation residue@pf?U+21°Th+2*Ra, (b) 2?2+ 2°Th
+2Ra, (c) 2W+21Th, (d) 22U+26Th, (e) ??Pat 2 Ac, (f) 21%Pat2'%Ac, (g) ?*%Pa, andh) ?%'Th are listed.

Epeam (Ec.m) Particles @ (b) © (d) (€ (f) () (h)
140.0(120.0 17.8x 10" 42+ 26 36+ 22 - - - - - -
142.7(122.5 8.8x10%  124x72 85+ 52 - - - - 5+10 -
145.6(125.0 5.5x10'%  100+63 62" %5 24731 - - - 6+ 13 -
148.4(127.5 6.2<10%°  129+76 146+ 83 20°% - - - 16'1] -
151.3(130.0 7.3x10°  236+130 277150 29"29 - - - 16133 -
154.0(132.5 8.6x10%  100+57 443+ 230 97+ 56 1173 - - 1143t -
156.9(135.0 3.8x10°  162+100 487+ 260 512+ 280 51732 25732 - 11422 -
159.7(137.5 7.1x10%  147+82 484+ 250 510+ 260 7.3 32728 - - -
162.6(140.0 4.7 101 94+12 443+ 240 606+ 320 29+32 21°%] - - -
165.4(142.5 4.6x 101 65' 53 546+ 290 770400 86723 182 - - gt
168.2(145.0 4710  102+64 690+ 360 860-440  225-130 68" %3 1338 - -
171.0(147.5 4.2x 101 78" 683+ 360 855450  412+220 423 9°18 - -
173.9(150.0 3.6x 101 108'%8 1200620 1138590 907470 143-83  71+45 - -
176.7(152.5 4.9x 101 26'3; 636+ 330 633330  652-340 135-73 6136 - -
179.0(155.0 4.5x 101 29+31 643+ 340 237140 501270  210:120  99+59 - -
corded for28Si+19%t. For "6Ge+ 1°Nd, the minimum life- 1. EXPRIMENTAL RESULTS

time recorded was 42ms. The energy calibration of the A. Fission cross section for28Si+ 199pt

DPSD was made using knowa lines from ?“Ra(7.137

MeV), #*Ra(8.700), and*°Th(7.921)[15] which were pro- Examples of theAE-E spectrum observed in the fission

duced in the present reactions. The gain stability of the dedetectors are shown in Fig. 2 for selected six detection
tection system was carefully checked by exposing the DPS[ngles. The corresponding beam eneggy,is 190.3 MeV.
detectors tav particles from a**’Am source. Typical energy The three spectra on the left side and those on the right side
resolution of the DPSD was 75 kd¥ull width at half maxi-  were, respectively, obtained from the front and the back de-
mum (FWHM)]. tector. The fission events are clearly distinguished from other

A silicon surface barrier detector to monitor the elasticreaction products arising from elastic, inelastic, and deep-
scattering was set at the 45° direction in the target chambeénelastic scatterings, and the example of the fission gate is
in order to normalize the ER cross sections. indicated in the spectrum @f, 5z =65.8°.

TABLE II. Integrated beam dose supplied for the measurement of evaporation residue cross sectié@e#dPNd reaction.Epeam
(Eem) is the beam energfc.m. energy in MeV units. Cross sections in nb for evaporation residue@pf?3U+ 2'°Th+2*Ra, (b) 22U
+218Th+21Ra, (c) 22U+2Th, (d) 22U +25Th, (e) 2?%Pat21%Ac, (f) 2*%Pat?®Ac, (g) %*%Pa, and(h) ??'Th are listed. The last column
shows the upper limit of the cross section, which is derived for the evaporation residue shown in parentheses.

Epeam(Ecm) Particles @ (b) © (d (€ () ) (h)  Upper limit
288.8(185.0  2.5x10% - - - - - - - - 3 (%)
296.3(190.0  2.4x10% - - - - - - - - 4 (??0)
305.6(195.0  4.7x10'° - - - - - - - - 4 (??V)
320.5(205.0  1.9x10'° - - - - - - - - 8 (?*V)
324.3(209.0  3.0x10®°  grl° 3*® - - - - - 8'3 -
328.0(211.5  2.7x10' 4+9 376 - - - - - - -
335.5(215.0 2.7x10®  46+29 376 - - - - - - -
343.0(220.0  1.7x10% 129+73 19"} - - - - 15'3% - -
350.4(225.0  2.1x10'  74+44  35'% 1272 - - - grie - -
365.4(235.0  15x10% 33733 39728 154+97 5+t - - - - -
370.9(240.0  0.5x10"° 43737  302£160 544-310 183-100 - - - - -
378.4(243.7)  3.5x10% 37 111+58 197110 140-72 37738 5% - - -
384.0(247.5  1.7x10% 714 11663 15896  225-120 6173 38'%5 - - -
390.1(251.8  1.8x10% 6+13 61+36 68" 52 218+110 186:110 108:59 - - -

014602-3



K. NISHIO, H. IKEZOE, S. MITSUOKA, AND J. LU PHYSICAL REVIEW (62 014602

500 1 T T 500 T T 1 100 : TT I TT I TT I TT I T I:
400 400 ©190.3 Mev 5
300 300", N rF
200} 200} F1717 w2 T
L) X 4 - — -\\\ -
. L \\
100 100f; G 10 ! .
o E o Ty ]
500 500 S F148.0 3
p— I £ Eo~e. i—:
D 400 400 ST ]
c | A - -
c L i
5 300 300 G
S ool 1onnk ~ 135.2
G, 200 200 o 102k g_
I 1 ank © e
L 100 100 - ]
< B x10 |

500 500 M
L o
400} . 90.3 {400

300-.5 £ig! -300. 10-3|||1|||||||||||||

0 30 60 90 120150180

200} -~ 200F -

6 [deg]

100 -1 100H

" . . FIG. 3. Angular distributions of fission fragments obtained at
100 200 300 400 Epeanr=190.3, 171.7, 148.9, and 135.2 MeV. The dashed curve is
the best fit to the data obtained by varyiKg andA in Eq. (1).

0 100 200 300 400 0
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FIG. 2. Reaction products recorded on thE-E plane at beam on the syr_nm_etry axis 20f the fissioning system. The \/_arlance
energy of 190.3 MeV for thé®Si+ 1%t fission measurement. The of the K distribution,Kg, and the constar are the adjust-

laboratory anglep, g is noted in each portion of the figure. Data on able free parameters. In this formulg (6) stands for the

the left side (65.8°, 75.5°, and 90.3°) are obtained fromAEeE ~ Symmetric top wave function, which was evaluated by ap-

ionization chamber mounted on the downstream to the Kéami),  plying the method described [13]. We have calculated the

whereas data on the right side (130.1°, 139.9°, and 154.6°) aransmission coefficient(l) for the partial wavd by using

obtained from that mounted on the upstream of the béamek.  the ccDEFcode[14]. In this fusion calculation the static de-

The fission gate is indicated in the sectionggf,g =65.8°. formations of the target and the projectile in addition to the

. e ) ) couplings of inelastic excitations of the projectile and the

The differential fission cross sectiatu/d() in the c.m. 5146t 1o the fusion process were taken into account. Details

frame was obtained by applying the laboratory to the centerss iq caiculation will be given in the following section. The

of-mass Jacobian to the cross section obtained in the 'abor@Xperimental data were fitted with E€l) using a least-

tory system. In this process, the symmetric mass divisiony ares method, and the result is shown by the dashed curve
was assumed and the total kinetic energy was predicted By Fig 3. we thus obtain the fission cross section by inte-

the \_/|ola sy_stemat|¢12]. . . _ r(,?rating the fitted curve over angte
Figure 3 illustrates the fission cross section as a functio

of c.m. angled obtained at the beam energy of 190.3, 171.7, 2

148.9, and 135.2 MeV. The errors are estimated from the afiss=27rf W(6)sin6dao, 2
counting statistics and the uncertainty arising from extracting 0

the fission events on th®E-E spectrum. The data points for

a specific beam energy are fitted with and the results are shown in Fig(gblid circles and Table

Ill as a function of c.m. energy. The error includes the sta-

* tistical error and the systematic error of 15%. The curves in

AE (21+2)T(I) Fig. 4 are model predictions of the fusion cross section
1=0 which will be explained in Sec. IV.

W( )

N -

K:ZI

(21+ 1)|di),|<( 0)|2exp(—K2/K3) B. Evaporation residue cross section for’®Si+ %%t
N : (1) and "%Ge+1°Nd

> exp—K2/K3) 1. Particle identification
==

The evaporation residue cross section for a specific chan-
which involves a summation over spirand its projectiork  nel was determined by counting tEdR-a; chain, whereER
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FIG. 5. Two-dimensional spectrum of the time of flight and
energy for particles detected in the focal plane detectors of the
JAERI-RMS for "®Ge+ Nd. The corresponding beam energy is
370.9 MeV. For the ordinate, 50 channels correspond to 20 ns. The

calculated fusion cross section based on the one-dimensional barrigfuster formed by the evaporation residues is encircled with a

penetrating model. The dashed curve is the result when the defo

flashed curve. Targetlike nuclei are observed.

mation effects of the projectile and the target are taken into account
in the calculation. One obtains the solid curve when the couplinggoincidence between background particles andecay.
to the inelastic channels are additionally considered.

Figure 6 shows the typical energy spectranoflecay for
285j+ 198t gbtained afE, ,,=130.0 MeV (top) and 147.5

means the events produced when an incoming evaporatiaeV (bottom. This spectrum was obtained by selecting the

residue hits the DPSD and; stands for the firsi-decay

events having no TOF response. Knowrlines are clearly

observed. The kinetic energy and the tlme-Of-ﬂlght informa-observed in this figure_ Some lines Corresponding to suc-
tion of the ER are also utilized in the analysis.

Figure 5 shows the typical two-dimensional spectrum offound in 130.0 MeV spectrum, where the number of events
time of flight versus energy for particles detected in the focaly the 214Ra peak is comparable with that in the daughter

plane detectors of the recoil mass separator f6Ge
+150Nd at Epean=370.9 MeV. The count rate of the focal

cessivea decays are observed in Fig. 6. An illustration is

nucleus,?’Rn.
The time difference between the ER implantation and the

plane de_tectors depends on the beam energy and the parag- decay, namely, the lifetime af,-decaying nucleus(),
eter setting of the JAERI-RMS, and the typical value wasyas used to improve the accuracy of the ER identification.
0.5—-4 cps for?®Si+19pt and 50—200 cps fof®Ge+ °Nd.

The events which fell in the region of interest were selected
and used in the data analysis in order to remove the chance

TABLE Ill. Experimental results of fission cross section f88i

30.0MeV

214Ra

c

&
I3
1
N

Ec.m.=1
]
&

&

i
i
|
{
i

+ 198p,

Ecm. [MeV] o [mb] Error [mb]
166.3 789 121
150.0 625 94
140.0 456 68
130.0 204 31
124.6 95.3 14.3
122.0 40.7 6.1
119.6 23.1 35
119.0 15.4 2.3
118.0 12.1 1.7
116.9 5.2 0.8
114.9 1.3 0.2

7.5 8.0
E, [Mev]

60 65 7.0

FIG. 6. Spectra ofa-partice energy for?®Si+ %%t obtained
from the events having no TOF response. The upper and the lower
figures are, respectively, obtained&t,,=130.0 and 147.5 MeV.
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FIG. 7. Events ofER-a4 correlation plotted on the plane of
energy €,;) and time interval ;) for "Ge+°Nd. The three
figures correspond to the c.m. energy of 251.8 Mgdp), 220.0
MeV (middle), and 190.0 MeMbottom). Correlated events having
known « lines are surrounded by boxes havitd0 keV energy
gate and the time span éng,f 15T4,,. The solid box means the
detection ofER-«, events. ForiE. ,=220.0 MeV, events arising
from the 2?Pa-@'8Ac)-2'Fr chain are observed.

Examples of the two-dimensional spectragf; and r; are
shown in Fig. 7 obtained for®Ge+*Nd at E. ,,=251.8,
220.0, and 190.0 MeV. In these spectra, the implanted posstates also enhances the efficiency. The efficiency’fGe
tion of ER and thea; decay position agreed within +°%Nd amounted to 0.20 H, ,, =120 MeV) for axn chan-
(AX,AY)=(0.5,0.5) mm, and the corresponding energy anchels.

TOF channels of the ER fell in the gate on thg, TOF)
spectrum(similar to Fig. 5. The boxes shown in Fig. 7 rep- taken into account. It is given by=2(1+Rgr/R,) with
resent a region around the knowdecay charactgr5]. It
has the energy width of 90 keV around the knowk ,; and
the time span ofzTy,<7;<15T,,. For the spectrum of
E.m=190.0 MeV, we obtained no events in 426<7;
<2 s. Note that 425.s shown by the horizontal dotted line of 21'Th.

PHYSICAL REVIEW (62 014602

corresponds to the dead time of the data acquisition system
used for the "%Ge+*Nd experiment, and the horizontal
dashed line isr;=37 s, over which the chance coincidence
becomes much more significant. The production cross sec-
tions of 22Th, ?1€Ac, ?Ra, ?16Th, 2'°Ac, and ?'“Ra were
determined by counting the events in the corresponding
boxes. For th&E R-21Th correlation in the’°Ge+ *™Nd ex-
periment, the probability of detecting tHeR-21"Th event
became 31%, which was corrected for in the analysis. Simi-
lar correction was made for the channels BR-?'®Ac
(41%), ER-?"Ra (83%), andER-22U (74%).

In order to confirm the present identification of the
a-decay nuclei, we also checked and observed the correlated
chainER-a;-a, for ER-?"Th-?Ra, ER-?'5Th-?1’Ra, ER-
2192a-21Rn, ER-?'%Ac-2'%Fr, and ER-2Ac-2YFr. The «
energy agrees with the known vall5] within 90 keV and
the lifetime 7 is in & T,,<7<15T,,. The position agree-
ment is achieved inAX,AY)=(0.5, 0.5 mm. We could not
observe anyER-?Ra-?"’Rn chain clearly because of the
much longer half-life of?!'Rn (14.6 h.

In addition to the six channels mentioned above, we have
observed two kinds of successive channels starting, respec-
tively, from 2?%Pa and??'Th. TheER-2?Pa(x;)-28Ac(a,)-
2Y%Fr(a3) events are shown in thE, ,=220.0 MeV spec-
trum of Fig. 7. Thea, was not observed because of the short
half-life of ?'8Ac (1.12 us). Because of the same reason as
for 218Ac, the ?’Ra was not detected in the chdiR- 2>1Th-
217Ra—213Rn.

2. Cross section determination

In order to obtain the absolute cross sections of evapora-
tion residues, the detection efficiencies of various ER’s by
the JAERI-RMS were estimated according to the procedure
described in Ref[16], where we obtained good agreement
between the measured detection efficiency of the JAERI-
RMS and that calculated by using a program code based on
the ion-optical codeslos [17]. The efficiency calculation
takes into account the following effects. The angular distri-
butions of ER’s were estimated by using the statistical model
codePAcE2[18]. The multiple scattering of the ER’s in the
target and the charge reset foil were estimated byrthe
code[19]. We used the charge state distribution of the ER
estimated by Shimat al. [20]. The efficiency forxn, pxn,
and axn channels is, respectively, 0.0&{,,=120 MeV),
0.03 (135 MeV), and 0.02(135 MeV) for 2®Si+19pt. For
%Ge+1Nd, the efficiency is larger than that ofSi
+198pt primarily because of the strong kinetic focusing. Si-
multaneous transport of ERs having two different charge

The probability detecting the fulk energy in the DPSD is

Rer andR,, being the implantation depth of the evaporation
residue and the range of the particles, respectively. The
Rer andR, are determined by theriM code. The value o

in the reaction 0f?®Si+ %Pt is around 0.53 for the decay
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FIG. 8. Fusion and evaporation residue cross section€&it+ %%t as a function of c.m. energy. The excitation energy of the compound
nucleus,E.,, is also indicated. Experimental resultsER cross sections for the specific chanfl@)—(h)] are shown by solid circles with
error bars. The thick solid curve is the results of the statistical model calculatioxr code coupled with theccbercode. Fora)—(f), the
cross section includes the components noted in each portion of the figure, and the calculated cross sections of the constituent are shown by
the dash-dotte¢uranium, dotted(thorium or protactiniuy and dashedradium or actiniumh curves. Open circles with error bars plotted in
every section are the measured fission cross section shown in Fig. 4. The calculated fusion cross sections based on the coupled channel
calculation(thin solid and the one-dimensional barrier penetration mgtleh dash-dot-dottedare also showiisame as those in Fig,).4
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Evaporation residue cross section is shown in Fig. 8 as a IV. CALCULATIONS AND DISCUSSIONS
function of c.m. energy for®Si+ %%t by solid circles with
error bars. The data are also listed in Table I. The error _
includes both statistical contributions and the estimated un_ S_lnc;a the compound nucled$?U formed by the reaction
certainty of 50% coming from the transport efficiency of > Si+*Pt is very fissile, the fission cross section can be
ER’s through the JAERI-RMS. The results f6iGe+ 5Nd well approximated to the fusion cross section. The experi-
are shown in Fig. 9 and listed in Table Il. These ﬁguresmental fission cross section shown in Fig. 4 is compared to

(tables include the cross sections determined from the corthe calculated fusion cross section based on the coupled
relation of (8) ER-2"Ra, (b) ER-2"Ra, (¢) ER-217Th, (d)  channel mode[14]. The prediction of the one-dimensional

ER-215Th, (e) ER-21%Ac, (f) ER-21%Ac, (g) ER-22%Pa, and  barrier penetration model is shown by a dotted curve, which
(h) ER-221Th. The cross section determined from tB&  Underestimates the cross section in the region below the Cou-
21524 correlation should include the components ofchan-  10mb barrieV,=126 MeV. The dashed curve is the result of
nel () and 3n channel £¥Th), which cannot be de- taking into account of the nuclear deformations bfpt
tected in this experiment because of the short half-life ofl82=—0.060[21], 84=—0.030[22]) and **Si (8,=0.407
223 (not known and 21°Th (1.05 us). For the same reason, [23]). The agreement between the experimental data and the
the figures in(b)—(f) also include the possible evaporation dashed curve is still not satisfactory bel&y, =120 MeV.
channels indicated in each figure. The curves in Fig. 8 and he solid curve shows the result including the inelastic cou-
Fig. 9 are the theoretical predictions of the cross sectionglings of the octupole (3) vibrational states in**Si and
which will be described in the following section. 198pt in addition to the nuclear deformation. The deformation
In the reaction of 5Ge+ °™Nd, we obtained no correlated parameteiBs (excitation energy of vibrational statased in
ER-a; event atE, ,=185.0, 190.0, 195.0, and 205.0 MeV, the calculation was 0.398.88 Me\) for *Si and 0.050
as can be seen in th&, ,=190.0 MeV spectrum of Fig. 7, (1.68 Me\) for °¥%t. Since theB; value of %8Pt was un-
where no event was detected within the boxe$%8f), 22U,  known, we used the value fo*Pt. Theccper calculation
and 2?4U. In this case we derived the upper limit of the crossreproduces the experimental fission cross section quite well.
section corresponding to one event. The results are listed in In Fig. 8, the calculated fusion cross section and the ex-
Table I, where the upper limits are determined for the nucleperimental fission cross section are again shown for the con-
shown in the parentheses. venience of later discussions.

A. Fission cross section for?®si+1°%pt
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FIG. 9. Evaporation residue cross sections fe+ °Nd as a function of c.m. energy. The excitation energy of the compound nucleus,
E..., is also indicated. The experimental resultss®® cross sections for the specific chanp@-(h)] are shown by solid circles with error
bars. In(a) and(h), the upper limit of theER cross section is indicated with the style of error tmee Table ). The thick solid curve is the
results of the statistical model calculatiGmvap code coupled with theccper code. The spectra i®—(f) include the components noted
in each portion of the figure, and the calculated cross sections of the constituent are shown by the da&iralutied, dotted(thorium or

protactinium, and dashedradium or actinium curves. In(a), the calculated cross sections fan(#2U) and n(??"U) channels are shown
by the thin solid curves.

B. Evaporation residue cross section which involves the shell correction energyw’ and shell

The cross section of evaporation residue is calculated bfamping energsy. The SW was estimated by subtracting
using a statistical model codevap [25] as discussed in this rom the experimental mass of R€29)] the liquid drop mass
section. The partial wave cross section for fusion was calcucalculated by Refl.30]. The value ofEg; was set at 18 MeV
lated by using thecCDEF code and was input to theivap  [31] in this analysis. With increasing the level density

calculation as the initial spin distribution of the compound parameter reaches the asymptotic vaugetermined by the

nucleus. formula in Ref.[32]. The paramete}i is a function of mass

A level _densny Qf a nucleus at t_he ground state and at th‘?_‘mmber, dimensionless surface area, and integrated curvature
saddle point used in the analysis is the same as in the previ;

ous pape10], and hence only a summary will be given f a nucleus. The level density parameter at the saddle point
here. The Ievél density at the ground state as well as this also calculated by Ed4) with the second term being zero.

saddle point for a given excitation ener§ywas calculated his i; _because the. s_hell .correction at the saddle point of
by [26,27] preactinides and act|n|Qe§ is sm@he range of 0.5 MeV or
even lesy[27,32. The fission barrier height was determined
p(E)=KipKoint(E), (3) by B¢=B p— 6W, where the liquid drop fission barri& p
was calculated by28].
where K;, is the collective enhancement of the intrinsic Several authors have_pomted C{@B’M that the mea-
level densityp;,;, and K,y is the rotational enhancement. suredxn cross sections in the thonum region near te
The value ofK,;, (K,o) Was set to 1.0 when the quadratic f1_26 shell closure were overestimated t_)y the standard sta-
deformation parametes, is larger than 0.17less than 0.17 tistical model calcullatlon. In order to obtain good_ agreement
[26]. The B, at the ground state was taken from RgZ2], betvve(_an the expenmental data and the calculation, the shell
and the value at the saddle point was taken from F2s). effect in th(_a level de_nS|ty must be destroyed at_unexpectedly
The level density parameter at the ground state was calcl@W excitation energies; that is, th?lShell damping faggy
lated by is taken to be smallE,;=6 MeV -). This problem was
solved by Junghanst al. [26] by properly taking into ac-
SW count the collective enhancement of the level density for
= _ _ oVV deformed nucleus. In the present statistical model calcula-
a=a 1+{1-exp~E/Ed} E | @ tion, we took into account the collective enhancement of the
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level density in Eq(3) and checked how the present calcu- E, [MeV]
lation reproduced the measured evaporation residue cross . 0 20 40 60 80
sections in the fusion reactions @PAr-+176:178.184¢ [33]. 1035 IRARARARRARRARRARRRRRAN D
We obtained good agreement of the calculation with the data 102 3 (a) 3
within a factor of 2—3 for everykn (x=2-7) and pxn (x 101 3 g L
=2-5 channels. Foraxn (x=2-5 channels, agreement = 1005 Vs E
within the factor of 2-5 was achieved. The present calcula- E 191 3 ] Lk
tion also reproduces the ER cross sectionsxfor(x=3,4), o 18_2 3 :
pxn (x=2-5, and axn (x=1-3 channels following the SF
fusion of 32S+183y [10]. wor 3
10 X
_SF ! : B
1. 28Si+198pt 18-65...|l...|~'....|....|...15
. . . 160 180 200 220 240 260
The calculated evaporation residue cross sections are E [MeV]
shown in Fig. 8. The cross section of tke channel(ura- 230 cm
nium) forms a minor component in the spectra of Fig®) 9 <
9(b), 9(c), and 9d) (dash-dotted curye v 220
It is evident in Fig. 8a) that the calculated cross section =
for the 22U+ 21Th+2"Ra channel(thick solid curve in- £ 210
creases witle. ,, and reaches the maximum at 130 MeV and %
then decreases slowly. This trend is consistent with the ex- I 200
perimental data. The magnitude of the cross section also re- o
produces the experimental data quite well. t 190
The calculated cross section U+ 218Th+24Ra chan- o
nel in Fig. 8b) agrees with the experimental data. The cal- 180
culation reproduces well the two predominant components of
218Th and ?“Ra. Ocon [deg]

Experimental dzata of théZlUfznTh channel in Fig. 8:). FIG. 10. (a) Calculated fusion cross section based on the
and thgse of thé?Pa channel in Fig. @) havg the maxi- — coupled channel calculatiofsolid line) for "Ge+Nd. The dot-
mum yield at 145 MeV and 130 MeV, respectively, which is tgq cyrve is the prediction by the one-dimensional barrier penetra-
reasonably well reproduced by the calculation. For th&jon model. The dash-dotted curve is the result of the coupled chan-
former channel, the cross section by teap calculation is  pe| calculation which includes the effects similar to the solid curve.
about 5 times lower than the measured value, while the calrhe difference is, however, that its fusion barrier height has a gain
culation agrees within the the experimental error with theof Eq. (5). (b) Coulomb barrier height plotted as a function of
222p3 data. colliding anglef.,, . The solid curve is the original one determined

The measured cross section for tFU+2°Th channel from theccper code. The increase of E() with Eyyo=13 MeV
in Fig. 8(d) increases sharply with, ,, above 135 MeV. The in the fusion barrier height leads to the dash-dotted curve.
sharp increase starts at 140 MeV in tf@Pat+ ?'Ac spec-

trum of Fig. 8e). The§e threshold energies are well repro-geformation of B,.B.)=(0.358, 0.107[21,22. It also in-
duced by the calculation. The absolute values are also cony,qes the couplings to inelastic channels of the projectile
sistent between the calculation and the experiment. For thg target. ForGe, the deformation parameteecitation

21 215 i H
channel of?'%at ?1*Ac in Fig. 8(f) the threshold energy of nergy of the quadrupole and octupole vibrations e

145 MeV are reproduced by the calculation. The calculateg:0 27(0.56 M 371 and B.=0.14 (2.69 M 241 re-
cross section is the 5-10 times smaller than the data. 21 0. eV [37] and B5=0.14 (2. eV [24], re

. . spectively. TheB;=0.11(0.93 Me\) [24] was adopted for
We obtained only one correlateBR-??'Th chain at . 15
E..—142.5 MeV (Fig. 8h)). This energy corresponds to the octupole vibration of®*™Nd. As a result of the largely

the maximum cross section in tievap calculation. deformed prolate shape 0f'Nd [see the inset in Fig. 10)],

It h tioning that h detected th the Coulomb energy varies significantly with the colliding
IS worth mentioning that we have detected the evapora; ngle 6., as shown by the solid curve in Fig. @. It re-

tion r_e3|dues beIovy the spher.|caI.Co_u|omb barrier 126. Me\@ults in a large enhancement of the fusion cross section be-
as Fig. 8a) and Fig. 8b), which indicates that there is a low the spherical Coulomb barrif,

fusion enhancement relative to the one-dimensional barrier The calculated evaporation residue cross section for

penefration model. 78Ge+>INd is shown in Fig. 9. The conspicuous feature
76 15 found in the calculation is the prediction of strongly popu-
2. *Get+*Nd lated In and 2h channels shown by the thin solid curve in

We show in Fig. 10a) the calculated fusion cross section Fig. a), which does not appear in théSi+1%pt reaction.

by theccpercode. The dotted curve is the prediction by the This is because the compound nucleus produced in the en-

one-dimensional barrier penetration model. The correspondergy region ofE , = 180—200 MeV for"®Ge+'*Nd has a

ing Coulomb energy i8/,=209 MeV. The solid curve in low excitation energy of 6—26 MeV that would lead to 1

Fig. 10@) is the calculation that takes into account the targetand 2h final channels.
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The calculated evaporation residue cross section in Fig. ¢he ratiol',/T'; of the neutron emission width to the fission
for (a) #U+2Th+2Ra, (b) ?U+2®Th+2"Ra, (d)  width for uranium isotopes having excitation energy of 1
22y +216Th, and(e) **®Pa+>"°Ac reproduces well the ex- channel, and the result was compared with those in Refs.
perimental data abové. ,~210 MeV within the error with  [35,36. The calculation underestimated the experimental
regard to the absolute value of the cross section and thg, /T values by the factor of 2 for the compound nuclei
energy-dependent behavior. Although the calculation underzsz—zseU’ while it reproduced the mass-dependent behavior

estimates the cross section by about a factor of 5-10 for thgs e I, /T value. The calculation may underestimate the
channels of(c) ?U+?"Th and (f) *%Pat+?°Ac, these (1oss section of2%U and 224U in the reaction’®Ge+ 5Nd

shapes of the excitatiozn fur;(l:tion are very Czlfsse with eachyy the factor of 2 and 4, respectively. We believe that the
other. The trend of thé*'U+2""Th and *Pa+ **Ac chan- 3 culation does not overestimate the cross sectiori€of

nels is similar to the?’Si+'%pt reaction. The events of 4224
222p3 were obtained & ,=220.0 and 225.0 MeV at which
the calculation yields the maximum cross section in th|sEXX for the 76Ge+ 150Nd fusion reaction. For a reaction us-

221 H —

channel. For®=Th channel, the data point &:.,n=209.0 i g deformed targets, it is a reasonable assumption that the
MeV agrees with the calculation, whereas no event was deEXX depends on the colliding angle.,; because the Cou-
tected inE; <205 MeV. _ lomb barrier height varies witl®.,,. The good agreement

A large difference between the calculation and the experipenyeen the experimental data and the calculation above
ment is found in the’”®U channel. The calculation predicts £ _ 219 MeV suggests that no extra-extra-push energy is
the cross section of 110 * mb at 185-190 MeV. How-  required above this energy. From the solid curve in Fig.
ever, no event was detected in this energy region, and theyp,) the collision with feoi™ ~50°, occupying 65% in
upper limit of the cross section was about 3—4 nb. This willgy)ig angle, results in the normal fusion Wit =0 MeV.

be discussed in the following subsection. In the region ofE.,,<~200 MeV, the collision that can
overcome the Coulomb barrier is limited to the near tip col-
C. Extra-extra-push energy in the fusion of "°Ge+'5Nd lision, the ones of *Ge with the tip of the prolately deformed
15 H
Good agreement between the experimental results and thﬁ.oNd' The present data show that the system starting frpm
: . this configuration cannot fuse together with this bombarding
HIVAP calculation was achieved for the channels 3BfU energy and an additional kinetic energyy is needed to
LooThi*"Ra, *U+*0Th+ *Ra, *U+*Th, and drivegtB;]e system into the compound nucleﬁs Here, we intro-
220pat 21%Ac above E. ,~210 MeV for the °Ge+ °Nd y P ' ’

fusion reaction. In the region oE;,= V, (209 MeV) duce theExx as
which was dominated by these channels, the fusion reaction I — Rege
of %Ge+'°Nd is explained by the “standard” picture; Exx(r)=Exxo=———.
. Rti - Rside
namely, the system fuses completely when it overcomes the P
Coulomb barrier. In the channels 8f'U+2"Th and ?**Pa
+21%c¢, theHIvAP calculation predicts a lower cross section The Coulomb barrier distanceis a function of colliding
than the experimental data, which is similar to th%i  angle 6., and the distance for the side collision Rge
+19%t reaction. We consider that the disagreement is attrib=11.7 fm for "*Ge+**Nd. For the tip collision Ry,
uted to the parameters used in the statistical model calcula= 14.6 fim), the above formula gives the extra-extra-push en-
tion which cannot fully imitate the deexcitation process.  ergy of Exx,. Equation(5) comes from the assumption that
On the contrary, below the spherical Coulomb barrierthe more the barrier distance is far away, the additional en-
(Vy,) energy the evaporation residue cross section’f@e  ergy to drive the system into the compound nucleus shape
+10Nd shows anomalous behavior; namely, the cross seacales with the distance between centerst the Coulomb
tion of 222U is far below theHIvAP prediction. Noa decay barrier.
was observed for this channel as illustrated in Fig. 7. This The barrier height was raised to an amount determined by
discrepancy is attributed to the entrance chaffusion pro-  Eg. (5) from the original Coulomb barrier height. The calcu-
ces$ since the deexcitation process appears to be well demated results are shown in Fig. 11 by solid curves. They were
onstrated by the statistical model calculation in tfiSi  obtained withEyyo being 13 MeV as reasonable consistency
+ 198t reaction which forms the same compound nucleupetween the experimental results and the calculations is
228, The fusion hindrance implied by tHé®U cross section achieved. The corresponding fusion cross section as a func-
is about 1X 10°~1x1C® in the region of 184 E.,,<193 tion of E., is shown in Fig. 10a) by the dash-dotted curve,
MeV, suggesting the existence of the extra-extra-push erand the dependence of the barrier height on the colliding
ergy. angle is shown Fig. 10). The dotted curves in Fig. 11 are
Although the 22U and ??"U channels were not observed the calculations without fusion hindrance, which were al-
in 28Si+ 199t because of the excitation energy of the com-ready shown in Fig. 9. By including the extra-extra-push
pound nucleus’®®J being larger than 40 MeV in this mea- energy, the cross section 6f°U is reduced to about one-
surement, we consider that the current statistical model cahundredth of the value at the peak cross section. The reduc-
culation can be applicable in the low excitation region oftion factor for 22U is abouts. A slight decrease of the cross
10-30 MeV populating thé?®U and 22U with a reasonable section of??!Th is found forE, <205 MeV. This calcula-
accuracy from the following consideration. We calculatedtion gives almost no change in the other ER cross sections

We made a rough estimate of the extra-extra-push energy

®)
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FIG. 11. Same as Fig. 9. The dotted curve is the calculated results using/trecode assuming no extra-extra-push endsame as
the solid curves in Fig.)@ One obtains the solid curve when the fusion cross section shown by the dash-dotted curve ifefFig.at®pted.

positioned afE, ,>~210 MeV. Reasonable agreement be- V. SUMMARY AND CONCLUSIONS
tween the calculation and the experiment was also obtained Evaporation residue cross sections f&iSi+ 9%t and
even when we adopt an extremely large valuEgho, 50 7654, 150\g poth of which form a compound nucled€U

MeV, for instance. This is because the fusion cross sectionWere measured in the vicinity of the Coulomb barrier. The
for E. ,>~210 MeV is dominated by the side collision that y )

occupies 65% in solid angle and hence the effect of the fu[neasurement gave direct_ _evidence that the system fuses to-
sion hindrance at or near the tip collision is negligible in thisgetherzté) forlrgl a fully eqwhbratgd compoun_d nucleus. i
energy region. The present analysis can only determine the FOr ST *Pt, we have obtained the fusion cross section
lowest limit of Exyo , and our choice was 13 MeV for this in from measurement of the fission fragment angular distribu-
the fusion of 76Get 150N, tion by taking advantage of the high fissility 6f®U. The

Our previous work revealed in th¥Ni-+15%Sm reaction ~ fusion cross section fof*Si+ Pt agrees well with the pre-
that there is an extra-extra-push energy of 20 MeV at the tigliction by the coupled channel calculation which takes into
collision. This is larger than 13 MeV for the fusion of accountthe nuclear deformation effects and the couplings to
%Ge+1°0Nd which has a slightly larger effective fissility inelastic channels.
parameter thaffNi+'%Sm. However, it must be noted that ~ The statistical model calculatioftivaP code nicely re-
the Eyyo value obtained in the present work is the lowestproduced the evaporation residue cross section?i
limit of the extra-extra-push energy at the tip collision. The +°Pt. It should be noted that the parameters we have used
common conclusion reached through the study ‘8Ge in the HIVAP code are the same for both reactions studied
+150Nd and ®°Ni+ 1%‘Sm is that there is no fusion hindrance here as well as in studies of the previous reactionsgf
at the side collision in these systems. + 83\ and ®ONi +1%%Sm[10].

The present conclusion was the same with that in Refs. Considering the same compound nuclé&®) formed by
[38,39 by Hindeet al. In the measurement of fission anisot- "°Ge+'°™Nd and the same way of deexcitation &&Si
ropy (and also mass distributiof89]) for %0+2%%U, they = +!%%Pt, the evaporation residue cross section f66Ge
gave an interpretation that collisions 610 with the tip of ~ +°Nd allowed us to study the fusion procegntrance
prolately deformed®®U nuclei result in quasifission in the channel of this reaction. Assuming that the partial wave
sub-barrier energy region, while collisions with the side re-fusion cross section for®Ge+*Nd is predicted by the
sult in fusion. The same discussion was made in the reactioaCDEF code, the evaporation residue cross section agrees
12C+232Th [40]. The effective fissility parameterg.¢ for ~ well with the statistical model calculation fd&, >~ 210
160+ 233 and 12C+232Th are 0.463 and 0.390, respectively, MeV. Since the cross section f&, ,>~ 210 MeV is domi-
and are far below the thresholg.s=0.750. However, the nated by the side collision, the results suggested no fusion
systematic of Ref[9] predicting Exyx versusyes does not hindrance in this way of collision. On the contrary, in the
include the data taken from the evaporation residue crossegion of 184 E. ,<193 MeV, there was a fusion hin-
section using actinide nuclei. drance of X 10°~1x 10° compared to the fusion cross sec-
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tion calculated by thecDEF code, indicating that the extra- the fusion hindrance for the tip collision was observed in the
extra-push energy is required for the system to fuse togetheeaction ®Ni+ %*Sm. The conclusion reached through the

when the fusion starts from the specific configuration thatwo reactions is that there is no fusion hindrance at the side
8Ge collides with the tip of**™Nd. By assuming the extra- collision for these systems. It would be interesting to inves-
extra-push energy to be proportional to the Coulomb barrietigate the existence of extra-extra-push energy for the side
distance, we obtained 13 MeV as the lowest limit of extra-collision in a system having largeye; value, and we are

extra-push energy for the tip collision. planning to make such an experiment.
It is known that the extra-extra-push energy increases
with the effective fissility parameter above the threshold of ACKNOWLEDGMENTS

xeff=0.75. With this respect it is reasonable that in the
8Ge+ 15Nd system withy.¢=0.749 there is an extra-extra-  The authors thank the crew of the JAERI tandem-booster
push energy to a certain extent. In our previous worKlLitl,  facility for the beam operation.
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