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Fusion suppression in mass-asymmetric reactions leading to Ra compound nuclei
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Near-barrier excitation functions have been measured for evaporation-residue production and fission in the
12C 4 204.20620ph and*8Cat 16817 systems that lead to the compound nucééi?'82?Ra* . A pronounced
suppression of evaporation-residue production is observed for the more symmetric combin&i@ns,

+ 16817 We relate this to the significant quasifission components already observed for these systems.
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Much progress has been achieved in the study of fusiothe other which did nofQF). Of course, the detection of ERs
reactions, leading to nonfissile medium-mass compound nus an unambiguous signature of fusion since they can only
clei [1], through the direct measurements of the resultingcome from the CN configuration and not through the QF
evaporation residuéER) cross sections and their interpreta- process.
tion in terms of potential-barrier distributions. It is clear, The decay of a CN is subject to shell effects in the decay
however, that a description of heavy-ion fusion with massivechains that lead to the final residues and, for massive nuclei,
partners must go beyond the conventional potential-barrierit should be possible to obtain the fusion probability by con-
passing models applicable to such medium-mass systemsidering the survival probability of the CN produced
Experiments[2—6] show that for two massive nuclei, the (through the total ER cross sectjorin this manner, the ef-
compound nucleus formation is strongly reduced at incidenfect of the N=126 neutron shell on the production of Th
energies around the nominal fusion barrf@} due to the isotopes in“°Ar+Hf reactions has been widely discussed
quasifission(QF) process. This is clearly manifested in the [11,12. The apparent absence of shell effgets increase in
comparison of the ER cross sections for reactions leading tthe production of Th isotopes witi=126) was explained in
the same compound nucleus but having different mass asynerms of an enhanced level density in the fission channel,
metries in the entrance chanri@,9]. Rather unexpectedly, giving rise to a strong competition with the particle-
QF is even manifested in fairly asymmetric combinationsevaporation channels that lead to spherical nddlgj. How-
with 1°F and 2°Si projectiles leading to thé®Ra com-  ever, bearing in mind the results of R€L0] and the latest
pound nucleugCN) [10]. work [13], these low production cross sections could also

Of course, QF forms the part of the barrier-passicap-  result from the reduced fusion probabilitigs—10]. In other
ture) cross section, and we may writg,,= oqrt+ocy. That — words, the influence of QF on the production of ERs
is the system may evolve to form a fully equilibrated CN (through a reduction of CN formatipmmight be incorrectly
(fuse or may retain a dinuclear character leading to QF. Theassigned to the shell structures in the decaying nuclei.
fused CN may then cool by evaporation of particles to yield In this work, we present measurements and analysis of the
long-lived ERs, or may itself undergo fissiofCN fission: ER and fission excitation functions obtained in very asym-
ocn=0grt 05s. We thus ultimately have two fission com- metric 12C+ 29420620pp reactions leading t81621822Rar |
ponents, one which passed through the CN ptiiseand  and in the more symmetrit®Ca+ 5817§r reactions leading

to 2162¥Ra" . The role of QF in the & Pb reactions appears
to be negligible, and so its excitation functions are a good
*Email address: sagaidak@sunvas.jinr.ru reference point for applying the potential-barrier-passing
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(PBP model for fusion and the standard statistical model IS
(SSM) for describing the deexcitation of the (JNI4]. Exci- ECHPh g
tation functions for the production of Ra isotopes in the C :
+Pb reactions cover the region of neutron numbers 122
<N=130, so theN=126 shell could, in principle, manifest 10
itself here. The results of the Pb analysis will then be
exploited in the study of®Ca+ 1817€r. In our recent work :
on *2C+2%pb and*®Ca+ %%r [15], a prominent QF com- 10°E
ponent was observed in the mass and energy distributions of :
fission fragments for the more symmetric system. Such stud- 1g%?
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ies should clarify the influence of QF on fusion in the asym- ~ 103[, 0. '0ps I e —
i i i 2 E“C+""Pb =g
metric reactions, leading to superheavy nugld]. E Lf R S
The experiments were carried out using ion beams from Z 10°f 't z0,, 3
the XTU Tandem+ ALPI accelerator complex of the Labo- 2 10tk »” Ofs ]
ratori Nazionali di Legnaro in the energy rande,, 8 E / A s(xn), this data
=56-90 MeV for *°C (intensity 5-10 pnA and Epy 2 10°F . e 4
=180-208 MeV for*éCa (intensity 1-5 pnA. The targets @ F/ —— V=75, 16=L.14, 0(1o)1=0 |
i i i ; Q107 /) — — K=0.82 (ER, fission) -
were metal evaporations of highly enriched isotopes 5 ¥ / oo —-— k=085 (ER. fission) E
204,206.20p}y ancl 168176 (150—200xg/cn?) onto thin car- 102, . . .

bon backings (15-2@.g/cn?). The beam intensity was 10°E2c+2%pp  Ofus.

monitored continuously using four silicon surface-barrier de- % %".;_’E’ _’i 5o
tectors to measure Rutherford scattering from the target. [ aﬁ“ - T -0 g

Fission fragmentgquasifission plus CN fissigrwere de- 102g o 2‘;2;2:: Lrevakovaetal. |4
tected by the two-arm time-of-fligh{TOF) spectrometer E m fission, this da a
CORSET[15,17,18 installed inside the scattering chamber. A e Nemuractal | ]
Each arm of the spectrometer consisted of a compact start 1015 4 SmednsSnson, ihis data
detector and a stop,y position-sensitive detector, both i o fusion, this data ]
based on microchannel plates. The arms of the spectrometer T W oes i e ]
were positioned so that the angle between the two detected P T R
fission fragments wa$, ,=180°. The data were analyzed . 40 50 60
event by event, the mad¥l and the total kinetic energy Ecn (MeV)

(TKE) of the fragments being deduced from the measured ) o )
FIG. 1. (Color online Measured excitation functior(symbols

velocities and positions. Binary events with full momentum ER f th h s fissi d fusi btained in th
transfer were selected using folding correlations correspond2 ERS(Sum of thexn channels, fission, and fusion obtained in the

204,206,200 . A . . . . _
ing to the double-differential cross sectiaffsr/ M d (TKE) T Pb reactions in comparison with the excitation func

[15,18. These differential cross sections were used to deEions calculated witiivap [14] (lines designated b o, o,

duce tota_l fission cross sections in_tegrateq both in and out ?Egn(gf;)g :g%ﬁ;hgreglm ttg Etzh\éa(lju;: of the main parameters corre-

the reaction plane. This angular integration was performe

for the symmetric-mass componda] with an angular dis-  tributions for *Ra produced in thé?’C+2%%Pb reaction at

tribution given by the statistical transition-state moffe®]  E,,,=73 MeV and for ERs detected in tféCa+ 1"%Er reac-

for both the*2C and the*®Ca induced reactions. The results tion atE,,= 204 MeV. Angular distributions were measured

are considered to give the CN-fission cross section. by rotating the ED around the target position. The integrated
Evaporation residues recoiling from the target were sepaeross sections were corrected for the ED transmission effi-

rated from the intense flux of beamlike particles using arciency[20] using a Monte Carlo simulation developed for

electrostatic deflectofED) [20]. The ED was set ai},, this purpose.

=3° to the beam direction for thé?C reactions and at Figure 1 shows the excitation functions for ERsIm of

Fap=1° for the *®Ca reactions in order to reduce the back-the xn channely, fission, and fusiosum of the ER and

ground of multiply scattered beam particles. For tf€a  fission cross section®btained for thet?C+ 20429620 re-

reactions, the separated ERs passed through the start detecigtions. The data obtained earlier in tH€+2°42°Pb reac-

of the TOF system and were implanted into a silicon surfacetions[10,21—-23 are also shown. We observed no prominent

barrier stop detecto(SSBD) installed about 50 cm down- « lines from residues corresponding to the light-charged-

stream. The resolution of this system allowed us to distinparticle channels in the €€Pb reactions. This is consistent

guish ERs unambiguously in tH& TOF spectra. For thé’C  with our model predictions of smaller ER cross sections for

reactions, the energy resolutioss 80-keV full width at half  light-charged-particle channelpxn andaxn) and their sig-

maximumn) of the SSBD for 5-10 Me\W-particles allowed nificantly wider(or even differenf24]) angular distributions.

us to identify various?!621822Rg* evaporation channels Figure 2 shows analogous quantities for ti€a+ 16817y

from their known a energies and those of their daughterreactions.

products. The ER cross sections obtained at 3° and 1° were Our analysis of these data is performed in the framework

integrated using a Gaussian fit to the measured angular disf the PBP model and the SSM incorporated into #nep
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1 T T strength parameter of the nuclear potential, the best fit to the
T fusion data ¢ s= oert 07s) yieldsVy=75 MeV/fm for the
C+ Pb reaction and/;=60 MeV/fm for Ca+ Er. The val-
uesry=1.14 fm andV,=75 MeV/fm were also found for
the %0+2%pPb system(fusion of spherical nuclei[28],
whereas our analysis of the €&r data gave us the same
values (,=1.12 fm andVy,= 60 MeV/fm) as those obtained
for other systems involving deformed targef8Ar-+%Ho

4 ER this data ] .. 18173 [12,29 and *°Ar+148155m [30]. Barrier fluctua-
g o'l o o ] tions, expressed through the radius-parameter egig) /T,
< — Vo=60, o(1o)lr=4.2% |3 were generated with a Gaussian distributiorr garound its
5 By, e average value. The best fit to ther®b fusion cross sections
R L e e e EEEE corresponds to(ro)/ro=0, whereas for the CaEr data we
o [ 4804 + i obtained o (rg)/ro=4.2%. Theser, fluctuations simulate
2 1%k couplings to the various entrance chanri@g] to a degree
s F T ] sufficient for the present analysis. Transmission coefficients
] were obtained using the WKB approximation.
10" As we have seen in Fig. 1, a satisfactory fit to the ER and
: the fission excitation functions for th&C+ 204:20620pp re-
actions allows us to extra&t values. These values decrease
10° £ oR s data E from 0.85 to 0.75 as the neutron number decreases from 130
e fusion, this data ] to 122, i.e., cross sections fall more rapidly than would fol-
R e e er | low from the calculations with a fixed value kf. The same
10°F Bu.| | —Pur03s ER) E tendency was found in the region from Rn to U with some
: —— ] additional reductions in the LD barriers arouNe=126 for
30 , 40 50 Th, Pa, and U nuclef9]. As already mentioned, the latter
Ecy (MeV)

was assigned to a collective enhancement in the level density
of the fission channdll1], which was effectively taken into
account in the similar analys[€] through the value ok;.

So, the manifestation of thBl=126 shell, at least in the
production of2Y*Ra and its neighbors, is not distinctly ob-
served in comparison with the production of more remote Ra

FIG. 2. (Color online Measured excitation functions for ERs
(sum of all evaporation channgldission, and fusion obtained in
the *8Ca+ 1%817€r reactions(symbolg in comparison with the ex-
citation functions calculated withivap [14] (lines designated by
Oer, Ofis, andayy), together with the values of the main param-

eters corresponding to the best fit to the data and derived values E'tUCIe" . . .
the fusion probability Py, The values ok; obtained can be used in our analysis of
s -

the more symmetri¢®Ca+ 1817€r combinations. However,

. ~ this leads to underestimates of fission cross sections at sub-
code[14]. The calculated ER cross sections for strongly fis-parrier energies and to marked overestimates of the ER cross
sile CN at energies well above the fusion barfgt are  sections at all energigslashed lines in Fig.)2 This can be
relatively insensitive to the form of the nuclear potential explained by the effect of QF inhibiting the fusion process,

[5.8], and are determined mainly by the SSM parametergng we introduce fusion probabilitieB, to reproduce the
describing the deexcitation of CN. The Reisdorf formula forgata Their values, derived from the ratio of the calculated

the macroscopic Earameters of the nuclear level defs8ly ER cross sections to the measured ofteiEk gray lines in
leads to a rati@/a,=1 due to the different nuclear shapes Fig. 2), are in the range 0.31-0.35. Performing the angle
at the saddle pointfission and equilibrium statéparticle  integration over all fission-fragment masses between the
emission. Ground-state shell effects were taken into accountight and the heavy quasielastic peaks in the case of4@a
with a damping constant of 18.5 MeM4,25, and were reactiong15] [assuming a fission-fragment angular distribu-
neglected at the saddle point. Empirical mas28] were  tion W(9xp) ~ 1/sindx¢, one obtains an estimate of the total
used to calculate the ground-state shell correctid¥y  is capture-fission cross sectiofisee, e.g., Ref[31]). In this
the difference between the empirical and liquid-di®®)  approach, considering the results as the total barrier-passing
massef as well as for excitation energies and separatiortross section, we obtay,=70 MeV/fm and, as a result of
energies. Our calculations at the energies above the fusiafe higher total capture cross sectioRg,.=0.23—0.30.
barrier depend only on one adjustable paramietei.e., the  These values are lower than those obtained for the more
scaling factor of the rotating LD fission barrier8f°(¢) asymmetric'%F -+ 19Au and 3°Si+ 88V systemq10].
[27], is given byB(¢)=k;Bf>(£) — dWys.. To be sure of the general character of our conclusion, we
Barrier-passing cross sections were calculated in théave applied our approach to the data of R&€]. The re-
framework of the PBP model using the exponential nucleasults of the analysis are shown in Fig. 3. Neglecting some
potential with sharp radius corrections. The radius parametatifferences between th#C+2%Pb ER data obtained in our
ro was 1.14 fm for the @ Pb reactions and 1.12 fm for Ca experiments and in Ref10] (which lead to opposite varia-
+Er with a diffusenessl=0.75 fm in both cases. For the tions ofk; with excitation energy; from 0.75 to 0.82 accord-
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FIG. 4. (Color onling Reduced cross sections for the production
FIG. 3. (Color onling Same as in Figs. 1 and 2, but for the of Ra nuclei in the!C+ 20420620y and 22Ne-+ 19419619 (sys-

exlgi;ation fuggtipn;(symbolg_ obtained in the’C+2%Pb, '°F ~ tematic errors corresponding to 40% cross section values have been
+*%"Au, and ¥si+ S reactions[10] and results of our analysis added to the dat§32]) reactions(symbolg in comparison with
with HivaP [14] (lines designated bY oy, ofs, andoyy). results of our calculations withivap [14] (lines).

ing to the data of Ref.10] and from 0.82 to 0.75 according . . ) )
to our data aE%,=45 MeV, see Figs. 2 and)3we again Waves passing through the potential barrier lead to fusion,
obtain noticeable overestimates of the ER cross sections i+ 9bp= Tius= 9cn OF Prys=1 for the Ct Pb systems. This
the 19F+197Au and 3°Si+ 188 reactions at energies well S not the case for more symmetric massive systems. As
above the fusion barrier. The valuesRyf=0.65+0.09 and shown in the radiochemical studies of reaction products from

0.55+0.08 resulting from our analysis are similar to thosesuch system$4,6] and in the analysis of ER production in
(0.64+0.09 and 0.570.08) obtained for thé"*F and 3°Si asymmetric and nearly symmetric reactions leading to the
induced reactiong10], confirming the consistency of our same CN[8,9], oy, corresponds to a fraction afy,, i.e.,
approach. Pws<1. Moreover, a similar situation is observed even for
In Fig. 4, we compare the reduced ER cross sectionsnore asymmetric systems, as shown in R&f] and also by
(i.e., Soyk? 7, wherek is the wave numbgrfor the the present data.
12C+ 204,.206.20pp gng??Ne+ 194:196.19pt[32] reactionglead- In conclusion, we have studied excitation functions for
ing to the same?'621822Rx CN), as done earlier for more ERs and fission in'?C+20420620Bp reactions leading to
symmetric systems in Reff33] and recently in Refg§10,13.  21621822Rg Our analysis allowed us to fix the values of
As we have seen, our calculations reproduce thePB data the main parameters describing the decay of the compound
and agree with similar calculations for Ne Pt at energies nuclei in the framework of the SS¥IL4]. By applying this
well above the fusion barrier, where both reactions exhausnodel to the more symmetriéNe+ 1941919t and 8Ca
the angular momenta which may lead to evaporation. The+ 16817 systems that lead to the same compound nuclei,
experimental ER data do not converge, but show systematiwe obtained noticeable overestimates of the ER cross sec-
differences between each pair of reactions, similar to théions at energies above and around the fusion barrier. We
picture observed for the reactions leadingtRa* [10] and  associate these overpredictions with a suppression of CN for-
220Th* [13], and confirming the important role of QF. Sup- mation, corresponding to the fusion probabilities in the
pression factors for thé?Ne induced reactionsR,s in our ~ 0.23-0.45 range for both Ne- Pt and Ca Er systems.
notatior) are estimated to be in the range 0.3-0.45. These values are in qualitative agreement with the relative
The analysis presented in Figs. 1-3 implies that all partiayield (=30%) of the mass-asymmetric fission mode ob-
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served in the*®Cat %% reaction[15]. This allows us to asymmetric fission modes. The suppression of ER production
interpret this suppression, along with the mass—asymmetri@bserved In thezz!\lt?_reactlons IS _cons%tent Wlt_h the unex-
fission mode in the®Ca reactions, as manifestations of the Pectedly high inhibition of fusion in thé“F reaction[10].

QF process. A more quantitative comparison of the ER and The work was supported by the Russian Foundation for

fission data can be performed only after measuring the anguasic ResearckGrant Nos. 02-02-16116, 99-02-178%nd
lar distributions for both the mass-symmetric and masshy INTAS (Grant No. 00-655
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