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Criin x P.H. E7-2008-91
BeposTHOCTh CITUSHUS U BBIXKUB €MOCTh B pe KIUSX, MPUBOMIIINX K TSDKENIBIM AP M
B OKpecTHOCTH obormouku N = 126
O6p 30B HHe TsKenbIX saep of Rn mo Th B okpectHocTH HelTpoHHOI obomouku N = 126 B pe-
KLMSAX HOJTHOTO CIUSHUS SJiep P CCM TPUB €TCS CUCTEM THUYECKH B P MK X OOBIYHON MOJE/IN CIMSHUS C
IIPOXOXJIEHHEeM 4epe3 O pbep M CT HIl PTHOUM T TucTuyecKoil mozxenu (CCM). HMmerotmecs 1 HHbIE 110
¢yHKIIIM BO3OYXIEHUS UL JeNeHHs W oO0p 30B HUS HCH PUTETBHBIX OCT TKOB, NOJNYYEHHBIE B CHJIBHO
CHMMETPUYHBIX KOMOHH IIMSIX, XOpPOLIO OIKCHIB IOTCS B P MK X 3THUX Mogeneil. IIpm B3 mMomeicTBHI
M CCHBHBIX H JIeT IOIUX Y CTHUIl C TSKENIBIMH SAP MU MHUIIEHel MOosABIAIOTCS 9(eKTH KB 3UACICHHUS BO
BXOIHOM K H Jie pe Kuud. UToObl Bocmpou3sBecTd (pyHKUMH Bo3Oyxmenusi ¢ i p Merp mu CCM (6 pwe-
P MM JeJIeHNs1), IOJIYCHHBIMU IIPH  H JIM3¢ CWIBHO CHMMETPUYHBIX KOMOMH LM, BBOJUTCS BMIMPHYECKH
BEPOSITHOCTh CIUSHUS sdjep. OTcyTcTBUe CT OWIM3 MM OTHOCUTENBHO JiesieHus B okpectHoctd N = 126
g anep Th p Hee OOBACHATIOCH YMEHbBIIEHHEM BKJ [ KOJUIGKTUBHBIX CTeleHeil cBOOOABI B IUIOTHOCTD
ypoBHe# cteprdeckux spep. OOH KO H CTOSNIMIA H JIM3 IOK 3bIB €T OLIYTHMbIE 3 NPETHl H CIIHSHUE,
T.e. 11 IeHue cedeHuil o6p 308 Hus spep Th B okpectHocT N = 126 00ycn BIMB €TCSI B OCHOBHOM 3(p-
(hekT MM BXOJHOTO K H J1 . M KPOCKOIMYECK 5l KOMIIOHEHT © pbepoB JENCHUS UIS sep, BOBICYEHHBIX B
K CK ]l 1eBO30YyXIeHUs COCT BHOIO SIp , M3B/€K €TCs U CP BHHUB €TCsl C IPEICK 3 HUSMM TEOPEeTUYECKHX
Mofenell 1 UMEIOIIUMHCS I HHBIMHL.
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Fusability and Survivability in Reactions Leading to Heavy Nuclei in the Vicinity
of the N = 126 Shell

The production of heavy nuclei from Rn to Th around the N = 126 neutron shell in complete fusion
reactions of nuclei has been considered in systematic way in the framework of the conventional barrier-
passing fusion model coupled with the Standard Statistical Model (SSM). Available data on the excitation
functions for fission and production of evaporation residues obtained in very asymmetric combinations
are described with these models rather well. In the interaction of massive projectiles with heavy target
nuclei quasi-fission effects appear in the entrance reaction channel. The quantity of the fusion probability
introduced empirically has been used to reproduce excitation functions with the same SSM parameters
(fission barriers) as those obtained in the analysis of very asymmetric combinations. A lack of stabilization
against fission around N = 126 for Th nuclei was earlier explained with reduced collective contribution
to the level density in spherical nuclei. However, the present analysis shows severe inhibition for fusion,
i.e., the drop in production cross sections of Th nuclei in the vicinity of N = 126 is mainly caused
by entrance channel effects. The macroscopic component of fission barriers for nuclei involved in
deexcitation cascade has been derived and compared with the theoretical model predictions and available
data.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR.
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INTRODUCTION AND MOTIVATION

Proton-rich nuclei near the 126-neutron shell are expected to have rather low
macroscopic (liquid-drop) fission barriers and thus offer a unique possibility to
study the survival probability of magic nuclei at different excitation energies.
The measured cross sections for ERs around 2!Th produced in heavy-ion fusion
reactions with “°Ar [1] and heavier projectiles [2] do not show any noticeable
enhancement due to the shell stabilization around N = 126, although a strong
shell effect about of 5 MeV is clearly seen in the ground-state masses. This result
is in a sharp contrast to expectations based on the SSM calculations using intrinsic
level densities [1]. The lack of stabilization against fission around N = 126 nuclei
was explained by the influence of collective excitations in terms of a reduced
collective contribution to the level density in spherical nuclei [3].

Later, in the analysis of production cross sections for nuclei obtained in the
U projectile fragmentation, the expected stabilization against fission for spherical
nuclei near N = 126 was not again found in the experimental data [4]. With the
inclusion of collective enhancement in the level density (CELD) the experimental
data are well described. It is implied that CELD is essentially the same at the
saddle point deformation (fission channel) for all nuclei, but it differs strongly
in the ground-state deformation of an evaporation channel. For well-deformed
nuclei the collective enhancement factors above the saddle point and above the
ground state are almost equal and correspond to rotational excitations in both
configurations. In the case of spherical nuclei, the vibrational enhancement factor
in the ground state is much smaller than the rotational one applied in the deformed
saddle-point configuration. It was found that the damping of the collective en-
hancement with excitation energy has to be treated as essentially independent of
nuclear deformation. The lack of shell stabilization against fission observed for
the NV = 126 shell was expected to have consequences for the production cross
sections of spherical superheavy nuclei around N = 184 [4].

In the middle of 1980s significant limitations on fusion in heavy systems were
revealed in studies of fission-like processes proceeding in reactions with massive
nuclei [5]. These limitations are caused by quasi-fission (QF), the process of
reseparation of two fission-like fragments in dinuclear system, which proceeds
besides the CN formation. Afterwards quasi-fission was observed in extensive



fission studies of reactions leading to very heavy [6] and less-heavy [7] compos-
ite systems. Notice that the quasi-fission effect reducing a complete fusion cross
section was observed in rather asymmetric 32S +182W combination leading to the
214Th* CN [8]. Not long ago a visible entrance channel effect of fusion suppres-
sion was observed in quite asymmetric combinations with %F and 3YSi leading to
the 215Ra* CN in studies of the ER production. It follows from the comparison
of the ER cross sections with those obtained in the 12C +2%4Pb reaction leading
to the same CN [9]. Such a fusion suppression is quite unexpected, especially
for the reaction induced by '°F, since according to the fission studies [6,7] QF
appears in reactions with Mg and heavier projectiles.

Thus the question arises of whether a drop in the cross sections measured for
nuclei produced in asymmetric combinations is mainly connected with entrance
channel effects or it is caused by the decay properties of compound nuclei formed
in the vicinity of the N = 126 shell. It is important to divide these processes in
order to obtain any systematic ideas on the fusion probability and survivability of
nuclei in this region.

1. METHOD

The analysis of the measured ER and fission excitation functions is performed
within the framework of the conventional barrier-passing (BP) model describing
an experimental capture cross section as the barrier-passing one. The calculated
BP cross section can be associated with the fusion cross section implying that the
fusion probability Pr,s = 1. The deexcitation of a CN resulting from the complete
fusion of the projectile and target nuclei is described with SSM. Both models are
incorporated into the HIVAP code [10]. The fluctuating barrier is used in the
potential BP model that allows reproducing the effect of coupling the entrance
channel to other reaction channels. In the analysis, all the BP model parameters
are fixed with the exception of the strength Vj and the barrier fluctuation (deter-
mined by the radius-parameter fluctuation o(r¢)/ro) in the nuclear exponential
potential [11]. Variations of these parameters allow one to reproduce the exper-
imental cross-section data for fission and ER production at sub-barrier energies
in calculations. For strongly fissile compound nuclei the ER cross sections at
energies well above the Coulomb (Bass [12]) barrier are weakly sensitive to the
form of the nuclear potential and are mainly determined by SSM parameters. In
the use of SSM, only intrinsic level densities are considered. The expression of
W. Reisdorf [10] for the calculations of the macroscopic level density parameters
ay and a, in fission and evaporation channels, respectively, is used. The scaling
factor ky at the rotating liquid drop (LD) fission barriers [13] in the expression
for the fission barrier heights By(L) = kfBYP (L) — AW, is used as a main
fitted parameter in the analysis of the ER and fission cross sections. Empirical



masses [14] are used to calculate shell corrections AWy, (a difference between
empirical and LD masses), as well as the excitation and separation energies. In
the analysis of the most asymmetric combinations such as C, O + Pb, excitation
functions at high energies are fitted with the variation of k; mainly. The lack
of any fusion suppression (Prs = 1) in these cases is implied and the fusion
probability values for less asymmetric combinations can be derived using the
same scaling for fission barriers and other parameters of SSM. For the 'F- and
30Si-induced reactions Pr,s = 0.65 and 0.55, respectively, are obtained with this
approach, i.e., the same values as in [9] whereas lower values (Pp,s ~ 0.3) are
derived in the cases of 48Ca +168170Er [15], where some additional details of the
analysis are considered.

2. PRODUCTION OF Th NUCLEI

ER and fission excitation functions obtained recently for the 60 +-20*Pb re-
action [16] allow one to determine Pp,s in a number of less asymmetric and
near symmetric combinations leading to the 22°Th* CN. In Fig.1 the results of
the present analysis of the data [16] together with the same ones for similar but
less asymmetric data [1,2] are shown. As one can see, the latter (*°Ar +'80Hf)
can be described either independently using ky = 0.62 obtained with the data
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Fig. 1. Results of analysis of excitation functions obtained in reactions leading to the
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fit or using the same fission barriers as obtained for 60 +2%4Pb, i.e., using
ks = 0.68 and introducing Pr,s = 0.25. The analysis of ER and fission exci-
tation functions obtained in very asymmetric combinations leading to the more
neutron rich 224226Th* compound nuclei gives substantially higher LD fission
barriers, corresponding to k¢ = 0.78—0.82 (see [17] and references therein). The
“He +??Ra data [18] corresponding to the 239Th* CN formation show k; = 0.84.
The transition from LD fission barrier heights for nuclei of evaporation chains
of the 224:226.230Th* compound nuclei to the ones of ?2°Th* seems to be very
sharp, whereas the LD (macroscopic) fission barriers are implied to be a smooth
function of N. A sharp decrease in fission barriers can be associated with the
manifestation of the CELD effect for spherical nuclei around the N = 126 shell,
as proposed earlier [3,4]. To estimate the strength of the effect, the calculation
with the fission barriers extrapolated from the ones corresponding to deformed
Th nuclei (resulting from the 224:226:230Th* compound nuclei deexcitation) can
be performed using ky = 0.75. It shows that a decrease in the production cross
section for spherical Th nuclei, which is caused by the CELD effect, corresponds
to the factor of 3-5 that is much smaller than one could expect this according to
the prediction of the schematic model proposed in [4].

Simple k¢-scaling is applied in estimates of Pp,s and ks for the “°Ar+ Hf
reactions leading to neutron-deficient Th compound nuclei with Acy < 220 [1]:

kr(Acn < 220) = k(190 + 29Pb) /ky (*OAr + 8OHf, Prys = 1) x
X ]ff(40A1" + Hf,ACN < 220,Pfus = 1).

With this scaling Prys = 0.25 — 0.35 and ky = 0.658 — 0.614 for the “°Ar+
179—176Hf reactions have been obtained. The same scaling applied to the analysis
of the 32S +182W data [8, 19] shows the same values of Pr,s and ks as obtained
for °Ar +'"SHf. One has to note that Py, corresponding to the analysis of ER
data [19] is less than the value derived with the fission data [8] as seen in Fig. 2.
The results of the ER data analysis of reactions with deformed target nuclei also
demonstrate essentially smaller values of o(rg)/ro than those obtained in the
fission data analysis for the same reaction (see Fig.2). It implies that prefer-
ably side-collisions at sub-barrier energies lead to the complete fusion following
with the ER production, whereas tip-collisions give a main contribution of QF
events to the measured fission cross section. Much more severe limitations on
fusion are observed in near symmetric reactions. Besides smaller values of the
fusion probability, characterizing fusion at energies well above the nominal fu-
sion barrier [12], some additive AB to the potential barrier has to be applied in
calculations to reproduce strong suppression of the ER production at sub-barrier
and barrier energies, as seen in Fig.2 for the '?4Sn +%%Zr data [2,20]. This
extra-energy can be associated with the well-known «extra—extra-push» [21] as
well as the effect of a deformation of fusioning nuclei.
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Fig. 2. Examples of fusion suppression in reactions leading to the *!4Th* and 2*°Th*
compound nuclei

3. PRODUCTION OF Ra AND Fr NUCLEI

Studies of Ra nuclei production in very asymmetric 12C 4204:206,208pp com-
binations [9, 15] show a gradual k-value reduction from 0.85 to 0.78 in going
from 298Pb to 204Pb [15]. Using this finding in the analysis of the ER data ob-
tained in the 22Ne 4-194:196,198p¢ reactions [22], leading to the same Ra compound
nuclei, shows that Pr,s = 0.3 — 0.4 should be introduced to describe the data in a
wide region of the excitation energy, otherwise essentially smaller fission barriers
had to be implied (see Fig.3). These fusion probability values are about the
same as obtained in the more symmetric “8Ca +'6%170Er combinations [15] and
are less than those deduced for the more asymmetric ones [9, 15]. In Fig.3 the
reduced cross sections for the corresponding sums of xn-evaporation channels are

used for the '2C and ??Ne data presentation. It implies that the ER cross section
can be written as

Youn = m/k*S(2L + 1)Tr, Pros( B, LYWE (B, L),

where k is the wave number, 77, are transmission coefficients for the L partial
wave, Pr,s and WY are fusion probability and survivability, correspondingly.
Bearing in mind the same set of angular momenta corresponding to the ER
production in reactions leading to fissile nuclei (L < 15 h), the reduced cross



section k2/7¥0,, has to be independent of the way of the ER production at
the same excitation energies well above the fusion barrier (where 77, = 1), if
Prys = 1, as seen in Fig. 3.
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Fig. 3. The comparison of reduced cross sections for Ra nuclei produced in the '2C +Pb
and 2*Ne + Pt reactions

The production of Fr nuclei in the very asymmetric “Be +-2°°Bi and 6180 +
197 Au reactions is well described with about the same scaling parameter at the
LD fission barriers that correspond to rather wide range of neutron numbers for
intermediate nuclei and ERs (see [23] and references therein).

4. PRODUCTION OF Rn NUCLEI

ER and fission excitation functions obtained in reactions with weakly bound
light projectiles, which lead to the 2!7~2'>Rn* compound nuclei [24], are well
described with £y = 0.85. The analysis of reactions leading to more neutron-
deficient 212:211,207.206Rn* [25 26] shows ks = 0.76, as one can see in Fig.4.
It should be mentioned that transition from the '*N-induced (very asymmetric)
reaction to the 22Ne-one (less asymmetric) [25] does not reveal any fusion sup-
pression in contrast to the similar analysis of reactions leading to Ra compound
nuclei (see Sec.3). At the same time, in going from 22Si to 3'P [26], some fusion
suppression appears, as shown in Fig. 4.
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Fig. 4. Results of the analysis of the excitation functions obtained in reactions leading to
Rn compound nuclei

5. MACROSCOPIC FISSION BARRIERS FOR Rn TO Th NUCLEI

The reduced LD (macroscopic) fission barriers resulting from the analysis
are shown in Fig.5 for Rn and Fr nuclei and in Fig.6 for Ra and Th nuclei
together with the ones compiled earlier for more neutron-rich nuclei [27], and the
barriers calculated in various theoretical models [13,28,29]. In upper panels of
the figures ground-state shell corrections used in the present analysis (see Sec. 1)
are compared with the ones calculated in the finite-range droplet and liquid-drop
models [30]. According to any theory, macroscopic fission barriers should be a
smooth function of N, as observed for Fr and Ra nuclei bearing in mind that
ky-scaling is the same for all nuclei involved in a CN deexcitation cascade. For
Rn nuclei a step-wise discontinuity of the barriers, which is observed at N = 126,
has no reasonable explanation and needs experimental confirmations. At the same
time, according to the prediction [30], Rn nuclei with N < 116 should be strongly
oblate-deformed (B2 < —0.2) and the rotational CELD in an evaporation channel
has to be compensated by the similar one in a fission channel for these nuclei, as
predicts the schematic model [4]. Effectively it should be manifested in a relative
increase in the ky-value (ER production cross sections). It is not observed even
for short evaporation chains corresponding to the 28:2°Si +!78Er data [26] (see
Fig.4). In general, the barriers derived in the analysis have 0.5-2 MeV less than
the values predicted by the most sophisticated theories [28, 29].
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Fig. 5. Macroscopic fission barriers, resulting from the analysis of reactions leading to Rn
and Fr nuclei in comparison with theoretical model predictions; the region of (near-) spher-
ical nuclei (|82| < 0.15) are designated (bottom panels). Ground-state shell corrections
are shown in upper panels

Macroscopic fission barriers, resulting from the analysis of Ra nuclei pro-
duction, have 0.5-1.5 MeV less than the predicted ones [28,29]. The obtained
data relate to (near-) spherical nuclei (]3] < 0.15) [30]. The available data on
the prolate-deformed Ra nuclei [27] demonstrate good agreement with the pre-
dictions [28,29] (see Fig. 6), whereas the barrier data of the transition region are
missing. The behavior of the barrier heights for more neutron-deficient nuclei is
of interest from the point of view of manifestation of the CELD effect in going to
the oblate-deformed nuclei with N < 118. The relatively low barrier heights for
spherical Th nuclei can be explained by the CELD effect, as mentioned in Sec. 1.
It should be noted that the data derived in the analysis of the transitional region
of Th nuclei are in rather poor agreement with each other. So, more precise and
consistent cross-section data are required for this region. At the same time, notice
that macroscopic fission barriers for the deformed Th nuclei, which are obtained
in the present analysis of the *He +22°Ra data [18], are in good agreement with
the data obtained in the (n, f) and (v, f) reactions [27] for the same nuclei, as
one can see in Fig. 6.

From the results obtained it may be deduced that the analysis of fusion-
evaporation and fusion-fission data with the standard statistical model approxi-
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Fig. 6. The same as in Fig.5, but for Ra and Th nuclei

mations allows one to derive reliable information on macroscopic fission barrier
heights. This in turn gives a possibility to improve theoretical models for the
description of isotopic dependences of macroscopic characteristics of nuclei in a
wide region of their atomic and neutron numbers.
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