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Fission barriers of superheavy nuclei
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An analysis of the available experimental data on the fusion and fission of the nuéfél 2, 2°2114, and
296116, produced in the reactiof&Ca+ 23U, *€Cat+ 2*4Pu, and*®Ca+24Cm, as well as experimental data on
the survival probability of those nuclei in evaporation channels with three- and four-neutron emission, enables
the quite reliable conclusion that the fission barriers of those nuclei are really quite high, which results in their
relatively high stability. The lower limits that we obtained for the fission barrier height€¥61%6112,
288-292114, and?®22%116 nuclei are 5.5, 6.7, and 6.4 MeV, respectively.
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[. INTRODUCTION in the region of nuclei wittz ~114 andN~ 184, whose fis-
sion barriers are in fact devoid of a macroscopic component.
The fission barrier is a fundamental characteristic ofAny experimental information about the fission properties of
heavy atomic nuclei. Many heavy nuclei decay mainly bythose nuclei seems to be highly valuable.
spontaneous fission, and it is the fission barriers that are re- Note that spontaneous fission of a heavy nucleus, and its
sponsible for the lifetimes of those nuclei. On the other handhalf-life, depend not only on the height of the fission barrier
the probability of superheavy nucleus formation in a heavy-but also on its shape. At the same time an important property
ion fusion reaction is also directly connected to the height ofof the fission barrier is that it has a pronounced effect on the
its fission barrier. The fission barrier depends on the way irsurvival probability of an excited nucleus in its cooling by
which the intrinsic energy of the nucleus changes as its shap@mitting neutrons ang rays in competition with fission. It is
varies. The intrinsic energy of the nucleus undergoes a sighis property that may be taken advantage of to make an
nificant change as its spherically symmetrical configuratiorestimate of the fission barrier of a superheavy nucleus if the
turns into a strongly deformed configuration of two nuclei in fission barrier is impossible to measure directly. More sensi-
contact at the scission point. It can be separated into twivity may be obtained if such a competition is tested several
parts: a macroscopicollective component, which is a mea- times during an evaporation cascade. To deduce the experi-
sure of an averaged change in the Coulomb and nuclear emental value of the survival probability of the superheavy
ergy [1-3], and a microscopic component, which is a func-nucleus, it is necessary to measure the cross section of
tion of a change in the shell structure of the deformedweakly excited compound nucleus production in the near-
nuclear syster4,5]. The macroscopic component of the fis- barrier fusion of heavy ions as well as the cross section for
sion barrier(commonly calculated within the framework of the yield of a heavy evaporation residue. It was experiments
the liquid drop model declines rapidly with the increasing of this kind that were carried out at Flerov Laboratory of
atomic number due to the Coulomb energy increasing in imNuclear Reaction§JINR, Dubna recently, as part of a series
portance(proportional taz?/A®) as compared to the surface
energy(proportional toA?3). For Z>105, the simple liquid
drop model predicts fission barriers of less than 1 MeV,
which suggests that the fission properties and existence itse 2}
of those nuclei depend mainly on shell effetfig. 1).
Determining the heights of fission barriers is a challeng-
ing experimental problem. Only for sufficiently long-lived
isotopes, which can be used as target materials, can the fis
sion barriers be reliably deduced from measured excitatiors
functions of such reactions as,f), (d,pf), etc. Details and
appropriate references can be found in review waik For
nuclei with Z>100, such measurements are not possible.
Calculating the fission barrier for the atomic nucleus
(mainly its microscopic componénis also a very compli-
cated problem, involving with the necessity of solving a % 75 @ & % & w0 15 0 5 12
many-body quantum problem. The exact solution to this Atomic number

problem is currently unobtainable, and the accuracy of the G 1. Heights of the fission barriers calculated for heavy nu-
approximations in use is rather difficult to estimate. As agjej along the drip line. The dashed curve represents the macro-
result, the fission barriers for superheavy nuclei calculatedcopic component of the fission barrig]; the solid curve takes
within the framework of different approaches differ greatly account of the shell correction for the ground state of the nii6lei
(Fig. 2). However, in spite of the quantitative distinctions, For some nuclei, measured values of the fission barrier are
many models predict that shell effects should grow sharplyresented7].
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this approach. The production cross section of a heavy resi-

s due nucleusB, produced as a result of neutron evaporation
Q .. .
= and y emission from the excited compound nucleGs
N formed in a fusion reaction of two heavy nuclai+A,
-f:_’ —C—B+n,p,a,y at the energy close to the Coulomb bar-
8 rier in the entrance channel, can be decomposed over partial
5 waves and represented as
A1+A,—B
o E)~ 21+ D T(E, ) Pen(AL+HA
ek 0 (B)=g g 2 (IFDTEDPeALTA;
—C;EI)Per(C—B;E* ). 1)

HereT(E,l) is the probability that the colliding nuclei will
penetrate the entrance channel potential barrier and reach the
contact pointR;,,—=R;+R, (R;, R, are the radii of the
nucle, which is normally 2—3 fm less than the radius of the
Coulomb barrierRE. Py defines the probability that the
system will go from the configuration of two nuclei in con-
tact into the configuration of a spheridar near-spherical
compound mononucleus. When thus evolving, a heavy sys-
tem is in principle likely to reseparate into two fragments
without producing a compound nuclegquasifissiof, so
Pcn=<1. Finally, Peg(C— B) defines the probability that the
cold residueB will be produced in the decay of the com-
pound nucleusC with the excitation energ§g* =E—Qg‘és,
whereE is the center-of-mass energy of the colliding nuclei;
Qeis=M(C)c2=M(A;})c?=M(Ay)c?, andM(C), M(A,),
andM (A,) are the ground state nuclear masses. ThatHq.
is not an exact equation accounts for the fact that here the
single process of the production of the final nucl®uss in
fact divided into three separate steps; though interconnected,
I A these are considered and calculated separately.
175 180 185 190 It should be noted that in the case of the production of
neutron number superheavy nuclei, describing all the three steps of the reac-

FIG. 2. Predicted heights of fission barriers for some isotopes ofion [i.e., CQICUI.at.mg Fhe vaIge‘ﬁ(E,I), Pcy and PER.]’ pre-
nuclei withZ=112, 114, and 116. The solid curves correspond to_sents certain d|ff|cu!t|es. Things get much better if there are
the barriers obtained by summing the liquid-drop component calcu'-ndeDenden_t eXper_'mental data on thez SO'Ca"S;'d Capture
lated according to Ref3], and the shell correction for the ground- Cross section defined ascap(E) = (77 /2uE)Z/_ (21
state energy of the nucle(i8]. The dashed curves show the calcu- +1)T(E,l) and the fusion cross sectiono,g(E)
lated fission barriers from Ref8]. The circles correspond to the = (7A2/2uE)2[" (214 1)T(E,I)Pcn(E,]). In this situa-
calculations done in Ref9] (solid circles are so-called static bar- tion, the quantitiesT(E,l) and Pcy can be calculatedor
riers, and open circles are dynamic barrieihe rectangles with  parametrizeglin such a way as for the energy dependence of

arrows show the estimates of the lower boundary of the fissionthe corresponding reaction cross sections to be described ad-
barriers of nuclei 0f?®%112, 2°2114, and?®®116 (see below. equately.

of experiments on the production of nuclei witk=112, 114, T(E’I). was calculated consid_ering _the coupling t_)etvyeen
and 116[10-12. In Ref.[13], the yield of fission fragments the rela_tlve motlon_ of the nucle_l, their surface osc_lllatlons
was measured for a number of near-barrier heavy-ion fusioflynamic deformationsand rotation(for nonzero static de-
reactions, including the reactiod€Ca+ 23U, “6Cat 24Py, fprmqtmr_j. U_se was n_1ade of the semllphenomenologmal bar-
48Cat 248Cm, successfully employed in Reffl0-17 to  fier distribution function method. This allowed the capture
produce nuclei of83112, %8114, and?°2116, formed in &  Cross section to be quite adequately described in the entire
and 4 evaporation channels. A careful analysis of the wholehear-barrier energy region. To describe the interaction of two
body of data obtained allows one to deduce certain informadeformed nuclei, the proximity potential, which has no addi-
tion about the values of the fission barriers of the nucleitional fitting parameters other than nuclear radii, was chosen.
produced. This approach was successfully applied to describe the cap-
ture cross sections of a number of mass asymmetric nuclear
Il. THEORETICAL MODEL reactiong 14,15
To analyze the available experimental data, we applied the The production of a compound nucleus, which occurs in
approach formulated in Ref§14,15. Here we just outline fierce competition with quasifission, is the least understood
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reaction stage. To describe this process and to calculate theavy and superheavy nuclei, whose fission barriers are ei-
value of P¢y, a few theoretical approaches, some of whichther known or have very close predicted values in different

are contradictory to each other, were propofgd,16,117. models, allows a sufficiently narrow range for values of
Here a simple parametrization of the probability of com-those factors to be reliably found by examining experimental
pound nucleus production is used: data of interest.
. It should be noted that the proposed procedure for deter-
Pon(E*)=P / 1+exp( E —Eo) mining the fission barnerl is to be _the mpst efflment in ana-
CN 0 AE || lyzing so-called hot fusion reactions, in which the final
nucleus is produced by evaporating several neutrons. In this
The parameter®,, Eq, andAE were chosen in such away case, the cross sectionfr(E), which is proportional
as for the corresponding fusion cross section to be repropughly to [,/T';)%, happens to be more sensitive to the
duced(see below value of the fission barrier since it increases in importance by
The survival probability of a cooling excited compound 3 factor ofx.
nucleus is calculated following a statistical mopE8]. It can

be expressed d45] lIl. ANALYSIS OF EXPERIMENTAL DATA
Per(C—B+xn) The decay properties of the nobelium isotop&s=(L02)
et _gseng) T produced in *®Ca+2°420%p reactions are very close to
:f 0" n _”(Eg Jo)Pn(E% ,e;)de; those of superheavy nuclei. Here the macroscopic compo-
0 Lot nent(1.2 MeV) is only small part of the whole fission barrier,
s sepo T which is predominantly determined by the shell correction.
X J'El’En 2 0 e J)PL(EX e,)dey - Thus in this case the role of shell effects and the way they
0 Ltot fall off with increasing excitation energy can be well estab-
. senn T lished by considering a vast body of available information on
J'Ex—fEn 0 1n cx * the yields of heavy evaporation residues in different channels
X (Ex—lle—l)Pn(Ex—lyeX) . o
0 Lot of the reaction. It should be noted that here the excitation

N function should be described in sevexal channels simulta-
XGny(Ey,Ix—g.s.)de,. 2) neously for several reactions, i.e., the decay widths of many
nobelium isotopes®®® 2*®No involved in evaporation cas-
cades are calculated and used simultaneously in describing
several reactions. This to a great extent abridges freedom in

Herel',, is the partial decay width for neutron evaporation,
andT 'y, is the sum of all the partial decay width&:°Y(k)
ande, are the binding and kinetic energies of tté evapo- changing the parameters used.

k . . . .
rated neutronE; = Eg — 3 y[E;"Ri) +e] is the excitation Figure 3 presents the capture cross sections for the reac-
energy of the residual nucleus after the emissiolk OBU-  tion 48ca+298Ph measured from the total yield of fission
trons, Py(E*,e)=C\eexp(—e/T(E*)) is the probability  fragmentg19], in comparison with the calculated results ob-

for the evaporated neutron to have an enexggnd the nor-  (ajned according to the approach proposed in Ref]. For
malization coefficientC is determined from the condition g reaction, the quasifission probability is not highgy

fg*’Eﬁeppn(E*,e)de:L The quantity Gy, defines the ~1, and the fusion cross section is practically the same as

probability that the remaining excitation energy and angulatN€ capture cross section. Using the same interaction param-
momentum will be taken away by emission after the ©ters and changing only the radii of the nuclei, we calculated
evaporation ok neutrong15]. the capture cross sections in the fusion reactidfica

For heavy nuclel’, /T, ~T,/T;, and this relationship +2°4’2°6'2°7'2°§b_, as well as the yield of evaporation residues
depends strongly on the fission barrier height, or more ex!for all the reactions in ther2 channel, which was _measured
actly, on the ratio between neutron separation energy and tHg Ref.[20] (Fig. 3). Figure 4 presents a comparison of the
barrier height. The calculated neutron separation energies f&@lculated and measured cross sections of the yields of heavy
superheavy nuclei also have a certain error; however, it§vaporation residues in then#n channels in the reaction
value is no more than 0.4 MeV. For nuclei close to the beta Cat pr_- o .
stability line, this error is still les§6]. Thus, having experi- The s_,urvwal probabllmes for all the reactions were _calcu—
mental data on the capture cross sectign,(E) and the Igted Wlth_ experimental values of separation energies for
compound nucleus production cross sectiop,(E), the light particles ,p,a) [21], and the fission barriers
value of the fission barrier for this nucleus can be assessegficulated  according to  the formulaB(J=0)=Byp
by comparing the measured values of the cross section for SWe™ 0F", where B, is the liquid drop fission barrier
the yield of a heavy evaporation residue with those calcu{~1.2 MeV for the nuclei under consideratjof8]; SW is
lated in Egs.(1) and (2). Unfortunately, decay widths also the shell correction for the ground-state en€i@ly y; is the
depend on a number of other factdgssich as the level den- damping parameter, which accounts for the fact that shell
sity parameter, the shell correction damping parameter, theffects fall off as the excitation energy of the compound
collective enhancement factor, gtevhose exact values are nucleus increases. The value of this parameter is especially
currently unknowrj15]. Nevertheless, a careful analysis of aimportant in the case of superheavy nuclei, whose fission
great number of reactions associated with the production dbarriers are mainly determined just by the shell corrections
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3 ¢ FIG. 4. Cross sections of the ER production for different
\ xn-channels in the’®Ca+2°%Pb fusion reaction. The experimental
1058 & /T}‘\ N\ data are from Ref[20]. The solid lines correspond to the calcula-
N\ f tions with the damping factory,=0.06 MeV !, whereas the
gl bl foooo AL N |\.x. H; B dashed and dotted curves for the-éhannel are calculated with
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. . tion can be found by measuring the yield of near-symmetric
FIG. 3. Capture cross sections and cross sections of the evapQq- y 9 y y

: ) Ton ]
ration residue(ER) production in the 2 channel in the“éCa Hiass fragments in the regiar-Acyy/2=20, i.e., by measur

+204-208pp, fsjon reactions. The experimental data for the capturd 9 the yield of fragments that show all the properties of

cross sections in th&Ca+2°%Pb fusion reaction are from R4fL9]. regular fission fragments.

The experimental data for then2ZER channels are from Ref20]. Measurements of this kind Were carrie(_j out in Refs.
[13,19 for a great number of fusion reactions. Three of

for their ground states. In the literature one can find close buthose reactions are considered in this wofRCa+ 238U,
slightly different values for the damping parameter, and we*Ca+?*Pu, and “*®Ca+2*Cm. An experimental two-
paid special attention to the sensitivity of the calculated crosslimensional total kinetic energ¢TKE) mass plot for the
sections to this parameter. Figure 4 shows how sensitive th#Ca+ 2*8Cm fusion-fission reaction is shown in Fig. 5 along
cross section for thertchannel is to a change in the damp- with the corresponding potential energy surfd&d] deter-
ing parameter. A simultaneous analysis of a great number ahining evolution of the nuclear system. After the nuclei have
hot fusion reactions used for producing heavy elements aleome into contact, the nuclear system typically evolves in
lows the conclusion that the value of this parameter lies irthe asymmetric quasifission channels: path number 1 in Fig.
the rangeyp 1=14-18 MeV. The values of the other param- 5(a), which populates the area of fragment masses Aear
eters required for calculating the survivial probability, in- =208 in Fig. 8b). The asymmetric quasifission channels are
cluding the collective enhancement factor, which plays arcloser to the initial state in the configuration space of collec-
important role in the decay of heavy spherical nuclei, can béive degrees of freedom as compared with the configurations
found in Ref.[15]. through which the system has to pass on the way to the
As already mentioned, in fusion reactions of superheavygompound nucleus: trajectory number 3 in Figa)5As a
nuclei, having overcome the Coulomb barrier, a nuclear sysresult, only a small part of the incoming flux reaches a com-
tem evolves with high probability into quasifission channels,pound nucleus configuration, and the fusion cross section
i.e., Pcn<1 and ofys<ocqap. In quasifission at low ener- turns out to be far less than the capture cross section. The
gies, the role played by the energy gai@ {alue is great, distinction betweenoy,(E) and o¢,,(E) becomes still
which results in a sharply asymmetric fragment mass distrimore evident at low excitation energies.
bution concentrated in the region Af-208 and the comple- Approximating the mass distribution of the quasifission
mentary fragmenft13]. A distribution of this type allows one fragmentdarea 1 in Fig. 89)] by a Gaussian shape, we may
to separate quasifission products from deep inelastic scattegasily single out the events in the symmetric region of fission
ing products(which are concentrated in the region of the fragments[ (Ac\/2)* 20, area of dashed quadrangle in Fig.
projectile and target mas9eand from regular fission prod- 5(b)] which correspond to a regular fission. For thfCa
ucts, which are more or less symmetric in mass. Thus in the- 2*8Cm fusion-fission reaction, the tail of Gaussian gives no
case of a mass-asymmetric reaction, the capture cross sectiorore than 20% of all the events in this regi@ee the details
ocap E) can be found by measuring the total yield of all the in Ref. [13]). A mass distribution corresponding to the sym-
fission fragments of the nuclear system, which are differentetric region of fission fragments(Acn/2)+20; area of
from deep inelastic scattering products. The fusion cross seclashed quadrangle in Fig(lB] is shown in Fig. &), com-
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(@) pared with the typical mass yield ¢f% fission fragments
[22]. As can be seen, both distributions are quite similar. In
the case of?®U a two-humped fission mass distribution is
480, 4 2480 regulated mainly by a doubly magic heavier fragmé&ttsn,
—————————————— which plays the role of a lighter fragment in the case of
fission of a2%%116 nucleus at low excitation energies . This
means, that symmetric region of fission fragment masses
[(Acn/2)*+20] seems to originate mainly from the regular
fusion-fission process in the reactiéfCa+ ?*5Cm—2°6116.
However, as shown in Ref14], evolving from the initial
configuration of two nuclei in contact into the state of spheri-
cal or near-spherical compound nucldpsth number 3 in
_ \ Fig. 5(@)], the system goes through the same configurations
ietrc % through which a compound nucleus goes in regular fission
[path number 4 in Fig.®)], i.e., configurations close to the
saddle point. When in such a configuration and in a state of
complete thermodynamic equilibrium, the nuclear system is
much likely to go into the fission channjgdath number 2 in
Fig. 5@)], without overcoming the saddle point, and produc-
ing a spherically symmetric compound nucleus. A process of
this kind results in fragments that are practically not different
from regular fission fragments, since in both cases the sys-
tem follows the same path from the saddle point to the sciss-
ion point. This means that among all the events resulting in
the system going in regular near-symmetric fission channels,
there are such events in which the system does not produce a
true spherically symmetric compound nucleus, whose sur-
vival probability Pcg(C—B+xn+Nvy;E*,l) is calculated

mass asymmetry (A, -A,)/ (A, +A,)

Total kinetic energy (MeV)

100 . . 1;0 . s - :m —— within the framework of a standard statistical model. To put
Fragment mass number this another way, if a compound system is assigned all the
s|- configurations from which it goes into an ordinary fission

channel, then the survival probability of this nucleus should

be greatly decreased. If an ordinary statistical model is used

for calculatingPgr(C—B+xn+N+y;E* 1), then the com-

pound nucleus configuration space should be considerably

narrowed down and its production probability should be
taken to be less thanrg, b ogabt, whereafE'is the fusion
cross section deduced from the total yield of near-symmetric
fission fragments.

Another peculiarity of the reactions under discussion is
that the target nuclei possess a rather great static deforma-
tion. Coulomb barrier, which colliding nuclei are to pen-
fm = i = e e = etrate, depends strongly on the orientation of a deformed

Fragment mass number nucleus. The barrier heights of the nose-to-noBg) (and
side-by-side B,) ultimate configurations differ from each
FIG. 5. (a) Driving potential as a function of mass asymmetry other by 14-16 M(f:V. On- the pne hand, this results I-n the

e capture cross section being diffused as compared with the

and distance between centers of two nuclei with zero deformation]s,usion of spherical nucleicompare Figs. 3 and)60n the
[14]. The black solid curve corresponds to the contact configura- P P gs.

tions. Paths 1 and 2 lead the system to the asymmetric and neﬁ?er hand, it should be expected that after the nuclear sur-

Yield (%)

symmetric quasifission channels, whereas paths 3 and 4 correspo e_s ared'n contact :jn thle lnose'to.'nqse Conﬁgurdﬁ(m
to the compound nucleus formation and its regular fission, respec?@/Tl€r and correspondingly low excitation energig¢ise sys-

tively. (b) Two-dimensional TKE mass plot. Different regions are (€M is more likely to go in a quasifission channel than when
numerated in accordance with the most probable traject¢simsyn 1N the side-by-side configuration. This must cause the prob-
on upper panglcontributed to these region&) Mass distribution ~ ability of compound nucleus production to decrease further
of near-symmetric fission fragmenfdashed quadrangle in panel at low excitation energies, which in its turn causes the pro-
(b)] detected in thé®Ca+ 2*8Cm reaction at an excitation energy of duction cross section for evaporation residues for theid

E* =33 MeV, compared with the fission 6f% measured at ap- 2n channels to decrease, and makes an analysis of those
proximately the same excitation ener@2]. channels still difficult.
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s 170 180 190 Ecm. (MeV) TABLE I. The lower limits of the heights of fission barriers.
107 g T T T T T T T T
102k Nucleus E* (MeV) ocapt Orus, < 0er (P (Bp), =
101k 286112 315 40mb 5mb 503n’53 5.5MeVv
: 292114 365 30mb 4mb 05(4n’55 6.7 Mev
100¢ 29116 348 30mb 2mb 05(4n’3% 6.4 Mev
10'1é—
= al the case of thé'®Ca+ 238 — 286112 fusion reaction. Taking
£ : account of the fact that fission barriers vary little from
TS nucleus to nucleus in an evaporation casaade Fig. 2, as
5 ; well as making the procedure for assessing them simpler, the
§ 1°“‘;‘ same valueB; was used for these nuclei. The typical sensi-
2 o5k tivity of the calculated production cross section for the
S evaporation residue to a change in the value of the fission
1065 barrier is shown in Fig. 6. It is the fact that this sensitivity is
i high which allows one to expect the value of the fission
107 g barrier to be deduced to an accuracy of the order of
1045_ +0.5 MeV, with allowance made for the experimental error
in measuring this cross section and the uncertainty of some
109 parameters used in the calculatiofisb]. Since, as estab-
- i lished above, the production probability for a true cqerppeound
5

nucleus may really be less than the valueofd7ogxh,

then comparing the measured and calculated cross sections
for the evaporation residues allows one to deduce the lower
limits of the fission barriers of the corresponding nuclei. The
final results are presented in Table I.

FIG. 6. The capture cross sectigall fission fragments, open
circles, the total yield of near-symmetric fission fragments with

A=Ac\/2+20 (solid circles, and the ER production cross section . . .
in the 3n channel of the*®Ca+ 238U reaction. The arrows show the The anaIYS',S of the ava.lllalgle eXpZ%rz'mental d%ta on the
Coulomb barriers for two ultimate orientations of the deformed tar-1Usion and fission of nuclei of*112, #2114, and**116,

get nucleus: nose-to-nosd®{) and side-by-side §,) configura- egoducze‘z‘d in the reaCtI0n§8Ca+23?U, 8BCat?*Pu, and
tions. The cross section of evaporation residue formation was cal- Cat %m [13], as well as experimental data on the sur-
culated with fission barrier of 4.5 MeVdotted curvg 5.5 Mev  Vival probability of those nuclei in evaporation channels of
(solid curve, and 6.5 MeV(dashed curve three- and four-neutron emissidi0—-12, enables us to
reach the quite reliable conclusion that the fission barriers of
those nuclei are really quite high, which results in their rela-

After calculating the value of (E,l) in such a way that ; N R .
the measured capture cross section is reproduced, and parafif€!y high stability. The lower limits that we obtained for the

etrizing the compound nucleus production probabifity in fz'g,i'%‘ barriers of nuclei of?®"2%6112, 2% 2?2114’ and
such a way thatS*Ptis reproduced, fission barriers for the "116 are 5.5, 6.7, and 6.4 MeV, respectively.
nuclei of the evaporation cascade were chosen in such a way
that the corresponding measured cross section of the yield of
a heavy evaporation residue nucleus was reproduced with the The work was supported by INTAS under Grant No.
help of Eq.(1). The calculated results are shown in Fig. 6 for 00-655.
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