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Bimodal fission of 27°Sg (Z=106) in the sub-barrier fusion of ?Ne and 28%Cm
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Mass-energy distributions of thé°Sg (Z=106) compound nucleus fission fragments have been studied in
the reaction?®Ne+ 248Cm at two energies of neon projectilds,,(>Ne)=102 and 127 MeV, with the use of
a two-arm time-of-flight spectrometer. The high-energy fission mode has been found at lower energies due to
the manifestation of the spherical neutron sie# 82 in the fission fragment$S0556-28189)07305-7

PACS numbgds): 21.10-k, 25.85—w, 27.90+b

The problem of symmetric and asymmetric fission modedeys at the potential energy surface calculated for a specific
in the mass distribution of fission fragments in low-energynucleus. Four main fission modes have been distinguished in
nuclear fission arose immediately after the reaction itself watheoretical calculations as well as experimentally. In accor-
discovered. Today it is well established that at low excitationdance with[13], the modes are as follows: superlong, the
energies the asymmetric fission mode is observed in theymmetric modeS, standard | mode, the mode connected
mass-energy distributiofMED) of fission fragments for all with the fission valley where the formation of fission frag-
nuclei with A>200 without exception. In the case of pre- ments close to the doubly magic ones wif=132 (Z
actinide nuclei, the symmetric mode corresponding to the-50N=82) takes place; standard Il mode, the mode con-
liquid drop model prevails, whereas the contribution of thenected with formation of a deformed shell ne&« 140 (Z
asymmetric component does not exceed 0[8% For the  _54_56N~86) and also in the heavy fission fragment; the
nuclei in the region of Ra and A@,3] and light isotopes of g \hershort mode, manifesting itself only when light and

Th [3.'4] a three-humped mass d'SFr'bUt'on W'th a Comparableheavy fission fragments are close in their nucleon composi-
contribution of both components is characteristic at low ex-

o . o N tion to the doubly magic tin withA=~132. As the experi-
citation energies. For the actinide nuclei with=90-100 e . .
andA=232—256 the asymmetric mode prevails at spontaner-nents showe@8] this situation is realized only in the case of

ous as well as at induced fission at excitation energies of ug]eTuea\ll'?St tnuiledllstartTgt;roﬁ?SFm. i ¢ RERE (7
to 30—40 MeV/[5.6]. e latest studies of the properties o (

The situation is fundamentally different with the nuclei in — 104) spontaneous fissi¢4] demonstrate that bimodality

the fermium region and heavier ones. Although the two-S observed also for this nucleus, and when it undergoes fis-

humped distribution of fission fragments with different peak/Sion into two equal parts the fission fragments already con-
valley ratiog 7] is characteristic of the spontaneous fission oftain 52 protons and 79 neutrons.
light fermium isotopes?*6-25Fm, as is the case with all ac-  The MED of *7Fm and ?*d fission fragments at
tinides, the anomalously “narrow” symmetric mass distribu- medium excitation energie€{ ~18 MeV) has been studied
tions with the high total kinetic enerdifKE) of fission frag-  in Ref.[15]. It has been shown there that the complex struc-
ments of about 235 MeV\8] is observed for the cases of ture of the fission fragment MED is observed, though less
258.25¢Fm and 2°%%Md. At the same time, the component distinctly, at these excitation energies too.
with a large width and medium TKE200 MeV, character- When the excitation energy of superheavy nuclei reaches
istic of the asymmetric fission of these nuclei, is present irthe valueE* >50 MeV, the fission fragment MED becomes
the mass distributions in the form of a pediment. Such propeloser to the liquid drop distribution in regard to the proper-
erties of the nuclear fission in the Fm region have been deties, and no structure peculiarities are obserj].
fined as bimodality of the MED of fission fragmen8j. This paper presents results of the fission fragment MED
The above variety of the properties of the fission fragmentbtained in the study of the fission of the compound nucleus
MED, observed in the low-energy or spontaneous fission of’°Sg (Z=106) formed in the fusion reactioffNe+244Cm
nuclei with A>200, has been understood qualitatively and inat neon energies of 102 and 127 MeV which leads to initial
some cases quantitatively, including the anomaly of fermiunexcitation energies of the compound nucleu€df= 28 and
properties. It has become possible due to employing a ne®w0 MeV, respectively. The Coulomb barrier in the laboratory
theoretical concept of multimodal nuclear fission, the foun-system calculated according to the Bass mod@| is Bgass
dation of which is the notion of the valley structure of the =117 MeV. The lower projectile energy of 102 MeV at
potential energy surface in the multidimensional space of thavhich we performed the measurements is 15 MeV below the
fissioning nucleus deformation®—13|. Proceeding from Bass barrier. Similarly, the fission cross section goes down
this concept the authors of numerous publicatitsese, for  with the fusion cross section by 8.0° times, as compared
example, the review if6]) connect the observed MED char- with the case of 127 MeV projectiles, which are 10 MeV
acteristics with the quantity and properties of the fission valabove the Bass barrier.
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The choice of the above-mentioned reactions is based 200
upon three reasons.

First, traditional ways of studying the properties of super- 190
heavy elements, i.e., studying the spontaneous fission of nu-
clei with Z=105, 106, and up, have evidently exhausted
themselves since the accumulation of a large number of nu-
clei of these elements and subsequent investigation of their
fission present practically an untractable experimental task.
That is why an investigation of the MED of superheavy el-
ement fission fragments using the sub-barrier fusion-fission : : : :
reactions in which low excitation energies can be available is
in our opinion the most acceptable and promising tool.

Second, the nucleu§%Sg chosen by us for the investiga-
tions has 164 neutrons and as it undergoes fission into two
equal parts the number of neutrons in both fission fragments
is the magic number 82without taking into account the
prescission neutronge) .

In the third place, the nuclef?Ne and ?%Cm are de-
formed in the ground states which must lead to a higher
fusion cross section below the Coulomb barrier which is nec-
essary for reaching the lower excitation energies at which the
shell effects responsible for the fission modes are important.

The experiment was carried out at the U-400 accelerator
of the Flerov Laboratory in Dubna using the extracted beam. 0 : . . .
A layer of 2%6Cm, 170ug/cn? in thickness, was put on a 130 140 150 160 170
carbon backing and used as a target. Fission fragments coin- mass (u)
cident in time were registered by a two-arm time-of-flight £ 1 \ass yields and average TKE in relation to the mass of
spectrometer CORSE[IL8], each arm of which consisted of e heavy fission fragment for the spontaneous fissiorfSegf,

a start detector composed of microchannel plates with ameasured on the CORSET spectrometer. The results from the work
electrostatic  mirror and  two  position-sensitive py Schmittet al. [19] are shown by dotted and solid curves corre-
(x,y-sensitive stop detectors, also of microchannel plates ofsponding to the final and corrected to the neutron emission MED.
6x 4 cn? each. The start detectors were located at a distance

of 3 cm from the target. The minimal start-stop flight pathresult of the high position resolution of the stop detectors,
was 12 cm. Thus, the spectrometer consisted of two start arélese events were unambiguously separated from the events
four stop detectors and registered events within a solid anglef the 27°Sg compound nucleus fission.

of 360 msr. The position resolution of the stop detectors was The processing of the data was performed in a standard
+0.1°. The mass resolution was estimated as 3—5 amu. Figvay [20,21] due to the two-body nature of the process. Spe-
ure 1 presents the mass yields and TKE measured by ugal attention was paid to the angular folding correlations in
immediately before the experiment for the spontaneous fisthe plane of the reaction as well as outside. Only those of the
sion of 2%Cf in relation to the mass of the heavy fission registered events were chosen and analyzed which corre-
fragment. For comparison we also show here the results frorsponded to the two-body nature of the process with complete
the classical work by Schmi#t al.[19], in which the MED  impulse transfer. Fission events from the incomplete
of the 2°2Cf fission fragments was studied with the help of fusion—sequential fission—were rejected. The fission frag-
semiconductor surface barrier detecttBSBD’S. The data ment energy losses in the target layer, backing, and emitter
from [19] are shown by the dotted and solid curves corre-of the start detectors were taken into account when process-
sponding to the MED after neutron emission and the MEDing the data. Since the geometrical dimensions of the spec-
corrected to the neutron emission. The width of our massrometer did not allow registration of the whole set of the
distributions of 2°2Cf fission fragments we measured is fission fragment energy and mass ratios with an equal prob-
somewhat wider than that [19]. However, we attribute it to  ability, some corrections to the geometrical efficiency of the
inhomogeneities in thé%2Cf spontaneous fission source. On spectrometer were introduced by us. These corrections were
the whole, all the mass distributions obtained by us repeasmall and did not exceed 5%.

the structural peculiarities of the MED fropd9], the peak/ The measured MED’s of?’%Sg fission fragments are
valley ratio being>20. Thus, we established that the massshown in Fig. 2 for two energies of th&Ne projectiles. At

and energy resolution of our spectrometer is not lower thai27 MeV, 9.2<10° fission events were registered and 1.2
that of the SSBD's. x 10* events at 102 MeV. Two-dimensional matrices of the

In the experiments with thé°Ne ion beam, the arms of fission fragment§mass, TKE are shown in Figs. (&) and
the spectrometer were positioned so that registration of thg(b). At high energiedFig. 2(b)], we observe a triangular
fission fragment mass and energy was possible up to the ratistribution with rounded slopes typical for rather strongly
My /M =5. The edge of the spectrometer could “see” heated nuclei. This distribution is close in its properties to
some small part of the time-coincident correlated spontanethe predictions of the liquid drop modg22] or the diffusion
ous fission fragments from th&%Cm target. However, as a model [23]. For 102 MeV[Fig. 2@)], E* is equal to 28
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FIG. 2. Mass-energy distributions 6f’Sg (Z=106) fission fragments for th&Ne projectiles energies of 102 and 127 MeV.

MeV, and the two-dimensional matrix differs from that de- i.e., near the mass of the doubly magic lead 208. The inter-
scribed above in its shape, having a sharp peak and extepretation of this phenomenon can be twofold. First: the latest
sions in the direction of the higher TKE. FigurécRcom-  theoretical calculations of the potential energy surface for the
pares the fission fragment mass distributidtiee yield is lighter 252Cf predict the existence of the “lead” fission val-
normalized to 200%for the two energies. It is clearly seen ley[24] located high in energy. It cannot be observed experi-
that at the lower energy, as distinguished from the highementally in the spontaneous fission BFCf due to this. It is
energy, the mass distribution does not have a Gaussian shaglso predicted for the heavy nuclei with=114 and 120
and can be interpreted as a manifestation of different fissiof25]. The existence of the valley fo’°Sg is quite probable
modes. One mode is rather narrow, ndaf/2, the other one since the light fragment becomes closer to the magic one
rather wide, for the asymmetric masses. The latter is so widwith Z=28.

that the mass yields at its slopes turn out to be higher than For a noticeable population of the valley, the nucleus
those for the high excitation energy. It is only possible if in should be sufficiently excited, however not so strongly as to
the nuclear cooling process the shell effects manifest thenmake the shell effects disappear as is the casd at
selves in the region of the fission fragment masses 200—-216; 127 MeV. A similar effect was observed for the other fis-
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sion modes in work[15] in which 2°Fm(s,f) and _ _
25%Fm(ny,,f) were used as examples, &FAt in [1]. ‘_Fji‘ﬁb 102 VeV I'_F‘_Fl S 1?7Mev I_*F

Another interpretation of the increased yield in the region 150 W 8%
of the fission fragment mass@s= 200 for the low excitation oo
energy may be connected with manifestation of the quasifis-  '®; @E o o
sion component, which seems to be more probable from our L ooco
point of view. Quasifission characteristics have been studied 1 P
in works[21,26 and discussed if27]. It has been shown in o VA N 0
[26], employing the reactiorf®U+ 2’Al, that when the U 500 A
projectile energies are close to the Coulomb barrier some 0] ﬁ%\ P ﬁ <
“shoulders” appear at the slopes of the prevailing symmetric _. ;s [ 2
fission, which corresponds to the increased yield of the reac—% 30y ? s* @I 15000 5
tion products in the mass region 200-210, i.e., the region of 5 @ oy i Lo 3
the magic lead. They are connected with the nonequilibrium > 100 p; !\ H 4 L 5000
quasifission component and can be clearly distinguished in |, & . W | 4 N I
the mass-angle correlations. An investigation of angular dis- A 15000
tributions was not the aim of the present work, and our spec- Y
trometer did not accept a very wide range of angles. Thus we 20 M IE@ 05’ "% 10000
cannot interpret with much certainty the increased yield of J & N B
fission fragments in this region of masses. The TKEB(dis- 1004 s 5 L snoo
tributions shown in Fig. @) do not clarify the situation. For /w ’&\ H kY
the mass region of-200, although the measurement errors oL W j — k 1o

40 8 120 160 200 240 40 80 120 160 200 240

are quite serious, the TKE is higher for the lower energy than
for the higher energy. However, this effect can be explained
by the marylfestatlonlof the lead flSSlon mode, since for the 5 5 27054 (2= 106) fission fragment mass distributions for
fragments in the region of spherical closed shells the TKE; e ific TKE ranges.

must be higher. The higher TKE is also characteristic of
quasifission[24]. That is why the question concerning the The remaining excitation of the fissioning nucleus turns out

character of this component's formation—equilibrium or to be insufficient to cause the shell effects to disappear.
nonequilibrium—is still open. Some more experiments are in  Comparison of the?’Sg fission fragments characteristics
order at even lower projectile energies as well as measurder two excitation energies shows that the average TKE
ments of the mass-angular correlations. hardly changes; however, the form of the THREY depen-

The above discussion concerns very heavy masses dence does change. In Fig(d it is illustrated by a more
~200-210 and their complementary masses. However, theloping curve for symmetric masses. In Fige)2where the
break in the mass distributiorisee Fig. 2c)], connected Y(TKE) yields are compared one can very well see that at
with the transition from the narrow to the wide distribution, lower excitation energies in the TKE range of 220—-240 MeV
takes place near the heavy fragment mass160 and can- the yields are lower and the distribution is narrower than
not be explained either by the lead valley or quasifissionthose for the high excitation. In the TKE range of
Some other fission modes are ushered in here. In our opin~250 MeV the open circles practically coincide with the
ion, the narrow symmetric component is connected with thesolid ones, thus creating a high-energy *“shoulder” on the
manifestation of the spherical neutron shell with=82 in  yield slope. We estimate the average TKE for the high-
both fragments. Spontaneously fissioning heavy nuclei neveenergy mode as-240 MeV which is in good agreement
have as many as 164 neutrons in the nucleus, and upon apith other datd8,14].
proaching this number, starting frob= 157-158 in the Fm Figure 2f) shows dependence of the fission fragment
nuclei, some drastic changes occur in the mass-energyass dispersionf,, on the TKE. For the lower energy, the
yields, and the high-energy narrow supershort mode appeadecrease in the value of this characteristic with increasing
as a resul{8,14]. It also occurs with the Rf nuclei, though TKE is sharp, approaching zero at the highest TKE, which
not so distinctly, at the neutron number transition from 156suggests very narrow fission fragment mass distributions for
to 158, but the contribution of the supershort mode into thethis TKE range.
total distribution turns out to be less than in the case of Figure 3 shows fission fragment mass distributions for
2% m. It is explained by the nonmagic nature of the protonspecific TKE ranges. ForE,,=102 MeV and TKE
composition of27Rf fission fragments in strictly symmetric >240 MeV, the sum of the two fission modes, the sharply
fission. narrow and the wide ones, is clearly seen.

In the case of?’%Sg, a strong manifestation of the high-  We have discussed the nature of the high-energy compo-
energy mode can hardly be expected due to excitation of theent; now let us dwell on the wide mode. Evidently its prop-
nucleus up to 28 MeV. However, one should not forget thatrties are close to those of standard Il, but at the same time it
according to estimations from different systemaf28—29, has its own specific features. As mentioned earlier, this mode
0.5-0.7 prescission neutromg, can be emitted before fis- is connected with the manifestation of the deformed shell
sion, and the real excitation energy in the scission point isvith Z=56. Then in the case of Sg fission the light fragment
4-6 MeV lower than in the case without neutron emissionwill have Z=50, i.e., the magic proton number. Suppose that

mass (u)
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N andZ in the fission fragments are distributed in proportionfurther careful analysis since on the whole the observed phe-
to their masses; then the light fragment witk- 50 will have  nomena are not very distinct and they only start to manifest
N=77 and mas#1 =127. Shown in Fig. Jlower panel for  themselves at lower excitation energies.
Ejab=102 MeV and TKEC190 MeV, at the top of the dis- Thus, it has been experimentally shown that at medium
tribution curve there appears a two-hump formation, and thexcitation energies the MED of °Sg (Z=106) fission frag-
light fragment peak corresponds to the méds-126. We  ments is of multimodal character. In the total distribution of
must admit though that the statistics are not sufficient andhe fission fragment massesHt,(*’Ne)=102 MeV, a nar-
errors are large, but what we observe may be a manifestatiolow symmetric mode has been found that is connected with
of this mode. the manifestation of the magic neutron number 82. The

In the same figure, at TKE190 MeV there is also a wide wide structure of the distribution pediment is possibly also
low-energy pediment that is most probably connected witthimodal. We can state that the investigation of fission of
the fission mode characteristic of the heated nucleus and iguperheavy nuclei, deep under the Coulomb barrier at very
properties resemble the liquid drop model. low excitation energies, provides abundant information on

All the above-mentioned conclusions certainly requirethe properties of the fission process.

[1] M. G. ltkis, V. N. Okolovich, A. Ya. Rusanov, and G. N. sanov, V. S. Salamatin, and G. G. Chubarian, Sov. J. Nucl.
Smirenkin, Z. Phys. /820, 433(1985; Sov. J. Part. Nucll9, Phys.52, 15(1990; R. Ferguson, F. Plasil, H. Freisleben, C.
301 (1988; Nucl. Phys.A502, 243c(1989. E. Bemis, and H. W. Schmitt, Phys. Rev.821104(1973.

[2] H. C. Britt, H. E. Wegner, and J. C. Gursky, Phys. R&29, [17] R. Bass, Nucl. PhysA231, 45 (1974).
2239 (1963; H. J. Specht, Nukleonika0, 717 (1979; Rev.  [18] E. M. Kozulin, N. A. Kondratjev, and I. V. Pokrovski, “Heavy
Mod. Phys.46, 733 (1974; E. Konechy and H. W. Schmitt, lon Physics,” JINR FLNR Scientific Report, 1995-1996, p.
Phys. Rev172 1213(1968. 215; N. A. Kondratiev, E. M. Kozulin, I. V. Pokrovski, and E.
[3] M. G. Itkis, Yu. Ts. Oganessian, G. G. Chubarian, V. S. Sala- y, prokhorova, inProceedings of the Fourth International

mfatri]n, A Ya. Rusanfov, and V. N. Okolovich, Proceedingg Conference on Dynamical Aspects of Nuclear Fissioasta-
of the XV_ EPS Conference LENDT%t' Peters.bur.g., Ru§5|a, Papierni&a, Slovak Republic, 1998World Scientific, Sin-
1995, edited by Yu. Ts. OganessigWorld Scientific, Sin- gapore, 1999

gapore, 1995 p. 177; Nucl. Phys. Ato be published . .
B [19] H. W. Schmitt, J. H. Neiler, and F. G. Walter, Phys. R&41,
[4] K.-H. Schmidtet al,, Nucl. Phys.A630, 208c(1998. 1146 (1966.

5] R. Vandenbosch and J. R. Huizeng¥clear Fission(Aca-
[5] gel ( [20] G. G. Chubaryan, M. G. ltkis, S. M. Lukyanov, V. N. Okolov-

demic Press, New York, 1973 . A . .
[6] F. Gonnenwein, inNuclear Fission Processedited by C. ich, Yu. E. Penionzhkevich, V. S. Salamatin, A. Ya. Rusanov,

WagemangCRC Press, Boca Raton, 199p. 287. and“G. N. Smirenkin, Phys. At. Nuch6, 286 (1993.
[7] D. Hoffman, in Proceedings of the 4th International Sympo- [21] J. Tcke et al, Nucl. Phys.A440, 327 (1985.
sium on Phys. Chem. Fissiodulich, Germany, 19789AEA, [22] J. R. Nix and W. J. Swiatecki, Nucl. Phygl, 1 (19695.

Vienna, 1980, Vol. 2, p. 275. [23] G. D. Adeev, I. I. Gonchar, V. V. Pashkevich, N. I. Pischasov,
[8] E. K. Huletet al, Phys. Rev. Lett56, 313(1986; Phys. Rev. and O. I. Serdyuk, Sov. J. Part. Nudl9, 529 (1988; Nucl.

C 40, 770(1989. Phys.A502, 405c(1989.
[9] V. V. Pashkevich, Nucl. PhysA169, 275 (1971); ltkis et al. [24] Yu. V. Pyatkov, V. V. Pashkevich, Yu. E. Penionzhkevich, V.

[3], p. 161. G. Tishchenko, A. V. Unzhakova, H.-G. Ortlepp, P. Gippner,
[10] V. V. Pashkevich, Nucl. Phys\477, 1 (1988. C.-H. Herbach, and W. Wagner, Nucl. PhyA624, 140
[11] P. Mdller, J. R. Nix, and W. J. Swiatecki, Nucl. Phy&469, 1 (1997.

(1987; A492, 349(1989. [25] R. A. Cherghescu, D. N. Poenary, and W. Greiner, J. Phys. G
[12] S. Cwiok, P. Rozmej, A. Sobiczewski, and Z. Patik, Nucl. 23, 1715(1997).

Phys.A491, 281 (1989. [26] W. Q. Sheret al, Phys. Rev. 36, 115(1987; B. B. Back, S.
[13] U. Brosa, S. Grossmann, and A. Nar, Phys. Rep197, 167 Bjdrnholm, T. Dtssing, W. Q. Shen, K. D. Hildenbrand, A.

(1990. Gobbi, and S. P. 8ensen,bid. 41, 1495(1990.
[14] M. R. Laneet al, Phys. Rev. (563, 2893(1996. [27] M. G. ltkis and A. Ya. Rusanov, Phys. Part. Nuckd, 160
[15] H. C. Britt, D. C. Hoffman, J. van der Plicht, J. B. Wilhelmy, (1998.

E. Cheifetz, R. J. Dupzyk, and R. W. Lougheet, Phys. Rev. 28] E. M. Kozulin, A. Ya. Rusanov, and G. N. Smirenkin, Phys.

30, 559(1984. At. Nucl. 56, 166 (1993.

[16] M. G. ltkis, S. M. Lukyanov, V. N. Okolovich, A. Ya. Ru- [29] D. Hilscher and H. Rossner, Ann. PhyRarig 17, 471(1992.



