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1 Introduction

Interest in the study of the fission process of superheavy nuclei in reactions with
heavy ions is connected first of all with the possibility of obtaining informa-
tion, the most important for the problem of synthesis, on the production cross
section of compound nuclei at excitation energies of =~ 15 — 30 MeV (i.e. when
the influence of shell effects on the fusion and characteristics of the decay of the
composite system is considerable), which makes possible prediction on its basis
of the probability of their survival after evaporating 1, 2 or 3 neutrons, i.e. in
“cold” or “warm” fusion reactions. However, for this problem to be solved,
there is a need for a much more penetrating ingight into the fission mechanism
of superheavy nuclei and for a knowledge of such fission characteristics as the
fission—quasi-fission cross section ratio in relation to the ion—target entrance
channel mass asymmetry and excitation energy, the mutiplicity of the pre and
postfission neutrons, the kinetic energy of the fragments and the peculiarities
of the mass distributions of the fission and quasi-fission fragments etc. Un-
doubtedly all these points are of great independent interest to nuclear fission
physics.

In this connection this work presents the first preliminary results of the
experiments on the fission of superheavy nuclei in the reactions 2°8Pb-+48Ca —
256No, 238U 448Ca—286 112, 244Pu+-48Ca—292 114, 208Ph486Kr—3294 118 car-
ried out at FLNR JINR in the last year. The choice of the indicated reactions
has undoubtedly been inspired by the resuits of the recent experiments on pro-
ducing the nuclides ?#3112,287 114,28 114 at Dubna':? and 293118 at Berkeley3
in the same reactions.

2 Experiment

The experiment was carried out on the extracted beam of 48Ca and #Kr ions
of the FLNR JINR U400 accelerator, using a set-up that included:

- the two-armed time-of-flight reaction products spectrometer CORSET
built with the use of microchannel plates (MChP);

- a 24 detector time-of-flight neutron spectrometer Demon using scintilla-
tion modules 4;

- a 4 detector scintillation y-quanta multiplicity spectrometer.

The reaction fragments spectrometer allows one to obtain the mass en-
ergy and angular distributions of fission fragments and scattered particles.
It is based on 2 identical movable time-of-flight arms. The start detectors
used MChP amplifiers equipped with an electrostatic mirror for the electrons
knocked out by a particle passing through a 25 x 35 mm thin 120ug/cm? gilded
mylar foil placed at 30 mm from the target.
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As stop detectors, 4 coordinate sensitive MChP modules of 40 x 60 mm
operating zone were used in each arm, the modules being place at 180 mm from
the target. The detectors were installed symmetrically relative to the beam at
an angle of about 60° depending on the reaction type.

The spectrometer was calibrated and adjusted with the use of 226Ra a-
particle sources, the fission fragments of 252Cf and elastic scattering peaks
directly during the experiment. The following values were obtained for its
main characteristics:

Time resolution < 150 ps
Measuring range of the angles
of divergence of reaction products

- in the reaction plane © +20°

- beyond the ¥-plane +15°
Angle measuring accuracy 0.1°
Solid angle of one arm 300 mst
Mass resolution 3 amu

The y-quanta multiplicity spectrometer consisted of four 63 x 63 mm
NaJ(TIl) detectors, which were placed in lead collimators and installed in the
lower hemisphere at 35 cm from the target. The y-quanta registration thresh-
old was 100 keV. To reduce the number of accidental coincidences, the times
were measured from the start pulse due to fission fragments to the pulses from
the y-detectors. The time resolution was 7 ns.

The neutron spectrometer detectors (built with the use of a Ne213 ligiud
scintillator) arranged in groups of three were located at 130 cm from the target
at angles of 17°, 0°, —17° beyond the reaction plane and at angles of 45°, 65°,
155°, —65°, —90°, —135° in the reaction plane. Some detectors were located in
the vertical plane along the beam axis at angles of 10°, 25°, 74.5°, 90°, 105.5°,
163°. The signals due to neutrons and y-radiation were separated by analysing
the shape of the pulse generated by the photomultiplier.

The discrimination thresholds were set during calibrating the detectors
with y— sources of #?Na, #Y, #Co, 137Cs, 22Ra. To ensure the stability of the
energy scale, the calibration was repeated several times during the experiment.

As the target, 120 — 170ug/cm? 208Pb, 238U and 244Pu spectrometric layers
were used deposited on a 40 — 50 ug/cm? carbon backing.

The ion beam energy was periodically measured with an accuracy of 1 MeV
with use of a semiconductor detector, using its scattering by a tantalum foil,
and constantly monitored with a semiconductor monitor immediately in the
reaction chamber, using the scattering of the beam nuclei by the target. The
total ion current that had passed through the target was measured with the
help of a Faraday cup, taking account of the dead time of the collecting system
and its rest time. '



*ca+™u 5 ™12
E =228V

TKE, MeV
g & B B
2 & & B &

E % 8 ¢ &

-

9 10 19 X0 20 D W 15 M X N W 0 A K

mass, u

Figure 1: Two-dimensional matrices TKE-Mass of the products of the indicated reactions.

The data processing was carried out with the use of traditional techniques,
assuming the process under study to be a two body process. The losses of
the energy of the fragments in the target, backings and start detectors were
taken account of. Special attention was paid to the angular folding correlations
of the fragments both in and beyond the reaction plane. Only those events
were selected and then analysed that corresponded to the two body process of
complete momentum transfer.

3 Results and discussion

Fig. 1 shows the TKE-M two-dimensional matrices for the studied reactions at
the energy of 8 Ca ions Ei,p = 233 MeV and 8Kr ions Fj,, = 453 MeV, which
corresponds to the excitation energy of compound nuclei of 2°6No, 286112 and
202114 E* = 33 MeV, and of compound nuclei of 224118 E* ~ 15 MeV. It is
clearly seen that the form of the TKE-M matrix between the elastic scattering
peaks changes drastically as one goes from 2°6No to the superheavy nuclei.
For 2%No it is of a triangular form characteristic of compound nucleus
fission; and only at its edges the contribution is seen of events that can be
considered as quasi-fission. As one goes to the 226112 nucleus, the quasi-fission
process becomes distinctly dominant in the TKE-M matrix, the maximum
yield of fragments lying around mass 208 and additional to it. For the 292114
nucleus the picture again changes, it is seen that the intensity of the quasi-
fission peaks in relation to the yield of fragments in the symmetric mass region
differs essentially from the similar ratio for the 226112 nucleus. This tendency
is more clearly seen from the lower part of Fig.2, which shows the yields Y (M)
for the two reactions ¥Ca+23%U and 48Ca+244Pu, which correspond to an
approximately similar fluence of 48Ca ions at the target. The obtained ratio
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Figure 2: At the bottom: mass distributions of the reaction products. The experimental data
are shown by open points; solid points represent the extracted components, corresponding
to the compound nucleus (CN) fission. At the top: the extracted components of CN fission
and their description by a sum of two Gaussians.

between the intensities of the quasi-fission peaks for these two reactions is
~ 6 — 8 in favour of *®Ca+238U. At the same time, as seen from the upper
part of Fig.2, the distributions Y (M) in the symmetric mass region (A/2+25),
derived using the same technique and corresponding, in our opinion, to the
fission of %112 and 2°2114 compound nuclei, differ little from each other in
shape, the intensity of the maximum and the area of the distributions. Hence it
follows that the fission cross section for compound nuclei of 266112 and 292114
(and consequently the cross Section for the complete fusion and production
of compound nuclei) are approximately equal, whereas the quasi-fission cross
section differ by a factor of 6 — 8. This appears to be connected with the fact
that, on one hand, an increase in the values of Zi X Zyarg on the whole results in
the fusion crose section g¢ being decreased and, on the other hand, great mass
asymmetry in the reaction entrance channel is favourable for the cross section
of the complete fusion and production of a compound nucleus being increased.
Another important consequence of these data is that the asymmetric shape of
the mass distribution has been observed. In this case, as opposed to the case
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Figure 3: TKE and a,";,KE distributions in dependence on the fragment mass for the same
reactions as in Fig.2.

of actinide nuclei, the stabilizing role appears to be played by the nearspherical
sheil of the light fragment of mass 130 — 134, but not by the deformed shell of
the heavy fragment of mass ~ 140.

Fig. 3 presents the characteristics of the fragment energy distributions
TKE(M) and 63, (M) for 289112 and 2°2114. A distinguishing feature of the
dependence TKE(M) for both nuclei is that there is a peak in the region of
fragment mass A/2 4 8. This peak seems to be due to the superposition of the
contributions from the compound nucleus fission and quasi-fission in this mass
region.This interpretation is supported by an analysis of the fragment yield
Y (M) for the reaction *®Ca+244Pu in relation to the TKE energy range. As
our investigations have shown?, the absolute values of TKE for the quasi-fission
process in the region of Z > 100 nuclei are, on the average, higher than the
corresponding values for the fission of compound nuclei; and the higher Z of
the fissioning nucleus is, the greater the difference in TKE (which, as will be
shown below, may be as much as 20 - 40 MeV). Fig. 4 shows the fragment
yield Y(M) for the #2114 nucleus in the range of the TKE values > 230 MeV
({(TKE) = 220 MeV). It is clearly seen that in the same region of fragment mass
as that shown in Fig.3 there appears a peak in Y(M) whereas in the total yield
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Figure 4: Fission fragment mass distribution for the “8Ca+244Py reaction for the range of
TKE> 230 MeV.

Y (M) shown in Fig.2b there is no peak. It is also to be noted that this effect
masks the fact that the mass distribution of the fission fragments of compound
nuclei presented in Fig.2 is asymmetric, i.e. the peak-valley ratio for the mass
distribution seems to be slightly higher than that in Fig.2b.

On the whole, the analysis performed of the mass and energy distributions
of the fission fragments of nuclei in reactions with 48Ca ions allowed reasonably
reliable values to be found for the quasi-fission and fission cross sections of
compound nuclei of 2°¢No, 226112, and 292114, which are given in Table 1.
These data show reactions with 8Ca ions to be promising for producing not
only element 114 but also heavier nuclides of elements 115,116 and 118.

Let us discuss the reaction #Kr+2%Pb —2%4 118, for which in Fig.5 the

Table 1: Cross sections and TKE.

Reactions Eab E* Ofs O6s/0cap | (TKE)
(MeV) | (MeV) (%) (MeV)
48Ca4208py, 230 33 350 mb 96 193
48(p 42387y 232 33 6 mb 3 215
48Ca+244py | 2335 33 4 mb 9 220
8Kr+208pb | 468 28 ~ 6ub <10-3 260
453 15 < 500 nb - 260
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Figure 5: Mass-energy distributions of the 8Kr4298Pb reaction products.

TKE-M matrices are presented for two values of excitation energy. Here too the
fragment yields in the symmetric mass region A/2+30 amu and the dependence
TKE(M) and o3y (M) are presented. The data presented differ essentially
from the data for the reaction 244Pu+48Ca. First, the quasi-fission peaks of
fragment average mass A = 208 and additional to it are not separated from
the elastic and quasi-elastic scattering peaks; second, the dependence TKE(M )
differs sharply from that in Fig. 3.

In this case the TKE average value is markedly greater than the value to
be expected for compound nucleus fission. To illustrate this point, Fig.6 gives
the known TKE systematics in relation to the Coulomb parameter Z2/A'/3.
This systemstics includes both the data from work ¢ for Z > 100 obtained
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Figure 6: The dependence of TKE on Z2/A!/3. parameter. The solid squares represent the
data from our work, another open signes — the data from work [6}.

in a reaction characterized by quasi-fission being the dominant process and
our results just for the fission of compound nuclei of ?**No, 27Sg 7, ?"1Hs ?,
286112 292114 It is seen that the dependences of TKE on Z?/A'/2? for fission
and quasi-fission differ essentially from each other and the difference in TKE
even for Z = 114 is as much as 25 MeV. Extrapolation of the dashed line up
to Z = 118 would give ~ 230 MeV for the value of TKE for the compound
nucleus fission whereas our experimental result was 260 MeV for TKE for
this nucleus. The latter value is in excellent agreement with the results of
work 8 for the quasi-fission process. From this only one conclusion can be
drawn. In the case of the reaction 3¢Kr+2%Pb, in the symmetric fission region
(A/2 £ 30) the quasi-fission process dominates, by which this reaction differs
sharply from the reaction 8Ca+238U and especially from *¥Ca+2**Pu, in which
the contribution of the compound nucleus fission in the same region of fragment
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mass is dominant.

An attempt can be made to evaluate the contribution of the fission cross
section of the compound nucleus for the reaction discussed, using the depen-
dence of TKE on Z2/A'/3 found by us, according to which the kinetic energy of
the fragments will be 230 MeV for the fission of the 224118 compound nucleus,
and to select the events that belong to the range of 230 + 20 MeV. Table 1
presents both the results obtained from the studied reactions with 48Ca ions
and our estimates for the quasi-fission and fission of the compound nuclei for
the reaction 8¢Kr+208pp,

From these data it follows that the fission cross section, and consequently
the production cross section of the 24118 compound nucleus at the excitation
energy I* = 28 MeV is more than two orders lower than of for 286112 and
92114 nuclei (E* ~ 33 MeV). It shoud be noted that, as the excitation energy
changes by 13 MeV (from E* = 28 MeV up to E* = 15 MeV), the cross section
ot for the *°2118 drops by no more than one order and it is beyond reason to as-
sume that an increase in energy from E* = 28 to E* = 33 MeV will result in the
cross section being changed by more than a factor of 3 — 5. From this the con-
clusion could be drawn that more symmetric reactions similar to 36K r+4208pp
are far less promising for producing superheavy nuclei. Nevertheless the recent
results of the synthesis of element 118 in the cold fusion reaction 86K r+208py,
at Berkeley® deny such an assumption, that is, if the value Oev = 2 pb obtained
from this experiment is correct, then the relationship between the fission width
and neutron width at excitation energy of &~ 15 MeV changes drastically in
favour of the survival of the compound nucleus as compared with the case of
“cold” fusion in the reaction *8Ca+208Pb at the same excitation energy and the
case of “warm” fusion in the reactions Ca+2%8U and *8Ca+244Py. Therefore
further research in this direction is extremely interesting both to fission physics
and to the problem of synthesising superheavy nuclei.
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Hrxue M.I'. u np. E15-99-248
ObGonouyeunsle 2(pexTsl M JelICHHE CBEPXTIXKENBIX sIEp
[IpH HU3KHX SHEPIUsAX BO30YXAEHHS

IIpencTaBneHs! HOBbIC pe3yAbTaThl UCCAEMOBAHHI NIPOLECCOB AEACHUT 1 KBa-
3UAesieHus CBepXTaxXensix saep ¢ Z=102,112,114,118, 06pa3oBaHHBIX B peakiMax
¢ nonamu *Cau *Kr. C nomomsio ycranoskn CORSET+DEMON 6514 H3Mepe-
Hbl PACIIPEENEHUA MAcC W DHEPIHH OCKOJIKOB [ENEHHUS, CEYEHMs AENCHHA KOM-
MayHA-SAEP, MHOXCCTBEHHOCTb MPed- U HOCTACIATENbHBIX HEHTPOHOB IIPU 3HEP-
rusx BOMH3M H HUXE KYJIOHOBCKOTo fapeepa. Briepsble 10Ka3aHo, YTO COOTHOLLE-
HUE MEXIY CEYEHHEM JCNICHHS KOMIAyH[I-%/1pPA H CEYEHUEM KBa3HIENEHHs Pe3KO
U3MEHSIETCH NPy repexone or peakuud ~°U+*Ca k ** Pu+**Ca, scnenctsue uero
CeYeHMs AeNeHus o, WA 114 1 ***1 12 npuMepHO OIMHAKOBHL, B TO BPEMS KakK cc-
YeHUE KBasuaeneHns s 2114 B 6—8 pas menblite, yeM ang 2112, B cnyuae pe-
akuuu “*Pb+"Kr, B otinuMe or peakuuii ¢ vonamu **Ca, BKajl KBa3HIEHEHUS 10-
MHHHUPYET H B O0/IaCTH MacCc OCKOJIKOB, OIH3KHX K A/2.

Pabota Bemonnena B JlaGopatopuu snepubix  peaxkumii um.I.H.®nepo-
sa OMSIH.

Mpenpunt O6benMHEHHOrO HHCTHTYTA SAEpPHBIX HecienoBanuit, Ty6Ha, 1999

I[tkis M.G. et al. E15-99-248
Shell Effects and the Fission of Superheavy Nuclei
at Low Excitation Energies

The work presents new results of the investigations of the fission and
quasi-fission process of the superheavy nuclei with Z=102,112,114,118 produced
in reactions with ions of *Ca and **Kr. Using the CORSET+DEMON set-up, the
mass and energy distributions of the fission fragments, the fission cross sections of
the compound nuclet, the multiplicity of the pre- and postfission neutrons at ener-
gies close to and below the Coulomb barrier have been measured. For the first
time it has been shown that the ratio between the compound nucleus fission cross
section and quasi-fission cross section changes drastically as one goes from the re-
action “*U+*Cato the reaction *** Pu+**Ca Owing to this the fission cross sections
s, for **114 and **112 are approximately equal whereas the quasi-fission cross
section for **114 is 6—8 times smaller than that for *¢112. In the case of the reac-
tion **Pb+*Kr, as opposed to reactions with **Ca jons, the contribution of
quasi-fission is also dominant in the region of fragment mass close to A/2.

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