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ANISOTROPY OF FISSION FRAGMENTS
FOR THE REACTION 60 + 2%pp

B.I1.Pustylnik, L.Calabretta', Yu.Ts.Oganessian, M.G.Itkis, E.M.Kosulin,
S.P.Tretyakova, T.Yu.Tretyakova

The cross section and angular distributions of fission fragments have been measured for the
compound nucleus Rah produced in the reaction 160 + 20%pb at four energy values in the
range from 5 to 15 MeV below the fusion barrier calculated in terms of the Bass model. The
performed measurements allowed one for the first time to obtain data for the region of
interaction of heavy ions with nuclei characterized by the cross section being by 8 orders of
magnitude lower than the geometric cross section. It can be seen that at the energy of oxygen
ions of up to E,, <82 MeV, account should be taken of the contribution made by the lowest

vibration states of interacting partners. The measured angular distributions of fission fragments
are in agreement with the calculations performed within the framework of the standard statistic
transition state model for the saddle point. The data do not support the hypothesis that deep-
subbarrier reactions are characterized by fission fragments showing anomalously high
anisotropy. However in the investigated energy range there is a plateau characterized by the
relation W(180°)/W(90°) = 1.2 in the angular anisotropy of fission fragments. This implies that
the available angular packet of harmonics, which govern the production cross section of a
compound nucleus, is approximately the same.

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

AHM30TPOIIHS OCKOJIKOB J€JICHHS B PeaKLHH 16g  208py,

b.H.ITycmoinshuk u 0p.

H3aMmepeHo ceueHMe OeneHHs W YITIOBbIE pacTipelesieHHsl OCKOJIKOB JeIeHHs KOMIayHI-1apa
2241y, 06pa30BaHHOrO B PEAKUHH 160 + 28pp, g YeTblpex TOYKaX MO SHEpPrHH B HHTEpBale OT
5 mo 15 MaB Huxe Gacc-6apbepa cnusung saep. IIposeaeHHble H3MEPEHHS NO3BOMIWIH BIiEpBbiE
TMIOJIYYHTb JAHHbIE, XAPAKTEPH3YIOLIHECH CEUCHHEM Ha § MOPAIKOB BEJIMYHHBI MEHbILE, YeM
reoMeTpHYECKOe CedeHue B3aumoneicTaus aaep. [loxasano, 4To AN SHEPrHil HOHOB KHCIOpOaa
BWIOTh A0 E,, <82 MsB Heo0X0AHMO NpH pacueTe CEHeHHH YYHTHIBATL BKIAN HHXaHUIHX

BUOPALMOHHBIX YPOBHEI! B3aHMOACHCTBYIOWHMX saep. H3MepeHHbIe yrIoBble pacnpeneneHus oc-
KOJIKOB AE/IEHHS HAXOAATCA B COMNIACHH C Pe3y/lbTaTaMHK pacueTa B paMKax CTaHIAPTHOH CTaTH-
CTHUECKOH MOAE/N MEPEXOLHOIO COCTOAHHMS IS CEQIOBOH TOYKH. JlaHHbIE HE NONAEPXUBAIOT
rnoTesy o ToM, YTo ryboxonoxbapbepHble peakLMH XapaKTEPH3YIOTCH aHOMAIbHO BBHICOKOH
yII0BO#H aHM30TponHel ockoskos gesienus. OfHaKo B uccnegyeMoi obnacTi sHepryii Habmo-
DaeTcs IU1aTO, XapaKTepusylolleecs BeJIHYMHON = 1,2 1ng yIOBOA aHU3OTPONHH OCKONKOB Je-
NieHus. DTO yKa3blBaeT Ha TO, UTO BO Bceil moabaphepHoit obnacTu 3Hepruii naxker YIMOBBIX
rapMOHHK, JAILHH OCHOBHOH BKJag B 06pa3oBaHHe KOMIayHI-1Apa, NPUMEPHO MOCTOSHEH.
Pa6ora BeinonHeHa B JlaBopatopuu sgepHbix peakuuii uM. I H.dneposa OUAH.
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Introdustion

A great number of experimental data obtained in recent years on subbarier fusion cross
sections of heavy ions with a wide range of A and Z compound nuclei have stimulated an
extensive discussion on the mechanism of the subbarrier reaction enhancement, on quantum
effects and correlation between the dynamics of the process and nuclear structure of
interacting nuclei. For the explanation of the substantial enhancement of the subbarrier
reaction cross sections, different models have been developed and widely used. They take
into consideration not only static deformation of nuclei, but also the possibility of weak
fluctuation of the nuclear surface in the interaction process, the possibility of the vibrational
states excitation and, finally, the influence of the nucleon transfer channels on the fusion
probability. In addition, a number of experiments gave indication that compound nuclei
produced at energies close to the interaction barrier (in particular, in the reactions

160 + 208py, (1] and "2C+%2Th [2]) fission are showing anomalously high angular
anisotropy of the fission fragments. It was hypothesized that subbarrier reactions should be
likely to show anomalously high angular anisotropy, and possible mechanisms, responsible
for the phenomenon, were suggested [3,4]. Later studies [5,6] however argued against these
results, which made the measurements of the angular anisotropy carried out in the present
work to be of particular interest.

A great body of experimental data was recently obtained on subbarrier fusion cross
sections, however, in all these investigations fusion-fission and fusion-evaporation cross
sections have been obtained within a wide high-energy range, while in the subbarrier region
there are only several points, where the energy is below the barrier by 1-8 MeV. In
addition, some works have been published recently, in which the cross section of the
evaporation reactions differs by one order of magnitude, see [6] and references in it. Our
interest in the study of such deep subbarrier interaction is connected not only with a
possibility of investigating the fusion cross section and discussing the mechanism of
subbarrier reaction enhancement in the case of the spherical nuclei interaction, but also with
a possibility of investigating the structural effects in different fission modes of compound
nuclei produced in reactions with heavy ions. Earlier this type of investigations has been
carried out only using reactions with light charged particles [7]. And finally, the study of
deep subbarrier reactions using Pb and Bi nuclei is of special interest, since on the one hand
they make a basis for the synthesis of superheavy elements in cold fusion reactions, and on
the other hand, are daughter nuclei in the case of cluster decay of nuclei from Ra to U. The
employed methods allow one to investigate deep subbarrier reactions with the cross section
level of up to 10'36, which opens up new perspectives for analysis of the possibility of new
elements synthesis as well as for the study of inverse reactions of cluster decay.

Experimental Procedure and Results

Beams of %0 obtained at the tandem accelerator (NFIN, Catania, Italy) were focused
onto a 2%pp target located in the center of a scattering chamber. A target of 270 ug/cm2 of

208py, (99.1 % enrichment) was evaporated onto a ~ 30 ug/cm2 carbon backing. The target
was oriented with a carbon side facing the beam. The energies and fluences of the
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accelerated %0 beams, used for this experiment, the loss energy interval for passing
through the target of 160 beam, the obtained cross sections and the angular anisotropy of
the fission fragments of 22é4p* compound nuclei are presented in Table 1.

Table 1. Experimental conditions and results

Energy, Loss energy interval Fluence of '°0, Cross-section of | Fission fragments
MeV of 10 for target, MeV ions/cm? 22Th fission, mb anisotropy
78 718 -71.0 1.4.10M 43+0.1 1.20+0.10
75 74.8 - 74.2 1.35-10'3 (6.2+0.1)-1072 1.26 £0.15
73 728 - 724 4.1-10° (2.3+0.1)1073 1.23+£0.15
68 67.8 - 672 561015 3 £2)10° —

Single fission fragments were detected in the backward angular ranges of 90° — 164° and

198° —
method were discussed earlier in work [8].
The background of the fissile element
contamination in the target, backing and mica
detectors was less than 1 event for the whole
detector area.

The experimental values of the angular
anisotropy of fission fragments presented in
Table 1 were derived by extrapolation of the
experimental angular distributions W(©) (see
Fig. 1) to the angles ®=90° and © = 180°,
using an ordinary expression W(©)=
=a+bcos’ ©. The error of the value of the
angular anisotropy is no more than 10%, the
statistical and fitting error included. The
experimental fission fragment anisotropies are
shown in Fig.2, as a function of E_ . The
solid marks present our experimental data the
open marks are from previous works [5, 9-
11]. One can see that in the investigated
energy range in our experiment there is a
plateu characterized by the relation

W(180°)/W(90°)=1.2 in the  angular

anisotropy.

WIB)/W(90°)

1.8

270° by using mica dielectric detectors with an area of 170 cm?. The details of this
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Fig.1. The experimental fission fragment angular
distributions as a function of the center-of-mass
scattering angle. The error bars on the data
points indicate statistical uncertainties
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Analysis
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The estimation of the fission
and evaporation cross section
necessarily involves both the
details of the compound nucleus
formation process and relative
competition between fission and
other modes in the 2**Th
compound nucleus decay process.

The  fusion/fission  cross
sections and production cross
sections of the final nuclei in
evaporation channels in works
[8,12] were analysed in detail.
Therefore, this work only makes
an outline of the basic results
provided by these investigations,
whereas the main attention is paid
to the angular distributions of
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Fig.2. The experimental (present work) anisotropy of fission
fragments (solid points) as a function of E. ... The open
points are results of previous measurements (0 — Morton et
al. [5]; O — Vulgaris et al. [9]; A — Back et al. {10); x —
Marakami et al. [11])

fission fragments.

A. Cross Sections.
Calculations of the fusion cross
sections were tested: a) within the
Wong approximation; b) within

the standard approximation of an
inverted parabola with the nuclear
potential in the form of Igo; c) by
the introduction of the vibrational zero-point motion of the surface; d) by the method of
coupled channels using a standard software package CCFUS. Figure 3 presents our
experimental fission cross sections, data from different works unified in Ref.5 and results
of calculations with the use of the coupled-channels approach. It is evident that at an ion

energy of %0 <80 MeV the subbarrier fusion cross sections, calculated using the Wong
approximation or using the CCFUS software package disregarding the channel coupling, are
going down much sharper and at an energy of E, ,=72.5 MeV are by nearly an order of
magnitude lower than the experimental value of the fusion cross section, whereas taking

into account of the channel coupling or zero-point vibrations leads to the increase in the
cross section.

To analyse the fission and evaporation cross sections, we used a statistical model of the
deexcitation process of compound nuclei which, for the sake of universality, uses the
minimum number of physical assumptions and parameters [13]. It is shown that the
evaporation reaction cross sections are well described within the statistical model
framework taking into account shell effects according to Ignatyuk and it is also shown that
such calculations, making use of only one set of model parameters, namely, the scaling
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factor to the liquid-drop barrier df
Cohen, Plasil and Swiatecki
C =0.65+0.7 and the ratio of the level
. A A
density parameters a f/ a =10,

correctly describe the cross sections of
evaporation reactions in a wide range
of compound nuclei up to superheavy
elements and Cc=0.7;
Bj(l=0)=5.9 MeV, respecively. Fig-

ure 3 presents the comparison of the

experimental data of the O O,

=0+ prn +0,,n and o, * cf Cross

sections with the results of cal-
culations. The energy scale is
presented as a difference between the
excitation energy and the Bass-barrier

excitation energy E * —E * (Bass). One
can see from Fig.4 that in spite of a
wide range of cross section variations,
the calculations reproduce well enough
both the relative and absolute values of
the cross sections. In the interval of
excitation energies of 20-30 MeV, the
contributions of the two fission
chances to the total cross section are
approximately equal, which has to be
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Fig.3. The experimental fission cross section and results
of calculations in coupled channel approach

taken into account in the analysis of different characteristics of the fission process. Note

that our experimental values of the evaporation cross sections differ by an order of

magnitude from the data obtained in [5], but agree with the results of earlier work [9].

B. Angular Distrbutions. The angular distributions of fission fragments were found by

calculating the relative probability of the fragments emitted at a specified angle as a

function of the angular momentum of the nucleus, with the use of the statistical transition

state model (TSM). With consideration for the possibility of nucleons and light particles

being evaporated, which precedes the fission, the angular distributions of fission fragments

may be written as
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10" F .. P 3 which decreases by 1 or 4 depending on what
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As is seen the angular distribution of fission fragments is characterized by the value
1% sin® ©/4K 2, where K% =J g % T/hz‘ In terms of the transition state model the effective

moment of inertia depends on the value of the angular momentum of a nucleus, and is
defined by the saddle configuration of the nucleus: 1/J .= 1/]|| -1/J, where J” and

J are the moments of inertia at the saddle point relative to the parallel and perpendicular

symmetry axes of the fissioning nucleus, respectively. Thus, to calculate the angular
anisotropy, it is necessary to know: the distribution of the angular momentum, temperature
T at the saddle point (for taking account of the chances of the fission) and the effective
moment at the saddle point as a function of the fissionability and angular momentum. Most
fully all the necessary corrections to J . are given in [10]. The production and decay of the

compound 22%Th nucleus is considered near the interaction barrier, which is characterized

by (I12)<500, all the corrections (spin-dependent saddle point shapes, post-scission
reorientation, etc.) are of no more than 10%. Table 2 presents the experimental data and
calculated values of ) W(180°)/W(90°) for the first chance of the fission and for the

emission fission.
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Table 2. Experimental data and calculated values of O, W(180°)/W(90°) for the first chance
of the fission and for the emission fission

* * ex 180° cal. cal. 180° 180°
ﬁc'v E. % Wexp.! Sy | Sy | Wo /| Wi / J;Ph/
MeV 90° o0° %0°
mb Wexp. mb mb W W ot eff

72.6 208 |(2.3+0.1)1073| 1.23£0.15 | 141073 | 29-1073 | 1.21 1.23 0.85
74.6 227 [(6.2+0.1)107%| 1.1620.15 | 151072 | 5.1.1072 1.2 1.24 0.85

77.6 255 43101 1.2+0.1 0.8 25 1.23 1.31 0.85

As is seen, the angular anisotropies are well described at JO /Jeff=0.85i0.05, and,
when brought to the zero angular momentum, the relation J,,/J_ ¢ varies only slightly and

is equal to 0.9 £ 0.05, which is in reasonably good agreement with the calculations within
the framework of the Sirk’s model (Rotating Finite-Range Model). The value of the

effective moment of inertia J . is equal to 5100 fm? at ro=1.17 fm.

Conclusion

There have been measured fission cross sections of 2>*Th compound nuclei in reaction

180 + 208pp deep in the subbarrier energy region. In the range of excitation energies of
20-30 MeV the contributions of the two fission chances to the total cross section are
approximately equal, which has to be taken into account in the analysis of angular
distribution and other characteristics of the fission process. Comparison of the calculated
angular anisotropy with the experimental values shows no evidence for anomalously large
fission fragment anisotropies at beam energies deep in the subbarrier region. Thus, standard
models of fusion and fission are able to describe experimental data, and the results of the
TSM model calculations are in agreement with the experimental anisotropies.
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