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GAMMA-RAY MULTIPLICITIES IN SUB-BARRIER FISSION
OF 2261

G.G.Chubarian'?, B.J.Hurst', D.J.O’Kelly', R.P.Schmitt', M.G.Itkis’,
N.A.Kondratiev’, E.M.Kozulin®, Yu.Ts.Oganessian’, 1.V.Pokrovsky’,
V.S.Salamatin®, V.V.Pashkevich®, A.Ya.Rusanov®, L.Calabretta®, C.Maiolino®,
K.Lukashin®, C.Agodi®, G.Bellia®, F.Hanappe®, E.Liatard’, A.Huck® L.Stuttgé®

The yrays from the multimodal fission of the 2Th formed in ‘%0 + 2*3Pb was investigated
at the sub-barrier energies. The corresponding excitation energies at the saddle point, E :p,

ranged from 16.4 to 19.2 MeV. The average y-ray multiplicities and relative y-ray energies as
a function of the mass of the fission fragments exhibit a complex structure and strong
variations. Such strong variations have never been previously observed in heavy ion-induced
fusion-fission reactions. Obtained results may be explained with the influence of shell effects
on the properties of the fission fragments. Present work is the one in series of investigations
of the multimodal fission phenomena in At-Th region.

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

I'amma-MHOKeCTBEeHHOCTh NIPH NOAGAPBLEPHOM Je/IEHHH 2261

I'.I'Yy6apan u op.

[TpeacTarneHb pe3y/nbTaThl M3MEPEHHI MHOXECTBEHHOCTH Y-KBAHTOB W3 OCKONKOB IIpH
22 e
MY/ITHMORATRHOM fenennu ~°Th, 06pa3oBaHHOTO B NOX6apLEPHOIl PeaK My CTHAHHS-IeJeHHS

2 .
130 4 208py, Dueprus Bo30YXKIAeHNS COCTABHOTO Apa B CEATOBOH Touke, E : v COCTABIANA 16,4

1 19,2 M3B. MNonyueHHbie cpeHHE Y-MHOXECTBEHHOCTH H OTHOCHTENBHAS CPEfHAS HEPIUs
Y-KBAHTOB B 3aBUCHMOCTH OT MACChl OCKONKOB AACHHS HMEIOT CJIOXKHYIO CTPYKTYPY H H3MEHd-
I0TCS B HIMPOKOM Ananasone. CTosib CHiIbHAS BapHallHd MHOXECTBEHHOCTH Y-KBAHTOB Haliio-
JeHa BMEpBblE B PEAKUMAX CIHAHMA-AETIEHHA ¢ TSXeIbMH HoHaMit. [lonyueHHsie pe3ynbTaThl
MOTYT ObITh OOBACHEHBI BAHAHHEM 0001049euHbIX 3(hheKTOB Ha XaPAKTEPUCTHKH OCKOIKOB fAe-
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ntenns. lannast paGoTa MPOOAXAET UMK HCCIENOBAHMI MYIbTHMOLAIBHOTO [E/IEHHS B Nepe-
xonHo#i obnactu sapep At-Th,
PaBota srmonnena s Jlaboparopum sgepusx peakuuit um. I.H.®neposa OUSH.

Introduction

It is well known that dramatic changes occur in the mass and energy distributions of
certain spontaneously fissioning Fermium isotopes and some other transuranic elements
[1,2]. For the isotopes 25825%m and 2“(’OMd, fission produces narrow symmetric mass
distributions and fragments with relatively high kinetic energies. Only small changes in the
nucleonic composition radically alter this picture.

Dramatic changes in the symmetric/asymmetric character of the fission probabilities
can be accounted for by theories, which incorporate a micro-macroscopic approach
including the effects of nuclear shell structure on the formation of the fragments. Detailed
calculations of the nuclear potential energy surface indicate the possibility of a co-existence
of various (at least two) distinct fission modes [3]. Multimodal fission phenomena have also
been observed in the Pb-At region in proton and alpha induced reactions [4], as earlier
predicted {5].

Unfortunately, with light charged particles it is not possible to extend this work into
the largely unstudied At-Th region due to the absence of suitable targets. In this region
dramatic changes are expected to occur in the fission properties as a function of the
nucleonic composition and the excitation energy. The transition form symmetric to
asymmetric fission along with the accompanying changes in the barrier height and the
saddle-to-scission times can be expected to strongly influence the fission mass and energy
distributions, the fission cross sections, the fragment y-ray multiplicities as well as the pre-
and post- fission neutron multiplicities. '

A new strategy for probing the At-Th region was developed several years ago utilizing
heavy ion beams in near- and sub-barrier fusion-fission reactions [6]. Similar experiments
have been performed at GSI to investigate Coulomb fission reactions of secondary
radioactive beams [7].

The current paper focuses on the results of studies of the Y-ray multiplicities from the
fission fragments of the neutron deficient isotope 22°Th formed in reactions 78 and 75 MeV

180 +29%pp. The experiments were conducted on the tandem at LNS-INFN in Catania.

Results and Analysis

The main problem in studying low energy fission (20 < E * <30 MeV) in the above-
mentioned transition region using heavy ion beams is the very small fusion-fission cross
section near the Coulomb barrier. By choosing the appropriate target-projectile
combination, one can achieve the lowest possible excitation energy.

In our experiments fission fragments were detected using a high efficiency time-of-
flight spectrometer consisting of an array of position sensitive PPAC’s. The Y-ray
multiplicities were measured with six 63x63 mm Nal detectors. Detailed description of
experimental set-up and procedures are presented in [6].
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The characteristics of the reactions studied are summarized in the Table. This table lists

the beam energies, Ei’ the excitation energies, E *, the fission barriers, E,, the saddle point

excitation energies, E :p, the average y-ray multiplicities <MY ), and the standard deviation
of the y-ray multiplicities (5, ).

Figure 1 (a) shows rclati\yle average y-ray energies, (Ey) (top, solid circles), (My),
(middle, open circles) as a function of the mass of fragments for the reaction 208Pb(lgO,f)
at E;=78 MeV. The mass distribution of the fission fragments is presented in the bottom
of the Figure. The variation of the <MY » with fragment mass is dramatic. Near symmetry
(My) is about 12. As one deviates from symmetry, (My) stays approximately constant over

a small mass interval and then plunges almost precipitously. Around A =94 and 132, small
shoulders are observed and then (My) falls to a minimum value of about 8 around A = 86

and 142. At larger mass asymmetries, the multiplicity rises and then appears to fall.

Table. Parameters for the fission of 225Th

Reaction | £ MeV o, mb E" MeV E;MeV E_jp MeV (M) (GMy)
18y 4 208p, 78 8+04 26.1 6.9 192 | 9.81+0.03 | 478 £0.07
75 0.042+£0.007 | 233 164 | 956+0.60 | 526+ 1.35

Such a structure and strong variation in (My) have never been previously observed in
heavy-ion induced fission. The dependence of (Ey) on mass also exhibits a strong

variation. Near symmetry it has wide minimum and increases sharply while approaching the
range of asymmetry in mass distribution. Around masses mentioned above, (Ey> has well

pronounced local maximums. For the largest masses, approximately in the range where
(My) rises again, (Ey) appears to fall. The total variation of ( EY> is about 30%. It seems

likely that the marked structure in <MY> and (Ey) is due to strong shell effects in the cold

tission fragments, where predominantly rare, but high-energy y-ray transitions are possible.

It is interesting to compare the present results with liquid drop calculations [8]. The
dashed curve in Fig. 1(a) shows the results of such calculations assuming total fragment
spin /= 15h and ST=2(( My>—6) [9]. The calculations predict a maximum at symmetry,

however, the calculated values are larger than the experimental values. This is not
particularly surprising since the assumed orbital angular momentum is a rough estimate.
Furthermore, no corrections have been made for the spin removed by evaporated neutrons.
The calculations do not include the influence of shell effects, which should have a
significant impact on the fragments shape and the relevant temperatures.

As it was shown in [1,2,4,6], TKE may be a convenient tool for separation of distinct
fission modes. Figure 1(b-d) shows <M'Y> as a function of the fragment mass for three
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Fig.1. (My) and ( Ey) as a function of the fission fragment mass. See details in the text

selected ranges of TKE. Mass distributions for the same TKEs’ are also presented. For low
TKEs’, where the input of the asymmetric masses is small, <MY> reaches its highest values,

in the mean time the variation of { My) is the smallest. On the contrary, at the highest TKE
where the yield of asymmetric fission fragments is dominating, variation of the (My) is the

largest, but has the lowest absolute value.
Gamma-ray multiplicities as a function of the TKE for different ranges of mass are
shown in Fig.2(a-c). For all selected ranges (total, symmetric and asymmetric) (My)

exhibits the same behavior, but absolute values are different. (My) is approximately 30 %

higher for symmetric masses than for asymmetric part of the mass distribution, where the
influence of shell structure on the fission fragments is the strongest.
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Fig.2. (My') as a function of fission fragment total kinetic energy. See detals in the text

Summary

The properties of y rays from the fission fragments of the neutron deficient isotope of
Th have been investigated using near- and sub-barrier fusion-fission reactions. The data
gathered in this work provide a detailed view of the evolution of the (My) and <EY> with

226

the mass of the fission fragment.
Complex structure and strong variation of the (My) and <EY> as a function of mass

and TKE may be explained with the influence of shell structure of the fission fragments on
the yield and energy of the v rays.
For accurate fit of ( My> dependences one needs shell corrected theoretical calculations

of the shapes and temperatures of the fission fragments at the scission point.

Results of the present work are in good agreement and are supplementing the
conclusions made in [6].
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