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Experimental verification of two deformation paths in the mass division
process of actinides
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Abstract

Double TOF measurements were performed to obtain accurate kinetic energies of fission fragments produced in the proton-induced
244 238 232fission of Pu, U and Th. The presence of two families of the distances between the two complementary fragments at scission,

D and D , is confirmed and their systematic variation from the pre-actinide to the medium actinide region is examined.Variations ofsym asym

the mean total kinetic energies of symmetric and asymmetric mass division products are also studied for a wide range of fissioning
nuclides.  1998 Elsevier Science S.A.
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1. Introduction kinds of total kinetic energies for the same mass division
was demonstrated even for the low-energy fission of light

In the actinide region, nuclear mass division phenomena actinides, and their correlation with mass division and
are most complicated and it is generally known that they threshold energies has been clarified [10–12]. Such corre-
give a double-humped mass yield distribution which lation studies have revealed the presence of at least two
cannot be interpreted by the liquid drop behavior of the independent deformation paths in the fission of light
nucleus. In the beginning of the 1950s, Turkevich and actinide nuclei. One path is characterized by the lower
Niday [1] firstly discussed the symmetric and asymmetric threshold energy and a compact scission configuration
fission modes, so called ‘two-mode’ fission, when studying resulting in asymmetric mass division. The other one is

232neutron-induced fission of Th. After that, the co-exist- associated with a higher threshold energy and an elongated
ence of clearly different distributions of symmetric and scission shape that finally leads to symmetric mass divi-
asymmetric mass division products was observed in the sion.

226proton-induced fission of Ra [2]. Lately, the gross In this work, further studies are carried out to elucidate
features of symmetric and asymmetric fission phenomena how the properties of those two deformation paths vary as
have been extensively investigated and reviewed by many functions of Z and A of the fissioning nuclide. Some new
investigators [3–8]. Recently, with the development of the experimental results of the low energy proton-induced

232 238 244synthesis of heavy elements, the study of the heavy fission of Th, U and Pu will be presented and
actinide fission became possible, and the presence of discussed together with the literature data from the proton-

209bimodal phenomena, namely, two kinds of total kinetic induced fission of Bi to the spontaneous fission of
260energies (TKE) for the same mass division, was also found Md. The discussion will be especially concentrated on

[9]. Furthermore, from the studies of low-energy proton- the elongation of two adjacent nuclei at scission. In order
232 238induced fission of Th and U, the existence of two to avoid the ambiguity resulting from neutron emission

from the primary fission products on the measured frag-
ment mass and kinetic energies, double velocity measure-

*Corresponding author. E-mail: zhao-yuliang@c.metro-u.ac.jp ments by time-of-flight (TOF) telescopes are used. The
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TKE and the mass yield distribution for each mass split are
obtained.

2. Experimental

232 238 2The Th and U targets (about 50 mg/cm thickness
2on 30 mg/cm carbon foils) were prepared by vacuum

244 2evaporation, while the Pu target (60 mg/cm thickness)
was made by electrodeposition onto a 0.1 mm Ni-Cu
backing foil. After electroplating, the supporting layer of
copper was removed using a CCl COOH1NH OH etch-3 4

ing solution. The proton beams with energies from 10 to
16 MeV were provided by the tandem accelerator at JAERI
(Japan Atomic Energy Research Institute). Velocities of
complementary fission fragments were measured in co-
incidence using the double-velocity TOF telescope. The
start and stop detectors of TOF1 were both composed of a
carbon foil and a microchannel plate (MCP) detector. In
TOF2, the start and stop signals were delivered by an MCP
and a two-dimensional position sensitive parallel plate
avalanche counter (PPAC), respectively. The flight dis-
tance of each telescope TOF1 and TOF2 was 50 and 55
cm, respectively. Velocity calibration was carried out by
the measurement of elastically scattered and recoil ions

127 nat natfrom a 240 MeV I beam impinging on Ag, In, and
209Bi targets. From the measured velocities of complemen-
tary fragments, primary fragment masses and their TKE
were determined. The system resolution for mass and
energy was determined to be about 2 u and 2.5 MeV,
respectively.

3. Results and discussion

As an example of the measured data, the TKE-dis-
tributions for fragment mass numbers from A5126 to 132

232in the 15 MeV proton-induced fission of Th is given in
Fig. 1. The measured data are indicated by solid circles.

Fig. 1. The TKE-distributions for the fragment masses A5126 to 132The observed fragment TKE are considered to be the sum 232observed in the 15 MeV proton-induced fission of Th. The data are
of the Coulomb interaction energy between two com- shown by solid points. They are decomposed into the low TKE (long-
plementary fragments at scission, the nuclear attractive dashed lines) and the high TKE (short-dashed lines) distributions as
force still present between the nascent fragments and the described in the text.

prescission kinetic energy arising from the motion from
saddle to scission. But the measurable post-scission TKE is
approximately equal to the Coulomb repulsion energy, i.e. are taken from M. Tanikawa et al. (personal communica-

2TKE5Z Z e /D, since the energies from the nuclear force tion) and [2], respectively. D values evaluated from the1 2

and the prescission process nearly cancel [13]. Therefore, mean TKE for each mass division are plotted by solid
D, the distance of charge centers between a pair of circles as a function of the heavier fragment mass. From
complementary fragments at the end of the nuclear de- the D-distributions in Fig. 2b–e, it is easy to see that the
formation process can be estimated from the TKE value nuclear elongation at scission can be grouped into three
measured. In Fig. 2a–e, the results of D as a function of categories. The first group with a larger D (hereafter
fragment mass number for the proton-induced fission of referred to as D ) appears in the region of fragmentsym
209 226 232 238 244Bi (a), Ra (b), Th (c), U (d) and Pu (e) are masses less than A5124; the second one has a smaller D
shown, where the UCD approximation is used for estimat- (hereafter referred to as D ) in the fragment mass regionasym

209 226ing Z and Z . The data for the p1 Bi and Ra fissions beyond A5134, and the third group falls in the inter-1 2
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admixed region were therefore obtained from these extend-
ed lines. They are displayed in Fig. 2c–e by open circles
for D and by open triangles for D . From D andasym sym sym

]]
D , the corresponding mean values of TKE andasym sym
]]
TKE for each fragment mass number in intermediateasym

region can be estimated, and they can be in turn used for
the decomposition of the observed TKE distributions.
Results of such a two-Gaussian analysis of the TKE-
distributions for the fragment mass A5126 to 132 are
shown in Fig. 1. The long-dashed lines are for the TKE -sym

and the short-dashed lines for the TKE -distribution,asym

respectively. The solid lines are the sum of the TKE -sym

and TKE -distributions which are generally in goodasym

agreement with the measured overall TKE results shown
by the solid dots, which supports the validity of the linear
extension of the D and D lines described above. Thesym asym

general tendency of the D distributions in Fig. 2 can be
summarized as follows. (1) As mentioned above, the D
distributions can be divided into three sections except for

209p1 Bi, namely, D for symmetric fission products for
A#124, D , and D for asymmetric fission products forsym

A$134, D , with an intermediate D in the mass regionasym m

of 124,A,134. (2) D is rather independent of frag-sym

ment mass A while D becomes larger with A. (Forasym
226Ra, data for larger A are missing and a statement on the
latter trend is not possible.) (3) The gap between the lines
connecting the values of D and D becomes smallersym asym

as the fissioning nuclide becomes heavier.
In Fig. 3, the mean TKE of the total fission, of

2 1 / 3symmetric and of asymmetric mass division vs. Z /A
are displayed together with the systematics of Viola et al.

Fig. 2. Distributions of the distance between the charge centers of the
209complementary fragments in the proton-induced fission of (a) Bi, (b)

226 232 238 244Ra, (c) Th, (d) U and (e) Pu, as a function of the heavy
fragment mass number. The upper and the lower lines in each figure
indicate the D-distribution for the symmetric and for the asymmetric mass
division modes, respectively. See text for details.

mediate mass region with D values (hereafter referred to as
D ) smoothly varying from D to D . The D valuesm sym asym m

2 1 / 3Fig. 3. The dependence on Z /A (from the preactinide to the heavyare an admixture arising from the other two groups as
actinide region) of the mean values of TKE released in fission, in thepointed out in ref. [11], and are decomposed as follows. In
symmetric and asymmetric mass division modes. The solid triangles and

Fig. 2, two lines are drawn respectively for the D andsym their corresponding symmetric and asymmetric values are the present
D groups, and both lines are extended to the admixed results. The dashed line shows the systematic relation proposed by Violaasym

mass region. The components of D and D in this et al. See text for details.sym asym
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[14] indicated by the dashed line. The data are the fissioning nucleus becomes heavier, thus allowing for the
]] ]] ]]

measured TKE from the fission of pre-actinides (Bi and possibility of TKE to become larger than TKE insym asym

Ra), actinides (Th, U, Pu), through the spontaneous fission the heavy actinide region as actually reported for the
252 260 260 258of heavy actinides, Cf [15] and Md [9]. The mean spontaneous fission of Md and Fm.

TKE of the fission are indicated by the open triangles, and
in the case of our own data by the solid triangles. The solid

]]
squares and solid circles are the separate TKE of the Acknowledgements
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]]
while the TKE remain above the dashed line. How-asym
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