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Three fission modes of220Ra
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Mass-energy distributions of the220Ra fission fragments produced in the12C1208Pb reaction at projectile
energies higher and deep below the Coulomb barrier have been measured using a two-arm time-of-flight
spectrometer CORSET. It has been shown that an asymmetric component appears at the sides of the prevailing
symmetric fission with a cooling of the compound nucleus. The component consists of two standard modes
with average masses of.132 and.139. A three-component structure has also been observed in the total
kinetic energy distributions in the range of asymmetric fission fragment masses.@S0556-2813~99!50909-6#

PACS number~s!: 21.10.2k, 25.85.2w, 27.90.1b
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It is well known from numerous experimental studies th
actinides with masses of up toA'256 mainly undergo
asymmetric fission, i.e., there are two-humped mass-en
distributions ~MED! of fission fragments with a minima
yield for fission into two equal parts@1,2#. In contrast, nuclei
in the Pb region mainly undergo symmetric fission but
asymmetric component is also present and its contribu
does not exceed 0.5%. It decreases with a decrease inA of a
fissile nucleus@3#. The fission by the two modes simulta
neously is typical for the region of225Ra–228Ac at medium
excitation energies, with a predominance of the asymme
fission mode in the case of energies near the barrier@4#. As
for the fission modes, the domain of nuclei withA
5214–224, which conventionally can be called interme
ate, has been practically unstudied until recent. Only in R
@5# an attempt was made to investigate the MED in the
actions7Li1209Bi and 12C1208Pb at medium excitation en
ergies. However, no evidence concerning the asymmetric
sion was obtained, though in the energy distributio
namely, in the total kinetic energy distributions and its d
persion some irregularities were observed connected wi
possible manifestation of the asymmetric mode.

Several years ago, experiments on the investigation
different fission properties for the intermediate region of n
clei were carried out first in Dubna, then continued in Ca
nia, Grenoble, and Strasbourg. The MED of fission fra
ments of the compound219Ac and 220,224,226Th nuclei formed
in reactions with16,18O ions were studied at energies ne
and below the Coulomb barrier@6–9#. The multiplicities of
pre- and post-neutrons and gamma quanta from the fis
fragments produced in the fission of226Th @10,11# were also
studied.

Approximately at the same time, at GSI~Darmstadt! ex-
periments started aiming at the study of fission fragm
charge distributions of secondary radioactive beams of nu
from 214Ra to 234U occurring via the giant dipole resonanc
as a result of electromagnetic interaction between the
beam and lead target nuclei.

The experiments@6–14# showed that it is in this region o
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nuclei that a transition from the predominantly symmetric
predominantly asymmetric fission takes place with an
crease inA of the fissile nucleus at low excitation energie

For the intermediate region of nuclei, theoretical calcu
tions of the potential energy surface using a method of s
corrections as a function of the mass-asymmetric defor
tion were made in Refs.@8,9,15–17#. The calculations of
@8,9,17# showed that, first of all, for the isotopes2202232Th,
there are symmetric and asymmetric valleys that are cle
divided by the high potential hump. The last-mentioned v
ley consists in its turn of two components, although the b
rier between them is not so distinct. Second, the sad
points for the symmetric and asymmetric fission, determ
ing the population of the valleys, are different in height
well as in deformation. Third, with increasing the Th nucle
masses from 220 to 232, the sign of the difference in
saddle point heights changes. For light isotopes it isEf

a

2Ef
s.0, whereas for heavy ions the picture is the rever

which agrees with the experimental results from@6–14#.
The present study continues a series of our studies

voted to the investigation of the fission process in the int
mediate region of nuclei, and here we present some exp
mental results on the MED of the220Ra fission fragments
formed in the reaction12C1208Pb at 12C projectile energies
of near and below the Coulomb barrier.

The experiment was carried out at a tandem accelerato
the INFN, Catania~Italy! at the 12C ion beam energies
Elab557, 59, 62, 65, 73, and 90 MeV. The velocities a
coordinates of pair fission fragments were measured usin
method of kinematic coincidence and with the use of
two-arm time-of-flight position-sensitive spectrometer CO
SET @18#, whose arms accepted a solid angle of 360 m
The two arms were positioned at the anglesQ1564° and
Q25102° of the laboratory coordinate system. The ma
resolution of the spectrometer was 3–4 u. and the posi
resolution was60.1°. The characteristics of the spectrom
eter, the method of measurement and results of data pro
sion are presented in more detail in@18,19#. The target was a
©1999 The American Physical Society04-1
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208Pb layer, 220mg/cm2 in thickness, delivered to a carbo
backing, 50mg/cm2 in thickness.

It was established that for the12C ion energy Elab
557 MeV the fission cross section decreased by;105

times compared with the case of the ion energyElab
590 MeV. Due to this fact, for the energy of 90 MeV,
3105 fission pair events were registered, whereas for
energies of 59 and 57 MeV—23104 and 1.53103 events
were registered, correspondingly.

Figure 1 shows the fission fragment mass yieldsY, nor-
malized to 200%, as well as dependences of the fission f
ment total kinetic energy TKE and its dispersionsTKE

2 on the
fission fragment masses for three projectile energies:Elab
557, 59 and 90 MeV, which correspond to the initial ex
tation energies of the 220Ra compound nucleusE*
521.9, 23.8, and 53.1 MeV~without taking into account the
emission of prescission neutronsnpre). The fission barrier for
this nucleus isEf512.5 MeV @20#, then the excitation en
ergies above the barrier will beEsp* 59.4, 11.3, and 40.6
MeV, respectively.

It is seen from Fig. 1 that in the fission fragment ma
distributions for the two lowest energies at the sides of
prevailing symmetric fission, which was approximated
the Gaussian function in the region of masses from 110
125 and the complementary masses, the asymmetric com
nent ~fission mode! is distinctly seen in the form of ‘‘shoul-
ders.’’ In the TKE distributions and in the dispersionsTKE

2

for the fission fragment range of massesM.125, an increase
in their values is also observed, which is characteristic of
asymmetric fission mode. For the energyElab590 MeV, the
fission fragment MEDs are close by their properties to
predictions of the liquid drop model~LDM ! @21,22#, i.e., to
their high temperature limit, whenY(M ) is the Gaussian
function and TKE(M ) is a parabola. However, in the depe
dencesTKE

2 (M ), the characteristics sensitive to the presen
of different fission modes, there is a peak corresponding
the fission fragment mass 135, which, no doubt, testifies
presence of the asymmetric mode for that energy also.
presence of the asymmetric mode can only be explained

FIG. 1. From top to bottom: fission fragment mass yield
TKE(M ), andsTKE

2 (M ) distributions for the three indicated ene
giesElab. The symmetric component of the mass yields is shown
the solid curve. In the TKE(M ) and sTKE

2 (M ) distributions the
solid curves are drawn along the experimental points.
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the fact that real excitation of the fissile nucleus is much l
than the initial one due to the emission of a certain num
of prescission particles. Unfortunately, a ‘‘chance’’ structu
of the fission probability is not yet known for that nucleu
and there are no direct experimental data concerning
prescission neutron multiplicities. However, in accordan
with the systematicŝnpre& @23,24#, 220Ra nuclei before the
scission point must emit on the average 2.0 neutrons^npre& at
the initial excitation energyE* 553.1 MeV; 0.3 neutrons
^npre& at E* 523.8 MeV; and 0.2 neutronŝnpre& at E*
521.9 MeV. The average effective excitation energy af
the emission̂ npre& can be found proceeding from the corr
lation: Eeff* 5E* 2^npre&^Epre&, where ^Epre&5^Bn&1^En&,
^Bn& is the average neutron binding energy for the chain
fissile nuclei, and̂ En&52Tn is the average kinetic energ
carried away by the neutrons and calculated for the nuc
chain,Tn5AE* /a is the temperature of nuclei for which th
averagingBn is done,a50.093A is the parameter of leve
densities@25#. Thus atElab590 MeV, it is not the 220Ra
nucleus that undergoes fission but the218Ra nucleus with an
effective excitation energy of the ground stateEeff*
'35 MeV, assuming that all the neutrons^npre& have been
emitted before the saddle point. For the lowest energie
Elab557 and 59 MeV, it is necessary to use not the avera
value ^Bn& but the Bn value of the first neutron, which is
quite large for this nucleus and is equal to 7.2 MeV. In th
case, the emission of a single neutron with the average
ergy of 2Tn will lead the nucleus to excitation energiesEeff* ,
which are close to the threshold energies, and the fiss
probability may fall down sharply. That is why for thes
energies in fact only the first fission ‘‘chance’’ will be rea
ized, i.e., the initial nucleus220Ra will undergo fission, and
the MED of the fission fragments will not be distorted by t
‘‘chances.’’

Figure 2 shows the yield of the extracted asymme
componentYa for the two lower excitation energies, ob

,

y

FIG. 2. The extracted asymmetric componentYa for two lower
energiesElab and its description by a sum of two Gaussians.
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tained as a result of the difference between the experime
yield Yexp and the Gaussian yieldYG , shown in Fig. 1:Ya
5Yexp2YG . It is clearly seen thatYa has the complex struc
ture and consists of two asymmetric modes. Such structu
similar to the observed one in the fission of pre-actinide
clei @3# and 2202226Th nuclei @6–9#. That is why we de-
scribed the distributionYa(M ) as a sum of two Gaussian
using a method of the root mean square:Ya5Ya01Ya1, and
did not impose any conditions on the description paramet
The average masses of the components turned out t
^Ma1&.132 and^Ma0&.139. In the terminology of Brosa
et al. @26#, these are the fission modes called standard-I
standard-II, correspondingly. Note that the shape of the
sioning nucleus, corresponding to the fission modea1, is a
very compact one, since the fission fragment^M &5132 (Z
550 and N582) and the light fission fragment̂M &
588 (Z538 andN550) are spherical. As will be show
below, it leads to a sharp increase in the TKE for this mo

Thus, the common properties for the mass distributions
the 220Ra fission fragments and other more light as well
more heavy nuclei have been established unambiguousl

Figure 3~a! presents the dependence of the ratio betw
the probabilities of the symmetric and asymmetric fiss
modesYs /Ya as a function of the mass numberACN , for
the nuclei from 204Pb to 234U at Esp* 59 –10 MeV @3#.
The results for220Ra of the present study are also show
in the figure. They fit well into the unified dependenc
Figure 3~b! shows the experimentally found differences b
tween the asymmetric and symmetric barriersEf

a2Ef
s for

210Po, 213At, nuclei in the region of heavy isotope
226Ra–228Ac from work @3#, and 233Pa–237Np from @27#.
Thus in Figs. 3~a! and 3~b! we can observe a clear correlatio
between the ratioYs /Ya and the difference of the barrie
height values and we expect that for220Ra Ef

a.Ef
s and the

difference will be 0.6–1.3 MeV, which is indicated in Fig
3~b!.

FIG. 3. ~a! The dependence of the yield probability ratioYs /Ya

for the nuclei from204Pb to 234U on massACN of the fissile nucleus
at excitation energies above the fission barrierEsp* 59 –10 MeV.
Open circles represent the data from work@3#, the filled circle rep-
resent results of the present study;~b! experimental difference o
the symmetric and asymmetric barriersEf

a2Ef
s for 210Po and213At,

heavy isotopes of Ra and Ac@3#, and Pa and Np@27#.
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Figure 4 presents the TKE distributions at the excitat
energyE* 523.8 MeV for different ranges of fission frag
ment masses: near the symmetric peak, where there i
contribution fromYa , and for the range of masses from 12
to 135, where all three components are present. It is s
quite clearly that in the last-mentioned case the structure
the TKE distribution is complex, and both asymmetric co
ponents are seen in the form of ‘‘shoulders’’ at the right sid
This distribution can be very well described by a sum
three Gaussians; the area below each peak is precisely e
to the yield of a corresponding component for this ma
range as seen from Fig. 1 and Fig. 2. The modes can
identified with the TKE: for the symmetric mode it i
^TKEs&.157 MeV, for the asymmetric one—̂TKEa0&
.168 MeV, and for the other asymmetric mode—
^TKEa1&.178 MeV. Summing up, one can state with ce
tainty that the three fission modes were experimentally
served in the fission of220Ra. They are distinctly traced in
the mass and energy distributions of fission fragments. T
properties agree well with the earlier known behavior reg
larities of the fission modes.

This work was supported by the Russian Foundation
Basic Research under Grant No. 99-02-17981 and by INT
under Grant No. 11929.

FIG. 4. Distributions of the total kinetic energyN(TKE) at
Elab559 MeV (E* 523.8 MeV) for the indicated fission frag
ment mass ranges and their description by one or three Gauss
on condition that the areas under each peak are equal to the su
yields of each component from Fig. 1 and Fig. 2 for the sa
fission fragment mass range.
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