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Fragment velocity, kinetic energy, mass yield, and element yield distributions in the fission of neutron-
deficient Pa isotopes produced in the reactions of16O and 18O on 209Bi have been measured at incident beam
energies near and above the Coulomb barriers by the time-of-flight and radiochemical methods. An asymmetric
mass-division component has been observed. Measured fission cross sections were compared with the results
of statistical model calculations which take into account two fission barrier heights for symmetric and asym-
metric yields. The fission barrier height deduced for the asymmetric fission is found slightly lower than that for
the symmetric one. The difference between the two barrier heights in the fission of the present protactinium
nuclides (N;135) is considerably smaller than that in the neutron-rich nuclide of233Pa (N;142), indicating
that the difference sensitively depends on the neutron number of the fissioning nuclide.
@S0556-2813~97!03708-4#
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I. INTRODUCTION

Symmetric and asymmetric mass-division phenomena
the most puzzling feature of nuclear fission and a large n
ber of data have been accumulated on mass yield distr
tions of fission fragments in relation to atomic number, m
number, and excitation energy of fissioning nuclides. G
eral features of mass division phenomena in nuclear fis
until 1971 could be summarized as the following:~1! Asym-
metric mass division is predominant in low energy fissio
spontaneous fission, and thermal-neutron induced fissio
actinide nuclides.~2! Mass yield curves of fission fragmen
induced by light particles (p, a, and so on! in the radium
region show three-humped shapes@1,2#, while those of par-
ticle induced fission of the nuclides lighter than radium sh
mainly single peaks@3#. ~3! Symmetric fragment yields in
crease more rapidly than asymmetric ones as the energ
incident particles is increased.

Such a picture has been further advanced by the re
studies for spontaneous fission of the heavy actinides
transactinides. Balagnaet al. @4# first reported the presenc
of symmetric mass division and a very high total kine
energy ~TKE! component in the spontaneous fission
257Fm. Since then, mass yield curves of spontaneous fis
of many heavy actinides have been investigated and
strong dependence of mass division phenomena on the n
ber of neutrons and protons of the fissioning nuclides
been unveiled@5#. Hulet et al. @6# observed two kinds of
scission configurations even for the same mass division
named such phenomena ‘‘bimodal fission.’’ Ohtsuki et al.
@7# also observed such bimodal phenomena even in the
560556-2813/97/56~2!/891~9!/$10.00
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sion of light actinides. Then, Nagameet al. @8# experimen-
tally verified from the measurement of the correlation of t
yield of each kinetic energy component with the excitati
energy of the compound nucleus that two independent fis
paths exist in the course of deformation from saddle to sc
ion: one path leading to symmetric mass division with elo
gated scission configuration and the other leading to as
metric mass division with more compact scissi
configuration.

The presence of such fission paths was first postulated
Turkevich and Niday as a hypothesis in 1951@9#, and many
investigators have tried to verify it experimentally@2,10–12#.
It is probable that such fission paths are critically influenc
by the shell structure of a nucleus in the course of deform
tion. Möller has pointed out that the barrier height of th
reflection asymmetric saddle is largely affected by the n
tron shell structure@13#.

From detailed studies of excitation functions of fissi
products, it is experimentally shown that the difference
barrier heights or threshold energies related to the asymm
ric and symmetric mass division modes is more strongly
fected by neutron number than proton number of fission
nuclides, and that the difference decreases with the num
of neutrons@14#. Strong influence of the neutron number
fissioning nuclides on mass division has been demonstr
in the spontaneous fission of heavy actinides@15#. However,
as a whole, only a limited number of experimental data
available on the dependence of barrier heights on the neu
number@15,16#. As expected, the deformation path in fissio
is most sensitively affected by the potential energy surf
and the effect of the neutron shell structure on fission
891 © 1997 The American Physical Society
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892 56I. NISHINAKA et al.
best be studied in spontaneous fission or in EC-delayed
sion for some special nuclides@17–19#. However, no infor-
mation can be obtained on the difference of the two fiss
barrier heights or on the difference in threshold energ
from the study of spontaneous fission and it is accomplis
only by use of low energy fission induced by light particle
Recently, Coulomb-excitation fission of neutron-deficie
isotopes has been investigated by use of the secondary r
active beam produced by projectile fragmentation of rela
istic 238U beams. However, in this new technique the ex
tation energy distribution of the Coulomb fission is qu
large @20# and besides, it is difficult to extract the fissio
phenomena due purely to the Coulomb fission.

The aim of the present work is to study the degree of
contribution of asymmetric mass division in the low ener
fission of neutron-deficient light actinides by observi
yields of fission products in detail. Such results will he
understand the influence of the nuclear structure of the
sioning nuclide on the mode of mass division in low ener
nuclear fission, and, consequently, the process of large
formation of a nucleus toward fission. Mass yield distrib
tions and kinetic energy distributions of fission fragments
measured by a time-of-flight~TOF! technique and elemen
yield distributions by a radiochemical method for the ligh
heavy-ion induced reactions of16O, 18O 1 209Bi, where the
compound nuclei225Pa(N5134) and 227Pa(N5136), re-
spectively, are produced. The produced compound nucle
located in the region of neutron-deficient light actinid
where the height of the symmetric second barrier is expe
to become comparable to that of the second barrier with
flection asymmetry according to Mo¨ller @13#. ~See the dotted
line in Fig. 1.!

FIG. 1. A portion of the chart of nuclides. Closed and op
circles show the nuclides for which the main mode of mass divis
in low energy fission is asymmetric and symmetric, respectiv
Diamonds indicate the nuclides for which triple-humped mass y
curves were clearly observed@2,3,15–19,21–41#. Triangles show
the compound nuclei studied in this work. The dotted line shows
region where the height of the reflection asymmetric barrier is
pected to become comparable to that of the symmetric barrier
cording to the calculation in Ref.@13#. The thick line shows the
region where the height of the reflection asymmetric barrier is
pected to become comparable to the sum of the ground-state en
and a constant value of 0.5 MeV for the zero-point energy at
ground state as calculated in Ref.@52#.
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II. EXPERIMENTS

A. Time-of-flight experiments

Beams of18O with energies of 83 and 85 MeV and16O
with 86 and 98 MeV were supplied from the JAERI tande
accelerator to bombard a209Bi target of about 40
mg/cm2 thickness evaporated onto a carbon backing foil~10
mg/cm2). A typical beam intensity was about 100 pnA. Fi
sion fragments were detected with a TOF telescope atQ lab
560o as shown in Fig. 2. Each start and sto
detector ~MCPD! @42,43# was composed of a carbon fo
~20 mg/cm2) and a couple of microchannel plates~MCP!.
Kinetic energies of fission fragments were measured b
300mg/cm2 thick silicon surface barrier detector~SSD!. The
flight path from the start detector to the stop detector w
103 cm and the solid angle (dV) of SSD was 0.3 msr.
Complementary fragments were detected, in coincide
with the stop signal of TOF, by a position sensitive paral
plate avalanche counter~PPAC! whose solid angle wasdV
5 80 msr. The PPAC located on the opposite side of
beam direction atQ lab 5 99o and at about 35 cm from the
target. Calibrations of the time for the TOF system and
energy for the SSD were performed by measuring the e
tically scattered16O and 18O ions from a 209Bi target, and
also the particles recoiling out from thin targets,natAg ~25
mg/cm2), natIn ~50 mg/cm2), natSb ~75 mg/cm2) by bom-
bardment of the 350 MeV127I beam. The pulse height defec
and plasma delay of the SSD were estimated by the me
proposed by Kaufmanet al. @44# and Neidelet al. @45#, re-
spectively. The energy and time resolutions~FWHM! for the
elastically scattered16O and 18O ions were 0.2 MeV and 0.5
ns, respectively. The obtained overall mass resolut
~FWHM! for the recoil product of natIn with 82 MeV
(115In 95.7%, 113In 4.3%! recoils was 2.8 u.

B. Radiochemical experiments

The 209Bi targets~each about 1 mg/cm2 thick! were pre-
pared by vacuum evaporation onto aluminium backing fo
~5.4 mg/cm2), and they were stacked into a target assem

n
.
d

e
-
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-
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FIG. 2. Schematic view of the TOF experimental setup. For
details of the detectors shown by acronym, see text.
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56 893NUCLEAR FISSION OF NEUTRON-DEFICIENT . . .
with aluminium catcher foils and aluminium energy degra
ers of appropriate thickness. Bombardments were carried
with energies of 107 and 115 MeV16O beams using the SF
cyclotron at the Institute for Nuclear Study, University
Tokyo ~INS! and with energies of 109 and 125 MeV18O
using the JAERI tandem accelerator. Average beam curr
were about 30–120 pnA. The irradiation duration was var
from 15 min to 2 h to ensure adequate radioactivities
fission products. The cross section of each product was
termined byg-ray spectrometry. The products of Sb, I, a
Cs were chemically separated from other fission produ
beforeg-ray measurements.

III. RESULTS AND DISCUSSION

A. Time-of-flight experiments

The number of fission coincidence events observed
4.03103, 2.83104, 5.03104, and 2.23104 for the 18O ~83,
85 MeV! 1 209Bi, 16O ~86, 98 MeV! 1 209Bi, respectively.
Figure 3 shows velocity (vc.m.) distributions in the center-of
mass system obtained from the TOF measurements wit
assumption of full momentum transfer followed by fissio
The velocity distributions observed for the reactions near
Coulomb barrier@Figs. 3~a!, ~c!, and~d!# clearly exhibit the
presence of some shoulder structure at around 0.04
vc.m./c units. No clear fine structure was present in the
netic energy (Ekc.m.) distributions~Fig. 4! in the center-of-
mass system observed by the SSD detector possibly du
smearing by the pulse height defect and neutron emis
from primary fragments.

Figure 5 shows mass (m) yield curves of secondary frag
ments ~post neutron emission! derived from the velocity
(v lab) and the kinetic energy (Eklab) in the laboratory system
using the relationshipm52Eklab/v lab

2 . As tabulated in Table
I, the observed mean mass number of secondary fragm
shows that the sum of average number of neutrons em
before and after fission is 5.6 and 7.2 in the 86 MeV and
MeV 16O induced reactions, and 6.6 and 6.4 in the 83 M
and 85 MeV 18O induced reactions, respectively. The se
ondary mass yield curves are nearly symmetric and can
fitted as a first approximation by a Gaussian function w
the standard deviation ofsA514.3–15.6 u, but the presenc
of some asymmetric components, especially in the m
yield curves of the18O 1 209Bi reaction, are clearly ob-
served at around the mass numbers 88 and 132.

Primary fragment mass (m* ) was obtained by correcting
for neutron emission from primary fragments as explained
the following. The total excitation energy available for a p
of primary fragments before neutron emission (Ef* ) is given
by the following equation:

Ef* 5ECN* 1Qgg2TKE, ~3.1!

whereECN* , Qgg , and TKE are the excitation energy of th
compound nucleus, the ground-stateQ value for producing
the pair, and the total kinetic energy of the pair fragmen
respectively. Here, no neutron emission prior to fission
assumed. For calculatingQgg for a certain mass division, th
atomic mass table@46,53# by assuming the UCD~unchanged
charge distribution! hypothesis for the most-probable charg
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If the total excitation energy (Ef* ) is shared between th
complementary fragments in proportion to their masses,
fragment excitation energy (E* ) is given by

E* 5Ef*
m*

mf
, ~3.2!

FIG. 3. Velocity distributions of fission fragments in the cente
of-mass system obtained for the16,18O 1 209Bi reactions:~a! 86
MeV 16O, ~b! 98 MeV 16O, ~c! 83 MeV 18O, and ~d! 85 MeV
18O.
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894 56I. NISHINAKA et al.
wheremf denotes the mass number of the fissioning nucli
Although the average mass of the fissioning nuclide was
known in the present reactions,mf was assumed to be equ
to the mass number of the compound nucleus since the
mated primary mass yield curves were not affected much
the assumed number of prefission neutrons unless mass
sion phenomena drastically changed as the fissioning nuc
was varied.E* is then dissipated through the emission
neutrons andg rays from primary fragments,

E* 5S i 51
n i
¯

~Bni1eni!1Eg , ~3.3!

wheren ī , Bni , eni , andEg indicate the number of neutron
emitted, separation energy and kinetic energy of thei th neu-
tron, and the energy released asg rays. The number of the
emitted neutrons is estimated from Eq.~3.3! by assuming
Bni 5 8 MeV, eni 5 2T, andEg 5 4 MeV. The temperature
of the fission fragmentT is given by

T5A8E* /m* . ~3.4!

Mass (m* ) and kinetic energy (Ek* ) of a primary frag-
ment are evaluated by

m* 5m1n ī , ~3.5!

Ek* 5
1

2
m* vc.m.

2 . ~3.6!

Here, it is assumed that neutrons are isotropically emi
from the primary fragment and do not alter the initial fra
ment velocity on average. The total kinetic energy of fra
ments before neutron emission is then evaluated by

TKE5Ek*
mf

mf2m*
. ~3.7!

The above calculations were reiterated for each observed
sion event until convergence of the primary mass was
tained.

The primary mass yield curves thus obtained are show
Fig. 6. They are approximately symmetric around half of

FIG. 4. Kinetic energy distributions of fission fragments in t
center-of-mass system for the 85 MeV18O 1 209Bi reaction.
.
n-

ti-
y

ivi-
de
f

d

-

s-
t-

in
e

compound mass number and can be well fitted by th
Gaussians. By setting the Gaussian parameters of the h
and width being equal for the light and heavy asymme
components, as they should be, asymmetric peaks cen
around the mass numbers of 90 and 137 were deduce
shown in the figures by short-dashed curves. The rela
yield of the asymmetric component is about 10% of the to
fission yield at the compound excitation energy of 32 Me
in both 16O and 18O reactions.

After correction for neutron emission, the overall avera
of TKE was obtained to be 162 MeV which was about
MeV smaller than that predicted by the systematics of Vi
et al. @47#.

FIG. 5. Mass yield distributions of secondary fission fragme
in the 16,18O 1 209Bi reactions: ~a! 86 MeV 16O, ~b! 98 MeV
16O, ~c! 83 MeV 18O, and~d! 85 MeV 18O.
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56 895NUCLEAR FISSION OF NEUTRON-DEFICIENT . . .
TABLE I. Average values and standard deviations of velocity (vc.m.) distributions, fragment kinetic
energy (Ekc.m.) distributions in the center-of-mass system and mass yield curves of secondary fragmen
distributions of total kinetic energy and mass yields of primary fragments evaluated after correctio
neutron emission (ECN* , excitation energy of the compound nucleus;Elab, incident particle energy; TKE,
total kinetic energy of primary fragments!.

Compound Elab ECN* vc.m. s(vc.m.) Ekc.m. sEkc.m.
msec s(msec) TKE sTKE mpri s(mpri)

nucleus MeV MeV /c /c MeV MeV u u MeV MeV u u

225Pa 86 32 0.0392 0.0055 77.9 12.2 109.7 14.1 161.4 11.9 112.9 1
225Pa 98 44 0.0393 0.0056 77.8 12.6 108.9 14.2 161.5 12.5 112.7 1
227Pa 83 30 0.0393 0.0056 77.8 12.3 110.2 15.4 162.0 10.2 113.2 1
227Pa 85 32 0.0394 0.0053 78.9 11.9 110.3 14.0 162.8 11.3 113.6 1
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B. Radiochemical Experiments

Typical cross sections of fission products obtained by
radiochemical method are plotted in Fig. 7 as a function
fragment mass number. Solid circles show the obser
cross sections that are expected to represent the cumul
yields of respective mass chains and open circles show t
representing independent or fractional cumulative yields
mass chains. Cumulative mass yields observed in the pre
experiment are very limited to the lighter side of the ma
yield curve, because the most-probable charge of the isob
yield distribution lies close to theb-stability line in heavy-
ion induced fission.

In the present work, isotopic distributions of Sb(Z551), I
(Z553), and Cs(Z555) were obtained by observing inde
pendent fission yields~independent of theb-decay precur-
sors!. Then, they were converted into mass yield curves w
the following reasonable assumptions:~i! isotopic distribu-
tions are of a Gaussian shape,~ii ! isotopic yield distributions
for the neighboring even elementsZ550, 52, 54, 56, can be
constructed by estimating their Gaussian parameters of
width and the most probable mass number from the par
eters observed for Sb, I, and Cs by interpolation and extra
lation. In the fission of 84 MeV18O 1 209Bi reaction, the
average value of the width parameter is about 1.5 and
ratio of the atomic number (Z) to the most probable mas
number (Ap) is 0.412, 0.411, and 0.410 for Sb, I, and C
respectively. Results are shown in Fig. 8. The even-odd
fects of protons and neutrons on the isotopic yield distri
tions, which are known to be present in spontaneous fis
and in thermal-neutron fission@48,49#, are not considered in
the present analysis since such effects are expected t
washed out in the fission of higher excitation energy. T
mass yields are obtained by summing the yields of nucli
with the same mass number as shown in Fig. 8, and they
depicted by the thick lines in Fig. 7 for the fragment mass
120–137. The secondary mass yield distributions obser
by the TOF experiments are also indicated in the figures
dashed lines. They are normalized to the radiochemical
shown by solid points. As shown in Figs. 7~a! and 7~c!, the
shoulder structure around mass number 133 is noticeab
the curves constructed from the isotopic distributions.

The element yields which are unaffected by post-fiss
neutron emission can be obtained by summing over the
topic yield distributions shown in Fig. 8. They are plotted
Fig. 9 for the fission of 85 MeV18O 1 209Bi reaction as a
function of atomic number. Although the yields of only thre
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FIG. 6. Mass distributions of primary fission fragments in t
16,18O 1 209Bi reactions:~a! 86 MeV 16O, ~b! 98 MeV 16O, ~c! 83
MeV 18O, and~d! 85 MeV 18O. The long-dashed and short-dash
lines obtained by three-Gaussian fitting show the symmetric
asymmetric components, respectively.
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896 56I. NISHINAKA et al.
elements were observed in this work, the contribution of
asymmetric component can be estimated by the Gaus
curve fitting with the following assumptions:~i! the width of
the element yield curvesZ of the symmetric charge division
component can be approximated by

sZ5sA

Zp

Ap
, ~3.8!

wheresA is the width of the primary mass yield curve show
in Fig. 6, and (Zp /Ap) is the charge density calculated by th
UCD approximation.~ii ! The width of the asymmetric com
ponent in the element yield curve can be estimated using
above equation withsA of the asymmetric Gaussian show
by short-dashed curves in Fig. 6.~iii ! The peak position of
the symmetric component in the element yield curve is fix
at Z545.5 as it should be.~iv! The sum of the areas of tw

FIG. 7. Mass yields of secondary fragments in the16,18O 1
209Bi reactions:~a! 86 MeV 16O, ~b! 98 MeV 16O, and~c! 84 MeV
18O. Solid and open circles show the cumulative and the indep
dent yields in each mass chain observed by the radiochemica
periments. The thin solid lines indicate isotopic distributions of
(Z551), I (Z553), and Cs (Z555). The thick solid lines are the
mass yield curves constructed from the isotopic distributions.
dashed lines show the secondary mass yield curves observed b
TOF experiments@~a! 86 MeV 16O, ~b! 98 MeV 16O, and~c! 85
MeV 18O# which are normalized to the radiochemical yield da
shown by solid circles.
e
an

he

d

Gaussians is equal to the fission cross section obtained
Fig. 7, namely, by normalizing the TOF mass yield curves
the radiochemical data shown by solid points. Then the tw
Gaussian analysis for the element yield distribution was c
ried out by allowing the remaining three parameters,
peak heights of the symmetric and asymmetric compone
and the peak position of the asymmetric component de
mined by fitting. The result is shown in Fig. 9 by the sol
and short-dashed lines for the symmetric and asymme
components, respectively. The percentage of the asymm
component to the total fission yield is about 10% for the
MeV 18O 1 209Bi system, and it is consistent with the resu
of the three-Gaussian fitting to the primary mass yield d
for the 85 MeV 18O 1 209Bi system shown in Fig. 6. The
most probable atomic number of the asymmetric compon

n-
x-

e
the

FIG. 8. Isotopic distributions observed in the fission of 84 Me
18O 1 209Bi: s ~Sb!, d ~I!, and L ~Cs!. Thin solid lines show
Gaussian curves fitted to the experimental data and the dashed
are those whose Gaussian parameters were obtained by inter
tion or extrapolation of the parameters deduced from the thin s
lines fitting to Sb, I, and Cs data points. The thick line shows m
yields obtained by summing over independent yields of the sa
mass number with different atomic numbers.

FIG. 9. Element yield distributions as a function of atomic nu
ber in the 84 MeV18O 1 209Bi reaction. The solid and short dashe
lines show Gaussian curves for the symmetric and the asymm
component, respectively. The long-dashed line is the sum of the
components. The widths of Gaussian curves are derived from
mass yield curves shown in Fig. 6.
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56 897NUCLEAR FISSION OF NEUTRON-DEFICIENT . . .
obtained by fitting is 55~see Fig. 9! which corresponds to the
fragment neutron number ofN;82 with A;137 if the UCD
approximation is applied.

C. Incident energy dependence
of asymmetric-to-symmetric yield ratio

Figure 10 shows the yield ratios of the asymmetric co
ponent to the symmetric one as a function of the excitat
energy. Two components were evaluated from the Gaus
fitting of the primary mass yield curves obtained from t
TOF experiments~open symbols! and the element yield
curves observed by the radiochemical experiments~solid
symbols!. The errors in Fig. 10 are those associated with
fitting. The decreasing behavior of this ratio with the exci
tion energy is similar to that generally observed in the lig
particle induced fission of actinides@14# in which symmetric
fission becomes more favored at higher incident energ
The statistical model calculation with the modified Alic
code @37# which includes two competing fission channe
with symmetric and asymmetric fission barriers was carr
out. Details of this calculation are described in Ref.@14#.

In the fitting procedure, the parameters used were as
lows; A/8 for the level density parameteran for neutron
emission,af ,a/an51.02 for the ratio of the level density pa
rameters for asymmetric fissionaf ,a to an and af ,s/af ,a5
1.15 for symmetric fissionaf ,s to af ,a . Extracted barriers
must be dependent on the ratio ofaf ,s/af ,a which cannot be
determined as the free parameter from the experimental
by the calculation. However, the values ofaf ,s/af ,a deduced
from the proton induced fissions of232Th, 233U, 235U,

FIG. 10. The ratio of the asymmetric component yield to t
symmetric yield as a function of the excitation energy in the~a!
16O 1 209Bi and ~b! 18O 1 209Bi systems. The open and soli
circles indicate the results from the TOF experiment and the ra
chemical one, respectively. The results of the statistical calcula
are shown by long-dashed and short-dashed lines for~a! Bf ,a 5 4.4
and 5.3 MeV and~b! Bf ,a54.0 and 4.9 MeV.
-
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e
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236U, 238U, 237Np, 239Pu, 242Pu, and241Am are reported as
1.14–1.16@14# to reproduce the excitation functions of th
symmetric and asymmetric products, and the peak-to-va
ratios of the mass yield distributions. This choice of lev
density parameters is qualitatively in agreement with the e
lier observation by Gavronet al. @50#. Therefore, we fixed
the parameters asaf ,s/af ,a51.15. The finite range rotating
liquid drop barrier@51#, Bf ,s55.0 MeV, was used for the
symmetric fission barrier in the16O 1 209Bi reaction. The
calculation was carried out by varying only one paramete
the asymmetric fission barrier height. For reproducing
results of the present work, the asymmetric fission bar
had to be within the range ofBf ,a54.4–5.3 MeV, as shown
in Fig. 10~a!; the long-dashed and short-dashed lines are
Bf ,a54.4 and 5.3 MeV, respectively. In the18O 1 209Bi
reaction the symmetric fission barrier of the finite range
tating liquid drop model@51# was Bf ,s55.1 MeV, and the
asymmetric fission barrier was deduced to be within
range ofBf ,a54.0–4.9 MeV as shown in Fig. 10~b!.

The values of the difference between symmetric a
asymmetric fission barrier heights (DB5Ef ,s2Ef ,s) thus de-
duced are shown in Fig. 11~cross-hatched area! as a function
of neutron number of the compound nuclei of Pa isotop
~open circle! and Np ones~solid circles! together with the
data in@37,14#. The fissioning nucleus is not determined
the present experiment but the first and second chance fis
are predominant according to the statistical model calcu
tion. The difference between the two barrier heightsDB of
about 0.5 MeV in the two reactions (16O 1 209Bi and 18O 1
209Bi!, is in good agreement with the tendency of the the
retical calculations of static second potential barriers, o
with reflection symmetry with respect to the plane perpe
dicular to the elongation axis and the other with reflecti
asymmetry as shown in Fig. 11 for even-even isotopes of
~dashed line! and U~dotted line! @13#. ~Because of the speci
fication energy which is believed to be inherent for the fi
sion of odd-A and odd-odd nuclides, the theoretical resu
for even-even nuclides may not be suitable for compari
with experimental results for odd-Z nuclides.!

o-
n

FIG. 11. The difference of the fission barriers between symm
ric (Bf ,s) and asymmetric fission (Bf ,a) as a function of neutron
number of the fissioning nuclei. The open circle and the so
circles are experimental data for thep 1 232Th and thep 1
233,235,236,238U @37,14#, respectively. The dashed and dotted curv
are theoretical values for even-even isotopes of Th and U, res
tively @13#.
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Recently, low energy fission of neutron-deficient isotop
(Z589–92! has been investigated by use of the second
radioactive beam produced by projectile fragmentation
relativistic 238U beams@20#. From their experiments, it is
suggested that the transition from the symmetric to the as
metric fission occurs at aroundN5138. However, the
present result shows that the symmetric fission barrie
higher than the asymmetric one even forN5134 and 136 in
the fission of protactiniumZ591.

The EC delayed fission of228Np, corresponding to the
fission of 228U (N5136) at an excited state of only a fe
MeV ~most of the fission events observed are probably s
barrier events:QEC>4.4 MeV andBf54.9 MeV according
to the theoretical predictions@52,53#! was studied and found
to be mainly asymmetric in mass division@19#. This result
suggests that the asymmetric barrier is lower than the s
metric one in the fission process of228U and it is consistent
with the present result.

Finally, it is to be noted that the ‘‘extra energy’’ required
for symmetric fission can be interpreted as the difference
the symmetric and asymmetric fission barrier height as d
in this paper or as the additional energy required to go o
the potential ridge from the asymmetric valley to the sy
metric during the descent from the saddle to scission.
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IV. CONCLUSIONS

The asymmetric mass division components have been
served in the fission reactions of16O 1 209Bi and 18O 1
209Bi, the compound nuclei being225Pa (N5134) and
227Pa (N5136). The fission barriers for the symmetric an
the asymmetric mass division have been deduced from
observed incident energy dependence of symmetric
asymmetric mass yields with the statistical calculations. T
symmetric barrier was found slightly higher than the asy
metric one in this region of light actinides. The differen
between the two barrier heights in the fission of the pres
protactinium nuclides (N;135) is considerably smalle
compared with that in the neutron-rich nuclides of233Pa
(N;142). This indicates that the difference between the t
barriers strongly depends on the neutron number of the
sioning nuclide.
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F. Nickel, M. Pfützner, A. Piechaczek, C. Ro¨hl, C. Scheiden-
berger, W. Schwab, S. Steinha¨user, K. Su¨mmerer, W. Trinder,
B. Voss, and S. V. Zhdanov, Phys. Lett. B325, 313 ~1994!.

@21# M. R. Lane, K. E. Gregorich, D. M. Lee, M. F. Mohar, M
Hsu, C. D. Kacher, B. Kadkhodayan, M. P. Neu, N. J. Stoy
E. R. Sylwester, J. C. Yang, and D. C. Hoffman, Phys. Rev
53, 2893~1996!.

@22# E. K. Hulet, J. F. Wild, R. J. Dougan, R. W. Lougheed, J.
Landrum, A. D. Dougan, P. A. Baisden, C. M. Henderson,
J. Dupzyk, R. L. Hahn, M. Scha¨del, K. Sümmerer, and G. R.
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