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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 reaction$®@f and 0 on 2°Bi 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 nuclid®¥fa N~ 142), indicating
that the difference sensitively depends on the neutron number of the fissioning nuclide.
[S0556-28187)03708-4

PACS numbdps): 25.85.Ge

[. INTRODUCTION sion of light actinides. Then, Nagan®t al. [8] experimen-
tally verified from the measurement of the correlation of the
Symmetric and asymmetric mass-division phenomena argield of each kinetic energy component with the excitation
the most puzzling feature of nuclear fission and a large numenergy of the compound nucleus that two independent fission
ber of data have been accumulated on mass yield distribypaths exist in the course of deformation from saddle to sciss-
tions of fission fragments in relation to atomic number, masson: one path leading to symmetric mass division with elon-
number, and excitation energy of fissioning nuclides. Gengated scission configuration and the other leading to asym-
eral features of mass division phenomena in nuclear fissiometric mass division with more compact scission
until 1971 could be summarized as the followiri Asym-  configuration.
metric mass division is predominant in low energy fission, The presence of such fission paths was first postulated by
spontaneous fission, and thermal-neutron induced fission dfurkevich and Niday as a hypothesis in 1991, and many
actinide nuclides(2) Mass yield curves of fission fragments investigators have tried to verify it experimentdlB;10—13.
induced by light particlesfd, «, and so ohin the radium It is probable that such fission paths are critically influenced
region show three-humped shagjés?], while those of par- by the shell structure of a nucleus in the course of deforma-
ticle induced fission of the nuclides lighter than radium showtion. Maller has pointed out that the barrier height of the
mainly single peak$3]. (3) Symmetric fragment yields in- reflection asymmetric saddle is largely affected by the neu-
crease more rapidly than asymmetric ones as the energy @on shell structuré13].
incident particles is increased. From detailed studies of excitation functions of fission
Such a picture has been further advanced by the receproducts, it is experimentally shown that the difference of
studies for spontaneous fission of the heavy actinides anarrier heights or threshold energies related to the asymmet-
transactinides. Balagnet al. [4] first reported the presence ric and symmetric mass division modes is more strongly af-
of symmetric mass division and a very high total kineticfected by neutron number than proton number of fissioning
energy (TKE) component in the spontaneous fission ofnuclides, and that the difference decreases with the number
257Fm. Since then, mass yield curves of spontaneous fissioof neutrong 14]. Strong influence of the neutron number of
of many heavy actinides have been investigated and thfssioning nuclides on mass division has been demonstrated
strong dependence of mass division phenomena on the nurim the spontaneous fission of heavy actiniffes]. However,
ber of neutrons and protons of the fissioning nuclides haas a whole, only a limited number of experimental data are
been unveiled5]. Hulet et al. [6] observed two kinds of available on the dependence of barrier heights on the neutron
scission configurations even for the same mass division andumber{15,16. As expected, the deformation path in fission
named such phenomenabitodal fissiori’ Ohtsuki et al.  is most sensitively affected by the potential energy surface
[7] also observed such bimodal phenomena even in the fisnd the effect of the neutron shell structure on fission can
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FIG. 1. A portion of the chart of nuclides. Closed and open
circles show the nuclides for which the main mode of mass division
in low energy fission is asymmetric and symmetric, respectively. FARADAY CUP
Diamonds indicate the nuclides for which triple-humped mass yield o )
curves were clearly observd@,3,15—-19,21—4]1 Triangles show FIG. 2. Schematic view of the TOF experimental setup. For the

the compound nuclei studied in this work. The dotted line shows théletails of the detectors shown by acronym, see text.

region where the height of the reflection asymmetric barrier is ex-

pected to become comparable to that of the symmetric barrier ac- Il. EXPERIMENTS

cording to the calculation in Refl13]. The thick line shows the

region where the height of the reflection asymmetric barrier is ex-

pected to become comparable to the sum of the ground-state energy Beams of'80 with energies of 83 and 85 MeV ando

and a constant value of 0.5 MeV for the zero-point energy at thavith 86 and 98 MeV were supplied from the JAERI tandem

ground state as calculated in RE52]. accelerator to bombard &°Bi target of about 40
wg/cm? thickness evaporated onto a carbon backing (fl

best be studied in spontaneous fission or in EC-delayed fig#9/cm?). A typical beam intensity was about 100 pnA. Fis-
sion for some special nuclid¢47—-19. However, no infor-  SioN Iragments were detected with a TOF telescop® g
mation can be obtained on the difference of the two fissior- 60" @S shown in Fig. 2. Each start and stop
barrier heights or on the difference in threshold energiegeteCtor(MZCPD) [42,43 was Composed of a carbon foil
from the study of spontaneous fission and it is accomplishe 0 pgfcm?) and a couple of microchannel plat@dCP).

o : : inetic energies of fission fragments were measured by a
only by use of low energy fission induced by light particles. 5o . .
Recently, Coulomb-excitation fission of neutron-deficient300'“g/Cm thick silicon surface barrier detect®50). The

. ; . flight path from the start detector to the stop detector was
isotopes has been investigated by use of the secondary rad|f03 cm and the solid angled() of SSD was 0.3 msr
active beam produced by projectile fragmentation of relativ- 9 ) y

. . . . . Complementary fragments were detected, in coincidence
istic 233U beams. However, in this new technique the exci- D y Tag

. SR L -~ with the stop signal of TOF, by a position sensitive parallel
tation energy distribution of the Coulomb fission is quite plate avalanche countéPPAQ whose solid angle wadQ

large [20] and besides, it is difficult to extract the fission — gy msr. The PPAC located on the opposite side of the
phenomena due purely to the Coulomb fission. beam direction a®y, = 99° and at about 35 cm from the
The aim of the present work is to study the degree of thgyget. Calibrations of the time for the TOF system and the
contribution of asymmetric mass division in the low energyenergy for the SSD were performed by measuring the elas-
fission of neutron-deficient light actinides by observingtic&my scattered®0 and %0 ions from a?*%i target, and

yields of fission products in detail. Such results will help 5,54 the particles recoiling out from thin targef&Ag (25
understand the influence of the nuclear structure of the fis- glcm?), ™ (50 wglem?), "¥Sh (75 wglcm?) by bom-
sioning nuclide on the mode of mass division in low energ bardmer;t of the 350 Me\?27|’ beam. The pulse height defect
nuclear fission, and, consequently, the process of large d%\'nd plasma delay of the SSD were estimated by the method
formation of a nucleus toward fission. Mass yield distribu- roposed by Kaufmaet al. [44] and Neidelet al. [45], re-
tions and kinetic energy distributions of fission fragments ar pectively. The energy and time resqutioﬁﬁWHM) for the

"?easu_red_ by_ a time-of-flig_r(tTOF) _technique and elem_ent elastically scattered®0 and 80 ions were 0.2 MeV and 0.5
yield distributions by a radiochemical method for the light- ns, respectively. The obtained overall mass resolution
heavy-ion induced reactions ofO, 20 + 29Bi, where the (FWHM) for the recoil product of™@in with 82 MeV

compound nuclei®*PaN=134) and **PaN=136), re- 115, g5 704 113 4 39 recoils was 2.8 u
spectively, are produced. The produced compound nuclei arge o ' o
located in the region of neutron-deficient light actinides
where the height of the symmetric second barrier is expected
to become comparable to that of the second barrier with re- The 2°Bi targets(each about 1 mg/chthick) were pre-
flection asymmetry according to Ner [13]. (See the dotted pared by vacuum evaporation onto aluminium backing foils
line in Fig. 1) (5.4 mg/cnt), and they were stacked into a target assembly

A. Time-of-flight experiments

B. Radiochemical experiments
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with aluminium catcher foils and aluminium energy degrad-

ers of appropriate thickness. Bombardments were carried out - T ]
with energies of 107 and 115 MeY¥O beams using the SF [ (a)
cyclotron at the Institute for Nuclear Study, University of 10!
Tokyo (INS) and with energies of 109 and 125 Me¥O
using the JAERI tandem accelerator. Average beam currents
were about 30—120 pnA. The irradiation duration was varied
from 15 min b 2 h to ensure adequate radioactivities of
fission products. The cross section of each product was de-
termined byy-ray spectrometry. The products of Sb, I, and
Cs were chemically separated from other fission products 1071 F ¢ :
before y-ray measurements.
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Ill. RESULTS AND DISCUSSION (b)

A. Time-of-flight experiments

The number of fission coincidence events observed was
4.0x 10%, 2.8x 10%, 5.0x 10%, and 2.2<10* for the 80 (83,
85 MeV) + 29Bi, %0 (86, 98 Me\) + 2°Bi, respectively.
Figure 3 shows velocityu, ,,) distributions in the center-of-
mass system obtained from the TOF measurements with an
assumption of full momentum transfer followed by fission. 1071
The velocity distributions observed for the reactions near the
Coulomb barriefFigs. 3a), (c), and(d)] clearly exhibit the
presence of some shoulder structure at around 0.048 in
vem/C units. No clear fine structure was present in the ki- 10’
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o
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age*®s 3
netic energy Ey. ) distributions(Fig. 4) in the center-of- S . o e . ]
mass system observed by the SSD detector possibly due to > ; ";, ]
smearing by the pulse height defect and neutron emission © 0 s ‘;
from primary fragments. ;'_3 10

O
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Figure 5 shows mass() yield curves of secondary frag-
ments (post neutron emissignderived from the velocity
(v1an) and the kinetic energyH,p) in the laboratory system 10-1
using the reIationshim=2Ek|ab/véb. As tabulated in Table
I, the observed mean mass number of secondary fragments
shows that the sum of average number of neutrons emitted
before and after fission is 5.6 and 7.2 in the 86 MeV and 98 10!
MeV €0 induced reactions, and 6.6 and 6.4 in the 83 MeV o
and 85 MeV *¥0 induced reactions, respectively. The sec-
ondary mass yield curves are nearly symmetric and can be
fitted as a first approximation by a Gaussian function with
the standard deviation @f,=14.3—-15.6 u, but the presence
of some asymmetric components, especially in the mass ¢
yield curves of the'®0 + 2%%Bi reaction, are clearly ob- 10-1
served at around the mass numbers 88 and 132. N R

Primary fragmgnt massm(*_) was obtained by correcting 002 003 004 005
for neutron emission from primary fragments as explained in
the following. The total excitation energy available for a pair Velocity
of primary fragments before neutron emissidf § is given
by the following equation:
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FIG. 3. Velocity distributions of fission fragments in the center-
R of-mass system obtained for tH&%0 + 29Bj reactions:(a) 86
i =Ecnt Qgg— TKE, (3D Mev 0, (b) 98 MeV 0, (c) 83 MeV 0, and(d) 85 MeV
180,

whereEgy, Qgq, and TKE are the excitation energy of the | the total excitation energyHf) is shared between the

compound nucleus, the ground-stevalue for producing  complementary fragments in proportion to their masses, the
the pair, and the total kinetic energy of the pair fragmentsfragment excitation energyEf) is given by
respectively. Here, no neutron emission prior to fission is

assumed. For calculating, for a certain mass division, the m
atomic mass tablpt6,53 by assuming the UCDunchanged E*=Ef —, (3.2
charge distributionhypothesis for the most-probable charge. my
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FIG. 4. Kinetic energy distributions of fission fragments in the > ] s
center-of-mass system for the 85 Mé¥0 + 2%%Bi reaction. 107! E fff 4 3
; ;i
wherem; denotes the mass number of the fissioning nuclide. ! ———+—+—+—+—— s
Although the average mass of the fissioning nuclide was un- 10' F (C) =
known in the present reactionsy; was assumed to be equal “,.-'-'--.-,, 3
to the mass number of the compound nucleus since the esti- ~ L o M rss ]
mated primary mass yield curves were not affected much by & 400 3 3 3 -
the assumed number of prefission neutrons unless mass divi- '_g - fiii 3
sion phenomena drastically changed as the fissioning nuclide < [ f 3]
was varied.E* is then dissipated through the emission of o1 b ﬁ “ -
neutrons andy rays from primary fragments, 3 I jF
e ——
E* :Eilzl(Bni+ 6ni)+E7’ (33) 101 - (d) -
where;, B, €, andE,, indicate the number of neutrons - o o,
emitted, separation energy and kinetic energy ofitheneu- & 100 b R %, i
tron, and the energy released agays. The number of the % F s ., 3
emitted neutrons is estimated from E®.3 by assuming < i s 3
Bni = 8 MeV, €, = 2T, andE,, = 4 MeV. The temperature o ke ® ]
of the fission fragmenT is given by E 3 E{
T=V8E*/m*. (3.4 60 i 0 100 20 10 1;50
Mass (n*) and kinetic energy &) of a primary frag- Mass number
ment are evaluated by
m* = m+v_i, (3.5 FIG. 5. Mass yield distributions of secondary fission fragments

in the %0 + 209Bj reactions:(a) 86 MeV O, (b) 98 MeV
L 1o 160, (c) 83 MeV 80, and(d) 85 MeV *%0.
Ek sz Ucm. (36)

. . . .._compound mass number and can be well fitted by three
Here, It Is assumed that neutrons are |sotrop|c_al_l)_/ em'tteé;aussians. By setting the Gaussian parameters of the height
from the primary fragment and do not alter the initial frag- and width being equal for the light and heavy asymmetric
ment velocity on average. The total kinetic energy of frag-Com onents. as thev should be. asymmetric peaks centered
ments before neutron emission is then evaluated by arouFr)1d the r,nass nli/mbers of 96 arylld 137 WeF;e deduced as

shown in the figures by short-dashed curves. The relative
TKE=Eg —. (3.7  vyield of the asymmetric component is about 10% of the total
mg—m fission yield at the compound excitation energy of 32 MeV

. l 1 .
The above calculations were reiterated for each observed fig? t,;?:h 0 and_ 80f reactions. . h I
sion event until convergence of the primary mass was at- After correction for neutron emission, the overall average

tained. of TKE was obtained to be 162 MeV which was about 6

The primary mass yield curves thus obtained are shown iMeV smaller than that predicted by the systematics of Viola
Fig. 6. They are approximately symmetric around half of the€t al.[47].

mg
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TABLE I. Average values and standard deviations of velocity () distributions, fragment kinetic
energy Ey.m) distributions in the center-of-mass system and mass yield curves of secondary fragments, and
distributions of total kinetic energy and mass yields of primary fragments evaluated after correction for
neutron emissionEg,, excitation energy of the compound nucle&s;,, incident particle energy; TKE,
total kinetic energy of primary fragments

Compound E,y,

nucleus

E*
CN
MeV MeV

vem O(Wem) Exem OEem. Iec o(Mse) TKE orxe m_pn o (Mpy)
MeV MeV

¢

Ic

MeV MeV

u

u u

225y
225y
227Pa
227Pa

86
98
83
85

32
44
30
32

0.0392
0.0393
0.0393
0.0394

0.0055
0.0056
0.0056
0.0053

77.9
77.8
77.8
78.9

12.2
12.6
12.3
11.9

109.7
108.9
110.2
110.3

141
14.2
15.4
14.0

161.4
161.5
162.0
162.8

11.9
125
10.2
11.3

1129
112.7
113.2
113.6

14.4
14.6
15.6
14.3

B. Radiochemical Experiments

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

In the present work, isotopic distributions of Sb¢51), |
(2=53), and CsZ=55) were obtained by observing inde-
pendent fission yieldéindependent of thegs-decay precur-
sor9. Then, they were converted into mass yield curves with
the following reasonable assumptioris: isotopic distribu-
tions are of a Gaussian shaje) isotopic yield distributions
for the neighboring even elemerifs=50, 52, 54, 56, can be
constructed by estimating their Gaussian parameters of the
width and the most probable mass number from the param-
eters observed for Sb, I, and Cs by interpolation and extrapo-
lation. In the fission of 84 Me\V*80 + 29%Bi reaction, the
average value of the width parameter is about 1.5 and the
ratio of the atomic numberZ) to the most probable mass
number @) is 0.412, 0.411, and 0.410 for Sbh, |, and Cs,
respectively. Results are shown in Fig. 8. The even-odd ef-
fects of protons and neutrons on the isotopic yield distribu-
tions, which are known to be present in spontaneous fission
and in thermal-neutron fissidd8,49, are not considered in
the present analysis since such effects are expected to be
washed out in the fission of higher excitation energy. The
mass yields are obtained by summing the yields of nuclides
with the same mass number as shown in Fig. 8, and they are
depicted by the thick lines in Fig. 7 for the fragment mass of
120-137. The secondary mass yield distributions observed
by the TOF experiments are also indicated in the figures by
dashed lines. They are normalized to the radiochemical data
shown by solid points. As shown in Figs(ay and 7c), the
shoulder structure around mass number 133 is noticeable in
the curves constructed from the isotopic distributions.

10!

Yield (%)

LBLERALLY |

=
t il

Yield (%)

y

T
-~
]

—_—

T 5

g
el

_;
=
T

100

Yield (%)

1071

—
(9]
~—
v 3l

pb——

—
[e]

i
TNy

Yield (%)

107 F

v
d 1 1o 1

ALl

60

80 100 120

Mass number

140

i o
)]
(@]

The element yields which are unaffected by post-fission giG. 6. Mass distributions of primary fission fragments in the
neutron emission can be obtained by summing over the isoi6.18y 4+ 2098; reactions:(a) 86 MeV €0, (b) 98 MeV 60, (c) 83

topic yield distributions shown in Fig. 8. They are plotted in MeVv 80, and(d) 85 MeV 80. The long-dashed and short-dashed

Fig. 9 for the fission of 85 Me\V80 + 20%Bi reaction as a

function of atomic number. Although the yields of only three asymmetric components, respectively.

lines obtained by three-Gaussian fitting show the symmetric and
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FIG. 8. Isotopic distributions observed in the fission of 84 MeV
10" E p : 180 + 20%Bj: O (Sh), ® (1), and ¢ (Cs). Thin solid lines show

Jo © Y 3 Gaussian curves fitted to the experimental data and the dashed lines
S o \ ] are those whose Gaussian parameters were obtained by interpola-
109 N O N tion or extrapolation of the parameters deduced from the thin solid
‘ - lines fitting to Sb, I, and Cs data points. The thick line shows mass
yields obtained by summing over independent yields of the same
mass number with different atomic numbers.
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= 10°F R 3 Gaussians is equal to the fission cross section obtained from
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ks [ o< ] Fig. 7, namely, by normalizing the TOF mass yield curves to

8 i ’ \\ ] the radiochemical data shown by solid points. Then the two-

o 10° E I,'b \ E Gaussian analysis for the element yield distribution was car-

? 3 N ] ried out by allowing the remaining three parameters, the

8 ’.' N peak heights of the symmetric and asymmetric components
107 F Gl |3 3 and the peak position of the asymmetric component deter-

mined by fitting. The result is shown in Fig. 9 by the solid
and short-dashed lines for the symmetric and asymmetric
Mass number components, respectively. The percentage of the asymmetric
component to the total fission yield is about 10% for the 84
FIG. 7. Mass yields of secondary fragments in #¢0 +  MeV 80 + 2%%Bi system, and it is consistent with the result
20%j reactions:(a) 86 MeV *°0, (b) 98 MeV 0, and(c) 84 MeV  of the three-Gaussian fitting to the primary mass yield data
*%0. Solid and open circles show the cumulative and the indepenfor the 85 MeV %0 + 2%%Bj system shown in Fig. 6. The

dent yields in each mass chain observed by the radiochemical exp st probable atomic number of the asymmetric component
periments. The thin solid lines indicate isotopic distributions of Sb

(2=51), |1 (Z=53), and Cs Z=55). The thick solid lines are the
mass yield curves constructed from the isotopic distributions. The T .I T T T T T T T
dashed lines show the secondary mass yield curves observed by the N ]
TOF experimentg(a) 86 MeV %0, (b) 98 MeV %0, and(c) 85 - .
MeV 80] which are normalized to the radiochemical yield data
shown by solid circles.

60 80 100 120 140 160

elements were observed in this work, the contribution of the
asymmetric component can be estimated by the Gaussian
curve fitting with the following assumption§;) the width of

the element yield curve, of the symmetric charge division
component can be approximated by

lllll||

Cross Section (mb)

ZP
TZ=Onp (3.9
p

HEEEES NN RN
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100

whereo, is the width of the primary mass yield curve shown Atomic number

in Fig. 6, and Z,/A,) is the charge density calculated by the

UCD approximation(ii) The width of the asymmetric com- £ 9. Element yield distributions as a function of atomic num-
ponent in the element yield curve can be estimated using thger in the 84 MeV20 + 2°%Bi reaction. The solid and short dashed
above equation witfor Of_ the_ aSy_r_nmetriC GaUSSia_n_ shown |ines show Gaussian curves for the symmetric and the asymmetric
by short-dashed curves in Fig. 6ii) The peak position of component, respectively. The long-dashed line is the sum of the two
the symmetric component in the element yield curve is fixectcomponents. The widths of Gaussian curves are derived from the
atZ=45.5 as it should bdiv) The sum of the areas of two mass yield curves shown in Fig. 6.
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-, ] FIG. 11. The difference of the fission barriers between symmet-
Teel ric (Bss) and asymmetric fissionB; ;) as a function of neutron
=~ number of the fissioning nuclei. The open circle and the solid
circles are experimental data for the + 2%2Th and thep +

Asym/Sym

-2 L -
e, 233,235236,2%) 37,14, respectively. The dashed and dotted curves
30 40 50 are theoretical values for even-even isotopes of Th and U, respec-
Excitation energy (MeV) tively [13]

2361 238 237 23 24 241
FIG. 10. The ratio of the asymmetric component yield to thel E 1 8;_“'6 14 th' gpud’ 2Puh, and . A.m a][e reportedfaﬁ
symmetric yield as a function of the excitation energy in the T [14] to repro U(_:e the excitation Tunctions of the
180 + 20%Bj and (b) 80 + 2%%Bi systems. The open and solid Symmetric and asymmetric products, and the peak-to-valley

circles indicate the results from the TOF experiment and the radiotatios of the mass yield distributions. This choice of level
chemical one, respectively. The results of the statistical calculatioflensity parameters is qualitatively in agreement with the ear-
are shown by long-dashed and short-dashed linegfd; , = 4.4  lier observation by Gavroet al. [50]. Therefore, we fixed
and 5.3 MeV andb) B; ,=4.0 and 4.9 MeV. the parameters as; J/a; ,=1.15. The finite range rotating
liquid drop barrier[51], B; s=5.0 MeV, was used for the
obtained by fitting is 5%see Fig. 9which corresponds to the symmetric fission barrier in thé®0 + 2°%Bi reaction. The
fragment neutron number &f~82 with A~137 if the UCD  calculation was carried out by varying only one parameter of
approximation is applied. the asymmetric fission barrier height. For reproducing the
results of the present work, the asymmetric fission barrier
_ had to be within the range @&; ,=4.4-5.3 MeV, as shown
C. Incident energy dependence in Fig. 10@); the long-dashed and short-dashed lines are for
of asymmetric-to-symmetric yield ratio B;.=4.4 and 5.3 MeV, respectively. In th#o + 209
Figure 10 shows the yield ratios of the asymmetric com-eaction the symmetric fission barrier of the finite range ro-
ponent to the symmetric one as a function of the excitatiortating liquid drop mode[51] was B ;=5.1 MeV, and the
energy. Two components were evaluated from the Gaussiamsymmetric fission barrier was deduced to be within the
fitting of the primary mass yield curves obtained from therange ofB¢ ,=4.0—4.9 MeV as shown in Fig. 16).
TOF experiments(open symbols and the element yield The values of the difference between symmetric and
curves observed by the radiochemical experimgstdid — asymmetric fission barrier heightAB=E; ;— E ¢) thus de-
symbols. The errors in Fig. 10 are those associated with theduced are shown in Fig. I(tross-hatched argas a function
fitting. The decreasing behavior of this ratio with the excita-of neutron number of the compound nuclei of Pa isotopes
tion energy is similar to that generally observed in the light(open circl¢ and Np onegsolid circleg together with the
particle induced fission of actinid¢$4] in which symmetric  data in[37,14]. The fissioning nucleus is not determined in
fission becomes more favored at higher incident energieshe present experiment but the first and second chance fission
The statistical model calculation with the modified Alice are predominant according to the statistical model calcula-
code [37] which includes two competing fission channelstion. The difference between the two barrier heigh® of
with symmetric and asymmetric fission barriers was carriecabout 0.5 MeV in the two reaction$®0 + 2%Bi and *0 +
out. Details of this calculation are described in Hé&#]. 209Bj), is in good agreement with the tendency of the theo-
In the fitting procedure, the parameters used were as foketical calculations of static second potential barriers, one
lows; A/8 for the level density parametex, for neutron  with reflection symmetry with respect to the plane perpen-
emission,a; ,/a,=1.02 for the ratio of the level density pa- dicular to the elongation axis and the other with reflection
rameters for asymmetric fissioa , to a, and as J/as ;= asymmetry as shown in Fig. 11 for even-even isotopes of Th
1.15 for symmetric fissiora; s to a;,. Extracted barriers (dashed lingand U(dotted ling [13]. (Because of the speci-
must be dependent on the ratioaf¢/a; , which cannot be fication energy which is believed to be inherent for the fis-
determined as the free parameter from the experimental daton of oddA and odd-odd nuclides, the theoretical results
by the calculation. However, the valuesaf/a; , deduced for even-even nuclides may not be suitable for comparison
from the proton induced fissions of®Th, 233U, 23%U,  with experimental results for odA-nuclides)
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Recently, low energy fission of neutron-deficient isotopes IV. CONCLUSIONS

(Z=89-92 has been investigated by use of the secondary . L
. . A ; The asymmetric mass division components have been ob-
radioactive beam produced by projectile fragmentation of

T . ; . served in the fission reactions 6f0 + 2°°Bi and 0 +
relativistic 223 beams[20]. From their experiments, it is 208, the compound nuclei being®Pa (N=134) and

suggested that the transition from the symmetric to the asym - ; X
megtgr;ic fission occurs at arountl= 13y8. However, they **Pa (N:136.)' The f|ss_|(_)n_ barriers for the symmetric and
present result shows that the symmetric fission barrier iéhe asymmetric mass division have been deduced frqm the
higher than the asymmetric one even b+ 134 and 136 in Observed .|nC|dent Eenergy depende_ncg of symmetric and
the fission of protactiniunZ =91 asymmetric mass yields with the statistical calculations. The
The EC delayed fission ofzéNp corresponding to the symmetric barrier was found slightly higher than the asym-
! metric one in this region of light actinides. The difference

fission of 222U (N=136) at an excited state of only a few s . . e
MeV (most of the fission events observed are probably Subl_Jetween the two barrier heights in the fission of the present

: - o : protactinium nuclides N~135) is considerably smaller
barrier eventsQgc=4.4 MeV andB=4.9 MeV according compared with that in the neutron-rich nuclides ofPa
to the theoretical predictiorf$2,53) was studied and found S .
. o o . (N~142). This indicates that the difference between the two
to be mainly asymmetric in mass divisi¢f@9]. This result . ;
: N barriers strongly depends on the neutron number of the fis-
suggests that the asymmetric barrier is lower than the sym:=." . .
. . 2 L . sioning nuclide.
metric one in the fission process U and it is consistent
with the present result.
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