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Helium-ion-induced fission excitation functions of terbium and ytterbium
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He-ion-induced fission excitation functions of terbium (Z =65 ) and ytterbium (Z =70) were ob-
tained by measuring fission cross sections in the energy range of 40—65 MeV using lexan polycarbonate
plastic as the fission fragment track detector. The present measurements extend the range of low-Z ele-
ments in the deformed region for which He-ion-induced fission excitation functions were obtained at
moderate energies. The analysis of the ratio of I ~/I „=o.&/o. z, which is a measure of the competition
between fission and neutron emission widths, in terms of the statistical model expression, indicates the
fission thresholds for ' Ho and ' 'Hf to be 31.5+3.5 and 26.7+3.0 MeV, respectively. The correspond-
ing value for the fission level density parameter aI was found to be A /12 MeV ' for both the compound
nuclei. 67'Ho represents the lightest compound nucleus for which fission barrier has been determined ex-
perimentally. The measured fission barriers compare very well with the theoretical fission barriers ob-
tained by liquid-drop-based models. The present data have been used along with similar data available
in the literature to bring out some systematics in the fission properties of low-Z elements. A systematic
trend was observed in the a&/a„ratio of preactinide elements ranging from ' Ho to ' At (16 nuclei). A
linear dependence of log&OI &/I „with Z /A at constant excitation energies was observed extending
over 8 orders of magnitude for low Z-compound nuclear systems from ' Ho to ' At all of which are
characterized by a predominance of symmetric fission. A linear dependence was also observed in the
variation of log&ol"~/I „with EI—B„' where E& is the effective fission barrier and B„', neutron binding
energy including 50% shell correction and pairing energy term, at constant excitation energies (40 MeV)
for these 16 low-Z compound nuclear systems. The results suggest that shell effects tend to persist even
at excitation energies of 40 MeV. An analysis was also done to separate the symmetric and asymmetric
fission barriers. It is observed that asymmetric fission barrier E&(asym) is much higher than symmetric
fission barrier E&(sym) for A 200 clearly suggesting that symmetric fission is the only observable mode
below compound nuclear mass A =200.

PACS number(s): 25.55.—e, 25.85.Ge

INTRODUCTION

One of the main objectives of the present work is to
study the effects of ground-state deformation on fission
properties and also to understand some aspects of the sys-
tematics of the fission of lighter elements (Z (80). This
work is an extension of our earlier work [1] and extends
the range of low-Z elements that are away from the
closed-shell region and whose fission properties are stud-
ied experimentally at moderate excitation energies. The
importance of studies of fission properties of low-Z ele-
ments in the present work is that these elements have
large ellipticity (Q/ZR; where Q =quadrupole moment,
Z=nuclear charge, and R =radius) or permanent
ground-state distortion [2]. Hill and Wheeler [3] predict-
ed that the same factors which cause large quadrupole
moments could be expected to lower the fission barrier
height by a few MeV. Although the same effect should
be present in the fission of distorted heavy elements
(Z )90), the effect of ground-state distortion may not be
observable because greater than 80% of the total cross
section already leads to fission, even at modest excitation
energies. Since the expected fission cross sections of
lighter elements (Z ( 80) are extremely low (i.e.,
nanobarns), it would appear that even small effects of
ground-state distortion on the fission barrier might be

seen around Z =70 from studies of neighboring nuclides
where elements have large ground-state deformation.
Moreover, reliable and accurate measurements of fission
barriers (particularly in the lighter elements below lead)
which are equivalent to measurement of nuclear masses
at a distorted "saddle-point configuration" not only help
in the understanding of the systematics of fission process
but also would enhance our understanding of the sys-
teinatics of nuclear masses in general [4]. The fission
studies on a range of low-Z elements induced by
intermediate-energy ((100 MeV) charged particles also
provide excellent opportunities for determining impor-
tant nuclear parameters, such as fission barriers (E&),
level-density parameters for neutron emission (a„) and
fission (a&), influence of shell effects, etc., by analyzing the
fission excitation functions, and for comparing these pa-
rameters with predictions of theoretical models [5]. Us-
ing a glass detector, Kuvatov et al. [6) reported results of
fission cross sections and fragment angular anisotropies
in the 38-MeV He-ion-induced fission of several nuclei in
the region Z =73—83 and have made some interesting
observations on the systematics of a& and a„ in the low-Z
element region. In the variation of a&/a„as a function of
Z /3, they found a structure with a maximum in the re-
gion of nuclei near the closed shell and a minimum in the
nuclei near the deformed region. The structure is absent
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in fissioning systems induced by heavy ions [7], with large
excitation energies of 50—100 MeV, where the role of
shells is already small. The role of shell effects on the
level-density parameter (af /a„ratio) can be understood
more clearly by extending the measurements in the range
of nuclei away from the closed-shell configuration. The
present work is also aimed at more clearly defining the
observed linear dependence of logioI f /I „with Z /A in
our earlier reported work [1] in the lighter-element re-
gion, e.g. , ' Tm; more so because of statistical uncertain-
ties associated with measurements of such low fission
cross sections.

In this paper, we report the results of our work on the
fission excitation functions of natural ytterbium (Z =70)
and terbium (Z =65) induced by He ions in the energy
range of 40-65 MeV from the Variable Energy Cyclotron
at Calcutta and using identical techniques and pro-
cedures reported in our earlier publication [1]. The
present data along with similar data available in the
literature have been used to bring out some interesting
predictions concerning the trends and systematics of
symmetric and asymmetric fission barriers in the lighter
and heavier nuclei. Some preliminary results of this work
have been reported previously [8].

EXPERIMENTAL PROCEDURES

Details of the procedures for purification and prepara-
tion of the targets and backing foils, irradiation, data
evaluation, etc. , are given elsewhere [1] and are given
here briefly. The thin uniform targets were prepared
from high-purity Tb203 and Yb203 (obtained from M/s,
Johnson Mathey Chemicals Ltd. , England and repurified
by us through an ion-exchange separation scheme) on
high-purity silver foils in the form of deposits of 1 —2
mg/cm thickness. The maximum heavy-element con-
tamination was estimated to be no more than 3—5 parts
per billion (ppb) in the final prepared targets. The fission
fragments recoiling in the backward direction were
recorded using a cylindrical lexan detector. Total in-
tegrated beam currents of the order of 1 —2 pAh were
used in each experiment. Lutetium and gold targets were

used as reference standards as their absolute fission cross
sections as a function of He-ion energy are known [1].

EXPERIMENTAL RESULTS

The measured total fission cross sections, for the
helium-ion-induced fission of 69 Tb and natural 70 'Yb
(0.135% ' Yb, 3.03% ' Yb, 14.31% ' 'Yb, 21.82%

Yb, 16.13%%u
' Yb, 31.84% ' Yb, and 12.73%%u

' Yb)
are given in Table I. The excitation energies were calcu-
lated by assuming full momentum transfer and using a Q
value of —0.7 MeV for the ' Tb+ He reaction and—2.2 MeV for the ' 'Yb+ He reaction, which are cal-
culated from the mass tables of Myers and Swiatecki [9].
Only the statistical errors involved in track counting for
measurements of fission cross section are given in Table I.
The other sources of errors include those arising from
variations in target thickness, heavy-element contamina-
tion, integrated beam current, focusing of the beam on
the centers of the targets, which may cause errors in
solid-angle calculation, and variation of track densities
along the length of the detector film (see Fig. 1 of Ref.
[1]), uncertainties in the reference fission cross section,
etc. The overall accuracy of the results of the

'Yb+ He reaction is estimated to be about 20%. For
the ' Tb+ He reaction, the accuracy of the results is es-
timated to be 20% at all the ion energies above 50 MeV
and about 50%%uo at lower energies.

DISCUSSION

The data were analyzed using the statistical model ex-
pression suggested by Vandenbosch and Huizenga [5],
which is the most appropriate method of analyzing fission
excitation functions of low-Z elements.

I f IC a„[2a)~ (E Ef)'~ 1]— —r„4,f & 2~3(E a)—
Xexp[212' (E —E )' —212' (E 8)' ]—

where a„and af are level density parameters for neutron
emission and fission, respectively, E is the excitation ener-

TABLE I. Experimental fission cross sections for terbium and ytterbium.

Target

159Tb

He ion
energy
(MeV)

47.5
50.0
55.0
60.0

Excitation
energy
(MeV)

45.6
48.0
52.9
57.8

Measured fission
cross section, o.f

(cm )

(4.16+0.91)X 10
(1.54+0.28) X10-"
(4.19+0.48) X 10-"
(1.53+0.11)X 10

Calculated reaction
cross section, o.z

(cm')

1.910X10 24

1.954 X 10
2.026 X 10
2.083 X 10

rf yr„
=o.f /o. z

2.178 X 10
7.866 X 10-'
2.069 X 10
7.331 X 10-'

natYb 40.0
42.5
45.3
50.0
55.0
60.0
65.0

36.9
39.3
42.0
46.6
51.5
56.4
61.3

(1.55+0.22) X 10
(4.52+0.56) X 10-"
(8.30+0.91)X 10
(1.20+0.07) X 10
(2.53+0.08) X 10
(8.90+0.31)X 10-"
(1.45+0.03) X 10

1.722 X 10-"
1.796 X 10
1.860X10 '4

1.965 X 10 ~4

2.Q47 X 1Q

2.112X 10 24

2.164X 10-"

9.001X10-'
2.517X 10
4.462 X 10
6.107X 10
1.236 X 10
4.214 X 10
6.701 X 10
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gy, Ef is the fission barrier, B„ is the neutron binding en-

ergy, A is the mass number of the compound nucleus and
ICO is a constant taken as 10.7 MeV (Ko =Pi /gmro, where

g =2 corresponding to the spin states of the neutron, m is
the mass of the neutron, and ro is the radius parameter
taken as l.4 X 10 ' cm). The measured fission cross sec-
tions are mostly due to first chance fission in this region
of the periodic table at moderate excitation energies (see
the steep excitation functions; Fig. 1). Charged-particle
emission can be ignored at these moderate excitation en-
ergies and hence the ratio of fission width to neutron
emission width can be reasonably approximated to the ra-
tio of fission cross section to total reaction cross section
(rf/I„=of/oz). The total reaction cross sections
were calculated according to the optical model parame-
ters of Huizenga and Igo [10) using the ALIcE computer
code [11]. A least-squares fitting procedure was used to
fit the experimental I f /I „values to obtain "best values"
of Ef, af, and a„. The af values were fioated froin A /8
to A/20, which are reasonable upper and lower limits
(see Fig. 2). The ratio of af /a„was fioated from 1.00 to
1.35 in increments of 0.01. Ef values were allowed to
vary between 20 and 35 MeV, in increments of 0.1 MeV,
which are reasonable lower and upper limits. By this
procedure, the Ef values were calculated and "best
values" of Ef, af, and af /a„were selected on the basis of
the minimum sum of the squares of the deviation (g ).
We have used the simplest form of the statistical-model
expression [1] neglecting the angular momentum brought
in by alpha particles, barrier penetration, pairing and
shell corrections to the neutron binding energies, etc., be-
cause their contributions are expected to be very small.
The results of these analyses are given in Tables II and
III. It is obvious from Tables II and III that:
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FIG. 2. Theoretical fits to the I f/I „data for the helium-
ion-induced fission of terbium and ytterbium using af values
A/8 and A/20.

(a) For ' 'Hf, Ef lies in the vicinity of 24.4—29.8
MeV, with corresponding af and a„values in the ranges
22. 1 —8.9 MeV ' and 19.9—8. 1 MeV ', respectively.
The af /a„values vary between 1.11 and 1.10.

(b) For ' Ho, Ef lies in the vicinity of 28.9—34.9
MeV, with corresponding af and a„values in the ranges
20.4—8.2 MeV ' and 19.8 —8.2 MeV ', respectively.
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FIG. 1. Measured fission excitation functions for the
helium-ion-induced fission of ytterbium and terbium.

FIG. 3. Comparison of the measured and predicted fission
barriers for low-Z systems (a =LDM [15], b=RLDM [16],
c =RFRM [18],d =RFRM [17]).
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TABLE II. Least-squares fit of the theoretical 1 &/I „expres-
sion to the experimental data on ' Tb+ He —+' Ho.

ay
(MeV) (MeV ')

a„
(MeV ') a~/a„ Remarks

28.9
29.5
30.3
30.8
31.5
31.9
32.5
33.7
34.7
34.9

20.4
18.1
16.3
14.8
13.6
12.5
11.6
10.2
9.00
8.2

19.8
17.8
16.0
14.7
13.5
12.5
11.6
10.2
9.00
8.2

1.03
1.02
1.02
1.01
1.01
1.00
1.00
1.00
1.00
1.00

0.0246
0.0241
0.0238
0.0237
0.0233
0.0234
0.0239
0.0246
0.0286
0.2805

aI= A/8
A/9

A /10
A /11
A /12
A /13
A /14
A /16
A /18
A /20

Z /A
50.883 [1—1.7826[(N —Z) /2 ] I

The a&/a„values vary between 1.03 and 1.00.
From these observations, the values of fission barrier

for ' 'Hf and ' Ho can be assigned to be 26.7+3.0 and
31.5+3.5 MeV, respectively. The uncertainties shown
would allow for inclusion of other values derived from
reasonable upper and lower limits of aI and a„values.

The experimental fission barriers of ' Ho and ' 'Hf
and a few other low-Z nuclides in the deformed and
closed-shell region [1,4, 12—14] were compared with
fission barriers calculated by liquid-drop-based models
such as the simple liquid-drop model (LDM) [15], shell-
corrected liquid-drop model [9], rotating liquid-drop
model (RLDM) [16], and finite-range models (RFRM) of
Sierk [17] and Mustafa et al. [18]. The fission barriers
based on the Sierk model [17] and RLDM of Cohen
et al. [16] were calculated by the ALIGE computer code
[11]for nonrotating fissioning nuclei. The barriers based
on the model of Mustafa et al. were read from the graph
of Z /A versus fission barrier of beta stable nonrotating
fissioning nuclei, given in their paper [18]. These theoret-
ical and experimental fission barriers are summarized in
Table IV and also illustrated in Fig. 3 where the fission-
ability parameter X is given by equation [19]:

It is obvious from Fig. 4 that the aI/a„ratio tends to
decrease with Z 2 and approaches unity in the region of
deformed nuclei (e.g., ' Ho, ' Tm, ' ' Yb, and ' Lu).
This may be expected since, as one moves away from
closed-shell nuclei (e.g., the Au-Bi region) the ground
state and saddle point have similar level structures [20]
and therefore a& and a„ tend to become equal [1].

I I I I I I I I

10.B56 —0. 7046 ( Z /A ) +O. 01264 ( Z /A )

213A t
Ref .

Ref ~

I 40 — ~ Ref .

OPo

where Z, N, and A are the proton, neutron, and mass
numbers, respectively. It is seen that there is good agree-
ment between the experimental fission barriers and those
predicted by a semiempirical mass formulation based on
the charged liquid drop for ' Ho, ' 'Hf and other nu-
clei in the deformed region, such as ' Tm, ' ' Yb [1],

Lu, ' Ta, ' 'Ir, and ' Ir [12]. This indicates that
ground-state deformation has very little, if any, effect on
lowering of the fission barriers. It also suggests that the
basic features of the simple liquid-drop theory are
sufficiently accurate in describing the nuclides in this de-
formed region.

The ratios of level-density parameters at the saddle
point to these at the ground state, a&/a„, obtained from
an analysis of fission excitation functions of ' Ho,

'Hf, and other nuclides in the deformed region [1,12]
in terms of statistical-model expressions [5], were com-
pared with other published data [4,13,14] on a&/a„ratios
in the closed-shell region. This includes 16 nuclei rang-
ing from ' Ho to ' At. The a&/a„ratio for ' Ho, one
of the lightest compound nuclei, was found to be 1.01.
The maximum a&/a„ratio was found to be 1.50 at the
Bi-At closed shell region [13]. A systematic trend was
observed in the a&/a„ratio of these 16 nuclei (from ' Ho
to ' At) as a function of Z /A (see Fig. 4) which can be
represented by the equation

a&/a„=10. 856—0.7046Z /2+0. 01264(Z /A )

TABLE III. Least-squares fit of the theoretical I I/I „ex-
pression to the experimental data on ' 'Yb+ He —+' 'Hf.

Ref.

Ref.

2Po

(MeV)
ag

(MeV ')
an

(MeV ') a& /a„ Remarks
I 20—

Pres

24.4
25.0
25.6
26.2
26.7
27.2
27.7
28.5
29.1
29.8

22.1

19.7
17.7
16.1
14.8
13.6
12.6
11.1
9.8
8.9

19.9
17.7
16.0
14.5
13.3
12.3
11.4
10.0
8.9
8.1

1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.11
1.10
1.10

0.1377
0.1342
0.1339
0.1337
0.1333
0.1337
0.1368
0.1366
0.1398
0.1438

ag = A/8
A/9

A /10
A /11
A /12
A /13
A /14
A /16
A /18
A /20

I 00

25

177.
17

169Te
171.3yb

, ~l I l I I l l

26 27 28 Q9 30 3l 32 33 34

Z~X6I

FIG. 4. Ratio of level-density parameters a&/a„as a function
ofZ /A.
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TABLE IV. Experimental and theoretical fission barriers for some low-Z systems.

Compound
nucleus
(C.N. )

163HO

Tm
1 '3Yb
173L
177.1Hf
179T

189Ir

191Ir
195 197A

201Tl

209B1

210PO

'"At

Expt. E&
(MeV)

31.5+3.5
29.8+3.0
27.8+3.0
28.7+2.5
26.7+3.0
27.5+2.5
22.4+2.5
23.6+2.5
22. 3+0.7

22. 5+1.5
22.6+1.5
20.4+1 ~ 5
16.8+1.5

LDM
[15]

(MeV)

36.98
34.6
33.1
31.5
30.6
28.9
22.9
23.5
20. 1

20.7
17.4
15.4
13.8
12.7

RLDM
I:161

(MeV)

33.6
31.2
29.7
28.2
27.3
25.7
20.0
20.5
17.6
18.1
15.1
12.9
11.8
10.9

Shell-corr. LD
I:9]

(Mev)

34.3
32.6
31.1
29.6
28.6
26.8
21.8
23.2
21.6
23.4
22.4
23.9
21.0
16.2

Sierk
[17]

(MeV)

28.4
26.6
25.3
24.2
23.3
22. 1

17.6
18.0
15.5
15.9
13.6
11.9
10.8
9.9

Mustafa et al.
[18]

(MeV)

30.5
28.3
27.2
25.2
25.3
23.3
17.8
19.0
15.9
17.5
14.1
13.1
11.1
10.0

Ref.

This work
[1l

I:1]
[12]

This work
[12]
[12]
[12]
[14]

I:4l

[13]
[13]
[13]

Since the present experiment extends the range of nu-
clides for which fission excitation functions were obtained
at moderate excitation energies, it will be interesting to
study the dependence of I &I „with Z /A at a constant
excitation energy. In our earlier work [1], the
log&ol &/I „values of ' Tm and ' ' Yb at constant 40
MeV excitation energy appear to deviate slightly from
the linear dependency on Z /A which is given by the
equation [12]

log)OI I/I'„=1.41Z /A —49.8 .

gion can be represented by the equation

log)OI //I „=0.366Z /2 —13.455 . (5)

A theoretically more meaningful analysis may be the
correlation of I'&/1 „with EI B„' wher—e E& and 8„' are
the efFective fission barrier and neutron binding energy,
respectively. The values for I &/I „at 40 MeV, and the
effective fission barrier EI, were taken directly from the
experimental determinations [1,4,9,12—14,21,22] because
any necessary corrections to E& are inherent in the mea-
sured thresholds. The effective values for the neutron

log, I ~/I „=1.26Z /2 —44. 77 . (4)

It is observed that this may be due to uncertainties in-
volved in the measurements of such low fission cross sec-
tions [1]. To understand this better, an analysis of the
available data on log, oI &/I „at constant 40 MeV excita-
tion energy from our work as well as those from the
literature [1,4, 12—14,21—23] for compound nuclei from

Ho to ' At and Th to "Fm was done. It was ob-
served that the log&OI'I/I „data in the ' Ho to ' At re-
gion where symmetric fission is predominant can be
represented by the equation

L -3. 10—

0. 366 „"/A

13A t

213A t
iBi ' 10Pp

1 5 -,.A «77 . 12Pp

01T 1
~09B i

/
01T

I

195 197 198Hg
Au P

Th-Fm region

Ref. 22 5 23

Ref . 21

El Ref . 13

All the nuclei in this region lie fairly close to the expected
line (Fig. 5). However, in the actinide region

Th — Fm (all of which are predominantly asymmetric
fission nuclei), only a relatively weak dependence of
log, oI &/I „on Z /A was observed (see Fig. 5). The es-
timation of I &/I „ in the heavy-element region is compli-
cated by two factors; first, at this excitation energy the
first chance fission represents only a small portion of the
total fission probability. Secondly, because of the rela-
tively large contribution of fission to the total reaction
cross section, it is not possible to approximate I „by o z.
However, I &/I „ is quite energy insensitive for these ele-
ments and, by indirect analysis [22,23], it has been possi-
ble to extract reasonable estimates of this ratio (in the Th
to Fm region). The log, oI I/I „data in the actinide re-

189lr

191lr

Ref. 4

Q Ref. 14

-7 70—
171.

Ref . 12

Ref. 1

-IO. OO

25

163Ho

30
72/

P recent Idork

FIG. 5. Correlation of the logarithm of fission to neutron-
emission width ratios with Z /3 at an excitation energy of 40
MeV for different compound nuclei. The logarithms are to the
base 10. (The Th —Fm region includes 44 nuclei; only the first
and last nuclei are labeled for the sake of clarity).
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ork
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-11.00

6 ll
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FIG. 6. Correlation of the logarithm of fission to neutron-
emission width ratios with E~ —B„' (B„' includes 50% shell
correction with pairing energy term) at an excitation energy of
40 MeV for different compound nuclei. The logarithms are to
the base 10. (The Th —Fm region includes 8 nuclei; only the first
and last nuclei are labeled for the sake of clarity).

binding energy B„' were obtained by assuming

even-even B„'=B„+hp "+AS",

even-odd B„'=B„+hS",
odd-odd B„'=B„—hp "+ES",

where B„ is the ordinary neutron binding energy, Ap" is
the pairing energy correction (+11/A' ), bS" is the
shell correction (taken as a positive value for ground
states lying below the reference mass surface) and the
even-odd characteristics refer to the residual nucleus
after neutron emission. The values of B„and AS" were
taken from Ref. [9]. The log, oI &/I „values were plotted
with E& B„', in—which B„' includes (a) no shell correction
but only a pairing energy term (sum of squares of devia-
tion =7.84), (b) full shell correction including pairing en-

ergy term (sum of squares of deviation =2.68), and (c)
50% shell correction with pairing energy term (sum of
squares of deviation = 1.79; Fig. 6). Based on the
minimum sum of squares of deviation, the 50% shell
correction with pairing energy term was found to be the
best and the data can be represented by the following
equation:

log, I'I /I „=1.593—0.452(Ej B„' ) . —

The results suggest that shell effects tend to persist even
at higher excitation energies, and in the deformed region
the linear dependency of log&OI &/I „with EI B„' is no—t
significantly affected by shell corrections to the effective
neutron binding energy because of its small magnitude.

The 50% shell correction would be a reasonable estimate
at excitation energies involved in this comparison, and
those values have been adopted in this analysis.

From Figs. 5 and 6, it appears that the linear depen-
dency of log, oI &/I „with Z /A and E& —B„' starts devi-
ating in the Ra region where symmetric and asymmetric
fission barriers are comparable. Above Ra (from Th to
Fm) the symmetric fission barrier is greater than the
asymmetric fission barrier, hence these are essentially
asymmetric fission nuclei. Below Ra, the asymmetric
fission barrier is greater than symmetric fission barrier
(predominantly symmetric fission). The recent careful
study of Itkis et al. [24] indicates that asymmetry of
mass distribution is present below the Ra region and
disappears somewhat abruptly near A =200. Based on
this fact, it can be assumed that Eqs. (4) and (6) essential-
ly represent symmetric fission. On combining Eqs. (4)
and (6) the following equation is obtained.

Ej' B =102.57 2.79Z /A (7)

If one neglects, or averages out shell effects, and assumes
B„' to be approximately constant, then

E/=K, —K2(Z /A ),

Ef (zsyIn) Bn 235 e 1 1 6e 65Z / A (9)

From Table V, it appears that near A =200 the asyrn-
rnetric fission barrier becomes higher than the symmetric

where K& and E2 are constants. This is the same form
given by Cohen and Swiatecki [15] for obtaining the bar-
rier of a charged liquid drop. Since Eq. (7) represents
symmetric fission, the E& in the above equation can be as-
sumed to be E&(sy t 'p) The symmetric fission barriers
obtained from the above equation were compared with
the experimental symmetric fission barriers available in
literature from a phenomenological analysis of the proba-
bility of symmetric and asymmetric fission of nuclei (ki-
netic energy measurements) [24—26] and from an analysis
of fission excitation functions [1,4,9,12—14] and are given
in Table V. It is obvious from these results that the sym-
metric fission barriers obtained from Eq. (7) are reason-
ably close to experimentally observed fission barriers.
However, this type of analysis is not capable of obtaining
asymmetric fission barriers by extrapolating fission bar-
riers of actinide nuclides (predominantly asymmetric
fissioning nuclei). The main reason behind this may be
that although the asymmetric fission barrier in the ac-
tinide region is lower than the symmetric fission barrier,
it may be comparable in magnitude. Hence the average
fission barrier obtained by analysis of excitation functions
may not essentially represent the asymmetric fission bar-
riers. The available experimental data on asymmetric
fission barriers [24—26] was plotted against Z /A. From
the limited available data on asymmetric fission barriers,
it is apparent that asymmetric fission barrier
(Ef( y) B„') is linearly dependent on Z /A. Based on
the available data, the asymmetric fission barrier can be
represented by the equation.
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TABLE V. Symmetric and asymmetric fission barriers.

Nuclide

163H0

Tm
171.3Yb
173L

201Tl
210p

213At
227R

Ac
227A

Ac

233Th
232p

238U

Symm. fission
barrier

[from Eq. (7)]
(MeV)

31.66
30.01
29.00
27.62
27.01
21.47
20.67
15.43
11.89
8.65
9.59

9.02

9.93
9.50
6.87
8.26

Expt. symm.
fission
barrier
(MeV)

21.2
17.3
9.3
8.8
8.5
8.5
8.8
9.2

Asymm. fission
barrier

[from Eq. (9)]
(MeV)

57.90
53.90
51.14
47.68
46.57
28.02
23.51
17.04
12.06
5.98
7.45

7.47

7.71
7.87
1.65
3.54

Expt. asymm.
fission
barrier
(MeV)

24.4
19.8
7.95
7.80
7.40
7.30
7.0
7.2

Average expt.
fission

barrier'
(Mev)

31.5
29.8
27.8
28.7
26.7
22.5
20.4
16.8

5.95
6.44
6.18
5 ~ 80

Ref.

This work
[1]
[ll
[12]

This work
I:4l

[13,24]
[13,24]

[25]
[25]
I:261

[25]
[26]

[9l
[9l
[9l

"Obtained by the analysis of fission excitation functions.

fission barrier. Thus asymmetric fission may not be ex-
perimentally observable below A =200 and hence it
disappears around A =200 [24]. The average fission bar-
riers of actinide nuclei, obtained by analysis of excitation
functions, lie between asymmetric and symmetric fission
barriers (see Table V) and indicate that the average fission
barriers of actinide nuclei do not represent the asym-
metric fission barriers uniquely.

The rather impressive correlation obtained in Eqs. (7)
and (9) is gratifying and tends to lend credence to the as-
sumptions that have been used.

We appreciate the help and cooperation extended to us
by Dr. S. N. Chintalapudi, V. S. Pandit, and the operat-
ing staff of the Variable Energy Cyclotron (VEC) Calcut-
ta, in carrying out the cyclotron irradiations.
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