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A review is given of the methods employed to calculate the mass parameters B, which are used in
practical calculations of the half-lives T, of spontaneously fissioning heavy elements. The
phenomenological description of B and the cranking model are considered in detail. The hydrodynamic
model on which the phenomenological description is based is also discussed. The results are given of
calculations of the parameters B and also results for the half-lives T, based on them.
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INTRODUCTION

In the collective adiabatic description of fission (see,
for example, Refs. 1-3) an important part is played by
information about both the potential and the kinetic
(mass parameters) energy as well as dissipation. We
know the potential energy relatively well, but the mass
parameters much less so, and in the investigation of
dissipation we are still at the initial stage.*”’

The potential energy can be described relatively sim-
ply by representing it as the sum of a smooth part
(usually described by the liquid-drop model) and a rel-
atively small shell correction.®™*

It is much harder to describe the mass parameters.
They depend more strongly on the details of the internal
structure of the nucleus than on the potential energy
(see, for example, Refs. 14 and 15). In addition, they
are represented by a more complicated entity (a ten-
sor) than the energy (a scalar), and even in a simple
model a complete description of this tensor is much
more complicated. There exist various methods of
fairly general self-consistent description of the inertial
parameters. Among them, we have the generating co-
ordinate method'®*® and the time-dependent Hartree—
Fock formalism (see, for example, Ref. 19, in which
this formalism is specially adapted for describing col-
lective processes). However, because of their com-
plexity, these methods have not yet been used in prac-
tical calculations.

In the present paper, we review only those methods of
calculating the mass parameters B that have so far
been used in practical calculations of the spontaneous-
fission half-lives. This means that we consider the
phenomenological description and the description in the
framework of the cranking model. The hydrodynamic
model has here played some part as well. In the paper,
we use simultaneously the expressions “mass or iner-
tial parameters” and “mass or inertial functions.”

In Sec. 1, we present a method for calculating the
spontaneous-fission half-lives and indicate the part
played by the inertial parameters in the method. Sec-
tion 2 is devoted to the hydrodynamic and phenomeno-
logical description of these parameters, and also to the
description by means of the cranking model. In Sec. 3,
we present and discuss the main results obtained by
means of these methods. At the end, we draw some
conclusions from these results.
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1. CALCULATIONS OF THE HALF-LIVES

The spontaneous-fission half-life is
T = (ln 2/n) P1, (1)

where n is the number of times the nucleus encounters
the barrier per unit time. This number is usually iden-
tified with the frequency of vibrations of a type that can
lead to fission. If the vibration energy is taken equal to
1 MeV, we obtainn=10"% sec™. The probability P of
penetration of the nucleus through the barrier when the
barrier is encountered once is usually calculated in the
quasiclassical (WKB) approximation:

P=(l+expS (L™, 2)

where

S(L)=2f %ll’(s)—E]B(s)ds (3)

Sy

is the action integral calculated along a trajectory L
defined in the space of deformations, V(s) is the poten-
tial energy, B(s) is the effective mass parameter along
L, and E is the energy of the fissioning nucleus.

The effective mass parameter is

B (5)= B, (5) = Buy(5) = 3\ Baya, 72 2, (4)
where B, ,, are the components of the mass tensor
corresponding to the deformation parameters @, and @;
of the nucleus. To calculate the probability P of pene-
tration through the barrier, we must find the trajectory
L_,. along which the action integral S(L) takes its mini-
mal value.

An important part is here played by the space of de-
formations in which the minimum is sought. It must be
sufficiently large to describe at least two characteris-
tics of the nuclear shape such as elongation and the for-
mation of a neck, which are important in fission. Thus,
the description must contain at least two parameters.
For the fission of the majority of actinides, a third
property is also important—mirror (or left—right)
asymmetry, i.e., asymmetry about a plane perpendicu-
lar to the symmetry axis of the nucleus and passing
through its center of mass. The departure from axial
shape (described, as a rule, by the gamma parameter)
is not so important.

It can be seen from Eq. (3) that the part played by the
mass parameters in fission is as important as that
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played by the potential energy. However, as we have
already said in the Introduction, these parameters have
not been studied so well as the potential energy. In
addition, their calculation in the general case is more
complicated than that of the potential energy, since we
need, not one, butzn(n+1)/2 components of the symme-
tric tensor By, ,, (@), 040...,9,), where i,j=1,2,...,n,
and » is the dimension of the space of deformations.
Moreover, the calculation of each component is, as a
rule, more difficult than the calculation of the potential
energy Via,, a,,..., Ot,,). This is why the mass param-
eters are treated very approximately in calculations of
T, one either calculates fewer components than exist
in the employed deformation space or very crude sim-
plifying assumptions are adopted.

Of course, the one-dimensional description of the
barrier penetrability is also a simplification. However,
it appears to be a comparatively good approximation.
Some investigations have been made into the penetra-
bility of a two-dimensional barrier.?*??* It was
shown®? that in the case of a “diagonal” transition
through the barrier (i.e., without excitation of the or-
thogonal degree of freedom), in which we are here in-
terested, the influence of the orthogonal degree of free-
dom reduces basically to a change in the effective
height of the barrier, this being associated with a
change in the energy of the zero-point vibrations corre-
sponding to the orthogonal degree of freedom (see also
Ref. 23). However, to some extent this fact is already
taken into account in the one-dimensional description
presented here, since the liquid-drop parameters in the
potential energy are chosen to reproduce the experi-
mental barrier heights.

2. DESCRIPTION OF THE MASS PARAMETERS

In this section, we discuss in some detail both de-
scriptions of the mass parameters used in practical
calculations of the half-lives T'_,, i.e., the phenomeno-
logical description and the description by means of the
cranking model. We begin by presenting the hydrody-
namic approximation on which the phenomenological de-
scription is based.

Hydvodynamic Approximation. In this approximation,
nuclear matter is regarded as an incompressible and
irrotational fluid. To find the kinetic energy of the
fluid, we must find its velocity field within the nucleus
for a given normal ¢omponent of the velocity on its
boundary. Mathematically, this is a Neumann problem
for the velocity potential.

For a simple shape of the nucleus, for example, an
ellipsoid, this problem can be solved analytically.*
For an ellipsoid of revolution, the mass function corre-
sponding to the Nilsson deformation parameter £ is®®

B, () = 2/15mA RS (1 +262/9) (1 =26/3)"2 (1 —e2/3 —25/27) "%, (5)

where m is the mass of a nucleon, A is the mass num-
_ ber, and R, is the radius of a sphere of the same vol-
ume as the considered nucleus.

For zero deformation (sphere)

Bl (0) = (2/15) mr2d™? = 0.004634° 2 MeV™! (6)
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for Ry=7,AY/3=1.24Y3 F,

The dependence of all three functions By, By, and
B,, (and also all three moments of inertial,, I, 1,) on
the deformation parameters B and ¥ describing an arbi-
trary ellipsoid is discussed, for example, in Ref. 14.

For a more complicated shape of the nucleus, the
mass parameters are calculated numerically in exactly
the same way as they are approximately (see, for ex-
ample, Refs. 26 and 27).

With regard to the numerical values of the hydrody-
namic inertial functions, they are too small to describe
vibration and rotation**? and also fission.?® They are
of interest only as a point of departure, particularly in
the construction of phenomenological mass parameters.

Phenomenological Description. In the phenomenologi-
cal description, the starting point is a definite (as sim-
ple as possible) expression for the effective mass func-
tion [Eq. (4)] with one or two free parameters. These
parameters are chosen so as to reproduce best the ex-
perimental half-lives T',.

In the early calculations® of T, the effective func-
tion B, was chosen in the simple form

BE™" (e) = const A%, (7)

i.e., independent of the deformation and with the same
mass-number dependence as is obtained in the hydro-
dynamic approximation (6). In these calculations, the
parameter s describing the position on the fission tra-
jectory was the Nilsson parameter €: s=¢. The condi-
tion of reproducing the actinide half-lives yielded

BE"™ —0.0544% %12 MeV™! (7a)

i.e., a value approximately 12 times greater than the
hydrodynamic value (6).

The simple form (7) does not satisfy the asymptotic
condition that the effective parameter B,, (where ¥ is
the distance between the centers of mass of the fission
fragments) should tend to the reduced mass p when v
tends to the value corresponding to the scission point,
i.e.,

By (1) ——> w=M M,/(M+ M,). (8)
=*F scission

One can, of course, assume that this condition is not
that important for analyzing the T,,, since the principal
part is here played by the properties of the nucleus
near the saddle point, and not near the scission point,
which is very far from the saddle point, especially in
nuclei that are not too heavy. However, the condition
(8) can be used as a heuristic argument in determining
B as a function of the deformation.

In Ref. 30, precisely this condition was used to con-
struct the phenomenological function B. The hydrody-
namic approximation played an auxiliary part. The
essence of the matter is as follows. Suppose the dis-
tance » between the centers of mass of the incipient
fission fragments is determined for any shape of the
fissioning nucleus up to the fission point. For each
shape investigated in practice, thisis notdifficult to do.
K the motion of the nucleus is regarded as the motion of
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an incompressible fluid, it follows from Kelvin’s theo-
rem® that the mass parameter B, corresponding to this
motion cannot be less than the irrotational value:

B,>B!. ©)

This follows from the fact that among all the motions
corresponding to the given boundary-value problem the
kinetic energy is smallest for irrotational motion. But
B'r is greater than the reduced mass, since the motion
of the fluid includes not only the relative motion of the
centers of mass of the fragments but also the internal
~motion in the fragments. Thus,

B =p. (10)

Equality can here hold only at the scission point and at
large », when the variable » no longer describes the
internal motion of the fragments.

Introducing one free parameter k, we can give the
following expression®® as the function B*"™:

thenfll:k(B.i-r—u). (11)

This expression enables us to give a simple interpreta-
tion of the free parameter k2. Namely, its departure
from unity characterizes the departure of the motion of
the nuclear matter from irrotational motion. Analysis
of the half-life of the nucleus **°Pu in Ref. 30 led to the
value £ =8.9. Inthe calculations of the kinetic energy of
the irrotational motion (B¥) allowance was made for
only the symmetric shape of the nucleus, described'?
by the parameter y introduced by Hill and Wheeler.*®
(However, the potential barrier was calculated with
allowance for the mirror asymmetry of the deforma-
tion.) The diameter B™® is shown as a function of the
distance 7 for £=8.9 in Fig. 1.

The representation (11) for the parameter B2 was
used in Ref. 32 to analyze T2! in the complete range of
actinides. However, instead of a detailed calculation of
the function B — u, the following exponential form was
used:

Br(n—n=(17/15)pexp[—(r
— 3R/4)/d]. (12)
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FIG. 1. Dependence of the phenomenological inertial function
B, on the distance between the fragment centers of mass for
shape of the nucleus described by the parameter y. For com-
parison, the function for an irrotational fluid and the reduced
mass p of the fragments are also given.?’
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The value (17/15)u of the coefficient was obtained under
the assumption that the nucleus has an ellipsoidal shape
at small deformations. In this case, for a spherical
nucleus (r=3R/4)

BY (r=3R/4) = (32/15) .

If the parameter d of the rate of decrease is fitted so as
to reproduce the values of B¥ () — 1. obtained for the
shape described by the variable y (the lower part of
Fig. 1), we obtain

d=dy= R/2.452. (13)

Analysis of the experimental half-lives T',; of even—
even actinides based on B [see (11)-(13)] yielded
k=6.5 (Ref. 32). However, after some improvements™
of the potential barrier, this value was increased to
k=11.5.

In Ref. 33, the possibility of regarding d as a free
parameter was investigated. It was found that besides
the parameter set

k=115, d=dp, (12a)
we obtain also the set
k=6.5, d=2d, (12b)

which actually permits a somewhat better reproduction
of the experiment. Namely, it makes it possible to re-
produce the half-lives T, of nuclei with Z=92-104 with
accuracy up to a factor of ~25 on the average.

Microscopic Calculations. In practice, to calculate
the spontaneous-fission hali-lives T, from microscop-
ic mass parameters only parameters obtained in the
adiabatic approximation in the cranking model have been
used. In this approximation,® it is assumed that the
time-dependent deformation of the nucleus is specified
independently, and the response (inertia) of the nucleus
to this perturbation is investigated. The additional as-
sumption of adiabaticity means that the deformation of
the nucleus (the collective motion) is slow compared
with the single-particle motion.

In the adiabatic approximation in the cranking model,
the expression for the inertial function corresponding
to the components @, and @, of the deformation of the
nucleus has the form!:3

Bvxl-’xj _one Z (0 |arae; |s.';)iky|unr deey | 0) } (14)

k0

where |0) and |%) are the ground state and excited state
of the nucleus, and g, and €, are their energies. I
these states describe the nucleus as a system of nucle-
ons placed in a field with deformed potential with pair-
ing forces acting between them, the expression (14) be-
comeslz'sa'“

; {v]| aH jao; | V') (v'| aH jday | v)
Ba = 22 Z L 3 s
¥, ¥

X (tyyr +tyrry)2 4 P,

The pairing interaction is here taken into account in the
BCS approximation; H is the single-particle Hamilton-
ian, which describes the motion of a nucleon in the de-
formed potential; «, and v, are the variational param-
eters of the BCS function corresponding to the single-

A. Sobiczewski 468



particle state |v) with energy e,, and E,=V(e, - XP+ &%
is the energy of a quasiparticle in this state. The quan-
tities X and 24 are the Fermi energy and the energy
gap.

The additional term P!/ ig due to the dependence of A
and A on the deformation and has the form?2-%:37

PV i 3 o (ASAT — A (Abry + Adrby)), (15a)

v
where
A% = Ah/0ay -+ [(ey — A)/12A]) 0ABas; T = (V|0 H [de;| v);

Oh/da; = (ac; -+ A% d;)/D;  A2/8e; = 2A2 (ad; — be)/D;

ey—h 1
a=3 i b= = D=a%+ A%
A fowaghe L
(ev—1) vhy vy
ci:E“—"—'—: di= —_
v EE v E?"

3. RESULTS AND DISCUSSION

Dependence on the Deformation. The dependence of
the microscopic parameters on the deformation has
been most fully investigated. It has been studied for
components corresponding to mirror-symmetric (Refs.
12, 10, 25, 38, and 39), mirror-asymmetric,*** and
axially asymmetric**!5*2 ghapes of the nucleus.

In Ref. 42, six inertial functions in nuclei in the acti-
nide region were investigated Bgg, Bg,:q, B, £y By,
Bg,, and B,,. The first three of them were investigated
on the mesh shown in Fig. 2. At the corners of the
mesh, the shapes of the nucleus corresponding to these
corners are shown; the dashed curve is the shape of the
nucleus after allowance for the axisymmetric deforma-
tion g5+¢€;.

An example of the results is given in Fig. 3 for **®*Fm.
The variable £ is introduced instead of the parameter
g, of the hexadecapole deformation:

e, = et +0.2e— 0.06 (16)
the aim being that for actinides the mean trajectory
leading to fission,

£, = 0.26 —0.06, (17)

should be expressed simply as

€4

0.24

076

0.08

-0.08

=0.16

FIG. 2. Mesh of points for which the functions B, , Beep and

Bg, ¢, Were calculated.*? j

469 Sov. J. Part. Nucl. 10(6), Nov. -Dec. 1979

Dk

1

4

B 2
% H
/ F 42 \ %
scat.
0 i
\n\\ i M '
0.08 ki /,/’”\ \ /6'\‘ L
e N
iy 7 ‘
Bre, , |
0.04Scale: 128

R

-0.08k
[

[0 LI 1L A
0.2 0.4 0.8 0.8 1.0¢ 0 0.2 04 0. 2.8 e

FIG. 3. Dependence of the potential energy V and the inertial
functions Bgg, By , and Bg, , on the deformations € and &,.
The values of the potential energy are measured from the first
minimum (zero), and the values of the inertial functions from
the smallest value attained at the point indicated by the cross
(min.). The static (dashed curve) and dynamical (continuous
curve) trajectories leading to fission are shown.%?

ef=0.

(17a)

One can also say that the transformation (16) trans-
forms the oblique mesh (g,¢,) in Fig. 2 into the rectan-
gular mesh (g,e¥) in Fig. 3.

It can be seen that all three inertial functions depend
strongly on the deformation. In particular, their ap-
preciable fluctuations indicate strong shell effects. Be-
sides the inertial functions, to complete the picture we
show in Fig. 3 the potential energy as well. This was
calculated with allowance for the asymmetric deforma-
tion 5 +¢€;.

Because of the dependence of the inertial functions on
the deformation, the dynamic trajectory leading to fis-
sion differs from the static trajectory. It can be seen
from Fig. 3 that the difference is appreciable. Its in-
fluence on the potential barrier is relatively small
(since the static trajectory corresponds to the minimum
of the potential energy, and deformation from it changes
this energy comparatively little), but its influence on
the effective mass parameter B(s) is large. This can
be seen directly in the example of several fermium
isotopes (Fig. 4); namely, the potential barrier along
the dynamical trajectory differs little from the barrier
along the static trajectory, but the corresponding effec-
tive parameter B¥"(s) is on the average appreciably
smaller than B (s). In particular, it is appreciably-
smaller in the region in which the potential barrier is
high, i.e., in the region making a large contribution to
the action integral (3). To summarize, the dynamical
calculations give values of the spontaneous-fission half-
lives T, of the transuranium elements that are 1.5-2.0
orders of magnitude shorter than the static calcula-
tions.*?

We illustrate the dependence of the mass functions on
the nonaxial deformation for the lighter nucleus ?Ba.
Figure 5 shows the functions Bgs, B,,, and By, in their
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FIG. 4. Potential energy V and effective mass parameter B(s)
[see (4)] for fermion isotopes along the static and dynamical
trajectories leading to fission. Here, s=g£. The dashed curve
is the potential energy with smooth component in the liquid-
drop model.*

dependence on the deformation parameters 8 and 7.

For completeness, we give the dependence of the poten-
tial energy on these parameters. The deformation re-
gion is chosen with the aim of analyzing low-lying col-
lective states. Here it can also be seen that shell ef-
fects are clearly expressed for all three parameters

B; for example, the amplitude of the fluctuation of the

\
L
0 a1 0z 03 0% p

Byl
Scale: 0.008

a syl Setuhatn R\
a3 04 7 a1 02 083 &%
P B

FIG. 5. Dependence of the mass parameters By, B,,, and By,
on the deformations 8 and y for !*6Ba. On the left, the micro-
scopic values BM™; on the right, the values B'T for an irrota-
tional fluid normalized by means of the values B =Bé§ (g=0)
=B}.’,’, (8=0). For completeness, diagrams of the potential en-
ergy V are also given.”‘
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parameter B,, is of the order of 40% of the mean value.
It is interesting that the dependence of B, on the defor-
mation ¥ reveals a certain maximum (barrier), which
separates the oblate and prolate shapes. The height of
this barrier is about 30% of the value obtained for an
axisymmetric shape. This barrier can lead to an axi-
symmetric shape of the nucleus, although the potential
energy by itself gives only a weak preference for such
a shape. In Fig. 5, the microscopic inertial functions
(and the potential energy) are compared with the func-
tions obtained for an irrotational fluid. The functions
corresponding to an irrotational fluid depend very
smoothly on the deformation. In addition, their depen-
dence on the deformation is weaker (by two orders of
magnitude) than the dependence of the microscopic
functions (cf. the scales of the corresponding figures).

With regard to the interpretation of the deformation
dependence of the mass parameters, it was noted quite
some time ago that the inertia (resistance) of a nucleus
with respect to some motion of it (for example, defor-
mation) is connected to the rearrangement that this mo-
tion produces. In the single-particle description with-
out residual interaction and under the assumption of
adiabatic motion, this rearrangement is localized at the
points of intersection of the single-particle levels on
the Fermi surface. It is shown in Ref. 43 that the mass
parameter calculated in the cranking model has singu-
larities precisely at the points of intersection of the
levels and takes the hydrodynamic values far from
these points. In the representation of a single-particle
Schrddinger fluid* intersection of the levels corre-
sponds to compressible (locally, dynamically com-
pressible) flow.

Allowance for residual interaction, for example,
pairing, eliminates the singularities, leaving smaller
or larger fluctuations depending on the strength of this
interaction.

For the nuclei in the actinide region investigated in
Ref. 42, the dynamical trajectory leading to fission is
closer to the direction ¥=0 (corresponding to axisym-
metric shape) than the static trajectory (Fig. 6).

A comparatively weak dependence on the deformation
is put into the phenomenological inertial function B2"*"

Q
SN
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Ve, y)
Scale: 1.0 MeV

2

/il

65 0§ 07 48
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03 o4

a a1 ez

%
\
€

FIG. 6. Static and dynamical trajectories leading to fission on
the plot of the potential energy V(g,y) for **Fm (Ref. 42).
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FIG. 7. Comparison of the deformation dependences of the
microscopic function B, reduced by the factor p=0.80) and two
effective phenomenological inertial functions B,. The value
€=1.0, from (11) and (12), means that d=d, [see (12a)], and
¢=0.5 means d=2d, [see (12b)] (Ref. 33).

[see (11)]. This is a smooth function of the type of the
dependence obtained for an irrotational fluid (see Fig.
1). It takes into account only one deformation param-
eter—the distance » between the centers of mass of the
fission fragments—and it can therefore be compared
with the deformation dependence of the microscopic

function B™ only with respect to this variable (Fig. 7).

The microscopic function B™ is calculated on the
basis of the single component B;; by means of the ex-
pression

BE“" ()= pB::’lcr (e, &) [de/dr (g, &)]?, (18)

i.e., in accordance with Eq. (4) with s =y and @, =«
=g. The values of Bg, are taken along the static tra-
jectory leading to fission. It can be seen that the de-
pendence B™*(y) is close to the corresponding depen-
dence B™°(y) after averaging of the latter with respect
to the shell fluctuations, The values of B™< () them-

0 6102 03 0.4 05 06 07 0.8 0.9 £
Bf‘ T T T T T T T T T
A -
d f \‘ Erstat "S,'Fm
\E:emi-empir \‘

10-‘\‘

ol
075

FIG. 8. Deformation dependence of the effective microscopic
inertial function B, constructed from the three components
Bgey Bgey and Bg,g,. The phenomenological function BFmiempir
here is the same as in Fig. 1. All functions are expressed in
units of p (the reduced mass).% :
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FIG. 9. Spontaneous-fission half-lives obtained with pheno-
menological inertial functions.®

selves become close to the values B™*(y) only after
they have been reduced by a normalizing factor p=0.80.
However, if we take into account not only the component
Be, but also the components Bgg, and B, 45, WE Obtain
p*1, and, thus, the normalizing factor becomes super-
fluous (Fig. 8). The microscopic function B®'* ig cal-
culated here in accordance with Eq. (4) for s=7 and
(@,,@,)=(e,¢,) along the static, B***, and dynamic,
B®", trajectories. One can see that there are large
fluctuations of the function B™** (shell effects). They
are smaller along the dynamical trajectory than along
the static trajectory (allowance for the dynamics
smooths the fluctuations of the effective inertial func-
tion B). It can also be seen that the effective B con-
structed from the “more complete” tensor B™= (i.e.,
from a larger number of components of this tensor) is
close to B™" (after averaging of the fluctuations). The
phenomenological function B™e (Bsemi-emst) jg here the
same as in Fig. 1 (k=8.9).

Figure 9 shows the spontaneous-fission half-lives T,
obtained using the phenomenological inertial functions
with two free parameters fitted to these half-lives. The
values of 7', were calculated along the static trajec-
tories, and their experimental values were taken from
Refs. 46 and 47. In contrast to Fig. 9, Fig. 10 shows’
the values of T, obtained in dynamical calculations us-
ing microscopic inertial functions without free param-
eters. It can be seen that the dynamical calculations
make it possible to obtain T, values that agree with
the experimental half-lives with a relatively good accu-
racy without introducing (either in B or in the potential
energy V) any free parameters. At least, this is true
for not too light actinides.

Dependence on the Constant of the Paiving Inievaction.
Study of the dependence of the parameter B on the con-
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stant of the pairing interaction is important in connec-
tion with the fact that this constant is not too well
known, especially in the region of large deformations
(in the neighborhood of the saddle point), which is the
most important for fission problems.

This dependence is shown in Fig. 11, in which we
have plotted the parameter B calculated for several
superheavy nuclei® at deformation close to the defor-
mation of the saddle point. It is also discussed in Ref.
49, It can be seen that this dependence is very strong.
It also depends strongly on the nucleus (i.e., on the
position of the single-particle levels near the Fermi
level A). An increase in the constant G of the pairing
interaction by 5% reduces the mass parameter B by
10-30%, depending on the nucleus. Since an increase
in G also decreases the barrier, although to a lesser
extent, the half-lives T, are rapidly reduced.

The strong dependence of the mass parameters B on
the constant of the pairing interaction is confirmed in
several papers, for example, Refs. 25, 38, 49, 40,
and 48. It is also considered for excited nuclei in Ref.
50.

Influence of an Odd Particle. It is difficult to discuss
the influence of an odd particle in the cranking model,
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FIG. 12. Influence of an odd particle on the potential barrier
(a) and on the effective mass parameter (b).%

since in this case singularities may appear in the iner-
tial functions at the points of intersection of the single-
particle levels. However, at the level of the dynamical
analysis of fission the dramatic nature of this situation
is considerably defused, since the dynamical trajectory
leading to fission gives a wide berth to the singular
points and in general the region of large values of B.

A simple preliminary estimate of the influence of an
odd particle on the parameter B, and through it on the
half-lives T,,, was already made in the early paper of
Ref, 51. If allowance is made for the blocking ef-
fect,* the odd particle significantly increases B al-
ready through the weakening of the pairing interaction
due to the blocking of the state occupied by the odd par-
ticle. Microscopic calculations showed that the corre-
sponding increase in B is on the average about 30%
(Ref. 54). K, however, the blocking effect is ignored,
the odd particle has relatively little influence on B and
its main influence in increasing T, is through an in-
crease of the potential barrier (specification energy).
The results of Ref. 55 obtained in this case are shown
in Fig. 12.

It can be seen that an odd proton in a state with Qr
=1/2" considerably raises the potential barrier Vy,
(by 1-2 MeV). But it has a relatively weak and unsys-
tematic influence on the effective mass parameter B{™
along the dynamical trajectory.

CONCLUSIONS

This review of studies into the mass parameters en-
ables us to draw the following conclusions.

1. The mass parameters B constitute a more com-
plicated entity than the potential energy, and have been
studied relatively little.

2. In both the description of fission and the descrip-
tion of vibration around the equilibrium point (collec-
tive excitations) it is important to know the complete
inertial tensor (all its components) and its dependence
on the deformation. Because of the need for a many-
parameter description of the deformations that occur in
these motions, the number of components of the tensor
is not small, especially in the case of fission.

3. In the cranking model, the dependence of the
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inertial functions on the deformation is strong. In this

connection, the effect of the dynamical description, as
compared with the static, is appreciable.

4. Because of the dependence of the parameters B on
the deformation ¥ for many nuclei in the region of the
actinides, the dynamical trajectory leading to fission is
found to be closer to the line corresponding to axial
symmetry of the nucleus than in the case of the static
trajectory. As a rule, the dynamical trajectory is
shorter and smoother than the static trajectory.

5. If blocking is not taken into account, the influence
of an odd particle on the dynamical effective mass pa-
rameter is small,

6. The influence of residual interaction on B is large.
For example, an increase in the constant of the pairing
interaction by 5% reduces B by 10-30%.
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