7.65-MEV STATE OF

for decay to the ground state of C2, is less than 0.19,.
This limit is an order of magnitude smaller than the
best previous experimental limits. It is not, however,
inconsistent with current descriptions of helium burning.

A limit on P can be used as a basis for a choice
between the 0 and 2+ assignments if the partial widths
for the various decay processes can be estimated with
sufficient accuracy. Previous estimates by Rasmussen,’®
CFLL,? and Salpeter! indicate that for a Ot state P is
probably of the order of 10~2 or 1073, while for a 2+ state
transitions to the ground state should be comparable to,
or predominate over, alpha decays. It was therefore
concluded by CFLL, from an experimental upper limit
on P of about 1072 that the state is very probably 0F.

C12 613
A 2% assignment, however, could not be completely
ruled out due to the uncertainties in the theoretical
estimates of the decay rates. The present limit makes it
still more unlikely that the state is 2+ and this, together
with the angular distribution results, strengthens the
0% assignment.
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The penetration factor for spontaneous fission has been calculated from the liquid-drop model. The
transformation of the Gamow integral over the nucleon coordinates into an integral over the deformation
parameters @, has been carried out hydrodynamically, assuming irrotational motion. The transformation
requires evaluation of the kinetic energy in terms of @, and d,. Series expansions are used for the kinetic
energy and for the potential energy of deformation. We have neglected all parameters but ¢; and carried
the hydrodynamic calculations through terms in a,: While the potential barrier is subject to several
uncertainties, it has nevertheless been possible to estimate the spontaneous fission hindrance factor for
the highest Z elements. We find for Z=100 and Z2/4 =39 that a 1-Mev increase in barrier height should
correspond to a 103-7-fold increase in the half-life. This result agrees closely with the empirical hindrance
factor formula deduced by Swiatecki from a correlation of fluctuations in half-lives with deviations of
ground-state masses from the semiempirical mass formula. We have included some details of both the

hydrodynamic and the electrostatic calculations.

1. INTRODUCTION

HE successes and limitations of the liquid-drop
theory of nuclear fission are well known. In
addition to the qualitative explanation of the fission
process and the simple calculation of the energy released
in fission, the drop model has had reasonable success
in predicting approximate activation energies for
nuclides, such as the uranium isotopes, which are not
close to classical instability.!* However, the variation
of the predicted activation energies with Z%/4 is more
rapid than the variation indicated by measured
thresholds for photofission and neutron-induced fission.
The calculation of the activation energy is a difficult
and laborious problem requiring the determination of

* Based in part on work done by W. D. Foland in partial fulfill-
ment of the requirements for the Ph.D. degree at the University
of Tennessee.

t Present address: University of Massachusetts, Ambherst,
Massachusetts.

1 Present, Reines, and Knipp, Phys. Rev. 70, 557 (1946).

2 S, Frankel and N. Metropolis, Phys. Rev. 72, 914 (1947).

the potential energy in terms of the deformation
parameters for large deformations. It is not surprising
that the drop model should give a good account of
these essentially classical aspects of the fission process.

The possible occurrence of spontaneous fission as a
quantum-mechanical tunnel effect was first suggested
by Bohr and Wheeler,® who made, however, no attempt
at a detailed calculation. In order to evaluate the half-
life, the integral appearing in the exponent of the
penetration factor, which is a multiple integral over the
nucleon coordinates, must be transformed into an
integral over the deformation parameters of the drop.
The transformation can be carried out if one assumes
that the motion of the nucleons during the deformation
process can be represented as an irrotational flow of
an ideal incompressible fluid along classical streamlines.
The first attempt at such a calculation led to unsatis-
factory resultst; a later attempt, while more successful,

3 N. Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939).
4F. Reines, doctoral thesis, New York University, December
1943 (unpublished); see also reference 1.
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was based on an incomplete analysis of the hydro-
dynamics of the deformation process.?

It may seem an unwarranted extension of the drop
model to employ classical hydrodynamics in the
treatment of an effect so intrinsically quantum-
mechanical as barrier penetration. Justification rests
on the circumstance that the exponent of the penetra-
tion factor is related directly to the characteristic
action function of classical mechanics and can therefore
be calculated classically. The further assumption of an
irrotational flow is justified by the fact that it leads to
the greatest possible penetration factor for a given
barrier. Since the potential energy terms of the liquid-
drop model determine the barrier to be penetrated, it
is then possible in principle to calculate the half-life
for spontaneous fission. Because of the sensitivity of
the exponential factor to slight variations of the
exponent, if the assumptions and approximations were
not reasonable ones, the answer could disagree with
experiment by many powers of ten. This type of
calculation therefore constitutes a severe test of the
liquid-drop model.

The present work is based on a more complete
analysis of the hydrodynamic problem than has hitherto
been given, but is restricted in two essential respects:
(1) only one deformation parameter, a., is taken into
account (the surface of the drop is the locus r=Rq[1
+> anPr(cosf)] and (2) the kinetic and potential
energies are expanded in powers of @.. Both of these are
good assumptions if the nuclide in question has a
high enough Z to be close to classical instability.
Since instability sets in first with respect to second
harmonic (Ps) deformations, the potential barrier for
such a nuclide will correspond to small values of @2 and
much smaller values of the other @,. The results will be
applied to fermium, which is the highest Z element for
which spontaneous fission half-liveshave been measured.

2. THE PENETRATION FACTOR

The penetration factor is obtained from the solution
of the Schrédinger equation for a system of 4 nucleons
by means of the WKB approximation method. The
customary substitution

y=eh  with S=So+ (%/9)S1+ #/)2S+--- (1)
gives the successive orders of approximation, and it is
a familiar result that S, satisfies the Hamilton-Jacobi
partial differential equation. The identification of Sy
with the characteristic action function makes it possible
to use Jacobi’s form of this function for a parameterized
motion of the particles: r;=r;(a) where a is a parameter
completely specifying the path of the system point in
configuration space. Thus

So= f [2(E— V) LT mi(ds./de) Tida
- [ L E-v)Pae, @)
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where V(a) is the potential energy and m*(e) is the
effective mass, which is related to the kinetic energy T
by T=2%m*a2. Since the kinetic energy is a homogeneous
quadratic function of the velocities, the effective mass
is independent of &. The exponential part of the
first-order WKB wave function is then given by

¢~exp[i;_:—f [2m*(E—V)idat, E>V

3)
~exp{:{:%f [2m*(V—E):|%da}, ELV.

In the absence of a theory of barrier-penetration in
many dimensions (the WKB connection formulas hold
only for one-dimensional problems or three-dimensional
problems reducible to one dimension), we proceed by
analogy. The one-dimensional WKB functions take on
the same form as (3) if one replaces the particle co-
dinate x by the parameter @ and the particle mass m
by the effective mass m*. We assume that the penetra-
tion factor for the present case can be obtained by
substituting m* for m and « for x in the formula for the
one-dimensional case. The desired formula for the
probability of penetrating the barrier is then

2 pe
P=exp{-%f [2w*(V—E)Jidat, (4)

where a; and a» are turning points marking the entrance
and exit of the barrier, respectively.

In the application of Eq. (4) to spontaneous fission,
the values of the parameter a specify a sequence of
shapes for the fissioning droplet. In the hyperspace of
the deformation parameters a,, defined in Sec. 1, the
system point follows a path defined by the relations
@n=a, (). The barrier to be penetrated corresponds to
a potential energy surface in many dimensions, and
the largest possible penetration factor is obtained for the
functions @, () that characterize the saddle-point path.
The potential energy V(a,) is the sum of the Coulomb
and surface energies of deformation, calculated from
the liquid-drop model. In order to simplify our calcula-
tion, we neglect all deformation parameters except @
and set a=as. The barrier given by V(es) vs @ is
theoretically too large since the saddle-point path is not
followed; an adjustment, to be described later, will be
made to compensate for this.

Many possible parameterized motions of the nucleons
are consistent with any given change in the droplet
surface—e.g., with the sequence of shapes obtained by
varying a,. Of all these possible motions consistent with
a prescribed motion of the boundary, there is one
motion which minimizes the kinetic energy and this is
an irrotational motion of the particles along the
classical streamlines (Kelvin’s theorem). The smallest
value of the effective mass and the largest value of the
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penetration factor are obtained by assuming an
irrotational flow of the incompressible nuclear fluid.
The possibility of a classical calculation of V and of
m* rests, of course, on the fact that these quantities are
defined through the classical action function of Eq. (2).

3. HYDRODYNAMIC CALCULATION OF THE
EFFECTIVE MASS

Since the effective mass can be obtained directly
from the kinetic energy, we shall take up next the
classical hydrodynamic calculation of the kinetic energy
of the fluid in the deforming droplet. The motions of the
fluid particles are described by a velocity field, which is
uniquely determined by the condition of irrotational
flow and the boundary condition for the free liquid
surface. Because of the assumed incompressibility, the
velocity field v is solenoidal. Since v is also irrotational,
we introduce the velocity potential . Thus

v(r,t)=V®(r,),

Vip=0. ®)

The changing surface of the deformed drop can be
represented as the locus: F(r,f)=0. Since a fluid
particle in the surface must remain in the surface

V- VE+3F/3t=0, )

where v represents the velocity field at the surface.
The first term in (6) arises from the motion of the
fluid particles and the second from the changing
parameters of the surface. The general boundary
condition is then

V& VE+AF/9t=0. )

We now assume that the drop has an axis of symmetry
along the z axis and represent the radius vector from
an origin at the center of the undeformed drop to an
arbitrary point on the deformed surface by the series of
Legendre polynomials:

r=R(u,))=R[1+ go an()Pr(u)], ®)

where p=cosf. Since the velocity potential is a harmonic
function, finite at the origin, we have

®= 3 b ()r"Pr(w). )

n=1
Inserting F(r,f)=r—R(u,?) in Eq. (7), we obtain
0P IR OR 9P

—_— (10)
dr It 7ol rdf

This simpler form of the boundary condition can be

obtained more directly by observing that the radial
component of velocity of a surface particle is given by

9P (%R 0oR

9,=—= lim s
ot ot

Jr §t—0

(11)
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where 8,R is the increment in 7 resulting from the
change in @,.(¢) and &R is due to the change in the 6
coordinate of the particle. Evidently

06R OR 730 OR 9P

lim—=— — = —
6t 790 9t rdf rof
(12)
6,R IR
lim—=—,
ot at

leading again to Eq. (10). It is convenient to set Ry=1
in Eq. (8). Substitution of (8) and (9) into Eq. (10)
then gives

2 nb R () Prln) — ; > @b R (u) Pt (1) Pt ()
= }l: a:Pi(w), (13)

where Pi' is the associated Legendre function and
d1=da;/dt. If we assume the deformation shapes to
have reflection symmetry about the equatorial (x,y)
plane, then R(u) and ®(u) will be even functions of u
and the sums in Egs. (8), (9), and (13) will be over the
even integers.

Equation (13), which provides the relation between
the deformation parameters @, and the coefficients 4,
of the velocity potential, can be solved by successive
approximations. If the deformation is specified by
certain nonvanishing @,, Eq. (13) can be used to obtain
the corresponding b, to various orders of approximation
in the a.. Conversely, if the velocity field is specified
by certain nonvanishing b,, Eq. (13) can be used to
determine the corresponding deformation parameters
@,. We shall assume in the following that ¢,=0 for
n>2; thus the deformation shapes are restricted to

r=R(u)=1+arta:P:(u), (14)

where a@o is adjusted to maintain constant volume.
If @, is small, the condition for this is

022
ao=——( 1+ as+0Xal+
5 3X7 3IX5X7
127 107

Was...). 15
PR BRFXTE (15)

023

a*+0X as®—

Equation (13) becomes
2_32 {1, R" (1) Pr (1) — ashnR"*(u) Po (1) P! (1) }
=do+d.Pa(w). (16)

Evidently the b,’s are linear in de and successive
approximations for small a@; correspond to retaining
successively higher terms of the form ay™ds.. The
zero-order solution of (16) is seen immediately to be

by=ds/2, b,=0 for n>2,
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The first-order approximation is obtained by sub-
stituting

ba=1ds+B2Paqds, bn=BnPasds (1>2), (17)
in Eq. (16), neglecting terms of order as?ds and higher,
and expressing all powers of u in terms of Legendre
polynomials. The resulting equation is an identity in

which the coefficients of all the P, are separately
equal to zero. It is readily found that

27
2X5XT

0= —

By =—r B.2=0 (n>4). (18)

2X7

The calculation of the higher order approximations
is somewhat lengthy and we have not gone beyond
fourth-order terms (see Appendix 1). The determination
of the b, to terms in as* makes it possible to calculate
the kinetic energy 7 also to the same approximation.
Since the mass density « is assumed to be uniform in
the liquid-drop model, the kinetic energy can be
written as

T=%Kf vdr

1 R
=7rxf dp.f dr | VP |?

—1 0
1 R(w)
=7r[(f dp,f dr [Z bnnrn_lpn(p’)jz
-1 0 dPn 9
+(1~u2)[2 b ] }
dp.
1 R(w)
JE— f du f dr
X [%lPl(p,)Pn(M)‘!“Pll(ﬂ)Pnl ()] }
bib, 1
= Z Z ! f d# Rn+l+l(’u')

I n l+n+1 1
X[nlPy() Pr(p)+ Pt (1) Prt (1) ].

The evaluation of T to first order is very simple since
only the terms in b5® and b,04 contribute and the latter
term vanishes upon integration. The result to first
order is

Z 3 bibarti?
I =

(19)

T=(4/5)mxbs?(14as), (20)
and, using (17) and (18),
TGS 9
T= 5 (1+";a2) =%m*d22, (21)

where m* is the effective mass. Hence to first order

3 9
m*=——mA(1+—az), (22)
10 7
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where 4 is the mass number and # the mass of one
nucleon.? Carrying the calculation of the effective mass
to fourth order (see Appendix 1), the following result
is obtained:

3 9 134
m*=—mA (1+—a2——a22— 1.395225a5%
10 7 245

—0.171995a24). (23)

This value of m*(as) will be used in calculating the
penetration factor.

4. THE SURFACE AND COULOMB ENERGIES OF
DEFORMATION

The next step involves the determination of the
barrier represented by V(as) vs a2 where V(a.) is the
sum of the surface and Coulomb energies of deformation.
Denoting the surface tension by O, the surface energy
of the axially symmetric deformed drop is given by

Ur=220 f du PL14 (1= ) (dr rdu)? . (24)

Upon introducing (8) into (24) and expanding the
radical, the surface energy can be obtained as a power
series in the deformation parameters.

The electrostatic self-energy is

1 * p1d71padTe
ooif e
2 712

where p1=ps=p=_~Ze/(4wR*/3). The evaluation of
(25) is less straightforward than in the case of (24),
and will be discussed in some detail since it has not yet
appeared in the literature. We restrict the deformation
shapes to prolate figures of rotation possessing reflection
symmetry about the equatorial (x,y) plane; thus
R(—p)=R(u). We further assume that any sphere
drawn about an origin at the center of the drop, if it
intersects the surface, will intersect at only two values
of 6, namely 6, and w—#6,. Referring to Fig. 1, we see
that a sphere of radius d=R(0) is the largest sphere
that can be inscribed within the figure of the drop. The
electrostatic potential must be calculated differently for
points that lie inside and outside of the sphere of radius
b. Thus

27 1 4
Uc=%pf d¢1f d[-ll[f d"l f12V(1’1<b)
0 —1 0

R(p1)
+ f dryr2V (r> b)], (26)
b

(25)

5 Equation (22) is given erroneously in reference 2 as m*
= (3/10)mA (1+as).



HYDRODYNAMIC THEORY OF SPONTANEOUS FISSION

where V (r1<b) is obtained by using the expansion for
1/712 in terms of P;(u12) where uis is the cosine of the
angle between r; and ry:

T W1
dbs j dps
1

2

V(71<b)=pj;

0

=0
R(p2) 0
+f drar?y (hl/fz’“)Pl(#m)]- (27)
. =0

Equation (27) cannot be used for #,>b because it is
incorrect in the range 6,<60<w—0p or me>u>—puo
(shaded region of Fig. 1). It is convenient to express
V(r:>b) as

V(1’1> b)= V(1’1<b)+AV,
2m ro(r1)
av=p dos[ s
0 —no(r1)

71 P
X[— f d?’g 7’22 Z (7’2l/7'11+1)Pl(,U12)
R(u2)

=0

R(p2) ®
- f drars? 3 (h’/rzl“)Pz(#m)], (28)
- =0

1

+ Z

-2

Fic. 1. Diagram used in calculating the electrostatic potential.
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where po(71) defines the intersection of the surface with
a sphere of radius 7, i.e., R(uo)=r1, and u, is taken to
be positive. The first term in brackets in (28) corrects
the first term in brackets in (27) for the shaded region
of Fig. 1, which is not part of the drop. The second
term in brackets in (28) cancels the second term of (27),
which is spurious between —uo and +po. One can now
write for the total Coulomb energy

Ue=Uy+U.S, (29)

“where

o 1 R(p1)
Uf:%pf d¢1f dp,lf dry 1’12V(1’1<b)

0 -1 0

1

" 1 R(u1)
=2n%" 3 duy Pl(#l)f dps Pz(uz)f dryre?
1 1 0

=0 ¢ _

rn R(u2)
X["l_(l+1)f 7’2H_2d7'2+7’llf rQl—ld”] (30)
0 r1

upon using the addition theorem to expand P;(uiz) in
terms of w1, p2, ¢1, and ¢2. The second term of (29) is
given by

2w 1 R(p1)
Ulc‘—“*zl‘pf dd)lf dﬂ,lf d?’l 1’12AV
0 -1 b

" 1 R(up)
2w S ds Pio) f dryre
b

=0v_;

(31)

#o(r1) 1 71! 7ol
X dus Pi(p) drs 722( Ea—
—uo(r1) R(u2) 7ol i
. 1 [pl
=2’ 3. du1 Pi(u1) duz Pi(us)

=0v_3 —lwl

R(p1) 71 ,1l 1’2l
X dry 7’12f drars? - , (32)
R R(u2) 7 2H—l 71 +1

(n2)

where the addition theorem has again been used and
the order of integration inverted. Since R(u) is an even
function of u, this becomes

© 1 M1
Ue=sep 5 [ dus Pi(u) f s Po()
0

evenl vy

R(u1) 1 71t 7ol
Xf dflf’lzf drgr{"( - ). (33)

R(u2) R(u2) 7’2H'1 1’1H'1
It is readily seen that U, contains no linear or quadratic
terms in the deformation parameters a,. While the
individual terms of the infinite sum in (33) do not
separately vanish, the series of terms has been found

to converge to zero for third-order to seventh-order
deformations. This is further discussed in Appendix 2
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where the convergence proof is given explicitly for
the third-order @.® terms. For all deformations con-
sidered in this paper, the contribution of U;° to the
electrostatic energy vanishes.

Returning to Eq. (30), we set

U= 2w,
=0
where
2m%p 1
W= ———————f du Py(u)R*~H ()
(+3)(1—2)Y 1

1
Xf dy' Py(u)RH3()  for 170, 2,
—1

1r2p2 1 1
L f du R(u) f du’ B (34)
3 J, 1
202 pl
- f R5(w)dp,
15 J_;

2m%p?

p j: 1 du P2(w) R (1) f_ 1 du' Py(u') InR (i)

U=

Introducing the dimensionless quantities £=U°/
(322¢2/5Ry) and £,°=u,°/ (3Z%*/5R,), one finally obtains

1

® 1
£c= Z Elc_"f [1+ Z a'nPn(.“')]sd:u
=0 8 —1 n

17#2

3 1
+ - f dp Po(W)[1+ X anPu(w) I
8 n

% f dy' Poe) (14 ¥ a,Pa(w)],  (35)

where, for 12,

e[ P T e
S Tsura L, T S

X f dy' Py(u)[1+ 2 anPu(u) ]2

If only even harmonics are included in 3 anP, (corre-
sponding to symmetric deformations), £&° will vanish for
odd . The number of terms to be taken in the sum
> &° will depend on the number of harmonics included
in Y a.P, and the order of approximation desired for
a power series in the deformation parameters .

The potential energy of deformation is given by

AU=Us+U*—4nRP0—32%*/5R,

(36)
£=AU/(4rR?0)= (£—1)+2x(¢— 1),
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where &= U*/(4rR?0) and 2x= (32%¢*/5Ry)/ (4w R0).
Classical instability with respect to second harmonic
(Ps) deformations sets in for x=1. Since the value of
x for 100Fm?® is in the neighborhood of 0.815, it is
clear that large amplitude deformations must be
investigated. This may be done by developing Egs. (24)
and (35) into a multiple power series in the @,. We shall
again assume that @¢,=0 for »>2; then a straight-
forward calculation® gives the following results for
£ and &°:

2 4 38 36
F=14-al— a— ast+ a5’
5 3IX5XT 527 SXTX11
+0.053162a,5—0.088832a,7+0.0043574a.8- - -, (37)
1 4 157 216
go= 1——a?— as® ast+ as®
5 3X5XT7 32X T? 5TXT7*X11
—0.0424112.%+0.0057942a,"40.0027802a:®- - -, (38)

where a0 has been eliminated with the aid of Eq. (15).
Through substitution of Egs. (37) and (38) in Eq. (36),
the potential energy of deformation is obtained as a
function of @, The resulting expression for AU (as),
which has been previously denoted by V(as) in Sec. 2,
will be used to calculate the penetration factor.

5. APPLICATION TO THE SPONTANEOUS
FISSION OF FERMIUM

The penetration factor for spontaneous fission is
obtained from Eq. (4) on substituting the effective-mass
expression of Eq. (23) and the potential energy of
deformation given by Egs. (36), (37), and (38). Since
the effective mass and the deformation energy are
both expressed as power series in the deformation
parameter a., the applicability of the formulas is
limited to nuclides for which the value of g, at the exit
of the barrier is small enough to ensure good con-
vergence. No known nuclide satisfies this condition at
the present time; however, faute de mieux, the formulas
will be applied to 100Fm?%® whose spontaneous fission
half-life of 3.5 hours is the shortest that has yet been
measured.”

The deformation energy is expressed in terms of
47RO and x for the nuclide in question. In terms of
the usual parameters 7o and v of the Weizsicker
semiempirical mass formula, we have: Roy=r¢4}
4rRP20=vA%, and x= (Z2/4)/(10yr,/3¢%). The values
of 7o and v are not well fixed. The barrier depends
sensitively on x and thus on +7o, which is uncertain by
about 3%. The value of x appropriate to Fm?5% is
about 0.815. Two further difficulties arise in attempting

6 These terms were first calculated by one of the authors
(R.D.P.) in collaboration with J. K. Knipp; an error in the earlier
work, first noticed by M. E. Rose, has now been corrected.

7 Ghiorso, Harvey, Choppin, Thomson, and Seaborg, Phys.
Rev. 98, 1518 (1955).
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to apply the formulas; one of these is inherent in the
liquid-drop model and the other is a result of approxima-
tions made here. It has been mentioned in Sec. 1 that
the liquid-drop model activation energies or barrier
heights fall off more rapidly with increasing Z2/4 than
experiment indicates. The barrier height for the Fm?36
fission should be about 3.0 Mev according to the
calculations of references 1 and 2 with a reasonable
choice of v and 7. In view of the observed trend of
fission thresholds with Z%/4, this barrier height is
undoubtedly too low. The second difficulty arises from
our neglect of the deformation parameters @, for
n>2; since the saddle path is not followed, the barrier
obtained is theoretically too large. A barrier height
close to 8 Mev is obtained for Fm?*¢ from the a» terms
given in Egs. (37) and (38).

The absence of threshold data for photofission and
neutron-induced fission of the highest Z elements makes
it difficult to estimate the true barrier height. Some
attempts®® to use spontaneous fission half-lives to
estimate fission thresholds have been based on a semi-
empirical formula which gives fairly good results in
the neighborhood of Z=92. The extrapolation of this
formula to Z~100 is very questionable, however, in
spite of some interesting correlations with slow neutron
fissionabilities. The barrier height estimates of reference
8 give 4.9 Mev for Fm?3%; this value, which is probably
too large, includes an uncertain allowance for the
induced fission threshold being below the top of the
barrier.

Because of the sensitive dependence of the penetra-
tion factor on the height of the barrier, no reasonable
value of the half-life can be expected from a barrier
whose height is not approximately correct. We have
therefore proceeded by treating « as an ad hoc parameter
whose value is adjusted to give the theoretical barrier a
reasonable height for the Fm isotopes. Although the
height of the barrier is made empirical, its width and
general shape are determined by Egs. (37) and (38).
It is found by comparison with the saddle point
parameters of reference 2 that the adjusted barrier is
somewhat too wide for its height, and that it is therefore
better to underestimate than overestimate the height.
In view of these uncertainties, we shall not attempt to
assign a definite barrier height or x value to the Fm
isotopes, but we shall assume that the barrier heights do
lie between the liquid-drop value of 3.0 Mev and the esti-
mate of 4.9 Mev from reference 8. It should be noted that
uncertainties in the liquid-drop values arise from zero-
point effects, which have not been taken into account,
and also from a possible nonspherical shape of the
nucleus before undergoing fission. Further uncertainty
in the barrier for any specific nuclide comes from

8 G. T. Seaborg, Phys. Rev. 88, 1429 (1952); R. Vandenbosch
and G. T. Seaborg, Phys. Rev. 110, 507 (1958).

9 J. R. Huizenga, Proceedings of the International Conference on
the Peaceful Uses of Atomic Energy, Geneva, 1955 (United Nations,
New York, 1956), Vol. 2, p. 208.
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possible effects of shell structure on the ground state
energy, similar effects being absent from the activated
state.

The considerations of the preceding paragraph might
appear to preclude the possibility of a significant
comparison between the theoretical formulas of this
paper and experiment. While such a comparison would
not be very meaningful for the half-life of a specific
nuclide, e.g., Fm?*, we are nevertheless able to make a
reasonably reliable estimate of the variation of the
penetration factor and half-life produced by a variation
in the barrier height for nuclides of the highest Z values,
e.g., the Fm isotopes. If 7" denotes the spontaneous
fission half-life and r=log17T, then the change ér
associated with a change in barrier height de can be
written as: dr=~Fde, where & is defined” as the spon-
taneous fission hindrance factor. In general k will be
expected to vary with Z2/A4 and this variation has been
studied in reference 10; we shall now calculate % for
the fermium isotopes (Z%/4=39).

The evaluation of the penetration factor is straight-
forward when the choice of x has been made. The
values of & were selected to give barrier heights of 3.0
Mev and 4.9 Mev. Since the effective mass has been
determined through terms in as* and since the deforma-
formation energy expansion begins with the @;? term,
consistency requires that terms through @.® in Egs.
(37) and (38) be included in the integrand of the
penetration integral. The additional terms in ay’ and
a;® have been used only to fix more accurately the
upper limit of the integral, which corresponds to the
exit of the barrier. The exit values of a, are so large
(~0.8 to 0.9) that the convergence is not satisfactory.
Some indication of the error that can arise in this way
is given by dropping the a@.® term in the deformation
energy and also by omitting the a* term in the effective
mass. The ratio of the penetration factors or reciprocal
half-lives corresponding to barrier heights of 3.0 Mev
and 4.9 Mev is found to be 107-*:1-6 where the limits of
error correspond to the convergence uncertainties
mentioned above. The resulting value of the hindrance
factor is 3.74-0.8 per Mev—i.e., an increase of 1 Mev
in the barrier height corresponds to an increase of
1037 in the half-life. This result disagrees with the
half-life formula proposed in reference 2, which gives a
constant hindrance factor of 7.85 per Mev. While the
latter formula has received some confirmation for the
uranium isotopes, our results indicate that it must
fail badly for higher Z values.

The hindrance factor has been deduced from experi-
mental data in an ingenious way by Swiatecki.® He
finds that deviations of individual 7 values from a
straight-line graph of 7 vs Z?/A4 are correlated with
deviations of the nuclear masses from the Weizsicker
semiempirical mass formula. The latter deviations
are probably associated with shell-structure effects

10 W. T. Swiatecki. Phvs. Rev. 100. 937 (1955).
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that are presumably absent in the activated state
at the top of the barrier; hence the mass fluctuations
correspond to fluctuations in barrier heights and these
are connected with fluctuations in the half-lives.
A study of 28 spontaneous fissions of elements from
Z=90 to Z=100 has shown a variation of the hindrance
factor with Z%/4 which is well represented by™:
k=42.5—272/4 per mMU. Our calculated value of %
for the fermium isotopes is in good agreement with
this formula.
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APPENDIX 1

The calculation of the velocity field for the liquid
drop was begun in Sec. 3. Equation (16) is used to
determine the coefficients b, of the velocity potential;
any b, can be written as dn=ds 2_m—0Br{™az™. One
obtains the kth order approximation by terminating
the sum with m=£%. Equation (16) is an equation in
two different sets of linearly independent functions;
one set is the set of Legendre polynomials. All products
of Legendre polynomials can be removed by the
combination laws; one then equates the coefficients of
the separate P,(u) for the left and right sides of Eq.
(16). The other set of independent functions is the set
of powers of a.; this set also leads to equating of
coefficients for each member of the set. The (8, are
chosen to satisfy these requirements for the two linearly
independent sets.

Two combination laws are used in reducing the left
side of Eq. (16) to a linear combination of the P, (u).
The two are

_f (n+1) (n+2) P n(n+1) »

" ) @n3) T Q1) @ntk3)
3 nm—1)
G - I
2 (2n—1)(2n+1)

2

2y

pap 1_Zm(n+1)|’ n+2P N 2n+1 »
T 1 L o2nt3 T Qu—1)(2nt3) "
n—1
+ Pn—2]-
2n—1

When all powers of as greater than a.* are discarded
from the reduced form of Eq. (16), the coefficient of
each P,(u) is reduced to a finite number of terms. For
large N, Py(u) in the original form of Eq. (16) con-
tributes to P, (u) in the reduced form through combina-
tions such as [@aP2(u) J*Pn(w); in the kth approxima-
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tion these products contribute to the coefficient of
P,(u) only when N <n-2k.

We now calculate the &,’s to the second approxi-
mation. In this approximation

R™(u) = 1+maotmasPo(u)+5m(m—1)a’[ Ps(u) F,
and

d0= —%[1+ (02/7)]d2d2.
Equating the coefficients of Py in the reduced form of
Eq. (16), one gets
2bs(—2az)+4b4as?[2/(5X7) ]= do.

Since B:®=0, bsas? is of order of as® and is therefore
dropped. The resulting equation,

be=3%dz[ 14 (a2/7) ],

checks the first-order result for d;. Equating the coeffi-
cients of P, yields

1 1 1
2b2 (1 —"02—’“022) +4b4(—(12) = dg,
7 3 7

and, using the first-order result for 44, one obtains

1 1 1 1
zafz‘~(1+—a2)+ﬁg<2>a22}(1—~a2—-a22)
2 7 7 5

4 27
+“d2[— dzd2]=d2,
7 2X5X7

which is an identity in @, to quadratic terms if B,®
=54/(5X7?). Equating P, coefficients leads similarly
to the value of B4s® and equating Ps coefficients leads
to the first nonvanishing term (8s®) in bs. On equating
P, coefficients for #»>8, the corresponding b, are
found to vanish in second order. The second-order
result is

1 1 54
be=ds + as+ 022) s
2 2X7 SX7?
27 459
b= 02(0— as (122),
2X5XT SXT7*X11

45
be=a'2(0-|-0+ 022),
7X11

b,=0 for n>8.

In the higher orders of approximation it is found
that (1) the kth order equation for the P, coefficient
merely checks the value of b, found in the (k—1)th
order, (2) the first nonvanishing term (8, in b,
appears in the /th order equation for the coefficient of
P,, and (3) with each new order there is a single, new,
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TasLE I. Coefficients of the velocity potential.

n= 2 4 6 8 10
Ba(® 3 0 0 0 0
Bn® 1/(2X7)  —=27/(2X5X7) 0 0 0
Ba®  54/(5X72)  459/(5 X7:X11) 45/(7 X11) 0 0
Bn®  —0.033439 —0.92474 —0.67367 —1.05734 0
Bn® 0.133007 0.70465 2.8667 1.99330 2.0834

nonzero b,. In the kth order approximation,

k
bn= d2 Z ﬁn(m)a2m’
(n—2)

and when #>2k-+2, b, is zero in the kth order. The
results to fourth order are given in Table I.

APPENDIX 2

We wish to evaluate formula (33) for U.°. The
integrations over 7, and 7; are carried out and we then
substitute 14-ao+a@2Ps(n) for R(p). Expanding in
powers of a» and neglecting terms beyond third order,
it is readily found that the terms in @, and a@s* vanish
[as may also be seen by inspection of Eq. (33)] and
that the @.® term is given by

. 1
Uye=4n2plad Y. (2+1) | du Pi(w)

even 1 0

> f du' Py(a)[Pa() = Pa() T

¥ 0
1 N ©
=21r2p2a23f du f dﬂ'{ 2 Q1) =™
0 0 =0

X PR P [P~ PGP
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It is readily seen that
N

> QD) P P

1=0 (even)

(W) (V+2)

[Pri2(w) Py(') = Py () Pyya(u') ]
2N+3

The a2® term is then proportional to

(N4+1)(N+2)

1 "
lim ———— f dp f Au'[Pwyo(p) Py (n')
N—w 2N+3 0 o

— Py (1) P2 (u) JLP2 (1) — Po(w') 2.

A typical term in the integrand is of the form: Pyy2(u)
X Py (p)p2mu'>. We set p>™Pyyo(u) =2 AuPy(u) and
w?Py(u)=3 BrPr(w') and note that, when N is
large, L and M are large even integers and the coeffi-
cients 4y and By, become independent of N. Thus one
obtains a finite number of integrals of the form

(N4+1)(N+-2)
2N+3
()W)
T (2N43)2L+1)

fo 1 du Py () f : du' Pr(p')

f Au Pyr(W)[Pryr(w)— Pr_a(u)].

The integral fo'Par(u)Px(u)du with M even and K
odd can be readily evaluated in closed form and, when
M and K are both large and of order N, can be seen
to vanish as N! as N — . The a,® term therefore
vanishes. A similar proof can be given to show that
higher order terms also vanish.



