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1. INTRODUCTION: THE DYNAMICALLY INDUCED ENHANCEMENT OF SUPERFLUIDITY
IN TUNNELLING THROUGH THE FISSION BARRIER

Intensive experimental and thecoretical studies performed during the last two
decades have led to a considerable progress in clearing up the prominent role of

nuclear shell effects in the fission process 1.2/

. The shell structure of nuclei -~
large-scale nonuniformities in tne epergy distribution of the individual particles,
rapecially near the Fermi energy & -~ has been demonstrated to be a Factor uhich
influences in many important ways the probability and dynamics of low-energy Fission
and, in particular, substantially enhances the stability of nuclel sgainst spontaneo-
us fission. In comparison with the shell structure effects, the role of residual
nuclear correlations in large-scale cold rearrangements of nuclei and, first of all,
the role of the nucleon pairing correlations of superconducting type remains still

to be much less clear both experimentally and thearetically,

At the same time, simple and quite reliable theoretical estimates indicate /2-10/
that the pairing correlations (whose intensity is usually specified by the maqnitude
of the pairing gap parameter A ) can noticeably modify both the potential crerygy
Vig, &) and the effective mass M(q, &) associasted with a large-scale subbarrier
rearrangement of a nucleus, i.e. the main ingredients of the action inteqral

q
S(L) = 2 S R - NITN I PN } 12 (o
9, |h

and thus they can strongly affect the penetrability of the potential barrier

:{1 . nxp[s(Lmn)]}" (2)

and, in particular, the spontanecus fission half-life

el - B2 o 28 -

Tor [years] = o = 10 exp [A;(!,min)] . (3)
2 -

where n "']0“0 Q b /a/ is the number of assaults of the nucleus on the fission

barrier per unit time, and p is the probability of tunnelling through the barrier
fur a qgiven assault., Oxpressions (1) and (2} deseribe,in the WKB approximation, the
penetrability of a one-dimensional potential barrier along some offective trajectory
L giverr in a multidimensional space of deformations éj fi=1,2,...,m); the parameter
g specifies the position of a point on the trajectory L, with N and 99 correspond-

ing to the classical turning points at which Vig,a)=f, £ is the

total energy of the system (E:ED£!D.5 MeV for spontaneous fission /ﬂf), and Lmin is
the least action trajectory determined by the variational condition
Ssi) = 0. ta)
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The effective mass associated with motion along the trajectory L has the form 72,5/

dd.

_ (5)

moom dd.
1
M(g,n) Equ(q,A) = g JZ=1 Ma o (o(l(q),dz(q},~-.,°ﬁ"<q),ﬁ)——-dq g

1
where M‘i‘j are components of the (symmetric) mass tensor which correspond to the
deformation parameters d‘i and»o{..

for a qualitative discussion of global relative changes in the barrier penetrabili-
ty that are associated with the presence of pairing correlations it will be conveni-
ent to employ expressions for V(q,48) and M(q,A8) obtained in the "unjform" single-
particle model, i.e. assuming uniform level spacings in single-particle energy
spectra, Although the use of this assumption may lead to certain quantitative distor-
sions in details, its great advantage lies in the possibility of deriving a number
of transparent formulae disclosing principal features of the penetrability pattern.

In the uniform model, the potentisl energy will have, in quadratic approximation,
the following form / 9/:

V(a,8) 2V (q,8) + o(a- A% (6)

Here VD(q,Ab) is the potential energy for & :Ab, Ao being the statiomary solution of

the pairing gap equation
d<ti>
da

vhere <H> is the expectation value of the pairing Hamiltonian,and ¢ is the total

=0y (n

density of the doubly degenerate single-particle levels inclusive of protons and

neutrons.
for estimating the /A dependence of the effective mass one can use the well-known
result of the adiabatic cranking model /2'6/:
Mq,0 8 L p, (8)
A

where the second term, which is approximately constant and qenerally very small
compared to the first one, provides the correct limiting form of eq. (8) at large &
values. The approximate eg. (8) adequately reproduces the & dependence of M(q,8)
obtained from numerical cranking calculations (see, e.g., Fig. IX-3 in 2X) and
is valid for &G, G being the pairing matrix element customarily approximated as
68205t . i the arder of magnitude g~0.10-0.15 12,47

It follows from egs. (6) and (8} that, in fact, variations of A can noticeably
influence the magnitude of the action integral. As was noted long ago /2_6/, this
influence results mainly from the strong dependence of the effective mass upon &,

so that 5 e A-l‘ (3)

So far we implied that the pairing gap parameter is determined at each deforma-
tion within the standard BCS approach by requiring the expectation value of the
Hamiltonian to be stationary (a minimum) with respect to small variations in A /2_5{
i.e. by solving eq. (7). For the uniform single-particle model, the thus found gap

parameter (Ab) will be practically independent of deformation, if the pairing

»

matrix element Gzconst does not depend on the nuclear surface area (only the surface-
independent pairing is considered iﬁ the present paper). For a realistic single-
particle model, the gap parameter may change with deformation even at Gzconst; it is
expected to fluctuate around some average value /2"5/.

At the same time, the barrier penetrability problem is known to be essentially
dynamical /2’5/. Therefore, as has first been stressed by Moretto and Babinet /9/,
it would be more appropriate to determine A in this problem by minimizing the action
rather than the expectation value of the Hamiltonian. This means that in searching
for the least action trajectory the gap parameter A should be treated as a dynamic-
al variable similar to the oki variables. Such a treatment of pairing correlations
that considers I\ as a free variable determined from minimization of the action
integral in the space{}ﬂl,dz,...,dm,ig}we will term "the dynamiqal treatment™, in
contradistinction to the statical (BCS) consideration based on eq. (7).

79/

fFollowing Moretto and Babinet , we shall consider g single deformation
coardinateckl # q and, by using the uniform approximation, determine the function
4(q) which minimizes the action integral (1). On accounting for eqs. (5) and (6),

the. action integral tekes the form
%) 2 2 da a\2 |12
5= 2 Sq {—{? [\;th,qg - E e gaf )|+ M, 2 NAAEZ]—) dg. (10
1

In the case of two dynamical variables (g and &) the symmetric mass tensor consists
of three components, but, as argued in 9/, at least in the uniform model, the main
contribution to the effective mass gives the qu term defined by eq. (8). If we

keep this term alone, eq. (10) will not contain the derivatives of A with respect

to g and thus the variational condition (4) will be reduced to the algebraic

%{[vo(q,ao> -+ gm-q))z}[%(;l . rﬂ}:o. (1)

That is just the new pairing gap equation relevant to the dynamical problem. For

equation:

q =0 it has an especially simple solution:

Alg) _ - Vo(q,éb) - F
4, ql.\%

Henee it follows that the g dependence of A will be reminiscent of the barrier

. (12)

profile (Fig. la). At 9zq,, where Vo(ql’tb):F’ the gap parameter is Akzﬂﬁ. As the
system deepens into the barrier, A increases substantially, so that at the
saddle point (q:qs) we obtain LSSCfZ.ZLXO, alter taking the parameter values
Uo(qs,1§0)~F = Bp = 6 Mev, g=9 MeV‘l

and Ab:D.75 MeV for spontancous fission of
*
a nucleus with A=250 )_ For g » ag the gap progressively

*)
The gap parameter given by eq. (12) is somevhat overestimated because we have
assumed q =0 in eq. (11}; to "compensate” this, we use throughout this paper the
value of qcé & 5.1 MeV being 10-15% higher than the "normal® one.



18 ay - Fig. 1. Enhancement of the gap parameter
M%v, - A in tunnelling through the fission
1 ] barrier: a) a calculation by Moretto and
L i /
10+ — Babinet 9/ for a wodel spontaneously
A ) fissioning nucleus with A =0.775 MeV and
—
- . b a parabolic fission barrier of BF:6 MeV,
05 ; . see /9/; b) calculations by Staszezak et
’ t i L : 710/
. Tof [: ton o :
03 04 s 06 07 g al for neutron and proton subsystems
of the spontanecusly fissioning nucleus
15 zszrm, carried out in the sta*ical and in
~£L- the dynamical treatments of pairing
i correlations. For further details see
10 - the text.,
LA
S narrows and at the g=q, turning point
o5 == protons LTI Aautrons - .
P O S S SN ST S it is [&=ﬁ% again. Thus, the gap eguation
02 04 05 08 Eu (12} derived by Moretto and Babinet /7

predicts a dramatic enhancement of nucle-
ar superfluidity in tunnclling through a potential barrier, As has been qualitative-
ly noted in 7 , thig super.luidity enhancement must have a substantial effect on
the spontaneous fission half-lives.
The above conclusions by Moretto and Babinet have recently been confirmed by more

/10/. These latter, in

realistic calculations carried out by Staszczak et al.
contrast to /9/, have been performed taking into account two kinds of nucleons and
using the Nilsson single-particle potential /a/ to caleulate the ingredients of the

2z

/2/ .
action integral. The shell correction method "7 has been applied to determine the

potential energy, whereas the mass parameters have been computed within the cranking

model 2,6/

. The minimization of the action integral for spontanecus fission of the
Fm isctopes with N=134-164 has been performed in the three-dimensional space

{62&’ An, Ap}, where the deformation parsmeter 82‘,4: [6, Ea(ﬁ)] describing a
ngypmetric" path te fission is defined as in and An and A are the neutron and
proton pairing gaps, respectively; in this case all (five) components of the mass
tensor have been computed and taken into account. Figure lb shous that the[;n and
[kp values found by minimizing the action integral substantially exceed those
obtained from the standard BCS calculations. Although this enhancement of pairing
correlations leads to an increase in the barrier height, on the average, by 20%.

it reduces twice the effective mass on the dynamical trajectory in the space
{EZ&'An’ Ap}. As a result, the action integral for spontaneous fission of the Fm
isotopes turns out to be $-15 units smaller along the dynamicel trajectory than
along the static (traditional} path corresponding to the BCS treatment of pairing

250 252

correlations. For Fm or Fm, a decrease in the action by 15 units causes a

reduction in the calculated Tsf values by 6-6.5 orders of magnitude.

4

) /
Thus, although further calculations of the kind described in 710/ are required,

which would be performed for a more complete deformation space including, in particu-
lar, non-axial and reflection-asymmetric shapes, an important fact lies in that the
main prediction of the simple model by Moretto and Babinet is clearly confirmed by
realistic microscopic caleulations. Therefore, the use of this analytically solvable
model for a more detsiled analysis of the role of pairing correlations in the tunnell-
ing process proves to be fully justified, Such an analysis is accomplished in the
present paper.

In Sections 2-4 we demonstrate that the dynomically induced enhancement of pairing
correlations in tunnelling leads Lo a variety of new and important consequences for
deeply subbarrier fission and fusion of nuclei., Also, the outcomes of the dynamical
treatment of pairing correlations are contrasted here vith those of the traditional
approach, and possibilities of empirical verification of the ideas about the dynamic-
al superfluidity enhancement are examined. In Section 5 we propose particular
experiments which could essentially clarify the role of pairing correlations in large-

scale subbarrier rearrangements of nuclei. Concluding remarks are given in Section 6.

2, THE SPONTANEOUS FISSION HALF-LIFE AS A FUNCTION OF THE INTENSITY OF PAIRING
CORRELATIONS IN THE INITIAL STATE AND OF THE BARRLIER HEIGHT

By substituting eq. (12) for Alg) in egs. (6) and (8) with 1 =0 and using the
thus found ingredients V(q, &) and M(qg, &) in eg. (1) we obtain the following
expression for the minimum value of the action intcgral corresponding to the dynamic-

al treatment of pairing correlations:

. q 1/2
= §"Mn =, S 2 2 [Vo(q,ﬁo} - E] M(q,AD) dq.

al# [1 . L T
i Z
QA[)

(13)

The above integral can be calculated explicitly by using Fo/Ag for M(q,éh), with

Fa = <fl{g)>4 being independent of deformation, and approximating the potential
by the inverted parabola

2
Vo(ab,) - F = Ef[l -v% (g - q5>2] (14)

. 2 2 ‘
with ¥ :a/(q2~q1> and qﬁ:\q1+q2)/2. For aspontaneous fission, the calculation
yields

sdyn('aeo) = 5 % Flae ) (15)
vhere 2172
S, =Wla, - q)F 0/2h%) / {16}
~ 2,172
%, ° (Bf/qﬂb} (17}
ree,) = wma o xh 7 en - KO (18)
(1 +3e,)
5



12/
with K{k) and £(k) being the complete elliptic integrals / of the 1st and Znd

. 3
kind, respectively, which are thoroughly tabulated in /1 /. The modulus of the
elliptic inteqrals is p
k= [ 20 ad ]2 (19)
1n the standard treatment of pairing correlstions, under the same assumptions about

the potential and effective mass, we would obtain from eg. (1) the well-known formula

A2, 2:1/2
Sstat (%) = 5,3, =Tlay - a))(BeF /2B (20)
Thus A
den(ﬂeo) = f(?ea)nstat(ﬁeb) (21)
and, consequently,
LN /TSERty L gann s (20) [r(aeo) -1 ] (22)

To estimate the effect for 250Fm or zstm, let us assume Br:é MeV and qeé:B.l MeV.
Then f(9€0)230.74 ardd using for Sstat(geb) the empirical values of the action A
integral Semp2165~70, extracted from experimental Tsf values by means of eq. (%),

we find that the dynamical treatment of pairing correlations leads to a reduction

in Tsf by 7.5-8 orders of magnitude. Note that egs. (15) and {20) will yield the

same result at a fixed €, value, if in eq. (15) the value of S5 (i.e. (qz-ql)F;) is
chogsen to be l/f{aeb) times larger than in eq. {20). According to eq. (22), the

Tsf decrease due to the dynamical enhancement of pairing correlations is proportional
to the magnitude of the action integral; hence the decrease is expected to be much
stronger for 238y (Sempz 101) than for 260106 (Sempz 42). As for the quantity gag
enteringa%y in the uniform model it is expected to be approximatelg constant within
the region of known spontaneously fissioning nuclei, since Ab=112A_’ and g:}ﬁ?ﬁ',

/14/. However, in a realistic single-

with Swa-l being the level density parameter
particle model gag will undergo strong variations around magic Z or N values (see,
[ 14 and references therein).

Thus, the estimates made in the simple model yield & factor of the “dynamical"
reduction in Tsf’ which in s?g/order of magnitude is c%ose to téat following from
the realistic calculations . On the other hand, this reduction substantially
exceeds the inaccuracy characteristic of modern calculations of absolute Tsf values.
For example, the calculations /11,15,16/ reproduce the systematics of experimental
Tsf values for even-even nuclei with accuracy within a fgstnr of about 5G, on the
average, and even maximum discrepancies rarely exceed 107. Therefore, in the
dynamical treatment of pairing correlations, to obtain an agreement between the
theoretical and experimental velues of Tsf will apparently require a rerormalization
of one of the parameters of the problem, most probably, & renormalization of {an
incresse in) the average value of the effective mass along the least action trajecto-
ry. Since the effective mass is a rather complicated and so far only crudely under-
stood characteristic, it seems to be not too difficult to find a theoretical justi-

fication for such a renormalization. {Note that a systematic underestimating by

the cranking model of the effective mass parameters for small-amplitude collective

£
/17,187 5/). Unfortunately, the

magnitude of the effective mass agsociated with large-scale rearrangsments of nuclei

nuclear motions is a well-known fdct : see also
cannot be checked experimentally. Therefore, the question as to whether the dynamical
superfluidity enhancement actually takes place in tunnelling is very difficult to
solve by considering absolute Tsf calculations and comparing these with experimental
data, For empirical verification of the effect in question, it is necessary to find
out a more straightforward way, with no absolute calculations required. lmportant
clues cancerning this point will be provided by the analysis of the patterns of
change in the barrier penetrability (or in the action integral) with respect to the
main parameters ( Ab’ Bf’ E) of the problem, which analysis is given below for two
different approaches to the role of pairing correlations.

In the standard approach (within the uniform model) the pairing gap value A=
characterizing superfluidity properties of a fissioning nucleus in the initial state
(at cxs(u) will remain virtually unchanged at any other deformation, in particular,
at the saddle-point deformation q=q_, that is

stat
As = 4 (23)

In contradistinction to this, in the dynamical trestment of pairing, the saddle-
dyn

-point gap value AS

will be given, according to cq. (12}, by
d
A" = A« Bc/ag, (24)

if spontaneous fission is considered. At a fixed value of Bf/g, the minimum oflkgyn,
P 1
equal to Z(Bf/g)’, is reached at bb minz{ﬁf/g}z’ g0 that in the transuranium region
Ab g;t%) min® This means that if we attenuste the initial pairing correlations by
choosing A% < A%, then, in tunnelling through the barrier, the system guided by
the least action principle restores the pairing correlations at the saddle point
t

at least up to the level a%dyn o 2yn , to which it enhances them starting with
ﬁ% (see Fig. 2). Moreover, considering eq. (24) literslly, ve observe, for

Ao < Ao min

pairing correlations in the initial state: the weaker the pairing at q €qy, the

, an inverse response of the fissioning system to the attenuation of

higher the level to which it enhances at q=q_. If we alsa take into account the
d . >

dependence of Z}Syn upon BF’ it becomes clear that the presence of the second

term in the right-hand side of eqs. (12) or {24) will lead to essentially novel

patterns of change in the barrier penetrability with respect to the parameters

An, Bf and E,

However, eqgs. (15)-(20) show that in fact there is only one parameter in our

3 i
nenetrability problem -- the dimensionless paramete{ th:(Brfgag)2:(Bf/2Econd)2,

t {note that one should use
%= [([’jf—E)/gAg] *instead of g if F£ 0, see Section 3). As f(2@,) <1 (Fig.3),
then den('ae,a)(' Sstat('xo) for all ag > 0; at 3 = 1.0-1.2 corresponding to
spontaneous fission of transuranium nuclei the difference between Sotat(ecb) and

with Econd being the so-called condensaticn enerqy

-}
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Fig. 2. The saddle-point gap parameter &5 Alsa shown ig the unig)egsa] function
versus the initial pairing gapAO, for two f(')eo). for further details see the
different treatments of pairing correla- text and footnote on this page.
tiens in spontanecus fissiong Di./q values

dyn

{in Mevz) are indicated near the A
s

curves, see the text and eq. (24).

den(aeo) reaches 30-40%. As shown in Fig.3, the :unctlon den

(3€,) is an esgential-
ly nonlinear and much veaker one than Sstat(aeo) ). It is therefore ohvious that

the dependence of den upon Ao will also be considerably weaker than that of

. -1
g'stat‘(’/) Ao ?

Rather unusual turms out to be the dependence of den on the bharrier height BF’

this divergence being the greater the smaller A (Fig.4).

exemplified for spontaneous fission of 2m?uvfm Fig.5. As compared with the

14 .
conventional curve Sstatm 8;, the Hf dependencr: of den is mueh more gentle,
especially in the region of Bf>'5 MeV. The physical reason for such a difference. in

“he B’. dependences of Sstat and den is clear from eq. {24) and Fig.2: the higher

*) It follows from eqs. (15)-(20) that for € ~» o0 the function f(‘a%) tends to
zero vhile den(xo) tends to the constant limit &S()/‘n . However we remind that
eq. (6) for V{q,A) is valid only in the quadratic approximation with respect to
{A—Ao), vhereas thel’l:[] assumption in eg. (8) distorts the M{q, &) behaviour
the more the larger & value; at very smallA’s, A£G, eq.(8) is invalid at all
/2-5/. Therefore egs. (11)-{13), too, are valid only within certain limits, so

that eq. (15) for den(aeo) cannot be used for zcbt»l. In this paper all

considerations are confined to the range 0 €9€:€1.5 and to such AD and B

values for which the approximations adopted are quite justified,

A ol = S

150 L \Ssm 240p, 9 L ﬁ
L < -1 m;-l’ / Swim
Lo —

N S

80 |
80

70 b

50

L

50 p 20,

[ WO S SR W SO N
0123&56787.04!\’

Fig.5. The dependence of the action
integral upon the initial pairing gap Ao, integral upon the barrier height Bf,
calculated for spontaneous fission of mBPu calculated for spontaneous fission of

. s . o 260
in the statical (Sstat) and in the dynamic- Pu in the statical (Sstat) and in

Fig.4. The dependence of the action

al (den} treatments of pairing correla- the dynamical (den) treatments of

tions. The calculations are performed for pairing correlations. The S;enorm curves
i ) n

a constant barrier height, BF:G MeV, with are obtained by rencrmalizin; the 5

=9 Mey=l. The gfenorm . , ) dyn

g=% MeV 7. The Sdyn curve is obtained curves using Semp:% at Bf:6 MeV and

b iz 51 '

y renormalizing the den curve using the A‘):DJ?S MeV. For each of the three

empirical value of the action integral, pairs of curves, the lower curve corres-

. . _ -
‘_’emp'gg’ at A?‘0.775 Mel; the Sstat curve  ponds to AO:U.77S MeV while the upper
is also normalized using Semp:QO at one corresponds to AO:U.GZ MeV. Also

A0:0.775 MeV, shoun are the action increments

aS_
andagLenorm stat
S dvn

associated with an
increase in Bg by 1 MeV¥ and a simulta-
neous decrease in AO by 20%. For fur-

ther details see caption to Fig.4.

the barrier, the stronger the dynamical enhancement of superfluidity in tunnelling;
the decrease in den due to this extra enmbancement of superfluidity compensates to
a conslderébls.z extent for the den growth caused directly by increasing Beo OF
course, this interesting "feedback™ does not eccur in the traditional consideration
of pairing correlations, Calculations demonstrate that for [ifzé MeV and & 2 0, 78MeV
] ‘ . 0

the value of Bden/BBr is approximately @ factor of 2.5 smaller than 8% ¢ t‘/agf"
Another importent feature is that at g fixed Bf value the A decrease leads to a

: o s I
notlceéble growth of aSstat/BBf" wvhereas 3fidyn/99f remains practically unchanged
(see Fig,s).

Thus, the dynamical treatment of pairing correlations substantially alters the



traditional understanding of the probability of deeply subbarrier fission. The fact
that the barrier penetrability becomes a much weaker function of Bf and z;o allows

us, in particuler, to give a more adequate interpretation of the empirical systema-
tics of the spontaneous fission half-lives for odd-A and odd-odd nuclei.

It is known that, as regards spontaneous fission, the odd nuclei are more stable
than their even-even neighbours, typically by a factor of 105, although the magnitude
of this irregular hindrance varies in fact between 10l and 1010. Sugh an enhanced
stability is usually explained as being due either to a barrier in¢rease /19-21/
caused by the presence of one or two odd {unpaired) particles or to an increase
in the effective inertia /3’6/, caused by the same fact. Thus, according to
Newton 19/ and Wheeler /zof,the so-called specialization energy shopuld be asscciat-
ed with spontaneous fission of odd nuclei -- an increment in the barrier height
caused by the requirement that the spin projection K onto the symmetry axis of the
nucleus shauld be conserved in tunnclling. The specialization energy is expected to

be strongly dependent on guantum numbers of the initial state /20-2&/; for odd-A

puclei it amounts, on the average, to 0.5-1 MeV, sometimes reeching 2.5 MeV /22-24/
(see also Section 5). At the same time, the ground states of odd nuclei are one~
or two-quasiparticle (q-p) states and, due to the blocking effect /25'28/, pairing
correlations are considerably reduced here, as compared with even-even nuclei
whoge ground states correspond to a g-p vacuum, The reduction of pairing correla-
tions (i.e., a [; decrease, on the average, by 10-30% for one-g-p states and
20-40% for two-q-p states /25~ 28/} leads, according to eq. (8), to a noticeable
increase in the effective inertia assdciated with fission. Microscopic estimates
/3-6/ show that the addition of an odd nucleon to an even-even system increases the
effective imertia by about 30%, on the average. This in turn results in a hindrance
factor of the order of 105 for spontaneous fission of odd-A nuclei with Z£101. In
/7387 Lredict that the blocking effect
leads also ta a perceptible increase in the barrier -- on the average, by 0.3-0.4

MeV. The net increase in the barrier height of an odd-A nucleus due to the speciali-
5

addition, the shell-correction calculations

zation and blocking effects easily provides a hindrance factor of the order of 10
or greater.

Thus, either of the two reasons -- an increase in the barrier or that in the
effective inertia -- may entirely account for the order of magnitude of empirical
hindrance factors for ground-state spontaneous fission of odd nuclei; a similar
situation occurs also for spontaneously fissioning isomers /29’30/. Generally, both
reasong are equally well justified and both should necessarily be taken into
account, but then the theoretical hindrance factors turn out to be (on the average)
many ordere of magnitude larger than the empirical onea. The dynamical treatment of
pairing correletions ensbles us to overcome the difficulty in a natural way: in this
treatment the hindrance conditiored by each of the two reasons is drastically lower-
ed (see Figs. 3-5), vhereas taking both reasons into accountresults in hindrance

factors close to empirical ones in the order of magnitude. For example, let us

10

240 241

assume that in going from Pu to Pu the barrier increases by 1 MeV and the

initial pairing gap decreases by 15%; this corresponds to a?e increase from 1.09
to 1.34, Then in the statical conulderatlon of pairing cnrrelatlons the hindrance
factor will amount to about 10 s while 1n the dynamical one, to 2'10 y in excellent
egreement with the empirical value 4-107,

We can now conclude that the analysis of the typical values of the hindrance
factors associated with spontanecus fission of odd nuclei provides a direct and
clear evidence in favour of the dynamical treatment of pairing correlations in
tunnelling. It is also important to note that this treatment of pairing effects
leads to a novel orientation in estimating the reliablity of T p predictions for
unknown heavy and, in particular, superheavy nuclei. Since ina;curaciev in the
barrier heights affect the scale of uncertainties in 7 sf far less than it is
generally thought, the emphasis should be put on more reliable determination of
other ingredients of the problem, in the first place, the effective inertia
associated with fission and its dependence upon pairing properties,

3. THE INFLUENCE OF PAIRING CORRELATIONS ON THE ENERGY DEPENDENCE OF THE
FISSION BARRIER PENETRABILITY

In the dynamical treatment of pairing correlations, we obtain, by generalizing
eq. (15), the following formula for the enerqgy dependence of the penetrability
of a parabolic fission barrier:

Pyn(E) :{1 + exp [zn(sr-t)/%wdyn]}-l , (25)
vhere
hay,, = hey/F(9e) (26)
fiw ={ 88,52 277 (ag=a))? ]1/2 (27)
e[, - E)/qAU:i 12 (28)

and the function f{28) is defined by the same eq. (18) like f(ae }. In the standard
approach, the penetrability p.. tat(f) will be described by the H1ll ~-Wheeler formula,
i.e. by eq. (25) for 9€:0.

We see that, all other things being equal, fnddyn > Fw for all £< B(; in the
transuranium reqion ﬁ(ﬂdynasl.lﬁ fw for Be - € = 6 MeV. Therefare in the dynamical

approach the energy dependence of the penetrability turns out to be veaker. Another

new feature lies in that the dependence of‘ﬂoo on the energy of the initial
Jtafe, £, takes place even 1F£& and F are cﬂnsldered to be independent of E. For
the Pu nucleus, & comparison uf the functicns Payn (E) and p sta t([) is given

in Fig.6: here hey is chosen so that the magnitude of Pota ta[ =0) corresponds to
the experimental velue of T psl.3- .10t y whereas ﬁ&)d o 18 found from eq. (28},
It can be seen that in the reglon of Eﬂva the difference between the curves

stat(E) and pdyn(E) is small, but in the deeply subbarrier region the curves
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diverge considerably and for Bf -E =

= 4-5 MeV the difference in penetrability
) reaches 105-108. It would, however, be

. reasonable to renormalize the "dynamical”

16"

~ curve so that the magnitude of pdyn(E:D)
should correspond to the experimental Tsf
value., This can be achieved by increasing
. by a factor of about 1.8 the average

1640 - ' value of the effective mass associated

with fission. We note that this renorma-

lization does not lead to contradictions

e with any empirical data if, of course,

Pawt /. it i iately performed for all
7 20 it is appropriately perform ol
s .
AN renorm Pu fissioning nuclei rather than for Py
L /4 P - .
4

-
r . ] alone (sse also fl)’l7’18/). After the
0 plranarm - renormalization we obtain the curve
1 yo ~ renorm, . ; ; g s
\ ; ; . . . Pdyn (E) shown in Fig.6, which is
4] 1 2 3 A 5 E, MeV interesting to compare again with the

Pstat(E) curve reflecting the tradition-

Fig. 6. The energy dependence of the al understanding of the penetrability

fission barrier penetrability calculated of the one-humped parabolic barrier.

240 It should, however, be stressed that

for Pu within two different treat-

. . the traditional understanding is far
ments of pairing correlations. For

; from requiring the necessary coinciden-
explanation of the curves see the 9 9 ssary

text and caption to Fig. & ce of the Hitw parameters deduced from

gpontaneous fission half-lives and from

near-threshold fission cross sections though some similarity of fw wvalues is
usually expected for the two cases /}D/.

Unfortunately, the excitation energy dependence of the effective mass associated
with fission so far remains rather unclear. Generully, there are no grounds to
believe that the effective mass does not vary as the initial excitation energy of
a fissioning nucleus increases from zers to E:th, at least for the reason that

vith excitation of the nucleus there appear quasiparticles and, according to

/147

theoretical expectations, pairing correlations progressively attenuate For

example, Fig.6 illustrates changes in p;izorm(g) if ﬁcddyn is calculated from
eq. (26) using, instead oflxj, the average correlation function Zsave that depends

on excitation energy according to the BCS prescriptions for a system with the

Xla/. This schematic

uniform spectrum of doubly degenerate single-particle levels
calculation did not take inte account the discrete character of g-p excitations

and, in addition, it has been assumed that the effective mass Mcﬂlxése depends on
excitation energy only through the E dependence of Z&ave. The calculational result

12

*
{the pd;:’z‘norm

presented only to stress the sensitivity of the penetrability to assumptions about

(E) curve in Fig.6) has therefore a purely illustrative value and is

the energy dependence of the effective mass. At the same time, all the present-day
considerations of subbarrier figsion phenomena actually neglect the possible
dependence of the action integral ingredients upon excitation energy. The develop-
ment of theory along this line is certainly called for, whereas experimental studies
of the eﬁergy dependence of the probability of ‘deeply subbarrier fissilon undoubtedly
remain to be still a challenging task.

It would seem that the considerable differences between pstat{ﬁ) and pdyn(E) in
the deeply subbarrier region can be used for an empirical verification of the
predictions concerning the enhancement of superfluidity in tunnelling. However, on
this route one encounters substantial difficulties, especially at energies E above
the threshold of 2 or 4 q-p excitations. First, as has just been noted, there is no
necessary information about the behaviour of the effective mass and other pertinent
quantities with excitation. Second, for almost all actinide nuclei the fission
barrier profile is known to be double-humped, The latter, of course, in no way chang-
es the very conclusion about the superfluidity enhancement as eqs. (11)-(13) are
valid for a one-dimensional barrier of an arbitrary profile. However, in the region
of £ >y, where Ei is the enerqgy of the isomeric minimum,there arises a wealth of

struetures and effects /1,2,29-33/

caused by the presence of tuo peaks in the
fission barrier. It is conceivable that the dynamical treatment of pairing correla-
tions may noticeably change the customary understanding of the phenomena associated

with the double-humped barrier such as, e.qg., the isomeric shelf /31-33/

+ Analyzing
the role of pairing correlations in the penetration of the double-humped barrier
lies, however, beyound the scope of this paper, %o, we shall only note that fhe
abundance of diverse and complex physical effects associated with the energy

region B?ax;z E2 Ei will sooner prevent than aid the identification of another new
effect -~ the dynamical enhancement of superfluidity in tunnelling. Much more
suitable for the purpose in view looks the region E < Ei in which the treatment

of penetrability phenomena is radically simplified and can virtually be done in
terms of a single-humped barrier. Possible manifestations of the superfluidity

effects in tunnelling at energies £ € Ei wvill be considered in Section 5.

4. PAIRING CORRELATIONS AND SUBBARRIER FUSION OF COMPLEX NUCLEI

Fission of a nucleus into two fragments and fusion of two nuclei into one whole
system, particularly, cold fission and subbarrier fusion of heavy nuclei, are known
to be highly similar processes showing many important common features /1;. Therefore
if the dynamical enhancement of pairing correlations substantially increases the
probability of subbarrier fission, there are good grounds to expect a similar effect
in the gubbdrrier fusion of complex nuclei, Unusually large fusion cross sections at

energies below the Coulomb barrier were observed in many experiments carried out

13



during recent years. Although to date a large number of various explanations have
been proposed for the enbanced fusability of nuclei at subbarrier energies, the

/347 and references

problem remains still open to a considerable extent (see, e.g.,
therein}., Below we shall estimate the scale of the relative increase of subbarrier
fusion cross sections due to the dynamical enhancement of superfluidity in a system

of fusing nuclei.

The fusion cross sectién is usually pggsented 735/ via the partial wave summation
- 2
GrusEen) = TH 2_ 22+ 1DT(E,D, (29)

wvhere Ecm is the center-of-mass energy, X the energy-dependent reduced de Broglie
wavelength, and [t(Ecm) the transmission coefficient for the £ -th partial wave;
equation (29) is written down for the case of non-identical partners. As in the
case of subbarrier fission, it is reasonable to assume that the tunnelling through

a (generally, multidimensional) potential barrier associated with fusion is governed
by the least action principle and that the transmission coefficient can be determin-
ed in the quasiclassical WKB approximation. By extending the analogy to fission
still further, we shall presume that the effective potential Uf o and the effective
mass MFus asgociated with fusion are characterized (gualitatively) by the same
properties as those takern in Sections 1-3 for the corresponding quantitites associat-
ed with subbarrier fission. In other words, we make use of an expression of type (25)
for the transmission coefficient [c(Ecm). Then, by converting the sum in eq. {29)

to an inteqgral, we obtain

oD
dYNE ) mary? (2£ + 110
6Fus( cm )"Tl'x So 1 + exp { (Zn/ﬁwt)[Bf {2) -

s {(30)
Eon] (%)}

vhere Bf (£) is the height of the £-dependent effective fusion barrier, fm.)z
the curvature of the effnctlve barrier near its top (g= q‘_)

n 1/2
- -1 Fus
hayg = | Mg T3 an
q:qz

and f{3€) defined by eq. (18) is the function of the £ -dependent parameter

ge'_e :{ [Bfus(g) Ecm :l /qng, }1/2 " (32)

In the folloving we shall use the common parametrization 735,36/ far the £ -depend-
ent barrier

Brys€) = Bpyg + (1’»2/2qu Y2 &+ 1) (33)
and the standard assumptions 735,36/ that
fuw, =hw,
g *q, (34)

wvhere BFus’ ‘Ewg and q, are the height, the curvature parameter and the top posi-
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tion of the effective fusion barrier for 8-0, respectively, while H is the reduced
mass. Now, passing in eg. (30) from idtegrating over £ to thst over 3(2 and then
expanding the power of the exponent in an appropriate Taylor series, we obtain, in
the First approximation, the following result:

2 2WE_-B. )
dyn ¢ e e ety fnd 1+ exp ___%gm_fus__
f‘us cm =7 o 2E (k) wo

F(‘)C)] 1 (35}

vhere € is DCLf’ore 0 and E(k; the complete elliptic integral of the 2nd kind with
k= 3(,/ 1 +o€ )%. By performing calculations analogous to those outlined above, yet
employing the statical treatment of pairing correlations (i.e. using for Tg ([ ) the
standard Hill-Wheeler formula) we would obtain for the fusion cross section,

qtat ), the well-known Wong formula /36/, i.e. eq.(35) for 3€=0. Then the

fus .
relatlue 1ncrease in the subbarrier fusion cross section due to the dynamical super-

fluidity enhancement in tunnelling can be evaluated as

dyn W, - E_)
Gfus ~ (1 +a¢,2)55 oxp “Yrus cm [1 B f(ae)] . (36)
st (k) fw,
- . d tat ;
The magnitude as well as the behaviour of“érzg/é‘?us are almost completely determined

by the exponential factor. As follous from Fig.7, in the region of (Bfus—Ecm);$5’8MeV
the dynamical trestment of pairing correlations leads to an increase in fusability by
several orders of magnitude as compared with the results of standard approach.

In spite of the large magnitude of the effect predicted, unambiguoirs identifica-
tion of its manifestations in experimental subbarrier fusion éross sections turns
gut, unfortunately, to bs & rather difficult task. First, while there is accumulated
a lot of data about subbarrier fusion, until now ite mechanism is poorly understood,

especially for heavy systems, since there

are remained to be largely open even such

fundamental questions as what effective

potential "ffus does control the process,

assoclated

fiedy =15 MeV what is the effective mass hf

with fusion and what are its properties.

T TN

e, = 2 MeV (Let us, however, note that in evaluating

the relative emhancerment of fusion cross
dyn /ystat
fus’fus
N tao specific assumptions concerning Vfus

ser:tiuns,d , we have not used any

hey = IMeV

LR IR RELLSH

or Bfus' As for the effective mass Mfus’

it is qualitatively clear that this

T TTTITN

Fig. 7. The relative increase in subw
barrier fusion cross sections calculated
by using eq. (36) with gAﬁﬁE.l Mel for
the three flwo values indicated.

T T TTTTAY
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quantity is far from being necessarily identical to the reduced mass pi as in
fission, Mfus can,on the average, significantly exceed o as indicated by theoretic-
al considerations (e.q., /37’38/) and, perhaps, by some empirical data (e.g., X39K),
too. We are just in line with these expectations since we have used p instead of
Mfus only in estimating angular-momentum corrections which are relatively unimport-
ant.} Second, a vide variety of pertinent effects has already been proposed to
explain the unexpectedly high subbarrier fusion cross sections (see, e.qg., 734,39/

and references therein). The superfluidity enhancement in tunnelling appesrs to be

j
highly probable and strong yet not the only possible effect facilitating deeply

subbarrier fusion. Finally, the superfluidity effect can occur in cooperation with

other effects (i.e,, in a more involved vay) and for different fusing systems its '
"partial” contribution can be quite different.

5. SPONTANEOUS FISSION FROM QUASI-PARTICLE ISOMERIC STATES AS A PROBE
OF THE ROLE OF PAIRING CORRELATIONS IN TUNNELLING

In Section 2 we have established the fact that two different treatments of the \d
rale of pairing correlations in tunnelling yield substantially different magnitudes
of the average hindrance factors associated with ground-st

of odd nuclei; from this fact, us

ate spontaneous fission
ing comparisons with the corresponding empirical
data, we have obtained an important (a posteriori) evidence in favour of the

dynamical treatment of pairing correlations. Below we shall demonstrate that the
situation characteristic of the ground-state spontaneous fission of (doubly) odd
nuclei takes place alse for spontaneous fission from q-p isomeric states in even-
even actinide nuclei; this (truly a priori) prediction can be effectively used for
further testing of the ideas about the dynamical enhancement of superfluidity in
tunnelling,
Quasi-particle or K isomers are expected to occur when breaking up of one or

several pairs of nucleons in an even-even nucleus and appropriate recoupling of f
the spins af the nucleons lead to the formation of rel
states having high values of the quantum number
strong retardation of Y-transitions, which

spontaneous

atively low-lying (E*;Zt%)

K. The high K values cause 4

» in turn, favours searches for a

fission branch in the decay of the K-isomeric states in heaviest ’
nuclei. By now, quite a number of such isomers

have been found in the region of
A /40-42/
even-even nuclei with Z »92

; a famous example is provideg by the tgo-
neutron (2n) state of ZﬂaCm with KT :6*, Nilsson configuration % [EZé]n, ;~[§2&],“
excitation energy E*:1042 keV and T, = 34 ms 7407

2

The appearance of even a single pair of quasiparticles in the neutron (n) or

proton {p) subsystem of a nucleus will lead, due to the blecking effect /25-28,1&/v
to & noticeable weakening of pairing correlat
parameter in the q-p state

O

ions, i.e. to a decrease in the gap

*
on(p) :gn(p)Aon(p)' {37}
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“here ﬁn(p)< 1 is the blocking factor. (Hefe and beloy s?arred q?antiiiigsfgg’§23se
relevant to an isomeric q-p state.) According to theoretical estimates . y
the value of‘pn<p) is rather sensitive to details of structure of atfartlcular
state; for 2 q-p states §i1<p) is predicted to be about 0.6-0.8, on. \? avcrazé.'
Similar ﬁ (m values follow from analyses of empirical spectroscopic information,
nRl 528/

too {see, e.9., ). o

From the viewpoint of the spontaneous fission probability it is important thét
igsomeric g-p states are characterized not only by the weakened pairing ?DrPElatanS,
but also by rather high K values. Both these causes act towards increasing the
fission barrier /7,8,19-20/’ so that its beight for an isomeric g-p state can turn
out to be appreciably larger than that for the ground state. The reacti?n of av N
fissioning system to both the increase in the barrier and the decrease Jnhthe ?nltlal
pairing gap will be essentially dependent on the role of pairiqg correlatloﬁs 1? »
tunnelling: in the statical treatment of pairing correlations the increésc in flss%on
stability, caused by each of the two effects, is predicted to be-mu?h4h1gher than.ln
the dynamical approach (see Figs. 3-5). Thus, high values of K significantly éld in
strengthening the difference in T;f predictions for g-p isomeric state? that is
associated with employing two different treatments of pairing correlations.

With possible changes in the pre-exponent factor in eq. (3) being neglecteé, the
relative variation in the spontaneous fission half-life, associated with passing

from the ground state to an isomeric g-p state, will be
: - (38)
8T ¢ = La(Tx/T ) = 0.434 Semp(s 1)+

where Semp is the empirical magnitude of the action integral for the ground-state
spontaneous fission, A . . ' ror
To evaluate $*/S5, it is neccssary at first to estimate the barrier 1ﬁcteﬁen
the isomeric state, which is expected to be caused mainly by the specialization ?Fffct
*19-2a/’ In Section 2 we have already indicated both the rough value of the speciali-
zation energy for a rucleus with one unpaired particle and the stro?g éependence of
this value on the guantum numbers of the initial state from which fission proceeds.
for a 2q-p initial state, conservation of the quantum numbers of each of thé tun
unpaired particles individually will lead to a net barrier increment equal to the )
sum of the individual specialization energies, if the unpaired particles are assume
to move completely independently; however, the complete indepcnqence can ﬁafdly ?e
realized, so that, most likely, there should be obserygg/a considerable mixing o
2 g-p configurations with the same total values of K . ‘ ‘ .
All other things being equal, the magnitude of the specialization e?ergy degen ;
on how “good” is the quantum number K. If the non-sxial deformations w1th;futod—i0r
do occur in the region of the inner fissia?7sgdg%$ point, as has beenopre ic ?r‘ :1
actinide nuclei theoretically (see, e.qg., b ) and supported by some empiric

hints (see, £.9., /1’30/), then the K number will be conserved here only approxima-
3 b -
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tely and the single-particle wavefunctions of given K will shoumixingof components
with k%2 /22/~ As a result, the specialization effect will be attenuated. However,
all the available hints concerning the violation of axial symmetry in fission are
obtained from analyses of measured excitation functions for near-threshold fission,
At the same time, calculations 711,16/ show that the triaxial shapes give rise to g
large effective inertia and therefore in spontaneous or deeply subbarrier fission
the least action trajectory, unlike the static path, lies much closer to the negion
of axially symmetric shaﬁes with ¥=0; then the specialization effect can be expected
to operate almost in full measure.

Having mentioned a number of the pros and cons of the "specializstion”, for the
following relative estimates we shall assume that the concurrent influence of the
specialization and blocking effects on the potential energy of deformation will at
least compensate the effect of the energy gain SEz£% a4 1.1-1.3 MeV associsted with
passing from the ground state to an isomeric 2 q-p state. Then, by using egs.(15)-~
(201, (25)-(28) and (38), one can easily see that 8155 > g and 819" % 0. In
other words, either of the considered treatments of pairing correlations, the
stability against spontaneous fission for 2 q-p isomeric states is expected to be
not lower than that for the ground states.

Of primary importance is the fact that the following difference

X T*Stat g* *
stat dyn — sf R “stat _ f()
it L1 = gy mr,?yn = 0.3 5 . [1 e (39)
s

proves to be essentially positive, since ’)e,*: [-(H*‘t - E*)/gA*(ZJ %.},Oﬁo/p signifi-
cantly exceeds qﬁ%:(Bf/gaé)% and hence @) & f(a&b). For Sempzéﬁ (ZSOFm), for
example, T;?tat will be higher than ngyn by a factor of 102—103, if, allowing for
the two-component composition of the nucleus, one takes for the blocking factor ﬁ
the value of 0.85, in approximate correspondence to the average value ﬁn(p):n.7
for 2 gq-p excitations in a given subsystem of the nucleus. Thus, there is predicted
a very strong, “logarithmic” excess of Tg?tat over T;?yn.Therefore experimental
determination of the partial half-lives T;F for several 2 g-p isomers and their
comparison with realistic microscopic calculations carried out within both the
statical and the dynamical approach to the role of pairing correlations would make
it possible to decide which of the two approaches is more adequate, It ig important
that to decide the issue requires relative quantities T;F/Tsf (or S*/5) rather than
absolute T;F values to be calculated, The possible insccuracy of the T;f/rsf
calculations, characteristic of the present-day theory XII’IB/, is obviously much
lover that the difference betveen T22t3t/7Stat AN estinated from

eqa. (38)-(39),

Quesi-particle isomers can occur not only in the first, but also in the second

potential well, In fact, for a number of even-even Pu and Cm isotopes there vere

}dentifﬁed two spontaneously fissionable states with snomalously short half-1jves
29,3 ) .
’ G/. On the basis of a variety of empirical indications, the shorter-lived
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states with Té?)z;S-ID'lzs - 5-10'93 are interpret?d)as the ;ground" sgates in the
R m - Ry _
second well, while the longer-lived S}ates with Tgf 25+10 "s ~ 210" 's, as 2 g-p
/29,30

excitations in the second well . However, so Far it is not completely clear
/29/ whether all the measured T;;m) values refer directly to spontanecus fission

from 2 q-p states or there takes place at first a K-forbidden }Y-transition to the
bottom of the second well (K=0) and then spontaneous fission occurs in a more short
time (T(m)) compared to the retarded Y-transition. Therefore the empirical values
of Sfér) = €Q(T§§m)/Té?}} 2~ 1.1-4.3 seem to be considered rather as the lover limits
to the hindrance factors for spontanenus fission from 2 g-p states in the second
vell, Obviously, for Z gq-p states in the second well the difference given by eq. {39)
will be substantially smaller than for those in the first well. Neverthiégsgé/since
the highly sensitive empirical St(m) values are known for five nuclei ! '
vhereas the ratio T;;m)stat/ngm)oyn expected from eq. (39) is still evaluated,
roughly speaking, by a value of 10 or more, it would be important to perform
thorough realistic calculations of STQ?) involving the two different approaches to
the role of pairing correlations.

Eventually, one can put a question on searching for spontaneous fission from
higher-lying q-p states in the first well, e.g., from 4 q-p states of the (2n,2p)
type, whose energy can often be still below the bottom of the second well, fFour q-p
isomers have not yet been observed in the actinide region, but, as in the Hf region
/2?,28,&0,&3,&&/’ their occurence here is quite probable; forrexample, theary
4Cf, and with KT=13"

. Although for such cases all estimates turn out to be

- .25

predicts the {2n,2p) states with K"=13" and £* & 2,5 MeV in

27
and Exms2 MV in 248¢cr 727/
less reliable, it should be qualitatively expected that for high-K (2n,2p) states
the difference in T*F/T~f agsociated with the two different treatments of pairing
correlations will b; by several orders of magnitude higher than that for (2n) or
{2p} states.

Experimentally, spontaneous fission from q-p isomeric states in the first

potential well has never been observed. An attempt to detect iE for the 2 g-p

2Ml:m 740/ was done by Vandenbosch et al. X&)/’ but, due to

isomeric state in A
insufficient sensitivity of the experiment, their result, T;f/rsf 21077, does not
allow any conclusions about the role of pairing correlations to be made. Obviously,
the most appropriste objects for detecting spontanecus-fission decay from g-p
isomeric states are expected to be the heaviest even-even nuclei showing spontane~
ous fission as a predominant or quite probable decay mode of thiir grognd—sta?es.
Interesting examples are provided by the isomeric states with T% = 1.8—9&}/9 in
250Fm and with T; = 0.28%0.04 s in 25&102, which have been observed in '
although energies, spins and parities of these isomers are not yet established
761/ as 2 q-p states with K"=7" or 87 is

7827 10 the 2% o 8

2Ung + z‘QC::A reactions, both these isomers can be produced with rather high yields.

experimentally, their interpretation

fully confirmed by semimicroscopic calculations He and

We have seen, however, that for any plausible role of pairing correlations the
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stability of 2 q-p isomers against spontanecus fission is expected to be at least
not lower than that of the ground states; thus, to obtain experimental results
critical in terms of choosing the most adequate treatment of pairing correlations,
a very high sensitivity of experiments is needed which would enable spontaneous
fission from g-p isomeric states to be observed even if T;f exceeds TSF by some
orders of magnitude.

Of far reaching importance would be searches for new g-p (and other types of)
isomers in nuclides with Z 2100, the existence of which is predicted theoretically
/27’A2/, as well as spectroscopic studies of the structure of the heaviest nuclei on
the vhole. Particularly great urgency of such a research is due to its close connec-
tion with the problem of synthesizing nev elements and elucidating the pattern of
nuclear stability near the limits of the Mendeleev Periodic Table. In the region uf
22102, the ground-state spontaneous fission half-lives prove to be rather short
and thus the range of TSF is expected to overlap that of typical half-lives for K-
forbidden Y-transitions. Therefore two or even more spontaneous fission activities
of different half-lives can obviously be associated here with the same nuclide,
vithout necessarily requiring, however, that fission should directly proceed from
an isomeric state. If nog TSF turns out to be much shorter than the total half-life
of the isomeric state, Ty, and, at the same time, it turns out to fall below the
limit of the detection sgeed of experimental device, then the comparatively large
value of T; can imitate a high ground-state stability against spontaneous fission,
although i; fact the latter is much lower. These points are to be taken into account
when setting experiments on the synthesis and identification of new spontaneously
fissionable nuclides of the heaviest elements., There are presently known many
unidentified spontaneous fission activities produced in irradiating targets of the
actinide elements by different heavy ion beams (see, e.q., /AG’A7/). It is quite
probable that the origin of some of these activities is associated with the presence
of certain isomeric states in the known heaviest nuclei rather than with the ground-

state spontaneous fission of nuelides being not yet identified.

6. CONCLUDING REMARKS

Thus, the nucleon pairing correlations of superconducting type strongly affect
the probability and dynamics of tunnelling through the barrier in fission and
fusion of complex nuclei. Generally, the presence of pairing correlations assists
in increasing the barrier penetrability, yet all the quantitative and even some
qualitative conclusions sbout the role of pairing correlations are essentially
dependent on the choise of a particular approach to their treatment. As compared
wvith what follows from the standard (BCS) approach, the allowance made in the
frameyork of the least action principle for the coupling of the pairing vibrations
vith the fission mode results in a large enhancement of superfluidity in the

subbarrier region of deformations, as was first shown by Moretto and Babinet
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/18/

and recently confirmed by more realistic calculations . In Sections 2-5, we have
demonstrated that this dynamically induced enhancement of superfluidity leads to a
variety of important consequences for deeply subbarrier fission and fusion of nuclei.
The most essential effect we predict lies in that the tunnelling probability turns
out to be, in the dynamical treatment of pairing correlations, a considerably weaken-
ed function of the main parameters of the problem - Ab’ Bry and E. Within the frame-
wvork of our consideration, the three parameters ire in fact assembled into a single

B i =B .- i deficit of
one -- the dimensionless parameter ae=(AE/Econd) , with AE.Br E being th? efici
:gAé/Z the condensation energy associated with the

cond VA 'Y S .
presence of the monopole pairing interaction in nuclei ; it is the magnitude of

the initial energy and E

€ that governs the tunmnelling probability. Although the new predictions may seem
to be somewhat peculiar, these do not contradict any empirical evidence and, more-
over,allov a more adequate explanaticn of some empirical facts to be given, e.q.,
that of the average value of the hindrarnce factors associated with ground-state
spontaneous fission of odd nuclei.

While aiming to discuss the physics of the subbarrier processes in terms of
quantitative estimates of relative nature, we have used a variety of approximations
which enabled us ta obtain results in the transparent anzlytic form. Some of these
approximations, e.y., using the single-humped parabolic curve for the barrier
profile, are not so essential and may easily be avoided by turning to numerical
calculations. More significant distortions could be associated with applying the
uniform model and assuming the dominance of the M term in the effective mass.

/18/

not involving the above assumptions fully

79/

llowever, since the calculations
confirm the main conclusion by Moretto and Babinet represented by the gap
equation (12), there is good reason to believe that our results obtained by

employing eq. (12) provide a physically correct picture for the barrier penetration
i:robability in fission and fusion of complex nuclei. Evidently, clari;{é?g this
picture via realistic numerical calculations like thase performed in would
present a task far from being simple, even when considering only a single deforma-
tion cocrdinate. At the same time, realistic microscopic calculations carried out
for an extended range of nuclei and for a sufficiently complete deformation space

are certainly called for.

Does the dymamically induced entancement of superfluidity really occur in large-
scale subbarrier rearrangements of nuclei? Our anmalysis of the average empirical
values of the hindrance factors associated with ground-state spontaneous fissicn of
odd nuclei provides clear indications for this important question to be answered
pocitively. An effective tool for obtaining further empirical information on the
superfluidity issue has been shown, in Section 5, to be given by studying the
probability of spontaneous fission from g-p isomeric states of the heaviest nuclides.
Although our discussion has been confined to g-p isomers of even-even nuclei, many
points of this paper remain to be valid and can be applied in analyzing the probabi-

lity of spontaneous fission from isomeric states in odd nuclei, e.g., from those of
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the (n,2p) or (p,2n) type /27/; the involvement of odd isomeric species would

significantly extend the possibilities of studying nuclear structure effects in
deeply subbarrier fission.

The original cause of the dynamical enhancement of superfluidity in tunnelling

through the fission barrier is a strong, of the IAA? type, dependence of the effecti-

ve mass M upon the pairing gap parameter A, or, generally, the fact that the
derivative ¥:7y is en essentailly negative and large quantity; this dependence

expresses, perhaps, the most definite of all the thecretical predictions for the

effective mass and it emerges not only in the crenking model /2-6/

748/

but in more
advanced approaches, too (see, e.g., ). Thus, experimental verification of the
ideas of the enhancement of superfluidity in tunnelling would mean, in fact, an
empirical test of one of the major properties of the effective mass associated with
large-scale subbarrier rearrangements of complex nuclei. Being an important dynamic-
al characteristic of buth fission and fusion, the effective mass is known Lo be not
accessible to direct measurement; therefore a chance to gain any empirical informa-
tion concerning its properties appears to be quite unique. The possibility of
empirical checking of the property 32 <0 is even more valuable, since it is
predicted to cause interesting and strong effects not only in the stage of tunnell-
ing through the barrier but also in the stage of descent of a fissioning nucleus

to the scission point /ng.
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Jlazapen 10.A. E4-86-577
T —— Wﬁ Ha BEPOATHOCTL H RHHAMMKY
TYHHeNLHOTO HPORKKHOBEHIS 4epes Bapyep
TIDK Benesuy B CBAHHR CTIOXHDIX Allep

B pamxax MOZEnH, ROMYyCx W aranuTa pelleHnR, NoxyweHhl CRENCTBMA
AR NPOHWIREMOCTM TMOTEHUHANLHOTO Gaphepa, K KOTOPHIM NPHBOKKT TPSGTIRT HAHMEHR-
luero geficTEMA MPH PACCMOTDEHMH NADAMETDA lienH A K&K KMHAMMRECKOR nepesmesHoll.
Yceranosneno, Wro MO CPABHEHMIO ¢ Tpanmunonumm (BKII) noazofom aruamedecxoe
paccmoTpesse DAPHEIX KODPENAUMA Bener K 3HAUMTENHOMY ocCinsb SRRHC cTH
NpoMHIaeMOCT GapBEDE NENEHHA OT ero BLICOTH, & Takke of fapamerpa mem (Ao &
Meprup HANAIBHOTO COCTORHMA. Jlano Gonee anexmatnoe obmackenne cpemiell DeNWIHHL
daxTopos JANPETA HA CTIOHTAHHOS [eneHHe HEWeTHRIX ANep M3 OCHC o COC NMoxa-
J8HO, €T AMHAMMYECKOE YCHNEHHEe NADHLIX XOPPeNsuMi NpH TYHHENMDOBAHHYW MOXET
6rr1e ORHOM #3 NPHYHMH CHIBHOIO MOBELIUEHHA Cewefiuli NONGAPLEPHOTD CAMAHKA CHOMHLIX
Afep. B peaynsTaTe AHANH3A yCT ™’ K T pHBIX COCTOMHMIE B TH-
WENHIX YETHO-NeTHEIX AAPAX HEAAEHO, YTO OTHOWeHHe mapuMasLHLX nepwonon Th, /Ty
CHONTAIHONG AENEHMA U3 HIOMEPHOTO [1BYXKESIMVACTHWHONG M OCHOBHOTO COCTORNWH AIPR
CYLIECTBOHHO 38BMCMT OT TOIO, HMEET MECTO I HET JRHAMMHYEC Koe TIOBLILLIEHKE CBEDXTEKY-
yecTH NPH TYHHENMMPODAHMH; CJIENOBATENBHO, WIMEp T? /Ty AROT YHHKAILHYIO
BOSMOMHOCTh UL MO/IYSGHHA SMIMpHyecKoR MHOODMAIM O CBOHCTBAX bdexTHBHOR
HHEpIH, CBA3AHHOI ¢ BoNMMINME OABAPLEPHLIME NEPECTPORKAMY ANEpP.

Pabora samonnena s JlaGoparopms axepubx peasamit OHAN.
Tipenpstr Ofue/MHeHHON0 WRCTNTYTA AlepHnix mocresosasnd. lytus 1986

Lazarev Yu.A, E4-86-577
Influence of Pairing Correlations on the Probability
and Dynamics of Tunnelling through the Barrier in Fission
and Fusion of Complex Nuclei

An analytically solvable model is used to study the barrier penetrability pattern in the
case when the pairing gap A is treated as a dynamical varisble governed by the least action
principle. It is found that, as compared to the standard (BCS) spproach, the dynamicsl treat-
ment of pairing results in & considerably weskened dependence of the fission barrier penetrs-
bility on the intensity of pairing correlations in the initial state (Ag), on the barrier beight,
and on the energy of the initial state. On this basis, a more adequate explanation is proposed
for typical order-of-magnitude values of the empirical hindrance factors for ground-state
spontaneous fission of odd nuclei. It is also shown that a large enhancement of superflui-
dity in tunnelling - the inherent effect of the dynamical treatment of pairing - strongly facili-
tates deeply subbarrier fusion of vompl fei. Finally, an analysis is given for the probabi-
lity of spontaneous fission from K-isomeric quasi-particle (q-p) states in even-even heavy nuclei,
The relative change of the partial spontsneous fission half-life in going from the ground-state
to a highspin q - p isomeric state, T2, /T,,. is found to be strongly dependent on whether
or not. there takes place the dynamically induced enhancement of superfluidity in tannelling’
Measurements of T2, /T, provide thus a unique possibility of verifying theoretical predic-
tions about the strong, inverse-square A dependence of the effective inertia associated with
large-scale subbarrier rearrangements of nuclei.

The investigation has been performed at the Laboratory of Nuclear Reactions, JINR.
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