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Cold fission as cluster decay with dissipation
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For cold~neutronless! fission we consider an analytical model of quantum tunneling with dissipation thro
a barrierU(q) evaluated with a M3Y nucleon-nucleon force. We calculate the tunneling spectrum, i.e
fission rate as a function of the total kinetic energy of the fragments. The theoretical results are compare
the experimental data obtained for the fine structure of two cold fission modes of252Cf: 148Ba1104Mo and
146Ba1106Mo. Taking into account the dissipative coupling of the potential functionU(q) and of the momen-
tum p with all the other neglected coordinates, we obtain a remarkable agreement with the experimenta
We conclude that the cold fission process is a spontaneous decay with a spectrum determined by the
the barrier and an amplitude depending on the strength of the dissipative coupling.@S0556-2813~96!03805-8#

PACS number~s!: 24.75.1i, 03.65.Sq
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I. INTRODUCTION

In a recent paper@1#, using Lindblad’s master equatio
@2#, we obtained an analytical expression for the spectrum
the quantum tunneling@3# through a barrier between tw
wells. For cold fission we considered a barrier with an int
nal part of a parabolic form, corresponding to a harmo
oscillator with massm and zero-point vibration energ
E05\v0/2, and an external part of a Coulomb form close
the height of the barrierUM . For the decaying energy w
took theQ value of the corresponding fragmentation mod
For the dissipative coupling we assumed the simplest fo
an operator linear in the coordinateq and the momentum
p. We showed that besides the proper tunneling with ene
conservation, usually described by Gamow’s formula, t
additional processes are present: an environment-ass
tunneling and a spontaneous decay. This approach is b
on the definition of a tunneling operatorV as the nondiago-
nal part of the Hamiltonian in the basis of localized sta
C0(q) inside andC i(q) outside the barrier. The above e
fects are due to three kinds of transitions through the po
tial barrier, corresponding to the three spectral terms
tained from the theory of perturbations: the second-or
term of the tunneling operator, the second-order mixed te
of the tunneling operator and of the dissipation operator,
the first-order term of the dissipation operator. The first te
corresponds to the usual Gamow description. The second
third terms are an effect of the coupling of the physical s
tem to the dissipative environment by its coordinateq and
momentump. We found that, for rather strong dissipation
energy in the Coulomb part of the barrier, only the last te
is dominant. We stress that this term is quite different fro
Gamow’s term, describing a very broad spectrum as i
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encountered in the cold fission of some very heavy nuc
@4#. In that model the characteristics of the dissipation spe
trum depend only on the shape of the nuclear barrier and
the friction parameterl.

In the present paper, we generalize the previous res
including the potential functionU(q) and the momentump
instead ofq andp in the dissipative coupling. We evaluate
the tunneling spectrum, i.e., the tunneling rate as a funct
of the total kinetic energy of the fragments, by assuming th
the excited levels of the fragments which are not includ
explicitly in the calculations could be described as a dissip
tive environment. In this way, we reduce the whole descri
tion to a one-dimensional case, i.e., to the radial distan
between the fragments. We believe that such a phenome
logical description is quite appropriate for the cases when
number of the excited states of the fragments is very lar
and cannot be treated explicitly.

We derive a quantum master equation depending on
momentump, on the tunneling operatorV, and four open-
ness parameterslqV , Dqq , DVV , DqV . For these four phe-
nomenological parameters we obtain three fundamental c
straints and an uncertainty relation. We calculate t
tunneling spectrum and obtain dissipation terms depend
on the matrix elements of the momentump and of the tun-
neling operatorV. We show that from the condition of the
cold processes, the number of the phenomenological par
eters can be reduced to only two:Dqq which determines the
amplitude of the dissipative spectral component andDVV
which determines a decrease of the transition probabilit
around theQ value. As a result, only transitions with energ
loss are favored and the spectrum takes the shape of a la
shifted peak, very similar to the experimental spectrum. W
apply our model to a fission barrier with dissipation pro
cesses associated only with the Coulomb part where the fr
ments get strongly accelerated behind the classical turn
point. We evaluate the barrier with the M3Y nucleon
nucleon force@5# and show that the experimental spectra
some fission modes of252Cf @6# can be described by the
dissipation term of the tunneling spectrum.
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53 3015COLD FISSION AS CLUSTER DECAY WITH DISSIPATION
II. MASTER EQUATION FOR SYSTEMS
WITH POTENTIAL DIFFUSENESS

The proper tunneling, as it was usually defined and und
stood@7–9#, is an effect of the time evolution of the system
wave function from the initial ‘‘localized’’ stateC0 in the
first well to the ‘‘localized’’ statesC i in the second well.
Evidently, the most direct method of studying such process
is based on the Schro¨dinger equation. This method has als
been generalized for open systems by introducing additio
dissipative terms in the Schro¨dinger equation@9#, but gener-
ally, this procedure violates the uncertainty principle. Th
open systems cannot be rigorously described
Schrödinger-type equations, i.e., by pure states@3#, because a
dissipative coupling always generates transitions in any ba
of states or, in other words, for such systems the Hamilton
and the density matrix are not diagonal. An open quantu
system can be described rigorously only by a master eq
tion where, for every pair of noncommuting observables,
friction coefficient and three diffusion coefficients are intro
duced@2,14#.

In the following we consider Lindblad’s quantum maste
equation@10#

dr

dt
52

i

\
@H,r#1L~r!, ~1!

with the dissipation term

L~r!5
1

2\(
j

~@Xjr,Xj
†#1@Xj ,rXj

†# !, ~2!

where the openness operators

Xj5bjp1cjV~q!, j51,2, ~3!

are linear combinations of the momentump and the tunnel-
ing operatorV. The master equation~2! describes the non-
Hamiltonian evolution of the system@11–14#, due to the
coupling of the momentump and of the tunneling operator
V @1,3#, with the not explicitly considered degrees of free
dom of the dissipative environment. The ‘‘tunneling’’ opera
tor V is in fact the ‘‘coupling’’ operator from the resonance
reaction theory@15#, where this operator couples the eigen
states corresponding to the two parts of a potential barrie

We should like to stress that in this way we consider a
Ohmic dissipation@16# which is linear in the momentum
operator, but not in the coordinate operator. More than th
in comparison to the previous dissipation introduced by t
operatorsq andp @2#, the dissipative coupling of the opera
tor V, which essentially depends on the potential, introduc
a diffuseness of the barrier due to the environment.

The HamiltonianH is of the form

H5H01V~q!,

H05
p2

2m
1U0~q!, V~q!5U~q!2U0~q!. ~4!

Here,H0 is the diagonal part of the HamiltonianH in the
representation of the localized states, whileV(q) is a small
perturbation appearing due to the many degenerate confi
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rations of the system embedded in an environment of fissio
channels. This perturbation does not change the energyE0 of
the system, but introduces nondiagonal components respo
sible for the tunneling through the potential barrier. In@3# we
showed that this operator has the matrix elements of the for

V0i.
\2

2m
@C08~qM !C i~qM !2C0~qM !C i8~qM !#, ~5!

whereqM is the coordinate corresponding to the maximum
valueUM of the barrier. For the three operators of the system
q, p, andV, we have the commutation relations

@q,p#5 i\, ~6!

@q,V#50, ~7!

@p,V#52 i\
dU

dq
2@p,H0#. ~8!

With these relations and by introducing the expression~3!
in ~2!, the operatorL(r) becomes

L~r!5Lpp~r!1LVV~r!1LpV
l ~r!1LpV

D ~r!, ~9!

with

Lpp52
Dqq

\2 @p,@p,r##, ~10!

LVV52
DVV

\2 @V,@V,r##, ~11!

LpV
l 52

ilqV

2\
~@p,Vr1rV#2@V,pr1rp# !, ~12!

LpV
D 5

DqV

\2 ~@p,@V,r##1@V,@p,r##!, ~13!

where the openness parameters have the expressions

Dqq5
\

2(j bj* bj , ~14!

DVV5
\

2(j cj* cj , ~15!

lqV5(
j

bj* cj2bjcj*

2i
, ~16!

DqV52
\

2(j
bj* cj1bjcj*

2
. ~17!

From the relations~14! and ~15! we notice that

Dqq>0, DVV>0. ~18!

At the same time, from a Schwartz inequality, we obtain

DqqDVV2DqV
2 >

\2lqV
2

4
. ~19!
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The above three relations~18! and~19! are fundamental con-
straints.

We define the variances

Dpp5^p2&2^p&2, DVV5^V2&2^V&2, ~20!

DpV5 K pV1Vp

2 L 2^p&^V&. ~21!

From the inequality( jTr(rVj
†Vj )>( jTr(rVj

†)Tr(rVj )
we obtain the following uncertainty relation:

DqqDpp1DVVDVV22DqVDpV>
\lqV

2i
^@p,V#&. ~22!

Consequently, it appears that quantum tunneling with d
sipation is a rather complex phenomenon which, in the a
proximation ~3! of the openness operatorsXj , is described
by four phenomenological parameters satisfying four i
equalities~18!, ~19!, and~22!.

This phenomenon includes two processes: a transit
through the nuclear barrier with energy conservation~proper
tunneling! and an excitation of the fragments when some p
of the kinetic energy, corresponding to the coordinateq, is
transferred to internal degrees of freedom of the fragme
~spontaneous decay with dissipation!.

III. TUNNELING SPECTRUM

We consider the density operatorr (0)5u0&^0u of the ini-
tial stateu0&, corresponding to the first well and the diagon
matrix elementsr i i (t)8^ i uexp@(i/\)H0t#rexp@2(i/\)H0t#ui&,
corresponding to the statesu i & of the second well. Taking
into account the expression~4! of the Hamiltonian, the mas-
ter equation~1! takes the following form in the interaction
picture:

dr8

dt
52

i

\
@V8,r8#1L8~r8!, ~23!

where

r8~ t !5expS i\ H0t D rexpS 2
i

\
H0t D , ~24!

V8~ t !5expS i\ H0t DVexpS 2
i

\
H0t D , ~25!

L8~r8;t !5expS i\ H0t DLexpS 2
i

\
H0t D . ~26!

We solve the master equation~23! in a second-order ap-
proximation of the theory of perturbations of the Hami
tonianH0 with the tunneling operatorV and the dissipation
operatorL, taking into account thatL is of second order in
the matrix elements. We obtain

r8~ t !5r~0!1rV8 ~ t !1rL8~ t !1rVV8 ~ t !, ~27!

where
is-
p-

n-

ion

rt

nts

l

l-

rV8 ~ t !52
i

\E0
t

dt8@V8~ t8!,r~0!#, ~28!

rL8~ t !5E
0

t

dt8L8~r~0!;t8!, ~29!

rVV8 ~ t !52
1

\2E
0

t

dt8E
0

t8
dt9@V8~ t8!,@V8~ t9!,r~0!##.

~30!

Here we distinguish two types of additive terms: the term
depending onV, describing the usual tunneling, and th
terms depending onL, describing a decay with dissipation
Using the notation~for a,b,qM see Fig. 1!:

s0i5E
a

b

C0~q!
dC i

dq
dq, ~31!

v i5
Ei2E0

\
, ~32!

V0i5
V0i

\

.
\

2m
@C08~qM !C i~qM !2C0~qM !C i8~qM !#,0,

~33!

and the closure relation

u0&^0u1(
i

u i &^ i u51, ~34!

we obtain the transition rate from the initial stateu0& in the
first well to the stateu i & in the second well:

FIG. 1. The fissionlike barrierU(q) with the height
UM5U(qM), with an internal partq,q1 , approximated by a pa-
rabola, a top partq1,q,q2 , approximated by a constant, and a
external partq.q2 , approximated by a Coulomb potential.
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53 3017COLD FISSION AS CLUSTER DECAY WITH DISSIPATION
G0i~ t !5
^ i ur8~ t !u i &

t

5V0i
2 sin

2~v i t/2!

~v i /2!2t

12~Dqqs0i
2 1DVVV0i

2 1lqV\V0is0i !. ~35!

In this expression we distinguish two components of t
tunneling spectrum: The first very narrow component w
the width proportional to 1/t represents Gamow’s tunnelin
term. The second component has a width depending on
energy variation of the transition elements of the observab
and describes the spontaneous decay with dissipation.
cold processes, we assume the relationDqV50, similar to the
thermal equilibrium conditionDqp50 @2#. For the diffusion
coefficientsDqq andDVV we take their minimum values al
lowed by the relation~19!. In this case the last term of th
expression~35! has the form

G i
D52~ADqqs0i1ADVVV0i !

2

52DqqS s0i1hU s0iV0i
U

v i50

V0i D 2. ~36!

In this last expression we replaced the potential diffu
nessDVV by the parameter

h5ADVV

Dqq
UV0i

s0i
U

v i50

,

which takes the valueh51 whenG i
D(v i50)50 for any

fission mode.
From the expression~35! we notice that, due to the diffu-

sion terms which are positive, tunneling is enhanced, wh
due to the friction term which is negative (V0i,0), tunnel-
ing is suppressed. However, from the expression~36! we see
that, due to the fundamental constraints~18! and ~19!, the
positive diffusion terms cannot be smaller than the fricti
term and, as a result, the total effect of dissipation consist
an enhancement of the quantum tunneling.

In our application we have taken the fact into account t
the potential barrier depends on the deformations of the fr
ments and that these deformations depend on the excita
of the fragments. Here we consider a potential barrier
fragments in the ground state, so that the only coordina
taking energy in the fragmentation process without alter
the barrier, are the rotational ones. We consider an exp
ment where the rotational levels are populated during
fragmentation process~side feeding! and after that, the frag-
ments decay by emission ofg rays with energies correspond
ing to the energy differences between these levels (g-ray
cascades!.

IV. DECAY THROUGH THE FISSION BARRIER

In this paper we use an analytical model, where o
some essential parameters of the barrier~Fig. 1! are consid-
ered @1#: the zero-point vibration energyE05\v0/2, the
height of the barrierUM , the Q value, the reduced mas
m, the electric chargesZ1e, Z2e, and the ‘‘initial’’ distance
e
th
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between the fragments,R0'
3
4R, whereR is the radius of the

initial nucleus.
In this case, it is supposed that the barrierU(q),

q5r2R0 , has an internal part of a parabolic form,

U~q!5
mv0

2q2

2
for qP~2`,q1!, ~37!

a plateau

U~q!5UM for qP~q1 ,q2!, ~38!

and a Coulomb part

U~q!5Q8
q02q

R01q
for q.q2 , ~39!

where Q85Q2E0 , q05r 02R0 , r 05b/Q8, b5KZ1Z2 ,
andK5e2/4pe0 . From these relations we can determine th
turning pointsa5a21/2 wherea5mv0 /\, b5b/Q2R0 ,
and the limits of the plateau q15(UM /aE0)

1/2,
q25b/(Q81UM)2R0 . We also consider the valueqM
P(q1 ,q2) where the ‘‘real’’ barrier reaches its maximum
valueUM .

Calculating the actual potential with the double-folding
integrals of the M3Y nucleon-nucleon force in steps of 0.
fm in the domain from the maximum to the Coulomb part o
the barrier, we obtain an almost perfect correspondence w
the analytical model. The actual barrier is very sharp~with a
width.1–2 fm!, and only near the point of the maximum of
the potential do we find small deviations from the Coulom
curve. At the same time, the parabola considered for t
inner part of the barrier goes nearly up to the maximu
value of the potential. In fact we do not know exactly thi
part. The only approximate part of this model, the consta
plateau around the maximum valueUM of the barrier~see
Fig. 1!, does not alter the results.

Using the potential determined with the double-foldin
procedure of the M3Y nucleon-nucleon force@5#, we calcu-
late the WKB wave functions for two fission modes o

98
252Cf: 56

148Ba142
104Mo and 56

146Ba142
106Mo. With these two wave

functionsC0(q) andC i(q) we calculate the matrix elements
~31! and~33!. With these matrix elements we can obtain th
transition ratesG0i(t) from the expression~35!. This expres-
sion contains two terms: The first term, depending on tim
describes the proper tunneling with energy conservatio
while the second term, constant in time, describes transitio
through the potential barrier due to the dissipative part of th
master equation. However, the experimental data do not co
tain events with energy conservation corresponding to t
proper tunneling, but only events with energy loss describ
by the second term of the expression~35! or ~36!. This term
describes transition processesuC0&→uC i& when, at the same
time, some part of the energy is transferred to rotational le
els ~side feeding!.

We compare the decay spectra obtained from the expr
sion ~36! with the experimental side feeding of the rotationa
levels of the fragments which give information on the direc
population of these levels by cold fragmentations of252Cf
and on theg cascades from the excited levels of each frag
ment @6#. The experimental side feedings of the rotationa
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FIG. 2. Comparison of the calculated spont
neous decay spectrumGv

D5(1/\Dv)( iG i
D @v i

P(v2Dv/2,v1Dv/2)# with the experimental
fine structure data for two cold fission modes

98
252Cf: ~a! 104Mo1148Ba, ~b! 106Mo1146Ba. The
open ~solid! squares correspond to the hea
~light! two fragmentsA (B) with the correspond-
ing total kinetic energyQ2EA*2EB* , where
EA* ,EB* are the excitation energies of the hea
and respectively the light fragment. From th
present theory we expect decays to larger exc
tion energies. Up to now, experimentally the r
tational bands have been mainly observed. Pr
ably the states with a larger spin are not observ
since in cold fragmentations we expect that on
states with very low spin are populated.
tic
the

val-

red
ffi-
levels for the two fission modes of252Cf are obtained as
differences of theg-ray intensities corresponding to the tra
sitions populating and depopulating these levels.

We should like to mention that for neutronless~cold! fis-
sion, only the first two to three rotational levels are pop
lated. This indicates that, as we expected, the fragmenta
process is along the symmetry axis and very slow. When
to four neutrons are emitted, more rotational levels are po
lated, namely, up to angular momenta 8–10\ @19#. Conse-
quently, the present experimental data@6# confirm directly
the cold fragmentation process. The present cold fiss
yields are very large, about 1023. Consequently, these yield
sum up all the cold fragmentations from higher excit
states. Probably, theg cascades to the ground states a
n-

u-
tion
two
pu-

ion
s
ed
re

populating only the levels with low spin values.
In Fig. 2 we represent the spectrum of the total kine

energy together with the theoretical results obtained from
expression~36! with h51 for which we obtain minimum
values close to zero excitation energy. The experimental
ues represent the fission rates on the rotational levels~fine
structure! or the level populations for a fission half-life
tCf52.54 yr and for the branching ratiosB for the two frag-
mentation modes: B(148Ba1104Mo)57.731024 and
B(146Ba1106Mo)55.631024. With the free parameterDqq
we fit the amplitudes. The coefficientDqq , being propor-
tional to the amplitude of the spectrum, could be conside
as an intensity of the dissipative coupling, while the coe
cientsbj in expression~14! of Dqq are the coupling coeffi-
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FIG. 3. The term s0i1hus0i /V0i uv i50V0i

@curve ~3!#, giving the shape of the decay spec
trum G i

D , is obtained as a difference of the two
terms s0i @curve ~1!# and hus0i /V0i uv i50uV0i u
@curve ~2!# ~calculations for the fission mode
252Cf5148Ba1104Mo): ~a! h50.8, ~b! h51.0,
~c! h51.2.
-
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cients or ‘‘amplitudes’’ of the momentump with the dissi-
pative environment according to expression~3!. We use the
notation with the indicesq for this parameter resulting from
the coupling coefficients ofp because the variance of the
coordinateq is proportional toDqq @2,14#.

The form of the spectrum entirely depends on the shape
the barrier. The upper limit of the spectrum depends on t
variation with the transition energy of the tunneling matri
elementV0i , while the lower limit depends on the variation
of the matrix elements0i with the energy. In order to under-
stand such a behavior we represent the two matrix eleme
and the sum

s0i1hU s0iV0i
U

v i50

V0i

in Fig. 3. We notice that the shape of this peak in Fig. 3
due to a slower variation of the transition elements0i with
the final energyEi than the variation of the transition ele
of
he
x

nts

is

mentV0i . As one can notice from expression~36!, the spec-
trum depends on two parameters: the diffusion coefficie
Dqq and the parameterh or, equivalently, the potential dif-
fusenessDVV . These two parameters are independent in th
frame of Lindblad’s theory of open systems, and conse
quently, we could have spectra with various values ofh for
a givenDqq . However, experimentally we obtain only spec
tra with very low transition rates in the neighborhood of th
point Ei50, whenh51 @Fig. 3~b!#.

In Fig. 2 we notice that the theoretical results indicat
transition rates to energies much lower than the energies e
perimentally obtained. Such transitions really exist@17,18#,
but they correspond to processes with neutron emission, i.
to fragments with other deformations for which the potentia
barrier is no longer the same. In the experiment considered
@17# and @18# only one fragment was measured@19,20#, the
other fragment being merely considered his partner, and,
this case, rotational levels up to angular momenta 8–10\
were obtained. In the new experiment@6#, when both frag-



3020 53STEFANESCU, SCHEID, SANDULESCU, AND GREINER
FIG. 3 ~Continued!.
s is
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ments were measured, only rotational levels up to 2–4\
were observed. It seems that the fragments with higher
gular momenta correspond to partners emitting neutrons.
conclude that this discrepancy appears only due to the na
of this barrier which depends on the shape of the final fra
ments, not due to the model adopted which is correct fo
single barrier. When the total kinetic energy loss increas
over a certain limit, the excitation energy takes a value th
neutrons are evaporated and, as a result, these events
eliminated in this experiment with measurements in trip
coincidence, identifying both fragments.

V. CONCLUSIONS

In this paper we show that due to dissipation the prop
tunneling with energy conservation can be covered up by
o

.

an-
We
ture
g-
r a
es
at
are

le

er
the

spontaneous decay with a shifted spectrum. This proces
an effect of the dissipative coupling of the momentump and
of the potential functionU(q). Although for these operators
friction and diffusion processes are present, the diffusion
dominant due to the fundamental constraints, leading to
enhancement of the tunneling process. From the compari
of the theoretical results with the experimental data we co
clude that the cold fission rate is determined by the coupli
of the observablesp andV with the rotational coordinates of
the fragments, treated in this paper as a dissipative coupli
Evidently, the theoretical spectrum, calculated for a certa
barrier, describes the experimental data only in the ene
domain corresponding to this barrier. When the excitati
energy leads to neutron evaporation, the matrix eleme
must be recalculated for the corresponding new barrier. N
measurements ofg transitions in odd-odd configurations will
allow us to develop a new kind of nuclear spectroscopy w
heavy fragments.
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