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Isotopic yields for the cold fission of 252Cf
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The isotopic yields for the spontaneous cold fission of252Cf are predicted by using a double-folding
potential and the M3Y nucleon-nucleon forces. The penetrabilities through this barrier are obtained within the
one-dimensional WKB approximation. Realistic fragment ground-state deformations are used for the calcula-
tions. The results are in good agreement with zero neutron channel yields extracted fromg-g-g coincidence
studies in the spontaneous fission of252Cf recorded with the early implementation Gammasphere. The double
fine structure in such cold fragmentations has been experimentally observed for the first time.
@S0556-2813~96!02707-0#

PACS number~s!: 25.85.Ca, 24.75.1i, 27.90.1b
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I. INTRODUCTION

In recent times, many new experimental data concern
the spontaneous cold fragmentations of nuclei have been
tained. These include exotic decays with emission of hea
clusters having masses fromAL512 to 34 @1#. In addition
the cold fission of many actinide nuclei produce fragmen
with masses from' 70 to' 166 atomic mass units@2–6#.
Subsequently, several cases of such heavy clusters em
with nearly zero internal excitation energy are now expe
mentally observed. They all confirm the theoretical pred
tions based on the idea of the cold rearrangements of la
groups of nucleons from the ground state of the initi
nucleus to the ground states of the two final fragments@7,8#.

The existence of the so-called fusion valleys or ‘‘cold
valleys on the potential energy surfaces of the fission-pro
heavy nuclei@7,9,10# proved to be a key ingredient for the
prediction@7# and later for the interpretation of heavy cluste
decays~the 208Pb or 100Sn valleys!, or for the understanding
of cold fission of the actinides~especially the132Sn valley!.
In all these situations the final fragments have compa
shapes at the scission point and almost zero excitation
ergy. It has been shown that the transitions from the fiss
valley to the fusion valley along the fission path can qualit
tively explain the cold fragmentation of the actinides@11#.
Also the cluster decay model where the ground-state de
mations of the final fragments are very important@12,13# is
able to explain quantitatively the mass and charge yields
cold fission@14#.

An extreme case is that of the bimodal fission observ
for the Fm and Md isotopes@15# where the predominant
fragmentations are close to two double magic132Sn nuclei.
Here, two clearly distinct fission channels are observed, o
with very high total kinetic energy~TKE! which practically
exhausts the disintegration energy (Q value!, corresponding
to the fusion valley, and the second one at much low
TKE’s which proceeds through the usual fission valley wi
elongated shapes.

For the cold fission studies, the Cf and Cm isotopes co
stitute a transition region between the lighter actinides su
5456-2813/96/54~1!/258~8!/$10.00
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as Th, U, and Pu, and the bimodal fission region of Fm an
Md nuclei. In the lighter actinides, the highest yields ar
observed when the heavier fragment is in the vicinity o
132Sn and the lighter fragment is strongly deformed@6#. In-
deed, the experimental data for252Cf ~SF! @2# and 248Cm
~SF! @3# indicate a preference for cold fragmentations with
both partners having pronounced ground-state deformatio
and masses 100<AL<114, 140<AH<152 respectively.

Very recently the first direct observation of cold~neutron-
less! fragmentation in the spontaneous fission of252Cf was
made@4,5#, using the multiple Ge-detector Compact Ball fa
cility at Oak Ridge National Laboratory. Initially four pairs
of neutronless fragmentations were observed:104Zr- 148Ce,
104Mo- 148Ba, 106Mo- 146Ba, and108Mo- 144Ba. More recently
for a few pairs of fragments the ground band gamma ca
cades were accurately detected in both light and heavy pa
ners with the early implementation Gammasphere using t
triple-gamma coincidence technique@16#.

It may be pointed out that the yields measured in th
above-mentioned experiments are integrated yields. Up
now the yields in cold fission were measured as a function
TKE of the fragments, or as a function of their total excita
tion energy~TXE5Q2TKE!. It was experimentally estab-
lished that these yields increase strongly with the decrease
TKE’s or equivalently with the increase of the final fragmen
TXE’s. In the present experiments, based on triple-gamm
coincidence of the lowest transitions in both fragments@16#,
most of the fragmentations are usually leading to higher e
citations of the final nuclei which later on are decaying to th
lowest states by gamma cascades. Evidently there are a
splittings which leave the fragments in their ground or firs
excited states, but with lower probabilities. We are callin
these experimentally determined yields as integrated yiel
due to the fact that they collect the contributions of all~neu-
tronless! transitions over a whole range of fragment TXE’s
from zero up to at least the neutron binding energy, from
where the evaporation of a first neutron becomes possible

In cold fission, the two fragments are populated at low
spins~01, 21, 41) and then decay byg emission. While in
the a decay thea particles are never excited~because of
258 © 1996 The American Physical Society



t
a
.

v

l

h
d
t

p

t
e

c

n

ten-

al

s

ion

er
al

e

54 259ISOTOPIC YIELDS FOR THE COLD FISSION OF252Cf
their inert structure!, in the cold fission process both frag
ments can be excited, hence the double fine structure. In
recent experiments@5,16# the double fine structure in the
transitions leading to the final fragments was observed
rectly for the first time in the cold fission decays, similar
the well-known fine structure revealed in the alpha dec
and even in heavier cluster decays of odd-mass nuclei
alpha decay of even-even and odd-A heavy nuclei the tran-
sitions are observed not only to the ground state of the fi
nuclei, but also to some of their low excited states@17#.
These could be states belonging to the rotational grou
state band or rotational beta or gamma bands in even-e
nuclei, or states belonging to some rotational bands built
intrinsic quasiparticle states in odd-A final nuclei. It was
noted early@18–20# that the alpha transitions in odd-A nuclei
exhibited reduced widths ranging from values similar
those of neighboring even-even nuclei down to much sma
values. When the transition proceeds to a final state with
change in the single-particle configuration of the last o
nucleon, a ‘‘favored’’ transition is observed, with an alph
reduced width comparable to those in neighboring even-e
nuclei. Other ‘‘unfavored’’ transitions will be nevertheles
observed in some cases in the same nucleus, if they lea
the ground state or other low states of the daughter nuc
and their decay energy is high enough. Consequently m
alpha-emitting nuclei exhibit a fine structure in their alp
transitions. In the past few years fine structure was also
covered for some heavy cluster-emitting nuclei, e.g., for
14C transitions in223Ra@21#. In a similar way, the cold~neu-
tronless! fission of heavy nuclei could leave both final frag
ments on some low excited states and a double fine struc
of the transitions is observed for those cases.

In this paper we present an estimation of the isoto
yields for different fragmentations of the nucleus252Cf in
spontaneous cold fission using only the barrier penetrab
ties. For the evaluation of the potential barrier between
final fragments we used the M3Y nucleon-nucleon forc
We found that the yields are very sensitive to the fragmen
quadrupole deformation. In the present estimations no o
pole or higher deformations were taken into account.

II. THE POTENTIAL BARRIER FROM M3Y FORCES

In the present paper we evaluated the nuclear plus C
lomb interaction between two coaxial deformed fragme
with the help of the double-folding M3Y potential define
@23# as

VM3Y~R!5E dr1dr2r1~r1!r2~r2!v~r12!, ~1!

which contains the corresponding nucleon-nucleon inter
tion @24#

v~r12!5v00~r 12!1 Ĵ00d~r12!1v01~r 12!t1•t21
e2

r 12
, ~2!

where

r125R1r22r1 .

The central component of the M3Y force in Eq.~2! is
-
the

di-
o
ys
In

nal

nd-
ven
on

to
ller
no
dd
a
en
s
d to
eus
any
a
is-
he

-
ture

ic

ili-
he
s.
t’s
tu-

ou-
ts
d

ac-

v00~r !5F7999e24r

4r
22134

e22.5r

2.5r G MeV
and the isospin part has the form

v01~r !5F24885.5
e24r

4r
11175.5

e22.5r

2.5r G MeV.
The second term in Eq.~2! approximates the single-

nucleon exchange effects through a zero-range pseudopo
tial ( Ĵ0052262 MeV fm3). The spin-spinv10 and spin-
isospin v11 components are disregarded since their fin
contributions tend to be very small.

The two final nuclei are viewed as coaxial spheroid
~‘‘nose-to-nose’’ configuration! with nuclear density

r~r !5r0F11exp
1

a S r2
R0

c
„11b2Y2

0~cosu!…D G21

~3!

with the constantr0 fixed by normalizing the proton and
neutron density to theZ proton andN neutron numbers,
respectively, the diffusivitya50.5 fm andR05r 0A

1/3 with
r 051.12 fm. Hereb2 is the quadrupole deformation andc is
the usual constant which ensures the volume conservat
condition

E
V
d3r5

4p

3
R0
3

from which it follows

c~b2!5F11
3

4p
b2
21

1

14p
A 5

4p
b2
3G1/3.

We computed the double-folded deformed potential barri
by making a general multipole expansion of the potenti
@25,26#, which for two final nuclei with orientation in space
given through the Euler anglesV1 andV2 can be written

V~R,V1 ,V2!

5 (
l i ,m i

Vl1l2l3

m1m2m3~R!Dm10
l1 ~V1!Dm20

l2 ~V2!Yl3

m3~R̂!. ~4!

In our case, with both final fragments aligned along th
same symmetry axis@R̂5(0,0), V15V25(0,0,0)# we ob-
tain

V~R!5(
l i

Vl1l2l3

0 0 0 ~R! ~5!

with

Vl1l2l3

0 0 0 5
2

p
~C0 0 0

l1l2l3!2

3E r 1
2dr1r 2

2dr2rl1
~r 1!rl2

~r 2!Fl1l2l3
~r 1 ,r 2 ,R!,

~6!

whereC0 0 0
l1l2l3 is a Clebsch-Gordan coefficient,Fl1l2l3

is
the double-folding kernel@25# which is easy to evaluate for
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260 54A. SANDULESCUet al.
Yukawa and Coulomb-type interactions, andrl are the mul-
tipole components of the corresponding expansion of t
nuclear densities

r~r !5 (
leven

rl~r !Yl
0~ r̂ ! ~7!

which in turn have the form of Eq.~3!.

III. RESULTS OF THE CALCULATIONS

The latest experimental developments utilizing multid
tector facilities and multiple-gamma coincidences permitt
the outburst of many fine structure data for the cold fissio
similar to those known for a long time in alpha decay, an
more recently in heavy cluster decays. For the cold~neutron-
less! fragmentation of a heavy nucleus, we considered th
the two final nuclei are in their ground states or in the fir
one or two excited states, usually belonging to the groun
state rotational band or other rotational bands built on intri
sic quasiparticle states. For these transitions, we calcula
the penetrability through the double-folded potential barri
by using the correspondingQ values. Due to the inherent
ambiguities of different final channels~e.g., fragment defor-
mations, channel radii, and so on! we assumed that the clus-
ter preformation probabilities are similar for all possibl
splittings and consequently we used the same frequency
tor n for the collisions with the fission barrier for all frag-
mentations. Henceforth in our calculations we are neglecti
the preformation factors for different channels. Our relativ
isotopic yields computed below correspond to those co
~neutronless! fragmentations with both final nuclei emitted in
their ground state. Consequently the theoretical isotop
yields are not integrated over a domain of TXE values, lik
the experimental yields mentioned above, but are result
for zero total excitation energy.

We estimated the penetrability through the double-fold
potential barrier in the framework of the WKB approxima
tion

P5expS 2
2

\ERi
RoA2m@V~R!2Q#dRD , ~8!

whereR is the distance between the fragment mass cente
Ri andRo are the inner and outer turning points defined b

V~Ri !5V~Ro!5Q ~9!

andm5AHAL /(AH1AL) is the reduced mass of the binar
system, since the most important part of the potential barr
is extended outside the touching point between the two fra
ments.

The accurate evaluation of theQ values is very important
since the WKB penetrabilities are very sensitive to them. W
obtained theQ values from recent experimental mass tabl
@27#, and for some of the fragmentations the masses w
taken from the extended tables of Ref.@28# generated within
a macroscopic-microscopic model.

The deformation parameters which we used were a
taken from the tables of Ref.@28#, and for some isotopes we
employed the deformation values deduced from cold fissi
data @12,14# which are similar or slightly larger in some
he
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cases~e.g., 5%–8% larger for the Sr, Zr, and Mo isotopes!
than those from@28#. The calculated values of the penetra
bilities are very sensitive to the assumed deformations of t
final fragments, since a 10% increase in theb2 values leads
up to an order of magnitude increase of the penetrabilitie
Consequently our calculated penetrabilities should conta
an uncertainty factor of about 10. Nevertheless, the relati
yields should not change significantly. Of course, the high
multipoles like the octupole can play an important role bring
ing about additional uncertainties.

The calculated penetrabilitiesP(AL ,ZL) are given in
Table I, together with the isotopic yieldsY(AL ,ZL),

Y~AL ,ZL!5
P~AL ,ZL!

(ALZL
P~AL ,ZL!

, ~10!

for the most frequent spontaneous cold neutronless fragm
tations of 252Cf. As we see, the highest yields are obtaine
for fragment masses 98<AL<110 and 142<AH<154, and
for fragment charges 38<ZL<44 and 54<ZH<60, respec-
tively.

Experimentally the half-life of252Cf is 2.54 yr and the
branching ratios for its alpha decay and spontaneous fiss
are 97% and 3%, respectively@29#. Taking an energy of
zero-point ground-state vibrations of about 1 MeV, we ob
tain a collision frequencyn with the fission barrier of
2.531020 s21 and a penetrability through this barrier

P05
ln2

nt1/2~s.f.!
'0.11310229. ~11!

Since we already calculated the WKB penetrabilitie
P(AL ,ZL) through the cold fission barrier, Eq.~8!, we are
able to predict also the partial half-lives for the cluster de
cays corresponding to the cold neutronless fragmentations

t1/2~AL ,ZL!5
ln2

nP0P~AL ,ZL!
. ~12!

These calculated partial half-lives are also given in Tab
I. Low partial half-lives are resulting for splittings such as
106,107Nb1 146,145La and 1072110Mo1 1452142Ba where an en-
hanced production is experimentally observed at very lo
total excitation energy of the fission fragments@2#.

The theoretical penetrabilities and isotopic yields pre
dicted by the present cluster model depend on theQ values
for the cold fragmentations, and also on the ground-sta
deformations of the final nuclei. In fact, from the 29 mas
splits shown in Table I, in 13 cases the highest yield is a
tained by those charge splits which have lowerQ values but
higher deformation of one or both fragments.

The recent experiment of cold fragmentation in the spo
taneous fission of252Cf @4,5,16# permitted the direct obser-
vation of neutronless fission channels for the light fragmen
962100Sr, 1002104Zr, 1042108Mo , 1102112Ru, and116Pd in co-
incidence with the corresponding heavy fragments, for whic
the isotopic yields were determined. The neutronless fissi
channels within a few MeV TXE range involve gamma cas
cades following the transition to some definite energy leve
in the two final fragments. We should like to mention tha
some contributions to these channels involve gamma-r



54 261ISOTOPIC YIELDS FOR THE COLD FISSION OF252Cf
TABLE I. The results of the calculation for the first three most probable charge fragmentationsZL /ZH for every mass fragmentation
AL /AH . Heree2 are the fragment quadrupole deformations (e2'0.95b2). The penetrabilitiesP were obtained from Eq.~8!, the relative
isotopic yieldsY from Eq. ~10!, and the partial half-livest1/2 from Eq. ~12!.

AL /AH ZL /ZH e2L e2H Q ~MeV! P Y ~%! t1/2 ~s!

94/158 36/62 0.270 0.300 202.52 2.7031028 0.52 9.3331016

38/60 0.215 0.295 209.06 2.1431028 0.41 1.1831017

37/61 0.227 0.290 203.53 6.33310211 131023 3.9831019

95/157 38/60 0.249 0.300 207.25 9.8731029 0.19 2.5531017

37/61 0.255 0.275 204.11 5.59310210 131022 4.5131018

36/62 0.310 0.300 198.94 3.97310210 831023 6.3431018

96/156 38/60 0.240 0.290 209.12 1.1531027 2.22 2.1931016

39/59 0.287 0.320 206.48 2.1131029 431022 1.2031018

37/61 0.320 0.280 201.48 3.21310210 631023 7.8631018

97/155 38/60 0.277 0.280 206.83 9.8331029 0.19 2.5631017

39/59 0.272 0.320 207.63 8.7031029 0.17 2.9031017

37/61 0.320 0.270 201.43 1.93310210 431023 1.3131019

98/154 38/60 0.330 0.230 208.25 2.1031027 4.04 1.2031016

39/59 0.307 0.320 206.17 5.3031029 0.10 4.7631017

40/58 0.255 0.283 209.92 7.32310210 131022 3.4431018

99/153 38/60 0.350 0.270 205.27 4.4331028 0.85 5.6931016

39/59 0.291 0.290 207.77 7.6531029 0.15 3.3031017

40/58 0.279 0.288 208.80 7.14310210 131022 3.5331018

100/152 38/60 0.350 0.250 206.41 1.2631027 2.43 2.0031016

40/58 0.273 0.267 211.69 3.2231028 0.62 7.8431016

39/59 0.320 0.282 206.79 5.8831029 0.11 4.2931017

101/151 40/58 0.325 0.240 210.95 4.7831028 0.92 5.2731016

39/59 0.325 0.255 207.73 1.0431028 0.20 2.4231017

41/57 0.314 0.270 209.61 5.24310210 131022 4.8131018

102/150 40/58 0.340 0.200 212.76 3.7631027 7.24 6.7031015

39/59 0.340 0.280 205.92 4.5131029 931022 5.5931017

41/57 0.309 0.266 209.54 3.18310210 631023 7.9331018

103/149 40/58 0.330 0.236 211.20 1.3531027 2.60 1.8631016

41/57 0.322 0.231 212.64 3.2731028 0.63 7.7031016

39/59 0.350 0.260 205.61 1.7231029 331022 1.4731018

104/148 42/56 0.315 0.245 214.41 1.0531027 2.02 2.4031016

40/58 0.300 0.210 212.80 7.0031028 1.35 3.6031016

41/57 0.340 0.254 211.42 5.5931028 1.08 4.5131016

105/147 42/56 0.330 0.230 214.86 3.2931027 6.34 7.6631015

41/57 0.310 0.230 214.13 3.0231027 5.82 8.3431015

40/58 0.340 0.200 210.57 1.1231028 0.22 2.2531017

106/146 41/57 0.340 0.252 212.17 3.1331027 6.03 8.0531015

42/56 0.245 0.200 217.33 1.4231028 0.27 3.4031016

40/58 0.330 0.170 211.91 1.2531028 0.24 2.0231017

107/145 42/56 0.290 0.210 217.02 3.7531027 7.22 6.7231015

41/57 0.300 0.240 214.05 3.5431027 6.82 7.1231015

43/55 0.333 0.200 215.29 1.4231028 0.27 1.7831017

108/144 42/56 0.245 0.198 218.61 1.6831027 3.24 1.5031016

43/55 0.320 0.215 215.29 2.0131028 0.39 1.2531017

44/54 0.300 0.200 216.94 5.4631029 0.11 4.6231017

109/143 43/55 0.290 0.200 218.28 2.6931027 5.18 9.3631015

42/56 0.300 0.177 217.34 2.3831027 4.58 1.0631016

44/54 0.300 0.185 217.28 3.8531029 731022 6.5531017

110/142 43/55 0.300 0.190 217.91 1.5031027 2.89 1.6831016

42/56 0.250 0.150 219.53 7.1431028 1.38 3.5331016

44/54 0.240 0.150 221.65 1.8931028 0.36 1.3331017
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TABLE I. ~Continued!.

AL /AH ZL /ZH e2L e2H Q ~MeV! P Y ~%! t1/2 ~s!

111/141 43/55 0.270 0.150 220.32 1.2531027 2.41 2.0231016

45/53 0.320 0.190 218.80 9.9831028 1.92 2.5331016

44/54 0.260 0.150 221.14 3.9131028 0.75 6.4531016

112/140 44/54 0.220 0.120 224.65 1.9631027 3.78 1.2931016

45/53 0.280 0.190 220.41 1.4531027 2.79 1.7431016

43/55 0.300 0.140 219.00 6.0631028 1.17 4.1631016

113/139 45/53 0.270 0.110 223.66 1.1731027 2.25 2.1531016

44/54 0.220 0.120 223.83 4.3331028 0.83 5.8231016

43/55 0.260 0.110 220.71 1.1431028 0.22 2.2131017

114/138 45/53 0.240 0.080 225.32 4.0931028 0.79 6.1631016

44/54 0.180 0.060 227.04 1.3131028 0.25 1.9231017

46/52 0.150 0.140 225.45 1.0831029 231022 2.3331018

115/137 45/53 0.200 0.070 226.93 1.8831028 0.36 1.3431017

46/52 0.160 0.110 225.99 7.92310210 231022 3.1831018

44/54 0.180 0.030 225.19 4.88310211 131023 5.1631019

116/136 46/52 0.140 0.060 230.40 1.7731028 0.34 1.4231017

45/53 0.200 0.050 227.48 1.3831028 0.27 1.8331017

44/54 0.150 -0.020 227.61 7.66310212 131024 3.2931020

117/135 46/52 0.160 0.045 230.39 2.6231028 0.51 9.6231016

45/53 0.160 0.040 229.36 9.5431029 0.18 2.6431017

47/51 0.180 0.020 227.98 1.01310210 231023 2.4831019

118/134 46/52 0.100 0.000 233.96 3.6131029 731022 6.9831017

45/53 0.230 -0.010 225.72 8.15310211 231023 3.0931019

47/51 0.160 -0.030 229.65 7.02310212 131024 3.5931020

119/133 47/51 0.160 -0.040 233.54 4.2731029 831022 5.9031017

46/52 0.160 -0.030 231.01 2.55310210 531023 9.8931018

45/53 0.220 -0.030 225.85 1.12310211 231024 2.2631020

120/132 47/51 0.150 -0.020 231.72 3.54310210 731023 7.1231018

48/50 0.030 -0.010 236.62 7.66310211 231023 3.2931019

46/52 0.110 -0.050 232.01 3.23310212 631025 7.8031020

121/131 47/51 0.140 -0.050 232.60 7.52310211 131023 3.3531019

48/50 0.050 -0.030 234.36 1.22310212 231025 2.0731021

46/52 0.110 0.000 228.14 1.91310213 431026 1.3231022

122/130 47/51 0.150 -0.030 229.85 5.84310212 131024 4.3131020

46/52 0.080 0.000 227.66 4.71310215 931028 5.3531023

49/49 0.080 -0.030 229.60 2.23310215 431028 1.1331024
e

i

e

l

e

.
r

side feeding from other rotational bands built upon vibr
tional states or quasiparticle states of the fragments. The
fore these integrated~at least up to the neutron binding en
ergy! isotopic yields for neutronless splittings are som
orders of magnitude higher than the isotopic yields det
mined as a function of the fragment TXE or fragment kinet
energies, see, e.g.,@2#, for spontaneous fission of252Cf and
@6# for thermal neutron-induced fission of233U. Moreover,
the calculated yields do not include differences in the lev
densities near the ground states of the even-even and o
odd nuclei. Including the differences in level densities w
enhance all odd-odd yields relative to the even-even one

IV. THE EXPERIMENTAL DATA

In order to search for events corresponding to zero n
tron channels theg-g-g coincidences events produced in th
spontaneous fission of252Cf were recorded with early imple-
a-
re-
-
e
r-
ic

el
dd-
ll
s.

u-
e

mentation Gammasphere. Ag-g-g ‘‘cube’’ was built using
the RADWARE program. The ‘‘cube’’ data were analyzed by
setting two gates, one on the 21→01 transition and the
other on the 41→21 transition in a particular even-even
nucleus and the correspondingg rays of its correlated partner
nuclei were analyzed. The peak areas of theg rays were then
corrected for efficiency and internal conversion. In the ma-
jority of the cases only the 21→01 transition intensity of
the partner was used to extract the zero neutron channe
yield. After the efficiency correction, the resulting areas for
all the neutron channels were summed and the areas for th
individual channels were divided by the resulting sum to get
the relative fraction of the events for each neutron channel
Furthermore to obtain the zero neutron channel yields pe
100 fission events, our above yields were then normalized to
the integrated yield for the partner computed by Wahl@30#.
The results including 2n, 4n, 6n, etc., channels are fitted
with a Gaussian to check for internal consistency. Table II
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54 263ISOTOPIC YIELDS FOR THE COLD FISSION OF252Cf
gives the zero neutron yields obtained from the rec
252Cf data @16#. The yields for 108Mo- 144Ba and 110Ru-
142Xe have large uncertainties because of the very ne
identical energies of the 21 states in 108Mo, 104Mo and
110Ru, 108Ru nuclei, respectively. We should like to mentio
that only the pairs for which the spectra are known could
considered. In a few cases, we also present in Table II
results for odd-odd fragmentations which are a factor of 3
larger than the yields for the even-even cases. For odZ
fragmentations, the spectra are too complicated to ext
useful information from the present data. Higher yields
the odd-odd fragmentations of252Cf are also observed by
Hambschet al. @2# for low TXE values (TXE<9 MeV!. One
can see from Table II that the zero neutron yields are of
order of 531022 per 100 Cf fission events.

The values of the theoretical relative yields~Table I! and
experimental yields~Table II! should not be compared di
rectly since the latter values are integrated yields~over the
internal excitation energies of the final fragments, at least
to the binding energy of the last neutron! while the former
ones are yields corresponding only to transitions to
ground states of the final fragments. Nevertheless the tre
for both quantities should be very similar, i.e., larger the
retical yields will indicate that also larger experiment
yields could be observed for the same cold~neutronless!
fragmentation.

Using the triple-gamma coincidence technique the dou
fine structure in the neutronless fission of252Cf could be
detected. In Fig. 1 are shown the level populations, rela
to the 21→01 transition which is normalized to 100, for th
fission fragments from252Cf obtained for two even-even
Mo-Ba pairs, including the relative transition probabilities
the first 21,41, and 61 excited states of the rotational ban
built upon the 01 ground state. For comparison in Fig. 2 a

TABLE II. The experimental isotopic yieldsYexpt per 100 fis-
sion events.

AL /ZL AH /ZH Yexpt

96/38 156/60 0.0260.01
98/38 154/60 0.0860.02
100/38 152/60 0.0560.02
100/40 152/58 0.1260.04
102/40 150/58 0.0260.01
104/40 148/58 0.0260.01
104/42 148/56 0.0260.01
106/42 146/56 0.0860.05
108/42 144/56 0.1560.06a

110/44 142/54 0.1060.05
112/44 140/54 0.0460.02
116/46 136/52 0.0560.02

99/38 153/60 0.3060.10
103/40 149/58 0.1060.01
105/42 147/56 0.2060.07
107/42 145/56 0.2460.06
111/44 141/54 0.1460.06b

aThe 108,104Mo peaks are very difficult to strip in this case.
bThe 150 keV transition in111Ru was used to obtain this result.
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shown the complete ground-state rotational bands for t
same fragments, observed for all fission channels. It is e
dent that in the cold~neutronless! even-even splittings only
the lowest levels of the ground-state rotational bands a
populated. This fact supports the dynamical beta-stretch
model for cold fission@14# which assumes only a coaxial
motion of the fragments at the scission configuration. Sin
other vibrational states corresponding to the kinking an
bending modes between fragments at the scission point w
not observed in the present experiment, it is possible th
other 01 beta-phonon states populated in the fission fra
ments could be observed in the future. In the odd and od
odd fragments, with higher isotopic yields, the beta-phon
states are coupled to the one- or many-quasiparticle sta
leading to a more complicated energy level landscape and
higher level densities. Such transitions can be easily detec
by using two back-to-back ionization chambers for measu
ing the TKE in coincidence with the gamma-ray cascades
both fragments.

Recently cold fission isotopic yields for233U(nth , f ) were
extrapolated to TXE50 MeV by Schwabet al. @6#. Their
calculated yields per level are higher for the ground-sta
even-even fragmentations, since the level density for th
case is the lowest. These even-even splittings should co
spond to the well-known favored alpha and heavier clus
transitions in even-even nuclei. Nevertheless we expect th
in analogy with the other cluster decays and by not takin
into account the influence of theQ values on the cluster
penetrabilities, many hindrance factors close to unity cou

FIG. 1. Relative level populations of the lowest excited states
fission fragments of252Cf obtained in two zero-neutron even-even
Mo/Ba splittings. The transition 21→01 is normalized to 100.
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264 54A. SANDULESCUet al.
be observed in odd or odd-odd cold fission fragmentatio
which lead to low energy levels in both final nuclei. The col
fission isotopic yields calculated recently@22# for the same
234U compound nucleus using a level density formalism
based on the backshifted Fermi gas model@31# and the dy-
namical beta-stretching model@14# agreed well with the ex-
perimental data@6#. Thus the ambiguities due to the estima
tion of level densities close to the ground state of even-ev
fragments@6# were avoided and it was confirmed that th
odd splittings of cold fragmentations have higher isotop

FIG. 2. The ground-state bands observed for the104Mo-148Ba
and 106Mo-146Ba pairs as separated fragments.
,
M

ns
d

-
en
e
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yields than the even-even ones. This will allow a new sp
troscopy with heavy clusters by determining the correspo
ing cluster preformation factors. Consequently, we are a
to predict that favored transitions should be observable in
types of cold fragmentations.

V. DISCUSSION AND CONCLUSIONS

We have shown here that a simple cluster model is abl
predict correctly the most important cold fragmentations o
served in the spontaneous cold fission of the nucleus252Cf .
The double-folding potential barrier with M3Y nucleon
nucleon forces gives relative isotopic yieldsY(AL ,ZL) with
higher values for cluster masses 98<AL<110 and
142<AH<154 and, respectively, cluster charg
38<ZL<44 and 54<ZH<60. In these regions both the ligh
and the heavy fragments have important ground-state de
mations that give rise to potential barriers between the
final nuclei which are significantly lowered, leading to in
creased penetrabilities and yields. Nevertheless the scis
configurations for these cold fragmentations are still mu
more compact than in the case of usual ‘‘hot’’ fission.

We should mention here that a striking feature of the c
fission yields close to the highest TKE values permitted
theQ values@2,3,5# is the fact that many odd-odd splitting
have values larger than the neighboring even-even fragm
tations. This feature of cold fragmentations suggests tha
ther the cold fission yields are influenced by the level den
of the fragments@6,22# or that the deformations of odd frag
ments are larger than for the corresponding even ones
deed, the calculated potential barriers are depending on
deformation of the final fragments. For increased deform
tions of the two coaxial nuclei, their touching point distan
~the distance between their centers of mass when the f
ment tips are in contact! increases also. In this case the ba
rier height is lowered and within our model we obtain i
creased penetrabilities and higher yields.

In order to determine more exactly the double fine str
ture in cold fission one of the new large detector arrays l
Gammasphere has to be used. In the future the theory ca
further centered on studying new cases of neutronless
fragmentations, especially the odd-odd ones which sho
have yields larger than the even-even splittings. Thus furt
experimental and theoretical studies of the double fine st
ture in cold fission decays can open up new insights into c
fragmentation phenomena.
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