
PHYSICAL REVIEW C DECEMBER 1997VOLUME 56, NUMBER 6
Fission and cluster decay of the76Sr nucleus in the ground state
and formed in heavy-ion reactions

Raj K. Gupta,1,2 Manoj K. Sharma,1 Sarbjit Singh,1 Rachid Nouicer,2 and Christian Beck2
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Calculations for fission and cluster decay of76Sr are presented for this nucleus to be in its ground state or
formed as an excited compound system in heavy-ion reactions. The predicted mass distribution, for the
dynamical collective mass transfer process assumed for fission of76Sr, is clearly asymmetric, favoringa
nuclei. Cluster decay is studied within a preformed cluster model, both for ground-state to ground-state decays
and from excited compound system to the ground state~s! or excited states~s! of the fragments.
@S0556-2813~97!04211-8#

PACS number~s!: 25.70.Jj, 23.70.1j, 24.60.Dr, 27.50.1e
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76Sr is a superdeformed nucleus with an estimated qu

rupole deformationb250.44 ~see Fig. 1 in@1#!. From the
point of view of knownspherical shell closures atZ5N
540, such a large ground-state deformation for76Sr means
the natural breaking of these spherical shells and he
nuclear instability against both fission and exotic cluster
cay processes. However, we shall see in the following t
like the other superdeformed nuclei in this mass region@1#,
although this nucleus is naturally stable~negativeQ value!
against only light clusters with massesA2,12, the calcu-
lated cluster decay half-lives forA2>12 are also large
enough (T1/2.1080 s) to term this nucleus as a stab
nucleus against all cluster decays. This kind of stabi
could apparently be due to stabledeformedshell closures at
Z5N538, predicted earlier in many other calculations@2,3#.
Alternatively, if these nuclei are prepared in heavy-ion c
lisions, then, depending on the excitation energy of the co
pound nucleus formed, both fission~also called fusion-
fission! and cluster decay are the viable processes.
present day experiments are directed at these studies~see,
e.g.,@4–7# and earlier references therein!.

It now seems accepted that compound systems witA
<42 are characterized by nuclear orbiting phenomenon~the
deep inelastic process!, although a considerable amount
yield due to fusion-fission could not be ruled here too@8,9#.
On the other hand, the systems withA'47– 60 are strongly
the cases of fusion-fission processes~fully-energy-damped
fragments! since for all cases studied so far the observ
yields are independent of nuclei in the entrance channel
no strong peaking of yields is observed near the target
projectile masses@4–7#. In all these cases, asymmetric ma
splitting is favored and hence lie far below the Busina
Gallone transition point@10# @the fissility parameterx
(5Z2/50A) is less than thexBG50.396 for l 50 and this
value decreases as thel value increases#. For nuclei withA
;80, the situation is not so clear. Only three experiments
made@11,12# that form the compound systems38

78Sr, 40
80Zr,

and 36
83Kr, and one calculation is available for80Zr @13#. No-

tice that fissilityx50.370 and 0.312 (,xBG), respectively,
for 78Sr and 83Kr, but x50.40 (.xBG) for 80Zr. Also, at
least 78Sr and 80Zr are superdeformed in their respecti
560556-2813/97/56~6!/3242~6!/$10.00
d-

ce
-
t,

y

-
-

e

d
nd
d

-

re

ground states. The interesting result is, whereas the meas
mass spectra of83Kr @11# and 80Zr @12# are clearly asymmet-
ric and symmetric, as expected, respectively, that of78Sr
@12# is more asymmetric than symmetric. The last expe
ment on 28Si150Cr forming the compound system78Sr* is
made only at one energy (Elab5150 MeV) and at one angle
(u lab530°). In view of this result, we have chosen the76Sr
nucleus withx (50.38) as well as deformationb larger than
that for 78Sr ~estimatedb250.41 for 78Sr!. Such a study has
not yet been taken up either experimentally or theoretica
Our calculations in the following show a clear asymmet
mass distribution, as expected from the point of view
Businaro-Gallone transition@10#. This result suggests that
properly-angle-intergrated mass distribution for78Sr ~not yet
measured! should also be clearly asymmetric since fissilityx
for 78Sr is smaller than that for76Sr.

Theoretically, both the quantum mechanical fragmen
tion process @13–16# as well as the statistical mode
@8,11,17–19# have been used to explain the measured m
distributions in these reactions. The statistical or compou
nucleus model calculations, assuming fusion-fission p
cesses, are made for three possible cases of~i! two spheres
separated by a fixed distanced52 fm @11#, ~ii ! saddle point
shapes, called the transition state model@8#, and~iii ! scission
point shapes withd taken as a variable@17–19#. In this last
case, the Hauser-Feshbach formalism@20# is extended to in-
clude the decay fragments heavier than thea particle. Per-
haps, the preformation factor for different fragments sho
also be added to this extended Hauser-Feshbach me
~EHFM!. In a statistical model all open decay channels
taken to be equally populated. This is true as long as on
talking of g decay and the light particle evaporation ofn, p,
anda particles. However, once the heavy fragments are a
included, thea particle is known to compete with som
heavy fragments~the exotic cluster decays! and, hence, a
preformation probability factor betweena and the other
heavy fragments should come in.

In this paper, we use quantum mechanical fragmenta
theory ~QMFT! @13–16# and the cluster decay mode
@1,21,22# based on QMFT. According to QMFT, the binar
fragmentation is a collective mass transfer process wh
3242 © 1997 The American Physical Society
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56 3243FISSION AND CLUSTER DECAY OF THE76Sr . . .
both light and heavy fragments~including the light particles!
are produced with different quantum mechanical probab
ties. Applications of both the fragmentation and cluster
cay processes are made in only a few cases for the
systems@13–16#, and in fact it was on the basis of this theo
that fusion-fission was first proposed by Gupta and colla
rators in 1984 as the possible explanation of the obser
data on fragmentation of light systems.

In QMFT, a dynamical collective coordinate of mass~and
charge! asymmetryh5(A12A2)/(A11A2) @and hZ5(Z1
2Z2)/(Z11Z2)# is introduced whose limiting values are
and 1, i.e., 0<h<1 @14,23–27#. Since the potentials
V(R,h) and V(R,hZ), calculated within the Strutinsky
renormalization procedure (V5VLDM1dU) by using the ap-
propriate liquid drop model~for VLDM! and the asymmetric
two-center shell model~for dU!, are nearly independent o
the relative separation coordinateR, R can be taken as a
time-independent parameter and hence solve the statio
~instead of time-dependent! Schrödinger equation inh:

H 2
\2

2ABhh

]

]h

1

ABhh

]

]h
1VR~h!J cR

~n!~h!5ER
~n!cR

~n!~h!.

~1!

TheR value for light nuclei is fixed at the touching configu
ration of two nuclei@13–16#:

R5C11C2 , ~2a!

with the Süsmann central radii

Ci5Ri2
1

Ri
, ~2b!

Ri51.28Ai
1/320.7610.8Ai

21/3. ~2c!

In this approximation, the fragmentation potential

V~h!52B1~A1 ,Z1!2B2~A2 ,Z2!1Ec1VP , ~3!

whereBi(Ai ,Zi) are the experimental binding energies@28#,
Ec5Z1Z2e2/R and VP is the additional attraction due t
nuclear proximity potential, given by the well-known pock
formula of Blocki et al. @29#. The chargesZi in Eq. ~3! are
fixed by minimizingV(hZ), defined by Eq.~3! without VP ,
in hZ coordinate. The rotational energy due to angular m
mentum (Vl) is not added here since its contribution to t
structure of yields is shown to be small for lighter syste
@15#. Of course,Vl should be added for a comparison of t
relative yields. It may be mentioned here that in a mo
realistic calculation, the two-center nuclear shape should
used, instead of Eq.~2!. One can then trace the actual nucle
shapes involved. For a more quantitative comparison,
hapsR5C11C21d (<2 fm) would be a better choice be
cause then one is closer to the saddle shape.

The numerical solution of Eq.~1!, on proper scaling,
gives the fractional mass distribution yields for each fra
ment as

Y~Ai !5ucR„h~Ai !…u2ABhh

2

A
~4!
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~i 51 or 2!. For the mass parametersBhh we use the classi-
cal hydrodynamical model of Kro¨ger and Scheid@30#. For
two touching spheres, this model gives a simple analyt
expression

Bhh5
AmRt

2

4 S v t~11b!

vc
21D , ~5a!

with

b5
Rc

4Rt
S 22

Rc

R1
2

Rc

R2
D , ~5b!

vc5pRc
2Rt, Rc50.4R2 , ~5c!

andv t5v11v2 , the total conserved volume. Also,R2!R1
andRc (Þ0) is the radius of a cylinder of lengthRt , whose
existence allows a homogeneous, radial flow of mass
tween the two fragments. Herem is the nucleon mass.

The nuclear temperature effects in Eq.~4! are also in-
cluded through a Boltzmann-like function

ucRu25 (
n50

`

ucR
~n!u2 exp~2ER

~n!/u!, ~6!

with u the nuclear temperature in MeV, related to the ex
tation energy as

E* 5 1
9 Au22u. ~7!

Furthermore, in some of the calculations here, tempera
effects are taken to act also on the shell effects as follo
@31#:

V52(
i 51

2

@VLDM~Ai ,Zi !1dUiexp~2u2/2.25!#1Ec1VP .

~8!

Similarly, mass parameters should also vary with tempe
ture, but no usable prescription is available to date. A c
stant average mass is taken to mean a complete washin
shell effects in it.

For cluster-decay calculations, we use the preformed c
ter model~PCM! of Malik and Gupta@21,22#. This model,
based on QMFT, also uses the decoupled approximationR
and h motions and defines the decay half-lifeT1/2 or the
decay constantl as

l5
ln2

T1/2
5P0nP. ~9!

HereP0 is the cluster preformation probability at a fixedR,
given by the solution of the stationary Schro¨dinger equation
~1!. At R5C11C2 , P05Y(A2), given by Eqs.~4! and ~6!.
For ground-state to ground-state decay,n50. In the follow-
ing, we chooseR5C11C2 @instead ofR5R0 , the com-
pound nucleus radius, whereV(R0)5Q value# since this as-
similates the effects of both deformations of the tw
fragments and neck formation between them@32#.

P is the tunneling probability, which can be obtained
solving the corresponding stationary Schro¨dinger equation in
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3244 56GUPTA, SHARMA, SINGH, NOUICER, AND BECK
R. Instead, Malik and Gupta calculated it as the WKB pe
etrability which for the tunneling path shown in Fig. 1 o
@22# is given by

P5Pi Pb , ~10a!

with

Pi5expS 2
2

\ E
C11C2

Ri

$2m@V~R!2V~Ri !#%
1/2dRD ,

~10b!

Pb5expS 2
2

\ E
Ri

Rb

$2m@V~R!2Q#%1/2dRD . ~10c!

This means that tunneling begins atR5C11C2 and termi-
nates atR5Rb with V(Rb)5Q. The deexcitation probability
betweenPi andPb is taken to be unity here. Both Eqs.~10b!
and~10c! are solved analytically@21,22#. Apparently, we are
considering here the decay from the ground state of the
ent nucleus to the ground states of the decay products
the other hand, if the compound system is excited or
system ends in the excited state of one or both the de
products, theQ value has to be adjusted accordingly~as
discussed in the following!.

In Eq. ~9!, n is the assault frequency, given simply as

n5
velocity

R0
5~2E2 /m!1/2/R0 , ~11!

whereE25(A1 /A)Q is the kinetic energy, taken as theQ
value shared between two fragments, andm5m(A1A2 /A) is
the reduced mass.

Figure 1 shows the fragmentation potential for76Sr, plot-
ted as a function of the light fragment massA2 . Calculations
are made in steps of one nucleon transfer. We notice in
1 that potential energy minima lie only atN5Z, A54n
nuclei, showing the strong shell effects ofa nuclei. It is
important to realize here that this fragmentation potentia
independent of the nuclei in the entrance channel and
light (A2) and heavy (A15A2A2) fragments occur in coin-
cidence.

FIG. 1. Mass fragmentation potential for76Sr, calculated by
using the experimental binding energies. Only the light fragme
A2 are shown along thex axis. The other fragmentA15A2A2 .
-
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The calculated fractional yields are shown in Fig. 2 f
the fission of76 Sr from the ground state (n50) and at two
arbitrary excitation energies~u52 and 3 MeV!. We notice
that in the ground state almost all the yield is taken away
the a particle alone, but as the compound system is hea
up, other fragments also show up. The interesting results
~i! the yields are largest fora nuclei and~ii ! the mass distri-
bution is strongly asymmetric. Also, the role of temperatu
in increasing the yields, more so for the symmetric a
nearly symmetric fragments, is shown in Fig. 2.

We have also analyzed the role of temperature on s
effectsdU. For this purpose, we have redone our calcu
tions by using the theoretical binding energies@33# where
VLDM anddU contributions are tabulated separately. The c
culated fragmentation potentials at different temperatu
and the resulting yields are shown, respectively, in Figs
and 4. We notice that temperature effects on the fragme
tion potential as well as on the yields are large, but the g
eral character of the mass distribution~positions of maxima
and minima! remains unaffected. At very high temperatur
the asymmetric structure of yields becomes weaker due
the washing away of shell effects, as expected from fiss
studies@14,26,27# also. Furthermore, our earlier calculation
@15,16# show that the contribution of shell effects in ma
parametersBhh are also of similar orders and act in the sam
way, i.e., without disturbing the general character of t
mass distribution. This latter result could be used to assi
late the small entrance channel effects of the observed m
distributions by fittingBhh(h) empirically @16#.

Our calculated decay half-lives for the decay of76Sr from
its ground state to the ground states of alla-nuclei clusters

ts

FIG. 2. Calculated mass distribution yields for the fission
76Sr from the ground state (n50) and at temperaturesu52 and 3
MeV ~E* 532 and 73 MeV!. The range of fragment masses is
<Ai<75, and the yields are normalized to unity for both the lig
(A2) and heavy (A1) fragments.



e
ht

d

um

g
a

e

r
e

e-
in
ay

ou

ting

in
e
its
the

om-

ary
of
y

ht
ant

in

ta

. 3.

56 3245FISSION AND CLUSTER DECAY OF THE76Sr . . .
with positive Q values are given in Table I. Of course, th
decay could also occur in the excited states of the daug
and/or cluster nuclei. This would mean decreasing theQ
value toQ2Ei , where, say,Ei is the energy of first excited
state of the daughter nucleus. This type of decay is studie
the following paragraph~Table II!. Apparently, all the pre-
dicted decay half-lives~in both the tables! are very large and
could not be measured in the near future. However, the n
bers presented in Table I~and Table II! are still of interest for
the discussion of other physical results in the followin
First, the 76Sr nucleus can be said to be stable against
possible cluster decays. Another interesting point to not
that the daughter nuclei for20Ne and 36Ar decays are the
doubly magicN5Z nuclei. Hence, in view of the so-fa
observed cluster decays@34#, these two decays should be th
most probable decays. But the preformation factorsP0 for
both 20Ne and 36Ar clusters are very small, though the d
crease ofP0 with the increase of cluster size is very much
agreement with the situation known for observed dec
~see, e.g., Fig. 13 in the review@34#!. Also, the penetrabili-
ties P are very small. This is particularly so for12C decay
since itsQ value is very small.

The role of excitation energyE* of the compound system
is presented in Table II. Once again, the cluster decays c

FIG. 3. Same as for Fig. 1, but by using the theoretical bind
energies and for the mass range 15<Ai<61 only. Also, the tem-
perature effects on shell correctionsdU are shown foru52 and 3
MeV. All the three potentials are normalized to the experimen
data in Fig. 1 atA2515.
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end into the ground states or excited statesEi of the frag-
ments. It may be reminded here that the other compe
decay channels are theg decay and then, p, anda particles
~as already noted at the beginning of the paper!. Whereas the
light-particle decays can, in principle, be treated with
QMFT ~like in Fig. 1 for the compound nucleus in th
ground state!, g decay leads the compound system to
ground state whose cluster decay is already studied in
last paragraph above. Thus, for the decay of the excited c
pound nucleus into the ground state~s! of the fragment~s!, the
effectiveQ value (Qeff) will becomeQ1E* , but if it goes
into an excited stateE1 of one fragment,Qeff5Q1E*2E1.
Both the cases are studied in Table II for some arbitr
value ofE* 510 MeV and the observed first excited states
the daughter fragmentsA1 . Interesting enough, the deca
constantl increases~or T1/2 decreases! considerably, par-
ticularly for the lighter clusters. Such calculations for lig
nuclei are made for the first time and have become relev
because it is now possible to study experimentally@35# the

g

l

FIG. 4. Same as for Fig. 2, but by using the potentials of Fig
clei

TABLE I. Calculated cluster decay constants@l (s21)# and decay half-lives@T1/2 (s)#, along with other

characteristic quantities, for the decay of76Sr from its ground state to the ground states of daughter nu
and/or clusters. The penetrabilitiesP and the preformation factorsP0 are calculated atR5C11C2 for use of
experimental binding energies in the scattering and fragmentation potentials.

Parent
nucleus

Cluster1
daughter

Q value
~MeV!

Preformation
probability P0

Penetrability
P

Decay constant
l (s21)

Decay half-life
log10T1/2 (s) Remarks

38
76Sr 12C164Ge 0.035 5.529310218 1.2631021319 1.0831021316 1315.81 Most stable

16O160Zn 4.53 2.128310220 1.52310289 4.91310288 87.15 Stable
20Ne156Ni 6.55 3.704310224 6.44310286 3.91310288 87.25 Stable
24Mg152Fe 7.87 1.962310227 2.04310291 6.55310297 96.02 Stable
28Si148Cr 9.92 7.149310229 1.38310281 1.68310288 87.62 Stable
32S144Ti 9.18 7.771310232 9.95310298 1.193102107 106.77 Very stable
36Ar140Ca 10.69 1.392310231 3.43310287 7.44310297 95.97 Stable
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TABLE II. Same as for Table I, but for the decay of excited compound system76Sr* to the ground states
~g.s.! of daughter and cluster nuclei~case I! and also to the first excited states of the daughter nuclei~case II!.
The effectiveQ value (Qeff) for case I isQ1E* and that for case II isQ1E* 2E1 . The excitation energy
of the compound system is arbitrarily taken asE* 510 MeV.

Parent
nucleus

Cluster
A2

Daughter
A1

Q value
~MeV!

g.s. or
E1 of A1

~MeV! Qeff

Penetrability
P

Decay constant
l (s21)

Decay half-life
log10T1/2 (s)

38
76Sr 12C 64Ge 0.035 g.s. 10.035 2.17310227 1.85310224 23.57

0.902 9.133 1.97310229 1.68310226 25.62
16O 60Zn 4.53 g.s. 14.53 6.13310226 1.99310224 23.54

1.004 13.526 5.15310228 1.67310226 25.62
20Ne 56Ni 6.55 g.s. 16.55 3.13310229 1.90310231 30.56

2.701 13.849 8.25310237 5.01310239 38.14
24Mg 52Fe 7.87 g.s. 17.87 1.15310233 3.69310239 38.27

0.84 17.03 5.30310236 1.71310241 40.61
28Si 48Cr 9.92 g.s. 19.92 1.97310233 2.41310240 39.46

0.752 19.168 2.10310235 2.55310242 41.43
32S 44Ti 9.18 g.s. 19.18 1.41310239 1.68310249 48.62

1.083 18.097 4.62310243 5.50310253 52.10
36Ar 40Ca 10.69 g.s. 20.69 2.37310237 5.16310247 46.13

3.352 17.338 3.24310248 7.04310258 56.99
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above-mentioned fine structure effects of decay into the
cited states of fission fragments. If data become available
some system~s!, it will help in deciding between the fissio
and cluster decays of these light nuclear systems.

Summarizing, we have presented our calculations for
sion and cluster decays of76Sr. Both the cases of76Sr in the
ground state and produced as an excited compound syste
heavy-ion reactions are studied. Here fission is treated
collective mass transfer process and cluster decay studie
based on a model allowing preformation of clusters. Cal
lations show that, in a clear asymmetric mass distributi
76Sr nucleus allows preferentiala-nuclei transfer resonance
as well as decays. The only experimental study available
this system is 1a and 2a transfer products from36Ar on 40Ca
at an energy near the Coulomb barrier (Vc553.6 MeV) @36#.
Our calculations suggest that for obtaining complete fiss
products, one has perhaps to go to at least double the C
lomb barrier energies. Also, following Sobotkaet al. @11#,
r.
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use of inverse kinematics~projectile heavier than the targe!
may be an additional help. This provides a large center
mass velocity which facilitates the verification of full mo
mentum transfer and easy identification of the fragmen
atomic number at higher incident energies. Also, the hi
energy solution at forward angles should enhance the ob
vation of compound-nucleus decay and virtually elimina
any possible deep inelastic contribution.

One of us~R.K.G.! would like to express his thanks t
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him for a month during the autumn of 1996 when this wo
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earlier at the Second International Conference on Atom
and Nuclear Clusters 1993, Santorini~Greece!, and at Clus-
ter 94: Clusters in Nuclear Structure and Dynamics, Str
bourg ~France!, 1994.
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