
a radioactivity of superheavy nuclei

Y. K. Gambhir,1,* A. Bhagwat,1 M. Gupta,1,2 and Arun K. Jain3
1Department of Physics, I.I.T. Powai, Bombay 400076, India

2Manipal Academy of Higher Education, Manipal 576119, India
3Nuclear Physics Division, BARC, Bombay 400085, India

(Received 3 June 2003; published 27 October 2003)

Calculations based on the relativistic mean field framework have been carried out for the ground state
properties of the relevant nuclei appearing in thea-emission chain of superheavy elementZ=112. The calcu-
lations compare well with the experiment. The calculated densities along with the energy and the density
dependent M3Y effective nucleon-nucleon interaction are used in the double folding model to compute the
respective total interaction energies. These, in turn are used to calculate the half-lives of the parent nuclei
against the split into ana and the daughter in the WKB approximation. The calculations are repeated for the
nuclei appearing in the 4n+2 a chain for a comparative study. The sensitivity of the calculated half-lives on the
input information, especially theQ values are quantitatively investigated.
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I. INTRODUCTION

The production, identification and study of Super Heavy
Elements is a challenging task and has been the focus of
extensive research activity. With every integral increment in
Z, the level of experimental difficulty increases manyfold.
The cold(hot) fusion with Pb-/Bi-(actinide:235U/244Pu) tar-
gets and suitable projectiles64Ni/ 70Zn s48Cad have been suc-
cessfully used for the production of superheavy elements
with Z=110,111,112(114,116) at GSI, Germany(Dubna,
Russia). Out of these the elementZ=112 is unambiguously
identified usinga-a parent-daughter correlation technique. It
decays with a half-life of 280ms followed by a longa-decay
chain. Thus its identification relies on the known isotopes of
elements withZ=106 and below. Unfortunately, the mea-
sureda energies(Q values) and half-lives still have large
inherent uncertainties in their measurements. The nuclei in
this rangesZ= ... ,110,.. .d bridge the gap between the known
actinides and the unknown superheavy nuclei, and therefore
are the focus of the current and future nuclear structure re-
search.

The theoretical macroscopic-microscopic and the self-
consistent mean field(both relativistic and nonrelativistic)
studies have also been carried out with the primary aim to
predict the combination of neutron numbersNd and the pro-
ton numbersZd, where the spherical shell closure may occur.
In the self-consistent models, the occurrence of a spherical
proton (neutron) shell closure with givenZsNd can change
with varying neutron number N(proton numberZ). In such
studies the pairing and deformation may play an important
role. An “island of stability” has been predicted around the
hypothetical doubly magic298114 sN=184d about 30 years
ago[1,2]. Nuclei in the vicinity are expected to be spherical
or nearly so with longer half-lives.

The neutron numberN=162 has been predicted[3] to
exhibit shell closure at aroundZ=108–110. This is consis-

tent with the findings of Ref.[4] about the nucleus273110. In
addition, the calculated shell corrections(see Table 5, p. 222
of Ref. [3]) peak atN=166 for Z=112 indicating the stable
structure ofZ=112 around N=166. This is consistent with
the observation of the superheavy nucleus277112.

Recently, an extensive article “Microscopic Theory of
Cluster Radioactivity” has appeared in Ref.[5]. There, the
authors employ theR-matrix theory for the calculation of the
decay widths using the required input information obtained
from the shell/cluster1 BCS models.

In this short paper we report the results based on the self-
consistent relativistic mean field(RMF) models for the
ground state properties of relevant nuclei appearing in the
a-emission chain of superheavy elementZ=112 and those in
the known 4n+2 a-decay chain. The calculated densities
along with the energy and density dependent M3Y effective
nucleon-nucleon interaction(DDM3Y) is used in the double
folding model (trr approximation), to compute the respec-
tive interaction energies between thea daughter system.
These, in turn are used to calculate the half-lives of the par-
ent nuclei for thea emission in the Super-Asymmetric Fis-
sion Model(SAFM) using the WKB approximation. A short
sketch of the RMF formulation relevant to the present study
now follows.

II. ESSENTIALS OF RMF

The relativistic mean field models start with an effective
Lagrangian describing the nucleons interacting only via the
electromagnetic(e.m.) and the effective meson fields. Usu-
ally, the isoscalar-scalars, isoscalar-vectorv, and isovector-
vectorr mesons are considered in such Lagrangians. We use
the standard nonlinear(s,v,r) interaction Lagrangian devel-
oped for and widely used in the nuclear structure applica-
tions [6,7]. The Euler-Lagrange variational principle yields
the equations of motion. By replacing the field operators by
their expectation values, one ends up with a set of coupled
equations: the Dirac equation with potential terms involving
meson and e.m. fields describing the nucleon dynamics and a*Electronic address: yogy@phy.iitb.ac.in
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set of Klein-Gordon type equations with sources involving
nucleonic currents and densities for the mesons and the pho-
ton. This set of RMF equations is to be solved self-
consistently.

The pairing correlations are incorporated either by using
simple BCS prescription(constant gap) or self-consistently,
through the Bogoliubov transformation. The latter leads to
the Relativistic Hartree Bogoliubov(RHB) equations[7,8]:

ShD − l D̂

− D̂* − hD
* + l
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Here,l is the Lagrange multiplier,Ek is the quasiparticle
energy, andUk and Vk are four-dimensional Dirac super-
spinors, correctly normalized.hD is the usual Dirac
Hamiltonian

hD = − ia · ¹ + bsM + gssd + gvvo + grt3r3
o + e
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2
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whereM is the nucleon mass ands, vo, r3
o, andAo are the

meson and e.m. fields. These fields are to be determined
self-consistently from the corresponding Klein-Gordon
equationsf7g with sourcessnuclear currents and densitiesd
involving superspinorsfUsVdg f7,8g.

The RHB equations have two distinct parts: the self-
consistent fieldshDd that describes the long range particle-

hole correlations and the pairing fieldsD̂d that accounts for
the correlations in the particle-particlesppd channel. The

pairing field D̂ is expressed in terms of the matrix elements
of the two body nuclear potentialsVppd in thepp channel and
the pairing tensor involving the superspinorssU,Vd. In the

case of the constant gap,D̂a s;Dd becomes diagonal and
decouples into a set of 232 diagonal matrices resulting in
the BCS type expressions for the occupation probabilities
sU,Vd. As a result, the RHB equations reduce to the RMF
equations with constant gap. Reliable and satisfactory deri-
vation ofVpp is not yet available in RMF(see Refs.[7,9]). In
practical calculations, therefore, one often uses the finite
range Gogny D1S[10,11] interaction forVpp while solving
the RHB equations

Vsr 1, r 2d = o
i=1,2

e−hsr 1 − r 2d/mij
2
sWi + BiP

s − HiP
t − MiP

sPtd.

s3d

The factorsmi, Wi, Bi, Hi, and Mi si =1,2d are parameters
of the interaction.

A. Ground state properties

The RHB equations are solved employing the spherical
basis(isotropic harmonic oscillator) expansion method and
using the Lagrangian parameter set NL3[12] along with the
finite range Gogny D1S interaction in thepp (pairing) chan-
nel. The results obtained are labeled as RHB(ob). The RHB
equations are again solved in the constant gap approximation
with a cutoff s2"vd, where the neutron and the proton gaps

are adjusted so as to reproduce the respective neutron and
proton pairing energies of RHB(ob) calculations. These gaps
along with the cutoff are now used to solve the RHB equa-
tions for the deformed case. These results are designated by
DEF. For odd-A nuclei, the last odd nucleon does not have a
partner to occupy its time reversed state. As a result, the
mean field ground state wave function does not have time
reversal symmetry. For this purpose, we follow the well
tested tagged Hartree-Fock procedure, frequently used in the
nonrelativistic calculations.

The difference between the calculated and the correspond-
ing experimental[13] binding energies are displayed in Fig.
1 for the 4n+2 a-decay chain. Clearly, the calculations agree
well with the experimental values. The inclusion of deforma-
tion brings the calculations closer to the experiment. The
maximum deviations<1 MeVd appears for222Rn. The cal-
culated binding energies for theZ=112 a-decay chain are
shown in Fig. 2 along with the corresponding values of
Möller and Nix (MN) [14] and of Audi and Wapstra(Audi)
[13]. All reasonably agree among themselves.

The calculated(DEF) deformation parametersb shown in
Figs. 3 and 4 indicate that all nuclei mostly have prolate

FIG. 1. Difference between the calculated and the corresponding
experimental[13] binding energies for 4n+2 a-decay chain.

FIG. 2. The calculated and the corresponding Möller-Nix bind-
ing energies[14] for Z=112 a-decay chain.
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shapesb.0d. This observation agrees with the findings of
Möller and Nix [15], though the calculatedb’s are slightly
higher for theZ=112a chain(note the enlarged scale in Fig.
4) than that of MN.

The calculatedQ values for the respectivea-decays are
shown in Fig. 5(a) [5(b)] for 4n+2 sZ=112d a chains, along
with the available experimental[13,16] values. The corre-
sponding values of MN[14] are also shown for comparison.
The calculations agree reasonably well with the experiment.
The DEF results seem to be relatively better and agree well
with that of MN. As remarked earlier, the maximum differ-
ences<1 MeVd between the calculated(DEF) and the ex-
perimental binding energy is noticed for222Rn nucleus. The
binding energy of222Rn appears in the calculation of the
a-decayQ values for222Rn and also for226Ra. As a result,
the calculatedQ values[shown by arrows in Fig. 5(a)] for
these nuclei though are close to the experimental values, de-
viate by as much as 1 MeV. Therefore, we have used the
experimental value of binding energy of222Rn in the calcu-
lation of Q values. This is crucial for the calculations of
half-lives.

To convey the structure of the single particle levels near
the Fermi surface, we display these levels(starting from the
last occupied level) in Fig. 6 for all the nuclei appearing in
the 4n+2 andZ=112a chains. These are reasonable and are
as expected.

III. DOUBLE FOLDING „trr… MODEL

The calculated densities along with an effective nucleon-
nucleon interaction are used to obtain the total interaction
energy of thea-daughter system in the double folding model
[17,18]. The geometry of the model is depicted in Fig. 7. The
model helps to compute a reasonable nucleus-nucleus poten-
tial, starting from an effective nucleon-nucleon interaction.
In general, the double folding(trr approximation) potential
contains both the direct and the exchange terms. The latter is
considerably more difficult to handle in practice. Thus, for
some of the applications, the exchange term is simulated by
a delta function pseudopotential[19]. The density dependent
M3Y nucleon-nucleon interaction with pseudopotential
(DDM3Y) used in the present work is given by

FIG. 3. The calculated(DEF) quadrupole deformation param-
eterssbd for 4n+2 a-decay chain. The corresponding Möller-Nix
values(MN) [15] are also shown for comparison.

FIG. 4. The calculated(DEF) quadrupole deformation param-
eterssbd for Z=112 a-decay chain. The corresponding Möller-Nix
values(MN) [15] are also shown for comparison.

FIG. 5. a(b) The calculatedQ values fora-decay of the nuclei
belonging to the 4n+2 sZ=112d chain. The corresponding experi-
mental values[13] ([16]) and the Möller-Nix values(MN) [14] are
also shown for comparison. The arrows in 4n+2 indicate the values
obtained by using the calculated(DEF) binding energy for222Rn.
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vssd = S7999.0
e−4s

4s
− 2134.25

e−2.5s

2.5s
− 276dssdD

3s1 − brP
2/3ds1 − brT

2/3d; s4d

where,b=1.6. Thedensity dependence is supposed to take
into account the higher order exchange effects and the
Pauli Blocking. The total double folding potential between
the nucleus-nucleussProjectile: P; Target: Td system is
given by:

VPTsRW d =E rPsrWpdrTsrWtdvsrWp − rWt + RW ; sWdd3rWpd
3rWt. s5d

IV. HALF-LIFE: CALCULATION AND RESULTS

The half-life time of the nucleus(parent) against the
a-decay in the Super-Asymmetric Fission Model[20] is
given by

T1/2 =
h lns2d

2En

s1 + eKd; s6d

where, within the WKB approximation, the action integral
K appearing in Eq.s6d reads

K =
2

"
E

Ra

Rb

h2mfVPTsRd + VCsRd − En − Qgj1/2dR. s7d

VCsRd is the usual Coulomb potential for thea-daughter
system. TheQ value for thea-decay can be obtained ei-
ther from the kinetic energyscorrected for the recoild of
the emerginga particle or from the binding energies of
the a nuclei, daughter nuclei and the parent nuclei.En is
the zero point vibrational energy and is the parameter ap-
pearing in SAFM. For the parent evenN-even Z sodd

FIG. 6. The deformed single particle levels for 4n+2 andZ=112a-decay chains obtained from DEF calculations near the Fermi surface.

rp

rtR

rpt

Projectile

Target

FIG. 7. Geometry of the Double Folding Model.
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N-even Zd nucleus,En is taken to be0.1045Qs0.0907Qd
f21g. Ra and Rb appearing in Eq.s7d are the lower and
upper turning points, respectively, determined by the con-
dition such that the integrand in Eq.s7d vanishes. In this
study, the calculated turning points turn out to be in the
rangeRa<7–8 fm andRb<35–48 fm.

The Viola-Seaborg(VS) empirical formula[22,23] gives
the half-life for a-decay. Here we use the modified version
[3,23] of the VS formula, given by

log10T1/2 = saZ+ bd/Qa
1/2 + scZ+ dd, s8d

whereZ is the atomic number of the parent nucleus,Qa is
the Q value for a-decay, anda, b, c, andd are the fitted
parameters:a=1.66175,b=−8.5166, c=−0.20228, andd
=−33.9069.

For further calculations, the deformed(DEF) densities are
expanded in terms of multipoles and theL=0 component is
projected and renormalized. These sphericalsL=0d densities
along with the density dependent nucleon-nucleon interac-
tion (DDM3Y) are then used to obtain the interaction energy
betweena and the daughter nucleus through Eq.(5). This
along with the calculatedQa and the Coulomb potential are
used to calculate the half-life[Eq. (6)] for thea-decay of the
parent nuclei appearing in the 4n+2 andZ=112 a chains.
The respective results(DEF1WKB) are shown in Figs. 8(a)
and 8(b) along with the corresponding experimental values
and similar results are obtained by using the experimental
Qa’s in place of the calculatedQa (the results are labeled as
Qexpt.+WKB). The actionK [Eq. (7)] is multiplied by an
overall factor 1.049 for the 4n+2 a-decay chain, whereas for
the experimentalQ values ofZ=112a-decay chain, the fac-
tor 1.13 is used. TheT1/2 obtained by the modified VS for-
mula [Eq. (8)] (the results marked asQexpt.+MVS) are also
shown in Fig. 8(a) and 8(b). The comparison between the
DEF1WKB andQexpt.+WKB reveals the hypersensitivity of
T1/2 on theQa values used in the calculation. Even a small
variation of 0.1 MeV may result in a considerable(order of
magnitude) change inT1/2. This is known and is expected
because of very broad barriersRa−Rb<30 fmd. For example,
a variation of 0.1 MeV inQa may get accumulated and may
change the integral[Eq. (7)] and subsequently result in a big
change(order of magnitude) in T1/2. The corresponding half-
lives for 222Rn and226Ra obtained by using the calculated
(DEF) Q values are also shown by arrows in Fig. 8(a).

It is to be mentioned that though theQ values obtained in
the relativistic mean field framework are reasonably close
(within 1–2 MeV) to the experiment, these may not be suit-
able for the calculation of half-lives in SAFM because of the
hypersensitivity of the half-lives onQ values. On the other
hand, the various semiempirical mass formulas are designed
to yield more reliableQ values. Therefore, it is to be stressed
that the intention here is not to replace the semiempirical
mass formulas by the microscopic RMF calculations, par-
ticularly for the determination of half-lives. Both the micro-
scopic calculations and the semiempirical mass formulas
have their own virtues.

It is observed thatQexpt.+WKB agree well with the ex-
periment as well as withQexpt.+MVS. This indicates that the
microscopic calculation of the interaction energy in thetrr

approximation, which also corresponds to the real part of the
optical potential between thea and the daughter nucleus, is
reliable. Therefore, this potential can be used with confi-
dence in the reaction calculations.

Similar calculations have been carried out for cluster
(heavier thana-particle) radioactivity. As an illustration, we
present the results for the24Ne cluster emission from234U:

234U → 24Ne +210Pb

The results are summarized in Table I. As expected, the
RMF successfully describes the ground state properties
like the binding energiessBEd, charge radiisrcd, etc. The
Q values are also in good agreement with the experiment.
The calculated half-life is closer to the experiment. The
reason here is that the barrier is narrowersturning points
are <9.4 and <19.1 fmd, as compared to the case of
a-radioactivity.

The results obtained using the other successful Lagrang-
ian parameter sets(e.g., NL1[6], NL-SH [28], NL-Z2 [29])
exhibit identical systematics. Therefore, the conclusions/
inferences drawn here will be general and will also hold for
these parameter sets.

V. SUMMARY AND CONCLUSIONS

In summary, the results for thea-radioactivity and cluster
radioactivity of the actinide and the superheavy nuclei are

FIG. 8. a (b) The calculated log10T1/2 values for 4n+2 sZ
=112d a-decay chain. For arrows, see caption of Fig. 5).
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presented. The procedure consists of three independent steps.
In the first step, the ground state properties of the concerned
nuclei are successfully described in the RMF framework.
The calculated mean field densities are used along with the
DDM3Y nucleon-nucleon interaction potential to compute
the internuclear potential betweena/cluster and the daughter
nucleus in the double folding(trr approximation) procedure.
This interaction potential along with the calculated and also
the experimentalQ values are used in the WKB approxima-
tion to obtain the half-lives of these decays. The calculated
T1/2 is shown to be very sensitive to theQ values. However,
the calculated interaction potential seems to be reliable and

can be used as the real part of the optical potential in the
reaction studies involving these(a/cluster and daughter) nu-
clei.

ACKNOWLEDGMENTS

The authors are thankful to S.H. Patil, P. Ring, and G.
Münzenberg for their interest in the work. Partial financial
support from the Board for Research in Nuclear Sciences
(BRNS), Government of India(Project No. SP/S2/K-04/99)
is gratefully acknowledged.

[1] S. G. Nilssonet al., Nucl. Phys.A131, 1 (1969).
[2] U. Mosel and W. Greiner, Z. Phys.222, 261 (1969).
[3] G. A. Lalazissiset al., Nucl. Phys.A608, 202 (1996).
[4] R. Smolanczuk and A. Sobiczewski,Low Energy Nuclear Dy-

namics(World Scientific, Singapore, 1995), p. 313.
[5] R. G. Lovaset al., Phys. Rep.294, 265 (1998).
[6] Y. K. Gambhir, P. Ring, and A. Thimet, Ann. Phys.(N.Y.)

198, 132 (1990).
[7] P. Ring, Prog. Part. Nucl. Phys.37, 193(1996), and references

cited therein.
[8] W. Pöschl, D. Vretenar, and P. Ring, Comput. Phys. Commun.

103, 217 (1997).
[9] H. Kucharek and P. Ring, Z. Phys. A339, 23 (1991).

[10] J. F. Berger, M. Girod, and D. Gogny, Nucl. Phys.A428, 32
(1984).

[11] T. Gonzalez-Llarenaet al., Phys. Lett. B379, 13 (1996).
[12] G. A. Lalazissis, J. König, and P. Ring, Phys. Rev. C55, 540

(1997).
[13] G. Audi and A. H. Wapstra, Nucl. Phys.A565, 1 (1993); 565,

66 (1993).
[14] P. Möller, J. R. Nix, and K.-L. Kratz, At. Data Nucl. Data

Tables 66, 131 (1997).
[15] P. Möller et al., At. Data Nucl. Data Tables59, 185 (1995).
[16] G. Münzenberg,The Nuclear Many-Body Problem 2001, ed-

ited by W. Nazarewicz and D. Vretenar(Kluwer Academic,
Dordrecht, 2002), p. 281.

[17] G. R. Satchler and W. G. Love, Phys. Rep.55, 183 (1979).
[18] D. T. Khoa, W. von Oertzen, and H. G. Bohlen, Phys. Rev. C

49, 1652(1994).
[19] A. K. Choudhuri, Nucl. Phys.A449, 243 (1986).
[20] D. N. Poenaruet al., At. Data Nucl. Data Tables34, 423

(1986); 48, 231 (1991).
[21] D. N. Poenaruet al., Z. Phys. A 325, 435 (1986).
[22] V. E. Viola, Jr. and G. T. Seaborg, J. Inorg. Nucl. Chem.28,

741 (1966).
[23] S. Cwioket al., Phys. Lett. B224, 1 (1989).
[24] E. G. Nadjakovet al., At. Data Nucl. Data Tables56, 133

(1994).
[25] C. W. de Jageret al., At. Data Nucl. Data Tables36, 495

(1987).
[26] W. Geithner, Ph.D. dissertation(Johannes Gutenberg Univer-

sität in Mainz, 2002) CERN-THESIS-2002-030, 2002(unpub-
lished). Available through “Geithner(search)” at http://
cds.cern.ch

[27] D. N. Basu, Phys. Rev. C66, 027601(2002), and references
cited therein.

[28] M. M. Sharma, M. A. Nagarajan, and P. Ring, Phys. Lett. B
312, 377 (1993).

[29] M. Benderet al., Phys. Rev. C60, 034304(1999).

TABLE I. The calculated ground state properties(BE, rc, andb) of the nuclei appearing in the clusters24Ned decay of234U, along with
the corresponding experimental values. The Möller-Nix values[15] (for b) are also included(in parentheses) for comparison.

92
234U 82

210Pb 10
24Ne

BE rc b BE rc b BE rc b

−1779.048 5.84 0.25 −1648.259 5.54 0.00 −189.337 2.90 −0.23
s−1778.573d (5.83)a (0.22)b s−1645.567d (5.50)c (0.00)b s−191.836d (2.89)d s−0.22db

Q-value :58.55s58.83de logT1/2(s): 25.65(25.25)f

aReference[24].
bReference[15].
cReference[25].
dReferences[25,26].
eReference[13].
fReference[27].

Y. K. GAMBHIR, A. BHAGWAT, M. GUPTA, AND ARUN K. JAIN PHYSICAL REVIEW C 68, 044316(2003)

044316-6


