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Calculations based on the relativistic mean field framework have been carried out for the ground state
properties of the relevant nuclei appearing in themission chain of superheavy elem&atl12. 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 aa and the daughter in the WKB approximation. The calculations are repeated for the
nuclei appearing in therd2 « chain for a comparative study. The sensitivity of the calculated half-lives on the
input information, especially th® values are quantitatively investigated.
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I. INTRODUCTION tent with the findings of Ref4] about the nucleu$®110. In
The production, identification and study of Super Heavyaddltlon, the calculated shell correctiogsee Table 5, p. 222

. . of Ref. [3]) peak atN=166 for Z=112 indicating the stable
Elements is a challenging task and has been the focus. Qtructure ofz=112 around N=166. This is consistent with

extensive research activity. With every integral increment ing, o ohservation of the superheavy nucld(ia12.
Z, the level of experimental difficulty increases manyfold.  Recently, an extensive article “Microscopic Theory of
The cold(hoy fusion v_v|th_Pb-/_l3|7-0(act|£1|de:235U/244Pu) tar-  Cluster Radioactivity” has appeared in Rg§]. There, the
gets and suitable projectil@Ni/°Zn (**Ca) have been suc-  authors employ th&matrix theory for the calculation of the
cessfully used for the production of superheavy elementgecay widths using the required input information obtained
with Z7=110,111,112(114,11§ at GSI, Germany(Dubna, from the shell/cluster- BCS models.
Russig. Out of these the eleme@=112 is unambiguously |n this short paper we report the results based on the self-
identified usingx-a parent-daughter correlation technique. It congistent relativistic mean fieldRMF) models for the
decays with a half-life of 28(s followed by a longr-decay fground state properties of relevant nuclei appearing in the
chain. Thus its identification relies on the known isotopes of,-emjssion chain of superheavy elem@at112 and those in
elements withZ=106 and below. Unfortunately, the mea- the known 4+2 a-decay chain. The calculated densities
sured o energies(Q valueg and half-lives still have large = ajong with the energy and density dependent M3Y effective
inherent uncertainties in their measurements. The nuclei iRycleon-nucleon interactio®DM3Y) is used in the double
this range(Z= ..., 110,..) bridge the gap between the known fo|ding model (tpp approximation, to compute the respec-
actinides and the unknown superheavy nuclei, and therefor@e interaction energies between the daughter system.
are the focus of the current and future nuclear structure rerpese, in turn are used to calculate the half-lives of the par-
search. . o _ ent nuclei for thew emission in the Super-Asymmetric Fis-
The theoretical macroscopic-microscopic and the selfsjon Model(SAFM) using the WKB approximation. A short

consistent mean fieldooth relativistic and nonrelativisic  sketch of the RMF formulation relevant to the present study
studies have also been carried out with the primary aim tg,q\ follows.

predict the combination of neutron numh@) and the pro-
ton number(Z), where the spherical shell closure may occur.
In the self-consistent models, the occurrence of a spherical IIl. ESSENTIALS OF RMF
proton (neutron shell closure with giverZ(N) can change The relativistic mean field models start with an effective
with varying neutron number Nproton numbet). In such | agrangian describing the nucleons interacting only via the
studies the pairing and deformation may play an importangjectromagnetice.m) and the effective meson fields. Usu-
role. An “island of stability” has been predicted around theg)y the isoscalar-scalar, isoscalar-vectow, and isovector-
hypothetical doubly mag|§9.8114(N:184) about 30 years ectorp mesons are considered in such Lagrangians. We use
ago[1,2]. Nuclei in the vicinity are expected to be spherical ihe standard nonlinedr,w,p) interaction Lagrangian devel-
or nearly so with longer half-lives. _ oped for and widely used in the nuclear structure applica-
The neutron numbeN=162 has been predictéf8] 10 tons [6,7]. The Euler-Lagrange variational principle yields
exhibit shell closure at around=108-110. This is consis- ihe 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
*Electronic address: yogy@phy.iitb.ac.in meson and e.m. fields describing the nucleon dynamics and a
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set of Klein-Gordon type equations with sources involving 3.0
nucleonic currents and densities for the mesons and the pho- & .
. . . n + 2 Chain
ton. This set of RMF equations is to be solved self- 2.0
consistently.
The pairing correlations are incorporated either by using 1.0
simple BCS prescriptioiiconstant gapor self-consistently, >
through the Bogoliubov transformation. The latter leads to 2 00 7 ® *
the Relativistic Hartree BogoliubofRHB) equationg7,8]: = s * &
~ “ 10 o o e
hp=N A U U *
- * =Ey . (1) O RHB (ob)
A" —hp+\ V/\ V/ -2.0 % DEF
Here, A is the Lagrange multiplierk, is the quasiparticle -3.0

210 214 218 222 226 230 234 238

energy, andJ, andV, are four-dimensional Dirac super-
Mass Number

spinors, correctly normalizedhy is the usual Dirac

Hamiltonian FIG. 1. Difference between the calculated and the corresponding

experimental13] binding energies for@+2 a-decay chain.

7'3AO

1
hp==1a- V +B(M+9g,0) +0,0° +0,7sp3 + €
are adjusted so as to reproduce the respective neutron and
(2) proton pairing energies of RHBb) calculations. These gaps
. 0 o o along with the cutoff are now used to solve the RHB equa-
whereM is the nucleon mass and «"°, p;, andA° are the tions for the deformed case. These results are designated by

g]e?fs-ggnasri]s(;jteitrln. ?s?ns.tggeiﬁrifsldsor?éﬁ to Eiiﬂ%e;?;gf EF. For odd-A nuclei, the last odd nucleon does not have a
y P 9 partner to occupy its time reversed state. As a result, the

_equati_ons[?] with gources(nuclear currents and densitjes mean field ground state wave function does not have time
'nv%\gn?gjgpgrsuﬂgggiugye[m' distinct arts: the self reversal symmetry. For this purpose, we follow the well
consistent field(qh ) that describes the lon F:an é article- tested tagged Hartree-Fock procedure, frequently used in the
D ¢ long range particle- nrelativistic calculations.
hole correlations and the pairing field) that accounts for  The difference between the calculated and the correspond-
the correlations in the particle-participp) channel. The  ing experimenta[13] binding energies are displayed in Fig.
pairing field A is expressed in terms of the matrix elementsl for the 41+2 a-decay chain. Clearly, the calculations agree
of the two body nuclear potentiéVPP) in the pp channel and  well with the experimental values. The inclusion of deforma-
the pairing tensor involving the superspindts,V). In the  tion brings the calculations closer to the experiment. The
case of the constant gauﬁﬁa (=A) becomes diagonal and Maximum dgwatmr(z_l MeV) appears for*Rn. The_ cal-
decouples into a set of>22 diagonal matrices resulting in culated binding energies for thé=112 a-decay chain are

the BCS type expressions for the occupation probabilitie$nOWn I Fig. 2 along with the corresponding values of
(U,V). As a result, the RHB equations reduce to the RmFMOller and Nix(MN) [14] and of Audi and WapstréAudi)

equations with constant gap. Reliable and satisfactory deri[l3]'hAII relaslonably agreef among themselves. hown i
vation of VPP is not yet available in RMFsee Refs[7,9]). In The calculatedDEF) deformation parametey$ shown in

practical calculations, therefore, one often uses the finit&19S: 3 and 4 indicate that all nuclei mostly have prolate
range Gogny D1$10,1] interaction forVPP while solving

the RHB equations -1850
Z =112 o.-Chain
V(ry, 1) = > el (W, + BP” — H,P7 = M;P“P".
i=1,2 -1900
3 ~
The factorsu;, W, B;, H;, andM; (i=1,2) are parameters E -1950 .
of the interaction. = Y
& O RHB (ob)
* DEF B
A. Ground state properties -2000 :2 ;x;;n g
The RHB equations are solved employing the spherical

basis(isotropic harmonic oscillatgrexpansion method and
using the Lagrangian parameter set NI12] along with the "W 5 58 557 Bil 95 26 28 597 BEi
finite range Gogny D1S interaction in tipg (pairing) chan- Miiss Nisiber

nel. The results obtained are labeled as Rotlzk The RHB
equations are again solved in the constant gap approximation FIG. 2. The calculated and the corresponding Méller-Nix bind-
with a cutoff (24w), where the neutron and the proton gapsing energieg14] for Z=112 a-decay chain.
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FIG. 3. The calculatedDEF) quadrupole deformation param-
eters(B) for 4n+2 a-decay chain. The corresponding Méller-Nix .
values(MN) [15] are also shown for comparison. Z=112%~Clinim o

13.0

shape(B>0). This observation agrees with the findings of 11.0
Moller and Nix [15], though the calculate@’s are slightly
higher for theZz=112 « chain(note the enlarged scale in Fig.
4) than that of MN.

The calculated values for the respective-decays are
shown in Fig. %a) [5(b)] for 4n+2 (Z=112) « chains, along
with the available experimentdll3,16 values. The corre- O RHB(ob)

. . 7.0 o * DEF
sponding values of MN14] are also shown for comparison. o = OMN
The calculations agree reasonably well with the experiment. &—@ Expt.
The DEF results seem to be relatively better and agree well
with that of MN. As remarked earlier, the maximum differ- 253
ence(=1 MeV) between the calculate(®EF) and the ex-
perimental binding energy is noticed f&#Rn nucleus. The
binding energy of?2Rn appears in the calculation of the
a-decayQ values for???Rn and also foP?°Ra. As a result, belonging to the #+2 (Z=112 chain. The corresponding experi-
the calculated values[shown by arrows in Fig. @] for ~ mental valueg13] ([16]) and the Mdller-Nix valuesMN) [14] are
these nuclei though are close to the experimental values, delso shown for comparison. The arrows im+2 indicate the values
viate by as much as 1 MeV. Therefore, we have used thebtained by using the calculat¢BEF) binding energy foP*Rn.
experimental value of binding energy &PRn in the calcu-
lation of Q values. This is crucial for the calculations of
half-lives.

9.0

Q, (MeV)

257 261 265 269 273 277 281
Mass Number (b)

FIG. 5. a(b) The calculated) values fora-decay of the nuclei

To convey the structure of the single particle levels near
the Fermi surface, we display these lev@tarting from the
last occupied levelin Fig. 6 for all the nuclei appearing in
the n+2 andZ=112 « chains. These are reasonable and are
as expected.

0.30
Z =112 o.-Chain

R .

0.26 S IIl. DOUBLE FOLDING (tpp) MODEL

The calculated densities along with an effective nucleon-
nucleon interaction are used to obtain the total interaction
energy of then-daughter system in the double folding model
[17,18. The geometry of the model is depicted in Fig. 7. The
r— \SR model helps to compute a reasonable nucleus-nucleus poten-

5 MN tial, starting from an effective nucleon-nucleon interaction.
In general, the double foldin@pp 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

FIG. 4. The calculatedDEF) quadrupole deformation param- a delta function pseudopotentidl9]. The density dependent
eters(p) for Z=112 a-decay chain. The corresponding Méller-Nix M3Y nucleon-nucleon interaction with pseudopotential
values(MN) [15] are also shown for comparison. (DDM3Y) used in the present work is given by

0.22 Py

0.18
249 253 257 261 265 269 273 277 281
Mass Number
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FIG. 6. The deformed single patrticle levels for#R andZ=112 a-decay chains obtained from DEF calculations near the Fermi surface.

—4s

—2.5

e e
v(s) = (7999.05 ~2134.25 - 2765(s)>

X(1 - Bp¥(1-Bp23);

VerlR) = [ peFpr(u(ry -+ R= 9 r,.

(4)

where,3=1.6. Thedensity dependence is supposed to take

IV. HALF-LIFE: CALCULATION AND RESULTS

into account the higher order exchange effects and the The half-life time of the nucleugparenj against the
Pauli Blocking. The total double folding potential between a-decay in the Super-Asymmetric Fission Mod&0] is
the nucleus-nucleugProjectile: P; Target: Y system is

given by:

-

Projectile

Target

N

FIG. 7. Geometry of the Double Folding Model.

given by
h In(2)

(1+€9; (6)

12=
where, within the WKB approximation, the action integral
K appearing in Eq(6) reads

Ry

2
K== {2u[Vpr(R) +Vc(R) -E,- Q"R (7)
Ra

h

V(R) is the usual Coulomb potential for the-daughter
system. TheQ value for thea-decay can be obtained ei-
ther from the kinetic energycorrected for the recoilof

the emerginga particle or from the binding energies of
the a nuclei, daughter nuclei and the parent nuckej.is

the zero point vibrational energy and is the parameter ap-
pearing in SAFM. For the parent eved-even Z (odd
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N-evenZ) nucleus,E, is taken to be0.1045Q(0.0900Q) 18

[21]. R, and R, appearing in Eq(7) are the lower and 4n+2 Chain ¢
upper turning points, respectively, determined by the con- 15 g
dition such that the integrand in E{7) vanishes. In this

study, the calculated turning points turn out to be in the 12 l *

rangeR,~7-8 fm andR,~35-48 fm.
The Viola-SeabordVS) empirical formula[22,23 gives
the half-life for a-decay. Here we use the modified version

log,(T,,) (s)

[3,23 of the VS formula, given by 6 %-- % DEF+WKB
* £.Q,, +WKB
logioTi2= (8Z+b)/QL?+ (cZ+d), ®) 3 T -
whereZ is the atomic number of the parent nucleQ@s,is
the Q value.fcir a-decay, Emda, b, c, a_ndd are the fitted U2 =@ 2 228 220 290 28
parametersa=1.66175,b=-8.5166,c=-0.20228, andd Mass Number @)
=-33.9069.
For further calculations, the deformédEF) densities are 6
expanded in terms of multipoles and the0 component is Z =112 o:-Chain
projected and renormalized. These spherital0) densities .
along with the density dependent nucleon-nucleon interac- 3

tion (DDM3Y) are then used to obtain the interaction energy
betweena and the daughter nucleus through E§). This
along with the calculate®, and the Coulomb potential are
used to calculate the half-lifg=g. (6)] for the a-decay of the
parent nuclei appearing in then42 andZ=112 « chains.

log,,(T,,,) (s)

* DEF+WKB

. . . Aani. WKB *
The respective resuf®EF+WKB) are shown in Figs. &) -3 <>Qex,,;Mvs
and §b) along with the corresponding experimental values o Expt %
and similar results are obtained by using the experimental *

Q.’s in place of the calculate®, (the results are labeled as -
QexpttWKB). The actionK [Eq. (7)] is multiplied by an
overall factor 1.049 for ther#2 a-decay chain, whereas for
the experimentaQ values ofZ=112 a-decay chain, the fac- FIG. 8. a(b) The calculated logT,,, values for 4+2 (Z
tor 1.13 is used. Thé&,, obtained by the modified VS for- -119 4-decay chain. For arrows, see caption of Fig. 5
mula [Eq. (8)] (the results marked aQ.,,+MVS) are also o _
shown in Fig. 8a) and 8b). The comparison between the approximation, which also corresponds to the real part of the
DEF+WKB and Qg+ WKB reveals the hypersensitivity of op_tlcal potential betwe.en the and the daughter nuc_leus, is
T,, on theQ, values used in the calculation. Even a small'eliable. Therefore, this potential can be used with confi-
variation of 0.1 MeV may result in a consideralterder of ~ d€nce in the reaction calculations. _
magnitud¢ change inT,,. This is known and is expected Similar calculations have been carried out for cluster
because of very broad barriéR,-R,~30 fm). For example (heavier thamx-particle) radioactivity. As an illustration, we
a variation of 0.1 MeV inQ m;y get accumulated and may Present the resuilts for théNe cluster emission fror®U:
change the integrdEq. (7)] and subsequently result in a big 234 ) _, 24Ne +210pp
changeg(order of magnitudein T,,,. The corresponding half- ) i
lives for 222Rn and??Ra obtained by using the calculated The results are summarized in Table |. As expected, the
(DEF) Q values are also shown by arrows in Figa8 RMF successfully describes the ground state properties

It is to be mentioned that though ti@values obtained in  like the binding energie$BE), charge radii(r,), etc. The
the relativistic mean field framework are reasonably closé? Values are also in good agreement with the experiment.
(within 1—2 MeV) to the experiment, these may not be suit- The calculated half-life is closer to the experiment. The
able for the calculation of half-lives in SAFM because of thef€ason here is that the barrier is narroweirning points
hypersensitivity of the half-lives of values. On the other are =9.4 and =19.1fm), as compared to the case of
hand, the various semiempirical mass formulas are designegradioactivity. _
to yield more reliableQ values. Therefore, it is to be stressed ~ 1he results obtained using the other successful Lagrang-
that the intention here is not to replace the semiempiricald? parameter sei@.g., NL1[6], NL-SH [28], NL-Z2 [29])
mass formulas by the microscopic RMF calculations, par_exh|b|t identical systematics. Therefore, the conclusions/
ticularly for the determination of half-lives. Both the micro- inferences drawn here will be general and will also hold for
scopic calculations and the semiempirical mass formulal€Se parameter sets.
have their own virtues.

. . V. SUMMARY AND CONCLUSIONS

It is observed thaQ,,+WKB agree well with the ex-
periment as well as Wit +MVS. This indicates that the In summary, the results for the-radioactivity and cluster
microscopic calculation of the interaction energy in the  radioactivity of the actinide and the superheavy nuclei are

6
253 257 261 265 269 273 277 281
Mass Number (b)
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TABLE I. The calculated ground state propert{&E, r, andB) of the nuclei appearing in the clustéfNe) decay of?34U, along with
the corresponding experimental values. The Mdller-Nix valiés (for B) are also includedin parenthesgsfor comparison.

5 U 52 Pb 1Ne
BE re B BE Ie B BE re B

-1779.048 5.84 0.25 -1648.259 5.54 0.00 -189.337 2.90 -0.23
(-1778.573 (5.83% (0.22° (-1645.567 (5.50° (0.00° (-191.836 (2.89" (-0.22°
Q-value :58.5558.83° logTyAS): 25.65(25.25'

*Referencg24].
bReference[lS].
‘Referencg25].
dReference$25,2(3.
*Referencq13].
fReference[27].

presented. The procedure consists of three independent stepan be used as the real part of the optical potential in the
In the first step, the ground state properties of the concerne@action studies involving thege/cluster and daughtgnu-
nuclei are successfully described in the RMF frameworkclei.

The calculated mean field densities are used along with the

DDM3Y nucleon-nucleon interaction potential to compute

the internuclear potential betwee#cluster and the daughter ACKNOWLEDGMENTS

nucleus in the double foldin@pp approximation procedure.
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