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Systematic study of Bh isotopes in a relativistic mean field formalism
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The binding energy, charge radius, and quadrupole deformation parameter for the isotopic chain of the
superheavy element bohriumyBh), from proton to neutron drip line, are calculated by using an axially
deformed relativistic mean field model. The potential energy surfaces for some of the selected nuclei are
plotted and the various possible shapes are investigated. The rms radii, density distributions, and two-neutron
separation energies are also evaluated and the single-particle energies for some illustrative cases are analyzed
to see the magic structures. Furthermore, dhdecay rates are calculated and compared with the available
experimental data for the recently observed new isotépe€Bh.
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[. INTRODUCTION island of superheavy nuclei, have half-lives of of the order of
10° years[14]. The same result is supported by some recent
The bohrium nucleusZ= 107, Bh was first identified as calculations[15]. Also, theZ=114 nucleus is now synthe-
the isotope?®?Bh, produced in?*Bi(*/Cr,n) reaction[1].  sized but for only a lighter isotopgogll4 [16] whose
Untill recently, experimentally the decay properties of only a-decay chain is observed and thedecay energies oD,
the 2612622681, jsotopes were known. F@< 107 nuclei, the  values are explained on a RMF calculatift0]. More re-
electronic configurations are well studied due to the longetently, the calculations for superheavy elements have gener-
lifetimes (>1 ) of these nuclef2]. However, the chemistry ated quite an excitement where new magic numbers are pre-
of elementsZ= 107 andZ= 108 were unknown and the pros- dicted for both protons and neutrons. In a spherical
pects of the chemical studies for these next transactinide etelativistic mean field calculation, using the various param-
ements did not look promising. Nevertheless, gas phaseter sets, Rutet al.[11] studied a wide range of nuclei in the
chemistry with the lighter homologs Re and Os has beesuperheavy region and predict&e: 120 andN=172 as the
known for quite some tim¢3—7] and the search for the next spherical magic shells. In the other, rather complete,
long-lived isotopes of element=107 was based on these deformed relativistic mean field calculation, \}@,17] pre-
methods[5,6]. Recently, Wilket al. [8] have identified the dictedZ=120 andN=184 as the next possible magic num-
neutron-rich 2°626Bh isotopes and estimated their half-life bers in the superheavy region for use of various parameter
times ~1 s and 173*s, respectively. Thus, the relatively sets. The role of shell effects in the stability of nucleiZat
longer lifetime of 2’Bh makes possible to study now the =120 was first pointed out by one of us and othgt],
electronic structure of the Bh nucleus and test the availablgredicting %Sr+2°%b as the best cold fusion reaction for
theoretical methods for calculating their structure and decaproducing 395120 nucleus. Note thaf“Sr is a deformed
properties. We do this here for the first time for the relativ-nucleus and the use of spheriﬁsrg,o for a lighter isotope
istic mean field(RMF) method by considering a complete of Z=120 will be of further advantage in a cold fusion re-
isotopic chain of Bn(115 casesfrom proton to neutron drip  action [18]. Also, Z=126 andN=184 as the proton and
lines. The RMF calculations for some superheavy elementaeutron magic numbers are predicted for use of both the
have been made earlif9,10] but then only a few even-even Skyrme-Hartree-Fock method with a density-independent
isotopes were considered. In the present calculation for Bhgontact pairing interaction and the macro-microscopic model
we include not only a large number of isotopes of Bh butwith monopole pairing interactiofl2]. Furthermore, a maxi-
also both the odd- and eveéhisotopes are considered. mum stabilization against spontaneous fission is expected
Since we are considering here a larger set of Bh nucleboth empirically and theoretically for the deformegdgHs
between the proton and neutron drip lines, i.e., both vernynucleus withN=162[19,20. Also, a spherical shell magic-
neutron-deficient and very neutron-rich isotopes of Bh, thidty is noted empirically atN=152 [19]. The deformed
study is expected to throw some light on the magicity ofmagicity for 3/%Hs is of more relevance to our study here
neutron numbers beyonld= 126 in the superheavy region. since the Bh nucleus has only one proton less than the Hs
In other words, in our analysis of Bh nuclei withl nucleus.
=144-258, we are likely to pass through some spherical or The deformed relativistic mean fie{® RMF) calculations
deformed neutron magic numbers, which in recent yearare known to give an excellent description of nuclei both in
have been predicted to be different for different model calthe region of proton and neutron drip lines. Also, it repro-
culations[9-12. More than 30 years agd.3], it was pre- duces very well the possiblereaking of known spherical
dicted that the next doubly magic nucleus beydfvd 82,  shell closure$21]. For the superheavy elements, our recent
N=126, 2%%Pb is 238114 and that nuclei in its vicinity, on an work [9,10] shows that the DRMF model predicts their bind-
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ing energiegthe only measured quantity so far for the su- harmonic oscillator formul&. ,= 3 (41A~ ). The quadru-
perheavy nuclgibest for the NL3 force parameter $82]. It pole deformation parametgt, is evaluated from the result-
may be noted that the RMF parameter sets are determined lqyg quadrupole momerj25]. The total binding energy and
fitting nuclear matter properties, neutron-proton asymmetryhe other observables are also obtained by using the standard
energies, root-mean-squarens) radii and the binding ener- relations in, e.g., Ref$9,25]. The Boson and Fermion wave
gies of some spherical nuclei, and then no further adjustmennctions are evaluated WitN=Ng=20 major harmonic
is to be made in these parameters of the Lagrangian. Thgscillator shells, which is a reasonably large space for the
predictive pOWer Of the relatiViStiC mean f|e|d parametriza'presenﬂy considered Superheavy region_ The pro'ate and ob-
tions is well known and some examples can be found, e.g., ifate solutions are evaluated starting with an initial deforma-
Refs.[9,23] and the references quoted therein.  tion B,=0.2 and B,=—0.2, respectively. The successful
The paper is organized as follows: In Sec. Il we outlinen| 3 set[22] is used and the parameter values are taken from
the essential formalism for the relativistic mean field methodgef. [31].
and its Lagrangian. The results of our calculations for Bh  For our application of the above axially deformed relativ-
isotopes are discussed in Sec. lll. The calculations are madgtic mean field approach to the ground-state properties of Bh
for the binding energies, rms radii, quadrupole moments, thgsgtopes, we have chosen the NL3 force parameters because,
two neutron separation energies, and the single-particle efp our knowledge, it has the best predictive power amongst
ergies. The last two quantities allow us to predict the possiblg)| the RME parametrizations for finite nuclgi0]. The cal-
neutron and proton magic numbers in the superheavy valleyyated binding energies also allow us to extract@heval-
Also, the potential energy surfaces, density distributions, angies for thea-decay chains of these nuclei and we present
Q, values are calculated. Finally a summary of our resulthere the results of our calculations for the two known
and conclusions are given in Sec. IV. a-decay chains of%$2Bh nuclei. We have also calculated
the potential energy surfacéBES of Bh nuclei in a con-
strained calculatiof32—-35, i.e., instead of minimizing the

The relativistic mean field approach is well known and, jtgHo, we have minimizedH'=H,—~AQ,, with A as a

ineor bing el documertad,we ki a e detals whor 008 TUIPLE a0 e e momert s
can be found in Ref§24-30. Here, we start with the rela-

L . . and its form can be seen in Ref&5,33,39). In other words,
tivistic Lagrangian density for a nucleon-meson many-body; f luating the fr lution of a local minimum
system, mstead_o evaluating the free solution of a local ,

we estimate the constrained binding enefgy, i.e., the
binding energy of a solution at a given quadrupole deforma-
tion. The role of decreasing or increasing the neutron number
on the PES is also analyzed.

The calculation of odd-even and odd-odd nuclei in an
axially deformed basis is a tough task in the RMF model. To
take care of the lone odd nucleon, one has to violate the
time-reversal symmetry in the mean field and only the time-
like components of th&/,, by, and A, of the w, p, and
photon fields are retained. The space components of these
fields (which are odd under time reversal and parigre
neglected. They are important in the determination of prop-
erties such as magnetic momen®§], but have very small
effect on the bulk properties, such as the binding energies
and quadrupole deformations, and can be neglected to a good
approximatior{ 37]. However, in our calculations for the odd
Ruclei we employ the blocking approximation, which re-
stores the time-reversal symmetry. In this approach one pair
of conjugate statesm is taken out of the pairing scheme.
The odd particle stays in one of these states and its corre-
sponding conjugate state remains empty. In general one has

Il. THE FORMALISM

L=¢liyd,—M}i+ } 0*0d,0— 3 m2a?— § gyo®
— 1950t —guliho— F QPQ,,+ FMEVAVY,
+ %CB(VMV#)Z_QW%YMIJH n %éﬂy' é,uv

+ %miﬁﬂ. ﬁ#«_gp%’y#;(ﬁi RH— i FAF L
— (1—73)
—eiyt YA, (1)

The field for theo meson is denoted by, that for thew

meson byV,, and for the isovectop meson byﬁﬂ. A#
denotes the electromagnetic field. Thie are the Dirac
spinors for the nucleons whose third component of isospin i
denoted byrs; . Heregs, 9w, 9,, ande’/4w= 13- are the
coupling constants fos, w, p, mesons, and photon, respec-
tively. Theg,, g3, andc; are the parameters for the nonlin-
ear terms ofo and w mesonsM is the mass of the nucleon

andm,, m,, andm, are the masses of the, », and p
mesons, respectively)*”, B“*, andF*” are the field ten-
sors for thev#, R*, and the photon fields, respectiv§B5].

to block in turn the different states around the Fermi level to
find the one that gives the lowest energy configuration of the
odd nucleus. In odd-odd nuclei, we have blocked both the

From the relativistic Lagrangian we get the field equationsodd proton and the odd neutron. In the evaluation of the
for the nucleons and mesons. These equations are solved pgtential energy surfaces, instead of the blocking approach,
expanding the upper and lower components of the Diraave have adopted a simple averagescheme.

spinors and the Boson fields in a deformed harmonic oscil-

For known nuclei, close to or not too far from the stability

lator basis with an initial deformation. The set of coupledline, the BCS approach provides a reasonably good descrip-
equations is solved numerically by a self-consistent iterationion of the pairing properties. However, in going to nuclei in
method. The center-of-mass motion is estimated by the usughe vicinity of the drip lines or to the superheavy region the
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coupling to the continuum becomes important. It has been 2%
shown that the self-consistent treatment of the BCS approxi- o5 &

mation breaks down when coupling between bound state: i
and states in the continuum takes pl@88|. For most of the 2200 ¢ +—— FROM
nuclei in our study, odd-even mass differences are not mea  21so0 }
sured and little(almost nothing is known about the precise __ ., ¢
effect of the pairing interaction. It is expected that for odd- 3
even and odd-odd nuclei the effects of pairing are consider= 2°% |
ably decreasei39]. Therefore, in the present investigation B 2000 ¢
we have chosen to use the BCS formalism with a small con-
stant pairing strength, namely),=A,=0.5 MeV. This
value of gaps contributes very little to the total binding en- 1900 ¢
ergy of the nucleus. The results remain unchanged unless th g5 |
pairing gap is increased considerably. This type of prescrip- ?
tion has already been adopted in the §&s10,17,40,41
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FIG. 1. The calculated total binding energies of the RMF oblate
and prolate solutions, compared with the FRDM results.

For properties, such as the radii of light halo nuclei, that
sensitively depend on the spatial extensions of nucleon defyyolate to oblate occurs while going from lighter to heavier
sities, a more proper treatment of the continuum could cefisotopes in the Bh series. This is also evident from Table |
tainly be crucial, e.g., by means of the relativistic Hartree-yhere all the calculated data are presented.
plus-Bogoliubov (RHB) approach[42-44. In the RHB In Fig. 2, we have shown the difference between the RMF
model, the wave functions of the occupied quasiparticleyround-state solutions and the FRDM binding energies, com-
states have the correct asymptotic behavior. Results of RHBared with the difference of RMF oblate and prolate solu-
and RMF-BCS calculations are compared in Ré#] for  tions. Apparently, the difference between the two calcula-
neutron-rich nuclei in the deformed=28 region. The two  tjgns is within ~1 MeV for Bh nuclei in the mass range
models predict almost identical binding energies and similai= 277 1o A=301. This difference increases while going to-
quadrupole deformations, although they differ significantly\yarq the lighter as well as heavier mass regions. The maxi-
in their calculated rms radiiarger in the RMF-BCS model  ,,um difference is rather large;20 MeV for 33%Bh.
<69 region, this study44], for gselgf the NL3 parameter poth the prolate and oblate solutions is given in Fig. 3, com-
set, shows that for the isotopéS l 4, and ™, the odd  pared with the results of the FRDM1]. We notice that the
valence proton occupies[#22]3/2" Nilsson orbital and the  pRMF calculations slightly overestimate the BEfor some
ground-state quadrupole deformations #g=0.15, 0.16, of the isotopes. Also, we find that the isotop&Bh and
and 0.16, respecnvely..For comparisons, we have also pers3gh have the maximum BE. This suggests that these
formed these calculation$45] with the+pres_ently used two isotopes are stabler than their neighboring nuf9ai
DRMF model and found the sanjé22]|3/2" orbital for the  However, a recent experimeli@i] shows that the half-lives of
three | isotopes, with the corresponding quadrupole deformazesgy, 41d26'Bh are~1 s and 1714 s, respectively, whereas
tion parameterg,=0.17, _0.18, and 0.19, r_espectively, iN & the half-life of 2628h is only 102 ms. The isotop@®3Bh is
rather good agreement with the more sophisticated RHB Cabet to be observe[##6]. However, the extra stability #¢7Bh

culation mentioned above. This result further strengthens oW, 4 pe easily understood on the single-particle shell model
faith in applying the DRMF model to Bh nuclei. picture, discussed below.

Ill. RESULTS AND DISCUSSIONS

A. Binding energies B. Single-particle energy spectra

We have first calculated the binding energies of the pro- It is now well accepted that in the RMF theory
late and oblate solutions of Bh isotopes from the proton drid9,10,23,47, the predicted sequence of magic numbers for
line nucleusA=251 to the neutron drip line nucleu& exotic systems is very much different from that for the nor-
=365. Note that the maximum binding energy solution is themal nuclei. This result seems to be supported by the recent
ground state and all other solutions are the excited intrinsiexperimental result§48] for light exotic nuclei. Also, the
states. Our calculated total binding energdiBE) for prolate  shell closures in the valley of the superheavy island are pre-
and oblate solutions are compared in Fig. 1, with the microdicted to be completely different than the traditional ones
macroscopic finite range droplet modERDM) results[41]. [9,10,23. The sequence of magic numbers in the superheavy
From Fig. 1, we notice that the binding energies obtained foregion is obtained as 80, 92, 120, and 138 for protwes,
the prolate solutions match better with the FRDM results ine.g., Fig. 4 of Ref[9]). ForN>138, the shell gaps appear at
the lighter mass region. For the heavier mass nuclei, th&l=164, 172, 184, 198, 228, 258, irrespective of the param-
binding energies of the oblate solutions are closer to theter set used. The large gapNt-164 is found to occur for
FRDM calculations. This means that a shape change frorall the superheavy nuclei witA=104 toZ=126[10]. The
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TABLE I. The ground- and excited-state.s) DRMF results, using NL3 force, for the bulk properties of Bh isotopes. The BE is in MeV
andr in femtoseconds.

Nucleus Case BE B BE/A re Nucleus  Case BE B> BE/A re
251gh g.s. 1833.7 0.253 7.306 6.046 e.s. 2004.9 —-0.143 7.264 6.161
e.s. 1825.3  —0.211 7.272 6.051 2"Bh g.s. 2014.4 0.175 7.272 6.173
%28h g.s. 1842.6 0.257 7.312 6.052 e.s. 2011.3 —0.144 7.261 6.166
e.s. 1833.5 -0.211 7.276 6.057 27%Bh g.s. 2019.2 0.167 7.263 6.176
25%8h g.s. 1851.7 0.263 7.319 6.060 e.s. 2017.0 -0.143 7.255 6.171
e.s. 1842.3 —-0.220 7.282 6.067 ?"Bh g.s. 2024.6 0.153 7.257 6.176
254gh g.s. 1860.3 0.267 7.324 6.067 e.s. 2023.1 —0.146 7.251 6.176
e.s. 1850.2 —0.225 7.284 6.076 28Bh g.s. 2029.4 0.143 7.248 6.179
2558h g.s. 1869.1 0.275 7.330 6.076 e.s. 2028.2 —-0.136 7.243 6.179
e.s. 1858.5 —0.236 7.288 6.087 2%1Bh g.s. 2034.8 0.129 7.241 6.180
2568h g.s. 1877.1 0.284 7.332 6.085 e.s. 2033.8 -0.176 7.238 6.200
e.s. 1868.1 —0.352 7.297 6.178 2Bh g.s. 2039.6 0.113 7.233 6.184
257Bh g.s. 1885.6 0.283 7.337 6.090 e.s. 2038.5 -0.161 7.229 6.200
e.s. 1876.1 —0.356 7.300 6.189 28Bh g.s. 2044.9 0.107 7.226 6.187
25%h g.s. 1893.5 0.281 7.339 6.095 e.s. 2044.2 -0.114 7.223 6.188
e.s. 1882.9 —0.300 7.298 6.148 ?%Bh g.s. 2049.4 0.099 7.216 6.191
25%h g.s. 1901.8 0.280 7.343 6.100 e.s. 2049.0 —-0.112 7.215 6.193
e.s. 1891.0 —-0.301 7.301 6.153 2%Bh g.s. 2054.4 0.086 7.208 6.194
2608h g.s. 1909.3 0.275 7.343 6.105 e.s. 2054.4 —-0.107 7.208 6.196
e.s. 1898.4 -0.301 7.302 6.158 288Bh g.s. 2058.6 0.074 7.198 6.197
261gh g.s. 1917.1 0.270 7.345 6.110 e.s. 2058.8 —-0.120 7.198 6.208
e.s. 1906.2 —-0.302 7.303 6.164 28Bh g.s. 2063.2 0.065 7.189 6.200
2628h g.s. 1924.0 0.269 7.344 6.117 e.s. 2063.6 —-0.131 7.190 6.220
e.s. 1913.1 —0.302 7.302 6.170 2%Bh g.s. 2067.6 —0.140 7.179 6.233
26%8h g.s. 1931.4 0.267 7.344 6.122
e.s. 1920.7 —0.309 7.303 6.183 28Bh g.s. 2071.9 -0.135 7.169 6.237
264gh g.s. 1937.9 0.275 7.341 6.131
e.s. 1926.0 —0.208 7.295 6.110 2°Bh g.s. 2076.2 —0.022 7.159 6.209
2658h g.s. 1945.4 0.265 7.341 6.134
e.s. 1933.2 —0.206 7.295 6.114 2°Bh g.s. 2080.8 —0.007 7.150 6.212
26%h g.s. 1951.9 0.272 7.338 6.143
e.s. 1939.8 —0.199 7.292 6.118 2°Bh g.s. 2083.7 —-0.024 7.136 6.224
267gh g.s. 1959.1 0.273 7.337 6.149 e.s. 2082.5 —0.149 7.132 6.263
e.s. 1946.8 —0.196 7.291 6.123 2%Bh g.s. 2087.4 -0.014 7.124 6.230
26%3h g.s. 1965.4 0.270 7.334 6.154 e.s. 2086.5 -0.182 7.121 6.284
e.s. 1953.0 —0.190 7.287 6.126 2*Bh g.s. 2090.7 0.063 7.111 6.243
26%h g.s. 1971.8 0.266 7.330 6.158 e.s. 2089.7 -0.191 7.108 6.295
e.s. 1960.0 —0.184 7.286 6.131 2%Bh g.s. 2094.8 0.082 7.101 6.256
21%h g.s. 1976.8 0.262 7.321 6.163 e.s. 2093.5 —-0.201 7.097 6.308
e.s. 1966.4 -0.179 7.283 6.135 2°%Bh g.s. 2098.3 0.091 7.089 6.267
271gh g.s. 1982.4 0.258 7.315 6.167 e.s. 2096.8 —0.209 7.084 6.320
e.s. 1973.2 —0.160 7.281 6.138 2°Bh g.s. 2102.2 0.098 7.078 6.277
27128h g.s. 1987.6 0.226 7.307 6.162 e.s. 2100.5 —-0.218 7.072 6.333
e.s. 1979.5 —-0.157 7.278 6.142 2°%Bh g.s. 2105.5 0.103 7.065 6.288
21%8h g.s. 1993.4 0.200 7.302 6.159 e.s. 2103.6 —-0.225 7.059 6.347
e.s. 1986.3 —0.145 7.276 6.146 **Bh g.s. 2109.0 0.108 7.054 6.297
274gh g.s. 1998.6 0.194 7.294 6.163 e.s. 2107.5 —0.283 7.049 6.401
e.s. 1992.5 —0.143 7.272 6.151 39%Bh g.s. 2111.9 0.136 7.040 6.305
21%8h g.s. 2004.1 0.188 7.288 6.167 e.s. 2110.8 —-0.289 7.036 6.409
e.s. 1999.0 -0.142 7.269 6.156 30Bh g.s. 2115.7 0.164 7.029 6.317
27%8h g.s. 2009.0 0.183 7.279 6.170 e.s. 2114.5 —-0.286 7.025 6.416
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Nucleus Case BE B> BE/A re Nucleus  Case BE B> BE/A re
3028h g.s. 2120.0 0.278 7.020 6.383 3283 g.s. 2191.7 0.269 6.682 6.521
es. 2117.6  —0.287 7.012 6.420 es. 21842  —0.340 6.659 6.613
%%h gs. 2124.0 0.276 7.010 6.388 329 g.s. 2193.6 0.266 6.668 6.526
es. 21212 -0.291 7.001 6.429 es. 2186.0  —0.341 6.644 6.621
%Bh gs. 2127.3 0.264 6.998 6.388 33%B g.s. 2195.0 0.272 6.651 6.536
e.s. 2124.2 —0.295 6.987 6.438 e.s. 2187.2 —0.339 6.628 6.625
Bh gs. 21311 0.266 6.987 6.394 331gp g.s. 2196.7 0.269 6.637 6.541
es. 21275  —0.298 6.976 6.444 es. 21889  —0.334 6.613 6.627
%0%8h gs. 21345 0.263 6.975 6.398 3323 g.s. 2197.9 0.266 6.620 6.546
es. 2130.3  —0.302 6.962 6.452 es. 21901  -0.315 6.597 6.617
%97Bh gs. 2138.2 0.261 6.965 6.402 333 g.s. 2199.6 0.263 6.605 6.552
es. 21336  —0.306 6.950 6.459 es. 21920  —0.306 6.583 6.617
%%h gss. 21415 0.261 6.953 6.408 334gp gs. 2200.9 0.260 6.589 6.557
e.s. 2136.4 —0.310 6.936 6.466 e.s. 2193.3 —0.304 6.567 6.621
%%Bh gss. 2145.1 0.261 6.942 6.414 333p g.s. 22025 0.257 6.575 6.561
e.s. 2139.6 —0.314 6.924 6.473 e.s. 2195.1 —0.301 6.553 6.625
%1%Bh gs. 2148.0 0.268 6.929 6.424 336 g.s. 2203.6 0.254 6.558 6.566
es. 21423  -0.316 6.911 6.479 es. 21963  —0.300 6.537 6.629
3t1Bh gs. 2151.7 0.265 6.919 6.427 337gp g.s. 2205.1 0.251 6.544 6.571
es. 21455  —0.321 6.899 6.486 es. 21980  —0.299 6.522 6.634
$%8h gss. 2154.6 0.266 6.906 6.433 33%gp gs. 2206.1 0.248 6.527 6.575
es. 21481 0323 6.885 6.493 es. 2199.0  —0.298 6.506 6.640
1%8h gs. 2157.9 0.270 6.894 6.441 3% g.s. 2207.6 0.245 6.512 6.581
e.s. 21511 —0.324 6.873 6.500 e.s. 2200.5 —0.298 6.491 6.645
Bh gs. 2160.5 0.271 6.881 6.447 3408 g.s. 2207.9 0.240 6.494 6.583
es. 21536  —0.326 6.859 6.506 es. 2199.7  —0.208 6.470 6.576
1%Bh gs. 2163.5 0.273 6.868 6.453 341gp g.s. 2209.0 0.238 6.478 6.589
es. 21565  —0.327 6.846 6.513 es. 22012  —0.206 6.455 6.582
%1%8h g.s. 2165.6 0.270 6.853 6.459 34%8p gs. 2209.3 0.234 6.460 6.592
es. 2158.7  —0.329 6.831 6.519 es. 22022  —0.200 6.439 6.585
$Bh g.s. 2168.3 0.274  6.840 6.465 343p gs. 2210.0 0.230 6.443 6.595
e.s. 21615 —0.330 6.819 6.526 e.s. 2203.6 —0.194 6.425 6.589
$1%h gss. 2170.4 0.269 6.825 6.464 344gp g.s. 22105 0.196 6.426 6.595
e.s. 2163.6 —0.331 6.804 6.532 e.s. 2204.6 —0.189 6.409 6.593
*%Bh gs. 2173.0 0.269 6.812 6.471 345 g.s. 22115 0.190 6.410 6.599
es. 2166.2  —0.331 6.791 6.539 es. 22061  —0.180 6.394 6.595
%2%Bh g.s. 2175.1 0.271 6.797 6.478 34egp g.s. 2211.9 0.182 6.393 6.601
es. 21682  —0.332 6.776 6.546 es. 22071 —0.174 6.379 6.598
%2'8h g.s. 21777 0.273 6.784  6.485 37gp gs. 2212.9 0.177 6.377 6.604
es. 2170.8  —0.333 6.762 6.553 es. 22087  —0.167 6.365 6.602
%2%8h gs. 2179.7 0.274 6.769 6.491 348 g.s. 2213.4 0.172 6.360 6.607
e.s. 21725 —0.334 6.747 6.562 e.s. 2209.8 —0.157 6.350 6.608
“Bh  gs. 2182.4 0270 6757  6.492 3Bh  gs. 22144 0164 6345  6.610
es. 21728  -0.333 6.727 6.563 es. 22114  —0.152 6.336 6.612
2%8h gs. 2184.3 0.270 6.742 6.497 3% g.s. 2214.9 0.158 6.328 6.613
es. 2176.7  —0.337 6.718 6.581 es. 22125  —0.147 6.321 6.617
2%8h gss. 2186.7 0.270 6.728 6.503 351p gs. 2216.0 0.144 6.313 6.617
es. 2179.0  —0.340 6.705 6.591 es. 22141  —0.142 6.308 6.620
2%8h g.s. 2188.4 0.270 6.713 6.509 35%8p gs. 2216.6 0.136 6.297 6.621
e.s. 2180.7 —0.341 6.689 6.600 e.s. 2214.9 —0.136 6.292 6.625
%2/8h gss. 2190.5 0.270 6.699 6.515 353p g.s. 2217.7 0.131 6.282 6.623
e.s. 2182.9 —0.342 6.675 6.609 e.s. 2216.4 -0.131 6.279 6.628
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TABLE I. (Continued)

Nucleus Case BE B> BE/A re Nucleus  Case BE B> BE/A re

3548h g.s. 2217.9 0.120 6.265 6.626 3603 g.s. 2222.7 —0.041 6.174 6.651
e.s. 22171 —0.122 6.263 6.630

%Bh g.s. 2218.7 0.113 6.250 6.628 3t1gp g.s. 22239  —0.030 6.160 6.652
e.s. 22182  —0.113 6.249 6.633

%%Bh g.s. 2219.0 0.103 6.233 6.632 3623p g.s. 22246  —0.017 6.145 6.653
e.s. 22190 —0.101 6.233 6.637

%7Bh g.s. 22202  —0.092 6.219 6.640 363gp g.s. 2225.8 0.006 6.132 6.654

35%h g.s. 2220.9 —0.081 6.204 6.643 364gp g.s. 2226.1 0.003 6.116 6.657

%Bh gs. 22220  —0.071 6.189 6.645 365 g.s. 2227.2 0.003 6.102 6.658

nonrelativistic model calculations also predict thiat 162 is It is relevant to note here that for identifying the magic

the next possible magic sh¢#9]. As already mentioned in numbers, it is not sufficient to simply draw the single-
the Introduction, this is empirically found to be the case forparticle level scheme and look for gaps. In fact, the level
Z=108,N=162, 2’™Hs nucleus and hence could be taken asscheme can be quite complicated and the high degree of
the possible reason faf=107, N=160, ?®Bh to have a degeneracy weighs the levels quite unequally. Also, the self-
longer half-life time than the’®2Bh nucleus, owing to its consistency causes a strong coupling of the proton and neu-
approaching thé&N=162 or 164 closed shell. tron shell structures. This implies that the proton magic num-
For Bh isotopes, the single-particle energy spectra are ilbers can vary, depending on the number of neutrons present
lustrated in Fig. 4 for some specific nuclei, the and vice versa. Thus, itis not possible to calculate the energy
261.271.291.368K ' This means considering prolate, oblate andspectra for one N,Z) system as a representative for the
spherical systemgsee Table ). We find reasonably large whole region of nuclei, rather each nucleus needs a separate
shell gaps aN=2, 8, 18, 34, 50, 58, 92, 120, 138, 164, 184, evaluation in order to identify the proper combination of
198, and 258 and &=2, 8, 18, 34, 50, 58, 92, 120, and 138 magic neutrons for a particular number of protons and vice
for 27129L.36BL  The same for2®Bh are rather weaker versa[51]. Hence, in the absence of the Strutinsky type of
(smaller shell gapsas well as different, though the ground- shell corrections, th&,, values give a better insight into the
state deformation fof®Bh is found to be nearly the same shell closure effects of the deformed nud@B,39, rather
(~0.27) as for?”Bh. The known magic numbers &t (or  than their deformed single-particle level schemes.
Z)=20, 28, and 82 are not obtained for any of the nuclei
studied here. Note that the shell gap&at120 and 138 are
very prominent for?’1291.36Bh nuyclei. We also notice a rea-

sonable gap af =114, predicted earlier in some other RMF  In order to get a further insight into shell closure effects,
calculation[50]. we have plotted in Figs. 5 the two-neutron separation energy

S,, for all the Bh isotopes studied here. Figur@)Sis for

C. Two-neutron separation energiesS,,

5

74

NL3

72 Bh

107’

-
T

4
©
T

+——= RMF (prolate)
—— RMF (oblate)
~—— FRDM

AE(MeV)

BE/A (MeV)
(2]
o

&—o0 BE[g.s.(RMF)-FRDM]
®—8 BE(oblate)-BE(prolate)

-15 -

14
~

o
S

250 260 270 280 290 300 310 320 330 340 350 360
A

8 . . . ) . . . . . . .
250 260 270 280 290 300 310 320 330 340 350 360 370
A

FIG. 2. The difference between the RMF ground-state solution
and the FRDM binding energy, compared with that of the RMF  FIG. 3. The binding energy per particle obtained for the prolate
prolate and oblate ground-state solutions. and oblate solutions, compared with the FRDM data.
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evenA and Fig. %b) for odd-A isotopes. The two-neutron
separation energsg,,, is evaluated from the binding energies

of the two neighboring isotopes witk and N—2 neutrons:
S,n(N,2)=BE(N,Z)—-BE(N—2,Z2). Interestingly, the 20

PHYSICAL REVIEW 66, 044317 (2002

FIG. 4. The RMF ground-state single-particle
energy spectra for both protons and neutrons in
261,271,291,3GBh nuclei.

variation of S,,, with N (or A) shows a sudden decrease of
S,, at N=152, 162(or 164, 184, 232, and 258 for odé4-
series andN=151, 161(or 163, 183, 231, and 257 for even-
A series. This clearly favors the magicity of nuclei at the
neutron number®N =152, 162(or 164, and 184, in agree- wr
ment with the predictions of the nonrelativistic model calcu-
lations [20,49,52 and experimental systemati€$9]. Note 2 s}
that these predictions agree reasonably with the spheric*(zﬁ
relativistic mean field predictions noted abdu®)]. Since we

are dealing here with deformed nuclei, in a self-consistent
calculation, the shell gaps may change by one or two units
due to the rearrangement effect. This is in addition to other -5
effects of the self-consistency etc., mentioned earlier.

o RMF (NL3)
(a) ~— FRDM

even-A

D. Potential energy surfaces

L L L L L ) ) ) ! ! !
157 167 177 187 197 '\2107 217 227 237 247 257

We know from the calculated microscopic enerdi26]
that the superheavy nuclei are unstable with respect to spor
taneous fission. This means that the magnitude of shell en 15}
ergy governs their half-life times. Also, the microscopic en-
ergies do not favor spherical shapes for nuclei in e
=107 region, contrary to the situation for the lighter and
heavy Z elements[10]. In fact, the deformed shell effects %
play very important role in the description of the superheavy =<
elements. Practically, any deformed gap around the Ferm'

w
T

surface can give rise a local minimum in the PES. or
The PES for262:263.266267.2f81 gnd 28%Bh isotopes are
shown in Fig. 6. We find a clear single deep minimum in 5l

each nucleus. Also, all the isotopes in the Bh series consid
ered here in Fig. 6 are prolate shaped in the ground state

e RMF (NL3)
(b) ~—— FRDM

odd-A

This can also be seen from Table | where all the calculatec "
bulk properties of Bh nuclei are given. The excit@ilate

) L L ! ) L ) L ! ) )
153 163 173 183 193 2'313 213 223 233 243 253 263

shape in each of these Bh nuclei is not clearly defined since FIG. 5. The RMF results of two-neutron separation energies
the other minimum in the potential energy surface is rathes,,, compared with the results of FRDM calculatiora) is for
very shallow. The oblate minima are found at relatively evenA and(b) for odd-A nuclei.
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higher quadrupole deformations8{~—0.3) and are F. Root-mean-square radii

~10-12 MeV higher than the ground-state prolate minima At present it does not seem feasible to measure experi-
for most of the Bh isotopes, a situation most unlikely for thementally the rms charge radii, for the studied Bh nuclei.
formation of an excited stat@.s). However, this type of an  However, the relatively longer half-life time fd'Bh raises
excited state is possible when a superheavy nucleus directie hope for the determination of the size of this nucleus
undergoesx decay, without first going to the ground-state in the near future. Also, the estimation of neutron, proton,
configuration. The same pattern is observed in almost all thand matter distribution radii are quite useful from the struc-
PES, except for®Bh where the oblate minimum is only 1.2 ture point of view. Therefore, in Fig. 8 we have presented
MeV above the ground state, a case almost of shape cthe ground-state neutron,, protonr,, charger.,, and
existence observed in many nuc]&B,53. In some Bh nu- matterr,, distribution radii. The interesting result is that
clei, the excited-state solution is not at all obsersde the variation of ground-state charge radius with neutron
Table | for cases of missing e.s. solution number shows a transition from increase to decrease and
then increase &fl=164. The decrease in rms radii occurs in

E. Quadrupole deformations
0.4

The calculated ground-state quadrupole deformation pa: G_LRMF(NLa)'
rameters, for all Bh isotopes studied here is plotted in Fig. v FROM
7 (solid lines with open circles We notice that the ground- O3
state shape of Bh isotopes changes from prolate to oblate an
again from oblate to prolate. Thus, there is a sign change ir
B, from positive to negative ah=285 (N=178) and again
from negative to positive aA=294 (N=187). For further &
increase in mass number of Bh isotopes, we again find ¢
change in sign of the ground-state deformation at mass
numberA=356 (N=249). Also, it can be seen that the mag-
nitude of the ground-state deformation decreases with
mass number and there are a bunch of weakly deformed BI
isotopes atA~280-300 andA~351-365. In other words,

we get the nearly spherical Bh nuclei fbi=173-193 and 265 270 290 3}'\0 330 350 a70

N=244-258. Note that the midshell of these regions of
sphericity lie atN=184 and 252. We have also plotted in Fig.

7 the B8, values obtained from the FRDM calculatiofl]. FIG. 7. The RMF ground-state quadrupole deformation param-
We find in general, reasonable agreement between the twfer as a function of the mass number of Bh nuclei, compared with
results. the FRDM results.

Fig. 7
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Lol ‘ ' ' ' ‘ ] sity beyond~5.5 fm in each caséwith rather small skin

' —r, - thicknessels which could be a possible explanation for the
e change in magic number sequence. We know that 58, 80, and

92 are the magic numbers for a square well potential, as are

also observed in single-particle energy spectra in Fig. 4.

H. Q, values

Finally, theQ, values fora decays of each of the recently
observed?®®Bh and %6'Bh nuclei are calculated by using the
relation BE(Z,N)=BE(Z—2N-2)+BE(2,2)+Q,. Here
BE(Z,N) is the binding energy of the parent nucleus,
BE(Z—2,N—2) of the daughter nucleus, aB¥(2,2) (28.4
MeV), the experimental binding energy of theparticle. The

rch,n,p,rl‘v‘ls(ﬂn)

59 ‘ ; : : ‘ calculated results are presented in Table Il, along with the
20 27e 20 Y %0 %0 %% recent experimental daf@] and the results of the macro-
Fio.8 microscopic FRDM[41] for comparisons. We find that our

RMF results are in very good agreement with both the data
FIG. 8. The ground neutron,, protonr,, charger., and total ~ and the FRDM calculations.
massr ,, radii for Bh series. The charge radii are evaluated taking

into account the finite size of the proton, using the relatign, IV. SUMMARY AND CONCLUSIONS

=r2+o. :

proeaim In summary, we have calculated the binding energies, the
the regions ofN=164—182, 183—194, anbl=237-258. single-partic!e energy spectra, the rms radii, the neutron gnd
This could be taken to mean that the shrinkage in rms radiproton density dlstr|but|ons and the quadrupole defo.rmgtlon
makes these nuclei spherical and gives the appearance Barameters for Bh isotopes from proton to neutron drip lines,

islands of superheavy nuclei. A similar result is observed inu]_Slng the a}XIaIIy deformed relativistic mean field approf':lch.
light nuclei [54]. he potential energy surfaces are also plotted as a function of

the deformation parametel,.
The shape of the ground-state configuration changes from
prolate to oblate and again from oblate to prolate with the
The density distributions of protons and neutrons arencrease of mass number of Bh nucleus. The excited state in
shown in Fig. 9 for?6%:271.291.368h nyclei as the representa- most of the cases is found to lie very high. The maximum
tive cases of the Bh series. For such density distributions, idifference between prolate and oblate solutions i2 MeV
is clear that the shape of the nuclear potential is more like for A=268. Also, a sphericdbr near sphericaisland of Bh
modified square well potential. There is a sudden fall in dennuclei is noticed arountl=184 and 252.

G. Densities distributions

0.08 |

0.06 |

0.04 |

0.02 |

FIG. 9. The density distribu-

4 tions of protons and neutrons in
261’271’291'368h nuclei

P, (fm )

0.08 \
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0.04 NL3
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TABLE Il. The RMF(NL3) calculatedQ,, energy for each of®*®Bh and?'Bh nuclei, compared with the
experimental dat8] and the FRDM calculatiof41]. All energies are in MeV.

Nucleus Q, (RMF) Q, (Expt) Q, (FRDM) Nucleus Q, (RMF) Q, (Expt) Q, (FRDM)

266h 9.175 9.29 8.82 267Bh 8.843 8.83 7.52
26D 8.233 8.45 8.81 26D 7.823 8.35 8.28
258 r 7.702 8.60 7.34 9 r 7.400 8.45 6.94

The magic number sequence is found changed from théor protons and neutrons in the superheavy region. This calls
standard one, and this sequence in our calculationd is for the use of an improved treatment of the pairing, beyond a
=2, 8, 18, 34, 50, 58, 92, 120, 138, 164, 184, 198, and 258imple BCS, for this region of nuclei. Another approximation
andZ=2, 8, 18, 34, 50, 58, 92, 120, and 138. This meands the zero contribution of pions in the present calculations.
that the known magic numbers Zt=20, 28, and 82 are not In the original Walecka model, at the level of RMF approxi-
obtained and some new magic numbers appear. The shéfjation, the contribution of pions is taken as zero due to the
gaps atZ=120 andZ=138 are rather prominent for the assumption of_spherlcal_ shapes of nu_clel_and als_o assuming
271291361 nyclei. We also notice a reasonable shell gap athe spin-isospin ;aturanqn. The contrlbutlo_n of.p|ons, how-
Z=114. The obtained magic number sequence is more lik§Ver, IS nonzero in the higher-order approximatiares, be-
that for the square-well potential which is mostly due to theYo"d RMF, as for the inclusion of exchange contribution
square-well-like shape of the calculated density distributions.2493- Although the pion contribution is non-negligible for

The calculated two-neutron separation energies also confir{il€ Present cases due to the highly assymmetric isotopes,
the above shell gaps obtained in the single-particle energ€"® We have neglected this contribution. Of course, one can

spectra. The interesting result is that almost all the calculate adju_st the parameters of the Lagrangian to reproduce the
quantities point to a shell gap at abdtt 162 or 164, which experimental observables. In any case, in order to get a quan-

means that, in agreement with the empirical trerf§8h or t;\tive reslultlthg above .poir:jts need dt%b?l_&glu%eg irc/\;uttre in
2718h js a most stable nucleus in the chain of Bh-nuclei"€S€ calculations, as is advocated by - [56]. Wor

studied here. in this direction is in progress and will be published some-
The calculated), energies, compared with the recently where else.

observed data fof®Bh and 26'Bh isotopes and the FRDM

calculations, are found to be somewhat closer to experiments

than to the FRDM results. One of the author$R.K.G) is grateful to the Council of
Finally, it may be noted here that in the present calculaScientific and Industrial ResearctfCSIR), New Delhi.

tions, made in the relativistic mean field approximation, sevM.S.M. thanks the Institute of Physics, Bhubaneswar, for

eral important factors have been neglected, e.g., we havdnd hospitality. B.K.R. thanks the Department of Higher

taken a very rough value of the pairing gaps for both theEducation, Government of Orissa, the University Grants

protons and neutrons in the BCS calculations used for takin€@ommissioNfUGC), New Delhi, and the Institute of Physics,

the pairing correlations into account. It is also known that theBhubeneswar, respectively, for the grant of leave, financial

simple BCS approximation breaks down near the drip linessupport, and allowing the use of the computer and library

At present it is quite unknown about the definite pairing gapdacilities.
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