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A comparison of calculated and experimer®g] values of superheavy even-even nuclei and a few selected
oddN nuclei is presented in the framework of the relativistic mean-field model with the parametrization
NL-Z2. Blocking effects are found to be important for a proper descriptio® pfof odd mass nuclei. The
model gives a good overall description of the available experimental data. The mass and charge assignment of
the recently measured decay chains from Dubna and Berkeley is in agreement with the predictions of the
model. The analysis of the new data does not allow a final conclusion about the location of the expected island
of spherical doubly magic superheavy nuclei.

PACS numbses): 27.90+b, 21.10.Dr, 21.60.Jz, 24.10.Jv

In the last few years, the synthesis of superheavy nuclgrisingly all nonrelativistic models—which have one or sev-
with Z=110-112 at GS(Darmstadt and JINR Dubngsee eral additional parameters to explicitly adjust the experimen-
[1] and references thergihas renewed interest in the prop- tal spin-orbit splittings—perform not as well in this respect
erties of superheavy nuclei. These are by definition the nuas the RMF which has no parameters adjusted to single-
clei with Z>100 which have a negligible fission barrier and particle data at all. The nonrelativistic models overestimate
are stabilized by shell effects only. The ultimate goal is tospin-orbit splittings with increasing mass number which
reach an expected “island of stability” located around themight have some impact on their actual predictions for shell
next spherical doubly magic nucleus which was predicted taelosures in the superheavy regift4]. Superheavy nuclei
be 522114 30 years agf2,3]. with their large density of single-particle states are a sensi-

Recently the discovery of new rather neutron-rich iso-tive probe for models of nuclear shell structure and can be
topes of the element&=112 [4] and Z=114[5] was re- used to discriminate among models which describe stable
ported from JINR Dubna, while an experiment at Berkeleynuclei with comparable quality.
led to the synthesis of even heavier nuclei witk 118[6]. Macroscopic-microscopic models—which have been the
While earlier superheavy nuclei could be unambiguouslyfavorite tool to describe superheavy nuclei for a long time—
identified by theira-decay chains leading to already known provide a very good description of masses throughout the
nuclei, the decay chains of the new-found superheavy nucld@ihart of nuclei, but they rely on preconceived knowledge
cannot be linked to any nuclei known so far. Their identifi- about the densities and single-particle potentials which fades
cation relies on comparison with theoretical models. away when going towards the limits of stability. Although

The experimental progress is accompanied by a largeself-consistent models have not yet reached the overall per-
scale investigation of superheavy nuclei with the latesformance of MM models, they incorporate polarization ef-
nuclear mean-field models. While refined macroscopicfects on the density distribution which might be crucial for a
microscopiclMM) models like the Yukawa-plus-exponential proper description of superheavy nuclei where the strong
model with Woods-Saxon single-particle potentidPE  Coulomb field pushes the protons to the nuclear surface
+WS) [7] or the finite-range droplet model with folded- [11,17. .

Yukawa single-particle potential~RDM+FY) [8,9] con- Recently Qviok et al. have reported a detailed compari-
firm the older prediction ofigq114 for the next spherical son of the new experimental data with SHF calculations em-
doubly magic nucleus, most self-consistent models shift thaploying the interaction SLy416]. Although the calculated
property to the more proton-ricfP3120 or evenssa26[10—  Q, values show some deviations from the measured values,
14]. The conflicting predictions have several reasons. MMthe analysis confirms the assignment of the mass and charge
models have very restricted degrees of freedom of the radidiumber of the new nuclides. SLy4 shifts the island of stabil-
density distribution and the shape of the single-particle poity towards very high charge numbers aroufj§126 [11-
tentials, which becomes visible in superheavy nuclei wheré.4]. It is the aim of this contribution to compare the experi-
this hinders the occurrence of proton shellZat120 orz ~ mental data with predictions of the RMF modgl7]
=126[11,14,19. Another source for different extrapolation obtained with the recent parametrization NL-Z2 by Rein-
to superheavy nuclei among the models is the spin-orbit inhard[14]. This particular force provides the best overall de-
teraction. While the self-consistent relativistic mean-fieldscription of binding energies of superheavy nuclei among the
(RMF) model naturally incorporates the nuclear spin-orbitcurrent parametrizations of the RME3,18 and with 533120
interaction(which is a purely relativistic effegtit has to be gives an alternative prediction for the next doubly magic
put in by hand into all nonrelativistic models, self-consistentnucleus which is quite close to the upper end of the Zew
ones using SkyrméHFP) interactions and MM models. Sur- =118 chain.
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FIG. 1. Q, values of even-even nuclei in the superheavy region
calculated with NL-Z2(open circles compared with experimental
values for even-even nucléiilled diamond$ where available and
oddNN isotopes(open diamondsof the heaviest eved elements.
Solid lines connect nuclei with the same proton numbedotted
lines nuclei ina-decay chains. Including data for nuclei with
>116 leads to overlapping curves; therefore those are omitted in
the plot.

The calculations are performed on an axially symmetric

grid assuming reflection symmetry. Nuclei with odd mass  -0.1 R
number are calculated in a self-consistent blocking approxi-  _0.2

mation taking into account time-odd contributions to the 160 164 168 172 176
Dirac equation as described [ih9]. Pairing correlations are Neutron Number N

treated within the BCS scheme using a delta pairing force

(see[14] for detaily. There remains a small uncertainty of neutrons(middle panel, and the relative quadrupole and hexadeca-
the calculated), values on the order of a few 100 keV from pole moments given by,=4m(r2Y,o)/(3AR) with R=1.2A
a p_oss_lble varlatlon_ of pairing rec_lpeése., partlcle-r_1umb_er fm (lower panel for the a-decay chainZ%120— 292118 ..
proJeCt'on, and Cho_'(_:e of pa'rmg, mFeractDores_pemally In —>§23Rf104 of even-even nuclei adjacent to thedecay chain of
odd nuclei. The pairing strength is fitted to pairing gaps cal-2% 15 "For the deformed nuclei at small neutron number the states
culated in spherical blocking approximation. Taking polar-are |abeled with angular-momentum projection and parity, while for
ization effects in odd nuclei into account during the fit givesthe spherical nuclei at large neutron number the total angular mo-
larger pairing strengthg20,21], but this affects mainly the mentum and parity are given. The futiotted lines in the upper
odd-even staggering, while ti@, of heavy nuclei are rather and middle panels denote positieegative parity states, the
robust. The correction for spurious center-of-mass motion iglashed lines the Fermi energies.
performeda posteriorias done in the original fit of NL-Z2,
while corrections for spurious rotational and vibrational mo-formedN= 152 shell is underestimated. The latter is a prob-
tions are neglecteths is done in all other studies of super- lem from which virtually all self-consistent models suffer
heavy nuclei which might affectQ,, values in some cases to [13,16. The particular Skyrme interaction SLy4 used 1]
the order of 1 MeV and tend to diminish shell effef22]. performs better in the region aroud=104, but it is to be

A first test of the reliability of the RMF to describe the noted that this interaction has small errors in the isotopic and
new data is to check its performance for kno@p values of  isotonic mass systematics of these nulé, 18, which can-
even-even nucleisee Fig. 1L Owing to the lack of data for cel when calculating,, values.
even-even nuclei th®, of oddN nuclei are drawn beyond To get an impression of the shell structyes predicted
Z=104. They have to be handled very carefully; some ofby NL-Z2) of nuclei in the new-found region, Fig. 2 shows
theseQ, values might correspond to transitions involving the single-particle spectra of the even-even nuclei with one
excited states, and due to the blocking effects the groundaeutron less than those in the decay chainf3118. The
state—to—ground-stat@,, values might deviate on the order nuclei close to th&z=120 shell closure come out spherical
of 500 keV from the systematics of th, values of even- including f?ill& while all lighter nuclei have deformed
even nuclei. NL-Z2 gives a good overall description of theground states. In addition to the spheriZa+ 120 shell, the
data except for some nuclei around,fZfvhere NL-Z2 over-  proton spectra show several deformed shell closures indi-
estimates a deformed proton subshell closure while the desated in the plot. In contrast to MM models and some SHF

FIG. 2. Single-particle spectrum of the protofupper panel
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nucleus. This demonstrates a fundamental problem when
O RMF+4NL-72 ) . .
121 O sHF+SLy4 comparing measured and calculategd of decay chains with
A FRDMAFY a few identified events only: the low statistics does not allow
11} 5 YPE+WS one to identify the whole spectrum of possilidransitions.
— Detailed information on ther-decay fine structure of super-
P s . )
§ 10 heavy nuclei is available for a few nuclides up Ze-104
= only [25]. Some guidance as to when transitions to or be-
Ty tween excited states might be favored is given by the fact
that among transitions with simil&,, values those between
8 states with the same quantum numbers are favored.
In view of the remaining uncertainties NL-Z2 gives a very
. good description of the heavy nuclei in the decay chain of
156 160 164 168 172 176 2t112 aboveN>157 and reproduces the large jumpQn,
Neutron Number N between 253110 and 289108 caused by the deformen
FIG. 3. Comparison of experimental and calcula@gvalues = 162 shell closure, which cannot be seen in the predictions

for the decay chains di;/112, 282114, and?32118, in the latter two ~ Of the FRDM+-FY model. For small neutron numbers Qe
cases following the mass and charge assignment of the experimegalculated with NL-Z2 are too small as in the case of the
tal groups. In the2;112 chain two distinct branches leading even-even nuclei discussed above. NL-Z2 gives also a rather
through different states of the intermediate nuclei are known. Thgyood description of ther-decay chain Ofﬁgl14. The miss-
calculated values from RMFNL-Z2 and SHF+SLy4 connect the  jng kink in the calculated values can be explained by assum-

lowest states with positive parity in all cag@sthe new chains only . 89

ing that the decay of7:114 leads to one of the numerous
28914 and?17110 are predicted by NL-Z2 to have ground states g ecay €75. 8

low-lying excited states irfo3112.

with negative parity in agreement wifti6]), while the FRDM+-FY s 5 ) )
and YPE+WS data are ground-state—to—ground-state values. The decay chain of7:118 leads through a region with
seemingly constant total shell effects, while most mean-field
interactions, however, the proton spectra show no preferreghodels predict several spherical or deformed shell closures
(deformed shell closure for the light nuclei in this chain, but in this region. The FRDM-FY data show a pronounced
a region of small level density betweeh=104 andZ  shell effect forio14 while the SHF-SLy4 results show one
=110. The single-particle spectra of the neutrons are mucfor 28116 which is related to deformed shellsZat 116 and
denser with a sphericadl=172 shell and deformed shell N=174[16]. NL-Z2 predicts a deformed=174 shell as
closures atN=174 andN=162. The latter ones are also well but a deformedZ=114 proton shell(see Fig. 2 that
predicted by other models7,8,16 and N=162 is already |eads to a broad plateau at smaller atomic numbers. The pre-
confirmed experimentally1]. The single-particle spectra of dictions of the YPB-WS model of[7,24] follow qualita-
nuclei close to the decay chain 8}2114 look similar except tively the experimental data for the heavy nuclei in this chain
for the fact that all nuclei there are deformed. but show a shell effect fof(7110. In contrast to the other
Threea-decay chains of odd-mass nuclei are discussed imodels discussed here the YPB/S model predicts the nu-
the following: the one starting with{/112 measured at GSI clei at the upper end of this decay chain to be oblate de-
in 1994[23] serving as a testing ground for the performanceformed|7].
of NL-Z2 when describing odd-mass number nuclei, and the The mass and charge assignment of the Dubna and Ber-
new data assigned t&g114 and253118. The experimental keley data are based on theoretical models. While the proton
data were obtained from two, one, and three events, respepumber is rather certain in both cases, the neutron nuikdber
tively. Figure 3 compares calculated and meas@gdval-  might also be smaller. Figure 4 shows Qg values mea-
ues of these selected chains. Values calculated with theured in Berkeley in comparison with calculat®q, values
FRDM+FY model[9], the YPE+WS model[24], and the for decay chains with varied neutron number of the initial
SHF+SLy4 model[16] are given for comparison. As can be nucleus. The heavy nuclei in all decay chains have very simi-
seen from Fig. 2, the quasiparticle spectra of ddducleiin  lar Q, values, while there are visible differences for the
this region are very dense. Each single-quasiparticle state lewer end of the decay chain. It can be clearly seen @hat
the band head of a rotational band with transition energiesf odd nuclei do not necessarily follow exactly the trend of
from the first exited state to the band head below 50 ke\the Q, of the adjacent even-even nuclei. Since the&hd
which further increases the level density significantly. It can-higher reaction channels are energetically forbidden and sta-
not be expected that the synthesis of these nuclei and thdiistically suppressed, an interpretation of the Berkeley data in
decay chains lead always to ground states, but rather vergrms of thea-decay chain of333118 is in agreement with
often lead to excited states. Experimental evidence for thipredictions of the RMF with NL-Z2. An interesting feature
was found in the decay ofifi1z each of the two nuclei of the NL-Z2 results is tha®, values calculated between the
identified so faf23] has decayed through a different state inlowest negative-parity quasiparticle states starting with
21%110. The branch with larg®,, in 253110 presumably con- 353118 or 23118 follow very closely the experimental data,
nects low-lying states in both nuclei while the branch withbut several of the intermediate nuclei can be expected to
the low Q, goes through a highly excited state in thatdecay to states in rotational bands built on lower-lying qua-
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O (ke 4n)®118 » magic numl_ae_rs. On the basis o_f the avail:iple experimeqtal
121 ¢ zUSPb(Z:K’*3n)z;118 . 5 Qata, a decision about the Iocatloq of the “island of stabil-
A 2[;"Pb(mKr,211)293118 4 ity” cannot be made. The analysis of the new data from
? zosgggssﬁi'(l]’;gmﬂg 2 Dubna and Berkeley in terms of the RMF model suggests
%11 ¢ Expt. ' that the relatively smalQ, values and corresponding long
=3 A half-lives are caused byeformed Z 114 andN= 174 shell
o closures rather than the vicinity of thg@otentia) doubly
10 magic 235114 predicted by some other models, buspheri-
cal Z=114 shell, restricted to higher neutron numbers, can-
not be excluded. The spherical shell closureZatl20 and
9 N=172 predicted by the RMF are relatively weak and do not
108 110 112 114 116 118 significantly change the systematics @f, values of odd\
Atomic Number Z nuclei at the upper end of th8=118 chain measured in

FIG. 4. Comparison of experimental and calcula@g values Berkeley.

for the a decay chain of thZ=118 nuclei recently measured in The author thanks W. Nazarewicz, V. Ninov, and G.
Berkeley assuming other neutron numbers of the initial nuclei. The; i, enberg for inspiring discussions and communication of
Q. values connect the lowest states with positive parity. their results prior to publication, P.-G. Reinhard, K. Rutz,
and J. A. Maruhn for many fruitful discussions, and K. Rutz

siparticle states with positive parity, which prevents a longadditionally for the RMF code used in this study. This work
a-decay chain between negative-parity stdsee alsq16]).  was supported by the U.S. Department of Energy under Con-

To summarize, the RMF with the parametrization NL-Z2 tract Nos. DE-FG02-96ER4096® niversity of Tennesseg
gives a reasonable description of tQe, values of known DE-FG02-97ER41019University of North Caroling and
superheavy nuclei with an overall quality comparable toDE-AC05-960R22464 with Lockheed Martin Energy Re-
other mean-field models that predict different sphericalsearch Corp(Oak Ridge National Laboratoyry

[1] S. Hofmann, Rep. Prog. Phy81, 639 (1998. [14] M. Bender, K. Rutz, P.-G. Reinhard, J. A. Maruhn, and W.
[2] S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymanski, S. Greiner, Phys. Rev. €0, 034304(1999.
Wycech, C. Gustafson, I.-L. Lamm, P. Mer, and B. Nilsson,  [15] W. D. Myers and W. Swiatecki, Phys. Rev.58, 3368(1998.

Nucl. Phys.A131, 1 (1969. [16] S. Gwiok, W. Nazarewicz, and P.-H. Heenen, Phys. Rev. Lett.
[3] U. Mosel and W. Greiner, Z. Phy&22 261 (1969. 83, 1108(1999; W. Nazarewicz, private communication.
[4] Yu. Ts. Oganessiaat al, Eur. Phys. J. A5, 68 (1999. [17] P.-G. Reinhard, Rep. Prog. Phy2, 439 (1989.
[5] Yu. Ts. Oganessiaat al., Nature(London 400, 242(1999. [18] M. Bender, K. Rutz, P.-G. Reinhard, J. A. Maruhn, and W.
[6] V. Ninov et al, Phys. Rev. Lett83, 1104(1999. Greiner, Proceedings of Nuclear Shapes and Motions, A Sym-
[7] R. Smolawzuk, Phys. Rev. G6, 812(1997. posium in Honor of Ray Nix, Santa Fe, New Mexico, 1998,

[8] P. Mdler and J. R. Nix, J. Phys. @0, 1681(1994.

[9] P. Mdler, J. R. Nix, and K.-L. Kratz, At. Data Nucl. Data
Tables66, 131(1997.

[10] G. A. Lalazissis, M. M. Sharma, P. Ring, and Y. K. Gambhir,
Nugl. Phys.A608, 202 (1996.

[11] S. Qwiok, J. Dobaczewski, P.-H. Heenen, P. Magierski, and )
W. Nazarewicz, Nucl. PhysA611, 211 (1996. [21] K. Rutz, M. Bender, P.-G. Reinhard, and J. A. Maruhn, Phys.

[12] K. Rutz, M. Bender, T. Bwenich, T. Schilling, P.-G. Rein- Lett. B4§8* 1 (1999' o
hard, J. A. Maruhn, and W. Greiner, Phys. Rev56, 238 [22] P.-G. Reinhard, private communication.

Acta Phys. Hung. New Ser.: Heavy lon Phyis. press.

[19] K. Rutz, M. Bender, P.-G. Reinhard, J. A. Maruhn, and W.
Greiner, Nucl. PhysA634, 67 (1998.

[20] F. R. Xu, R. Wyss, and P. M. Walker, Phys. Rev.60,
051301(1999.

(1997. [23] S. Hofmannet al, Z. Phys. A354, 229 (1996.
[13] T. Birvenich, K. Rutz, M. Bender, P.-G. Reinhard, J. A. [24] R. Smolaczuk, Phys. Rev. G9, 2634(1999.
Maruhn, and W. Greiner, Eur. Phys. J.34139(1998. [25] F. P. HeRbergeet al, Z. Phys. A359, 415 (1997).

031302-4



