PHYSICAL REVIEW C 67, 024309 (2003

Cranked relativistic Hartree-Bogoliubov theory: Probing the gateway to superheavy nuclei
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The cranked relativistic Hartree-Bogoliubov theory has been applied for a systematic study of the nuclei
around ®®*No, the heaviest element for which detailed spectroscopic data are available. The deformation,
rotational response, pairing correlations, quasiparticle, and other properties of these nuclei have been studied
with different parametrizations for the effective mean-field Lagrangian. Pairing correlations are taken into
account by a finite range two-body force of Gogny type. While the deformation properties are well reproduced,
the calculations reveal some deficiencies of the effective forces both in the particle-hole and particle-particle
channels. For the first time, the quasiparticle spectra of odd deformed nuclei have been calculated in a fully
self-consistent way within the framework of the relativistic mean fi@#F) theory. The energies of the
spherical subshells, from which active deformed states of these nuclei emerge, are described with an accuracy
better than 0.5 MeV for most of the subshells with the NL1 and NL3 parametrizations. However, for a few
subshells the discrepancies reach 0.7-1.0 MeV. In very heavy systems, where the level density is high, this
level of accuracy is not sufficient for reliable predictions of the location of relatively small deformed shell
gaps. The calculated moments of inertia reveal only small sensitivity to the RMF parametrization and, thus, to
differences in the single-particle structure. However, in contrast to lighter systems, it is necessary to decrease
the strength of the D1S Gogny force in the pairing channel in order to reproduce the moments of inertia.
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[. INTRODUCTION mean field(RMF) theory prefersZ=120 andN=172 as
spherical shell closuregl6,17. However,Z=114 andN
The possible existence of shell-stabilized superheavy nu=184 also appear as the shell closures in some RMF calcu-
clei, predicted with realistic nuclear potentigs-3] and the lations[18,19. For a detailed comparison of the predictions
macroscopic-microscopitMM) method[4—6], has been a of the different Skyrme and RMF calculations, see Refs.
driving force behind experimental and theoretical efforts to[17,20. Hartree-Fock-BogoliuboHFB) calculations with
investigate the superheavy nuclei. These investigations poske Gogny force giv& =120,126 andN= 172,184 as spheri-
a number of experimental and theoretical challenges. Theal shell closure§21].
recent discovery of elements with=112[7], Z=114[8], Clearly, the accuracy of predictions of spherical shell clo-
andZ=116[9] (for review of the present experimental situ- sures depends sensitively on the accuracy of describing the
ation see Refd.10-12) clearly shows great progress on the single-particle energies, which becomes especially important
experimental side, but also indicates difficulties in the invesfor superheavy nuclei, where the level density is very high.
tigation of nuclei with low production cross sections andVariations in single-particle energy of-11.5 MeV yield
analyses based only on one or two events. spherical shell gaps at different particle numbers, which re-
The theoretical challenges are also considerable since digtricts the reliability in extrapolating to the unknown region.
ferent theoretical methods predict different spherical shell Usually, the MM method describes the single-particle en-
closures. Modern calculations based on the MM method witlergies rather well. This is due to the fact that the experimen-
the Woods-Saxof¥,13,14, Nilsson[5], and folded Yukawa tal data on single-particle states are used directly in the pa-
[15] potentials indicateZ =114 andN =184 as the spherical rametrization of the single-particle potential. Moreover,
shell closures. It is necessary to say, however, that somdifferent parametrizations of the single-particle potential are
earlier calculations indicated=126 as a possible magic used in different mass regions. However, the extrapolation of
number(see Ref[10] for a review. There are differences in the single-particle potential may be much less reliable since
the predictions of self-consistent calculations, which dependt is not determined self-consistently. For example, micro-
both on the approach and on the effective force. Selfscopic models predict that the appearance of the shell clo-
consistent calculations based on the Hartree-Fock methaglres in superheavy nuclei is influenced by a central depres-
with Skyrme forceSHF) predict spherical shell closures at sion of the nuclear density distributiddi7,22. This effect
Z=126 andN= 184 for most of the forcegl4,16,17. How-  cannot be treated in a self-consistent way in current MM
ever, some forces indica®e= 114 (Skl4) andZ=120(SkI3) models.
as proton shell closures, while some predict no doubly magic Although the nucleonic potential is defined in SHF and
superheavy nuclei at all. On the other hand, the relativistiRMF approaches in a fully self-consistent way, this does not
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guarantee that single-particle degrees of freedom are acctene chains. In addition, calculations are carried out for Cm,
rately described, as indicated by the large variety of the paCf, and No nuclei, for which experimental data are available.
rametrizationgmore than 60 for SHF and about 20 for RMF The rotational properties are studied in detail in Sec. IlI, the
[20)). In addition, the parameters have been fitted in aimos@ieformations are discussed in Sec. IV and the shell structure
all cases to the bulk properties of spherical nuclei. Singlein Sec. V. The quasiparticle spectra of selected nuclei are
particle information on spin-orbit splittings is used only in compared with experiment in Sec. V1. Finally, Sec. VII sum-
the fits of the parameters of the Skyrme and Gogny forcegNarizes our main conclusions.

The spin-orbit interaction is a relativistic effect, which arises

naturally in the RMF theory. Thus, available RMF fits were [l. THEORETICAL FORMALISM

obtained without the use of any single-particle information. In RMF theory[23,31,32 the nucleus is described as a

For heavy nuclei, the calculated RMF single-particle State%ystem of pointlike nucleon®irac spinors coupled to me-

were .dlrectly gompared with experimental data only "N sons and photons. The nucleons interact by exchanging sca-
spherical nucleisee, for example, Ref$23,24 and refer- lar o mesons, vectors, p mesons, and photons. The

ences quoted thereinThese comparisons, however, do not. . :
isoscalar-scalas- mesons generate strong intermediate range

reveal the accuracy of the description of the single-particle ttraction between the nucleons. For the vector particles we

states because the particle-vibration coupling, which can ai- o e _

; . ) . .have to distinguish the timelike and the spacelike compo-

fect considerably the energies of single-particle states in

. nents. In the case of photons, they correspond to the Cou-
spherical nuclef25-27, has been neglected.

Compared with the MM method, self-consistent calcula-0MP field and the magnetic field when currents are present.

tions have been confronted with experiment to a lesser de'for the isoscalar-vecioh meson, the fimelike component

gree and for a smaller number of physical observablegrov'des a very strong repulsion at short distances for all

(mainly binding energies and quantities related to their degomblnatlons of nucleonspp, nn, and pn. For the

rivatives. For many parametrizations, even the reliability of ![sovecr:]tort-vectop meslo.n, t?e tllir;ehke Icomponegts glvedrlse
describing conventional nuclei is poorly known. In such a 0 a short range repulsion for like nucleorEp(andnn) an

situation, it is important to perform a comprehensive study oft short range attraction for unlike nucleomspf. They also

the heaviest nuclei for which detailed spectroscopic informa-h"’“/e a strong influence on the symmetry energy. The space-

tion is available The results of such a study will allow us to like components of th@ anQp mesons Ie_ad o an interaction
better judge the reliability of predictions for superheavy nu-Petween currents, _Wh'_Ch Is attractive in the case of dhe
clei. The experimental data on deformed nuclei aroétlo meson for all combmat.lonsp(o, nn, andpn) and in th_e case
provide sufficient information for such a test. The purpose on the p-meson attract_|ve fopp andnn, but repulsive for
this work is to compare the predictions of RMF theory with PN- Within the mean field theory, these currents only occur
these data. in cases of time-reversal breaking mean fields, which applies

RMF calculations have been compared with experimenf0 rotating or odd-mass nuclei.
in this mass region in only Ref28]. However, the compari- '€ CRHB theory[29,30] extends the RMF theory to

son was restricted to binding energies and quantities relatd@'@ting nuclei and includes pairing correlations. If an ap-
to their derivatives. In addition, the pair correlations wereProximate particle number projection is performed by means

treated in the BCS approximation, with no particle number©f the LN method[33-3§, the abbreviation CRHBLN
projection. will be used. Since the theory is described in detail in Ref.

In the present paper, the cranked relativistic Hartree[e’_o]' only t_he features important for the present discussion
Bogoliubov (CRHB) theory[29,30, with approximate par- Wil be outlined below.
ticle number projection by means of the Lipkin-Nogami _
(LN) method (CRHB-LN theory), is employed for a de- A. The CRHB+LN equations
tailed investigation of a wi.de set of. experimental observ-  The CRHB+ LN equations for the fermions in the rotat-
ables. The use of t_he Lipkin-Nogami mgthod has thg cleafng frame are given by30]
advantage of avoiding the collapse of pairing correlations at
o)
vin/,
1)

the blocking procedure in odd mass nuclei in the framework - o -,
of the RMF theory, with effects of time-reversal symmetry —-A —hp* + N+ Q0,4
breaking taken into account in a fully self-consistent way. (

large shell gaps. We address for the first time the question of ( ﬁé_)\/ _ijx A

The calculated binding energies, deformations, moments of =E,
inertia, and quasiparticle states are compared with experi-
ment.

The paper is organized in the following way. In Sec. I, awhere
brief description of the CRHB LN theory and of some spe- N
cific features of the present calculations are given. In order to hp=hp+4N2p—2N,Tr(p), 2
outline the general features of the evolution of physical ob-
servables as a function of proton and neutron number, sys- N'=Ng+2h,, 3
tematic calculations with different RMF parametrizations are
performed along th&=100 (Fm) isotope andN=152 iso- Ex=Ex— 2. (4)

U(r))
v/’
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Here ﬁD is the Dirac Hamiltonian for the nucleon with mass 2
" . . ; PR, = =[(rg=r2)/ i : P°—H.PT
m; \ 4 is defined from the average particle number constraints V(1.2 fi;m e AT (Wi +BiP7—H;P
for protons and neutrongi,=V* VI is the density matrix;
Uy(r) andV,(r) are quasiparticle Dirac spinork; denotes —M;P7P7) (10

the quasiparticle energies; add is the angular momentum . .
component. The LN method corresponds to a restricted® used. The clear advantage of such a force is that it pro-

variation of A,((AN)?) (see Ref[30] for definitions of\, ¥|g§sme:)r:_ Z‘?g??;'rcScitﬁﬁaﬁfah'ggglcﬁnlgntt#? d(é(;,?rpotnoenntosf
andX,), where\, is calculated self-consistently in each step airin islv i\I/en in Rgfs[30 4Zm|)n Eq. (10), ;. W, 'g'
of the iteration. The form of the CRHBLN equations given P 91s4g P d: o M Wi Bis

above corresponds to the shift of the LN modification into" i a':dMi (i=1,2) are the parameters of the force Emﬂ .
the particle-hole channel. and P are the exchange operators for the spin and isospin

i A ) ) variables, respectively. Note that a scaling fadtés intro-
The_ Dirac Hamiltonianhp, contains an attractive scalar yced in Eq(10). In our previous studies, the originacal-
potential S(r), ing factor f=1.0) parameter set D1§3,44 provided a
_ good description of the moments of inertia in the- 75[45],
S(r)=g,0(r); G A-160- 170[46] andA~ 190[29,30 mass regions. As dis-
cussed in Sec. Il B, it produces pairing correlations in the
A~250 mass region that are too strong, and, thus, it has to
be attenuatedf(<1.0).

a repulsive vector potentiddy(r),

1— 74 A : . . .
Va(r) = )+ N+e A1) 6 s a measure for the size of the pairing correlations in
o(1)=8uwo(1) 9y 7apol(r) 2 ol1) © Hartree¢Fock)-Bogoliubov calculations, we use the pairing
energy
and a magnetic potenti&i(r),
1
1-73 Epairing: - ETr(AK)- (11
V(r)=9g,@(r)+g,7sp(r) +e——A(r). (7)

. . B. The RMF parametrizations
The last term breaks time-reversal symmetry and induces P

currents. In rotating nuclei, the time-reversal symmetry is In the present study, the NL#7], NL-Z [48], NL3 [49],
broken by the Coriolis field. Without rotation, it is broken NLSH [50], and NL-RA1[19] parametrizations will be com-
when the time-reversal orbitals are not occupied pairwise. Ifpared in order to see how well observables, such as the mo-
the Dirac equation, the spacelike components of the vectdnents of inertia, the deformations, the quasiparticle energies,
mesonsw(r) andp(r) have the same structure as the spacethe separation energy, and the quantity(Z,N) related to

like componeniA(r) generated by the photons. Sinag) is its derivative, agree with each other and with experiment.
the vector potential of the magnetic field, by analogy the These sets differ in the experimental input used in the
effect due to presence of the vector fiek{r) is called fitting procedure. The binding energies of a number of
nuclear magnetisrfid7]. It has considerable influence on the spherical nuclei were included in the fit of all those sets, but
magnetic momentg38] and the moments of inert{@9—41]. the selection of nuclei was different. NL1 and NL-Z employ
In the present calculations the spatial components of the ve¢he data mainly from the valley of beta stability, while addi-
tor mesons are properly taken into account in a fully self-tional information on neutron-rich nuclei has been used in
consistent way. The detailed description of the mesonic dethe fit of the NL3 set. Moreover, there is a difference in the

grees of freedom in the CRHBLN theory is presented in selection of additional observables used in the fit. Charge
Ref. [30]. diffraction radii and surface thicknesses were included in the

fit of NL1 and NL-Z setd47,48. The NL-Z set is a refit of
NL1 where the correction for spurious center-of-mass mo-
1 tion is calculated from an actual many-body wave function
AEAab:_ E VPP ied (8) [48]. On the contrary, NL3 and NLSH employ data on charge
2 “cd and neutron radii49,50. This (together with the fact that in
the NL3 set more experimental data on neutron rich nuclei
where the indicesa,b, ... denote quantum numbers that were used in fitting procedur@rovides a better description
specify the single-particle states with the space coordimates of isospin, surface, and symmetry properties of finite nuclei
as well as the Dirac and isospin indiceand 7. It contains  in the NL3 and NLSH sets. Unfortunately, REf9] does not
the pairing tensok, state which data the NL-RA1 set is fitted to.
The sets NL1, NL3, and NLSH have been used exten-
k=V*UT (9)  sively in RMF studies and tested on a wide range of physical
observables related, for example, to the ground state proper-
and the matrix elementgl} . of the effective interaction in ties, rotational properties, properties of giant resonances,
the particle-particlépp) channel, for which the phenomeno- etc.; see Ref[23] for review. The sets NL-Z and NL-RA1
logical nonrelativistic Gogny-type finite range interaction  have been tested only for observables related to ground state

The pair fieldA is given by
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experiment: JO - solid circles theory: J" - (solid symbols), solid lines
J @ - open circles J - (open symbols), dashed lines
120 77— 7] T — T
mE  *No i wfp CRHB / exp.J® 3
E CRMF(NL1) ] NL1+D1S /o0 ]
100 -1 3 -
wk nopaling Qe 3 ] FIG. 1. Experimental and cal-
E w 0° ] ] culated dynamic {®®) and kine-
T gor eXP-JO o oo ® E : E matic (3Y) moments of inertia of
F ] E ] in25
é_ 70 .o.o.oo o exp. JV 4 60 | no particle number projection 3 the lowest band in**No. Pan.el
Y E ] 3 254 ] (a) shows the CRMF results with-
o oF (@ 7 oF (b} No E out pairing. The CRHB and
é I T TR I S S N S CRHB+LN results are displayed
100 ———— T 0.0 0.1 02 03 i i
2 T A ] Rotational frequency 0, [MeV] in panels(b) and(c), respectively.
5 g9 24 exp.J? © F / 3 The results of the CRHB{LN)
% o AF ] calculations are shown only up to
£ the rotational frequency where a
= paired band crossing takes place.
Note different scales of the ordi-
nate on different panels.
E A4 NL1+D1S+LN ]
“F ao NL3+D1S+LN CRHB+LN 4
| IR T T T |

g0 L1
0

0.1 0.2 0.3
Rotational frequency Q, [MeV]

properties. The set NL-Z is a refit of NL1 with a correction have been strongly questioned in R&2], in part due to the

for spurious center-of-mass moti¢48] given by use of an unrealistically strong pairing interaction. However,
R if a more realistic pairing is employed, this parametrization
Ecm=— (P2 )/2mA, (120 provides a rather good description of the binding energies

(see Fig. 2 in Ref[52)).
wherelsc_m, is the total momentum operator in the center-of-
mass framem is the nucleon mass, amdthe mass number. ) )
This term is added after the variation is performed to circum- C. Details of the calculations
vent two-body terms in the mean field equations. Thus, the The CRHB( LN) equations are solved in the basis of an
use of other prescriptions instead of E¢2) for the treat- anisotropic three-dimensional harmonic oscillator in Carte-
ment of the center-of-mass motion with NL-Z will affect sian coordinates with the deformation paramet@gs-0.3,
only the binding energies and the quantities related to theiy,=0° and oscillator frequencyiwy,=41 A~® MeV. All
derivatives. In all our calculationgncluding those with NL-  fermionic and bosonic states belonging to the shells up to
Z), the correction for the spurious center-of-mass motion isN-= 14 andNg=16 are taken into account in the diagonal-
approximated by its value in a nonrelativistic harmonic os-ization of the Dirac equation and the matrix inversion of the
cillator potential Klein-Gordon equations, respectively. The detailed investi-
gation of 246248.25%¢m indicates that this truncation scheme
provides reasonable numerical accuracy. The values of the
kinematic moment of inertiadd®, charge quadrupole mo-
ment Q,, mass hexadecapole momeQi,, binding ener-
This is consistent with the NL1, NL3, NLSH, and NL-RA1 gies, separation energi&,(Z,N), and §,,(Z,N) obtained
parametrizations. As illustrated in Rgb1], Eq. (13) is a  with truncation of the basis dir=14 andNz=16 differ
very good approximation to Eq12) in the A~250 mass from the values obtained witNz=18 andNg=18 by less
region: the difference between two prescriptions does nothan 0.75%, 0.9%, 3.4%, 0.1%, 40 keV, and 40 keV, respec-
exceed 0.3 MeV, which is only=0.017% correction to the tively. The convergence in energy of our calculations is simi-
typical binding energy and changes smoothly with the mas#ar to that reported in nonrelativistic calculations of Ré&f3]
numberA. Based on the results given in Fig. 2 of REg1]  based on the Gogny force.
one can estimate that in this mass region the use of B3j.

Ecm=— §41A’1’3 MeV (13
c.m. 4 .

instead of Eq.(12) will affect two-particle separation ener- Ill. ROTATIONAL RESPONSE
gies Sy,(Z,N) and 8,,(Z,N) by at most 0.030 MeV. This -
justifies the use of Eq(13) for NL-Z. A. The **No ground band

The parametrization NL-RA1 has been introduced re- The observed moments of inertia of the ground band in
cently in Ref.[19]. A number of conclusions of this paper 2>No [54-56 are compared with the calculated values in
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Fig. 1. The CRMF calculations without pairing, based on the NL1 NL-Z NL3 NL-RA1 NLSH

.....

NL1 parameterization, marked as CRMFEl) in Fig. 1(&_1), i masz - 114 4 L

provide an almost constant kinematic moment of inertia y

JM~87 MeV ! up to Q,~0.26 MeV and a dynamic mo- . 114 f -
[642]3/2 !

ment of inertia that slightly increases with rotational fre- o=t

guency. A band crossing with another configuration take%'_ 7| 12182 TR 108 -
place atQ,~0.26 MeV. These calculations provide a refer-= | faqia: |

ence point for how much the moments of inertia decreasi _
due to pairing. It is interesting to note that the moments ol® -3 [624]9/2
inertia in the calculations without pairing are only one half of §
the rigid body value. This unexpected result will be dis-'®

cussed in detail in a forthcoming pagddi5). 2 _a- —
The CRHB calculations without particle number projec- © A,

tion (scaling factorf =1), marked as CRHBNL1+D1S) in § i toe—o, : =====TT=II__o . ~ i

Fig. 1(b), agree very well with experiment up t6), 8 g | L Sy -

=0.18 MeV. At higher frequency, experiment and theory di- J [633]7/2 e 96 T

verge. With approximate particle number projection usmg—g, 1 212 . 96 -

the LN method, marked as NEHID1S+LN in Fig. 1(c), the
theory underestimates the experimental kinematic and dy
namic moments of inertia by-25%. This result is in con-
trast with the good agreement obtained by the same methc [642]5/2
for superdeformed bands with~ 190[29,30 and for nuclei 4001172
in the rare-eartfi46] and A~ 75 [45] regions.
Different parametrizations of the RMF Lagrangian give  FIG. 2. Single-proton energies ##4No obtained at the equilib-
quite similar results for the moments of inertiafi=1. For  rium deformation in the CRHBLN calculations with different
example, the results of the CRHB.N calculations based on RMF parametrizations. Solid and dashed lines are used for positive
the NL3 parametrizatiofd9] [marked as NL3-D1S+LN in and negative parity orbitals, respectively. The, values are shown
Fig. 1(c)] provide moments of inertia that are only slightly by the long-dashed line with solid circles. The single-particle orbit-
lower (by ~3 MeV‘l) than the ones obtained with the NL1 als are labeled by means of the asymptotic quantum numbers
parametrization. The CRHBLN calculations with the NL-Z ~ [Nn,A ] (Nilsson quantum numbersf the dominant component
[48], NLSH [50], and NL-RA1[19] parametrizations of the Of the wave functior!. The asterigk) at the Nilsson Igbel indicatgs
RMF Lagrangian give results that are quite similar to thosdhat the wave function is fragmgnted and the_ weight of dominant
obtained with NL3 and, thus, they are not shown in Fig. 1. component is below 50%. I_n this case, Fhe_ Nilsson label dggs not
The moments of inertia are very similar despite the diﬁer_charact.erlze.th.e wave function but is an indicator of the posmon of
ences in the single-particle spectra near the Fermi ez e Orbital within the[N]Q2 group (see Ref[63]), whereN is the
Figs. 2 and ® Hence, the most likely reason for discrepan-Ma"" oscillator quantum number of the dominahshell and( the
cies between experiment and the CRHBEN calculations projection of total angular momentum onto the symmetry alis.

lies i inad t trizati fthe G f can be considered as a good approximate quantum number in al-
s In.an ina equae p"?“ame rization 0 _e ogny prc%ost all cases, since typically the weight of a spedifishell in the
(D19 in the particle-particle channel for this mass region

. . . . . . 'structure of the wave function is at least 85% or larger. However,
which gives tqo strong palr_correlatlons. This is not quitey,q m[402)3/2 and #[651]3/2* orbitals are strongly mixed by
unexpected since no experimental data ab8%®b have An=+2 interaction.

been used when the D1S set was fitted. The study of other o _ _
heavy nuclei around®®¥No also shows that the kinematic improve the situation, since they produce even stronger pair-
moments of inertia obtained in the CRH&N calculations g than the D1S set in superdeformed bands of Ahe
with the original D1S forcescaling factorf=1.0) are sys- 190 mass regiop29]. _ _
tematically lower than experimental ondby ~20% in The results of the calculations for th@%No rotational
even-even®%-24py nucle). Different parametrizations of band obtained in the nonrelativistic cranked HFB approach
the RMF Lagrangian give similar results and the deformaP@sed on the Gogny force with D1S set of paramejles}
tions of these nuclei are well described in the calculationS€E™M 10 support this interpretation. These calculations, which
(see Sec. IV, It is unlikely that other available parametriza- are performed without particle number projection, also come

) . very close to the data. One presumes that the inclusion of
tions for the Gogny force such as Pd1] and D1A62] wil particle number projection by means of the LN method will

lower the calculated kinematic moment of inertia, as has

L _ _ - been seen in the rare-earth regidi®], leading to a similar
The CRMF calculationgwithout pairing for the ground state  gjtyation as described above.

band in ?>No also show a weak dependence of the moments of
inertia on the RMF parametrization, and, thus on details of the
single-particle structure. A similar situation has been encountered
earlier in theA~60 [57] and A~150 [58—-60 mass regions of Quantitative information on the strength of the pair corre-

superdeformation. lations can be extracted from the odd-even mass differences,

S
&
|

96 =

|
~
]

B. Selection of the pairing strength
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NL1T NL-Z NL3 NL-RA1 NLSH 1o T T T Tor AE T ]
_3-{ 61352 = e | 120 [ CRHB+LNINL3] / L CRHBsLNINL3] /]
[750]1/2% -~ SRR T 252 | A / j
| 52132t === 0n A 110 *No g I *No / -
AN eosi12 168 71161372 — 100 | | 3
[P6111/25 - == === =ai Ml emme- L F 1r ]
S L R N -3 Or uln ]
| 13 | = 80F 1 ]
=3 g 70 u | ]
© _5 [615]9/2 | : 60 L ! L ]
n B 3 (o] 4+ 1 l
Q2 | (6200172 N $ oo [ CRHB+LNINL1] / [ CRHB+LN[NL1] / k
(= [622]3/2 - T osp / 1T 25 / ]
o [734]9/2 2 10 [ AL ]
c i s r 1 ]
S £ OF T ]
5 S 80| I+ -
o -7 [6221512 - = C 1r &% ]
c 70 =, 00°® - -
q', J K goL— 1 v I ]
© [743]7/2 0.0 0.1 02 03 00 0.1 0.2 0.3
£ _o_| [624]72 o Rotational frequency Q, [MeV]
W —8 X
[631]1/2
J 501172 N FIG. 4. Experimental and calculated dynamic and kinematic
ggﬂgjg moments of inertia of the normal-deformed band$¥?*No. The
-9 —[606]13/2 —  experimentalJ® and J® values (from Refs. [54-56,64) are
[631]3/2 shown by solid and open circles, respectively. Solid and dashed

. ) ~lines are used for the calculatddh) andJ® values, respectively. In
FIG. 3. The same as Fig. 2, but for the single-neutron energieshe calculations, the D1S Gogny force is attenuated by the scaling
factor f given in Table I. The results of the calculations with NL3

.ex0|t.at|c\)/r\1/ energ'ﬁs of high- Isofmers’. ofr the mgments of nd NL1 parametrizations are displayed in the upper and the bottom
Inertia. We use the moments of inertia for an adjustment OEanels, respectively. They are shown only up to a rotational fre-

the s_t_rength of the (_50gny forc_e becaus_e they are not toauency where a sharp band crossing takes place.
sensitive to the details of the single-particle spectris®e

above.

Our CRHB+ LN calculations indicate that in th&~250
mass region the strength of pairing correlations should
reduced in order to reproduce the observed moments of i
ertia. The scaling factof of the Gogny D1S forcgsee Eq.

(10)] has been chosen to reproduce the experimental kin '
matic moment of inertia 0P>No at rotational frequency 46l the superdeformed~190 mass regiori29,30 and

Q,=0.15 MeV. The values found for the various parametri-neutron-deficieniA~75 region[45], are described well by

zations of the RMF Lagrangian are given in Table I. Thesdn€ans of CRHB-LN calculations using the original D1S

scaling factors, which are nearly the same, are used in alP"c®:

subsequent calculations, unless otherwise specified. The

scaled CRHB- LN calculations reproduce the amplitude and  TABLE Il. Three-point indicators of the odd-even staggering of
the Q, dependence of the dynamic and the kinematic mobinding energies AG)(N)=[(—1)/2][B(N-1,2) +B(N+12)
ments of inertia in?®*No [see Figs. %) and 4d)] rather =~ —2B(N,Z)], whereB(N,Z) is the (negative binding energy of a
well. With NL3, experiment and theory agree very well, System withN neutrons and protons. An analogous proton indi-
while with NL1 some discrepancy develops abotk, cato.rA(3)(Z) is obtained by fi.xing the neutron n.um.bNrand re-
=0.2 MeV. Our choice of the scaling factbleads also to a P/acingN by Z. Column 1 indicates the type of indicatgproton
reasonable description of the odd-even mass differences ih(2) or neutronA®)(N)] and nucleus wittZ (proton indicator

the CRHB* LN calculations(see columns 5 and 6 in Table and N (neutron indicator Columns 3 and 4 give the results ob-
I ( tained in CRHB calculations with= 1.0 for the D1S force and with

The need for attenuation of the D1S force within thethe NL3 and NL1 parametrizations, while columns 5 and 6 give

: - . th btained in CRHBLN calculati ithf val i i
framework of the CRHB-LN theory is not surprising since Taobslg IO amned in calctiations witht vales given in

its pairing properties were adjusted by fitting only the odd-
p&ven mass differences of the Sn isotopes. Thus the quality of
rfhe description of pairing may deteriorate far from this mass
region. Indeed, the moments of inertia of nuclei in mass
egions closer to the Sn region, such as the rare-earth region

TABLE I. The scaling factor$ of the Gogny D1S forcésee Eq. @)
(10)] used for different parametrizations of the RMF Lagrangianin ~ 477(--+) exp NL3 NL1 NL3+LN NL1+LN
the CRHB+ LN calculations. 1 2 3 4 5 6

A®) (Z)[?*BK] 0.399 0.516 0.515
A® (N)[*Cf] 0.519 0.481 0.559
0.876 A®) (N)[?'Cf] 0.531 0.491 0.605

Parametrization NL1 NL-Z NL3 NL-RA1 NLSH

0.458 0.515

f 0.893 0.880 0.864 0.861
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_______ =+, =+ —_— =, =1 70 | N | ' | N | L 1 L
P - Sl ZNo s_
2.0 7 PIBSTIVES etestiz ; CRHB+LN [NL3] :
3 ] ‘ 1 N 2 50 -
=.1 5 -|pieaepo2 BN {ptsostorz == g of
3 h{521]3/2 —=remee ey pl62419/2 S 40 F
2 S {hista172 N E -
5 h{633]7/2 h{633]7/2 ==} S o s
€ 1.0 hI514]7/2 =2 _{ni521)3/2 —Aa=nTTRS « 30 n
) h{521]1/2 PI521]1/2 700N 3 > T _--*F
o Neeen c . _ o
7 . . ® 20- experiment g -
o o r
S 0.5 - q:') 10 r
S NL1 NL3 k=d :
o 1 <, -
oo 4 0.0 01 02 03 04 05
rere e L Rotational frequency Q. [MeV]
2.09P728I12, ___ ~.on~._ —hl7a3172
e - NN p[613]7/2 = TP == . _ ) _ _
5 fne2ar —~— A :lgg}l:g . . FIG. 6. Aligned angular moment@n units#) versus rotational
2 h743)72 —~ .\ B3N2==- 2 N - frequencyQ, in 2*No. Proton, neutron, and totéal,) are shown.
2. 5 |pie13172 % _ N S : ; :
s N pI725]11/2 TN Small solid circles on lines show the frequencies at which the
2 i przeII2Z™, N CRHB+LN calculations have been performed. The experimental
5 S H —_—_— [ : quantities, defined a&l,)=\1(I+1)~I+1/2 (see Ref[66]), are
& 1.0 p[620[1/2 oomoo = o : —]pl622]3/2 shown by open large circles. The crossing frequenQy
Q@ pl62213/2 S hi734]9/2 ~0.32 MeV is indicated by a thin vertical line
I L A 4 n[622]5/2 ' y ’
pd ~ pl615]9:2
S 0.5 ~ . .
£ \ at(,~0.32 MeV (see Fig. 6. The total angular momentum
2 ] NL1 N NL3 A gain at the band crossing #€17%, with proton and neutron
0.0 ————F——7—+1— L——+—1+1 l‘ . contributions of~7# and ~10f/, respectively. The align-
00 01 02 03 00 01 02 03 ment leads to a decrease of the mass quadrupole mdpgent
Rotational frequency Q, [MeV] to a sign change of the mass hexadecapole moQggand

, to an appreciable increase gfdeformation[see Figs. @),
e e metabaa (0 Asimiar iaton hold lso F=No,bu e ot
254No. The CRHBt LN calculations have been performed with the (iglull;’;l)r momentum gain at the band crossing is smaller
NL1 (left panelg and NL3(right panel$ parametrizations. The let- The éimultaneous alignment of proton and neutron pairs
ters “p” and “h” before the Nilsson labels are used to indicate . - . .
whether a given Routhian is of particle or hole type. occurs also in calculations with NL1. Thg crossing frequency
is shifted down by=0.01 MeV (see caption of Fig. 4 the

CRHB calculations(without LN) with original scaling

factor f=1.0 provide a reasonable description of both mo- 4T —T—7T 13 _ ¢
ments of inertia before band crossifigee Fig. )] and J a5k _:"g 4F
odd-even mass differencésee Table . This approach will = " F 1o 2of
be applied to the calculations of the quasiparticle spectra iE 30F 17 ofF
odd nuclei(see Secs. VI E and VI Dfor which the CRHB & i@ oF
+ LN calculations are numerically less stable. However, it is§ 25F 3 g: 45_
not justified for the calculations at large rotational frequen-E E L.l 1.1.3¢8 E
cies because an unphysical pairing collapse takes plac 20_ — ] = o= T 1
above the crossing between the ground &rzhnds. < Of . [ il
) . . é -aF - % _2-— ]
C. High-spin behavior g = -
Alignment and backbending features of the rotationalg -8r - ;g - //’7t ]
bands in the actinide region have been discussed in a numby _,t Juf -4F-—7 (@ ]
of publications; see Refd.66,67] and references quoted PR R R P A A T T B

therein. In this mass region, two highshells 3, for pro- 00 01 02 Roé?aﬁg}?al ?quuenoég sgj[M%%/] 03 04 05
tons andj ;5,, for neutrong come close to the Fermi surface X

and the angular momentum of quasiparticles in either orbital FiG 7. The results of CRHBLN calculations with the NL3
can align with the axis of rotation. The CRHB.N calcula-  parametrization for?®No. Mass quadrupole momen@,, mass
tions with the NL3 parametrization show that the alignmenthexadecapole momen®,,, and y deformation as a function of
of the protoni 3, pair (7[633]7/2) and neutrorj,s, pair  rotational frequency), are given on panel&), (b), and(c), respec-
(v[734]9/2) (see Fig. Btakes place simultaneously fi®No tively. Proton and neutron pairing energies are shown in pahel
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No (Z=102) isotopes O 71 T 7 T T
— 0 1 1 I 1 I 1 1 | 1 1 | 1 1 I~ .
7> - . _.70
D 70 o CRHB+LN[NL3] - 2
= T ° = 60
exp. -
= 60 =
) R £ 50
2
8 50 - -
T ¥ ©
S et e, v g
= 40 - e qg) N
\-5 | = 30 N
L \ 4
%30_ ‘\) 20--|--I--|..|..\.‘~
L —0-9-0- 7 i 140 146 152 158 164 170
GEJ §-0-0-0"F0-0-o *-o . b Neutron number N
20 hat N »
§ R . FIG. 10. Kinematic moments of inerti3") in the Fm isotopes
Lo T . N as a function of the neutron numbkisr The results of the CRHB

1 01 40 146 152 158 164 170 + I__N calculations aﬂx=0._02 MeV with differe_nt RMF parametri- _
zations are presented by lines. The results with the NL-Z parametri-
Neutron number N zation follow those with NL1, but are systematically lower by
~1 MeV~ 1. The results of the calculations of R§68] within the
macroscopic-microscopic (ma&anic) method are shown by solid
lines with open circles. Experimental data are shown by solid
circles.

FIG. 8. Kinematic moments of inerti&®) (total, neutron, and
proton contributionsin the No isotopes as a function of the neutron
numberN. The CRHB+LN calculations are carried out with the
NL3 parametrization &f),=0.02 MeV. The vertical line shows the
position of theN=148 shell gap.

D. ?®No versus ®No

angular momentum gain at the band crossing is slightly dif- The kinematic and dynamic moments of inertia of the
ferent, and the high-particles align in**No more gradu-  hand in25?No show similar trends in rotational frequency as
ally. _ the experimental dafsee Figs. @), (c)]. In experiment, the
Our results differ from those of the cranked HFB calcula-moments of inertia at low rotational frequencies are smaller
tions based on the Gogny forp@5], which indicate in®*No  for N=150 than forN=152, in contrast with the calcula-
upbending at~30: and backbending dt-384. These cal-  tions. One possible reason is the fact that the CRHBI
culations are performed without particle number projectioncgjculations give deformed shell gapshat 148 and/or 150
which results in a collapse of neutron pairing correlations atdependent on parametrizatjorrather than atN=152 as

relatively low spin,I~204. In our calculations, the pairing seen in experimensee Secs. V and VI for detallsindeed,
energies decrease with increasing rotational frequency due to

the Coriolis antipairing effect, but there is no collapse of

- . - 0 T —T T
pairing [see Fig. 7d)]. The experimental data do not extend . ' ' ' "1t ' ' ' i
up to predicted backbending and thus do not discriminatc . F <=7y~ ©m(2=96) 3f . Ct(z=98) 1
between these calculations. I 1F N ]

% 70 F i J
Fm (Z=100) isotopes N=152 isotones = '
-2 T N C 1k .
=, 85 1 .
i e [ if ) X ]
= u i | N B BTN ¥ B
= 2% ] 146 152 158 164
5 No (Z=102) ]
2 D 2 5F 7
. T c - 4
o ) g _t ] NL1
o ] snop 4 - NL-Z
neutrons - solid lines® © NL3-solid circles F ] e NL3
protons - dotted lines NL1 - open circles 1 65 |- 1 o NLSH
_10I...I...I...I. | I TR T S T N T [ ] .
140 148 156 164 92 98 104 110 o ] oo macsmic
Neutron number N Proton number Z 8 o 146 152 158 164
L . Neutron number N

FIG. 9. Proton and neutron pairing energiesyyiing
= —%Tr(AK) obtained in the CRHB LN calculations with the FIG. 11. The same as in Fig. 10, but for Cm, Cf, and No iso-
NL1 and NL3 parametrizations for the FnZ £ 100) isotopes and topes. The results with NL-RA1 almost coincide with those for NL3
the N=152 isotones. that are displayed.
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; —— - T — T N=152 isotones

: 0-33 ] l ] I ] I 1 l )
_75 -
> ] S 0.31
o s 5 029
E - o
2 ] 3
5 1 v 0.27
@ A1 <ol
£ 65 = - 4
GE) T 1 l 1 l 1 l 1 l L
§ ,f 025 T T T T T T T T T
4 . <_ 8.0 =
60 1 1 I 1 1 I 1 1 I E
90 96 102 108 P g NN
Proton number Z —
— 6.0
FIG. 12. The same as Fig. 10, but for tNe= 152 isotones as a O‘*
function of proton numbeZ. The results with NL-RA1 are very
close to those with NL3. T
SRR p— NL-RA1 N>
. o o € | —-—-- NLSH =
in the calculations with the NL3 set the neutron contribution
to the total moment of inertiésee Fig. 8 increases at the S0l 1,11
90 94 98 102 106 110

N=148 shell gap, most likely due to the weakening of the
neutron pair correlationgee the pairing energies for the Fm Proton number Z
isotopes in Fig. 9, which are similar to those for the NO  rig 13 The calculatetiines) and experimentakircles defor-
isotopes. This suggests that if the calculations were to give gnation parameters, (top panel and calculated mass hexadecapole
shell gap aN=152, the relative magnitudes of the momentsmomentsQ,, (bottom panelin the chain ofN=152 isotones. The
of inertia in >>>*No would be reproduced. experimental values g8, obtained in the direct measuremefits]
are shown by solid circles, while those deduced from the-D*

E. Results for other nuclei and general trends of the moments  transition energies, with the prescription of REf5], are given by

of inertia as functions of the particle number open circles. Since the results with NL-RA1 @, coincide with

. those with NL3, they are not shown in the bottom panel.
Figures 10 and 11 demonstrate that Mielependence of y P

the moments of inertia if>*25Fm and?*82%025¢f is rather ~ examination indicates that tiédependence is not described
well described in all parametrizations, whereas some probeorrectly for 24825Cf and 244?*Cm (see Table 1 in Ref68]
lems exist for?*? 2°%Cm [see Fig. 113)]. The absolute val- and Fig. 11 in the present papek similar problem exists for
ues are typically reproduced within a few % in the Fm andthe Z dependence of the moments of inertia 3fNo and
Cf isotopes, but the discrepancy between experiment and cat>Cf nuclei (see Fig. 12 This suggests that the description
culations becomes somewhat larger for the Cm isotopes. Thef the single-particle states within the Woods-Saxon poten-
experimental values of the moments of inertia in the tial, with the “universal” set of parameted$9], is still not
=152 isotopes are reproduced rather well in all RMF parameompletely correct in this mass region, despite the fact that
etrizations, with the exception of NLSH, which somewhatthe systematics of the experimental data on both spherical
underestimates the moments of inertsee Fig. 12 One  and deformed odd-mass nuclei were simultaneously taken
should note, however, that the maximum valueJ&f is at  into account in the fit of these parameters.
Z=96 in the calculations, while available data show the While there are several calculations of the moments of
maximum atZ=98. inertia by means of the MM method in the actinide and trans-
It is interesting to compare the present CRHBN re-  actinide regiongsee Ref[68] and references therginittle
sults with those from other models. The calculations usinghas been done in microscopic approaches so far. The rota-
the MM method in Ref[68] agree reasonably well with tional bands in>>?*No have been studied in the cranked
experimental excitation energies &(2") states and thus HFB approaches based on the Skyrfi#®,71] and Gogny
with the moments of inertiésee Figs. 10, 11, and Lt this  forces[65,72 (see discussion aboyeThe relative magni-
mass region. This is not surprising considering that theséude of the moments of inertia of these two nuclei is not
data have been used in the fit of the strengthsnopole and reproduced in either approackee, for example, Fig. 6 in
isospin dependenbf the proton and neutron pairing corre- Ref. [70]). In the calculations with Skyrme forces, this is
lations. However, despite the use of four adjustable paranmost likely due to the fact that the deformed shell gap ap-
eters for pairing and better single-particle spectra obtained ipears atN=150[28], instead of the experimentally observed
the Woods-Saxon potential, the overall level of agreement isalue of N=152.
comparable with that obtained in the CRHBN calcula- The systematic calculations for the Fm isotopes &hd
tions (see Figs. 10, 11, and L12For example, a detailed =152 isotones permit the following general observations.
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-5
138 144 150 156 162 168

Neutron number N what different A dependence of the pairing strength than

given by the Gogny force. The trends aroufie- 250 with
FIG. 14. The same as in Fig. 13, but for the chain of the Fmrespect to neutron or proton numbers are reasonably well
isotopes. The values ¢, calculated with NL1 and NL-Z are very reproduced. The calculations with and without pairing indi-
close to each other, thus the values obtained with NL-Z are omitteccate very weak dependentwithin ~5%) of the moments
The results foQ,, obtained with NL-RA1 and NL-Z are very close of inertia on the parametrization of the RMF Lagrangian.
to those with NL3 and NL1. The moments of inertia in this mass region are highly col-
lective. Since many single-particle orbitals contribute, they
Different RMF parametrizations give similifandZ depen-  are insensitive to fine details of the single-particle states. On
dencies of the moment of inertigee Figs. 10 and 12Inthe  the other hand, deformed shell gaps affect moments of inertia
Fm isotopes, the correlation between the calculated quadrige some extent, leading to larger values.
pole deformations3, (see Fig. 14 and moments of inertia

JM) (see Fig. 1Dis clearly seen with nearly constant values IV. DEFORMATIONS
of JM) and B, at N=138-160, followed by a pronounced _ _ _
drop of both forN= 160. A. Comparison with experiment
The situation is more complicated in the= 152 isotones, Direct experimental information on the deformations of

where the change df?) as a function of proton number does nuclei from Coulomb excitation and lifetime measurements
not correlate withB,. While B, is almost constant for 90 is quite limited[73]. An alternative method is to derive a
<Z<110(see Fig. 13 J™) shows a maximum &=96 and  quadrupole moment from the*2-0* transition energy by
a minimum atZ=108 (see Fig. 12 employing the relation given by Grodzif34] or by later

By comparing the different RMF parametrizations, onerefinements[73,75. The prescription of Ref[75] has an
can see that the sets that produce a smaller quadrupole dgecuracy of about 10%. In Figs. 13, 14, and 15, the results of
formation also produce a smaller moment of inertia. NL1the CRHB+LN calculations are compared with deforma-
and NL-Z give very similarJ®. The same holds for NL3 tions extracted by this method. From the calculated and ex-
and NL-RA1, whereas NLSH provides smaller values ofperimental charge quadrupole mome@Qitswe derive the de-
JM, It can also be seen that differences in the underlyingormation parameterg, by the relation
single-particle spectrursee Sec. jldo not lead to signifi-
cant modifications of the moments of inertia. This suggests 167 3
that many orbitals contribute to the angular momentum. Q= TEZRS'BZ’ where Ro=1.2A%% (14)

F. Summary for Sec. The simple linear expression is used to maintain consistency

In general, the moments of inertia for the heaviest nucleiwith earlier paperg73]. It is sufficient for comparison be-
are well described by the CRHBLN theory. However, it tween calculations and experiment because the same relation
was necessary to reduce the strength of the D1S Gogny forde used. Including higher powers g6, e.g., as in Ref76],
in the pairing channel by=12%, whereas in lighter nuclei yields values of3, that are~10% lower.
with A~70—190, the moments of inertia are well repro-  Figures 13, 14, and 15 demonstrate that the valugs,of
duced with a full strength D1S force. This points to a some-obtained from the 2— 07 transition energies with the pre-
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scription of Ref.[75] are consistent with those from Cou
lomb excitation measurements. The CRHBN calculations

with the NL3, NL-RA1, NL1, and NL-Z parametrizations — 14
agree rather well with these values. Considering the uncegy Ny
tainties on the extracted values £ and the limited experi- ¢« 15 |
mental data, it is difficult to give any preference for a par--c'—J

17

B % 1 I 1 | 1 I 1 I 1 I 1 I 1 I I I 1 I 1 I I
=

Fm (Z=100) isotopes
¥----¥ NL3 -

ticular set. Only NLSH seems to systematically ? 14 - —
underestimates,. S I .
c 13 - -
B. General trends © 12 b D----o NL1 o |
Figures 13 and 14 illustrate the general trends of deforg-;. - 0—< NL-Z
mation as functions of proton and neutron numbers for thew 11 [~
N=152 isotones and for the FnZ{100) isotopes. In the 5 &==-A NLSH
Fm chain, 8, increases gradually frolN=138 up toN £ 10 = O-—--0 NL-RA1 y
~150 for all parametrizations except NLSH, which gives as i S~ b
light decrease arounti=140. For N>150, there is a § 9 ——ziadadlado Lol io B
slig ! oy 140 142 144 146 148 150 152 154 156 158 160 162

gradual decrease of thg, values, which becomes more
rapid aboveN~160. These trends are more pronounced with
NL3, NLSH, and NL-RA1, which have been fitted to the FIG. 16. The two-neutron separation energ®s(Z,N) ob-
data on neutron-rich nuclei as well. The variations are moréained in the CRHB-LN calculations for Fm Z=100) isotopes
gradual in the NL1 parametrization, which was obtained byNith different RMF parametrizations. Solid circles are used for ex-
fit to data from the beta-stability valley. The mass hexadecaperimental data, while open symbols for the theoretical results.
pole momentsQ,q are similar for all parametrizations and
decrease with increasing neutron number. While the changexe, and, thus, the region of low level density generally cor-
of the slope of3, as a function of neutron numbgsee Fig. relates with the “shell gap.” The situation is more
14(a)] correlate with the shell gaps &=148,150 andN complicated in spherical nuclei, where the shell correction
=160,162(Sec. VJ, no such correlations are seen for g,  energy depends not only on the size of the shell gap, but also
values[see Fig. 14)]. on the degeneracy of single-particle states in the vicinity of
The B, and Q,, values change more gradually with pro- the Fermi leve[77,78]. It is a concern of this paper to study
ton numberZ in the N=152 chain(see Fig. 1% The 8,  how well the different RMF parametrizations reproduce the
values are almost constant as a function of proton numbeghell gaps in the heavy deformed elements. A simple intui-
The calculated mass hexadecapole moméntsshow a si-  tive measure for the level density at the Fermi surface is the
nusoidlike curve as a function of proton number, with adistanceEspgap between the last occupied and the first
maximum atZ~94 and a minimum aZ~ 106. empty levels. Another way is to consider the two-neutron
We expect that the trends are similar in the chains adjaS;n(Z,N) and two-protonS,,(Z,N) separation energies
cent to the Fm anéll= 152 chains, which is corroborated by
the less systematic calculations for the Cm, Cf, and No iso- S,n(Z,N)=B(Z,N)—B(Z,N—2),
topes(see Fig. 15 The equilibrium deformations are very
similar for NL3 and NL-RA1 on the one hand, and for NL1
and NL-Z on the other hand. For this reason, the results
obtained with NL-RA1 and NL-Z are omitted in Figs. 13, 14, ) o ) .
and 15. The calculate@, increases as the parametrization WhereB(N,Z) is the binding energy. The separation energies
changes from NL-SH to NL3 to NL1. This trend has previ- Show a sudden drop at the shell gaps, if they are large. If the

ously been seen in tha~60, 150, and 190 regions of su- variations of the level density are less pronounced, the quan-
perdeformatior30,57,59. tity 6,,(Z,N) related to the derivative of the separation en-

ergy is a more sensitive indicator of the localization of the
shell gaps. For the neutrofiand similarly for the protonsit
is defined as

Neutron number N

Sp(Z,N)=B(Z,N)—B(Z—-2N), (15

C. Summary for Sec. IV

In summary, the CRHB LN theory with the NL3, NL1,
NL-RA1, and NL-Z parameter sets satisfactorily reproduces 5.(Z.N)= 7 N)— 7 N+2
the magnitude of thgg, deformation of the heaviest nuclei, 2n(Z:N)=Son(2,N) = San(2, )
where they have been measured, whereas NLSH systemati- =-B(Z,N-2)+2B(Z,N)—B(Z,N+2).
cally underestimates it.

(16)
V. SHELL STRUCTURE . . . .
We show in the Appendix that variatiofiisut not their abso-

The stability of the superheavy elements is due to a regiotute value$ of §,,(Z,N) andEsp.gap agree rather well.
of low level density in the single-particle spectrum. For de- In this section, we study the shell structure along both the
formed nuclei all single-particle states are twofold degenerFm (Z=100) and theN=152 chains.
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obtained in the CRHB LN calculations with the indicated RMF
parametrizations in panels), (c)—(g). The results of the calcula-
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A. Shell structure along theZ=100 line

The results for two-neutron separation ener@egZ,N)

[725]11/2_
1 613172 ===

[622]3/2
4 eospti2

-5 a3 _
1 6221512 33
16151912

1 e3tp2
1 sz <)

4 [e24172
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Single-neutron energies e, [MeV]

012 o= TmsmeooeoenS
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[640}1/2* B

1 oz~ O ‘
T L} L} T l I L} L] I I

138 144 150 156 162 168
Neutron number N

----------
-
-

FIG. 18. Single-neutron energies in the Fm isotope chain as a
function of neutron numbeX obtained at the equilibrium deforma-
tion in the CRHB+ LN calculations with the NL3 parametrization.
Solid and dashed lines are used for positive and negative parity
orbitals, respectively. Thg g values are shown by solid line with
solid circles. For other details, see caption of Fig. 2.

at N=152 reveals a deformed shell ggf8], which is better
seen in the plot 06,,(Z,N) [Fig. 17@)]. The size of this gap
depends sensitively on proton number. As seen in Fig. 17,
there are discrepancies with experiment: NL3 and NL-RA1
(NL1 and NL-2 produce a gap aN=148 (N=148,150)
instead of atN=152 and NLSH does not show a clear gap
(see also Figs. 3 and L8he analysis of the neutron quasi-

in the Fm =100) chain with different RMF parametriza- particle spectra irf*®2>f (see Sec. VI Dalso indicates that
tions are shown in Fig. 16. There is a systematic differencéhe calculated shell gaps do not correspond to the experimen-
between the NL1, NL-Z sets and the NL3, NLSH, NL-RA1 tal ones.

sets. The former underestimate two-neutron separation ener- Earlier calculations predicted the presence of a deformed
gies, thus revealing their weakness in the description of isoneutron shell gap aN=162 in superheavy nuclésee, for
topic trends. NL-Z is somewhat better as compared withrexample, Refs[14,28 and references quoted thergiiThe
NL1. Considering that these two sets are fitted to the sampresence of this gap in nuclei witr 108 was confirmed by
data, this result, together with the one shown in Fig. 2 of Refrecent experimental informatidri0,12. The appearance of
[52], possibly indicates the importance of a more micro-this gap and its size strongly depend on the parametrization
scopic treatment of the center-of-mass correction for the reef the specific theory and on the proton number. For ex-
production of isotopic trends. On the other hand, NL3,ample, in the Skyrme Hartree-Fock calculatid@8], this
NLSH, and NL-RA1 better reproduce the experimentalgap is pronounced in the SkI3 parametrization, where it is

S,,(Z,N) values(see Fig. 1§ indicating that the isovector

seen over the proton range & 98— 116, but is absent in

component of the interaction has been treated more carefulljhe SkP parametrization. This gap is clearly seen in RMF

in these sets.

The latter sets reasonably descri®g(Z,N) for 144<N
<148 and 154 N=159, but underestimat8,,(Z,N) for
N=150,152. The shoulder in experimengl,(Z,N) values

calculations with the NL3 and PL-40 parametrizatid@s]
but only at proton numbers arourd=106. The present
CRHB+LN calculations in the Fm chain indicate a gap at
N=162 for NL3 and atN=160 for NL1, NL-Z and NL-RA1
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FIG. 19. The same as in Fig. 16, but for the two-proton separa- 2 [402]5/2 3, C
tion energiesS,,(Z,N) obtained for theN= 152 isotones. ] B N
1 @iz
(see Fig. 1Y. However, the small value 0f5,,(Z,N) -8 (528712
~0.8 MeV suggests a small gap. 1 @i *
_o- [s41112 \\\
B. Shell structure along theN=152 line ——— NUELY N N .
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To judge the reliability of predictions of superheavy nu- Neutron number N

clei, it is critical to see how different RMF parametrizations
are able to describe the experimental shell gaps as a function FIG. 21. The same as Fig. 18, but for the single-proton
of proton number. The calculations for the= 152 isotones energies.
are compared with experimental data in Figs. 19 and 20. A . .
for the two-neutron separation energies, one can see that tr?e! G reveals that this gap lies between the wrong bunches of

two-proton separation energi€s,(Z,N) are best described single-particle states. Calculations with NLSH also indicate a
p ’ _ . _
by NL3, NLSH, NL-RAL. In contrast, th&,,(Z.N) values gap atZ= 108, which has not been observed so far. NL-RA1

are overestimated by NL1 and NL-Z, which were obtaineddoes not show any deformed gap for<g2<108 (see Fig.

. . 20). NL3, NL1, and NL-Z give a shell gap a=104, in
Clatly where e proton deformad gape are losated, whichoTladicton with experiment. The analysis of the proton
becomes visible in thes,,(Z,N) plots. The experimental quasrpartufle spectra ih*Bk (see Sec. VI Eleads to the
data show a shell gap at=100. Only NLSH describes the same con(;ruspn. . . ifically fitted h
position of this gap and thé,,(Z,N) values agree very well. Many effective interactions not specifically fitted to the
However, the analysis of the quasiparticle spectra in Secz.iCtm'de région encounter sm_ular problems. For example,

fnost of the Skyrme forces fail to reproduce the deformed
. Z=100 shell gap in thé&N=152 isotonegsee Fig. 5 in Ref.

5 N=152 isotones [28]). SklI4 is the only force that shows this gap. The Ski3,
Skil, and Sly6 forces show &=104 shell gap, while the

SkM* and SkP forces do not show any gap &t

>

2 2.0 =100-104.

EI- 1.5 C. Pairing along the Z=100 andN=152 lines

v Figure 9 shows the pairing energiés,;inq [se€ Eq(11)]

| D----0 NL1 L 0--—--0 NL.RA1 - obtained with NL1 and NL3 as a function of neutron number

Co I B R along theZz=100 line and as a function of proton number

92 96 100 104 108 96 100 104 108 along theN=152 line. The general trend as a function of
Proton number Z nucleon number is the same for both sets.

FIG. 20. The quantitys,,(Z,N) for the chain ofN=152 iso- Let us first discuss th&=100 line. In both RMF param-
tones obtained in the CRHBLN calculations with indicated RMF ~ €trizations, neutron pairing correlations are weakesNat
parametrizations. Solid circles are used for experimental data, while= 148, reflecting the presence of a shell gaplat148 in the
open symbols for theoretical results. The experimental error barBlL3 parametrization and somewhat smaller gaphl &t148
are shown in pandb). andN=150 in the NL1 parametrizatiofsee Fig. 3. Going

-
o
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] TABLE lll. Spherical subshells active in superheavy nuclei and

1.3 - (a) -1 (b) - their deformed counterparts active in the-250 mass region. The
[ cm Fm ][ Fm ] left column shows the spherical subshells active in the vicinity of
5 EIR 4 the “magic” spherical gaps 4=120,N=172). Their ordering is
- 1F . given according to the RMF calculations with the NL3 parametri-
08 - A 1 7 zations in the}33120 system(see Figs. 27 and 28Although the
- 1t A i gaps depend on the specific RMF parametrization, the same set of
=9 -AA’ 1t . spherical subshells is active with other parametrizatiese, for
o B r 7 example, Fig. 4 in Ref.17]). The right column shows the deformed
=, 03 ot s 0 s S 1] quasiparticle states observed 9Bkgs, [80] and 9% {C s, 153
= L B A 144 150 156 [81-83. The bold style is used for the states that may be observed
N 13 [ (¢) -1 in nuclides withN~162 and/orZ~108. “NA” (not accessibleis
3 [ ; ] used for the deformed states that typically increase their energy
o 5 4 with deformation and thus are not likely to be seen experimentally.
08 |- I 7] Spherical subshell Deformed state
[ Fm No !
R | Proton states
B T 7Tl] 15/2 ’77'[770] 1/2
0.3—||||||||||-‘ 773pl/2 NA
138 144 150 156 73Pa NA
Neutron number N wligp [ 651]1/2
FIG. 22. Experimentab,,(Z,N) values, shown by open sym- izflzo #[521]1/2
bols for Cm ¢=96) [panel (a)], Cf (Z=98) [pane(b)], and No 52
(Z=102) [panelc)] nuclei. In all panels the experimental values for 772_]:7’2 7{ 521]3/2:a(530]1/2
Fm (Z=100) nuclei are shown by solid circles in order to indicate mlisz, m(642|5/2, m[ 633]7/2, m[ 624]9/2
the variations 0f5,,(Z,N) with change of proton numbét. LEST 7[400]1/2
7Tlh9/2 ’77'[514]7/2
away fr(_)m these shell gaps, the_ neutron pairing energies iy, o states
crease in absolute value, reflecting the increasing level denv-1k J[880]1/2
sity (Fig. 18. The neutron pairing is weakened Mt=160 1l
v2hyy v[ 750]1/2
due to the presence of smaller shell gapNat160 (NL1, 1i [761]1/2
see Sec. V Aand atN=162 (NL3, see Fig. 18 The weak- |1:1—11132/324 v
ening of the neutron pairing 8~ 148 andN~160 is more -
pronounced in the NL3 parametrization as compared witH 4512 NA
NL1, reflecting larger shell gapsee Fig. 3. v3ds, v[620]1/2
The proton pairing shows the same trend as the neutroft3dsr2 NA
pairing, but with much smoother changes in neutron numbef =172
In both parametrizations, proton pairing is smaller and stay$2972 v[622]3/2
relatively constant il =138-150, reflecting low and nearly ¥29s2 v[622]5/2,v[613]7/2,v[604]9/2
constant level density below the Fermi leysée Figs. 2 and  »1iise v[734]19/2p[725]11/2

21). For N=150, the deformation modifications induced by »1i1:

V[615]9/2, v[624]7/2

changes in the neutron number increase the proton level def=
sity near the Fermi levdsee Fig. 2], enhancing the proton

pairing. NL1, NL-Z, and NL3 give a gap aZ=104; and NL-RA1 no
The pairing energies on thé= 152 line exhibit the same gap at all. Only NLSH gives a gap at=100; however, it

features as discussed above. In both the neutron and protéis between the wrong bunches of single-particle states

subsystems, they reflect the presence ofZkel04 andZ  Sec. V). This demonstrates the fact that the usual analysis of

=96 shell gapgsee Figs. 2 and)9 shell structure, in terms of onig,,(Z,N) and/or 5,,(Z,N),
may be insufficient to judge the quality of the parametriza-

D. Summary for Sec. V tion.

The experimentab,,(Z,N) quantity shows a distinct de-
formed shell gap alN=152, which is quite pronounced for

VI. QUASIPARTICLE STATES

No and Fm nuclei and less so for Cm and (6ée Fig. 22 The investigation of the single-particle states in the
For the Fm isotopes, the CRHELN calculations predict a ~ 250 deformed mass region can shed additional light on the
deformed shell g&g) at N=148 (NL3 and NL-RAD or at  reliability of the RMF predictions of the energies of spherical
N=148,150(NL1 and NL-2); see Fig. 17. The NLSH pa- subshells responsible for “magic” numbers in superheavy
rameterization does not give a clear gap. The experimentaluclei. This is because several deformed single-particle
data for theN=152 isotones show a shell gap 2=100; states experimentally observed in odd nuclei of this mass
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FIG. 23. Experimental and theoretical quasiparticle energies oZ 1800 T 251 P
neutron states if*°Cf. Positive and negative energies are used for C [743]7/2 Cf ]
particle and hole states, respectively. The experimental data ai  —2000 [624]7/2 -
taken from Ref[81]. Solid and dashed lines are used for positive L [752]5/2 ]
and negative parity states, respectively. The symbols “NL3” and 250 0: oo ]
“NL1” indicate the RMF parametrization. The CRHB results C 160611372 _

shown below t'hem were obtained Wlth_orlglnal D_lS Gogny force FIG. 24. The same as Fig. 23, but for neutron state&i.
(f=1.0) used in pairing channel and without particle number PrO-r1e experimental data are from Refi82,83,89
jection. “NL3+ LN” indicates results with the LN method, the NL3 P T

parametrization, and scalidgf the strength of D1S forcggiven in . - . . . .
Table ). In each calculational scheme, attempts were made to opProperties at finite deformation and their connections with

tain solutions for every state shown in the figure. The absence of §10S€ at spherical shape has been done within the cranked
state indicates that convergence was not reached. RMF theory in Ref.[59] for superdeformedSD) bands in
the A~150 mass region. Although a direct comparison be-
region(see Table Ill originate from these subshells. Consid- tween experimental and calculated single-particle energies
erable deviations between experiment and theory for a sp&vas not possible, some general conclusions were drawn
cific deformed state will indicate that the position of the pased on a systematic analysis of experimental data and the
spherical subshell from which this state originates is poorlyexpected response of specific single-particle states to a
described. change of deformation. It was found that the RMF theory
In the past, the RMF studies of single-particle spectraprovides a reasonable description of the single-particle states
have been mostly performed in spherical or near-sphericah the vicinity of the SD shell gaps. However, some devia-
nuclei (see, for example, Ref24] and references quoted tions between experiment and theory were detected, which
therein, where a number of restrictions, such as the neglectould reach=1 MeV for some states. For example, the rela-
of the currents or of the breaking of the Kramer's degen+ive positions of ther[651]1/2 and v[642]5/2 states from
eracy, have been imposed in order to simplify the task. Ithe 29, andv1i, 3, spherical subshells are not reproduced.

addition, the BCS approximation was used. Moreover, a diThis problem exists in the NL1, NL3, and NLSH parametri-
rect comparison between experimental and theoreticaiations of the RMF Lagrangian.

single-particle states in spherical nuclei should include the
particle-vibration coupling, which can modify the single-
particle energies considerab27]. The modification of the
quasiparticle states by particle-vibration coupling is weaker In the present paper, we address for the first time the
in deformed nucle[84—8§. question of a fully self-consistent description of quasiparticle
Not much is known about the accuracy of the descriptiorstates in the framework of the RMF theory. A proper descrip-
of the quasiparticle states in deformed nuclei within thetion of odd nuclei implies the loss of the time-reversal sym-
framework of the RMF theory. In most cases the analysis ofnetry of the mean field, which is broken by the unpaired
odd nuclei was based on the single-particle spectra calculatgtlicleon. The BCS approximation has to be replaced by the
in neighboring even-even nuclei. To the best of our knowl-HartreeéFock)Bogoliubov method, with time-odd mean
edge, a direct comparison between experimental and theordields taken into account. The breaking of time-reversal sym-
ical quasiparticle spectra has not been published. metry leads to the loss of the double degener@mamer’s
The most detailed attempt to analyze the single-particlelegeneracyof the quasiparticle states. This requires the use

A. Computational details
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NL3 exp. NL1 to tho_sg obtained by means qf the CRIﬂBthout LN)_ with
2500 (6241972 4 the original D1S force. The difference in the energies of the
- [624]9/2 oy . quaS|part|c]e states is typically Ie_ss than 150 k(_eV and the
0000 = [505]9/2 3 level ordering is the same. Thus in order to avoid the con-
- [651]1/2* 249 [651]1/2* ] vergence problems in the calculations with LN, all other cal-
- Bk — 1 culations of quasiparticle states were performed in the
< 1500 - -  CRHB framework with the original D1S force.
2 b ls2me2 [6241972 ]
» 1000 * — . B. Particle-vibration coupling and other effects
'??_.’; N ] Figures 23, 24, and 25 show that the calculated quasipar-
2 500:— —: ticle spectra are less dense than in experiment. The average
@ - 1 level density of the single-particle states is related to the
% ok [633)7/2 1 effective masgLorentz mass in the notation of R¢f0] for
t " [514]7/2 00112 [52113/2 1 the case of RMF theojyof the nucleons at the Fermi surface
o a2 AR [642]5/2 3 m* (kg)/m. The RMF theory gives a low e_ffectlve mass
@ -500p [642]5/2 1530773 7 m*(ke)/m~0.66[17]. The experimental density of the qua-
) - [400]1/2 / ‘\‘ [40011/2 1 siparticle levels corresponds to an effective maggke)/m
g —1000:— ,l' \‘ — close to 1. This discrepancy appears also for nonrelativistic
= - [651]32* ) N ) 1 mean-field model§23]. It has been demonstrated for spheri-
& _1500F [GT]HZ* J \ TsiTE 3 cal nuclei that the particle-vibration coupling brings the av-
[ —_—/ e60y1/2" [530]1/2 ] erage level density in closer agreement with experirh2n;
[ H [523]5/2 1 which meansm* (kg)/m closer to 1. In a similar way, the
-2000 | [3aon2; 7 particle-vibration coupling leads to a compression of the
- [523]5/2 ] quasi-particle spectra in deformed nud8b]. The surface
-2500 F 4  vibrations are less collective in deformed nuclei than in

. spherical ones because they are more fragmdBe81. As
FIG. 25. The same as Fig. 23, but for proton state¥fBk. The 3 consequence, the corrections to the energies of quasiparti-
experimental data are from R¢80]. cle states in odd nuclei due to particle-vibration coupling are

. . . . . less state dependent in deformed nuclei. Hence the compari-
of the signature or simplex basis in numerical calculationsgy, petween experimental and mean field single-particle

thus doubling the computing task. Furthermore, the breakingistes is less ambiguous in deformed nuclei as compared

of the time-reversal symmetry leads to nucleonic currentsy;ih spherical one$27,91), at least at low excitation ener-
which cause theuclear magnetismdiscussed in Sec. IlA. gies where vibrational admixtures in the wave functions are
The CRHB®HLN) theory takes_ all these effects INto aC- smga||. Calculations within the quasiparticle-phonon model
count. Thus, the effects of plockmg due to odd particle arg92,93 indicate that in theA~250 mass region the lowest
included in a fully self-consistent way. TRERHB COMpUter  giates have mainly quasiparticle nature and the corrections to
code is set up in a signature basis and in three-dimensiongleir energies due to particle-vibration coupling are typically
Cartesian coordinates. The latter allows one to study also thg; e |evel of 150 keV or less. The states abevg00 keV
y deformatipn. In order.to_ specify the detailed structure of.gntain very large vibrational admixturé86] and thus ex-
blocked orbitals, the existingrrHB code[30] has been ex- perimental states above this energy should not be compared

tended to describe odd and odd-odd nuclei. The blockingyit the pure quasiparticle states obtained in the CRHB cal-
procedure is implemented according to R¢26,87,88. The . jjations.

blocked orbital can be specified either by its dominant main  gjnce particle-vibration coupling is not included, it is im-

oscillator quantum numbe or by the dominanf) quantum  hortant to estimate how large is the discrepancy between
number (2 is the projection of the total angular momentum ¢qicylated and experimental quasiparticle energies due to the
on the symmetry axjsof the wave function, or by combina- |4\ effective massn* (k¢)/m of the RMF theory. Assuming

tion of both. In addition, it can be specified by the particle orfor an estimate that the effective mass just stretches the en-

hole nature of the blocke_d orbital. Note tHatis not a con- ergy scale, the difference between the energies of quasipar-
served quantum number in theHg code. As a consequence, ficle states obtained in the calculations witH (k)/m and
convergence problems, emerging from the interaction of th‘?n*(kF)/mz 1is

blocked orbital with others, appear somewhat more fre-

quently than in a computer code restricted to axial symmetry.

Convergence problems appear more frequently when ap- AEqp= Eqp(

proximate particle number projection by means of the

Lipkin-Nogami method is imposed, which is most likely due

to additional nonlinearities. which remains below~200 keV as long as the calculated
As illustrated in Fig. 23, the quasiparticle spectra calcu-state is located in the energy window of 700 keV with re-

lated within the CRHB-LN (with LN) framework and using spect to the Fermi surface, whereas it grows for higher exci-

the scaled D1S Gogny force given in Table | are very similartation energies.

m*(kp>)(1_ m*(kp>)

m m

(17)
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We are mostly interested in how well the positions ofand NL-Z parametrizations andz= 100 gap in the NLSH
spherical subshells are described in the RMF calculationgarametrization.
One may reduce the error by comparing the experimental The situation is analogous for the neutron stdses Fig.
and calculated averages of twor more deformed single-  3). For example, the relative energies of tmf624]7/2,
particle states emerging from the same spherical subshel},[615]g/2’ andy[ 606]11/2 states, emerging from thdi,
The average of deformed states has the same energy Whgpherical subshell, almost do not depend of the RMF param-
extrapolated to spherical shape as each of these states. Thgization. The same is true for relative energies of the states
advantage is that the average of the states has smaller ex9%743]7/2' W[ 73419/2, andv[725]11/2, emerging from the

14

tation energy than at least one of these states. As a result, th i 151 subshell, and the state§761]1/2* and v[ 752]3/2*
energy of the spherical subshell can be estimated more Prom the v1j,35 subshell. It is interesting that the relative

cisely [within 200 keV if [(Eqp1tEqp2)/2/<700 keV]. )
. . : : ergies of the states[631]1/2 (v2g7,), v[622]5/2
Such an approach is especially useful when one of the stat 5299/2), 622312 (1297, v[620]1/2 (v3dsy),

has particle Egp>0) and the other hoIeE(Ep<0) nature, ol

. . 1P [613]7/2 (v29g;), and v[613]5/2 (v2g;,), originating
since the|_r average energy can be_: well within the 700 ke from the different spherical subshells shown in parenthesis
energy window even if the excitation energy of each is far

outside this window after the Nilsson labels, are almost independent of the RMF
An additional SOL.JI’CG of uncertainty is the Coriolis inter- parametrization. This indicates that the relative energies of

. T o he v24gq,,, ¥297, andv3ds, spherical subshells only mar-
;isc’[rlglgtti)\?é\l/;erir:)(tjgitqu;f?ggzggl'?hZtaetr?:}g;/ivgslcgflsqSzgilsg:zglgtina"y depend on the RMF parametrization, which is clearly
states by at most 100-200 ké®3,94. As a whole, the un- Seen in the single-particle spectra of spherical nutdee

certainty of our estimate for the spherical subshell energiegig' 20 in Ref.[59] and Fig. 1 in Ref[17] for spectra of
0 i ; }
in Secs. VI E and VI D is around 300 keV. %b and Figs. 4, 9, and 15 in Ré¢fL7] for spectra of su

perheavy nuclei On the other hand, the increase of the sepa-
ration between the|761]1/2* and v[ 750]1/2* states when
going on from the NL1 to the NLSH parametrizations shows

) ) ) that the separation between th&j 5, and v2h,,,, spherical
Figures 2 and 3, where the single-particle state$fNo  supshells increases.

are shown for different parametrizations, reveal important |n a previous study in thé&~ 150 mass region of super-

trends. The energies of some single-particle states deperfbformation[59], we also concluded that the dependence of
strongly on the parametrization. For example, #)521]3/2  the single-particle energies of deformed states on the RMF
and #[521]1/2,” the single-particle energies calculated with parametrizations reflect their energy displacement at spheri-
NL1 and NLSH differ by~2 MeV. The small differences in cal shape. Since different RMF sets give similar spin-orbit
the self-consistent deformations cannot explain the differsplittings (see Fig. 2 in Ref[17] and Fig. 2 for the splitting
ences in the single-particle energies. and position of ther[521]3/2 and #[521]1/2 statey the
Another observation is that the relative energies of thejominant modification is a shift of the position of the
different () states, which emerge from the same sphericakhells.
subshell, almost do not depend on the parametrization. For There are similarities between the single-particle spectra
protons, these are, for example, thg642]5/2, m[633]7/2,  (see Figs. 2 and)®btained with the NL1 and NL-Z param-
[ 624]9/2 states from therli,5, spherical subshell and the etrizations, on the one hand, and NL3 and NL-RA1, on the
m[514]7/2, m[505]9/2 states from therlhg, subshell. This  other hand. Thus detailed study of quasiparticle spectra will
is expected because the splitting of differéhtstates from  pe performed with only the NL1 and NL3 parametrizations.
the same spherical subshell is a consequence of the deforntehey can be considered as representative examples of the
tion of the mean field, which is not very sensitive to thetwo groups of RMF parametrizations discussed in Sec. Il B.
parametrizatiorisee Sec. IY. On the other hand, the single-
particle energies of the2f,, andw2f5, spherical subshells D. Odd-neutron nuclei 249-25%f
(but not their splitting, as well as the deformed states emerg- L o
ing from them, change considerably when going from the The quasiparticle spectra of thesg twq nuclei with neutron
NL1 to the NLSH parametrizatiotsee Fig. 20 in Ref[59] numbersN=151,153 are presen'Fed in Figs. 23 and 24..The
and Fig. 2 in the present paper for their deformed counterdround state configuration éf°Cf is correctly reproduced in

parts. This leads to =104 deformed shell gap in the NL1 both parametrizations. Only NL1 gives the correct ground
stater[620]1/2 in 2°'Cf, whereas NL3 gives the[615]9/2

state.

These states are of special interest since they originate from the The »[622]5/2 and»[613]7/2 (and V[.604]9/2 n 251Cf)
spin-orbit partner spherical subshe#@f-, andm2fs;,, which de- ~ SIAES emerge from the2ge, spherical subshell. The
fine the size and the position of the magic spherical proton shell gapl 62215/2 energy is reproduced within 300 keV in both nu-
in superheavy nucldil7]. Their splitting, defined primarily by the Clei by both parametrizations. However, in both nuclei the
spin-orbit splitting and their response to deformation, almost doe§Xcitation energy of the[613]7/2 state is overestimated by
not depend on the RMF parametrization. In part, this is due to the=0.55 MeV and by=~1.0 MeV in the NL1 and NL3 param-
fact that their interaction with other orbitals is rather wésée, for ~ etrizations, respectively. The comparison of the average en-
example, the Nilsson diagraffig. 4) in Ref.[79]]. ergies of the experimental and calculatef613]7/2 and

C. General observations
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v[622]5/2 states suggests that the energy ofitBgg,, sub- NL1 NL1_, NL1 NL1_,
shell has to be decreased #0.15 MeV and by=0.6 MeV _g{613)52— | ] [512]3/2___/’
in the NL1 and NL3 parametrizations, respectively. E;gg};g:::-_ ______ -7 B
The relative position of the[613]7/2 and »[615]9/2 . - i 114
states, emerging from the2gq,, and v1i44,, spherical sub- (7)1 —— [642132— -
shells, is not reproduced in both parametrizations. In addi _4_[7251"’2“"\ [ = 215125512 /5"‘“‘ B
tion, the excitation energy of the[ 624]7/2 state from the @ Jesre— L % _lggﬂ%gﬁ |
vliyy, subshell is overestimated byl MeV in 2*Cf (see = _/'= = [es11 106
Fig. 23. An analysis similar to the one given above suggest:® -5—[61519/2 — @ _g_| -
that the energy of the'li;,, spherical subshell has to be & le2opp——— | @ 6241912 ———
increased by=0.3 MeV and by~1 MeV in the NL1 and 2 le22j32—— 21 -
NL3 parametrizations, respectively, in order to bring the cal-2 -6 | © 104
culations in agreement with experiment. @ [734]9’2""\ 152 5 —47 104 [
In 2%ICf, the relative positions of the[622]3/2 (v2g,) E T 150 C S - S
and v[620]1/2 (v3ds),) states(see Fig. 24 differ in experi- 5 ees = 1521]1/2--- 7"
ment[and]calcfjlatigﬁ)éNith NL3). In gddition, NL3 faﬁs o 2RI —~—_ 3 _sistarz—— 100 |
reproduce thes[620]1/2 energy. The states{622]3/2 and & - 148 I (L — |
v[620]1/2 are almost degenerate in energy in the NL1 pa 2 E:'g};g:/— o [52113/2----"
rametrization, while in experiment the excitation energy dif-& ~8 [631]1/2_),_ ~ N -6 96 -
ference between the[ 622]3/2 andv[620]1/2 states is 178 o2 “___ | 96
keV. An increase(decreask of the energy of ther2gy, [752)52__ T i
spherical subshell by=0.15 MeV in NL1(NL3) and a de- —9—{23(1;}?52_\ — _7_=2:§}fg: |
crease of the energy of the3ds, spherical subshell by (631132 —_

~0.5 MeV in the NL3 parametrization would remove these

discrepancies. FIG. 26. Neutron and proton single-particle energie$¥iNo.

i, 3 . The columns marked by “NL1” show the original spectra obtained
In addition, the[761]1/2"* state has been observed in with the NL1 parametrizatiorisee Figs. 2 and)3 The columns

25 P ; ; ;
'Cf. Its quasiparticle energy is well describeuthin 150~ w1+ show how the spectra are modified if the energies were
200 keV) in both parametrizations, suggesting that the enspifted as discussed in Secs. VI E and VI D. Solid and dashed lines

ergy of thevlj,s, spherical subshell is correctly accounted are used for positive and negative parity states. Deformed gaps are
for in both parametrizations. indicated.

The comparison of the average energies of the experimen-
tal and calculated[ 734]9/2 andv[ 725]11/2 states irf°'Cf
(see Fig. 24 from the v1j,s5, subshell, suggests that the
energy of this subshell has to be decreased~y7 MeV
and by~0.45 MeV in the NL1 and NL3 parametrizations,
respectively. However, the[734]9/2 state would still re-
main the ground state of*°Cf after all the modifications
discussed above.

The energy difference between the[521]3/2 and
7[521]1/2 states is well reproduced, suggesting that the
spin-orbit splitting between therfs, and =f,, spherical
subshells is correctly described. However, their positions
with respect to the Fermi level depend on the parametriza-
tion: for only NL1 is thew[ 521]3/2 state lowest in energy, in
agreement with experiment. The energy difference between
" the [633]7/2 and[521]3/2 states is small, around 250 keV

E. Odd-proton nucleus **Bk (see Fig. 25 A decreaséincreasg of the energy of the £,

The quasiparticle spectrum 6f°Bk (Z=98,N=152) is  spherical subshells by 0.25 MeV in the NL3(NL1) param-
presented in Fig. 25. Three state$642]5/2, =[633]7/2, etrizations would bring the relative positions of these states
and [ 624]9/2, from the 71i,3, subshell, have been ob- in agreement with experiment. This also implies the same
served in experiment. We select this subshell as a referencshift of its spin-orbit partnefr2fs,.
with respect to which the positions of other spherical sub- The #[514]7/2 state, from therlhg, subshell, is too low
shells will be compared, because in the NL1 and NL3 pain energy in both parametrizations with respect to the
rametrizations ther[633]7/2 state is close to experiment, #[633]|7/2 state. An increase of the energy of thbg}
and then[642]5/2 and [ 624]9/2 states are located below spherical subshell by=~0.85 MeV for NL3 and by
and above the Fermi level, respectively. Thgs42]5/2 and ~0.6 MeV for NL1 would bring calculations in agreement
7w[633]7/2 states are reasonably well reproduced. Thewith experiment. The analyses of odd-proton nuclei around
w[624]9/2 state is excluded from the direct comparison?%%Pb (see Fig. 7 in Ref[24]) and of shape coexistence in
since vibrational admixtures are expected to be large due tthe Pt-Hg-Pb isotopd®5] also point to this deficiency in the
high experimental excitation energy of this state. description of the hy,, spherical subshell energy.

The calculations underestimate the position of the
7[530]1/2 state, from ther2f,, subshell, by~=1.5 MeV. If
3The use of asterisk at the Nilsson labels is explained in the capthe energy of the lgy/, subshell were increased as discussed
tion of Fig. 2. above, this would push the[530]1/2 state closer to the
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TABLE IV. Additional binding (AEyy) induced by nuclear
magnetism for different neutrorf°Cf) and proton #*Bk) quasi- NL3 NL3°°" NL1 cor NL1
particle s_tatgs obtained in the CRHI_3 calculations with the NL3 299/2 29912
parametrization and full strengttscaling factorf=1.0) of the . 292 — B
Gogny force. The quantithEyy is defined as the difference of a-d Visz 1721 20 ""'1j R
binding energies obtained in the calculations with and without— 152
nuclear magnetism. As tested for a number of states, the change % 1 3P, B
the scaling factof to the one given in Table | and/or the use of the E o] 3p3/2'“" 3p1/3____
LN method modifiesAEy,, only marginally. o 1,'11/2 3[33,2 1,'11/2
b |
Neutron state  AEyy (keV)  Proton state  AEyy (keV) % 0— 120 120 |
V[ 734]9/2 —-36 w[521]1/2 —16 S - |
1[615]9/2 -55 w[514]7/2 -35 S |26 et e 26, |
v[624]7/2 —-56 w[633]7/2 —22 - P 114 114 ““‘2f
v[622]3/2 -27 [ 624]9/2 -23 8 A% TTteee=r Somss Sm———— 72 |
1[622]5/2 -33 7[521]3/2 -27 qu _a i L
W[ 734]712 —37 7[523]5/2 —33 k=) 1312 13
v[613]7/2 -29 7[642]5/2 -23 C% N B
v[725]11/2 -34 —_6— =
W[ 7611/2* 69 35, — 35,
v[ 752]3/2* —-53 T 1h9/2----”’, \“~~____1 h9/2 B

, . . . FIG. 27. Proton single-particle states irf%120 nucleus. Col-
Fermi level due to the interaction with the[541]1/2 state, |, 1ns “NL3” and “NL1" show the states obtained in the RMF

from the wlhg, subshell(see Fig. 4 in Ref[79]). This  cajculations at spherical shape with the indicated parametrizations.
would lead to a better agreement between calculations anthe energy of the i 5, state in the NL1 parametrization is set to be
experiment. equal to that in NL3, which means that the energies of all states in
The #[400]1/2 state, from ther3s;;, subshell, is also NL1 (last column are increased by 0.78 MeV. The columns
reasonably well reproducgdomewhat better with NL3 than “NL3 " and “NL1 ., show how the spectra are modified if em-
with NL1). However, the relative positions of thgf 400]1/2  Pirical shifts were introduced based on discrepancies between cal-
and [ 642]5/2 states(the latter from therm1is;, subshell (;Lljlatlons and experiment for _quaS|part|cIe_ spectra in de_formed
suggest that the energy of the8s,,, subshell has to be in- Bk (see Sec. VI E for numerical valuesSolid and dashed lines

; . are used for positive and negative parity states. Spherical gaps at
creased by=0.3 MeV in the NL1 parametrization. Z—-114 andZ= 120 are indicated.

F. Consequences for deformed shell gaps G. Estimates for other parametrizations

in the A~250 mass region . ) )
The calculations of odd nuclei performed with the NL1

5 Figure 26 shows how the proton and neutron spectra ignd NL3 sets indicate that, in general, the results are quite

“No are modified if the spherical subshells are shifted agimilar but somewhat better agreement is obtained in the
discussed in Secs. VI E and VI D. Similar corrected spectraJL1 parametrization. Moreover, some conclusions about the
are obtained with NL3 and NL1, indicating that the shifts areaccuracy of the description of the quasiparticle states in other
correctly defined. These shifts would lead to the deformedRMF parametrizations can be drawn with the aid of the spec-
shell gaps atN=152 andZ=100, as seen in experiment tra presented in Figs. 2 and 3. The NL-Z parametrization
(Secs. VA and V B. Neutron gaps alN=148,150(NL1) gives single-particle spectra in between those for NL1 and
(N=148 in NL3 seen in uncorrected spectra disappearNL3 and, thus, a similar accuracy of the description of qua-
while the proton gap af =104 becomes smaller. siparticle states is expected.

In addition, the ordering of the neutron and proton single- The agreement with experiment is worse for the NLSH
particle states below and above these shell gaps would Bnd NL-RA1 parametrizations. Let us illustrate this by a few
more similar to the Woods-Saxon potentisée Fig. 8 in Ref. examples for NLSH, which deviate most from experiment.
[96]), whose parameters were defined by an overall fit to thd'he energy splitting between[ 613]7/2 andv[615]9/2 in-
single-particle spectra in heavy actinide nu¢@r]. creases from=0.5 MeV up to~2.5 MeV when going from

These examples illustrate that in the region of high levelNL1 to NLSH (see Fig. 3 Thus in order to reproduce the
density and small shells gaps, a shift of the energies of one delative positions of these statesaf??>Cf (see Figs. 23 and
two single-particle states by a modest energy of 0.5 MeV cai24), the relative distance between the spherigad,, and
modify the nucleon number of the shell gap by two or four v1i1, subshells should be corrected by roughly 2 MeV.
units. A new parametrization of the RMF Lagrangian, which  The Fermi level for the odd-protorZ 97) 24°Bk nucleus
implements the shifts discussed in Secs. VI E and VI D natuwill be located somewhere in the vicinity of thel 633]7/2
rally, is called for. and 7[ 514]7/2 stateqsee Fig. 3. Thus, then[521]3/2 and
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magnetism on quasiparticle energies is larger in lighter sys-
tems[45] (see also Ref.98] for a study of the effects of the
time-odd mean fields on the quasiparticle energies within the
Skyrme Hartree-Fock approgcand in two-particle configu-
rations[99].

While the neglect of nuclear magnetism seems to be a
reasonable approximation for the one-quasiparticle energies,
it has to be taken into account when the strength of the pair-
ing correlations is fitted to experimental odd-even mass dif-
ferences because it modifias® by ~10% (see Table I\.

I. Implications for the study of superheavy nuclei

In the NL1 and NL3 parametrizations, the energies of the
spherical subshells, from which the deformed states in the
vicinity of the Fermi level of theA~ 250 nuclei emerge, are
described with an accuracy better than 0.5 MeV for most of
the subshellgsee Figs. 27 and 28 where required corrections
for single-particle energies are indicatedhe discrepancy
reaches 0.6—1.0 MeV for th@lhg, (NL3, NL1), v1liiy
(NL3), v1j15, (NL1), andv2ge, (NL3) spherical subshells.
Considering that the RMF parametrizations were fitted only

FIG. 28. The same as Fig. 27, but for neutron single-particleto bulk properties of spherical nuclei, this level of agreement
states. The energies of all states obtained with the NL1 parametris good. However, the accuracy of the description of single-

zation(last column are increased by 0.76 MeV in order to have the
same energies of thegg), states in the second and third columns.
Spherical gaps dtl=172 andN =184 are indicated.

[ 521]1/2 stategand the corresponding2f, and w215,
spherical subshelisshould be lowered by roughly 1 MeV
with respect of ther|[ 633]7/2 state(the 71i3, subshell in
order to reproduce the experimental spe¢see Fig. 25 In
addition, the position of ther[ 514]7/2 state r1hg, Spheri-
cal subshellshould be raised by=700 keV with respect of
the 7[ 633]7/2 state(the 7r1i,3/, subshell.

Thus the empirical shifts required to reproduce experi
mental quasiparticle energies are much larger for NLSH tha
the ones needed for NL1 and Ni(8ee Secs. VI D and VI E
Only after these shifts will ther[633]7/2 and #[521]3/2

states be located in the vicinity of the proton Fermi level and_

there will be a gap aZ=100 between these states and
7[521]1/2 and 7[514]7/2 in agreement with an analysis
based on the Woods-Saxon potentj@6]. Although the
NLSH parametrization is the only 1 parametrization that re
produces thez=100 gap(see Fig. 20 this gap is created
between the wrong bunches of states.

H. Consequences of nuclear magnetism for quasiparticle states

The influence of nuclear magnetism on the binding ener
gies of one-quasiparticle states 3*Cf and 2*%Bk is shown
in Table IV. In all cases, it provides small additional binding.
It is state dependent and lies betweerd6 and —69 keV,
depending weakly on the strength of the pair correlations an

particle states is unsatisfactory in the NLSH and NL-RA1
parametrizationgsee Sec. VI G

The single-particle levels of spherical magic superheavy
nuclei are not modified much with the empirical shifts of
Secs. VI E and VI D(see Figs. 27 and 28 for the calculated
and corrected single-particle spectra 023120 nucleus
This conclusion relies on the assumption that the shifts
should be similar in the deforme¥ 250 mass region and in
superheavy nuclei. The corrected spectra from the NL1 and
NL3 calculations are very similar, with minor differences
coming from the limited amount of information on quasipar-

ticle states used in the analysis. A more systematic study of
I31uasiparticle states in deformed nuclei is required to deter-
mine these corrections more precisely.

Let us consider the calculations for the nucleus with
120,N=172. The corrected single-particle levels still sug-
gest thatN=172 andN= 184 are candidates for magic neu-
tron numbers in superheavy nuclei. The position of the
v4s,,, spherical subshell and the spin-orbit splitting of the

3ds, and 35/, subshells will decide which of these numbers
(or both of themiis (arg actually magic. The corrected pro-
ton levels indicate that thé=120 gap is large whereas the
Z=114 gap is small. Hence, on the basis of the present in-
vestigation we predict that= 120 is the magic proton num-
ber. This conclusion is based on the assumption that the NL1
and NL3 sets predict the position of theli,;, and
73P12 32 SUbshells within 1 MeV. The positions oflj s,

and w2gg,, Seems less critical, because they are located well
dbove this group of states both in Skyrme and RMF calcula-

on particle number projection. This indicates that thesdions[17]. It seems possible to obtain information about the

heavy nuclei are rather robust against polarization effect

focation of theswrliyq, subshell, which may have been ob-

induced by nuclear magnetism. Thus, if nuclear magnetisnserved through its deformed state[@51]1/2*) in superde-
was neglected, the quasiparticle spectra in this mass regidormed rotational bands of Bi isotopgs00,101. An CRHB

would only be marginally modified. The influence of nuclear

analysis may provide this critical information.
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In this context it is important to mention that the RMF 254\, the heaviest element for which detailed spectroscopic
parametrizations, NL-SH and NL-RA1, which are the only data are available. The deformations, rotational response,
ones to predicZ=114 as the magic proton numbd8,19,  pair correlations, quasiparticle spectra, shell structure, and
provide poor descriptions of the single-particle stagse the two-nucleon separation energies have been studied. The
Sec. VI G. goal was to see how well the theory describes the experimen-

The Nilsson diagrams given, for example, in Figs. 3 and 4al data and how this description depends on the RMF pa-
of Ref.[79], suggest that spectroscopic studies of deformedametrization. Although the relativistic mean field theory has
odd nuclei with proton and neutron numbers upZts 108  been used extensively for the predictions of the properties of
andN~164 may lead to observation of the deformed state§uperheavy nuclei, it has not yet been demonstrated how
with Q=1/2, emerging from therliy;;, and 71,5, spheri-  Well it describes spectroscopic data in the heaviest nuclei,
cal subshellglocated above th&=120 shell gapand from  Which are the gateway to superheavy nuclei. The present
11Ky, and either2hy,,0r v1j 4, subshellglocated above investigation provides a basis for better judging the reliabil-

the N=184 shell gap This will further constrain micro- Ity'?{1s)((:t;?cpuolz}gonnssvf/ci)trf?r?:rl:llﬁgVyNITCINGII_' RAL and NL-Z
scopic models and effective interactions. ’ P i

No information on low} states, such a83py,, 73p parameter sets reproduce well the experimental quadrupole
: .’ 3/2 12 deformations of the Cm, Cf, Fm, and No nuclei, whereas the
v3ds,, and v4s;,, which decide whetheZ=120 or Z

. S NLSH set underestimates them.
=126 andN=172 orN=184 are magic humbers in micro-

) i In order to reproduce the moments of inertia in the
scopic theories(see Refs.[17,20 and references quoted _ 550 mass region, the strength of the D1S Gogny force in

therein, will come from the study of deformed nucl&ee  the particle-particle channel has to be attenuated-tip%.

Table 1) _ _In contrast, the moments of inertia of lighter nuclei can be
The measured and calculated energies of the singl§ye|| described with the full strength D1S force.

particle states at normal deformation provide constraints on \wjth the attenuated D1S force, the rotational response is
the spherical -shell gaps of superheavy nuclei. In particulatya|| described. 1M25225No nuclei, the alignment of the pro-
the small splitting betwe(_an the[521]1/2 and n[521]3/12 {5, 15 (7[633]7/2) and neutronj s, (v[734]9/2) pairs
deformed states, emerging from the2fs, and 72f7,  (akes place simultaneously &,~0.31 MeV. While the
spherical subshells that straddle proton number 114, suggegﬁ)ssing frequency depends only weakly on the RMF param-

that theZ=114 shell gap is not large. etrization, the gain of aligned angular momentum at the band
_ crossing and the sharpness of the band crossing are more
J. Concluding remarks to Sec. VI sensitive to it. The moments of inertia at low spin in the Cm,

In order to judge the reliability of the energies of single- Cf, Fm, and No isotopes and their variations with nucleon
particle states predicted for superheavy nuclei by selffumber are reproduced. _ _
consistent mean-field theories, it is necessary to check the The two-particle separation energies are best described by
theoretical energies against the experimental ones in thd€ NL3, NLSH, and NL-RA1 parametrizations, which were
heaviest nuclei where data exist. The energies of quasipartilerived by fitting experimental information on neutron-rich
cle states have been calculated in a fully self-consistent marfluclei. The calculated deformed shell gaps occur at nucleon
ner with the CRHB method fof*Bk and 24925cf and com- Numbers that may deviate by as much as 4 from those ob-
pared with experiment. The calculated single-particleS€rved in experiment. ,
energies depend on the Lagrangian parameterization; NL1, The quasiparticle states calculated for ddldruclei are
NL3, and NL-Z provide good descriptions of the measuredihe same as those identified in experiment. For many states,
energies, whereas NLSH and NL-RA1 do not. For the formethe diﬁerenc«_a between experimental ar_1d theoretical energies
set, the quasiparticle energies are generally reproduced f&@lculated with the NL1 and NL3 sets is less than 0.5 MeV,
most orbitals within=500 keV. However, for some orbitals but may reach 1 MeV in some cases. The spectrum is less
originating from a few specific spherical subshells, the dis-cOmpressed in the calculations as compared with experiment,
crepancy between theory and experiment can reach 1 MeWhich reflects the low effective mass of the RMF theory.
Empirical shifts of the energies of these orbitals can be in{nclusion of particle-vibration coupling may correct that. The
troduced to fit the experimental data. Including these shifts2greement between experiment and theory can be considered
the next spherical shell gaps beyoR®¥Pb are predicted at quite good, considering that t_he six or seven parameters of
Z=120 andN=172,184; no gap is seen @=114. The thg RMF theory have begn a(_jjusted to .the ground—state prop-
occurrence of some sizable discrepancies in single-particlgrti€s of spherical nuclei, without taking into account the
energies calls for an improved Lagrangian parametrizatior€XPerimental information on the single-particle states.
which can better describe single-particle energies and, Conceming the predictions for superheavy nuclei we con-

thereby, give more reliable predictions about the propertie§/Ude the following. _
of superheavy nuclei. (i) Among the investigated RMF sets, NL1, NL3, and

NL-Z provide best description of single-particle states so
they seem to be most promising for the study of superheavy
nuclei. The corresponding self-consistent calculations predict
The cranked relativistic Hartree-Bogoliubov theory hasas likely candidates for magic numbel=172 and N
been applied for a systematic study of the nuclei around=184 for neutrons an@=120 for protons. No significant

VII. CONCLUSIONS
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Fm isotopes, CRMF[NL3]-without pairing ported in part by the U.S. Department of Energy, Grants No.
St W-31-109-ENG38 and DE-FG02-95ER40934. The numeri-
1 cal calculations were performed in part on the Cray PVP
25 - 7] Cluster at the National Energy Research Scientific Comput-
23 i ing Center.
= 20 -
2 .5 i APPENDIX: THE QUANTITY 8,y(Z,N)
c R o -
:, . In order to understand the quantity,(Z,N) related to
ok - the second derivative of the binding energy as a function of
A . nucleon number better, we first discuss the case when pairing
05 _ is neglected. Then we perform a detailed analysis with pair-
. ing included in the CRHB-LN framework.
Figure 29 compares,,(Z,N) obtained in the RMF cal-

0.0 . .
140 142 144 146 148 150 152 154 culations without pairing with Egp.gap, WhereEgpgap IS
Neutron number N the energy gap between the last occupied and the first unoc-
FIG. 29. Comparison of thé,,(Z,N) quantity with the twice ~ cupied single-particle level in theZ(N) system. One can see
the size of the shell gapEspcap, Which is the distance between that 8,,(Z,N) is shifted down by 0.56312MeV with re-
the last occupied and first unoccupied orbitals. Both quantities arepect to Egpgap. This shift can be understood within the
calculated with the NL3 parametrization and without pairing. shell-correction methof63,102,103, in which the total en-

ergy of the systenk,,; in the absence of pairing is given b
shell gap is found foZ=114. These conclusions take into 9 Y ot P g1sg Y

account the possible shifts of spherical subshells that are sug- Eior=ELp+EZ+EL, (A1)
gested by the discrepancies between calculations and experi-
ment found in our analysis of deformed odd-mass actinidévhereE, , is a liquid drop energy anHg, is a shell energy

nuclei. (superscripty stands for neutrongr for protons. The latter
(i) NL-SH and NL-RA1, which are the only RMF sets s given by

predictingZ=114 as a magic proton number, provide poor

descriptions of single-particle states and thus are not consid- _ 2 X ~ dee 2 ~

ered as reliable for the study of superheavy nuclei. Esn= 2i_occ &~2] egeyde= 2i—occ &—E (A2
(iii) Experimental studies of deformed odd nuclei with

proton and neutron numbers upZe=108 andN~164 may \yheree is a single-particle energg(e) the smeared level

lead to observation of the deformed states emerging from th . ~ . ) i
highj spherical subshells located aboZe=120 and N iﬁensny, anck the Strutinsky smoothed sum. In this equation

= 184. Their observation will provide a crucial constraint on™ iS the Fermi energy corresponding g¢e) and is deter-

the magic numbers. mined from the condition of number conservation
(iv) The study of deformed states will not provide access -
to a number of low- subshells, which largely define whether N= ZJ'xﬁ(e)de. (A3)
Z=120 orZ=126 andN=172 orN=184 are magic hum-
bers.

(v) More systematic studies of the splitting between theNegIectlng the varlat!ons WEh when the neutron number
7[521]1/2 andw[521]3/2 deformed states, which originate Changes, one can write
from the 7w2f5,, and 72f,, spherical subshells, may provide £ Eip
more stringent information on whether a shell gap exists at On(Z,N)=2Espgap— 620(Z,N) + 5, P(Z,N). (Ad)
Z=114.

The present results demonstrate the limitations of adjuste, p(Z,N) andE(Z,N) are smooth functions, which weakly
ing the RMF parameters only to the bulk properties ofdepend on the particle numbig3], and theagrﬁD(Z,N) and
spherical nuclei and may point to missing components in theg

St (z,N ntities rel heir n rivativ
effective Lagrangian. A new fit to both the bulk and single- 2n(Z,N) guantities related to their second derivatives as a

) . function of nucleon number are nearly constant within the
particle properties should lead to a more accurate theory.

Like many HartreéFocK) calculations based on effective (t:)on5|delred interval. :Ier? CéQF](ZHN) gn‘[lers from ZESFLG’?]P qi
interactions, the RMF theory underestimates the single—y nearly constant. thou? ”t € shel -colrrectlon tr)nt;t 0d 1S
particle level density. This indicates that some importantan approximation to the fully variational many-body ap-

mechanism is missing, which may be the article-vibratiorpro"’u:h such as the RMF- theory, it elucidates the main phys-
coupling 9 y P ics in a simple way. This example clearly shows that

6-n(Z,N) is not a direct measure ofELpgap-
The pairing smoothes the variations &f,(Z,N) because
there is gradual change of occupation numbers from 1 to 0.
The authors would like to thank P. Ring, R. R. ChasmanComparing Figs. 29 and 30 one sees that the pairing reduces
and A. Malov for valuable discussions. This work was sup-the height of the maximum of,,(Z,N) at theN=148 shell
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gap by approximately a factor of 2 and increadggZ,N) at 3 —— 7
the neutron numbers away from it. This illustrates that the i ’,Q‘ ]
values of 6,,(Z,N) cannot be taken as direct measure of o P .
2Esp.gap Since they' are strongly dependent on pairing; set 5 ;r ,/ ‘\‘ S > ]
also Ref[104] and Fig. 17b) for a comparison of the results H } 2? Q H [
of CRHB and CRHB-LN calculations. Y o ' AR U
Let us now consider the chain of the Fm isotopes within L\ N \‘ [ \ I
the CRHB+LN theory as an illustrative example how the 1 —\‘ \ \ 7
8-n(Z,N) is built from different contributions. If we neglect = \ 4
the spurious center-of-mass correction, which in harmonic= \ .
oscillator approximation does not contribute &,,(Z,N), :’ 0 - N
then the total energy in the laboratory frame is giveri $8e ;o& NI oA M . g
Egs.(21)—(24) and(43) in Ref.[30] for detaild - E/'I 2 \g i 13\/'-: ]
c K ] 1
o ] \ ] \ T
1 1 ) = -1 Eb [ H 1 —
E=—>0, f dr o) ps(1) ~ 5., f droonpl(ni=Es;y 38 [ Vo 5T
2 2 S I~ \ 1 9
IS - \ /l$ v
1 1 5 1 4 8 2 F \/ sv b
~59% dr 3920 (r)+ 5930 (| =EonL i Pm-=-> 0, ‘.‘ i
[ o—=eJ —_———— SGNL Vo
1 ’ | 2n 2n o |
- _gpf drpO(r)plv(r) :Ep -3 part —
2 v i O----0 82n .......... Sgn ]
1 i e Spairing 8Cou| ]
B Eef drAO(r)pS(r)] - ECOU' [ 1 1 1 1 ?n 1 1 1 1 I I2n 1 1 1 ]
140 150 160 170
+Tr(th)]=E . Neutron number N
par

FIG. 30. The contributions$)(Z,N) of the different terms of

1 the CRHB+LN theory to the quantitys,,(Z,N) as a function of
- ETr(AK)] = Epairing the neutron numbeX for the chain of the Fm isotopes. The contri-
bution ééﬁ is not shown since it typically lies in the range from

o —30 keV up to+30 keV. The only exceptions afd=148 and
—AA{(AN)%) (=En, (A5)  N=162, wheres5N=83 and 62 keV, respectively.

where the first four terms represent the contributions fromial [ 557 V(z,N)]. They are generally in opposite phase as a
bosonic degrees of freedom, while the last three terms frorunction of neutron number and thus they cancel each other
fermionic degrees of freedom. THgs,  is the sum of the to a large extent. It is interesting to see that the maxingiom
energies of the fields associated with the linear part obthe absolute valugof these contributions is located at neutron
meson and th@ meson. This sum represents the main parfwumber N=152, while the large shell gap is seen in the
of the nucleonic potentid23,32. TheE,y, term is the en-  single-neutron spectra At=148 (see Fig. 18 It is difficult

ergy of the nonlinear part of the meson, whileE, is the  to understand why the maximum o852"(Z,N) and

energy of thep-meson field andEc,,, is the energy of the  557V(z N) does not correlate with tHé= 148 shell gap, but

Coulomb field. Finally, theEpar, Epairing, Ein t€rMs are 3 plausible reason is related to the trend of deformation

the particle and the pairing energies as well as the energyhanges. The calculateg), deformation increases at neutron
correction entering into particle-number projection by means,ymper N=138-148, and then decreasesNit 150, see
of the Lipkin-Nogami method, respectively. Fig. 14@).
Based on Eq(AS5), one can express,,(Z,N) as a sum of The contributions to thes,,(Z,N) coming from thep
the contributions of different terms of the RMF Lagrangian, meson 8.(Z,N)], the nonlinear self-coupling of the me-
n 1 1

rNL : Coul
_ S+V oNL " son[ 83, (Z,N)], the Coulomb potentidls;, " (Z,N)], and
O2n(2,N)= 070 "(2,N)+ 020 "(Z,N) + 554(Z,N) the pairing interaction 555'""9(Z,N)] are non-negligible
5§§“'(Z,N)+ 8B3(Z,N) + 5g§i’i”9(Z,N) and at some particle numbers some of them are comparable

with the size of the totab,,(Z,N).

It is interesting that totab,,(Z,N) can become negative,
as seen in the Fm isotopes [dt=168 in the CRHB-LN
An analysis of these contributions #&,(Z,N) is presented calculations with the NL3 and NL-RA1 parametrizations; see
for the chain of the Fm isotopes in Fig. 30. The largest conFigs. 17a) and 17f). This is a region of neutron numbers
tributions to §,,(Z,N) come from the particle energies where the deformation changes are considerable; see Fig. 14.
[ 592"(Z,N)] and from the main part of the nucleonic poten- This result reflects their importance in the definition of

+65N(Z,N). (A6)
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5,n(Z,N) and again underlines the fact that many factors
beyond the size of the shell gap contribute dg,(Z,N).

PHYSICAL REVIEW G567, 024309 (2003

However, this quantity, being related to the second deriva-

tive of the binding energy as a function of nucleon number, is

Since by definition the shell gap has to have a positive valuenore sensitive to the local decrease in the single-particle
and because of the reasons mentioned above, it is clear thaénsity associated with a shell gap than the two-nucleon

8-n(Z,N) cannot be a direct measure of the shell gap.

separation energ$,,(Z,N).
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