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Abstract

ON SENSING NUCLEI OF THE LANTHANIDE ISOTOPES BY MEANS OF LASER SPECTROSCOPY
OF HYPERFINE STRUCTURE: '**Ho, '“Tm

O. Yu. Khetselius

It is presented the effective theoretical scheme with possibility of advancing corresponding nu-
clear technology for sensing different parameters for nuclei of the lanthanide isotopes. As example,
the nuclei of elements '“Ho and '“Tm are considered.
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AHoTauig

ITPO JETEKTYBAHHS AJIEP I30TOIIIB JAHTAHIJIIB METOJAMM JIABEPHOI
CIIEKTPOCKOIIIT HAATOHKOI CTPYKTYPH: '*Ho, '“Tm

0. I0. Xeueaiyc

PosrisinyTra epekTBHA TeOpeTUUHA CXeMa 3 MOXKJIMBICTIO YIOCKOHAJIEHHS BiIIIOBiAHOI siaep-
HOI TeXHOJIOTi1 JeTeKTYBaHHS TTapaMeTpiB s1iep i30TOMiB JIJaHTaHiAiB. K MpuKIIaa po3TJIsiHYTi i30-
toru 'Ho i 'Tm.

KarouoBi cioBa: neTekTyBaHHS, jJa3epHa TEXHOJIOTisI, TEOpisd HAATOHKOI CTPYKTYpPH, i30TOIU
JIaHTaHiiB

AHHOTAUIUA

O JIETEKTPOBAHUMU AJEP U30TOIIOB JIAHTAHU/IOB METOJIAMU JIA3EPHOM
CITEKTPOCKOITU CBEPXTOHKOW CTPYKTYPHI: '*Ho, '“Tm

0. KO. Xeueauyc

PaccMoTtpena addekTrBHAs TeopeTHdeckas cxeMa ¢ BO3MOXKHOCTBIO YCOBEPIIEHCTBOBAHUS
COOTBETCTBYIOLIEH SIEPHON TEXHOJIOTUM JETEKTUPOBAHMSI TTapaMeTPOB siiep M30TOIOB JJaHTaHU -
10B. B kauecTBe wimocTpalliy pacCMOTPeHBI u3oTornbl '“Ho u '9Tm.

KioueBbie ciioBa: IeTeKTUPOBAaHUE, Jla3epHAsl TEXHOJIOTHSI, TEOPUSI CBEPXTOHKOI CTPYKTYPHI,
M30TOIIBI JIAHTAHUIOB
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1. Introduction

Developing the effective nuclear schemes and
technologies for sensing different nuclear proper-
ties, creation of the corresponding nuclear sensors
isof a great importance in the modern nuclear phys-
ics and sensor science [1-19]. Among the most im-
portant problems one could mention the studying
of nuclei, which are available in the little quantities
(for example, the lanthanides isotopes, radioactive
nuclei far of the stability boundary), search of the
super dense nuclei and its sensing, laser governing
by parameters of the proton and other beams and
sensing their characteristics etc. Such possibili-
ties are provided by the modern laser methods and
technologies (see, for example, [1,2]). An actual
task here is developing the effective correspond-
ing theoretical schemes and technical realization of
sensing technologies on their basis. The high sen-
sibility and resolution ability of laser spectroscopy
methods allows investigating the characteristics of
nuclei available in the little quantities. As an exam-
ple (see ref. [13-15]) one can mention the CERN
technical device for studying the short-lived nuclei
which are obtained on the mass-separator in the
line with synchrocyclotrone on 600 MeV (ISOLDE
apparatus [1]). The shocking results have been ob-
tained in studying of the odd neutron-deficit non-
stable isotopes of '¥21°"Hg. The intensity of the ion
beams of these isotopes with life time 1-60 min was
107-10° ions/s. Under excitation of fluorescence
by dye pulsed laser radiation the second harmon-
ics of radiation was tuning to region of 2537A and
the measurement of the hyperfine structure for this
line of Hg was carried out during 1-2 min dispos-
ing about 108 of the mercury isotope atoms. During
transition from nucleus '**Hg to nucleus ' Hg it has
been discovered the sharp changing of the middle
square of the nuclear radius which is interpreted
as sharp changing of the nuclear form (increasing
of non-soherity and electric quadrupole moment)
during decreasing the neutrons number. In refs.
[13,14] (see also [11,12,23,24]) we have developed
new effective theoretical scheme with possibility of
advancing corresponding nuclear technology for
sensing different parameters for nuclei available in
the little quantities. It is based on the experimental
receiving the isotope beams on the CERN ISOL-
DE type apparatus (see detailed description in refs.
[1,3,4]) and the priicised theoretical and laser spec-
troscopy empirical estimating the hyperfine struc-
ture parameters, magnetic and electric moments of
a nucleus of isotopes. We have carried out sensing
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and estimating the hyperfine structure parameters,
magnetic and electric moments of a nucleus for
23U, ®Hg and rare cosmic isotopes. Theory of the
hyperfine structure calculation is based on devel-
oped earlier gauge-invariant QED PT with an ac-
count of correlation (inter electron interaction cor-
rections), nuclear and QED effects [20-29, 13,14].
Here we consider a possibility of using new effec-
tive theoretical scheme [14,23,24] with possibility
of advancing corresponding nuclear technology for
sensing different parameters for nuclei of the rare
isotopes available in the little quantities, namely,
the lanthanides isotopes. In this paper, as example
and test, we consider nuclei of '“Ho and '®Tm iso-
topes.

Regarding calculating the hyperfine structure
parameters and nuclear quadrupole moments one
could mention as follows. This task is of a great im-
portance as it is provided by necessity of informa-
tion regarding these properties for creating nuclear
sensors and new nuclear technologies and also fur-
ther developing the modern as atomic and as nu-
clear theories. From the other side, a great progress
in experiments has been achieved [1-16]. Recent
accurate measurements of the hyperfine structure
parameters for a whole number of heavy isotopes
(see [1,6,14,15] not only provide the possibility for
testing the quantum electrodynamics (QED) in
strong fields, but also sensing the hyperfine struc-
ture parameters of spectra for heavy atomic sys-
tems, electric charge and magnetic moment dis-
tributions inside the nucleus [5-10]. Theoretical
calculations fulfilled during the last several years
apart from the basis Fermi-Breit relativistic contri-
butions also include the magnetic dipole moment
distribution inside the nucleus (Bohr-Weisskopf ef-
fect) and radiative QED corrections (e.g. [20-29]).
In calculations of the heavy ions the well known
multi-configuration (MC) Dirac-Fock (DF) ap-
proach is widely used (e.g.[14,15,18,19]). More
effective method, based on the QED perturbation
theory (PT) [20,26-29], has been developed in the
series of papers [6,11-14,20-25].

2. Theoretical approach to calculating hyperfine
structure parameters

Let us describe the key moments of the theo-
retical scheme. Full details of the whole method of
calculating the hyperfine structure constants can be
found in [6,11-14,20-25]. The wave electron func-
tions zeroth basis is found from the Dirac equation



O. Yu. Khetselius

solution with potential, which includes the core ab
initio potential, electric, polarization potentials of
nucleus. All correlation corrections of the second
and high orders of PT (electrons screening, particle-
hole interaction etc.) are accounted for [3,6,26-29].
The concrete nuclear model is used as described be-
low. A quantitative estimate of the nuclear moments
demands realistic proton single-particle wave func-
tions which we obtain by employing the relativistic
mean-field (RMF) model for the ground-state cal-
culation of the nucleus. Though we have no guaran-
ty that these wave-functions yield a close approxi-
mation to nature, the success of the RMF approach
supports our choice (c.f.[31-35). These wave func-
tions do not suffer from known deficiencies of other
approaches, e.g., the wrong asymptotics of wave
functions obtained in a harmonic oscillator poten-
tial [31]. The RMF model has historically been de-
signed as a renormalizable meson-field theory for
nuclear matter and finite nuclei. The realization
of nonlinear self-interactions of the scalar meson
led to a quantitative description of nuclear ground
states. As a self-consistent mean-field model (for
a comprehensive review see Ref. [6-9,31-35]), its
ansatz is a Lagrangian or Hamiltonian that incor-
porates the effective, in-medium nucleon-nucleon
interaction. Recently [6,31], self-consistent models
have undergone a reinterpretation which explains
their quantitative success in view of the facts that
nucleons are composite objects and that the mesons
employed in RMF have only a loose correspond-
ence to the physical meson spectrum. They are seen
as covariant Kohn-Sham schemes and as approxima-
tions to the true functional of the nuclear ground
state. As a Kohn-Sham scheme, the RMF model
can incorporate certain ground-state correlations
and yields a ground-state description beyond the
literal mean-field picture. RMF models are effec-
tive field theories for nuclei below an energy scale of
1GeV, separating the long- and intermediate-range
nuclear physics from short-distance physics, involv-
ing, i.e., short-range correlations, nucleon form
factors, vacuum polarization etc, which is absorbed
into the various terms and coupling constants. As it
is indicated in refs.[6,31] the strong attractive scalar
(S: -400 MeV) and repulsive vector (V: +350 MeV)
fields provide both the binding mechanism (S + V:
-50 MeV) and the strong spin-orbit force (S — V-
-750 MeV) of both right sign and magnitude. In our
calculation we have used so called NL3 (c.f.[31]),

which is among the most successful parametriza-
tions available.

Let us note further that the point-like nucleus
possesses by some central potential W{(R). The tran-
sition to potential of the finite nucleus is realized by
substitution W(r) on

W(r|R)= W(r);[drrzp(r|R)+ j.drrzW(r)p(r|R).

In our case the Coulomb potential for spheri-
cally symmetric density p(r|R) is:

Vol (r|R)= —((l/r)Idr'rvzp(r"R)—# J.dr'r'p (r"R)
0 r

Further one can write the Dirac-Fock -like
equations for a multi-electron system {core-nlj}.
Formally they fall into one-electron Dirac equa-
tions for the orbitals n/j with potential: V(r)=2V(r|S
CE)+V(rnlj))+V, +V(r|R). It includes the electrical
and polarization potentials of a nucleus. The part
V., accounts for exchange inter-electron interac-
tion. The exchange effects are accounted for in the
first two PT orders by the total inter-electron inter-
action [20,21,29]. The core electron density is de-
fined by iteration algorithm within QED procedure
[26]. The radiative QED (the self-energy part of the
Lamb shift and the vacuum polarization contrib-
tuion) are accounted for within the QED formal-
ism [8,18]. The hyperfine structure constants are
defined by the radial integrals of the following type
(c.f.[6,30,31]):

A={[(4,32587) 10° 2238 J/(4y - 1 }x
x J.drrzF(r)G(r)U(l/rz,R),

B={7.2878 107 Z2Q/[(4*- DI(I-1)} x
x j drr*[FX(r)+ G*(r\U(1/#*,R),,

Here L is a spin of nucleus, g, is the Lande factor,
0 is a quadruple momentum of nucleus; radial in-
tegrals are calculated in the Coulomb units (=3,57
102°22m2; = 6,174 10*°Z’m). Radial parts Fand G
of two components of the Dirac function for elec-
tron, which moves in the potential V(r,R)+U(r,R),
are defined by solution of the Dirac equations (PT
zeroth order).

The other details can be found in refs. [3-6,11-
14, 20-26].
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3. Estimating the hyperfine structure parameters
and discussion

As example and test, we have considered the nu-
clei of elements Be, C, Al, U, which have above cited
rare, cosmic isotopes. We carried out calculation (the
Superatom package [3,4,6,20-29] is used) the hyper-

fine structure parameters, in particular, the hyperfine
splitting of levels for 'Ho and 'Tm. In tables 1,2 we
present the values of the hyperfine splitting Av( F, F”)
(in MHz) of levels for '“Tm (°F, ) and 'SHo (“I, )
together with available theoretical (MCDF) and ex-
perimental or compilation data [31].

Table 1

The hyperfine splitting Av( F, F”) (in MHz) of levels for '“Tm (°F, 1») (nuclear spin 1/2)

Quantum num- Hyperfine split- Hyperfine split- Hyperfine split-
Isotope; Electron bers of full mo- ting ting: ting:
Spin of nucleus Term ment F. F’ Av( F, F'), MHz Theory, Theory,
’ [31] MCDF Present paper
“Tm (°F, ) ; 1/2 4°2F._ . 4, 3) 1496,55 1484,8 1496,12
Table 2
The hyperfine splitting Av( F, F’) (in MHz) of levels for '*Ho (‘I /2) (nuclear spin 7/2)
. Hyperfine splitting:
Isotope Quantum numbers of Hyperfine splitting
Spinofnucleus | TN T 1 TR moment £, | Av(F, F), MHz [31] |, 110
resent paper
(5,4) 4309,3 4308,74
(6, 5) 5096,3 5095,72
1 Ho (4115/2) 7/2 4 “115/2 (7, 6) 5842.,4 5841,80
8,7 --- 6540,25
9, 8) --- 7184,16

The key quantitative factor ofagreement between
theory and experiment is connected with the cor-
rect accounting for the inter electron correlations,
nuclear, Breit and QED radiative corrections [10-
20]. The well-known MCDF method is not gauge-
invariant one and an accounting of multi-electron
correlations is not fully fulfilled, though, for exam-
ple, in ref. [19] it was used the gauge-invariant local
DF version in calculating the N-like ion of Bi.

In conclusion let us note that we have consid-
ered and used an effective theoretical scheme for
estimating the hyperfine structure parameters of
the lanthanides isotopes 'Ho, '“Tm and reached
sufficiently high accuracy. Such theoretical esti-
mates should be used in interpretation of the laser
spectroscopy method measurement of lanthanide
isotopes spectra. One can use further a scheme of
the multi-stepped excitation with using isotopic
shift on two-three steps of low-stripe laser radia-
tion. A scheme , based on a combination of the iso-
topic-selective ionization with mass-separation of
obtained ions, is an example of perspective method
for sensing the lanthanide isotopes.

Acknowledgement. The author would like to
thank Prof. A.Glushkov for invaluable advices and
useful critical comments. The support of the Abdus

Salam International Centre for Theoretical Physics
(Trieste, Italy) is very much acknowledged.

References

1. Letokhov V.S., Non-linear selective photoprocesses
in atoms and molecules. — Moscow: Nauka, 1987. —
380P.

2. Klaft I.,Borneis S., Engel T., Fricke B., Grieser R.,
Huber G., Kuhl T., Marx D., Neumann R., Schroder
S., Seelig P., Volker L. Precision laser spectroscopy
of ground state hyperfine splitting of H-like 2*Bi®**//
Phys.Rev.Lett. — 1994. — Vol.73. — P.2425-2427.

3. Glushkov A.V., Relativistic and correlation effects
in spectra of atomic systems. — Odessa: Astroprint,
2006. — 400P.

4. Glushkov A.V., Atom in electromagnetic field. —
Kiev: KNT, 2005. — 400P.

5. Freeman A.J., Frankel R.H., Hyperfine interac-
tions. — N-Y.: Plenum, 1987. — 340P.

6. Khetselius O.Yu., Hyperfine structure of spectral lines
of the heavy atoms and multicharged ions. — Odessa:
TEC, 2008. — 210P.

7. Nagasawa T., Haga A., Nakano M., Hyperfine split-
ting of hydrogenlike atoms based on relativistic mean
field theory// Phys.Rev.C. — 2004. — Vol.69. —
P. 034322:1-10.

8. Tomaselli M, Kuhl T., Nortershauser W., Borneis



O. Yu. Khetselius

S., Dax A., Marx D, Wang H, Fritzsche S, Hyper-
fine splitting of hydrogenlike thallium//Phys.Rev.A-
2002. — Vol.65. — P.022502 1-9.

9. Tomaselli M., Kuhl T., Seelig P., Holbrow C. and
Kankeleit E., Hyperfine splittings of hydrogenlike
ions and the dynamic-correlation model for one-
hole nuclei// Phys.Rev.C. — 1998. — Vol.58, N3. —
P.1524-1534.

10. Tomaselli M., Schneider S.M., Kankeleit E., Kuhl
T., Ground state magnetization of 2Bi in a dynamic-
correlation model// Phys.Rev.C. — 1995. — Vol.51,
N6. — P.2989-2997.

11. Khetselius O.Yu., Gurnitskaya E.P., Sensing the elec-
tric and magnetic moments of a nucleus in the N-like
ion of Bi // Sensor Electr. and Microsyst. Techn. —
2006. — N3. — P.35-39.

12. Khetselius O.Yu., Gurnitskaya E.P., Sensing the hy-
perfine structure and nuclear quadrupole moment
for radium// Sensor Electr. and Microsyst. Techn. —
2006. — N2. — P.25-29.

13. Glushkov A.V., Khetselius O.Yu., Gurnitskaya E.P,,
Florko T.A., Sensing of nuclei available in little
quantities by means of laser spectroscopy of hyper-
fine structure for isotopes: new theoretical scheme
(U ,Hg) // Sensor Electr. and Microsyst. Techn. —
2007. — N3. — P.21-26.

14. Khetselius O.Yu., On possibility of sensing nuclei of
the rare isotopes by means of laser spectroscopy of
hyperfine structure// Sensor Electr. and Microsyst.
Techn. — 2007. — N4. — P.11-16.

15. Bieron J., Pyykko P., Degree of accuracy in deter-
mining the nuclear electric quadrupole moment
of radium//Phys.Rev. A. — 2005. — Vol.71. —
P.032502-1-8.

16. Glushkov A.V., Rusov V., Ambrosov S., Loboda A.,
Resonance states of compound super-heavy nucleus
and EPPP in heavy nucleus collisions // New Lines of
research in Nuclear physics.Eds. Fazio G.,Hanappe
F.,pp.142-154, Singapore, World Sci. (2003).

17. Glushkov A.V., Malinovskaya S.V., Dubrovskaya
Yu.V., Vitavetskaya L.A., Quantum calculation of
cooperative muon-nuclear processes: discharge of
metastable nuclei during negative muon capture//
Recent Adv. in Theor. Phys. and Chem. Systems
(Springer). — 2006. — Vol.15. — P.301-324.

18. Labzowsky L.N., Johnson W.R., Soff G., Schnei-
der S.M., Dynamic proton model for the hyperfine
structure of the hydrogenlike ion 2*Bi*$2// Phys.Rev.
A. —1995. — Vol.51, N6. — P.4597-4602.

19. Koshelev K.V., Labzowsky L.N., Tupitsyn I.I., The
interelectron interaction corrections to the hfs of
2p3/2 state in Li-, B- and N-like Bi ions//J.Phys.B. —
2004. — Vol.37. — P.843-851.

20. Glushkov A.V., Khetselius O.Yu., Ambrosov S.V,,
Loboda A.V., Gurnitskaya E.P., QED calculation of
heavy ions with account for the correlation, radia-
tive and nuclear effects// Recent Adv. in Theor. Phys.

and Chem. Systems (Springer). -2006. — Vol.15. —
P.285-300.

21. Glushkov A.V., Khetselius O.Yu., Ambrosov S.V.,
Loboda A.V., Chernyakova Yu.G., Svinarenko A.A.,
QED calculation of the superheavy elements ions:
energy levels, radiative corrections and hfs for differ-
ent nuclear models// Nucl. Phys.A.: Nucl.and Hadr.
Phys. —2004. — Vol.734. — P.21-28.

22.Glushkov A.V., Khetselius O.Yu., Malinovskaya
S.V., Gurnitskaya E.P., Dubrovskaya Yu.V., Consist-
ent quantum theory of the recoil induced excitation
and ionization in atoms during capture of neutron//
J.Phys.CS. — 2006. — Vol.35. — P.425-430.

23. Khetselius O.Yu.,Hyperfine structure of energy levels
for isotopes *Ge, "*As, 2'Hg// Photoelectronics. —
2007. — N16. — P.129-132.

24. Khetselius O.Yu., Hyper fine structure of radium//
Photoelectronics. — 2005. — N14. — P.83-85.

25. Glushkov A.V., Khetselius O.Yu., Gurnitskaya E.P.,
QED calculation of the fine and hfs parameters for
heavy ions: modified ISAN-Superatom Program
Package// Preprint of I.I.Mechnikov Odessa Na-
tional Univ.,IP: Ph-L-4. — Odessa-2003.

26. Glushkov A.V., Ivanov L.N. Radiation Decay of
Atomic States: atomic residue and gauge non-in-
variant contributions // Phys. Lett.A. — 1992. —
Vol.170(1). — P.33-38.

27. Glushkov A.V. Negative lons of inert Gases// JETP
Lett. — 1992. — Vol.55(2). — P.97-100.

28.Glushkov A.V., Energy Approach to Resonance
states of compound super-heavy nucleus and EPPP
in heavy nucleus collisions// Low Energy Antiproton
Phys., AIP Serie. — 2005. — Vol.796. — P.206-210.

29.Ivanova E.P.,, Ivanov L.N., Glushkov A.V., Kramida
A.E. High order corrections in the Relativistic Per-
turbation Theory with the model Zeroth Approxima-
tion, Mg-like and Ne-like ions //Phys.Scripta. —
1985. — Vol.32(4). — P.512-524.

30. Sobel’man I.1. Introduction to theory of atomic spec-
tra. — Moscow: Nauka. — 1977.

31.Radtsig A.A.,Smirnov B.M., Parameters of atoms
and ions. — Moscow, 1986.

32. Burvenich TJ., Evers J., Keitel C.H., Dynamic nu-
clear Stark shift in superintense laser fields// Phys.
Rev.C. — 2006. — Vol.74. — P.044601-1-044601-10.

33. Dikmen E., Novoselsky A., Vallieres M., Shell model
calculation of low-lying states of '"°Sb// J.Phys.G.:
Nucl.Part.Phys. — 2007. — Vol.34. — P.529-535.

34.Nayak M.K., Chaudhuri R.K., Das.B.P., Ab initio
calculation of the electron-nucleus scalar-pseudo-
scalar interaction constant W in heavy polar mol-
ecules//Phys.Rev.A. — 2007. — Vol.75. — P.022510-
1-022510-8.

35. Benczer-Koller N., The role of magnetic moments in
the determination of nuclear wave functions of short-
lived excited states// J.Phys.CS. — 2005. — Vol.20. —
P.51-58.



