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Abstract

SENSING OF NUCLEI AVAILABLE IN LITTLE QUANTITIES BY MEANS OF LASER
SPECTROSCOPY OF HYPERFINE STRUCTURE FOR ISOTOPES:
NEW THEORETICAL SCHEME (U ,Hg)

A. V. Glushkov, O. Yu. Khetselius, E. P. Gurnitskaya, T. A. Florko

It is presented the the effective theoretical scheme with possibility of advancing corresponding
nuclear technology for sensing different parameters for nuclei available in the little quantitites. It is
based on the experimental receiving the isotope beams on the CERN ISOLDE type apparatus and
the precised theoretical and laser spectroscopy empirical estimating the hyperfine structure param-
eters, magnetic and electric moments of a nuclei of isotopes. As example the nuclei of 2°U and *'Hg
are considered.
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AHoTauig

JIETEKTYBAHHSA AAEP TIOCTYITHUX Y MAJTUX KUIBKOCTIX METOJAMM JIABEPHOI
CIIEKTPOCKOIIIT IOHAJITOHKOI CTPYKTYPHU 130TOIIIB:
HOBA TEOPETUYHA CXEMA (U, Hg)

0. B. Inyurkos, O. Q. Xeueaiyc, O. II. Iypuuyvka, 1. O. Daopko

PosrnstHyTa e(peKTUBHA TeOpeTUYHA CXeMa 3 MOXKJIMBOCTIO YIOCKOHAJICHHS BiIIIOBIIHOI simep-
HOI TeXHOJIOT11 JeTEKTyBaHHS MTapaMeTpiB siep, JOCTYIMHUX Y MaJIUX KiJIbKOCTSIX. MeToauka 6a3zy-
€TBCSI Ha eKCIIEPUMEHTATbHOMY OTPUMAaHHI ITyYKiB aTOMiB i30TOMiB Ha yctaHOBKax Tty CERN
ISOLDE i TeopetnyHiii Ta eMITipidyHil OLiHIII TapaMeTpPiB MOHAATOHKOI CTPYKTYPH, eJIEKTPUIHO-
Io Ta MarHiTHOro MOMEHTIB siziep i30ToIiB. K npukiian po3risHyTi sapa 2U ta 2'Hg.

KiniouoBi ciioBa: neTeKTyBaHHS, Ja3epHa TEXHOJIOTiSI, TeOpis MOHAATOHKOI CTPYKTYPH, SIACPHI
napamMeTpu
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AHHOTAIMA

JIETEKTPOBAHUE SI/IEP TOCTYITHBIX B MAJIBIX KOJIMYECTBAX METOJIAMM JIASEPHOM
CIEKTPOCKOITUY CBEPXTOHKOW CTPYKTYPBI U30TOIIOB:
HOBASI TEOPETUYECKAS CXEMA (U, Hg)

A. B. Inywxos, O. FO. Xeueauyc, E. I1. Iypnuuxasa, T. A. Daopko

PaccMmoTtpena addekTuBHas TeopeTuyeckass cxeMa ¢ BO3MOXKHOCTBIO YCOBEPILIEHCTBOBAHUS
COOTBETCTBYIOILIEH SIIepHOI TEXHOJIOTUM AETEKTUPOBAHWS MapaMeTPOB SAep, JOCTYITHBIX B MaJIbIX
KoauyecTBax. MeTonunka 0a3upyeTcs Ha 9KCIIepUMEHTATbHOM MOJyYEeHU N ITyYKOB aTOMOB U30TO-
noB Ha ycraHoBkax Tuma CERN ISOLDE v npetn3anoHHON TEOpeTUYECKON 1 IKCITEPUMEHTATb-
HOI (MeTomaMu JIa3epHON CIEKTPOKOMUM) OLIEHKE MTapaMeTPOB CBEPXTOHKOU CTPYKTYPHI, DIEK-
TPUYECKOTO U MAarHUTHOTO MOMEHTOB SIIep U30TOMOB. B KayecTBe WILTIOCTPAIIUU PAaCCMOTPEHBI

anpa 25U u 2'Heg.

KnroueBbie ciioBa: 1eTeKTUpOBaHUE, Ja3epHasl TEXHOJOIHSI, TEOPUSI CBEPXTOHKOI CTPYKTYPHI,

sIICPHBIE TTapaMETPhI

Developing the effective nuclear schems and
technologies for sensing different nuclear proper-
ties, creation of the corresponding nuclear sen-
sors is of a great importance in the modern nuclear
physics and sensor science [1-3]. Among the most
important problems one could mention the study-
ing of nuclei, which are available in the little quan-
tities (radioactive nuclei far of the stability bounda-
ry), search of the superdence nuclei and its sensing,
laser governing by parameters of the proton and
other beams and sensing their characteristics etc.
Such possibilities are provided by the modern la-
ser methods and technologies [1-5]. An actual task
here is developing the effective coresponding theo-
retical schemes and technical realization of sensing
technologies on their basis. The high sensibility and
resolution ability of laser spectroscopy methods al-
lows investigating the characteristics of nuclei avail-
able in the little quantities. As an example one can
mention the CERN technical device for studying
the short-tlived nuclei which are obtained on the
mass-separator in the line with synchrocyclotrone
on 600 MeV (ISOLDE apparatus [1]). The shock-
ing results have been obtained in studying of the
odd neutron-deficited non-stable isotopes of 8-
“Hg. The intensity of the ion beams of these iso-
topes with life tiome 1-60 min was 107-10° ions/s.
Under excitation of fluorescence by dye pulsed la-
ser radiation the second harmonics of radiation was
tuning to region of 2537A and the measurement of
the hyperfine structure for this line of Hg was car-
ried out during 1-2 min disposing about 10® of the
mercury isotop atoms. During transition from mi-
cleus '®*Hg to nucleus '**Hg it has been discovered
the sharp changing of the middle square of the nu-

clear radius which is interpreted as sharp changing
of the nuclear form (increasing of non-soherity and
electic quadrupole moment) during decresing the
neutrons number. In this paper it is presented the
the effective theoretical scheme with possibility of
advancing corresponding nuclear technology for
sensing different parameters for nuclei available in
the little quantitites. 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 precised theoretical and laser spec-
troscopy empirical estimating the hyperfine struc-
ture parameters, magnetic and electric moments of
a nuclei of isotopes. As example the nuclei of 2°U
and *'Hg are considered. We carried out sensing
and estimating the hyperfine structure parameters,
magnetic and electric moments of a nucleus for 23U
and ?'Hg . Theory of the hyperfine structure cslcu-
lation is based on developed earlier gauge-invariant
QED PT with an account of correlation (intere-
lectron interaction corrections), nuclear and QED
effects. Besides, special task regarding estimating
the oscillator strengths for new induced electric di-
pole transitions in spectra of 'Hg is considered. It
is well known that a change of nuclear spin under
changing the neutrons number in a nucleus can in-
fluence on the selection rules. As result, the atoms
of some isotopes can have the spectral lines, which
are forbidden for other isotopes. They can be used
for search and sensing the superdence nuclei.
Regarding calculating the hyperfine structure
(HFS) parameters and nuclear quadrupole mo-
ments one could mention as follows. This task is
of a great importance as it is provided by necessity
of infromation ragrding these properties for creat-
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ing nuclear sensors and new nuclear technologies
and also further developing the modern as atomic
and as nuclear theories. From the other side, a great
progress in experiments has been achieved [1-4].
Recent accurate measurements of the HFS param-
eters for a whole number of heavy isotopes [4] not
only provide the possibility for testing the quantum
electrodynamics (QED) in strong fields, but also
sensing the hyperfine structure parameters of spec-
tra for heavy atomic systems, electric charge and
magnetic moment distributions inside the nucleus
[5-10,20,21]. Theoretical calculations fulfilled dur-
ing the last several years apart from the basis Fer-
mi-Breit relativistic contributions also include the
magnetic dipole moment distribution inside the
nucleus (Bohr-Weisskopf effect) and radiative QED
corrections (e.g. [1-14,16-19]). These corrections
are calculated in the “external field” approxima-
tion, where the nucleus is considered as a source of
an external filed for the electron [5]. In calculations
of the heavy ions the well known multi-configura-
tion (MC) Dirac-Fock (DF) approach is widely
used (e.g.[1,2,5]). More effective method, based
on the QED perturbation theory (PT) [12-14], has
been developed in the series of papers [8-10,16-19].
It accounts for the relativistic, correlation effects,
based on the QED gauge-invariant PT [12-14] and
new effective procedures for accounting the nuclear
and radiative corrections in the hyperfine structure
calculation.

Let us describe the key moments of the theo-
retical scheme. Full details of the whole method of
calculating the HFS constants can be found in [8-
10,14,16-19]. The wave electron functions zeroth
basis is found from the Dirac equation solution with
potential, which includes the core ab initio poten-
tial, electric, polarization potentials of nucleus (the
gaussian form for charge distribution in the nucleus
is used). All correlation corrections of the second
and high orders of PT (electrons screening, parti-
cle-hole interaction etc.) are accounted for [6,7].
We set the charge distribution in the nucleus by the
Gaussian function:

p(r|R)=(4v" N Jexp (v .

Here y = 4/ nR? ; Ris an effective nucleus radius,
for which the standard Z-dependence is accepted
[8]. As it has been shown in many papers (e.g.
[1-5,7,11] and refsthere), the models with the Fermi
and Gauss charge distribution in a nucleus are most
widespread and more correct in comparison with
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the model of homogeneous ball charge distribution.
For example, let us mention that a difference in
values of the spectra levels energies is about several
cm [1,3,4,8,16]. The most advanced model must
be based on the direct solving of the corresponding
nuclear task. One could mention different versions
of the shell model with the Woods-Saxon-type and
spin-orbit potentials (e.g. refs.[13,17-19]).

Further let us suppose that the point-like nucleus
posseses by some central potential W{(R). The tran-
sition to potential of the finite nucleus is realized by
substituition W(r) on

W(V|R)= W(r);fdrrzp(r|R)+ O:[drrzW(r)p(r|R).

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

Vs IR a0 ¢ R Jar o),

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|c
ore) +V(r|nlj)+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
interaction [6,7]. The core electron density is de-
fined by iteration algorithm within QED procedure
[12]. The radiative QED (the self-energy part of the
Lamb shift and the vacuum polarization contribtu-
ion) are accounted for within the QED formalism
[8,18]. The HES constants are defined by the radial
integrals (c.f.[8,15]):

A={[(4,32587)10Z* g 1/(4x’-1)}x
x [drr? F(rG(ru /7, R),

B={7.2878 107 Z*Q/[(4%2-)I(I-1)} x
< [dr?[F>(r)+ G* (U7, R).

Here 1 is a spin of nucleus, g, is the Lande fac-
tor, Q is a quadruple momentum of nucleus; radial
integrals are calculated in the Coulomb units (=3,57
10°22m=2; = 6,174 10*°2°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
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zeroth order). The electric quadrupole spectroscop-
ic HFS constant B of an atomic state related to the
electric field gradient ¢ and to electric quadrupole
moment eQ of the nucleus as: B=eqQ/h. So, to ob-
tain the corresponding value of Q one must combine
the HFS constants data with the electric field gra-
dient obtained in our approach from the QED PT
calculation. We carried out estimating the hyperfine
structure parameters, magnetic and electric mo-
ments of a nucleus for 2°U and ?'Hg. In table 1 we
present the values of the HFS constants for the 2'Hg
together with available experimental results [21].

Table 1
The HFS constants (cm™ ) for the *'Hg ('S,)
(nuclear spin 3/2)
HFS Electron | Recommended Present
constants Term [22]
A 6P, 0,3024 0,2902
A 67D, —0,0817 —0,0795
B 6°D, 0,0019

Further we consider the induced electric tran-
sitions in spectra of 2'Hg. As it indicated above, a
change of nuclear spin under changing the neutrons
number in a nucleus can influence on the selection
rules. As result, the atoms of some isotopes can have
the spectral lines, which are forbidden for other iso-
topes. If nuclear spin makes possible the non-zeroth
angle momentum of atom then the electron-nuclear
interaction ca induce electrically dipole transitions
for a case /=0 — J’=0. The forbidden line 2270 A
(6°P,—6'S,) and 2656 A (6 'P,— 6 'S,) in the
even isotope *'Hg are the classical manifestations
of this effect. Let us note that Zel’dovich and Sobel-
man (eg. [20]) proposed to use this effect for selec-
tive excitation of the odd and even isotopes of Hg,
Sr, Ba, Zn, Cd. We at first carried out the estimating
the oscillator strength gf for the transition 6 7P —
6'S,usingthe QED energy approach (eg.[12,14,16-
18]). Our result is g/= 0,001.

Another object of studying is the HFS of spec-
tral line 5915,3 A of the transition fds’’°L, —

Sdsp’M for uranium >°U. This line is correrspond-
ing to permitted transition from the ground state
into one from many excited states. The cited transi-
tion is often used for isotopically selected excitation
of the uranium atoms for industrial isotopes and
nuclear isomers separation. In table 2 we present
the values of the HFS constants, magnetic dipole
moment p and electric quadrupole moment Q for
the 23U nucleus, obtained experimentally and the-
oretically (MCDF method) [21].

Table 2
The HFS constants, magnetic dipole moment p and
electric quadrupole moment Q for the U nucleus

HES constants Theory Present
lvgcm ), Experiment MCDF QED PT
oments
J=6, -Aq 0,00125 0,001 0,00118
J=6, -B, 0,1185 — 0,1138
=7, A, 0,00464 0,0038 0,00437
J=7,B, 0,05588 — 0,05370
—/ky 0,315 0,289 0,305
0 (10**cm?) 6, 398 — 6,201

The key quantitative factor of agreement between
theory and experiment is connected with the correct
accounting for the interelectron correlations, finite
size niclear, Breit and QED radiative corrections
[5-14]. The well-known MCDF [3,4,20] method is
not gauge-invariant one and an accounting of mul-
ti-electron correlations is not fully fulfilled, though,
for example, in ref. [7] it was used the gauge-invari-
ant local DF version in calculating the N-like ion of
Bi. The contribution of the nuclear core-polariza-
tion effects and also the high order QED correc-
tions can correspond the difference between theory
and experiment for the nuclear moments. In con-
clusion let us note that we have considered and used
an effective theoretical scheme for estimating the
hyperfine structure parameters, magnetic and elec-
tric moments of a nucleus for U and *'Hg and
reached sufficiently high accuracy. Further such
theoretical estimates should be used in interpreta-
tion of the laser spectoscopy method measurement
of isotope atoms spectra. In their turn the corre-
sponding atomic beams are obtained on the mass-
separator in the line with synchrocyclotrone on 600
MeV. The CERN ISOLDE apparatus is example of
necessary technical devices needed for studying the
short-lived, radioactive and little-quantited nuclei.
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