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Abstract

SENSING THE HYPERFINE STRUCTURE AND NUCLEAR QUADRUPOLE MOMENT
FOR RADIUM

E. P. Gurnitskaya, O. Yu. Khetselius

It has been carried out sensing and estimating the hyperfine structure parameters and nuclear
quadrupole moment of the radium on the basis of gauge-invariant QED perturbation theory
with an account of correlation effects
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AHoTanis

JETEKTYBAHHS CYIIEPTOHKOI CTPYKTYPU I BU3HAYEHHS SI/IEPHOI'O
KBAJPYIIOJBbHOI'O MOMEHTY [JIS1 PAAIA

O. II. I'ypuuyska, O. IO. Xeuyeniyc

BukoHaHO JIeTeKTYBaHHs Ta OIIHKA IMapaMeTpiB CYNEPTOHKOI CTPYKTYPHU Ta SZIEPHOTO KBajl-
PYIIOJIBHOIO MOMEHTY JIJIs pajisl Ha IijacTaBi kaimbopoBouHo-iHBapianTHOI KE/I Teopii 30ypeHb 3
ypaxyBaHHSIM KOPEISIIMHUX eEeKTiB.

Kuro4oBi ci10Ba: 1eTEKTyBaHHS Ta OIIHKA, CYIIEPTOHKA CTPYKTYpa, SACPHUNA KBAIPYTIOIbHUIMA
MOMEHT, pasiit

AHHOTALUA

JETEKTPOBAHUE CBEPXTOHKO¥ CTPYKTYPBI Y OTIPEJEJIEHUE AJIEPHOI'O
KBAAPYITIOJIBbHOI'O MOMEHTA JUIA PAAUSA

E. II. I'ypuuuyxasa, O. IO. Xeyenuc

BeInoTHeHO AETEeKTHPOBAHUE M OIIEHKA IMapaMeTPOB CBEPXTOHKON CTPYKTYPHI U SIEPHOTO
KBaJIPYMOJIbHOTO MOMEHTA JUIsl paans HA OCHOBE KaimOpoBouHO-uHBapruantHoii K3/I Teopun
BO3MYIIEHUH C YU€TOM KOPPEISLIUOHHBIX 3(h(HEeKTOB.

KmioueBble cioBa: 1eTEeKTUPOBAHUE U OLIEHKA, CBEPXTOHKAS CTPYKTypa, SAEPHBIN KBaJapy-
MMOJIbHBIA MOMEHT, paJIui
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In last years a sensing the hyperfine structure
parameters and nuclear quadrupole moments for
different heavy elements attracts a great interest
(c.f.[1-15]). It is provided by necessity of further
developing the modern as atomic and as nuclear
theories. From the other side, a great progress in
experiments has been achieved [1-4]. In calcula-
tions of the heavy ions the well known multi-con-
figuration (MC) Dirac-Fock (DF) approach is
widely used [1]. It provides the most reliable ver-
sion of calculation for atomic systems. More ef-
fective method, based on the quantum electrody-
namics (QED) perturbation theory (PT), has been
developed in the series of papers [7-14, 17-20].
The further improvement of this method is con-
nected with using the gauge invariant procedures
of generating relativistic orbitals basis’s and more
correct treating the nuclear and quantum electro-
dynamics effects.

In references [7-9] it has been developed a new
ab initio approach to calculating spectra of heavy
systems with account of relativistic, correlation
effects, based on the QED qauge-invariant per-
turbation theory and new effective procedures for
accounting the nuclear and radiative corrections
in the hyperfine structure calculation. Here we
carry out sensing and estimating the hyperfine
structure parameters and nuclear quadrupole mo-
ment of the radium on the basis of gauge-invari-
ant QED PT with an account of relativistic, corre-
lation, nuclear finite size and radiative effects. Let
us describe in brief the important moments of the
calculation procedure.. Full details of the whole
method and corresponding numerical procedure
of calculation of the different characteristics, in-
cluding the hyperfine structure constants and nu-
clear quadrupole moment, can be found in [5-14].

The wave functions zeroth basis is found from
the Dirac equation solution with potential, which
includes the core ab initio potential, electric, po-
larization potentials of nucleus (the gaussian
form for charge distribution in the nucleus is
used). All correlation corrections of the second
and high orders of perturbation theory (electrons
screening, particle-hole interaction etc.) are ac-
counted for [6,7]. We set the charge distribution
in the nucleus by the Gaussian function:

p (r|R) = (4y3/2/\/;)exp(—yr2)
Ta’rrzp(r|R) =1; Ta’rr3p (r|R) =R
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Here y= 4/ TR? ; Ris an effective nucleus radi-
us, defined as:

R=1.60x10"z" (cm).

Such definition of an effective nuclear radius is
to be suitable at least as some zeroth approxima-
tion. Our approach allows to calculate the deriva-
tives on R for characteristics which describe inter-
action of a nucleus with the external electrons.
Then it is possible to make the redistribution of
results when a radius R is varied within the physi-
cally reasonable limits. As it has been shown in
many papers (e.g. papers [1-5,7,11] and refs
there), the models with the Fermi and Gauss
charge distribution in a nucleus are most wide-
spread and more correct in comparison with the
model of homogeneous ball charge distribution.
For example, let us mention that a difference in
values of the spectra levels energies is about sever-
al cm™ [4,5,7]. At the same time the most ad-
vanced model must be based on the direct solving
of the corresponding nuclear task.. As example,
one could mention different versions of the shell
model with the Woods-Saxon and spin-orbit po-
tentials (e.g. refs.[16-20]). As a preliminary com-
prehensive analysis shows, using these models
could increase an accuracy of definition of the
hyperfine structure constants on several units
(decades) MHz. From other side, using the
smooth function of the charge distribution insist
of the non-smoth one is more effective as it sim-
plifies the calculational procedure and allows to
make more realistic modelling the charge distri-
bution. Let us suppose that the point-like nucleus
posseses by some central potential W (R). The
transition to potential of the finite nucleus is real-
ized by substituition W(r) on

W(r|R)=W(r) ;[dr rzp(r|R)+

+Tdr rZW(r)p (r|R)

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

V el (r|R) = —((l/r)_:[drvrvzp (r"R)+ Idr'r'p (r"R)

This potential is calculated from solving the
following system of differential equations:
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V'nucl (r,R) = (1/r2 )]‘dr'ryzp (r',R)E (1/r2 )y (r,R)
y'(r,R)= rzp(r,R)
p'(r,R)=-8y"" r/\/;exp(—yrz ) =

p(r.R)

==2yrp(r,R)=-

with boundary conditions:

y

nucl

(0,R)=-4/(zr),
y(0.R)=
p(0,R)=4y"* /Nr =32/ 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 :

a—F+(1+}()——(€+m )G =0

oG

G
Y-
ar+( x)r

with large and small components F,G and poten-
tial: V(r)=2V(r|core)+V (r|nlj)+V +V(r|R).
and the Dirac quantum number:

+(e=m-V)F=0

lj=1-%, I'=l-1
xX= —(Z+1),j=l+§, I'=1+1

The potential V(7 ) includes the electrical and
polarization potentials of the nucleus. The part ¥,
accounts for exchange inter-electron interaction.
The main exchange effect will be taken into ac-
count if in the equation for the n/j orbital we as-
sume V(r)=V(r|ls)+V(r|nlj) and in the equation
for the nlj orbital V' (r)=V(r|core). The rest of the
exchange-correlation 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 gauge invariant
QED procedure [10]. Let us consider further the
calculating hyperfine structure constants. The con-
stants are defined by the radial integrals (c.f.[7,15]):

A={[(4,32587)10"Zcg,]/(4c’-1) } x
XTdrrzF(r)G(r)U(l /7*,R),

B=1{7.2878 107 Z*Q/[ (4c>-1)I(I-1) }x

Tdrrz[Fz(I’) +G*(NU1/r*,R), ,

Here I is a spin of nucleus, g, is the Lande factor,
Q is a quadruple momentum of nucleus; radial inte-
grals are calculated in the Coulomb units (=3,57
10*%Z*m%; = 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 (per-
turbation theory zeroth order). The electric quadru-
pole spectroscopic hyperfine constant B of an atom-
ic state related to the electric field gradient ¢ and to
the electric quadrupole moment eQ of the nucleus in
the following way: B=eqQ/h. So, in order to obtain
the corresponding value of Q it is necessary to com-
bine the hyperfine structure constants data with the
electric field gradient obtained from the QED per-
turbation theory formalism calculations in our ap-
proach.

We carried out the calculation of the hyperfine
structure constants and nuclear quadrupole mo-
ment for radium *7Rq. In table 1 we present the
calculated by us Values of the magnetic dipole hy-
perfine structure constants A (MHz) of the 7s7p
'P,, °P, and °P, levels of °2Ra, compared with ex-
perlment uncorrelated DF MCDF (with ac-
count Breit and QED corrections), relativistic
configuration interaction approach (with account

correlations within random-phase approxima-
tion) RCI-RPA data [1].

Table 1

Calculated values of magnetic dipole hyperfine structure constants A (MHz) of the 7s7p P p
and P levels of % Ra , compared with experiment , uncorrelated DF, MCDF (with account Brellt
QED corrections), RCI-RPA data [1].

Method P, °p, °p,
DF 226,59 803,97 567,22
MCDEF (Breit+QED) -330,3 1251,9 737,1
RCI-RPA 242 4 - -
Present QED PT -339,1 1209 704,5
Experiment -344,5(0,9) 1201,1(0,6) 699,6(3,3)
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Let us note that the key quantitative factor of
agreement between theory and experiment is con-
nected with the correct accounting for the intere-
lectron correlations, finite size niclear, Breit and
QED radiative corrections [1-5,7,8,16,18].. The
analysis shows that the interelectron correlation
contribution to the hyperfine structure constant
values is about 100-500 MHz for different levels
(see table 1). This fact explaines the low degree of
accurace of the data, obtained within the stand-
ard uncorellated DF approach. At the same time
the key difference between our approach and well
known MCDF method is connected with the dif-
ferent degree of accounting for the interelectron
correlations. The MCDF method is not gauge-in-
variant one and an accounting of multi-particle
interelectron correlations is not fully fulfilled.
This problem is in principle absent in our ap-

proach (see the discussion regarding this topic in
refs. [10,14,21]). From the other side, the contri-
bution of the high order QED corrections and fi-
nite size nuclear effects can reach one-two dozens
of MHz and more accurate account for these ef-
fects is preferable. Now the work on direct solving
of the corresponding nuclear task with using shell
model with the Woods-Saxon and spin-orbit po-
tentials [20] is in progress. In table 2 we present
the calculated and measured values of the nuclear

electric quadrupole moment Q (barn) of ’5Ra by
ISOLDE Collaboration in different ways, theo-
retically calculated values within the MCDF
(with account Breit and QED corrections) meth-
od, relativistic many-body perturbation theory
(RMBPT) approach and our QED PT formalism

(from [1,18] and refs there).

Table 2
The values of the nuclear electric quadrupole moment Q (barn) of %, Ra
Method Q (barn)
MCDF (Breit+QED) 1,21 (0,03)
ISOLDE Collaboration fs Rall 1,254 (0,003){0,066]
Wendt et al, fs Ral 1,19 (0,12)
RMBPT 128
ISOLDE Collaboration fs Ral 1,190 (0,007) {0,126}
ISOLDE Collaboration B(E2) 1,2
Present QED PT 1,22 (0,03)

Our final result fits between the latest values
obtained by the group of Wendt (ISOLDE Col-
laboration), but has a smaller error bar. So, we
have carried out sensing and estimating the hy-
perfine structure parameters and nuclear quadru-
pole moment of the radium on the basis of gauge-
invariant QED PT with an account of the relativ-
istic and correlation effects and reached suffi-
ciently high accuracy.
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