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Abstract. We applied a generalized energy approach (Gell-Mann and Low S-matrix formalism)
combined with the relativistic multi-quasiparticle (QP) perturbation theory (PT) with the Dirac-
Kohn-Sham zeroth approximation to studying autoionization resonances (AR) in complex atoms, in
particular, energies and widths for the ytterbium in Rydberg states. The unusual features of the Rydberg
autoionization resonances in ytterbium can be effectively used in new types of the quantum sensors.
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JIETEKTYBAHHSA PIIBEPTIBCHbKAX ABTOIOHI3AIIIMHUX PE3OHAHCIB B CITEKTPI
ITTEPBIIO: HOBI CIIEKTPAJIbBHI JAHI TA EOEKTU

A. A. Ceunapenko

AHoranis. Y3aranbHeHUl eHepreTuuHui miaxia (S-marpuunuii popmaniszm ['enn-Mana ta Jloy) u
pPENATUBICTCHKA TeOpist 30ypeHb 3 JIipaK-KOH-IIEMIBCHKUM HYJIBOBHM HAOIMKEHHSIM 3aCTOCOBaHI J10
BUBUCHHS aBTO10HI3AI[IIHUX PE30HAHCIB Y CKJIQJHUX aTOMaxX, 30KpeMa, €HEeprii Ta IMPHH aBTO10HI3a-
LIHHUX PE30HAHCIB y 1TepOil y pi10epriBCchkux cTanax. He3BuuaiiHi 0coOIMBOCTI aBTO10HI3AL[IOHHUX
PE30HAHCIB B iTTepOii MOXKYTh OyTH €(heKTUBHO BUKOPUCTAHI TIPH pO3pOOII HOBUX THIIIB KBAHTOBUX
CEHCOPIB.

Ku11o40Bi cjioBa: ciekTpockomisi aBTO10HI3alIHHUX PE30HAHCIB, PEJIATUBICTCHKUIN €HEepreTUHUHUN
TiIX11, KBAHTOBI CEHCOPH
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JETEKTUPOBAHUE PUABEPTOBCKUX ABTOMOHU3AIIMOHHBIX PE3OHAHCOB B
CHHEKTPE UTTEPBUS: HOBBIE CIIEKTPAJIBHBIE TAHHBIE U OO ®EKTbI

A. A. Ceunapenxo

Annorauus. O0001IeHHBIN SHepreTudeckuil moaxon (S-marpuunsiii hopmanusMm lenn-Mana u
Jloy) u pensiTuBUCTCKasi TeOpUsi BO3MYIICHUN C IUPAK-KOH-IIIIMOBCKUM HYJIEBBIM TPUOIMKEHUEM
MIPUMEHEHBI K U3YYEHHUIO0 aBTOMOHU3AIMOHHBIX PE30HAHCOB B CIIOKHBIX aTOMaX, B YACTHOCTH, SHEPI Uil
Y IIMPUH aBTOMOHM3AIIMOHHBIX PE30HAHCOB B UTTEPOUHU B PUAOEPTOBCKUX COCTOSHUSX. HeoObIuHbIE
O0COOCHHOCTH aBTOMOHH3AIMOHHBIX PE30HAHCOB B HTTEPOUU MOTYT OBITH APPEKTUBHO MUCTIOIH30BAHBI

npu pa3paboTKe HOBBIX TUIIOB KBAHTOBBIX CEHCOPOB.
KurroueBble cj10Ba: CIIEKTPOCKONUSI aBTOMOHU3ALMOHHBIX PE30HAHCOB, PEISTUBUCTCKUN IHEpre-

THUYECKHUI TTOJIXOJ, KBAHTOBBIE CEHCOPBI

Traditionally an investigation of spectra, spec-
tral, radiative and autoionization characteristics
for heavy and superheavy elements atoms and
multicharged ions is of a great interest for fur-
ther development atomic and nuclear theories
and different applications in the plasma chemis-
try, astrophysics, laser physics, etc. (look Refs.
[1-10]). Theoretical methods of calculation of
the spectroscopic characteristics for heavy atoms
and ions may be divided into a few main groups
[1-6]. First, the well known, classical multi-con-
figuration Hartree-Fock method (as a rule, the
relativistic effects are taken into account in the
Pauli approximation or Breit hamiltonian etc.) al-
lowed to get a great number of the useful spectral
information about light and not heavy atomic sys-
tems, but in fact it provides only qualitative de-
scription of spectra of the heavy and superheavy
ions. Second, the multi-configuration Dirac-Fock
(MCDF) method is the most reliable version of
calculation for multielectron systems with a large
nuclear charge. In these calculations the one- and
two-particle relativistic effects are taken into ac-
count practically precisely.

In this essence it should be given special atten-
tion to two very general and important computer
systems for relativistic and QED calculations of
atomic and molecular properties developed in the
Oxford group and known as GRASP (“GRASP”,
“Dirac”; “BERTHA”, “QED”) (look [1-5] and
refs. therein). In particular, the BERTHA pro-
gram embodies a new formulation of relativistic
molecular structure theory within the framework
of relativistic QED. This leads to a simple and
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transparent formulation of Dirac-Hartree-Fock-
Breit (DHFB) self-consistent field equations
along with algorithms for molecular properties,
electron correlation, and higher order QED ef-
fects. The DHFB equations are solved by a direct
method based on a relativistic generalization of
the McMurchie-Davidson algorithm [4].

In this paper we applied a new relativistic ap-
proach [11-15] to relativistic studying the auto-
ionization characteristics of the Tm atom. New
approach in optics and spectroscopy of heavy
atomic systems is the combined the generalized
energy approach and the gauge-invariant QED
many-QP PT with the Dirac-Kohn-Sham (DKS)
“0” approximation (optimized 1QP representa-
tion) and an accurate accounting for relativistic,
correlation, nuclear, radiative effects. [17-20].
The generalized gauge-invariant version of the
energy approach has been further developed in
Refs. [12,13]. In relativistic case the Gell-Mann
and Low formula expressed an energy shift DE
through the QED scattering matrix including the
interaction with as the photon vacuum field as the
laser field. The first case is corresponding to defi-
nition of the traditional radiative and autoioniza-
tion characteristics of multielectron atom.

The wave function zeroth basis is found from
the Dirac-Kohn-Sham equation with a potential,
which includes the ab initio (the optimized model
potential or DF potentials, electric and polariza-
tion potentials of a nucleus; the Gaussian or Fer-
mi forms of the charge distribution in a nucleus
are usually used) [5]. Generally speaking, the ma-
jority of complex atomic systems possess a dense
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energy spectrum of interacting states with essen-
tially relativistic properties. Further one should
realize a field procedure for calculating the energy
shifts DE of degenerate states, which is connected
with the secular matrix M diagonalization [8-12].
The secular matrix elements are already complex
in the second order of the PT. Their imaginary
parts are connected with a decay possibility. A
total energy shift of the state is presented in the
standard form:

AE=ReAE +iImAE ImAE =—T/2, (1)

where I is interpreted as the level width, and the
decay possibility P =T". The whole calculation of
the energies and decay probabilities of a non-de-
generate excited state is reduced to the calculation
and diagonalization of the M. The jj-coupling
scheme is usually used.

The complex secular matrix M is repre-
sented in the form [9,10]:
M=M9+ MY+ @4+ MO, 2)
where M”) is the contribution of the vacuum dia-
grams of all order of PT, and M 0 , M @) M ®
those of the one-, two- and three-QP diagrams re-
spectively. M ©) s a real matrix, proportional to
the unit matrix. It determines onl?/ the general
level shift. We have assumed M'” =0. The di-
agonal matrix M ™ can be presented as a sum of
the independent 1QP contributions. For simple
systems (such as alkali atoms and ions) the 1QP
energies can be taken from the experiment. Sub-
stituting these quantities into (2) one could have
summarized all the contributions of the 1QP dia-
grams of all orders of the formally exact QED PT.
However, the necessary experimental quantities
are not often available. So, the optimized 1-QP
representation is the best one to determine the ze-
roth approximation. The correlation corrections
of the PT high orders are taken into account with-
in the Green functions method (with the use of the
Feynman diagram’s technique). All correlation
corrections of the second order and dominated
classes of the higher orders diagrams (electrons
screening, polarization, particle-hole interaction,
mass operator iterations) are taken into account
[10-14]. In the second order, there are two impor-
tant kinds of diagrams: polarization and ladder

ones. Some of the ladder diagram contributions
as well as some of the 3QP diagram contributions
in all PT orders have the same angular symmetry
as the 2QP diagram contributions of the first order
[10-12]. These contributions have been summa-
rized by a modification of the central potential,
which must now include the screening (anti-
screening) of the core potential of each particle by
two others. The additional potential modifies the
1QP orbitals and energies Then the secular ma-
trix is : M = 37" + 37, where M" is the modified
1QP matrix Edlagonal), and M® the modified
2QP one. M Y is calculated by substituting the
modified 1QP energies), and M @ by means of
the first PT order formulae for M , putting the
modified radial functions of the 1QP states in the
interaction radial integrals.

Let us remind that in the QED theory, the pho-
ton propagator D(12) plays the role of this inter-
action. Naturally, an analytical form of D depends
on the gauge, in which the electrodynamic poten-
tials are written. In general, the results of all ap-
proximate calculations depended on the gauge.
Naturally the correct result must be gauge invari-
ant. The gauge dependence of the amplitudes of
the photoprocesses in the approximate calcula-
tions is a well known fact and is in details inves-
tigated by Grant, Armstrong, Aymar-Luc-Koenig,
Glushkov-Ivanov [1,2,5,9]. Grant has investigat-
ed the gauge connection with the limiting non-
relativistic form of the transition operator and
has formulated the conditions for approximate
functions of the states, in which the amplitudes
are gauge invariant. These results remain true in
an energy approach as the final formulae for the
probabilities coincide in both approaches. In ref.
[16] it has been developed a new version of the
approach to conserve gauge invariance. Here we
applied it to get the gauge-invariant procedure for
generating the relativistic DKS orbital bases (ab-
breviator of our method: GIRPT). The autoioni-
zation width is defined by the square of interac-
tion matrix element [9]:

M4 = =[G X2 i3 Wiia )[/ Z

x| J1/3 x)xRe 1234
(ml_m3 u 05, (1234) .

€)
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The real part of the interaction matrix element can
be expanded in terms of Bessel functions [5,8]:

coswny, =«
na 2 ﬁ@zlo i*/wawkp;l//
AN
* (@l )Py (cosmry)-

(4)

The Coulomb part Q2! is expressed in the radial
integrals R, angular coefficients S, as follows:

Re Q% ~ Re{R, (1243)s, (1243)+
+ R, (12435, (1243)+

+ &, (1333)s, (1333)+ &, (1333)s,(1333))

where ReQ,(1243) is as follows:

)

ReR, (1243)= ([ dnr’rs £,(5)£:() *
sz(rz) 4(’”2) 7 (<)Z7E1)(r>)'

where f is the large component of radial part of
the 1QP state Dirac function and function Z is :

:[2/\0)13\052]“%JM%(a\a)w\r)/[rlF(ﬂ+%)]-. (7)

The angular coefficient is defined by standard
way as above [3]. The calculation of radial inte-
grals ReR, (1243) is reduced to the solution of a
system of differential equations:

(6)

= £/, 2! (a|a)| ) A
= 1,12, (alwl b, (®)
[y1f2f4+y2f1f3] (05|CU ) o

In addition, y,(o0)=ReR (1243), y (00)=X(13).
The system of differential equations includes
also equations for functions f/r=!, g/re-1, Z(1
Z(2 The formulas for the autoionization (Auger)
decay probability include the radial integrals
R (akgb), where one of the functions describes
electron in the continuum state. When calculating
this integral, the correct normalization of the
function ¥, is a problem. The correctly normal-
ized function should have the following asymp-

totic at r—0: p
f} . (lw)_% [a) +( _2 ]]:f sin(kr +6), 9)

g
cos kr + 5
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When integrating the master system, the function
is calculated simultaneously:

N(r)z {Tcmk[f,f [cok +(OLZ)72]+ g,f[mk +(OLZ’2)]]}_% .
(10)

It can be shown that at r—o0, N(r)—N,, where
N, is the normalization of functions f,, g, of con-
tinuous spectrum satisfying the condition (9).
Other details can be found in refs.[10-13,16-20].

Further we present the results for some Ryd-
berg autoionization resonances in the spectrum
of Yb. In tables 1,2 we list the results of our
theory for the energies and widths of the auto-
ionization resonances 4f"° [’F_ ]6s’np[5/2],, 4f"}
[’F,,,16s’nf[5/2], which are arisen in result of ex-
citation of the 4f-shell electrons. For comparison
there are presented the experimental data, which
are obtained by method of 3-photon laser polar-
ization spectroscopy [21,22].

Table 1.
Energies and widths of the Yb autoionization
resonances 4f”° [’F_ ]6s’np|[5/2]
n EeXp r . E (our I' (our theory)
theory)
12 | 701205 | 1.5 70121 1.7
13 | 70482.0 | 0.4 70483 0.5
15 | 70914.8 | 1.2 70916 1.4
20 | 71428.1 | 0.6 71429 0.7
25 | 716125 | 1.3 71611 1.5
26 | 71633.3 | 0.6 71631 0.8
30 | 71698.8 | 0.5 71697 0.7
31 | 717103 | 0.4 71712 0.5
33 | 717319 | 0.6 71733 0.6
34 |- - 71741 0.3
35 | - - 71748 0.5
46 | - - 71797 0.4

Firstly, let us note that our theory provides a
physically reasonable agreement with experi-
ment. Secondly, it is worth to note that the width
of the studied Rydberg resonances is very little,
the cause of which in the literature is not clear.
In our opinion this is due to the complex ener-
getics of the studied atom resulting in causing
a somewhat unusual physics of autoionization
resonances in spectra of heavy atoms of the lan-
thanides and their decay mechanisms, especially
in comparison with the conventional standards of
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spectroscopy of the inert gases, alkali and alka-
line-earth elements atoms with the characteristics
resonance widths of tens and hundreds of cm™.
Obviously, the unusual features of the Rydberg
autoionization resonances in ytterbium will be
looked more effectively under imposing an exter-
nal electromagnetic field, in particular, laser ra-
diation field. In this case the considered Rydberg
states of the ytterbium can be effectively used in
new types of the quantum sensors.

Table 2.
Energies and widths of the Yb autoionization
resonances 4f° [’F_ ]6s’nf[5/2], (see text)

7/2

n E. [ E (our theory) | I (our theory)
12 | 70963.6 | 0.5 70965 0.7
13 | 711050 | 0.4 71107 0.5
15 | 713122 | 1.4 71313 1.6
20 | 71559.1 | 0.8 71561 0.9
25 | 716725 | 0.5 71673 0.8
26 | 71687.5 | 0.5 71689 0.7
30 | 717324 | 04 71734 0.5
31 | 717412 | 05 71740 0.6
33 |- - 71756 0.4
34 |- - 71763 0.8
35 |- - 71770 0.5
46 | - - 71813 0.3
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