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RELATIVISTIC MODELS IN DYNAMICS OF
INTERACTION BETWEEN ELECTRON SHELLS OF
ATOMS AND NUCLEONS: NEW EFFECTS

A.V.Glushkov, S.V.Malinovskaya

Atomic-Molecular-Laser Spectroscopy Centre,
Odesa Hydrometeorological Institute,
a/c 108, Odesa-9, 65009, Ukraine

A consistent quantum electrodynamical (QED) perturbation theory approach is de-
veloped for the calculation of the electron-nuclear y transition spectra in atoms and
ions. The intensities of the satellites are determined in the relativistic version of the
energy approach (S-matrix formalism). As an example, the nuclear transition in

;g Fe isotope (energy 14.41 keV) is considered. The results of relativistic calcula-

tion for the electron-nuclear y-transition spectra (a set of electron satellites) of the
nucleus in multicharged FeXIX ion are presented and compared with the corre-

sponding non-relativistic estimates.

1. The paper is devoted to the studies of
cooperative dynamical phenomena due to
interaction between electron shells of atoms
and nucleons of nuclei. In this new direction
the following problems are considered: i)
The studies of the mixed optical quantum
transitions; ii). Spectroscopy of resonances
and creation of additional satellites and nar-
row resonances inside the Doppler contour
of the radiation line; iii). control of the inten-
sity of the complicated transitions due to
change of the atomic and molecular excited
states population in a laser field; iv). the
relativistic quantum calculation of the com-
plex “laser-electron-nuclei” systems [1-12].

The nuclear emission or absorption
spectrum of the atom possesses a set of elec-
tron satellites due to the alteration of the
state of electron shell [1, 2, 5-7]. The
mechanism of satellite formation in neutral
atoms and highly charged ion is different. In
the first case (loose electron shell) a shaking
of the shell resulting from the interaction
between the nucleus and the y-quantum is
predominant. In the second case (rigid elec-
tron shell) the mechanism involves a direct
interaction between the y-quantum and elec-
trons. The second mechanism is important in
the case of dipole nuclear transitions and
predominates at the y-quantum energies <4z
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keV (z is effective nuclear charge). The tra-
ditional selection rules and known intensity
hierarchy with respect to electron transition
multiplicity do not pertain to the second
mechanism. Consequently, the satellite
spectrum is much enriched and transitions
between the fine and hyperfine structure
components, 0-0 transitions and transitions
which do not involve a change in the elec-
tron configuration can be considered.

There is a great number of different
channels for the electron-nuclear processes
in atoms, ions and molecules. The possibility
of their interference makes the analysis more
complicated. The analysis of some processes
must be, as a rule, based on the comprehen-
sive relativistic approach. In the theory of
radiative and non-radiative decay of the
quasi-stationary states of a multielectron
atom an energy approach, based on the adia-
batic Gell-Mann and Low formula [5-8,13]
for the energy shift 8F with electrodynamics
scattering matrices, is well known. This ap-
proach represents the decay probability as an
imaginary part of the energy shift. The
method is consistently electrodynamical, al-
lowing for the uniform consideration of a
variety of induced and spontaneous proc-
esses. Their contributions and interference
effects are represented by successive correc-



Haykoswuii BicHuK Ykropojacekoro yHiBepcutety. Cepis ®izuka. Bunyck 8. Yactuna 2. — 2000

tions of the QED perturbation theory. The culate the spectra of the multicharged FeXIX

energy approach had been applied previously ion, the relativistic perturbation theory with
in the study of purely electronic, electron- model zeroth approximation has been used
nuclear processes in atoms and meso-atomic (version in [11, 12]).

systems [5-7]. We use this consistent ap- 2. We consider the following model of
proach in the calculation of the electron- the atomic system: a rigid nuclear core (c), a
nuclear y transition spectra of a nucleus in proton above the core (p) and an electron (e).

We will calculate the imaginary part of the
excited state of the system. Even for a two-
particle system the exact electrodynamical
solution is unknown. Following the quasi-
potential method [14], we introduce the bare
interaction as follows:

atom. The intensities of the satellites are de-
termined in the relativistic version of the en-
ergy approach (S-matrix formalism) [7, 10].
Decay and excitation probabilities are con-
nected with the imaginary part of the
“nucleons-electron shells -field” system. For

the radiative decay it is manifested as the V(r,r,r,) =v(r,) - Ze*lr, —é’ /r,, (1)
effect of retarding in interaction and self- . _ _
action. The calculation results of the elec- where all interactions are obvious. The

imaginary part of the excited state energy for
the three-quasi-particle system in the lowest
perturbation theory order is as follows:

tron-nuclear y-transition spectra (a set of
electron satellites) of the nucleus in a mul-
ticharged FeXIX ion are presented. To cal-

ImE = e*Imilim f_[d4x1d4x2e’“1”2) (D71, 200) <Dy | (Jo (X)) ], () | @, >+
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Here D is the photon propagator; j — the We use the relativistic solutions of the Dirac
four-dimensional operator of current of the equation as functions of the state of the sys-
core, protons, electrons; x={rc, rp, re, t}; tem. Substituting all expressions into (2),
For the photon propagator it is possible to one can obtain the following general expres-
use the exact electrodynamical expression: sion for the imaginary part of the excited
state energy for the three-quasi-particle sys-

D(12)=“§;7-1' deemxlzn[a)\rlz 3)

Fy - tem:

ImE =Im Ec+Im Ep+1Im Ee,
Im Ea=-Z; |4z, {[dr, dr, |[dr,dr,, [[dr, dr, @ QP (2T,1,2)P (DD, (2), )
F

T, (1,2) = sin(wye 1oy ) 7oy {1/ Mty (V 1015V 0 ) +13,

where r7,,, =| 7, —7,,, |. In the QED pertur- abilities of the corresponding transitions. The
intensity of the satellite P(pe) is related to the
imaginary part of energy as follows:

=2ImFE/h.. The system of red (blue) satel-
lites corresponds to the transitions with ex-
citation (de-excitation) of the electron shell.

bation theory second order the full width of
the level is divided into the sum of the partial
contributions, related to the radiative decay
into definite final states of the system. These
contributions are proportional to the prob-
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Note that the form of the operator in (4) is
determined by the calibration of the propa-
gator. In [7, 10] the corresponding expres-
sions are derived for different calibrations of
the photon propagator.

1, P(pe)/P(p)-10°
2
2

4 o

Fig. 1. The contribution of Im E to the relative inten-
sity of the satellite; P(pe) - the satellite intensity;
P(p) - the intensity of the nuclear transition; 1-
s ~ 2py, transition; 2 — 2s-~2py,, transition; 3 —

2p1,2 ~2py,, transition; 4- 1s-2s transition; ----- =

relativistic calculation; = non-relativistic cal-
culation; energy of the quantum E [keV] = 4Z(aw).

As an example, we consider the nuclear
transition in the isotope ; Fe with energy

14.41 keV (half-life period T;,, =9,77-107%s,

energy of recoil: 1,96-10%keV; aw =0,27;)[15].
The results of calculation are shown in Fig. 1.
We also present the corresponding non-
relativistic data. The account of the relativistic
effects resulted in the shift of the curves to the
region of higher energies. As seen from the
figure, the intense satellites correspond to the
2s-2p transitions.
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PEJATHUBICTCBKI MOJAEJII B IMHAMIII
B3AEMOJII EJEKTPOHHUX OBOJIOHOK ATOMIB
TA HYKJVIOHIB SAXEP: HOBI EOEKTH

O.B.I'nymkos, C.B.MaiHOBCbKa

HenTp atoMHOT, MOJIEKYIAPHOI Ta JIa3epHOI CIEKTPOCKOTiT,
Opecbkuit rigpomMereoponorignuil iHeTUTyT, a/c 108, Oneca-9, 65009

VY po3paxyHKy CHEKTPY €IeKTPOHHO-fHEpHHX Y NEpexoiiB fnpa B aTomi Ta ioHi
BUKOPHUCTAHO MOCTINOBHUI KBAHTOBO-E/IEKTPOAMHAMINHEN Mmigxin. [HTeHCHBHOCTI
catelliTiB BH3HayeHO Y peATHBICTCHKIiMl Bepcii eHepretwqHoro miaxoxy (S-
MarpuuHuit dopmanizm). ImoBipHOCTI posnamy i 36yMKeHHs NOB’A3aHi 3 YABHOIO
YaCTHHOIO eHEPTii CUCTeMHU “HYKJIOHU — EJIEKTPOHI 060JI0OHKM ~ none”. Sk npukian,

. . . .87 .
PO3MIAHYTO sAepHUI mepexin B isotomi 4y Fe 3 eueprico 14,41 keV.

TlpencraBieHi pe3ysibTaTé PENATHBICTCHKOrO DPO3paxXyHKY CIEKTPY €NeKTPOHHO-
AACPHUX Y-TepeXofiB (CTeKTp €JeKTPOHHUX CaTeiTiB) Axpa B GaratozapsgHOMY
ioni FeXIX nopiBHIOIOTECS 3 HEPENATUBICTCHKMMH OLIIHKAMH.
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