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Abstract

CONVERSION OF LOW-ENERGY NUCLEAR TRANSITIONS (hw<3 keV) IN THE OUTER
ELECTRON SHELLS OF AN ISOLATED ATOM. Conversion of some low-energy transitions
(hw<3 keV) in the nuclei ’Nb, *Tc, '“Ru, '""Ag, "*Pr, '**Pr, '°’Gd, '*Gd, '"°Tb, '®Tm, ""'Lu, "W,
188Re, 1Py, 2ng, 205pp, 26py and *°Bk are investigated for the case of an isolated atom. The
conversion transition probabilities are calculated using the electron wave functions, obtained through
numerical integration of the Dirac equations in the atomic field within the framework of the Hartree-
Fock-Slater method. The calculation is carried out for the normal configuration of the valence band of
the aforementioned atoms. The calculation results are tabulated in this paper.

Tables of the electronic factors of the conversion probabilities may be obtained in full from the Centre for Nuclear
Structure and Reaction Data (CAJAD) of the USSR State Committee on the Utilization of Atomic Energy from the following
address: 1.V. Kurchatov Institute of Atomic Energy, Centre for Nuclear Structure and Reaction Data, 123182 D-182,
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Introduction

1. In the case of low-energy nuclear transitions E{I; — Exlb, (ho = E—E; < 3 keV; I11, is the

spin of the nucleus in the initial and final states), the electrons in the atomic shell are actually
in the static region of the nuclear AL multipole (ML or EL); the case of EQ conversion is not
considered. The probability of internal conversion in such transitions is substantially greater
than the probability of gamma-ray photon emission by the nucleus. In this situation, it is more
natural to operate directly with the conversion probability than with the internal conversion
coefficients (ICCs), which have extremely large values here and attain values which are in
fact unobservable. Experimental ICCs are essentially determined by photon re-emission along
the ‘electron bridge’ channel: first the nuclear transition ejects an electron from the atomic
shell and then that electron ‘sits’ in the hole formed by the gamma-ray photon emission. The
valence band electrons [orbital binding energy € < 2 (¢*/ag) = 13.6 eV] and the outer filled
shell electrons [& < (2-3) e*/a] participate actively in the conversion process at the energies
under investigation. The structure of the outer electron orbits is determined by the type of
environment of the atom under study in the molecule or the condensed medium into which the
atom labelled by the isomeric nucleus has been introduced. The variations in the decay rate
constant A (or the isomer lifetime 1) caused by a change in the chemical environment of the
initial nuclear state are sufficiently large and accessible for experimental research. A
summary of the data accumulated up to 1972 on variations in the A constants for certain
isotopes, including for conversion transitions in the nuclei 90Nb, 99Tc, 193pt and 235U, is given
in the review contained in Ref. [1]. For conversion isomers, the current experimental status is
given in the review contained in Ref. [2].

The change in the decay rate constant A has been studied in particular detail for E3 transitions
of the isomers *>™U (ho = 76.8 + 0.5 eV) [3-5], ”™Tc [6] and *""Nb (mixed E3+M2
transition) [7]. In the case of introducing the uranium and niobium isomers into metals [4, 5,
7], changes dMA =~ 3—5% have been discovered. These changes in the conversion transition
rate constant of the nucleus during introduction into a medium or the formation of a chemical
compound are caused by various mechanisms; the manifestation of these reflects the
characteristics of the conversion process. The effects are particularly clearly pronounced
during low energy transitions (ho of a few kilo-electron-volts). A general investigation of the
conversion process in relation to the effects of the atom’s chemical environment is given in
Ref. [8].

In the region of low-energy nuclear transitions, when the quantum wavelength A= c/w is
greater than the size of the atomic shell, the electromagnetic potentials of the AL
multipolarity transition have a dependence in the form of (1/r)*"! on the distance r from the
nucleus of the isomer, i.e. the conversion takes place in the static multipole field region. As a
result, the radial integrals of the interaction of the electron with the transition field of the
nucleus, which determine the conversion probabilities, accumulate at short distances in the
region of the radius R = 0.1 ag (ap = h%/me? = 5.2917-10° ¢cm — the Bohr radius) for the M1,
E2, M2, E3 and higher multipoles (exception for E1). This fact was initially emphasized by
Slater [9], a general qualitative investigation of the character of the spatial formation of ICCs
has been made by Sliv et al. [10], and more specific qualitative characteristics for some of the
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conversion isomers studied have been obtained by the authors of Refs [8, 11].

In the conversion region, the shape of the electron wave functions is mainly determined by
the strong Coulomb field of the nucleus and so functions with the same orbital () and angular
(/) momenta have a weak energy dependence. This dependence is shown in the amplitude of
the electron wave function in the vicinity of the nucleus [8]. When the atom is introduced into
a medium or during formation of the molecule, the orbits of the converging electrons are
distorted. Here, there is a possibility of both the numerical values of the amplitudes of radial
components of the wave function in the vicinity of the isomeric nucleus (squeezing-stretching
of the orbit) and hybridization of the orbits caused by the spatial structure of the perturbation
field of neighbouring atoms. These effects are reflected in redistribution of the amplitudes of
the expansion of wave functions with respect to states with momenta (¢j). Both effects
(squeezing-stretching and hybridization) can be observed for both coupled orbits and
continuous electron spectrum states. The effects should decrease exponentially as the orbital
binding energy increases. For the outermost coupled orbits, the scale of the changes induced
during strong orbit deformation can be evaluated if these effects are imitated by changing the
population density of the atomic orbits, i.e. by varying the valence band configuration
structure of the atomic shell. Just such a simplified evaluation of the possible scale of 6A has
been carried out for the E3-isomer of **™U using an exhaustive method of possible
configurations of the six outer electrons of the atomic shell [12]. We established the presence
of a strong modifying effect of the number of 5felectrons on the conversion probability from
filled 6p orbits [OAMA = 8% when AN(5f)=I], although 5f electrons themselves make a
negligible direct contribution to the E3-isomer conversion probability.

Along with change in the states of the electrons belonging to a fixed atom, during atom
interaction there is leaking (delocalization) of electrons previously belonging to isolated
neighbouring atoms in the vicinity of the isomeric nucleus. This delocalization effect opens a
new conversion channel that is absent in the isolated atom situation, which also produces a
change in dA. Apart from the orbit hybridization effects, this conversion channel is of
particular interest in researching the electron shell structure.

2. The classification of effects given is of course provisional, but it provides a qualitative
indication of the structure of possible types of electron orbit deformation resulting in a change
in the OA constants in conversion transition of the nucleus. It is clear that the values of dA
observed experimentally are cumulative both with respect to the contributions of the different
electron orbits included in the conversion process and the aforementioned types of
deformation that these orbits undergo during atom interaction. The values of dA/A themselves
are, as a rule, not informative; of course higher values point to significant rearrangement of
the electron shell, but a small value does not necessarily mean that the shell has not changed
much because the contribution of various orbits to oA may have different signs. Considerably
more detailed information on the structure of the electron shell is contained in the differential
spectrum of the conversion electrons that is split into individual lines (or groups of close
lines) corresponding to conversion from separate electron orbits. For the isomers >**™U and
#™T¢, such spectra with an energy resolution of approximately 1 eV have already been
studied in Refs [13, 14]. The variations in the partial conversion probabilities of the AL
nuclear transition in separate electron orbits should be considered as a key subject of
experimental and theoretical research. In order to be able to evaluate the nature and extent of
rearrangement of the electron shell during atom interaction from the conversion electron
spectra, reference data is required on the partial conversion probabilities for the case when the
atom is in fixed ‘standard’ conditions. This of course does not obviate the need for subsequent
calculation of the conversion spectrum for each specific chemical compound or cluster. A
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similar kind of extremely time-consuming calculation may be undertaken with respect to the
electron orbit wave functions, identified for example using the X-a scattered wave method by
means of numerical integration of the Dirac equation in the self-consistent multicentre field of
a molecule or cluster. This method of analysis is already being successfully used with respect
to technetium compounds [14]; for the isomer 35my it is necessary to establish the functions
of the continuous electron spectrum in the cluster field.

The situation of an isolated free atom constitutes a form of reference conditions for existence
common to all atoms. In this situation the conversion spectrum can be calculated using
different variants of the Hartree-Fock method. Unfortunately, this ideal situation almost never
occurs in experimental conditions; the atoms in the targets always have neighbouring atoms
which have a considerable influence on the state of electrons with binding energies up to
approximately 2¢*/ao (approximately 60 eV) [13, 14]. Nevertheless, detailed calculations of
the partial conversion probabilities of AL multipoles in the electron shell of an isolated atom
are necessary above all for preliminary analysis of experimental spectra in order to determine
the region of the spectrum with the greatest deviation from the reference spectrum, since for
deep orbits there can be a correlation with the reference spectrum. These data are also needed
for a rough initial evaluation of the possible amplitude of the 6A/A variations during changes
in the configuration of the valence band. Furthermore, the reference conversion probabilities
obtained allow the values of the nuclear matrix elements carrying information on the structure
of the nuclear states to be found from the known half-lives of the conversion isomer. We shall
comment on two isomers: ~>>"U and *"™Nb. In the case of the isomer *>™U, an E3 transition
matrix element has been found [11], which was close in magnitude to a proton single-particle
element, although in the case of the 235ng nucleus a change occurs in the odd neutron state.
This high intensification of the E3 transition, it has turned out, is attributable to excitation of
the octupole vibrations of the shell (of the ***U nucleus). The similar calculation we
performed for the conversion probabilities of the isomer *"Nb showed an extremely
pronounced deceleration of the M2 transition, caused by mutual cancellation of the M2
transition contributions of the proton and neutron holes (1£5/2)" — (1g9/2) )" in the shell of
the 90Nb41 nucleus.

Bearing in mind the application areas given above for the partial conversion probabilities, the
authors will include in this paper the calculation results of the conversion coefficients for

nuclear AL transitions with energies ho < 3 keV for a group of selected isotopes. Unlike the

standard ICC tables, for each nucleus we examined the conversion process for a transition
with a fixed multipolarity in an energy interval limited by experimental measurement error. A
relativist variant of the Hartree-Fock-Slater method (as amended by Latter) [HFS(L)] was
used to calculate the central field of the atom and the electron wave functions [15, 16].

Conversion probabilities of a AL nuclear transition in the (nfj)-orbit of an isolated
atom.

1. Let us consider the AL multipolar transition of a nucleus with energy hw = E;-E; from the
state | E;I;M; > to the final state | E,I,M, >, where Ei;M; are the energy, spin and spin
projection of the nucleus in the ith state, respectively. In this process an electron from the
shell of the atom in the state | ;n;£,j;; > with energy €; (primary quantum number n;, orbital
momentum {;, angular momentum j; (1; — magnetic projection of the vector j;) will transit
into the continuous spectrum state with energy € = ho + €. Hereinafter, the full (relativistic)
energy of the electron & = [(mc?)* + h’c’p’]” is always used, since the conversion process
takes place at small distances from the nucleus and, consequently, the wave functions of the
electron in an initial state | €;n;£;j; > and a final state | ep > are necessarily relativistic, despite
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the fact that at nuclear transition energies ho < 3 keV (which are considered here) only
loosely bound electron orbits in the shell of the atom are affected by the conversion process.

The theory of the conversion of nuclear AL multipoles in electron orbits has long been a
‘classic’ chapter in quantum electrodynamics and has been examined in great detail in the
available literature (see, for example, Refs [17, 18]). Thus, without lingering on the
calculation details, we will give the resulting formula for the conversion probability in a unit
of time for a nuclear AL multipole in EL and ML transitions (L#0), based on one electron of
an (n;0;j;)-orbit population in the atomic shell. This is indicated below by [n€ij]".
Averaging and summation, respectively, are carried out with respect to the unobservable
quantum numbers of the initial and final states:

W(AL;I, > 1,:6,[n,0,j,]' > €)=
21, +1

4 3 2L - 4l
e'm/h’(Rya w_.(AL[n ¢ fio
(Roag) (AL[n 4 j;] (211+1

<Ll > |7, (1)

where € = g + hw; e*mh? = 4.1341-10'¢ c'l; g < mcz; ay = h*/me? = 5.2917~10'9; Ry is the
nuclear radius.

If there are N(n;{;j;) electrons in the electron orbit (n;€;j;), then the full conversion
probability from this orbit is equal to the product:

N(n 0 )W(AL; I — I; &1[n1€4j1]" — ¢). )

Here, it is expedient to introduce the partial conversion coefficient of the (n;€,j;) orbit, in
accordance with the formula:

E(niLij1); AL); = N(n;01j1)We (AL[n;01j;]'ho) (3)

This coefficient fixes the structure of the observable electron conversion spectrum. Below,
only the case L#0 is considered, and so the general scale coefficient (Ro.a0)™" is assigned in
the probability formula; the value Ry = 1.24-10"> A” cm is taken for the nuclear radius in the
calculations.

The wave functions of the initial and final electron states were arrived at by taking into
account the final dimensions of the nucleus, whose Coulomb field was approximated using
the field of a uniformly volume-charged sphere with a radius of Ry. The dimensionless
reduced nuclear elements < I, || AL || I; > were determined by the equations:

eRf < L[EL|L, > Cpypy =

LMI,M,
- L - A o (4)
=< B, ,M,|[(d0)r Yy (1) py (1)|E LM, >
(where p,(r) is the nuclear charge density operator);
eRE < 12||ML||11 >Ciniy, =
: (%)

—<E,I,M, E,IM, >

lj (&;)rL ?LLM (;))?N (8
c
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A

> o
(where the charge current density operator j(r) is linked to the charge density operator by
means of the conservation correlation:

N

.5 0p
divy +—X=0). 6
i+ =0 (0)

Here, the spherical vector harmonics S_() (?) determined in [7] and the Clebsch-Gordan

LLM
IZMZ

coefficients Cpy, are used.

The dimensionless reduced nuclear matrix elements < I, || AL || I; > (L#0) are linked with the
reduced probabilities B(AL; I} — 1) of a nuclear AL multiplet I; — I, transition taken in Refs
[19, 20] by means of the correlations:

? (Z)Lillzill |<12||EL||11>‘2:B(EL;I1—>12)§ )
1
L 2I,+1

R T ML > [ < B, 1) ©

The apparently disparate notation in formulas (1) and (2) for the EL and ML multipoles was
caused by the original choice of determination of the electron coefficient we(AL [n{j]' ho),
which was then numerically tabulated specifically in those terms. Redetermining that
coefficient by including the L/L+1 multiplier was thought unnecessary by the authors.

2. The single electron conversion coefficients of the nuclear AL-multipoles (L#0) may be
expressed in the form:

5 (kag)™ 1 g+mc? y
[L+ DN (pag) mc? 9)

x1/(2L +1)(2j, +1) Y(2j+ DA AL; jlfl)‘2|<j£[ALel]j1£1 > ‘2,
(0

Wo(AL[ny£,j, [ aw) = 32

where p is the wave number of the escaping electron; k = w/c; € = [m’c*+ h’c’p’]” Here, a
system of radial integrals < j¢ | [AL el] | j1€; > was introduced; when calculating these, the
relativistic wave functions of the initial and final states of the electrons, with the fixed angular
momenta (j;€; ) and (jC), respectively, were used. The functions were obtained through
numerical integration of the Dirac equations with the central atomic field of the Hartree-Fock-
Slater model [16]:
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+Eyif 50 =

<jll[ELellit, > = [dxhy D (kaox)(G e, +Fiifs
0

= Jaxhiy (kagx)(Fy 1,5, = Gify )+ [G+Di- (10)
0

— (it +Dji + (0 + D0y = (C+ 1) dxh ()| (kagx)(Figy 5 +Giif;)-
0

For the ML multipole, we have:

+F, 9, ). (11)

1]

<ifMLel]ljt, > =[axh(kayx)(G,f
0

In expressions (3) and (4), h{)(z) is a spherical Hankel function of the first kind. The radial

components (large Gy and small Fy) of the continuous electron spectrum states are
normalized in such a way that in the asymptotics, the large components have the form:

G (1) s = sin(pr —%“Jr 3, j (12)
For the bound states, we have the standard:

de (giljl + flzljl ): L. (13)
0

The angular integrals from the electron spherical spinors Qj, [17] are introduced in
accordance with the determination for the electric multipole EL:

AGGEL; i, )Clg , = §40Q5, Y5O0, (14)
i.e.
. 1/2
. ) 2L+ 120, + 1) (27, +1 ) 1.
A(Jf;EL;Jlfl){( X ;n X2, )} Cﬁ%gloW(LmE;ﬁJlJ, (15)

and for the magnetic multipole ML

A(GML: j £, )iy, =
=—§d0,Q;0 (7 LDEemQg), | (16)
i.e.
AGEML: ) =[LL+ D] 2[iG+ D=3y Go+ D + £, + D - 0+ DAGEEL: ). (17)

Here, £'; = 2j,—£;; W(abcd;ef) is the Racah coefficient; g the Pauli matrices.

3. Tabulated in the paper are the one-electron conversion coefficients we(AL[n€j]'hw) for a
number of selected AL transitions of atomic nuclei with energies ho < 3 keV. Generally, the
partial ICCs are used to characterize the conversion process and are tabulated in a wide region
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of change of the Z (charge of the nucleus), AL and ho parameters (see, for example, the
tables of this type in Ref. [21]). This paper, however, studies the individual AL nuclear
transitions in the low-energy region hw~3 keV. As noted, the conversion probability,
represented by the coefficients w.(AL[n{j]'ho), is of direct physical relevance for these
transitions. It is convenient to use these coefficients for the case when filling of the outer
orbits of the atomic shell during immersion in a medium varies greatly depending on the
atom’s chemical environment. As shown in Ref. [8], change in the intensity of the strong
conversion lines of about 1% and more allows direct interpretation in terms of change in
amplitude of the electron orbit wave functions in the conversion zone. To carry out such an
interpretation of the data, reference conversion coefficients are also required.

Summary of the selected nuclear transitions

1. In the nuclear excitation energy region E* <1 MeV, pairs of close levels E;I; and E;I, with
a difference E;—E; < 3 keV are found in nuclear spectra quite frequently. However, fairly

intensive conversion transitions with this energy are very rarely observed. If the main aim is
subsequent use of the low-energy nuclear AL multipole conversion process to study the
dependence of the atomic electron shell structure on the chemical environment (conversion
method), then it is necessary to have as wide a range as possible of nuclei with observed weak
transitions of varied multipolarity. To this end, an initial search was carried out for such
possible transitions in the available range of nuclei and cases were selected in which such
transitions have been observed, or where at first glance, there is reason to believe that they
might be observed and able to compete with the other decay channels of the isomeric nuclear
level. Until a detailed (model) analysis of the competitiveness of the selected transitions is
carried out (that is a task for the future), the authors have limited themselves to the energy

region ho < 3 keV, although it is already obvious that the isomer energy range ho needs to

be extended to about 5-10 keV so as to increase significantly the range of isomers that can be
used in experiment which have formation conditions (yield, sample purity, definiteness of the
compound’s chemical structure, etc.) that satisfy the demands of the conversion spectroscopy
method. Currently two isomers are widely used in the conversion method: ***™U and **™Tec.
The inclusion of each new isomer in the study is a key moment in developing a new method
of research into matter.

2. All the selected nuclei are split into two groups — A and B, according to the isomeric
transition position in the spectrum of nuclear states: in group A the isomeric level is very
close to the ground state of the nucleus and transition is to the ground state; in group B the
measured transition takes place between excited states of the nucleus and there is a possibility
of competition with stronger transitions, in particular to the ground state.

In situation A, we need to look for processes with the most effective population of the
isomeric level, while in situation B we still need to evaluate the competitiveness of the useful
isomeric transition E I} — E,I;, vis-a-vis other concomitant level E;I; channels of decay to the
ground state of the nucleus or to all other levels lying between the ground state and level E,l».
Since in these concomitant transitions considerably more energy is involved than in the

isomeric one, an isomeric transition with ho = E;—E; (£ 3 keV) can be competitive only if

specific conditions are fulfilled; when more energetic transitions are significantly hindered,
for example owing to greater multipolarity than in the isomeric transition, or because of
structural features of the nuclear states, for example AK-change forbiddenness of the
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momentum projection to the symmetry axis of a strongly deformed nucleus, or configuration
forbiddenness, etc.

3. A summary of selected group A transitions is given in Table 1 and for group B in Table 2.
The one-electron conversion coefficients we(AL[n{j]'hw) of the corresponding multipole in
shells of an isolated, free atom are tabulated for all these transitions. For a given population
N(n{j) of electron (nfj) orbits, these tables can be used to find the full conversion probability
in (E{I; — E;l,) transition of a nucleus:

W, (AL;I, > L o) =e*m/7* (R, /ao)ZL(%JF LJALJ, > [*g(AL).
1

Here, the full conversion coefficient of a AL multipole is introduced:

E(AL)= Y N(nfj)w,(AL[n4]' iw),
(nfj)

where summation is with respect to the band orbitals in which the conversion process is
energetically allowed, i.e.:

aiw > [rnc2 - s(nfj)J= E(n/j)

where g(nfj) is the full (relativistic) energy of the bound electron; E(ntj) is the binding
energy.

Since the energies of the nuclear levels and nucleus transitions ho are known with errors that
vary greatly in magnitude for the different possible cases investigated in groups A and B, for
all the selected transitions calculations have been made for successive energy values hw;
filling an interval which is fixed by the experimental error (+tAhw) around the centre. The
authors did not try to standardize the calculation procedure for the whole series of selected
nuclei; each case was examined individually; the number of hw; points in the tAhw interval
varied between 10 and 20, each interval 2Ahm having its own step Shw. For each nuclei
group, the steps dhw vary quite widely according to the Ahw magnitude. The step size is
shown in Tables 1 and 2, along with the energy interval limits of the ho transition in which
the one-electron conversion coefficients are calculated.

4. The case of the uniquely weak E3 transition of *>™U (ho = 76.8+0.5 ¢V, [4]) has been
studied in close detail and since the results are given in Refs [8, 11, 12] the isomer 235M(J has
not been included below. The special case of threshold behaviour of conversion coefficients
for the isomer *"™Nb is examined in detail in [8]. These results are not included here.
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Table 1. Group A nuclei - isomeric level close to the ground state of the nucleus.

AL EiL1P,

E>LLP>

[

Nucleu | Transition | AL Energy Step Referenc
S interval e
I]P1 - 6h0),

LP, <ho <, keV eV

WRuy 527 — MI+E 2.500-2.900 40 [22]
3/2° 2

"Ag;; 27—1" El 1.080-1.140 4 [23]

pry, 57 —2° M3+E 3.650-3.710 4 [24]

4

P3pge 327 — MI+E 1.630-1.660 3 [25]
12 2

Hggy 12~ — MI+E  1.500-1.650 15 [26]
3/2° 2

®pbg, 127 — E2 2.200-2.600 40 [27]
5/2°

PPag;  (00) — Ml 1.900-2.100 13 [28]
(1)

Uy,  1/2° — E3 76.840.5eV - [4]

7/2"
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Table 2. Group B nuclei - isomeric level not close to the ground state of the nucleus.

EiL1P,
ExLLP;

[ Foto

Nucleu | Ej, Transition AL Energy Step Referenc
s keV I,P, — LP, interval Sho, e
<ho< keV |eV
“Nby, 1248 4 —6" M2+E  2.00-2.800 40 [29]
3
PTeys 142 12 —72" E3 2.082-2.182 10 [30]
"0Ag,, 11865 37— 6" M3 1.200-1.350 10 [31]
Moprgy 295 37T —2° MI+E  2.050-2.350 20 [32]
2
5Gdes 952 92" —17/2" El 1.650-1.950 20 [33]
Gdgy 1220 727 —72" El 2.850-3.150 20 [34]
"Tbes 13947 27— 17 El 0.715-0.760 3 [35]
3
"Tms 1612  7/2-—72" El 1.800-2.400 25 [36]
9
"Luy 729 52" —1/2" E2 1.300-2.200 50 [37]
"Lu;; 2081  1/2"—3/2 El 1.300-2.200 50 [37]
W, 30949 (1127 — EIl 0.515-0.575 4 [38]
1 9/2
"W, 20880 3/27— 72" E2 1.785-1.800 1 [38]
4
B8Ress 172.07 6 — 3~ M3-  2.607-2.647 4 [39]
E4

*'Bky; 354  (4H—((3) El 0.950-1.250 20 [40]
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Tables of one-electron conversion coefficients

1. The one-electron conversion coefficients we(AL [n€j]' hw) were calculated using formulas
(1)—(17), i.e. within the framework of the so-called “no-penetration” model, [18]. The wave
functions of the atomic shell were calculated using the HFS(L) method, [16, 41]. All the wave
functions of both the discrete and continuous electron spectra were found by means of
numerical integration of the Dirac equation with the same average atomic potential. This
potential was obtained when self-consistency occurred for one of the conversion coefficients
shown in the tables (see, for example, Table 3) using the population figures of the (ntj) orbits
of the electron shell configuration. All the electron functions used therefore automatically
satisfy the condition of orthogonality; the energy of the escaping electron was determined
using the theoretical binding energy of an orbit in the central field, i.e. ¢ = ho + mc” — E,.

Also found in this central field of the configuration identified were the functions of the
unpopulated orbits, which were then used to calculate the one-electron conversion
coefficients for these empty orbits. These coefficients allow a rough evaluation of the scale of
the effect of the chemical environment dA/A by varying the valence band configuration of the
atom. It should be borne in mind that such a simplified evaluation of the SA/A effect is, strictly
speaking, inconsistent and can be considered only as preliminary and approximate in research
into the effect; it was specifically for this purpose that the coefficients for the empty orbits
were calculated since an exhaustive search of all the possible configurations (as performed for
uranium and niobium) is very time-consuming.

2. ICC calculations were carried out to check the programs for calculating the one-electron
conversion coefficients, and their results agreed within the given accuracy limits with both
Hager and Seltzer’s well-known tables [21] and the results of the RAINE program package
[16] for a series of selected points.

3. The tables of conversion coefficients wo(AL [ntj]' ho) were calculated with a mathematical
accuracy of 0.01%. We stress that this calculation accuracy has absolutely no bearing on the
physical accuracy, as the accuracy of the physical assumptions concerning the type of atomic
wave functions is much lower.

4. Description of the conversion coefficient tables based on the example of Table 3:

The first line of each table heading identifies the atomic wave functions: the charge of the
nucleus Z and the electron configuration in which the self-consistency was performed; the
configuration is given using the (nj) orbit population numbers. The usual atomic notation for
the electron (nlj) orbitals was used (s, p, d, f states). Next, the multipolarity of the nuclear
transition (EL or ML) is shown.

The first line of the table identifies the electron orbitals for which one-electron conversion
coefficients have been calculated. The second line of the table contains the calculated orbital
ionization energies in electron-volts. To save space, the exponents of the conversion
coefficients have been entered in the third line (denoted as N). Thus, the tables do not show
the conversion coefficients themselves but the values normalized by means of multiplication
by 10™. The column on the far left of the table contains the nucleus transition energies ho (in
kilo-electron-volts) used to calculate the conversion coefficients.

The conversion coefficient for the M2 transition of **"Nb (Z=41) was calculated with atomic
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functions obtained by means of self-consistency for the given electron configuration:
{Kr}4d3/2)*(5s1/2)" shown in the heading, whereby the one-electron coefficient of the M2
multipole at the point hm = 2.44 keV is we(M2[4s1/2]' ho = 2.44 keV) = 7.428-10°.

The binding energy of the (4s1/2) orbital in the HFS(L) approximation is 63.36 eV. In these
calculations, the value taken for the exchange term parameter of the potential energy of an
electron in the atomic field is C=1; the orbit binding energy E(n{j) can be compared with the
calculation results in Ref. [42] carried out using the same scheme.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
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