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RELATIVISTIC AND NONRELATIVISTIC APPROACHES IN THEORY OF
PERMITTED BETA-RANSITIONS: AN EFFECT OF ATOMIC FIELD ON
FERMI AND INTEGRAL FERMI FUNCTIONS VALUES

Within a new optimized gauge-invariant Dirac-Fock approach it is considered a problem of
computing the permitted beta transition probabilities and estimating a quality of computing the Fermi
and integral Fermi functions in dependence upon the type of the atomic self-consistent field. It is
shown that for small and middle values for the nuclear charge (Z <40) the difference between data
obtained from other methods is low (hundredths of %). At the large Z (till Z~ 95; for example the
beta decay 241Pu-241Am) calculation in a case of the HFSrel field gives 0.5% lower value for F, and
respectively in a case of the GIDF field - 0.8%, compared with the non-relativistic HFSnerel value.
This difference is explained by an effect of the squeezing for relativistic orbitals.

1. Introduction

In this paper we go on studying a contribu-
tion of different factors which make an influence
on the permitted beta decay characteristics and
consider a quality of computing the Fermi func-
tion and integral Fermi function in our consistent
relativistic approach and alternative theoretical
methods. Computing the b decay characteristics
is traditionally of a great interest that is strength-
ened due to the new experimental studies of the
b decay for a number of nuclei [1-10]. A number
of experimental and theoretical papers appeared
where the different aspects of the b decay theory
and accounting for different factors are consid-
ered. Naturally the important topic is problem
to get the renewed data about the neutrino mass
from the beta decay spectra shape. An exact value
of the half-decay period for the whole number of
heavy radioactive nuclei is important for stand-
ardisation of data about their properties.
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Disagreement between different experimental
data regarding the b-decay in heavy radioactive
nuclei is provided by different chemical environ-
ment radioactive nucleus. For example, such dis-
agreement in data on the half-decay period for the
24Py (see, for example, ref. [1,5,8,9]) is explained
in some papers by special beta decay channel.
The beta particle in this channel does not tran-
sit into free state, but it occupies the external free
atomic level. Above important questions of theort
one could note the following effects too: a). an
influence of choice of atomic field model on the
numerical characteristics of the beta decay, espe-
cially, it concerned the permitted beta transitions;
b). changing electron wave functions as solutions
of the corresponding quantum mechanical equa-
tions because of the changing atomic electric field
and a difference in the valence shells occupation
numbers in different chemical substances; c). A
changing up limit of integration under calculating
the Fermi integral function in different chemical
substances [1,6].



As arule, special tables [9] for the Fermi func-
tion and integral Fermi function are used for
computing the beta spectrum shape. In ref. [9]
calculation scheme is based on the non-relativ-
istic Hartree-Fock-Slater approach, but the finite
size of nucleus is taken into account. In paper
[4] the relativistic Dirac-Fock (DF) method was
used. Note that the DF approach is the most wide
spread method of calculation, but, as a rule, the
corresponding orbitals basis’s are not optimized.
Some problems are connected with correct defini-
tion of the nuclear size effects, QED corrections
etc. We are applying below our gauge invariant
DF (GIDF) type approach [11-17] for comput-
ing the permitted beta transition probabilities and
estimating a quality of computing the Fermi and
integral Fermi functions in dependence upon the
type of the atomic self-consistent field.

2. Method

The details of our approach have been pre-
sented earlier (see, for example, [10,11,17,18]),
here we are limited by the key ideas. As it is well
known a distribution of the b particles on energy
in the permitted transitions is as follows [9]:
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Here G 1s the weak interaction constant; £ and
p=(E*-1)"? are an entire energy and pulse of beta
particle; E,=I+(E, /mc’) , E, is the boundary
energy of B-spectrum; [M| is a matrix element,
which is not dependent upon an energy in a case
of the permitted B- transitions. The key elements
of the beta-decay theory for computing the b
decay shape and decay half period are the Fermi
function and integral Fermi function. The Fermi
function F' and integral Fermi function f are de-
fined as follows:
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Here /., and g , are the relativistic electron ra-
dial functions; the indexes +/=c, where c=(l-j)/
(2j+1).

Two schemes of calculation are usually used:
1). the relativistic electron radial wave functions
are calculated on the boundary of the spherical
nucleus with radius R (it has done in ref. [4]); ii).
the values of these functions in the zero are used
(see ref.[9]).

The normalisation of electron radial functions
/; and g, provides the behaviour of these functions
for large values of radial valuable as follows:

g.(r)—r ' [(E+1)/E]"” sin(pr +d),  (3a)

()= (i/)i]) [(E-1)/E]"” cos (pr+d) (3b)

An effect of interaction in the final state be-
tween beta electron and atomic electrons with
an accuracy to (aZ/v)?is manifested and further
accounted for in the first non-vanishing approxi-
mation [8]. This contribution changes the energy
distribution of the beta electron on value and is
derived in Ref. [1].

As method of calculation of the relativistic
atomic fields and electron wave functions, we
have used the GIDF approach [10,11]. The po-
tential of Dirac equation includes also the elec-
tric and polarization potentials of a nucleus (the
gaussian form of charge distribution in the nu-
cleus was used).

All correlation corrections of the PT second
and high orders (electrons screening, particle-
hole interaction etc.) are accounted for [S]. The
GIDF equations for N-electron system are written
and contain the potential:

Vr)=V(r|nlj)+V, +V(r|R),

which includes the electrical and polarization po-

tentials of the nucleus. The part Vexaccounts for
exchange inter-electron interaction. The optimi-
zation of the orbital basis’s is realized by iteration
algorithm within gauge invariant QED procedure
(look its application in the beta-decay theory
[5]). Approach allows calculating the continuum
wave functions, taking into account fully an ef-
fect of exchange of the continuum electron with
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electrons of the atom. Note that this is one of the
original moments of the paper. Another original
moment is connected with using the consistent
QED gauge invariant procedure for optimization
of the electron functions basis’s. Numerical cal-
culation and analysis shows that used methods
allow getting the results, which are more precise
in comparison with analogous data, obtained with
using non-optimized basis’s. The details of the
numerical procedure are presented in ref. [11-17].

3. Results and conclusions

The results of computing the atomic field ef-
fect of the Fermi function F values (HFS .
GIDF) are listed in Table 1.As the test parameter
it is used the parameter:

A, ={[Fp, (B, Z)/ F}ig" (E, Z)]-1}-100%,

ne F7" is calculated in the Hartree-FockSlater
(HFS) model atomic field (Harston-Pyper,1986),

Flo . — GIDF (our data). It is very inmportant
to note that difference between data obtained by
relativistic methods: GIDF and relativistic HFS is
not significant (fractions of present) for the little

and middle values of the nuclear charge Z.

Table 1
An influence of the atomic field model on the
Fermi function F (E, Z) values: A, (%)

E_keV | Z=20 7=63 | 7=95
10 -0,08 024 | 0,79

50 -0,06 023 | 0,77
100 +0,04 0,18 | -0,68
500 +0,13 0,14 | -0,61

Nevertheless, for larger Z (till Z =95) the HF-
S, calculation gives the value /" which is less on
5% in comparison with the corresponding non-
relativistic HFS_ . For our approach this value
1s 0,8%. We suppose that this fact is connected
with the effect of relativistic squeeze of the orbit-
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als. In this case, the wave function (continuum)
is to a greater extent screened from the charge of
the atomic nucleus by a relativistic field of atomic
electrons than the corresponding non-relativistic
one. Further we present the results of comput-
ing function F for choosing different definitions
of cited function. In the first case, the calcula-
tion of the F function is carried out using values
electron wave functions on the boundary of the
nucleus, in the second case - through the squares
of the amplitudes of radial expansion of the wave
functions £ (0) +g° ,(0) when r—0. Here the test
parameter is as follows:

A, ={[F (E, Z, R=0))/
JF (E, Z, R=R, ]-1} 100%,

where F (E, Z, R = R0) — the function Fermi cal-
culated the values of the wave functions on the
boundary of the nucleus; F (E, Z, R =0) - the Fer-
mi function values calculated through the squares
of the amplitudes of radial expansion of the wave
functions f°, (0) +g’ (0) when r—0. The corre-
sponding results are presented in Table 2.

Table 2

The difference A, (%) between values of the
Fermi function F (E, Z) for different definitions
F (E, Z): HFS — (Band et al, 1986,2006), GIDF —

our data.

i 7=20 7=63 7=95
keV GIDF

HFS GIDF HFS GIDF
0,1 1,35 1,39 12,72 33,9 36,8
1,0 1,37 1,42 12,84 34,1 37,2
50 1,38 1, 45 12,95 34,2 37,6
500 1,50 1,58 13,10 35,5 39,88

With the growing difference in Z values of the
F function significantly increase. Similarly, the
same situation takes a place with changing the in-
tegral Fermi function. In the transition from the
first / definition to the second definition of the f
function increases for decays:



1) 33P-33S (Ebound
=167keV) na 2-4%,

ii). “Ni-®Cu (E, , =65,8 keV)- na 5%,

iii). *°Eu-"Gd (E_ ,=140,7 keV)-12%,

iv). *'Pu-**Am (E,  =20,8 keV)-32%.

In literature there are different points of view
on the correctness of a determination of the F
function . We confirm more consistent and cor-
rected definition of the F function through the
squares of the amplitudes of radial expansion of
the wave functions f°, (0) +g° (0) when r—0. An
important issue is concerned with an area of the
formation of /(E,  .Z).

The standard test parameter is as follows:

—249keV),S-5Cl  (E

bound

y=| F(EZ) Ep (E,~ E)* dE/
0

Eq
/ j F(E,Z) Ep (E- E)* dE
0

Ine Table 3 we present our estimates of the
forming area for the integral Fermi function f

Table 3
The forming area for the integral Fermi

function f (our estimates): t=x/E,_ .

bound B_decay y’ %

keV =03 10510709
208 | 2#Pu—2Am| 67 |89 99 |100
394 | 6Ru—%Rh | 66 | 88 | 98 | 100
658 | SNio®Cu | 65 | 87|97 |100
140,7 | SEu—15Gd | 63 | 84 | 96 | 100
1674 | 3S—3Cl 58 | 8195100
249 Bp_,3g 53 | 78 | 93 | 100
257 | #Ca—>®Sc | 52 | 77|91 100

Therefore, we have carried out the detailed
quantitative impact assessment of the Fermi func-
tion F (E, Z) for a number permitted by beta-de-
cays in dependence upon the choice of an atomic
field in a few calculated methods such as HFS,
HFS with taking into account the relativistic cor-
rections in the Breit-Pauli approximation and our

relativistic optimized DF one. It is shown that for
small and middle values for the nuclear charge (Z
<40) the difference between data obtained from
other methods is low (hundredths of %). At the
large Z (till Z~ 95; for example the beta decay
*'Pu-**'Am) calculation in a case of the HFS
field gives 0.5% lower value for F, and respec-
tively in a case of the GIDF field - 0.8%, com-
pared with the non-relativistic HFS__ value. This
difference is in our opinion, explained by an ef-
fect of the squeezing for relativistic orbitals. In
this case, the wave function (of continuum) is to
a greater extent screened from the charge of the
atomic nucleus by relativistic field of atomic elec-
trons than by corresponding not- relativistic field.
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RELATIVISTIC AND NONRELATIVISTIC APPROACHES IN THEORY OF PERMIT-
TED BETA-RANSITIONS: AN EFFECT OF ATOMIC FIELD ON FERMI AND INTEGRAL
FERMI FUNCTIONS VALUES

Abstract.

Within a new optimized gauge-invariant Dirac-Fock approach it is considered a problem of com-
puting the permitted beta transition probabilities and estimating a quality of computing the Fermi and
integral Fermi functions in dependence upon the type of the atomic self-consistent field. It is shown
that for small and middle values for the nuclear charge (Z <40) the difference between data obtained
from other methods is low (hundredths of %). At the large Z (till Z~ 95; for example the beta decay
*'Pu-**' Am) calculation in a case of the HFS_ field gives 0.5% lower value for F, and respectively in
a case of the GIDF field - 0.8%, compared with the non-relativistic HFS _ value. This difference is
explained by an effect of the squeezing for relativistic orbitals.

Key words: the probability of beta decay, the Fermi function, model of the atomic field

YJIK 539.135
IO. B. J[lyoposckas, O. 0. Xeyenuyc, A. B. Henamenxo, /[. E. Cyxapeg

PEJATUBUCTCKUN U HEPEJATUBUCTCKUAM MOIXObI B TEOPUM PA3PEIIEH-
HBIX BETA-IIEPEXOJ1OB: BJUAHHUE BUJA ATOMHOI'O I1OJII HA 3HAYEHUA
®YHKIIMA ®EPMHA U UHTEI PAJIbHON ®YHKIIUUA ®EPMUA

Pesrome.

B HOBOI ONITUMU3UPOBAHHON KaJIMOPOBOUHO-UHBApUAHTHOM Teopun Jupaka-Doky paccMoTpeHa
npo0ieMa BBIYHMCICHUS BEPOSITHOCTH Pa3peIIeHHBIX 0eTa Mepexo0B U OLIEHKU KayecTBa BhIYHUCIIC-
Hus ¢pyHkuuu Pepmu U UHTErpaidbHON (yHKuMH PepMu B 3aBUCUMOCTH OT THIIA aTOMHOMW ITOJIS.
[TpoBeneHa neranpHasi KOJIMYECTBEHHAs OICHKA BIMSHUS BHIOOpA aTOMHOTO MOJIsI, TEHEPUPYEMOTO
B Metozax Xaprpu-doka-Ciatepa, Xaprpu-doka-CiadTepa ¢ ydeToM peIsTUBUCTCKUX MONPABOK B
npubmmkenun bpeiira-Ilaynu (X(DCPCH) U aBTOPCKOM BEPCHM ONTUMU3MPOBAHHOIO Merona Jupaka-
®oxka (OAD) na pyukuuto Gepmu F (E, Z) nns psjaa pazpenieHHbIx 6era pacmnanos. [lokazaHo, 4to
JUIsl MaJIbIX ¥ CPETHUX 3HaYEeHUH 3apsiza siipa (Z <40) pa3HuLa JaHHBIX, [T0JyYE€HHBIX Ha OCHOBE BCEX
METOJIOB SIBJISICTCS HE3HAYMTEIbHOM (coThie moiu %). [Tpu Oonbimx Z (aurasck k Z = 95; **'Pu-
2! Am) pacuer B moje X®C , maer Ha 0,5% menpuiyio Bemmauny s F, a B mone OJId ua 0.8%, mo
CPAaBHCHHIO C HEPEIATUBUCTCKUM 3HaueHHeM XDC = . uTo CBA3AHO C 3P PEKTOM PETATUBUCTCKOTO
CHKaTHsI OpOUTATICH.

KiroueBble c10Ba: BeposSTHOCTH OeTa pacnana, GyHKius depMu, MOeIb aTOMHOTO TIOJISL.
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IO. B. [lyoposcovka, O. IO. Xeyeniyc, I B. lenamenxo, JI. €. Cyxapes

PEJATUBICTCHKHWMI I HEPEJATIBICTCKHA MIAXOAU B TEOPII JO3BOJIEHUX
BETA- IEPEXO/IIB: BILJIUB BUJIY ATOMHOTO ITOJISI HA 3HAUEHHS ®YHKIIII
®EPMI I IHTETPAJIbHOI ®YHKIIII ®EPMI

Pesrome.

VY HOBIil oNTUMi30BaHOT KanmiOpyBalbHO-iHBapiaHTHIN Teopii Hipaka-Doky po3misiHyTa npodiema
OOUYHMCIICHHSI IMOBIPHOCTI J103BOJICHUX OeTa MepexoiB, OIIHKH SIKOCTI o0uncneHHs GyHkii @epmi i
iHTerpanabHol QyHKIT PepMmi B 3aJI€KHOCTI BifJ] TUITY aToMHO1 mojist. [IpoBenena nokiaaHa KijgbKicHa
OLIIHKA BIUIMBY BHOOpPY aTOMHOIO MOJsi, reHepyeMoro y meromax Xaptpi-Poka-Crierepy, Xaprpi-
@oxka-Crierepy 3 BpaxyBaHHSAM PENSTHBICTCHKHUX TOIMpPABOK y HabmwmwkeHHI1 bperita-Ilaymi (X2C )
1 aBTOpCHKOi Bepcii ontumizoBanoro meroxy ipaka-®Poky (OAD) na dynkuiro epmi F(E,Z) nis
psiny no3BojeHux Oeta po3mnasniB. [lokazaHo, 110 A MaluX 1 CepeHIX 3HaYCHb 3apsaay sapa (Z<40)
PI3HHUILIA JaHUX, OTPUMAHUX HA OCHOBI BCIX METOMIB € He3HauHOO (coTi goii %). [Ipu 6inpmux Z (
pyxyrouuch 10 Z =95; *'Pu-*! Am) po3paxyHOK y moJi X®C, , nae Ha 0,5% MEHIIY BETHUHHY IS
F, a B noni O[® na 0.8%, y MOpiBHAHHI 3 HEPENATUBICTCHKUM 3Ha4eHHAM XDPC . 1110 OB’ I3aHO 3
e(heKTOM PEeNATUBICTCHKOTO CTUCHEHHS OpOiTanei.

Karouosi cioBa: imMoBipHicTh OeTa po3nany, pyHKiis Depmi, MOAETH ATOMHOTO OIS

Hepe.
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