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The influence of monopolar restructuring of electron shells, of correlation "shake" of the 
electron density, of vacuum correlations, and of virtual Auger decay of a I s vacancy on the cross 
section for absorption of a photon by an argon atom near the ionization threshold of the 1s 
shell is investigated in the multiconfigurational Hartree-Fock approximation. The theoretical cross 
section agrees well with the experimental cross section for absorption of synchrotron x rays 
by an argon atom. O 1995 American Institute of Physics. 

1. INTRODUCTION 

Many-electron effects in the absorption of an x-ray pho- 
ton by inner shells of free atoms have been the subject of 
intensive experimental and theoretical investigations in re- 
cent In this paper the problem of the theoretical de- 
scription of the types and influence of many-electron effects 
in the absorption of a photon near the ionization threshold of 
the 1 s shell of a free atom is investigated for the example of 
the argon atom-a simple many-electron system with filled 
shells in the ground state. 

By theoretical investigations of the cross section for ab- 
sorption of a photon near the ionization threshold of the 1 s 
shell of the Ar atom, both in the framework of the 
relativistic2 and nonrelativistic3 one-configuration Hartree- 
Fock approximations and also by the methods of many-body 
theory: the following has been established. To obtain 75- 
80% agreement of the theory with experiment526 it is neces- 
sary to take into account the effect of monopolar restructur- 
ing (i-e., restructuring without change of the symmetry of the 
state) of the electron shells of the atomic residue in the field 
of the 1 s vacancy. The appearance of the 1 s vacancy results 
in the electron shells reducing their mean radius in the 
atomic residue. The displacement of the electron density of 
the shells of the atomic residue toward the nucleus is accom- 
panied by delocalization of the photoelectron and, as a con- 
sequence, by decrease in the photon-absorption amplitude. A 
calculation of the cross section near the ionization threshold 
of the 1 s shell without allowance for the restructuring of the 
electron shells gives results approximately twice as large as 
the experimental results. 

To establish the reasons for the remaining 20-25% dis- 
crepancies between the theory and experiment, in Refs. 7 and 
8, together with the influence of the restructuring of the elec- 
tron shells, the influence of nonpolar channels (i.e., channels 
preserving the I s  vacancy) of one-photon multiple virtual 
excitation/ionization on the theoretical cross section of the 
absorption of a photon by the I s  shell of the Ar atom was 
investigated. To be precise, the process considered was vir- 
tual 3p-2-  n ,(p,cl)n,(p,d) excitatiordionization of the 3p 
shell in the final photoabsorption state 
( 1 1 1 )  is the photoelectron; henceforth, in writing out the con- 
figuration we omit the tilled shells). The photoabsorption 

amplitude was constructed by the methods of the theory of 
nonorthogonal orbitals9 in the framework of the nonrelativ- 
istic multiconfigurational Hartree-Fock approximation. 
Here, it was shown that the "shake" of the 3p shell in the 
1 s lnp( 'p  ,) state as a result of virtual excitations and ion- 
ization is equivalent to the appearance for the photoelectron 
of a correlation potential supplementing the Hartree-Fock 
potential. The corresponding variations in the theoretical 
photoabsorption cross section can be interpreted as the effect 
of the correlation shake of the density of the 3p valence shell 
in the 1s1np('Pl) state. For example, correlation shake 
leads to a -5% increase in the Hartree-Fock cross section 
for the absorption of a photon by an Ar atom near the ion- 
ization threshold of the 1s shelL7 For comparison, we note 
that in the absorption of a photon by the 2p shell of the Ar 
atom, by virtue of the strong sensitivity of a photoelectron of 
collapsing d-symmetry to small variations in the self- 
consistent potential of the atomic residue,'' the phenomenon 
of correlation shake increases by -20% the Hartree-Fock 
cross section for absorption of a photon near the ionization 
thresholds of the 2p,,, and 2 ~ 3 , ~  she~ls .~  The absorption of a 
photon by the 3p-2 - n (p ,d)n2(p ,d) excitation/ionization 
states of the I s2(lsO) Fermi vacuum leads to a change in the 
structure and magnitude of the Hartree-Fock photoabsorp- 
tion amplitude. The corresponding changes in the theoretical 
photoabsorption cross section can be interpreted as a vacuum 
correlation effect. Thus, the vacuum correlation effect leads 
to a -10-15% increase in the Hartree-Fock cross section 
for absorption of a photon by an Ar atom near the ionization 
threshold of the Is shelL8 

We note that both in Refs. 7 and 8 and in the present 
paper, the relativistic spin-orbit splitting of the 3p shell of Ar 
in the 3p-2-ill(p,cl)n2(p,d) states has not been taken into 
account because of its srnallnes~:~' lIl2- 13,2=0. 1790 eV (I 
is the ionization potential of the 3p shell), whereas the 
FWHM of the profile of the brightest 1 s - 4p photoexcita- 
tion line was measured in Ref. 5 to be 1.20 eV. Relativistic 
effects associated with the spinor structure of the wave func- 
tions of the atomic electrons were also not taken into ac- 
count, since the difference between the results of the 
relativistic2 and nonrelativistic' calculations of the photoab- 
sorption cross section near the I s  ionization threshold of Ar 
did not exceecl -2%. 
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Allowance for polar (not containing a I s vacancy) radia- 
tive and Auger decay channels of the l s  vacancy, and for 
channels the RPAE type (random-phase approximation with 
exchangei2) cannot explain the order of magnitude of the 
above-indicated discrepancies between and 
experiment.5 The strong spatial and energy separation of the 
Is shell from the other shells of the atomic residue leads to 
the result that the contributions of these channels to the total 
photoabsorption amplitude and the corresponding correlation 
potentials supplementing the Hartree-Fock correlation po- 
tential for the photoelectron can change the Hartree-Fock 
cross section near the 1s shell ionization threshold by not 
more than 5%. For example, in Ref. 2 it was found that the 
difference of the cross sections for absorption of a photon by 
the 1 s shell of the Ar atom when calculated as a form of the 
radius and as a form of the velocity does not exceed 1-2%. 
This implies that the contribution of the RPAE channels to 
the total photoabsorption amplitude does not exceed 2% of 
the magnitude of the partial amplitude for Is-np photoab- 
sorption. In Refs. 13 and 14 the effect of Auger and RPAE 
channels on the Hartree-Fock potential for the photoelectron 
was investigated. The appearance of the Auger-correlation 
potential leads to the autoionization redistribution of the 
electron density of the atomic residue. The effect is due to 
the response of the photoelectron to the Hartree-Fock poten- 
tial (which changes as a result of the virtual Auger decay of 
the vacancy) and to the electrostatic interaction of the pho- 
toelectron with the Auger electron. Allowance for this effect 
in the calculation of the photoexcitation cross section of a 2p 
electron of the Ar atom into a collapsing 3d state increases 
the Hartree-Fock cross section by not more than -3%. The 
appearance of the RPAE-correlation potential14 leads princi- 
pally to a change in the Hartree-Fock exchange interaction, 
and hence to a change in the corresponding magnitude of the 
quantum attraction of the photoelectron by the vacancy. 
When the contribution of virtual RPAE channels to the total 

photoabsorption cross section and the procedure involving 
the generalized Hartree-Fock equation for the photoelectron 
with allowance for the correlation potentials can be made 
consistent. 

Thus, the problem arises of the theoretical description of 
how the photoabsorption cross section near the ionization 
threshold of the 1 s shell of the Ar atom is jointly influenced 
by many-electron effects of monopole restructuring of the 
electron shells, correlation shake, vacuum correlations, and 
virtual Auger decay of the 1 s vacancy, in the framework of a 
mathematical model of the photoabsorption process in 
which: 

I )  in the normalization of the total wave function of the 
final photoabsorption state the pole nature of the Auger chan- 
nels is taken into account; 

2) for the photoelectron a generalized Hartree-Fock 
equation is specified that contains a) a correlation potential 
due to virtual 3p2 - n ,(p,d)n2(p,d) excitations/ionization 
of the 1 s l n p ( ' ~ , )  state, and b) effective occupation num- 
bers of the electron shells of the atomic residue, expressed in 
terms of the spectroscopic factor of the state I S ~ ~ ~ ( ' P ~ ) .  

This paper is devoted to solving this problem. 

2. THEORY OF THE METHOD 

2.1. The energy and wave function of the final state: 
photoexcitation 

We consider a stationary state of the Schrodinger equa- 
tion for the atom: 

with the no~elativistic Hamiltonian 

photoabsorption amplitude (i.e., absorption of a photon by 
the 3s and 3p shells of the Ar atom) is substantial, allowance and with a total wave function of the final photoexcitation 

for the RPAE-correlation potential changes the correspond- state in the form of a superposition of the state IEo) 

ing Hartree-Fock cross sections by not more than -10%. = I  nOl3+ 'n l ) ;  nl is the photoelectron), Nl channels of the 

However, Auger channels play the leading role in the nOn~ole type* and N2 pole Auger channels the 

formation of the total width I7 , , of the decay of the 1 s va- vacancy ( N =  Nl  + N2): 

cancy in atoms with atomic nimber 2 ~ 2 0  (Ref. 15). In 
Refs. 7 and 8 the fact of the finite lifetime of a 1s vacancy 
was taken into account only by "smearing out" the theoreti- 
cal spectrum into Lorentzian dispersion curves with FWHM 
r,,. The theoretical spectrum itself was obtained without 
taking into account the requirement that the pole Auger chan- 
nels be included in the procedure for normalization of the 
total wave function of the final photoabsorption state. 

The neglect in Refs. 7 and 8 of channels of Auger decay 
of the Is vacancy in the normalization of the total wave 
function of the final photoabsorption state lowered the qual- 
ity of the theoretical description of the effects of correlation 
shake and vacuum correlations. On the other hand, when 
theoretical results from recent are taken into ac- 
count, it is possible to construct a mathenlatical model for 
the photoabsorption process in which the proceclure for ob- 
taining a Lorentzian spectral function for the differential 

In (2), Z is the atomic number of the nucleus, ri is the posi- 
tion vector of the ith electron of the atom, and the summa- 
tion is performed over all the electrons of the atom. In (3) a~ 
is a normalization factor, /?En are the configuration- 
interaction coefficients, S denotes summation (integration) 
over the virtual states of the discrete (continuous) spectrum, 
F denotes the Fermi level (the set of principal quantum num- 
bers of the valence shell of the atomic residue), and 

Taking into account that 
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and neglecting matrix elements of interchannel mixing as 
quantities of a higher order of smallness in comparison with 
(4), from (I), (2), and (3) we obtain 

for channels of the nonpole type, and 

for Auger channels, where .'P signifies the Cauchy principal 
value." The expression (6) is the equivalent of the general 
solution in generalized functions, 

of the equation xf(x) = 1, with z an arbitrary function that 
does not depend on x. In contrast to the choice z= + i m  
when using the Sokhotskii-Plemel' formula17 

in the present paper (taking account of Ref. 18) the function 
Z, is real, and will be defined below. 

Using (5) and (6),  after substitution of (3) into (I), for 
the energy of the final photoexcitation state we obtain 

In (7) we have defined the quantitites 

which describe the W + F  shift of the resonance photoexci- 
tation energy relative to E o ,  and r is the width of this reso- 
nance. 

The normalization factor a, in (3) can be obtained from 
the normalization of the final photoexcitation state: 

I N  \ 

Using the Fano identityI8 for the product of the singular fac- 
tors 

- -. 
El-E ' ( '  E-E;,,, 

after substitution of (4), (5), and (6) into (9) we obtain 

2 (E-Eo- W - F )  + 
4 ( 1 0) 

The function (10) determines a Lorentzian lineshape for the 
photoexcitation resonance. 

2.2 Generalized Hartree-Fock equation for the photoelectron 

We carry out subsequent development of the method for 
'an atom with filled shells in the ground state. 

The traditional choice for the energy functional for 
variation of the quantity E from (1) and the subsequent con- 
struction of a system of multiconfigurational Hartree-Fock- 
Jucys equations'9*20 assumes a lack of pole states in (3). Al- 
lowance for pole states, however, means that the expression 
(7) becomes a definition for the real function z ,  , and cannot 
be used directly for the variation. 

With the aim of obtaining a generalized Hartree-Fock 
equation for the photoelectron from the variational principle, 
we consider the functional E in (10) for which the factor 
lcu,I2 in the photoexcitation cross section reaches a maxi- 
mum, i.e., we consider the solution of the integral equation 

The Hartree-Fock equation can be obtained2' from the 
condition 

where SnI=S/8Pnl is the variational derivative with respect 
to the radial function Inl)=Pnl(r) of the photoelectron, 
Ann '  are Lagrange multipliers that ensure that the photoelec- 
tron function is orthogonal to the electron functions (of the 
atomic residue) of the same symmetry and that the sum con- 
tains n = n' , and we have used the notation 

We now find anlE. We represent each term of the func- 
tional (8) by a Taylor series up to and including the first 
derivative, 

where, in the Koopmans approximation,2' Ej=  ~i~ + E j ,  

where Eil  is the Hartree-Fock energy of the Auger state j 
without the Auger electron and e j  is the energy of the real 
Auger electron of channel j. Then, taking into account that 
for atoms with filled shells in the ground state, 6,,&=0 and 
61,1[j=0, from (I I )  we obtain 

In ( 1  3) we put vil,, = a,,,,l(E - E;,,,)~ and define the spectro- 
scopic factorI2.l3 of the state I Eo) 
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which characterizes the "weight" with which this state is 
represented in the final photoabsorption state. 

In the general case, some of the states Im,i) in (3) con- 
tain virtual electrons from the continuum. For the energy of 
such states, we have from (4) 

and substitution of the variational derivative of this into (13) 
leads to the cumbersome general structure of the generalized 
Hartree-Fock equation from (12). Therefore, we shall spe- 
cialize (12) to the case considered in the present paper (the 
absorption of a photon by the I s  shell of the Ar atom), 
whereupon f;.--0 for each j and the principal contribution to 
(3) is given by the virtual states 

with excited rn 1,211,2 electrons of the discrete spectrum. Tak- 
ing (13) and (14) into account, from (12) we obtain the de- 
sired generalization of the Hartree-Fock equation for the 
photoelectron: 

In (15) we have defined the following quantities: 

where X i  .,,, denotes summation over i =  1,2 ,..., N I , and 
m , , , > F ;  N:,?:, and ~ f ~ , ~ ,  (the occupation numbers of the 
n'l '  shell of the atomic residue) and do), Po), a', pi (the 
angular coefficients in the Slater integrals) are defined for the 
configurations IE,) and Im,i), respectively; E , , ~ = X , , , ,  is the 
photoelectron energy. 

When V,,, = 0 for all i ,  Eq. (1 5) goes over into the equa- 
tion of the one-configuration Hartree-Fock approximation 
used in Ref. 3. 

According to (15), the photoelectron moves in the field 
of the atomic residue with effective electron-shell occupation 
numbers N:~,/, N:~::, . Thus, in the case of absorption of a 
photon by the Is shell of the Ar atom with the total wave 
function (3) of the final photoabsorption state, constructed 
from the wave functions of the states 1 E,) = 1 1 s lnp) and 
Irn,i)= 1 1 s l 3 ~ ~ m ~ ( ~ , d ) d r n ~ ( ~ , d ) d n ~ ) ,  it  follows from 
(16) that 

According to (17), the "missing" 2( 1 - i) part of the elec- 
tron density of the 3p shell of the atomic residue is distrib- 
uted over the virtual rn l,2(p,d) states. The appearance of the 
direct (17) and exchange (18) correlation potentials of the 
electrostatic interaction of the photoelectron with the virtual 
rnl,2(p,d) electrons does not cancel the enhancement of the 
attraction of the photoelectron by the nucleus as a result of 
shake of the 3p shell of the atomic residue. As a conse- 
quence, the mean radius of the wave function and the bind- 
ing energy of the photoelectron are decreased in comparison 
with those calculated in the one-configuration Hartree-Fock 
approximation. The corresponding changes in the theoretical 
photoabsorption cross section can be interpreted as correla- 
tion shake7 of the electron density of the 3p shell in the final 
state of the absorption of a photon by the 1s shell of the Ar 
atom. 

2.3 Photoexcitation cross section 

We shall assume that the total wave function of the ini- 
tial state of the photoabsorption should be determined as a 
superposition of the ground state 10) of the atom and its 
virtual, nonpole states Irn) of excitations/ionization: 

Then, following Ref. 21 and using (3) and (20), we ob- 
tain an expression for the cross section and oscillator 
strengths of the nolo-nl transitions in natural units (h=m 
= e = l )  

where 

a is the fine-structure constant, a, is the Bohr radius, 
ln,=max(l,,l); ~ ( 6 )  is the energy of the state described by 
the wave function (20), w is the energy of the absorbed pho- 
ton, and will is the energy of the nolo-nl transition. In (21), 
M is the radial part of the matrix element (o~D~E,)  of the 
transition operator. The correction of this is 
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(I,) 

and is due to the structure of the states I E )  and 10): 

The quantity M describes the Hartree-Fock photoexci- 
tation amplitude with allowance for the restructuring of the 
shells of the atomic residue in the field of the vacancy. For 
example, in the case of absorption of a photon by the 1s 
shell of the Ar atom, by the methods of the theory of nonor- 
thogonal orbitals? to within terms of first order of smallness 
and with allowance for the requirement that the l s l n p  state 
be orthogonal to the energetically lower-lying m s l n p  states 
(m = 2,3) of the same symmetry, in the dipole approxima- 
tion for the transition operator we obtain 

In (24) N , ,  is the product of overlap integrals of the wave 
functions of the electrons of the atomic residue that do not 
take part in the transition; the states 11,) and 11) are obtained 
by solving the Hartree-Fock equations for the configurations 
1s;('so) and 1 s 1 n p ( ' ~ , ) ,  and 

( n  1 l i l n r l l ) =  \~Pn i ( r )P ,2 t i t ( r ) r  d r .  

A nonzero value of the amplitude leads to correspond- 
ing changes in the Hartree-Fock cross section, which in Ref. 
8 were interpreted as a vacuum correlation effect. The partial 
photoabsorption amplitudes in (23) describe A )  virtual 
excitationlionization of the vacuum up to the moment of ab- 
sorption of the photon by the atom; B )  virtual excitation1 
ionization of the atomic residue; C) interference of virtual 
excitations/ionizations of the vacuum and the atomic residue. 

A physical interpretation of the vacuum correlations is 
conveniently given in the representation of Goltlstone- 
Feynnlan diagrams in many-body theory.I2 In Fig. I ,  in the 
case of absorption of a photon by the I s shell of the Ar atom 

FIG. I .  First leading terms in the infinite 
series of Goldstone-Feynman diagrams for 
the partial amplitudes C (a), A (b), and B (c) 
in the case of absorption of a photon by the 
I s  shell of the Ar atom. 

the first (principal) terms of the infinite diagrammatic series 
for the amplitudes A,  B, and C are given. The following 
notation is introduced: o is the absorbed photon, i is the 1 s 
vacancy, j is the np photoelectron, an arrow above (below) 
means that the state lies above (below) the Fermi level; a line 
with one arrow means that the state is obtained in the 
Hartree-Fock field of the configuration 1 s ; ( ' so ) ;  a line with 
two arrows means that the state is obtained with allowance 
for correlation shake; a double line means that the state is 
obtained in the Hartree-Fock field of the ~ s ' ( ~ s , , , )  con- 
figuration; the combination of a line with a double line cor- 
responds to an overlap integral; a wavy line corresponds to 
the Coulomb interaction; the direction of time is from bottom 
to top ( t  < t z<  t 3 ) .  As follows from Fig. 1, in order of mag- 
nitude the inequality C> A > B has been determined. 

2.4 Photoionization 

For an nl photoelectron in the continuum, the total wave 
function of the final photoionization state is obtained in the 
same way as (3): 

The subsequent analysis and results are analogous to those in 
the case of photoexcitation. However, the description of the 
photoionization amplitude and cross section has its distinc- 
tive features. 

The amplitudes A and C in (23) contain divergent over- 
lap integrals (rnlolnl+) of radial continuum functions from 
different basis sets: the states Imlo) are obtained in the 
atomic-residue Hartree-Fock field formed upon virtual 
excitationslionization of the state 10); the states Inl,) are 
obtained in the atomic-residue Hartree-Fock field formed 
upon virtual excitationstionization of the state ( E , ) .  Since 
the numerical calculation of such integrals is impossible, it is 
necessary to establish the analytic form of their singular and 
regular parts. The solution of this problem is given in the 
Appendix. 

According to (25) ,  the differential photoionization cross 
section is proportional not to a Dirac Sfunction but to a 
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Lorentzian spectral function (10). Integrating it over the pho- 
toelectron energy, we obtain for the photoionization cross 
section 

3. RESULTS OF THE CALCULATION 

The method detailed above was applied to the calcula- 
tion of the cross section for absorption of a photon by an Ar 
atom near the threshold of ionization of the 1 s shell. 

In the construction of the complete final-state wave func- 
tions (3) and (25), we took into account virtual discrete ex- 
citations A 1 2 =  3pP2-m 'dm2d of the outer 3p shell, which 
give an -85% contribution to the spectroscopic factor i. In 
the construction of the total initial-state wave function (20), 
we took into account the virtual double-excitation channels 
~ ~ ~ = 3 ~ ~ ~ - ~ ~ ( ~ , d ) ~ ~ ~ ( ~ , d ) ~  of the outer 3p shell, which 
give an -80% contribution to the normalization factor ao. 
The wave functions of the virtual m1,,d and E 1,2(p,d)0 elec- 
trons are obtained in the term-averaged Hartree-Fock fields 
of the configurations ls '3p5 and 3p;, respectively. Here, the 
wave functions of the electrons of the atomic residues are 
obtained by solving the Hartree-Fock equations for the con- 
figurations 1 S ' ( ~ S ~ , ~ )  and 1 s ; ( ' ~ ~ ) ,  respectively. The vir- 
tual channels ~ , ~ = 3 s - ~ - n ~ l , n ~ l ~  and ~ ~ , = 3 s - ' 3 p - '  
- nllln212, which give only an -15% contribution to i and 
q,, were not taken into account. However, in the calculation 
of the effective occupation numbers in (15) and the photoab- 
sorption cross sections (21) and (26) we used the values 
S=0.9042 and a,,=0.9400 determined by the A,,, B12, and 
C channels. 

The contribution of the virtual channels of Auger decay 
of the 1s vacancy to the spectroscopic factor (14) did not 
exceed 1%. For example, when we restrict attention to just 
the fundamental 2p4&d n p ( ' ~ ~ )  Auger channel, which 
gives an -65% contribution to the theoretical width 
r,,= 0.69 eV (Ref. 15), for the quantity in (14) we obtain 
0.0000224. Therefore, in the construction of the total final- 
state wave function the Auger channels were taken into ac- 
count only in terms of the 1s-vacancy decay width formed 
by them, which appears in the normalization factor (10). As 
T ,, in this work we took the FWHM of the line profile of the 
1 s - 4p photoexcitation in the experimental spectrum of the 
absorption of a photon by the 1 s shell of the Ar atom? which 
is equal to 1.20 eV. 

The photoelectron wave function, the oscillator strengths 
of the transitions (22), and the photoabsorption cross sections 
(21) and (26) were calculated with allowance for the mono- 
pole restructing of the electron shells in the following ap- 
proximations. 

I) Approximation I: The photoelectron states were ob- 
tained by solving the Hartree-Fock equation for the contigu- 
ration I . s 'np( 'PI) ;  the wave functions of the electrons of 
the atomic residue were obtained by solving the Hartree- 
Fock equations for the configuration 1 S' (~S, , , ) .  In the con- 
struction of the Hartree-Fock photoabsorption amplitude 
(24), the recluirenient that the state I s ' n p  be orthogonal to 

TABLE I.  lntensitics I,,,, and oscillator strengths f;,,, of the principal I s-rrp 
transitions for thc argon aton1 in approximations I and 11. 

I,,, , Mb* f,,,, . 1 0' 

tI I I1 I I1 

4 0.0940 0.1130 1.6142 1.9405 
5 0.0309 0.0340 0.5306 0.5839 
6 0.0 146 0.0 150 0.2507 0.2576 

p he intensity of the transition is determined by the resonance value of the 
photoexcitation cross section (21): I,,,=2u1~P(w,,,)/.rrT,,. 

the states ms 'np (m= 2,3) of the same symmetry is realized 
using the Gram-Schmidt orthogonalization procedure.22 

2) Approximation 11: The photoelectron states for the 
calculation of the partial photoabsorption amplitude M in 
(21) were obtained by solving the generalized Hartree-Fock 
equation (15) for the photoelectron in the configuration 
1 P ,), in which the effective occupation 
number n , = 5.808 3 of the 3p shell was calculated using 
Eq. (19) and the nonzero population of the virtual rn,,,d 
orbitals was represented by the electron density of the 3d 
shell with occupation number n2 = 6 - n I .  The wave function 
of the 3d electron was obtained by solving the Hartree-Fock 
equation for the configuration 1 ~ ' 3 ~ ~ 3 d ~ ( ~ S , , ~ ) .  This 
model for the description of the correlation-shake effect was 
adopted because the virtual 3pP2-3d2 excitation gives the 
principal (-65%) contribution to the spectroscopic factor S. 
The calculation showed that near the ionization threshold of 
the 1 s shell, the correlation-shake effect increases the 
Hartree-Fock values of the amplitude M by not more than 
=2.5%. This made it possible in the calculation of the partial 
photoabsorption amplitudes A, B, and C in (23) to obtain the 
photoelectron state in the approximation I. In the calculation 
of the amplitude A containing the overlap integral 
(EP I E I ,2pO), results from the Appendix were used. 

The results of the calculation of the characteristics of the 
discrete spectrum and the cross section for absorption of a 
photon by the 1 s shell of the Ar atom in the approximations 
described above are given in Table I and in Fig. 2. 

In Table I we give the data of the calculation only for 
transitions with principal quantum number n = 4, 5,6. Lines 
with n S 7  were not calculated, and, in particular, the magni- 
tude of the dip in the photoabsorption intensity in the region 
0.~3203 eV in the theoretical cross section is connected with 
this. For the threshold energy for ionization of the Is shell in 
the one-configuration Hartree-Fock approximation with al- 
lowance for the relativistic correction A fNK= 1 0.0 eV (Ref. 
23) the value wK=3204.30 eV was obtained; 
OK-0,,,,=2.56, 1.20, 0.34eV for n=4 ,  5, 6, respectively. 
The magnitudes of the correlation corrections W and F in 
(10) to the Hartree-Fock values of the transition energies 
and ionization threshold were not calculated, since they were 
estimated not to exceed 1-2 eV. 

We now analyze the changes in the characteristics of the 
Is-4p transition, which describes the brightest line in the 
spectrum. Allowance for correlation shake leads to only a 
-5% increase in the intensity for the l s-4p photoexcita- 
tion. This is explainecl by the fact that the p symmetry of the 
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FIG. 2. Cross section for absorption of a 
photon by the Is shell of the argon atom 
(theory from this paper): I) experiment5; 2) 
approximation 11; 3) approximation I. The 
height of the vertical straight line is equal to 
the photoexcitation intensity I,, from Table 
I; o is the energy of the absorbed photon. 

excited states in the absorption of a photon by the Is shell of 
the Ar atom is not a collapsing symmetry, and, thus, responds 
only weakly to the appearance of a correlation potential 
supplementing the Hartree-Fock potential in the generalized 
Hartree-Fock equation (15) for the photoelectron. The prin- 
cipal influence on the characteristics of the discrete spectrum 
as calculated in approximation I comes from vacuum corre- 
lations. According to the data in Table I, it increases the 
intensity and oscillator strength of the 1 s-4p transition by 
-12%. 

When we go from the discrete spectrum to the con- 
tinuum, the role of the correlation-shake effects and vacuum 
correlations does not change qualitatively: the correlation- 
shake effect increases the Hartree-Fock values of the cross 
section near the ionization threshold of the Is  shell by -5%, 
while vacuum correlations increase them by - 15%. This re- 
sult qualitatively confirms the result of Ref. 8, although it 
does not make it quantitatively more accurate. 

According to the results of Fig. 2, allowance for vacuum 
correlations leads to a redistribution of the photoabsorption 
intensity calculated in approximation I near the ionization 
threshold of the I s  shell, thereby establishing -90% agree- 
ment between the theory of this paper and e ~ ~ e r i m e n t . ~  

The nearby fine structure in the spectrum of the absorp- 
tion of a photon by the I s  shell of the Ar atom, observed5 in 
the region ~ 2 3 2 2 3  eV (Fig. 2) is due to one-photon double 
excitation/ionization I s -  ' 3 p -  ' - n , I  ,n21, of the ground 
state of the argon atom. A calculation and interpretation of 
this structure in the framework of the nonrelativistic multi- 
configurational Hartree-Fock approximation with allowance 
for multiplet effects and n~onopole restructuring of the elec- 
tron shells in the fielcl of the Is  ancl 312 vacancies are given 
in Ref. 24. 

The authors are grateful to I. D. Petrov, V. F. Demekhin, 
V. L. Sukhorukov, and B. M. Lagutin for discussions on 
certain questions arising in this work. 

APPENDIX 

We now establish the analytic structure of the overlap 
integral of the radial functions of the continuum that satisfy 
the Hartree-Fock self-consistent field equations: 

( i /+v+-E,+)1121+)= I * ,+ ) ,  

( i ,+vo-~; , ) lrnlo)= I*;), (Al l  

where 

We require that the overlap integrals be real: 

( n ~ l o ~ n l + ) = ( n l + ~ r n l o ) .  

Then, from (Al) for r < a ,  it follows that 

xnltl(r)Attttl= Qvltl(r) +LtutI(r), 

where 
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The expression (A2) was obtained under the condition that 
the functions P , ~ ( o ) = o  and P:,(o)=o and that their first 
derivatives be bounded as r h o .  

We consider Xn,,(r) to be the kernel of the integral op- 
erator that acts on a certain function cp in accordance with the 
rule 

The function ~ ( x )  is assumed to be defined and continuous 
for all x in the range [O,co). 

We assume that the physically observable asymptotic 
form of the Hartree-Fock potential of the atomic residue 
corresponds to the screened Coulomb potential V m  qr-('  + p ) ,  

where q is the multiplicity of the ion and p can be an arbi- 
trarily small but nonzero positive quantity.25 In this case the 
exact asymptotic solution of the Hartree-Fock equation ( A l )  
for the radial wave function in the continuous spectrum has 
the form 

where k:= 2 ~ , ,  (enl  is the energy of the nl electron) and ynl 
is the phase shift (dependent on E , ~ )  of the electron wave in 
the given Hartree-Fock potential. 

Then, using the following representations for the Dirac 
Sfunction: l7 

sin(xr) 
Iim - - - S(X) ,  
r+m 7TX 

1 - e - i x r  

lim = - id :) , 
r+m ix 

S(x-a)+S(x+a)=21aIS(x2-a2) ,  

and 

we obtain from (A3) the desired expression for the overlap 
integral as a real generalized function of the form 

( n ~ l , J n l + ) =  cos( Y:- Y; , )  a ( ~ t r n r )  + . ~ ~ t r i t r ~ i ~ f  (A41 

where L ,,,,, = L  ,,,, (%). 
The singular part of the integral (A4) corresponds to the 

normalization condition for continuum functions from the 
same basis set. In fact, since 

Iim L,,,=O, lim ( yl i -  Y : ~ ) = O ,  
+ -0 + 1 0  

we have, according to (A4),  

lim (rnlolnl+)= S(A,,). 
+ + o  

The regular part of the integral (A4) and the difference of the 
phase shifts is due the difference of the Hartree-Fock poten- 
tials in Eqs. ( A l )  for the states Imlo) and In l+) .  
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