Many-electron effects in anomalous elastic x-ray scattering by an atom
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The Ne atom is used as an example to study the effect of a monopole restructuring of the
electron shells in the field of a virtual vacancy and the effect of shake-up (or shake-off) processes
on the differential cross section for anomalous elastic scattering of x radiation by an atom

near the threshold of the atomic 1s shell. The theoretical results derived here for the region of
scattering resonances are of a predictive nature. © 1995 American Institute of Physics.

1. INTRODUCTION

Elastic scattering of x radiation by free atoms near the
K-shell threshold has recently attracted increased experimen-
tal and theoretical interest.”

The existing theoretical methods (modifications of the
form-factor approximation and the S-matrix formalism)® for
calculating the differential cross section for anomalous elas-
tic scattering give a good description at energies of the scat-
tered x ray which are far from the K threshold (the discrep-
ancies with experimental data are at most 2—-5%). Near the K
threshold, in contrast, the discrepancies with experiment rise
to* 40-70%. In addition, right where the differential cross
section is very nonlinear—in the region of the resonances—
these methods give the energy positions of the resonances
only within certain errors, while they predict infinite (non-
physical) amplitudes for these resonances.’” This divergence
of the amplitudes of the scattering resonances can be elimi-
nated by existing methods for incorporating the finite life-
time of a virtual 1s vacancy. That correction, however, does
not solve the problem of these discrepancies between theory
and experiment.

In all the theoretical models used for the elastic scatter-
ing of a photon by an atom, the dispersive part of the ampli-
tude for the process can be expressed in terms of the photo-
absorption amplitudes of atomic shells. The implication here
is that the primary cause of the discrepancies between theory
and experiment is an inaccurate description of the photoab-
sorption amplitudes of the atom near the threshold of the 1s
shell of the atom.

It has been established that the absorption of x radiation
by an atom near the thresholds of the deep levels of the atom
is definitely a many-electron process.® The following points
have been established. The many-electron effect which has
the greatest influence on the absolute value of the photoab-
sorption cross section is a monopole restructuring of the
electron shells of the atomic core in the field of a deep va-
cancy which forms.”® The generation of an nl vacancy has
the consequence that it is primarily the outer shells of the
atomic core which react to the “destruction” of the nl*'*?
screen between themselves and the nucleus, with the result
that their average radius decreases significantly. The shift of
electron density of the shells of the atomic core toward the
nucleus is accompanied by an additional delocalization of a
photoelectron from its periphery. This delocalization reduces

174 JETP 80 (2), February 1995

1063-7761/95/020174-05$10.00

the photoabsorption amplitude. In the case of the Ne atom,
for example, incorporating the monopole restructuring of
electron shells reduces the photoabsorption cross section by
a factor ~2 from that calculated without consideration of the
relaxation of the atomic core in the field of the 1s vacancy
near the K threshold.®

In addition to the delocalization of a photoelectron, this
radical restructuring of the core leads to nonzero probabili-
ties for shake-up and shake-off processes: one-photon mul-
tiple excitation/ionization of an atom. For example, the
K-XANES (x-ray absorption near edge structure) which has
been observed experimentally’ for the Ne atom is caused
primarily by one-photon double KL,; excitation/
ionization.'®!!

In an experiment on photoabsorption, the total photoab-
sorption cross section which is observed is the sum of the
cross sections of real, physically distinguishable processes of
multiple excitation/ionization of the atom. The thresholds for
the processes which lead to XANES in terms of the energy
of the absorbed photon lie well above the K ionization
threshold. As a result, the cross section near the K threshold
can be described well by considering only one-photon single
excitation/ionization.®!2

In the case of anomalous elastic scattering a) the pro-
cesses of excitation/ionization of atomic shells of different
multiplicities occur in a virtual level; b) the partial amplitude
for the scattering of a photon by a fixed atomic shell is pro-
portional to the sum of the squares of the amplitudes of the
processes of different multiplicities for excitation/ionization
of this shell; and c) the total scattering cross section is pro-
portional to the square of the sum of the partial scattering
amplitudes. Interference of scattering amplitudes rules out
representing the scattering cross section as a sum of partial
cross sections corresponding to channels of fixed multiplicity
of the excitation/ionization of the atom. As a result, the limi-
tation imposed by the incorporation of monopole restructur-
ing of electron shells, without processes which lead to
XANES, can substantially degrade a theoretical description
of the scattering cross section near the threshold of a deep
atom shell. In the present paper we demonstrate this asser-
tion in the particular case of the Ne atom.

At the same time, theoretical results on atomic photoion-
ization cross sections (Refs. 13 and 14, for example) which
are used in calculating differential cross sections for anoma-
lous elastic scattering have been derived without consider-
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ation of many-electron effects such as monopole restructur-
ing of electron shells. Far above the threshold, the effect of
this restructuring on the photoabsorption cross section be-
comes negligible. This circumstance explains the good
agreement (mentioned above) between theory and experi-
ment on elastic scattering above the threshold. However, it
might be suggested that this restructuring and the accompa-
nying shake-up and shake-off can no longer be ignored near
the K threshold. As a result, the use of data like the results of
Refs. 13 and 14 in the vicinity of the K threshold should lead
to a substantial discrepancy with experiment, as was appar-
ently seen in Ref. 4.

The present paper is devoted to an analysis of this sug-
gestion.

Elastic scattering of a photon in the immediate vicinity
of thresholds (within ~*+10-100 eV of the thresholds, in
either direction) of deep shells of many-electron systems has
received essentially no study, either theoretical or experimen-
tal. Nevertheless, it is in this region of energies of the scat-
tered photon that we would expect anomalous disruptions of
the smoothness of the scattering cross sections because of
many-electron effects. This circumstance in turn presents an
opportunity to obtain a wealth of information on the structure
and properties of the many-electron scattering system. The
present paper is an attempt to take a step in this research
direction.

2. THEORY OF THE METHOD

In the case of anomalous elastic scattering of unpolar-
ized x radiation by an atom with a 'S, ground-state term, the
existing expression'® for the differential cross section for the
process can be reduced to
2

F+2 Qul » )

nl

da/dQ=(1/2)ri(1+cos’ 6)

where r is the classical radius of an electron, ) is the solid
angle, and @ is the scattering angle. In (1), the following have
been defined in the atomic system of units (A=m=e=1):

a) The atomic form factor in the nonrelativistic approxi-
mation,

B =, sin(kr) =2_w ) g
F—"EIN,,,JO Po(r) ——dr, k=—sin5, ()

where P,(r) is the radial part of the wave function of the
atomic nl electron, N,; is the occupation number of the n!/
atomic shell in the ground state, w is the energy of the scat-
tered x-ray, and c is the velocity of light.

b) The Kramers—Heisenberg dispersion terms of the am-
plitude for elastic scattering in second-order with respect to
the operator representing the interaction of the atom with the
electromagnetic field,

2 D w2
inzg N J—;|D:’1|2- 3)

m>F

Here @,,=w,, ¥ iA,;,w,, is the energy of the virtual tran-
sition from the |0;ISO) state of the atom to the intermediate
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[nl~'m; 'P,) state of the system consisting of the atomic
core and the virtual photoelectron, F is the Fermi level,
2A,,=T,, is the total decay width of the virtual n! vacancy,
S means a summation (integration) over all intermediate
states of the discrete (continuous) spectrum, and the matrix
element of the transition operator D is

Dnml=<0;lso'ﬁ|”1_lm;lpl>- (4)

The summation in (1) and (2) is to be carried out over all
atomic shells.

The monopole restructuring of electron shells can be in-
corporated by modifying the matrix element (4) using the
methods of the theory of nonorthogonal orbitals.'® In the
case of 1s—np photoabsorption of the Ne atom, for example,
the radial (R) part of the matrix element (4) takes the follow-
ing form in the dipole approximation:>!2
(2polnp)
(2pol2p) )

Here the 15y, 2py and 2p, np functions are found through a
solution of the Hartree—Fock equations for the
1532532p8(1S,) and 1s'25*2p°np('P,) configurations, re-
spectively; A is the product of the overlap integrals of the
wave functions of the electrons which are not involved in the
transition; and we are also using

X rR=Au1s| (1solrlnp)—(1solr[2p) )

(2polnp)= fo P (D) Pup(r)dr,  (Lsolrlnp)

= fwPlso(r)P,,p(r)rdr.
0

The expression which we are using here for the differ-
ential cross section for the anomalous elastic scattering is
derived from (1) by incorporating the relationship between
the matrix element (4) and the photoabsorption cross
section:!

4 w
Ol wn) =5 7 =2 D] ©)

To study the near fine structure in the scattering spec-
trum near the K threshold, we use the method of Refs. 10
and 11 to calculate the matrix elements in (4) and the corre-
sponding cross sections for one-photon double excitation/
ionization.

3. RESULTS OF THE CALCULATIONS

We selected the Ne atom for this study. This is a simple
many-electron system with a 1S, ground-state term and a
clearly defined discrete structure in the K photoabsorption
spectrum.’

The radial parts of the matrix elements in (4) and corre-
sponding cross sections in (6) were derived in two approxi-
mations.

1. First, we ignored the many-electron restructuring of
the electron shells. The wave function of the virtual np pho-
toelectron was found by solving the Hartree—Fock equation
for the 1s52532p§np(*P,) configuration (in the field of a
1s, vacancy with a “unrestructured” atomic core). The wave
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functions of the 1s,, 25, and 2p,, electrons of the core were
found by solving the Hartree—Fock equations for the
1532s32p8('S,) configuration. In this case the radial parts of
the matrix elements (4) contain only the first terms in paren-
theses in expressions like (5) with A,;=1. The probabilities
for shake-up and shake-off processes are zero.

2. In other calculations we took the monopole restructur-
ing into account. The wave function of the virtual np photo-
electron was found by solving the Hartree—Fock equation for
the 15'2522p%np('P,) configuration. The wave functions of
the 1s, 2s, and 2p electrons of the atomic core were found
by solving the Hartree—Fock equations for the
15'2522p%(S,,,) configuration (relaxation of the core in the
field of the 1s vacancy which forms was taken into account).
In this case the radial parts of matrix elements (4) contain the
additional terms in parentheses in expressions like (5) with
A, <l.

Only the most intense transitions, to the 3p and 4p vir-
tual states of the photoelectron, were taken into account in
the calculation of the discrete part of the K photoabsorption
spectrum. Transitions to these states give rise to the principal
resonances in the elastic scattering in the energy region
®w=870*3 eV in Fig. 1. As the total decay width of the
virtual 1s vacancy we used the value I';;=0.65 eV, found
from an experimental spectrum.’

In the second approximation, we took virtual shake-up
(off) processes into account along with 1s—np excitation/
ionization.

The amplitudes of the shake-up processes are described
by matrix element (4) in the multiconfiguration Hartree—
Fock approximation with intermediate states of the form

|i>:2 2 aiIZ(LS) 13’ (7

LS nysli
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where aiIZ(LS) are configurational-mixing coefficients. The
states in (7) were found by diagonalizing the energy matrix
constructed from configurations of KL ,; photoexcitation:

LS =11s712p (3 * 1P n L ynalo(LS); Py,

3P3P\ (3434) (3s3s) (353d
n111n212= 4p ) 4d ) 45 ) 4d . (8)
Sp

The amplitudes of shake-off processes were described in
the one-configuration Hartree—Fock approximation by means
of transitions to states (8) with

nylynyl,=(npep),(epe’p), (n=3,4). 9)

For the first channel we incorporated the electrostatic split-
ting of the 'P and 3P terms of the atomic core:
'y1,3=1s"2p_’(”3P). For the third channel in (3) we de-
termined the double improper integral over & and &', the
energies of electrons of the continuous spectrum. To trans-
form it we used the representation

fwf dxdy<1>(x,y)=Lwdaf:_adﬁnb(a,ﬁ), (10)
0

Equation (10) corresponds to the coordinate transformation
(a=const) x=a— B—a, y=p, with a unit Jacobian. Expres-
sion (3) then reduces to the integral of a function propor-
tional to the cross section for double photoionization over the
variable a=w,+&+¢&' (B=¢’; a=w,, is the threshold en-
ergy for double photoionization) between w;, and infinity.
The latter arises in the course of the inner integration in (10)
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over the energy surface £+&'=a—w,,. The channels in (9)
open up at x-ray energies of 906.82 (°P), 909.81 (\P), 911.70
and 916.60 eV, respectively.

The wave functions of the n;/; and n,l, electrons were
found by solving Hartree—Fock equations for the
1s12s22p5n111n212 configuration, averaged over the 'P3 P,
and LS terms. The wave functions of the 1s, 25, and 2p core
electrons were found by solving the Hartree—Fock equations
for the 1s'25%2p° configuration averaged over the 'P and
*P terms (relaxation of the core in the field of the 1s and 2p
vacancies was taken into account).

The most prominent resonances in the region of the near
fine structure in the elastic-scattering spectrum (Fig. 1) cor-
respond to transitions to virtual states of double photoexcita-
tion:

[1)=733p?[0.97(*P)],
[2)=9,[0.90353d('D)—0.503p*('D)],
|3)=,3p?[0.70('D)+0.60('S)],
|4)=v,3p4p[0.90('D)],
5)=v,3p5p[0.80('D)],

where we have retained terms with |a’|=0.50. In the Ne
atom, the d symmetry of the excited states is a collapsing
symmetry. As a result, there is a pronounced interaction be-
tween the y,3p?('D) and y,353d('D) configurations. As a
further result, the intensity of the transition to the “pure”
v13p%('D) state is distributed between the |2) and |3) chan-
nels. The leading component in the |2) channel, y,3s3d('D),
is a “shadow” component, since the intensity of the transi-
tion to the |2) state is determined by the 713p2(1D) compo-
nent.

The radial parts of matrix elements (4) and the cross
sections for L, and L ,; photoabsorption [see (6)] were found
in calculations incorporating both the monopole restructuring
of electron shells and the correlations of the random-phase
approximation with exchange (RPAE).” When virtual 2s and
2p vacancies form, the monopole restructuring is negligible.
In contrast, RPAE correlations strongly influence the abso-
lute values of the cross sections for L; and L ,; photoabsorp-
tion near the threshold. In the case of the L ; photoabsorption,
for example, incorporating the mixing of the virtual
|25 'np(*P,)) state of photoabsorption with the
|2p~'md(*P,)) RPAE channel leads to a RPAE cross sec-
tion smaller by a factor of ~1.8 than the cross section for
direct L, photoionization in the vicinity of the L, threshold.!”
Since the 1s shell is far from the 2s and 2p shells of the
atomic core in terms of energy, the RPAE correlations have a
negligible effect on the differential cross section for elastic
scattering near the K threshold in the case of L, and L,
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FIG. 2. Differential cross section for the elastic scattering of an unpolarized
x-ray by a Ne atom (the near-threshold scattering region). The circles are the
results of calculations in Ref. 5; the notation is otherwise the same as in Fig.
1. Some details of the region of scattering resonances have been omitted.
The energy scale is logarithmic.

photoabsorption. We did not study discrete structure in the
spectra for L and L,; photoabsorption in these calculations,
so they are not reflected in the calculations in (1).

Figures 1 and 2 and Table I show results calculated for
the case 6=0° (forward scattering). We can draw several
conclusions from these results.

1. Near the principal scattering resonances, the mono-
pole restructuring of the electron shells dramatically sup-
presses the amplitudes and shifts the energies of the reso-
nances calculated without treating the relaxation of the
atomic core in the field of a deep virtual 1s vacancy.

2. In the region of near-threshold scattering, the mono-
pole restructuring of electron shells leads to a redistribution,
between the short- and long-wave regions of the scattering
spectrum, of the scattering intensity calculated without con-
sideration of the relaxation of the atomic core in the field of
a deep virtual 1s vacancy.

3. Incorporating shake-up and shake-off processing
strongly influences the magnitude and direction of the redis-

TABLE I. Calculated characteristics of the principal resonances in the elastic scattering of an
unpolarized x-ray by a Ne atom near the K threshold in approximations a, b, and c (Fig. 1).

w, eV do [dQ, 1§
nl a b,c a b c
3p 868.64 869.40 1900.00 170.00 162.50
4p 870.96 871.10 167.60 47.26 37.53
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tribution of the scattering intensity, both near the principal
resonances of the scattering and in the region of near-
threshold scattering.

4. Near the threshold for scattering, the results of the
present study are essentially the same as those of Ref. 5,
which were derived by quantum-electrodynamics methods
(by the S-matrix formalism). The reason for this agreement
is that, at these energies of the scattered x-ray, the incorpo-
ration of the monopole restructuring of electron shells and
shake-up (off) processes in calculations of partial photoab-
sorption cross sections essentially reproduces the results of a
one-electron approximation like that in Refs. 13 and 14.

Since no experimental data are available on the differen-
tial cross section for elastic x-ray scattering near the K
threshold of the Ne atom, the results of this theoretical study
of the region of scattering resonances are of a predictive
nature.

It may be that this study could be extended to elastic and
inelastic scattering of x-rays near the thresholds for deep
shells of many-electron systems, not only atoms but also
molecules and simple clusters.

The demonstration in this paper that the theoretical dif-
ferential cross section for elastic scattering in the region of
resonances is highly sensitive to the particular approximation
used also suggests that an experimental study of primarily
scattering resonances near the thresholds of deep atomic
shells may prove to be an effective tool for studying the
nature and role of many-electron correlations in the interac-
tion of an atom with x radiation.
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