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Photoelectron–Auger-electron angular-momentum transfer in core-ionized Ar:
Beyond the standard post-collision-interaction model
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Electron-ion coincidence experimental data obtained following argon 1s photoionization are reported. Slow
photoelectrons were measured in coincidence with Ar+ and Ar2+ ions, and the β angular distribution parameter
was obtained. The measured beta parameter for the Ar2+-photoelectron coincidence measurements shows a
significant deviation from the β = 2 expected value. With the support of a quantum mechanical theory of
post-collision interaction (PCI) which goes beyond the standard model, we attribute this deviation to angular-
momentum exchange due to the interaction of the photoelectron with the Auger electron, while the role of the
residual ion is negligible. The main mechanism of angular-momentum transfer and its effect on the asymmetry
parameter β near the photoionization threshold are considered.
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I. INTRODUCTION

Studies of photoexcitation and photoionization of deep
core levels in atoms and molecules and subsequent decay
patterns have become feasible recently in the so-called tender
x-ray domain (2–12 keV) under state-of-the-art experimental
conditions, which has given a great impulse to investigations
of the dynamics of photoemission and relaxation processes
involving inner shells (see, e.g., [1–5]). An important category
of phenomena, very informative about such dynamics, is post-
collision interaction (PCI). Its physical description is the fol-
lowing: during nonradiative (Auger) decay, Coulomb interac-
tion between the outgoing photoelectron, the Auger electron,
and the atomic or molecular ion left behind manifests itself as
shifts and distortions of both photoelectron and Auger spectral
features. The PCI phenomenon has received considerable
attention in the last several decades (for a review, see [6,7]). In
the classical picture, PCI distortion of the energy distribution
implies an energy exchange between the emitted Auger elec-
tron, photoelectron, and residual ion. Several recent studies
have been reported about PCI peak distortion and shifts (see,
e.g., [1,4,8–12]). In particular, we have investigated PCI in
argon 1s photoelectron spectra associated with the different
ionic charge states created after core excitation, by electron-
ion coincidences and theoretical calculations, which has al-
lowed us to unravel the complicated dynamics of the Auger
cascade following deep core ionization, and even to estimate
the lifetime of the various intermediate states [1]. While the
energetics of the PCI effect is well understood, much less
attention has been paid to another aspect of it, namely its
possible influence on the emitted electron angular distribu-
tion. In general, one can expect that the emitted electrons
can exchange not only energy but also angular momentum

in the course of PCI. Such an exchange could modify the
electron emission angular pattern. Considering near-threshold
photoionization of a deep atomic level followed by a single
Auger decay, the available standard PCI theories (see, e.g.,
[13–17]) predict that the energy distortion is due mainly to
the interaction of the slow photoelectron with the ionic field,
which changes during the emission of the fast Auger electron.
The interaction between the photoelectrons and Auger elec-
trons is neglected. Therefore, within this approach, the angular
distribution of the photoelectron is determined solely by the
nature of the ionized level.

For linearly polarized ionizing radiation, the differential
cross section can be written as [18]

dσ/d� = σ/(4π )[1 + βP2(cos θ )], (1)

where σ is the total cross section, P2 is the second-order
Legendre polynomial, θ is the angle between the axis of linear
polarization of the incident photon and the direction of the
outgoing photoelectron, and β is the asymmetry parameter. In
case of photoemission from the ns2 shell, the emitted electron
can only have one value of angular momentum, l = 1, if
the process is considered in the framework of the standard
one-electron nonrelativistic approximation, and β = 2 for all
energies of the emitted photoelectron [19]. Possible devia-
tions from this value due to photoelectron–Auger-electron
interaction are not considered in standard near-threshold PCI
theories [13–17]. However, such an effect should in principle
be present.

In this paper we report electron-ion coincidence exper-
imental data obtained following argon 1s photoionization.
Slow photoelectrons with kinetic energy of 2, 4, and 10 eV
were measured in coincidence with Ar+ and Ar2+ ions. From
the detected photoelectron momentum patterns, the β angular
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distribution parameter was obtained. The main result is that β

is exactly equal to 2 for photoelectrons in coincidence with
Ar+, as expected for photoionization from a ns2 shell, but
it shows a very significant deviation from 2 for Ar2+. The
rationale is that for Ar+ there is no Auger electron emission,
and therefore no perturbation on the outgoing photoelectron.
In previous publications [5,20], we have shown that Ar2+ is
produced primarily by Kα radiative decay followed by Auger
emission, and therefore the fast Auger electron can catch up
with the photoelectron and influence its angular distribution.
Although highly charged ions up to Ar7+ are formed after 1s
ionization [5], only Ar2+ offers the opportunity to observe
the effect of PCI between one photoelectron and one Auger
electron. All higher charge states involve the emission of
several Auger electrons, either by cascade Auger decay or via
double direct Auger decay. In the case of direct emission of
two Auger electrons, the energy is shared between the two
outgoing electrons, and the energy distribution has a charac-
teristic U shape [21]. The low energy side of this distribution
appears as a continuum beneath the photoelectron peak, and
adds an isotropic component to the electron angular distribu-
tion. Coincidence measurements between photoelectrons and
Ar2+ ions filters out these slow Auger electrons.

II. METHODS

A. Experiment

Our experimental approach consisted in measuring in co-
incidence the 1s photoelectron and the charged ion produced
by the 1s hole decay. The experimental setup has already
been described in detail elsewhere [22]. Briefly, the apparatus
consists of a double spectrometer that combines time-of-flight
(TOF) and imaging techniques for full momentum vector
measurements of all charged particles detected in coincidence.
The setup is represented schematically in Fig. 1. Electrons
and ions are separated and accelerated in opposite directions
with a static electric field towards position-sensitive detectors
based on microchannel plates and delay lines. The measure-
ment of the TOF and impact position provides the three
components of the velocity vector of each detected particle.
The sample gas is introduced in the interaction zone as a
supersonic cooled jet to eliminate thermal contribution to the
velocity vector. The supersonic jet crosses the ionizing radi-
ation at the center of the double spectrometer. X-ray photons
are produced by synchrotron radiation. The experiment was
performed at beamline LUCIA of the French national syn-
chrotron source SOLEIL, which provided x rays with 100%
linear polarization during eight-bunch operation of the storage
ring [23]. Highly charged ions up to Ar7+ are formed after 1s
ionization [5]. Ionization events associated with the formation
of Ar+ or Ar2+ are selected by filtering all recorded events
on the basis of the ion TOF. The monochromator energy was
calibrated on the position of the resonant 1s → 4p transition
at 3203.5 eV and measurements were performed at photon
energies of 2, 4, and 10 eV above the 1s ionization threshold
(3206.26 eV [24]).

B. Theoretical calculations

These newly obtained experimental results are explained
on the grounds of our calculations, which show a β value

FIG. 1. Schematics of the coincidence setup: electron-ions co-
incidence setup. A: molecular jet; B: electrostatic lenses; C: ion
time-of-flight spectrometer; D: electron time-of-flight spectrometer;
E: 80 mm microchannel plates; SR: synchrotron radiation. See text
for details.

significantly lower than 2 for the Ar2+ case. A quantum
many-body theory beyond the standard near-threshold PCI
approaches [13–17] has been developed by us [25,26] in
order to take into account the angular-momentum exchange
due to interaction of the photoelectron with both the Auger
electron and the residual ion. Several mechanisms of angular-
momentum exchange between the photoelectron and the
residual ion, e.g., a rearrangement of the open outer shells of
the ion, intershell electron correlation, and the photoelectron
scattering on the anisotropic field of the residual ion—have
been considered. The most effective mechanism was found to
be the precession of the photoelectron angular momentum in
the field of the residual ion. However, the shift of parameter β

due to this mechanism is smaller by orders of magnitude than
the observed β deviation. The weakness of the photoelectron-
ion angular-momentum exchange is explained by the long
delay between the s-shell photoionization and the Auger emis-
sion. Consequently angular-momentum transfer starts when
the photoelectron is already located far away from the ion
that strongly suppresses its efficiency. Thus, the interaction
between photoelectrons and Auger electrons provides the
main contribution for angular-momentum transfer. This is at
variance with the PCI-distorted energy distribution, where for
near-threshold ionization the main factor is the photoelectron-
ion interaction and the role of the fast Auger electrons is
negligible.
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The considered photoionization processes is represented
by the two-step scheme

γ + Ar → eph + Ar+∗(1s−1)

→ eph(p1) + eA(p2) + Ar2+(3p−2). (2)

In the first step the photoabsorption yields the metastable ion
Ar+∗ with deep 1s vacancy and the photoelectron eph in some
intermediate state with angular momentum l = 1 and complex
energy ε0 + i
/2, where ε0 is the excess of the photon energy
above the threshold; 
 is the width of the created inner shell
vacancy. The energy imaginary part originates from the inner
vacancy decay. The second step of the scheme (2) represents
the decay process leading to the photoelectron in the final state
eph(p1), Auger electron eA(p2), and the doubly charged ion
Ar2+.

We evaluate the angular-momentum exchange between
the slow photoelectron and the fast Auger electron using
the theoretical approach developed in [25]. The considered
photoionization processes (2) occur via the long living inter-
mediate state Ar+∗. That is why its amplitude is represented
as a product of the photoabsorption amplitude M1 and the
amplitude M2 of the Auger decay of the autoionizing state
A+∗ and subsequent PCI processes [16]:

A = M1 〈�p1,p2 �A2+|M̂2|�ε0+i
/2�A+∗〉. (3)

Here the operator of the Auger decay is denoted by M̂2, �A+∗

denotes the wave function of A+∗, �ε0+i
/2 is the wave func-
tion of a photoelectron eph with complex energy ε0 + i
/2
moving in the field of the singly charged ion, vectors p1,2

stand for the momenta of photoelectron eph(p1) and Auger
electron eA(p2) respectively, and A2+ is final state of the
doubly charged residual ion.

The final state of the emitted electrons eph, eA, and
the residual ion A2+ is described by the correlated many-
body wave function, taking into account the conservation
of the total angular momentum. However, as demonstrated
in Ref. [25], these correlations have a minor effect on the
angular-momentum transfer. It is quite natural because of the
long delay τ = 1/
 � 1 between the photoionization and
the Auger ionization that ensures that PCI takes place far
from the target atom. At such large distances influence of
electron correlations between the emitted electrons and the
atomic electrons on angular-momentum transfer is strongly
suppressed. This fact allows us to write the final wave function
in the PCI amplitude A (3) as a product of the residual ion
wave function �A2+ and the two-body wave function �p1,p2 of
the photo- and Auger electrons moving in the field of the A2+
ion. In turn the two-body wave function �p1,p2 is written as a
product,

�p1,p2 (r1, r2) = �p1 (r1)�p2 (r2)φ(r1 − r2), (4)

where single-particle wave functions �p1,2 (r1,2) describe pho-
toelectron and Auger electrons moving in the field of the
doubly charged ion, and φ(r1 − r2) describes their relative
motion.

Evaluating the PCI amplitude A (3), we take into ac-
count that the Auger decay operator M̂2 acts on the atomic
and Auger electron coordinates, and does not affect directly
the photoelectron coordinates. Hence, the typical values of

Auger electron coordinates in the matrix element A are about
r2 ∼ 1. On the other hand, integration over the photoelectron
coordinates in A is performed on the much larger scale
r1 ∼ v1/
 � 1 due to the smallness of the autoionization
width 
; v1 is the photoelectron velocity. For 2 eV photo-
electrons, this estimation gives r1 ∼ 100. This fact decou-
ples the integrations over Auger electron and photoelectron
coordinates, and the amplitude A reduces to the product of
photoionization amplitude M1, the amplitude of Auger decay
M2, and the overlapping integral:

A = M1 M2(p2, L, M ) 〈�p1 (r)φ(r)|�ε0+i
/2(r)〉. (5)

The Auger amplitude M2(p2, L, M ) depends on the quantum
numbers of the residual ion A2+ and on the direction of
the Auger emission. However, it does not affect the angular
distribution of the photoelectrons if the quantum numbers of
the resulting A2+ ion are not fixed. It can be demonstrated
that during the evaluation of the cross section, after sum-
mation over all angular-momentum states M of the A2+ ion,
the angular dependence of |M2(p2)|2 vanishes for symmetry
reasons. Indeed, the Auger electron eA(p2) and the residual
ion A2+ yield the same angular momentum L with opposite
projections ±M. The Auger amplitude depends on M and p2

as M2(p2, L, M ) ∝ YLM (p2). Thus, the sum of |M2(p2, L, M )|2
over M eliminates its dependence on the direction of p2

since
∑

M |YLM (p2)|2 = (2L + 1)/4π . Therefore, amplitudes
M2 and M1 are considered as constant factors while the energy
and angular dependencies of PCI amplitude A are given by the
overlapping integral in Eq. (5).

The next simplification of the PCI amplitude A is based
on the large velocity of the fast Auger electron, v2 � 1.
Since the Auger electron rapidly leaves the reaction zone
with minor effect on the slow photoelectron motion, the
wave function of their relative motion φ(r) can be treated
perturbationally [25,26]. As a result, the photoionization cross
section is given by a sequence of approximations [25]. In
the zeroth approximation, neglecting the direct interaction
between photoelectrons and Auger electrons, φ(r) = 1 and
the cross section is given by

d2σ (0)

dε d�
= M

4 π
|Rε 1,ε0 1|2 [1 + 2P2(cos θ )], (6)

where M is the numerical factor containing the product of the
photon absorption cross section and the Auger decay cross
section that depends smoothly on ε; Rε l,ε0 1 is the overlapping
integral between the radial parts χ (r) of the photoelectron
wave functions in the intermediate, ε = ε0 + i
/2, l = 1, and
final, ε = p2

1/2, l = 1, electron states:

Rε l,ε0 1 =
∫ ∞

0
χε, l (r)χε0+i 


2 , 1(r)dr. (7)

The photoelectron in the intermediate state, prior to Auger
decay, propagates in the field of the singly charged ion with
the complex energy ε0 + i 


2 . In the final state, after the Auger
decay, the photoelectron with energy ε propagates in the field
on the doubly charged ion. Both wave functions are obtained
numerically in the framework of the Hartree-Fock approxi-
mation. The diverging wave function χε0+i 


2 , 1(r) is obtained
as a solution of the inhomogeneous Schrödinger equation
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with complex energy ε0 + i
/2 by the method described
in [16,17]. According to Eq. (6) the zero approximation
neglects the angular-momentum transfer, the photoelectron
angular momentum in the final state is the same as in the
intermediate state l = 1. The distortion of the cross section
energy profile given in Eq. (6) by the overlapping integral
Rε 1,ε0 1 is caused by interaction of the photoelectron with the

ionic field that undergoes a sudden change due to the Auger
decay [16].

The angular-momentum transfer between photoelectron
and Auger electron is taken into account in the next ap-
proximation by means of the first Born approximation. The
corresponding cross section is equal to (see Refs. [25,26] for
the details)

d2σ (2)

dε d�
= 3M

4π

(
e2

v

)2 ∑
k

Pk ( cos (θ ))Ck0
10 10

∑
l1,l2,l>0

ei(δl1 −δl2 )il2−l1 (−1)l+l1+l2 Rε l1,ε0 1 R∗
ε l2,ε0 1

(2l + 1)

l2(l + 1)2

×
√

(2l1 + 1)(2l2 + 1)

{
l l2 1
k 1 l1

}
Ck0

l10 l20C
l10
l0 10C

l20
l0 10. (8)

Here, Ck0
l10 l20 are the Clebsch-Gordan coefficients, factor M has

the same value as in Eq. (6), v = v2 − v1, v2 is the velocity
of the Auger electron, v1 is the velocity of the photoelectron,
the overlapping integrals Rε l,ε0 1 are defined by expression
(7), and δl are the phases of the outgoing photoelectron wave
functions. Note that overlapping integrals Rε l,ε0 1 include the
photoelectron final state wave functions χ (r) with different

angular momenta l 
= 1; it means that different angular mo-
menta l can be transferred to the photoelectron.

Equations (6) and (8) give the cross sections of the pho-
toionization processes with fixed electron configuration and
the L term of the residual doubly charged ion. This selectivity
is contained in the constant factor M. If the final state of the
A2+ ion is not selected experimentally, as it takes place under

FIG. 2. (a) Projections of the Px and Py components of the photoelectron momentum. Left, at 2 eV of excess photon energy above threshold;
center, at 4 eV of excess energy; right, at 10 eV of excess energy. Only the positive half of the projection along the x axis is shown to reduce
the size of the figure. The negative half is simply the symmetrical image. (b) Corresponding kinetic energy distributions.
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FIG. 3. (a) Photoelectron angular distribution measured in coincidence with the singly- charged Ar+ ion for excess photon energy �E =
2 eV. Left: projection of the Px and Py components of the momentum. Right: number of counts as a function of the emission angle with respect
to the polarization vector, and fit using the well-known dipole angular distribution formula (see text). (b) The same for photoelectrons measured
in coincidence with the doubly charged Ar2+ ion.

our experimental conditions, the total cross section is given by
a sum of cross sections with different final states of residual
ions.

Note that the different terms of the same electron con-
figuration as well as the fine structure splitting lead to the
final states of the A2+ ion with close energies. Hence, the
corresponding Auger electron energies are also close and
the photoelectron overlapping integrals show very similar
behavior. Therefore, an account of different Auger transitions
in this case changes the value of the factor M uniformly in the
cross sections (6) and (8) and does not change the β value.

The decay of the inner 1s vacancy shows a rather com-
plicated dynamics [1]. We are interested in the PCI process
resulting in Ar2+ ions via Auger decay. The main channel
leading to the creation of the Ar2+ ions includes the radiative
decay of the inner vacancy 1s−1 → 2p−1 + γ followed by the
Auger decay 2p−1 → 3p−2 + eA with emission of fast Auger
electron eA (EA � 200 eV) [27]. The widths of the 1s and 2p
vacancies are equal to 
1s = 690 meV and 
2p = 118 meV
[1], respectively. The first radiative decay 1s−1 → 2p−1 + γ

of the inner vacancy occurs after long delay τ1s = 1/
1s

when the photoelectron has already moved away from the ion.

Although the radiative decay gives rise to some asymmetry of
the ionic field, its influence on outgoing photoelectrons is too
weak to explain the observed angular distribution distortion
because of the large distance between Ar+∗ and eph [25] and
can be therefore neglected. The considerable impact on the
outgoing electron motion, the shake-off, takes place only at
the moment of the Auger decay. Again, as shown in [25], the
asymmetrical part of the interaction between photoelectron
and the residual ion Ar2+ could not provide sizable angular-
momentum transfer due to the large interparticle distance. The
main contribution to the angular-momentum transfer comes
from interaction between photo- and Auger electrons. That
is why in describing this process we can treat for simplicity
the two-step decay process as a single Auger decay with the
effective decay time τeff = τ1s + τ2p and corresponding effec-
tive autoionization width 
eff = 
1s 
2p/(
1s + 
2p) [1,25].
In our case, it gives 
eff = 101 meV.

This channel is in competition with various weaker de-
cay channels, e.g., the direct Auger decay of the inner 1s
vacancy 1s−1 → 3p−2 + eA with the Auger electron energy
EA � 3150 eV [27]. Also, the Auger decay of the vacancy
2p−1 in Ar+∗, resulting from the radiative decay of the inner
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shell vacancy 1s−1, can lead to other final electron config-
urations of the Ar2+ ion, namely 3s−13p−1 and 3s−2. Each
channel gives independent contributions to the ionization
cross section according to Eqs. (6) and (8). However, the
intensities of the competitive Auger processes are too small
[27] to distort the photoemission angular distribution. In the
case of direct Auger decay, there is an additional reason why
its contribution to the asymmetry parameter is negligible. An
Auger electron resulting from direct Auger decay is much
faster than an Auger electron emitted in a cascade process;
its energy is EA � 3150 eV compared to EA � 200 eV in the
cascade decay [27]. According to Eq. (8), the efficiency of
angular-momentum exchange between the photoelectron and
the Auger electron is inverse to the square of their relative
velocity v. That is why, evaluating the asymmetry parameter
β, we restrict ourselves to the main decay process (2).

III. RESULTS AND DISCUSSION

In Fig. 2, top, we show projections of the Px and Py

components of the photoelectron momentum, measured at
three different values of excess energy above threshold (2, 4,
and 10 eV). Only the positive half of the projection along the x
axis is shown to reduce the size of the figure. The negative half
is simply the symmetrical image. In Fig. 2, bottom, we show
the corresponding kinetic energy distributions. The kinetic
energy distribution clearly shows the distortion from a sym-
metrical line shape and a shift in the maximum of distribution
due to PCI at low excess photon energy above threshold, in
agreement with the observations made previously [1]. PCI
distortion of the photoelectron energy distribution is stronger
at 2 eV above threshold, moderate at 4 eV above threshold,
and becomes negligible within our experimental resolution at
10 eV above threshold. This observation illustrates the photon
energy dependence of PCI.

In Fig. 3, we show photoelectron angular distribution ob-
tained for photoelectrons of 2 eV kinetic energy in coinci-
dence with the Ar+ ion (top) and the Ar2+ ion (bottom). The
horizontal axis coincides with the direction of the synchrotron
radiation polarization vector. In the left side of both panels,
projection of the Px and Py components of the momentum
are shown, and in the right side are numbers of counts as
a function of the emission angle with respect to the polar-
ization vector, fit using the well-known angular distribution
formula (see above). A significant difference is evident even
by eyesight. In particular, while for photoelectron emission
in coincidence with Ar+ the distribution reflects the expected
P2(cos θ ) one, for the Ar2+ pattern a deviation from it is rather
clear.

In Fig. 4, top, the experimental β angular distribution
parameter is shown for three values of photoelectron kinetic
energy, 2, 4, and 10 eV, in coincidence with either Ar+ or
Ar2+. The experimental data show a β value equal to 2 for all
kinetic energies measured in Ar+-photoelectron coincidences.
This result can be immediately interpreted on the ground of
this consideration: for singly charged Ar ions, there is no
Auger electron emission, and therefore no perturbation on the
photoelectron pathway.

For the Ar2+-photoelectron coincidence measurements, the
situation is clearly different: a significant deviation from the

FIG. 4. Top: measured β values for photoelectrons in coinci-
dence with Ar+ and Ar2+ at 2, 4, and 10 eV of excess photon energy.
Bottom: experimental and calculated values for �β, the deviation of
β from 2, as a function of excess energy.

β = 2 expected value is observed, which can be attributed to a
photoelectron–Auger-electron exchange of some kind. Fig. 4,
bottom, shows the experimental and calculated deviation of β

from 2, �β = 2 − β.
Our calculations of the asymmetry parameter β, averaged

over the line profile, give the following values for the devia-
tion: �β = 0.174 for excess energy �E = 2 eV, �β = 0.191
for �E = 4 eV, and �β = 0.228 at 10 eV excess energy.
The agreement with the experimental data is satisfying within
statistical error at low excess energy, where the experimen-
tal values are found to be �β = 0.17 ± 0.06 at 2 eV and
�β = 0.13 ± 0.09 at 4 eV. However, experimental data and
calculated values are in disagreement at 10 eV excess energy,
where the experiment shows �β = 0.01 ± 0.04. Moreover,
the general trend as a function of excess energy is opposite,
�β rapidly decreasing to 0 in the experiment, while it keeps
going up in the theory [26]. This behavior found in the
calculation results is connected with the decrease of relative
electron velocity v under the increase of the photon excess
energy that makes interaction between the Auger electron and
the photoelectron more effective.

IV. CONCLUSION

We demonstrate here that in core-ionized argon the “stan-
dard” PCI model taking into account only photoelectron–
residual-ion interaction is not sufficient to describe the details
of photoelectron emission. Therefore, we have extended it to
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include not only energy exchange but also angular-momentum
exchange between the photoelectron and the Auger electron.
On the grounds of our new experimental results and of the
developed theoretical model, the effective existence and main
mechanism of angular-momentum transfer due to PCI in

deep inner-shell ionization and its effect on the asymmetry
parameter β near the photoionization threshold are therefore
illuminated. The discrepancy between theoretical and experi-
mental trends concerning the strength of the effect will be the
subject of further investigations.
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