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It has been shown that for nonlinear atomic ionization, transfer of the degree of circular polarization from
incident to fluorescence light is maximum at the Cooper minimum [J. Hofbrucker, A. V. Volotka, and S.
Fritzsche, Phys. Rev. A 100, 011401(R) (2019)]. However, it is still a challenge to produce and detect circularly
polarized light at xuv and x-ray photon energies. We here show that transfer of linear polarization is strongly
enhanced at the Cooper minimum in two-photon ionization and can be readily detected using current free-
electron laser facilities by measurements of the degree of linear polarization of the characteristic Lα1 and Lα2

lines. Two-photon ionization of a 2p3/2 electron of a tungsten atom is proposed to demonstrate the presented
phenomena and realization of such an experiment is discussed in detail.
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I. INTRODUCTION

Experimental observations of two-photon absorption
mechanisms involving core-level atomic states have become
possible only rather recently by virtue of the development of
x-ray free electron lasers (XFELs) [1,2]. Since the cross sec-
tions of two-photon absorption and ionization processes are
generally low, it is often necessary to employ high-brilliance
incident x-ray beams with properties such as coherence, du-
ration of the pulse, and intensity, which are otherwise known
only from optical lasers. With the advent of XFEL facilities, x-
ray beams with femtosecond pulse duration and photon flux of
1031 photons/(s cm2) become achievable. The application of
such high-power x-ray beams enabled one to approve nonlin-
ear processes with quite low excitation probabilities, including
multiple ionization [3,4], double-core hole creation [5], and
nonsequential two-photon ionization [6,7]. More recently, ex-
perimental observations of two-photon ionization of K-shell
electrons at hard x-ray energies were reported [8–12].

Core-hole excitation and ionization processes can be effec-
tively investigated by observing the subsequent fluorescence
photons. In particular, the photon polarization carries infor-
mation about the alignment and orientation of an atom, which,
in turn, strongly depends on details of the core electron ion-
ization or excitation [13–16]. The polarization properties of
fluorescence light following single photon ionization is a well-
developed part of atomic spectroscopy [17–20] in contrast
to the nonlinear ionization, which is much less explored. In
recent experiments, the total two-photon inner-shell ioniza-
tion cross sections have been extracted from the subsequent
fluorescence yields [8–12]. However, these measurements
provide only the total two-photon ionization cross section,
which generally suffers from low precision. Performing

similar experiments together with detection of the polarization
of the fluorescence photons would allow one to investigate the
magnetic population dynamics in the produced ion and reach
higher precision of the extracted ionization pathway (channel)
contributions.

In one-photon ionization of atoms, the energy at which the
dominant ionization channel vanishes is called the Cooper
minimum [21]. It has been shown both theoretically and
experimentally that performing measurements at the Cooper
minimum can reveal otherwise hidden contributions to the
ionization process, such as the contributions of higher mul-
tipole orders of the electromagnetic field [22–27]. Cooper
minimum in multiphoton ionization can also be noticed in ear-
lier calculations, both in total cross sections [28–30] as well
as in photoelectron angular distributions [31,32], however,
no attention was paid to investigate it in detail. We recently
demonstrated that such Cooper minimums in multiphoton
ionization processes can strongly influence the photoelectron
angular distributions [33] or the magnetic sublevel popula-
tions of photoions [34,35]. In Ref. [34], it has also been shown
that in the case of two-photon ionization of atomic p electrons
by circularly polarized light, the polarization transfer from
the ionizing light to the atom is maximized at this nonlinear
Cooper minimum. However, although it is possible to gener-
ate intense circularly polarized beams at some free-electron
laser facilities [36,37], the production of such laser beams are
usually more limited in photon energy than linearly polarized
light. Moreover, detection of polarization of XUV or x ray is
experimentally very challenging. On the other hand, linearly
polarized light can be produced at practically all free-electron
facilities, and moreover, detection of the degree of linear
polarization in x-ray domain can be carried out with high
accuracy [38].
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FIG. 1. Schematic representation of the two-photon ionization
process with subsequent fluorescence decay. One of the np4

3/2 elec-
trons of an atom A absorbs two linearly polarized photons γ (ω)
and is ionized to continuum state e−. The produced photo ion A+

decays to a lower energy state with a hole in a n′d state by emitting a
fluorescence photon γ0(ω0). The dashed horizontal line represents an
intermediate state which can be either real or virtual. Both resonant
and nonresonant two-photon ionization are considered in this paper.

In this paper, we study the transfer of linear polarization
in the two-photon ionization of atomic p3/2 electrons. In the
next section, we describe our theoretical approach based on
the second-order perturbation and the density matrix theories
as well as independent-particle approximation. In Sec. III, we
present our calculations which were chosen to fulfill current
experimental possibilities. For example, we demonstrate the
dynamic behavior of the polarization transfer in two-photon
ionization of 2p3/2 electron of tungsten as a function of in-
cident photon energy. Moreover, we show that significant
variation of the polarization transfer occurs at the nonlinear
Cooper minimum, whilst the corresponding cross sections are
comparable to the already performed experiments [8–11]. A
discussion of the possible experimental possibilities to per-
form the suggested experiment are provided in Sec. IV. In the
last section, we conclude the main findings of this paper.

II. THEORY

We consider a two-step process. In the first step, an inner-
shell ionization of an atom in an initial state |αiJiMi〉 by
two identical, linearly polarized photons γ (ω) with energy
ω results in emission of a photoelectron with well-defined
momentum pe and spin projection me, |peme〉 and production
of an ion in a state |α f J f M f 〉, which has typically a hole in
one of the core shells. Here, the many-electron wave functions
of the atom are classified by the total angular momentum J ,
its projection M as well as all further quantum numbers α

that are needed to specify the state uniquely. In the second
step, the excited ion |α f J f M f 〉 decays into a lower energy
state |α0J0M0〉 with spontaneous emission of a fluorescence
photon γ0(ω0). This two-step process can be schematically
represented as (see also Fig. 1)

|αiJiMi〉 + 2γ (ω) → |α f J f M f 〉 + |peme〉
→ |α0J0M0〉 + |peme〉 + γ0(ω0). (1)

In this paper, we will only consider the two-photon ionization
of an electron from the (filled) 2p4

3/2 shell of an atom with total

angular momentum Ji = 0, which leads to a photoion with
the total angular momentum Jf = 3/2. In the independent-
particle model and by using second-order perturbation theory,
the (two-photon) ionization can then be described by single-
electron amplitudes [39,40], including the summation over
the complete (single-) electron spectrum of the virtual in-
termediate states, with symmetries determined by the orbital
and total angular momenta ln and jn. The final photoelectron
wave function |peme〉 is expanded into partial waves, each
with the angular momenta l and j. This expansion allows
us to characterize the process in terms of angular momentum
ionization channels. In the electric dipole approximation, the
ionization of the 2p3/2 electron proceeds through intermediate
states with s and d symmetries, into final photoelectron p
and f states. There are eight possible relativistic ionization

channels, each described by an amplitude U
(ln jn

)

l j
. Once, the

photoelectron has left the ion, all further (decay) properties of
the photoion can be described by its density matrix ρM f M ′

f
. In

practice, however, it is often more convenient to characterize
the ion polarization in terms of (so-called) statistical tensors
ρkq that transform like spherical tensor of rank k. These ten-
sors are given by

ρkq =
∑

M f M ′
f

(−1)Jf −M ′
f 〈Jf M f , Jf M ′

f |kq〉ρM f M ′
f
. (2)

For the two-photon ionization of a p3/2 electron from a
closed-shell atom, the statistical tensor ρkq takes the form (see
Refs. [34,35] for details)

ρ20 = [
245U 2

p1/2
+ 98U 2

p3/2
− 27U 2

f5/2
+ 6480U 2

f7/2

]
,

ρ2±2 = −
√

3√
2
ρ20,

(3)
ρ00 = 70

[
7U 2

p1/2
+ 7

25
Ū 2

p3/2
+ 27

25
U 2

f5/2
+ 648U 2

f7/2

]
,

ρ2±1 = ρ1q = ρ3q = 0, for all q,

where the exact form of the transition amplitudes Ulj in terms

of U
(ln jn

)

l j
is given in Appendix. The calculations presented

in this paper have also been carried out with contributions
of higher multipole orders. However, the contributions of
higher multipole orders were found negligible, and hence,
electric dipole approximation is well justified. In contrast,
the results presented in Ref. [35] concentrate on a special
case of two-photon ionization of s electrons by circularly
polarized light near the nonlinear Cooper minimum. In this
particular scenario, all electric dipole channels drop to zero,
and hence reveal the contributions of higher multipole orders.
The total two-photon ionization cross section σ can be easily
obtained from the zero-rank statistical tensor ρ00 as σ (ω) =
64α2π5/ω2 ρ00. Moreover, statistical tensors are often utilized
to also characterize the magnetic state of an ion. For example,
an atom is said to be unpolarized if it is described by just
a single nonzero (statistical) scalar ρ00(J ), while the atom
or ion is called polarized if at least one nontrivial (k > 0)
statistical tensor occurs. Moreover, if only tensors or even rank
occurs in the representation of the ion, it is called aligned.
Finally, if at least one odd rank statistical tensor is nonzero, the
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system is called oriented. It is well known that for ionization
of atoms by linearly polarized light, the excited atom can
be aligned along the direction of the photon momentum, but
cannot be oriented. As seen from the expressions Eqs. (3),
the two-photon ionization by linearly polarized light leads to
photoions that are described by even rank tensors only. On
the contrary, two-photon ionization by circularly polarized
photons produces aligned as well as oriented ion states, which
can even reach pure orientation [34]. To quantify the ion polar-
ization, it is convenient to introduce the normalized statistical
tensor Akq defined as

Akq = ρkq

ρ00
. (4)

The component A20 is called the alignment parameter (or
simply alignment) and expresses the difference in population
between electrons with projections M f = ±1/2 and ±3/2.
This alignment parameter depends of course on the prior
excitation or ionization process and is fully described by the

transition amplitudes U
(ln jn

)

l j
for the two-photon ionization of

an initially closed-shell atom.
The alignment of an excited ion propagates also to the char-

acteristics of subsequently emitted photons. We here consider
the emission of the characteristic Lα1 and Lα2 lines, which
arise from the 3d5/2 → 2p3/2 and 3d3/2 → 2p3/2 transitions,
respectively. From the statistical tensors, we can easily obtain
the general expression for the degree of linear polarization
P(J0 )

l ,

P
(d3/2 )
l = 2

√
6A22 + sin2 θ (3A20 − √

6A22)

5 − 2A20 + sin2 θ (3A20 − √
6A22)

,

(5)

P
(d5/2 )
l = −2

√
6A22 − sin2 θ (3A20 − √

6A22)

20 + 2A20 − sin2 θ (3A20 − √
6A22)

,

where θ specifies the fluorescence photon emission direc-
tion with respect to the incident beam propagation direction
and where we used the fact that A22 = A2−2. We can fur-
ther use the constant factor relation between A20 and A22

from Eqs. (3), which remains valid only for the case of
two-photon ionization of 2p3/2 electrons by linearly polarized
light. The relation of the two statistical tensors together with
setting θ = 0 allows us to obtain corresponding simplified
expression for the degree of linear polarization of the Lα

lines

P
(d3/2 )
l = −6A20

5 − 2A20
, P

(d5/2 )
l = 3A20

10 + A20
. (6)

This simple expression reveals that P
(d3/2 )
l is generally larger

than P
(d5/2 )
l , and hence, experimental detection of the Lα1 char-

acteristic will yield a stronger signal. The above expressions
also confirm the physical intuition that the degree of linear
polarization of the emitted photon increases with the degree
of ion alignment. For the process under consideration, A20 �
1/2. The maximum alignment A20 = 1/2 is reached when
the contributions of the Up1/2 amplitude strongly dominates
over others. In the case of maximum value of the alignment,
the polarization of Lα2 fluorescence reaches P

(d3/2 )
l = 75% at

θ = 0.

More importantly, Eqs. (6) show that the polarization of
the Lα lines is determined by a single variable A20. Since
the alignment expresses the ratio of probabilities of creation
of |M f | = 1/2 and 3/2 holes, any variation in the degree of
polarization of the Lα lines directly expresses the ratio of
populations of the corresponding substates.

III. RESULTS AND DISCUSSION

Recently, Kämpfer et al. [41] used unpolarized photons
produced in an x-ray tube to ionize the 2p3/2 electron of
neutral tungsten atom. The inner-shell hole was subsequently
filled by an electron from 3d shell, and the characteristic Lα1

and Lα2 fluorescence photons were emitted. In their work,
degree of linear polarization of these photons emitted per-
pendicular to the incident photon propagation was measured
and reported together with theoretical calculation employing
the multiconfiguration Dirac-Fock method [42,43]. The left
side of Fig. 2 presents the values from Ref. [41] together
with our calculations performed within independent-particle
approximation. The good agreement of our prediction with
experimental results as well as many-electron calculations
presented in Ref. [41] hints that our methodology may be fur-
ther used to study x-ray fluorescence polarization phenomena
in the regime of nonlinear interactions.

A similar experiment as in Ref. [41] is suggested here but
for a two-photon ionization of a 2p3/2 electron of tungsten.
For such a nonlinear inner-shell ionization, x-ray beams of
sufficient high intensity are needed as produced, for instance,
by XFEL. Since most free-electron laser beams are linearly
polarized, we will consider two-photon ionization of 2p3/2

electrons of neutral tungsten atoms by linearly polarized pho-
tons. Generally, polarization transfer is maximized along the
incident beam propagation; for this reason, we consider the
degree of linear polarization of the fluorescence photons to
be measured at θ = 0. In an experiment, it is impractical to
perform the detection on the beam axis. For such cases, the
degree of the photon polarization at an appropriate detection
angle can be calculated using Eq. (5).

The right side of Fig. 2 shows the degree of linear po-
larization (in percentage) of the Lα fluorescence photons
following two-photon ionization of a 2p3/2 electron of tung-
sten by linearly polarized light (bottom), together with the
corresponding two-photon ionization cross section (top) to
guide the eye. The horizontal axis shows the combined en-
ergy of the two photons, i.e., the energy transferred to the
atomic system. Already from first glance, it is apparent that
ionizing the neutral tungsten atom in nonlinear instead of
linear regime results in high sensitivity of the fluorescence
photon (or ion) polarization degree on the incident photon
energy. Even more intriguing are the physical origins of each
of the local maxima and minima in the signal. At low photon
energies, in the nonresonant region, the degree of linear po-
larization is comparable to the case of one-photon ionization,
however, at higher energies, this value changes dramatically
due to intermediate level resonances and the nonlinear Cooper
minimum. The first and last local maxima (and minima) arise
from the incident photon energy matching an intermediate
2p3/2 → ns resonance (7.43 keV and 9.6 keV, respectively);
they have been marked by solid gray lines. The two maxima
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FIG. 2. Degree of linear polarization of the characteristic Lα lines following one- or two-photon ionization. Left: The degree of polarization
P

(d3/2 )
l and P

(d5/2 )
l of Lα1 and Lα2 fluorescence photons, respectively, as calculated by MCDF [41] (full) or independent-particle approximation

(dashed) approaches. Red markers represent the experimentally determined values [41]. Right: Total cross section for the two-photon ionization
process (top). The degree of polarization of Lα1 and Lα2 fluorescence at θ = 0 as calculated within independent-particle approximation.
Vertical lines highlight local minima (maxima) of the degree of polarization. The right side of the figure shows that transfer of linear polarization
from incident to fluorescence photon is enhanced not only at photon energies matching an intermediate resonance but also at the nonlinear
Cooper minimum.

marked with green dashed vertical lines originate from res-
onant transitions to the two fine-structure 2p3/2 → 3d3/2,5/2

electron levels (8.3 keV, 8.4 keV). In tungsten atoms, the 3s
and 3d orbitals are of course occupied and hence, the 2p3/2

electron cannot be promoted into them. However, the reso-
nance behavior arises from two-photon absorption, in which
the first photon ionizes the 3s or 3d electrons and the second
is excited from the 2p3/2 electron into the corresponding hole,
as experimentally verified in singly charged neon [44]. As
the lifetime of the core-hole states are in the order of tens or
hundreds of attoseconds, the ionization in this case proceeds
nonsequentially only. For this reason, the lifetime of the atom
in a state with 3s and 3d holes has been neglected. The last
maximum, marked with a red dashed line, originates from the
significantly reduced contributions of the p3/2 → d3/2,5/2 ion-
ization channels, which corresponds to the nonlinear Cooper
minimum [34].

The increased polarization transfer for incident photon
energies matching an intermediate s resonance and the non-
linear Cooper minimum have opposite signs, although they
both arise due to a relative increase of the p → s → p
channel contributions. This is the case because the individ-
ual fine-structure channels with nd3/2,5/2 intermediate states
pass through their corresponding nonlinear Cooper minima
at slightly different energies. As a consequence, the marked
nonlinear Cooper minimum corresponds only to zero con-
tributions of the p3/2 → d5/2 → p/ f channels, while the

magnitude of the contributions of p3/2 → d3/2 → p/ f chan-
nels is comparable to p3/2 → s1/2 → p. However, since the
channels with higher angular momentum generally domi-
nate [45], the polarization at the nonlinear Cooper minimum
is still dominantly determined by the d3/2 channel, and hen-
cepossess the same sign as the polarization signal at the
corresponding resonance. One can also notice that the res-
onances in the degree of polarization of the fluorescence
photons are slightly shifted with respect to the corresponding
resonances in the total cross sections. The shift of resonances
of the total cross section with respect to other observables
already appears for autoionization resonances in one-photon
ionization, where the shift properties have been discussed in
detail, e.g., in Ref. [46].

The comparison of the left and right plots of Fig. 2 demon-
strates just how entirely the behavior of the light-matter
interaction can be achieved with nonlinear processes. While
the left-hand side of the figure only contains information
about the initial and final electron states, two-photon ioniza-
tion allows us to probe the electron’s complete structure of
atoms, while utilizing already available methods previously
used in one-photon ionization case to obtain this information.
Moreover, measurements of the fluorescence polarization can
be carried out to determine the position of the nonlinear
Cooper minimum, which would allow us to put the theoretical
representation of the electron spectra (including positive and
negative continua) to a test.
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IV. EXPERIMENTAL CONSIDERATION

Two-photon ionization experiments are typically per-
formed by irradiating a sample with tightly focused XFEL
(down to sub μm size) beams and with the incidence x-ray
energy being set below single-photon ionization threshold.
Signature of the two-photon ionization mechanism is then
confirmed by detection of subsequent x-ray emission sig-
nal resulting from relaxation of the produced ion [8,12].
Dedicated experimental procedures are implemented to
avoid higher harmonic components of the incident beam
(monochromators) as well as energy jitter associated with
x-ray generation at XFELs through the self-amplified spon-
taneous emission process [4,10]. We should note that the
nonlinear interactions of x rays with a sample are not trig-
gered selectively when using ultraintense and ultrashort x-ray
beams, and the linear contributions often surpass the nonlin-
ear processes. As a consequence, the nonlinear x-ray signals
are often accompanied with linear interaction contributions,
which requires application of dedicated high-energy reso-
lution setups [10,12] to resolve the linear and nonlinear
contributions to the measured signal.

To address the influence of linear ionization on the pre-
dicted results explicitly, let us shortly discuss it together with
other effects such as the pulse length and time structure. As the
cross sections for two-photon ionization mechanisms are very
low, the linear interaction of x rays with matter will surpass
the nonlinear interactions. At the considered x-ray energies
of 6 keV–9 keV, the dominant interaction will consist of sin-
gle photoionization of M-shell electrons with corresponding
binding energies spanning from 1.809 keV for 3d5/2 subshell
to the energy of 2.820 keV for the 3s subshell and photoion-
ization cross sections in the order of 10−20 cm2 [47]. The core
holes created by single-photon ionization will decay mostly
via Auger process and will thus increase charge state by one
for every single Auger decay. The Auger cascades continue
until the initial hole is transferred to the upmost subshell. It
is safe to assume that single core-hole ionization may lead to
the increase of atomic charge up to few hole states [12,48,49].
This high charge state will, however, be very quickly depop-
ulated by electron transfer from surrounding atoms [50–52].
We calculated the two-photon ionization cross sections as-
suming depletion of P and O shells of tungsten atoms and
found that the increase in charge state does not influence sig-
nificantly the two-photon ionization cross-section values nor
the positions of resonances. We should note here the expected
change in binding energies of inner-shell electrons as well as
the position shift of the Cooper minimum (around ≈1 eV)
will be within the energy bandwidth of the XFEL beam, and
therefore will not affect the estimated two-photon ionization
rates. Since the energy of the inner-shell levels does not shift
significantly, the subsequent Lα x-ray emission will also not
be strongly influenced by outer-shell vacancies. This effect
may be understood on the basis of strong and uniform screen-
ing of the 3d and 2p states by the remaining electron charge.
The energy stability of inner-shell electrons was experimen-
tally observed for Lα x-ray emission for different oxidation
states [53,54]. It is reported that even N-satellites lines are
reported to be within the linewidth of the Lα x-ray emission
line [55] and only M-shell satellites lines will be outside the

Lα emission linewidth. However, appearance of M-satellites
lines would indicate presence of three-photon absorption pro-
cess within the M core-hole lifetime which, according to the
power law of nth order process 10−33cm2nsn−1 [56], will be of
much lower probability than the two-photon absorption.

Up to now, cross-section values for two-photon ioniza-
tion at hard x-ray energies have been determined for various
gaseous and solid samples in a diverse range of incidence
x-ray energies (see [57] and references therein). The cross-
section values are reported in the range of 10−53 cm4s for
two-photon K-shell ionization of Ne, 10−54 cm4s for Cu and
10−58cm4s for Ge and Zr. The determined Z dependence of
the total two-photon ionization cross section has been estab-
lished to be between Z−4 and Z−6 [57]. The main differences
between reported cross-section values and Z dependence orig-
inate from employed incidence x-ray energy and/or x-ray
pulse length as well as its time structure. Indeed, the effects
of second-order coherence and time structure to the deter-
mined cross section values are still discussed and the eventual
influence have not been validated with experimental verifica-
tion [58,59]. We should also stress that the time-independent
theory employed for cross-section calculations implies the
process of simultaneous absorption of both x-rays. The si-
multaneous absorption mechanism is also maintained in the
case of 2p → 3s → e− and 2p → 3d → e− resonant two-
photon ionization at around two-photon energy of 15 keV and
17 keV. It is assumed that the first photo-absorption event
leads to depletion of 3s or 3d core levels, which opens a
strong dipole excitation channel for 2p core electrons into
the partially empty 3s or 3d levels, and hence unveils the
hidden resonance as explored experimentally by Ref. [44].
The core-hole lifetime for the 3s hole level is 0.04 fs and the
lifetime for the 3d hole level amounts to 0.38 fs [60]. The
typical XFEL beam pulse lengths are in the order of a few tens
of femtoseconds and are much longer than the intermediate
states core-hole lifetimes, therefore the assumption of simul-
taneous two-photon ionization mechanisms with intermediate
atomic 3s and 3d states remains valid. Moreover, the expected
polarization effect resulting from the produced tungsten ion
via two-photon ionization is mainly determined by the angular
momentum properties of the corresponding subshells.

Tungsten atoms ionized through the two-photon absorp-
tion process will decay to the ground state by electronic
transition from higher electronic orbital. In the present case,
we focus explicitly on the Lα1 (3d5/2 → 2p3/2) and Lα2

(3d5/2 → 2p3/2) decay channels. As the 3d5/2 and 3d3/2 final
states are separated by 63 eV, high-energy resolution detection
schemes are necessary to precisely measure the two x-ray
emission lines. Polarization sensitivity of the experiment will
be ensured by horizontal polarization of the XFEL beam in
combination with dedicated spatial arrangement of the x-ray
emission spectrometers. The x-ray spectrometer will be oper-
ated with a Si(333) diffraction crystal giving a 44.93◦ Bragg
angle for Lα1 and 45.36◦ for Lα2 x-ray emission. Operation of
the spectrometer at Bragg angles close to 45◦ diffraction ge-
ometry will provide strong rejection of fluorescence polarized
out of the plane of the crystal surface. Typically, the rejec-
tion factor of 1000 is expected close to 45◦/45◦ diffraction
geometry [41,61]. Moreover, the diffraction spectrometer will
ensure energy resolution of around 1–2 eV, which is smaller
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FIG. 3. Schematic setup for polarization measurements of the x-
ray fluorescence radiation following a two-photon ionization process.
The setup explores polarization nature of XFEL beams and possibil-
ity of x-ray fluorescence analysis with dispersive spectrometer setups
in parallel and perpendicular directions in respect to incidence x-ray
beam.

than the natural linewidths of Lα1,2 transitions of 6.5 eV [60],
and large enough to precisely measure the shape of the x-
ray emission. To achieve specificity on polarization of x-ray
fluorescence, a two-spectrometer setup should be employed,
providing measurements of x-ray emission spectra in parallel
and perpendicular directions with respect to propagation of
the XFEL beam. Schematic layout of the proposed experimen-
tal setup is drawn in Fig. 3.

The experimental feasibility may be evaluated from the
calculated cross sections for two-photon ionization, param-
eters of x-ray laser beams, and characteristics of the x-ray
spectrometer setups. The x-ray fluorescence rate at the de-
tector of the x-ray spectrometer is given by R = 	σF 2Y 
,
where 	 is the spectrometer efficiency, σ is the two-photon
ionization cross-sections, F is the incidence x-ray beam
flux, Y is the x-ray fluorescence yield for L shell tran-
sitions, and 
 is the electron decay branching ratio. The
efficiency of a dispersive-type spectrometer employing a
cylindrically bent crystal and 2D position-sensitive detector
is in the range of 10−4 eV−1 [62]. For the XFEL pulse,
we assumed an intensity of 1011 photons/pulse, 30-fs pulse
duration, and focus of the x-ray beam down to 5 × 5 μm2,
which provides the photon flux of around 1031 photons/(s
cm2) [4,5,7,8]. Using the two-photon ionization cross-section
value of 10−55 cm4s at nonlinear Cooper minimum and fluo-
rescence yield of 28%, the x-ray rates at detector are estimated
to be 280 photons/(s eV). This number confirms the exper-
imental feasibility of detection-polarization components of
x-ray fluorescence induced by two-photon ionization process
within a subpercentage precision and a few hundreds of sec-
onds of acquisition time.

With the present capabilities of XFELs, the maximum
x-ray flux is achieved when the machine is operating with self-
amplified spontaneous emission mode [63,64]. For optimal

experiments, short attosecond highly monochromatized x-ray
pulses would be desirable to maximize nonlinear interaction
signals with respect to linear ionization. This, however, is
not presently possible, as hard x-ray FEL beam monochrom-
atization via double crystal monochromators or by means
of self-seeding modes or short-pulse operation will in turn
deliver lower x-ray fluence [2]. In addition, such beam ma-
nipulation will broaden the temporal structure of the x-ray
pulse due to the penetration of x rays into monochromator
crystals [65]. This imposes an experimental limit on exploring
either short x-ray pulses or pulses with high monochromatic-
ity. On the other hand, methods are also developed that may
allow us to overcome this physical limit [12]. However, these
methods have not yet been proven experimentally at sub-
femtosecond timescales. Thus, while experimental studies of
two-photon absorption processes with attosecond x-ray pulses
would be of great interest, generation of isolated attosecond
pulses in the soft x-ray range have been demonstrated only
recently [66] and are not yet available for hard x-ray energies.

Finally, we would like to address sample preparation issues
and eventual possibilities that may be explored during the
proposed experiment. The XFEL beams are highly damaging
due to their high power which leads to irreversible damage
of the sample for every x-ray shot due to the heat dissipation
occurring at picosecond timescales [67]. For this reason, the
sample material should be refreshed on a shot-to-shot basis to
avoid multiple x-ray hits in the same sample spot. In the case
of tungsten, preparation of the sample in the gas phase may
be very challenging at high enough densities and around the
occupied sample environment at XFEL beamlines. A range
of experiments [9–12] explored solid-state samples, where
the sample is moving continuously to obtain fresh spot for
each x-ray hit, however, this is possible only at low (100 Hz)
repetition rate machines and may be unlikely at XFELs such
as the European XFEL [64] operating at MHz repetition rate.
Another option is the use of tungsten-based compounds or
molecules because the slight change in the charge state of
tungsten atoms does not influence two-photon ionization cross
sections and shifts the positions of resonances and the Cooper
minimum only by a few eVs. Such complexes may be pre-
pared in a liquid form and used in liquid-jet systems to ensure
sample refreshment even at high repetition rate machines.
We should note that comparison of the experimental results
obtained for solid and molecular systems could allow us to
address for example the effects of plasma creation in solid
state samples on the measured x-ray signals.

V. CONCLUSION

In conclusion, we have studied the transfer of linear po-
larization from incident to fluorescence photons in the case
of two-photon ionization of 2p3/2 inner-shell electrons. We
have shown that strong variation of the polarization transfer
can be achieved not only at intermediate-level resonances
but more importantly at the nonlinear Cooper minimum. We
proposed an experimentally feasible scenario based on an
already realized experiment which could be performed at a
number of current free-electron laser facilities. The results
presented in this paper are, however, general and hence could
be demonstrated in two-photon ionization of other atomic

042807-6



ENHANCED POLARIZATION TRANSFER TO THE … PHYSICAL REVIEW A 102, 042807 (2020)

systems. Measurements of the degree of linear polarization
of fluorescence light could serve for detection of nonlinear
Cooper minimum.
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APPENDIX

The electric dipole amplitudes employed in Eqs. (3) are

U 2
p3/2

= 1

98000π2

[
25U

(s1/2 )
p3/2 − 4U

(d3/2 )
p3/2 + 9U

(d5/2 )
p3/2

]

× [
5U

(s1/2 )
p3/2 + U

(d3/2 )
p3/2 + 9U

(d5/2 )
p3/2

]
, (A1)

U 2
p1/2

= 1

98000π2

[
5U

(s1/2 )
p1/2 + U

(d3/2 )
p1/2

]2
, (A2)

U 2
f5/2

= 1

98000π2

[
7U

(d3/2 )
f5/2

+ 3U
(d5/2 )
f5/2

]2
, (A3)

U 2
f7/2

= 1

98000π2

[
U

(d5/2 )
f7/2

]2
, (A4)

Ū 2
p3/2

= 1

98000π2

{
50U

(s1/2 )
p3/2

[
25U

(s1/2 )
p3/2 + U

(d3/2 )
p3/2

+ 54U
(d5/2 )
p3/2

] + 41
[
U

(d3/2 )
p3/2

]2 + 54U
(d5/2 )
p3/2

× [
7U

(d3/2 )
p3/2 + 39U

(d5/2 )
p3/2

]}
, (A5)

where the short notation for the transition amplitudes U
(ln jn )
l j

=
U

(ln jn )
l j

(1111) was used. In general, these amplitudes are by

U
(ln jn )
l j

(p1J1 p2J2) =
∑∫

n

Rκκn (p2J2)Rκnκa (p1J1)

εnaκa + ω − εnnκn

. (A6)

The relativistic quantum number κ is related to the total
and orbital angular momentum quantum numbers as κ =

(−1)l+ j+1/2( j + 1/2). In the transverse (velocity) gauge,
these integrals are explicitly given for the magnetic (p = 0,
or pJ = MJ) transitions,

Rκ f κi (MJ ) =
∫ ∞

0
dr

κi + κ f

J + 1
jJ (kr)[Pi(r)Q f (r)

+ Qi(r)Pf (r)], (A7)

where the radial wave functions P(r) and Q(r) are ob-
tained from single-electron Dirac equation, with a screening
potential in the Hamiltonian, which partially accounts for in-
terelectronic interaction. We compared a number of different
potential models. The core-Hartree potential, which repro-
duces binding energies in good agreement with experimental
values, was used to produce the results presented in this paper.
For the electric transitions (p = 1, or pJ = EJ):

Rκ f κi (EJ ) =
∫ ∞

0
dr

{
−κi − κ f

J + 1

[
j′J (kr) + jJ (kr)

kr

]

× [Pi(r)Q f (r) + Qi(r)Pf (r)]

+ J
jJ (kr)

kr
[Pi(r)Q f (r) − Qi(r)Pf (r)]

}
. (A8)

In the length gauge, this integral is given by

Rκ f κi (EJ ) =
∫ ∞

0
dr jJ (kr)[Pi(r)Pf (r) + Qi(r)Q f (r)]

+ jJ+1(kr)

{
κi − κ f

J + 1
[Pi(r)Q f (r)

+ Qi(r)Pf (r)] + [Pi(r)Q f (r) − Qi(r)Pf (r)]

}
.

(A9)

In the above expressions, jJ (x) are the spherical Bessel
functions.
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