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Abstract

The biharmonic (w, 2w) photoionization of atomic inner-shell electrons opens up new
perspectives for studying nonlinear light—atom interactions at intensities in the transition regime
from weak to strong-field physics. In particular, the control of the frequency and polarization of
biharmonic beams enables one to carve the photoelectron angular distribution and to enhance the
resolution of ionization measurements by the (simultaneous) absorption of photons. Apart from
its quite obvious polarization dependence, the photoelectron angular distributions are sensitive
also to the (relative) intensity, the phase difference and the temporal structure of the incoming
beam components, both at resonant and nonresonant frequencies. Here, we describe and analyze
several characteristic features of biharmonic ionization in the framework of second-order
perturbation theory and (so-called) ionization pathways, as they are readily derived from the
interaction of inner-shell electrons with the electric-dipole field of the incident beam. We show
how the photoelectron angular distribution and elliptical dichroism can be shaped in rather an
unprecedented way by just tuning the properties of the biharmonic field. Since such fields are
nowadays accessible from high-harmonic sources or free-electron lasers, these and further
investigations might help extract photoionization amplitudes or the phase difference of incoming
beams.

1. Introduction

The two-photon excitation and ionization of atoms and molecules is perhaps the simplest nonlinear
light—matter interaction process that has been explored for pulses with a wide range of frequencies and
intensities [1-6]. Apart from the simultaneous absorption of two photons from the same beam [7-9], the
two-color photoionization [10, 11] as well as the ultra-fast response of gas targets to intense beams [12] has
attracted much recent interest. Moreover, structured light beams have become feasible for photoionization
experiments during the last years [13—15] and have enlarged our understanding of light—atom interactions
[16, 17]. With the further advancement of free-electron lasers (FEL), in addition, the two- and
multi-photon ionization of inner-shell electrons can now be explored also at extreme ultraviolet (XUV) and
x-ray photon energies [18, 19], including the associated interplay of sequential, resonant and direct double
ionization processes [20—23].

Further insight into the nonlinear light—atom interactions can be obtained by using biharmonic
radiation fields that consist of two co-propagating beam components with multiples but of the same
fundamental frequency w, i.e. mw + nw fields (m, n integers). At optical frequencies, for example, such
biharmonic fields have been applied to create and control electron vortices [24, 25] or to generate
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Figure 1. Biharmonic (w, 2w) ionization of 1s inner-shell electrons. (a) The (nonrelativistic) one-photon s — p ionization
pathway for the absorption of a photon with frequency 2w (red arrow) and the two-photon s — p — s and s — p — d pathways
for photons with frequency w (blue arrows) generally interfere with each other and give rise to the biharmonic ionization of
atoms as well as to all related observables of the emitted electron and/or photoion. (b) Typical choice of coordinates, in which the
quantization (or z-) axis is taken along the propagation, and the x-axis along the main polarization axis of the incident beam. For
this choice, the distribution of photoelectrons is characterized by the spherical angles (¢, ¢) and will be displayed below either as
three-dimensional distribution or just two-dimensional polar plots within the x—y polarization plane (light blue).

circularly-polarized high-harmonic fields [26—28]. At XUV photon energies, these biharmonic beams can
be generated today at FEL owing to the high coherence of the individual harmonics at these facilities [29].
First pioneering experiments with linearly-polarized biharmonic and XUV beams were performed with
helium and neon and have shown, that the one- and two-photon ionization amplitudes as well as the phases
of the outgoing photoelectrons can be extracted from the measured angular distributions [29].
Furthermore, it has been demonstrated that the absolute phase between bichromatic XUV beam
components can be derived with reasonable accuracy from the observed angular distributions, if combined
with a few calculated parameters [30, 31].

In atomic physics, the term biharmonic ionization is often used in order to refer to the (single-electron)
photoionization of atoms by biharmonic (mw, nw) fields. For the sake of simplicity, we here consider the
biharmonic (w, 2w) ionization that makes use of the fundamental frequency w and its second harmonic. For
an atom in its initial state |o;J;M;), the (simultaneous) absorption of either two photons of frequency w or
one photon with frequency 2w then leads to photoions in the final states |asJ¢M¢) and free electrons |pee ),

2 (Tw)
| JiM;) + — |oJeMs) + |pere),
1-(2hw)

where J = J¥ refers to the total angular momentum J and parity P, M to the projection of the angular
momentum upon the quantization axis, and « to all other quantum numbers that are needed for specifying
the fine-structure of the ions uniquely. For 1s inner-shell electrons, for example, its interaction with the
electric-dipole (E1) components from such a biharmonic field will typically cause the photoelectron to leave
the photoion in a partial wave with well-defined orbital angular momentum /. As readily understood from
perturbation theory, the photoelectron leaves the ion in a p-wave for the absorption of one photon with
frequency 2w, or a s- and d-wave (¢ = 0, 2) for the absorption of two E1 photons with frequency w. Hereby,
the partial wave with the highest angular momentum often appears to be dominant in single- and
multi-photon ionization processes. Below, we shall therefore use the notation of s — p one-photon or,
respectively, s — p — sand s — p — d two-photon pathways in order to analyze and explain many features
as they are observed in biharmonic ionization experiments. Figure 1 schematically displays the pathways in
the biharmonic (w, 2w) ionization of 1s inner-shell electrons, and which are determined entirely by the
well-known electric-dipole selection rules. Apart from the individual contributions of these three pathways,
however, the photoelectron angular distribution is affected also by the interference of the associated
ionization amplitudes. Until the present, the biharmonic ionization of atoms by (w, 2w) fields has been
mainly explored within the strong-field regime, for instance, by applying optical or infrared laser
frequencies [32-34].

In practice, the nonlinear interaction of biharmonic fields with atoms has been seen (and explored) so
far mainly in the circular dichroism and the photoelectron angular distribution. Here, a dichroism generally
refers to (normalized) differences in the emitted electron distributions, if the handedness of the incident
light beam is reversed, for instance from left-to right-circularly polarized light [35]. Similarly, the elliptical
dichroism (ed) arise from a flip of the circular polarization component of a beam and has been utilized, for
instance, in order to extract the degree of polarization of the incident beam itself [36] or its optical activity
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in selected metamaterials [37]. In addition, the ed has been studied also in the above-threshold ionization
of noble gases by elliptically polarized light [38, 39] and for investigating the structure of chiral molecules
[40].

In this work, we describe the biharmonic (w, 2w) ionization of neutral atoms within the single
active-electron approximation and the framework of second-order perturbation theory. To this end, we first
discuss the one- and two-photon ionization amplitudes and total cross sections separately, before we shall
combine them in order to unveil the characteristic features of the biharmonic (w, 2w) ionization. For the
sake of illustration, we shall consider especially the 1s photoionization of atomic neon which is known to be
well predicted within the single-active electron approximation. Emphasis is placed on how the frequency
and polarization of the biharmonic beam affect the distribution of the emitted photoelectrons. To clearly
distinguish the different contributions to the photoelectron distribution, we derive and explain in section 2
how the combined one- and two-photon amplitudes lead to a strong angular dependence (dichroism) of the
emitted electrons. In section 3, we then discuss the energy dependence and angular distribution of neon 1s
photoelectrons as well as their circular and ed. We briefly also consider the biharmonic (mw, nw)
multi-photon ionization by circularly-polarized light, though further details will need to be worked out to
thoroughly account for all the different pathways in such multi-photon ionization processes. Finally, a short
summary and conclusions are given in section 4. Atomic units (m. = h = €?/4mey = 1) are used
throughout the paper unless stated otherwise.

2. Theoretical background

2.1. Biharmonic light fields

Biharmonic fields are generally formed as superposition of two beam components with different color,
polarization, and sometimes even of different pulse structure. For the sake of simplicity, we here consider
the superposition of two vector potentials, one with fundamental frequency w and another from its second

harmonic
A(r,1) = AP AW (x, 1) + ATV AP (1, 1), (1)

both propagating along the quantization axis, k||e,. Here, we clearly distinguish the fields amplitudes
(intensities) A{™’(n = 1,2) right from the beginning from the spatially and time-dependent vector
potentials, which then take the form

A(nw)(r’ t) — E(m;) e—inwt+ik(“w)~r. (2)

2
Obviously, the field amplitude A" determine both, the flux F'") = (A(()"“)) and the intensity

2
1) = pwF™) = nw (A(()”‘”')) of the corresponding component. Moreover, the phase shift between the two
beam:s is given by ®, while €™ denotes the polarization vector of each component and is typically

parametrized within the helicity basis e+ by means of the ellipticity ¢ as

_eall—el—ep [l +¢

V21 + €]

The ellipticity of each beam component can take values in the range —1 < ™) < 1, including
left-circularly (e = 1), linearly (e = 0) and right-circularly (¢ = —1) polarized light, respectively. Vice versa,

3)

the degree of linear and circular polarization is then given by P; = i‘i and P, = 622_7_1 . For present-day FEL
facilities, moreover, the emitted pulses can often be assumed as (infinitely) long [30, 41-43] and, hence,
modeled within the long-pulse approximation. In this approximation, the one- and two-photon ionization
processes are simply described within lowest-order perturbation theory by using the transition amplitudes
from below.

The n-photon transition amplitudes can be further simplified, if the photon field A“(r) is decomposed

into the multipole components

AU (r) = ar Y P YR (k)]af) (nw, 1), (4)
LMp

which transform like spherical tensors of rank L, and where p = 1 refers to the electric and p = 0 to
magnetic multipoles. We shall use this decomposition of the vector potentials into multipole fields in order
to expand the one- and two-photon transition amplitudes below into (generalized) angular coefficients and
radial integrals, and which are directly associated with the pathways mentioned above.
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2.2. One-versus two-photon ionization of atoms
The (one-photon) ionization of atoms has been studied extensively since the use of the very first
synchrotrons. Apart from energy-dependent cross sections, the angular distribution and (multiple)
inner-shell resonances in the photoelectron spectra have attracted great interest, along with their
polarization dependence. Not much need to be said about the theory of photoionization which has been
described elsewhere [44, 45], even if detailed predictions about photoabsorption and photoelectron spectra
still remain a challenge for atomic theory [46, 47].

In atoms with complex valence-shell structure, the absorption of a sufficiently energetic photon typically
leads to the n¢ inner-shell ionization of an electron in state |n¢m) with binding energy &}, and the release of
a photoelectron with well-defined momentum p that can be expanded into partial waves (cf figure 1)

p) = D e e ) Vi (0, 0)

O'm!

In this expansion, |&'¢'m’) are single-electron (partial) waves of well-defined energy ¢’ ~ w — &,*, and
where we use primed quantum numbers to refer to the final state of the (photo-) electron. Here, §,» denotes
the scattering phase of the partial wave and Yy,, (¢, ) a spherical harmonic that refers to the direction of
the emitted electron. Since, moreover, the radiation field itself does not couple to the spin of the electron,
the electric-dipole amplitudes can be characterized by just the £ — ¢’ = ¢ 4- 1 single-step pathways owing to
the interaction of the photoelectron with the electric-dipole component of the incident light field.

In this (single) active-electron approximation, the one-photon ionization transition amplitude for the
absorption of a photon with frequency 2w is given by:

M@ (ntm) = (p|p - A®|ntm)

=47 Z (—i)[/ ei(sﬂ Yé’m/(ﬁ) (p)z l-pr[e(Zw) . Ygi;]
O LMp

x [0 (' m, IM|em) (€| CP || ) UPP (ne — £, (5)

and where the radial wave function of the n¢ active electron only occurs in the (radial) amplitudes
UL (nf — ¢'). This decomposition therefore nicely reveals in the electric-dipole approximation the
(single-step) ionization pathways £ — ¢’ = ¢ + 1 of the emitted photoelectron, and which then characterize
also all the associated—angle-differential and total—one-photon cross sections. In addition, we shall often
omit the initial shell 7 and the free-electron energy ¢’ in our discussion below as they are readily determined
by energy conservation from the observed photoelectrons. Further (non-dipole) ionization pathways
¢' =04 2,...arein principle possible but are strongly suppressed even at high photon energies. Although
a good bulk of literature exists today on non-dipole contributions to the (one-photon) ionization of atoms
[48-50], they are usually negligible for all multi-photon measurements owing to their present-day
uncertainties.

An analog approximation (and discussion) also applies for the two-photon ionization pathways
{— {0 ={+1—{¢" = {4 2. In this two-photon absorption process, the photoelectron leaves the ion
with kinetic energy € ~ hw; + hw, — €}, due to the simultaneous interaction with two photons.
Experimentally, this ionization has been explored with photons from the same source (w; = w; = w) or
with photons of different frequency (w; # w,), sometimes called two-color ionization. A particular
intriguing two-color ionization process is the biharmonic (w, 2w) photoionization (w = w; = w,/2). The
associated two-photon ionization amplitude for the absorption of photons with frequency w makes the
nonlinear interaction of atomic electrons with the radiation field explicit in second-order perturbation
theory, where it just simplifies to a product of (single-electron) amplitudes

M(‘*’)(ném) — 1672 Z (_i)é” eiéﬂ, Yo, (0, 90) Z Z Z i—pit+la—ps [g/’ ("] -1/2

'm LiMipy LoMapy I'md!
x| Y, | [ YR [ (€, LMoy (¢, Lo 1)
x (L't ey | ct || eyu R (ng — 0F — £"). (6)

This two-photon amplitude includes a summation over the complete (single-) electron spectrum
{(, 0w )} and over both, the occupied and unoccupied states of the target atoms. A detailed derivation of

4 The s symbol is used here and below to indicate that the observed electron energies are still weakly affected by the widths and
intensity of the incident beam as well as the fine-structure of the target atoms.




10P Publishing

New J. Phys. 24 (2022) 103031

S Fritzsche and ] Hofbrucker

5 350
@ 300
e
2250
3
2200
© 150
©
2100

N

~
...... /
.-.’(

—
—

I
I
/

/
/

e ————

x 50 -
0 ’/
1000

1200 1400 1600
Photon energy, 2w [eV]

Figure 2. One- and two-photon (radial) amplitudes for the photoionization of neon 1s electrons as function of the photon
energy. Results are shown for the UV (1s — p) one-photon amplitude (blue dotted line) as well as the U F"D (15— p — )
(yellow solid line) and U ) (1s — p — d) (orange dashed line), respectively. Here, the one-photon integral UV (1s — p) has
been multiplied by a factor 10° to make it visible. See text for further discussion.

the two-photon amplitude M“) (nfm — ¢’ — £"") has been given in reference [51]. Note that there is again
just one amplitude for each pathway of the outgoing electron, and which reduces to an associated
two-dimensional radial integral (radial amplitude), once the integration over all angular coordinates has
been performed algebraically. For the biharmonic (w, 2w) ionization of neon 1s electrons, figure 1 displays
the E1 allowed one-photon s — p (red) as well as the two-photon s — p — sand s — p — d (blue)
pathways that together determine entirely the electron emission.

Figure 2 illustrates the one- and two-photon amplitude for the ionization of neon 1s electrons as
function of the incoming photon energy. Results are shown for the radial UV (1s — p) one-photon
amplitude (equation (5)) as well as the UV (1s — p — s) and UFLED (15 — p — d) two-photon
amplitudes (equation (6)), respectively. Here, the one-photon amplitude UV (1s — p) has been multiplied
by a factor 10° in order to make it visible in this graph. The one-photon radial amplitude UV (1s — p) is
much smaller in magnitude, when compared with UFFD (15 — p — d), due to their different origin in
perturbation theory. While the (total) one-photon ionization amplitude typically decreases with increasing
photon energy, the two-photon radial amplitudes are resonantly enhanced near to the 1s — 2p excitation
energy at ~825 eV photon energy, i.e. for 2w &~ 1650 eV.

2.3. Total and angle-differential biharmonic ionization rate

The one- and two-photon amplitudes from above serve as natural building blocks in order to express the
total ionization probability and angle-differential cross sections for emitting an electron into the solid angle
dQ? = sin ¥ d) dp. For the biharmonic (w, 2w) ionization, the angle-differential ionization rate is given by

dww2w) / | |
g = 2 KM nlm) + KM (), (7)

where the contributions of the one- and two-photon ionization (pathways) are determined by the weight

factors K 20m2F2) owing to the fluxes F) and F'*) of the two beam
components. These weight factors can be derived from the S-matrix theory [52]. From formula (7),
moreover, the one- and two-photon ionization cross sections can be readily obtained by either setting F*“
or F?) to zero, and by normalizing on the incoming flux; cf reference [53]. Whereas the term of a
two-photon cross section (in cm? s) might be slightly misleading at the first glance, it has been widely used
in the literature of multi-photon processes and shows, that the absorption of two photons by a single atom
is proportional to the square of the incoming photon flux.

In perturbation theory, the one- and two-photon angle-differential cross sections are given by

_ (ZW)S/:QF(”) and K(Zw) —

(2w) 2
dZQ (0,3, 0) = 272 > " M (nlm) M@ (nlm).
w
(w) 3.2
dg—Q(ﬂ,go; €“win, ) = 87;2& ZM(‘")*(nlm)M(‘")(nlm).

For the ionization of a ns inner-shell electron, these angle-differential cross sections can be further
simplified within the electric-dipole approximation to
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(2w)
dZQ (%, v; ) win 0 =0) = oma { | Up\z sin? 9 [1 + P (2) cos(2<p)} } (8)
dO'(w) 9’/T O[ 2 (W)
—an Wee “win, £ =0) = ) {2\U5| P

+ Uy {ZPI(“) — 65sin? H(Pl(“) + Pl(w) cos(2¢))
% sint0(1+ P“ cos(20))
+ 3 sin + P’ cos(2¢)
4 2Re {U U ¢l—00) {213{“” — 3sin’ 9(13{“”[1 + cos(24)]

+ PP sin20)) ||}, 9)

and where, for the sake of brevity, we made use of the short-hand notations U, = UED (15— p) in
equation (8), and U, = UMD (15— p — 5) and Uy = UFHEY (1s — p — d) in equation (9), respectively.
Moreover, Pl(z‘”'), Pl(‘”') and P refer to the degree of linear and circular polarization of the associated beam
components.

With these expressions for the angle-differential cross sections and for the ionization of a ns inner-shell
electron, and the biharmonic angle-differential rate (7) can be separated into three distinct contributions of
different symmetry

dW(w,Zw)
40 (0, p; €, ), &, FW) F2). 0 = 0)
dw, dWy; ) dw, .
— d;;’m( @), (Zw)) + d;)lCh (G(w)’ 6(Zw)) + d;;Ym (G(w)’ G(Zw))’ (10)

sym

where the rate 4 o in independent of the signs of €W ) and, hence, always symmetric within the

polarization planes, while dz"% describes those contributions from the interplay of the one- and
two-photon ionization amplitudes that results either in a one- or two-fold rotational symmetry. The third

Wasym

term < , finally, refers to the up-down asymmetry due to the interference between the one- and
two—photon ionization pathways. While we here display explicitly all the parametric dependencies on the
left-hand side of equation (10), only the ellipticities €, ) are shown for the individual terms as we shall
focus on the polarization in the next section. However, the quite large number of (input) parameters in
equation (10) makes it clear already why the biharmonic ionization enables one to steer the angular
distributions of the emitted electrons to rather unparalleled shapes, and as we shall further detail in
section 3 below. Appendix provides expressions for the three contributions in equation (10) to the
biharmonic ionization rate of ns inner-shell electrons. Below, we shall show a number of typical
photoelectron angular distributions following either an one-photon, nonresonant two-photon, or the
biharmonic (w, 2w) ionization of a 1s inner-shell electron from a neon target. These distributions exhibit
different symmetries due to the interaction with the various beam components. In particular, we shall
explain and discuss how these distributions explicitly depend on the polarization of the ionizing light.

For an unpolarized target, finally, the angle-differential one- and two-photon cross section just depends
on the photon energy w and the polar angle ) but are generally independent of the azimuthal angle (. From
the angle-differential ionization cross sections, moreover, the total cross sections can then be readily

obtained by
ole,w) = /dQ do (¥, “”6’”). (1)

2.4. Dichroism signals

Apart from measuring the total ion yield or the photoelectron angular distribution, a dichroism in the
light—matter interaction often reveals complementary information about its polarization or phase
dependence. The circular dichroism of atoms and molecules, for example, probes the light—matter
interaction for its asymmetry with regard to flipping the polarization of the incident light from a left-to
right-polarized beam or, vice versa. A number of different (circular) dichroism signals can therefore be
analyzed for the two-photon ionization of atoms and ions, if the incident beam carries in addition also an
orbital angular momentum [55—57]. Other well-known dichroism signals in atomic or molecular physics
refer to changing the orientiation of a magnetic field [58] or the chirality of molecules [59]. By using
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polarized targets, moreover, the circular dichroism has been utilized in order to control the energy transfer
in multi-photon ionization [60] or to analyze the intensity of the ionizing beam [10].

For atoms, a non-zero circular dichroism in the light—matter interaction can only arise if the target
atoms are initially polarized. For monochromatic light, this rule applies quite general and independent of
the number of absorbed photons. Unlike the circular dichroism, however, an ed does not require a prior
polarization of the target. Instead, a (non-zero) ed signal can occur already within the single active-electron
approximation, and without that any spin—orbit interaction has to be taken into account. Here, the ed is
defined in terms of the angle-differential cross sections as

_do(e) —d(—e)

" do(e) + d(—e) 'IW,

ALY (9, g5 €) (12)

and where we use the notation do(¢) = g—‘é (1, p; €). For a single beam, the ed therefore just expresses the

normalized difference between the cross sections for an ionization of the target atoms as obtained by left-
and right-elliptically polarized light.

We can use expression (12) to make the ed explicit for the 1s photoionization within the electric-dipole
approximation. In the one-photon ionization, the electron just follows the s — p pathway and leaves the
photoion with kinetic energy ¢ into direction (1J, ¢). This is completely independent of the polarization and
gives rise to A42) (19, ; €) = 0. For the two-photon ionization, in contrast, the 1s electron can follow
eitheras — p — s or s — p — d pathway, and this leads to the ed

ACE) (Y pr @), B9y 0 = 0)

3

108(F“))? 202w ™2 Re iU, U €l%—00) &) p) sin? ) sin(2¢)

(13)

dgé;” (9, ;€@ n, 0 =0) + dgg) 0, 0, —€@:n 0 =0)

and where the denominator just refers to the sum of the angle-differential cross sections for left- and
right-elliptically polarized light. This normalization is the reason also that the flux F) appears explicitly in
the expression, if we wish to write the nominator in terms of the radial amplitudes U;, U, as well as the
degrees of linear and circular polarization of the incident light.

Finally, we can exploit the symmetries of the individual contributions in equation (10) to write the ed
for the biharmonic ionization as

ACED2) (9 e @) (D). 0 =0)
dVggch (@), )y — dvggch (—e@), —e2w))

— : (14)
(0, p; €), €2)) + AW (Y, 7 — (), —e(2))

and which, quite obviously, depends also on F), F)

beam components.

and @, i.e. the intensity and relative phase of the two

2.5. Computations

Any numerical analysis of the biharmonic (w, 2w) ionization requires a fast and reliable access to the one-
and two-photon amplitudes from sections 2.2 and 2.3. In particular, the two-photon amplitude (6) includes
an infinite summation over the full (electron) spectrum whose evaluation remains a challenge for all
perturbation calculations of many-electron atoms and ions beyond the first-order perturbation theory. Such
a summation over the complete spectrum is however feasible in the single active-electron approximation,
and if the detailed coupling of the photoelectron to the ionic core is neglected apart, from the (atomic)
central-field potential of the photoion.

In the present work, all one- and two-photon amplitudes were calculated by means of a one-particle
spectrum as obtained from Dirac’s equation, and which thus includes also relativistic and spin—orbit
contributions. For light and medium elements, however, relativistic contributions to the one- and
two-photon amplitudes (5) and (6) are generally small but increase with the nuclear charge Z. Below, we
therefore restrict our discussion to a nonrelativistic notation that also omits the coupling of the electron
spin. This approximation applies to all elements, and especially as long as the 2p, , — 2p; , fine-structure is
not resolved experimentally. Furthermore, we have applied a B-spline basis that reduces the infinite
summation over the complete (one-electron) spectrum to a finite sum over a pseudo-spectrum, and where
the (mean) interelectronic interaction with the other bound electrons is taken into account by a
core-Hartree potential, cf reference [61]. This potential reproduces the 1s binding energy of atomic neon
within £0.2%, when compared with experiment. For this pseudo-spectrum, moreover, we also analyzed the
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Figure 3. Photoelectron angular distribution and 3, asymmetry parameters for the two-photon ionization of helium 1s
electrons by linearly-polarized light. (a) Comparison of our computations (black solid line) in the single active-electron
approximation with the measurements (blue dashed line) by Ma and co-workers [54] for four selected photon energies,

hw = 20.3,21.3,23.0 and 24.3 eV. (b) Comparison of /3, asymmetry parameters for the biharmonic (w, 2w) ionization of neutral
helium by linearly-polarized light from this work (solid lines) and measurements (symbols) at fiw = 14.3 eV, as taken from
reference [30].

summation over the magnetic-dipole (M1) and electric-quadrupole (E2) components of the radiation field
but found them negligible for the present discussion [35].

Finally, to test our implementation of the amplitudes (5) and (6) and to critically evaluate the use of the
single active-electron approximation, we calculated the photoelectron angular distributions for the
two-photon as well as the biharmonic (w, 2w) ionization of neutral helium by linearly-polarized light. For
these ionization processes, several measurements [30, 54] are available from the literature. For example,
figure 3(a) compares the photoelectron angular distributions for the two-photon ionization of helium at the
photon energies fiw = 20.3,21.3,23.0 and 24.3 eV with the measurements by Ma and co-workers [54]. The
good agreement with these experiments suggests that the transition amplitudes and phases are indeed well
reproduced by our single active-electron treatment. Similarly, figure 3(b) compares the computed
asymmetry parameters 3, with the measurements of the biharmonic (w, 2w) ionization by Di Fraia and
co-workers [30] and confirms a quite reasonable agreement.

3. Discussion

3.1. Energy-dependent photoelectron emission. Resonances in the total cross sections
The two-photon inner-shell ionization of atoms has three distinct signatures which can be utilized to
uniquely detect and analyze this nonlinear process. These signatures refer to (i) the well-defined energies
€ & hwy + hw, — g of the emitted photoelectrons, (ii) the observation of fluorescence radiation owing to
the subsequent filling of the inner-shell vacancy and (iii) the resonance behavior in the total cross sections
as well as in most of the related—electron or photon—distributions, if the photon energy becomes
resonant with any allowed inner-shell excitation of the atom. This resonance behavior (iii) covers even the
initially occupied shells, such as the 1s — 2p excitation of atomic neon owing to the quantum-mechanical
time-order. Moreover, further signatures for a two-photon ionization may arise (iv) from the autoionization
of the inner-shell hole states that often dominates over the fluorescence emission (ii), although such a
secondary electron emission is much harder to detect in most multi-photon ionization experiments. All
these signatures have been analyzed for selected atoms but often remain difficult to be resolved in good
detail, since the two-photon signals need first to be separated from the competing one-photon ionization of
other (sub-) valence shells.

Figure 4 displays the total one- and two-photon ionization cross sections along with the biharmonic
(w, 2w) rate for the ionization of neon 1s electrons by elliptically-polarized light as function of the incident
(2w) total photon energy. While the one-photon ionization cross section in figure 4(a) smoothly
decreases ~ (2w)~7/? with the incident photon energy, the (b) two-photon cross section appears more
sensitive as function of the photon energy. In this ionization, and by following Fano’s propensity rule [62],
the pathway with the highest orbital angular momentum typically dominates over the other pathways for
initially unpolarized atoms. This rule generally applies also to the two-photon ionization of 1s electrons and
gives then rise to mainly d-wave electrons; this dominance is however reversed near to the ionization
threshold, where the s — p — s pathway becomes largest. For low photon energies, moreover, the screening
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Figure 4. Total one-photon and two-photon cross section as well as total biharmonic (ionization) rate for the ionization of neon
1s electrons by elliptically-polarized light as function of the incident (2w) photon energy. While (a) the one-photon ionization
cross section smoothly decreases ~ (2w)~7/? with the incident photon energy, the (b) two-photon cross section depends more
sensitive on the incoming photon energy. At low (2w) photon energies, this two-photon cross section is for neon rather small due
to the screening by the other electrons, while it becomes resonantly enhanced at /w = 825 eV because of the possible 1s — 2p
excitation. The total (w, 2w) biharmonic ionization rate is then the sum of the one-photon and two-photon cross sections, each
multiplied with the associated flux F?*) = 10" W cm™? and F*) = 4 x 10° W cm 2, respectively.

of the photoelectron by the 2s 4 2p electron density reduces the two-photon ionization cross section [51],
while it becomes resonantly enhanced at w ~ 825 eV owing to the 1s — 2p inner-shell excitation. No
interference occurs for the total biharmonic (w, 2w) ionization rate because of the orthogonality of the
spherical harmonics, as they are associated with the one-photon s — p as well as the two-photon s — p — s
or s — p — s ionization pathways. This behavior is quite in contrast to general biharmonic (mw, nw)
ionization processes with m + n = even, which show rather distinct interference features.

3.2. Characteristic angular distributions following the ionization by elliptical light
To better understand the angle-dependent biharmonic (w, 2w) ionization yield, let us first consider the one-
and two-photon ionization of atoms separately. Figure 5 displays characteristic photoelectron angular
distributions following the ionization of a 1s electron by linearly-, circularly- and elliptically-polarized light.
For linearly-polarized light, for example, the angular distribution from the one- and two-photon ionization
are always rotationally symmetric with regard to the polarization vector (x-axis) and obey a mirror
symmetry with regard to the y—z plane, perpendicular to this vector. Quite analog symmetries also apply for
circularly-polarized light but then with regard to the propagation direction (z-axis) of the incident light as
well as the x—y polarization plane. All these symmetries are readily understood by the (projected)
spin-angular momentum of the outgoing photoelectron. For the two-photon ionization by
circularly-polarized light (P. = 1), for instance, only the partial d waves with m = 42 contribute to the
photoelectron angular distributions and, hence, ensures again these symmetries. For elliptically-polarized
light, however, only the one-photon angular distribution still follows the expected ‘dipole’ coils (cf
figure 5(c)), while the two-photon distribution has no global symmetry anymore. In fact, these
distributions apply for the ionization of any ns (inner-shell) electrons, a behavior that is readily deduced
also from the s — p one-photon as well as the s — p — s and s — p — s two-photon pathways, since the
angular distribution of each pathway is determined by the orbital angular momentum partial waves of the
outgoing photoelectron or, speaking more technically, by the shape of the associated spherical harmonics.
For the biharmonic (w, 2w) ionization, in contrast, quite different and asymmetric photoelectron
angular distributions occur that cannot appear in any multi-photon ionization by monochromatic light
alone. For linearly-polarized light, for example, an up-down asymmetry occurs with regard the y—z plane,
although the angular distribution remains itself rotationally symmetric around the polarization vector. This
asymmetry arises from the interference of the one- and two-photon ionization pathways, and its shape can
be readily controlled by the phase ® between the two beam components. The rotational symmetry of the
angular distribution is broken also for circularly-polarized light, and this applies to both, a co- and
counter-rotating circular polarization of the two beam components. Still, a symmetric three-lobe
distribution occurs for the biharmonic ionization with counter-rotating circularly-polarized beams, in line
with the counter-rotation of the electric-field vector of all bicircular beams [27]. For elliptically-polarized
light, finally, both the rotational and all mirror symmetries are generally broken, making the angular
distributions particularly sensitive with regard to the electronic structure of the target atoms as well as to
the polarization properties of the incident light. Although such simple symmetries may help describe the
photoelectron distributions in multi-photon ionization measurements of inner-shell electrons, in practice
quite significant deviations may occur owing to the screening by other electrons as well as to the
fine-structure, i.e. relativistic contributions, to the transition amplitudes.
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Figure 5. Typical photoelectron angular distributions following the one-photon (a)—(c), nonresonant two-photon (d)—(f) and
biharmonic (w, 2w) ionization (g)—(k) of neutral closed-shell atoms by incident light of different polarization. In particular, the
biharmonic ionization generally introduces an asymmetry in the photoelectron angular distributions that does not appear in any
multi-photon ionization by monochromatic light. See text for further discussion of these angular distributions.

3.3. Circular dichroism in biharmonic ionization

A circular dichroism arises from the asymmetric interaction of the atoms with the radiation field, if light of
different handeness, i.e. left-versus right-circularly polarized light, is applied. No such dichroism is however
possible for the one- or two-photon ionization of initially unpolarized atoms, since there is only a single
ionization pathway, either s — p or s — p — d, for circularly-polarized incident radiation. This is easily seen
also from the spin-angular momentum of the outgoing photoelectron or the vanishing (-dependence,

elm?* . eim? = 1 in the square of the associated transition amplitude. As seen from figure 6, a constant
photoelectron angular distribution in the polarization plane occurs for the one- and two-photon ionization
with circularly-polarized light, independent of its handedness, and which leads to a zero dichroism

AY = 0 in both cases.

For the biharmonic (w, 2w) ionization of ns inner-shell electrons, however, a circular dichroism may
occur in the photoelectron angular distribution already for the ionization of unpolarized atoms owing to
the interference between the one- and two-photon ionization pathways. Figure 6(c) displays the angular
distributions for biharmonic ionization of neon 1s electrons and a counter-rotating (w, 2w) beam. For such
a beam, the circular dichroism can always be maximized by just tuning the phase difference ® as well as the
relative intensities of the (w, 2w) beam components. This is readily seen also from figure 7 that
demonstrates how the photoelectron angular distribution and, hence, the circular dichroism (shown by the
color-coded ring around the distributions) can be steered in the biharmonic (w, 2w) ionization of neon 1s
electrons. Photoelectron distributions are displayed for the ionization by a (0, w) and (O, 2w) beam
(dashed light-green line) as well as for a (O,w) and (O, 2w) beam (solid dark line). In general, a left-right
flip of both elliptically-polarized beam components result in a nonzero overlap of the photoelectron
distributions and, thus, a circular dichroism for most choices of parameters. This overlap of the two
distributions in figure 7(a) can be modified by either changing the intensity in figure 7(b) or the phase ® in
figure 7(c) between the beam components. As seen from figure 7(d), moreover, it is always possible to tune
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Figure7. Steering the photoelectron angular distributions, and hence the circular dichroism A“® (1, ) (shown by the
color-coded ring around the distributions) in the biharmonic (w, 2w) ionization of neon 1s electrons. Photoelectron
distributions are shown for the ionization by a (O, w) and (O, 2w) beam (dashed light-green line) as well as for (O, w) and
(0,2w) beam (solid dark line). (a) Both distributions generally exhibit an overlap and, hence, a circular dichroism for most
choices of parameters. This overlap of the two distributions can be modified by either changing the intensity (b) or the phase ®
(c) between the beam components. A maximum value of the circular dichroism ALY = +1 (d) is obtained if both, the intensity
and/or phase, are properly adjusted.

the circular dichroism to its maximum AY = £1 as well as to A“Y = 0, and which help analyze the
polarization purity of the ionizing beam.

3.4. Elliptical dichroism in two-photon and biharmonic (w, 2w) ionization
Like for circularly-polarized light, the ed in the photoelectron angular distribution just characterizes the
left-right asymmetry, if atoms interact with left- and right-handed elliptically-polarized light. Indeed, quite
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Figure 8. Two-photon ionization of neon 1s electrons by elliptically-polarized light with ellipticity e = 0.42. (a) and
(b) Photoelectron angular distributions for the ionization by left-handed (dashed red line) and right-handed (solid orange line)
elliptically-polarized beams. While these distributions clearly differ from each other at low energies uww = 457 eV due to the
screening by the other bound electrons (a), they nearly overlap at high photon energy /uwv = 610 eV in line with a weak ed.
(c) The ed (red solid line) as function of the incident photon energy, and together with the total two-photon ionization cross
section in units of 107°® cm* s. The energies of the distributions (a) and (b) are marked by gray vertical lines; see text for further
discussion.

complex photoelectron angular distribution arise in the biharmonic (w, 2w) ionization of unpolarized
atoms with elliptically-polarized light if the circular polarization is simultaneously flipped for both (w, 2w)
beam components. A flip of the handedness of just one component is of less interest as it results in very
different electric fields and, hence, angular distributions that are hardly related to each other. If both
circular components are flipped together, however, the overall shape of the electric field remains the same,
though the electric field vector now rotates in opposite direction.

Let us begin our discussion with the two-photon ionization of neon 1s electrons by elliptically polarized
light, as discussed in section 2.4, an ed may arise from the (single) interference term (13) due to the
interplay of the s — p — s and s — p — d pathways. For the ionization of neon 1s electrons, figures 8(a) and
(b) displays the photoelectron angular distributions for the ionization by left-handed (dashed red line) and
right-handed (solid orange line) elliptically-polarized light. While these distributions clearly differ from
each other at low energies iw = 457 eV due to the screening by the other bound electrons (figure 8(a)),
they nearly overlap at high photon energy w = 610 eV (figure 8(b)), and as seen by the weak ed. Moreover,
figure 8(c) shows the total two-photon ionization cross section for elliptically-polarized light with ellipticity
€ = 0.42 (black dashed line), and together with the ed (red solid line) as function of the incident photon
energy.

For the biharmonic (w, 2w) ionization with elliptical light, the interference of the one-photon (2w) and
two-photon (w) beam components is crucial in order to analyze and understand the angular distributions.
Instead of just a single interference term, as discussed above for the two-photon ionization alone, additional
terms here arise from the interference of the one- and two-photon ionization pathways. This is
demonstrated in figure 9, which compares the symmetry in the photoelectron angular distribution (upper
raw), the ed (middle raw) and well as for selected contributions (lower raw) to the one- and two-photon as
well as biharmonic ionization. All these distributions are shown in the x—y polarization plane of the
incident light field and are computed for neon 1s electrons and an ellipticity |¢| = 0.42. While the angular
distribution (angle-differential cross sections) are always positive, the different contributions in the lower
raw of figure 9 display different mirror symmetries and can be both, positive and negative.

Especially the ed in figure 9(f) shows a rich structure with local minima and maxima, and
which can be readily understood in terms of the s — p — s and s — p — d ionization pathways.

The ed is always zero, AY (19, p) = 0, whenever at least one of the pathways has a zero amplitude,

while it becomes +1 if the ratio of the (radial) amplitudes reaches its optimal value

UFLED (15 — p — d) JUFYEY (15 — p — s) = 1/+/2. In general, however, it appears quite difficult to predict
in advance the sign and magnitude of the dichroism Aledw2w) (9, ; W), 6(2“”; ...; n,/ = 0) as function of




10P Publishing

New J. Phys. 24 (2022) 103031 S Fritzsche and ] Hofbrucker

One-photon ionization = Two-photon ionization Biharmonic ionization

0

c

©

5 Ve

o n 3n mn 3n n 3n
5 2 2 2 2 2 = 2
0

(

(a) = (b) (0 S
m m

05 5 00 04 /\
-05 -05 _ 0_4\/

A(ed)

Elliptical dichroism
Aed)
o
o

0123 456 01234586 0123 456
(d) ) (e) ® (f) 0
v N
c Ve N i :
o .
5/ (h) (i) (k) ()
o m| | 3n -
5 2 | 2
< ,’~‘. PN
8 \\ P / \\ /’ + l// /'
= =< +- (
(g) 1 (:// ) '\\ \\‘

—~
3
[
—~
>
N

Positive values ==== Negative values

()

Figure 9. Comparison of symmetries in the photoelectron angular distribution (upper raw), the ed (middle raw) and well as for
selected contributions (lower raw) to the one- and two-photon as well as biharmonic ionization. All these distributions are
shown in the x—y polarization plane of the incident light field and are computed for neon Is electrons and an ellipticity

|e] = 0.42. While the angular distribution (angle-differential cross sections) are always positive, the different contributions in the
lower raw can be distinguished due to their mirror symmetries and can be both, positive (solid turquoise linea) and negative
(dashed pink linea). See text for further discussion.

the ellipticities of the two beam components as well as their relative phase ®. This particularly applies near
to the two-photon ionization threshold where detailed calculations are needed in order to account for the
screening by the other bound electrons.

One can decompose the angle-differential cross section for the biharmonic (w, 2w) ionization into a
symmetric and antisymmetric contribution as shown in section 2.3. The lower raw of figure 9 disposes
various of the contributions to the angle-differential cross section within the x—y polarization plane. For
instance, the symmetric contribution in figure 9(h) refers to the squared terms in the radial amplitudes
|U,q|* from equation (9), together with the symmetric part from the interference term. Similarly, the
dichroic contribution in figure 9(i) refers to the last term of equation (9), and which is the only one that
depends on the photon handedness. The sign of the ellipticity ¢) and the phase difference §; — d, here
determine the intervals, for which dichroic term d‘ggd‘ contributes constructively (turquoise) or
destructively (pink) to the angular distribution. The sum of the symmetric and the dichroic contributions
finally gives rise to the final photoelectron angular distribution in figure 9(j). The relative contributions of
the symmetric and dichroic parts, and hence the magnitude of the left-right asymmetry, are hereby
determined again by the ratio of the partial waves U D (15 — p — d) JUEYED (15 — p — 5).
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A similar analysis can be made for the left-right asymmetry of the one- and two-photon ionization
pathways. For example, the interference between the s — p — s and s — p — d ionization pathways leads to
a ‘cross-type’ structure in figure 9(1), i.e. the change of sign under either a x or y mirror transformation.
This antisymmetry then also occurs for the biharmonic ionization. Another left-right symmetry arises from
the interference of the one- and two-photon ionization pathways as shown in figure 9(n). This term reverses
its sign only for a mirror transformation with regard to the x axis. Therefore, if treated separately, an
up-down or left-right symmetry occurs for both, the one- and two-photon ionization of ns electrons by
elliptically-polarized light, wherease these symmetries are generally broken for biharmonic ionization
processes as finally seen from figure 9(0).

3.5. Biharmonic (mw, nw) multi-photon ionization by circularly-polarized light

For the multi-photon ionization of atoms and molecules, the complexity (in the shape) of the
photoelectron angular distributions and associated dichroisms increases markedly with each additionally
absorbed photon. This is perhaps most readily seen already from the length and number of the (multiple)
ionization pathways that describe such multi-photon processes.

In the biharmonic (mw, nw) ionization of atomic inner-shell electrons, we are interested especially into
those photoelectrons that are released by the interplay of n x (mw) = m x (nw) photons. For these
photoelectrons, generally m + n photons contribute to the angle-differential and total cross sections, and
give rise to quite composite distributions. If m + n is odd, the partial wave of the two pathways below

s—l—ly— =1, and sl =l — = Ly,

nx (mw)photons mx (nw)photons

always have different parity (¢, # ¢,,) and, thus, will not interfere with each other in the total cross sections
owing to the orthogonality of the spherical harmonics. However, they do interfere in the photoelectron
angular distribution since all mixed terms Y; Yy, ,, will appear in the bilinear product
M2 M@H29) Tf 1 4 m is even, in contrast, some of the pathways always result into the same partial
waves (£,, = ¢,) of the emitted photoelectrons, and this alone already leads to interferences also in the total
ionization cross section. For this (mw, nw) ionization, moreover, one needs to flip again the circular
polarization of both beam components simultaneously in order to observe a non-trivial dichroism signal.
While, at present, the biharmonic (mw, nw) ionization of inner-shell electrons is still an experimental
challenge, such measurements may become more realistic for the ionization of n's valence-shell electrons
from alkali vapors by circularly- or elliptically-polarized light.

Following Fano’s propensity rule [62], the wave function of the outgoing photoelectrons in all (mw, nw)
biharmonic ionization processes with circularly-polarized beams of helicity A,,, A, will likely be dominated
by just two (nonrelativistic) partial waves

7#;”,:% (19) 90) - Cmn(An)Ym,)\,pm + Cnm()\m)eiq)Yn,)\mﬂ (15)

with the Fourier coefficients

) = VAT(=2X,)" m) [ —9maFm\ " gy
Cmn(An) = 2m+1)! mw € P

In this expression, §,, refers to the phase of the /,,th partial wave and F") = E?/(nw) to the flux of the
associated beam component with the intensity I") = nwF"™) Indeed, the expression (15) of the
photoelectron wave function is formed analog to the bilinear product from above but can be analyzed more
easily for its dominant contributions. If the photoelectron distribution is just given by the two spherical
harmonics Yy 1/ (9, @) with £ = m, n, the weight and sign of the contributions with the magnetic quantum
numbers £/ are given by the weight and the helicity of the corresponding beam components. Apart from
this very brief discussion here, further work will be needed in order to elaborate the (mw, nw) biharmonic
photoionization and to exploit its angular distribution for electron spectroscopy.

4. Summary and conclusions

The biharmonic (w, 2w) inner-shell ionization of atoms by circularly- and elliptically-polarized light has
been analyzed and illustrated in terms of the ion yields, photoelectron angular distributions as well as the
circular dichroism or ed. While, for the one- and two-photon ionization of inner-shell electrons, most
spectroscopic observations can readily be explained in terms of the dominant ionization pathways, the
photoelectron spectra exhibit already a much richer structure for the biharmonic (w, 2w) ionization, as
perhaps the simplest case of a multi-photon, multi-color ionization process. Most of the predicted features
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in these spectra arise from interferences of the one- and two-photon amplitudes and can be understood
already within the single active-electron approximation, in which the coupling of the valence-shell electrons
and other many-electron correlations are neglected. For the ionization of K-shell electrons with FEL
radiation, however, this single active-electron approximation is certainly well suited. Moreover, all the
discussion has been made throughout within the electric-dipole approximation; many further asymmetries
in the angular distribution and dichroism will become visible if magnetic and higher-electric (than E1)
multipole transitions contribute to the inner-shell ionization or if the Lorentz force become relevant for the
incoming beam [63].

The biharmonic (w, 2w) inner-shell ionization of 1s electrons refers especially to the interplay of the
s — p one-photon pathway and the s — p — s and s — p — d two-photon ionization pathways. The
interference between these pathways gives rise to a number of unexpected phenomena, such as a circular
dichroism in the biharmonic ionization of unpolarized atoms, an ed for most targets or a pronounced
up-down asymmetry in the angular distribution with regard to the polarization vector as quantization axis.
For the biharmonic (w, 2w) ionization, the interference of the one- and two-photon ionization pathways
leads to asymmetries in the angular distribution (within the polarization plane) that can be further steered
by the phase ® between the two (biharmonic) beam components. This asymmetry in the angular
distribution gives rise also to a rich structure in the ed with local minima and maxima which are associated
with the ionization pathways but which require detailed computations of the radial amplitudes involved for
any quantitative prediction.

Apart from the coupling of the radiation field and, hence, the selection of possible pathways of the
biharmonic (w, 2w) ionization, the photoelectron angular distribution in the biharmonic ionization is
strongly affected also by the screening of the nuclear charge by the remaining electrons. Indeed, this
screening alone may result already in a rather strong ed in the photoelectron angular distributions. This ed
can be further enhanced by tuning either the phase ® or the intensity (ratio) of the w and 2w beam
components, and can then be utilized as a tool for analyzing the polarization of the incident FEL radiation.

Further theoretical work along these lines will help improve our understanding of the ed and chirality,
in particular if the explicit shell structure of the atoms and ions is taken into account [64]. Beside of
biharmonic (mw, nw) ionization process, including the case of the (w, 3w) ionization, a detailed modeling
of multi-photon ionization processes might support phase-of-the-phase measurements [65] and, thus, help
extract structural (or even dynamical) information with high accuracy. This also enables one to steer the
light—matter interaction from the recent strong-field ionization studies [66, 67] toward lower intensities
and/or longer wavelength, or to the use of twisted light [68] or ultra-fast pulses [69].
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Appendix. Angle-differential biharmonic ionization rate

For the biharmonic ionization of ns inner-shell electrons, the angle-differential ionization rate (10) can be
decomposed into three terms of different symmetry, and which are given by:

2
dWym (@), () = 9o Fw)

dQ 2w

36 F(w) 2,22 2
4 SED Tt [ 2 (pe
w? !

{|Up|2 sin” ¥ [1 + P cos(Zso)} }

2 2
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and where, for the sake of convenience, we made use of the short-hand notations U, = UED (15 — p) and
U, = UEYED(1s — p — 5) and Uy = UFYED (15 — p — d), respectively. Moreover, P]( w) Pl(‘”') and P here
refer to the degree of linear and circular polarization of the associated beam components.
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