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Abstract

We theoretically study photoelectron angular distributions and related anisotropy parameters for
the competition of one- and two-photon ionization of He in an ultrashort extreme-ultraviolet
laser pulse, using numerical results from the time-dependent Schrédinger equation. We explore
the transition between the two processes for variation of the pulse duration, peak intensity, and
central frequency or photoelectron energy. In the results obtained for fixed pulse parameters the
transition and interference between the processes can be observed in the even (5,, 84) and odd
(81, B5) parameters, respectively, while the onset of the impact of three-photon ionization is
observed via (35 at high peak intensities. Finally, we show that the transition can be observed via
the even anisotropy parameters in pulses without carrier-to-envelope stabilization as well as in
free-electron laser pulses with fluctuating pulse shape.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The production of extreme-ultraviolet (EUV) pulses using
high harmonic generation (HHG) and free-electron lasers
(FELs) has led to a resurgence of multiphoton ionization
studies in the perturbative intensity regime recently [1-18].
Along with experimental techniques, such as velocity map
imaging [19, 20] or cold target recoil ion momentum
spectroscopy [21], the detection of angle-resolved emission of
the photoelectron following few-photon ionization of atomic
and molecular targets has become possible [11]. Photoelec-
tron angular distributions (PADs) are determined by the
amplitudes and phases of the partial waves of all pathways
contributing to the emission at a given energy into a given
solid angle. PADs and related anisotropy parameters are
therefore useful observables to obtain quantitative insights in
the relative strength of the different pathways and their
competition. This has been demonstrated in the past for the
competition between resonant and non-resonant two-photon
ionization pathways [9-11] and for one- and two-photon
ionization channels [13, 14, 17].
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Two-photon ionization of atoms, specifically the helium
atom, have been studied in theory and experiment in the past,
first concerning total ionization yields [1-6, 8] and, more
recently, with a focus on PADs [9-11, 17]. It has been shown,
that the PADs strongly depend on the pulse duration or,
equivalently, the spectral width of the EUV pulses. Initially,
theoretical studies by Ishikawa and Ueda revealed that the
competition between resonant and non-resonant pathways
depends on the pulse width [9, 10]. Changes in the PADs for
1-21 fs pulses at photon energies below the first ionization
energy were characterized by the even anisotropy parameters
B> and (4. Via these parameters the relative phase between
the s- and d-wave packets for the photoelectron emission can
be determined. Related experimental work at the SPring-8
Compact SASE Source test accelerator verified the co-pre-
sence of the two pathways [11]. Very recently, Boll et al
extended these studies, covered a much wider photon energy
range and explored the impact of radial and angular electron
correlation [17]. They showed that in the low-energy regime a
single-active-electron picture is valid while at higher energies
in the regime of autoionizing states angular correlations play a
major role for the understanding of the PADs.

© 2020 IOP Publishing Ltd  Printed in the UK
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The ongoing quest in shortening pulses at extreme- and
deep-ultraviolet wavelengths towards the single-cycle regime
in duration are achieved via large spectral widths. Such
broadband energy pulses give rise to competition between one-
and two-photon (as well as three-photon) ionization processes
for emission at a given energy. As mentioned in [17], in helium
atom this leads to the additional interference of the s- and d-
wave packets due to two-photon absorption with a p-wave
packet from single photon absorption. In this work, we study
the transition regime between single photon ionization and
two-photon absorption. We first show how in this regime the
PADs quickly change over a small window of pulse duration,
about 1 cycle in full width at half maximum (FWHM). The
variation is reflected in the anisotropy parameters 5; i =1, 2, 3
and 4), which show the transition as well as the interference
between the ionization pathways. The dependence on pulse
duration, photon energy as well as photoelectron energy is
studied. We further consider how variation of pulse parameters,
such as the carrier-envelope-phase (CEP), the peak intensity,
and the partial coherence of FEL pulses, do impact the
anisotropy parameters. Finally, we briefly study at which
intensities three-photon ionization, which occurs for these large
bandwidth pulses as well, may become observable. In order to
accurately account for the different pulse parameters, we have
performed simulations based on the time-dependent Schro-
dinger equation. Since a recent study has shown that for pulses
with central photon frequency below the first ionization
potential of the helium atom the single active electron (SAE)
picture remains valid [17], we have used a SAE potential for
our numerical simulations.

2. Methods

2.1. Numerical solution of time-dependent schrédinger
equation

We solve the time dependent Schrodinger equation for the
interaction of a electron in a spherically symmetric SAE
potential with the electric field E of a linearly polarized laser
pulse (along the Z-direction) in dipole approximation and
length gauge (we use Hartree atomic units e = m, = 7 = 1):

iglll(r, 1) = [—V—z —E@) -z + V(r)]\I/(r, 0. (1)
ot 2

The wavefunction W is expanded in spherical harmonics up to
Lyax = 20 with m = 0 due to the symmetry of the problem.
The radius is discretized using fourth order finite difference
method with a grid spacing of 0.05 a.u. and a maximum
radius of 300 a.u. We utilized the exterior complex scaling
method on the outer 30 a.u. of the grid. The wavefunction is
propagated in time using the Crank—Nicolson method with a
time step of 0.01 a.u. In test calculations the numerical code
was compared against results from a previously used 2D
cylindrical code [22], results from time-dependent perturba-
tion theory in the appropriate intensity and frequency regimes,
as well as results reported in the literature [23]. Quantitative
agreement was achieved.

In our work we consider ionization of helium atom with
pulses at central photon energies below the first ionization
potential. In a recent study [17] it has been shown that in this
photon energy regime the SAE picture remains valid. We
therefore utilize a SAE potential for helium atom

—2.0329r
Viy=—L_¢
.

— 0.3953¢61805r, 2)
r
Our numerical simulations have been performed for laser
pulses with central frequencies at or near to the energy dif-
ference between the field-free 1s and 2p state of the helium
atom. In our SAE model of helium the ground state energy is
—0.944 a.u., while the 2p energy is —0.128 a.u.

To ensure that the electric field integrates to zero [24], we
set the vector potential as

2
A(t) = Aoexp(—ln(Z)(@) )

X sin(wy(t — 1) + @) 3

with Ay = b p_ 2N the speed of light, I, the peak
WA

W

intensity, N the number of cycles in the pulse, w, denotes the
central frequency of the vector potential, and ¢ is the carrier-
to-envelope phase. The electric field is then obtained as

E® =120, @)
c Ot

The central frequencies of the spectral distributions of the
vector potential, w,, and the electric field, wg, can differ
significantly for an ultrashort laser pulse [25]. In the pre-
sentation of the results below we state the physically relevant
central frequency wyg, in the simulations wy is determined such
that wg matches the reported central frequency [25].

2.2. Anisotropy parameters

As result of our ab initio numerical calculations we obtain the
wavefunction at the end of the interaction with the laser pulse.
Via projection on continuum states we can then determine the
ionization probability as well as photoelectron energy and
angular distributions. If more than one pathway here, e.g. one-
and two-photon ionization, contributes to the emission of the
photoelectron at a given energy in a given direction, our
numerical simulations do not allow for the separate the
respective probabilities for each channel easily. This is in
contrast to calculations based on perturbation theory, in which
the amplitude for each pathway is evaluated and can be
analyzed separately. In order to analyze the dominant path-
ways for photoemission as functions of intensity, photoelec-
tron energy and pulse duration, we therefore determine
anisotropy parameters (J-parameters), which provide quanti-
tative insights in the different pathways involved as well as
the interference between them [13, 14, 17].

It has been shown [26] that the PAD for an isotropic
target is given by:

o(E)
4

P(E, ) = 1+ > B{(E)P;(cos(6)) (5)
j=1
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Figure 1. Schematic representation of one- (a), two- (b), and three-
photon (c) ionization in an ultrashort pulse. The Gaussian
distribution shows the spectral width of the ultrashort pulse centered
about the energy of the 2p-state. The red arrows represent the photon
absorption pathways, and the black lines depict some of the resonant
structure of the helium atom.

where 6 is the angle of electron emission with respect to the
polarization direction of the laser field, while o(E) is the
ionization probability at E and P; are the Legendre poly-
nomials. The anisotropy parameters 3; depend on the ampli-
tudes of the different pathways leading to emission of the
photoelectron (for explicit expressions, see [13]). For com-
binations of one- and two-photon ionization processes, that
will be the focus of this work, contributions from the first four
Bi-parameters are expected. The contributions related to the
odd polynomials indicate interference between partial waves
resulting from one- and two-photon absorption. We also note
that the impact of three-photon ionization, that we will briefly
consider below, is expected to show up in the anisotropy
parameter 35 and higher order parameters.

We have determined the anisotropy parameters in our
calculations using equation (5) as follows. At the end of the
simulations of the time-dependent Schrodinger equation we
obtained the PAD at a given momentum k by projecting the
wavefunction onto the field-free continuum states on the
numerical grid. The numerically obtained PAD has been then
projected onto the jth Legendre polynomial P; (j=1, ..., 5)
and the results have been normalized using the total ionization
probability o.

3. Results and discussion

Following a general discussion of the processes involved in
section 3.1, we present PADs and related anisotropy para-
meters for pulses having a Gaussian envelope. The results are
analyzed, in view of a competition between one- and two-
photon ionization, as a function of pulse duration, central
frequency and peak intensity in section 3.2. Fluctuations of
the CEP, the peak intensity and the partial coherence of FEL
pulses are studied in section 3.3.

3.1. Impact of one-, two-, and three-photon processes in
ultrashort pulses

To first illustrate the impact of the one-, two- and three-photon
ionization pathways on the emission of the photoelectron in
ultrashort laser pulses, let us consider an emission induced by a
pulse with central frequency wy tuned to the 1s—2p energy gap.
The broad energy spectrum of an ultrashort Gaussian pulse is

schematically depicted in the panels of figure 1 centered about
the energy of the 2p-state. Absorption of two photons by an
electron in the ground state at the central frequency wy
(see, figure 1(b)) will lead to its emission at energy
E = 2wy — |E,|. If the bandwidth of the pulse is broad enough
(i.e. the pulse duration is sufficiently short) ionization of a
photoelectron with the same photoelectron energy can occur
via absorption of one photon with energy 2wy, (see, figure 1(a))
or via absorption of three photons with energy %wo (see,
figure 1(c)). We note that besides the two-photon and three-
photon pathways with absorption of photons of equal energies,
there exist more such pathways to a final photoelectron energy
E for absorption of photons with unequal energy as long as the
sum of the photon energies is equal to 2wg.

The occurrence of the one- and three-photon processes
requires a broad spectral bandwidth of the pulse. That means,
for long pulses we expect that only the two-photon ionization
process is present. If the pulse is shortened to a few optical
cycles, both the one- and three-photon channels become
effective, since the probability of photon absorption at ener-
gies away from the central frequency increases. In the per-
turbative intensity regime the probability for a n-photon
process scales as I", where [ is the intensity of the pulse. We
therefore expect that at a given ultrashort pulse duration at
low intensities the one-photon process dominates over the
two-photon process in an ultrashort laser pulse. As the
intensity increases, first the two-photon process should then
become dominant, before at significant high intensities con-
tributions from the three-photon process will become detect-
able. In the present paper, we mainly study the transition from
one- to two-photon processes, while the influence of the
three-photon process will be given minor attention.

3.2. One- versus two-photon ionization

In figure 2 we present examples of PADs that show the
transition from single photon ionization, illustrated by the p-
wave character of the distribution (panels (d), (g), (h)), to an
emission following two-photon absorption, highlighted by the
dominating d-wave character in the PAD (panels (b), (¢), ().
The results are obtained for ionization by a laser pulse at a
central photon energy wy = 22 eV, which corresponds to the
energy difference between the 1s- and 2p-states in the single-
active-electron potential for helium used in the calculations,
peak intensity I, = 10'' Wem™ and carrier-to-envelope
phase ¢ = 0. At a given photoelectron energy, the transition
occurs for a variation of the pulse duration, e.g. at
E = 2wy — |E,| = 0.687 a.u. from 0.112 to 0.335 fs (middle
row). Conversely, for a fixed pulse duration, the transition is
seen for increase of the photoelectron energy, e.g. at
7=0.224 fs from 0.4 to 1.0 a.u. (middle column). In the
transition regime the PADs exhibit the interference between
the one- and two-photon ionization processes.

Further insights in the transition between the two pro-
cesses can be found via the cross section o(F) and the first
four anisotropy parameters 3; (i=1, ..., 4). In figure 3 the
results for the cross section are shown as function of peak
intensity at fixed photon and photoelectron energies. The
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Figure 2. Photoelectron angular distributions for helium atom
ionized by laser pulses at central photon energy wy = 22.2 eV, peak
intensity I, = 10'' W cm™2, carrier-to-envelope phase ¢ = 0 and
three different pulse durations: N = 0.6 FWFM cycles (0.112 fs, left
column), N = 1.2 FWHM cycles (0.224 fs, middle column) and

N = 1.8 FWHM cycles (0.335 fs, right column). Angular distribu-
tions are obtained for three values of photoelectron energy

E = 145Quwy — |Ei) = 1.0 a.u. (top row), E = 2wy — |Ej,| =
0.687 a.u. (middle row), and E = 0.58 2wy — |Ei,]) = 0.4 a.u.
(bottom row), where E, is the energy of the 1s state in the SAE
potential.
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Figure 3. Cross section o(E) as a function of peak intensity for
photoelectron emission at energy E = 2wy — I, = 18.7¢eV in 0.5-
cycle (one-photon process dominates), 1.0-cycle (transition regime),
and 1.5-cycle (two-photon process dominates). Central photon energy
wo = |Ey, — Ei| = 22.2 €V and carrier-to-envelope phase ¢ = 0

cross section for a 0.5 cycle pulse has a slope of one
corresponding to the dominance of one photon ionization
over the whole intensity regime. In contrast, the cross section
obtained for the 1.5 cycle pulse is dominated by the two
photon process due to the reduced bandwidth of the pulse. In

the data for the one-cycle pulse the transition from the one- to
the two-photon process is seen to occur near 10" W cm 2.

In figure 4 the results for the S-parameters are shown as
function of pulse duration and peak intensity at fixed photon
and photoelectron energies. The even (-parameters show the
transition from dominant one-photon ionization (3, >0,
(4= 0) to dominant two-photon ionization (G, ~ 0, G4 > 0),
while the odd (-parameters exhibit the regime of interference
between the two processes (3; < 0 and 83 < 0 for ¢ = 0). The
latter peak where the magnitudes of the two transition
amplitudes coincide. At a given peak intensity the inter-
ference regime extends over a change of pulse duration of
about 0.5 cycles at FWHM. For a fixed pulse duration, the
interference regime extends over a variation of peak intensity
by a factor of 2-5. The results are therefore rather stable with
respect to intensity fluctuations of the pulse. The impact of
other potential pulse fluctuations in the experiment on the (-
parameters will be discussed in section 3.3.

The transition probabilities of the one- and two-photon
processes, o, and o, scale linearly and quadratically with
intensity. Assuming that the two-photon ionization process
involves predominantly the absorption of photons at equal
energies, the peak intensity at maximum interference can be
estimated as I, o< DD(E)f () /(DP(E)f?*(w)), where
DYYE) is the square of the transition dipole moments for the
one- and two-photon process, f is the spectral distribution of
the pulse and Q2 = 2w = E + |E;y]. Since w = wq for the
results in figure 4, f(w) = f(wo) = 1 and I, o< f(2). Thus,
we expect that the interference between the two processes
requires a larger spectral bandwidth, i.e. shorter pulse dura-
tion, the larger the peak intensity of the pulse. The results in
figure 4 confirm this expectation.

Next, we consider how the transition between the two
pathways depends on the photoelectron energy and the central
photon frequency at a given peak intensity f, = 10! W cm 2
and carrier-to-envelope phase ¢ = 0. To this end, we show in
the figure 5 the anisotropy parameters 3; (left column) and (3,
(right column) as a function of photoelectron energy and
pulse duration for central frequencies below (top row), on
(middle row) and above (bottom row) resonance with the 1s
—2p transition in the helium single-active-electron potential.
We restrict ourselves to 3; and 3, since the higher order 3-
parameters contain equivalent information (see figure 4). Also
shown in figure 5 is the photoelectron energy £ = 2wy — I,
corresponding to a two-photon transition at the central fre-
quency wo.

The comparison shows that the transition regime depends
on the central frequency, since the regime shifts for a given
pulse duration to larger photoelectron energies as the central
frequencies increases (from bottom to top). At a given central
frequency, the pulse duration, at which the transition between
the one- and two-photon ionization pathways occurs, increa-
ses as the photoelectron energy decreases. Qualitatively,
this dependence can be understood using the relation
Lnfer < DV(E)F(Q)/(DP(E)f?(w)). For  photoelectron
energies larger than E = 2w, — I, (dashed line), both w and
Q) are larger than the central frequency. Consequently, at large
photoelectron energies a broader spectral distribution (shorter
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Figure 4. Parameters 3; (a) to (4 (d) as function of pulse duration (FWHM) and peak intensity. Central photon energy
wo = |Ey, — Ej| = 22.2 eV, carrier-to-envelope phase ¢ = 0 and photoelectron energy E = 2wy — I, = 18.7eV.
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Figure 5. Anisotropy parameters (3; (left) and (3, (right) as function of pulse duration and photoelectron energy E for central frequencies
wo = L.1|E; — Eyp| (top Tow), wy = |Ejs — Eyy| (middle row) and wy = 0.9|Ej; — E»p| (bottom row) at peak intensity of 10" W cm 2 and
¢ = 0. In each panel the dashed line corresponds to E = 2wy — I,.
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pulse duration) is required for the same value of f () /f?(w)
than at photoelectron energies below E = 2wy — I, (dashed
line), where w < wy while Q > wy,.

In the limit of short pulses and high intensities, both the
one- and three-photon processes can interfere since the three-
photon process scales with I°. The results for the anisotropy
parameter (s in figure 6 confirm this expectation. At a pho-
toelectron energy of 2wy — |Ej,| (panel (a)) a peak intensity of
about 10'* W cm™2 and a rather large spectral bandwidth is
required to facilitate the three-photon process with significant
probability since the corresponding photon energies are
smaller than the central frequency. The distribution over
photoelectron energy (panel (b)) shows that the impact of the
three-photon ionization process is indeed more visible at
energies near £ = 3wy — |Ey-.

3.3. Impact of pulse fluctuations

For the discussion in the previous subsection we have con-
sidered results obtained at fixed pulse parameters. The results
in figures 4 and 5 show that the transition regime occurs over
a rather small window of pulse duration while it appears to be
rather stable for variations of the peak intensity up to half an
order of magnitude. The photon energies in the extreme
ultraviolet can be nowadays generated using high-order har-
monics or free electron lasers. In view of the technical diffi-
culties to control the CEP of ultrashort pulses as well as the
fluctuating pulse shapes in the self-amplified spontaneous
emission (SASE) mode of free electron lasers, we have stu-
died the impact of these variations on the anisotropy
parameters.
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Figure 8. Anisotropy parameters [3; (left) and 3, (right) as function of pulse duration of the Gaussian window used in modeling the FEL pulses and
photoelectron energy averaged over 10 (middle row) and 200 (bottom row) partially incoherent free electron pulses as compared to a single shot
result (top row). Peak intensity of the Gaussian window: Iy = 10" W cm™2 and central frequency of the spectral distribution wy = |Ej; — Eyp|.

To study the dependence on the CEP we have averaged
the results about a given value ¢, using a Gaussian dis-
tribution of width « as:

sexp| <3252 [

£exp| < 3(142) |

where o(¢;) is the total ionization probability at CEP ¢;. The
results for averages with (b) a = 0.2 and (¢) o = 0.4 are
compared in figure 7 with the unaveraged results (panel (a)).
As expected, the odd [-parameters, which reflect the inter-
ference between the one- and two-photon processes, strongly
depend on CEP, while the even parameters are independent of
it. Thus, the transition from one-photon to two-photon
ionization can be observed via 3, and (; even in pulses
without CEP stabilization. Although the odd parameters
depend on CEP, the corresponding results appear to be
indicative for the transition up to fluctuations of about /2.
We have further studied the impact of fluctuations of
temporal FEL laser pulse shapes [27]. We note that current FEL
technology does not provide the bandwidth required to generate
pulses down to the one- or two-cycle limit at the photon energies

B¢y = )

considered here. We may still attempt to give some theoretical
insights concerning the robustness of the signal against the major
fluctuations present in an FEL pulse. To this end, we have
applied a partial coherence method, which has been used before
to model longer FEL pulses [28]. We note that future techno-
logical progress towards generation of ultrashort FEL pulses in
the EUV regime may necessitate to extent the current approach.

To generate the FEL pulses used in the numerical
simulations, the spectrum of a vector potential with Gaussian
envelope corresponding to peak intensity I, and FWHM pulse
duration 7 is used as an input. Each spectral component is
then multiplied with a random phase factor and an inverse
Fourier transform is taken producing A’(¢z), which is then
normalized and windowed in time to give:

Re[A'(D)]

Are (1) = Aof (O ATl

(M

where A is given below equation (3) and f(f) represents the
envelope, here a Gaussian envelope. The electric field of the
FEL pulse is then obtained using equation (4). The resulting
pulse simulates the partially coherent nature of the SASE
pulses produced by an FEL. The average of results from
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numerical simulations over an increasing number of shots is
expected to resemble results similar to those produced during
an FEL beam-time. Here, the [-parameters are calculated
using a weighted average

SN (E) B;4(E)

FEL
O T @)

®)

to account for the photoelectron yield shot to shot.

In figure 8 we compare the results for Sf°- (left) and
BSEL (right) as function of photoelectron energy and pulse
duration of the Gaussian window used in modeling the FEL
pulses, averaged over 10 (panels (c), (d)) and 200 (panels (e),
(f)) FEL shots for each pulse length (i.e. 6200 calculations in
total) with the exemplary results from a single shot (panels
(a), (b)). A robust distribution for S5F- emerges as the number
of shots increases, clearly showing the transition from a one-
to a two-photon process (the same conclusion holds for S5EL,
not shown). However, the interference in the PADs cannot be
determined via FEL laser pulses, since the results for gft-
and B5EX (not shown) average to zero in the transition regime.
We note that the generated FEL pulses are not transform-
limited and the pulse duration of the Gaussian window used
in modeling the pulses does not correspond to that of Gaus-
sian pulses used in the previous section 3.2. Comparing the
data presented in figure 8(f) with those in figure 5(d) we
estimate that the effective pulse duration of a bandwidth-
limited Gaussian pulse with a spectrum corresponding to the
average spectrum of the generated FEL pulses is about 0.6
times shorter than that of the Gaussian window.

4. Summary

In this work we have provided theoretical results, obtained
from numerical solutions of the time-dependent Schrédinger
equation, for the competition between one-photon and two-
photon ionization in an ultrashort EUV laser pulse. We have
shown that the transition between the two processes can be
observed in the PADs and the related anisotropy parameters
G; i=1, ... 4) as function of pulse duration, peak intensity,
central photon frequency and photoelectron energy distribu-
tion. While the even (-parameters exhibit the transition via a
change from zero to a finite value, the odd parameters indicate
the interference regime. At given photon and photoelectron
energies this regime extends over about 0.5 FWHM cycles in
duration and a variation by a factor of 2-5 in peak intensity.
The impact of three-photon ionization, which becomes
available at these broadband pulses as well, is seen at high
intensities and large photoelectron energies. Finally, we have
considered typical variations in the CEP of ultrashort pulses,
e.g. as produced in HHG, and fluctuating pulse shapes in FEL
pulses. It is found that the transition between one- and two-
photon ionization can be observed via the even (S-parameters
in FEL pulses and pulses without CEP stabilization.
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