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Resonant two- or three-photon ionization of noble-gas atoms captured by time-resolved
photoelectron momentum spectroscopy
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We present an all-electron, ab initio calculation of time-resolved photoelectron momentum distributions
(PMDs) induced by resonant two-color, two- or three-photon ionization of helium and neon atoms, as recently
measured by Villeneuve et al. [Science 356, 1150 (2017)] using a femtosecond infrared (IR) laser pulse and an
attosecond pulse train (APT) produced with high harmonic generation as an extreme ultraviolet (XUV) photon
source. In contrast to a monochromatic XUV pulse commonly used at the free-electron laser facilities, an APT
is broadband and ultrashort (<1 fs), so that it could induce nonresonant one-photon transitions above ionization
threshold as well as a resonantly excited state. They may interfere with each other upon subsequent absorption
or emission of an IR photon, so that the resultant PMD loses clear orbital symmetry. Our time-dependent density
functional calculation demonstrates that the selection of a particular excited state in the time-resolved PMD is
nevertheless possible if energy and timing of an APT are adjusted properly.
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I. INTRODUCTION

Resonant two-photon ionization (R2PI) occurs via absorp-
tion of two photons (generally in different colours), one
scanning across bound-state energies of each electron in an
atom, and the other ionizing the electron from a resonantly
excited state to free partial waves. The advent of intense
intense extreme ultraviolet (XUV) light sources such as free
electron lasers (FEL) and high harmonic generation (HHG)
opened up an opportunity to study this process. Although
both single-photon and multiphoton ionization of noble-gas
atoms, induced by synchrotron radiation [1] and infrared
(IR) femtosecond laser pulses [2], respectively, have already
been studied extensively for more than a few decades, R2PI
provides a superior control over the selection of a particular
excited-state electron to ionize. The orbital symmetry of an
ionized electron is directly reflected in the photoelectron
momentum distribution (PMD) [3].

The PMD of a neon (Ne) atom following the absorption
of two monochromatic XUV photons was first measured
by using a 44-eV, 30-fs pulse of the free-electron laser at
Hamburg (FLASH) in 2007 [4]. Their objective was to
study the mechanism of double ionization, that is, under
what driving-laser conditions electrons leave a parent atom
sequentially through an intermediate ionic state, or directly in
a correlated manner through a virtual state [5-7]; for details,
see Ref. [8] and references therein. A similar measurement of a
helium (He) atom in 2013 at the SPring-8 (super photon ring at
8 GeV) Compact SASE (self-amplified spontaneous-emission)
Source in Ref. [9], using a monochromatic XUV pulse of
energy 20-25 eV and duration ~30 fs, confirmed the
even symmetry of S and D partial waves in the PMDs
of a singly ionized He via R2PI through an intermediate
p-state, as previously predicted based on the time-dependent
close-coupling method [10].

When an XUV pulse is superimposed with an IR “dress-
ing” laser field, sidebands corresponding to absorption and
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emission of IR photons are produced around XUV peaks in
the PMD [11]. Such PMD sidebands of a Ne atom induced
by two-color (XUV+IR) photoionization were investigated at
FLASH in Refs. [12,13] using a pair of XUV (~1000 eV)
and IR (800 nm) photons. The duration of an XUV pulse
was short (2-5 fs) in Ref. [12] and long (80 fs) in Ref. [13],
respectively, but the PMD sidebands in both cases exhibit
strong modulations along emission angles. The observed
angular variations in the PMD were interpreted as interferences
between many outgoing partial waves, each with its own orbital
angular momentum (S, P, D,...), intensity, and phase.

In parallel with these developments in the photoelectron
momentum spectroscopy using FEL, progress in HHG to
produce an attosecond pulse train (APT) of central energy
20-35 eV has reached the intensity levels needed for studying
R2PI in recent years [14]. A typical duration of XUV pulses in
an APT is a few-hundred attoseconds, as a result of broadband
high harmonic radiation, which makes it possible to resolve
the electron motion in photoelectron momentum spectroscopy
[15]. In 2010, sidebands in the time-resolved PMD of a He
atom were produced with a dressing IR field and a delayed
APT (made of seven high-harmonic fields generated from
argon gas) and used to determine an atomic dipole phase which
an electron acquires during R2PI [16,17]. Their measurement,
however, was not resolved in terms of emission angles. On the
other hand, an angle-resolved measurement of He-atom PMDs
was reported in 2011 in Ref. [18] using an IR laser pulse and
its high harmonic produced via HHG. By selecting a particular
harmonic, they produced a monochromatic XUV pulse of
longer duration (~100 fs) and used it to measure the branching
ratio of S and D partial waves in the PMD at different IR-laser
intensities. We need to be aware that the monochromacity of an
XUV pulse is compromised when synthesizing an ultrashort
(<1 fs) APT from HHG for a time-resolved measurement.
The broad bandwidth of an APT implies that an electron
tends to be excited into multiple energy levels (separated
by the fundamental frequency of HHG) above the ionization
threshold via nonresonant one-photon transitions, rather than
into a particular resonantly excited state. What one expects to
ionize by a combination of a dressing IR field and an APT
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is a wave packet, consisting of multiple excited states of an
atom. They could interfere and break the orbital symmetry in a
PMD. Nevertheless, the selection of a particular excited state
in R2PI is still possible in the time-resolved PMD, as we will
demonstrate in this paper. Measurements using an APT as a
probe are time-resolved by default. Separation of pulses in an
APT produced from HHG is either a half-optical cycle of a
dressing IR laser field, or a full-optical cycle when the second
harmonic is added to the dressing IR laser field. They can act as
an extremely accurate clock in ultrafast electron dynamics, in
a similar manner to how a frequency comb is used as a ruler in
precision spectroscopy. Time-resolved PMD measured with an
APT could offer new insights into R2PI which are otherwise
not detectable with a monochromatic XUV pulse, e.g., the
effects of “quantum beats” due to hyperfine levels [19].

In this paper, we calculate the time-resolved PMD of
He and Ne atoms during resonant two-color, two- or three-
photon ionization driven by a 20-cycle IR laser pulse and an
APT, based on the numerical solution of the time-dependent
Kohn-Sham equations [20]. The energy of an XUV photon is
restricted to ~20 eV, for which doubly excited states of He or
Ne atoms are not accessible through two-photon absorption.
Our results are compared with the recent PMD measurement
of He and Ne atoms by Villeneuve et al. [21] using either a
monochromatic IR laser field of frequency w, or a two-color IR
field of frequencies w, and 2w, as a dressing field, and an APT
produced with their high harmonics as a resonant-excitation
driver. The calculation of cross-sectional PMDs provided in
their paper was based on the time-dependent Schrédinger
equation in the limit of single-active-electron approximation
with an effective potential of argon; they mentioned a need
for calculations based on a benchmark Neon potential, and
we intend to present one. We will show that the six-lobe
structure in the Ne-atom PMD (reflecting an F partial wave in
the configuration space) observed by Villeneuve et al. can in
fact also be produced with a He atom if the IR driving-laser
frequency and intensity are so chosen as to induce resonant
three-photon ionization (R3PI). To this end, an XUV photon
contained in an APT must resonantly excite an electron in
the He ground state into the 1s2p'P excited state. The
ionization of the He 2p excited state takes two IR photons
through an intermediate 1s3d 'D excited state whose energy
is roughly 1.5 eV above the 2p level, in resonance with
the frequency of an 820-nm laser field. Alternatively, it is
also possible to resonantly excite a ground-state electron in
a He atom into the 1s3p 'P state with an XUV photon and
subsequently ionize it with one IR photon, i.e., induce R2PI,
using a 790-nm laser field. The resulting PMD will have a
four-lobe structure associated with a D partial wave. In order
to observe clear orbital symmetry in the time-resolved PMD,
however, the separation of XUV pulses in an APT needs to
be a half-optical cycle rather than a full-optical cycle to avoid
interferences between resonant and nonresonant transitions.
The similar scheme works with a Ne atom, but there is
an additional interference between valence electrons in the
degenerate 2 p orbital, which breaks symmetry in the Ne-atom
PMD with respect to the plane perpendicular to a driving-laser
polarization axis.

The paper is organized as follows. In Sec, II, we describe
the numerical methods in our calculations based on the time-
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dependent density functional theory. Results are presented in
Sec. III. The time-resolved PMDs of a He atom through R2PI
or R3PI using a 20-cycle IR laser pulse and an APT, whose
central frequency is set around the 15th harmonic of the IR
pulse, are presented first in Sec. III A. We demonstrate that
the PMD has even (S, D,...) symmetry when the driving-
laser frequency and intensity are adjusted for two-photon
(XUV+IR) resonant transition through an intermediate excited
state of 1s3p 'P, or odd (P, F,...) symmetry when they are
adjusted for three-photon (XUV+IR+IR) ionization through
1s2p 'P and 1s3d 'D. We discuss two different strategies for
a time-resolved measurement, one where each XUV pulse in
an APT is separated by a half-optical cycle and the other by a
full-optical cycle. Only the former type of an APT can isolate
a resonantly excited state in the PMD, free of interferences
with nonresonantly excited ones. The PMDs of a Ne atom
is presented next in Sec. IIIB. In addition to the orbital
symmetry in the Ne-atom PMD, we investigate contributions
from different orbitals of a Ne atom in the amount of total
electron yield in a PMD, most importantly those from the
degenerate 2p orbital. Section IV summarizes the results.
Atomic units (e = m, = h = 1) are used throughout, unless
specified otherwise.

II. METHODS
A. Time-dependent density functional theory

We solve the time-dependent Kohn-Sham equations for all
electrons in an atom, given by

0
i o Vo (0.0) = X, DYio (r,1), (D

where i = 1,2,...,N, ranges over occupied atomic orbitals,
and o € {1, |} specifies the electron spin &1, with

H(r,t) = %lvz — % + vy e+ -E@). ()

The charge number of a nucleus is equal to the total
number of electrons, i.e., Z = Ny + N;. The KS potential
v8S[n4,n 1(r,1) is a functional of the spin electron density

No

Ny
ne(r,t) =Y nig(r,t) =Y |tio(r,0). 3)

i=1 i=1
In general, the KS potential consists of two parts, such that
Voo [n.nyJ(0,0) = Valnl(e,0) + vylng.n d(en). (4)

The first term is the Hartree potential,

Vulnl(r,t) = /// %d%’, (5)

which is a functional of total electron density: n(r,r) =
>, ns(r,t). The second term in (4) is an exchange-correlation
potential and needs to be approximated in practice. We employ
the local density approximation (LDA) with a self-interaction
correction (SIC), given by [22,23]

v np,n (1) = VEPA [, )(r,0) — VICx,0), (6)

where

1/3
VEPA [, I(r,1) = —(gnﬂ(r,o) : (7)
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and

VI = vl +

Z Nio (5, 0V (1), (8)

a( 1) 4
with
No
V) = EX gni(,(r,r)wm(r,t), ©)
where

wig (1,1) = Valnig1(,0) = VP i I(e,). (10)

Moreover, v;, (1) = (V1)) —

(Viwm) = /ff V€, 0, (r,0) dr, (11)
(Wio (1)) = f / / Wio (T,0)0;4(r,1) d°r. (12)

SIC
Va

(wis (1)), where

and

The asymptotic condition — 0 as r — oo requires that
Ve = 0 for the highest occupied atomic orbitals (HOAOs),
and thus Z/ in Eq. (8) denotes the summation over all orbitals
except for HOAOs [24]. We can calculate v;,(¢) noniteratively
as [25]

No
vie) =Y IA O (V@) = (wjo )], (13)
j=1

where

ot [[[ e

(Vi) = / / / V3, tn o (r,0)d>r. (15)

The LDA-SIC is an exchange-only approximation, so that
electrons with opposite spins do not interact. For noble-gas
atoms in particular, the number of linearly independent KS
equations to be solved is therefore Z /2. The total density can
then be found by multiplying the spin-up (or -down) electron
density by 2.

and

B. Interaction potential

The time-dependent interaction potential due to a dressing
IR laser field of frequency w, and an APT of central frequency
Nw,, both polarized along the z axis, is

r-E(t) = [ERr(t) sin(w,t) + Exuv(t)) cos(Nw,t')]r cos 6,
(16)

where ¢ =t — a/w, is the time delay, with « being a phase
delay, between the IR field and the APT, and E1r(?) is a pulse
envelope function of the IR field, given by

Ew(r) = /1, cos? (‘;—nt) (17)

with I, and n being the peak intensity and the number
of optical cycles (T = 2w /w,) per pulse, respectively. The
function Eyyy(¢) is a train of narrow (~300 fs) cos? functions,
separated by either 7/2 or T. In Fig. 1, we plot an example
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FIG. 1. Driving laser fields used for the resonant two-photon
ionization when two consecutive extreme ultraviolet (XUV) pulses
are separated by (a) a half-optical cycle or (b) a full-optical cycle.
Infrared (IR) fields are drawn with dashed lines, whereas attosecond
pulse trains (APTs) are drawn with solid lines. In these plots, the peak
intensity of the IR field is I, = 1 x 10" W/cm?, but it is increased
up to 10" W/cm? in our calculations in Sec. IIl. The intensity
and full-width-half-maximum duration of each extreme-ultraviolet
(XUV) pulse in an APT, on the other hand, are fixed at 10'® W /cm?
and ~300 as in all calculations, as shown in these plots. The phase
delay between an IR field and an APT is zero in these examples.

of such fields near the peak of the IR pulse (+ = 0) for ¢ = 0.
Figure 1(a) is the case where the separation of XUV pulses
is a half-optical cycle and happens when the XUV pulses
are synthesized from odd high harmonics generated with a
monochromatic IR field of frequency w,. On the other hand,
XUV pulses in Fig. 1(b) are separated by a full-optical cycle
of the IR field, which happens when they are synthesized from
both even and odd high harmonics generated with a two-color
IR field of fundamental frequency w, and its second harmonic
2w, [26]. For a time-resolved measurement of photoelectron
momentum distributions, the type of fields in Fig. 1(b) must
be used, to record at the same phase of an IR field for all
XUV pulses, and the phase delay « is varied between 0
and 27 for a stroboscopic measurement [16]. On the other
hand, the type of fields in Fig. 1(a) is useful in eliminating
interferences between resonant two- or three-photon transition
and nonresonant one-photon transitions in the PMDs, as we
demonstrate in Sec. III.

Because of the azimuthal symmetry in (16), the magnetic
quantum number m; of the ith orbital is conserved during the
time evolution, so that we can assume the solution of the form,

Vie(r,t) =)

14

£(m;)
o Dy 4. (18)

It then follows that the spin electron density of each orbital (3)
is independent of azimuthal angle ¢. The details of numerical
calculation based on the generalized pseudospectral method
[27] is given in Ref. [20].

C. Photoelectron momentum distribution

In each time step, the wave function ¥, (r,¢) is split into
inner and outer regions by a smooth masking function f(r),
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and the PMD is found from the outer-region wave function
that is propagated in the momentum space with the Volkov
Hamiltonian in the velocity gauge [28], that is,

Vi (0,0) = f)Wio(0,0) + [1 = £()]Pi0 (r,1)
= Y1)+ 0w,). (19)

The function f(r) is one in the inner region (0 < r < Ry)
and smoothly decreases to zero in the outer region (R, < r <
rmax)- In our calculations, R, is set at five times the classical
oscillator radius (=+/1,/w,?) or 20 a.u., whichever is larger,
whereas rmax is set at 100 a.u. It has been tested that using
larger R;, or rmax does not affect the resulting PMD.

We study the PMD of individual atomic orbital given by

Dis(p.0p) = | ¥} (P.tsc)

where 1/~/1V0 (P,fx) is the Fourier transform of the outer-region
wave function at the end of the time evolution ¢ = ¢, as well
as the total PMD of all atomic orbitals given by

No
DIPIR AN
o i=l

2
3

(20)

2

D(p.,0,) = 21

III. RESULTS
A. Helium

1. Resonant two-photon ionization of He

Figure 2 shows a level diagram for R2PI and R3PI of a
He atom using an IR laser field and its 15th harmonic (15H),
in accordance with the experiment by Villeneuve et al. [21].
Field-free energies of Kohn-Sham wave functions in bound
and excited states are given on the right-hand side of the
diagram. Because of the broadband high harmonics used to
produce an APT, XUV excitation in a time-resolved PMD
measurement is not restricted to the 15H energy only but also
to the energies of its neighboring harmonics as well. As aresult,
the time-resolved PMD of an atom dressed by an IR laser field
and probed by an APT produced from its high harmonics has
multiple concentric peaks at the radii given by

Ipl =25 wy + Nw, — I, — U)), (22)

where s = £1, £ 2, ... is the number of IR photons absorbed
(+) or emitted (-), Nw, is an XUV photon energy contained in
the APT, I, is the ionization potential, and U, = I,(4 W)~ !
is the ponderomotive energy of a dressing IR field. The
single ionization potential of an atom in the density functional
theory is equal to the negative of the ground-state energy of
the highest occupied Kohn-Sham orbital [22], and therefore
I, = 24.98 eV for a He atom in our calculations.

In Fig. 2, the two lowest momenta |p| of an ionized
electron given by Eq. (22) following nonresonant, one-photon
absorption (N = 16 or 17, and s = 0) in the absence of an
IR field (U, = 0) are shown in atomic units. When a dressing
IR field is turned on, the momentum |p| for absorption of a
16H photon is also reachable through R2PI (15H + w, or 17H
— w,) as well. To elaborate this point, we plot the PMDs of
a He atom driven by an APT alone (i.e., without a dressing
IR field) of central energy Nw, = 23.54 eV (corresponding
to the 15H of the 790-nm field) in Figs. 3(a) and 3(b) when
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FIG. 2. Level diagram for the resonant two- or three-photon
ionization of a He atom driven by a 790-nm or an 820-nm laser field,
as well as an XUV pulse train of central energy at the 15th harmonic
(15H), which is 23.54 eV or 22.68 eV, respectively. Field-free energy
of each Kohn-Sham orbital obtained with the density functional
theory is given on the right-hand side. Because of the selection rule
in dipole transitions, an ionized electron in each case is expected
to have even (S, D,...) or odd (P, F,...) symmetry, as indicated in
the figure. Also shown are the two lowest momenta |p| (in atomic
units) of an ionized electron following the one-photon (16-18H)
absorption. Note that an even-order high harmonics such as 16H
and 18H are contained in an APT only if the driving laser for HHG
is two colored, consisting of an IR field and its second harmonic, so
that the separation of each XUV pulse becomes a full-optical cycle as
shown in Fig. 1(b). At the peak of a driving-laser field, the ionization
threshold (E ) is up-shifted by an amount of ponderomotive energy
of the field which is roughly 0.006 ~ 0.6 eV when the peak intensity
is I, = 10" ~ 10" W /cm?.

XUV pulses in the APT are separated by a half-optical cycle
and a full-optical cycle, respectively. Notice that the PMDs
in both cases have multiple concentric peaks, despite the fact
that there are no IR photons to produce sidebands in these
calculations. This is in contrast to the measurement using a
monochromatic XUV pulse of longer duration (>>1 fs) as in
Ref. [18], which yields a single peak in the PMD in the absence
of a dressing IR field. Even-ordered peaks (16H, 18H,...) are
missing in Fig. 3(a) because they are measured with an APT
containing only odd-ordered high harmonics produced with a
monochromatic IR field; see discussions of Fig. 1(a) in the
previous section. On the other hand, if the driving laser field
of HHG is two-colored, containing the fundamental frequency
w, and its second harmonic 2w,, then both even and odd
harmonics are contained in an APT, so that the PMD has
multiple peaks separated by the fundamental frequency w,, as
shown in Fig. 3(b). The location of peaks in Figs. 3(a) and
3(b) agrees with the momentum values given by Eq. (22) with
s =0,N =16,17,...,and U, = 0 (no IR field). The electron
density distribution at | p| = 0.1 in Fig. 3(b) has the dipolelike
odd symmetry of a P wave, indicating a nonresonant transition
from the 1s ground state via absorption of a 16H photon. It has
a purely odd symmetry, as there is no sideband caused by an
IR photon in Figs. 3(a) and 3(b).

When a dressing IR field is added to an APT in a
time-resolved PMD measurement, sidebands are produced
around XUV peaks separated by *w, [11]. In addition, the
ionization threshold would be up-shifted by a ponderomotive
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FIG. 3. Photoelectron momentum distributions (PMDs) of a He atom driven by a train of XUV pulses of central energy 23.54 eV
(corresponding to the 15th harmonic of the 790-nm IR field) that are either separated by (a) a half-optical cycle of the IR field, or (b) a full-optical
cycle of the IR field. (c) The PMD of a He atom driven by an IR (790 nm), 20-cycle laser pulse of peak intensity I, = 1 x 10" W/cm?, as well
as a train of XUV (23.54 eV) pulses that are separated by a half-optical optical cycle of the IR field. The phase delay between the IR field and
the XUV pulses is fixed at « = 0, so that each XUV pulse coincides with the zero crossing of the IR field, as shown in Fig. 1(a).

energy U, [29]. In Fig. 3(c), we plot the PMD of a He
atom driven by a 20-cycle, IR (790-nm) laser pulse of peak
intensity I, = 1 x 10" W/cm? and an APT of XUV pulses
(23.54 eV) that are separated by a half-optical cycle of the
dressing field with no phase delay, as shown in Fig. 1(a). The
ponderomotive energy U, at such a weak intensity is negligibly
small (~0.006 eV). In contrast to the XU V-only calculation in
Fig. 3(a), there is a high concentration of electron distribution
in Fig. 3(c) at |p| = 0.1, corresponding to the energy of an
ionized electron via R2PI (15H + w,). The distribution has
a four-lobe, even symmetry of a D wave, as predicted in
Fig. 2. The narrow distribution at | p| = 3.5 corresponds to the
single-photon ionization by the 17th harmonic. The APT used
to generate the PMD in Fig. 3(c) does not contain 16H photons,
and therefore its electron density at | p| = 0.1 is assured to have
a purely even symmetry.

The separation of XUV pulses in an APT used to produce
Fig. 3(c) is a half-optical cycle with no phase delay, as shown in
Fig. 1(a). By changing it to a full-optical cycle and introducing
a phase delay o with respect to the dressing IR laser field, we
can coherently probe the electron dynamics during R2PI. This
is demonstrated in Fig. 4, where we plot the time-resolved
PMDs generated by such a field as shown in Fig. 1(b), for three
different phase delays «. All the laser parameters remain the
same as in Fig. 3(c) except for the separation of XUV pulses
in an APT. We find in Fig. 4 that the electron distributions

at |p| = 0.1 no longer show the four-lobe structure that was
present in Fig. 3(c). It is likely that interferences between the
resonant transition from the 1s3p ! P excited state (15H + w,)
and the nonresonant transition via absorption of a 16H photon,
which coexist with the type of an APT shown in Fig. 1(b),
destroyed the clear display of even or odd symmetry in the
PMDs of Fig. 4 at |p| = 0.1. For phase delays o = 0 and
7, when the XUV pulse in an APT coincides with the zero
crossing of the IR field, the PMD is shifted in the direction of
the laser polarization axis, reflecting the periodic motion of an
ionized electron driven by an IR laser field in the configuration
space [16].

2. Resonant three-photon ionization of He

Figure 5 shows the time-resolved PMDs following resonant
three-photon ionization (R3PI) of a He atom induced by
a 20-cycle, 820-nm laser pulse of various peak intensities
(10'""—10" W/cm?) and an APT (Nw, = 22.68¢eV) whose
XUV pulses are separated by a half-optical cycle and synchro-
nized at each zero crossing of the dressing IR field, as shown
in Fig. 1(a). The R3PI transition we study is schematically
depicted in Fig. 2; the ground-state electron is resonantly
excited first to the 1s2p 'P state via absorption of the 15H
photon, next to the 1s3d 'D excited state via absorption of an
IR photon, before ionizing to free partial waves by absorption

0 rad n rad

04 1T 206102 0.4 4x10% 0.4 w/J\l 25x10°

L . 1 3 ) X F 1 2

02 F /‘\ -H 15x102 02 /‘\ ox102 _02 1 2o°
= ] L3t oxio® 3T 1 1.5x107
3 0 -H 1.0x10% & 0 | 3 & 0F B 2
Qr:: L 4 Q’:l - D’:‘ L B 10X10-
02 | \r/ - 5.0x10° 02 —\/ ‘ -0.2 [ \'_/ W 5 ox102
04l 1= IR 040° 04 LS 1T -0.4 : 0.0x10°

A4 . .
04 -02 0 02 04 04 02

py (a.u.)

py (a.u.)

| L L v
"04 02 0 02 04
Py (a.u)

02 04

FIG. 4. The same as Fig. 3(c), but the separation of XUV pulses are changed to a full-optical cycle as shown in Fig. 1(b) for stroboscopic
measurements. The phase delays o of XUV pulses with respect to the IR field of frequency w,, which allows a stroboscopic measurement at
t' =t — a/w, within a subcycle time frame, are indicated at the top of each plot.
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FIG. 5. PMDs of a He atom driven by an IR field of wavelength 820 nm and various peak intensities, as shown at the top of each plot, and
a train of XUV pulses of energy 22.68 eV (corresponding to the 15th harmonic of the IR field) that are separated by 1/2 of the IR optical cycle
and synchronized at each zero crossing of the IR field, as shown in Fig. 1(a).

of another IR photon. The PMD of an ionized electron via
R3PI is then expected to have an odd (P, F,...) symmetry,
as indicated in Fig. 2. Alternatively, an electron can ionize
nonresonantly via absorption of a 17H photon in Fig. 5, which
should also produce a partial wave of odd symmetry.

When driven by the lowest-intensity IR fields (/, = 1 x
10" W/cm?), the electron distribution in Fig. 5 is dipolelike
and narrowly concentrated along a concentric circle of radius
|p| = 0.23, which corresponds to the single-photon ionization
by the 17th harmonic contained in an APT. It has odd symmetry
of a P wave, as expected. As the peak intensity of a dressing IR
pulse increases to I, = 2 x 10'>W/cm? in Fig. 5, the amount
of electron density at |p| = 0.23 becomes 4 times higher, and
another narrow, concentric peak appears at aradius |p| = 0.40,
corresponding to the energy of 18H. The one-photon excitation
by an even harmonic is not possible when XUV pulses in the
APT are separated by a half-optical cycle. It must therefore
be interpreted as a sideband (17H + w,) produced by an IR
photon. For higher intensities above I, = 4 x 10'2W/cm?,

the PMDs at |p| = 0.23 exhibit a six-lobe, odd symmetry of
an F wave, as expected in R3PI of Fig. 2. The radius of these
six-lobe distributions decreases as the driving-laser intensity
increases, in agreement with the finding in Villeneuve et al.
[21], because of the up-shift of an ionization threshold by the
ponderomotive energy U, of a dressing IR field.

In Fig. 6, we plot the time-resolved PMD driven by
a 20-cycle, 820-nm laser pulse of peak intensity I, = 1 x
10" W/cm? and probed by an APT (22.68 eV) whose XVU
peaks are separated by a full-optical cycle as shown in Fig.
1(b), for three different phase delays «. With such an APT,
nonresonant transition by a 17H or an 18H photon is possible as
well as R3PI. As aresult, the PMD in Fig. 6 at the lowest peak
(]p] = 0.23) may contain ionized electron density from three
different transitions: R3PI (15H + w, + w,), a single-photon
absorption (17H), and a single-photon absorption followed
with an IR photon emission (18H — w,), for which the ionized
partial waves should have odd, odd, and even symmetry,
respectively. Similarly to the R2PI cases in Fig. 4, the PMDs
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FIG. 6. Stroboscopic measurements of PMDs of a He atom using an 820-nm IR field and 22.68-eV pulse trains that are separated by a
full-optical cycle as shown in Fig. 1(b), at time t' = t — «/w, Where w, is the IR frequency and « is a phase delay indicated at the top of each

plot. The peak intensity of the IR field is 7, = 1 x 10'> W/cm?.
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in Fig. 6 captured by the APT whose pulse separation is a
full-optical cycle do not show a clear even or odd symmetry
except when the phase delay is & = 7/2, due to interference
of three different transitions induced by an APT in this case.

B. Neon

Figure 7 shows a level diagram for R2PI of a Ne atom. We
use a 785-nm dressing laser and its 13th harmonic (20.54 eV)
to induce the process in our calculation. The IR laser pulse
used in Villeneuve et al. [21] had a slightly longer wavelength
(800 nm), but the energy of its 13th harmonic (20.15 eV)
is not quite large enough for a resonant transition between
the 2p ground state and the 3d excited state of an valence
electron theoretically. Field-free energies of Kohn-Sham wave
functions in the ground- and excited-state levels in eV are given
on the right-hand side of the diagram. The single ionization
potential of a Ne atom according to the density functional
theory is I, =21.98 eV. Also shown in Fig. 7 are the two
lowest momenta | p| of nonresonant one-photon absorption of
a 14H or a 15H photon above ionization threshold given by
Eq. (22) in the absence of an IR laser field (U, = 0).

In Fig. 8, we plot the time-resolved PMDs of all electrons
in a Ne atom given by Eq. (21), during the R2PI driven by a
20-cycle, 785-nm laser pulse of various peak intensities and an
APT (Nw, = 20.54 eV) whose XUV pulses are separated by
a half-optical cycle with no phase delay, as shown in Fig. 1(a).
For a comparison, the Ne-atom PMDs measured with an IR
(800-nm) driving laser field of the three lowest peak intensities
in Fig. 8 (I, =5 x 10", 2 x 10'2, and 4 x 10'2W/cm?) are
given in the Supplemental Material of Villeneuve et al. [21].
The amount of electron density in the PMD in Fig. 8 is
largest when I, = 2 x 10'>W/cm?, in accordance with their
measurement. Villeneuve et al. reported the six-lobe, even

5x10"" W/em?

2x10'2 W/em?
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1.58eV

FIG. 7. Level diagram for the resonant two-photon ionization of a
Ne atom driven by an IR (785 nm) laser field and an XUV attosecond
pulse train (APT) of central energy 20.54 eV, corresponding to
the 13th harmonic (13H) of the IR field. For simplicity, only the
transitions for valence electrons in the 2p shell are considered.
Field-free energy of each Kohn-Sham orbital obtained with the
density functional theory is given on the right-hand side. An ionized
electron in each case is expected to have odd (P, F,...) symmetry, as
indicated in the figure. Also shown in each case are the two lowest
momenta |p| of an ionized electron following one-photon (14,15H)
absorption in atomic units. Note that an even-order high harmonic
such as 14H is contained in an APT only if the driving laser for HHG
is two colored, consisting of an IR field and its second harmonic, so
that the separation of each XUV pulse is a full-optical cycle as shown
in Fig. 1(b).

symmetry of an F wave in the PMD of a Ne atom, and we find
a similar structure in our calculation at I, = 1 x 10'3 W/cm?
in Fig. 8.

One striking difference between the PMDs of a Ne atom
in Fig. 8 and of a He atom in Fig. 5 is that the symmetry
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FIG. 8. PMDs of a Ne atom driven by an IR field of wavelength 785 nm and various peak intensities, as shown at the top of each plot, and
a train of XUV pulses of energy 20.54 eV (corresponding to the 13th harmonic of the IR field) that are separated by 1/2 of the IR optical cycle
and synchronized at each zero crossing of the IR field, as shown in Fig. 1(a).
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FIG. 9. For the total PMD of a Ne atom in Fig. 8 driven at the peak driving-laser intensity of I, = 8 x 10'> W/cm?, the corresponding
PMDs of individual Kohn-Sham orbitals given by Eq. (20) are shown. Labels on the top of each plot denote the initial state of an orbital.

with respect to the p, axis is lost in the former but not in
the latter. This is caused by the interference among valence
electrons ionized from the degenerate 2 p orbital of a Ne atom.
To illustrate such an effect of orbital interference, we plot in
Fig. 9 the PMDs of individual orbitals given by Eq. (20) of a
Ne atom at /, = 8 x 10'> W/cm?. The electron density in the
PMD of a 1s electron turned out to be in the order of 10~1°,
more than 8 orders of magnitude smaller than the rest of the
electrons in a Ne atom, and therefore its PMD is not shown. The
symmetry with respect to the p, axis is preserved in Fig. 9,
which shows that the symmetry breaking of the all-electron
PMD in Fig. 8 is a result of orbital-orbital interference. The
contribution from the 2s orbital in Fig. 9 is several orders of
magnitude smaller than the 2 p valence orbitals, and therefore
we can disregard its influence on the total PMD in Fig. 8. (It
is nevertheless worthwhile to mention the symmetry in the
PMD of the 2s orbital in Fig. 9; it has an odd symmetry of
an F wave, which implies that the 2s orbital underwent some
kind of resonant few-photon ionization not described in Fig. 7,
presumably R3PI through the 4d excited state by absorption
of two 15H photons followed by absorption of one IR photon.)
The amount of electron density from the 2p orbital is largest
in the m = 0 channel, but contributions from two electrons
in the m = %1 states are sufficiently strong to affect the total
PMD and break its symmetry in Fig. 8. We also notice in
Figs. 9(b) and 9(c) that there is a clearly distinguishable trace
of both P and F partial waves appearing in these 2 p-orbital
PMDs (i.e., the six-lobe and two-lobe electron distributions
at radii of |p| = 0.5 and |p| = 0.1, respectively), although it
was only the F' wave observed in Villeneuve et al. [21]. Such
a simultaneous appearance of two partial waves should be

possible in resonant two-color few-photon transitions, as long
as they are of the same parity.

Finally, in Fig. 10, we plot the time-resolved PMDs of a
Ne atom driven by a 20-cycle, 785-nm IR laser pulse of peak
intensity I, = 1 x 10'3> W/cm? and probed by an APT of XUV
pulses (20.54 eV) separated by a full-optical cycle, for three
different phase delays. The PMD at |p| = 0.1 may contain
ionized electron density from three different transitions: R2PI
(13H + w,), a single-photon absorption (14H), and a single-
photon absorption followed with an IR photon emission (15H
— w,), for which the ionized partial waves should have odd,
even, and odd symmetry, respectively. In addition to the
interference among these three different transitions, valence
electrons from the degenerate 2 p orbital should also interfere
and introduce symmetry breaking between the positive and
negative directions of a laser polarization, as we have seen in
Fig. 8. It is therefore not possible to attribute only the F* wave
to the time-resolved PMD of a Ne atom and describe its time
evolution during 2PRI, although such a model was provided
in Villeneuve et al. [21]. The PMDs we obtained from the all-
electron calculation based on the time-dependent Kohn-Sham
equations in Fig. 10 show very complex interferences which
must come from multiple transitions and a degenerate orbital.

IV. CONCLUSION

In this paper, we presented an all-electron, ab initio
calculation of time-resolved photoelectron momentum dis-
tribution (PMD) of He and Ne atoms during resonant two-
or three-photon ionization, based on the numerical solution
of the time-dependent Kohn-Sham equations. Our calculation
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FIG. 10. Stroboscopic measurements of PMDs of a Ne atom using a 20-cycle, IR (785-nm) laser field and an APT of XUV pulses of
central energy 20.54 eV that are separated by a full-optical cycle of the IR field, as shown in Fig. 1(b), at time ¢’ =t — «/w, where w, is the
IR frequency and « is a phase delay indicated at the top of each plot. The peak intensity of the IR field is I, = 1 x 10> W/cm?.
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shows that one can resonantly ionize an excited-state electron
by a broadband, attosecond pulse train (APT) if its extreme
ultraviolet (XUV) pulses are separated by a half-optical cycle
of an infrared (IR) dressing laser field. The selection of a
particular excited state is achieved by adjusting the frequency
and intensity of the IR laser pulse, and it can be verified
by observation of symmetry in the PMD. The stroboscopic
observation of PMD during the resonant two- or three-photon
ionization is also possible by adding a second harmonic
to the driving IR laser field which changes a separation
of XUV pulses in an APT to a full-optical cycle. The
stroboscopic measurement of a PMD, however, is prone to
introduce interferences between the resonant and nonresonant
transitions, as exemplified by a broken symmetry in the PMD.
The PMD of a Ne atom is subject to an additional kind of

PHYSICAL REVIEW A 96, 063403 (2017)

interference between electrons ionizing from the degenerate
2p orbital even when the effect of nonresonant one-photon
transition is eliminated by using an APT synchronized at each
zero crossing of a dressing IR field at the half-optical cycle.
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