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We experimentally study the angular distribution of near-threshold photoelectrons of argon in the multiphoton-
ionization regime. Those near-threshold photoelectrons are released from atoms by a weak 800-nm laser field
and a strong 400-nm laser field with parallel polarizations. In the laser polarization direction, the yield of
the near-threshold photoelectron oscillates with twice the 800-nm laser frequency, while higher-frequency
components for the yield oscillations are found for the electrons emitted perpendicular to the laser polarization
direction. By decomposing the photoelectron angular distribution into different partial waves, we found that
those near-threshold photoelectrons are generated by the interference of different photon channels via resonant
states. Moreover, we observed a large time delay between the near-threshold photoelectrons emitted along the
laser polarization direction via the 5p and 4 f resonant states.
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I. INTRODUCTION

When an atom or a molecule is exposed to a strong
laser pulse, an electron can be released from the bound
state [1–3]. The released electron carries ultrafast dynamical
information during photoionization, such as attosecond time
delays in photoemission. Various attosecond methodologies
have been proposed to extract the dynamical informa-
tion of photoionization on the attosecond timescale, such
as attosecond streaking [4], attoclocks [5,6], photoelectron
holography [7–9], and reconstruction of attosecond harmonic
beating by interference of two-photon transitions (RAB-
BITT) techniques [10–21]. In the RABBITT technique, an
extreme ultraviolet pulse train consisting of odd harmon-
ics of a fundamental infrared (IR) laser is used to ionize
a target, leading to single-photon peaks in the photoelec-
tron energy spectrum (main bands). Then a weak IR field
triggers continuum-continuum transitions with absorption or
emission of an IR photon, generating sidebands between
two adjacent main bands [20]. Two different quantum path-
ways will contribute to the same sideband and thus interfere.
The intensity of each sideband oscillates with twice the IR
frequency [12,15]; from the phase of the oscillation one
can extract the temporal properties of the photoemission
process [10].

The RABBITT technique has been used to obtain Wigner
time delay in atoms and molecules [19], to measure relative
time delays for electron emissions from different atomic lev-
els [12], to demonstrate the influence of spin-orbit coupling
on attosecond photoionization delays [17], and to reveal the
dependence of the delay of the continuum-continuum transi-
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tion on the angular momentum of the electron final state [20].
Moreover, the RABBITT technique has also been used to
study resonant ionization, in which the phase shift due to an
intermediate resonance was mapped out [11]. By studying an
angle-resolved near-threshold sideband due to an intermedi-
ate resonance, the phases and amplitudes of all partial-wave
components that contribute to the continuum wave function
are reconstructed using the RABBITT technique [22].

Recently, the RABBITT-type interferometry was extended
to the strong-field multiphoton regime [23–30]. In the mul-
tiphoton RABBITT experiment, a strong driving laser field
with 2ω frequency was used to produce the bound-continuum
transition to the above-threshold ionization (ATI) peaks
by multiphoton absorption. A weak IR laser field with ω

frequency triggers the continuum-continuum transition by ab-
sorption or emission of an IR photon from adjacent ATI peaks
and opens up interfering pathways to the sidebands [23].
By changing the relative phase between the two-color laser
pulses, the intensity of both ATIs and sidebands oscillates
with twice the IR frequency. By studying the oscillations
of different ATIs and sidebands, the energy-resolved time
delay was probed in the ATI regime [23,30]. It was found
that the time delay is strongly influenced by the intensities
of both ω and 2ω laser pulses [23,30]. Extending the RAB-
BITT interferometry to chiral molecules, an attosecond time
delay between electrons ejected forward and backward rel-
ative to the laser propagation direction was revealed [31].
The multiphoton RABBITT protocol has also been studied in
corotating and counterrotating circularly polarized two-color
laser fields from the perspective of the photon-absorption
channels [29,32]. Moreover, because resonant excitation or
ionization is a general process in the multiphoton regime,
the temporal dynamics of the intermediate resonant states
has also been probed in the multiphoton regime [24,33,34].
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It was claimed that a time delay for photoemission between
two Freeman resonant states in the multiphoton ionization
regime was observed using orthogonally polarized two-color
laser fields with comparable intensities [24]. However, when
the intensities of the ω and 2ω components are comparable,
the electron in the continuum state can absorb or emit more
than one ω photon, leading to complex photon interfering
pathways in forming the sidebands and ATIs. This provides
obstacles for a straightforward extraction of attosecond time
delays of the photoemission [30]. Furthermore, the near-
threshold photoelectron generated via a resonant state in the
conventional RABBITT experiment reveals fruitful informa-
tion about the resonant state, and it can be used for coherent
imaging of an attosecond electron wave packet [11,22,35].
However, the ionization dynamics for the near-threshold pho-
toelectron generated via a resonant state has not yet been
studied in the multiphoton RABBITT experiment.

In this paper, using the multiphoton RABBITT technique,
we study the near-threshold photoelectron of an Ar atom
ionized by parallel polarized two-color laser fields consisting
of a weak 800-nm field and a strong 400-nm laser field. It
is found that the angular distribution of the near-threshold
photoelectron from the resonant ionization can be controlled
by changing the weak 800-nm laser intensity and the rela-
tive phase of the two-color components. By decomposing the
photoelectron angular distribution into different partial waves,
we show that the near-threshold photoelectrons are produced
from resonance-enhanced multiphoton ionization via multiple
interference pathways from the ATIs or the resonant bound
state. Due to the multipathway interference, the yield of the
near-threshold photoelectron oscillates with twice the 800-nm
laser frequency in the laser polarization direction, while the
yield oscillation contains quadruple the 800-nm frequency
component in the direction perpendicular to the laser polar-
ization. We also find that there is a large emission time delay
for the near-threshold photoelectrons emitted along the laser
polarization direction from the resonance-enhanced ionization
via the 5p and 4 f states.

Unless specified otherwise, atomic units are used through-
out this paper.

II. EXPERIMENTAL METHODS

Experimentally, the fundamental 800-nm field, generated
from a Ti:sapphire femtosecond laser system with a repeti-
tion of 5 kHz, is frequency doubled using a 250-μm-thick
β-barium borate (β-BBO) crystal to produce 400-nm laser
fields. Parallel polarized two-color (PTC) laser fields are
produced using a dual-color wave plate, by which the po-
larization direction of the 800-nm field can be rotated while
keeping the polarization direction of the 400-nm field un-
changed. The relative phase φ between the two-color laser
pulses is finely controlled using a pair of fused silica wedges,
one of which was mounted on a motorized stage. Then the
PTC laser fields are focused onto a supersonic gas jet of Ar
in an ultrahigh-vacuum chamber of a cold-target recoil-ion
momentum spectroscopy [36] setup by a parabolic mirror
( f = 75 mm). The generated electrons and ions are ac-
celerated and guided to the microchannel plate detectors
along the time-of-flight axis by a weak homogeneous static

electric field (∼10.2 V/cm) and magnetic field (∼9.3 G). By
measuring the times of flight and the positions of the par-
ticles on the detectors, three-dimensional photoelectron and
photoion momentum distributions with high resolution can
be obtained. For the 400-nm laser intensity, we change the
laser intensity to another value corresponding to nonresonant
ionization. The laser intensity is calibrated from the energy
shift of the nonresonant ATI peak, which is proportional to
the ponderomotive potential Up. For the weak 800-nm laser
field, we estimate its intensity from the power ratio between
the 400- and 800-nm laser fields, which is measured by a
spectrometer. In the experiment, the intensity for the 400-nm
laser field is estimated to be ∼7.9 × 1013 W/cm2. For the
800-nm laser field, the intensity is adjusted to be ∼2.2 × 1012

or ∼3.2 × 1012 W/cm2 for two different cases.

III. RESULTS AND DISCUSSION

The photoelectron momentum distribution (PEMD) of ar-
gon in a single-color 400-nm laser field is shown in Fig. 1(a).
In Fig. 1(a), a double-ring structure appears for the first-order
ATI. Those two rings correspond to two peaks at 1.8 and 2.2
eV in the photoelectron energy spectrum, which are exactly
the same as those in Ref. [24]. Those two peaks come from
resonant ionization via the 5p and 4 f states of argon atoms,
respectively [24,37]. By adding a relatively weak 800-nm
laser field to the strong 400-nm field, the PEMDs are changed,
as shown in Figs. 1(c) and 1(d). Figure 1(c) corresponds to
an IR intensity of I800 ∼ 2.2 × 1012 W/cm2, and Fig. 1(d)
corresponds to an IR intensity of I800 ∼ 3.2 × 1012 W/cm2.
The PEMDs in Figs. 1(c) and 1(d) are integrated over the
relative phases varying from zero to 2π . In both cases, there
are many near-threshold photoelectrons (Ek < 1 eV) in the
PEMDs, which do not appear for a single 400-nm field. Here,
Ek is the electron energy. Although the 800-nm laser field
is weak, the yield of those near-threshold photoelectrons is
high. In Fig. 1(b), we show the measured photoelectron energy
spectra of Fig. 1(c) (blue dashed lines) and Fig. 1(d) (red
solid lines). Those near-threshold photoelectrons reveal two
peaks in the photoelectron energy spectra, indicated as peak
A and peak B in Fig. 1(b). Peak A appears at ∼0.3 eV, and
peak B appears at ∼0.6 eV. When we change the 800-nm
intensity, the positions of those two peaks do not shift. This
demonstrates that those two peaks originate from the reso-
nant ionization [34]. Because the energy difference between
peak A (peak B) and the 5p (4 f ) bound state corresponds
to one IR photon energy, peak A (peak B) also comes from
the resonant ionization via the 5p (4 f ) intermediate state. In
Figs. 1(e) and 1(f), we show the near-threshold photoelectron
angular distribution in Figs. 1(c) and 1(d). The blue solid
lines are the angular distributions of the photoelectron from
the 5p resonant ionization, and the red dotted lines are the
angular distributions of the photoelectrons from the 4 f res-
onant ionization. It is found that the angular distribution of
the near-threshold photoelectrons via the 5p intermediate state
varies from a four-lobe structure to an eight-lobe structure
with increasing the 800-nm laser intensity, as indicated by
the arrows, while the angular distribution of the near-threshold
photoelectrons via the 4 f state reveals an eight-lobe structure
for two 800-nm laser intensities.
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FIG. 1. (a) The PEMD in a single-color 400-nm laser field. The
PEMDs in the PTC laser fields with 800-nm laser intensities of
(c) 2.2 × 1012 W/cm2 and (d) 3.2 × 1012 W/cm2. (b) The measured
photoelectron energy spectra of (c) (blue dashed line) and (d) (red
solid line). The double-peak structure of the first-order ATI is guided
by the two vertical dashed lines. For the near-threshold photoelec-
trons, there are also two peaks, which are labeled peak A and peak
B. Peak A and peak B correspond to the two rings in the PEMDs in
(c) and (d), indicated by white arrows and black arrows, respectively.
Peak A and Peak B originate from the 5p and 4 f resonant states,
respectively. The near-threshold photoelectron angular distribution
of the 5p resonant ionization in (c) and (d) is shown by the blue
solid lines in (e) and (f). The near-threshold photoelectron angular
distribution of the 4 f resonant ionization in (c) and (d) is shown by
the red dotted lines in (e) and (f). The arrows in (e) and (f) show the
lobe of the angular distribution of the near-threshold photoelectron
from the 5p resonant ionization. The laser field is polarized along the
z-axis direction.

In order to explain the results in Fig. 1, we show in Fig. 2
the energy-level diagram that may be able to rationalize the
experimental results. When the atom absorbs several 400-nm
photons from the ground state, it will populate into the 5p
or 4 f resonant states because of the ac Stark shift. Then the
electron in the resonant state can absorb an additional 400-
nm photon to form a first-order ATI. In the presence of the
weak 800-nm field, the electron can be released either from
the resonant states directly by absorbing an IR photon or from
the first-order ATI by emitting an IR photon to the sideband.
These two channels are labeled pathway I and pathway II in
Fig. 2, which will interfere. The interference is very similar
to recent studies using a technique called the under-threshold
RABBITT protocol in the two-photon process [35].

In order to show clearly how the interference of the near-
threshold photoelectron manifests itself in the photoelectron
angular distribution, we illustrate the PEMDs at different

FIG. 2. The energy diagram shows the levels that are relevant
for understanding the origin of the near-threshold photoelectrons.
The thick blue lines show the 5p and 4 f resonant states, and the
purple lines show the first-order ATI and second-order ATI. The thick
yellow line shows the sideband corresponding to the near-threshold
photoelectron. Different 800-nm photon transition pathways from the
5p bound state, the first-order ATI, and the second-order ATI are
represented by the red dashed arrows (labeled I and II) and the gray
dotted arrows (labeled III), leading to different partial waves for the
near-threshold photoelectrons for different interference pathways.

relative phases in Fig. 3. Depending on the relative phase,
the PEMDs reveal clear up-down asymmetries in the two-
color laser field. We also show in Fig. 4(a) the measured
near-threshold photoelectron angular distribution of the 5p
resonant ionization as a function of the relative phase between
the two-color components with an 800-nm laser intensity of
∼2.2 × 1012 W/cm2. It is clear that the yield oscillates with
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FIG. 3. The PEMDs in the PTC laser fields with an 800-nm laser
intensity of 2.2 × 1012 W/cm2 at different relative phases of (a) φ =
0, (b) φ = π/2, (c) φ = π , and (d) φ = 3π/2.
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FIG. 4. (a) The measured phase-resolved photoelectron angular
distribution for the near-threshold photoelectrons via the 5p inter-
mediate state. The intensity for the 800-nm laser field is I800 ∼
2.2 × 1012 W/cm2. (b) The reconstructed phase-resolved photoelec-
tron angular distribution using the Legendre polynomial expansion
according to Eq. (1). (c) The same as (b), but without considering the
interference of pathway I and pathway III in Fig. 2. (d) Comparison
of the cut lines taken from (a)–(c) at an emission angle of ∼263◦, as
indicated by the white dashed line in (a). The red dash-dotted lines
in (a)–(c) are used to show the patterns that are nearly perpendicular
to the laser polarization direction.

twice the 800-nm frequency in the direction parallel to laser
polarization in Fig. 4(a). However, for the electron emitted
nearly perpendicular to the laser polarization direction, we
can see that the yield oscillations contain higher-frequency
components. To clearly see this phenomenon, we show in
Fig. 4(d) the yield integrated within the emission angle range
[258◦, 268◦] as a function of the relative phase between the
two-color components (blue solid line with circles). It is ob-
vious in Fig. 4(d) that the yield oscillation curve contains
quadruple the 800-nm frequency component in the direction
nearly perpendicular to the laser polarization. Moreover, it
is noted that a tilted structure appears near the perpendicular
direction, as guided by the red dash-dotted lines in Fig. 4(a).

According to the energy-level diagram in Fig. 2, the in-
terference between pathway I and pathway II will lead to
a yield oscillation with twice the 800-nm frequency. In or-
der to explain the origin of higher-frequency components
for the yield oscillations perpendicular to the laser polar-
ization direction, we decompose the photoelectron angular
distribution into different partial waves. Generally, the total
continuum-state wave function is composed of a coherent sum
of different partial-waves components, i.e., a sum of spherical
harmonics al,mY m

l , where the complex amplitude al,m repre-
sents the amplitude and phase of each partial wave. Because
the square of the spherical harmonics can be expressed as
a sum of Legendre polynomials, the square modulus of the
total continuum-state wave function can be expressed as a
sum of the Legendre polynomials [13,15,20]. Therefore, the
angular distribution of the near-threshold photoelectrons can

FIG. 5. The coefficients associated with the Legendre polyno-
mials of the 5p resonant ionization as a function of the two-color
relative phase. The circles show the result of the 5p resonant ioniza-
tion in Fig. 2(c) (I800 ∼ 2.2 × 1012W/cm2), while the rhombuses
show the result of the 5p resonant ionization in Fig. 2(d) (I800 ∼
3.2 × 1012 W/cm2). Those coefficients have been normalized to the
average value of β0. The solid and dashed lines show the fitting
results.

be expressed as [13,20,22]

I (θ, τ ) =
2lmax∑

n=0

βn(φ)Pn[cos(θ )], (1)

where n is an integer and lmax is the highest angular momen-
tum number of all partial waves. Pn[cos(θ )] is the n-order
Legendre polynomials, where θ is the angle between the laser
polarization and the direction of the outgoing electron. βn

is the expansion coefficients of the n-order Legendre poly-
nomials, which are related to the amplitude and phase of
different partial waves. φ is the relative phase between the
two-color laser pulses. We obtain the parameter β by project-
ing the measured angular distributions of the near-threshold
photoelectrons to the corresponding Legendre polynomials
in each relative phase. The parameter β up to ninth-order
Legendre polynomials for the 5p resonant ionization at differ-
ent 800-nm intensities is shown in Fig. 5. We have checked
that the contributions of all higher-order Legendre polyno-
mials are negligible. In Figs. 5(a)–5(e), we show β for the
even-order Legendre polynomial, while β for the odd-order
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Legendre polynomial are shown in Figs. 5(f)–5(j). The results
are normalized to the averaged value of β0. It can be found
in Fig. 5 that the odd-order β mainly oscillate with twice the
800-nm frequency, while the even-orders β mainly oscillate
with quadruple the 800-nm frequency. Because the even-order
and odd-order β as a function of the relative phase oscillate
with different frequencies, we fit the oscillation of even-order
and odd-order parameters with different fitting functions,
i.e., βn,n=2k = A0,n + A1,ncos(2ωφ + �1,n) + A2,ncos(4ωφ +
�2,n) and βn,n=2k−1 = A0,n + A1,ncos(2ωφ + �1,n), where k
is an integer. Here, A0,n is the averaged value of βn. A1,n and
�1,n are the amplitude and phase shift of twice the 800-nm
frequency component. A2,n and �2,n are the amplitude and
phase shift of quadruple the 800-nm frequency component.

Assuming that the near-threshold photoelectrons are con-
tributed by only pathway I and pathway II, the odd-order
β should oscillate at twice the 800-nm frequency, while the
even-order β should be constant because of the opposite pari-
ties of the partial waves for pathway I and pathway II [20,23].
As shown in Figs. 5(f)–5(j), due to the orbital parity mix in-
terference, the odd-order β are nonzero in the two-color laser
field, leading to the asymmetric PEMDs in Fig. 3 [13,23].
However, the even-order β mainly oscillate with quadruple
the 800-nm frequency in Figs. 5(a)–5(e). It is reasonable that
the continuum-continuum transition pathway of emission of
three 800-nm photons from the second-order ATI makes a
significant contribution to the near-threshold photoelectron,
as shown by pathway III in Fig. 2 [38,39]. The interfer-
ence between pathway I and pathway III will generate a
yield oscillation signal with quadruple the 800-nm frequency.
Moreover, the parities of the partial waves for pathway I
and pathway III are both even parities. So the interference
of those two pathways will contribute to only the even-order
Legendre polynomials. As a result, the even-order β oscillate
with quadruple the 800-nm frequency, while the odd-order β

does not. Therefore, considering three interference pathways
in Fig. 2 is consistent with the observations in Figs. 4 and 5.
Moreover, it is noted that the even-order β contain twice the
800-nm frequency component, especially for β6 and β8. This
might come from the contribution of the nonresonant pathway
to the PEMD [40], which is ignored in our study. For the
4 f resonant ionization, β at different 800-nm intensities are
shown in Fig. 6, where the results are also similar to those for
the 5p resonant ionization. By decomposing the photoelectron
angular distribution into a series of Legendre polynomials, we
can separate the interference of the even-parity partial waves
with the odd-parity partial waves and the interference of the
even-parity partial waves with the even-parity partial waves.

The angle-dependent yield oscillations in Fig. 4(a) can
be explained by the wave function of the partial waves in
different interference pathways, as shown in Fig. 2. On the
one hand, the interference between pathway I and pathway
II is dominant, and the partial waves reveal a maximum in
the direction parallel to the laser polarization. Thus, the yield
oscillation with twice the 800-nm frequency is dominant in
the direction parallel to the laser polarization. On the other
hand, in the direction perpendicular to the laser polarization,
the partial waves from pathway II reveal a minimum (odd
parity), whereas the partial waves from pathway I and path-
way III reveal a maximum (even parity). Therefore, quadruple

FIG. 6. The same as Fig. 5, but for the 4 f resonant ionization.

the 800-nm frequency component is comparable to twice the
800-nm frequency component in the direction perpendicular
to the laser polarization by considering the interference of all
pathways. So the angle-dependent yield oscillation is closely
related to the parity of the partial waves in different interfer-
ence pathways. Because of the importance of quadruple the
800-nm frequency component in the direction perpendicular
to the laser polarization, we also show in Fig. 4(c) the re-
constructed phase-resolved photoelectron angular distribution
without considering the interference between pathway I and
pathway III by removing the oscillation of the even-order pa-
rameters in Figs. 5(a)–5(e). The reconstructed phase-resolved
photoelectron angular distribution is shown in Fig. 4(b) while
considering all kinds of interference. The cut lines taken from
Figs. 4(b) and 4(c) at the emission angle of 263◦ are shown in
Fig. 4(d). The reconstructed results without considering the
interference of pathway I and pathway III are significantly
different from the experiment. The tilted structure in Fig. 4(c)
disappears in the direction perpendicular to the laser polariza-
tion. This indicates that the interference between pathway I
and pathway III plays an important role for the tilted structure
in the direction nearly perpendicular to the laser polarization.

According to the results in Fig. 5, we can also explain why
the angular distribution of the near-threshold photoelectrons
via the 5p intermediate state varies from a four-lobe structure
to an eight-lobe structure with an increase of the 800-nm laser
intensity, which is closely related to β8 in Fig. 5. We can

033112-5



CHUANPENG CAO et al. PHYSICAL REVIEW A 106, 033112 (2022)

0 2 4
180

270

360

0.5

1

0 2 4
180

270

360

0 2 4
0.4

0.6

0.8

1

0 2 4
0.4

0.6

0.8

1

FIG. 7. (a) and (b) The measured phase-resolved photoelectron
angular distributions for the 5p resonant ionization and the 4 f reso-
nant ionization for an 800-nm intensity of I800 ∼ 2.2 × 1012 W/cm2,
respectively. (a) is the same as Fig. 4(a). (c) Comparison of the
photoelectron yield oscillations for (a) and (b) within the emission
angle range [0◦, 30◦]. (d) The same as (c), but for an 800-nm intensity
of I800 ∼ 3.2 × 1012 W/cm2.

see that the value of β8 increases with increasing the 800-nm
intensity, which happens because the relative contribution of
pathway III increases with increasing the 800-nm intensity.
However, for the 4 f resonant ionization, the value of β8 is
large for two different 800-nm intensities in Fig. 6, and thus,
the angular distribution for the 4 f resonant ionization is only
slightly changed with an increase of the 800-nm intensity.

We further compare the temporal property of the photo-
electron emission from different resonant states. In Figs. 7(a)
and 7(b), we show a comparison of the measured photoelec-
tron angular distributions of the 5p resonant ionization and the
4 f resonant ionization as a function of the two-color relative
phase. An obvious phase shift is observed for the photoelec-
trons emitted parallel to the laser polarization direction by
comparing Figs. 7(a) and 7(b). In order to extract the phase
shift, we remove quadruple the 800-nm frequency component
from the photoelectron angular distribution in Fig. 4(c). The
yields of the photoelectrons emitted along the laser polar-
ization direction as a function of two-color phase delay are
shown in Figs. 7(c) and 7(d) for the 5p and 4 f resonant
ionizations for two different 800-nm laser intensities. The
extracted phase differences between the 5p and 4 f resonant
ionizations are about 0.29π ± 0.06π and 0.26π ± 0.06π for
800-nm laser intensities of I800 ∼ 2.2 × 1012 and I800 ∼ 3.2 ×
1012 W/cm2, respectively. The time delays can be estimated
according to the relation τi j = (δφi j )/ω400 and are ∼190 ± 40
and ∼170 ± 40 as between the 5p and 4 f resonant ionization
channels for two different 800-nm intensities, respectively.

We next estimate the phase difference from the theoretical
perspective. In the direction parallel to the laser polariza-
tion, the interference between pathway I and pathway II is
dominant. Thus, we ignore the contribution from pathway
III. By neglecting the influence of the transition from the
ground state to the resonant state, the ionization time delay is

mainly contributed by the Wigner delay and the continuum-
continuum transition delay. In our experimental condition,
the continuum-continuum transition delay dominates over
the Wigner delay for the near-threshold photoelectron. So
we need to estimate only the continuum-continuum transi-
tion phase of pathway II. The continuum-continuum phase
can be calculated based on perturbation theory, φcc =
arg( (2κ )iZ/κ

(2k)iZ/k
�[2+iZ (1/κ−1/k)]

(κ−k)iZ (1/κ−1/k) ) [15,39,41], where κ is the momen-
tum of the initial state in the continuum, k is the momentum of
the final state after the exchange of one fundamental photon,
and Z is the remaining charge on the parent ion. Then we can
obtain the continuum-continuum transition phase difference
for the photoelectron from the 5p resonant ionization and
the 4 f resonant ionization. We estimate that the continuum-
continuum transition phase difference for the photoelectron
from the 5p resonant ionization and the 4 f resonant ioniza-
tion is ∼0.25π under our experimental condition. It is nearly
consistent with our measured results. So the large time delay
extracted from the experiment might originate mainly from
the continuum-continuum transition, rather than the dwell
time in the resonant state [24,25]. In Fig. 2, all pathways go
through the resonant states. As a result, the time delay in the
resonant states will not manifest in the interference signals of
those pathways.

IV. CONCLUSIONS

In conclusion, we have studied the near-threshold pho-
toelectrons of argon atoms emitted from the 5p and 4 f
intermediate states in the multiphoton RABBITT experiment
in PTC laser fields consisting of a strong 400-nm laser field
and a weak 800-nm laser field. We showed that those near-
threshold photoelectrons are produced from multipathway
interference via resonance-enhanced ionization. By decom-
posing the photoelectron angular distribution into a series of
the Legendre polynomials, we can separate the interference
of partial waves with even-odd parities and the interference
of partial waves with even-even parities. We found that the
odd-order β of the Legendre polynomials oscillate with twice
the 800-nm frequency, while the even-order β mainly oscillate
with quadruple the 800-nm frequency. We further find that
there is a large time delay between the photoelectrons via the
5p and 4 f resonant state ionizations for an electron emitted
along the laser polarization direction. This study has implica-
tions for studying a near-threshold photoelectron originating
from multipathway interference via resonance-enhanced ion-
ization. It will facilitate studies about coherent imaging of the
photoelectron continuum state wave function in the multipho-
ton regime [22].
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