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Determination of the absolute carrier-envelope phase by angle-resolved photoelectron spectra
of Ar by intense circularly polarized few-cycle pulses
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The angle-resolved photoelectron spectra of Ar are recorded using intense circularly polarized near-infrared
few-cycle laser pulses, and the effect of the depletion of Ar atoms by the ionization and the effect of the Coulombic
potential are examined by the classical trajectory Monte Carlo simulations. On the basis of the comparison between
the experimental and theoretical photoelectron spectra, a procedure for estimating the absolute carrier-envelope
phase (CEP) of the few-cycle laser pulses interacting with atoms and molecules is proposed. It is confirmed that
the absolute CEP can securely be estimated without any numerical calculations once the angular distribution of
the yield of photoelectrons having the kinetic energy larger than 30 eV is measured with the peak laser intensity
in the range between 1×1014 and 5×1014 W/cm2.
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I. INTRODUCTION

Recent advances in ultrashort pulsed laser technology
enabled us to generate ultimately short laser pulses whose
duration is as short as a few optical cycles [1]. For the
characterization of such few-cycle laser pulses, its carrier-
envelope phase (CEP), which is conventionally defined as
the phase shift of the electric field of light from a cosine-
type shape within an ultrashort laser pulse [2], needs to be
specified. The CEP dependencies in the attosecond pulse
generation [3,4], the high-order harmonic generation [5], and
the photoelectron emission [2,6,7] have been examined. It has
also been revealed that chemical bond breaking processes by
an ultrashort laser pulse are influenced by its CEP [8–12]
as well as by its wavelength, pulse duration, and intensity
[13–15].

Paulus et al. [2] showed that, when atoms are irradiated
with linearly polarized few-cycle laser pulses, the direction
of the emission of photoelectrons varies depending on the
CEP of the laser pulses, and developed an apparatus called
the phasemeter. Using the phasemeter, the CEP of few-
cycle laser pulses was recorded by taking advantage of the
asymmetry of photoelectron emission direction in above-
threshold ionization (ATI). Since then, the CEP dependence
of the optical responses of atoms and molecules has been an
attractive research theme in ultrafast intense field molecular
science.

However, it has been a difficult task to determine the
absolute CEP of laser pulses employed in experiment, defined
as the CEP of the laser pulse at the spatial point where
atoms and molecules are irradiated with the laser pulse.
Therefore, the absolute CEP has been estimated with the aid
of theoretical calculations. For example, in the generation of
high-order harmonics, the absolute CEP was determined by the
comparison between the experimental and calculated spectra
of high-order harmonics even though there was always an
ambiguity of nπ with n being an integer [5,16]. By using the
method called attosecond streaking, the absolute CEP can also
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be extracted [17] by the determination of the wave form of the
laser electric field.

In the case of the stereo-ATI measurements [2], the absolute
CEP is determined by the assumption that the cutoff energy
of the electrons ejected along the laser polarization takes a
maximum value when the absolute CEP of the few-cycle laser
pulse is around 0.3π . The absolute CEP was also estimated
from the CEP-dependent recoil momentum distribution of
Ar2+ ejected through nonsequential double ionization [18,19],
and from the CEP dependence of the mean value of the recoil
momentum of C2D+

2 generated through the photoionization of
C2D2 [10]. In these studies, the absolute CEP was estimated
by a comparison between the experimental results and the
theoretical estimates [20,21] obtained by solving Newton’s
equation of motion for an electron generated after the ion-
ization and/or the electron recollision in an intense linearly
polarized laser field. It was reported recently [22] that the
absolute CEP of linearly polarized few-cycle laser pulses
can be determined by the stereo-ATI measurement with the
aid of theoretical calculation in which the three-dimensional
time-dependent Schrödinger equation of an H atom is solved
numerically.

On the one hand, it has been proposed [6,23–25] that a
circularly polarized few-cycle laser pulse can also be used for
the determination of absolute CEP. In a circularly polarized
few-cycle laser pulse, the direction of the laser electric
vector rotates, and consequently, the emitting direction of
photoelectrons varies depending on the CEP. It has been
shown in the recent theoretical calculations [26,27] based
on the strong-field approximation that, in the ionization of
an H atom in an intense laser field (5×1013 W/cm2), the
distribution of the photoelectron final momentum vectors
rotates about the laser propagation axis by the same angles
as the rotation angles of the laser polarization vectors in a
circularly polarized laser pulse. A similar phenomenon of the
rotation of the photoelectron momentum vector distribution
was investigated theoretically for the ionization of H2

+ in
a circularly polarized attosecond laser pulse [28], which is
the superposition of two-color ultraviolet laser fields. These
theoretical studies showed that the absolute CEP can in
principle be determined by measuring the angular distribution
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of electrons ejected by a circularly polarized few-cycle laser
field.

However, in order to determine experimentally the absolute
CEP of an intense circularly polarized few-cycle laser field,
it becomes necessary to evaluate quantitatively the variation
of the photoelectron yields originated from the two different
factors. One is the depletion of neutral atoms by the ionization
during the laser pulse [6], and the other is the Coulombic poten-
tial between an ejecting electron and the remaining atomic ion,
affecting the emitting direction of the photoelectrons, resulting
in the Coulomb asymmetry [29–33].

In the present study, we show that the absolute CEP can
be determined experimentally by recording the angle-resolved
photoelectron spectra of Ar using intense circularly polarized
few-cycle pulses. By performing classical trajectory Monte
Carlo simulations, we examine the two effects, that is, the
effect of the depletion of Ar atoms in the sample volume
and the effect of the Coulombic potential between an ejecting
electron and Ar+, and show that the absolute CEP can be
estimated without any numerical calculations as long as
Ar is used as a sample gas to be ionized and the laser
field intensity of the circularly polarized near-infrared (IR)
few-cycle laser pulses is in the range between 1×1014 and
5×1014 W/cm2.

II. EXPERIMENT

Figure 1 shows the overview of the experimental setup.
Linearly polarized femtosecond laser pulses (30 fs, 800 nm,
480 μJ, 5 kHz) generated by a chirped-pulse-amplification
Ti:sapphire laser system [34] are introduced into a hollow-core
fiber (330 μm inner diameter, 1.5 m long) filled with an Ar
gas (∼50 kPa) so that their spectral bandwidth was broadened
to 280 nm [full width at half maximum (FWHM)] by the
self-phase modulation. The blueshift of the central wavelength
from 800 to 722 nm can be ascribed to the slight decrease in
the refractive index of Ar in the hollow-core fiber associated

FIG. 1. The schematics of the experimental setup. TFP: thin-film
polarizer; BS: beam splitter; QWP: quarter wave plate.

with the ionization. The negative second- and third-order dis-
persions were introduced by subsequent multiple reflections at
chirped mirrors [35], and the laser pulses passed through a pair
of thin-film polarizers [36]. Then, the third-order dispersion
was compensated by a fused-silica cell (2.5 mm thickness)
containing water [37] whose optical path length was 5 mm.
After passing through the cell, the laser pulses were split into
two beams by a broadband beam splitter (R ∼ 35%). One of the
two beams is introduced into a phasemeter [38] and the other
is introduced into a photoelectron energy analyzer [39]. The
second-order dispersion of the two split beams was optimized
by a pair of wedged fused-silica plates placed in each of the two
beam paths so that few-cycle laser pulses (�t = 4.1 fs) were
obtained. The pulse duration and the spectral phase of the laser
pulses were measured by the method called two-dimensional
spectral shearing interferometry (2DSI) [40,41]. The pulse
energy was reduced and adjusted by selecting the central
part of the spatial distribution of the laser pulses by an iris
placed in each of the two beam paths. Just before the entrance
window (antireflective-coated fused silica, 1 mm thickness) of
the photoelectron energy analyzer, a broadband quarter wave
plate [42] was placed for generating right-handed circularly
polarized pulses.

The photoelectron energy analyzer was operated in the
transmission mode so that a field-free time-of-flight photoelec-
tron spectrum was recorded. The few-cycle laser pulses were
focused by an Ag-coated concave mirror (f = 75 mm) onto an
effusive beam of an Ar gas at right angles. The photoelectrons
ejected along the time-of-flight tube were detected by a
position sensitive detector [43] composed of two microchannel
plates (40 mm diameter) and delay-line anodes placed 1.008 m
away from the sample-laser interaction point so that the
acceptance angle became ±1.2◦. An Al plate (1 mm thickness)
with a tapered pinhole (1.0 mm diameter) was installed 25 mm
downstream of the sample-laser interaction point towards the
detector, preventing stray electrons from hitting the detector.
The time origin of the flight time was determined by the signals
of the high-order harmonics generated by linearly polarized
few-cycle laser pulses, that is, the peak representing the
high-order harmonics in the recorded time-of-flight spectrum.
The peak laser-field intensity at the focal point was estimated
from the pulse energy, the pulse duration, and the focal radius.
The focal radius w0 was defined as the 1/e2 radius of the focal
spot image of the laser pulses recorded by a charge-coupled
device (CCD) camera [44].

The CEP of each laser pulse was measured by the phaseme-
ter [38] in coincidence with the photoelectrons recorded by the
photoelectron energy analyzer. In the CEP measurements by
the phasemeter, the signal intensities representing the left-right
asymmetry [2] of rescattered photoelectrons generated by
the linearly polarized few-cycle pulses were recorded for
respective laser shots by an eight-bit digitizer [45]. The CEP
obtained by the phasemeter is a relative value and needs
to be shifted by a constant phase to convert it into the
absolute CEP at the sample-laser interaction point in the
photoelectron energy analyzer. This constant shift originates
from the difference in the total amount of the dispersion of
the optical path from the beam splitter to the phasemeter
and that from the beam splitter to the photoelectron energy
analyzer.
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FIG. 2. (a) The experimental CEP-resolved photoelectron spectrum recorded at the peak laser-field intensity of 5.1×1014 W/cm2. (b) The
Ekin-φabs asymmetry map constructed from (a). The values of the phase offset (φ0) are plotted with black dots. (c) The asymmetry parameter
A in the kinetic energy range (29.5–30.5 eV) between the two vertical lines in (b) plotted as a function of CEP. The red solid curve is the
sinusoidal function derived by the least-squares fit to the variation of the asymmetry parameter. The CEP values in these figures are those
converted from the relative CEP (φrel) to the absolute CEP (φabs). The data in the range of π < φabs < 5π/2 are the same as the data in the
range of − π < φabs < π/2, and the data in the range of − 3π/2 < φabs < − π are the same as the data in the range of π/2 < φabs < π .

III. RESULTS AND DISCUSSION

A. Ekin-φabs asymmetry map

Figure 2(a) shows the CEP-resolved photoelectron spec-
trum recorded when the peak laser-field intensity is
5.1×1014 W/cm2 at the focal point. The focal diameter was
measured to be 2w0 = 33.6 μm. The absolute CEP, φabs, in
Fig. 2 was derived from the relative CEP, φrel, recorded by the
phasemeter after the calibration procedure described later in
Sec. III B 4. The signal intensity Y (Ekin,φabs) varies depending
on the absolute CEP as well as on the photoelectron energy
Ekin. In order to describe the extent of the asymmetry in
the signal intensities, we introduce an asymmetry parameter
A(Ekin,φabs) defined as

A(Ekin,φabs) = Y (Ekin,φabs) − Y (Ekin,φabs + 180◦)

Y (Ekin,φabs) + Y (Ekin,φabs + 180◦)
. (1)

The numerical values of the asymmetry parameter A(Ekin,φabs)
obtained from the CEP-resolved photoelectron spectrum of
Fig. 2(a) are plotted as shown in Fig. 2(b), which is hereafter
called an Ekin-φabs asymmetry map.

Because the variation of the asymmetry parameter at a fixed
value of the photoelectron kinetic energy is represented well
by a sinusoidal function of φabs as shown in Fig. 2(c), its CEP
dependence is fitted to a cosine function of φabs,

A(Ekin,φabs) = A0(Ekin)cos[φabs − φ0(Ekin)]. (2)

By a least-square analysis, the amplitude A0(Ekin) and the
phase offset φ0(Ekin) are determined. The phase offset values
φ0(Ekin) thus obtained from the experimental data in Fig. 2(a)
are plotted as a function of Ekin as shown in Fig. 2(b) with black
dots, representing the φabs value at which the photoelectron
yield takes a maximum value within the respective bins of the
photoelectron kinetic energy whose width is 1 eV. In the energy
range of Ekin > 18 eV in Fig. 2(b), the phase offset φ0(Ekin)
takes almost constant values of φ0(Ekin) ∼ 90◦. On the other
hand, in the energy range of 8 eV < Ekin < 13 eV, φ0(Ekin)
takes values of φ0(Ekin) ∼ −90◦, and, in the lower energy

range of Ekin < 6 eV, the phase offset becomes φ0(Ekin) ∼ 90◦
again.

B. Classical trajectory Monte Carlo simulation
with the lower laser intensity

1. Newton’s equation of motion

In order to explain the characteristic variation of the phase
offset values obtained above, a classical trajectory Monte Carlo
(CTMC) simulation was performed. The laser electric field
E(t,φabs) is assumed to be represented by a Gaussian pulse
given by

E(t,φabs) = E0 exp

[
−2(ln 2)

(
t

�t

)2]
× [x̂ cos(ωt + φabs) − ŷ sin(ωt + φabs)], (3)

where E0 is the maximum amplitude of the electric field
of light, ω is the angular frequency, and x̂ and ŷ are unit
vectors along the x and y coordinates in the laboratory fixed
coordinate system. The x axis represents the direction towards
the microchannel plates from the crossing point between the
laser beam and the atomic beam. The φabs value defines
the direction of the electric-field vector at t = 0, when the
magnitude of the electric field becomes maximum as depicted
in Fig. 3(a).

Under the assumption that the magnitude of the momentum
p(t) = me[dr(t)/dt] of an electron generated at t = t0 through
tunnel ionization is zero, i.e., |p(t = t0)| = 0, and that the
electron obeys Newton’s equation of motion in the laser
electric field, the final momentum vector of the electron
p(t → ∞) is given by

p(t → ∞) =
∫ ∞

t0

[−eE(t ′,φabs)]dt ′ = −eA(t0,φabs), (4)

which is antiparallel to the vector potential A(t0,φabs) at the
moment of the tunnel ionization, where r(t) is the position of
the electron as a function of t . The photoelectrons will only
be detected if their momentum vector p(t → �) is along the
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FIG. 3. (a) The ejection direction of a photoelectron in the x-y
laboratory frame in which the relative CEP (φrel) is recorded in the
experiment. (b) The ejection direction of a photoelectron expressed
in the x ′-y ′ frame in which the emitting angle is simulated by the
calculation. The x ′ axis takes the direction of the maximum amplitude
of the circularly polarized light so that CEP becomes 0◦.

direction of x, and equivalently, the direction of the electric-
field vector E(t0,φabs) should be antiparallel to y. Therefore, the
photoelectron signal intensity is expected to become maximum
when φabs = 90◦, that is, when the direction of the electric-field
vector at t0 = 0 becomes antiparallel to y.

In the experiment, the photoelectron ejected along the x

axis is detected whatever the value φabs takes, as shown
in Fig. 3(a). The variation of φabs can also be regarded as
the variation of the photoelectron emission angle θ , which
is defined as the angle between the direction of the final
photoelectron momentum and the direction of the electric-field
vector at t0 = 0. Consequently, the φabs resolved photoelectron
spectrum recorded experimentally becomes identical to the θ

resolved photoelectron spectrum evaluated in the new (x ′,y ′)
coordinate system shown in Fig. 3(b), where the CEP is set to
be always 0.

Therefore, the coordinate transformation from the (x, y)
coordinate system to the new (x ′,y ′) coordinate system is
performed by the rotation of the angle of −φabs about the
z axis so that θ becomes equal to φabs. Within the new
(x ′,y ′) coordinate system, the electric-field vector of Eq. (3) is
expressed as a function of t as

E(t) = E0 exp

[
−2(ln 2)

(
t

�t

)2]
(x̂′ cos ωt − ŷ′ sin ωt). (5)

When t0 = 0, the direction of the laser electric field
E(t0 = 0) is along the x ′ axis and the direction of the vector
potential A(t0 = 0) is antiparallel to the y ′ axis, along which a
photoelectron is ejected. Figure 4(a) shows a variation of the
kinetic energy Ekin and the ejection angle θ of a photoelectron
obtained by solving Eq. (4), in which the time t0 is varied in
the range of −1.75T < t0 < 1.75T , where T is the period of
the optical cycle.

FIG. 4. (a) The Ekin-θ plot for the ionization rate W , represented
by the color scale, obtained by solving Newton’s equation of
motion of a photoelectron in the laser field whose peak intensity
is 5.1×1014 W/cm2. Neither the effect of the depletion of neutral Ar
nor the effect of the Coulombic potential of Ar+ is taken into account.
The values of the time of tunneling t0 are also shown. (b) The folded
Ekin-θ plot in which the five angle ranges of (a) are folded into a
2π angle range: (i) − 3π < θ � − 5π/2, (ii) −5π/2 < θ � −π/2,
(iii) −π/2 < θ � 3π/2, (iv) 3π/2 < θ � 7π/2, and (v) 7π/2 <

θ � 4π . (c) The 3D representation of (b). (d) The kinetic-energy
distribution f (Ekin,t0) derived by the initial transverse momentum
distribution at the four different values of the time of tunneling:
t0 = 0 (red), 0.25T (green), 0.5T (blue), and 0.75T (purple).

The color scale represents the tunneling ionization rate
W (t0) of an electron occupying initially the 3p orbital of
Ar, which was estimated by the Ammosov-Delone-Krainov
(ADK) theory [46,47] as

W (t0) = Ip

h̄

22n∗

n∗�(n∗ + l∗ + 1)�(n∗ − l∗)

× 2l + 1

2|m|(|m|)!
(l + |m|)!
(l − |m|)!

⎛
⎝2

√
8meIp

3

h̄e|E(t0)|

⎞
⎠

2n∗−|m|−1

× exp

⎛
⎝−

2
√

8meIp
3

3h̄e|E(t0)|

⎞
⎠, (6)
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where Ip is the ionization energy, n∗ = [e2/(4πε0h̄)]√
me/(2Ip) is the effective principal quantum number, l∗ =

n∗ − 1 is the effective angular momentum quantum number,
l is the angular momentum quantum number, and m is the
magnetic quantum number, where the quantization axis is
set to be along the laser polarization axis at t = t0. In the
calculation, Ip = 15.76 eV and l = 1 were adopted, and m

was set to be m = 0 because the contribution from m = ±1
is found to be one order of magnitude smaller than m = 0. In
the following, we will refer to the two-dimensional curve of
Fig. 4(a), representing the ionization rate as a function of Ekin

and θ , as the Ekin-θ plot.
Because the direction of the laser field rotates with the

period of T , the emission angle of the photoelectrons also
rotates three to four times in the range of −1.75T < t0 <

1.75T . In other words, the electrons are ejected in the same
angular direction at least three times. Therefore, in order
to simulate the angle-resolved photoelectron spectrum, the
contributions from the five angle ranges of (i) −3π < θ �
−5π/2, (ii) −5π/2 < θ � −π/2, (iii) −π/2 < θ � 3π/2,
(iv) 3π/2 < θ � 7π/2, and (v) 7π/2 < θ � 4π need to be
added. After folding the contributions from these five angle
ranges into a 2π angle range, Fig. 4(b) is obtained, which
is called the folded Ekin-θ plot. In order to enhance the
visibility of the periodicity, the data are plotted over 4π , and in
order to emphasize the meaning of the folded Ekin-θ plot, its
three-dimensional (3D) representation is shown in Fig. 4(c).
As shown in Figs. 4(a) and 4(b), both the kinetic energy of
a photoelectron and the ionization rate become maximum
when the electron ejection angle θ becomes 90◦. It should
be noted that the emission angle of a photoelectron can be
determined uniquely once the time of the tunneling is given
[48]. Specifically the time of tunneling t0 = 0 corresponds to
the photoelectron emission angle of θ = 90◦.

2. Initial transverse momentum distribution

In order to simulate the experimental photoelectron energy
distribution, the initial transverse momentum p⊥, which is
parallel to the vector potential A(t0) at the moment of the
tunneling, needs to be taken into account. The distribution
of the photoelectron energy is assumed to originate from the
distribution of p⊥, and the initial momentum perpendicular
to the vector potential A(t0) at the moment of the tunneling
is assumed to be zero in the simulation below. In the
present experimental configuration, the acceptance angle of
photoelectrons is ±1.2◦. Therefore, only the photoelectrons
whose momentum pz along the z axis is sufficiently small can
be detected, and the motion of photoelectrons along the z axis
is also neglected in the calculations below.

According to the ADK theory [49], the distribution of p⊥
at t = t0 is given by

w(p⊥)dp⊥ =

√√√√ 1

πh̄e|E(t0)|

√
2Ip

me

× exp

(
− 1

h̄e|E(t0)|

√
2Ip

me
p⊥2

)
dp⊥. (7)

When numerical values of p⊥ and t0 are given, the final
momentum vector p(t → ∞) of a photoelectron in a laser
field is obtained by solving Newton’s equation of motion,

p(t → ∞) = p⊥ê⊥(t0) +
∫ ∞

t0

[−eE(t ′)]dt ′, (8)

where ê⊥(t0) is a unit vector perpendicular to E(t0). At t0 = 0,
the vector potential A(t0) is perpendicular to E(t0), and is
antiparallel to ê⊥(t0). However, it should be noted that A(t0)
becomes only approximately antiparallel to ê⊥(t0) in a few-
cycle laser pulse when t0 	= 0.

Using the initial transverse momentum p⊥, the kinetic
energy of the photoelectron tunneling at t = t0 is given
by Ekin = [p⊥ + e|A(t0)|]2/(2me) by assuming that A(t0) is
antiparallel to ê⊥(t0). Therefore, the initial transverse momenta
are given by

p⊥+ = −e|A(t0)| +
√

2meEkin, (9)

when p⊥ is antiparallel to A(t0), and

p⊥− = −e|A(t0)| −
√

2meEkin, (10)

when p⊥ is parallel to A(t0). Because the absolute value of
p⊥− is much larger than |p⊥+|, i.e., |p⊥−| 
 |p⊥+| under the
present conditions, the initial momentum distribution at p⊥−,
i.e., w(p⊥−), is much smaller than that at p⊥+. Therefore,
the kinetic-energy distribution of the photoelectrons tunneling
at t = t0 can be given approximately by the distribution
originating from p⊥+ as

f (Ekin,t0)dEkindt0 = W (t0)w̃(p⊥+)dEkindt0, (11)

where w̃(p⊥) is a scaled initial transverse momentum distri-
bution defined using w(p⊥), Eq. (7), as

w̃(p⊥) = w(p⊥)

√
me

2Ekin
. (12)

Figure 4(d) shows the kinetic-energy distributions Eq. (11)
at t0 = 0.25T , 0.5T , and 0.75T , corresponding to the distribu-
tion at θ = 90◦, 2◦, −85◦, and −173◦, respectively. It should be
noted that the emitting angles at t0 = 0.25T , 0.5T , and 0.75T

become θ = 0◦, −90◦, and −180◦, as long as the pulse duration
is sufficiently long so that A(t0) is antiparallel to ê⊥(t0).
The angle-resolved photoelectron spectrum synthesized by
the trajectory calculation is shown in Fig. 5(a), and can be
regarded as the convolution of the folded Ekin-θ plot Fig. 4(b)
with the convolution function of Eq. (11) shown in Fig. 4(d).
The asymmetry parameter obtained from Fig. 5(a) is shown
in Fig. 5(b), which is called an Ekin-θ asymmetry map. The
resultant phase offset φ0 values are plotted with black dots in
Fig. 5(b).

In the kinetic energy ranges of Ekin > 19.5 eV and 4.5 eV <

Ekin < 19.5 eV, the phase offset values are found to take
constant values of φ0 = 90◦ and φ0 = −90◦, respectively. The
constant phase offset of 90◦ can be ascribed to the fact that
the electron yield takes a maximum value at around t0 = 0
as shown in Figs. 4(b) and 4(c), and can be used for the
determination of the absolute CEP by the comparison with
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FIG. 5. The results of the CTMC simulations obtained at the peak laser intensity of 5.1×1014 W/cm2. Neither the effect of the depletion
of neutral Ar nor the effect of the Coulombic potential of Ar+ is taken into account. (a) The angle-resolved photoelectron spectrum obtained
when the focal averaging effect is neglected. (b) The Ekin-θ asymmetry map constructed from (a). (c) The Ekin-θ asymmetry map obtained
when the focal averaging is taken into account. In (b) and (c), the values of the phase offset (φ0) are plotted with black dots.

the experimental result. In addition, the phase offset of −90◦
can be ascribed to the crossing at (Ekin,θ ) = (20 eV,−90◦),
where a relatively large electron yield is expected because the
electrons whose momentum is (Ekin,θ ) = (20 eV,−90◦) are
produced twice at t0 = 0.513T and −0.513T , as shown in
Figs. 4(b) and 4(c).

3. Focal averaging effect

In order to simulate the angle-resolved photoelectron spec-
tra, the distribution of the spatial points where a photoelectron
is generated also needs to be taken into account. The details
of the simulation in which the focal averaging effect is
included are described in Appendix A. The synthesized Ekin-θ
asymmetry map is shown in Fig. 5(c), where the resultant
phase offset φ0 values are plotted with black dots. In the
kinetic energy ranges of Ekin > 13.5 eV and Ekin < 13.5 eV,
the phase offset values are found to take constant values of
φ0 = 90◦ and φ0 = −90◦, respectively. By the focal averaging,
the maximum photoelectron energy below which the phase
offset takes a value of −90◦ is changed from 19.5 eV in
Fig. 5(b) to 13.5 eV in Fig. 5(c). In the following simulations of
the angle-resolved photoelectron spectrum, the focal averaging
effect is always taken into account.

4. Determination of absolute CEP by comparison
between experiment and simulation

It is found that both the observed Ekin-φabs asymmetry
map in Fig. 2(b) and the synthesized asymmetry map in
Fig. 5(c) exhibit the ridge structure whose ridge positions
take almost constant CEP values in the electron kinetic-energy
region higher than 30 eV. The CTMC simulation above
shows that the phase offset in the high-energy range takes
the value of φ0 = 90◦. Therefore, the absolute CEP, φabs,
can be determined from the relative CEP, φrel, at which the
experimental asymmetry parameter becomes maximum in the
high electron kinetic-energy range, by shifting the CEP so that
the phase offset becomes φ0 = 90◦.

C. Effects of stray electron, depletion of Ar atoms,
and Coulomb potential

1. Stray electron

It is found that the distribution of the experimental asym-
metry parameter in Fig. 2(b) and the synthesized distribution
in Fig. 5(c) exhibit substantial discrepancies in the low
kinetic-energy region of Ekin < 6 eV. In the simulation, the
phase offset in the range of Ekin < 6 eV takes a value of
φ0 = −90◦ while the experimental phase offset in the same
energy range is φ0 = 90◦. When the Al plate with the tapered
pinhole introduced for blocking stray electrons was removed,
it was found that the yield of electrons whose kinetic energy
is below 6 eV significantly increases, indicating that these
low-energy electrons are stray electrons. Therefore, in the
following sections, the photoelectrons appearing in the low
kinetic-energy region below 6 eV will not be used for the
estimation of φabs. These low-energy stray electrons are
considered to be generated when photoelectrons ejected with
the higher kinetic energy hit the cylindrical electrodes in the
photoelectron energy analyzer.

2. Effect of depletion of Ar atom

As was discussed previously on the basis of theoretical
calculations [6], the depletion of a sample gas by an intense
circularly polarized few-cycle laser pulse needs to be taken into
account when determining the CEP. When depletion occurs,
the effective ADK rate Weff(t0) can be described by subtracting
the contribution from the ionization of Ar in the earlier part of
the laser pulse until t = t0 as

Weff(t0) =
(

1 −
∫ t0

−∞
Weff(t)dt

)
W (t0) = [1 − P (t0)]W (t0),

(13)

where W (t) is given by Eq. (6) and the integrated ionization
probability until t0 is given by

P (t0) =
∫ t0

−∞
Weff(t)dt. (14)
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FIG. 6. The Ekin-θ asymmetry maps obtained by the CTMC simulations when the peak laser intensity is 5.1×1014 W/cm2. The values of
the phase offset (φ0) are plotted with black dots. (a) Only the effect of the depletion of neutral Ar is taken into account. (b) Only the effect of
the Coulomb potential of Ar+ is taken into account. (c) Both of the two effects are taken into account.

By solving Eq. (13), the ionization probability can be derived
as

P (t0) = 1 − exp

[
−

∫ t0

−∞
W (t)dt

]
. (15)

When this depletion effect is taken into account, the Ekin-θ
asymmetry map in Fig. 5(c) is converted into Fig. 6(a). In
contrast to the phase offset obtained from Fig. 5(c), in which
the depletion effect is neglected, the phase offset in Fig. 6(a)
decreases as Ekin increases with the different negative slopes
in the two regions, 12 eV < Ekin < 15 eV and Ekin > 20 eV.

In the range of 12 eV < Ekin < 15 eV, the phase offset
exhibits a sharp drop. Because the depletion of Ar atom occurs
in the earlier part of the laser pulse, the time of tunneling at
which the effective ionization rate becomes maximum appears
earlier, that is, t0 becomes t0 < 0. Consequently, as shown in
the folded Ekin-θ plot, Fig. 9(e) in Appendix B, Ekin at which
the electron yield takes a maximum value becomes smaller
than that obtained when the depletion is not taken into account,
and the corresponding θ value becomes larger. The negative
steep slope at the transition region in Fig. 6(a) is ascribed to
the decrease in the emitting angle associated with the increase
in the electron kinetic energy shown in Fig. 9(e).

On the other hand, in the range of Ekin > 20 eV, the phase
offset decreases only slightly as Ekin increases. The higher
energy photoelectrons are considered to be originated from
the tail part of the kinetic energy distribution feff(Ekin,t0),

feff(Ekin,t0)dEkindt0 = Weff(t0)w̃(p⊥+)dEkindt0, (16)

derived by replacing W (t0) in Eq. (11) with Weff(t0). When
t0 = 0, the magnitude of the electric field |E(t0)| takes the
maximum value, and consequently, (i) the width of the
distribution w(p⊥) given by Eq. (7) becomes maximum and
(ii) the Ekin value in the folded Ekin-θ plot becomes the largest.
It is true that the effective ionization rate Weff(t0) in the range of
−0.17T < t0 < 0 is larger than Weff(t0 = 0). However, even
at the maximum value of Weff(t0) taken at t0 = −0.085T and
θ = 120◦ shown in the folded Ekin-θ plot, Weff(t0) is larger
than Weff(t0 = 0) only by 3%, and therefore, because of the
two effects above extending the contribution at t0 = 0 to the
larger kinetic-energy region, the behavior of the dependence
of the ionization yield on θ in the large kinetic-energy region

is governed by the contribution from t0 = 0. As shown in
Fig. 6(a), the Ekin dependence of the phase offset becomes
almost flat when Ekin > 45 eV, and the phase offset converged
to φ0 ∼ 95◦. It can be said that, as long as the laser intensity
is 5.1×1014 W/cm2, φ0 becomes only slightly larger than 90◦
by the depletion effect in the electron kinetic-energy region
above 45 eV.

3. Effect of Coulombic potential

The effect of the Coulombic potential of Ar+ appearing in
the angle-resolved photoelectron spectrum can be examined
by solving Newton’s equation of motion,

p(t → ∞) = p⊥ê⊥(t0)

+
∫ ∞

t0

[
−eE(t ′) − e2

4πε0|r(t ′)|3 r(t ′)
]
dt ′. (17)

In Eq. (17), the initial momentum p⊥ is determined from the
initial momentum distribution, Eq. (7), and the initial position
of an electron r(t0) is set to be

r(t0) = −
Ip +

√
Ip

2 − [
e3

πε0
− 2h̄e

√
2Ip

me
(1 + |m|)]|E(t0)|

2e|E(t0)|
× E(t0)

|E(t0)| , (18)

which is called the tunnel exit. The tunnel exit is derived
in a parabolic coordinate system [50,51], assuming that the
Coulombic potential of Ar+ modified by the laser field at the
tunnel exit takes the same value as the ionization energy −Ip.

By taking into account the Coulombic potential, the Ekin-θ
asymmetry map Fig. 5(c) is converted into Fig. 6(b). As shown
in Fig. 6(b), the phase offset increases as Ekin increases.
In Fig. 3, the photoelectron is ejected towards the direction
antiparallel to the electric field E(t0) just after the tunneling.
However, its ejection direction is bent by the laser field,
and consequently, its final momentum becomes antiparallel
to the vector potential A(t0). When the attractive force acting
between the ejecting electron and Ar+ is taken into account,
the ejection direction is further bent and the electron emitting
angle becomes shifted towards the −θ direction. Therefore, the
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direction of the shift of the phase offset from φ0 = 90◦ induced
by the Coulombic potential is opposite to the depletion effect.

The photoelectrons having a large initial momentum along
the direction antiparallel to A(t0) can escape rapidly from the
spatial domain close to the Ar+ core to the spatial domain
where the Coulombic field is much smaller than the laser
electric field. Therefore, as shown in Fig. 6(b), the effect of
the Coulombic potential is small in the high kinetic-energy
region. In the electron kinetic-energy region of Ekin > 45 eV,
the phase offset takes an almost constant value of φ0 ∼ 88◦.

When both the depletion of neutral Ar and the Coulombic
effect are taken into account, the Ekin-θ asymmetry map
Fig. 5(c) is converted into Fig. 6(c). The phase offset exhibits
the small positive slope in the range of Ekin < 20 eV. However,
the phase offset takes an almost constant value of φ0 ∼ 90◦ in
the range of Ekin > 30 eV.

Therefore, without any numerical calculation, the absolute
CEP of circularly polarized pulses can be determined so that
the experimental phase offset where the ridge of the Ekin-φabs

asymmetry map is located in the range of Ekin > 30 eV
becomes φ0 = 90◦.

D. Photoelectron angular distribution at higher laser intensity

Figure 7(a) shows the CEP-resolved photoelectron spec-
trum recorded when the peak laser-field intensity is
1.2×1015 W/cm2 at the focal point. In Fig. 7(a), the absolute
CEP φabs has already been calibrated based on the experimental
results obtained for the laser intensity of 5.1×1014 W/cm2.
The focal diameter was measured to be 2w0 = 28.9 μm. The
Ekin-φabs asymmetry map constructed from Fig. 7(a) and the
phase offset are shown in Fig. 7(b). The phase offset at
Ekin ∼ 20 eV takes the values of φ0 ∼ −70◦, but it decreases as
Ekin increases monotonically as shown in Fig. 7(b), exhibiting
a marked contrast with Fig. 2(b) obtained at the lower laser
intensity.

In Fig. 8, the results of the CTMC simulations performed
with the laser intensity of 1.2×1015 W/cm2 are shown. When
both the depletion effect and the Coulombic potential effect are

FIG. 7. (a) The experimental CEP-resolved photoelectron spec-
trum recorded at the peak laser-field intensity of 1.2×1015 W/cm2.
(b) The Ekin-φabs asymmetry map constructed from (a). The values
of the phase offset (φ0) are plotted with black dots. The CEP values
in (a) and (b) are those converted from the relative CEP (φrel) to the
absolute CEP (φabs).

FIG. 8. The results of the CTMC simulations obtained when
the peak laser intensity is 1.2×1015 W/cm2. Both the effect of the
depletion of neutral Ar and the effect of the Coulombic potential of
Ar+ are taken into account. (a) The angle-resolved photoelectron
spectrum. (b) The Ekin-θ asymmetry map constructed from (a).
(c) The angle-resolved photoelectron spectrum obtained when the
ionization rate Weff is calculated using the scaled ADK rate with the
scale factor of 0.27. (d) The Ekin-θ asymmetry map constructed from
(c). In (b) and (d), the values of the phase offset (φ0) are plotted with
black dots.

taken into account, the angle-resolved photoelectron spectrum
is obtained as in Fig. 8(a). The Ekin-θ asymmetry map
constructed from Fig. 8(a) is shown in Fig. 8(b). The effective
ionization rate at t0 = 0 becomes three orders of magnitude
smaller by taking into account the depletion effect. That is,
neutral Ar atoms are depleted almost completely before the
laser field intensity becomes maximum at t0 = 0. Because of
this depletion effect, the emitting angle at which the effective
ionization rate takes a maximum value in the folded Ekin-θ plot,
Fig. 10(m) in Appendix C, becomes as large as θ = 310◦.

Correspondingly, in Fig. 8(b), the phase offset decreases as
Ekin increases in the range of Ekin > 30 eV. The decrease in
the phase offset in the experimental result shown in Fig. 7(b) is
qualitatively reproduced. However, in Fig. 8(b), the calculated
phase offset in the energy range of Ekin > 80 eV becomes
φ0 ∼ 180◦, while, in Fig. 7(b), the experimental phase offset
becomes φ0 ∼ 120◦.

Furthermore, in the calculated angle-resolved photoelec-
tron spectrum, Fig. 8(a), the angle θ at which the photoelectron
yield becomes maximum decreases as Ekin increases in the
range of 25 eV < Ekin < 45 eV, similarly to the experimental
CEP-resolved photoelectron spectrum Fig. 7(a). However,
in Fig. 8(a), the calculated electron energy at which the
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electron yield becomes maximum is Ekin ∼ 31 eV while, in
Fig. 7(a), the experimental kinetic energy of electrons at which
the electron yield becomes maximum is Ekin ∼ 38 eV. The
quantitative discrepancies between the experimental results
shown in Figs. 7(a) and 7(b) and the simulated results shown
in Figs. 8(a) and 8(b) show that it is not straightforward to
estimate the absolute CEP when the laser intensity is as high
as 1.2×1015 W/cm2, in contrast to the lower laser intensity
case where the phase offset in the high kinetic-energy region
can be considered to be φ0 ∼ 90◦.

In order to estimate the depletion effect quantitatively,
the ionization rate needs to be evaluated with high accuracy.
Because the ADK theory is based on the single active electron
approximation, the ionization rate of a multielectron atom
obtained by the ADK theory is expected to be overestimated
due to the screening effect [52]. When the ADK rate is
multiplied by a factor of 0.27, Figs. 8(a) and 8(b) are converted
into Figs. 8(c) and 8(d), respectively. Both the phase offset and
the electron kinetic energies obtained by the simulation are in
good agreement with the experimental values, suggesting that
the absolute ionization rate can be estimated by adopting the
scaling factor of 0.27 for the ADK ionization rate. Therefore,
once an appropriate scaling factor for the ADK ionization rate
is obtained, the absolute CEP can be estimated even when the
laser field intensity is high so that the depletion effect becomes
significant.

E. Procedure for the determination of absolute CEP

In order to examine the laser field intensity range in which
the phase offset in the sufficiently large electron kinetic-energy
range can be regarded as φ0 ∼ 90◦, the CTMC simulations
described above in Secs. III B and III C were performed in
the laser field intensity range of 1×1014−1×1015 W/cm2.
Below the lower bound of this intensity range, 1×1014 W/cm2,
ionization is not regarded as that proceeding through the
tunneling, because the Keldysh parameter [53] takes a value
in the range of γ > 1. In the simulations, the focal diameter
of 2w0 = 30 μm was commonly adopted in the evaluation of
the focal averaging effect. It was revealed that, as long as
the peak laser field intensity is in the range between 1×1014

and 5×1014 W/cm2, the phase offset in the high-energy range
takes a constant value between φ0 = 88◦ and φ0 = 93◦.

On the other hand, when the peak laser field intensity
is 6×1014 W/cm2 or higher, the depletion effect becomes
significant and the phase offset in the high kinetic-energy
range increases and deviates significantly from 90◦. The extent
of the deviation was found to increase as the peak laser
field intensity increases. For example, when the peak laser
field intensity is 8×1014 W/cm2, the phase offset becomes
φ0 = 124◦ in the range of Ekin ∼ 60 eV, and, when the peak
laser intensity is 1×1015 W/cm2, the phase offset increases
further to φ0 = 152◦ in the range of Ekin ∼ 60 eV.

Therefore, in order to have a constant ridge structure,
representing the phase offset of φ0 ∼ 90◦ in the high electron
kinetic-energy region in the Ekin-θ asymmetry map of the
angular distribution of the electron yield, the peak laser
field intensity should be in the range between 1×1014 and
5×1014 W/cm2. As long as this laser field condition is fulfilled,
the determination of the absolute CEP can be achieved without

performing numerical simulations. When the scaling factor of
0.27 for the ADK ionization rate is adopted in the simulation,
the constant ridge structure appearing at the phase offset of
φ0 ∼ 90◦ was found to be realized for the peak laser field
intensity up to 6×1014 W/cm2.

This method can also be applied to a few-cycle laser pulse
in the longer wavelength region such as in the mid-IR region.
When the wavelength becomes longer, the tunneling model
can be applied at the weaker light field intensity. Therefore, the
lower bound of the light field intensity with which this method
could work becomes lower than in the near-IR region. On the
other hand, the depletion effect becomes larger as long as the
peak laser intensity is the same, which means that the upper
bound of the light field intensity with which this method could
work becomes lower than in the near-IR region. This means
that this method can also be used in the mid-IR range as long
as the light field intensity fulfills these requirements. It should
be noted that, in the mid-IR region, the Coulombic potential
effect may also be negligible in the high kinetic-energy range,
because the initial transverse momentum distribution does not
depend on the wavelength of the laser field. In addition, the
Coulombic potential effect is expected to be smaller in the
mid-IR region than in the near-IR region, because the electron
momentum gained from the laser field becomes larger in the
mid-IR region at the same laser-field intensity.

IV. CONCLUSION

Angle-resolved photoelectron spectra of Ar were recorded
using circularly polarized near-IR intense few-cycle pulses
(�t = 4.1 fs, λ = 722 nm) at the two peak laser field intensi-
ties of 5.1×1014 and 1.2×1015 W/cm2. When the peak laser
field intensity was 5.1×1014 W/cm2, the Ekin-φabs asymme-
try map constructed from the experimental angle-resolved
photoelectron spectrum showed that a ridge structure having
an almost constant phase offset extends towards the larger
electron kinetic-energy region above 30 eV.

The CTMC simulations of photoelectrons were performed
by adopting the ADK ionization rate. The resulting folded
Ekin-θ plot was converted into the angle-resolved photoelec-
tron spectrum by taking into account the initial transverse mo-
mentum distribution of photoelectrons and the focal averaging
effect. Furthermore, the effect of the depletion of Ar atoms
and that of the Coulombic potential originated from Ar+ were
examined. The Ekin-θ asymmetry map constructed from the
simulated angle-resolved photoelectron spectrum showed that
a ridge structure having an almost constant phase offset of
φ0 ∼ 90◦ extends towards the larger electron kinetic-energy
region above 30 eV. The results of the simulation showed
that the experimental phase offset can be determined so
that the ridge structure of the Ekin-θ asymmetry map of the
angle-resolved photoelectron spectrum takes a constant value
of φ0 ∼ 90◦.

When the peak laser field intensity is 1.2×1015 W/cm2,
the effect of the depletion of Ar becomes significant, and
the discrepancies between the experimental and simulated
angle-resolved photoelectron spectra become obvious. It was
shown that the experimental Ekin-φabs asymmetry map and the
simulated Ekin-θ asymmetry map agree well with each other
when the ADK rate was multiplied by a factor of 0.27.
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Recent studies with elliptically polarized pulses [54,55]
showed that a finite tunneling time will shift the photoelectron
emission angle by a small amount. Therefore, a finite tunneling
time may induce a slight uncertainty in the calibration of ab-
solute CEP. However, the tunneling time is still a controversial
research topic [56,57]. We therefore assume that the tunneling
time is zero in our analysis.

The method for estimating the absolute CEP introduced in
the present study will be of use for the investigation of CEP
dependent ionization processes of atoms and/or molecules and
dissociation processes of molecules in an intense few-cycle
laser field.
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APPENDIX A: CTMC SIMULATION METHOD

In the simulation of the angle-resolved photoelectron
spectrum, we need to take into account the distributions of
p⊥ and t0. In order to estimate the number of electrons having
a specific range of t0 values, the ADK rate was calculated
first using Eq. (6), because the ADK rate is considered to
be proportional to the number of photoelectrons produced
at t = t0. Once t0 is given, the distribution function of p⊥
represented by Eq. (7) is determined, from which the number
of photoelectrons having a specific range of p⊥ is derived. In
order to obtain p(t → ∞) from Eq. (8), the two parameters
t0 and p⊥ were randomly chosen so that the number of the
trajectories having specific ranges of t0 and p⊥ fulfills their
respective distribution functions given by Eqs. (6) and (7). In
total, 20 000 000 trajectories were calculated. As the range of
the time of tunneling, −15 fs � t0 � +15 fs is adopted. On the
other hand, different ranges of the initial transverse momentum
are chosen in the simulations depending on the laser field
intensity. For example, the range of −2.5 a.u. � p⊥ � 2.5 a.u.

is adopted at the laser intensity of 5.1×1014 W/cm2 and the
range of −3.9 a.u. � p⊥ � 3.9 a.u. is adopted at the laser
intensity of 1.2×1015 W/cm2.

The focal averaging is taken into account by assuming that
the intensity distribution of the laser electric field around the
laser propagation z axis has cylindrical symmetry. The laser
electric field is described in the cylindrical coordinate system
(r , z) as

E(r,z,t) = E0(r,z) exp

[
−2(ln 2)

(
t

�t

)2
]
{x̂′ cos[ωt

+φfocal(r,z)] − ŷ′ sin[ωt + φfocal(r,z)]}. (A1)

If the spatial profile E0(r,z) in Eq. (A1) is described by a
Gaussian function as

E0(r,z) = w0

w(z)
exp

[
−

(
r

w(z)

)2]
, (A2)

the CEP φfocal(r,z) in Eq. (A1) is given by

φfocal(r,z) = − arctan
z

zR

+ z

zR

(
r

w(z)

)2

, (A3)

where

w(z) = w0

√
1 +

(
z

zR

)2

, (A4)

and

zR = πw0
2

λ
, (A5)

as seen in Ref. [58].
The ionization points along the z axis, i.e., the laser

propagation direction, are distributed within the spatial range
of the effusive atomic beam. Because the distribution of Ar
atoms around the atomic beam axis, i.e., the y axis, has
cylindrical symmetry, the distribution of Ar atoms along the z

axis is considered to be the same as that along the x axis. Then,
the photoelectron yield was measured as a function of the focal
point position along the x axis by moving the position of the
focusing mirror along the x axis. The resultant distribution
along the x axis can be seen as a rounded flat-top distribution
whose FWHM was obtained to be 590(10) μm, which means
that the FWHM along the z axis is also 590(10) μm. Therefore,
the range of −300 μm � z � +300 μm is adopted as the range
of the ionization point along the z axis and the sample gas
density is assumed to be uniform in this range of z in the
calculation. In addition, the range of 0 μm � r � 50 μm is
adopted as the range of the ionization point along the r axis.

The angle-resolved photoelectron spectrum is simulated
by the trajectory calculations in which the distribution of the
ionization point (r , z) is taken into account. The ionization
probability P (r,z) at each ionization point can be calculated
by integrating the ADK rate as

P (r,z) =
∫ ∞

−∞
W (t0)dt0. (A6)

In the trajectory calculations, z and r were randomly chosen
so that the number of the trajectories having specific values of
z and r fulfill the distribution function of P (r,z)2πr , in which
the cylindrical symmetry about the z axis is taken into account.
At each ionization point (r , z), Newton’s equation of motion,
Eq. (8), was solved using given values of t0 and p⊥.

APPENDIX B: CTMC SIMULATION RESULT
AT LOWER LASER INTENSITY

In Fig. 9, the results of the CTMC simulations performed
with the laser intensity of 5.1×1014 W/cm2 are shown. When
the depletion effect or the Coulombic potential effect is
not included, the folded Ekin-θ plot [Fig. 9(a)], the 3D
representation of Fig. 9(a) [Fig. 9(b)], the angle-resolved
photoelectron spectrum [Fig. 9(c)], and the Ekin-θ asymmetry
map constructed from Fig. 9(c) [Fig. 9(d)] are obtained.
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FIG. 9. The results of the CTMC simulations obtained when the peak laser intensity is 5.1×1014 W/cm2. The folded Ekin-θ plot, their 3D
representations, the corresponding angle-resolved photoelectron spectra, and the corresponding Ekin-θ asymmetry maps are shown. The top
row for (a)–(d) shows the results obtained when neither the effect of the depletion of neutral Ar nor that of the Coulomb potential of Ar+ is
taken into account. The second row for (e)–(h) shows the results obtained when only the effect of the depletion of neutral Ar is taken into
account. The third row for (i)–(l) shows the results obtained when only the effect of the Coulomb potential of Ar+ is taken into account. The
bottom row for (m)–(p) shows the results obtained when both of the two effects are taken into account.
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FIG. 10. The results of the CTMC simulations obtained when the peak laser intensity is 1.2×1015 W/cm2. The folded Ekin-θ plot, their
3D representations, the corresponding angle-resolved photoelectron spectra, and the corresponding Ekin-θ asymmetry maps are shown. The
top row for (a)–(d) shows the results obtained when neither the effect of the depletion of neutral Ar nor that of the Coulomb potential of Ar+

is taken into account. The second row for (e)–(h) shows the results obtained when only the effect of the depletion of neutral Ar is taken into
account. The third row for (i)–(l) shows the results obtained when only the effect of the Coulomb potential of Ar+ is taken into account. The
bottom row for (m)–(p) shows the results obtained when both of the two effects are taken into account.

053410-12



DETERMINATION OF THE ABSOLUTE CARRIER- . . . PHYSICAL REVIEW A 95, 053410 (2017)

When only the depletion of neutral Ar is taken into account,
Figs. 9(a)–9(d) are converted into Figs. 9(e)–9(h), respectively.
When only the Coulombic potential of Ar+ is taken into
account, Figs. 9(a)–9(d) are converted into Figs. 9(i)–9(l),
respectively. When both the depletion of neutral Ar and the
Coulombic potential of Ar+ are taken into account, Figs. 9(a)–
9(d) are converted into Figs. 9(m)–9(p), respectively.

APPENDIX C: CTMC SIMULATION RESULT
AT HIGHER LASER INTENSITY

In Fig. 10, the results of the CTMC simulations performed
with the laser intensity of 1.2×1015 W/cm2 are shown. When
the depletion effect or the Coulombic potential effect is
not included, the folded Ekin-θ plot [Fig. 10(a)], the 3D
representation of Fig. 10(a) [Fig. 10(b)], the angle-resolved
photoelectron spectrum [Fig. 10(c)], and the Ekin-θ asymmetry

map constructed from Fig. 10(c) [Fig. 10(d)] are obtained.
As can be seen in Fig. 10(d), the obtained phase offset
takes an almost constant value of φ0 ∼ 90◦ in the range of
Ekin > 45 eV.

When only the depletion of neutral Ar is taken into account,
Figs. 10(a)–10(d) are converted into Figs. 10(e)–10(h), respec-
tively. The phase offset shown in Fig. 10(d) monotonically
decreases as Ekin increases, exhibiting the strong depletion
effect. When only the Coulombic potential of Ar+ is taken into
account, Figs. 10(a)–10(d) are converted into Figs. 10(i)–10(l),
respectively. The phase offset increases as Ekin increases and
takes an almost constant value of φ0 ∼ 90◦ in the range of
Ekin > 80 eV, similar to the behavior shown in Fig. 6(h),
obtained at the lower laser intensity of 5.1×1014 W/cm2.
When both the depletion of neutral Ar and the Coulombic
potential of Ar+ are taken into account, Figs. 10(a)–10(d) are
converted into Figs. 10(m)–10(p), respectively.
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