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The method of time-resolved measurement with ultrashort laser pulses is vital to the development of
attosecond science. Pump-probe measurements using a train of attosecond pulses in combination with a
near-infrared (NIR) multicycle driving laser have been successful in capturing the intercycle electron dynamics
which repeats every optical cycle and leads to above-threshold ionization (ATI) spectra in the frequency domain.
In this work, we study the effect of a carrier-envelope phase (CEP) in a few-cycle (<6 fs) NIR laser pulse on
the photoelectron momentum distribution (PMD) of a hydrogen atom and show that interference patterns in a
PMD change dramatically with CEPs in the few-cycle regime. When the few-cycle driving laser pulse has a sine
shape, the double-slit interference with characteristic modulation of ATI peaks dominates the PMD. On the other
hand, when the driving pulse has a cosine shape, the holographical interference featured by a spider-like pattern
is isolated. Our results suggest that the CEP-stable few-cycle laser pulses can be used to identify different types
of intracycle interference structures in a PMD which reveal the underlying subcycle electron dynamics on an
attosecond timescale.

DOI: 10.1103/PhysRevA.101.053439

I. INTRODUCTION

Velocity map imaging (VMI) is a powerful technique to
measure electron dynamics driven by a strong laser field
[1]. Combined with reaction microscopes, VMI is capable of
recording the three-dimensional momentum vector of pho-
toionized electrons with a momentum resolution within a
few percent of an atomic unit [2]. Moreover, development of
femtosecond laser pulses with a stable carrier-envelope phase
(CEP) has enabled, among other things, the generation of
attosecond (<1 fs) laser pulses for pump-probe experiments
[3]. By combining a multicycle, near-infrared (NIR) laser
pulse and a train of attosecond, extreme ultraviolet (XUV)
laser pulses in coincidence, VMI can record the motion
of a three-dimensional photoelectron momentum distribution
(PMD) during the photoionization of atoms in a stroboscopic
manner, with the time resolution of a few femtoseconds [4,5].
This method, however, is only sensitive to a particular type
of photoelectron motions that repeats every optical cycle of
the NIR laser, i.e., intercycle dynamics. Another approach
to the time-resolved VMI is to use the CEP-stabilized few-
cycle NIR laser pulses directly [6]. In the few-cycle regime,
electron dynamics recorded in PMDs are extremely sensitive
to and even controlled by the CEP [7]. Although there are
numerous studies on PMD driven by few-cycle laser pulses in
recent years [8–13], effects of CEPs have not been discussed
extensively, particularly in terms of their use in attosecond
physics.

The information of electron dynamics is recorded in a
PMD as various forms of interferometric patterns [14]. Simi-
lar to optical interferometry where light is split into two beams
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and follows different optical paths before being recombined,
the interference in a PMD is caused by two photoelectron
wave packets that arrive at a detector with the same final mo-
mentum but different phases. Their phase difference reflects
the separate quantum paths they follow after being photoion-
ized from a parent ion before arriving at the detector [15].
There are a number of possible pairs of quantum paths that
coherently interfere at the detector, and they produce different
interference patterns [16–18]. Broadly speaking, they are clas-
sified into intra- and intercycle interferences, depending on
whether or not the two interfering wave packets are released
from the parent ion within the same optical cycle of a driving
laser field. Since the driving laser field is a periodic function
of time, electron wave packets which are released with exactly
one optical-cycle time delays in between follow the same
drifting motion and constructively interfere at the detector.
Because it is a cycle-to-cycle interference, it is referred to as
intercycle interference. Intracycle interferences are less trivial
because electron wave packets must follow different paths but
still coherently interfere. In the multicycle regime, both intra-
and intercycle interferences are possible, and the CEP does
not influence the PMD. As a result, the PMD driven by mul-
ticycle lasers exhibits more than one type of interference pat-
terns, which obstruct one another. A few-cycle driving laser
pulse assures that only intracycle interference appears in a
PMD.

A potential area of research where the CEP of a few-cycle
driving laser could be useful is strong-field photoelectron
holography [8]. It was discovered in 2011 by using long-
wavelength (7 μm) laser pulses from a free-electron laser and
has interference minima and maxima spreading in the radial
direction (often described as spider legs in the literature) [16].
The long wavelength was thought to be crucial for the ob-
servation of this spider-like interference [19], but it was later
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observed with NIR lasers (≈800 nm) as well [20,21]. This
type of intracycle interference originates from two electron
wave packets born within the same quarter cycle of a driving
laser pulse [10,16–18]. It is assumed that one of them (referred
to as the signal) rescatters with their parent ion and encodes its
temporal and structural information, while the other (referred
to as the reference) does not; because their interference struc-
ture can then be considered as a photoelectron holography of
the parent ion, the spider-like pattern is said to be holographic
by nature. As we demonstrate in this paper, the CEP of a
few-cycle driving laser is particularly useful in isolating the
spider-like interference in PMDs.

Very recently, an alternative explanation for the spider-like
interference structure in a PMD was proposed [22]. It claims
that the spider-like pattern in a PMD is an optical glory caused
by the electron wave packets that is reflected by a parent ion.
We use the word “reflected” rather than “rescattered” since
an electron trajectory for the glory interference is midway
between the direct and rescattering electrons which cause the
spider-like pattern [13]. This theory may seem more plausible
than the conventional holography explanation discussed above
for the following reason: It is well known from the study of
above-threshold ionization (ATI) that the energy of the elec-
trons which reach the detector directly without rescattering
with their parent ions do not exceed 2Up, where Up = I0/4ω0

2

is the ponderomotive energy of a driving laser field of peak
intensity I0 and frequency ω0 [23]. The majority of electrons
reach the detector directly, without rescattering with their
parent ions, so that the intensity of ATI spectra falls off drasti-
cally at 2Up. The energy of rescattered electrons, on the other
hand, could reach 10Up, but their spectral intensity is several
orders of magnitude smaller than that of direct electrons [24].
Knowing their huge difference in photoelectron intensity, it
is not obvious how the direct and the rescattered electron
wave packets could coherently interfere in a PMD. The optical
glory is caused by reflected electrons of similar photoelectron
intensities and thus should be observable at photoelectron
energies below 2Up. The nature of spider-like interference is
still debatable at the moment.

In this work, we study the intracycle interference structures
in a PMD of a H (hydrogen) atom by using a few-cycle (<6
fs) strong driving laser pulse. We find that the interference
patterns in a PMD change dramatically with CEPs. Specif-
ically, the CEP-stabilized few-cycle laser pulses allow us to
evaluate the location of electron-density maxima associated
with double-slit interferences [25], or to isolate the spider-like
pattern which is a type of holographic interference [16,21]. In
addition, a new type of holographical interference (described
as boomerang-like in Ref. [13]) becomes visible with the
CEP-stabilized few-cycle driving laser pulses. The fact that
CEPs reveal these different interference patterns in a PMD
means that the CEP controls the intracycle electron dynamics
on an attosecond timescale.

The paper is organized as follows: In Sec. II, we briefly
discuss the theoretical methods of our calculation based on
the numerical solutions of the time-dependent Schrödinger
equation (TDSE). Then, in Secs. III A and III B, we present
our results when the CEP of few-cycle driving laser pulses
is set to zero (i.e., the laser electric field is sine-like) and
π/2 (cosine-like), respectively, followed by the conclusion in

Sec. IV. Atomic units (e = me = h̄ = 1) are used throughout
unless specified otherwise.

II. METHODS

We solve the time-dependent Schrödinger equation
(TDSE) in the length gauge for an electron of a H atom driven
by a strong laser field in the limit of the dipole approximation,
which is given by

i
∂

∂t
ψiσ (r, t ) =

[−1

2
∇2 − 1

r
+ E(t ) · r

]
ψiσ (r, t ), (1)

by using the generalized pseudospectral (GPS) method [26].
The numerical details of our calculation are given in Ref. [27].
For the results of this paper, the driving laser field E(t ) is
linearly polarized along the z axis, i.e.,

E(t ) = E0(t ) sin(ω0t + φ)ẑ, (2)

where ω0 is the laser frequency, φ is the CEP, and E0(t ) is the
envelope function centered around t = 0 and given by

E0(t ) = √
I0 cos2

(
ω0t

2n

)
, (3)

with n being the number of cycles per pulse. In this work,
we let n = 2 to ensure that the intercycle interference does
not appear in a PMD [12]. The linearly polarized driving
laser field (2) makes the laser potential in Eq. (1) azimuthally
symmetric, so the problem is two dimensional (2D).

The solution of the TDSE is split into the inner and the
outer regions at each time step by an absorbing function f (r)
that is unity in the inner region (0 < r � Rb) and zero in the
outer region (Rb < r � rmax), as follows:

ψ (r, t ) = f (r)ψ (r, t ) + [1 − f (r)]ψ (r, t )

= ψ(in)(r, t ) + ψ(out)(r, t ).
(4)

Then, the outer wave function is propagated in momentum
space with the Volkov Hamiltonian in the velocity gauge
[15,28]; that is,

ψ∞(p, t + �t ) = e−iHv
∞(t )�t

[
ψ∞(p, t ) + ψ̃v

(out)(p, t )
]
, (5)

where Hv
∞ = [p + A(t )]2/2 is the Volkov Hamiltonian for a

vector potential A(t ) = − ∫ t
−∞ E(t ′)dt ′, and ψ̃v

(out)(p, t ) is the
Fourier transform of the outer wave function ψ(out)(r, t ) in the
velocity gauge, i.e.,

ψv
(out)(r, t ) = eiA(t )xψ(out)(r, t ). (6)

Note that ψ∞(p,−∞) = 0 initially, as long as a sufficiently
large boundary Rb is chosen.

At the end of a few-cycle driving laser pulse, the time
evolution is continued for two more empty optical cycles to
allow some time for relaxations. Then, the PMD is obtained
by taking a cross section along the pz axis of a density
distribution D(p) in the outer region; that is,

D(p) = |ψ∞(p,∞)|2. (7)

In practice, the solution to TDSE for an electron in a linearly
polarized laser is a 2D function of radial distance r and polar
angle θ , or of their canonical conjugates p and θp, which
is what we mean by the “cross section.” If we rotate its
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FIG. 1. (a) Photoelectron momentum distribution (PMD) of a H
atom, driven by a monochromatic (800 nm), linearly polarized two-
cycle driving laser pulse of a peak intensity I0 = 5 × 1013 W/cm2

and a carrier-envelope phase (CEP) φ = 0. A series of pronounced
maxima in electron density, characteristic of the double-slit inter-
ference, appears along the polarization axis pz of a driving laser
potential. Also shown with a black line is the classical path of an
electron: p = −A(t ). (b) Electric-field strength E(t ) (dotted line) and
its corresponding vector potential A(t ) (solid line) used to obtain
the PMD in Fig. 1(a). For the 800 nm laser field, one optical cycle
corresponds to 2.67 fs. For illustrative purposes, the time gating of
two degenerate electron wave packets is indicated with a pair of
closed circles on the A(t ) graph. They coherently interfere at the
detector only if the corresponding field strengths E(t ) at the time
of their ionization have the same magnitude but opposite direction,
as is the case in this figure.

density distribution around the pz axis, we would obtain the
complete three-dimensional PMD. In our paper, we plot an
extended range of θ ∈ [0, 2π ] rather than θ ∈ [0, π ] in the
same way as the measured PMDs. (What is actually measured
in experiments is the projection of the electron distribution
onto a plane at the detector, but the cross-sectional distribution
is obtained by taking its Abel transform.)

III. RESULTS

A. Few-cycle driving laser with carrier-envelope phase = 0

Figure 1(a) shows the PMD of a H atom driven by an
800 nm, two-cycle driving laser pulse of peak intensity I0 =
5 × 1013 W/cm2, when its CEP of Eq. (2) is φ = 0. To
describe the specific effect of CEP on electron dynamics, we
plot in Fig. 1(b) the electric-field strength E(t ) of the driving
laser pulse and its corresponding vector potential A(t ) used in
the calculation of Fig. 1(a). When φ = 0, the vector potential
(solid line) is symmetric with respect to the pulse peak. A pair

of solid circles on A(t ) indicate two identical field amplitudes
around the pulse peak.

The intercycle interference, which is known to cause con-
centric peaks that are spaced by one photon energy and
centered at the origin of a PMD [29], is absent due to the
short duration of the driving laser pulse. On the other hand, the
near-threshold interference, characterized by a petal-shaped
interference close to the origin of a PMD [30–34], is expected
to appear below the momentum of the lowest-order above-
threshold electron, given by [35,36]

p = √
2[(n∞ + 1)ω0 − (Ip + Up)], (8)

where n∞ is the number of photons absorbed to reach the
nearest-threshold Rydberg state; namely,

n∞ = �(Ip + Up)/ω0	, (9)

in which the symbol �x	 denotes the floor function, i.e., the
largest integer smaller than x. The upshift of the ionization
energy Ip by the ponderomotive energy Up of a laser field
is implied in Eq. (8), which can be derived by using the
time-dependent perturbation theory [27]. For the driving laser
in Fig. 1(a), n∞ = 10, and Eq. (8) gives p = 0.18 a.u., which
affects a very small region of the PMD in Fig. 1(a). The
interference patterns in Fig. 1(a) must therefore come from
a different type of electron dynamics.

The classical equation of motion of an electron in a
laser field according to the simple man’s model [37] (i.e.,
neglecting the binding potential of an atom) is r̈ = −E(t ).
The corresponding equation of its momentum vector is p(t ) =
p∞ + A(t ), where A(t ) = − ∫ t

−∞ E(t ′)dt ′ is the vector poten-
tial. Since A(t = ∞) = 0, we find that p(t = ∞) = p∞ is the
asymptotic momentum measured at the detector. If we further
assume that the initial momentum of the electron is zero at the
time ti of ionization, then p∞ + A(ti ) = 0, or [38]

p∞ = −A(ti ). (10)

Therefore, classical paths of an electron in momentum space
are twofold degenerate per optical cycle when the vector
potential A(t ) is the same, as indicated with the pair of closed
circles in Fig. 1(b). Because of the short duration of a driving
laser, a positive half cycle of A(t ) in Fig. 1(b) is centered
around the pulse peak, but negative half cycles of A(t ) before
and after the peak are suppressed by the pulse envelope,
causing an electron to rescatter from the nucleus mostly from
the negative z direction. In other words, if A(t) is mostly
positive, as shown in Fig. 1(b), then the electron density in
a PMD should appear in the negative-z region of a PMD, as
shown in Fig. 1(a). Moreover, because the CEP φ = 0 makes
E(t ) an odd function of time, those degenerate electron wave
packets in Fig. 1(b) are born when the electric field E(t ) has
the same magnitude but in the opposite directions; this is in
fact a condition for the double-slit interference, which was
first measured in Ref. [39] by using few-cycle driving laser
pulses and later angularly resolved in Ref. [40]. This type
of interference is due to electron dynamics along the laser
polarization axis, which is essentially one dimensional [25].
Indeed, Fig. 1(a) shows prominent interference peaks along
the negative-pz axis.

When integrated over polar angles and expressed in terms
of photoelectron energy (p2/2), the intercycle interference in
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a PMD yields well-known ATI spectra which are regularly
spaced by one photon energy (h̄ω0) [41,42]. The double-slit
interference we find in Fig. 1(a), on the other hand, leads to
photoelectron spectra whose separation increases with pho-
toelectron energy [7,25]. In experiments using a multicycle
driving laser pulse, the double-slit interference structure is less
prominent than the intercycle interference and only appear as
a height modulation between ATI peaks [39]. Yet, quantum
calculations suggest that they become comparably strong in
the deep tunneling regime where Keldysh parameter γ =√

Ip/2Up is considerably less than 1 [43]. There is even a
higher-order effect which is caused by the superposition of
the intercycle and the double-slit interference; the resulting
interference pattern in a PMD is featured by concentric rings
whose origin is shifted by an amount of ±√

2(2Up) along
the axis of a driving vector potential [43]. Because we use
the few-cycle driving laser pulse, the higher-order effect (be-
tween inter- and intracycle interferences) does not appear in
Fig. 1(a).

Furthermore, we also observe in Fig. 1(a) an appearance
of holographical interference which spreads in the shape of
spider legs [16]. The spider-like interference in Fig. 1(a)
appears only in the negative-pz side of the PMD, and its
photoelectron intensity is not as strong as the double-slit
interference which concentrates along the laser polarization
axis. Interestingly, it is modulated not only along the pz axis
(due to the double-slit interference) but also along its spider
legs, and the locations of extrema along the spider legs are
down-shifted in photoelectron energy compared with those
along the pz axis. This is because yet another type of interfer-
ence structure intersects the spider-like interference. Ref. [13]
calls it the type-I boomerang-like interference, which appears
as v-shaped stripes in a PMD whose pointy side faces the
origin of a PMD and repeats along the polarization axis of a
vector potential. The fact that its convex side faces the origin
suggests that it is caused by incoming wave packets. It is a
nonholographic interference between the two nonscattering
(direct) electrons released during the first half cycle and those
during the second half cycle. The spider-like pattern, on the
other hand, is due to two electron wave packets released
within the same quarter optical cycle of a driving laser field
[10,16–18]. A careful observation of Fig. 1(a) further reveals
yet another boomerang-like interference structure above the
ATI cutoff (

√
2(2Up) = 0.66 a.u.) whose pointy side faces

away from the origin; it is called the type-II boomerang-like
interference in Ref. [13] and is another type of holographical
interference between the electron which is ionized in the first
half-cycle of a driving laser pulse and rescatters with a parent
ion within a half optical-cycle (so-called the short-trajectory
rescattering) and the direct electron ionized in the next half-
cycle.

As we increase the peak intensity while keeping the rest of
the parameters of the two-cycle laser pulse used in Fig. 1(a),
the double-slit interference patterns along the pz axis extend
to higher momenta, which is shown in Fig. 2. In Fig. 3, we plot
the corresponding photoelectron spectra for three different
peak intensities, which are obtained by integrating PMDs in
Figs. 1(a) and 2 over polar angles. The modulation of ATI
peaks and the characteristic feature of double-slit interference
described in Ref. [25] (akin to the modulation of Bragg peaks
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FIG. 2. The same as Fig. 1(a), but the peak intensity of a driving
laser is increased to (a) I0 = 1 × 1014 W/cm2 and (b) I0 = 2 ×
1014 W/cm2. Also shown with a black line in each plot is the classical
path of an electron: p = −A(t ).

in crystal diffraction by internal structure within the unit cell)
are clearly visible in Fig. 3, but the down-shifted interference
peaks along the spider legs observed in Figs. 1(a) and 2 tend
to raise the interference minima of double-slit interference far
from zero.
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FIG. 3. Above-threshold ionization (ATI) spectra of a H atom,
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peak intensities: I0 = 5 × 1013, 1 × 1014, and 2 × 1014 W/cm2. They
are obtained by integrating the PMDs in Figs. 1(a) and 2 over polar
angles and expressing them as functions of photoelectron energy
(p2/2). For clarity, the photoelectron yield for lower peak-intensity
calculations are multiplied by 10 and 100. Notice that these spectra
do not follow the conventional multicycle ATI interference patterns
(i.e., equispaced by one-photon transition energy h̄ω0) but rather
increase their separations with energy, which is a characteristic of
intracycle interference.
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Another interesting observation we can make from Fig. 2
is that there is a region near the origin of a PMD in Fig. 2(b)
where electron population vanishes. For lower peak-intensity
calculations in Fig. 1(a), such a region is absent, and therefore
this behavior may be associated more with the tunneling
ionization regime (γ 
 1) than with the multiphoton ion-
ization regime (γ ≈ 1). The lowest momentum for above-
threshold ionization given by Eq. (8) is p = 0.20 a.u. for
Fig. 2(a) and 0.24 a.u. for Fig. 2(b) (with n∞ = 12 and 16,
respectively), and the absence of interference in a PMD below
these radii could therefore imply tunneling ionization. On the
contrary, many studies using multicycle driving lasers show
that the near-threshold interference structure characterized by
its petal-like shape appears in the near-zero-momentum region
no matter what the tunneling or multiphoton ionization regime
[29,30,32,33,36]. It is generally understood that the near-
threshold interference is visible regardless of the intensity
or the frequency of a driving-laser pulse, as long as it is
linearly polarized and its photon energy (h̄ω0) does not exceed
the ionization energy [34]. Its disappearance in Fig. 2(b) is
therefore quite surprising.

In fact, according to the virial theorem, the deeply bound
electron has much higher kinetic energy than the near-
threshold electron. The tunnel-ionized electron could there-
fore have large kinetic energy when entering the tunneling
barrier. The tunneling exit is defined as the point where
the kinetic energy is zero, but the initial momentum of an
electron at a specific position is not a definite quantity in
quantum mechanics. Reference [44] defines the longitudinal
momentum of a photoionized electron at the tunneling exit as
the flow momentum of the probability fluid and shows that
it can be substantial (estimated to be around 0.2 a.u.) in the
nonadiabatic regime. If this is the case, then the tunnel-ionized
photoelectron would appear at larger radius in a PMD than
predicted by Eq. (8). Our finding is supported by Fig. 3 of
Ref. [43], where they manually extract the electron wave
packets from two different quarter cycles of a multicycle
driving laser field by time windowing, effectively limiting
the duration of electron dynamics to be a few optical cycles.
The resulting PMDs in the near-zero-momentum region of
Ref. [43] are empty in the tunneling regime, similar to our
Fig. 2(b). There must be a mechanism associated with the
short duration of a driving laser pulse which prevents the
near-threshold interference. One possible explanation is that
the duration of a few-cycle driving laser pulse is too short
for the tunnel-ionized electron wave packets to rescatter with
a parent ion and induce the near-threshold interference in a
PMD. It is analogous to the fact that the petal-like interference
structure characteristic to near-threshold ionization is absent
in a PMD if driven by a circularly polarized laser which causes
no rescattering [27,45].

B. Few-cycle driving laser with carrier-envelope phase = π/2

Next, we consider when the CEP of E(t ) is φ = π/2, as
shown in Fig. 4. The PMD shown in Fig. 4(a) is dramatically
different from Fig. 1(a), although all the laser parameters used
for these two figures are the same except for the CEP. The
only structure which appears in Fig. 4(a) is the spider-like
interference. Aside from one strong peak which lies along
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FIG. 4. (a) Photoelectron momentum distribution (PMD) of a H
atom, driven by a monochromatic (800 nm), linearly polarized two-
cycle driving laser pulse of a peak intensity I0 = 5 × 1013 W/cm2

and a carrier-envelope phase (CEP) φ = π/2. (b) Electric-field
strength E(t ) (dotted line) and its corresponding vector potential A(t )
(solid line) used to obtain the PMD in Fig. 4(a). The time gating
for double-slit interference [indicated with a pair of closed circles
in each negative or positive side of on the A(t ) graph in panel (b)]
does not produce coherent electron wave packets in this case because
the field strengths E(t ) at the time of their ionization do not have
same magnitude. As a result, the spider-like interference is isolated
in panel (a).

the positive-pz axis, the PMD in Fig. 4(a) peaks along several
parabolic curves whose convex sides all face to the left of the
figure. There is essentially no other interference structure in
Fig. 4(a), suggesting that all the other intracycle interferences
we discussed in the last section are subsidiary in this case.
What is also remarkable is the fact that a few-cycle driving
laser pulse makes the spider-like interference clearly visible
even though it has a NIR laser wavelength (800 nm). With
multicycle driving laser pulses, the spider-like interference is
hard to observe unless longer wavelengths (1200–1600 nm)
are used [19].

Figure 4(b) shows that the vector potential A(t ) used for
Fig. 4(a) is an odd function of time; that is, positive and
negative half cycles of A(t ) have equally strong amplitude
around t = 0, so that electrons could in principle ionize into
both directions. The PMD in Fig. 4(a) is nevertheless asym-
metric, whose electron population is largely concentrating
in the positive-pz side of the PMD. This is a causal effect
of the driving laser field; i,e., the electron tends to ionize
more after the peak of the driving laser pulse than before.
To show this, we plot in Fig. 5 the ionization probability and
the ionization rate of a H atom driven by an 800 nm, linearly
polarized, two-cycle driving laser pulse of peak intensity I0 =
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FIG. 5. (a) The ionization probability of a H atom during the in-
teraction with the monochromatic (800 nm), linearly polarized two-
cycle driving laser pulse of a peak intensity I0 = 5 × 1013 W/cm2

and various CEPs. (b) The time derivative of Fig. 5(a), after appli-
cation of a low-pass Butterworth filter with cutoff frequency of 5
cycle−1.

5 × 1013 W/cm2 for various CEPs. The ionization probability
in Fig. 5(a) is evaluated as the electron density outside the ra-
dius of r = 10, and the ionization rate in Fig. 5(b) is obtained
by taking the time derivative of the ionization probability
after an application of a low-pass Butterworth filter. We find
that the majority of the ionization when φ = π/2 takes place
near the pulse peak at t = 0. The vector potential peaks in
the negative direction after t = 0, so the electron dynamics
after the pulse peak takes place in the positive-pz direction
[because p∞ = −A(ti )]. There is a pair of degenerate electron
paths in each positive- or negative-pz direction when the CEP
is φ = π/2, as indicated with two pairs of closed circles in
Fig. 4(b). However, they do not coherently interfere because,
unlike in Fig. 1(b) when φ = 0, the magnitude of E(t ) at the
time of their release is different, which is why the double-slit
interference is absent in Fig. 4(a).

In Fig. 6 we plot the PMDs that are calculated with the
same CEP (φ = π/2) but higher peak intensities of a driving
laser than in Fig. 4. The spider-like interference appears only
in the positive-pz side of these PMDs, indicating that electron
wave packets are rescattering from the negative side of a
parent ion. There is a sizable amount of electron population in
the negative-pz side of PMDs in Fig. 6, but they do not show
spider-like interference, which means that they are released
before the pulse peak when A(t ) is positive and directly
ionized to the negative side of a driving laser axis without
rescattering. Similarly to Fig. 2(b) in the previous section, we
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FIG. 6. The same as Fig. 4(a) but the peak intensity of a driving
laser is increased to (a) I0 = 1 × 1014 W/cm2 and (b) I0 = 2 ×
1014 W/cm2. Also shown with a black line in each plot is the classical
path of an electron: �p = − �A(t ).

observe an empty region near the origin of a PMD in Fig. 6(b),
possibly due to tunneling ionization.

Comparisons of Figs. 4(a) and 6 show that the number
of spider legs do not change with the peak intensity of the
driving laser, consistent with the findings of Ref. [9]. It does
change, however, when the driving-laser wavelength is varied,
which is shown in Fig. 7 where we use different driving-laser
wavelengths (600 and 1200 nm). We find that the decrease in
the frequency of a driving laser pulse causes an increase in the
number of spider legs. To elaborate this point, we plot in Fig. 8
the photoelectron intensity as a function of polar angles alone,
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FIG. 7. The same as Fig. 4(a), but the wavelength of a driving
laser is changed to (a) 600 nm and (b) 1200 nm.
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FIG. 8. Radially integrated photoelectron momentum distribu-
tion (PMD) of a H atom as a function of polar angles, driven by a
linearly polarized two-cycle driving laser pulse of the peak intensity
5 × 1013 W/cm2 and the carrier-envelope phase φ = π/2 with three
different wavelengths: 600, 800, and 1200 nm. The corresponding
PMDs are given in Figs. 4(a) and 7.

which are obtained by integrating the radial variable out of the
PMDs in Figs. 4(a) and 7. They show that the number of spider
legs increases (whereas the separation of interference extrema
decreases) for longer wavelengths of the driving laser, also
consistent with Ref. [9]. The location of holographic fringes
depends on the phase difference between the direct and the
rescattering electron wave packets. Further investigation is
needed to understand why the driving-laser frequency affects
the phase difference. In addition to their phase, which is equal
to the classical action of an electron in the field of a plane
electromagnetic wave [16,17], one needs to account for the
phase of their scattering amplitude, which increases with the
scattering angle [46,47]. It should be emphasized that such a
clear observation of the spider-like interference as in Fig. 8 is
not possible with multicycle driving lasers because other types
of interferences would also appear in a PMD. In Ref. [13],
authors artificially switch off the ionization during the second
half-cycle of a driving laser by projecting the wave function
at the middle of a single-cycle driving laser pulse, in order
to isolate the spider-like interference. Such a scheme is not
possible experimentally, but the same effect can be achieved
by a stabilized CEP in few-cycle driving laser pulses, as
demonstrated in this work.

IV. CONCLUSION

Our systematic study of H-atom PMD driven by a few-
cycle driving laser pulse with various CEPs has shown that
the CEP is useful in isolating different intracycle interferences
in a PMD to identify the underlying electron dynamics on
an attosecond timescale. Similar results can be found in
Ref. [48], in which PMDs of helium atoms were measured
using a multicycle, two-color (790 nm + 345 nm) linearly
polarized driving laser pulse. Our results show that the same
effect is achieved by monochromatic few-cycle laser pulses
with a stable CEP. The boomerang-like interference predicted
in Ref. [13] but yet to been measured experimentally should
also be observable with a CEP-stabilized few-cycle driving
laser pulse. The angle-resolved measurements are desirable
because the angle-averaged measurements (e.g., Ref. [49])
undermine the detailed interference structures in a PMD that
are keys to the identification of intricate intracycle electron
dynamics. In general, pulse durations of a laser beam are
varied by increasing the pressure of the noble-gas medium
within a hollow-core fiber, which induces the spectral broad-
ening, thereby decreasing the Fourier-transform-limited pulse
duration. The spectral phase introduced by the noble-gas
media is compensated by a negative chirp created by chirped
mirrors which prevents the dispersion in the remaining beam
paths. Real-time, shot-by-shot measurements of the dura-
tion and the CEP of intense (≈10 × 14 W/cm2), few-cycle
(4–10 fs), NIR (750–790 nm) laser pulses have already been
reported in Refs. [50,51]. To accumulate enough photoelec-
tron counts for velocity-map imaging (VMI), however, a
prolonged measurement time would be required, during which
CEP stabilization in every shot is essential. Spatial deviation
of the CEP in the focal volume of ultrashort pulsed Gaussian
beams can be managed by using a quasi-achromatic doublet
lens [52]. It is our hope that such experiments become avail-
able in the future to promote a better understanding of the
intracycle interferences.
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