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Probing the effect of orbital deformation on the atomic tunneling-ionization-time
distribution by phase-of-the-phase spectroscopy
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We theoretically studied the tunneling ionization time of atomic p± orbitals by introducing a weak linearly
polarized second-harmonic field to the attoclock frame. In our scheme, the ionization time is retrieved by
analyzing the relative phase dependence of ionization yield, where one can be free from handling the Coulomb
interaction on the emitted electron. By solving the time-dependent Schrödinger equation, we verified that at low
laser intensity the ionization time delays are both close to zero for the 2p± orbitals, though their offset angles
in the photoelectron angular distributions are different. As the laser intensity increases, the atomic orbitals are
deformed significantly, which affects the tunneling-ionization-time distribution. With our scheme, the orbital
deformation-induced ionization time delay is unambiguously determined. Furthermore, the depletion of the
ground state at the high laser intensity enhances the relative contribution of early ionization events and thus
the ionization peak shifts to the earlier time. This effect is also directly revealed by our scheme.
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I. INTRODUCTION

Laser-induced electron tunneling is a fundamental nonlin-
ear process in quantum mechanics. A detailed understanding
of this dynamics process is particularly necessary, because it
is the first step of many interesting phenomena, such as laser-
induced diffraction [1–3] and photoelectron holography [4–8].
However, due to the absence of a classical counterpart of the
tunneling ionization, the tunneling problem is still controver-
sial, though many experiments and theoretical calculations
have been done. Among them, attoclock is currently one of
the most useful techniques in obtaining information about the
electron tunneling geometry [9,10]. It utilizes an elliptically
polarized pulse to map the ionization time of a photoelectron
(i.e., the moment at which the photoelectron leaves the tun-
neling barrier) to its emission angle in the laser polarization
plane. The most probable ionization time is extracted from the
offset angle of the maximum of the photoelectron momentum
distribution (PEMD) with respect to the minor axis of the
elliptically polarized laser field. However, the accurate recon-
struction of the ionization time from the offset angle presents
a formidable theoretical task, which includes the treatment
of the Coulomb interaction between the emitted electron and
the parent ion, the effect of multielectron correlation, etc.
[11]. Several approaches have been proposed to solve these
problems, but different conclusions have been drawn. Some
experiments and theories declare that tunneling is instanta-
neous [10,12–24] while others reveal nonzero tunneling time
delay [25–31].

*zhouymhust@hust.edu.cn

Typically, an attoclock uses noble-gas atoms as the ex-
perimental targets due to their simple and stable structure.
Most of those experimental results were interpreted based on
the assumption of a valence s orbital. However, except for
helium atoms, the noble-gas atoms naturally carry valence p±
orbitals, which has a non-negligible effect on the tunneling-
ionization process. It has been shown that the tunneling
ionization initiated by strong elliptically polarized laser fields
is sensitive to the sense of electron rotation [32–40]. When the
rotation direction of the electron is opposite to that of the laser
vector field, the ionization rate is significantly higher than the
corotating case [32,33]. Moreover, the initial momentum at
the tunneling exit of an electron originating from the valence
p± orbitals is different, which leads to noticeable differences
on the final momentum and attoclock offset angle [36–38].
Recently, it has been shown that the initial valence p± orbitals
are deformed and polarized in an elliptically polarized laser
field [35,41]. The shape of the electron orbital will signifi-
cantly affect the tunneling-ionization-time distribution [42].
Therefore, it is necessary to probe the effect of laser-induced
orbital deformation on the tunneling-ionization-time distribu-
tion in the attoclock frame.

In this work, we resolved the ionization time of photoelec-
tron tunneling from the initial valence 2p± orbitals of a model
atom by introducing the phase-of-the-phase spectroscopy
[43–46] to the attoclock frame. In our scheme, a perturbative
second-harmonic field is added to the fundamental driving
field. By analyzing the relative phase dependence of the signal
in the PEMDs, the ionization time delays of photoelectrons,
i.e., the time delay between the maximum electric field of the
fundamental laser pulse and the ionization time for the most
probable emission angle, are determined. Because our method
is free from modeling the Coulomb interaction on the emitted
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electron, the previous debates on identifying the Coulomb-
induced deflection angle are avoided. This advantage enables
us to explore the effect of laser-dressed atomic orbitals on the
tunneling-ionization time. Our results show that at the low
laser intensity where the orbital deformation is negligible, the
ionization time delays are both close to zero (the instant of
maximum electric field) for the 2p± orbitals, though the offset
angles in the photoelectron angular distributions (PADs) are
different. With the increase of laser intensity, the fundamental
field induces the deformation of atomic 2p± orbitals, which
affects the tunneling-ionization-time distributions. Using our
scheme, we show that in our model atom, the bound electron
initially corotating with the electric field is released at an
earlier time compared to that for the counter-rotating case.
Furthermore, our results confirm that at high laser intensity
the depletion of the ground state significantly modifies the
offset angles of the photoelectron angular distributions and
the ionization time delays. These depletion-induced negative
ionization time delays are also accurately revealed with our
method.

The rest of the paper is organized into the following
sections. In Sec. II, we introduce the measuring method
and numerical model. Our numerical results are presented
and analyzed in Sec. III. Finally, we conclude in Sec. IV.
Atomic units (a.u.) are used throughout unless otherwise
specified.

II. THEORETICAL METHODS

A. Measuring method

Figure 1 illustrates the scheme of our methods. A short cir-
cularly polarized 800-nm laser triggers tunneling ionization,
the corresponding PEMD is shown in Fig. 1(a). We introduce
a weak linearly polarized second-harmonic (SH) field to per-
turb the fundamental field. The synthesized electric field is
written as

E(t, φ) = E1 f (t ){[cos(ωt ) + ξ cos(2ωt + φ)]ex

+ sin(ωt )ey}, (1)

with f (t ) = sin2[πt/(2T )] for 0 � t � 2T and f (t ) = 0 oth-
erwise. Here, ex and ey are the unit vectors, and E1 and
T = 2π/ω are the amplitude and optical period of the 800-nm
fundamental field, respectively. ξ = E2ω/Eω is the ratio of the
electric amplitudes, and φ is the relative phase. At a given time
t , the synthesized electric field strength is

|E (t, φ)| =
√

E2
x + E2

y

= E1 f (t )[1 + ξ cos(ωt ) cos(2ωt + φ)] + O(ξ 2).
(2)

Due to the perturbative nature of the SH field, we can neglect
the small higher-order terms in Eq. (2). Thus, at each given
time t , the synthesized electric field strength oscillates with
the relative phase of the two-color field and maximizes at the
relative phase of

φE (t ) = −2ωt . (3)

Because the ionization rate exponentially depends on the
electric field strength, the photoelectron yield will change

FIG. 1. (a) The PEMD from tunneling ionization initiated by the
short circularly polarized laser pulse. (b) For a given momentum,
the photoelectron yield oscillates with the relative phase, where the
blue dot-dashed line and green solid line correspond to the momenta
indicated by the blue box and the green circle in (a), respectively.
The optimal phase φY indicates the phase maximizing the ionization
yield for a given momentum.

significantly with the relative phase, as shown in Fig. 1(b). For
different momentum, the optimal phase φY where the electron
yield maximizes is different. Specifically, if the oscillation of
the photoelectron yield for a continuum state p is in phase
with the oscillation of the electric field strength at the instant
of t , i.e., φY (p) = φE (t ), this means that the electron of the
continuum state p is released at the instant of t . Therefore,
the tunneling-ionization time for a continuum state p can be
determined by

t (p) = −φY (p)/(2ω). (4)

In our calculations shown below, the intensity of the SH is
1/6400 of the fundamental field (ξ = 1/80). It is sufficiently
weak so that the SH-induced change of the final momentum
is negligible. This is essential for our scheme.

B. Numerically solving TDSE

To investigate the ionization of a model atom in the
two-color field, we numerically solve the two-dimensional
time-dependent Schrödinger equation (TDSE) within the
single-active-electron approximation. In the length gauge, the
TDSE reads

i
∂�±(r, t )

∂t
=

[
−1

2
∇2 + V (r) + r · E(t, φ)

]
�±(r, t ), (5)

where �±(r, t ) are the time-dependent wave functions with
the 2p± orbitals as initial state. V (r) is the effective potential
of the model neon atom, which is expressed as [35]

V (r) = −1 + 9e−r2

√
r2 + a

. (6)

Here a = 2.943 is used to match the ionization potential of
neon (Ip = −E2p = 0.793 a.u.) for the 2p orbital. r = (x, y)
denotes the electron position. Note that the model does not
correctly reproduce the energy of the 2s orbital [35]. In this
model potential, the energy of 2s is E2s = −0.217 a.u., higher
than the 2p state, while in the real neon atom E2s < E2p. This
energy order affects the alignment direction of the deformed
orbital [35] and thus the absolute value of the ionization time
delay depends on potential we used. In our work, we aim at
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FIG. 2. Ionization dynamics of the model atom starting from the valence 2p+ (a), (b) and 2p− (c), (d) orbitals. (a), (c) The calculated
PEMDs initiated by the fundamental field with the intensity of 3.0 × 1014 W/cm2. The blue solid lines indicate the vector potential of the
fundamental field. The electron emission angle θ is defined between the electron emission direction relative to the x axis. (b), (d) The retrieved
tunneling-ionization time (blue solid line) with respect to the electron emission angle. The black dotted lines and dashed lines represent the
radially integrated PADs and corresponding peaks, respectively. The insets show a scale-up of the region inside the blue dashed frames.

revealing the effect of the orbital deformation on the ion-
ization time delay and this model potential is enough to
demonstrate this effect.

We use the split-operator method on a Cartesian grid to
numerically solve the two-dimensional TDSE [47]. The initial
wave function for the 2p± orbitals is given by �0

± = [�x(r) +
i�y(r)]/

√
2, where the orthogonal normalized eigenfunctions

�x(r) and �y(r) are prepared by propagating the TDSE in
imaginary time and additional orthogonalization procedures
at each step [48]. The obtained initial wave function is propa-
gated with Eq. (5). During the propagation, the wave function
is split into the inner and the outer parts at time τ (we perform
such splitting 30 times per laser cycle),

�±(τ ) = �±(τ )[1 − Fs(Rs)]︸ ︷︷ ︸
�I±(τ )

+�±(τ )Fs(Rs).︸ ︷︷ ︸
�o±(τ )

(7)

Here Fs(Rs) = 1/[1 + e−(r−Rs )/
] is the splitting function that
smoothly separates the propagation space into the inner (0 −
Rs) and outer (Rs − Rmax) regions, wherein 
 represents the
width of the crossover region and Rs is the boundary of the
inner space [49]. The inner part wave function �I

±(τ ) is prop-
agated with Eq. (5) and the outer part wave function �o

±(τ )
stands for the “ionization part” and it is propagated under
the Volkov Hamiltonian [50,51]. At each time step, the wave
function �o

±(τ ) in the outer space is firstly transformed into

the momentum space using

C±(p, τ ) =
∫

�o
±(τ )

e−i[p+A(τ,φ)]·r

2π
dx dy, (8)

where A(τ, φ) = − ∫ τ

0 E(t, φ)dt is the vector potential of the
two-color pulse. Then, it is propagated from the time τ to the
end of the laser pulse using

C̄±(p, τ ) = e−i
∫ +∞
τ

1/2[p+A(t )]2dtC±(p, τ ). (9)

Finally, we obtain the PEMD by the relation

dP±(p)

dE dθ
=

∣∣∣∣∑
τ

C̄±(p, τ )

∣∣∣∣
2

, (10)

where E = |p|2/2 is the electron energy and θ is the angle
of the emitted electron. In our simulation, the time step of
propagation is dt = 0.04 a.u. The Cartesian grid ranges from
−400 a.u. to 400 a.u. for each direction with a grid size

x = 
y = 0.2 a.u. The boundary of the inner space is Rs =
120 a.u. with 
 = 10 a.u. At the end of the pulse, the wave
function is further propagated for an additional two optical
cycles to make sure the “slow” electrons reach the boundary
Rs [52,53].
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FIG. 3. Same as Fig. 2, but for the stronger fundamental field with the intensity of 6.0 × 1014 W/cm2, to bring out the laser-dressed 2p±
orbitals.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(c) show the PEMDs initiated by the
fundamental field for tunneling ionization from the valence
2p+ and 2p− orbitals, respectively. Here, the laser intensity
of the fundamental field is 3.0 × 1014 W/cm2, and the cor-
responding time-dependent laser vector potential −A(t ) is
displayed as a reference for comparison. In our field configu-
ration, electrons in the 2p+ state are corotating and those in
the 2p− state are counter-rotating with respect to the right
circularly polarized fundamental field. It is shown that the
final momentum of the photoelectron from the 2p+ orbital is
larger than that from the 2p− orbital, in agreement with the
previous studies [32,36]. More importantly, there is an angle
difference between the peaks of photoelectron distributions
corresponding to the ionization from the 2p± orbitals. This
is more clearly in the radially integrated PADs, as shown by
the black dotted lines in Figs. 2(b) and 2(d). The offset angles
for the valence 2p+ and 2p− orbitals are 274.8◦ and 276.1◦,
respectively.

To investigate the origin of this angle difference, we re-
trieve the tunneling-ionization time of photoelectrons ionized
from the 2p± orbitals, which is achieved by using the scheme
shown in Fig. 1. Firstly, we add a perturbative SH to the
fundamental field. By scanning the relative phase between the
two-color laser pulses, we obtain a series of PEMDs. Then
we radially integrate over the radial momentum to obtain the
PADs. The optimal phase φY for different emission angles
is further measured by studying the radially integrated pho-
toelectron yield as a function of the relative phase. Finally,

with the optimal phase, the ionization times are determined
utilizing Eq. (4). The corresponding results for the 2p+ and
2p− orbitals are indicated by the blue solid lines in Figs. 2(b)
and 2(d), respectively. By comparing the PAD with the ex-
tracted angular-dependent tunneling-ionization time, we find
that the position of the most probable emission angles almost
coincides with the angle of time zero for the 2p± orbitals [see
the insets in Figs. 2(b) and 2(d)]. These results indicate that
the attoclock offset angles of the 2p± orbitals are entirely
from the Coulomb effect of the ionic core, i.e., the ionization
time delay is zero, which agrees with the previous theoretical
calculation [24].

Strong-field tunneling ionization sensitively depends on
the electron orbital of atoms and molecules [42]. In the
attoclcok experiment, the strong near-circularly polarized
laser deforms the atomic 2p± orbitals, which influences the
tunneling ionization and the final momentum distributions.
However, determination of this orbital deformation-induced
ionization time delay is difficult in the previous attoclock ex-
periments because it requires accurate theoretical calculation
of the long-range Coulomb interaction-induced offset angle
in the PADs. With our scheme, this difficulty is avoided and
the effect of the orbital deformation on the tunneling time
distribution could be determined. To demonstrate our scheme,
we performed TDSE calculations with a higher laser intensity
(6.0 × 1014 W/cm2) so that the 2p± orbitals are significantly
deformed. The calculated PEMDs (without SH field) for the
2p+ and 2p− orbitals are shown in Figs. 3(a) and 3(c), re-
spectively. Compared to the results in Fig. 2, the difference
in the ionization yields of the 2p± orbitals decreases. This is
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FIG. 4. (a) The initial 2p± orbitals of the model atom. The circle with an arrow represent the rotation direction of the laser field. (b),
(c) Snapshots of the electron probability densities at time tmax = T for the laser-dressed 2p+ (b) and 2p− (c) orbitals. (d)–(i) The electron
probability densities (blue curves) along the circle located at r(t ) = Ip/|E(t )| for three instants 0.9T , 1.0T , and 1.1T . The densities are scaled
by the factor 105 to better display the results. The arrows and dashed lines present the negative instantaneous field vector (−E) and the
maximum of the electron probability density, respectively.

one of the phenomena induced by the laser-dressed atomic
orbital [35]. Moreover, at this laser intensity, the attoclock
offset angles for the 2p+ and 2p− orbitals are accidentally
identical, being 273.4◦ and 273.2◦, respectively. Using the
same method, we retrieve the tunneling-ionization time of
different angles, as shown by the blue solid lines in Figs. 3(b)
and 3(d). For the 2p+ orbital, the ionization time for the
photoelectron at the most probable emission angle is shifted
to an earlier time of −5.2 as with respect to the instant of the
maximum electric field, while for the 2p− orbital it is 3.7 as.

The result indicates that the tunneling-ionization time of a
photoelectron is sensitive to the initial direction of rotation of
the bound electron at high laser intensity. This phenomenon
is caused by the orbital deformation. Figures 4(b) and 4(c)
show the instantaneous bound electron probability density
|�±(r, tmax)| at the maximum field tmax = T for the 2p+
and 2p− orbitals during numerically solving the TDSE. For
comparison, the initial 2p± orbitals are shown in Fig. 4(a).
It displays that the initial 2p+ orbital is deformed to the p‖

orbital, whose alignment direction is almost parallel to the
instantaneous electron field vector. In contrast, the initial 2p−
orbital is deformed to the p⊥ orbital that is aligned nearly
perpendicular to the instantaneous electric field vector. The
formation of two orthogonal states (p‖ and p⊥) has been
discovered in Ref. [35], where the connections between the
bound and deformation states were established analytically
by the three-level model. These laser-induced electron den-
sity distributions change the relevant instantaneous ionization
rate and thus the ionization time distributions are signifi-
cantly modified. This is more intuitively seen by tracing the
electron probability density |�±(r, t )| at the circle located at
the position of r(t ) = Ip/|E(t )|. Figures 4(d)–4(i) display the
electron probability density along this circle at three different
instants t = 0.9T , t = 1.0T , and t = 1.1T . Here, the distance
between the point on the blue curve and the origin of co-
ordinates represents the magnitude of instantaneous electron
probability density. For the 2p+ orbital, at the instant of the
field maximum, the electron density is not maximized at the

063103-5



YU, ZHOU, LI, AND LU PHYSICAL REVIEW A 105, 063103 (2022)

(a)

2p
+

-3

0

3

p y (
a.

u.
)

0.01 0.02 0.03 0.04

-400

-200

0

200

400

T
im

e 
(a

s)

2.2

2.3

2.4

2.5

2.6

Y
ie

ld
 (

ar
b.

 u
ni

ts
)

10-2

(b)

2p
+

-26.9as

(c)

2p
-

-3 0 3
p

x
 (a.u.)

-3

0

3

p y (
a.

u.
)

0.01 0.02 0.03 0.04

240 250 260 270 280 290 300

 (deg)

-400

-200

0

200

400

T
im

e 
(a

s)

2.4

2.5

2.6

2.7

Y
ie

ld
 (

ar
b.

 u
ni

ts
)

10-2

(d)

2p
-

-6.1as

Yield (arb. units)

Yield (arb. units)

FIG. 5. Same as Fig. 3, but for the stronger fundamental field with the intensity of 8.0 × 1014 W/cm2.

instantaneous electric field direction. The combined effect of
the electric field and electron density distribution leads to the
ionization rate maximized before the field maximum, result-
ing in the negative ionization time delay in our measurement
[41]. Similarly, for the 2p− orbital, there should be a positive
ionization time delay, as was measured by our method in
Fig. 3. These results indicate that the orbital deformation-
induced ionization time delays are successfully determined by
our method. We mention that in a previous work, the orbital
deformation-induced ionization time delay has been traced
using the TDSE-based backpropagation method [41]. Here,
we provided an experimentally performable method to reveal
this effect.

The results above indicate the ionization time delay de-
pends on the laser intensity. To reveal this phenomenon
further, we solve the TDSE at a higher laser intensity of the
fundamental field, 8.0 × 1014 W/cm2. The PEMDs initiated
by the fundamental field alone for the 2p+ and 2p− orbitals
are shown in Figs. 5(a) and 5(c), respectively. Figures 5(b) and
5(d) show the radially integrated PADs for the 2p± orbitals,
where the most probable emission angles locate at 269.4◦
and 269.8◦, respectively. With the same scheme, we deter-
mined the tunneling-ionization time for the 2p± orbitals, as
illustrated in Figs. 5(b) and 5(d). It is shown that the pho-
toelectrons at the most probable emission angle are ionized
before the instant of maximum electric field for both the
2p+ and 2p− orbitals. For the 2p+ orbital, the most proba-
ble ionization time is −26.9 as, while for the 2p− orbital it
is −6.1 as.

The corresponding instantaneous electron probability den-
sity |�±(r, t )| at the circle located at r(t ) = Ip/|E(t )| for
three different instants is illustrated in Figs. 6(a)–6(f). It is
shown that the orbital deformation becomes more significant
at higher laser intensity. Therefore, the difference of the most
probable ionization time between the 2p± orbitals increases
with the laser intensity. In Fig. 6(g), we show the survival
probabilities of the wave function as a function of time for
the 2p± orbitals. It is shown that populations are obviously
depleted during the tunneling-ionization process. The loss of
population before the maximum field enhances the relative
contribution of early ionization events and decreases the at-
toclock offset angle [13]. Noting that the probability curves
in Fig. 6(g) were obtained by projecting the wave function
to the field-free ground state and a few excited states. It only
provides the information about the survive probability of the
bound state approximately, and thus the small time delay
difference for the 2p± orbitals (about 20 as) could not be
revealed by the probability curves. Therefore, as a joint result
of orbital deformation and the depletion of the ground state,
the most probable ionization times for the 2p± orbitals are
negative at high laser intensity. This is directly probed by our
scheme.

IV. CONCLUSION

We have determined the tunneling-ionization time of a
photoelectron from the 2p± orbitals over a wide range of laser
intensity. This is achieved by introducing the phase-of-the-
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FIG. 6. (a)–(f) The electron probability densities (blue curves) at the circle located at r(t ) = Ip/|E(t )| for three instants 0.9T , 1.0T , and
1.1T . The densities are scaled by the factor 5 × 104 to better display the results. The arrows and dashed lines present the negative instantaneous
field vector (−E) and the maximum of the electron probability density, respectively. (g) The survival probabilities of the wave function with
respect to the ionization time for the initial 2p+ (green solid line) and 2p− (orange dashed line) orbitals.

phase spectroscopy to the attoclock technology. The results
show that at the low laser intensity the ionization time delays
are both close to zero for the 2p± orbitals, though the most
probable emission angles are different. The different offset an-
gles are completely due to the long-range Coulomb interaction
between the ion and the escaping electron, which is different
for the two orbitals. As the laser intensity increases, the initial
2p± orbitals are deformed by the short circularly polarized
fundamental field. This deformation is different for the two
orbitals. As a consequence, the ionization time delay is no
longer the same for the 2p± orbitals. With the increase of the
laser intensity, the depletion of the ground state takes place,

which enhances the relative contribution of earlier ionization
events to the PEMDs. As a result, the ionization time delay
becomes negative for both orbitals.
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